
Contemporar y 
practic e  of 
chromatograph y 

Colin F Pool e  an d Sheil a  A. Schuett e 
Department  of  Chemistry,  Wayne  State  University,  Detroit,  Ml 48202,  U.S.A. 

ELSEVIE R 
Amsterda m - Oxfor d  - Ne w Yor k - Toky o 198 4 



ELSEVIE R SCIENC E PUBLISHER S B.V. 

Molenwer f 1 

P.O . Bo x 211 ,100 0 AE Amsterdam , Th e  Netherland s 

Distributors  for  the  United  States  and  Canada: 

ELSEVIE R SCIENC E PUBLISHIN G COMPAN Y INC. 

52 , Vanderbil t Avenu e 

New York , NY 1001 7 

ISB N 0-444-42410- 5 

© Elsevie r Scienc e  Publisher s  B.V. , 198 4 

All right s  reserved . No par t o f thi s  publicatio n  ma y be  reproduced , store d  in  a  retrieva l syste m o r 
transmitte d  in  an y for m o r b y an y means , electronic , mechanical , photocopying , recordin g  o r other -
wise , withou t th e  prio r writte n  permissio n  o f th e  publisher , Elsevie r Scienc e  Publisher s  B.V./Scinec e 
& Technolog y Division , P.O . Bo x 330 ,100 0 AH Amsterdam , Th e  Netherlands . 

Specia l regulation s  fo r reader s  in  th e  US A — Thi s  publicatio n  ha s  bee n  registere d  wit h  th e  Copyrigh t 
Clearanc e  Cente r Inc . (CCC) , Salem , Massachusetts . Informatio n  ca n  b e  obtaine d  fro m th e  CC C abou t 
condition s  unde r whic h  photocopie s  o f part s  o f thi s  publicatio n  ma y be  mad e  in  th e  USA . All othe r 
copyrigh t questions , includin g  photocopyin g  outsid e  o f th e  USA , shoul d  be  referre d  t o  th e  publisher . 

Printe d  in  Th e  Netherland s 



IX 

Prefac e 

Chromatograph y i s  a  widel y use d analytica l  too l  tha t  i s  ofte n a t  th e 

forefron t  o f  ne w discoverie s  i n  chemistry ,  biology ,  medicine ,  pharmacy ,  clinica l 

chemistry ,  an d th e  environmenta l  sciences .  A s  th e  techniqu e  i s  represente d b y a 

buoyan t  literatur e  ther e  ha s  bee n a  tren d i n  recen t  year s  t o  divid e  it s  subjec t 

matte r  int o a  serie s  o f  subsection s  o r  specialities .  Fo r  som e  tim e  w e  hav e  fel t 

th e  nee d fo r  a  boo k wit h th e  opposit e  philosophica l  approach ,  i f  onl y t o  provid e 

a  balance d perspectiv e  o f  th e  principa l  chromatographi c  method s  use d b y 

analytica l  chemists . 

I n  writin g thi s  boo k w e  ha d i n  min d tha t  i t  shoul d presen t  a  revie w o f 

moder n gas ,  liquid ,  an d thin-laye r  chromatograph y a t  a  leve l  commensurat e  wit h 

th e  need s  o f  a  tex t  boo k fo r  teachin g post-baccalaureat e  course s  i n  th e 

separatio n science s  an d a s  a  self-stud y guid e  fo r  practicin g chromatographer s 

who complete d thei r  forma l  trainin g severa l  year s  ago .  I t  wa s  als o decide d tha t 

thi s  boo k shoul d tak e  th e  practic e  o f  chromatograph y a s  it s  unifyin g theme ,  a s 

ther e  ar e  alread y severa l  excellen t  text s  devote d t o  th e  physicochemica l  aspect s 

of  chromatography .  Fo r  th e  abov e  reason ,  w e  hav e  treate d sampl e  preparatio n 

method s  i n  a  fairl y  comprehensiv e  manne r  an d include d a  chapte r  o n instrumenta l 

method s  o f  sampl e  identification . 

Eve n withi n th e  abov e  restrictions ,  thi s  ha s  resulte d i n  th e  productio n o f 

a  fairl y  lon g book .  Whe n usin g thi s  materia l  t o  teac h graduat e  leve l  courses , 

i t  i s  necessar y t o  selec t  a  grou p o f  topic s  t o  b e  covered .  Th e  boo k i s  writte n 

i n  a  modula r  fashio n t o  accommodat e  thi s  approac h withou t  los s  i n  continuity . 

The  materia l  ca n b e  presente d a s  tw o one-semeste r  course s  i n  separatio n scienc e 

(chapter s  1- 5 an d 9 )  an d sampl e  preparatio n (part s  o f  chapter s  4 ,  5 ,  an d 9 ,  an d 

chapter s  6-8) .  Th e  materia l  ha s  als o bee n use d a s  th e  basi s  fo r  si x  modula r 

one-da y shor t  course s  taugh t  t o  group s  o f  industria l  chemists . 

Finally ,  bu t  no t  least ,  i t  i s  a  pleasur e  t o  acknowledg e  th e  friendl y 

cooperatio n o f  ou r  colleague s  wh o unselfishl y gav e  thei r  tim e  t o  proofrea d an d 

comment  o n variou s  portion s  o f  th e  text .  I n  thi s  regard ,  Dr .  Roswith a  Brazell , 

Dr .  Ha l  Butler ,  Ms .  Myr a  E .  Coddens ,  an d Dr .  Fran k Pachole c  deserv e  a  specia l 

than k you .  We  woul d als o lik e  t o  than k Ms .  Codden s  fo r  patientl y  accommodatin g 

th e  man y change s  mad e  t o  th e  manuscrip t  durin g it s  preparatio n an d fo r 

formattin g th e  fina l  camera-read y cop y version . 

Coli n  F .  Pool e 
Sheil a  A .  Schuett e 

Detroit ,  Jun e  198 4 
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1. 1 Introductio n 

Chromatographi c  method s  hav e  ha d a n enormou s  impac t  o n th e  practic e  o f 

analytica l  chemistry .  Discovere d abou t  8 0 year s  ago ,  rebor n an d augmente d man y 

time s  since ,  chromatograph y provide s  th e  present-da y scientis t  wit h a  powerfu l 

separatio n too l  an d a  wealt h  o f  bot h theoretica l  an d practica l  informatio n t o 

hel p him/he r  appl y tha t  too l  i n  th e  mos t  efficien t  manne r  [1] . 

Chromatograph y i s  essentiall y  a  physica l  metho d o f  separatio n i n  whic h th e 

component s  t o  b e  separate d ar e  distribute d betwee n tw o phases ;  on e  o f  thes e  i s  a 

stationar y phas e  be d an d th e  othe r  i s  a  mobil e  phas e  whic h percolate s  throug h 

thi s  be d [2] .  Th e  chromatographi c  proces s  occur s  a s  a  resul t  o f  repeate d 

sorption/desorptio n act s  durin g th e  movemen t  o f  th e  sampl e  component s  alon g th e 

stationar y bed ,  an d th e  separatio n i s  du e  t o  difference s  i n  th e  distributio n 

constant s  o f  th e  individua l  sampl e  components .  I n  ga s  chromatograph y th e  mobil e 

phas e  i s  a n iner t  ga s  an d th e  stationar y phas e  i s  eithe r  a n adsorben t  o r  a 

liqui d distribute d ove r  th e  surfac e  o f  a  porous ,  iner t  support .  I n  liqui d 

chromatograph y th e  mobil e  phas e  i s  a  liqui d o f  lo w viscosit y  tha t  i s  cause d t o 

flo w throug h a  be d o f  sorbent .  Th e  sorben t  ma y b e  a n immiscibl e  liqui d coate d 

ont o a  porou s  support ,  a  thin-fil m o f  liqui d phas e  bonde d t o  th e  surfac e  o f  a 

sorbent ,  o r  a n iner t  sorben t  o f  controlle d por e  size .  I n  thin-laye r 

chromatograph y a  liqui d mobil e  phas e  move s  throug h a  laye r  o f  sorben t  b y th e 

actio n o f  capillar y forces .  Thin-laye r  chromatograph y i s  a n ope n be d techniqu e 

as  pressur e  i s  no t  require d t o  caus e  movemen t  o f  th e  mobil e  phase .  Ga s  an d 

liqui d chromatograph y ar e  close d be d technique s  an d emplo y pressur e  gradient s 

acros s  th e  colum n end s  t o  induc e  movemen t  o f  th e  mobil e  phase .  Th e  colum n i s  a 

glas s  o r  meta l  tub e  o f  sufficien t  mechanica l  strengt h t o  withstan d th e  colum n 
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operatin g pressure .  I n  packe d colum n chromatograph y th e  sorbent ,  i n  granula r 

form ,  i s  packe d int o a  homogeneou s  be d tha t  completel y fill s  th e  column .  I n 

ope n tubula r  column s  th e  stationar y phas e  i s  distribute d a s  a  thi n fil m o r  laye r 

on th e  colum n wall ,  leavin g a n ope n passagewa y throug h th e  cente r  o f  th e 

column . 

The  informatio n obtaine d fro m a  chromatographi c  experimen t  i s  containe d i n 

th e  chromatogram ,  a  recor d o f  th e  concentratio n o r  mas s  profil e  o f  th e  sampl e 

component s  a s  a  functio n o f  th e  movemen t  o f  th e  mobil e  phase .  Informatio n 

readil y  extracte d fro m th e  chromatogra m include s  a n indicatio n o f  sampl e 

complexit y  base d o n th e  numbe r  o f  observe d peak s  [3] ,  qualitativ e  identificatio n 

of  sampl e  component s  base d o n th e  accurat e  determinatio n o f  pea k position , 

quantitativ e  assessmen t  o f  th e  relativ e  concentratio n o r  amoun t  o f  eac h peak , 

an d a n indicatio n o f  colum n performance .  Th e  fundamenta l  informatio n o f  th e 

chromatographi c  proces s  whic h ca n b e  extracte d fro m th e  chromatogra m an d it s 

associate d vocabular y for m th e  subjec t  o f  thi s  chapte r  [2,4-6] ,  A  mor e  detaile d 

discussio n o f  th e  theoretica l  basi s  an d thermodynami c  principle s  o f  th e 

chromatographi c  proces s  ca n b e  foun d i n  standar d text s  [7-22] . 

1. 2  Retentio n 

Durin g thei r  passag e  throug h th e  column ,  sampl e  molecule s  spen d par t  o f  th e 

tim e  i n  th e  mobil e  phas e  an d par t  i n  th e  stationar y phase .  Al l  molecule s  spen d 

th e  sam e  amoun t  o f  tim e  i n  th e  mobil e  phase .  Thi s  tim e  i s  calle d th e  colum n 

dea d tim e  o r  holdu p tim e  (t m)  an d i s  equivalen t  t o  th e  tim e  require d fo r  a n 

unretaine d solut e  t o  reac h th e  detecto r  fro m th e  poin t  o f  injection .  Th e  solut e 

retentio n tim e  i s  th e  tim e  betwee n th e  instan t  o f  sampl e  introductio n an d whe n 

th e  detecto r  sense s  th e  maximu m o f  th e  retaine d peak .  Thi s  valu e  i s  greate r 

tha n th e  colum n dea d tim e  b y th e  amoun t  o f  tim e  th e  solut e  spend s  i n  th e 

stationar y phas e  an d i s  calle d th e  adjuste d retentio n tim e  (Àâ') ·  Thes e  value s 

lea d t o  th e  fundamenta l  relationship ,  equatio n (1.1) ,  describin g retentio n i n 

ga s  an d liqui d chromatography . 

t R =  t R-  +  t m (1.1 ) 

t ^  =  solut e  retentio n tim e 

t^ '  =  adjuste d retentio n tim e 

t  =  colum n dea d tim e 
m 

Retentio n i s  usuall y  measure d i n  unit s  o f  tim e  althoug h volum e  unit s  ma y 

als o b e  used .  A t  constan t  mobil e  phas e  flo w rate s  th e  tw o measure s  o f  retentio n 

ar e  easil y  related ,  a s  indicate d i n  Tabl e  1.1 .  Unde r  averag e  HPL C condition s 

liquid s  ar e  considere d t o  b e  incompressible .  Thi s  i s  no t  th e  cas e  fo r  gases , 
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an d i n  ga s  chromatograph y elutio n volume s  ar e  correcte d t o  a  mea n colum n 

pressur e  b y multiplyin g the m b y th e  pressur e  gradien t  correctio n factor ,  j , 

equatio n (1.2) . 

j  =  ga s  compressibilit y  correctio n facto r 

Ñ =  relativ e  pressur e  (P./ P ) v v  é  o y 

P^  =  colum n inle t  pressur e 

Ñ =  colum n outle t  pressur e 
ï  * 

The  colum n inle t  pressur e  i s  usuall y  measure d wit h a  pressur e  gaug e  a t  th e  hea d 

of  th e  column .  Th e  gaug e  actuall y  read s  th e  pressur e  dro p acros s  th e  column ; 

thu s  th e  inle t  pressur e  use d fo r  calculatin g Ñ  i n equatio n (1.2 )  i s  th e  valu e 

rea d fro m th e  gaug e  plu s  th e  valu e  fo r  Ñ  .  I t  i s  als o commo n practic e  t o 

measur e  flo w rate s  i n  ga s  chromatograph y wit h a  soap-fil m meter .  Fo r  accurat e 

measurement s  i t  i s  necessar y t o  correc t  th e  measure d valu e  o f  th e  flo w rat e  fo r 

th e  vapo r  pressur e  o f  th e  soa p fil m (assume d t o  b e  th e  sam e  a s  tha t  o f  pur e 

water )  an d als o fo r  th e  differenc e  i n  temperatur e  betwee n th e  colum n an d 

flowmeter ,  a s  indicate d i n  equatio n (1.3) . 

F^  =  correcte d valu e  o f  th e  carrie r  ga s  flo w rat e 

F =  flo w rat e  a t  th e  colum n outle t 
a 

T^  =  colum n temperatur e  (K ) 

T & =  ambien t  temperatur e  (K ) 

P & =  ambien t  pressur e  (Torr ) 

P^  =  vapo r  pressur e  o f  wate r  (Torr ) 

Appropriat e  value s  fo r  P ^  ove r  a  temperatur e  rang e  o f  16-25.8° C ar e  give n i n 

Tabl e  1.2 .  Th e  ne t  retentio n volum e  an d th e  specifi c  retentio n volume ,  define d 

i n  Tabl e  1.1 ,  ar e  importan t  parameter s  fo r  determinin g physicochemica l  constant s 

fro m ga s  chromatographi c  dat a  [14,15] . 

A mor e  fundamentall y  importan t  paramete r  tha n th e  absolut e  retentio n tim e 

i s  th e  rati o  o f  th e  tim e  spen t  b y th e  solut e  i n  th e  stationar y phas e  t o  th e  tim e 

i t  spend s  i n  th e  mobil e  phase .  Thi s  rati o  i s  calle d th e  solut e  capacit y  facto r 

an d i s  give n b y equatio n (1.4) . 

(1.2 ) 

F 
c 

(1.3 ) 
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TABLE 1. 1 

RETENTION EXPRESSE D I N TERMS O F VOLUME 

Ter m Symbo l  Definitio n Metho d o f 

Calculatio n 

Colum n Dea d Volum e V 
m 

Retentio n volum e  correspondin g 

t o  th e  colum n dea d tim e 

V = m t  F 
m c 

Retentio n Volum e VR Retentio n volum e  correspondin g 

t o  th e  retentio n tim e 

V R = fc RFc 

Adjuste d Retentio n V Retentio n volum e  correspondin g Y = h Fc.  =  V R- Vm 
Volum e t o th e  adjuste d retentio n tim e 

h Fc.  =  V R- Vm 

Correcte d Dea d 

Volum e 

V 0 

m 
V correcte d fo r  mobil e  phas e 

m r 

compressibility ;  equivalen t  t o 

th e  colum n volum e 

V °= m 

Correcte d V Retentio n volum e  correcte d Y = J VR 
Retentio n Volum e 

V 
fo r  mobil e  phas e  compressibilit y 

Y = J VR 

Net  Retentio n V N 
Adjuste d retentio n volum e V N = 

Volum e correcte d fo r  mobil e  phas e 

compressibilit y 

VN = 
v ° - v ° 

R m 

Specifi c  Retentio n V 
g 

The  volum e  o f  mobil e  phas e  pe r 

Volum e gra m o f  stationar y phas e 

correcte d t o  0° C 

V = 
g 

VM 273.1 6 
Í 

WT Ô 
L c 

+ F  =  colum n flo w 
c 

rat e (ml/min) ;  T ^  =  colum n temperatur e  i n K; 

W =  weigh t  o f  liqui d phas e  i n  th e  colum n 

(1.4 ) 

k  =  capacit y  facto r 

Fro m it s  capacit y  factor ,  th e  retentio n tim e  o f  an y solut e  ca n b e  calculate d 

fro m equatio n (1.5) . 
L 

t R =  t m ( 1  +  k )  =  — ( 1 +  k )  (1.5 ) 
u 

L =  colum n lengt h 

à  =  averag e  mobil e  phas e  velocit y 

The  relativ e  retentio n o f  tw o adjacen t  peak s  i n  th e  chromatogra m i s 

describe d b y th e  separatio n factor ,  á ,  give n b y equatio n (1.6) . 
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a  =  !i E =̂ L (1. 6 
t '  k 
Z R(A )  K A 

a  =  separatio n facto r 

By convention ,  th e  adjuste d retentio n tim e  o r  th e  capacit y  facto r  o f  th e  late r 

of  th e  tw o elutin g peak s  i s  mad e  th e  numerato r  i n  equatio n (1.6) ;  á  thu s  ha s 

value s  greate r  tha n o r  equa l  t o  1.0 .  Th e  separatio n facto r  i s  a  measur e  o f  th e 

selectivit y  o f  a  chromatographi c  system . 

TABLE 1. 2 

VAPOR PRESSUR E O F WATER I N TORR (m m Hg ) 

Temperatur e 
(°C ) 0. 0 0. 2 0. 4 0. 6 0. 8 

16 13.63 4 13.80 9 13.98 7 14.16 6 14.34 7 
17 14.53 0 14.71 5 14.90 3 15.092 · 15.28 4 
18 15.47 7 15.67 3 15.87 1 16.07 1 16.27 2 
19 16.47 7 16.68 5 16.89 4 17.10 5 17.31 9 
20 17.53 5 17.73 5 17.97 4 18.19 7 18.42 2 
21 18.65 0 18.88 0 19.11 3 19.34 9 19.58 7 
22 19.82 7 20.07 0 20.31 6 20.56 5 20.81 5 
23 21.06 8 21.32 4 21.58 3 21.84 5 22.11 0 
24 22.37 7 22.64 8 22.92 2 23.19 8 23.47 6 
25 23.75 6 24.03 9 24.82 6 24.61 7 24.91 2 

The  distributio n constan t  (th e  rati o  o f  th e  concentratio n o f  th e  solut e  i n 

th e  stationar y phas e  t o  it s  concentratio n i n  th e  mobil e  phase )  i s  relate d t o  th e 

capacit y  facto r  b y equatio n (1.7) . 

KD =  p k (1.7 ) 

= distributio n constan t 

â  =  phas e  rati o 

I n  ga s  chromatograph y th e  valu e  o f  th e  distributio n constan t  depend s  onl y o n th e 

typ e  o f  stationar y phas e  an d th e  colum n temperature .  I t  i s  independen t  o f 

colum n typ e  an d instrumenta l  parameters .  Th e  proportionalit y  facto r  i n  equatio n 

(1.7 )  i s  calle d th e  phas e  rati o  an d i s  equa l  t o  th e  rati o  o f  th e  volum e  o f  th e 

ga s  ( VQ)  an d liqui d  ( V ^ ) phase s  i n  th e  column .  Th e  relationshi p betwee n 

retentio n an d th e  distributio n constan t  i s  give n b y equation s  (1.8 )  an d (1.9) . 

V D = V + K N V (1.8 ) 
R m  D  s  v  y 

^ - ô ß 1 - ^  ( 1 · 9 ) 

* m ' 
V =  retentio n volum e  o f  a n unretaine d solut e 

m 
V G =  volum e  o f  stationar y phas e 
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1. 3 Flo w i n Porou s  Medi a 

For  a n understandin g o f  ban d broadenin g i n  chromatographi c  systems ,  th e 

linea r  velocit y  o f  th e  mobil e  phas e  i s  mor e  importan t  tha n th e  colum n volumetri c 

flo w rate .  Th e  mobil e  phas e  velocit y  an d flo w rat e  i n  a n ope n tubula r  colum n 

ar e  simpl y relate d t o  on e  anothe r  b y equatio n (1.10) . 

u  =  F  /  A  (1.10 ) 
ï  c  c 

U q =  mobil e  phas e  velocit y  a t  th e  colum n outle t 

F =  colum n volumetri c  flo w rat e 
c 

A =  colum n cross-sectiona l  are a  availabl e  t o  th e  mobil e  phas e 
c  r 

I n  a  packe d be d onl y a  fractio n o f  th e  colum n geometri c  cross-sectiona l  are a  i s 

availabl e  t o  th e  mobil e  phase ,  th e  res t  i s  occupie d b y th e  soli d  (support ) 

particles .  Th e  flo w o f  mobil e  phas e  i n  a  packe d be d occur s  predominantl y 

throug h th e  interstitia l  spaces ;  th e  mobil e  phas e  trappe d withi n th e  porou s 

particle s  i s  largel y stagnan t  [23-25] .  Th e  mobil e  phas e  velocit y  a t  th e  colum n 

outle t  i s  thu s  describe d b y equatio n (1.11) . 

F 
c 

ð  r "  å u 0 = —V -  (1.11 ) 

e 
r  =  colum n radiu s 
€ e =  interparticl e  porosit y 

Typica l  value s  fo r  th e  inter -  an d intraparticl e  porosit y  ar e  0. 4  an d 0.5 , 

respectively . 

By definition ,  th e  experimentall y  determine d averag e  mobil e  phas e  velocit y 

i s  equa l  t o  th e  rati o  o f  th e  colum n lengt h t o  th e  retentio n tim e  o f  a n 

unretaine d solute .  Th e  valu e  obtaine d wil l  depen d o n th e  abilit y  o f  th e 

unretaine d solut e  t o  prob e  th e  por e  volume .  I n  liqui d chromatography ,  a  valu e 

fo r  th e  intersticia l  velocit y  ca n b e  obtaine d b y usin g a n unretaine d solut e  tha t 

i s  exclude d fro m th e  por e  volum e  fo r  th e  measurement .  Th e  interstitia l  velocit y 

i s  probabl y mor e  fundamentall y  significan t  tha n th e  chromatographi c  velocit y  i n 

liqui d chromatograph y [26] . 

Unde r  chromatographi c  conditions ,  th e  flo w profil e  i s  lamina r  an d therefor e 

th e  mobil e  phas e  velocit y  ca n b e  describe d b y Darcy' s  law ,  equatio n (1.12) . 

•<"= (ô) © 
u(x )  =  velocit y  a t  som e  poin t  ÷ 
Ê =  colum n permeabilit y 
ç  =  mobil e  phas e  viscosit y 
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As  gase s  ar e  compressibl e  an d liquid s  ar e  no t  unde r  averag e  chromatographi c 

conditions ,  equatio n (1.12 )  mus t  b e  integrate d differentl y  fo r  gase s  an d 

liquids .  Fo r  ga s  chromatography ,  th e  mobil e  phas e  velocit y  a t  th e  colum n outle t 

i s  give n b y equatio n (1.13) . 

KP (P 2-l ) 
u  =  — 2 (1.13 ) 

0 2r\L 

Equatio n (1.13 )  i s  vali d  fo r  ope n tubula r  column s  unde r  al l  norma l  condition s 

an d fo r  packe d column s  a t  lo w mobil e  phas e  velocitie s  (les s  tha n 100-20 0 cm/s) . 

However ,  i t  i s  th e  average ,  an d no t  th e  outle t  carrie r  ga s  velocity ,  tha t  i s  o f 

fundamenta l  importance .  Th e  averag e  carrie r  ga s  velocit y  i s  calculate d fro m th e 

outle t  velocit y  b y correctin g th e  latte r  fo r  th e  pressur e  dro p acros s  th e 

column ,  equatio n (1.14) . 

3  /  K P \  (Ñ 2 -  l ) 2 

à  =  j u  -  - (  - M — (1.14 ) 
°  4  \ri L /  P J -  1 

I n  liqui d chromatography ,  equatio n (1.12 )  ca n b e  integrate d directly , 

neglectin g th e  variatio n o f  viscosit y  wit h pressur e  an d th e  compressibilit y  o f 

th e  mobil e  phase ,  equatio n (1.15) . 

ÄÑÊ d  2 

u =  2JL -  (1.15 ) 

K q =  specifi c  permeabilit y  coefficien t 

d  =  particl e  diamete r 
Ñ 

ÄÑ =  colum n pressur e  dro p 

Thes e  assumption s  ar e  vali d  u p t o  Ä Ñ value s  o f  abou t  60 0 atmospheres .  Th e 

specifi c  permeabilit y  coefficient ,  K q ,  ha s  a  valu e  o f  ca .  1000 .  Accurat e 

value s  ca n b e  obtaine d fro m th e  Kozeny-Carma n equatio n (1.16) . 

3 

Ê =  -  * -  (1.16 ) 
0 18 0 ( 1 -  å  Ã v e ' 

2 

The  produc t  K Qd i s  th e  colum n permeability . 

1. 4  Ban d Broadenin g Mechanism s 
As  a  sampl e  traverse s  a  colum n it s  distributio n abou t  th e  zon e  cente r 

increase s  i n  proportio n t o  it s  migratio n distanc e  o r  tim e  i n  th e  column .  Th e 

exten t  o f  zon e  broadenin g determine s  th e  chromatographi c  efficiency ,  whic h ca n 
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be  expresse d a s  eithe r  th e  numbe r  o f  theoretica l  plate s  (n )  o r  th e  heigh t 

equivalen t  t o  a  theoretica l  plat e  ( H o r  HETP) .  Colum n efficienc y i s  readil y 

determine d fro m th e  pea k profile ,  Figur e  1.1 ,  usin g an y o f  equation s  (1.17 )  t o 

(1.21) . 

(1.17 )  ç  = ( — J  (1-18 ) 
W b / 

(1.19 )  ç  =  4 [  -5- ]  (1.20 ) 

(1.21 )  Ç  =  L/ n (1.22 ) 

= ban d varianc e  i n  tim e  unit s 

ŵ  =  pea k widt h a t  hal f  heigh t 

ŵ  =  pea k widt h a t  th e  bas e 

w_̂  =  pea k widt h a t  th e  inflectio n poin t 

h  =  pea k heigh t 

A =  pea k are a 

The  heigh t  equivalen t  t o  a  theoretica l  plat e  i s  give n b y th e  rati o  o f  th e 

colum n lengt h t o  th e  colum n plat e  count ,  equatio n (1.22) .  Colum n efficienc y ca n 

als o b e  measure d a s  th e  numbe r  o f  effectiv e  theoretica l  plate s  (N )  b y 

substitutin g th e  adjuste d retentio n tim e  (t R -  t  )  fo r  th e  retentio n tim e  (t R) 

i n  equation s  (1.17 )  throug h (1.21) .  Í  i s  considere d mor e  fundamentall y 

importan t  tha n ç  sinc e  i t  measure s  th e  ban d broadenin g tha t  occur s  onl y i n  th e 

stationar y phase .  Fo r  man y o f  th e  relationship s  discusse d i n  thi s  chapter ,  ç 

an d Í  ca n b e  use d interchangeably ;  a t  sufficientl y  hig h value s  o f  th e  capacit y 

factor ,  Í  an d ç  converg e  t o  a  simila r  value . 

The  term s  plat e  numbe r  an d plat e  heigh t  hav e  thei r  origi n i n  th e  plat e 

mode l  o f  th e  chromatographi c  proces s  [8,11,12,21,27,28] .  Th e  plat e  mode l 

assume s  tha t  th e  colum n ca n b e  visualize d a s  bein g divide d int o a  numbe r  o f 

volum e  element s  o r  imaginar y section s  calle d plates .  A t  eac h plat e  th e 

partitionin g o f  th e  solut e  betwee n th e  mobil e  an d stationar y phas e  i s  rapi d an d 

equilibriu m i s  reache d befor e  th e  solut e  move s  ont o th e  nex t  plate .  Th e 

distributio n coefficien t  o f  th e  solut e  i s  th e  sam e  i n  al l  plate s  an d i s 

independen t  o f  th e  solut e  concentration .  Th e  mobil e  phas e  flo w i s  assume d t o 

occu r  i n  a  discontinuou s  manne r  betwee n plate s  an d diffusio n o f  th e  solut e  i n 

th e  axia l  directio n i s  negligibl e  (o r  confine d t o  th e  volum e  elemen t  o f  th e 

plat e  occupie d b y th e  solute) .  Th e  plat e  mode l  i s  usefu l  fo r  characterizin g th e 
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Figur e  1. 1 Characteristi c  propertie s  o f  a  Gaussia n pea k profil e 

efficienc y o f  distillatio n column s  an d liqui d extractor s  bu t  it s  physica l 

significanc e  i n  chromatograph y i s  questionable .  Axia l  diffusio n contribute s 

significantl y  t o  ban d broadening ,  th e  distributio n constan t  i s  independen t  o f 

concentratio n onl y ove r  a  narro w concentratio n range ,  and ,  quit e  obviously ,  th e 

assumptio n tha t  flo w occur s  i n  a  discontinuou s  manne r  i s  false .  Perhap s  th e 

larges t  shortcomin g o f  th e  plat e  mode l  i s  tha t  i t  fail s  t o  relat e  th e  ban d 

broadenin g proces s  t o  th e  experimenta l  parameter s  (e.g. ,  particl e  size , 

stationar y phas e  thickness ,  mobil e  phas e  velocity ,  etc. )  tha t  ar e  ope n t o 

manipulatio n b y th e  investigator .  Nevertheless ,  th e  measure d quantitie s  ç  an d Ç 

ar e  usefu l  parameter s  fo r  characterizin g chromatographi c  efficienc y an d ar e  no t 

limite d b y an y o f  th e  deficiencie s  i n  th e  plat e  model .  Th e  variou s  rat e  model s 

of  th e  chromatographi c  proces s  enabl e  a  simila r  expressio n fo r  th e  theoretica l 

plat e  t o  b e  derive d [8,27] . 

The  rat e  theor y make s  th e  followin g assumption s  i n  it s  explanatio n o f  ban d 

broadening : 

1.  Resistanc e  t o  mas s  transfe r  i n  bot h th e  stationar y an d mobil e  phas e 
prevent s  th e  existenc e  o f  a n instantaneou s  equilibrium .  Unde r  mos t 
practica l  condition s  thi s  i s  th e  dominan t  caus e  o f  ban d broadening . 

2.  Th e  flo w velocit y  throug h a  packe d colum n varie s  widel y wit h radia l 
positio n i n  th e  column .  Som e  molecule s  wil l  trave l  mor e  rapidl y b y 
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followin g ope n pathway s  (channelling) ;  other s  wil l  diffus e  int o 
restricte d area s  an d la g behin d th e  zon e  cente r  (edd y diffusion) . 
Thes e  differin g flo w velocitie s  wil l  caus e  zon e  dispersio n abou t  th e 
averag e  velocity .  Fo r  ope n tubula r  columns ,  th e  contributio n o f 
unequa l  flo w velocitie s  t o  th e  plat e  heigh t  i s  zero . 

3.  Longitudina l  diffusio n (molecula r  diffusio n i n  th e  axia l  direction ) 
lead s  t o  ban d broadenin g tha t  i s  independen t  o f  th e  mobil e  phas e 
velocity .  It s  contributio n t o  ban d broadenin g increase s  wit h th e 
amoun t  o f  tim e  th e  solut e  spend s  i n  th e  column . 

The  individua l  contribution s  t o  th e  ban d broadenin g mechanis m ar e  considere d a s 

independen t  variable s  excep t  unde r  som e  circumstance s  whe n th e  edd y diffusio n 

ter m i s  couple d t o  th e  mobil e  phas e  mas s  transfe r  term .  Th e  abov e  approac h ca n 

be  applie d t o  ga s  o r  liqui d mobil e  phases ,  althoug h i t  i s  necessar y t o  mak e 

allowance s  fo r  th e  differen t  physica l  propertie s  o f  gase s  an d liquids ,  Tabl e 

1.3 .  Fo r  liqui d chromatography ,  th e  mobil e  phas e  i s  assume d t o  b e 

incompressible .  Thi s  i s  generall y  tru e  i n  mos t  practica l  situations ,  althoug h 

at  larg e  pressur e  drop s  th e  solut e  diffusio n coefficients ,  capacit y  factors ,  an d 

th e  colum n plat e  heigh t  ar e  al l  influence d b y th e  colum n pressur e  dro p [29] . 

Instrumenta l  contribution s  t o  ban d broadenin g ar e  considere d i s  section s  3. 1 an d 

5. 2 an d wil l  no t  b e  discusse d here .  Genera l  review s  o f  th e  ban d broadenin g 

proces s  whic h expan d o n th e  treatmen t  presente d belo w ar e  availabl e 

[8,11,12,19,30-37] . 

TABLE 1. 3 

APPROXIMATE VALUES O F CHARACTERISTI C PARAMETERS IMPORTANT I N PREDICTIN G BAND 
BROADENING 

Paramete r Gas Liqui d 
2 

Diffusio n Coefficient s  (c m /s ) ÉÏ" 1 ÉÏ" 5 

3 
Densit y  (g/c m ) 

ÉÏ" 3 1 

Viscosit y  (poise ) I T 4 10  z 

Reynold' s  Numbe r 10 10 2 

When a  sampl e  ban d migrate s  throug h a  packe d bed ,  th e  individua l  flo w path s 

aroun d th e  packin g particle s  ar e  o f  differen t  lengths .  Thes e  variation s  i n  th e 

flo w directio n an d rat e  lea d t o  ban d broadenin g tha t  shoul d depen d onl y o n th e 

densit y  an d homogeneit y  o f  th e  colum n packing .  It s  contributio n t o  th e  tota l 

plat e  heigh t  i s  proportiona l  t o  th e  particl e  siz e  an d ca n b e  describe d b y 

equatio n (1.23) . 
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HE =  2  X d p (1.23 ) 

Hg =  contributio n t o  th e  tota l  plat e  heigh t  fro m edd y diffusio n 

ë  =  packin g facto r 

dp =  averag e  particl e  diamete r 

The  packin g facto r  i s  a  dimensionles s  constan t  an d usuall y  ha s  a  valu e  betwee n 1 

an d 2 . 

The  contributio n t o  th e  plat e  heigh t  fro m molecula r  diffusio n i n  th e  mobil e 

phas e  arise s  fro m th e  natura l  tendenc y o f  th e  solut e  ban d t o  diffus e  awa y fro m 

th e  zon e  cente r  a s  i t  move s  throug h th e  colum n [38] ,  It s  valu e  i s  proportiona l 

t o  th e  diffusio n coefficien t  an d th e  tim e  th e  sampl e  spend s  i n  th e  column .  It s 

contributio n t o  th e  tota l  plat e  heigh t  i s  give n b y equatio n (1.24 ) 

2  Y D 
HL =  m (1.24 ) 

u 

= contributio n t o  th e  plat e  heigh t  fro m longitudina l  molecula r 

diffusio n i n  th e  mobil e  phas e 

Y =  obstructio n o r  tortuosit y  facto r 

D =  solut e  diffusio n coefficien t  i n  th e  mobil e  phas e 
m ,  v 

à  =  averag e  mobil e  phas e  velocit y 

The  obstructio n facto r  i s  a  dimensionles s  quasi-constan t  tha t  i s  no t  totall y 

independen t  o f  th e  mobil e  phas e  velocit y  [39] ,  Thi s  dependenc e  arise s  fro m th e 

fac t  tha t  th e  lowes t  flo w resistanc e  i s  offere d b y gap s  o r  wid e  path s  i n  th e 

packin g structure .  Thus ,  a t  lo w velocitie s  th e  valu e  o f  th e  obstructio n facto r 

i s  average d ove r  tightly-packe d an d loosely-packe d domains ,  whil e  a t  hig h 

velocitie s  i t  i s  weighte d i n  favo r  o f  th e  loosely-packe d domain s  wher e  mor e  flo w 

occurs .  Typica l  value s  fo r  th e  obstructio n facto r  ar e  0. 6  t o  0. 8  i n  a  packe d 

be d an d 1. 0 fo r  a n ope n tubula r  column . 

An alternativ e  argumen t  fo r  th e  existenc e  o f  th e  obstructio n facto r  ha s 

bee n propose d b y Deininge r  [40] ,  I n  a  be d comprise d o f  a  porou s  packing ,  a 

sampl e  spend s  par t  o f  it s  tim e  withi n th e  pore s  o f  th e  packin g wher e 

longitudina l  diffusio n i s  negligible .  Th e  obstructio n facto r  the n arise s  t o 

correc t  th e  diffusio n tim e  fo r  th e  fractio n o f  th e  colum n residenc e  tim e  th e 

sampl e  spend s  i n  th e  stagnan t  mobil e  phase .  I t  i s  proportiona l  t o  som e  functio n 

of  th e  specifi c  por e  volum e  o f  th e  packin g an d th e  interparticl e  volume . 

I n  liqui d chromatograph y wher e  diffusio n coefficient s  ar e  small ,  th e 

contributio n o f  t o  th e  plat e  heigh t  i s  ofte n negligible .  Diffusio n 

coefficient s  ar e  muc h large r  i n  gase s  an d henc e  H j  i s  mor e  important , 
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particularl y  a t  lo w mobil e  phas e  velocities . 

Mass  transfe r  i n  eithe r  th e  stationar y o r  mobil e  phas e  i s  no t  instantaneou s 

and ,  consequently ,  complet e  equilibriu m i s  no t  establishe d unde r  norma l 

separatio n conditions .  Th e  resul t  i s  tha t  th e  solut e  concentratio n profil e  i n 

th e  stationar y phas e  i s  alway s  displace d slightl y  behin d th e  equilibriu m 

positio n an d th e  mobil e  phas e  profil e  i s  similarl y  slightl y  i n  advanc e  o f  th e 

equilibriu m position .  Th e  combine d pea k observe d a t  th e  colum n outle t  i s 

broadene d abou t  it s  ban d center ,  whic h i s  locate d wher e  i t  woul d hav e  bee n fo r 

instantaneou s  equilibrium ,  provide d th e  degree-o f  nonequilibriu m i s  small .  Th e 

stationar y phas e  contributio n t o  mas s  transfe r  i s  give n b y equatio n (1.25 ) 

2kd  2 u 
Ç ò =  -  5 -  (1.25 ) 

^  3 D ( 1 +  k ) Z 

s v 

Hg =  contributio n t o  th e  plat e  heigh t  fro m th e  resistanc e  t o  mas s 

transfe r  i n  th e  stationar y phas e 

d^  =  stationar y phas e  fil m thicknes s 

Dg =  diffusio n coefficien t  i n  th e  stationar y phas e 

Equatio n (1.25 )  applie s  exactl y  t o  thin-fil m ope n tubula r  column s  an d i s  a 

reasonabl e  approximatio n fo r  packe d colum n ga s  chromatography .  Fo r  liqui d 

chromatograph y th e  agreemen t  i s  poo r  a s  ther e  i s  n o allowanc e  fo r  th e 

contributio n o f  diffusio n resistanc e  i n  th e  stagnan t  mobil e  phas e  [31,32] , 

When a  liqui d flow s  throug h a  packe d be d a n appreciabl e  fractio n o f  th e 

interstitia l  flui d i s  essentiall y  stagnan t  wit h respec t  t o  th e  actua l  strea m i n 

th e  cente r  regio n o f  th e  interparticl e  channels .  Th e  flui d spac e  i n  th e  colum n 

i s  depicte d a s  consistin g o f  thre e  domains :  th e  free ,  streamin g flui d space , 

th e  stagnan t  interstitia l  flui d space ,  an d th e  intraparticulat e  flui d space , 

whic h i s  als o assume d t o  b e  stagnant .  Diffusio n i s  relativel y slo w i n th e 

stagnan t  mobil e  phas e  an d it s  influenc e  o n ban d broadenin g i n  liqui d 

chromatograph y i s  ofte n significant .  Thu s  equatio n (1.26 )  mor e  adequatel y 

account s  fo r  th e  contributio n o f  mas s  transfe r  i n  th e  stationar y phas e  t o  th e 

tota l  plat e  heigh t  i n  liqui d chromatograph y tha n doe s  equatio n (1.25) . 

9( k  +  k +  k  k ) 2 d  2  u 

H s = ° -  °  2

P 6

 2  (1.26 ) 
2 3 3 0 D  k  ( l + k ) ( l + k ) Z 

m ï  ï 

9  =  tortuosit y  facto r  fo r  th e  por e  structur e  o f  th e  particle s 
k  =  rati o  o f  th e  intraparticl e  voi d volum e  t o  th e  interstitia l  voi d 

°  spac e 
u g =  interstitia l  mobil e  phas e  velocit y 

Wit h multicomponen t  eluent s  th e  valu e  o f  k Q wil l  var y wit h th e  mobil e  phas e 

compositio n sinc e  th e  intraparticulat e  spac e  occupie d b y th e  stagnan t  mobil e 
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phas e  ma y chang e  du e  t o  solvatio n o f  th e  stationar y phas e  surface .  I n  th e 

derivatio n o f  equatio n (1.26) ,  th e  influenc e  o f  diffusio n throug h th e 

interparticl e  stagnan t  mobil e  phas e  ha s  bee n neglecte d a s  i t  i s  generall y  ver y 

smal l  compare d t o  th e  valu e  fo r  th e  intraparticl e  stagnan t  mobil e  phas e 

contribution .  I f  a  liquid ,  coate d o n a  support ,  wer e  use d rathe r  tha n a 

bonded-phas e  colum n packing ,  i t  woul d als o b e  necessar y t o  modif y equatio n 

(1.26 )  t o  allo w fo r  mas s  transfe r  resistanc e  a t  th e  liquid-liqui d interfac e 

[30] . 

Mass  transfe r  resistanc e  i n  th e  mobil e  phas e  i s  mor e  difficul t  t o  calculat e 

becaus e  i t  require s  a n exac t  knowledg e  o f  th e  flo w profil e  o f  th e  mobil e  phase . 

Thi s  i s  onl y know n exactl y  fo r  ope n tubula r  column s  fo r  whic h th e  contributio n 

of  mas s  transfe r  resistanc e  i n  th e  mobil e  phas e  t o  th e  tota l  plat e  heigh t  ca n b e 

describe d b y equatio n (1.27) . 

1  +  6 k +  Ilk 2 d  2  à 

n 9 6 ( 1 +  k ) Z D m 

Ĥ j  =  contributio n t o  th e  plat e  heigh t  fro m th e  resistanc e  t o  mas s 
transfe r  i n  th e  mobil e  phas e 

d =  colum n diamete r 
c 

I n  a  packe d be d th e  mobil e  phas e  flow s  throug h a  tortuou s  channe l  syste m 

an d latera l  mas s  transfe r  ca n tak e  plac e  b y a  combinatio n o f  diffusio n an d 

convection .  Th e  diffusio n contributio n ca n b e  approximate d b y equatio n (1.28) . 

- A 2 w u  d 

V D = - ã 2 - ( 1 · 2 8 ) 

m 

**M D  =  c o n t r i b u t i o n t o  t n e p l a t e heigh t  fro m diffusion-controlle d 
'  resistanc e  t o  mas s  transfe r  i n  th e  mobil e  phas e 

w =  packin g facto r  functio n t o  correc t  fo r  radia l  diffusio n (ca .  0.0 2 t o  5 ) 

To accoun t  fo r  th e  influenc e  o f  convection ,  tha t  is ,  ban d broadenin g resultin g 

fro m th e  exchang e  o f  solut e  betwee n flo w stream s  movin g a t  differen t  velocities , 

th e  edd y diffusio n ter m mus t  b e  couple d t o  th e  mobil e  phas e  mas s  transfe r  term , 

as  indicate d i n  equatio n (1.29) . 

1  1 
Ç =  ·  =  ·  (1.29 ) 

M ' C '  (1/H E +  l /H M i D)  (l/2Xd p +  D m M T dp

2 ) 

^M C  =  c o n t r i k u t i o n t o  th e  plat e  heigh t  resultin g fro m th e  couplin g o f 
'  edd y diffusio n an d mobil e  phas e  mas s  transfe r  term s 

I n general ,  ^  increase s  wit h increasin g particl e  diamete r  an d flo w velocit y 

an d decrease s  wit h solut e  diffusivity .  Th e  packin g structure ,  th e  velocit y 

range ,  an d th e  capacit y  facto r  valu e  ca n significantl y  influenc e  th e  exac t  for m 
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of  th e  relationship . 

I n  ga s  chromatography ,  th e  couple d plat e  heigh t  equatio n flatten s  ou t  th e 

ascendin g portio n o f  th e  va n Deemte r  curv e  a t  hig h mobil e  phas e  velocitie s  an d 

generall y  provide s  a  bette r  fi t  t o  experimenta l  dat a  tha n th e  classi c  va n 

Deemte r  equation .  Th e  couplin g effec t  i s  mos t  apparen t  i n  liqui d chromatograph y 

wher e  th e  contributio n fro m mas s  transfe r  resistanc e  i n  th e  mobil e  phas e  a t  hig h 

flo w rate s  i s  generall y  th e  predominan t  ter m i n th e  overal l  plat e  heigh t 

expression . 

Althoug h th e  abov e  listin g o f  contribution s  t o  th e  colum n plat e  heigh t  i s 

no t  comprehensive ,  i t  encompasse s  th e  majo r  band-broadenin g factor s  an d th e 

overal l  plat e  heigh t  ca n b e  expresse d a s  thei r  sum ,  equatio n (1.30) . 

HETP =  H £ +  H L +  H s +  H M (1.30 ) 

A plo t  o f  HET P a s  a  functio n o f  mobil e  phas e  velocit y  i s  a  hyperboli c  functio n 

(Figur e  1.2 )  mos t  generall y  describe d b y th e  va n Deemte r  equatio n (1.31) . 

Mobil e  Phas e  Velocit y (u ) 

Figur e  1. 2 Relationshi p betwee n ban d broadenin g an d flo w rat e  (va n Deemte r 
equation ) 
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/2 D 111 c  +  6 k +  1  d  u  \  (2 led .  u 

HETP =  — ^  +  5  £-2L ]  f 1 J i— J2L __l f  (1.34 ) 

\ u o 9 6 ( 1 +  k)Z D m j Q J  \3D s( l  +  k ) Z / 

D =  mobil e  phas e  diffusio n coefficien t  a t  th e  colum n outle t  pressur e 
m, o  r 

U q =  mobil e  phas e  velocit y  a t  th e  colum n outle t 

d^  =  stationar y phas e  fil m thicknes s 

9  (Ñ 4 -  1 )  (Ñ 2 -  1 )  3  Ñ 2 -  1 

f  é  ~  ë  2  ^ 2 ~  3 
1 8  (P J -  1 )  2  ? J -  1 

Ñ =  colum n inlet/colum n outle t  pressur e 

Open tubula r  column s  i n  curren t  us e  hav e  thi n film s  o f  stationar y phas e 

Â 
ÇÅÔÑ =  Á  +  — +  (C g +  C M)  à  (1.31 ) 

u 

The  A  ter m represent s  th e  contributio n fro m edd y diffusion ,  th e  Â  ter m th e 

contributio n fro m longitudina l  diffusion ,  an d th e  C  term s  th e  contribution s  fro m 

mas s  transfe r  i n  th e  mobil e  an d stationar y phase s  t o  th e  tota l  colum n plat e 

height .  B y differentiatin g equatio n (1.31 )  wit h respec t  t o  th e  mobil e  phas e 

velocit y  an d settin g th e  resul t  equa l  t o  zero ,  th e  optimu m value s  o f  mobil e 

phas e  velocit y  (u Qp t )  an d plat e  heigh t  (ÇÅÔÑ ï ^ )  ca n b e  obtained . 

"op t  -V /B/CC ^  +  C s )  (1.32 ) 

(HETP) m. n =  A  +  2\/Â(0 ~Ãï ñ  (1.33 ) 

The  highes t  colum n effficien y wil l  b e  obtaine d a t  à  I n  practice ,  highe r 

value s  ar e  frequentl y  use d t o  minimiz e  analysi s  times .  Fo r  ga s  chromatograph y a 

velocit y  o f  abou t  2  à ^ ^ ,  calle d th e  practica l  operatin g ga s  velocity ,  i s 

frequentl y  recommende d [41] ,  Provide d tha t  th e  ascendin g portio n o f  th e  va n 

Deemte r  curv e  i s  fairl y  fla t  a t  highe r  velocitie s  tha n ~uq^, the n th e  los s  i n 

efficienc y wil l  b e  smal l  an d wel l  wort h th e  gai n i n  analysi s  time . 

The  va n Deemte r  equatio n (an d simila r  functions )  ha s  mad e  a n importan t 

contributio n t o  colum n technology .  Evaluatio n o f  th e  coefficient s  o f  equatio n 

(1.31 )  b y curv e  fittin g technique s  provide s  a  lin k betwee n chromatographi c 

efficienc y an d th e  variable s  tha t  ca n b e  manipulate d t o  maximiz e  colum n 

efficienc y [34,37,42] .  Thi s  approac h ca n b e  use d t o  establis h th e  optimu m 

operatin g condition s  o f  th e  variou s  colum n type s  use d i n  ga s  an d liqui d 

chromatography . 

Beginnin g wit h th e  mos t  favorabl e  case ,  ban d broadenin g i n  ope n tubula r 

column s  i s  satisfactoril y  describe d b y th e  Gola y equation ,  extende d t o 

situation s  o f  appreciabl e  pressur e  dro p b y Giddings ,  equatio n (1.34 )  [43,44] , 

2  .  . é , 2_ \ / ï  , , 2_ 
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(ca .  0. 1  t o  0. 5  micrometers )  t o  minimiz e  th e  contributio n o f  mas s  transfe r  i n 

th e  stationar y phas e  t o  ban d broadenin g [i.e. ,  th e  las t  ter m i n equatio n (1.34 ) 

approache s  zero] .  The y hav e  colum n diameters ,  d̂ ,  i n  th e  rang e  0.2-0. 5  mm t o 

minimiz e  th e  HET P whil e  stil l  maintainin g a n acceptabl e  pressur e  dro p acros s  th e 

column .  Gase s  o f  hig h diffusivity ,  hydroge n o r  helium ,  ar e  use d t o  minimiz e 

mas s  transfe r  resistanc e  i n  th e  mobil e  phas e  and ,  a t  th e  sam e  time ,  minimiz e 

analysi s  tim e  [(HETP )  .  occur s  a t  highe r  value s  o f  à  t  fo r  gase s  o f  hig h 3 L V y mi n  b  op t  °  ° 

diffusivity] .  Becaus e  th e  stationar y phas e  fil m i s  thin ,  th e  maximu m sampl e 

siz e  whic h ca n b e  injecte d withou t  overloadin g th e  colum n i s  low ,  typicall y  i n 

th e  nanogra m range .  Th e  fil m thicknes s  ca n b e  increase d t o  enhanc e  sampl e 

detectabilit y  an d column s  wit h film s  u p t o  abou t  6  micrometer s  thic k ar e 

commerciall y  availabl e  [45] .  I t  shoul d b e  note d thoug h tha t  a s  th e  fil m 

thicknes s  i s  increase d th e  resistanc e  t o  mas s  transfe r  i n  th e  stationar y phas e 

increase s  muc h mor e  rapidl y tha n th e  mobil e  phas e  ter m an d eventuall y  become s 

th e  dominan t  ter m i n th e  plat e  heigh t  equation .  Thu s  a n increas e  i n  sampl e 

capacit y  i s  gaine d onl y a t  th e  expens e  o f  a  decreas e  i n  colum n efficiency . 

Equatio n (1.34 )  als o indicate s  tha t  colum n efficienc y ca n b e  expecte d t o 

increas e  wit h a  decreas e  i n  colum n diamete r  [46-49] ,  Wit h column s  o f 

conventiona l  diameters ,  ca .  0. 2  mm,  i t  i s  difficul t  t o  excee d a  colum n plat e 

coun t  o f  abou t  300,00 0 withou t  resortin g t o  unacceptabl y lon g analysi s  times . 

Recen t  wor k ha s  show n tha t  a  maximu m o f  2. 7  millio n theoretica l  plate s  shoul d b e 

attainabl e  fro m a  colum n wit h a  diamete r  o f  3 5 micrometer s  withou t  resortin g t o 

unreasonabl e  colum n pressure s  [48] .  Fo r  ver y fas t  analysis ,  instrumenta l 

constraint s  remain s  th e  majo r  hurdl e  [46,47] ,  Commerciall y  availabl e 

instrument s  ar e  no t  generall y  suitabl e  fo r  separation s  employin g microbor e  ope n 

tubula r  column s  withou t  extensiv e  modificatio n o f  injectors ,  detectors , 

pneumati c  systems ,  extracolum n dea d volumes ,  an d electroni c  tim e  constants . 

The  Gola y equatio n i s  strictl y  applicabl e  t o  ope n tubula r  column s  wit h 

smoot h wall s  but ,  wit h certai n  approximations ,  i t  ca n b e  extende d t o  includ e 

support-coate d [50 ]  an d whisker-walle d [51 ]  ope n tubula r  columns .  I t  ca n als o 

be  use d t o  predic t  optimu m separatio n condition s  i n  ope n tubula r  liqui d 

chromatograph y [52] , 

As  th e  exac t  profil e  o f  th e  mobil e  phas e  flo w throug h a  packe d be d i s 

unknown ,  onl y a n approximat e  descriptio n o f  th e  ban d broadenin g proces s  ca n b e 

attained .  Fo r  packe d colum n ga s  chromatograph y a t  lo w mobil e  phas e  velocities , 

equatio n (1.35 )  provide s  a  reasonabl e  descriptio n o f  th e  ban d broadenin g proces s 

[35,53,54] . 

2YD wd u 
Ñ HETP =  2  ë  d  + 

Ñ 
m (1.35 ) 

u 
+ 

3D ( 1 +  k ) D 
m 
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Smal l  particle s  havin g a  narro w siz e  distributio n an d coate d wit h a  thin , 

homogeneou s  fil m o f  liqui d phas e  ar e  require d fo r  hig h efficienc y columns .  Th e 

particl e  siz e  i s  limite d b y th e  nee d t o  remai n withi n limite d pressur e 

constraints ;  thi s  result s  i n  th e  us e  o f  colum n packing s  wit h diameter s  o f 

120-18 0 micrometer s  i n  column s  les s  tha n ca .  5  meter s  long .  Fo r  heavil y  loade d 

columns ,  liqui d phas e  loadin g o f  25-35 % w/w ,  slo w diffusio n i n  th e  stationar y 

phas e  fil m i s  th e  principa l  caus e  o f  ban d broadening .  Wit h lightl y  loade d 

column s  (les s  tha n 5 % w/w) ,  resistanc e  t o  mas s  transfe r  i n  th e  mobil e  phas e  i s 

no longe r  negligible .  A t  hig h mobil e  phas e  velocitie s  th e  couple d for m o f  th e 

plat e  heigh t  equatio n i s  use d t o  describ e  ban d broadening . 

When th e  mobil e  phas e  i s  a  liqui d a  variet y  o f  equation s  ca n b e  use d i n 

additio n t o  th e  va n Deemte r  equatio n (1.31 )  t o  describ e  ban d broadenin g a s  a 

functio n o f  th e  mobil e  phas e  velocity ,  equation s  (1.36 )  t o  (1.39 ) 

[26,32,55-58] . 

A Â 
ÇÅÔÑ =  — +  +  C u (1.36 ) 

u 1  +  E/ u 

A 

1 +  E/u A 

1/ 2 
HETP =  _  1 / 2 +  — +  C u +  D u  / z (1.37 ) 

HETP =  A u 1 / 3 +  +  C u (1.38 ) 
u 

A B  2/ 3 
HETP =  rjr  +  — +  C u +  D u z / J (1.39 ) 

1  +  E / u i / J u 

A,  B ,  C ,  D ,  an d Å  ar e  appropriat e  constant s  fo r  a  give n solut e  chromatographe d 

on a  give n colum n system .  Scott' s  [26 ]  compariso n o f  thes e  equation s  indicate d 

a  goo d fi t  wit h  experimenta l  dat a  fo r  al l  equations ,  bu t  onl y equation s  (1.31) , 

(1.36) ,  an d (1.38 )  consistantl y  gav e  physicall y  meaningfu l  value s  fo r 

coefficient s  A  throug h E .  Th e  va n Deemte r  equation ,  expresse d i n  for m (1.40) , 

was  foun d t o  giv e  th e  mos t  reasonabl e  fi t  fo r  porou s  silic a  packing s  ove r  th e 

mobil e  phas e  velocit y  rang e  o f  0.0 2 t o  1. 0  cm/s . 

2Y ( a  +  b k +  c k  2 ) 
HETP =  2X d +  D  +  -  o-^-* d "  (1.40 ) 

P u  m 2 4 ( 1 +  k  ) 2 D  p  e 

e  e 7 m 

k g =  capacit y  facto r  determine d fo r  th e  interstita l  colum n volum e 

u e =  interstitia l  mobil e  phas e  velocit y 

The  value s  o f  ë  an d ã  ma y var y wit h th e  qualit y  o f  th e  packin g and ,  fo r  a 

reasonabl y well-packe d column ,  ca n b e  assume d t o  b e  0. 5 an d 0.8 ,  respectively ; 
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a ,  b ,  an d c  ca n b e  assigne d value s  o f  0.37 ,  4.69 ,  an d 4.04 ,  respectively .  A t 

mobil e  phas e  velocitie s  highe r  tha n thos e  investigate d b y Scott ,  th e  couple d 

for m o f  th e  plat e  heigh t  equatio n ma y b e  mor e  appropriate .  Equatio n (1.40 )  wa s 

derive d wit h th e  assumptio n tha t  diffusio n i n  th e  mobil e  an d stationar y phase s 

was  simila r  an d coul d therefor e  b e  represente d b y a  singl e  mas s  transfe r  term . 

The  highes t  efficienc y i n  liqui d chromatograph y i s  obtaine d usin g column s 

packe d wit h particle s  o f  smal l  diameter ,  operate d a t  hig h pressures ,  wit h mobil e 

phase s  o f  lo w viscosity .  Bot h solut e  diffusivit y  an d colum n permeabilit y 

decreas e  a s  th e  mobil e  phas e  viscosit y  increases .  Fo r  a  fixe d colum n pressure , 

th e  separatio n tim e  wil l  increas e  a s  th e  viscosit y  o f  th e  mobil e  phas e  i s 

increased .  Diffusio n coeffcient s  ar e  muc h smalle r  i n  liquid s  tha n i n  gase s  and , 

althoug h thi s  mean s  tha t  longitudina l  diffusio n ca n ofte n b e  neglecte d i n  liqui d 

chromatography ,  th e  importanc e  o f  mas s  transfe r  resistanc e  i n  th e  mobil e  phas e 

i s  no w o f  muc h greate r  significance .  Th e  advers e  effec t  o f  slo w solut e 

diffusio n i n  liqui d chromatograph y ca n b e  partiall y  overcom e  b y operatin g a t 

much lowe r  mobil e  phas e  velocitie s  tha n i s  commo n fo r  ga s  chromatography .  Thi s 

increas e  i n  efficienc y is ,  however ,  pai d fo r  b y a n extende d analysi s  time . 

Efficienc y i n  itsel f  ca n b e  a  fals e  god ;  th e  analys t  i s  generall y  mor e 

intereste d i n  th e  abilit y  o f  a  chromatographi c  syste m t o delive r  a  certai n 

efficienc y pe r  uni t  tim e  unde r  experimentall y  realizabl e  condition s 

[17,25,59-66] .  Guiocho n ha s  develope d limitin g equation s  fo r  th e  maximu m numbe r 

of  theoretica l  plate s  o f  a  colum n an d fo r  th e  tim e  require d t o  delive r  a 

theoretica l  plat e  [65,66] .  I n  liqui d chromatograph y th e  velocit y  diminishe s 

rapidl y a s  th e  colum n lengt h i s  progressivel y increased ,  an d th e  efficienc y 

tend s  toward s  a  limi t  whil e  th e  analysi s  tim e  become s  infinite ,  equatio n 

(1.41) . 

k  d  2 

( n ) l l m -  - 2  — ·  Ä Ñ (1.41 ) 
ur n  ç Â 2 ã 

m 
ÄÑ =  colum n pressur e  dro p 

At  hig h mobil e  phas e  velocitie s  bot h th e  efficienc y an d analysi s  tim e  ten d 

towar d zer o an d th e  rati o  t/ n  approache s  a  limitin g value ,  give n b y equatio n 

(1.42) . 

< t / n > l i m =
 C-^-- V <!·«> 

m 

C =  a  constan t  fo r  mas s  transfe r  obtaine d fro m th e  Kno x equatio n (se e  Sectio n 
4.6.2) .  I t  ha s  a  valu e  o f  ca .  0.0 1 

I f  a  fas t  analysi s  i s  desire d the n a  colum n packe d wit h fin e  particle s  an d 
2 

solute s  wit h larg e  diffusio n coefficient s  ar e  require d ( d / D m —> minimum) . 
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Thi s  wil l  provid e  moderat e  plat e  number s  i n  shor t  times ,  bu t  th e  maximu m 

attainabl e  plat e  numbe r  wil l  b e  rathe r  small .  O n th e  othe r  hand ,  i f  th e 

emphasi s  i s  place d o n obtainin g ver y hig h efficiency ,  the n coars e  particle s  an d 
2 

lo w diffusio n coefficient s  ar e  require d (d p / D M — > maximum) .  Thi s  permit s  th e 

us e  o f  ver y lon g column s  wit h reasonabl e  pressur e  drop s  ( Ä Ñ / L) bu t  lead s  t o  ver y 

lon g analysi s  times .  Th e  curren t  practic e  i n  HPLC i s  a  compromis e  betwee n th e 

tw o extremes ,  wit h th e  emphasi s  o n maintainin g acceptabl e  analysi s  time s  (les s 

tha n 1 h ) .  Thus ,  shor t  column s  packe d wit h fin e  particle s  an d operate d a t  hig h 

inle t  pressure s  ar e  routinel y used . 

I f  th e  pressur e  gradien t  ( Ä Ñ / L) i s  kep t  constan t  i n  liqui d chromatography , 

the n th e  mobil e  phas e  wil l  als o b e  constant ;  hence ,  th e  plat e  heigh t  an d th e 

analysi s  tim e  increas e  proportionatel y wit h th e  plat e  number .  Thi s  i s  no t  th e 

cas e  i n  ga s  chromatography ,  wher e  th e  outle t  velocit y  wil l  increas e  i n 

proportio n t o  th e  inle t  pressur e  a t  a  constan t  outle t  pressure .  Wit h increasin g 

colum n lengt h th e  plat e  heigh t  increase s  mor e  rapidl y tha n th e  chang e  i n  colum n 

length .  O n th e  othe r  hand ,  th e  averag e  velocit y  remain s  constan t  an d th e 

analysi s  tim e  increase s  i n  proportio n t o  th e  colum n length .  Th e  limitin g 

relationship s  fo r  ç  an d t/ n  ar e  therefor e  give n b y equation s  ( 1 . 4 3 ) an d  ( 1 . 4 4 ) . 

k  P . 2 

(n) n .  =  1 _ .  — .  d  Z  ( 1 . 4 3 ) 

v y li m n  v  ' 

4 Y ç  D Ñ 

m ï 

2C 1 +  k  P . 

(t/n).. .  =  · — .  d Z
 ( 1 . 4 4 ) 

L I M 3 D Ñ P 

m ï 

C =  mas s  transfe r  coefficien t  wit h value s  fro m 0 . 0 1 t o  0 . 2 

P ^ =  colum n inle t  pressur e 

P q =  colum n outle t  pressur e 

The  optimu m condition s  derive d fro m equation s  ( 1 . 4 3 ) an d  ( 1 . 4 4 ) ar e  simila r  t o 

thos e  indicate d fo r  liqui d chromatography ,  excep t  tha t  i n  ga s  chromatograph y th e 

limi t  (t/n )  i s  a  functio n o f  th e  inle t  pressur e  a t  hig h carrie r  ga s  velocities . 

The  colum n lengt h require d t o  achiev e  a  give n plat e  numbe r  an d th e  optimu m 

carrie r  ga s  velocit y  ar e  simila r  fo r  packe d an d ope n tubula r  columns .  Ope n 

tubula r  columns ,  however ,  hav e  muc h highe r  permeabilitie s  tha n packe d column s 

an d therefor e  th e  inle t  pressur e  require d t o  achiev e  th e  optimu m flo w velocit y 

i s  muc h lower .  Also ,  th e  averag e  mobil e  phas e  velocit y  correspondin g t o  a  give n 

outle t  flo w velocit y  i s  muc h large r  fo r  a n ope n tubula r  colum n tha n a  packe d 

colum n and ,  consequently ,  th e  analysi s  tim e  i s  muc h shorter .  Thu s  th e  highes t 

colum n efficienc y an d th e  shortes t  analysi s  tim e  wil l  alway s  b e  obtaine d wit h 

ope n tubula r  columns ,  assumin g reasonabl e  instrumen t  operatin g parameters .  Wit h 
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th e  presen t  colum n technology ,  ope n tubula r  capillar y ga s  chromatograph y i s 

clearl y  superio r  i n  term s  o f  th e  performanc e  criteri a  discusse d above .  Th e 

efficiencie s  o f  packe d colum n ga s  an d liqui d chromatograph y ar e  ver y similar , 

althoug h ga s  chromatograph y i s  faster .  Thi s  differenc e  i n  spee d i s  directl y 

relate d t o  th e  physica l  an d mechanica l  propertie s  o f  liquid s  an d gases ,  an d i s 

therefor e  probabl y a n unsurmountabl e  barrier . 

1. 5  Parameter s  Affectin g Resolutio n 

The  separatio n factor ,  a ,  introduce d i n  sectio n 1. 2 i s  a  usefu l  measur e  o f 

relativ e  pea k separation .  I t  i s  a  constan t  fo r  a  give n se t  o f  analytica l 

condition s  (stationar y phase ,  temperature ,  etc. )  an d i s  independen t  o f  th e 

colum n typ e  an d dimensions .  Th e  actua l  separatio n o f  tw o peak s  i n  a 

chromatogra m i s  no t  adequatel y describe d b y th e  separatio n facto r  alone , 

however ,  sinc e  i t  doe s  no t  contai n an y informatio n abou t  pea k widths .  Th e 

degre e  o f  separatio n betwee n tw o peak s  i s  define d b y thei r  resolution ,  R g ,  th e 

Figur e  1 .3 Measuremen t  o f  resolutio n fo r  tw o closel y space d peak s 

rati o  betwee n th e  tw o pea k maxim a  (At )  an d th e  averag e  bas e  widt h o f  th e  tw o 

peaks ,  Figur e  1 .3 an d equation(1.45) . 

2  A t 

*bl  +  W b 2 

(1.45 ) 

R2 Rl = t R2 Rl 

A valu e  o f  R g =  1. 0  correspond s  t o  a  pea k separatio n o n th e  orde r  o f  94 % an d i s 

generall y  considere d a n adequat e  goa l  fo r  a n optimize d separation .  Baselin e 

resolutio n correspond s  t o  a n R g valu e  o f  1.5 .  Resolutio n i s  relate d t o  th e 
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adjustabl e  variable s  o f  a  chromatographi c  experimen t  b y equatio n (1.46) . 

< " Ô · 
k 2 =  capacit y  facto r  valu e  o f  th e  late r  elutin g pea k o f  a  pea k pai r 

To a  firs t  approximatio n th e  thre e  term s  i n  equatio n (1.46 )  ca n b e  considere d 

independen t  variables .  Resolutio n i s  strongl y dependen t  o n á ;  whe n á = 1 ,  a 

separatio n i s  no t  possibl e  i n  tha t  chromatographi c  system .  Th e  large r  th e  valu e 

of  a ,  th e  easie r  a  separatio n becomes .  Resolutio n increase s  onl y a s  th e  squar e 

roo t  o f  colum n efficiency .  Thus ,  th e  colum n lengt h mus t  b e  increase d four-fol d 

t o  increas e  resolutio n b y a  facto r  o f  two .  Resolutio n i s  generall y  lo w fo r 

smal l  value s  o f  th e  capacit y  factor ,  k 2 .  Althoug h k 2 ca n b e  increase d 

resolutio n wil l  no t  b e  significantl y  improve d beyon d a  certai n  rang e  whil e  th e 

tim e  require d t o  carr y ou t  th e  separatio n ma y b e  considerabl y increased .  Th e 

optimu m resolutio n zon e  fo r  mos t  separation s  fall s  i n  th e  rang e  k 2 = 

3-10 .  Equatio n (1.46 )  ca n b e  arrange d t o  predic t  th e  numbe r  o f  theoretica l 

plate s  require d t o  giv e  a  certai n  separation ,  equatio n (1.47) . 

(1.47 ) 

Equation s  (1.46 )  an d (1.47 )  ca n b e  strictl y  applie d onl y t o  tw o peak s  tha t  ar e 

clos e  togethe r  i n  th e  chromatogram . 

1. 6 Pea k Shap e  Model s 

The  colum n i s  usuall y  assume d t o  functio n a s  a  Gaussia n operator , 

broadenin g th e  sampl e  plu g int o a  Gaussia n distrubutio n a s  i t  passe s  throug h th e 

column .  I n  practice ,  chromatographi c  peak s  ar e  rarel y Gaussia n an d significan t 

error s  migh t  resul t  fro m th e  calculatio n o f  chromatogaphi c  parameter s  base d o n 

thi s  fals e  assumptio n [67,68] .  Th e  Gaussia n mode l  i s  onl y appropriat e  whe n th e 

degre e  o f  pea k asymmetr y i s  slight . 

Pea k asymmetr y ca n aris e  fro m a  variet y  o f  instrumenta l  an d chromatographi c 

sources ,  Tabl e  1. 4  [15,69,70] .  Meaningfu l  chromatographi c  dat a  ca n b e  extracte d 

fro m asymmetri c  peak s  b y digita l  integratio n o r  curv e  fittin g routine s  applie d 

t o  th e  chromatographi c  pea k profile .  Digita l  acquisitio n o f  chromatographi c 

dat a  b y compute r  permit s  th e  rapi d an d eas y calculatio n o f  th e  statistica l 

moment s  o f  th e  pea k profil e  b y direc t  integratio n [71-76],  Th e  nt h statistica l 

moment  ( M )  i s  define d b y equatio n (1.48 ) 
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c(t )  d t 

ç  fc 
(1.48 ) 

c(t )  d t 

wher e  c(t )  i s  th e  concentratio n o f  th e  solut e  observe d a t  th e  detecto r  a t  tim e  t 

afte r  injection .  Th e  firs t  momen t  ( n  =  1 )  correspond s  t o  th e  elutio n tim e  o f 

th e  cente r  o f  gravit y  o f  th e  pea k sinc e  i t  i s  obtaine d b y weightin g th e  elutio n 

tim e  o f  eac h poin t  i n  th e  pea k b y it s  concentration ,  Tabl e  1.5 .  Highe r  moment s 

ar e  mor e  usefull y  define d a s  centra l  moments ,  obtaine d fro m th e  distributio n o f 

th e  pea k aroun d th e  firs t  moment .  Th e  secon d centra l  momen t  (M ^  i s  th e 

varianc e  (th e  squar e  o f  th e  standar d deviatio n o f  th e  peak) .  Thi s  i s  th e 

paramete r  use d t o  calculat e  th e  colum n plat e  height .  Th e  thir d an d fourt h 

centra l  moment s  measur e  th e  pea k asymmetr y (skew )  an d th e  exten t  o f  vertica l 

TABLE 1. 4 

CHROMATOGRAPHIC PROCESSE S LEADIN G T O PEA K ASYMMETRY 

Incomplet e 
Resolutio n 

Slo w Kineti c 
Processe s 

Chemica l 
Reaction s 

Colum n 
Void s 

Distorte d pea k shape s  ar e  sometime s  du e  t o  th e  presenc e  o f 
unresolve d solut e  component s 

The  mode l  propose d b y Gidding s  assume s  tha t  th e 
stationar y phas e  contain s  tw o type s  o f  sites .  Fas t  solut e 
exchang e  betwee n th e  mobil e  an d stationar y phase s  occur s  a t 
norma l  sites .  O n th e  secon d typ e  o f  sit e  solut e  molecule s  ar e 
onl y slowl y sorbe d an d desorbed .  I f  th e  tim e  constan t  fo r  th e 
desorptio n ste p o f  th e  slo w proces s  i s  greate r  tha n hal f  th e 
standar d deviatio n o f  th e  peak ,  th e  pea k wil l  no t  onl y b e 
broadene d bu t  wil l  als o carr y a n exponentia l  tail .  Example s  o f 
slo w mas s  transfe r  processe s  includ e  diffusio n o f  th e  solut e  i n 
microporou s  solids ,  polymers ,  organi c  ge l  matrices ,  an d dee p 
pore s  holdin g liqui d droplets ;  interaction s  involvin g surface s 
wit h a  heterogeneou s  energ y distribution ;  and ,  i n  liqui d 
chromatography ,  interfacia l  mas s  transfe r  resistanc e  cause d b y 
poo r  solvatio n o f  bonde d phases . 

I f  th e  solut e  undergoe s  a  chemica l  reactio n o n th e  column ,  pea k 
tailin g o r  anomalou s  pea k broadenin g ma y result ;  mor e 
likely ,  th e  effec t  wil l  b e  comple x wit h multipl e  peaking ,  ofte n 
involvin g shar p peak s  superimpose d o n a  strongl y taile d pea k 
profile . 

Bed shrinkag e  i s  usuall y  gradua l  an d result s  i n  progressiv e 
pea k broadenin g and/o r  distortion .  A  voi d ove r  th e  entir e 
cross-sectio n o f  th e  colum n nea r  th e  inle t  produce s  mor e  pea k 
broadenin g tha n asymmetry .  However ,  void s  occupyin g onl y par t 
of  th e  cross-sectio n alon g th e  lengt h o f  th e  be d ca n produc e 
pronounce d tailin g o r  fronting ,  o r  eve n spli t  al l  peak s  int o 
resolve d o r  unresolve d doublets .  Partia l  voidag e  effect s  ar e 
du e  t o  channelling ,  i.e. ,  differen t  residenc e  time s  i n  th e  tw o 
differen t  flo w paths ,  forme d b y th e  voi d an d packe d regions . 
Poo r  radia l  diffusio n i n  liquid s  fail s  t o  rela x th e  radia l 
concentratio n profile s  fas t  enoug h t o  avoi d asymmetr y o r  spli t 
peaks .  I n  ga s  chromatograph y th e  phenomeno n i s  fa r  les s 
significan t  becaus e  diffusio n i n  gase s  i n  muc h faster . 



23 

flattenin g (excess) ,  repsectively .  Fo r  a  Gaussia n distribution ,  statistica l 

moment s  highe r  tha n th e  secon d hav e  a  valu e  o f  zero .  A  positiv e  valu e  fo r  th e 

ske w indicate s  a  tailin g peak .  A  positiv e  valu e  fo r  th e  exces s  indicate s  a 

sharpenin g o f  th e  pea k profil e  relativ e  t o  a  Gaussia n peak ,  whil e  a  negativ e 

valu e  indicate s  a  relativ e  flattenin g o f  th e  uppe r  portion s  o f  th e  pea k 

profile . 

Direc t  numerica l  integratio n o f  th e  pea k profil e  ma y lea d t o  man y error s 

an d uncertaintie s  arisin g fro m th e  limit s  use d i n  th e  integration ,  baselin e 

drift ,  noise ,  an d extracolum n contribution s  [77,78] .  A  mor e  accurat e  metho d fo r 

calculatin g moment s  o f  asymmetri c  peak s  i s  curv e  fittin g t o  a n appropriat e 

model ,  suc h a s  th e  exponentiall y  modifie d Gaussia n mode l  [78-84] .  Th e  pea k 

profil e  i s  fitte d b y compute r  o r  b y manua l  method s  t o  a  Gaussia n pea k function , 

ont o whic h i s  impose d a n exponentia l  deca y function .  Th e  pea k moment s  ar e  no w 

describe d b y tw o components :  a  symmetrica l  component ,  ó̂_ ,  du e  t o  th e  origina l 

Gaussia n distributio n an d ô ,  a  nonsymmetrica l  contributio n du e  t o  th e 

exponentia l  decay ,  Tabl e  1.5 .  Th e  mathematic s  involve d i n  applyin g th e 

exponentiall y  modifie d Gaussia n functio n t o  chromatographi c  peak s  ar e  fairl y 

comple x an d th e  reade r  i s  referre d t o  th e  review s  b y Dorse y fo r  furthe r  detail s 

[83,84] . 

TABLE 1. 5 

STATISTICA L MOMENTS O F CHROMATOGRAPHIC PEAKS 
ô =  tim e  constan t  o f  th e  exponentia l  modifier ; 
ó  =  pea k standar d deviation . 

A =  pea k are a (M o ) ; 

Statistica l 
Moment 

Orde r Equatio n Chromatographi c  Exponentiall y 
Paramete r  Modifie d 
Measure d Gaussia n 

Ì 
0 

0 Xc°c(t) d t are a 

Ml 1 l /kf̂ cit)  d t retentio n 
tim e  (t R) 

t R +  ô 

M2 2 l /Aj c ( t - t R ) Z d t varianc e o t

2

 +  T 

M 3 
3 

°  3  / ¼ Ï  ^ l/(Aa t

J)J  c ( t - t R) J d t 

S =  M 3 / M 2

3 / 2 

ske w (S ) 2T 3 

M 4 
4 1/(Á ó  4)r°°c(t-t R) 4 d t  -  3 

°  2 
Å =  (M 4 /M 2

Z )  -  3 

exces s  (E ) 

3 a t

4 +  6 a t

2 T 2 +  9 ô 4 

1. 7 Retentio n Inde x System s 

Method s  base d o n relativ e  retentio n ar e  inaccurat e  fo r  reportin g 

chromatographi c  dat a  whic h i s  t o  b e  use d fo r  interlaborator y substanc e 
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identification .  I n  ga s  chromatography ,  retentio n inde x system s  ar e  use d fo r 

thi s  purpose .  Th e  retentio n behavio r  i s  expresse d o n a  unifor m scal e  determine d 

by a  serie s  o f  closel y relate d standar d substances .  I t  i s  know n tha t  fo r  a 

homologou s  serie s  o f  compounds ,  th e  logarithm s  o f  th e  adjuste d retentio n tim e 

value s  obtaine d o n a  give n colum n a t  a  give n temperatur e  ar e  linearl y 

proportiona l  t o  th e  carbo n number .  I n  th e  retentio n inde x syste m devise d b y 

Kovats ,  th e  syste m mos t  frequentl y  used ,  th e  retentio n inde x valu e  o f  a 

substanc e  i s  define d accordin g t o  equatio n (1.49 )  [85-88] . 

é  =  lo o (  z )  (1.49 ) 
l o §  t ! R(z + l )  "  l o g t ! R(z ) 

I  =  retentio n inde x 
÷ =  substanc e  o f  interes t 
æ =  norma l  alkan e  wit h ÷  carbo n atom s  emergin g befor e  th e  substanc e  o f 

interes t 
z+ 1 =  norma l  alkan e  wit h z+ 1 carbo n atom s  emergin g afte r  th e  substanc e  o f 

interes t 

As  define d i n  equatio n (1.49) ,  th e  retentio n inde x o f  a  substanc e  i s  equivalen t 

t o  100-time s  th e  carbo n numbe r  o f  a  hypothetica l  n-alkan e  wit h th e  sam e  adjuste d 

retentio n time .  B y convention ,  th e  retentio n inde x ha s  th e  colum n temperatur e 

an d th e  stationar y phas e  a s  subscrip t  an d superscript ,  respectively .  Ideally , 

th e  retentio n inde x shoul d depen d onl y o n th e  interactio n o f  th e  solut e  wit h th e 

stationar y phas e  an d th e  colum n temperature .  I t  i s  independen t  o f  othe r 

instrumenta l  an d experimenta l  parameters . 

The  temperatur e  dependenc e  o f  th e  retentio n inde x valu e  i s  a  hyperboli c 

functio n describe d b y a n Antoine-typ e  function ,  equatio n (1.50) . 

Â 
I(T )  =  A  +  (1.50 ) 

Ô +  C 

I(T )  =  retentio n inde x a t  temperatur e  Ô 
Ô =  colum n temperatur e  (K ) 

wher e  A ,  B ,  an d C  ar e  experimentall y  derive d constants .  Th e  curv e  ca n 

nevertheles s  hav e  a  significan t  linea r  portion ,  particularl y  fo r  substance s  o f 

lo w polarit y  o n nonpola r  stationar y phases . 

For  mixture s  o f  wid e  boilin g poin t  rang e  th e  determinatio n o f  retentio n 

indice s  unde r  isotherma l  condition s  woul d b e  tim e  consumin g an d unnecessaril y 

restrictive .  Unde r  temperatur e  progra m condition s  a n approximatel y linea r 

relationshi p exist s  betwee n th e  elutio n temperatur e  o f  n-alkane s  an d thei r 

carbo n number ,  provide d tha t  th e  initia l  colum n temperatur e  i s  lo w an d tha t  onl y 

a  relativel y limite d rang e  o f  carbo n number s  i s  considered .  A n expressio n 

equivalen t  t o  equatio n (1.49 )  ca n b e  give n fo r  linea r  temperatur e  progra m 
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condition s  b y replacin g th e  adjuste d retentio n tim e  i n  equatio n (1.49 )  wit h th e 

tim e  require d fo r  elutio n o r  th e  colum n temperatur e  a t  thi s  time ,  equatio n 

T R =  elutio n temperatur e  (K ) 

Source s  o f  erro r  i n  determinin g retentio n indice s  ar e  du e  primaril y  t o 

instrumenta l  variation s  i n  temperatur e  an d carrie r  ga s  flo w rates ,  inaccuracie s 

i n  th e  measuremen t  o f  retentio n time s  an d th e  colum n dea d time ,  an d effect s 

cause d b y suppor t  activit y  an d impuritie s  i n  th e  stationar y phas e  [85,91] . 

Unde r  norma l  circumstances ,  adsorptio n b y th e  suppor t  an d poorl y define d 

stationar y phase s  ar e  th e  principa l  cause s  o f  error .  Man y stationar y phase s 

use d i n  ga s  chromatograph y ar e  commercia l  product s  o f  poorl y define d structur e 

an d ar e  ofte n o f  les s  tha n adequat e  purity .  Wheneve r  possible ,  singl e 

substance s  o r  speciall y  purifie d an d fractionate d polymeri c  phase s  fo r  ga s 

chromatograph y shoul d b e  used .  I n  theory ,  th e  retentio n inde x shoul d b e 

independen t  o f  th e  stationar y phas e  loading .  I n  practic e  thi s  i s  tru e  withi n 

th e  norma l  rang e  o f  phas e  loading s  onl y i f  suppor t  interaction s  ca n b e  neglecte d 

an d i f  th e  solut e  i s  retaine d entirel y  b y partitio n (i.e. ,  solut e  adsorptio n a t 

th e  gas-liqui d interfac e  i s  negligible) .  Th e  sampl e  siz e  ma y als o influenc e 

retention .  Pola r  phase s  sho w poo r  solvatio n propertie s  fo r  alkanes ,  whic h 

consequentl y  exhibi t  variabl e  retentio n time s  a t  moderat e  t o  larg e  sampl e 

sizes .  Th e  smalles t  practica l  sampl e  siz e  commensurat e  wit h obtainin g a 

reasonabl e  detecto r  respons e  shoul d b e  used . 

The  reproducibilit y  o f  retentio n indice s  withi n th e  sam e  laborator y i s 

generall y  o n th e  orde r  o f  ±  0. 2 o r  ±  0.05-0. 1  inde x units ,  dependin g o n whethe r 

measurement s  ar e  mad e  manuall y  o r  b y compute r  acquisitio n o f  th e  experimenta l 

data ,  respectively .  Interlaborator y variation s  o f  abou t  0. 2  inde x unit s  ar e 

considere d acceptabl e  bu t  wide r  variation s  (1- 3 inde x units )  ar e  ofte n observe d 

i n  th e  literature . 

When th e  retentio n inde x o f  a  substanc e  i s  unknow n an d th e  substanc e  i s 

unavailabl e  fo r  measurement ,  it s  retentio n inde x ca n b e  estimated .  Th e  partia l 

indice s  fo r  th e  carbo n skeleto n an d functiona l  group s  ar e  summed ,  makin g 

allowance s  wher e  necessar y fo r  secon d orde r  interaction s  betwee n functiona l 

group s  [86-88,92] .  Th e  partia l  retentio n indice s  ar e  measure d b y analysi s  o f 

selecte d standards .  Fo r  nonpola r  compound s  o n stationar y phase s  o f  lo w 

polarity ,  goo d agreemen t  betwee n estimate d an d measure d retentio n indice s  i s 

obtained .  A s  th e  polarit y  o f  th e  solut e  and/o r  th e  stationar y phas e  increases , 

th e  accurac y o f  estimate d retentio n indicie s  declines . 

(1.51 )  [89,90] . 

I (1.51 ) 
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Alternativ e  retentio n inde x scale s  base d o n standard s  othe r  tha n alkane s 

ar e  occasionall y  used .  Fo r  example ,  fatt y  aci d methy l  ester s  ar e  use d i n  lipi d 

analysis ;  androstan e  an d cholestan e  fo r  th e  calculatio n o f  steroi d numbers ;  an d 

naphthalene ,  phenanthrene ,  chrysene ,  an d picen e  fo r  polycycli c  aromati c 

compound s  [85,87,93,94] .  On e  reaso n fo r  selectin g thes e  ne w standard s  i s  tha t 

the y ar e  ofte n alread y presen t  i n  th e  sample s  bein g analyzed .  Detecto r 

compatibilit y  ca n b e  anothe r  problem .  Selectiv e  detector s  suc h a s  th e 

electron-captur e  an d flam e  photometri c  detector s  d o no t  respon d significantl y  t o 

n-alkanes .  n-Alky l  bromide s  [95 ]  o r  n-alky l  trichloroacetate s  [96,97 ]  ar e  use d 

wit h th e  electron-captur e  detecto r  whil e  n-alky l  sulfide s  ar e  use d wit h th e 

flam e  photometri c  detecto r  [98] ,  Th e  retentio n inde x i s  calculate d i n  th e  sam e 

way a s  fo r  th e  alkane s  usin g equatio n (1.49 )  o r  (1.51) . 

Retentio n inde x system s  ar e  no t  commonl y use d i n  liqui d chromatography . 

For  reversed-phas e  liqui d chromatography ,  2-ket o alkane s  [99] ,  alky l  ary l 

ketone s  [100] ,  an d a  serie s  o f  polycycli c  aromati c  hydrocarbon s  (benzene , 

naphthalene ,  phenanthrene ,  benzo[a]anthracene ,  an d benzo[b]chrysene )  [101 ]  hav e 

bee n use d a s  retentio n inde x standards .  I n  ga s  chromatograph y th e  mobil e  phas e 

i s  iner t  an d i s  assume d t o  hav e  n o influenc e  o n retention .  Thi s  i s  no t  th e  cas e 

i n  liqui d chromatograph y wher e  retentio n i s  generall y  manipulate d b y adjustin g 

th e  mobil e  phas e  composition .  Th e  relationshi p betwee n retention ,  mobil e  phas e 

composition ,  an d temperatur e  i s  comple x an d no t  adequatel y describe d b y curren t 

theor y [102-104] ,  Furthe r  wor k wil l  b e  require d t o  develo p a  genera l  an d 

accurat e  retentio n inde x syste m fo r  liqui d chromatography . 
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2. 1 Introductio n 

Numerou s  paper s  hav e  bee n writte n abou t  gas-liqui d chromatograph y sinc e  th e 

firs t  descriptio n b y Jame s  an d Marti n  [1] ,  It s  impac t  o n moder n analytica l 

chemistr y ha s  clearl y  bee n immense ;  thi s  techniqu e  ha s  bee n exploite d t o  solv e  a 

rang e  o f  problem s  tha t  encompas s  medical ,  biological ,  an d environmenta l 

sciences ,  a s  wel l  a s  industria l  applications .  I n  spit e  o f  development s  i n 

spectroscop y an d liqui d chromatography ,  ga s  chromatograph y remain s  th e  mos t 

widel y use d separatio n too l  i n  analytica l  chemistr y an d i s  likel y t o  remai n s o 

i n  th e  foreseeabl e  future .  N o othe r  analytica l  techniqu e  ca n provid e  equivalen t 

resolvin g powe r  o r  sensitivit y  fo r  volatil e  organi c  compounds .  Th e  limitation s 

of  th e  techniqu e  ar e  establishe d primaril y  b y th e  therma l  stabilit y  o f  th e 

sample s  an d chromatographi c  substrates .  Generally ,  on e  i s  restricte d t o  a n 

uppe r  temperatur e  o f  aroun d 400° C an d a  molecula r  weigh t  les s  tha n 1000 , 

althoug h highe r  temperature s  hav e  bee n use d an d large r  molecula r  weigh t  sample s 

hav e  bee n separate d i n  a  fe w instances .  T o b e  suitabl e  fo r  ga s  chromatographi c 

analysi s  th e  sample ,  o r  som e  convenien t  derivativ e  o f  it ,  mus t  b e  thermall y 

stabl e  a t  th e  temperatur e  require d fo r  volatilization . 

I n  ga s  chromatograph y sample s  ar e  separate d b y distributio n betwee n a 

stationar y phas e  an d a  mobil e  phas e  b y adsorption ,  partition ,  o r  a  combinatio n 

of  th e  two .  Whe n a  soli d  adsorben t  serve s  a s  th e  stationar y phas e  th e  techniqu e 

i s  calle d gas-soli d  chromatograph y (GSC) .  Whe n a  liqui d phas e  i s  supporte d o n 

an iner t  suppor t  o r  coate d a s  a  thi n fil m ont o th e  wal l  o f  a  capillar y colum n 

th e  techniqu e  i s  designate d gas-liqui d chromatograph y (GLC) .  Th e  separatio n 

mediu m ma y b e  a  coars e  powder ,  coate d wit h a  liqui d phas e  throug h whic h th e 

carrie r  ga s  flows .  Thi s  i s  a n exampl e  o f  packe d colum n ga s  chromatography .  I f 

th e  adsorbent ,  liqui d phase ,  o r  both ,  ar e  coate d ont o th e  wal l  o f  a  narro w bor e 

colum n o f  capillar y dimensions ,  th e  techniqu e  i s  calle d wall-coate d ope n tubula r 

(WCOT),  support-coate d ope n tubula r  (SCOT) ,  o r  porous-laye r  ope n tubula r  (PLOT ) 

colum n ga s  chromatography .  A  distinctio n betwee n thes e  colum n type s  wil l  b e 

made  later . 

I n  thi s  chapte r  w e  wil l  adher e  closel y t o  th e  historica l  developmen t  o f  ga s 

chromatography ,  describin g packe d column s  befor e  ope n tubula r  columns .  I n 

recen t  year s  spectacula r  development s  i n  colum n fabricatio n an d instrumen t 

desig n hav e  diminishe d th e  importanc e  o f  packe d column s  eve n fo r  simpl e  mixtur e 

analysis .  Thi s  tren d wil l  surel y continue .  However ,  man y o f  th e  theoretica l 

an d practica l  development s  i n  ga s  chromatograph y hav e  employe d packe d column s 

an d i t  woul d b e  inappropriat e  t o  ignor e  the m entirely . 
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2. 2 Gas-Liqui d Chromatograph y 

Separation s  occu r  i n  GL C becaus e  o f  selectiv e  interaction s  betwee n th e 

solut e  an d th e  stationar y liqui d phase .  Al l  solute s  spen d th e  sam e  lengt h o f 

tim e  i n  th e  ga s  phase .  O n th e  molecula r  leve l  th e  principa l  intermolecula r 

force s  tha t  occu r  betwee n a  solut e  an d a  solven t  ar e  dispersion ,  induction , 

orientation ,  an d donor-accepto r  interactions ,  includin g hydroge n bondin g [2-8] . 

The  physica l  description s  o f  thes e  interaction s  ar e  reviewe d i n  Tabl e 

2.1 .  Althoug h thes e  force s  provid e  a  suitabl e  framewor k fo r  th e  qualitativ e 

understandin g o f  th e  separatio n process ,  th e  concer t  o f  interactin g force s 

betwee n polyatomi c  molecule s  i s  fa r  to o comple x fo r  a  quantitativ e  description . 

For  nonpola r  solute s  (e.g. ,  hydrocarbons )  dispersiv e  force s  ar e  th e  sol e 

force s  o f  interactio n i n  th e  pur e  liqui d state .  Dispersiv e  force s  ar e 

non-selectiv e  an d d o no t  var y greatl y  amon g simpl e  organi c  molecules .  Th e 

elutio n o f  nonpola r  specie s  fro m an y chromatographi c  colum n occurs ,  therefore , 

i n  orde r  o f  increasin g boilin g point .  Dispersiv e  force s  ar e  no t  considere d 

importan t  fo r  th e  separatio n o f  pola r  solutes .  Her e  th e  importan t  interaction s 

ar e  orientatio n an d inductio n forces ,  whic h depen d o n th e  polarizabilities , 

ionizatio n potentials ,  an d dipol e  moment s  o f  th e  solut e  an d liqui d phase ,  an d 

specifi c  electro n donor-accepto r  interaction s  o f  a  chemica l  nature .  Orientatio n 

an d inductio n force s  ar e  usuall y  i n  th e  rang e  o f  1-1 0 kcal/mol e  whil e 

donor-accepto r  interactions ,  includin g hydroge n bonding ,  ar e  abou t  1- 8 kcal/mol e 

[8] ,  Th e  su m o f  th e  variou s  intermolecula r  force s  betwee n a  particula r  solut e 

an d liqui d phas e  i s  a  measur e  o f  th e  polarit y  o f  tha t  phas e  wit h respec t  t o  tha t 

solute .  Th e  magnitud e  o f  th e  individua l  interactio n energie s  i s  a  measur e  o f 

phas e  selectivity .  Difference s  i n  selectivit y  ar e  importan t 

chromatographically ,  fo r  thes e  interaction s  enabl e  tw o solute s  o f  equa l  polarit y 

t o  b e  separate d b y a  selectiv e  liqui d phase .  Althoug h no t  specificall y 

discusse d above ,  whe n fin e  tunin g a  separatio n i t  ma y b e  necessar y t o  als o tak e 

molecula r  siz e  an d shap e  int o account . 

2.2. 1  Frequentl y  Use d Liqui d Phase s 

The  propertie s  desire d o f  a n idea l  liqui d phas e  ar e  contradictor y an d a 

compromis e  mus t  b e  reache d betwee n theoretica l  an d practica l  consideration s 

[9] ,  I t  i s  generall y  desirabl e  fo r  th e  liqui d phas e  t o  hav e  a  wid e  temperatur e 

operatin g range .  Ideally ,  thi s  rang e  woul d includ e  al l  temperature s  fro m th e 

lowes t  t o  th e  highes t  use d i n  GLC ,  approximatel y -60° C t o 400°C .  N o phas e  meet s 

thi s  requiremen t  bu t  severa l  popula r  phase s  hav e  stabl e  liqui d temperatur e 

range s  extendin g fro m 10 0 t o  300°C .  Th e  liqui d phas e  shoul d hav e  a  lo w vapo r 

pressure ,  b e  chemicall y  stable ,  an d hav e  a  lo w viscosit y  (fo r  packe d colum n use ) 
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a t  th e  desire d operatin g temperature .  Fo r  hig h temperatur e  operatio n thi s 

generall y  dictate s  th e  us e  o f  hig h molecula r  weigh t  polymeri c  liquids .  A s 

polymer s  lac k a  well-define d chemica l  structur e  thei r  compositio n i s  subjec t  t o 

batch-to-batc h variation s  an d the y canno t  b e  considere d idea l  liqui d phases . 

Practica l  consideration s  dictat e  tha t  th e  liqui d phas e  mus t  hav e  reasonabl e 

solubilit y  i n  som e  commo n volatil e  organi c  solven t  an d adequatel y we t  th e 

support s  use d i n  colum n fabrication .  Th e  phase s  themselve s  mus t  sho w reasonabl e 

solven t  propertie s  (i.e. ,  dissolvin g power )  fo r  th e  solute s  t o  b e  separate d an d 

phase s  wit h varyin g selectivitie s  ar e  neede d t o  effec t  difficul t  separation s  o f 

pola r  samples . 

Prio r  t o  th e  developmen t  o f  suitabl e  technique s  fo r  liqui d phas e 

characterizatio n numerou s  phase s  wer e  i n  genera l  use ,  leadin g t o  wha t  ha s  bee n 

called ,  "stationar y phas e  pollution "  [10] .  Gradually ,  man y o f  thos e  phase s  wit h 

poo r  chromatographi c  properties ,  thos e  tha t  simpl y duplicate d th e  propertie s  o f 

others ,  an d thos e  availabl e  a s  genera l  industria l  material s  whos e  compositio n 

varie d fro m th e  sam e  o r  differen t  sources ,  hav e  passe d int o disuse .  Toda y mos t 

separation s  ca n b e  performe d o n a  handfu l  o f  preferre d phases ,  ofte n speciall y 

synthesize d fo r  GL C purpose s  [10-12] .  Thes e  an d som e  additiona l  popula r  o r 

nove l  phase s  wil l  b e  describe d i n  th e  followin g paragraphs . 

Fro m th e  inceptio n o f  GL C hig h molecula r  weigh t  hydrocarbon s  suc h a s 

squalan e  (I )  an d Apiezo n grease s  hav e  bee n use d a s  nonpola r  stationar y phase s 

[13] .  Dispersio n i s  th e  sol e  typ e  o f  interactio n possibl e  wit h thes e  phases . 

CKL CH q CH .  CH Q CH .  CH Q 

I 3 I 3 I 3 I 3 I 3 I 3 

CH-(CH 2) 3-CH-(CH 2) 3-CH-(CH 2) 4-CH-(CH 2) 3-CH-(CH 2) 3-C H 

CH3 ^ 3 

2,6,10,15,19,23-hexamethyltetracosan e 

squalan e  (I ) 

Accordingly ,  nonpola r  solute s  ar e  elute d i n  orde r  o f  volatilit y  whil e  pola r 

solute s  elut e  largel y accordin g t o  thei r  hydrophobicit y  (siz e  o f  nonpola r 

portion) ,  a s  thei r  inheren t  polarit y  i s  no t  a  factor .  Th e  principa l  limitatio n 

of  squalan e  i s  it s  lo w maximu m allowabl e  operatin g temperatur e  limi t  o f  abou t 

120°C .  Th e  Apiezo n greases ,  prepare d b y th e  hig h temperatur e  treatmen t  an d 

molecula r  distillatio n o f  lubricatin g oils ,  provid e  highe r  maximu m allowabl e 

operatin g temperatur e  limits ,  u p t o  abou t  300°C .  Commercia l  material s  wit h a 

characteristi c  yellow-brow n colo r  contai n residua l  carbony l  an d carboxyli c  aci d 

group s  whic h ma y caus e  tailin g o f  pola r  solutes .  Prio r  t o  us e  th e  grease s 
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shoul d b e  purifie d b y liqui d chromatograph y ove r  alumin a  [13] .  Th e  structur e  o f 

th e  Apiezo n grease s  ha s  no t  clearl y  bee n established ,  althoug h the y ar e  know n t o 

contai n bot h olefini c  an d aromati c  unsaturate d groups .  Hydrogenatio n remove s 

an y residua l  unsaturatio n an d produce s  superio r  hig h temperatur e  phase s 

[14-16] .  However ,  discrepancie s  exis t  i n  th e  value s  obtaine d fo r  th e  averag e 

molecula r  weight .  B y vapor-phas e  osmometr y a  valu e  o f  397 0 wa s  obtaine d fo r 

Apiezo n L  an d 234 0 fo r  Apiezo n Ì  [14] .  Value s  o f  130 0 an d 950 ,  respectively , 

wer e  obtaine d b y size-exclusio n chromatograph y [15] .  Kovat s  ha s  prepare d a 

synthetic ,  hig h temperatur e  hydrocarbo n phas e  (̂ 37̂ 7̂5» Apolane-87 )  (II )  wit h a 

molecula r  weigh t  o f  122 2 an d a  maximu m operatin g temperatur e  o f  280-300° C 

[17-19] , 

H379l 8 ^2 H5  ( j :i8 H37 

CH-(CH 2) 4-C-(CH 2) 4-C H 

H37 C1 8  C 2 H 5  C 18 H3 7 

24,24-diethy1-19,29-dioctadecylheptatetracontan e 

Apolan e  -  8 7 (II ) 

Hydrocarbo n phase s  ar e  widel y use d a s  nonpola r  referenc e  phase s  i n  scheme s 

designe d t o  measur e  th e  selectivit y o f  pola r  phases .  Bot h Rohrschneide r  an d 

McReynold s  selecte d squalan e  fo r  thi s  purpose .  Apolane-8 7 an d hydrogenate d 

Apiezon ,  Apiezo n MH,  hav e  bee n suggeste d a s  substitute s  du e  t o  thei r  greate r 

therma l  stability .  Retentio n inde x value s  o n Apiezo n MH an d Apolane-8 7 ar e 

virtuall y  identica l  and ,  i n  bot h instances ,  slightl y  large r  tha n o n squalane ; 

thi s  differenc e  i s  attribute d t o  th e  molecula r  weigh t  differenc e  betwee n th e 

hig h temperatur e  phase s  an d squalane .  Scheme s  fo r  measurin g stationar y phas e 

selectivit y ar e  discusse d i n  th e  nex t  section . 

Al l  hydrocarbo n phase s  ar e  susceptibl e  t o  oxidation ,  whic h alter s  thei r 

chromatographi c  propertie s  b y th e  introductio n o f  polar ,  oxygenate d functiona l 

group s  [20-22] .  I n  extrem e  case s  scissio n o f  th e  carbo n backbon e  ma y occur , 

resultin g i n  a  hig h leve l  o f  colum n bleed .  Oxidatio n o f  squalan e  (I) ,  whic h i s 

full y  hydrogenated ,  arise s  fro m th e  presenc e  o f  tertiar y hydroge n atom s  tha t 

reac t  wit h oxyge n t o  for m thermall y unstabl e  hydroperoxide s  tha t  i n  tur n yiel d 

hydroxyli c  an d carbony l  derivatives .  Apolane-8 7 ha s  a  muc h lowe r  concentratio n 

of  tertiar y hydrogen s  an d i s  therefor e  mor e  resistan t  t o  oxidation . 

Sporadi c  account s  o f  th e  us e  o f  fluorocarbo n liqui d phase s  hav e  appeare d 

almos t  fro m th e  inceptio n o f  GLC .  Earl y report s  employe d perfluoroalkanes , 

Kel- F oils ,  an d fluoroalky l  ester s  fo r  th e  analysi s  o f  corrosiv e  an d reactiv e 

chemical s  (e.g. ,  UF^ ,  C10 ? F,  SF^Cl ,  etc. )  whic h coul d no t  b e  separate d o n 
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conventiona l  phase s  [23,24],  Attempt s  t o  us e  thes e  phase s  fo r  mor e  genera l 

application s  wer e  les s  successfu l  du e  t o  a  combinatio n o f  poo r  suppor t  wettin g 

characteristics ,  lo w colum n efficiencies ,  an d lo w uppe r  operatin g temperatur e 

limit s  [25] ,  Intermolecula r  force s  i n  perfluorocarbo n liquid s  ar e  weak ,  givin g 

ris e  t o  diminishe d retentio n i n  GLC ,  thu s  makin g th e  separatio n o f  hig h 

molecula r  weigh t  o r  thermall y labil e  sample s  possibl e  a t  lowe r  temperature s  tha n 

on conventiona l  nonfluorinate d phase s  [26,27] ,  Th e  poly(perfluoroalky l  ether ) 

liqui d phase ,  Fombli n Y R (III) ,  produce s  column s  o f  hig h efficienc y an d ma y b e 

use d a t  temperature s  o f  u p t o  255°C . 

CF 0 

fO-CF-CF 2 ) n -(0-CF 2 ^ 

Fombli n Y R (M W =  6000-7000 ) 

(HI ) 

Thi s  temperatur e  i s  wel l  belo w tha t  a t  whic h colum n blee d i s  significan t  an d i s 

establishe d b y th e  stabilit y  o f  th e  liqui d film ;  abov e  255° C th e  liqui d fil m 

"bead s  up" ,  lowerin g colum n efficiency .  Th e  fluorinate d alky l  esters ,  Fluora d 

FC-43 0 an d FC-431 ,  ar e  generall y  useful ,  mediu m polarit y  liqui d phase s  tha t 

strongl y deactivat e  diatomaceou s  eart h  support s  [28,29] .  Lo w concentration s  o f 

underivatize d amines ,  phenols ,  an d carboxyli c  acid s  ca n b e  separate d o n thes e 

phases .  Th e  absolut e  retentio n o f  organi c  compound s  o n Fluora d FC-43 0 i s 

approximatel y 2  t o  6  time s  lowe r  tha n o n a  nonfluorinate d phas e  wit h simila r 

polarity . 

By fa r  th e  mos t  importan t  grou p o f  liqui d phase s  ar e  th e  polysiloxane s 

[30-33] .  Thei r  hig h therma l  stability ,  wid e  liqui d range ,  an d availabilit y  i n 

differen t  polarities ,  spannin g th e  rang e  fro m nonpola r  t o  som e  o f  th e  mos t  pola r 

phase s  presentl y  available ,  contribut e  t o  thei r  popularity .  Th e  basi c  siloxan e 

backbon e  ca n b e  represente d b y structur e  (IV) ,  i n  whic h R  ca n b e  eithe r  methyl , 

vinyl ,  phenyl ,  3,3,3-trifluoropropyl ,  cyanoethyl ,  o r  cyanopropy l  groups .  Man y 

polymer s  contai n mixture s  o f  th e  abov e  functiona l  groups ,  a s  indicate d i n  Tabl e 

2.2 .  Th e  polysiloxan e  polymer s  ar e  prepare d b y th e  aci d hydrolysi s  o f 

appropriatel y substitute d dichlorosilane s  o r  b y th e  catalyti c  polymerizatio n o f 

R R 
I  I 

•Si-0- î-0 -

R R 

(IV ) 
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cyclosiloxane s  i n  th e  presenc e  o f  a  smal l  amoun t  o f  hexamethyldisiloxan e  a s  a 

chai n stopper .  Material s  o f  hig h purity ,  particularl y  wit h regar d t o  th e 

presenc e  o f  residua l  catalyst ,  an d narro w molecula r  weigh t  rang e  ar e  require d 

fo r  chromatographi c  purpose s  [34] .  I n  addition ,  termina l  silano l  group s  mus t  b e 

endcappe d t o  maximiz e  therma l  stability .  Polysiloxane s  containin g á-cyan o o r  a -

or  â-fluor o group s  ar e  thermall y labil e  an d no t  usefu l  chromatographically .  Th e 

poly(3,3,3-trifluoropropylsiloxanes )  ar e  particularl y  sensitiv e  t o  stron g bases , 

undergoin g depolymerizatio n t o  for m volatil e  cyclotetrasiloxanes .  Th e 

polysiloxane s  otherwis e  exhibi t  exceptiona l  chemical ,  thermal ,  an d oxidativ e 

stability . 

The  phenyl-containin g polysiloxane s  ar e  mor e  polar|Lzabl e  tha n th e 

poly(methylsiloxanes )  an d exhibi t  som e  benzene-lik e  solven t  properties .  Th e 

3,3,3-trifluoropropyl-containin g polymer s  hav e  a n unusuall y  hig h affinit y  fo r 

carbonyl-containin g solute s  du e  t o  inductio n o f  som e  positiv e  charg e  characte r 

at  th e  carbo n ato m adjacen t  t o  th e  electronegativ e  trifluoromethy l  group .  Th e 

cyanopropyl-containin g polysiloxane s  interac t  strongl y  wit h dipola r  solutes . 

TABLE 2. 2 

PROPERTIES O F SOME COMMERCIALLY AVAILABLE POLYSILOXANE PHASE S 

Name  Typ e  Structur e  Densit y  Viscosit y  Averag e 
( R i n  IV )  (g/ml )  (cP )  Molecula r 

Weigh t 

0V--1 Dimethylsilicon e  gu m CH3 0.97 5 >io ( 

0V--10 1 Dimethylsilicon e  flui d CH3 150 0 3 X io 4 

ov- -7 Phenylmethyldimethyl - 80 % CH3 1.02 1 50 0 1 X io 4 

silicon e 20 % C 6 H 5 
0V--1 7 Phenylmethy1silicon e 50 % CH3 1.09 2 130 0 4 X io 3 

50 % C 6 H 5 
ov- -2 5 Phenylmethyldiphenyl - 25 % CH3 1.15 0 >100,00 0 1 X io 4 

silicon e 75 % C 6 H 5 
ov- -21 0 Trifluoropropyl - 50 % CH3 1.28 4 10,00 0 2 X io 5 

methylsilicon e 50 % CH2 CH2 CF 3 

0V--22 5 Cyanopropylmethyl - 50 % CH3 1.09 6 900 0 8 X 10 3 

phenylmethylsilicon e 25 % C 6 H 5 
25 % C3 H6 CN 

ov- -27 5 Dicyanoethy1silicon e C2H, ,C N 20,00 0 5 X 10 3 

A serie s  o f  carborane-siloxan e  polymer s  wit h exceptiona l  therma l  stabilit y 

hav e  bee n describe d [32] ,  Dexsi l  300G C (V )  contain s  on e  carboran e  grou p 
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attache d i n  th e  met a  positio n a s  par t  o f  a  chai n wit h dimethylsiloxan e  group s  a s 

th e  repeatin g unit .  Dexsi l  400G C an d 410G C hav e  a s  th e  repeatin g uni t  on e 

carboran e  grou p an d fiv e  dimethysiloxan e  units ,  wit h  th e  centra l  silico n ato m 

substitute d wit h a  pheny l  an d a  2-cyanoethy l  group ,  respectively .  Thes e  phase s 

ar e  o f  modes t  polarit y  bu t  ca n b e  operate d a t  temperature s  u p t o  450° C fo r 

Dexsi l  300G C an d 375° C fo r  Dexsi l  400G C an d 410GC . 

CH3 CH 3 

-Si-O-Si-0 -

I I 
CH3 ( C H 2 ) 4 

C=CH 

\/ 
L B 1 0 H 1 0 J n 

Dexsi l  300G C 
(V 

The  meta-linke d poly(pheny l  ethers ) 

defined ,  moderatel y pola r  liqui d phases . 

) 

(VI )  ar e  useful ,  chemicall y  well -

Thei r  lo w volatilit y  i s  exceptiona l 

L -In 

poly(pheny l  ether )  ç  =  3  o r  ç  =  4 

( V I) 

fo r  thei r  molecula r  weight .  Th e  fiv e  an d si x  rin g poly(pheny l  ethers )  ar e 

stabl e  t o  200° C an d 250°C ,  respectively .  Th e  flexibilit y  imparte d t o  th e  chai n 

by th e  ethe r  linkag e  i s  responsibl e  fo r  thei r  lo w viscosity .  A  hig h molecula r 

weigh t  poly(pheny l  ether) ,  i n  thi s  instanc e  a  tru e  polyme r  containin g a n averag e 

of  2 0 rings ,  wa s  use d t o  separat e  solute s  o f  hig h boilin g poin t  wit h colum n 

temperature s  i n  th e  rang e  125-400° C [35] .  Poly(pheny l  ethers )  wit h pola r 

functiona l  group s  hav e  bee n investigate d fo r  us e  a s  pola r  referenc e  phase s 

[36,37] .  I n  genera l  thes e  phase s  hav e  lo w colum n efficiencie s  an d poo r  therma l 

stabilit y  [36,38] .  Th e  fiv e  an d si x  rin g poly(pheny l  ethers )  ca n b e 

copolymerize d wit h dipheny l  ether-4,4'-disulfony l  chlorid e  t o  produc e  a  polyme r 

of  undefine d molecula r  weigh t  an d chemica l  structure ,  containin g repeatin g unit s 
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of  poly(pheny l  ether )  joine d togethe r  b y dipheny l  ethe r  sulfony l  bridgin g group s 

[39,40] .  Commerciall y  availabl e  a s  polypheny l  ethe r  sulfon e  or ,  Poly-S-179 ,  i t 

ha s  bee n use d t o  separat e  a  wid e  rang e  o f  high-boilin g pola r  solute s  a t 

temperature s  i n  th e  rang e  200-400°C . 

Phthalat e  ester s  (VII )  ar e  well-characterized ,  moderatel y pola r  liqui d 

phase s  [41] ,  A s  migh t  b e  expected ,  th e  polarit y  o f  th e  phase s  decline s  a s  th e 

Ï C O O R 

C O O R 

Phthalat e  este r 

( V I I) 

alky l  (R )  grou p increase s  i n  size ,  whil e  thei r  volatilit y  decreases . 

Tetrachlorophthalat e  ester s  sho w selectiv e  charg e  transfe r  interaction s  wit h 

electro n dono r  solutes .  Poo r  therma l  stabilit y  compare d t o  othe r  availabl e 

liqui d phase s  ha s  reduce d thei r  importanc e  i n  recen t  years . 

A mor e  importan t  grou p o f  moderatel y pola r  liqui d phase s  i s  th e  polyester s 

[42] .  Th e  ter m polyeste r  i s  use d t o  describ e  a  wid e  rang e  o f  resinou s 

composite s  derive d fro m th e  reactio n o f  a  polybasi c  aci d wit h a  polyhydri c 

alcoho l  [42,43] ,  Th e  mos t  frequentl y  use d polyeste r  phase s  fo r  GL C ar e  th e 

succinate s  an d adipate s  o f  ethylen e  glycol ,  diethylen e  glycol ,  an d butanediol . 

I n  particular ,  poly(ethylen e  glyco l  succinate )  (VIII )  an d poly(diethylen e  glyco l 

succinate )  (IX )  hav e  bee n frequentl y  used . 

H0-( CH 2 )T 

0 

-o l 
0 

C H 2 - C H 2 - C - 0 - ( C H 2 ) 2 - -0 H 

Poly(ethylen e  glyco l  succinate )  ç  =  1 7 t o  2 1 

EGS (VIII ) 

Poo r  colum n stabilit y  an d column-to-colum n variation s  i n  chromatographi c 

propertie s  hav e  recentl y  diminishe d thei r  use .  Upo n conditionin g th e  molecula r 

weight s  o f  EG S (VIII )  an d DEGS (IX )  ar e  increase d fro m abou t  300 0 t o  abou t 

9000-16,00 0 [44] .  Th e  highe r  molecula r  weigh t  polyme r  i s  a  superpolyester , 

forme d wit h th e  los s  o f  volatil e  stationar y phas e  component s  upo n heatin g t o 
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hig h temperatures .  Thes e  phase s  sho w poo r  hydrolyti c  stability .  Th e  este r 

linkage s  alon g th e  polyme r  backbon e  brea k upo n hydrolysis ,  resultin g i n  th e 

formatio n o f  additiona l  hydroxy l  an d carboxyli c  aci d functionalities .  Th e 

presenc e  o f  residua l  aci d an d hydroxy l  group s  preclude s  th e  us e  o f  thes e  phase s 

i n  th e  analysi s  o f  isocyanates ,  epoxides ,  anhydrides ,  hal o acids ,  etc. ,  whic h 

may reac t  wit h thes e  groups .  Amine s  ma y als o caus e  aminolysi s  o f  th e  este r 

linkage .  A t  hig h temperature s  polyester s  ar e  als o susceptibl e  t o  oxidativ e 

degradation ,  whic h occur s  throug h th e  formatio n o f  hydroperoxide s  tha t  late r 

decompos e  t o  for m fre e  radicals .  Th e  fre e  radical s  decompos e  th e  polyeste r 

chains ,  producin g vinyl-typ e  unsaturation ,  an d ma y als o caus e  polymerization . 

H0-(CH 2) 2-0-(CH 2>2 

0 

-O-C-C H 

0 

2 - C H 2 (CH 2 ) 2 -0-(CH 2 ) 2 - -0 H 

Poly(diethylen e  glyco l  succinate )  ç  =  1 2 t o  1 8 

DEGS (IX ) 

Poly(ethylen e  glycols )  o f  genera l  formul a  (X )  ar e  prepare d b y th e 

polymerizatio n o f  ethylen e  oxid e  [45] .  Th e  product s  o f  th e  reactio n ar e 

HO(CH2 CH2 0) n CH2 CH2 OH 

Poly(ethylen e  glycol ) 

(X) 

separate d int o a  serie s  o f  fraction s  havin g differen t  nomina l  averag e  molecula r 

weights .  Carbowa x 20 M fo r  example ,  ha s  a n averag e  molecula r  weigh t  o f  14,00 0 

[46 ]  whil e  tha t  o f  Superox- 4 i s  approximatel y fou r  millio n [47] .  Thi s  molecula r 

weigh t  differenc e  i s  reflecte d i n  thei r  therma l  stability ;  Superox- 4 ma y b e  use d 

a t  temperature s  u p t o  300° C whil e  Carbowa x 20 M ha s  a n uppe r  temperatur e  limi t  o f 

onl y 225°C .  Superox- 4 i s  somewha t  difficul t  t o  us e  du e  t o  it s  lo w solubilit y  i n 

common solvent s  an d it s  rapi d decompositio n b y oxyge n o r  moistur e  a t  hig h 

temperature s  [47,48] .  Oxidativ e  degradatio n ca n b e  a  proble m wit h th e  lowe r 

molecula r  weigh t  Carbowaxe s  a s  well . 

The  pluronic s  ar e  relate d t o  th e  poly(ethylen e  glycols )  bu t  hav e  bette r 

define d molecula r  weight s  an d a  narrowe r  polydispersit y  [46,49] .  The y ar e 

prepare d b y condensin g proplyen e  oxid e  wit h proplyen e  glycol .  Th e  resultin g 

chai n i s  the n extende d o n bot h side s  b y th e  additio n o f  controlle d amount s  o f 

ethylen e  oxid e  unti l  th e  desire d molecula r  weigh t  i s  obtained .  Th e  pluronic s 

most  usefu l  a s  liqui d phase s  hav e  averag e  molecula r  weight s  i n  th e  rang e  200 0 t o 

abou t  8000 ,  wit h maximu m allowabl e  operatin g temperature s  i n  th e  rang e 
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220-260°C . 

The  poly(ethylen e  glycols )  ar e  usefu l  phase s  fo r  th e  separatio n o f  a  wid e 

rang e  o f  pola r  an d hydroge n bondin g solutes .  Th e  principa l  factor s  determinin g 

retentio n ar e  th e  concentratio n o f  hydroxy 1 group s  and ,  t o  a  muc h lesse r  degree , 

th e  molecula r  weigh t  distributio n o f  th e  liqui d phase . 

Fuse d inorgani c  sal t  eutecti c  mixture s  wer e  use d b y Juve t  t o  separat e  meta l 

halide s  [50] ,  Sample s  o f  thi s  typ e  ar e  difficul t  t o  separat e  usin g organi c 

liqui d phase s  becaus e  the y reac t  chemicall y  wit h th e  phas e  an d requir e  hig h 

temperature s  fo r  volatilization .  Th e  solute s  studie d wer e  capabl e  o f  formin g 

chloro-complexe s  wit h th e  chlorid e  ion s  presen t  i n  th e  melt .  Th e  genera l 

applicatio n o f  inorgani c  molte n salt s  t o  th e  separatio n o f  organi c  compound s  wa s 

fa r  les s  successfu l  du e  t o  th e  limite d solubilit y  o f  organi c  compound s  i n  thes e 

melt s  [51] .  Th e  affinit y  o f  organi c  compound s  fo r  organi c  molte n salt s  shoul d 

be  muc h greate r  an d th e  availabilit y  o f  lo w temperatur e  organi c  melt s  i s  a 

furthe r  advantage .  Thi s  ha s  bee n born e  ou t  i n  practic e  [52-54] ;  i n  particular , 

ethylpyridiniu m bromid e  an d tetrabutylammoniu m tetrafluoroborat e  hav e  bee n show n 

t o b e  generall y  usefu l  pola r  liqui d phases .  The y exhibi t  hig h selectivit y  fo r 

compound s  possessin g larg e  dipol e  o r  hydroge n bondin g functiona l  groups . 

Retentio n i s  believe d t o  depen d upo n a  combinatio n o f  solut e  partitionin g an d 

adsorptio n interactions ;  th e  relativ e  magnitud e  o f  eac h depend s  o n th e  natur e  o f 

th e  solute' s  functiona l  groups .  Organi c  molte n salt s  ar e  relativel y ne w liqui d 

phase s  an d furthe r  stud y i s  neede d t o  bette r  characteriz e  thei r  propertie s 

[55] . 

2.2. 2  Selectiv e  Liqui d Phase s 

Certai n liqui d phase s  employin g suitabl y selectiv e  interaction s  ar e 

occasionall y  use d t o  perfor m specifi c  separations .  Th e  separatio n o f  dono r 

solute s  b y phase s  containin g coordinatio n complexe s  an d o f  enantiomer s  b y chira l 

liqui d phase s  ar e  describe d i n  Chapte r  7.17 .  Electron-accepto r  compound s  suc h 

as  dialkyltetrachlorophthalate s  an d 2,4,7-trinitro-9-fluorenon e  hav e  bee n use d 

t o  separat e  unsaturate d hydrocarbon s  an d aromati c  hydrocarbon s  (electro n donors ) 

by ð -charg e  transfe r  comple x formatio n [56-61] .  A s  suc h interaction s  ar e 

perturbe d b y steri c  influences ,  thes e  phase s  ar e  ofte n abl e  t o  resolv e  isomeri c 

mixture s  tha t  ar e  difficul t  t o  resolv e  o n othe r  phases . 

Liqui d crysta l  phase s  ar e  widel y use d fo r  separatin g mixture s  o f  rigi d 

isomeri c  solute s  suc h a s  substitute d benzenes ,  polycycli c  aromati c  hydrocarbons , 

polychlorinate d biphenyls ,  an d steroid s  [62-64] .  Th e  liqui d crystallin e  stat e 

represent s  a  specifi c  stat e  o f  matte r  intermediat e  betwee n a  crystallin e  soli d 

an d a n isotropi c  liquid .  Thu s  i n  th e  liqui d crystallin e  stat e  th e  phas e 

exhibit s  th e  mechanica l  propertie s  characteristi c  o f  a  liqui d whil e  som e  o f  th e 
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anisotropi c  propertie s  o f  th e  soli d  ar e  maintaine d du e  t o  th e  preservatio n o f  a 

highe r  degre e  o f  orderin g tha n i n  liquids .  Th e  liqui d crystal s  use d a s 

stationar y phase s  ar e  o f  th e  thermotropi c  type ,  tha t  is ,  th e  liqui d crystallin e 

stat e  commence s  a t  th e  mel t  an d i s  thermall y stabl e  until ,  a t  som e  highe r 

temperatur e  (clearin g temperature) ,  a  transitio n t o  a n isotropi c  liqui d take s 

place .  Dependin g o n th e  wa y th e  molecule s  ar e  ordered ,  thermotropi c  liqi d 

crystal s  ar e  classifie d int o nematic ,  cholesteric ,  an d smecti c  types .  Smecti c 

phase s  posses s  a  two-dimensiona l  arra y i n  whic h rod-lik e  molecule s  ar e  arrange d 

i n  paralle l  t o  giv e  a  layere d structur e  whos e  thicknes s  i s  approximatel y equa l 

t o  th e  lengt h o f  th e  molecule s  comprisin g th e  layer .  I n  th e  nemati c  phas e  th e 

paralle l  orientatio n i s  maintaine d bu t  th e  layere d structur e  doe s  no t  exis t  an d 

liqui d molecule s  ar e  fre e  t o  mov e  withi n th e  limit s  o f  th e  paralle l 

configuration .  Th e  cholesteri c  phas e  i s  a  twiste d nemati c  structur e  an d occur s 

i n  compound s  possessin g chira l  centers .  Mos t  liqui d crystallin e  phase s  use d i n 

GLC ar e  o f  th e  nemati c  typ e  a s  thes e  usuall y  provid e  th e  wides t  temperatur e 

operatin g range . 

Well  ove r  tw o hundre d liqui d crystallin e  phase s  hav e  bee n use d i n  GL C 

[62-64],  The y ar e  o f  a  variet y  o f  chemica l  type s  bu t  al l  hav e  i n  commo n a 

markedl y elongate d rigi d rod-lik e  o r  lath-lik e  structure .  Th e  mos t  commo n type s 

ar e  Schiff' s  bases ,  esters ,  an d azoxybenzene s  a s  show n i n Tabl e  2.3 .  Whe n 

coate d ont o soli d  support s  thei r  colum n efficienc y i s  usuall y  les s  tha n tha t 

foun d wit h conventiona l  polymeri c  phase s  du e  t o  thei r  hig h viscosit y  an d poo r 

mas s  transfe r  characteristic s  [65] .  Retentio n volume s  ma y var y unpredicatabl y 

wit h th e  amoun t  o f  liqui d phas e  coate d an d th e  typ e  o f  suppor t  use d [65,66], 

Reproducibl e  retentio n dat a  ca n onl y b e  expecte d wit h hig h loading s  o n lo w 

surfac e  are a  supports .  A t  lo w loading s  mos t  o f  th e  stationar y phas e  i s  presen t 

as  a  surfac e  fil m an d solut e  retentio n i s  du e  largel y t o  adsorptio n a t  th e 

gas-liqiui d an d gas-soli d  interfaces .  A s  th e  amoun t  o f  liqui d phas e  increases , 

th e  suppor t  pore s  ar e  fille d an d solut e  partitio n wit h th e  bul k liqui d dominate s 

th e  retentio n process .  Th e  efficienc y o f  liqui d crystallin e  phase s  ca n b e 

improve d b y blendin g the m wit h conventiona l  stationar y phase s  [67 ]  o r  b y usin g 

eutecti c  mixture s  o f  tw o o r  mor e  liqui d crystallin e  phase s  [68] ,  Polysiloxane s 

containin g liqui d crystallin e  functiona l  group s  hav e  bee n show n t o provid e 

highe r  efficienc y an d wide r  temperatur e  operatin g range s  tha n conventiona l 

liqui d crystallin e  phase s  [69] . 

I n  contras t  t o  conventiona l  isotropi c  liqui d phase s  wher e  th e  separatio n 

mechanis m i s  mainl y determine d b y solut e  volatilit y  an d polarity ,  anisotropi c 

liqui d crystal s  discriminat e  o n th e  basi s  o f  solut e  shap e  differences .  Th e 

remarkabl e  shap e  selectivit y  exhibite d b y suc h phase s  i s  closel y relate d t o  th e 

paralle l  molecula r  alignmen t  o f  th e  mesophas e  molecule s  tha t  exercis e 

preferentia l  solubilit y  fo r  rigi d linea r  molecule s  an d steri c  discriminatio n 
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agains t  bulk y molecules .  Th e  orde r  o f  elutio n i s  generall y  i n  accor d wit h th e 

solut e  length-to-breadt h ratios .  Therefore ,  plana r  molecule s  ar e  generall y 

retaine d longe r  tha n nonplana r  molecules . 

TABLE 2. 3 

MOST COMMON STRUCTURES O F LIQUI D CRYSTALLINE STATIONARY PHASE S 

Y l + ' -Mr. 1 o r  mor e 

Õ÷ an d Y 2 

(-CH 2 -CH 2 ) n 

(-CH=CH- ) v 7  ç 

-OCH2 CH2 0 -

(-OCH 2-) n 

-CH=N-N=CH-

-CEC-

-N=C-

-N=N-
II 
0 

-CH=N-
II 
0 

-c-o -
II 
0 

Ç 

Ç 

R 

RO 

CN 

CI ,  Br ,  F 

R-C-O -
II 
0 

RO-(CH 2) n-0 -

(CH 3 ) 2 N-

R =  alky l  o r  ary l 

2.2. 3  Liqui d Phas e  Characterizatio n 

The  liqui d phas e  characteristic s  o f  primar y interes t  t o  th e  chromatographe r 

ar e  it s  temperatur e  operatin g range ,  it s  viscosit y  withi n thi s  temperatur e 

range ,  an d th e  abilit y  o f  th e  phas e  t o  selectivel y interac t  wit h differen t 

solutes .  Th e  minimu m operatin g temperatur e  i s  usuall y  establishe d b y th e 

meltin g poin t  o f  th e  phase .  Som e  phase s  hav e  bee n use d belo w thei r  meltin g 

poin t  a s  selectiv e  adsorbent s  fo r  th e  separatio n o f  spatia l  an d positiona l 

isomer s  whic h coul d no t  b e  resolve d a t  temperature s  abov e  th e  mel t  [70,71] ; 

however ,  thi s  i s  th e  exceptio n rathe r  tha n th e  rule .  A s  show n i n Figur e  2.1 , 

th e  performanc e  o f  column s  belo w th e  liqui d phas e  meltin g poin t  i s  generall y  lo w 

an d decline s  rapidl y a s  lowe r  temperature s  ar e  reache d [54] .  Th e  retentio n 

characteristic s  o f  th e  phas e  ma y als o chang e  dramaticall y  o n melting , 
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Figur e  2. 1 Th e  effec t  o f  colum n temperatur e  o n colum n efficienc y an d pea k 
symmetr y fo r  th e  organi c  molte n sal t  ethylpyridiniu m bromid e 
(m.p .  110°C) .  (Reproduce d wit h permissio n fro m ref .  54 .  Copyrigh t 
Friedr .  Viewe g &  Sohn) . 

particularl y  fo r  solute s  retaine d b y a  partitio n mechanism ,  Figur e  2. 2 [54] . 

Some  polymer s  an d liqui d crystal s  exhibi t  multipl e  phas e  transitions ,  eac h on e 

associate d wit h a  chang e  i n  retentio n correspondin g t o  a  chang e  in ~ surfac e  area , 

volume ,  o r  viscosit y  abov e  th e  transitio n temperatur e  [70] . 

The  uppe r  temperatur e  limi t  fo r  a  liqui d phas e  i s  establishe d a s  th e 

highes t  temperatur e  a t  whic h th e  phas e  ca n b e  maintaine d withou t  decompositio n 

or  significan t  blee d fro m th e  column .  Man y phas e  ar e  polydispers e  substance s 

containin g lo w molecula r  weigh t  oligomers .  Thes e  oligomer s  ma y b e  selectivel y 

evaporate d awa y durin g colum n conditioning ,  leavin g a  muc h lowe r  amoun t  o f  phas e 

on th e  colum n tha n expected .  Thi s  i s  les s  o f  a  proble m fo r  chemicall y  define d 

phase s  an d fo r  phase s  o f  lo w polydispersity .  I n  thi s  cas e  th e  maximu m allowabl e 

operatin g temperatur e  o f  th e  phas e  i s  define d a s  th e  highes t  temperatur e  a t 

whic h th e  phas e  ca n b e  maintaine d fo r  2 4 h  withou t  changin g th e  retentio n an d 

performanc e  characteristic s  o f  th e  component s  i n  a  tes t  chromtogra m [29,36,72] , 

Alternatively ,  th e  maximu m allowabl e  operatin g temperatur e  ca n b e  assume d t o  b e 
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Figur e  2. 2 Chang e  i n  retentio n fo r  naphthalen e  (• )  an d n-butano l  (o )  a t  th e 
phas e  transitio n poin t  fo r  ethylpyridiniu m bromide .  Abov e  th e 
m.p .  o f  th e  phas e  naphthalen e  i s  retaine d largel y b y partitionin g 
whil e  n-butano l  i s  retaine d largel y b y a n adsorptio n mechanism . 
(Reproduce d wit h permissio n fro m ref .  54 .  Copyrigh t  Friedr .  Viewe g 
& Sohn) . 

tha t  temperatur e  a t  whic h th e  liqui d phas e  exhibit s  a  vapo r  pressur e  o f  0. 5 

Torr . 

The  genera l  polarit y  an d selectivit y  o f  a  liqui d phas e  i s  determine d b y th e 

metho d o f  McReynold s  [73 ]  whic h i s  base d o n theoretica l  consideration s  propose d 

by Rohrschneide r  [74,75] .  Th e  foundin g principl e  o f  th e  Rohrschneider / 

McReynold s  syste m i s  th e  additivit y  o f  intermolecula r  force s  evaluate d fro m th e 

difference s  i n  retentio n inde x value s  o f  a  serie s  o f  tes t  probe s  measure d o n th e 

liqui d phas e  t o  b e  characterize d an d o n squalane ,  a  nonpola r  referenc e  phas e 

[76,77] .  Th e  se t  o f  tes t  probe s  mus t  adequatel y characteriz e  th e  principa l 

molecula r  interaction s  responsibl e  fo r  retentio n i n  ga s  chromatography : 
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dispersion ,  orientation ,  induction ,  an d donor-accepto r  complexatio n (includin g 

hydroge n bonding) .  Rohrschneide r  suggeste d tha t  benzene ,  ethanol ,  methy l  ethy l 

ketone ,  nitromethane ,  an d pyridin e  b e  use d fo r  thi s  purpose .  McReynold s 

suggeste d te n probes ,  Tabl e  2.4 ,  includin g th e  fiv e  o f  Rohrschneider ,  excep t 

tha t  butanol ,  2-pentanone ,  an d nitropropan e  wer e  propose d fo r  th e  lowe r 

molecula r  weigh t  homologs .  Th e  highe r  molecula r  weigh t  homolog s  wer e  selecte d 

fo r  practica l  rathe r  tha n theoretica l  considerations .  Th e  greate r  retentio n o f 

th e  highe r  molecula r  weigh t  homolog s  improve s  th e  accurac y wit h whic h th e 

retentio n inde x value s  ca n b e  measured .  Th e  numbe r  o f  probe s  require d t o 

completel y characteriz e  th e  propertie s  o f  a  liqui d phas e  ha s  bee n th e  subjec t  o f 

some  controvers y [76-80],  Conventiona l  practic e  i s  t o  us e  th e  firs t  fiv e 

probes ,  x '  throug h s '  i n  Tabl e  2.4 ,  suggeste d b y McReynolds .  Virtuall y  al l 

commerciall y  availabl e  liqui d phase s  hav e  bee n characterize d thi s  way .  Th e 

syste m i s  thu s  wel l  establishe d an d unlikel y t o  b e  change d i n  th e  nea r  future . 

McReynold s  assume d tha t  fo r  eac h typ e  o f  pola r  intermolecula r  interaction , 

th e  interactio n energ y i s  proportiona l  t o  value s  a,b,..., e  characteristi c  o f 

eac h tes t  prob e  an d value s  x',y',...,s '  characteristi c  o f  th e  liqui d phase .  Th e 

retentio n inde x differenc e  I  i s  thu s  compile d o f  product s  a s  show n i n equatio n 

(2.1) . 

ÄÉ =  ax '  +  by f  +  cz '  +  du T +  es '  (2.1 ) 

The  liqui d phas e  constant s  x , .y , .....s t  ar e  determine d b y injectin g eac h o f  th e 

tes t  probe s  an d hydrocarbo n retentio n inde x standard s  o n th e  phas e  t o  b e 

characterized .  Th e  phas e  specifi c  constant s  ar e  calculate d b y subtractin g th e 

retentio n inde x valu e  measure d o n squalan e  fro m tha t  measure d o n th e  phas e  t o  b e 

characterized .  Thi s  calculatio n i s  indicate d fo r  benzen e  i n  equatio n (2.2) . 

÷'  =  Ä É =  I P ^ a s e (benzene )  -  j s c l u a l - a n e (benzene )  (2.2 ) 

The  calculatio n i s  repeate d fo r  eac h probe .  Liqui d phas e  loading s  o f  10-20 % an d 

colum n temperature s  o f  100° C o r  120° C ar e  commonl y used .  Th e  phas e  constant s 

ar e  temperatur e  dependent ,  bu t  th e  deviation s  ar e  smal l  an d ca n generall y  b e 

neglecte d withi n th e  temperatur e  rang e  normall y used .  A  disadvantag e  o f  th e 

McReynold s  metho d i s  tha t  i t  canno t  b e  use d t o  characteriz e  thos e  liqui d phase s 

wit h minimu m operatin g temperature s  abov e  120°C ,  th e  maximu m operatin g 

temperatur e  o f  squalane .  Suggeste d solution s  t o  thi s  proble m includ e  th e  us e  o f 

alternat e  thermally-stabl e  referenc e  phase s  [14,15,17,19 ]  an d a  calculatio n 

metho d tha t  doe s  no t  requir e  a  referenc e  phas e  [81] ,  Th e  origina l  probe s 

propose d b y McReynolds ,  however ,  ar e  usuall y  to o volatil e  t o  provid e  accurat e 

retentio n inde x value s  a t  temperature s  muc h abov e  120°C .  Alternativ e  probes , 

suc h a s  benzen e  an d naphthalen e  derivative s  [14,55,82 ]  hav e  bee n use d a t  highe r 

temperatures ,  bu t  ther e  i s  a s  ye t  n o well-recognize d syste m fo r  characterizin g 
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liqui d phase s  wit h hig h meltin g points . 

Durin g th e  earl y  developmen t  o f  GL C literall y  thousand s  o f  liqui d phase s 

wer e  employe d b y variou s  researchers .  Us e  o f  th e  McReynold s  syste m enable d 

phase s  t o  b e  characterize d quantitatively .  Thi s  le d t o  th e  discontinuatio n o f 

many phase s  wit h duplicat e  separatio n properties ;  onl y thos e  liqui d phase s  wit h 

superio r  chromatographi c  propertie s  an d usefu l  selectivit y  hav e  endured .  Som e 

example s  o f  popula r  liqui d phases ,  alon g wit h thei r  chromatographi c  properties , 

ar e  give n i n  Tabl e  2.5 . 

McReynolds '  constant s  ca n als o b e  use d t o  selec t  a  liqui d phas e  fo r  a 

particula r  applicatio n [76] ,  Th e  sampl e  i s  firs t  considere d i n  term s  o f  th e 

functiona l  group s  present .  Fo r  example ,  conside r  th e  separatio n o f  a  sampl e 

containin g a  serie s  o f  component s  wit h a  commo n functiona l  group .  Usin g Tabl e 

2.4 ,  th e  McReynolds '  constan t  whic h i s  mos t  representativ e  o f  th e  sampl e  i s 

selected .  The n fro m Tabl e  2. 5  a  phas e  wit h a  larg e  valu e  fo r  tha t  constan t 

woul d b e  chose n t o  provid e  th e  highes t  selectivit y  fo r  th e  sample .  Man y sample s 

contai n component s  wit h mor e  tha n on e  functiona l  grou p an d t o  achiev e  th e 

desire d separatio n i t  ma y b e  necessar y t o  conside r  mor e  tha n on e  McReynolds ' 

constant .  Fo r  example ,  t o  separat e  a  mixtur e  o f  saturate d an d unsaturate d fatt y 

aci d esters ,  a  phas e  wit h a  larg e  z '  valu e  (selectivit y  fo r  esters )  an d a  larg e 

x'  valu e  (selectivit y  fo r  unsaturate d systems )  woul d b e  selected .  Simila r 

argument s  ca n b e  use d t o  selec t  a  phas e  fo r  th e  separatio n o f  sample s  containin g 

component s  wit h differen t  functiona l  groups ;  fo r  example ,  a  phas e  wit h a  hig h y ' 

valu e  woul d b e  selecte d t o  separat e  alcohol s  fro m nitriles .  I n  reachin g a  fina l 

decision ,  i t  i s  als o necessar y t o  conside r  th e  relationshi p betwee n th e  therma l 

stabilit y  o f  th e  phas e  an d th e  volatilit y  o f  th e  sample . 

2.2. 4  Predictin g Separation s  wit h Binar y Liqui d Phas e  Mixture s 

Conside r  th e  situatio n wher e  a  sampl e  i s  incompletel y resolve d o n tw o 

differen t  liqui d phase s  an d th e  component s  unseparate d o n eac h phas e  ar e  no t  th e 

same .  Th e  natura l  conclusio n woul d b e  tha t  a  complet e  separatio n coul d probabl y 

be  obtaine d i f  th e  tw o phase s  wer e  combine d i n  appropriat e  proportions .  Give n 

th e  separation s  o n th e  tw o pur e  liquid s  ho w ca n on e  calculat e  th e  exac t 

compositio n o f  a  binar y liqui d phas e  mixtur e  tha t  wil l  provid e  complet e 

resolutio n o f  th e  mixture ?  A  metho d fo r  thi s  purpose ,  base d o n th e  theor y o f 

diachori c  solutions ,  wa s  develope d b y Purnel l  an d Lau b [83] .  I t  i s  commonl y 

know n a s  th e  windo w diagra m metho d an d ha s  bee n applie d wit h spectacula r  succes s 

t o  a  numbe r  o f  practica l  problem s  [83-89] .  Possibl e  limitation s  o f  th e  theor y 

hav e  bee n discusse d b y other s  [90,91] . 

Diachori c  solutio n theor y predict s  tha t  retention s  o n mixe d phase s  ca n b e 

calculate d fro m thos e  o n eac h o f  th e  pur e  phase s  accordin g t o  equatio n (2.3) . 
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K R = ®AKR(A) °  + 0 S K R ( S ) °  ( 2 · 3 ) 

KR =  infinit e  dilutio n partitio n coefficien t  betwee n th e  liqui d mixtur e  ( A + S ) 

KR(A) °  =  infinit e  dilutio n partitio n coefficien t  i n  pur e  liqui d A 

^ R ( S ) ° =  i nfl n : *- t e dilutio n partitio n coefficien t  i n  pur e  liqui d Â 

€ ^  =  volum e  fractio n compositio n o f  A 

= volum e  fractio n compositio n o f  S 

Rearrangin g equatio n ( 2 . 3 ) t o  equatio n  ( 2 . 4 ) ,  i t  ca n b e  see n tha t  a  plo t  o f  K ] 

agains t  0 ^  wil l  b e  linear ,  Figur e  2 . 3 A . 
•R 

K R =  K R(S) °  +  È Á ( K R(A) °  "  K R ( S ) 0 )  ( 2 ' 4 ) 

Furthermore ,  fo r  an y pai r  o f  solute s  ( 1  an d 2 )  whos e  retentio n behavio r  i s 

describe d b y equatio n (2.3) ,  th e  relativ e  retention ,  a ,  i s  define d b y equatio n 

(2.5) . 

n _  K R1 

KR2 

GAKR(A) °  *  9 S KR(S)° ]  solut e  1  ( 2  5 ) 

e AKR(A) °  +  G S KR(S)° ]  solut e  2 

For  computationa l  purpose s  a  mor e  usefu l  for m o f  equatio n (2.5 )  i s  give n b y 

equatio n (2.6) . 

0  m

 [ K R(S)1 °  - Q KR ( S ) 2 ° ]

 ( 2  6 ) 

A á Ä Ê ^  - A K R 1 ° 

M R °  =  K R(A) °  "  K R(S) ° 

A plo t  o f  á  versu s  0 ^  fo r  al l  solut e  pair s  provide s  a  windo w diagram ,  Figur e 

2.3B .  Fo r  simplificatio n al l  solut e  pair s  wit h a > 1. 3 ar e  ignored ,  a s  thei r 

separatio n represent s  a  relativel y trivia l  problem .  Also ,  fo r  th e  purpos e  o f 

visualizin g th e  data ,  whe n plot s  o f  K R versu s  0 ^  cros s  fo r  an y solute ,  th e 

calculate d valu e  o f  á  i s  inverte d s o tha t  á  >  1  a t  al l  times .  Th e  resultan t 

windo w diagra m i s  a  serie s  o f  approximat e  triangle s  risin g fro m th e  0 ^  axi s  tha t 

constitut e  th e  window s  withi n whic h complet e  separtio n fo r  al l  solute s  ca n b e 

achieved .  Th e  optimu m operatin g condition s  (a ,  0^ )  correspon d t o  th e  pea k o f 

th e  highes t  window .  Further ,  th e  numbe r  o f  plate s  require d fo r  complet e 

separatio n ca n b e  calculate d fro m equatio n (2.7) . 
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Figur e  2. 3 A n exampl e  o f  th e  us e  o f  th e  windo w diagra m metho d t o  selec t  a n 
optimu m binar y liqui d phas e  mixture .  A ,  retentio n dat a  fo r  al l 
solute s  o n (S )  squalan e  an d (A )  dinonylphthalate ;  B ,  windo w 
diagram ;  C ,  1 .  separatio n o n squalane ,  2 .  separatio n o n 
dinonylphthalate ,  3 ,  separatio n o n th e  optimu m binar y phas e 
mixture ,  4 ,  separtio n obtaine d b y mechanicall y  combinin g individua l 
packing s  t o  giv e  th e  predicte d optimu m binar y phase . 

ç (2.7 ) 

nre q ~  n u m ^ e r  ° ^  theoretica l  plate s  require d t o  giv e  baselin e  resolutio n 

á  -  selectivit y  facto r 
k  «  capacit y  facto r 

Thi s  simplifie s  t o  equatio n (2.8 )  fo r  mixture s  whic h ar e  difficul t  t o  separat e 

an d k  >  10 . 
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ç 
re q 

= 3 6 (2.8 ) 

Thus ,  knowin g th e  value s  o f  ç  attainabl e  wit h th e  pur e  liqui d phas e  columns ,  th e 

require d lengt h o f  th e  mixed-phas e  colum n ca n b e  calculate d wit h reasonabl e 

accuracy . 

Conside r  a n exampl e  base d o n th e  abov e  discussion .  Figur e  2.3 A show s  th e 

KR°  value s  measure d o n squalan e  an d dinony l  phthalat e  fo r  a  15-componen t 

mixture .  Equatio n (2.3 )  i s  assume d t o  hol d tru e  an d th e  K R°  value s  fo r  eac h 

componen t  o n th e  pur e  phase s  ar e  connecte d b y straigh t  lines .  Thi s  informatio n 

i s  use d t o  construc t  th e  windo w diagra m i n Figur e  2.3B .  I t  ca n b e  see n tha t  o f 

th e  1 4 window s  availabl e  al l  bu t  thre e  ar e  valueles s  sinc e  th e  highes t  á  valu e 

availabl e  fo r  th e  mos t  difficul t  t o  separat e  pai r  i s  les s  tha n th e  valu e  fo r 

pur e  dinony l  phthalate .  O f  th e  othe r  thre e  options ,  tha t  a t  =  0.07 5 i s 

unquestionabl y th e  best .  Thi s  valu e  o f  á  i s  the n use d t o  predic t  th e  colum n 

lengt h require d fo r  th e  separatio n usin g equatio n (2.8) .  Figur e  2.3 C present s 

th e  dat a  i n  term s  o f  th e  actua l  chromatograms .  Th e  chromatogram s  i n  Figur e 

2.3(C1 )  an d (C2 )  illustrat e  th e  separatio n obtaine d o n pur e  squalan e  an d dinony l 

phthalate ,  respectively .  Neithe r  phas e  provide s  a  complet e  separatio n o f  th e 

mixture .  Figur e  2.3(C3 )  illustrate s  th e  separatio n o n th e  binar y phas e  mixtur e 

predicte d b y th e  windo w diagra m method .  Th e  separatio n i s  complet e  and , 

furthermore ,  th e  elutio n orde r  i s  th e  sam e  a s  tha t  predicte d b y readin g u p th e 

windo w line s  i n  Figur e  2.3A .  Figur e  2.3(C4 )  indicate s  tha t  identica l  result s 

ca n b e  obtaine d b y mechanicall y  combinin g th e  correc t  proportion s  o f  squalan e 

an d dinony l  phthalat e  packings . 

The  windo w diagra m metho d ca n als o b e  use d t o  optimiz e  th e  separatio n o f 

mixture s  whe n th e  numbe r  an d identit y  o f  th e  component s  ar e  unknow n [86] ,  Tw o 

liqui d phases ,  A  an d S ,  o f  differen t  selectivit y  ar e  chosen .  Tria l 

chromatogram s  ar e  ru n o n th e  tw o column s  a t  som e  commo n temperatur e  arrive d a t 

by visua l  optimization .  A  standar d solut e  fo r  whic h K R ^ ^ °  an d K R^g^ °  ar e 

accuratel y know n i s  include d i n  th e  tria l  chromatogram s  t o  allo w retentio n tim e 

dat a  t o  b e  converte d int o K R°  values .  Th e  sample ,  includin g standard ,  i s  the n 

ru n a t  th e  selecte d temperatur e  o n column s  containin g pur e  A ,  pur e  S ,  an d o n 

2:1 ,  1:1 ,  an d 1: 2 v/ v mixture s  o f  th e  tw o liqui d phases .  Fo r  an y give n solut e 

elute d fro m A ,  S ,  an d A/ S phase s  th e  correspondin g K R/ € ^  dat a  mus t  li e  o n a 

straigh t  line .  Thi s  consideratio n enable s  th e  correspondin g dat a  point s  o n eac h 

colum n t o b e  distinguishe d an d a  plo t  simila r  t o  Figur e  2.3 A t o b e  constructed . 

Once  thi s  ha s  bee n complete d th e  windo w diagra m ca n b e  constructe d a s  describe d 

previously .  Wit h thi s  approac h th e  presenc e  o f  overlappin g peak s  o n eithe r 

colum n o r  change s  i n  th e  elutio n orde r  betwee n th e  tw o column s  doe s  no t  presen t 

problems . 
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The  windo w diagra m metho d ha s  bee n develope d fo r  isotherma l  packe d colum n 

ga s  chromatography ,  althoug h extensio n t o  temperatur e  programme d condition s 

shoul d b e  possibl e  [92] .  Th e  approac h i s  les s  frequentl y  use d wit h ope n tubula r 

column s  wher e  mixe d phase s  ar e  rarel y use d [93,94] ,  Becaus e  o f  th e  poo r 

efficienc y o f  packe d column s  i t  i s  essentia l  t o  optimiz e  á  t o  provid e  maximu m 

resolution .  Wit h ope n tubula r  column s  ver y larg e  value s  o f  ç  ca n b e  obtained , 

makin g feasibl e  th e  separatio n o f  mixture s  wit h lo w á  values .  I n  addition ,  th e 

numbe r  o f  calculation s  require d fo r  a n averag e  capillar y colum n ru n i s 

prohibitive . 

2.2. 5  Support s  fo r  Gas-Liqui d Chromatograph y 

An idea l  suppor t  woul d hav e  a  larg e  surfac e  are a  capabl e  o f  holdin g th e 

stationar y liqui d phas e  a s  a  thi n fil m an d woul d pla y n o furthe r  rol e  i n  th e 

separatio n process .  T o eliminat e  solut e  interactio n wit h th e  suppor t  it s 

surfac e  activit y  shoul d b e  zer o o r  a t  leas t  ver y small .  Fro m th e  practica l 

poin t  o f  view ,  thi s  i s  obviousl y impossibl e  a s  th e  surfac e  mus t  hav e  sufficien t 

energ y t o  bot h hol d th e  liqui d phas e  stationar y an d t o  caus e  i t  t o  we t  th e 

surfac e  i n  th e  for m o f  a  thi n film .  Th e  idea l  suppor t  woul d hav e  a  larg e 

surfac e  are a  t o  weigh t  rati o  t o  allo w fo r  th e  us e  o f  hig h liqui d phas e  loading s 

an d hav e  a  regula r  shap e  wit h a  narro w rang e  o f  cross-sectiona l  diameter s  s o 

tha t  column s  o f  hig h efficienc y coul d b e  prepared .  I t  shoul d als o b e  a  goo d 

conducto r  o f  hea t  an d mechanicall y  an d thermall y stabl e  t o  avoi d change s  i n 

propertie s  o n handlin g o r  whil e  i n  use .  N o suc h idea l  suppor t  exist s  an d a 

compromis e  betwee n thos e  propertie s  whic h ar e  desirabl e  an d thos e  whic h ca n b e 

obtaine d practicall y  mus t  b e  reached .  B y fa r  th e  mos t  importan t  suppor t 

material s  ar e  th e  diatomaceou s  earths ,  whic h provid e  a  favorabl e  balanc e  betwee n 

suppor t  area ,  mechanica l  an d therma l  properties ,  suppor t  activit y  an d shape . 

Diatomit e  (diatomaceou s  earth ,  Kieselguhr )  i s  compose d o f  th e  skeleton s  o f 

diatoms ,  single-celle d algae ,  whic h hav e  accumulate d i n  larg e  bed s  i n  variou s 

part s  o f  th e  world .  Th e  skeleta l  materia l  i s  essentiall y  microamorphou s  silic a 

wit h smal l  amount s  o f  alumin a  an d metalli c  oxid e  impurities ,  Tabl e  2. 6  [95] . 

The  porou s  natur e  o f  th e  diatomit e  wit h it s  associate d secondar y structur e  give s 
2 

th e  materia l  a  hig h surfac e  are a  t o  weigh t  ratio ,  approximatel y 2 0 m  /g .  A s 

mined ,  th e  diatomit e  skeleton s  ar e  to o smal l  an d fragil e  t o  b e  use d a s 

chromatographi c  supports ;  furthe r  processin g agglomerate s  an d strengthen s  th e 

natura l  material .  Thi s  i s  achieve d b y calcinin g a t  temperature s  i n  exces s  o f 

900°C .  Th e  crud e  materia l  i s  groun d t o  a  powde r  an d shape d int o th e  for m o f  a 

fir e  bric k (perhap s  wit h th e  additio n o f  a  smal l  amoun t  o f  cla y binder )  befor e 

bein g calcined .  Th e  calcinatio n serve s  t o  fus e  th e  groun d particle s  togethe r 

wit h som e  o f  th e  silic a  bein g converte d t o  cristobalit e  an d th e  minera l 
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impuritie s  formin g comple x oxide s  o r  silicates .  Th e  presenc e  o f  comple x iro n 

oxide s  give s  thi s  materia l  it s  characteristi c  pin k color .  Clos e  inspectio n o f 

th e  processe d diatomit e  materia l  reveal s  a  compac t  mas s  o f  broke n diatomit e 

fragment s  wit h a  portio n o f  th e  secondar y por e  structur e  stil l  intac t  s o tha t 

th e  materia l  retain s  a  relativel y larg e  surfac e  area .  I f  th e  diatomit e  i s  firs t 

broke n int o chunk s  an d the n calcine d i n  th e  presenc e  o f  a  smal l  amoun t  o f  sodiu m 

carbonat e  flux ,  the n a  usefu l  modificatio n o f  it s  propertie s  ca n b e  achieved . 

Thi s  materia l  i s  white ,  a s  th e  meta l  impuritie s  ar e  converte d t o  colorles s 

sodiu m meta l  silicates ,  an d clos e  inspectio n reveal s  a  mas s  o f  larg e  diatomit e 

fragment s  hel d togethe r  b y sodiu m silicat e  glas s  wit h mos t  o f  th e  secondar y por e 

structur e  destroyed .  Thu s  th e  whit e  materia l  ha s  a  smalle r  surfac e  are a  whe n 

compare d t o  th e  pin k an d th e  us e  o f  sodiu m carbonat e  flu x impart s  a  slightl y 

basi c  characte r  t o  th e  materia l  compare d t o  th e  natura l  acidi c  characte r  o f  th e 

pin k materia l  [96-98] . 

TABLE 2. 6 

THE COMPOSITIO N O F CALCINE D DIATOMACEOUS EARTH 

Componen t  Percen t  Compositio n 

Si0 2 91. 0 

A 1 2 0 3 4. 6 

F e 2 0 3 1. 9 

CaO 1. 4 

MgO 0. 4 

Volatil e  0. 3 

Othe r  0. 4 

The  physica l  propertie s  o f  th e  popula r  serie s  o f  Chromosor b support s  ar e 

summarize d i n  Tabl e  2.7 .  Th e  pin k support s  ar e  relativel y hard ,  hav e  a  hig h 

packin g density ,  larg e  surfac e  area ,  an d hig h capacity .  The y ar e  use d i n  bot h 

analytica l  an d preparativ e  ga s  chromatography .  Th e  whit e  support s  ar e  mor e 

friable ,  les s  dense ,  hav e  a  smalle r  surfac e  are a  an d capacity ,  an d ar e  use d i n 

analytica l  ga s  chromatography .  Chromosor b G  i s  a  speciall y  prepare d whit e 

suppor t  whic h i s  harder ,  mor e  robust ,  an d iner t  tha n Chromosor b W.  I t  ha s  a  lo w 

capacit y  bu t  i s  mor e  dens e  tha n th e  ordinar y whit e  support s  s o tha t  a  give n 

colum n contain s  approximatel y 2-1/ 2 time s  th e  amoun t  o f  Chromosor b G ,  an d 

therefor e  liqui d phase ,  a s  Chromosor b W o f  th e  sam e  nomina l  percentag e  weigh t 

pe r  weigh t  coating .  Chromosor b A ,  a  pin k suppor t  develope d specificall y  fo r 

preparativ e  ga s  chromatography ,  posses s  th e  mechanica l  strengt h an d hig h liqui d 
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phas e  capacit y  o f  pin k support s  wit h a  reduce d surfac e  activit y  approachin g tha t 

of  whit e  supports .  Chromosor b 75 0 i s  a  whit e  suppor t  whic h i s  chemicall y 

treate d afte r  processin g an d i s  th e  mos t  iner t  o f  th e  Chromosor b series .  A s 

wel l  a s  th e  Chromosor b support s  manufacture d b y Johns-Manville ,  numerou s  othe r 

suppl y companie s  eithe r  manufactur e  o r  resel l  simila r  material s  unde r  variou s 

bran d an d hous e  names . 

TABLE 2. 7 

PHYSICAL PROPERTIE S O F CHROMOSORB SUPPORTS 

Propert y W 75 0 

Colo r 

pH 

Fre e  fal l  densit y 

(g/ml ) 

Packe d densit y 

(g/ml ) 

Surfac e  are a 

(m 2/g ) 

Surfac e  are a 

(m 2/ml ) 

Maximu m usefu l 

liqui d phas e 

loadin g (% ) 

pin k 

6. 5 

0.3 8 

0.4 7 

4. 0 

1. 9 

30 

whit e 

8. 5 

0.1 8 

1. 0 

0. 3 

20 

oyste r 

whit e 

8. 5 

0.4 7 

0. 5 

0. 3 

pin k 

7. 1 

0.4 0 

25 

whit e 

0.3 2 

0.2 4 0.5 8 0.4 8 0.3 6 

2. 7 0.5-1. 0 

1. 3 

whit e 

0.4 2 

0.4 9 

7- 8 

20 

Theoretica l  studie s  predic t  tha t  th e  highes t  colum n efficiencie s  wil l  b e 

obtaine d wit h th e  minimu m possibl e  suppor t  particl e  size .  Fro m th e  practica l 

poin t  o f  view ,  thi s  particl e  siz e  optimizatio n i s  limite d b y th e  flo w resistanc e 

of  th e  finishe d column .  Th e  pressur e  differentia l  acros s  th e  colum n i s 

inversel y proportiona l  t o  th e  squar e  o f  th e  particl e  diameter ,  wherea s  th e 

colum n efficienc y (a s  measure d b y th e  HETP )  i s  directl y  proportiona l  t o  th e 

particl e  size .  Ga s  chromatograph s  ar e  designe d t o  operat e  a t  differentia l 

colum n pressure s  o f  a  fe w atmosphere s  and ,  fo r  analytica l  columns ,  support s  wit h 

a  mes h rang e  o f  80-10 0 o r  100-12 0 ar e  mos t  frequentl y  used .  Th e  highes t 

efficiencie s  ar e  obtaine d wit h particle s  o f  a  narro w mes h range ,  a s  upo n packin g 

th e  large r  particle s  wil l  segregat e  nea r  th e  wall .  Traditionally ,  particl e  siz e 

rang e  i s  quote d i n  term s  o f  mes h an d th e  designatio n 100-12 0 mes h mean s  tha t  th e 

particle s  passe d throug h a  siev e  o f  10 0 mes h bu t  no t  a  siev e  o f  12 0 mesh .  Th e 

mes h rang e  i n  unit s  o f  micrometer s  i s  give n i n  Tabl e  2.8 . 
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I n  th e  earl y  developmen t  o f  ga s  chromatography ,  th e  crud e  diatomaceou s 

support s  performe d successfull y  a s  lon g a s  experimenta l  wor k wa s  limite d t o 

hydrocarbon s  an d othe r  suc h nonpola r  samples .  Th e  extensio n o f  ga s 

chromatograph y int o th e  biomedica l  an d environmenta l  field s  prove d tha t  th e 

crud e  diatomaceou s  support s  wer e  no t  sufficientl y  inactive .  Sever e  tailin g o f 

pola r  molecules ,  sampl e  decomposition ,  structura l  rearrangements ,  an d eve n 

complet e  sampl e  adsorptio n wer e  ofte n observe d [96,97,99] .  Thes e  undesirabl e 

interaction s  wer e  associate d wit h th e  presenc e  o f  metalli c  impuritie s  an d 

silano l  group s  a t  th e  surfac e  o f  th e  diatomaceou s  supports .  Earl y attempt s  t o 

reduc e  th e  surfac e  activit y  o f  th e  suppor t  withou t  diminishin g it s  surfac e  are a 

use d a n overcoa t  o f  a n iner t  materia l  suc h a s  silve r  [100] ,  Teflo n [101] ,  o r  a 

surfac e  activ e  polyme r  suc h a s  Epikot e  10 0 o r  polyvinylpyrrolidon e  [102] ,  Aci d 

and/o r  bas e  washin g t o  remov e  metalli c  impuritie s  an d silanizatio n o f  surfac e 

silano l  group s  ar e  presentl y  th e  mos t  widel y use d method s  o f  suppor t 

deactivation .  I t  ha s  bee n suggeste d tha t  coatin g diatomaceou s  earth s  wit h 

pyrocarbo n strengthen s  th e  particle s  toward s  attritio n an d reduce s  thei r  surfac e 

activit y  [103] . 

TABLE 2. 8 

PARTICLE SIZ E RELATIONSHIP S FO R DIATOMACEOUS SUPPORTS 

Mesh Rang e Top Scree n Botto m Scree n Sprea d Rang e 
Openin g (ìðé ) Opening(pm ) (ìðé ) Rati o 

10-2 0 200 0 84 1 115 9 2.3 8 
10-3 0 200 0 59 5 140 5 3.3 6 
20-3 0 84 1 59 5 24 6 1.4 1 
30-4 0 59 5 42 0 17 5 1.4 1 
35-8 0 50 0 17 7 32 3 2.8 2 
45-6 0 35 4 25 0 10 4 1.4 1 
60-7 0 25 0 21 0 40 1.1 9 
60-8 0 25 0 17 7 73 1.4 1 
60-10 0 25 0 14 9 10 1 1.6 8 
70-8 0 21 0 17 7 33 1.1 9 
80-10 0 17 7 14 9 28 1.1 9 

100-12 0 14 9 12 5 24 1.1 9 
100-14 0 14 9 10 5 44 1.4 2 
120-14 0 12 5 10 5 20 1.1 9 
140-17 0 10 5 88 17 1.1 9 
170-20 0 88 74 14 1.1 9 
200-23 0 74 63 11 1.1 9 
230-27 0 63 53 10 1.1 9 
270-32 5 53 44 9 1.2 0 
325-40 0 44 37 7 1.1 9 

Surfac e  metalli c  impurities ,  principall y  iron ,  ar e  remove d b y soakin g fo r 

severa l  hour s  i n  3  Í  HC 1 [104] ,  b y Soxhle t  extractio n wit h 6  Í  HC 1 unti l  n o 

furthe r  coloratio n i s  extracte d [105,106] ,  o r  b y heatin g fo r  on e  t o  thre e  day s 

at  850-900° C whil e  passin g a  mixtur e  o f  nitroge n an d hydroge n chlorid e  gase s 
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throug h th e  suppor t  [106,107] .  Th e  abov e  treatment s  remov e  95-98 % o f  th e  iro n 

presen t  a t  th e  surfac e  o f  th e  suppor t  an d reduc e  th e  concentration s  o f  sodiu m 

an d aluminu m a s  well .  Reductio n o f  meta l  oxides ,  particularl y  iro n oxide ,  b y 

hig h temperatur e  treatmen t  wit h hydroge n ha s  als o bee n claime d t o  improv e  th e 

propertie s  o f  diatomaceou s  support s  [108] . 

Surfac e  silano l  group s  ar e  converte d t o  sily l  ether s  b y reactio n wit h 

dimethyldichlorosilan e  (DMCS) ,  hexamethyldisilazan e  (HMDS) ,  trimethyl -

chlorosilan e  (TMCS) ,  o r  a  combinatio n o f  thes e  reagents ,  Figur e  2. 4  [109-112] , 

However ,  som e  silano l  group s  remai n reactiv e  eve n wit h exhaustiv e  silylation . 

Upon silylatio n th e  hydrophili c  characte r  o f  th e  suppor t  surfac e  become s 

hydrophobic .  Pola r  liqui d phase s  ar e  n o longe r  capabl e  o f  wettin g th e  suppor t 

surfac e  an d silanize d support s  shoul d no t  b e  use d t o  prepar e  packing s  wit h pola r 

liquids . 

Figur e  2. 4 Suppor t  deactivatio n b y silanization . 

The  numbe r  o f  hydroxy l  center s  i s  12-2 4 time s  greate r  o n th e  surfac e  o f  th e 

pin k compare d wit h th e  whit e  supports ,  s o tha t  eve n afte r  silylatio n deactivate d 

pin k support s  sho w approximatel y th e  sam e  adsorptiv e  activit y  a s  untreate d whit e 

supports .  Th e  treatmen t  tha t  th e  suppor t  ha s  undergon e  i s  normall y state d o n 

th e  manufacturer' s  label ,  fo r  example ,  Chromosor b W-AW-DMCS woul d indicat e  tha t 

th e  whit e  diatomit e  suppor t  wa s  deactivate d b y aci d washin g an d silylate d wit h 

dimethyldichlorosilane . 

Althoug h silanize d support s  sho w les s  adsorptiv e  activit y  tha n unsilanize d 

supports ,  thei r  coatin g characteristic s  ar e  no t  necessaril y  ideal ,  eve n fo r 

nonpola r  phase s  [18,113] ,  Depositio n o f  a  nonextractabl e  fil m o f  Carbowa x 20 M 
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[113-116] ,  surfac e  treatmen t  wit h cycli c  siloxane s  [117,118] ,  an d silylatio n 

wit h a  bulk y reagen t  suc h a s  octadecyldimethylchlorosilan e  [18,113 ]  hav e  bee n 

use d t o  modif y th e  wettin g characteristic s  o f  diatomaceou s  supports .  Non e  o f 

thes e  treatment s  yield s  idea l  coatin g characteristic s  fo r  nonpola r  phases ; 

however ,  the y al l  provid e  highe r  colum n efficiencie s  an d improve d mas s  transfe r 

characteristic s  compare d wit h conventiona l  silylation ,  indicatin g tha t  som e 

improvemen t  i n  th e  suppor t  wettin g characteristic s  ha s  bee n realized . 

The  mos t  extensiv e  chemica l  treatmen t  an d silylatio n o f  diatomaceou s 

material s  canno t  completel y remov e  thos e  activ e  center s  whic h caus e  tailin g o f 

strongl y basi c  o r  acidi c  components .  Whe n compound s  o f  thi s  typ e  ar e  analyzed , 

th e  additio n o f  smal l  quantitie s  o f  "tailin g reducers "  i s  necessary .  Tailin g 

reducer s  ar e  coate d ont o th e  suppor t  i n  a  manne r  simila r  t o  tha t  o f  th e  liqui d 

phas e  and ,  t o  b e  effective ,  the y mus t  b e  stronge r  acid s  o r  base s  tha n th e 

compound s  t o  b e  chromatographed .  Fo r  amines ,  th e  tailin g reduce r  coul d b e  a  fe w 

percen t  o f  potassiu m hydroxid e  o r  anothe r  strongl y basi c  substanc e  suc h a s 

polyethyleneimine ,  polypropyleneimine ,  Í,N'-bis-l-methylheptyl-p-phenylene -

diamine ,  o r  sodiu m metanilat e  [96,119,120] .  Fo r  acidi c  compounds ,  suitabl e 

tailin g reducer s  ar e  phosphori c  acid ,  th e  stationar y phas e  FFAP ,  o r  commercia l 

corrosio n inhibitor s  suc h a s  trime r  aci d [96] .  I t  mus t  b e  remembere d tha t  thes e 

activ e  substance s  wil l  als o ac t  a s  subtractiv e  agent s  an d thu s  a n acidi c  tailin g 

reduce r  wil l  remov e  basi c  substance s  fro m th e  chromatogra m an d vic e  versa .  A s 

wel l  a s  th e  mos t  obviou s  cases ,  FFA P an d polypropyleneimin e  wil l  selectivel y 

abstrac t  aldehydes ,  whil e  polyethyleneimin e  abstract s  ketone s  an d phosphori c 

aci d ma y esterif y  o r  dehydrat e  alcohols .  I n  addition ,  phosphori c  aci d wil l 

conver t  amide s  t o  th e  nitril e  o f  th e  sam e  carbo n numbe r  an d desulfonat e 

sulfur-containin g compound s  [96] .  Th e  phas e  itsel f  mus t  als o b e  compatibl e  wit h 

reagents .  Fo r  example ,  potassiu m hydroxid e  an d phosphori c  aci d catalyz e  th e 

depolymerizatio n o f  polyester s  an d polysiloxan e  phases . 

More  tha n 90 % o f  th e  separation s  usin g packe d colum n GL C hav e  probabl y bee n 

performe d o n column s  prepare d wit h diatomaceou s  supports .  Th e  onl y othe r 

suppor t  material s  o f  an y importanc e  ar e  variou s  fluorocarbo n powders ,  glas s 

beads ,  graphitize d carbo n black ,  an d dendrit e  sal t  [96,98,121] ,  Th e  mos t 

importan t  o f  th e  fluorocarbo n support s  are :  Teflon-6 ,  Chromosor b T ,  Holoport , 

Fluoropa k 80 ,  an d Kel-F .  Teflon- 6 i s  a  polymerize d tetrafluoroethylen e  prepare d 

by th e  agglomeratio n o f  Teflo n emulsion s  whic h ar e  sieve d t o  a  40-6 0 mes h 

fraction .  Th e  individua l  particle s  ar e  compose d o f  fragil e  aggregate s 

possessin g a  porou s  structure ,  providin g a  larg e  surfac e  are a  wit h littl e 

surfac e  energy .  Thi s  result s  i n  a  ver y iner t  surfac e  bu t  present s  problem s  wit h 

pola r  liqui d phases ,  a s  thes e  canno t  we t  th e  surfac e  o f  th e  particles .  Th e 

Teflo n support s  als o presen t  problem s  i n  packin g an d handlin g sinc e  th e 

particle s  develo p electrostati c  charge s  easily .  Fo r  hig h colum n efficiencie s 
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th e  Teflo n particle s  shoul d b e  handle d a t  temperature s  belo w 19° C (soli d 

transitio n point) ,  a t  whic h temperatur e  the y ar e  rigi d an d fre e  flowing .  Kel- F 

i s  a  hard ,  granula r  chlorofluorocarbo n moldin g powde r  tha t  ca n b e  handle d lik e 

diatomaceou s  support s  bu t  generall y  give s  poo r  colum n efficiencies . 

Fluoropak-8 0 i s  a  granula r  typ e  o f  fluorocarbo n resi n wit h a  sponge-lik e 

structur e  o f  lo w surfac e  are a  an d therefor e  lo w capacity .  Th e  propertie s  o f  th e 

fluorocarbo n support s  ar e  summarize d i n  Tabl e  2. 9  [122] ,  , 

TABLE 2. 9 

CHROMATOGRAPHIC PROPERTIE S OF FLUOROCARBON SUPPORTS 

Propert y Kel- F Fluoropak-8 0 Teflon- 6 

2 
Surfac e  are a  ( m /g ) 2. 2 1. 3 10. 5 

Optimu m liqui d phas e 
loadin g (% ) 

15-2 0 2- 5 15-2 0 

Maximu m temperatur e  (°C ) 16 0 27 5 25 0 

Glas s  bead s  ar e  availabl e  a s  spheroid s  i n  narro w mes h ranges .  The y ca n b e 

use d t o  prepar e  ver y efficien t  columns .  A s  th e  surfac e  energ y o f  th e  bead s  i s 

low ,  liqui d phas e  loading s  ar e  limite d t o  les s  tha n 0.5 % w/w .  A t  highe r 

loading s  th e  colum n efficienc y i s  reduce d du e  t o  th e  formatio n o f  pool s  o f 

liqui d phas e  a t  th e  contac t  point s  o f  th e  bead s  [123] .  Th e  glas s  surfac e  i s  no t 

completel y iner t  an d tailin g i s  observe d wit h pola r  solutes .  I n  additio n t o  th e 

silano l  group s  o n th e  surfac e  o f  th e  bead ,  Na + an d C a 2 + ion s  ar e  als o present . 

Thes e  ion s  ma y functio n a s  Lewi s  acid s  an d provid e  adsorptio n site s  fo r  lon e 

pai r  dono r  molecule s  suc h a s  ketone s  an d amine s  [124] .  Silylatio n o f  th e  bead s 

reduce s  th e  tailin g cause d b y silano l  group s  bu t  als o diminishe s  th e  suppor t 

capacity .  T o increas e  th e  capacit y  o f  th e  beads ,  chemica l  etchin g o f  th e 

surfac e  [124 ]  o r  coatin g wit h a  thi n laye r  o f  a n intermediat e  materia l  o f  hig h 

surfac e  are a  (suc h a s  boehmit e  o r  graphitize d carbo n black )  hav e  bee n use d 

[125] .  Th e  liqui d phas e  i s  the n coate d ont o th e  intermediat e  suppor t  laye r 

coverin g th e  bead .  Glas s  bead s  (Cerabeads )  wer e  develope d wit h a  sponge-lik e 

oute r  surfac e  o f  high-conten t  alumin a  soda-lim e  glas s  tha t  coul d b e  coate d wit h 

up t o  4 % w/ w o f  liqui d phase .  Thes e  bead s  exhibite d sever e  tailin g o f  pola r 

solutes ,  whic h coul d b e  reduce d b y silylatio n bu t  onl y a t  th e  expens e  o f 

capacity .  Glas s  bead s  ar e  use d mainl y i n  theoretica l  studie s  becaus e  o f  thei r 

controlle d shap e  an d siz e  an d fo r  ver y rapi d analyse s  wher e  thei r  lo w capacit y 

i s  no t  a  disadvantage . 
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2. 3 Preparatio n o f  Packe d Column s 

Colum n preparatio n i s  a  ver y simpl e  tas k i f  du e  car e  i s  take n an d prope r 

attentio n i s  pai d t o  th e  variou s  steps .  Th e  liqui d phase ,  i n  a  suitabl e 

solvent ,  i s  mixe d wit h th e  support ,  th e  solven t  i s  removed ,  an d th e  drie d 

packin g i s  the n adde d t o  th e  empt y colum n wit h th e  ai d o f  pressur e  o r  vacuum . 

The  solven t  shoul d b e  a  goo d solven t  fo r  th e  phas e  an d o f  sufficien t  volatilit y 

t o  b e  remove d convenientl y  whe n usin g on e  o f  th e  evaporatio n methods . 

Conventionally ,  colum n packing s  ar e  prepare d on a weigh t  pe r  weigh t  basis . 

Thus ,  t o  prepar e  1 0 g  o f  a  10 % w/ w phas e  loade d column ,  9  g  o f  suppor t  an d 1  g 

of  liqui d phas e  woul d b e  used .  Typica l  phas e  loading s  rang e  fro m 0. 5 t o  30 % w/ w 

dependin g upo n th e  typ e  o f  separation .  Th e  maximu m usefu l  phas e  loading s  fo r 

variou s  support s  wer e  give n i n  Table s  2. 7  an d 2.9 .  Th e  suppor t  i s  coate d b y 

addin g i t  slowl y t o  a  flas k containin g th e  liqui d phas e  solution .  Th e  suppor t 

an d solutio n ar e  slurrie d togethe r  an d the n filtere d o n a  Buchne r  funnel . 

Alternatively ,  th e  suppor t  ca n b e  packe d int o a  glas s  colum n tha t  ha s  a  glas s 

fri t  a t  it s  base ;  a  sligh t  vacuu m o r  pressur e  i s  the n use d t o  forc e  th e  solutio n 

throug h i t  [127-129] .  Exces s  solven t  i s  remove d eithe r  b y filtratio n o r 

evaporation .  Th e  rotar y evaporato r  o r  th e  pan-dr y method ,  whic h employ s  a 

strea m o f  nitroge n o r  a n infrare d lam p t o ai d evaporation ,  i s  mos t  frequentl y 

used .  Th e  rotar y evaporato r  metho d i s  ver y convenien t  but ,  becaus e  o f  th e 

fragil e  natur e  o f  diatomaceou s  supports ,  i t  i s  necessar y t o  avoi d rapi d rotatio n 

of  th e  flas k o r  violen t  bumpin g o f  th e  dam p solid .  Afte r  coatin g th e  dam p 

suppor t  ma y b e  ai r  dried ,  ove n dried ,  o r  drie d i n  a  fluidize d be d dryer . 

Fluidize d be d dryin g i s  faste r  an d ma y lea d t o  mor e  efficien t  colum n packing s  a s 

fine s  develope d durin g th e  coatin g procedur e  ar e  carrie d awa y b y th e  ga s  passin g 

throug h th e  packin g [128-131] .  Th e  drie d packin g ma y b e  dr y sieve d o r 

classifie d b y suspensio n i n  fluid s  prio r  t o  packin g i n  th e  empt y colum n [132] . 

Dry sievin g i s  eas y t o  perfor m bu t  ma y als o caus e  extensiv e  attritio n o f  th e 

fragil e  diatomaceou s  supports .  Mechanica l  sievin g prio r  t o  coatin g an d 

fluidize d be d dryin g afte r  coatin g ar e  th e  preferre d method s  o f  minimizin g th e 

deleteriou s  effect s  o f  fine s  o n colum n performance .  Unopene d bottle s  o f  suppor t 

may contai n fro m 3 0 t o  50 % fine s  b y volume ,  thu s  th e  nee d fo r  a  preliminar y 

screenin g process . 

For  genera l  purpose s  i t  i s  assume d tha t  th e  rati o  o f  liqui d phas e  t o 

suppor t  doe s  no t  chang e  durin g th e  coatin g process .  I f  a n accurat e 

determinatio n o f  th e  liqui d phas e  loadin g i s  required ,  fo r  exampl e  i n 

physicochemica l  studies ,  thi s  ca n b e  performe d b y eithe r  Soxhle t  extractio n o r 

hig h temperatur e  evaporatio n o f  th e  drie d packin g [133] . 

Copper ,  aluminum ,  stainles s  steel ,  nickel ,  o r  glas s  tube s  ben t  int o variou s 
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shape s  t o  fi t  th e  dimension s  o f  th e  colum n ove n provid e  th e  containe r  fo r  colum n 

packings .  Neithe r  coppe r  no r  aluminu m tubin g i s  recommende d a s  bot h metal s  ar e 

readil y  oxidized ;  active ,  oxide-coate d film s  forme d o n th e  inne r  wall s  promot e 

decompositio n o r  tailin g o f  labil e  an d pola r  solute s  [134,135] .  Stainles s  stee l 

i s  adequat e  fo r  nonpola r  sample s  bu t  it s  catalyti c  activit y  preclude s  th e 

analysi s  o f  labil e  solutes .  Nickel ,  afte r  aci d passivation ,  an d glas s  ar e  th e 

most  iner t  colum n materials ,  an d ar e  th e  preferre d material s  fo r  th e  analysi s  o f 

labil e  sample s  [135] .  Teflo n o r  plasti c  tubin g i s  als o use d occassionally , 

ofte n i n  th e  separatio n o f  chemically-reactiv e  substance s  fo r  whic h Teflo n 

support s  ar e  als o required .  Lo w uppe r  temperatur e  limit s  an d permeabilit y  t o 

some  solute s  restrict s  thei r  genera l  use . 

Column s  o f  0.5-3. 0  m  i n lengt h an d interna l  diameter s  o f  2- 4 mm ca n b e 

convenientl y  packe d b y th e  tap-and-fil l  method ,  aide d b y vacuu m suction .  On e 

en d o f  th e  colum n i s  terminate d wit h a  shor t  glas s  woo l  plu g an d attache d vi a  a 

hos e  t o  a  wate r  pum p aspirator .  A  smal l  filte r  funne l  i s  attache d t o  th e  othe r 

en d an d th e  packin g materia l  i s  adde d i n  smal l  aliquots .  Th e  colum n be d i s 

consolidate d a s  i t  form s  b y gentl e  tappin g o f  th e  colum n side s  wit h a  ro d o r 

wit h th e  ai d o f  a n electri c  vibrator .  Ove r  vibratio n i s  detrimenta l  t o  th e 

preparatio n o f  a n efficien t  colum n an d shoul d b e  avoided .  Whe n sufficien t 

packin g ha s  bee n adde d th e  funne l  i s  remove d an d a  glas s  woo l  plu g i s  inserted . 

The  lengt h o f  th e  plu g i s  usuall y  dictate d b y th e  desig n o f  th e  injector . 

Column s  longe r  tha n 3. 0 m  ar e  difficul t  t o  pac k an d requir e  a  combinatio n o f 

vacuu m suctio n a t  th e  fre e  en d an d pressur e  applie d t o  th e  packin g reservoi r  a t 

th e  othe r  en d [137] .  Column s  containin g segmente d liqui d phas e  loading s  hav e 

bee n show n t o hav e  som e  advantage s  ove r  uniforml y loade d column s  [138] .  Th e 

colum n i s  packe d i n  segments ,  wit h differen t  percentag e  loading s  o f  th e  sam e 

phase ,  generall y  i n  th e  orde r  low-to-hig h o r  high-to-low .  Usin g high-to-lo w 

loade d segment s  th e  resolutio n o f  th e  colum n i s  enhance d compare d t o  a  uniforml y 

loade d colum n containin g a n amoun t  o f  liqui d phas e  correspondin g t o  th e  mea n 

loadin g o f  th e  segmente d column .  Reduce d analysi s  tim e  i s  claime d t o  b e  th e 

advantag e  o f  th e  low-to-hig h serie s  packings . 

The  packe d colum n require s  a  temperatur e  conditionin g perio d befor e  use . 

The  colum n i s  installe d i n  th e  ove n wit h th e  detecto r  en d disconnected .  Th e 

colum n temperatur e  i s  the n raise d t o  a  valu e  abou t  20° C highe r  tha n it s  intende d 

operatin g temperatur e  whil e  a  slo w flo w o f  nitroge n i s  passe d throug h it .  I n 

al l  case s  th e  temperatur e  use d fo r  conditionin g shoul d no t  excee d th e  maximu m 

operatin g temperatur e  o f  th e  phase .  Th e  conditionin g perio d migh t  las t  fro m 

severa l  hour s  t o  severa l  days ,  dependin g o n th e  qualit y  o f  th e  liqui d phase .  I f 

th e  colum n be d shoul d shrin k durin g conditioning ,  additiona l  amount s  o f  packin g 

shoul d b e  adde d t o  restor e  i t  t o  th e  origina l  level .  Th e  conditionin g perio d i s 

complet e  whe n a  stabl e  detecto r  baselin e  i s  obtained . 
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2. 4 Performanc e  Evaluatio n o f  Packe d Column s 

Afte r  conditionin g th e  colum n a  fe w preliminar y test s  ar e  performe d t o 

ensur e  tha t  th e  performanc e  o f  th e  colum n i s  adequate .  A  measur e  o f  colum n 

efficienc y i s  mad e  wit h a  tes t  sample ,  fo r  exampl e  a  mixtur e  o f  hydrocarbons , 

Figur e  2. 5 [36] .  A n averag e  valu e  o f  abou t  200 0 theoretica l  plat e  pe r  mete r  i s 

acceptabl e  fo r  a  10 % w/ w loade d colum n o n a  80-10 0 mes h support .  Highe r  value s 

ca n b e  expecte d fo r  column s  wit h lighte r  loading s  an d wit h fine r  mes h supports . 

Column s  wit h les s  tha n 150 0 theoretica l  plate s  pe r  mete r  ar e  o f  doubtfu l 

quality .  A n unusuall y  hig h colum n pressur e  differentia l  als o signal s  problem s 

whic h ma y b e  responsibl e  fo r  th e  los s  i n  efficiency .  A  hig h colum n bac k 

pressur e  i s  usuall y  associate d wit h attritio n o f  th e  colum n packing . 

A 
10 15 2 0 25 
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Figur e  2. 5 Tes t  chromatogra m t o establis h colum n efficiency .  Tes t  probe s  ar e 
ç-hydrocarbon s  separate d isothermally . 

Afte r  testin g th e  efficienc y o f  th e  column ,  som e  tes t  o f  colum n activit y 

an d resolvin g powe r  ma y b e  made .  A  polarit y  tes t  mixture ,  suc h a s  th e  on e 

illustrate d i n  Figur e  2.6 ,  ca n b e  use d t o  evaluat e  colum n adsorptivity . 

Excessiv e  tailin g o r  adsorptio n o f  th e  tes t  probe s  indicate s  residua l  colum n 

activity .  Thi s  activit y  ca n ofte n b e  reduce d b y on-colum n silylatio n usin g on e 

of  th e  man y commerciall y  availabl e  colum n conditionin g reagents .  Residua l 

sorptiv e  activit y  i s  no t  unusua l  fo r  nonpola r  phase s  o n diatomaceou s  support s 

an d a  modifie d polarit y  tes t  mixtur e  i s  mor e  appropriat e  fo r  testin g the m 

[140] .  T o tes t  th e  resolvin g powe r  a  mixtur e  tha t  reflect s  th e  intende d us e  o f 

th e  colum n shoul d b e  selected . 
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Figur e  2. 6 Tes t  chromatogra m t o evaluat e  colum n adsorptiv e  behavior . 
1.  decane ;  2 .  undecane ;  3 .  dodecane ;  4 .  5-nonanone ;  5 .  tridecane ; 
6.  1-octanol ;  7 .  naphthalene ;  8 .  2,6-dimethylaniline ; 
9.  2,6-dimethylphenol . 

The  origina l  tes t  chromatogram s  fo r  th e  colum n shoul d b e  retained .  Routin e 

retestin g a t  interval s  allow s  a  quantitativ e  assessmen t  o f  colum n agin g t o  b e 

made . 

2. 5  Contributio n o f  Interfacia l  Adsorptio n t o  Retentio n i n  Gas-Liqui d 

Chromatograph y 

I n man y instance s  retentio n i n  GL C canno t  b e  explaine d entirel y  b y a 

gas-liqui d partitionin g mechanism .  Th e  possibilit y  tha t  adsorptio n a t  th e 

gas-liqui d an d gas-soli d  interface s  ma y contribut e  significantl y  t o  retentio n 

must  als o b e  considere d [139-142] .  I n  thi s  cas e  solut e  retentio n i s  describe d 

by equatio n (2.9) . 
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V L K L +  A GLKGL 
+ Á ô C K, 

LS GL S ( 2 . 9 ) 

LGL 

ne t  retentio n volum e 

volum e  o f  liqui d phas e 

gas-liqui d partitio n coefficien t 

coefficien t  fo r  adsorptio n a t  th e  gas-liqui d interfac e 

ALS  =  8 a s _ s ° l i d  interfacia l  are a 

KGLS =  coefficien t  fo r  adsorptio n a t  th e  suppor t  surfac e 

When th e  term s  tha t  contai n an d ar e  no t  negligibl e  the n retentio n ca n 

be  expecte d t o  var y wit h th e  propertie s  o f  th e  support ,  th e  support-wettin g 

characteristic s  o f  th e  liqui d phas e  an d th e  percen t  liqui d phas e  loading .  Th e 

natur e  o f  th e  solut e  mus t  als o b e  considered ,  fo r  example ,  a  pola r  solut e  suc h 

as  a n alcoho l  chromatographe d o n a  nonpola r  liqui d phase ,  i s  mor e  likel y t o 

displac e  liqui d phas e  fro m th e  suppor t  surfac e  an d hav e  a  larg e  A^gK^ g ter m 

tha n woul d a  hydrocarbon .  Fo r  a  pola r  liqui d phase ,  displacemen t  o f  phas e 

molecule s  b y th e  solut e  i s  les s  likel y bu t  th e  possibilit y  o f  adsorptio n a t  th e 

gas-liqui d phas e  interfac e  become s  mor e  probable .  Gas-liqui d phas e  adsorptio n 

shoul d becom e  increasingl y significan t  a s  th e  dissimilarit y  betwee n th e  liqui d 

phas e  an d solut e  increases ,  an d i s  likel y t o  b e  ver y importan t  i n  th e  retentio n 

of  hydrocarbon s  o n pola r  liqui d phases .  Onl y whe n retentio n i s  determine d 

solel y b y partitionin g (^K^ )  wil l  relativ e  retentio n an d retentio n inde x value s 

be  independen t  o f  th e  liqui d phas e  loading . 

A mode l  devise d t o  explai n retentio n i n  genera l  term s  mus t  tak e  int o 

accoun t  th e  distributio n o f  th e  liqui d phas e  o n th e  support .  I t  canno t  b e 

assume d tha t  th e  liqui d phas e  alway s  distribute s  itsel f  a s  a n eve n fil m ove r  th e 

entir e  suppor t  surface .  Thi s  wil l  onl y occu r  wit h thos e  liquid s  tha t  easil y  we t 

th e  suppor t  [143,144] .  Whe n th e  suppor t  i s  no t  readil y  wette d b y th e  liqui d 

phase ,  th e  liqui d phas e  wil l  b e  presen t  i n  th e  for m o f  individua l  droplets , 

locate d primaril y  a t  th e  oute r  grai n surfac e  wit h littl e  penetratio n int o th e 

pores .  Eve n whe n a  liqui d wet s  th e  suppor t  surfac e  th e  liqui d fil m wil l  exis t 

i n  tw o separat e  states .  Liqui d phas e  molecule s  nea r  th e  suppor t  surfac e  exis t 

i n  a  regula r  arrangemen t  wit h a n entrop y o f  solutio n tha t  i s  lowe r  tha n tha t  o f 

th e  pur e  liquid .  Thi s  structure d laye r  adjacen t  t o  th e  suppor t  surfac e  ma y b e 

of  considerabl e  thickness .  Fo r  support s  coate d wit h lo w volume s  o f  stationar y 

phas e  thi s  structure d laye r  i s  likel y t o  predominate .  Fo r  pola r  phases ,  i n 

whic h lon g rang e  force s  exist ,  a  structure d multimolecula r  laye r  ma y exis t  u p t o 

severa l  percen t  liqui d phas e  loadings .  A t  stil l  highe r  phas e  loading s  a  bul k 

liqui d phas e  laye r  wil l  b e  forme d ove r  th e  structure d layer .  Th e  bul k liqui d 

phas e  laye r  wil l  exhibi t  norma l  solutio n behavio r  an d it s  propertie s  ca n b e 
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predicte d fro m thos e  o f  th e  bul k liquid .  T o tak e  accoun t  o f  th e  presenc e  o f  th e 

structure d layer ,  equatio n (2.9 )  ca n b e  modifie d t o  equatio n (2.10 )  [145] . 

V N = V L K L + V L KS L +  WuihsL  +  A GLKGL +  A LS KGLS < 2 - 1 0 > 

^S L =  P a r t ^ t : ^ o n coefficien t  fo r  th e  structure d liqui d phas e  laye r 

^DSL =  c o e ^ i ° i e n t  fo r  adsorptio n a t  th e  gas-structure d liqui d phas e  interfac e 

ä  =  constan t  equa l  t o  1  whe n d  <  d g an d 0  whe n d  >  d g 

d g =  thicknes s  o f  th e  structure d liqui d phas e  laye r 

d  =  fil m thicknes s 

An exac t  solutio n o f  equatio n (2.10 )  i s  difficul t  bot h mathematicall y  an d 

experimentally .  Equatio n (2.10 )  contain s  fiv e  unknown s  (K^ ,  K ^ ,  K j ^ ,  K ^ , 

Kg^g) .  T o solv e  th e  equation ,  th e  phas e  characteristic s  V^ ,  A ^ ,  an d A^ g mus t 

be  know n fo r  a  minimu m o f  fiv e  colum n packing s  prepare d wit h differen t  phas e 

loadings .  A  valu e  fo r  ä  mus t  als o b e  foun d b y a  combinatio n o f  intuitio n an d 

iteration . 

Some  representativ e  dat a  fo r  differen t  solute s  o n Apiezo n Ì  an d Carbowa x 

400 0 coate d o n th e  sam e  suppor t  ar e  give n i n  Tabl e  2.10 .  Th e  interactio n o f 

pola r  solute s  wit h th e  suppor t  contribute s  substantiall y  t o  retentio n o n a 

nonpola r  Apiezo n column .  Eve n a t  hig h liqui d phas e  loadings ,  adsorptio n a t  th e 

suppor t  surfac e  ma y contribut e  t o  betwee n 4  an d 25 % o f  solut e  retention .  Fo r 

Carbowa x 4000 ,  gas-liqui d phas e  adsorptio n contribute s  onl y moderatel y t o  th e 

retentio n o f  al l  solutes ,  decreasin g rapidl y wit h increasin g liqui d phas e 

loadings .  A t  lo w liqui d phas e  loading s  adsorptio n a t  th e  gas-liqui d phas e 

interfac e  ma y contribut e  t o  betwee n 3  an d 42 % o f  th e  retentio n o f  th e  solute s 

investigated . 

2. 6  Bonde d Liqui d Phase s 

Thre e  approache s  hav e  bee n use d t o  attac h a  liqui d phas e  t o  a  suppor t  b y 

eithe r  chemica l  o r  physica l  means .  Halas z  describe d th e  preparatio n o f 

estersils ,  suppor t  bonde d alcohols ,  b y th e  condensatio n o f  a  normal ,  branched , 

or  substitute d alcoho l  wit h porou s  silic a  bead s  a t  hig h temperature s  i n  a n 

autoclav e  [145,147] ,  Thes e  bonde d phase s  ar e  availabl e  commerciall y  unde r  th e 

tradenam e  Durapa k [148] ,  Simila r  material s  hav e  bee n prepare d b y reactin g 

substitute d isocyanat e  o r  isothiocyanat e  reagent s  wit h porou s  silic a  beads , 

formin g urethan e  bond s  [149] , 

The  secon d approac h involve s  th e  reactio n o f  a  monofunctiona l  o r 

multifunctiona l  chlorosilane ,  disilazane ,  o r  cyclosiloxan e  reagen t  wit h a  porou s 

silic a  o r  diatomaceou s  suppor t  [150-154] ,  Chemica l  attachmen t  vi a  formatio n o f 
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TABLE 2.1 0 

Solut e  Phas e Interaction 3 Percen t  Liqui d Phas e 

1 2. 9 4. 7 9. 1 13 17 

Octan e  Apiezo n Ì V L K L 
10 0 10 0 10 0 10 0 10 0 10 0 

Carbowa x 400 0 V L K L 
58 81 88 93 95 97 

AGLKGL 
42 19 12 7 5 3 

Benzen e  Apiezo n Ì V L K L 
10 0 10 0 10 0 10 0 10 0 10 0 

Carbowa x 400 0 v s K s 
V L K L 

89 96 98 56 

43 

37. 5 

61. 7 

28. 2 

71. 3 

AGLKGL 
11 4 2 1 0. 8 0. 5 

1-Butano l  Apiezo n Ì V L K L 
13 30 42 59 67 75 

ALS KGLS 
87 70 58 41 33 25 

Carbowa x 400 0 v s K s 
V L K L 

86 95 97 60 

38 

40 

59 

30 

69 

AGLKGL 
14 5 3 2 1 1 

2-Butanon e  Apiezo n Ì V L K L 
52 77 84 92 94 96 

ALS KGLS 
48 23 16 8 6 4 

Carbowa x 400 0 v s K s 
V L K L 

82 93 96 60 

38 

40 

58 

30 

69 

AGLKGL 
18 7 4 2 2 1 

Chloro -  Apiezo n Ì V L K L 
10 0 10 0 10 0 10 0 10 0 10 0 

Benzen e  Carbowa x 400 0 V S K S 
V L K L 

96 99 99 62. 8 

36. 8 

41. 8 

57. 9 

31. 4 

68. 4 

AGLKGL 
4 1 1 0. 4 0. 3 0. 2 

contributio n du e  t o  partitio n wit h th e  liqui d phas e 

contributio n du e  t o  adsorptio n a t  th e  gas-liqui d interfac e 

contributio n du e  t o  partitio n wit h th e  structure d liqui d 

phas e  laye r 

contributio n du e  t o  adsorptio n a t  th e  suppor t  surfac e 

siloxan e  bond s  an d polymerizatio n ar e  probabl y bot h involve d i n  bondin g th e 

liqui d phas e  t o  th e  support . 

The  thir d approac h involve s  bondin g th e  liqui d phas e  t o  th e  suppor t  b y th e 

hig h temperatur e  treatmen t  o f  a  coate d suppor t  i n  th e  presenc e  o f  a  lo w flo w o f 

carrie r  gas .  Afte r  treatmen t  th e  packin g i s  exhaustivel y extracte d wit h 

appropriat e  solvent s  t o  leav e  a  fractio n o f  th e  origina l  liqui d phas e 

permanentl y  attache d t o  th e  suppor t  [155-159] ,  Th e  nonextractabl e  liqui d phas e 

loadin g correspond s  t o  abou t  0.2 % w/w .  Phase s  whic h ca n b e  bonde d i n  thi s  wa y 

V L K L 

A G L K G L 

V S K S 

A L S K G L S 

RELATIVE CONTRIBUTIO N (% )  T O TH E NE T RETENTIO N VOLUME B Y DIFFEREN T SOLUTE 
INTERACTIONS 
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includ e  Carbowa x 20M ,  polyesters ,  an d polysiloxanes .  The y ar e  commerciall y 

availabl e  unde r  th e  tradenam e  Ultra-bond .  Th e  chromatographi c  propertie s  o f 

thes e  bonde d liqui d phase s  hav e  bee n reviewe d [160-162] , 

Due  t o  th e  specifi c  reactio n betwee n a n alcoho l  o r  isocyanat e  wit h silano l 

group s  o n th e  suppor t  surface ,  onl y a  monomeri c  fil m i s  possible .  A s  lon g a s 

th e  alky l  group s  ar e  relativel y shor t  the y ar e  probabl y orientate d norma l  t o  th e 

surfac e  an d closel y packed .  Consequentl y  th e  spee d o f  mas s  transfe r  i s 

considerabl y highe r  tha n wit h conventiona l  liqui d phase s  [147,148,163] .  Th e 

relativel y fla t  va n Deemte r  curv e  enable s  column s  t o  b e  operate d a t  hig h mobil e 

phas e  velocitie s  withou t  los s  i n  efficiency .  Th e  bonde d phase s  ar e  thermall y 

stabl e  an d ca n b e  operate d a t  temperature s  8 0 t o  90° C highe r  tha n whe n th e  sam e 

liqui d phase s  ar e  conventionall y  coate d ont o supports .  Th e  estersil s  ar e  easil y 

hydrolyze d b y water ,  alcohols ,  an d othe r  protoni c  substances .  A t  hig h 

temperature s  oxidativ e  degradatio n b y trace s  o f  oxyge n i n  th e  carrie r  ga s  ca n b e 

a  problem . 

The  exten t  o f  solut e  retentio n o n estersil s  depend s  o n th e  siz e  an d 

functionalit y  o f  th e  organi c  chain ,  th e  degre e  o f  surfac e  bonding ,  an d th e  siz e 

an d polarit y  o f  th e  solut e  [148,164-167] .  Th e  mos t  importan t  mechanis m o f 

solut e  retentio n i s  adsorptio n o n eithe r  th e  soli d  suppor t  o r  th e  bonde d organi c 

group .  Thes e  group s  dominat e  th e  retentio n mechanis m fo r  thos e  bonde d phase s 

containin g short-chai n alky l  groups .  Th e  exten t  o f  interactio n betwee n th e 

solut e  an d silano l  group s  appear s  t o  decreas e  wit h increasin g siz e  o f  eithe r  th e 

solut e  o r  th e  bonde d organi c  group .  Fo r  bonde d phase s  containin g pola r  groups , 

adsorptio n a t  th e  surfac e  o f  th e  bonde d organi c  grou p tend s  t o  dominat e  th e 

retentio n mechanism .  Thi s  account s  fo r  th e  contrar y observatio n tha t  th e 

octane-bonde d phas e  (prepare d b y reactio n wit h octanol )  i s  mor e  pola r  tha n th e 

Carbowax-bonde d phase ,  Tabl e  2.11 ,  th e  exac t  opposit e  o f  result s  obtaine d wit h 

conventionally-coate d liqui d phases .  Long-chai n bonde d alky l  group s  sho w les s 

spatia l  orderin g tha n thei r  shor t  chai n analogs .  Thei r  structur e  show s  mor e 

liquid-lik e  behavio r  an d th e  possibilit y  tha t  partitionin g contribute s  t o  th e 

retentio n mechanis m i s  mor e  likely . 

Les s  i s  know n abou t  th e  retentio n mechanis m o f  solute s  o n th e 

nonextractabl e  phases .  I t  i s  probabl y simila r  t o  th e  estersi l  phase s  excep t 

tha t  th e  liqui d fil m ma y b e  present ,  i n  part ,  a s  "dens e  patches" ,  an d therefor e 

a  greate r  contributio n fro m partitionin g migh t  b e  anticipated .  Th e  principa l 

chromatographi c  propertie s  o f  th e  nonextractabl e  phase s  ar e  lo w retention ,  ver y 

lo w colum n bleed ,  an d highe r  colum n efficiencie s  an d maximu m operatin g 

temperature s  tha n conventionall y  coate d phases .  Th e  packing s  ar e  als o mor e 

iner t  an d ca n b e  use d fo r  th e  separatio n o f  pola r  solutes .  Oxidativ e 

degradatio n ca n occu r  a t  hig h temperatures . 
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TABLE 2.1 1 

Support 3 Stationar y 
Phase(%w/w ) 

Polarit y Isotherma l 
Temperatur e 
Limi t  (°C ) 

Recommende d fo r  th e 
Separatio n o f 

Porasi l C 3-Hydroxy -
propionitril e 

(3.60 ) 

Mediu m 13 5 Low molecula r  weigh t 
hydrocarbons ,  aromatics ,  an d 
oxygenate d compound s 

Porasi l C Carbowa x 40 0 
(7.86 ) 

Nonpola r 17 5 Low molecula r  weigh t  a,lcohol s 

Porasi l C n-0ctano l Pola r 17 5 Low molecula r  weigh t 
alcohols ,  hydrocarbon s 

Porasi l C Pheny l 
isocyanat e 

Pola r 60 C^-C .  hydrocarbon s 
an d thei r  isomer s 

Porasi l S Carbowa x 40 0 
(16.75 ) 

Nonpola r 23 0 

Porasi l S Carbowa x 400 0 Pola r 23 0 Aromatic s  an d chloro -
aromatic s 

Porasi l F Carbowa x 40 0 
(1.41 ) 

Nonpola r 23 0 Highe r  molecula r  weigh t 
substance s  -  waxes ,  steroids , 
polynuclea r  aromatic s 

The  Porasil s  ar e  spherica l  porou s  silica s  tha t  diffe r  i n  surfac e  are a 

an d por e  diameter .  Porasi l  C  (10 0 m 2 /g ,  30 0  X ) ,  Porasi l  F  (1 0 m 2 /g , 

300 0 t), an d Porasi l  S  (30 0 m 2 /g ) 

2. 7  Porou s  Polyme r  Bead s 

Porou s  polyme r  bead s  ar e  prepare d b y th e  proces s  o f  suspensio n 

polymerization ,  i n  whic h a  mixtur e  o f  monomer s  an d crosslinkin g reagent s  i s 

polymerize d i n  th e  presenc e  o f  a n iner t  solvent .  Th e  microstructur e  o f  th e  gel , 

forme d withi n th e  drople t  i n  th e  earl y  stages ,  graduall y  grow s  int o a 

sponge-lik e  structure ,  wit h iner t  solven t  fillin g th e  spac e  betwee n th e 

microstructure s  [168] .  Upo n dryin g an d evacuation ,  th e  porou s  structur e 

remains ,  producin g a  unifor m bea d tha t  i s  sufficientl y  rigi d t o  b e  dr y packe d 

int o a  column .  B y adroi t  selectio n o f  monomer ,  crosslinkin g reagent ,  an d iner t 

solvent ,  porou s  polyme r  bead s  o f  differen t  propertie s  ca n b e  prepared .  Som e 

example s  ar e  give n i n  Tabl e  2.12 .  Th e  propertie s  o f  thes e  bead s  var y wit h th e 

chemica l  nature ,  por e  structure ,  surfac e  area ,  an d particl e  siz e  o f  th e  materia l 

[169,170] .  A s  a  genera l  rule ,  th e  large r  th e  averag e  por e  diamete r  th e  faste r 

th e  analysis .  Thu s  porou s  polymeri c  bead s  wit h por e  diameter s  les s  tha n 0.0 1 

micrometer s  ar e  use d primaril y  fo r  th e  separatio n o f  gase s  whil e  thos e  wit h por e 

PERMANENTLY BONDED LIQUI D PHASE S (ESTERSILS ) 
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diameter s  greate r  tha n 0.0 1 micrometer s  ar e  employe d fo r  higher-boilin g 

organics .  Th e  porou s  polymeri c  bead s  hav e  foun d man y application s  i n  th e 

analysi s  o f  volatil e  inorgani c  an d organi c  compounds ,  particularl y  fo r  sample s 

wit h poo r  pea k shape s  o n support-coate d diatomaceou s  colum n packings .  Notabl e 

example s  ar e  water ,  formaldehyde ,  carboxyli c  acids ,  an d inorgani c  gases .  Som e 

genera l  indication s  o f  th e  typ e  o f  sample s  whic h ca n b e  separate d o n porou s 

polyme r  bead s  ar e  give n i n  Tabl e  2.1 3 [171,172] . 

TABLE 2.1 2 

PHYSICAL PROPERTIE S O F POROUS POLYMER BEADS 

Porou s  Type 3 Physica l  Propert y 
Polyme r 

Free-fal l  Surfac e  Averag e  Temperatur e 
Densit y  Art p  b  Por e  Limi t  (°C ) 
(g/c m )  ( m /g )  Diamete r 

(micrometers ) 

Chromosor b 10 1 STY-DVB 0.3 0 50 0.3-0. 4 27 5 
Chromosor b 10 2 STY-DVB 0.2 9 300-50 0 0.008 5 25 0 
Chromosor b 10 3 Polystyren e 0.3 2 15-2 5 0.3-0. 4 27 5 
Chromosor b 10 4 ACN-DVB 0.3 2 100-20 0 0.06-0.0 8 25 0 
Chromosor b 10 5 Acryli c  Este r 0.3 4 600-70 0 0.04-0.0 6 25 0 
Chromosor b 10 6 Polystyren e 0.2 8 700-80 0 0. 5 25 0 
Chromosor b 10 7 Acryli c  Este r 0.3 0 400-50 0 0. 8 25 0 
Chromosor b 10 8 Acryli c  Este r 100-20 0 0.2 5 25 0 
Porapa k Í Vinylpyrolidon e 0.3 9 225-35 0 20 0 
Porapa k Ñ STY-DVB 0.2 8 100-20 0 25 0 
Porapa k Q EVB-DVB 0.3 5 500-70 0 0.007 5 25 0 
Porapa k R Vinylpyrolidon e 0.3 3 450-60 0 0.007 6 25 0 
Porapa k S Vinylpyrolidon e 0.3 5 300-45 0 0.007 6 25 0 
Porapa k Ô EGDMA 0.4 4 250-30 0 0.00 9 20 0 
Porapa k P S Silanize d Ñ 
Porapa k Q S Silanize d Q 25 0 
Tenax-G C 0.3 7 18. 6 37 5 

STY =  styrene ;  DVB =  divinylbenzene ;  ACN =  acrylonitrile ; 
EVB =  ethylvinylbenzene ;  EGDMA =  ethylen e  glyco l  dimethacrylat e 

Value s  fo r  surfac e  are a  var y widel y i n  th e  literatur e 

A substantia l  amoun t  o f  literatur e  describe s  th e  applicatio n o f  porou s 

polyme r  bead s  t o  variou s  problems ;  fa r  les s  informatio n i s  availabl e  concernin g 

thei r  retentio n mechanism .  Th e  consensu s  o f  opinio n seem s  t o  b e  tha t  a t  lo w 

temperature s  solute s  ar e  retaine d principall y  b y adsorption .  A t  highe r 

temperature s  th e  surfac e  o f  th e  polyme r  behave s  a s  a  highl y extende d liqui d an d 

partitio n become s  mor e  significan t  [173-175] .  I n  man y instance s  bot h mechanism s 

may b e  simultaneousl y involved . 
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TABLE 2.1 3 

Porou s  Polyme r Recommende d fo r  th e  Separatio n o f Not  Recommende d Fo r 

Chromosor b 10 1 
Porapa k Ñ  an d P S 

Chromosor b 10 2 
Porapa k Q 

Chromosor b 10 3 

Chromosor b 10 4 

Chromosor b 10 5 
Porapa k Í 

Chromosor b 10 6 
Porapa k Q S 

Chromosor b 10 7 
Porapa k Ô 

Chromosor b 10 8 

Porapa k S 

Porapa k R 

Tenax-G C 

Esters ,  ethers ,  ketones ,  alcohols , 
hydrocarbons ,  fatt y  acids ,  aldehydes , 
an d glycol s 

Ligh t  an d permanen t  gases ,  lo w 
molecula r  weigh t  acids ,  alcohols , 
glycols ,  ketones ,  hydrocarbons , 
esters ,  nitriles ,  an d nitroalkane s 

Amines ,  amides ,  alcohols ,  aldehyde s 
hydrazines ,  an d ketone s 

Nitriles ,  nitr o  compounds ,  sulfu r 
gases ,  oxide s  o f  nitrogen ,  ammonia , 
an d xylenol s 

Aqueou s  mixture s  o f  formaldehyde , 
acetylen e  fro m lowe r  hydrocarbons , 
an d mos t  gase s 

Alcohols ,  C^-C ^  car "boxyli c  acids , 
alcohols ,  an d sulfu r  gase s 

Formaldehyd e  fro m water ,  acetylen e 
fro m lowe r  hydrocarbon s 

Gases ,  pola r  material s  suc h a s  water , 
alcohols ,  aldehydes ,  an d glycol s 

Norma l  an d branche d alcohols , 
ketones ,  an d halocarbo n compound s 

Ester s  an d ethers ,  nitriles ,  an d 
nitr o  compound s 

Hig h boilin g pola r  compounds ,  diols , 
phenols ,  methy l  ester s  o f  dicarboxyli c 
acids ,  amines ,  diamines ,  ethanolamines , 
amides ,  aldehydes ,  an d ketone s 

Amines ,  aniline s 

Amines ,  aniline s 

Acidi c  substances , 
glycols ,  nitriles , 
an d nitroalkane s 

Amine s  an d glycol s 

Glycols ,  acids ,  an d 
amine s 

Glycol s  an d amine s 

Glycol s  an d amine s 

Acid s  an d amine s 

Glycol s  an d amine s 

Wit h th e  exceptio n o f  Tenax-GC ,  th e  porou s  polymer s  ar e  limite d i n 

applicatio n t o  thos e  compound s  wit h boilin g point s  les s  tha n 300°C ;  otherwise , 

retentio n time s  ma y b e  excessivel y long .  Tenax-G C i s  uniqu e  i n  term s  o f  it s 

therma l  stability .  I t  ma y b e  use d isothermall y a t  temperature s  u p t o  375° C an d 

i n  temperatur e  programme d separation s  i t  ha s  bee n use d t o  temperature s  i n  exces s 

of  400°C .  Tenax-G C i s  a  linea r  polyme r  o f  p-2,6-diphenyl-phenylen e  oxid e  (XI ) 

5  6 
havin g a  molecula r  weigh t  o f  5  ÷  1 0 t o  1 0 .  A  granulate d powde r  o f  lo w surfac e 

SAMPLES SUITABL E FO R SEPARATIO N O N POROUS POLYMER BEADS 
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area ,  i t  differ s  physicall y  fro m th e  Porapa k an d Chromosor b polymer s  [176,177] . 

It s  separatio n propertie s  ar e  no t  ver y differen t  fro m Porapa k Q  an d simila r 

porou s  polymers ;  it s  principa l  advantag e  i s  it s  greate r  therma l  stability . 

Tenax-G C 

(XI ) 

Severa l  method s  hav e  bee n describe d t o  characteriz e  th e  separatio n 

propertie s  o f  th e  porou s  polyme r  beads .  Fo r  lo w temperatur e  operatio n th e 

relativ e  retentio n o f  ethylene ,  acetylene ,  an d carbo n dioxid e  o n a  porou s 

polyme r  compare d t o  thei r  value s  o n Porapa k Q  a s  a  referenc e  sorben t  ha s  bee n 

suggeste d a s  a  measur e  o f  genera l  polarit y  [178-180] .  Usin g thi s  measur e  th e 

orde r  o f  polarit y  o f  th e  porou s  polyme r  bead s  wa s  establishe d a s  Porapa k Q  < 

Chromosor b 10 6 an d 10 2 <  Porapa k Ñ  <  Chromosor b 10 1 <  Porapa k S  ,  Chromosor b 10 3 

an d 10 5 <  Porapa k Ê  an d Í  <  Chromosor b 10 7 an d 10 8 <  Porapa k Ô  <  Chromosor b 

104 .  Fo r  characterizatio n a t  highe r  temperature s  severa l  version s  o f  th e 

Rohrschneider/McReynold s  syste m hav e  bee n used .  Squalan e  [181] ,  Carbopa k Â 

[182] ,  an d Chromosor b 10 6 [183 ]  wer e  employe d a s  th e  standard ,  nonpola r 

referenc e  phases .  However ,  th e  applicabilit y  o f  thes e  method s  ha s  no t  bee n 

thoroughl y tested .  Tabl e  2.1 4 provide s  value s  fo r  th e  McReynold s  constant s  a t 

200° C usin g Chromosor b 10 6 a s  th e  referenc e  phase .  Th e  figure s  i n  parenthese s 

wer e  obtaine d afte r  agin g th e  column s  fo r  2 2 days .  Whe n som e  o f  th e  porou s 

polyme r  bea d packing s  ar e  operate d a t  hig h temperatures ,  continuou s  change s  i n 

retentio n characteristic s  occu r  [183,184] . 

Some  o f  th e  porou s  polyme r  bead s  hav e  bee n show n t o reac t  wit h certai n 

samples .  Porapa k Q S react s  wit h amines ,  Porapa k Q  an d Chromosor b 10 2 ar e 

nitrate d b y nitroge n dioxid e  [185] ,  an d Porapa k S  an d Chromosor b 10 3 reac t  wit h 

nitroalkane s  t o  giv e  multipl e  o r  ver y broa d peak s  [183] ,  Th e  porou s  polyme r 

bead s  ar e  als o use d a s  trappin g agent s  fo r  organi c  volatile s  i n  air .  Thi s  ver y 

importan t  applicatio n i s  discusse d i n  Chapte r  7.9 . 
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TABLE 2.1 4 

MCREYNOLDS F SELECTIVIT Y 1 CONSTANTS FOR POROUS POLYMER B E A D S3 

Benzen e Butano l 2-Pentanon e  Nitropropan e Pyridin e 

Porapa k Í 50 10 8 83 12 6 98 (176 ) 
Ñ 13 0 99 85 15 0 196 
Q 7 10 4 3 15 
R 32 77 46 74 69 
S 18 53 33 b 41 
Ô 11 4 18 3 15 3 29 3 18 7 

(162 ) (245 ) (189 ) (318 ) (273 ) 

Chromosor b 101 10 7 76 66 12 2 14 4 
(100 ) (114 ) (138 ) 

10 2 32 25 21 40 50 
10 3 14 7 16 0 12 2 b 21 2 

(140 ) (167 ) (203 ) 
10 4 24 6 33 0 31 4 46 7 40 5 

(476 ) (415 ) 
10 5 31 62 45 72 74 

(71 ) (55 ) (98 ) 
10 6 0 0 0 0 0 
10 7 54 139 10 6 181 14 0 

(92 ) (168 ) (140 ) (214 ) (172 ) 
10 8 13 2 21 5 161 26 5 23 1 

(155 ) (235 ) (182 ) (292 ) (262 ) 

3 Value s i n  parenthese s refe r  t o th e  valu e  measure d afte r  agin g th e 

colum n fo r  ; 22 day s  a t 200°C . 

React s  wit h th e  phase ,  givin g multipl e  o r  ver y broa d peaks . 

2. 8  Gas-Soli d  Chromatograph y 

Althoug h i t  preceede d gas-liqui d chromatography ,  gas-soli d  chromatograph y 

(GSC)  ha s  neve r  attaine d th e  sam e  statu s  a s  a  separatio n technique .  Ther e  ar e  a 

numbe r  o f  reason s  fo r  this .  First ,  adsorptio n isotherm s  i n  GS C ar e  ofte n 

non-linear ,  eve n wit h smal l  sampl e  amounts .  Thi s  produce s  severa l  detrimenta l 

effects :  solut e  retentio n volume s  var y wit h sampl e  size ,  peak s  ar e  asymmetric , 

an d recover y o f  som e  sample s  fro m th e  colum n i s  incomplete .  Second ,  th e 

comparativel y larg e  surfac e  are a  an d energ y resul t  i n  excessivel y lon g retentio n 

times ,  particularl y  fo r  large ,  pola r  molecules .  Thi s  limit s  th e  applicatio n o f 

GSC t o th e  separatio n o f  relativel y lo w molecula r  weigh t  solute s  a t  norma l 

temperatures ,  an d slightl y  large r  molecule s  a t  highe r  temperatures .  Th e 

temperatur e  require d t o  obtai n reasonabl e  retentio n volume s  ma y excee d th e 

therma l  stabilit y  o f  som e  solutes ;  i n  addition ,  som e  adsorbent s  sho w 

considerabl e  catalyti c  activit y  a t  hig h temperatures .  Th e  sampl e  molecula r 

weigh t  rang e  fo r  whic h GS C i s  suitabl e  i s  thu s  mor e  restricte d tha n fo r  GLC . 
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Third ,  adsorbent s  ar e  generall y  mor e  difficul t  t o  standardiz e  an d t o  prepar e 

reproducibl y tha n liqui d phases .  Finally ,  th e  numbe r  o f  usefu l  commerciall y 

availabl e  adsorbent s  i s  relativel y smal l  compare d wit h th e  numbe r  o f  liqui d 

phase s  availabl e  fo r  GLC . 

GSC doe s  enjo y som e  advantage s  ove r  GL C an d thes e  hav e  bee n sufficien t  t o 

maintai n som e  interes t  i n  th e  technique .  Adsorbent s  ar e  generall y  stabl e  ove r  a 

wid e  temperatur e  rang e  an d ar e  ofte n insensitiv e  t o  attac k b y oxygen .  Colum n 

blee d i s  virtuall y  nonexistent ,  s o hig h sensitivit y  detector s  suc h a s  th e  heliu m 

ionizatio n detecto r  ca n b e  used .  Th e  selectivit y  o f  GS C i s  usuall y  muc h greate r 

the n GL C fo r  th e  separatio n o f  geometri c  an d isotopi c  isomers .  GS C i s  als o 

suitabl e  fo r  th e  separatio n o f  inorgani c  gase s  an d lo w molecula r  weigh t 

hydrocarbons ,  fo r  whic h GL C generall y  show s  littl e  selectivity . 

The  principa l  adsorbent s  use d i n  GS C ar e  silica ,  alumina ,  graphitize d 

carbo n balcks ,  an d molecula r  sieve s  [9,186] .  Silic a  ge l  adsorbent s  ar e 

availabl e  fo r  GS C i n th e  for m o f  rigid ,  incompressible ,  spherica l  bead s  tha t  ca n 

be  dr y packe d int o empt y columns .  Thes e  macroporou s  adsorbents ,  Tabl e  2.15 ,  ar e 

prepare d fro m ordinar y silic a  ge l  b y eithe r  simpl e  hig h temperatur e  treatmen t 

(70 0 t o  950°C )  o r  b y hydrotherma l  treatmen t  wit h stea m i n a n autoclave . 

Hydrotherma l  treatmen t  cause s  pronounce d por e  widening ,  leadin g t o  a  reductio n 

i n  th e  specifi c  surfac e  area .  Thu s  silic a  adsorbent s  wit h a  wid e  rang e  o f 

specifi c  surfac e  areas ,  por e  diameters ,  an d por e  volume s  ca n b e  readil y  prepare d 

[187-189] .  Silic a  an d alumin a  adsorbent s  ar e  recommende d fo r  th e  separatio n o f 

lo w molecula r  weigh t  saturate d an d unsaturate d hydrocarbons ,  halogenate d 

hydrocarbons ,  an d derivative s  o f  benzene .  Pola r  solute s  interac t  to o strongl y 

wit h th e  highl y adsorptiv e  surfac e  t o  b e  separate d i n  reasonabl e  analysi s  time s 

or  wit h reasonabl e  pea k shapes . 

Retentio n o n silic a  o r  alumin a  adsorbent s  i s  a  functio n o f  th e  specifi c 

surfac e  area ,  th e  degre e  o f  surfac e  contaminatio n (particularl y  tha t  o f  water) , 

th e  prio r  therma l  conditionin g o f  th e  adsorbent ,  an d th e  abilit y  o f  th e  solut e 

t o  underg o specifi c  interactions ,  suc h a s  hydroge n bonding ,  wit h surfac e  silano l 

groups .  Alumin a  adsorbent s  wit h specifi c  surfac e  area s  comparabl e  t o  silic a 

adsorbent s  sho w simila r  retentio n propertie s  bu t  differen t  selectivities .  Thi s 

i s  du e  t o  th e  presenc e  o f  Lewi s  aci d site s  associate d wit h surfac e  aluminu m 

ions .  I n  bot h case s  a  dramati c  reductio n i n  th e  retentio n o f  nonpola r  solute s 

ca n b e  obtaine d b y th e  uptak e  o f  wate r  vapo r  b y th e  adsorbents .  Mixin g th e 

adsorbent s  wit h a n iner t  soli d  diluen t  suc h a s  glas s  bead s  o r  a  diatomaceou s 

suppor t  reduce s  retentio n an d simultaneousl y improve s  colum n efficienc y 

[190,191] .  Thes e  column s  wer e  calle d "duste d columns" ,  a s  th e  quantit y  o f 

adsorben t  wa s  generall y  onl y a  fe w percen t  o f  th e  tota l  mixture .  Rapi d 

isotherma l  analyse s  o f  sample s  wit h wid e  boilin g range s  an d colum n efficiencie s 

simila r  t o  GL C column s  wer e  possibl e  wit h thes e  columns .  Shor t  column s  packe d 
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wit h microparticulat e  adsorbent s  (7-1 0 o r  25-3 5 micromete r  averag e  particl e 

diameters )  hav e  bee n use d fo r  hig h spee d GS C [192,193] ,  A s  mas s  transfe r  fo r 

thes e  column s  i s  ver y fast ,  hig h carrie r  ga s  flo w rate s  ca n b e  use d withou t 

substantia l  reduction s  i n  colum n efficiency .  Colum n efficiencie s  o n th e  orde r 

of  240 0 theoretica l  plate s  pe r  secon d ca n b e  obtained .  However ,  operatio n o f 

thes e  column s  require s  ver y hig h hea d pressure s  an d fas t  respons e  detectors . 

TABLE 2.1 5 

ADSORBENTS FO R GAS-SOLI D CHROMATOGRAPHY 

Typ e Name Specifi c 
Are a  ( m 

.Surfac e 
2 /g ) 

Por e  Diamete r 
(nm ) 

Silic a Spherosi l  XOA 40 0 
×0Á 20 0 
×0Â 07 5 
×0Â 03 0 
×0Â 01 5 
XOC 00 5 

Porasi l  Â 
C 

300-50 0 
140-23 0 

75-12 5 
37-6 2 
18-3 1 

5-1 5 
125-25 0 
50-10 0 

8 
15 
30 
60 

12 5 
30 0 

10-2 0 
20-4 0 

Graphitize d 
Carbo n Blac k 

Carbopac k C 
Â 

Carbosiev e 
Spherocar b 

12 
10 0 

100 0 
120 0 

1. 3 
1. 5 

Sodiu m 
Aluminu m 
Silicat e 

Molecula r  Siev e  4 A 
13X 

0. 4 
1. 0 

Calciu m 
Aluminu m 
Silicat e 

Molecula r  Siev e  5 A 0. 5 

To reduc e  retentio n volumes ,  modif y colum n selectivity ,  an d improv e  th e 

efficienc y o f  silic a  an d alumin a  adsorbents ,  the y ca n b e  coate d wit h a  smal l 

quantit y  o f  a  nonvolatil e  liqui d [189,194,195 ]  o r  a n inorgani c  sal t  [196,197] . 

I t  i s  assume d tha t  th e  liqui d fil m i s  selectivel y adsorbe d b y th e  mos t  energeti c 

adsorptio n sites ,  whic h ar e  the n n o longe r  availabl e  t o  th e  solute .  Th e 

heterogeneou s  distributio n o f  activ e  site s  i s  consequentl y  reduced ,  providin g a 

mor e  homogeneou s  surfac e  fo r  interactio n wit h th e  solute .  A s  a  result ,  bot h 

retentio n an d pea k asymmetr y ar e  dramaticall y  reduced .  A s  th e  amoun t  o f  liqui d 

phas e  i s  increase d gas-liqui d adsorptio n and ,  a t  stil l  highe r  levels ,  gas-liqui d 

partitionin g ca n b e  expecte d t o  contribut e  t o  th e  retentio n mechanism .  Fo r  th e 

lo w level s  o f  liqui d phas e  commonl y use d i n  GS C i t  i s  assume d tha t  gas-soli d 

interaction s  dominat e  th e  retentio n mechanism . 

Commonl y use d inorgani c  sal t  modifier s  generall y  fal l  int o tw o categories . 
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Alkal i  meta l  salt s  ar e  use d t o  reduc e  th e  surfac e  heterogeneit y  o f  th e  adsorben t 

i n  a  manne r  somewha t  simila r  t o  pola r  liqui d phases .  Complex-formin g salt s  suc h 

as  silve r  nitrat e  an d cuprou s  chlorid e  deactivat e  th e  surfac e  an d ca n als o 

adjus t  colum n selectivit y  b y thei r  abilit y  t o  selectivel y retai n som e  solutes . 

Wit h lo w sal t  loadings ,  activ e  site s  o n th e  origina l  adsorben t  surfac e  ar e 

covere d b y th e  sal t  i n  th e  for m o f  ion s  and/o r  io n pairs .  Wit h increasin g sal t 

loading s  a  ne w surfac e  laye r  o f  sal t  graduall y  cover s  th e  origina l  adsorben t 

surface .  Afte r  a  complet e  monolaye r  i s  forme d additiona l  sal t  i s  deposite d a s  a 

thin ,  crystallin e  fil m whos e  thicknes s  depend s  o n th e  amoun t  o f  sal t  added .  A t 

thi s  poin t  th e  specifi c  surfac e  are a  wil l  declin e  du e  t o  a  reductio n i n  th e  por e 

volum e  no w occupie d b y sal t  crystals .  Therefore ,  a t  hig h sal t  loadings ,  solut e 

retentio n i s  determine d chiefl y  b y adsorptio n ont o th e  surfac e  o f  th e  sal t 

film .  A t  lo w sal t  loading s  retentio n i s  determine d primaril y  b y interaction s 

wit h th e  adsorben t  surface .  A t  intermediat e  sal t  loading s  bot h retentio n 

mechanism s  ma y b e  important ,  dependin g o n th e  natur e  o f  th e  solut e  an d it s 

abilit y  t o  displac e  th e  sal t  modifie r  fro m activ e  site s  o n th e  adsorben t 

surface .  Thu s  optimu m sal t  loading s  fo r  a  particula r  sampl e  ar e  generall y  foun d 

by tria l  an d erro r  an d ma y var y fro m abou t  0.5 % w/ w u p t o  abou t  30 % w/w . 

I n  additio n t o  coatin g salt s  ont o silica ,  alkali-meta l  modifie d adsorbent s 

hav e  bee n prepare d b y th e  coprecipitatio n o f  silic a  ge l  wit h th e  desire d alkal i 

sal t  [198] .  Thes e  syntheticall y  modifie d adsorbent s  hav e  propertie s  simila r  t o 

thos e  o f  th e  coate d adsorbents . 

Graphitize d carbo n black s  ar e  prepar d b y heatin g ordinar y carbo n black s  t o 

abou t  3000° C i n a n iner t  ga s  atmospher e  [186,199] .  Thi s  drive s  of f  volatile , 

tarr y residue s  an d induce s  th e  growt h o f  graphit e  crystallites ,  particle s  i n 

whic h graphit e  crystal s  ar e  arrange d i n  th e  for m o f  polyhedrons .  A t  th e  sam e 

tim e  variou s  functiona l  group s  originall y  presen t  o n th e  carbo n blac k surfac e 

ar e  destroyed .  Th e  surfac e  o f  th e  graphitize d carbo n black s  i s  almos t 

completel y fre e  o f  unsaturate d bonds ,  lon e  electro n pairs ,  fre e  radicals ,  an d 

ions .  Becaus e  o f  th e  hig h surfac e  homogeneit y  o f  th e  adsorbent ,  solute-solut e 

interaction s  o n th e  adsorben t  surfac e  ca n b e  important .  A t  moderat e  sampl e 

size s  thi s  ca n resul t  i n  a  decrease d linearit y  o f  th e  adsorptio n isotherm .  Th e 

fla t  surface s  o f  graphitize d carbo n black s  ar e  particularl y  wel l  suite d fo r  th e 

separatio n o f  molecule s  whic h diffe r  onl y i n  geometri c  structure ,  i.e. , 

structura l  isomer s  an d geometri c  stereoisomers . 

The  retentio n behavio r  o f  solute s  o n graphitize d carbo n black s  ca n b e 

explaine d o n th e  basi s  of'th e  availabilit y  o f  tw o type s  o f  adsorptio n sites . 

The  vas t  majorit y  o f  th e  surfac e  site s  ar e  nonpola r  an d correspon d t o  th e 

graphite-lik e  arra y o f  carbo n atoms .  Thes e  site s  sho w n o tendenc y t o  interac t 

preferentiall y  wit h molecule s  carryin g functiona l  group s  an d dispersiv e 

interaction s  dominat e  retentio n behavior .  Pola r  adsorptio n site s  ar e  fe w i n 
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numbe r  bu t  the y ca n establis h specific ,  stron g interaction s  wit h pola r  solutes . 

Preliminar y treatmen t  o f  th e  adsorben t  ma y b e  use d t o  reduc e  thei r  number .  Fo r 

example ,  heatin g t o  1000° C i n a  strea m o f  hydroge n ha s  bee n use d t o  minimiz e 

thos e  activ e  site s  associate d wit h th e  presenc e  o f  surfac e  oxyge n complexe s 

[9,199 ]  whil e  washin g wit h perchlori c  o r  phosphori c  aci d eliminate s  basi c 

carbonium-oxyge n complexe s  an d sulfu r  presen t  a s  sulfid e  [200,201] ,  However , 

eve n afte r  suc h treatmen t  furthe r  modificatio n o f  th e  surfac e  b y th e  additio n o f 

smal l  quantitie s  o f  liquid s  tha t  ar e  capabl e  o f  establishin g stron g interaction s 

wit h residua l  activ e  site s  i s  generall y  require d [199,201,202] ,  A t  lo w surfac e 

concentration s  th e  modifyin g agent s  ac t  primaril y  a s  tailin g inhibitor s  an d 

retentio n volum e  reducers .  Liquid s  whic h ar e  capabl e  o f  enterin g int o specifi c 

interaction s  wit h th e  sampl e  ma y b e  use d a s  selectivit y  modifiers .  A n exampl e 

of  thi s  i s  show n i n Figur e  2.7 ,  i n  whic h a  lo w concentratio n o f  picri c  aci d i s 

adde d t o  th e  adsorben t  t o  enhanc e  th e  separatio n o f  a  mixtur e  o f  saturate d an d 

unsaturate d hydrocarbon s  [203] .  A t  th e  surfac e  concentratio n o f  liqui d modifie r 

require d t o  buil d  u p a  densely-packe d monolayer ,  retentio n wil l  occu r  primaril y 

by adsorptio n o n thi s  laye r  an d th e  selectivit y  o f  th e  colum n wil l  b e  differen t 

t o  tha t  o f  a  partiall y  complet e  monolayer .  Thi s  film ,  however ,  wil l  no t  sho w 

propertie s  characteristi c  o f  th e  bul k liqui d a s  it s  propertie s  ar e  influence d b y 

thos e  o f  th e  adsorben t  wit h whic h i t  i s  i n  contact .  A t  hig h liqui d phas e 

loading s  th e  adsorben t  ca n b e  considere d t o  behav e  a s  a  suppor t  fo r  th e  bul k 

liqui d [204,205] .  Thu s  quit e  differen t  colum n selectivitie s  ca n b e  expecte d 

ove r  th e  rang e  o f  th e  liqui d phas e  modifie r  adde d t o  th e  adsorbent .  I n  mos t 

case s  quit e  lo w level s  ar e  use d t o  exploi t  th e  ful l  advantage s  o f  gas-soli d 

chromatographi c  interactions . 

Ver y efficien t  packe d column s  hav e  bee n prepare d fro m graphitize d carbo n 

black s  havin g averag e  particl e  diameter s  i n  th e  rang e  25-3 3 micrometer s 

[206,207] .  Value s  i n  exces s  o f  10,00 0 plate s  pe r  mete r  wer e  achieved .  A s  migh t 

be  anticipate d th e  principa l  disadvantag e  o f  thes e  column s  i s  th e  larg e  pressur e 

differentia l  require d fo r  thei r  operation . 

Molecula r  sieve s  (zeolites )  o f  genera l  formul a  M2^ mO.Al20 3.nSi02.xH2 0 ( M = 

alkal i  o r  alkalin e  eart h  cation )  occu r  naturall y  o r  ca n b e  synthesized .  Th e 

structura l  unit s  o f  th e  aluminosilicat e  crystallin e  lattic e  consis t  o f 

tetrahedra l  anion s  [Si0^] ^  an d [A10^] ^  boun d throug h oxyge n atoms .  Th e  exces s 

negativ e  charg e  arisin g fro m th e  replacemen t  o f  silico n b y aluminu m i s 

compensate d fo r  b y th e  alkal i  o r  alkalin e  eart h  meta l  ion .  Molecula r  sieves , 

therefore ,  ar e  porou s  bodie s  whic h hav e  cavitie s  o r  holes ,  th e  diamete r  o f  whic h 

ca n b e  varie d b y changin g th e  cation .  Th e  por e  structur e  o f  th e  zeolite s  i s 

microporou s  a s  th e  cross-sectiona l  diamete r  o f  th e  channel s  i s  o n th e  sam e  orde r 

as  th e  dimension s  o f  smal l  molecules .  A s  onl y thos e  molecule s  whic h ca n 

penetrat e  th e  micropore s  ar e  retaine d b y molecula r  siev e  columns ,  the y ar e  use d 
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Figur e  2. 7 Isotherma l  separatio n o f  -C ^  hydrocarbon s  o n a 2 . 2 m x 2 m m I.D . 

colum n Carbopa k +  0.19 % picri c  aci d a t  50°C .  (Reproduce d wit h 

permissio n fro m ref .  203 .  Copyrigh t  America n Chemica l  Society) . 

primaril y  fo r  th e  separatio n o f  permanen t  gase s  (e.g. ,  I^ ,  O 2 ,  CH^ ,  a n & CO) , 

an d fo r  th e  separatio n o f  lo w molecula r  weigh t  linea r  hydrocarbon s  fro m branche d 

chai n an d cycli c  hydrocarbon s  [208,209] .  Thos e  solute s  whic h ca n penetrat e  th e 

cavitie s  ar e  furthe r  retarde d b y surfac e  adsorptio n an d interaction s  wit h th e 

charg e  fiel d  o f  th e  zeolit e  framewor k an d th e  counter-charge d cation .  I t  ha s 

als o bee n show n tha t  th e  degre e  o f  hydratio n o f  th e  cavitie s  ca n influenc e 

solut e  retentio n throug h it s  modificatio n o f  pola r  interactions . 

Unlik e  th e  molecula r  sieves ,  carbo n sieve s  ar e  no t  highl y crystallin e  bu t 

ar e  compose d o f  ver y smal l  crystallite s  i n  whic h th e  carbo n atom s  ar e  trigonall y 

boun d [210] .  Th e  crystallites ,  i n  turn ,  ar e  crosslinke d t o  yiel d a  disordere d 

cavity-apertur e  structure .  Th e  apertures ,  produce d b y th e  mor e  o r  les s  clos e 

approac h o f  basa l  plane s  fro m adjacen t  crystallites ,  ar e  sli t  shape d an d o f 

variabl e  size ,  dependin g upo n th e  organi c  precurso r  an d th e  metho d o f  therma l 
treatment .  Kaise r  prepare d microporou s  carbo n sieve s  havin g surfac e  area s  o f 

2 

100 0 m  / g an d averag e  por e  radi i  o f  1.2 4 n m b y th e  pyrolysi s  o f  polyvinyliden e 

chlorid e  [211] .  Carbo n molecula r  sieve s  sho w ver y pronounce d retentio n o f 

organi c  compound s  an d ar e  use d primaril y  fo r  th e  separatio n o f  inorgani c  gase s 

and ,  i n  particular ,  th e  separatio n o f  smal l  pola r  molecule s  suc h a s  water , 

formaldehyde ,  an d hydroge n sulfid e  [211,212] , 

Othe r  adsorbent s  whic h hav e  bee n use d i n  GS C includ e  bentonite ,  clathrat e 
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compounds ,  chromium(III )  oxide ,  iron(III )  oxide ,  bariun i  sulfate ,  alkal i  meta l 

tetraphenylborates ,  an d molybdenu m sulfid e  [9,213-216] .  Althoug h the y ma y sho w 

specifi c  advantage s  fo r  certai n  separations ,  the y hav e  no t  bee n adopte d fo r 

genera l  us e  an d wil l  no t  b e  discusse d further . 

2. 9  Micropacke d Column s 

Micropacke d columns ,  sometime s  referre d t o  a s  packe d capillar y columns ,  ar e 

characterize d b y smal l  interna l  colum n diameters ,  usuall y  les s  tha n 1. 0 mm,  an d 

packin g densitie s  comparabl e  t o  classica l  packe d column s  [217,218] .  Tw o type s 

of  micropacke d column s  ca n b e  distinguishe d accordin g t o  thei r  particl e  diamete r 

t o  colum n diamete r  rati o  (d^/d^) :  column s  packe d wit h particle s  o f  a  fin e 

grain ,  fo r  exampl e  30-3 5 micrometers ,  wit h a  d  /d ^  rati o  les s  tha n 0. 1 an d 

column s  packe d wit h coarse r  particle s  suc h tha t  th e  d /̂d ^  rati o  i s  usuall y 

betwee n 0. 1 an d 0.3 .  Bot h colum n type s  ar e  capabl e  o f  generatin g hig h 

efficiencies ,  30,00 0 t o  60,00 0 theoretica l  plates .  The y diffe r  primaril y  i n 

term s  o f  thei r  permeability .  Micropacke d column s  fille d wit h coars e  packing s  i n 

colum n length s  u p t o  2 0 m  ca n b e  use d a t  reasonabl e  inle t  pressures .  Column s 

packe d wit h fin e  grai n particle s  an d onl y a  fe w meter s  i n  lengt h ma y requir e 

inle t  pressure s  fro m 2 5 t o  5 0 atmosphere s  fo r  operatio n a t  optima l  carrie r  ga s 

flo w velocitie s  [219] .  Thes e  larg e  pressur e  drop s  lea d t o  a  numbe r  o f 

instrumenta l  problems ,  requirin g extensiv e  modificatio n t o  instrument s  designe d 

fo r  us e  wit h classica l  packe d columns . 

Micropacke d column s  ar e  prepare d b y simpl y modifyin g thos e  packin g 

technique s  use d t o  prepar e  classica l  packe d columns .  I n  general ,  highe r 

pressure s  ar e  require d an d constan t  vibratio n o r  ultrasoni c  treatmen t  i s  neede d 

t o  achiev e  th e  necessar y packin g densit y  [217,218] .  Virtuall y  al l  packing s  use d 

i n  classica l  packe d column s  ca n b e  use d t o  prepar e  micropacke d columns . 

Micropacke d column s  combin e  hig h efficienc y wit h a  relativel y hig h phas e 

ratio .  Compare d t o  ope n tubula r  capillar y column s  the y ar e  particularl y 

suitabl e  fo r  th e  separatio n o f  weakl y retaine d solute s  suc h a s  gase s  an d lo w 

molecula r  weigh t  hydrocarbon s  withou t  resortin g t o  subambien t  temperatur e 

control .  The y ar e  als o usefu l  fo r  th e  determinatio n o f  trac e  component s  i n 

comple x mixture s  wher e  th e  limite d sampl e  capacit y  o f  ope n tubula r  column s  make s 

direc t  analysi s  difficul t  an d classica l  packe d column s  lac k th e  resolvin g powe r 

require d fo r  th e  separation .  Practica l  problems ,  particularl y  wit h injectio n a t 

hig h bac k pressures ,  hav e  limite d th e  us e  o f  micropacke d column s  t o  a  fe w 

chromatographi c  laboratories . 
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2.1 0 Ope n Tubula r  Column s 

I n hi s  semina l  pape r  publishe d i n  1957 ,  Marce l  Gola y showe d theoreticall y 

tha t  a n ope n tub e  o f  smal l  interna l  diamete r  coate d wit h a  thi n liqui d fil m 

woul d b e  capabl e  o f  realizin g efficiencie s  a  hundred-fol d o r  s o greate r  tha n a 

packe d colum n [220] ,  Thu s  th e  concep t  o f  ope n tubula r  colum n ga s  chromatograph y 

was  bor n an d th e  nex t  quarte r  centur y wa s  a n er a  o f  struggle s  an d termoi l 

devote d t o  developin g th e  colum n technolog y necessar y t o  mak e  th e  techniqu e 

widel y accepte d [221,222] ,  I n  th e  pas t  colum n preparatio n wa s  ofte n describe d 

as  a n ar t  rathe r  tha n a  science ,  wit h man y practitioner s  bu t  onl y a  fe w gran d 

masters .  Toda y i t  i s  possibl e  t o  purchas e  excellen t  ope n tubula r  column s  whos e 

efficiency ,  therma l  stability ,  an d inertnes s  surpas s  th e  capabilitie s  o f  packe d 

columns . 

The  theoretica l  efficienc y o f  packe d column s  i s  limite d b y th e  intrinsi c 

dispersio n o f  solut e  molecule s  associate d wit h th e  multiplicit y  o f  flo w path s 

throug h th e  packing ,  an d b y difference s  i n  retentio n resultin g fro m th e  uneve n 

distributio n o f  liqui d phas e  withi n th e  particle s  an d a t  th e  contac t  point s 

betwee n individua l  particles .  B y contrast ,  th e  efficienc y o f  a n ope n tubula r 

colum n i s  governe d solel y b y th e  rat e  o f  mas s  transfe r  i n  th e  liqui d phase ;  flo w 

heterogeneitie s  du e  t o  th e  presenc e  o f  packin g are ,  o f  course ,  eliminated .  Th e 

genera l  improvemen t  i n  efficienc y o f  a n ope n tubula r  colum n ove r  a  packe d colum n 

ca n bes t  b e  demonstrate d b y example .  Conside r  th e  separatio n o f  th e  solven t 

extrac t  o f  a  rive r  wate r  sampl e  i n  Figur e  2. 8  [223] ,  Clearl y  th e  complexit y  o f 

th e  sampl e  i s  bette r  represente d i n  th e  ope n tubula r  colum n chromatogra m tha n i n 

th e  packe d colum n case .  Bot h theor y an d practic e  indicat e  tha t  ope n tubula r 

colum n ga s  chromatograph y i s  capabl e  o f  bette r  separatio n efficiencie s  an d 

greatl y  improve d sampl e  detectabilit y  fo r  a  give n analysi s  tim e  tha n an y packe d 

colum n [224] .  Th e  principa l  disadvantage s  o f  th e  genera l  us e  o f  ope n tubula r 

column s  ar e  tha t  the y ar e  mor e  demandin g o f  instrumen t  performance ,  les s 

forgivin g o f  poo r  operato r  technique ,  an d posses s  a  lowe r  sampl e  capacit y  tha n 

packe d columns . 

Befor e  discussin g colum n preparatio n a  fe w comment s  o n nomenclatur e  ar e  i n 

order .  Ope n tubula r  column s  ar e  als o widel y know n a s  capillar y columns .  Th e 

characteristi c  featur e  o f  thes e  column s  i s  thei r  openness ,  whic h provide s  a n 

unrestricte d ga s  pat h throug h th e  column .  Thu s  ope n tubula r  colum n rathe r  tha n 

capillar y colum n i s  a  mor e  ap t  description .  However ,  bot h description s  appea r 

frequentl y  i n  th e  literatur e  an d ca n b e  considere d interchangeable .  Th e  typ e  o f 

column s  discusse d s o fa r  ar e  als o know n a s  wall-coate d ope n tubula r  column s 

(WCOT).  Her e  th e  liqui d phas e  i s  deposite d directl y  ont o th e  colum n wal l 

withou t  th e  inclusio n o f  an y additiv e  tha t  migh t  b e  considere d soli d  support . 

Alternative s  t o  th e  WCOT column s  ar e  th e  porous-laye r  ope n tubula r  column s 
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Figur e  2. 8 Compariso n o f  a  typica l  separatio n o n a  packe d an d a  capillar y 
column .  Th e  sampl e  (solven t  extrac t  o f  rive r  water )  i s  th e  sam e  i n 
bot h cases .  (Reproduce d wit h permissio n fro m ref .  223 .  Copyrigh t 
Ann Arbo r  Scienc e  Publishers) . 

(PLOT )  an d support-coate d ope n tubula r  column s  (SCOT) .  PLO T column s  ar e 

prepare d b y extendin g th e  inne r  wal l  o f  th e  colum n b y suc h substance s  a s  fuse d 

silic a  o r  elongate d crysta l  deposits .  I n  SCO T column s  th e  liqui d phas e  i s 

coate d o n a  surfac e  tha t  ha s  bee n covere d wit h som e  typ e  o f  soli d  suppor t 

material .  Ever y SCO T colum n i s  a  PLO T colum n bu t  no t  ever y PLO T colum n i s  a 

SCOT column . 

Recen t  development s  i n  colum n technolog y hav e  mad e  muc h o f  th e  previou s 

wor k o n colum n preparatio n obsolete .  We  wil l  presen t  onl y a  brie f  accoun t  o f 

thes e  olde r  method s  i n  th e  followin g sections .  Mor e  detaile d account s  ar e 

availabl e  i n  standar d referenc e  work s  [225-230] , 

2.10. 1  Drawin g Column s  Wit h Capillar y Dimension s 

Numerou s  material s  hav e  bee n use d t o  fabricat e  ope n tubula r  columns .  Meta l 

column s  o f  capillar y dimension s  mad e  fro m stainles s  steel ,  nickel ,  aluminum , 

copper ,  etc .  ar e  commerciall y  available .  I n  general ,  meta l  column s  hav e  poo r 

coatin g characteristic s  an d exhibi t  catalyti c  an d adsorptiv e  activity , 

precludin g thei r  us e  wit h man y pola r  sample s  [231,232] ,  Plasti c  an d nylo n 
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capillar y tubin g i s  difficul t  t o  coa t  an d ha s  limite d therma l  stability .  Teflo n 

column s  modifie d b y brie f  reactio n wit h a  solutio n o f  sodiu m naphthalat e  ca n b e 

coate d wit h pola r  liqui d phase s  [233,234] .  Chemica l  pretreatmen t  i s  necessar y 

t o  creat e  a n adsorptiv e  layer ,  largel y nodule s  o f  carbon ,  t o  suppor t  th e  liqui d 

phase .  Thes e  column s  hav e  a  hig h surfac e  activit y  an d a  hig h specifi c  are a  (u p 
2 

t o  400 0 m  /g ) .  Non e  o f  thes e  material s  ha s  foun d wid e  application . 

At  present ,  virtuall y  al l  ope n tubula r  column s  ar e  prepare d fro m eithe r 

soda-lime ,  borosilicate ,  o r  fuse d silic a  glasses .  Dest y devise d a  simpl e  glas s 

drawin g machin e  whic h mad e  availabl e  soda-lim e  an d borosilicat e  capillar y 

column s  wit h an y desire d interna l  diamete r  t o  earl y  worker s  i n  th e  fiel d  [235] , 

Thes e  column s  remaine d th e  standar d fo r  capillar y colum n wor k unti l  th e 

introductio n o f  flexibl e  fuse d silic a  column s  b y Dandenea u an d Zerenne r  i n  197 9 

[236] .  Dandenea u an d Zerenne r  als o investigate d th e  propertie s  o f  uraniu m an d 

lea d glasse s  [236] .  Uraniu m glasse s  wer e  foun d t o  b e  ver y adsorptiv e  toward s 

amines ,  phenols ,  an d alcohols ,  wherea s  lea d glasse s  showe d littl e  adsorptio n o f 

phenol s  o r  fatt y  acid s  bu t  coul d no t  b e  use d fo r  th e  separatio n o f  sulfur -

containin g compounds .  However ,  neithe r  o f  thes e  glasse s  ha s  bee n widel y use d i n 

ga s  chromatography .  Th e  chemistr y o f  glasse s  an d thei r  influenc e  o n 

chromatographi c  propertie s  hav e  bee n lucidl y reviewe d b y Jenning s  [229 ]  an d 

Pretoriu s  [237] . 

The  majo r  componen t  o f  th e  glasse s  use d t o  prepar e  ope n tubula r  column s  i s 

silica .  Fuse d silica ,  prepare d b y th e  flam e  hydrolysi s  o f  silico n 

tetrachloride ,  i s  essentiall y  pur e  silic a  containin g les s  tha n 1. 0 pp m o f  meta l 

impuritie s  [236] .  I t  ha s  a  relativel y hig h meltin g poin t  an d bot h specia l 

equipmen t  an d precaution s  ar e  require d fo r  fabricatin g column s  fro m thi s 

material .  Th e  surfac e  o f  fuse d silic a  glas s  i s  relativel y inert ,  containin g 

primaril y  silano l  an d siloxan e  groups .  Th e  presenc e  o f  silano l  group s  i s 

responsibl e  fo r  th e  residua l  acidi c  characte r  o f  th e  glass .  Hig h temperatur e 

treatmen t  i n  a n iner t  atmospher e  ca n reduc e  th e  concentratio n o f  silano l  groups , 

an d henc e  activity ,  t o  ver y lo w level s  [238,239] . 

Glasse s  wit h lowe r  workin g temperature s  tha n silic a  ar e  prepare d b y addin g 

meta l  oxide s  t o  th e  silic a  durin g manufacture .  Thousand s  o f  glasse s  wit h a 

variet y  o f  composition s  ar e  known ,  bu t  fo r  chromatographi c  purpose s  onl y 

soda-lim e  (soft )  an d borosilicat e  (hard ,  Pyrex ,  Duran )  glasse s  ar e  important . 

Typica l  value s  o f  th e  bul k composition s  o f  soda-lim e  an d borosilicat e  glasse s 

ar e  give n i n  Tabl e  2.16 .  Soda-lim e  glasse s  ar e  slightl y  alkalin e  du e  t o  th e 

hig h conten t  o f  Na2 0 whil e  th e  borosilicat e  glasse s  ar e  somewha t  acidi c  a s  a 

resul t  o f  th e  presenc e  o f  Â  2^3 * Thei r  surfac e  compositio n i s  ofte n ver y 

differen t  tha n th e  bul k compositio n o f  th e  glass ,  Tabl e  2.1 6 [240] .  Th e 

adsorptiv e  an d catalyti c  activit y  o f  th e  colum n material s  ca n b e  attribute d t o 

th e  silic a  surfac e  (silano l  an d siloxan e  groups )  an d t o  th e  presenc e  o f  meta l 
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impuritie s  a t  th e  surfac e  whic h ca n functio n a s  Lewi s  aci d sites .  Th e  meta l 

impuritie s  ac t  a s  adsorptio n site s  fo r  lone-pai r  dono r  molecule s  suc h a s  ketone s 

an d amines .  Th e  type s  o f  surfac e  adsorptio n interaction s  experience d wit h glas s 

ope n tubula r  column s  ar e  summarize d i n  Tabl e  2.1 7 [226] , 

TABLE 2.1 6 

COMPOSITION O F SODA-LIM E AND BOROSILICAT E GLASSE S 

Componen t Soda-lim e Borosilicat e 

Si0 2 67. 7 81. 0 

Na 2 0 15. 6 4. 0 

CaO 5. 7 0. 5 

A 1 2 0 3 2. 8 2. 0 

B o 0 o 13. 0 
2 3 

MgO 3. 9 

BaO 0. 8 

ê2ï 0. 6 

Compositio n b y Elemen t (atomi c  % ) 

Elemen t Bul k Surfac e Bul k Surfac e 

Si  23. 4 

0 59. 4 

Na  10. 4 

Ca  2. 1 

Â 1. 0 

Al  1. 2 

Ê 0. 3 

11. 4 25. 5 24. 0 

57. 8 64. 0 69. 0 

16. 0 2. 5 

12. 0 0. 2 

1. 6 7. 0  7. 0 

0. 8 

1. 2 

Open tubula r  glas s  capillar y column s  wit h interna l  diameter s  o f  0.0 5 t o  1. 0 

mm an d oute r  diameter s  o f  0. 3  t o  1. 5  mm ca n b e  prepare d fro m glas s  stock , 

typicall y  4. 0  t o  10. 0 mm oute r  diamete r  an d 2. 0 t o  6. 0  mm interna l  diameter , 

wit h a  glas s  drawin g machine ,  Figur e  2. 9  [226,228,241] .  Th e  glas s  stoc k tub e  i s 

fe d int o a  softenin g furnac e  tha t  i s  electricall y  heate d t o  a  temperatur e  o f  65 0 

t o  850° C an d draw n ou t  a t  th e  lowe r  en d b y passag e  throug h a  pai r  o f 

motor-drive n rollers .  Capillar y tube s  o f  differen t  dimension s  ar e  draw n b y 

maintainin g a  fixe d differentia l  betwee n th e  fee d rat e  o f  th e  stoc k tub e  t o  th e 

furnac e  an d th e  pul l  rat e  o f  th e  softene d tube ,  a t  th e  exi t  o f  th e  furnace . 
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TABLE 2.1 7 

1.  Th e  metalli c  oxide s  use d i n  th e  manufactur e  o f  glas s  giv e  ris e  t o  cationi c 
charg e  location s  tha t  functio n a s  Lewi s  aci d sites .  Thes e  site s  adsor b 
molecule s  havin g region s  o f  localize d hig h electro n densit y  suc h a s 
alcohols ,  ketones ,  amines ,  an d ôô-bond-containin g molecules . 

2.  Th e  surfac e  hydroxy l  group s  ac t  a s  proto n donor s  i n  hydroge n bon d 
interaction s  an d ca n functio n a s  ver y stron g adsorptiv e  site s  fo r 
molecule s  havin g localize d hig h electro n density . 

3.  Th e  surfac e  siloxan e  bridge s  ac t  a s  proto n acceptor s  i n  hydroge n bon d 
interaction s  an d ca n functio n a s  adsorptiv e  site s  fo r  molecule s  lik e 
alcohols .  I n  addition ,  thes e  site s  giv e  ris e  t o  significan t  va n de r  Waal s 
interactions . 

4.  Wea k dispersiv e  interaction s  ca n aris e  fro m th e  silicon-oxyge n networ k an d 
othe r  functionalitie s  presen t  o n th e  glas s  surface . 

Figur e  2. 9 Capillar y colum n glas s  drawin g machine . 

The  capillar y tubin g emergin g fro m th e  softenin g ove n i s  coile d b y passag e 

throug h a  heate d ben t  pip e  maintaine d a t  55 0 t o  625°C .  Th e  actua l  temperature s 

SOLUTE-SURFACE INTERACTION S I N GLASS OPE N TUBULAR COLUMNS 
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use d fo r  th e  softenin g ove n an d ben t  pip e  depen d o n th e  wal l  thicknes s  an d 

compositio n o f  th e  glass .  Highe r  temperature s  ar e  require d fo r  borosilicat e 

tha n soda-lim e  glasses . 

Non-uniformit y o f  th e  column' s  inne r  diamete r  ca n affec t  th e  performanc e  o f 

hig h efficienc y ope n tubula r  column s  [242-245] .  Variation s  ca n aris e  fro m 

irregularitie s  i n  th e  dimension s  o f  th e  stoc k tube ,  fluctuation s  i n  th e 

temperatur e  o f  th e  softenin g ove n an d ben t  pipe ,  an d shiftin g o f  th e  glas s  tub e 

betwee n th e  fee d rollers .  Commercia l  glas s  drawin g machine s  wil l  usuall y 

provid e  a  toleranc e  o f  3-5 % RS D fo r  th e  interna l  capillar y tub e  diameter ; 

modificatio n o f  th e  powe r  suppl y an d temperatur e  contro l  circui t  migh t  improv e 

thi s  t o  1.5 % RS D [246] . 

Fuse d silic a  an d quart z  capillar y tube s  canno t  b e  draw n o n standar d glas s 

drawin g machines .  Quart z  capillar y column s  ca n b e  draw n b y replacin g th e 

softenin g furnac e  wit h a  hydrogen-oxyge n burne r  o r  graphit e  furnac e  an d makin g 

th e  ben t  pip e  fro m a  platinu m allo y tha t  i s  ai r  stabl e  whe n heate d t o 

1250-1350° C [247] ,  However ,  thi s  i s  no t  th e  proces s  use d t o  fabricat e  fuse d 

silic a  ope n tubula r  column s  widel y use d i n  ga s  chromatograph y today .  Thes e 

thin-walle d polymer-coate d column s  ar e  draw n b y technique s  simila r  t o  thos e  use d 

fo r  manufacturin g optica l  fiber s  [247,248] .  Thi s  typ e  o f  equipmen t  i s  no t 

normall y foun d i n  analytica l  laboratories .  Th e  tubing ,  a s  drawn ,  i s  inherentl y 

straigh t  bu t  sufficientl y  flexibl e  t o  b e  coile d o n a  spoo l  fo r  collectio n 

purposes .  A  protectiv e  polymeri c  sheat h i s  require d t o  protec t  th e  newl y draw n 

capillar y fro m atmospheri c  corrosion .  Mois t  ai r  cause s  th e  hydratio n o f 

straine d siloxy l  bond s  i n  th e  freshl y draw n tube ,  promotin g th e  growt h o f 

fissure s  o r  crack s  whic h mak e  th e  capillar y wea k an d friabl e  [249] .  Fo r  thi s 

reaso n th e  capillar y emergin g fro m th e  softenin g ove n i s  immediatel y passe d 

throug h a  reservoi r  containin g a  solutio n o f  a  hig h temperatur e  polymer ,  usuall y 

a  polyimide ,  an d the n throug h a n electrically-heate d dryin g ove n prio r  t o 

collectio n o n a  spool .  Typica l  drawin g rate s  fo r  flexibl e  thin-walle d fuse d 

silic a  capillar y column s  ar e  aroun d 1  m/s ,  substantiall y  highe r  tha n th e  rat e 

use d t o  dra w glas s  capillaries . 

The  desirabl e  flexibilit y  an d inheren t  straightnes s  o f  fuse d silic a  column s 

ar e  no t  specifi c  propertie s  o f  silic a  but ,  rather ,  ar e  du e  t o  th e  thinnes s  o f 

th e  wal l  an d th e  protectiv e  polymeri c  coating .  Flexibl e  soda-lim e  glas s 

capillar y column s  ca n als o b e  prepare d b y modifyin g a  standar d glas s  drawin g 

machin e  t o  dra w thin-walle d column s  whic h ar e  coate d wit h a  polymeri c  fil m i n a 

manne r  simila r  t o  th e  fuse d silic a  column s  [248,250] ,  However ,  th e 

chromatographi c  inertnes s  o f  soda-lim e  glas s  i s  no t  comparabl e  t o  fuse d silic a 

an d i t  remain s  t o  b e  see n whethe r  thes e  ne w column s  wil l  becom e  popula r  [251] . 

Nearl y al l  ope n tubula r  column s  i n  curren t  us e  hav e  circula r  cross-section s 

wit h interna l  diameter s  i n  th e  rang e  0.0 5 t o  1. 0  mm.  Theor y predict s  tha t  th e 
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efficienc y o f  suc h column s  coul d b e  increase d b y inducin g radia l  mixin g alon g 

th e  flo w pat h t o  minimiz e  th e  ga s  phas e  mas s  transfe r  contributio n t o  th e  colum n 

HETP value .  Geometricall y  deforme d helical ,  oval ,  square ,  an d crinkle d ope n 

tubula r  column s  hav e  bee n prepare d [252-255] ,  Thes e  column s  ar e  difficul t  t o 

coa t  efficientl y  an d practica l  demonstration s  o f  thei r  superiorit y  ove r  circula r 

column s  hav e  no t  bee n forthcoming . 

2.10. 2  Fil m Formatio n o n Glas s  Surface s 

To achiev e  a  hig h separatio n efficienc y i n  an y typ e  o f  ope n tubula r  colum n 

i t  i s  essentia l  tha t  th e  stationar y phas e  b e  deposite d a s  a  smooth ,  thin ,  an d 

homogeneou s  film .  Thi s  fil m mus t  als o maintai n it s  integrit y  withou t  formin g 

droplet s  whe n th e  colum n temperatur e  i s  varied . 

The  abilit y  o f  a  liqui d t o  we t  a  soli d  surfac e  i s  determine d b y th e  contac t 

angle ,  tha t  is ,  th e  angl e  betwee n th e  tangen t  t o  th e  liqui d dro p an d th e  soli d 

surface .  Whe n th e  contac t  angl e  i s  zer o th e  liqui d wet s  th e  surfac e 

completely .  A s  th e  contac t  angl e  increase s  th e  tendenc y fo r  a  liqui d t o  coa t  a 

surfac e  decreases .  Whethe r  a  liqui d wil l  we t  a  surfac e  depend s  o n th e 

differenc e  betwee n th e  cohesio n force s  insid e  th e  liqui d an d th e  energ y o f  th e 

soli d  surface ;  spreadin g generall y  occur s  whe n th e  specifi c  fre e  energ y o f  th e 

liqui d i s  les s  tha n tha t  o f  th e  solid .  Th e  critica l  surfac e  tensio n o f  a 

smooth ,  clea n glas s  i s  generall y  les s  tha n 3 0 dyne/c m whil e  th e  surfac e  tension s 

of  typica l  stationar y phase s  ar e  i n  th e  rang e  o f  30-5 0 dyne/c m [226,256-259] . 

Consequently ,  mos t  stationar y phase s  exhibi t  larg e  contac t  angle s  o n glas s  an d 

do no t  for m unifor m films . 

Solution s  t o  th e  abov e  proble m ar e  require d i f  efficien t  ope n tubula r 

column s  ar e  t o  b e  prepared .  Th e  energ y o f  th e  smoot h glas s  surfac e  ca n b e 

increase d b y roughenin g o r  chemica l  modification ,  o r  th e  surfac e  tensio n o f  th e 

stationar y phas e  ca n b e  lowere d b y th e  additio n o f  a  surfactant .  Roughenin g 

and/o r  chemica l  modificatio n ar e  th e  mos t  widel y use d technique s  fo r  colum n 

preparation ;  th e  additio n o f  a  surfactant ,  althoug h effective ,  modifie s  th e 

separatio n propertie s  o f  th e  stationar y phas e  an d ma y als o limi t  th e  therma l 

stabilit y  o f  column s  prepare d wit h hig h temperatur e  stabl e  phases . 

Roughening ,  achieve d b y chemica l  treatmen t  o f  th e  glas s  surface ,  enhance s 

th e  wettabilit y  o f  th e  glas s  surfac e  b y increasin g th e  surfac e  are a  ove r  whic h 

interfacia l  force s  ca n ac t  an d dissipat e  th e  cohesiv e  energ y o f  th e  drop .  Th e 

surfac e  tensio n o f  th e  stationar y phas e  ca n als o b e  lowere d b y creatin g a  thi n 

fil m o n th e  glas s  surface .  Thi s  fil m ca n b e  eithe r  a  bonde d organi c  layer , 

produce d b y silylatio n o f  th e  glas s  surface ,  o r  a  non-extractabl e  polymeri c  fil m 

forme d b y th e  therma l  degradatio n o f  a  polymeri c  substrate .  I n  subsequen t 

section s  th e  chemistr y o f  th e  abov e  processe s  wil l  b e  discusse d i n  mor e  detail . 
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Althoug h th e  stationar y phase s  use d t o  prepar e  packe d column s  migh t  b e  use d 

t o  prepar e  ope n tubula r  columns ,  al l  o f  thes e  phase s  ar e  no t  necessaril y  optima l 

fo r  thi s  purpose .  Ope n tubula r  column s  ar e  generall y  coate d wit h film s  tha t  ar e 

sufficientl y  thi n tha t  diffusio n i n  th e  liqui d phas e  i s  no t  limite d b y th e 

viscosit y  o f  th e  stationar y phase .  Efficien t  ope n tubula r  column s  ca n therefor e 

be  coate d wit h speciall y  prepare d gu m o r  crosslinke d phase s  o f  ver y hig h 

viscosit y  [33,260,261] ,  A t  hig h temperature s  viscou s  phase s  resis t  drople t 

formatio n an d ca n remai n indefinitel y  stabl e  a s  smoot h films .  We  wil l  retur n t o 

thi s  poin t  later . 

2.10. 3  Surfac e  Modificatio n Reaction s 

Most  stationar y phase s  d o no t  for m thin ,  uniform ,  stabl e  film s  whe n coate d 

ont o smoot h glas s  surfaces .  T o improv e  th e  wettin g characteristic s  o f  commo n 

stationar y phases ,  surfac e  roughenin g technique s  ar e  use d [226,229,241,251 , 

262] .  Numerou s  roughenin g method s  hav e  bee n investigate d bu t  onl y a  fe w ar e 

use d frequently .  Th e  mos t  importan t  reaction s  ar e  etchin g b y gaseou s  hydroge n 

chloride ,  leachin g wit h aqueou s  hydrochlori c  acid ,  formatio n o f  whiskers ,  an d 

solutio n depositio n o f  a  fil m o r  laye r  o f  soli d  particles . 

The  stati c  o r  dynami c  etchin g o f  soda-lim e  glas s  capillarie s  result s  i n  th e 

formatio n o f  a  regularl y  space d arra y o f  sodiu m chlorid e  crystal s  o n th e  inne r 

surfac e  o f  th e  column .  Borosilicat e  glasse s  contai n a  lo w concentratio n o f 

alkal i  ion s  an d ar e  littl e  change d b y hydroge n chlorid e  treatment ,  unlik e 

soda-lim e  glasse s  whic h becom e  opaqu e  i n  appearance .  Hydroge n chlorid e  etchin g 

i s  considere d essentiall y  a  techniqu e  fo r  roughenin g th e  surfac e  o f  soda-lim e 

capillaries ,  althoug h simila r  treatmen t  o f  borosilicat e  glas s  ofte n improve s  it s 

wettin g an d deactivatio n characteristic s  a s  well . 

To etc h soda-lim e  capillar y column s  th e  dr y colum n i s  fille d wit h hydroge n 

chlorid e  ga s  an d the n seale d a t  bot h end s  wit h a  microtorch .  Th e  colum n i s  the n 

heate d a t  30 0 t o  400° C fo r  betwee n 3  t o  1 2 h  dependin g o n th e  metho d followe d 

[256,263,264] .  Dynami c  etchin g wit h a  continuou s  flo w o f  hydroge n chlorid e 

yield s  a  surfac e  covere d wit h a  larg e  numbe r  o f  relativel y smal l  particle s  o f 

dissimila r  siz e  an d shape .  I n  th e  presenc e  o f  exces s  hydroge n chlorid e  (th e 

stati c  method )  recrystallizatio n i s  relativel y slo w compare d t o  particl e  growth , 

accountin g fo r  th e  difference s  i n  th e  surface s  generate d b y th e  tw o methods . 

The  stati c  metho d provide s  th e  mos t  unifor m surfac e  an d i s  preferre d fo r  colum n 

preparation .  A  detaile d stud y o f  th e  mechanis m o f  sodiu m chlorid e  crysta l 

formatio n ha s  bee n give n b y Franke n e t  al .  [263 ]  an d i s  summarize d i n  Tabl e 

2.18 .  Bading s  e t  al ,  note d tha t  capillar y column s  seale d an d store d afte r 

hydroge n chlorid e  treatmen t  develope d surfac e  irregularitie s  compare d t o  freshl y 

prepare d column s  [264] ,  Residua l  wate r  i n  th e  capillarie s  cause d migratio n an d 
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recrystallizatio n o f  th e  sodiu m chlorid e  particles .  Column s  shoul d b e  eithe r 

coate d immediatel y afte r  etchin g o r  evacuate d prio r  t o  sealin g fo r  storage . 

Hydroge n chlorid e  etchin g ha s  certai n  limitations ,  th e  mos t  importan t  o f  whic h 

ar e  [226] : 

-  Th e  reproducibilit y  o f  th e  microroughene d surfac e  depend s  o n th e 

surfac e  compositio n o f  th e  glass . 

-  Th e  solubilit y  o f  sodiu m chlorid e  i n  variou s  solvent s  ca n presen t  a 

proble m durin g th e  rinsin g an d coatin g o f  columns . 

-  Thi n fil m column s  sho w adsorptiv e  behavio r  resultin g fro m th e  wea k 

Lewi s  aci d characte r  o f  th e  sodiu m ions . 

-  Th e  hig h alkal i  concentratio n o n capillar y surface s  increase s  th e 

catalyti c  decompositio n o f  som e  stationar y phases . 

Sequentia l  treatmen t  o f  sof t  glas s  capillarie s  wit h a  continuou s  flo w o f 

hydroge n chlorid e  a t  450°C ,  followe d b y treatmen t  wit h hydroge n fluoride -

nitroge n (1:1 )  fo r  1  t o  2  h  a t  th e  sam e  temperature ,  result s  i n  a  les s 

adsorptiv e  surface .  Afte r  coatin g thes e  column s  ar e  mor e  thermall y stabl e  an d 

sho w les s  tailin g an d stationar y phas e  blee d tha n statically-etche d soda-lim e 

column s  [265] .  Th e  experimenta l  condition s  mus t  b e  carefull y  selecte d t o  avoi d 

whiske r  formation ,  whic h take s  plac e  unde r  stati c  etchin g condition s  [266,267] , 

TABLE 2.1 8 

MECHANISM FO R TH E FORMATION O F SODIU M CHLORIDE CRYSTALS DURIN G STATI C ETCHIN G 
OF SODA-LIM E CAPILLARIE S WIT H GASEOUS HYDROGEN CHLORIDE 

1.  Durin g th e  drawin g o f  capillar y columns ,  vapor-phas e  Na£ 0 condense s  o n 
th e  colum n surfac e  durin g cooling ,  formin g a n alkali-ric h surfac e  laye r 
whic h serve s  a s  site s  fo r  nucleation . 

2.  Th e  sodiu m ion s  becom e  mor e  mobil e  a t  th e  hig h temperature s  neede d fo r 
reaction .  Becaus e  o f  thei r  smal l  diameters ,  thes e  ion s  mov e  rathe r  freel y 
throug h th e  lattic e  towar d th e  surface .  A t  th e  sam e  tim e  Ç  ion s  fro m 
th e  HC 1 ga s  diffus e  int o th e  glas s  surface . 

3.  A t  th e  surface ,  sodiu m ion s  exchang e  wit h hydroge n ion s  accordin g t o  th e 
followin g equation : 

-Si-ON a  +  Ç  >  -Si-O H +  Na T 

I I 
4.  Th e  Na + ion s  mov e  acros s  th e  glas s  surface ,  associat e  wit h C I 

ions ,  an d randoml y locat e  o n a  nucleatio n site .  Consequently ,  th e  initia l 
NaCl  particle s  forme d ten d t o  hav e  circular ,  flattened-conve x shapes . 

5.  A s  th e  HC 1 ga s  i s  consumed ,  particl e  growt h slow s  dow n an d recrystal -
lizatio n become s  competitive .  Ultimately ,  rectangula r  crystal s  ar e  formed . 

6.  I f  th e  hea t  treatmen t  i s  continue d fo r  lon g periods ,  larg e  NaC l  crystal s 
gro w a t  th e  expens e  o f  smalle r  ones . 
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Hydroge n fluorid e  ga s  i s  highl y toxi c  an d thi s  ha s  probabl y limite d th e  genera l 

appea l  o f  th e  method . 

Aci d leachin g wit h solution s  o f  hydrochlori c  aci d produce s  a  differen t 

effec t  tha n aci d etchin g i n  th e  ga s  phase .  Controlle d aci d leachin g remove s 

metalli c  cation s  fro m th e  glas s  surfac e  t o  for m a  silica-ric h surface .  Th e  ne w 

surfac e  laye r  greatl y  minimize s  th e  effect s  o f  glas s  variet y  o n subsequen t 

treatment s  an d lend s  a  highe r  degre e  o f  reproducibilit y  t o  colum n preparation . 

Lewi s  aci d site s  ar e  removed ,  leavin g highl y adsorptiv e  silano l  groups ;  th e 

latte r  ar e  easil y  deactivated ,  fo r  example ,  b y silylation .  Thu s  acid-leache d 

borosilicat e  an d soda-lim e  glasse s  ar e  ver y iner t  afte r  deactivatio n an d ca n b e 

coate d wit h thi n film s  o f  nonpola r  phases .  A s  fuse d silic a  contain s  onl y trace s 

of  meta l  impurities ,  aci d leachin g prio r  t o  coatin g wit h nonpola r  phase s  i s  no t 

normall y required . 

Borosilicat e  an d soda-lim e  glas s  capillar y column s  ca n b e  leache d wit h 

aqueou s  hydrochlori c  aci d usin g th e  stati c  [268,269 ]  o r  dynami c  [270-272 ] 

method .  I n  th e  stati c  metho d th e  colum n i s  fille d wit h 20 % v/ v hydrochlori c 

acid ,  a  smal l  portio n o f  th e  colum n i s  emptie d an d the n evacuated ,  th e  end s  ar e 

seale d an d th e  colum n i s  heate d overnigh t  a t  14 0 t o  170°C .  Th e  colum n i s 

partiall y  emptie d an d evacuate d t o  provid e  a n expansio n zon e  fo r  th e  heate d 

liquid .  Fo r  borosilicat e  column s  i t  i s  recommende d tha t  th e  evacuate d portio n 

of  th e  colum n shoul d correspon d t o  7 % o f  th e  colum n lengt h an d th e  colum n shoul d 

be  heate d a t  170° C fo r  1 2 t o  1 6 h .  Fo r  soda-lim e  column s  th e  evacuate d portio n 

of  th e  colum n shoul d correspon d t o  4 % o f  th e  colum n lengt h an d i t  shoul d b e 

heate d a t  140° C fo r  1 2 t o  1 6 h .  Afte r  leachin g th e  column s  ar e  coole d an d the n 

rinse d wit h 1 % v/ v hydrochlori c  aci d t o  remov e  th e  dissolve d meta l  ions .  On e  t o 

tw o colum n volume s  a t  a  flo w rat e  no t  greate r  tha n 2  cm/ s  ar e  usuall y  sufficien t 

fo r  th e  rins e  step .  T o avoi d readsorptio n o f  dissolve d meta l  ion s  b y th e 

surfac e  hydrogel ,  th e  entir e  rinsin g proces s  shoul d occu r  unde r  stron g aci d 

condition s  (distille d wate r  shoul d no t  b e  used) .  Also ,  shor t  (2 0 meter )  column s 

ar e  muc h easie r  t o  rins e  ou t  withou t  readsorptio n o f  meta l  ion s  tha n longe r 

columns .  Afte r  rinsin g th e  swolle n surfac e  hydroge l  i s  dehydrate d b y applyin g a 

vacuu m t o bot h end s  o f  th e  colum n simultaneously ,  o r  b y applyin g th e  vacuu m t o 

eithe r  en d o f  th e  colum n fo r  1 0 t o  2 0 minute s  alternately ,  whil e  th e  colum n i s 

heated .  Recommende d condition s  fo r  1 5 t o  2 0 m  colum n length s  ar e  2  h  a t  300°C , 

an d 3  h  a t  300° C fo r  3 0 t o  5 0 m  colum n lengths . 

For  dynami c  leachin g th e  colum n i s  mounte d i n  a n ove n wit h bot h end s 

extendin g t o  th e  outside .  On e  en d i s  connecte d t o  a  reservoi r  an d a  solutio n o f 

20 % v/ v hydrochlori c  aci d i s  force d throug h th e  colum n a t  a  temperatur e  o f 

100°C .  Generally ,  lon g length s  (e.g. ,  9 0 m )  o f  capillar y tubin g ar e  leache d 

wit h 5 0 m l  o f  aci d fo r  approximatel y 4 8 h .  Th e  leachin g ste p ma y nee d t o  b e 
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repeate d afte r  a n intermediat e  dryin g stag e  t o  produc e  th e  bes t  results .  Afte r 

leachin g th e  colum n i s  rinse d wit h distille d wate r  an d the n drie d b y purgin g 

wit h dr y nitroge n a t  150° C fo r  abou t  1 2 h .  Venem a  e t  al .  [272 ]  hav e  recommende d 

slightl y  differen t  condition s  fo r  th e  dynami c  leachin g o f  soda-lim e  capillar y 

columns . 

A variet y  o f  reagent s  an d method s  hav e  bee n use d fo r  extendin g th e  surfac e 

are a  o f  borosilicat e  o r  soda-lim e  glasse s  b y th e  preparatio n o f  whiske r 

surfaces .  A  hig h densit y  ligh t  surfac e  etc h ca n b e  obtaine d b y flushin g th e 

capillar y colum n wit h eithe r  a n aqueou s  solutio n o f  potassiu m bifluorid e  [273 ] 

or  a  methanoli c  solutio n o f  ammoniu m bifluorid e  [274] ,  Treatmen t  o f 

borosilicat e  glas s  wit h ammoniu m bifluorid e  result s  i n  a  thin ,  unifor m etc h wit h 

a  dept h o f  0.0 5 t o  0. 4  micrometer s  an d a  distanc e  o f  2  t o  6  micrometer s  betwee n 

whiskers .  Thi s  i s  a  relativel y ligh t  surfac e  modificatio n compare d t o  whisker s 

grow n a t  hig h temperatures .  However ,  th e  abov e  method s  ar e  simpl e  t o  carr y ou t 

and ,  afte r  aci d leachin g an d deactivation ,  ar e  suitabl e  fo r  preparin g column s 

coate d wit h nonpola r  an d moderatel y pola r  stationar y phases . 

Whiske r  column s  o f  hig h densit y  ar e  prepare d b y th e  actio n o f  hydroge n 

fluorid e  ga s  o n th e  glas s  surfac e  a t  hig h temperatures .  Th e  ga s  itsel f  i s 

rarel y use d becaus e  o f  safet y consideration s  (toxicity )  an d th e  ofte n observe d 

non-uniformit y o f  whiske r  growt h [266,267] ,  Th e  preferre d metho d i s  t o  generat e 

hydroge n fluorid e  i n  sit u  b y th e  therma l  decompositio n o f  2-chloro-l,1,2-tri -

fluoroethy l  methy l  ethe r  [267,275-279 ]  o r  ammoniu m bifluorid e  [280] ,  Th e 

mechanis m o f  whiske r  formatio n i s  no t  know n wit h certaint y bu t  i t  i s  assume d 

tha t  th e  hydroge n fluorid e  generate d react s  wit h th e  glas s  t o  for m silico n 

tetrafluoride ,  whic h i s  the n converte d int o silico n dioxid e  an d deposite d i n  th e 

for m o f  whiskers .  Th e  whiske r  surfac e  ha s  a  surfac e  are a  a  thousan d time s  o r  s o 

highe r  tha n th e  smoot h glas s  surfac e  an d consist s  o f  a  densel y packe d laye r  o f 

filamentar y projection s  whos e  siz e  an d lengt h depen d o n th e  experimenta l 

conditions .  Unde r  optimu m condition s  whisker s  o f  4  t o  5  micrometer s  i n  lengt h 

ar e  obtained .  Wit h th e  2-chloro-l,1,2-trifluoroethy l  methy l  ether ,  th e 

importan t  experimenta l  variable s  ar e  reagen t  concentration ,  temperature ,  an d 

reactio n time .  A t  temperature s  belo w 250° C whiske r  formatio n doe s  no t  occur . 

The  optimu m temperatur e  fo r  whiske r  formatio n i s  i n  th e  regio n o f 

400°C .  Whiske r  lengt h an d surfac e  densit y  increas e  wit h th e  growt h perio d an d a 

tim e  o f  2 4 h  i s  considere d optimum .  Mos t  variation s  i n  methodolog y diffe r  i n 

th e  amoun t  o f  reagen t  use d fo r  whiske r  growth .  Pretoriu s  recommende d a 

concentratio n o f  2. 5  t o  10 % o f  th e  colum n volum e  [275] ;  Sandr a  [277 ]  suggeste d 

tha t  i t  wa s  preferabl e  t o  calculat e  th e  amoun t  o f  ethe r  a s  a  functio n o f  th e 

colum n surfac e  are a  an d recommende d a  concentratio n o f  approximatel y 0. 3 
2 

microliters/c m ;  whil e  Gate s  [279 ]  foun d masterin g th e  techniqu e  o f  Pretoriu s 

(injectio n o f  sampl e  throug h a  septu m int o a  colum n evacuate d t o  1 0  ̂  mmHg) 
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difficul t  an d recommende d tha t  th e  reagen t  b e  dynamicall y  coate d ont o th e  colum n 

wal l  an d th e  colum n the n sealed .  Afte r  etchin g b y an y o f  th e  abov e  method s 

carbo n deposit s  forme d b y decompositio n o f  th e  ethe r  mus t  b e  remove d b y flushin g 

wit h oxygen .  Typica l  condition s  involv e  passin g a  continuou s  flo w o f  oxyge n 

throug h th e  colum n a t  450° C fo r  8  t o  1 2 h .  Th e  ammoniu m bifluorid e  metho d ha s 

th e  advantag e  tha t  onl y volatil e  product s  (H F an d NH^ )  ar e  produce d b y therma l 

decomposition .  Colum n preparatio n tim e  i s  als o considerabl y reduced .  Fo r 

optimu m whiske r  growt h th e  reagen t  i s  dynamicall y  coate d an d th e  seale d colum n 

i s  the n heate d a t  450° C fo r  3  h .  Soda-lim e  glasse s  ar e  unsuitabl e  fo r  preparin g 

whiske r  column s  du e  t o  thei r  lo w softenin g temperature . 

The  larg e  surfac e  are a  o f  whiske r  column s  enable s  an y stationar y phas e  t o 

be  coate d efficientl y  withou t  drople t  formatio n an d thei r  sampl e  capacit y  i s 

much highe r  tha n WCOT columns .  Anothe r  advantag e  i s  tha t  th e  roughene d surfac e 

improve s  th e  therma l  stabilit y  o f  th e  stationar y phas e  film ,  allowin g hig h 

temperatur e  colum n operation .  O n th e  debi t  side ,  whiske r  surface s  ar e  extremel y 

activ e  an d ver y difficul t  t o  deactivate ,  and ,  becaus e  o f  th e  hig h degre e  o f 

roughening ,  the y ar e  les s  efficien t  tha n WCOT columns . 

Glas s  surface s  ca n als o b e  roughene d b y depositio n o f  a  thi n homogeneou s 

fil m o f  particl e  materia l  fro m solution .  Sinc e  hydroge n chlorid e  etchin g o f 

soda-lim e  glas s  result s  i n  a  crystallin e  laye r  o f  sodiu m chlorid e  the n a  logica l 

extensio n woul d b e  t o  for m a  simila r  laye r  b y depositio n o f  sodiu m chlorid e  fro m 

solution .  Soda-lim e  glas s  capillarie s  coate d wit h sodiu m chlorid e  dendrite s 

wer e  prepare d b y dynami c  coatin g wit h a n aqueou s  sodiu m chlorid e  solutio n tha t 

als o containe d a  surfactan t  [281] .  Althoug h thes e  column s  provide d adequat e 

roughenin g fo r  coatin g wit h moderatel y pola r  phases ,  th e  degre e  o f  roughnes s  wa s 

inadequat e  t o  stabiliz e  th e  mor e  difficul t  t o  coa t  pola r  phases .  I n  a n 

alternativ e  approac h a  dens e  laye r  o f  sodiu m chlorid e  crystal s  wa s  forme d b y 

dynamicall y  coatin g th e  column s  wit h a  stabl e  sodiu m chlorid e  suspensio n tha t 

was  prepare d b y th e  additio n o f  a  saturate d solutio n o f  sodiu m chlorid e  i n 

methano l  t o  1,1,1-trichloroethan e  [282] .  Durin g th e  passag e  o f  th e  suspensio n 

throug h th e  column ,  particle s  o f  sodiu m chlorid e  deposi t  spontaneousl y o n th e 

colum n wall ,  buildin g u p a  laye r  o f  sodiu m chlorid e  whic h graduall y  reache s  a 

maximu m density .  Afte r  deactivation ,  coatin g wit h pola r  stationar y phase s 

produce s  efficien t  an d thermall y stabl e  columns .  Surfac e  roughenin g wit h a  thi n 

fil m o f  amorphou s  silic a  ca n b e  achieve d b y th e  dynami c  coatin g o f  capillar y 

column s  wit h a n aqueou s  solutio n o f  wate r  glas s  followe d b y reactio n wit h 

hydroge n chlorid e  [283 ]  o r  b y allowin g silico n tetrachlorid e  vapo r  t o  reac t  wit h 

a  humi d glas s  surfac e  [284] ,  Afte r  deactivation ,  coatin g wit h nonpola r  an d 

mediu m pola r  phase s  produce s  efficien t  columns .  Neithe r  th e  sodiu m chlorid e  no r 

silic a  depositio n method s  hav e  bee n widel y adopted . 

Of  th e  depositio n methods ,  th e  bariu m carbonat e  procedur e  develope d b y Gro b 
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ha s  bee n th e  mos t  widel y evaluate d [285-288] .  Th e  genera l  procedur e  consist s  o f 

dynamicall y  coatin g th e  glas s  surfac e  wit h bariu m hydroxid e  solutio n usin g 

carbo n dioxid e  ga s  t o  pus h th e  plu g o f  hydroxid e  solutio n throug h th e  colum n an d 

generat e  th e  bariu m carbonat e  layer .  Fro m a  saturate d solutio n o f  bariu m 

hydroxide ,  a  rathe r  dens e  crysta l  laye r  i s  obtaine d tha t  i s  suitabl e  fo r  coatin g 

wit h pola r  phases .  Fro m graduall y  dilute d coatin g solution s  th e  crystal s  becom e 

mor e  distan t  whil e  th e  glas s  surfac e  betwee n th e  crystal s  remain s  covere d b y a 

ver y thi n an d smoot h laye r  o f  bariu m carbonate .  Whe n th e  solutio n i s  dilute d 

50 -  t o  100-fol d th e  crystal s  disappear ,  leavin g th e  smoot h surfac e  cove r  only . 

Thi s  thi n fil m i s  suitabl e  fo r  coatin g wit h nonpola r  phase s  wher e  th e  bariu m 

carbonat e  laye r  function s  mor e  a s  a  deactivatin g agen t  fo r  surfac e  activ e  site s 

tha n a s  a  roughenin g agent .  Th e  preparatio n o f  th e  bariu m carbonat e  laye r  i s 

influence d b y a  larg e  numbe r  o f  experimenta l  variable s  includin g th e  glas s 

surfac e  structure ,  th e  crystallizatio n temperature ,  th e  additio n o f  stationar y 

phas e  modifier s  (surfactants) ,  an d th e  metho d use d fo r  deactivation .  Carefu l 

attentio n t o  th e  experimenta l  detail s  enable s  column s  t o  b e  prepare d wit h a 

fairl y  hig h succes s  rate ,  althoug h colum n efficienc y i s  usuall y  lowe r  tha n wit h 

othe r  methods .  Genera l  problem s  ar e  th e  difficult y  o f  completel y deactivatin g 

th e  bariu m carbonat e  laye r  an d th e  poo r  therma l  stabilit y  o f  som e  phase s  whe n 

coate d ont o thi s  layer . 

For  th e  purpos e  o f  perspectiv e  i t  shoul d b e  note d tha t  th e  roughenin g 

method s  discusse d abov e  wer e  importan t  development s  i n  capillar y colum n 

technolog y durin g th e  mid-1970 Ts  t o  th e  1980 f s  whe n borosilicat e  an d soda-lim e 

glasse s  wer e  use d predominantly .  Th e  shif t  i n  emphasi s  i n  colum n technolog y 

fro m thes e  glasse s  t o  th e  us e  o f  fuse d silic a  capillarie s  coate d wit h 

immobilize d phase s  ha s  diminishe d thei r  genera l  importance ,  eve n fo r  pola r 

phases ,  whic h a t  firs t  wer e  though t  t o  b e  impossibl e  t o  coa t  o n th e  smooth , 

inactiv e  fuse d silic a  surface .  Improvement s  i n  stationar y phas e  technolog y hav e 

rendere d thi s  concer n virtuall y  obsolete ;  man y no w conside r  th e 

soda-lime/borosilicat e  glas s  capillar y colum n extinc t  i n  moder n colum n 

technology . 

2.10. 4  Surfac e  Deactivatio n Method s 

Roughenin g th e  surface s  o f  soda-lim e  an d borosilicat e  glasse s  t o  improv e 

thei r  wettin g characteristic s  result s  i n  a  concomitan t  increas e  i n  th e 

adsorptiv e  activit y  o f  th e  columns .  Withou t  deactivation ,  column s  coate d wit h 

nonpola r  an d moderatel y pola r  stationar y phase s  exhibi t  undesirabl e 

chromatographi c  propertie s  suc h a s  pea k tailin g an d incomplet e  elutio n o f  pola r 

solute s  [289] .  Althoug h pola r  stationar y phase s  ma y ac t  a s  thei r  ow n 

deactivatin g agents ,  colum n pretreatmen t  i s  stil l  advisabl e  t o  ensur e  complet e 
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deactivatio n an d t o  improv e  th e  therma l  stabilit y  o f  th e  stationar y phas e  fil m 

[290] ,  Thus ,  i n  general ,  th e  processe s  o f  surfac e  roughenin g an d deactivatio n 

ar e  complementar y step s  i n  th e  colum n preparatio n sequence ,  especiall y  sinc e  i t 

i s  ofte n difficul t  t o  completel y deactivat e  glas s  surface s  withou t  firs t 

includin g a n activatio n procedure .  I n  thi s  respect ,  aci d leachin g ma y b e 

considere d a s  bot h a n activatio n an d deactivatio n proces s  a s  i t  denude s  th e 

glas s  surfac e  o f  Lewi s  aci d site s  whil e  increasin g th e  concentratio n o f  silano l 

groups .  Deactivatin g silano l  group s  i s  mor e  straightforwar d tha n Lewi s  aci d 

sites ,  thu s  aci d leachin g i s  no w widel y use d a s  a  preliminar y ste p i n  th e 

preparatio n o f  inert ,  nonpola r  ope n tubula r  columns . 

The  effectivenes s  o f  a  particula r  deactivatin g reagen t  depend s  o n th e 

propertie s  o f  th e  glass ,  th e  stationar y phase ,  an d th e  sampl e  t o  b e  analyzed ,  a s 

wel l  a s  o n th e  metho d o f  surfac e  roughening .  N o universa l  metho d o f 

deactivatio n exist s  bu t  som e  technique s  hav e  emerge d a s  mor e  usefu l  tha n 

others .  Th e  mos t  widel y use d method s  includ e  coatin g wit h a  surfac e  activ e 

reagent ,  formatio n o f  a  nonextractabl e  polymeri c  film ,  o r  silylatio n prio r  t o 

coatin g wit h th e  stationar y phase . 

Precoatin g th e  colum n wit h a  thi n fil m o f  a  surfac e  activ e  reagen t  suc h a s 

benzyltriphenylphosphoniu m chlorid e  (BTPPC) ,  di-iso-butylphenoxyethoxy -

ethyldimethylbenzylammoniu m chlorid e  (BAC) ,  o r  trioctadecylmethylammoniu m 

bromid e  i s  notabl e  fro m a n histori c  poin t  o f  vie w [277,291-293] ,  However , 

deactivatio n usin g th e  abov e  reagent s  wa s  rarel y complete ,  wa s  ofte n difficul t 

t o  reproduc e  exactl y  fro m colum n t o column ,  an d th e  finishe d column s  usuall y 

exhibite d poo r  therma l  stabilit y  (generall y  ineffectiv e  a t  temperature s  abov e 

220-250°C) .  Also ,  th e  reagent s  themselve s  contribute d t o  th e  retentio n o f  pola r 

solutes ,  particularl y  i f  column s  wer e  subsequentl y  coate d wit h nonpola r 

stationar y phases .  A  mor e  widel y use d metho d i s  t o  precoa t  th e  colum n wit h a 

nonextractabl e  fil m o f  a  polymeri c  substance .  Th e  therma l  degradatio n product s 

of  Carbowa x 20 M [294-298] ,  th e  polymethylsiloxane s  [298,299] ,  an d 

N-cyclohexyl-3-azetidino l  [277,278 ]  ar e  th e  mos t  widel y used .  Th e  Carbowa x 

treatmen t  ca n b e  performe d i n  eithe r  o f  tw o ways .  Th e  colum n ca n b e  dynamicall y 

coate d wit h a  solutio n o f  Carbowa x 20 M i n a  volatil e  solvent ,  exces s  solven t  i s 

the n evaporate d wit h a  strea m o f  nitrogen ,  th e  colum n end s  ar e  sealed ,  an d th e 

colum n i s  heate d a t  abou t  260-280° C fo r  12-1 6 h .  Afte r  th e  colum n i s  cooled , 

exces s  Carbowa x an d othe r  by-product s  ar e  remove d b y rinsin g wit h suitabl e 

solvents .  Th e  colum n ma y als o b e  deactivate d b y vapo r  phas e  treatmen t  [297] , 

For  thi s  purpos e  a  shor t  precolumn ,  containin g Carbowa x 20 M coate d ont o a 

support ,  i s  inserte d int o a  separat e  heate r  o r  th e  injectio n heate r  o f  a  ga s 

chromatograp h an d connecte d directl y  t o  th e  colum n t o b e  deactivated ,  whic h i s 

house d i n  a  separat e  oven .  Th e  precolum n i n maintaine d a t  a  temperatur e  o f 

abou t  260°C ,  5-10° C highe r  tha n th e  capillar y column .  Deactivatio n i s  complete d 
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by allowin g th e  degradatio n product s  t o  blee d throug h th e  capillar y colum n fo r 

abou t  1 6 h  wit h a  slo w flo w o f  carrie r  gas .  Th e  mechanis m o f  Carbowa x 

deactivatio n remain s  unknown ,  althoug h i t  i s  believe d tha t  th e  therma l 

degradatio n product s  bon d chemicall y  t o  th e  surfac e  silano l  group s  a t  th e  hig h 

temperature s  employed .  Carbowa x pretreatmen t  i s  reasonabl y successfu l  i n 

maskin g th e  influenc e  o f  silano l  group s  bu t  les s  s o i n  maskin g Lewi s  aci d site s 

associate d wit h meta l  ions ;  th e  latte r  ar e  bette r  remove d b y aci d leaching . 

Carbowa x deactivatio n method s  hav e  bee n use d t o  prepar e  bot h nonpola r  an d pola r 

column s  an d reduce d activit y  towar d man y sensitiv e  compound s  ha s  bee n 

demonstrated .  Th e  deactivate d laye r  i s  thermall y stabl e  unde r  continuou s  us e  a t 

temperature s  u p t o  abou t  220° C an d fo r  intermitten t  us e  u p t o  abou t 

250°C .  Column s  coate d wit h nonpola r  stationar y phase s  ma y sho w mixe d liqui d 

phas e  retentio n behavior .  Carbowa x pretreatmen t  i s  inadequat e  fo r  deactivatin g 

whiske r  columns . 

The  effectivenes s  o f  deactivatio n technique s  i n  reducin g th e  activit y  o f 

glas s  column s  ca n b e  judge d fro m th e  analysi s  o f  polarit y  tes t  mixture s  [277] . 

On bar e  Pyre x glass ,  Figur e  2.10A ,  dibutylketon e  exhibit s  tailin g whil e 

2-propylcyclohexano l  an d 2,6-dimethylanilin e  ar e  completel y adsorbed .  Etchin g 

th e  colum n wit h hydroge n chlorid e  ga s  reduce s  th e  activit y  slightly ,  Figur e 

2.10B .  Furthe r  deactivatio n o f  th e  etche d Pyre x colum n wit h 

benzyltriphenylphosphoniu m chlorid e  diminishe s  th e  colum n activity ,  althoug h 

2-propylcyclohexano l  an d 2,6-dimethylanilin e  stil l  displa y som e  tailing ,  Figur e 

2.IOC .  Carbowa x 20 M i s  mor e  successfu l  tha n BTPPC ,  Figur e  2.10D .  Th e  highe r 

adsorptiv e  activit y  o f  Pyre x glas s  compare d t o  soda-lim e  glas s  ca n b e  see n b y 

comparin g th e  chromatogram s  fo r  hydroge n chlorid e  etche d an d Carbowa x 20 M 

deactivate d columns ,  Figure s  2.10 D an d 2.10E .  A s  th e  adsorptiv e  activit y  i s  a n 

importan t  consideratio n i n  judgin g th e  qualit y  o f  a n ope n tubula r  colum n w e  wil l 

retur n t o  thi s  subjec t  i n  a  subsequen t  section . 

The  therma l  degradatio n product s  o f  polymethylsiloxan e  stationar y phase s 

hav e  bee n use d b y Schombur g t o  deactivat e  glas s  an d fuse d silic a  column s  prio r 

t o  coatin g th e  column s  wit h thos e  sam e  phase s  [298,299] .  A n acid-leache d colum n 

i s  dynamicall y  coate d wit h a  solutio n o f  th e  polymethylsiloxan e  phase ,  th e 

solven t  i s  evaporated ,  an d th e  colum n i s  the n fille d wit h a n iner t  gas ,  sealed , 

an d heate d t o  betwee n 30 0 an d 450° C (dependin g o n th e  glas s  used )  fo r  severa l 

hours .  Afterwards ,  exces s  materia l  i s  remove d b y solven t  extractio n o r  b y hig h 

temperatur e  conditionin g wit h a  continuou s  flo w o f  iner t  gas .  I t  i s  postulate d 

tha t  unde r  th e  experimenta l  condition s  describe d abov e  th e  polymethylsiloxan e 

phas e  decomposes ,  releasin g degradatio n product s  whic h bon d chemicall y  t o  th e 

glas s  surface .  Th e  mechanis m ma y b e  ver y simila r  t o  tha t  o f  silylatio n wit h 

cycli c  siloxane s  describe d later .  Column s  prepare d i n  th e  abov e  manne r  exhibi t 

goo d deactivatio n o f  silano l  group s  wit h therma l  stabilitie s  tha t  endur e  abov e 
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Figur e  2.1 0 Th e  influenc e  o f  colum n activit y  o n th e  separatio n o f  a  polarit y 
tes t  mixtur e  containin g 1 .  n-decane ;  2 .  dibutylketone ; 
3.  undecane ;  A .  2-propylcyclohexanol ;  5 .  2,6-dimethylaniline ;  an d 
6.  n-dodecan e  o n A ,  bar e  Pyre x glass ;  B ,  Pyre x glas s  etche d wit h 
hydroge n chlorid e  gas ;  C ,  colum n Â  afte r  deactivatio n wit h BTPPC ; 
D,  colum n Â  afte r  deactivatio n wit h Carbowa x 20M ;  an d colum n Å 
soda-lim e  capillar y treate d a s  i n  D .  (Reproduce d wit h permissio n 
fro m ref .  277 .  Copyrigh t  Friedr .  Viewe g &  Sohn) . 

300°C . 

To reduc e  th e  activit y  o f  bot h Lewi s  aci d site s  an d silano l  group s  o n 

borosilicat e  glass ,  an d i n  particula r  fo r  whiske r  columns ,  Verzel e  ha s  suggeste d 

th e  us e  o f  cycli c  alkyl-azetidino l  reagent s  [277,278] .  Thes e  reagent s  ar e  hea t 

polymerize d t o  for m a  nonextractabl e  polymeri c  fil m a s  show n below . 

R - N . ^ - 0 H >  - Í 

L R 
R =  cyclohexy l  (CHAZ ) 

OH 

The  colum n i s  coate d dynamicall y  wit h a  5 % w/ v solutio n o f  th e  reagent ,  seale d 

afte r  evaporatio n o f  th e  solvent ,  an d the n heate d overnigh t  a t  125°C .  Afterward s 

th e  extractabl e  portio n o f  th e  polyme r  i s  remove d b y washin g th e  colum n 

successivel y wit h dr y methano l  an d dichloromethane .  Th e  deactivate d colum n i s 

thermall y stabl e  u p t o  abou t  240° C wit h occasiona l  us e  t o  abou t  280°C .  Verzel e 

ha s  als o show n tha t  coate d column s  ma y b e  deactivate d i n  sit u  b y severa l 

injection s  (0.1-0. 2 microliters )  o f  a  1: 1 solutio n o f  triethanolamine ,  o r 

preferabl y tri-isopropylamine ,  i n  dichloromethane .  Thi s  metho d i s  restricte d t o 

thos e  stationar y phase s  whic h ar e  abl e  t o  elut e  th e  reagen t  belo w thei r  maximu m 

operatin g temperature . 

I n  recen t  years ,  silylatio n b y pyrolysi s  o f  cycli c  siloxane s  [300-304 ]  o r 
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by hig h temperatur e  reactio n wit h a  disilazan e  [269,270,305-309 ]  ha s  emerge d a s 

th e  preferre d techniqu e  fo r  deactivatin g aci d leache d soda-lim e  an d borosilicat e 

glasse s  o r  fuse d silic a  capillar y columns .  Usin g reagent s  tha t  contai n pola r 

functiona l  group s  simultaneousl y improve s  th e  coatin g characteristic s  o f  pola r 

liqui d phases .  Thi s  i s  significan t  sinc e  silylatio n b y conventiona l 

alkylsilylatin g reagent s  result s  i n  a  surfac e  whic h ca n onl y b e  coate d 

effectivel y wit h nonpola r  liqui d phases . 

Deactivatio n wit h octamethylcyclotetrasiloxan e  (D^ )  i s  performe d b y 

dynamicall y  coatin g th e  colum n wit h th e  reagent ,  sealin g th e  ends ,  an d the n 

heatin g th e  colum n a t  400-420° C fo r  abou t  2  h .  Th e  colum n end s  ar e  the n broke n 

an d th e  colum n i s  purge d wit h nitroge n fo r  abou t  3 0 mi n a t  350° C t o remov e  an y 

residua l  reagent .  Sligh t  modificatio n o f  th e  experimenta l  condition s  enable s 

deactivatio n t o  b e  carrie d ou t  wit h hexaphenylcyclotrisiloxan e  [300] , 

octaphenylcyclotetrasiloxan e  [301] ,  cyanopropyl(methyl)cyclotetrasiloxan e  [303] , 

an d cycli c  (3,3,3-trifluoropropyl)methylsiloxane ,  creatin g iner t  surface s  whic h 

ca n b e  coate d wit h liqui d phase s  containin g th e  sam e  substituten t  grou p a s  th e 

deactivatin g reagent . 

High-temperatur e  silylatio n o f  leache d glas s  o r  fuse d silic a  column s  usin g 

hexamethyldisilazane ,  eithe r  alon e  o r  mixe d wit h trimethylchlorosilane ,  ca n b e 

performe d staticall y  [305,306 ]  o r  dynamicall y  [270] .  I n  th e  stati c  metho d a 

plu g o f  hexamethyldisilazan e  i s  quickl y pushe d throug h th e  colum n a t  4- 5 cm/s . 

Afte r  th e  reagen t  ha s  bee n expelle d th e  colum n end s  ar e  seale d an d th e  entir e 

colum n i s  slowl y heate d t o  300-400° C an d maintaine d ther e  fo r  4-2 0 h ,  dependin g 

on th e  metho d followed .  I n  th e  dynami c  metho d th e  colum n i s  place d i n  a n ove n 

at  400° C wit h bot h end s  extendin g ou t  o f  th e  oven .  On e  i s  connecte d t o  a 

bubble r  containin g th e  reagent ,  th e  vapor s  fro m whic h ar e  circulate d throug h th e 

colum n b y a  strea m o f  dr y nitroge n ga s  fo r  abou t  4 8 h .  Afte r  silylation ,  th e 

ove n i s  coole d t o  200°C ,  th e  bubble r  i s  removed ,  an d dr y nitroge n i s  passe d 

directl y  throug h th e  colum n fo r  abou t  3 0 mi n t o  flus h ou t  an y unreacte d 

reagent . 

An unexpecte d proble m ha s  bee n observe d i n  th e  stati c  silylatio n o f  glas s 

capillar y column s  wit h hexamethyldisilazan e  [307] ,  Silylatio n woul d b e  expecte d 

t o  procee d t o  completion ,  provide d a n exces s  o f  reagen t  wer e  present .  However , 

completio n i s  no t  reached .  Th e  probabl e  reaso n i s  tha t  th e  ammoni a  generate d 

durin g th e  silylatio n reactio n continue s  t o  ope n u p th e  silic a  network ,  thu s 

constantl y  liberatin g mor e  reactiv e  silano l  groups .  Wit h tim e  a  sponge-lik e 

surfac e  laye r  form s  an d become s  thoroughl y silylated .  Thi s  laye r  i s  a n 

effectiv e  adsorben t  fo r  nonpola r  substance s  bu t  repel s  pola r  materials . 

Consequently ,  excessiv e  silylatio n result s  i n  column s  whic h produc e  excellen t 

pea k shape s  fo r  pola r  solute s  whil e  peak s  fo r  alkane s  ar e  broadene d an d possibl y 

retaine d longe r  tha n expected .  Thu s  th e  optimize d condition s  fo r  silylatio n 
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discusse d abov e  shoul d b e  carefull y  followe d i n  orde r  t o  avoi d excessiv e 

silylation . 

Afte r  high-temperatur e  silylatio n wit h hexamethyldisilazan e  th e  surfac e 

energ y o f  th e  glas s  colum n surfac e  i s  to o lo w t o allo w coatin g wit h othe r  tha n 

nonpola r  stationar y phases .  Silylatio n wit h diphenyltetramethyldisilazan e  an d 

tetraphenyldimethyldisilazan e  yield s  inactiv e  surface s  wit h bette r  wettabilit y 

fo r  medium-pola r  stationar y phase s  [269,270,305,308] ,  Th e  larg e  siz e  o f  th e 

phenyl-substitute d alkylsily l  group s  ma y preven t  complet e  reactio n o f  al l 

silano l  group s  but ,  b y th e  sam e  token ,  i t  ma y provid e  a  bette r  shieldin g laye r 

(umbrell a  effect )  t o  cove r  unreactiv e  silano l  groups .  Th e  preliminar y dat a 

availabl e  suggest s  tha t  phenyl-substitute d silylatin g reagent s  produc e  a  mor e 

stabl e  deactivate d surfac e  tha n treatmen t  wit h hexamethyldisilazane . 

2.10. 5  Procedure s  fo r  Coatin g Ope n Tubula r  Column s 

The  objec t  o f  al l  coatin g procedure s  i s  th e  distributio n o f  th e  stationar y 

phas e  a s  a  thin ,  eve n fil m tha t  completel y cover s  th e  glas s  surface .  Thre e 

method s  ar e  currentl y  i n  us e  fo r  thi s  purpose :  dynami c  coating ,  th e  mercur y 

plu g dynami c  method ,  an d stati c  coating . 

For  dynami c  coating ,  a  suitabl e  coatin g reservoi r  i s  charge d wit h a 

solutio n o f  th e  stationar y phase ,  5-15 % w/v ,  whic h i s  force d b y ga s  pressur e 

int o th e  capillar y colum n t o b e  coate d [226,228,259,277] ,  Whe n abou t  25 % o f  th e 

colum n volum e  i s  fille d th e  colum n i s  withdraw n fro m th e  coatin g solutio n an d 

ga s  pressur e  i s  use d t o  forc e  th e  liqui d plu g throug h th e  colum n a t  a  linea r 

velocit y  o f  1- 2 cm/s .  T o maintai n a  constan t  coatin g velocit y  a  buffe r 

capillar y column ,  whic h i s  abou t  25 % o f  th e  lengt h o f  th e  colum n bein g coated , 

i s  attache d t o  th e  outle t  en d o f  th e  capillar y column .  Whe n al l  th e  coatin g 

solutio n ha s  lef t  th e  capillar y colum n i t  i s  disconnecte d fro m th e  buffe r  colum n 

an d th e  ga s  pressur e  i s  increase d t o  evaporat e  th e  solvent .  A  suitabl e 

experimenta l  arrangemen t  fo r  dynami c  coatin g i s  show n i n Figur e  2.11 A [277] . 

For  coatin g lon g length s  o f  narro w bor e  capillar y column s  a  hig h pressur e 

glass-line d stainles s  stee l  reservoi r  i s  require d [310,311] ;  otherwise ,  coatin g 

reservoir s  ar e  usuall y  mad e  fro m an y convenien t  screw-cappe d PTF E seale d vial , 

bottle ,  o r  tes t  tub e  [312] . 

The  thicknes s  an d uniformit y o f  th e  stationar y phas e  fil m produce d b y 

dynami c  coatin g i s  dependen t  o n th e  concentratio n an d viscosit y  o f  th e  coatin g 

solution ,  th e  coatin g velocity ,  an d th e  rat e  o f  solven t  evaporation .  A  weaknes s 

of  th e  dynami c  coatin g procedur e  i s  th e  difficult y  i n  accuratel y predictin g th e 

stationar y phas e  fil m thicknes s  prio r  t o  preparin g th e  column .  Method s  use d t o 

determin e  th e  stationar y phas e  thicknes s  o f  coate d column s  ar e  summarize d i n 

Tabl e  2.19 .  Whe n tryin g t o  prepar e  thick-fil m column s  b y depositin g a  fairl y 
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TABLE 2.1 9 

r c Ã  " Ð " 1 

20 0 L T J 

[ ô] 
1.34r c  r  » -  2 / 3 

d f  =  I — I  (ii ) 
1 10 0 

d^  =  fil m thickness ;  r  =  colum n radius ;  c  =  concentratio n o f  coatin g 

solution ;  u  =  velocit y  o f  coatin g plug ;  ç  =  viscosit y  o f  coatin g 

solution ;  an d ô = surfac e  tensio n o f  coatin g solution . 

Equatio n (i )  applie s  whe n wr\ / ô  >  0.001 .  Equatio n (ii )  i s  applicabl e  whe n 

uT] / ô  <  0.00 1 (thi n film s  o r  lo w solutio n viscosities ) 

B.  Determinin g th e  fil m thicknes s  o f  coate d columns : 

1.  Fro m th e  specifi c  retentio n volum e  o f  a  solut e  measure d o n a  packe d 

colum n wit h th e  sam e  stationar y phas e  [243,315-317 ] 
27 3 r k 

d =  (iii ) 
2 V g V T 

k =  capacit y  factor ;  =  specifi c  retentio n volume ;  T ^  = 

colum n temperatur e  an d =  phas e  densit y  a t  th e  colum n temperature . 

2 ,  Fro m measuremen t  o f  capacit y  ratio s  o n a  statically-coate d capillar y 

colum n o f  know n phas e  rati o  an d a  dynamically-coate d colum n 
[243,313,318 ] 

rk 9 

d f  — (iv ) 
2 Pi k i 

k^  =  capacit y  facto r  fo r  statically-coate d column ;  k ^  = 

capacit y  facto r  fo r  dynamically-coate d column ;  an d =  phas e 

volum e  rati o  fo r  th e  statically-coate d column . 

C.  Estimatio n o f  fil m thicknes s  fro m th e  condition s  use d fo r  colum n 

preparation : 

1.  B y measurin g th e  differenc e  i n  volum e  o f  th e  coatin g solutio n befor e 

an d afte r  coatin g [319 ] 

2.  Fro m th e  weigh t  o f  stationar y phas e  tha t  ca n b e  rinse d ou t  o f  th e 

colum n [243,320 ] 

3.  B y measurin g th e  decreas e  i n  siz e  o f  th e  plu g o f  coatin g solutio n ove r 

a  give n colum n lengt h [319 ] 

CALCULATION O F STATIONARY PHAS E FIL M THICKNES S FO R OPE N TUBULAR COLUMNS 

Dynamically-Coate d Column s 

A.  Relationshi p betwee n fil m thicknes s  an d coatin g condition s  [243,313-315] : 

1/ 2 

d f  =  I  — I  (i ) 
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Figur e  2.1 1 Coatin g resrvoir s  fo r  dynami c  coatin g (A )  an d mercur y plu g dynami c 
coatin g (Â) .  1 .  connectio n fo r  nitroge n pressure ;  2 .  pressur e 
regulator ;  3 .  solutio n o f  stationar y phase ;  4 .  mercury ; 
5.  connectio n t o  capillar y column ;  6 .  capillar y column ;  7 .  Teflo n 
shrin k tubing ;  8 .  buffe r  capillar y column ;  an d 9 .  movabl e 
stainles s  stee l  capillary . 

larg e  amoun t  o f  solutio n o n th e  colum n wall ,  drainag e  o f  th e  solutio n t o  th e 

lowes t  part s  o f  th e  coi l  ca n b e  a  problem .  Thi s  result s  i n  inefficien t  column s 

havin g localize d thic k patche s  o f  stationar y phase .  Drainag e  ca n b e  minimize d 

by orientin g th e  coil s  o f  th e  colum n horizontall y  whe n coatin g an d drying . 

Phas e  rearrangemen t  ca n als o occu r  i n  th e  dryin g ste p which ,  b y necessity , 

require s  severa l  hour s  fo r  completion .  Fas t  colum n flo w rate s  ar e  preferre d fo r 

dryin g a s  thi s  minimize s  th e  colum n preparatio n tim e  an d result s  i n  column s  o f 
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highe r  efficiency .  Thi s  als o lead s  t o  th e  formatio n o f  thicke r  film s 

[317,321] .  Slo w dryin g speed s  d o no t  distur b droplet s  whic h ar e  pushe d ou t  o f 

th e  column ,  whil e  hig h dryin g speed s  destro y droplet s  an d prevent s  stationar y 

phas e  transportation .  I n  recordin g experimenta l  detail s  i n  th e  literatur e 

insufficien t  attentio n i s  pai d t o  th e  flo w rat e  a t  whic h column s  ar e  dried . 

Most  author s  us e  flo w rate s  betwee n 4-1 0 ml/min ,  althoug h highe r  flo w rate s  ma y 

be  beneficial .  Discardin g th e  firs t  5 % o f  th e  colum n lengt h afte r  dryin g ma y 

produc e  highe r  overal l  efficienc y i n  th e  fina l  column .  Accordin g t o  Parke r  an d 

Marshal l  [259] ,  th e  principa l  caus e  o f  lo w colum n efficienc y provided ,  tha t  th e 

stationar y phas e  wet s  th e  colum n wall ,  i s  th e  formatio n o f  "lenses "  (smal l  plug s 

of  liqui d lef t  behin d i n  th e  mai n plu g durin g coating) .  Smal l  temperatur e 

fluctuation s  ma y caus e  condensatio n o f  solven t  vapors ,  formin g a  len s  whic h i s 

abl e  t o  bridg e  th e  bor e  o f  th e  capillar y column .  Sinc e  th e  len s  i s  pur e  solven t 

i t  wil l  dissolv e  th e  fil m alread y lai d  down .  Len s  formatio n ca n b e  eliminate d 

by raisin g th e  temperatur e  o f  th e  colum n durin g coating ,  althoug h thi s  i s  rarel y 

don e  i n  practice . 

To improv e  th e  succes s  rat e  o f  th e  dynami c  coatin g method ,  an d t o  minimiz e 

th e  problem s  du e  t o  drainag e  o f  th e  coatin g solution ,  Schombur g suggeste d a 

modificatio n tha t  i s  know n a s  th e  mercur y plu g dynami c  metho d [277,321-326] .  I n 

thi s  procedur e  a  mercur y plu g interpose d betwee n th e  solven t  plu g an d th e 

drivin g ga s  wipe s  mos t  o f  th e  coatin g solutio n of f  th e  surfac e  a s  i t  move s 

throug h th e  colum n du e  t o  it s  hig h surfac e  tension .  Mor e  concentrate d coatin g 

solution s  (10-50 % v/v )  ar e  use d i n  thi s  procedure ,  producin g film s  whic h ar e 

mor e  resistan t  t o  drainage .  A  suitabl e  reservoi r  fo r  coatin g b y th e  mercur y 

plu g metho d i s  show n i n Figur e  2.11 B [322] .  Th e  empt y capillar y column ,  wit h 

it s  coil s  oriente d horizontally ,  i s  attache d vi a  a  flexibl e  lengt h o f  shrinkabl e 

Teflo n tubin g t o  th e  stainles s  stee l  tube .  Th e  meta l  tub e  ca n b e  raise d o r 

lowere d t o  fee d fro m eithe r  th e  coatin g solution ,  th e  mercury ,  o r  th e  ga s 

atmosphere .  Coatin g solutio n i s  force d int o th e  colum n b y nitroge n pressur e 

unti l  abou t  15 % o f  th e  colum n volum e  i s  filled .  Th e  fee d tub e  i s  lowere d an d a 

1- 5 c m mercur y plu g i s  introduce d int o th e  column ,  carefull y  avoidin g th e 

formatio n o f  a  ga s  zon e  betwee n th e  mercur y plu g an d th e  coatin g solution .  Th e 

pressur e  i n  th e  coatin g reservoi r  i s  released ,  th e  fee d tub e  i s  raise d t o  th e 

nitroge n atmospher e  abov e  th e  coatin g solution ,  an d th e  reservoi r  i s 

repressurize d t o  forc e  bot h th e  coatin g solutio n an d th e  mercur y plu g throug h 

th e  column .  Depressurizatio n i s  require d t o  preven t  th e  formatio n o f  a  secon d 

liqui d plu g behin d th e  mercur y plu g a s  th e  fee d tub e  i s  raise d t o  th e  ga s  zone . 

Afte r  th e  coatin g solutio n an d th e  mercur y plu g ar e  discharge d fro m th e  column , 

th e  colum n i s  disconnecte d fro m th e  coatin g reservoi r  an d residua l  solven t  i s 

evaporate d wit h a  strea m o f  nitrogen .  Optimizatio n o f  al l  parameter s  whic h 

affec t  th e  fil m thicknes s  an d colum n efficienc y ha s  no t  bee n studie d i n  detail . 
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For  column s  o f  hig h efficienc y i t  ha s  bee n recommende d tha t  th e  viscosit y o f  th e 

coatin g solutio n shoul d fal l  i n  th e  rang e  0.4-1. 0 c P an d tha t  th e  coatin g 

velocit y  shoul d b e  selecte d s o tha t  th e  squar e  roo t  o f  th e  produc t  o f  velocit y 
1/ 2 

an d viscosit y i s  equa l  t o  abou t  0.5 ,  o r  i n  th e  rang e  o f  0.5-0. 7 g  / s  [325] . 

The  stati c  coatin g metho d ha s  th e  advantag e  o f  producin g efficien t  column s 

of  predictabl e  fil m thicknes s  wit h gu m o r  soli d  phase s  [277,327-331] .  Phase s  o f 

lo w viscosity ,  however ,  canno t  b e  successfull y  coate d b y th e  stati c  metho d du e 

t o  thei r  abilit y  t o  flo w an d accummulat e  i n  th e  lowes t  portion s  o f  th e  capillar y 

colum n durin g th e  relativel y lon g tim e  require d fo r  solven t  evaporation .  Fo r 

stati c  coatin g th e  colum n i s  fille d entirel y  wit h a  dilut e  solution ,  0.02-4.0 % 

v/v ,  o f  th e  stationar y phas e  i n  a  volatil e  solven t  suc h a s  pentane , 

dichloromethane ,  o r  diethy l  ether .  On e  en d o f  th e  colum n i s  seale d an d th e 

othe r  i s  connecte d t o  a  vacuu m pum p (ca .  0. 2  Torr) .  Th e  solven t  i n  th e 

thermostatte d colum n i s  the n evaporate d unde r  quiescen t  conditions ,  leavin g 

behin d a  thi n fil m o f  liqui d phase .  Th e  thicknes s  o f  th e  stationar y phas e  fil m 

ca n b e  calculate d fro m equatio n (2.11 ) 

r c 
d f  (2.11 ) 

20 0 

r  =  capillar y colum n radiu s 
c  =  coatin g solutio n concentratio n v/ v 
d^  =  stationar y phas e  fil m thicknes s 

The  principa l  proble m wit h th e  stati c  coatin g metho d i s  th e  breakthroug h o f 

ga s  bubble s  whe n th e  colum n i s  place d unde r  vacuum .  Thes e  bubble s  generall y 

originat e  a t  th e  solvent/sea l  interfac e  o r  ar e  trappe d i n  microcavitie s  i n  th e 

glas s  surface .  Breakthroug h ca n eliminat e  al l  o r  par t  o f  th e  coatin g solven t 

fro m th e  capillar y column .  Th e  creatio n o f  a  solvent/sea l  air-fre e  interfac e  i s 

ver y important .  Numerou s  method s  hav e  bee n describe d fo r  thi s  purpos e  an d ca n 

be  groupe d int o tw o categories :  mechanica l  method s  includ e  clamping ,  crimping , 

or  placin g a  stoppe r  i n  a  shor t  lengt h o f  Teflo n o r  silicon e  tubin g attache d t o 

th e  colum n en d [329,332-334] ;  an d chemica l  sealant s  suc h a s  waxe s  [335,336] , 

Apiezo n greas e  [337] ,  epox y resin s  [277,338-340] ,  o r  wate r  glas s  [327,331] , 

etc. ,  whic h ar e  sucke d int o th e  en d o f  th e  colum n an d allowe d t o  harde n befor e 

evacuatio n i s  begun .  Som e  sealant s  ma y dissolv e  i n  th e  coatin g solution ,  whic h 

must  b e  shielde d fro m i t  -b y a  shor t  aqueou s  plu g [340] .  I t  ma y b e  necessar y t o 

dega s  som e  sealant s  prio r  t o  us e  b y placin g the m unde r  vacuum . 

Ai r  bubble s  remai n trappe d i n  microcavitie s  o r  scratches ,  etc .  i n  th e  glas s 

surface .  I f  evacuatio n i s  commence d immediatel y afte r  filling ,  th e  enclose d ga s 

wil l  produc e  a  vapo r  bubbl e  whic h wil l  caus e  breakthroug h [312,341] ,  I f  th e 

fille d colum n i s  allowe d t o  stan d severa l  hour s  befor e  evacuation ,  th e  trappe d 
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ga s  wil l  dissolv e  i n  th e  coatin g solutio n an d evaporatio n the n proceed s 

smoothly . 

Onl y volatil e  solvent s  suc h a s  pentan e  an d dichloromethan e  provid e 

reasonabl e  colum n preparatio n time s  a t  ambien t  temperatures .  Fo r  example ,  a  2 0 

m ÷  0. 3 m m I.D .  capillar y colum n fille d wit h dichloromethan e  require s  abou t  1 5 h 

fo r  complet e  evacuation .  Pentan e  require s  onl y abou t  hal f  thi s  tim e  an d i s  th e 

preferre d solven t  fo r  thos e  phase s  havin g sufficien t  solubilit y  [337,341,342] . 

Mixture s  o f  pentane-dichloromethan e  ca n als o b e  use d t o  decreas e  th e  colum n 

preparatio n tim e  o f  mediu m pola r  stationar y phases .  Stati c  coatin g o f  narro w 

bor e  capillar y column s  a t  temperature s  abov e  th e  solven t  boilin g poin t  ha s  bee n 

use d successfull y  t o  minimiz e  colum n preparatio n tim e  [337] .  T o ensur e  eve n 

coating ,  column s  shoul d generall y  b e  thermostatte d durin g th e  coatin g proces s  b y 

immersio n i n  a  larg e  volum e  wate r  o r  oi l  bath . 

2.10. 6  Immobilize d Stationar y Phase s 

I t  i s  difficul t  t o  prepar e  thermall y stabl e  capillar y column s  wit h phase s 

of  lo w t o mediu m viscosity .  A s  th e  temperatur e  increase s  th e  viscosit y  decline s 

an d th e  mobilit y  o f  th e  liqui d phas e  o n th e  glas s  surfac e  increases ,  eventuall y 

resultin g i n  a  breaku p o f  th e  stationar y phas e  fil m an d th e  formatio n o f 

droplets .  Th e  us e  o f  gu m phase s  an d roughene d surface s  t o  counterac t  thi s 

tendenc y ha s  alread y bee n discussed .  A n alternativ e  approac h i s  th e  us e  o f 

immobilize d phase s  whic h ar e  create d b y bondin g som e  functiona l  grou p o f  th e 

liqui d phas e  t o  th e  colum n wall ,  o r  b y crosslinkin g th e  stationar y phas e  i n  sit u 

t o  for m a  nonextractabl e  rubber ,  o r  a  combinatio n o f  bot h technique s  [342] . 

Immobilize d phase s  ar e  als o know n a s  "bonded "  o r  "nonextractable "  phases . 

Immobilize d phase s  i s  th e  preferre d ter m a s  th e  mechanis m o f  stationar y phas e 

fixatio n remain s  unclea r  and ,  a s  currentl y  practiced ,  quit e  probabl y involve s  a 

combinatio n o f  surfac e  bondin g an d crosslinkin g reaction s  [344] ,  Th e  ter m 

"nonextractabl e  phase "  i s  a  reasonabl e  descriptio n o f  a t  leas t  on e  o f  th e 

characteristi c  propertie s  o f  immobilize d phase s  -  thei r  insolubilit y  i n  an d 

resistanc e  t o  extractio n b y commo n laborator y solvents .  Othe r  desirabl e 

propertie s  o f  immobilize d stationar y phas e  film s  ar e  th e  formatio n o f  physicall y 

stabl e  film s  o n surface s  no t  completel y we t  b y th e  stationar y phas e  befor e 

immobilization ;  th e  creatio n o f  film s  havin g exceedingl y lo w level s  o f  blee d a t 

elevate d temperatures ;  th e  abilit y  t o  prepar e  column s  wit h thicke r  film s  tha n i s 

possibl e  usin g conventiona l  phase s  an d coatin g techniques ;  th e  formatio n o f 

nonextractabl e  coating s  resistan t  t o  phas e  strippin g b y larg e  volum e  splitles s 

or  on-colum n injection ,  an d whic h permi t  solven t  rinsin g t o  fre e  th e  colum n fro m 

non-volatil e  sampl e  by-product s  o r  fro m activ e  breakdow n product s  o f  th e  liqui d 

phase ;  an d th e  preparatio n o f  capillar y column s  suitabl e  fo r  us e  i n 
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supercritica l  flui d chromatograph y [33,342-346] , 

Stationar y phas e  immobilizatio n ha s  bee n achieve d b y tw o differen t 

mechanisms .  I n  earl y  wor k column s  wer e  coate d wit h a n a ^A>-hydroxypolysiloxan e 

prepolyme r  an d the n polymerize d i n  sit u  b y thermosettin g i n  th e  presenc e  o f 

ammoni a  ga s  [347-350] ,  I n  som e  studie s  th e  prepolyme r  wa s  firs t  conditione d 

wit h silico n tetrachlorid e  t o  introduc e  som e  crosslinkin g int o th e  finishe d 

polyme r  [345,351-354] ,  Th e  prepolymer s  wer e  prepare d b y th e  hydrolysi s  o f 

suitabl e  mixture s  o f  chlorosilane s  and ,  afte r  remova l  o f  th e  lo w molecula r 

weigh t  fractio n o f  th e  mixture ,  coate d dynamicall y  o r  staticall y  b y heatin g i n 

th e  usua l  way .  Polymerizatio n i s  complete d b y heatin g th e  seale d column ,  fille d 

wit h ammoni a  gas ,  t o  abou t  320° C an d maintainin g i t  a t  tha t  temperatur e  fo r 

abou t  2 0 h .  Si-O-S i  bond s  ar e  forme d b y condensatio n o f  th e  prepolyme r  chain s 

an d possibl y als o b y reactio n o f  th e  prepolyme r  wit h silano l  group s  o n th e 

colum n wall .  T o encourag e  bon d formatio n wit h th e  colum n wall ,  th e  leache d 

glas s  surfac e  ca n b e  treate d wit h silico n tetrachlorid e  prio r  t o  coating . 

Likewise ,  th e  coate d prepolyme r  ca n b e  treate d wit h nitroge n ga s  tha t  i s 

saturate d wit h silico n tetrachlorid e  t o  introduc e  a  lo w concentratio n o f 

crosslink s  int o th e  phas e  afte r  ammonia-catalyze d thermosettin g a s  describe d 

above .  Th e  prepolymer s  contai n a n averag e  o f  4 4 monome r  unit s  an d thu s  th e 

numbe r  o f  crosslink s  i s  fairl y  low .  I f  to o man y crosslink s  ar e  introduce d a 

hard ,  brittl e  polyme r  wit h poo r  chromatographi c  performanc e  wil l  result . 

The  silicon e  phase s  immobilize d a s  describe d abov e  showe d excellen t  therma l 

stabilit y  bu t  ofte n onl y attaine d abou t  70 % o f  th e  expecte d colum n efficiency . 

Thes e  column s  als o ofte n exhibite d undesirabl y hig h colum n activity ,  cause d b y 

residua l  silano l  o r  alkox y group s  tha t  wer e  lef t  i n  th e  phas e  afte r  crosslinkin g 

an d coul d no t  b e  chemicall y  deactivate d o r  thermall y remove d du e  t o  steri c 

problems . 

An alternativ e  approac h t o  stationar y phas e  immobilization ,  an d th e  on e 

most  frequentl y  used ,  i s  th e  fre e  radica l  crosslinkin g o f  th e  polyme r  chain s 

usin g peroxide s  [303,344,346,355-362] ,  azo-compound s  [302,346,363,364] ,  o r  gamm a 

radiatio n [365-368 ]  a s  fre e  radica l  generators .  I n  thi s  cas e  crosslinkin g 

occur s  throug h th e  formatio n o f  Si-C-C-S i  bond s  a s  show n below : 

I 3 
-Si-Ï -

É 
CH3 

2R' 
f H 3 

-Si-0 -

•CH 2 

•CH 0 

-Si-0 -
I 
CH3 

CHQ 

-Si-0 -
I 
CH2 +  2R H 

CH2 

-Si-0 -
I 
CH3 
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Ver y littl e  crosslinkin g (0.1-1.0% )  i s  require d t o  insolubiliz e  polysiloxane s 

wit h lon g polyme r  chains .  A n advantag e  o f  th e  metho d i s  th e  relativel y simpl e 

colum n preparatio n procedure .  Th e  column ,  whic h ma y b e  deactivate d b y 

silylation ,  i s  staticall y  coate d wit h a  freshl y prepare d solutio n o f  th e 

stationar y phas e  tha t  contain s  th e  fre e  radica l  generato r  a t  a  concentratio n o f 

betwee n 0. 2 an d 5 % o f  th e  stationar y phas e  weight .  I t  i s  ver y importan t  tha t 

th e  stationar y phas e  i s  deposite d a s  a n eve n fil m upo n coatin g sinc e  th e  fil m 

wil l  b e  fixe d i n  positio n upo n crosslinkin g an d n o improvemen t  i n  fil m 

homogeneit y  ca n b e  obtaine d afte r  fixation .  Th e  coate d colum n i s  seale d an d 

slowl y raise d t o  th e  curin g temperatur e  fo r  stati c  curing .  Fo r  dynami c  curin g a 

slo w flo w o f  carrie r  ga s  i s  used .  Th e  curin g temperatur e  i s  a  functio n o f  th e 

therma l  stabilit y  o f  th e  fre e  radica l  generato r  an d i s  selecte d t o  giv e  a 

reasonabl e  half-lif e  fo r  th e  crosslinkin g reaction .  Temperature s  i n  th e  rang e 

80 t o  250° C ar e  commo n wit h th e  reagent s  presentl y  used .  Onc e  th e  colum n 

reache s  th e  curin g temperature ,  remainin g a t  tha t  temperatur e  a  shor t  whil e  i s 

usuall y  al l  tha t  i s  require d t o  complet e  th e  curin g reaction .  Afte r  curing ,  th e 

phas e  whic h wa s  no t  immobilize d i s  rinse d fro m th e  colum n b y flushin g wit h 

appropriat e  organi c  solvents . 

Peroxide s  hav e  bee n th e  mos t  widel y use d fre e  radica l  generators .  Th e 

principa l  proble m wit h thei r  us e  i s  th e  formatio n o f  by-product s  whic h canno t  b e 

rinse d fro m th e  colum n an d giv e  ris e  t o  stationar y phas e  degradatio n an d colum n 

activity .  Fo r  example ,  benzoi c  aci d generate d a s  a  by-produc t  o f  benzoy l 

peroxid e  catalyze s  silicon e  degradation .  A  furthe r  proble m wit h th e  us e  o f 

peroxide s  i s  tha t  the y ma y caus e  oxidatio n o f  susceptibl e  functiona l  groups , 

suc h a s  toly l  o r  cyanopropy l  groups ,  durin g th e  crosslinkin g process ,  agai n 

leadin g t o  undesirabl e  colum n activit y  [362] ,  Azo-compound s  suc h a s 

azo-t-alkane s  [363,364 ]  o r  azoisobutylnitril e  [346 ]  hav e  bee n investigate d 

recently .  The y produc e  neutral ,  volatil e  by-product s  whic h d o no t  oxidiz e 

susceptibl e  functiona l  groups .  O f  course ,  non e  o f  th e  abov e  problem s  exis t  whe n 

crosslinkin g i s  induce d b y physica l  means .  Thi s  ca n b e  achieve d b y exposin g th e 

coate d colum n t o gamm a  radiatio n fro m a  cobalt-6 0 sourc e  [365-368] ,  Th e  metho d 

ha s  bee n show n t o b e  ver y reliabl e  but ,  a s  fe w analytica l  laboratorie s  hav e  eas y 

acces s  t o  a  coablt-6 0 source ,  thi s  metho d i s  no t  widel y applied .  Irradiatio n o f 

fuse d silic a  capillar y column s  cause s  som e  los s  i n  flexibilit y  du e  t o 

deformatio n o f  th e  protectiv e  polyimid e  coatin g bu t  thi s  i s  no t  sufficien t  t o 

preclud e  thei r  us e  i n  ga s  chromatograph y [368] . 

Polymethylsiloxan e  gu m phase s  ar e  relativel y eas y t o  crosslin k b y treatmen t 

wit h peroxide s  an d azo-compounds .  Hig h molecula r  weigh t  polymer s  wit h lon g 

polyme r  chain s  increas e  th e  probabilit y  o f  crosslinking .  Man y o f  th e 

conventiona l  phase s  preferre d fo r  packe d colum n ga s  chromatograph y ar e  comprise d 

of  shor t  chain s  whic h canno t  b e  easil y  crosslinked .  Fo r  thi s  reason ,  thes e 
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phase s  ar e  no t  suitabl e  fo r  preparin g immobilize d phases .  Th e  introductio n o f 

pheny l  an d cyanopropy l  group s  int o th e  silicon e  backbon e  als o considerabl y 

reduce s  th e  effectivenes s  o f  peroxid e  crosslinking .  Th e  synthesi s  o f  ne w gu m 

phase s  containin g viny l  o r  toly l  groups ,  whic h ar e  eas y t o  crosslink ,  greatl y 

facilitate s  th e  immobilizatio n o f  silicon e  phase s  containin g phenyl , 

trifluoropropyl ,  o r  cyanopropy l  group s  [303,361,364] .  Th e  di-tolylsiloxan e 

grou p wa s  show n t o b e  th e  mos t  usefu l  fo r  crosslinkin g phase s  containin g a  hig h 

percentag e  o f  cyanopropy l  groups .  Whe n tw o p-toly l  group s  ar e  attache d t o  th e 

sam e  silico n ato m th e  polysiloxan e  chai n bend s  awa y fro m them ,  leavin g th e  toly l 

group s  mor e  expose d an d availabl e  fo r  crosslinkin g wit h anothe r  chain .  Th e 

viny l  group ,  becaus e  o f  it s  smal l  size ,  i s  no t  a s  effectiv e  i n  thi s  respect , 

althoug h i t  i s  ver y usefu l  fo r  producin g crosslinkin g i n  methylsiloxane s 

containin g moderat e  amount s  o f  pheny l  group s  [360,361] .  Dicumy l  peroxid e  show s 

a  highe r  reactivit y  wit h viny l  group s  tha n methy l  group s  and ,  therefore ,  a 

smalle r  amoun t  o f  peroxid e  ca n b e  use d t o  crosslin k vinyl-containin g siloxane s 

tha n methylsiloxanes .  Siloxan e  gu m phase s  tha t  contai n substitutent s  t o  enhanc e 

thei r  crosslinkin g abilit y  hav e  recentl y  becom e  commerciall y  available . 

Anothe r  genera l  advantag e  o f  immobilizatio n i s  tha t  i t  permit s  th e 

preparatio n o f  ope n tubula r  column s  havin g ver y thic k film s  [369] .  Norma l  fil m 

thicknesse s  i n  ope n tubula r  ga s  chromatograph y ar e  0.1-0. 3  micrometers .  I t  i s 

ver y difficul t  t o  prepar e  conventionally-coate d column s  wit h stabl e  film s 

thicke r  tha n abou t  0. 5  micrometers .  However ,  thick-fil m column s  o f  1.0-8. 0 

micrometer s  ca n easil y  b e  prepare d b y immobilizatio n [369-373] ,  Thick-fil m 

column s  permi t  th e  analysi s  o f  volatil e  substance s  wit h reasonabl e  retentio n 

time s  withou t  resortin g t o  subambien t  temperatures .  The y als o permi t  th e 

injectio n o f  muc h large r  sampl e  size s  withou t  los s  o f  resolution .  Thi s  facto r 

i s  importan t  i n  identifyin g trac e  component s  usin g hyphenate d technique s  suc h a s 

GC-FTI R an d GC-MS ,  wher e  th e  smal l  sampl e  size s  tolerate d b y conventiona l 

column s  ma y preclud e  positiv e  identification .  Th e  disadvantag e  o f  thic k fil m 

column s  i s  th e  larg e  increas e  i n  retentio n tim e  o r  elutio n temperatur e  observe d 

fo r  substance s  o f  moderat e  t o  hig h molecula r  weight .  Th e  influenc e  o f  fil m 

thicknes s  o n retentio n ca n b e  see n i n  Figur e  2.1 2 [374] .  Thick-fil m column s  ar e 

thu s  bes t  reserve d fo r  th e  separatio n o f  volatil e  compound s  o r  a s  shor t  column s 

fo r  substanc e  identificatio n b y spectroscopi c  techniques ,  wher e  sampl e  capacit y 

i s  a s  importan t  a s  resolution . 

2.10. 7  Porous-Laye r  Ope n Tubula r  (PLOT )  an d Support-Coate d Ope n 

Tubula r  (SCOT )  Column s 

Porous-laye r  ope n tubula r  (PLOT )  an d support-coate d ope n tubula r  (SCOT ) 

column s  ar e  prepare d b y extendin g th e  inne r  surfac e  are a  o f  th e  capillar y tube . 
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Gasolin e  premiu m 
Colum n 15m / 03m m S E - 5 2 fKm thickness , ìô ç 

0.05 

ñðö . 2°/mi n 

Figur e  2.1 2 Influenc e  o f  fil m thicknes s  o n retentio n fo r  column s  o f  identica l 
geometr y an d operati g  conditions .  1 .  n-pentane ;  2 .  benzene ; 
3.  toluene ;  4 .  o-xylene ;  5 .  1,2,4-trimethylbenzene ; 
6.  naphthalene ;  an d 7 .  2-methylnaphthalene .  (Reproduce d wit h 
permissio n fro m ref .  374 .  Copyrigh t  Dr .  Alfre d Huethi g 
Publishers) . 

A laye r  o f  particle s  ca n b e  deposite d o n th e  surfac e  o r  th e  colum n wal l  ca n b e 

chemicall y  treate d t o  creat e  a  porou s  adsorben t  layer .  Obviousl y som e  o f  th e 

wall-modifie d open-tubula r  column s  discusse d i n  th e  previou s  section ,  fo r 

exampl e  thos e  prepare d b y bariu m carbonat e  deposition ,  sodiu m chlorid e  dendrit e 

formation ,  an d whiske r  formation ,  coul d als o b e  considere d example s  o f  SCO T an d 

PLOT columns .  I n  fact ,  distinctio n betwee n certai n  kind s  o f  WCOT,  PLOT ,  an d 

SCOT column s  i s  quit e  blurre d an d w e  wil l  attemp t  n o suc h decisiv e  divisio n 

here .  SCO T column s  contai n a  liqui d phas e  supporte d o n a  surfac e  tha t  i s 

covere d wit h som e  typ e  o f  soli d  suppor t  material .  Thu s  ever y SCO T colum n coul d 
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certainl y b e  calle d a  PLO T column ,  bu t  no t  vic e  versa ,  a s  certai n  PLO T columns , 

fo r  exampl e  thos e  use d i n  adsorptio n chromatography ,  d o no t  necessaril y  contai n 

an y liqui d phase .  However ,  adsorptio n column s  ar e  littl e  use d i n  ope n tubula r 

colum n chromatograph y while ,  unti l  quit e  recently ,  SCO T column s  enjoye d modes t 

interest .  Thu s  th e  us e  o f  th e  ter m SCO T colum n ha s  bee n mor e  frequen t  althoug h 

i t  coul d b e  argue d tha t  th e  ter m i s  redundant . 

The  advantage s  o f  PLO T an d SCO T column s  ar e  tha t  the y provid e  highe r  sampl e 

capacit y  tha n WCOT column s  wit h efficiencie s  an d resolutio n intermediat e  betwee n 

thos e  o f  packe d an d WCOT column s  [375-377] .  Havin g a  lowe r  phas e  rati o  tha n 

WCOT columns ,  the y ar e  particularl y  usefu l  fo r  th e  analysi s  o f  volatil e  organi c 

compound s  a t  temperature s  abov e  ambient .  Thes e  ar e  advantage s  an d area s  o f 

applicatio n whic h PLO T an d SCO T column s  mus t  shar e  wit h micropacke d column s 

(sectio n 2.9 )  an d thick-filme d immobilize d WCOT column s  (sectio n 2.10.1) .  A s 

micropacke d column s  requir e  specia l  instrumentatio n designe d t o  operat e  a t  hig h 

pressures ,  PLO T an d SCO T column s  hav e  generall y  bee n preferre d ove r  them . 

Thick-fil m WCOT column s  wer e  onl y recentl y  introduce d an d hav e  no t  bee n full y 

evaluated .  However ,  the y hav e  man y potentia l  advantages ,  no t  leas t  o f  whic h ar e 

inertnes s  (the y d o no t  contai n a n activ e  support )  an d robustnes s  (involatil e  an d 

activ e  sampl e  component s  ca n b e  rinse d ou t  an d colum n blee d i s  ver y low) .  Thes e 

column s  coul d eventuall y  replac e  SCO T column s  entirely . 

PLOT an d SCO T column s  ar e  usuall y  prepare d b y a n adaptatio n o f  on e  o f  thre e 

genera l  method s  [376] ,  Th e  porou s  laye r  ca n b e  forme d b y chemica l  treatmen t  o f 

th e  insid e  tub e  wall ,  th e  insid e  tub e  wal l  ca n b e  coate d wit h a  laye r  o f  porou s 

particles ,  o r  th e  porou s  particle s  ca n b e  partiall y  embedde d i n  th e  tube' s 

insid e  wal l  a s  th e  capillar y tub e  i s  draw n fro m th e  tub e  o f  large r  diameter . 

The  latte r  metho d generall y  yield s  column s  o f  th e  lowes t  efficiency .  A  larg e 

diamete r  tub e  i s  loosel y packe d wit h sorben t  [375,376 ]  o r  coate d wit h a  thi n 

stabl e  fil m o f  sorben t  [378,379 ]  an d the n draw n ou t  t o  a  capillar y tub e  i n  th e 

conventiona l  manner .  Durin g th e  drawin g an d coilin g proces s  th e  soli d  particle s 

ar e  partiall y  embedde d i n  th e  insid e  wal l  o f  th e  capillar y tube .  Variou s 

adsorbent s  includin g diatomaceou s  earths ,  graphitize d carbo n black ,  an d powdere d 

quart z  hav e  bee n use d a s  suppor t  materials ;  th e  basi c  requirement s  o f  th e 

suppor t  materia l  ar e  tha t  i t  shoul d b e  availabl e  i n  a  narro w siz e  rang e  an d hav e 

a  meltin g poin t  highe r  tha n th e  softenin g poin t  o f  th e  glass .  SCO T column s  ca n 

the n b e  prepare d b y coatin g th e  wall-modifie d capillar y column s  i n  th e  usua l 

way .  A  wir e  o r  rod ,  suspende d centrall y  i n  th e  packe d colum n blank ,  enable s 

draw n column s  o f  ver y hig h permeabilit y  t o  b e  produced .  Th e  wate r  solubl e  glue , 

poly(diethylaminoethy l  methylacrylate )  ca n b e  use d t o  stabiliz e  a  thi n fil m o f 

adsorben t  o n th e  surfac e  o f  th e  colum n blank .  Durin g th e  colum n drawin g proces s 

th e  glu e  i s  decompose d t o  carbo n dioxide ,  water ,  an d ammoni a  an d i s  thu s 

eliminate d fro m th e  fina l  column . 
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Open tubula r  column s  fo r  gas-soli d  chromatograph y ar e  generall y  prepare d b y 

chemica l  etchin g o f  th e  insid e  colum n wal l  (glas s  fo r  silic a  an d aluminu m fo r 

alumina )  o r  b y dynami c  o r  stati c  coatin g o f  th e  capillar y colum n wit h a 

suspensio n o f  micromete r  o r  sub-micrometer-size d adsorben t  particle s 

[376,380-388] ,  Glas s  tha t  i s  etche d b y heatin g wit h aqueou s  ammonia , 

hydrochlori c  acid ,  o r  sodiu m hydroxid e  fo r  variou s  length s  o f  tim e  produce s  a 

porou s  silic a  laye r  o f  averag e  thicknes s  5-10 0 micrometers ,  dependin g o n th e 

reactio n conditions .  Dehydratio n o f  thi s  laye r  b y conditionin g a t  a  hig h 

temperatur e  produce s  a  surfac e  suitabl e  fo r  gas-soli d  chromatograph y o r  a s  a 

suppor t  fo r  meta l  salt s  o r  organi c  modifier s  [376,380] ,  Whisker-walle d column s 

hav e  als o bee n use d t o  prepar e  salt-modifie d adsorptio n column s  [381] ,  Goo d 

qualit y  alumin a  o r  silic a  column s  ca n b e  prepare d b y dynami c  coatin g o f  th e 

capillar y colum n wit h a n aqueou s  o r  organi c  suspensio n o f  colloida l  adsorben t 

[382,282,288 ]  o r  wit h a  stabilize d suspensio n o f  micrometer-size d particle s 

[384-388] ,  Stabl e  suspension s  ar e  prepare d usin g a  balance d densit y  slurry ,  b y 

th e  additio n o f  a  surfactan t  t o  th e  coatin g solution ,  o r  b y addin g colloida l 

particle s  o f  th e  sam e  materia l  t o  th e  suspension .  Surface-modifie d porou s 

silica s  containin g a  bonde d fil m o f  liqui d phas e  ca n b e  readil y  disperse d i n 

most  commo n organi c  solvent s  an d presen t  n o particula r  problem s  i n  colum n 

preparatio n [384,385] ,  Th e  activit y  an d selectivit y  o f  th e  adsorben t  column s 

ca n b e  controlle d b y therma l  conditionin g o r  b y th e  additio n o f  inorgani c  salt s 

or  polymeri c  liquid s  a s  modifier s  i n  a  manne r  analogou s  t o  tha t  describe d fo r 

packe d column s  (sectio n 2.8) , 

Adsorben t  column s  generall y  sho w hig h retentio n o f  organi c  compounds , 

particularl y  thos e  containin g pola r  functiona l  groups .  The y ar e  ofte n use d fo r 

th e  separatio n o f  volatil e  hydrocarbon s  wher e  thei r  hig h selectivit y  fo r  th e 

separatio n o f  isomeri c  an d isotopi c  compound s  i s  ver y usefu l  an d i s  ofte n 

difficul t  t o  obtai n usin g conventiona l  partitio n column s  [376,385,386] .  Othe r 

application s  includ e  th e  separatio n o f  inorgani c  gases . 

The  popularit y  o f  SCO T column s  i n  th e  earl y  1970' s  ha d muc h t o  d o wit h th e 

simpl e  an d reliabl e  two-ste p colum n preparatio n procedur e  describe d b y Hornin g 

[389,390] ,  Stabilizatio n o f  th e  liqui d phas e  fil m wa s  achieve d b y addin g 

Silano x 10 1 (trimethylsilylate d silic a  wit h a  primar y particl e  siz e  o f  7 

nanometers )  t o  th e  coatin g solution .  A s  thes e  particle s  d o no t  adher e  t o  th e 

glas s  surfac e  o r  self-aggregate ,  the y mus t  b e  coate d wit h a  binder .  Th e 

stationar y phas e  itsel f  and ,  i n  som e  instances ,  a  surfactan t  suc h a s 

benzyltriphenylphosphoniu m chlorid e  ar e  use d a s  binders .  Th e  optimu m 

concentratio n o f  stationar y phas e  an d Silano x 10 1 ofte n produce d solution s  o f 

to o hig h a  viscosit y  fo r  effectiv e  movemen t  throug h th e  column .  Thu s  a  two-ste p 

coatin g procedur e  wa s  developed .  I n  th e  firs t  step ,  a  chlorofor m suspensio n 

containin g SE-30 ,  Silano x 101 ,  an d surfactan t  wa s  sonicate d an d passe d throug h a 
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silanize d capillar y colum n behin d a  shor t  plu g o f  solven t  tha t  wa s  use d t o 

prewe t  th e  glass .  Th e  solven t  wa s  the n evaporate d b y increasin g th e  nitroge n 

flow .  T o increas e  th e  loadin g o f  stationar y phase ,  th e  drie d colum n wa s  coate d 

a  secon d tim e  wit h a  mor e  concentrate d solutio n o f  SE-3 0 i n  isooctane .  Th e 

solven t  wa s  the n evaporate d b y nitroge n flo w an d th e  colum n conditione d i n  th e 

usua l  wa y befor e  use .  Isooctan e  wa s  selecte d a s  th e  secon d coatin g solven t 

becaus e  i t  di d  no t  distur b th e  initia l  laye r  du e  t o  it s  lo w viscosity .  T o 

prepar e  column s  coate d wit h pola r  phases ,  th e  surfactan t  wa s  omitte d i n  th e 

firs t  coatin g ste p an d stati c  coatin g wit h a n aceton e  solutio n o f  th e  stationar y 

phas e  wa s  use d fo r  th e  secon d ste p [392] .  Subsequently ,  severa l  investigator s 

hav e  studie d th e  variou s  critica l  step s  i n  th e  coatin g procedure .  Sedimentatio n 

t o  remov e  agglomerate s  fro m th e  suspension ,  a  chang e  t o  chloroform-aceton e  (9:1 ) 

as  th e  coatin g solvent ,  an d th e  recommendatio n o f  specifi c  coatin g an d dryin g 

speed s  t o  produc e  film s  o f  differen t  thicknesse s  increase d th e  reliabilit y  o f 

colum n preparatio n [391-393] .  Th e  chloroform-aceton e  solven t  combinatio n ha d 

adequat e  densit y  t o  stabiliz e  th e  Silano x suspensio n an d sufficien t  polarit y  t o 

preven t  formatio n o f  thixotropi c  gel s  durin g th e  coatin g process . 

Althoug h column s  wit h pola r  phase s  ca n b e  prepare d usin g Silano x 10 1 

[390,393 ]  mos t  worker s  d o no t  recommen d it s  use .  Silano x 10 1 i s  hydrophobi c 

and ,  therefore ,  no t  generall y  we t  b y pola r  phases .  Unsilanize d fume d silic a 

(e.g. ,  Cab-0-Sil ,  Silic a  T40 )  [394,395], (diatomaceou s  eart h  (Chromsor b R6470-1 ) 

[396,397] ,  graphit e  [398] ,  an d kaoli n  [398,399 ]  hav e  bee n use d t o  prepar e  SCO T 

column s  wit h mos t  commo n pola r  stationar y phases .  Othe r  detail s  o f  colum n 

preparatio n ar e  simila r  t o  thos e  discusse d fo r  Silano x 101 .  A  one-ste p dynami c 

coatin g procedur e  usin g aceton e  [395 ]  o r  chloroform-isooctan e  (1:1 )  [397 ]  a s  th e 

coatin g solven t  wa s  recentl y  described .  Abou t  20-25 % o f  th e  colum n lengt h wa s 

fille d wit h th e  coatin g solution ,  whic h consiste d o f  th e  stationar y phas e  (5 % 

w/v )  an d Chromosor b R6470- 1 (5 % w/v )  i n  th e  chloroform-isooctan e  (1:1 )  solvent . 

Thi s  liqui d plu g wa s  force d throug h th e  column ,  whic h wa s  suspende d i n  a  wate r 

bat h a t  40°C ,  a t  a  velocit y  o f  4  cm/s .  A s  soo n a s  th e  plu g lef t  th e  capillar y 

column ,  th e  dumm y colum n wa s  disconnecte d an d th e  flo w o f  carrie r  ga s  wa s 

increase d t o  abou t  1 5 ml/mi n t o  evaporat e  al l  th e  solvent . 

The  mechanis m o f  fil m stabilizatio n i n  column s  prepare d b y th e  abov e 

method s  ha s  bee n discusse d b y Cramer s  [394] .  H e  comment s  tha t  a s  th e  soli d 

materia l  i s  disperse d i n  th e  liqui d phas e  (rathe r  tha n th e  liqui d phas e  bein g 

disperse d i n  a  porou s  laye r  a s  i s  th e  cas e  fo r  PLO T columns )  i t  canno t  adher e  t o 

th e  wal l  throug h surfac e  tensio n forces ,  no r  ca n th e  stabilit y  o f  th e 

film-surfac e  relationshi p b e  explaine d i n  term s  o f  surfac e  roughness .  Cramer s 

suggest s  tha t  th e  fil m stabilit y  ca n b e  explaine d b y th e  rheologica l  behavio r  o f 

structure d dispersions . 
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2.1 1 Evaluatio n o f  th e  Qualit y  o f  Ope n Tubula r  Column s 

Tne  qualit y  o f  a  colum n i s  a  rathe r  loosel y define d concep t  bu t  embodie s 

suc h criteri a  a s  efficiency ,  inertness ,  an d th e  therma l  stabilit y  o f  th e 

stationar y phas e  film .  Al l  thes e  propertie s  depen d upo n th e  metho d an d 

material s  chose n fo r  colum n preparatio n a s  wel l  a s  th e  car e  take n t o  exactl y 

reproduc e  th e  critica l  step s  i n  tha t  procedure .  Whethe r  usin g homemad e  o r 

commercia l  columns ,  th e  assessmen t  o f  colum n qualit y  i s  o f  importanc e  t o  al l 

chromatographers .  I n  man y area s  o f  colum n testin g ther e  i s  littl e 

standardizatio n an d therefor e  i t  i s  no t  possibl e  t o  trea t  th e  subjec t 

didactically .  Instea d w e  wil l  collec t  togethe r  som e  o f  th e  mor e  frequentl y  use d 

method s  an d commen t  o n thei r  genera l  applicability . 

2.11. 1  Measuremen t  o f  Colum n Dea d Tim e 

The  measuremen t  o f  th e  colum n dea d tim e  o r  ga s  holdu p tim e  i s  a n importan t 

paramete r  i n  ga s  chromatography .  I t  influence s  th e  accurac y wit h whic h th e 

retentio n du e  t o  pur e  chromatographi c  processe s  (th e  adjuste d retentio n time ) 

ca n b e  determine d and ,  consequently ,  th e  accurac y wit h whic h al l  chromatographi c 

parameter s  tha t  depen d o n th e  absolut e  measur e  o f  retentio n ca n b e  calculated . 

Experimentally ,  th e  dea d tim e  o f  a  chromatographi c  syste m i s  take n t o  b e  th e 

retentio n tim e  o f  a n unretaine d substanc e  suc h a s  methane ,  hydrogen ,  air ,  a n 

iner t  gas ,  etc .  [A00-403] .  Methan e  i s  frequentl y  use d wit h th e  popula r  FI D 

detector ,  althoug h i t  i s  apparen t  fro m man y studie s  tha t  methan e  i s  retarded , 

albei t  slightly ,  b y man y commo n stationar y phases ,  leadin g t o  a  slightl y  hig h 

valu e  fo r  th e  dea d time .  Regressio n analysi s  o f  th e  retentio n dat a  obtaine d 

fro m th e  separatio n o f  a  homologou s  serie s  o f  alkane s  o r  othe r  standard s  ha s 

bee n use d a s  a  mor e  precis e  metho d [404-406] ,  Eve n her e  sligh t  discrepancie s 

exis t  betwee n value s  obtaine d b y differen t  method s  o f  calculation .  Th e 

procedur e  use d t o  measur e  retention ,  fo r  instanc e  a n on-lin e  dat a  syste m o r  a 

stopwatc h an d graphica l  treatment ,  ca n influenc e  th e  accurac y o f  th e  calculate d 

dea d tim e  valu e  throug h th e  choic e  o f  mathematica l  technique .  Fo r  furthe r 

detail s  an d a  compariso n o f  availabl e  methods ,  reference s  [407,408 ]  ar e 

recommended .  Fo r  th e  purpos e  o f  evaluatin g colum n quality ,  th e  injectio n o f 

methan e  provide s  sufficien t  accurac y an d i s  eas y t o  perform . 

2.11. 2  Activit y  Test s  fo r  Uncoate d Column s 

Activit y  test s  fo r  uncoate d column s  ar e  importan t  fo r  studyin g th e 

effectivenes s  o f  surfac e  preparatio n and ,  i n  particular ,  colum n deactivatio n 

procedure s  [265,289,409,410] ,  Eve n whe n usin g a  well-trie d metho d somethin g ma y 

go wron g o r  th e  deactivatio n ma y b e  incomplete ,  an d a n intermediat e  tes t  prio r 
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t o  coatin g i s  ver y usefu l  fo r  recognizin g problem s  o f  thi s  nature .  Th e  tes t 

metho d i s  base d o n th e  principl e  tha t  i f  a  symmetrica l  solut e  ban d passe s 

throug h a n iner t  an d uncoate d capillar y colum n i t  shoul d emerg e  fro m tha t  colum n 

unchange d excep t  fo r  symmetrica l  ban d broadening ,  an d it s  retentio n tim e  i n  tha t 

colum n shoul d b e  equivalen t  t o  th e  colum n dea d time .  T o perfor m th e  tes t  a 

shor t  capillar y precolum n o f  hig h quality ,  coate d wit h a  moderatel y pola r  phas e 

suc h a s  Carbowa x 20M ,  i s  connecte d t o  th e  injecto r  a t  on e  en d an d a  shor t  lengt h 

of  th e  tes t  capillar y colum n a t  th e  othe r  b y a  piec e  o f  shrinkabl e  Teflo n 

tubing .  Th e  othe r  en d o f  th e  colum n t o b e  teste d i s  connecte d t o  th e  detector . 

The  tes t  substances ,  afte r  separatio n b y th e  precolumn ,  ente r  th e  tes t  capillar y 

as  perfectl y  shape d elutio n bands .  Th e  procedur e  generate s  nearl y  Gaussia n 

peaks ,  fro m whic h symmetr y distortion s  ma y b e  mathematicall y  evaluate d usin g 

symmetr y factors ,  pea k area/pea k heigh t  ratios ,  etc .  A  practica l  exampl e  i s 

show n i n Figur e  2.13 ,  wher e  th e  activit y  o f  fou r  acid-leache d soda-lim e 

capillar y columns ,  deactivate d wit h hexamethyldisilazan e  unde r  differen t 

conditions ,  i s  compare d [307] .  Almos t  an y o f  th e  popula r  polarit y  tes t  mixture s 

ca n b e  use d t o  estimat e  th e  natur e  an d exten t  o f  th e  activit y  o f  th e  tes t 

capillar y column . 

2.11. 3  Efficienc y a s  a  Colum n Qualit y  Tes t 

The  efficienc y o f  a n ope n tubula r  colum n ca n b e  measure d i n  severa l  ways ; 

th e  mos t  widel y use d method s  ar e  th e  numbe r  o f  theoretica l  plate s  (ç) ,  th e 

numbe r  o f  effectiv e  theoretica l  plate s  (N) ,  th e  heigh t  equivalen t  t o  a 

theoretica l  plat e  (HETP )  o r  effectiv e  plat e  (HEETP) ,  th e  coatin g efficienc y 

(CE) ,  an d th e  separatio n numbe r  (SN) .  N o singl e  metho d i s  ideal , 

standardizatio n i s  lacking ,  an d th e  term s  ar e  ofte n use d loosel y i n  th e 

literatur e  withou t  a n adequat e  definitio n o f  th e  experimenta l  conditions .  Al l 

th e  abov e  method s  measur e  th e  tota l  efficienc y o f  bot h th e  colum n an d 

instrument ;  i f  th e  value s  obtaine d ar e  t o  b e  meaningful ,  i t  mus t  b e  assume d tha t 

th e  instrumenta l  contributio n t o  ban d broadenin g i s  negligible . 

The  numbe r  o f  theoretica l  o r  effectiv e  plate s  i s  easil y  measure d fro m a 

tes t  chromatogram .  Fo r  comparativ e  purpose s  the y ar e  usuall y  normalize d pe r 

mete r  o f  colum n length .  However ,  th e  value s  measure d wil l  var y wit h retention , 

colum n dimensions ,  carrie r  ga s  velocity ,  an d stationar y phas e  fil m thicknes s 

[228,411,412] .  I f  th e  colum n i s  ver y long ,  a s  ope n tubula r  capillar y column s 

ofte n are ,  the n th e  dea d tim e  ma y becom e  a  sizeabl e  fractio n o f  th e  tota l 

retentio n tim e  an d th e  resultan t  numbe r  o f  theoretica l  plate s  speciousl y high . 

For  thi s  reaso n som e  author s  conside r  th e  numbe r  o f  effectiv e  theoretica l  plate s 

t o  b e  a  bette r  measur e  o f  colum n efficienc y tha n th e  tota l  numbe r  o f  theoretica l 

plates ,  a s  th e  forme r  i s  les s  influence d b y th e  colum n dea d time .  Th e  tw o 
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Figur e  2.1 3 Activit y  tes t  o f  uncoate d silylate d capillar y column s  accordin g t o 
th e  metho d o f  Schomburg .  Tes t  mixture :  16,17,18 ,  an d 1 9 ar e 
n-alkanes ;  diol ,  2,3-butanediol ;  A ,  2,6-dimethylaniline ; 
P,  2,6-dimethylphenol ;  an d ol ,  1-decanol .  Thi s  tes t  wa s  performe d 
unde r  temperatur e  programme d conditions .  (Reproduce d wit h 
permissio n fro m ref .  307 .  Copyrigh t  Dr .  Alfre d Huethi g 
Publishers) . 

measure s  o f  colum n efficienc y ar e  relate d t o  on e  anothe r  b y equatio n (2.12) . 

(2.12 ) 

Í  =  numbe r  o f  effectiv e  plate s 
ç  =  numbe r  o f  theoretica l  plate s 
k  =  capacit y  facto r  o f  th e  tes t  solut e 
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For  a  weakl y retaine d solute ,  fo r  exampl e  on e  wit h k  =  1 ,  Í  wil l  b e  onl y 25 % o f 

th e  valu e  o f  n ;  however ,  fo r  wel l  retaine d solutes ,  k  >  10 ,  Í  an d ç  wil l  b e 

approximatel y equivalent .  I f  a  well-retaine d solut e  i s  use d t o  measur e  colum n 

efficienc y the n eithe r  ç  o r  Í  woul d b e  a n adequat e  measure .  Thi s  ca n b e  see n 

fro m Figur e  2.1 4 wher e  bot h term s  converg e  t o  a n approximatel y constan t  valu e  a t 

a  sufficientl y  larg e  valu e  o f  th e  capacit y  facto r  [411] .  I n  fact ,  a s  ç  level s 

of f  faste r  tha n Í  wit h increasin g value s  o f  k ,  thi s  migh t  b e  considere d a s  th e 

mor e  reliabl e  measur e  o f  colum n efficiency . 

0 5  10 15 

Figur e  2.1 4 Plo t  o f  theoretica l  plat e  numbe r  (n) ,  effectiv e  plat e  numbe r  (N) , 
an d separatio n numbe r  (SN )  versu s  th e  capacit y  facto r  fo r  a n ope n 
tubula r  capillar y colum n operate d unde r  isotherma l  conditions . 
(Reproduce d wit h permissio n fro m ref .  411 .  Copyrigh t  Friedr . 
Viewe g &  Sohn) . 

The  plat e  height ,  an d thu s  th e  tota l  numbe r  o f  theoretica l  o r  effectiv e 

plates ,  depend s  o n th e  averag e  linea r  carrie r  ga s  velocit y  (va n Deemte r 

relationship )  and ,  fo r  a  particula r  carrie r  gas ,  th e  efficienc y wil l  maximiz e  a t 

a  particula r  flo w rate .  Onl y a t  th e  optimu m carrie r  ga s  flo w rat e  ar e  ç ,  N ,  an d 

HETP independen t  o f  th e  colum n length .  Fo r  thin-fil m columns ,  th e  efficienc y 

wil l  als o depen d o n th e  colum n diameter .  Fro m th e  Gola y equatio n th e  maximu m 

numbe r  o f  theoretica l  plate s  fo r  a  WCOT colum n i s  give n b y equatio n (2.13) . 

Not e  tha t  thi s  derivatio n assume s  tha t  th e  liqui d phas e  mas s  transfe r  ter m i s 
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negligibl e  an d tha t  th e  colum n pressur e  dro p ca n b e  ignored ,  assumption s  whic h 

ar e  unlikel y t o  hol d fo r  al l  situations . 

(HETP ) 
1 +  6 k +  llk z 

3 ( 1 +  k ) 2 

1/ 2 

(2.13 ) 

r  =  colum n radiu s 

Typica l  value s  fo r  column s  wit h differen t  diameter s  an d solute s  wit h capacit y 

factor s  o f  4  an d 1 0 ar e  give n i n  Tabl e  2.20 .  Value s  fo r  ç ,  N ,  an d HET P ar e 

reasonabl y independen t  o f  temperatur e  bu t  ma y var y wit h th e  substanc e  use d fo r 

thei r  determination ,  particularl y  i f  th e  tes t  substanc e  an d stationar y phas e  ar e 

no t  totall y  compatible . 

Brow n suggeste d tha t  th e  mea n specifi c  plat e  number ,  M,  i s  a  mor e  reliabl e 

paramete r  fo r  measurin g colum n efficienc y a s  i t  i s  les s  influence d b y partitio n 

ratio s  [413] .  Th e  mea n specifi c  plat e  paramete r  i s  obtaine d b y normalizin g th e 

arithmeti c  mea n o f  ç  an d Í  fo r  th e  colum n lengt h L  an d th e  diamete r  o f  th e  fre e 

ga s  passage ,  equatio n (2.14 ) 

2( r 
Ì  =  Í 

d f ) 
= ç  ( r  -  d f ) 

Ì  =  mea n specifi c  plat e  numbe r 
L =  colum n lengt h 
d r  =  fil m thicknes s 

é + / L (2.14 ) 

Thi s  valu e  ha s  bee n littl e  use d i n  practice .  Dest y suggeste d tha t  th e  rat e  o f 

TABLE 2.2 0 

THE INFLUENC E O F COLUMN DIAMETER O N EFFICIENC Y FO R SUBSTANCES O F DIFFEREN T 

RETENTION 

Colum n Capacit y  Facto r 

Diamete r  k  = 4  k  =  1 0 

(mm)  (HETP )  .  rl /in  Í  Tin" (HETP )  .  ii /in v '  v  y mi n ma x ma x mi n ma x 

0. 1 0.0 8 (mm ) 12,50 0 770 0 0.0 9 (mm ) 11,10 0 

0. 2 0.1 6 625 0 385 0 0.1 8 555 0 

0.2 5 0.2 0 500 0 312 5 0.2 2 447 0 

0.3 5 0.2 9 345 0 0.3 1 319 0 

0. 5 0.4 1 244 0 156 0 0.4 5 224 0 

0.7 5 0.6 1 164 0 104 0 0.6 7 149 0 

1. 0 0.8 2 122 0 78 0 0.8 9 112 0 
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productio n o f  effectiv e  plate s  pe r  retentio n tim e  (N/t^ )  woul d giv e  a  bette r 

measur e  o f  colum n performanc e  tha n th e  numbe r  o f  effectiv e  plate s  itsel f  [412] , 

However ,  thi s  ter m i s  als o dependen t  o n th e  partitio n rati o  and ,  excep t  a t  hig h 

linea r  carrie r  ga s  velocities ,  th e  colum n flo w rat e  a s  well .  I t  find s 

occasiona l  us e  i n  th e  literature . 

The  coatin g efficienc y (CE) ,  als o know n a s  th e  utilizatio n o f  theoretica l 

efficienc y (UTE) ,  i s  define d a s  th e  rati o  o f  th e  theoretica l  t o  experimenta l 

plat e  height ,  expresse d a s  a  percentage ,  unde r  optimu m conditions ,  equatio n 

(2.15) . 

(HETP) T, 
CE =  i n e o r  ÷  100 % (2.15 ) 

(HETP) r v 'Ex p 

A valu e  fo r  (^ETP) ^  ca n b e  calculate d fro m equatio n (2.13 )  which ,  a s  i t  i s 

derive d fo r  WCOT columns ,  i s  no t  strictl y  applicabl e  t o  PLO T an d whisker-wal l 

column s  [414] ,  Th e  coatin g efficienc y correct s  fo r  th e  effect s  o f  retentio n an d 

th e  diffusio n coefficien t  o f  th e  tes t  compoun d o n th e  measure d efficienc y an d 

shoul d b e  constan t  fo r  a  give n column .  However ,  th e  accurac y o f  thi s  measur e 

ca n b e  n o greate r  tha n th e  erro r  introduce d i n  calculatin g (ÇÅÔÑ),ñ^ ÈÏ Ã [415] , 

an d thi s  i s  reflecte d i n  th e  fac t  tha t  C E value s  greate r  tha n 100 % ca n b e  foun d 

i n  th e  literature .  A  colum n wit h a  continuous ,  even ,  thi n fil m shoul d hav e  C E 

value s  clos e  t o  100% .  Norma l  value s  fal l  int o th e  rang e  80-100 % fo r  column s  o f 

superio r  quality . 

The  separatio n numbe r  (SN) ,  als o kno w a s  th e  Trennzah l  (TZ) ,  i s  define d a s 

th e  numbe r  o f  componen t  peak s  whic h ca n b e  place d betwee n th e  peak s  o f  tw o 

consecutiv e  homologou s  standard s  wit h æ  an d z+ 1 carbo n atom s  an d separate d wit h 

a  resolutio n o f  R g =  1.177 ,  equatio n (2.16) . 

SN 
t R(z+l )  "  fc R(z) 

Wh(z )  +  Wh(z+1 ) 

(2.16 ) 

t ^  =  retentio n tim e 

ŵ  =  pea k widt h a t  hal f  heigh t 

Norma l  alkane s  o r  fatt y  aci d methy l  ester s  ar e  mos t  frequentl y  use d a s  th e 

standar d homologou s  compounds .  Th e  colum n separatio n numbe r  i s  dependen t  o n th e 

natur e  o f  th e  stationar y phase ,  th e  colum n length ,  colum n temperature ,  an d 

carrie r  ga s  flo w rat e  [411,412,416-418] .  Th e  relationshi p betwee n th e 

separatio n numbe r  an d efficienc y ca n b e  expresse d b y equatio n (2.17 )  (tempertur e 

als o enter s  int o thi s  relationshi p an d i s  emboddie d i n  th e  valu e  o f  th e 

separatio n factor) . 
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SN =  0.42 5 U/ N -  1  (2.17 ) 
[ á + i j 

á  =  separatio n facto r 
Í  =  numbe r  o f  effectiv e  plate s 

The  separatio n facto r  tend s  t o  increas e  a s  th e  colum n temperatur e  decreases , 

causin g a n increas e  i n  th e  separatio n number .  A t  constan t  temperature ,  equatio n 

(2.17 )  als o predict s  tha t  th e  separatio n numbe r  wil l  approac h a  maximu m an d 

remai n nearl y  constan t  a s  th e  capacit y  facto r  increases .  Thi s  i s  becaus e  th e 

separatio n facto r  betwee n neighbor s  o f  a  homologou s  serie s  an d th e  numbe r  o f 

effectiv e  plate s  become s  nearl y  constant .  Referrin g t o  Figur e  2.14 ,  a t  a 

sufficientl y  hig h capacit y  facto r  valu e  eithe r  ç ,  N ,  o r  S N provide s  a  reasonabl e 

valu e  fo r  comparin g th e  efficiencie s  o f  column s  o f  constan t  length .  Th e 

disadvantag e  o f  th e  separatio n numbe r  i s  tha t  i t  varie s  wit h temperature , 

wherea s  ç  an d Í  ar e  reasonabl y temperatur e  independent . 

The  separatio n numbe r  i s  th e  onl y colum n efficienc y paramete r  tha t  ca n b e 

determine d unde r  temperatur e  programme d condition s  [418,419] .  Th e  critica l 

parameter s  tha t  mus t  b e  standardize d t o  obtai n reproducibl e  S N value s  fo r 

column s  o f  differen t  lengt h ar e  th e  carrie r  ga s  flo w rat e  an d th e  temperatur e 

progra m (detail s  ar e  give n i n  th e  nex t  section) .  A  maximu m S N valu e  i s  reache d 

when th e  firs t  compoun d o f  a  homologou s  pai r  elute s  wit h a  capacit y  facto r  valu e 

of  a t  leas t  te n unde r  optimize d carrie r  ga s  flo w an d temperatur e  progra m rates . 

2.11. 4  Standardize d Qualit y  Tes t  fo r  Coate d Ope n Tubula r  Column s 

The  comprehensiv e  colum n tes t  procedur e  devise d b y Gro b i s  no w universall y 

use d b y bot h colum n producer s  an d colum n user s  [420,421] .  I t  supplant s  th e  us e 

of  th e  variou s  polarit y  tes t  mixture s  use d previousl y [251,265,277,307 , 

422-425] .  Th e  principa l  advantag e  o f  th e  Gro b tes t  i s  tha t  i t  provide s 

quantitativ e  informatio n abou t  fou r  importan t  aspect s  o f  colum n 

quality :  separatio n efficiency ,  adsorptiv e  activity ,  acidity/basicity ,  an d th e 

stationar y phas e  fil m thickness .  Th e  standar d tes t  condition s  ar e  optimize d fo r 

th e  measuremen t  o f  efficienc y and ,  a s  i t  i s  no t  feasibl e  t o  standardiz e  al l 

parameter s  simultaneousl y i n  a  multi-purpos e  test ,  thes e  condition s  ar e  no t 

necessaril y  optimu m fo r  measurin g colum n activity .  Th e  experimenta l  condition s 

ar e  optimize d fo r  column s  wit h a  mediu m rang e  o f  fil m thicknesse s  (0.08-0. 4 

micrometers )  an d colum n interna l  diameter s  o f  0.25-0.3 5 mm.  Althoug h th e 

separatio n numbe r  value s  obtaine d fo r  wid e  bor e  o r  thic k fil m column s  ma y b e 

slightl y  belo w thei r  maximu m values ,  fo r  convenienc e  th e  sam e  experimenta l 

condition s  ar e  generall y  use d fo r  al l  colum n types . 

The  compositio n o f  th e  Gro b tes t  mixtur e  i s  give n i n  Tabl e  2.21 .  T o 

prepar e  a  workin g solution ,  1. 0  m l  o f  eac h standar d solutio n i s  adde d t o  a  10. 0 
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ml  via l  an d 1. 0 ml  o f  thi s  secondar y standar d i s  dilute d t o  20. 0 m l  wit h 

hexane .  Th e  resultan t  mixtur e  ca n b e  store d i n  a  refrigerato r  an d i s  normall y 

stabl e  fo r  man y months .  Th e  concentrate d standard s  shoul d b e  store d i n  a 

freeze r  an d ar e  stabl e  indefinitely . 

A stepwis e  guid e  t o  th e  tes t  metho d i s  give n i n  Tabl e  2.22 .  Th e  tes t  i s 

performe d unde r  optimize d condition s  o f  carrie r  ga s  flo w rat e  an d rat e  o f 

temperatur e  programming ,  whic h ar e  adjuste d fo r  colum n lengt h an d carrie r  ga s 

viscosity ,  Tabl e  2.23 .  T o obtai n a  correc t  dea d tim e  valu e  fo r  thick-fil m 

column s  (d ^  ca .  >  0. 7 micrometers )  i t  shoul d b e  measure d a t  100° C (methan e  i s 

considerabl y retaine d a t  25°C) .  A s  th e  viscosit y  o f  th e  carrie r  ga s  i s  greate r 

at  thi s  temperature ,  th e  dea d tim e  shoul d b e  correcte d b y addin g 10 % fo r 

hydroge n an d 15 % fo r  helium .  Som e  instrument s  d o no t  allo w th e  temperatur e 

progra m rat e  t o  b e  change d continuousl y t o  mee t  al l  condition s  give n i n  Tabl e 

2.23 .  I n  thi s  cas e  i t  i s  necessar y t o  correc t  th e  spee d o f  th e  ru n t o  a n 

availabl e  temperatur e  progra m rat e  b y selectin g a  dea d tim e  correspondin g t o 

thi s  progra m rate . 

TABLE 2.2 1 

COMPONENTS O F TH E CONCENTRATED GR0 B TES T MIXTURE 

Tes t  Substanc e  Abbreviatio n Amoun t  Dissolve d i n  20. 0 m l 

solvent 3 (mg ) 

Methy l  decanoat e E 1 0 
24 2 

Methy l  undecanoat e El l 
23 6 

Methy l  dodecanoat e E 1 2 
23 0 

n-Decan e 10 17 2 

n-Undecan e 11 17 4 

n-Dodecan e 12 17 6 

1-Octano l ol 22 2 

Nonana l al 25 0 

2,3-Butanedio l D 38 0 

2,6-Dimethylanilin e A 20 5 

2,6-Dimethylpheno l Ñ 19 4 

Dicyclohexylamin e am 20 4 

2-Ethylhexanoi c  Aci d S 24 2 

Hexane ,  excep t  fo r  2,3-butanediol ,  whic h i s  dissolve d i n  chloroform ; 

Use d i n  plac e  o f  n-undecan e  t o  reduc e  th e  possibilit y  o f  pea k 

coincidence s  o n nonpola r  stationar y phases . 
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The  colum n efficienc y i s  determine d b y th e  separatio n numbe r  obtaine d fo r 

th e  methy l  ester s  o f  decanoic ,  undecanoic ,  an d dodecanoi c  aci d (E-̂ Q ,  , 

Å ^ ) ·  A s  th e  relativ e  differenc e  i n  th e  molecula r  size s  o f  th e  homologou s  pair s 

decrease s  wit h increasin g molecula r  size ,  th e  firs t  pai r  o f  methy l  ester s 

( E ^ Q / E ^ )  provide s  a  separatio n numbe r  valu e  tha t  i s  abou t  8 % highe r  tha n tha t 

of  th e  secon d pai r  ( Å ^ / Å ^ ) ·  Th e  averag e  o f  th e  tw o value s  i s  normall y use d a s 

a  measur e  o f  th e  colum n separatio n efficiency . 

TABLE 2.2 2 

STEPWISE PROCEDURE FO R PERFORMING TH E GROB TES T 

-  Coo l  th e  colum n ove n t o  belo w 40°C . 
-  Adjus t  th e  flo w rat e  b y  measurin g th e  dea d tim e  o f  methane .  Fo r  mos t 

instrument s  i t  i s  advisabl e  t o  se t  th e  spli t  flo w prio r  t o  th e  flo w 
measuremen t  becaus e  change s  i n  th e  spli t  flo w usuall y  chang e  th e  pressur e  a t 
th e  colum n inlet .  Adjus t  th e  tim e  t o  th e  standar d tim e  ( ± 5% )  Tabl e  2.23 . 

-  Adjus t  th e  temperatur e  progra m rat e  t o  th e  appropriat e  valu e  give n i n 
Tabl e  2.23 . 

-  Injec t  th e  tes t  mixtur e  unde r  condition s  tha t  allo w ca .  2  n g o f  a 
singl e  tes t  substanc e  t o  ente r  th e  colum n (e.g. ,  1  microlite r  wit h a 
spli t  rati o o f  1:2 0 t o  1:50 ,  dependin g o n  injecto r  design) . 

-  Immediatel y afte r  injection ,  hea t  th e  ove n t o  40° C (fo r  ver y thi n 
films ,  t o  30°C )  an d star t  th e  temperatur e  program . 

-  Withi n th e  temperatur e  rang e  i n  whic h th e  thir d este r  i s  elute d (o n 
most  columns ,  110-140°C) ,  mak e  tw o mark s  o n th e  recorde r  char t  notin g 
th e  actua l  ove n temperature . 

-  A t  th e  en d o f  th e  run ,  inter -  o r  extrapolat e  th e  elutio n temperatur e 
of  th e  thir d ester . 

-  Dra w th e  "100 % line "  ove r  th e  tw o alkane s  an d th e  thre e  esters . 
-  Expres s  th e  heigh t  o f  th e  remainin g peak s  a s  a  percentag e  o f  th e 

distanc e  betwee n th e  baselin e  an d th e  100 % line . 
-  Determin e  S N a s  a n averag e  o f  S N E]Q/E; Q an d S N E - Q / E ™ 
-  Determin e  th e  fil m thicknes s  usin g th e  nonogra m (se e  text) . 

TABLE 2.2 3 

STANDARD EXPERIMENTAL CONDITION S FO R PERFORMING TH E GROB TES T 

Colum n Hydroge n Heliu m 

Lengt h CĤ  elutio n Temperatur e CĤ  elutio n Temperatur e 

(m) (sec ) Progra m .  (sec ) Progra m 

(°C/min ) (°C/min ) 

10 20 5. 0 35 2. 5 

15 30 3. 3 53 1.6 5 

20 40 2. 5 70 1.2 5 

30 60 1.6 7 10 5 0.8 4 

40 80 1.2 5 14 0 0.6 3 

50 10 0 1. 0 17 5 0. 5 
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An eas y wa y t o  quantif y  th e  adsorptiv e  an d acid/bas e  characteristic s  o f  th e 

colum n i s  t o  measur e  th e  pea k heigh t  a s  a  percentag e  o f  tha t  expecte d fo r 

complet e  an d undisturbe d elution .  Th e  tw o alkane s  an d thre e  fatt y  aci d methy l 

ester s  (non-adsorbin g peaks )  ar e  connecte d a t  thei r  apice s  t o  provid e  th e  100 % 

lin e  a s  show n i n Figur e  2.1 5 [287] ,  Th e  colum n activit y  i s  the n quantifie d b y 

expressin g th e  heigh t  o f  th e  remainin g peak s  a s  a  percentag e  o f  th e  distanc e 

betwee n th e  baselin e  an d th e  100 % line .  I t  account s  fo r  al l  type s  o f  pea k 

distortio n tha t  occu r  i n  practice :  pea k broadening ,  pea k tailing ,  irreversibl e 

adsorption ,  an d degradation .  Th e  alcohol s  octano l  an d 2,3-butanedio l  ar e  use d 

t o  measur e  adsorptio n b y a  hydroge n bondin g mechanism .  Acid/bas e  interaction s 

ar e  assesse d fro m th e  adsorptiv e  behavio r  o f  2,6-dimethylaniline , 

2,6-dimethylphenol ,  dicyclohexylamine ,  an d 2-ethylhexanoi c  acid .  Probe s  wit h 

sterically-hindere d functiona l  group s  ar e  use d fo r  thi s  purpos e  i n  orde r  t o 

avoi d adsorptio n b y hydroge n bonding ,  whic h ca n complicat e  th e  interpretatio n o f 

th e  interaction .  2-Ethylhexanoi c  aci d an d dicyclohexylamin e  provid e  muc h mor e 

stringen t  test s  o f  acid/bas e  behavio r  tha n th e  pheno l  an d aniline .  O n nonpola r 

phases ,  eve n les s  tha n 1. 0 n g o f  2-ethylhexanoi c  aci d ma y caus e  colum n 

overloading ,  resultin g i n  a  distorte d (leading )  peak .  I n  thi s  case ,  pea k are a 

as  oppose d t o  pea k heigh t  mus t  b e  use d t o  quantif y  colum n interactions .  Nonana l 

i s  use d t o  investigat e  th e  capacit y  o f  th e  colum n t o adsor b saturate d 

aldehydes .  Thi s  i s  th e  mos t  specifi c  o f  th e  pola r  tes t  probe s  an d show s 

\1 0 
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Figur e  2.1 5 Tes t  chromatogra m o f  a n ope n tubula r  colum n accordin g t o  th e 
metho d o f  Grob .  A  lin e  i s  draw n ove r  th e  peak s  o f  th e 
non-adsorbe d solutes .  Th e  pea k heigh t  o f  th e  remainin g peak s  i s 
determine d a s  a  percentag e  o f  th e  idea l  pea k height .  I n  th e 
absenc e  o f  adsorptio n al l  peak s  shoul d reac h th e  dotte d line . 
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th e  leas t  variatio n o n mos t  column s  o f  a t  leas t  moderat e  quality .  O n ver y 

inert ,  nonpola r  column s  th e  alkan e  standard s  ma y b e  partiall y  adsorbed .  I n  thi s 

cas e  th e  aldehyd e  and/o r  alcoho l  peak s  wil l  b e  large r  tha n thos e  o f  th e  alkanes ; 

quantitatio n o f  adsorptio n is ,  o f  course ,  no t  possibl e  i n  suc h cases . 

The  fil m thicknes s  i s  calculate d fro m th e  elutio n temperatur e  o f  methy l 

dodecanoat e  (E-^) .  However ,  quantitatio n o f  fil m thicknes s  require s  a 

calibratio n o f  elutio n temperatur e  agains t  stationar y phas e  thicknes s  fo r  al l 

stationar y phase s  o f  interest .  A  nonogra m ca n the n b e  constructe d an d th e 

stationar y phas e  fil m thicknes s  ca n b e  obtaine d fro m th e  elutio n temperatur e  o f 

E ^  [420] .  Th e  elutio n temperatur e  o f  E ^  i s  reproducibl e  t o  withi n ±  1° C i f 

th e  standar d condition s  ar e  kep t  withi n reasonabl e  limits ;  i n  term s  o f  fil m 

thicknes s  thi s  correspond s  t o  a  variatio n o f  5 % o r  less . 

Thre e  problem s  wit h th e  Gro b tes t  ar e  worth y o f  mention .  I t  canno t  b e  use d 

t o  tes t  column s  coate d wit h liqui d phase s  o f  hig h meltin g point .  Th e  elutio n 

orde r  o f  th e  tes t  mixtur e  i s  no t  th e  sam e  o n al l  stationar y phase s  an d th e 

occurrenc e  o f  pea k co-elutio n canno t  b e  entirel y  eliminated .  Th e  elutio n orde r 

of  th e  tes t  mixtur e  o n man y commo n phase s  ha s  bee n give n b y Gro b [420,421] .  Fo r 

phase s  no t  previousl y tested ,  o r  i n  case s  wher e  th e  elutio n orde r  i s  i n  doubt , 

individua l  standard s  mus t  b e  injecte d fo r  pea k identification .  I n  th e  cas e  o f 

pea k co-elution ,  th e  tes t  mixtur e  shoul d b e  divide d int o group s  o f  separate d 

component s  an d eac h grou p injecte d independently .  Finally ,  th e  tes t  i s  biase d 

toward s  th e  measuremen t  o f  adsorptiv e  a s  oppose d t o  catalyti c  activit y 

[426,427] .  Catalyti c  activit y  cause s  time-dependent ,  concentration-independen t 

losse s  o f  sampl e  components .  Wit h increasin g colum n temperature ,  adsorptio n 

decrease s  whils t  catalytic/therma l  decompositio n increases .  Althoug h a t  hig h 

colum n temperature s  adsorptio n ma y b e  o f  littl e  importanc e  compare d t o  catalyti c 

activity ,  th e  latte r  ma y no t  b e  observe d i n  th e  Gro b test .  A s  catalyti c 

activit y  i s  a  fairl y  specifi c  influenc e  o n particula r  solute s  i t  ma y b e 

necessar y t o  customiz e  a n activit y  tes t  fo r  i t  base d o n th e  intende d us e  o f  th e 

column . 

2.11. 5  Colum n Therma l  Stabilit y 

I n  quit e  genera l  term s  th e  amoun t  o f  volatil e  decompositio n product s  forme d 

i n  th e  colum n pe r  uni t  tim e  depend s  o n th e  stationar y phase ,  temperature , 

surfac e  propertie s  o f  th e  support ,  surfac e  are a  covere d b y th e  stationar y phase , 

an d fil m thicknes s  [226,290,299] .  Th e  mas s  flo w o f  volatil e  product s  a t  th e 

colum n outle t  depend s  o n th e  colum n length ,  th e  carrie r  ga s  flo w rate ,  an d th e 

rat e  o f  formatio n o f  th e  volatil e  products . 

Standardizatio n o f  th e  measuremen t  o f  colum n blee d fro m differen t  column s 

present s  severa l  problems .  Th e  influenc e  o f  detecto r  sensitivit y  o n th e  result s 
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obtaine d ca n b e  eliminate d b y injectin g a  standar d compoun d a s  par t  o f  th e  test , 

Figur e  2.16 .  Th e  amoun t  o f  stationar y phas e  blee d i s  represente d b y a  rectangl e 

whos e  are a  i s  define d b y th e  chang e  i n  recorde r  respons e  betwee n tw o se t 

temperatures ,  on e  o f  whic h i s  selecte d t o  represen t  condition s  o f  lo w colum n 

bleed ,  an d th e  sectio n o f  th e  absciss a  tha t  correspond s  t o  uni t  tim e  (minutes) . 

By compariso n o f  thi s  are a  wit h tha t  o f  a  tes t  compound ,  usuall y  a n n-alkane , 

th e  los s  o f  liqui d phas e  ca n b e  expresse d a s  microgram s  o f  n-alkan e  pe r  minute . 

I t  i s  assume d tha t  th e  respons e  factor s  o f  th e  colum n blee d product s  an d th e 

tes t  compoun d ar e  identical .  Althoug h thi s  i s  require d a s  a  workin g hypothesis , 

i t  nee d no t  necessaril y  b e  th e  case . 

280 ° C 

Figur e  2.1 6 Standardize d blee d tes t  fo r  ga s  chromatographi c  column s  (se e  tex t 
fo r  details) .  (Reproduce d wit h permissio n fro m ref .  290 . 
Copyrigh t  Elsevie r  Scientifi c  Publishin g Co. ) 

The  abov e  metho d ca n b e  use d t o  stud y th e  influenc e  o f  th e  colum n 

preparatio n procedur e  o n th e  stabilit y  o f  th e  liqui d phas e  film .  Surfac e 

effect s  ar e  particularl y  noticeabl e  i n  capillar y column s  sinc e  th e  rati o  o f  th e 

surfac e  are a  t o  th e  amoun t  o f  stationar y phas e  i s  high .  A n exampl e  i s  show n i n 

Figur e  2.1 7 fo r  a  poly(methyl)siloxan e  phas e  [299] .  I n  general ,  glas s  capillar y 

column s  mad e  fro m alkal i  glas s  exhibi t  muc h greate r  colum n blee d tha n 

borosilicat e  glasse s  unles s  th e  concentratio n o f  alkal i  ion s  i s  reduce d b y aci d 

leaching .  Fuse d silic a  column s  sho w ver y lo w level s  o f  thermally-induce d 

catalyti c  phas e  decomposition .  Th e  metho d i s  als o suitabl e  fo r  observin g th e 

influenc e  o f  differen t  method s  o f  deactivatio n o n stationar y phas e 
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decomposition . 

Figur e  2.1 7 Colum n blee d o f  OV-10 1 coate d ont o differen t  glas s  surfaces . 
(Reproduce d wit h permissio n fro m ref .  299 .  Copyrigh t  Friedr . 
Viewe g &  Sohn) . 

2.1 2 Th e  Mobil e  Phas e  i n  Ga s  Chromatograph y 

The  mobil e  phas e  i s  ga s  chromatograph y i s  generall y  considere d t o  b e  iner t 

i n  th e  sens e  tha t  i t  doe s  no t  reac t  chemicall y  wit h th e  sampl e  o r  stationar y 

phase ,  no r  doe s  i t  influenc e  th e  sorption-desorptio n o r  partitionin g processe s 

tha t  occu r  withi n th e  column .  Thu s  th e  choic e  o f  carrie r  ga s  doe s  no t  influenc e 

selectivity .  I t  ca n influenc e  resolutio n throug h it s  effec t  o n colum n 

efficienc y whic h arise s  fro m difference s  i n  solut e  diffusio n rates .  I t  ca n als o 

affec t  analysi s  tim e  becaus e  th e  optimu m carrie r  ga s  velocit y  decrease s  a s  th e 

solut e  diffusivit y  decreases ,  an d als o play s  a  rol e  i n  pressure-limitin g 

situation s  du e  t o  difference s  i n  ga s  viscosities .  Othe r  consideration s  fo r 

choosin g a  particula r  carrie r  ga s  migh t  b e  cost ,  purity ,  safety ,  an d detecto r 

compatibility .  Takin g al l  thes e  consideration s  int o account ,  hydrogen ,  helium , 

nitrogen ,  an d argo n ar e  th e  principa l  carrie r  gase s  use d i n  ga s  chromatography . 

For  packe d colum n ga s  chromatography ,  littl e  accoun t  i s  take n o f  th e  choic e 

of  carrie r  ga s  whe n usin g column s  o f  norma l  lengt h an d support s  o f  averag e 

particl e  size .  I n  situation s  wher e  th e  pressur e  dro p i s  th e  limitin g feature , 
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hydroge n woul d b e  preferre d becaus e  it s  viscosit y  i s  onl y abou t  hal f  tha t  o f 

heliu m an d nitrogen .  I n  term s  o f  efficienc y nitroge n i s  slightl y  superio r  a t 

lo w temperature s  an d flo w rate s  whil e  hydroge n i s  perferre d a t  highe r 

temperature s  an d a t  abov e  optimu m flo w rate s  [428,429] . 

For  ope n tubula r  column s  a  mor e  clear-cu t  preferenc e  fo r  hydroge n ca n b e 

made  [228,374,430,431] .  Comparin g th e  va n Deemte r  curve s  i n  Figur e  2.18 , 

nitroge n provide s  th e  lowes t  plat e  heigh t  bu t  i t  occur s  a t  a n optimu m ga s 

velocit y  whic h i s  rathe r  lo w an d henc e  lead s  t o  lon g analysi s  times .  I n  th e 

optimu m plat e  heigh t  regio n th e  ascendin g portion s  o f  th e  curv e  ar e  muc h 

shallowe r  fo r  hydroge n an d helium .  Thu s  fo r  operatio n a t  carrie r  ga s  flo w rate s 

abov e  th e  optimu m i n th e  va n Deemte r  curves ,  th e  situatio n whic h applie s  i n 

practice ,  hydrogen ,  an d t o  a  lesse r  exten t  helium ,  sho w onl y a  modes t  sacrific e 

i n  colum n efficienc y compare d t o  nitrogen .  Expresse d a s  th e  rat e  o f  productio n 

of  effectiv e  theoretica l  plates ,  Figur e  2.18 ,  i t  i s  clea r  tha t  hydroge n provide s 

th e  highes t  colum n efficienc y pe r  uni t  time .  I n  addition ,  becaus e  equivalen t 

colum n efficiencie s  ar e  obtaine d a t  highe r  averag e  linea r  ga s  velocities , 

0 20 40 60 80 

Figur e  2.1 8 A ,  va n Deemte r  curve s  fo r  thre e  differen t  carrie r  gases .  Th e  tes t 
solut e  ha s  a  partitio n rati o  o f  7.95 .  I n  B ,  th e  sam e  dat a  i s 
replotte d a s  th e  rat e  o f  productio n o f  effectiv e  plate s  a s  a 
functio n o f  th e  averag e  linea r  carrie r  ga s  velocity . 
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compound s  exhibi t  lowe r  elutio n temperature s  durin g temperatur e  programme d run s 

and ,  a s  th e  peak s  ar e  talle r  an d narrower ,  sampl e  detectabilit y  i s  improved . 

Figur e  2.1 9 provide s  a n exampl e  o f  th e  separatio n o f  a  comple x mixtur e  optimize d 

t o  produc e  simila r  elutio n temperatue s  wit h nitroge n an d hydroge n a s  th e  carrie r 

gases .  Whe n nitroge n i s  use d th e  resolutio n i s  slightl y  poore r  an d th e 

sensitivit y  i s  reduced ,  a s  indicate d b y th e  large r  sampl e  siz e  require d t o 

provid e  approximatel y th e  sam e  signal .  However ,  th e  mos t  dramati c  differenc e  i s 

i n  th e  analysi s  time ,  whic h i s  2. 5  time s  longe r  i n  th e  cas e  o f  nitrogen .  Th e 

onl y disadvantag e  t o  th e  us e  o f  hydroge n a s  a  carrie r  ga s  i s  th e  rea l  o r 

perceive d explosio n hazzar d fro m leak s  withi n th e  colum n oven .  Experienc e  ha s 

show n tha t  th e  condition s  require d fo r  a  catastrophi c  explosio n ma y neve r  b e 

achieve d i n  practice .  However ,  commerciall y  availabl e  ga s  sensor s  wil l 

automaticall y  switc h of f  th e  colum n ove n an d carrie r  ga s  flo w a t  air-hydroge n 

1 

colum n 40m/0. 3 mm 
0V-1 , 0.1 2 jim 

carrie r N2 

2.0 ml/min . 

sampl e  5.0ì À 
spli t rati o  1:3 0 

prog . 1.6°/min . 

JLJJL 

carrie r H2 

4.2 ml / min . 

sampl e  1.3 p i 

spli t rati o  1:3 0 

prog . 4 . 0 ^  min . 

,.lu_, i 1 1 

w 

Calmu s  Oil 
0 1 % in  hexan e 

uIlL 

( L J J 

185 ° 
53 min 

õ 
KX)° 

185 ° 
21 min 

Figur e  2.1 9 Compariso n o f  nitroge n an d hydroge n a s  carrie r  gase s  fo r  ope n 
tubula r  columns .  Fo r  nitroge n th e  condition s  (temperatur e  an d 
flo w rate )  wer e  selecte d t o  yiel d th e  optimu m resolution .  Fo r 
hydroge n th e  condition s  wer e  se t  t o  yiel d elutio n temperature s 
simila r  t o  thos e  o f  nitrogen ,  an d fo r  high ,  bu t  no t  maximum , 
resolution .  (Reproduce d wit h permissio n fro m re f  374 .  Copyrigh t 
Dr .  Alfre d Huethi g Publishers) . 
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mixture s  wel l  belo w th e  explosio n threshol d limi t  [432] , 

Severa l  studie s  hav e  bee n mad e  o n th e  influenc e  o f  vapor s  o r  gase s  adde d t o 

th e  carrie r  ga s  t o  modif y th e  colum n separatio n characteristic s  [433] ,  Steam , 

ammonia ,  formi c  acid ,  etc .  hav e  bee n use d t o  adjus t  th e  retention ,  improv e  th e 

pea k shape ,  an d diminis h th e  adsorptio n o f  pola r  solute s  i n  gas-liqui d an d 

gas-soli d  chromatograph y [434] .  Organi c  vapor s  wit h appreciabl e  stationar y 

phas e  solubilit y  hav e  bee n use d t o  creat e  dynami c  binar y liqui d phas e  mixture s 

whos e  selectivit y  ca n b e  adjuste d b y changin g th e  partia l  pressur e  o f  th e 

organi c  vapo r  i n  th e  carrie r  ga s  [435,436] .  I n  general ,  problem s  wit h detecto r 

incompatibility ,  th e  limite d availabl e  temperatur e  rang e  fo r  th e  desire d effec t 

t o  apply ,  an d othe r  inconvenience s  relate d t o  safet y an d equipmen t  requirement s 

hav e  limite d studie s  i n  thi s  area . 

2.1 3 Supercritica l  Flui d Chromatograph y 

Technica l  difficultie s  i n  establishin g microcolum n liqui d chromatograph y a s 

a  routin e  analytica l  techniqu e  an d recen t  development s  i n  ga s  chromatography , 

hav e  produce d a  rebirt h  o f  interes t  i n  supercritica l  flui d chromatograph y 

(SFC) .  SF C shoul d no t  b e  viewe d a s  a  replacemen t  fo r  eithe r  ga s  o r  liqui d 

chromatograph y bu t  rathe r  a s  a  techniqu e  whic h i s  complementar y t o  both .  SF C 

ca n b e  use d t o  separat e  thermall y labil e  an d hig h molecula r  weigh t  sample s 

unsuite d t o  ga s  chromatographi c  analysis ,  and ,  whe n compare d t o  HPLC ,  i t  offer s 

th e  possibilit y  o f  highe r  separatio n efficiencies ,  shorte r  analysi s  times ,  an d a 

wide r  rang e  o f  detectio n possibilities .  Ther e  ar e  o f  cours e  limitation s  a s  wel l 

as  advantages .  SF C canno t  provid e  comparabl e  separatin g powe r  fo r  thos e 

compound s  whic h ar e  stabl e  t o  ga s  chromatographi c  condition s  an d i t  lack s  th e 

flexibilit y  o f  th e  man y differen t  retentio n mechanism s  availabl e  i n  HPLC . 

Additionally ,  a s  SF C separation s  ar e  performe d a t  temperature s  abov e  th e 

critica l  temperatur e  o f  th e  mobil e  phase ,  th e  compound s  analyze d mus t  hav e 

sufficien t  therma l  stabilit y  t o  mee t  thi s  requirement .  A  furthe r  limitatio n t o 

th e  curren t  exploitatio n o f  SF C i s  a  lac k o f  commerciall y  availabl e 

instrumentation . 

A supercritica l  flui d i s  a  ga s  whic h ha s  bee n heate d t o  a  temperatur e  abov e 

it s  critica l  tempertur e  whil e  simultaneousl y compresse d t o  a  pressur e  exceedin g 

it s  critica l  pressure .  Unde r  thes e  condition s  th e  ga s  i s  converte d t o  a  singl e 

phase ,  dens e  flui d whos e  solven t  propertie s  diffe r  fro m bot h ga s  an d liqui d 

phases .  Gase s  an d supercritica l  fluid s  hav e  simila r  viscositie s  an d ar e  abou t 

100-fol d lowe r  tha n thos e  o f  liquids .  Diffusio n coefficient s  ar e  highe r  i n 

supercritica l  fluid s  tha n i n  liquid s  bu t  generall y  lowe r  tha n i n  gases .  Th e 

solubilizin g powe r  o f  supercritica l  fluid s  i s  appreciabl y highe r  tha n tha t  o f 

gase s  a t  simila r  temperature s  and ,  i n  fact ,  approache s  tha t  o f  norma l  liquids . 
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A numbe r  o f  recen t  review s  hav e  deal t  wit h th e  physica l  propertie s  an d 

chromatographi c  use s  o f  supercritica l  fluid s  [437-443] . 

Most  o f  th e  earl y  researc h i n  SF C wa s  base d o n packe d colum n methods . 

However ,  th e  resurgenc e  o f  interes t  i n  th e  techniqu e  ca n b e  trace d t o  th e 

developmen t  o f  ope n tubula r  column s  wit h immobilize d phase s  fo r  ga s 

chromatography .  Thes e  column s  eliminate d th e  proble m o f  phas e  strippin g b y th e 

supercritica l  flui d whic h limite d th e  usefulnes s  o f  conventiona l  wall-coate d 

ope n tubula r  column s  [443-448] ,  Ope n tubula r  column s  hav e  certai n  othe r 

feature s  whic h mak e  the m desirabl e  fo r  SFC .  Th e  pressur e  dro p acros s  a 

capillar y colum n i s  lowe r  tha n tha t  fo r  a  packe d column ,  allowin g th e  us e  o f 

longe r  column s  tha t  ca n attai n  highe r  efficiencie s  [441,446] ,  Additionally ,  th e 

contributio n t o  th e  colum n plat e  heigh t  fro m alternat e  flui d flo w path s  foun d i n 

packe d column s  i s  absen t  i n  ope n tubula r  columns .  Th e  lo w pressur e  dro p i n 

capillar y SF C i s  moreove r  beneficia l  becaus e  th e  densit y  o f  th e  mobil e  phas e  i s 

mor e  unifor m throughou t  th e  lengt h o f  th e  column .  A s  th e  mobil e  phas e  densit y 

ha s  a n importan t  influenc e  o n retentio n i n  SFC ,  thi s  paramete r  assume s  greate r 

importanc e  tha n i n  ga s  o r  liqui d chromatography .  Th e  principa l  problem s  i n 

capillar y SF C relat e  t o  instrumenta l  constraint s  resultin g fro m th e  hig h 

pressure s  an d temperature s  (i n  som e  cases )  require d t o  maintai n th e  mobil e  phas e 

at  o r  abov e  it s  critica l  point ,  an d th e  lo w toleranc e  o f  extracolum n volum e  i n 

sampl e  introductio n an d detectio n systems .  Thes e  difficultie s  hav e  bee n 

sufficien t  t o  maintai n a n interes t  i n  packe d colum n SFC ,  employin g column s  an d 

packing s  simila r  t o  thos e  use d i n  HPL C [438,439,449-451] .  I n  packe d colum n SFC , 

instrumen t  requirement s  ca n b e  simplifie d b y operatin g i n  th e  nea r  supercritica l 

regio n wit h inorgani c  gase s  compresse d t o  liqui d densitie s  bu t  maintaine d belo w 

thei r  critica l  temperature s  [451] . 

Some  suitabl e  mobil e  phase s  fo r  SF C ar e  give n i n  Tabl e  2.2 4 [438,452] , 

Wit h equipmen t  no t  specificall y  designe d fo r  SFC ,  mobil e  phase s  wit h lo w 

critica l  constants ,  suc h a s  carbo n dioxide ,  ar e  preferre d [447] ,  Whe n equipmen t 

constraint s  ar e  no t  limiting ,  the n mobil e  phase s  wit h highe r  critica l  constant s 

offe r  certai n  advantages ,  particularl y  fo r  th e  separatio n o f  hig h molecula r 

weigh t  samples .  Thi s  i s  becaus e  retentio n i n  SF C i s  controlle d b y a  combinatio n 

of  extractio n an d evaporatio n mechanisms .  T o elut e  hig h molecula r  weigh t 

sample s  a t  lo w temperatures ,  a  compensatin g increas e  i n  th e  mobil e  phas e  densit y 

(pressure )  i s  required ,  whic h ma y no t  b e  convenien t  i n  practice .  O f  course ,  th e 

overridin g consideratio n wit h respec t  t o  temperatur e  i s  th e  therma l  stabilit y  o f 

th e  sampl e  itself .  Som e  o f  th e  organi c  mobil e  phase s  liste d i n  Tabl e  2.2 4 ma y 

constitut e  a  safet y hazar d i f  a  lea k develop s  a t  hig h temperature s  an d pressure s 

[447] ;  stil l  other s  ar e  corrosiv e  o r  toxi c  agent s  tha t  presen t  thei r  ow n 

particula r  problems .  Degradatio n o f  som e  solvent s  occur s  unde r  usefu l  operatin g 

condition s  [452] .  Fo r  th e  abov e  reason s  th e  mos t  widel y use d mobil e  phase s  hav e 
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bee n carbo n dioxid e  an d pentane .  A s  neithe r  o f  thes e  fluid s  i s  ver y selectiv e 

ther e  i s  stil l  a  stron g interes t  i n  evaluatin g alternativ e  phase s  t o  improv e 

resolutio n b y manipulatio n o f  th e  mobil e  phas e  selectivity .  Th e  availabilit y  o f 

immobilize d stationar y phase s  wit h differen t  selectivitie s  ma y partiall y  solv e 

thi s  problem . 

TABLE 2.2 4 

PROPERTIES O F POSSIBL E MOBILE PHASE S FO R SUPERCRITICA L FLUI D CHROMATOGRAPHY 

Compoun d At m Critica l Poin t  Dat a 

b.p .  (°C ) T C cc ) P c (atm ) d c (g/ml ) 

Nitrou s  oxid e " 8 9 a 36. 5 71. 4 0.45 7 
Carbo n Dioxid e -78.5 a 31. 3 72. 9 0.44 8 
Sulfu r  dioxid e -1 0 157. 5 77. 6 0.52 4 
Sulfu r  hexafluorid e -63.8 a 45. 6 37. 1 0.75 2 
Ammonia -33. 4 132. 3 111. 3 0.2 4 
Wate r 10 0 374. 4 226. 8 0.34 4 
Methano l 64. 7 240. 5 78. 9 0.27 2 
Ethano l 78. 4 243. 4 63. 0 0.27 6 
Isopropano l 82. 5 235. 3 47. 0 0.27 3 
Ethan e -8 8 32. 4 48. 3 0.20 3 
n-Propan e -44. .  5 96. 8 42. 0 0.22 0 
n-Butan e -  0. 5 152. 0 37. 5 0.22 8 
n-Pentan e 36. 3 196. 6 33. 3 0.23 2 
n-Hexan e 69. 0 234. 2 29. 6 0.23 4 
n-Heptan e 98. 4 267. 0 27. 0 0.23 5 
2,3-Dimethylbutan e 58. 0 226. 8 31. 0 0.24 1 
Benzen e 80. 1 288. 9 48. 3 0.30 2 
Diethy l  ethe r 34. 6 193. 6 36. 3 0.26 7 
Methy l  ethy l  ethe r 7. 6 164. 7 43. 4 0.27 2 
Dichlorodifluoromethan e -29. 8 111. 7 39. 4 0.55 8 
Dichlorofluoromethan e 8. 9 178. 5 51. 0 0.52 2 
Trichlorofluoromethan e 23. 7 196. 6 41. 7 0.54 4 
Dichlorotetrafluoroethan e 3. 5 146. 1 35. 5 0.58 2 

Sublimatio n poin t 

Two properties ,  th e  volatilit y  o f  th e  solut e  an d it s  solubilit y  i n  th e 

mobil e  phase ,  ar e  responsibl e  fo r  determinin g th e  retentio n o f  solute s  i n  SFC . 

For  in-volatil e  compound s  th e  mobil e  phas e  densit y  play s  th e  mos t  importan t  rol e 

i n  determinin g capacit y  facto r  values .  Fo r  ope n tubula r  column s  th e  pressur e 

dro p acros s  th e  colum n i s  approximatel y linea r  and ,  therefore ,  th e  densit y o f 

th e  mobil e  phas e  i n  th e  colum n i s  give n b y equatio n (2.18) . 

ñ  =  D -  w l  (2.18 ) 

ñ =  densit y o f  th e  mobil e  phas e 
D =  densit y o f  th e  mobil e  phas e  a t  th e  hea d o f  th e  colum n 
w =  rat e  a t  whic h th e  densit y  change s 
1 =  lengt h alon g th e  colum n 



12 7 

The  effec t  o f  mobil e  phas e  densit y  o n selectivit y  an d retentio n ca n b e 

calculate d fro m equation s  (2.19 )  an d (2.20) . 

ln a  =  B q -  m p (2.19 ) 

I n  k  =  a -  b p (2.20 ) 

á  =  selectivit y  coefficien t 
k  =  capacit y  facto r 
a  =  lo g k  o f  a  compoun d unde r  ga s  chromatographi c  condition s  a t  th e  sam e 

temperatur e 
b  =  rat e  o f  chang e  o f  lo g k  wit h respec t  t o  th e  mobil e  phas e  densit y 

B q ,  m ,  a ,  an d b  ar e  constant s  whos e  value s  depen d o n th e  solute ,  th e  natur e  o f 

th e  stationar y phase ,  an d th e  temperatur e  o f  th e  mobil e  phase .  Equation s 

(2.17)-(2.19 )  ca n b e  combine d t o  giv e  expression s  fo r  k  an d á  a s  a  functio n o f 

th e  distanc e  a  solut e  ha s  travelle d alon g th e  column .  Th e  integratio n o f  eac h 

expressio n ove r  th e  colum n length ,  divide d b y th e  colum n length ,  provide s 

averag e  value s  fo r  k  an d a .  Thi s  enable s  observe d value s  fo r  k  an d á  t o  b e 

calculate d accordin g t o  equation s  (2.21 )  an d (2.22) . 

k 0BS "  e ( a _ b D )  ( e t W L "  1 ) / b w L ( 2 · 2 1 ) 

°0B S -  e ( B _ m D )  ( e m W L "  1 / m w L ( 2 · 2 2 ) 

L =  colum n lengt h 

I n bot h equation s  w L i s  simpl y th e  densit y  change ,  Äñ ,  acros s  th e  column .  Th e 

followin g genera l  observation s  ca n b e  mad e  fro * equation s  (2.21 )  an d (2.22) : 

1.  Observe d selectivit y  an d retentio n variation s  cause d b y linea r 
change s  i n  densit y  depen d onl y o n th e  colum n tota l  densit y  drop . 

2.  I f  th e  densit y  a t  th e  hea d o f  th e  colum n i s  hel d constan t  whil e  Ä ñ 
i s  allowe d t o  increase ,  the n bot h selectivit y  an d retentio n wil l 
increase . 

3.  Increasin g th e  densit y  dro p affect s  bot h retentio n an d selectivity ; 
i f  ̂ Qg g remain s  constant ,  selectivit y  wil l  alway s  increase ,  an d 
vic e  versa . 

Resolutio n depend s  o n th e  colum n efficienc y a s  wel l  a s  o n k  an d a .  Th e 

pressur e  dro p acros s  a n ope n tubula r  colum n ha s  onl y a  limite d effec t  o n colum n 

efficienc y sinc e  i t  i s  small .  Fo r  a  fixe d colum n length ,  th e  numbe r  o f 

theoretica l  plate s  i n  capillar y SF C i s  give n b y equatio n (2.23 )  [444,445] . 
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The  maximu m numbe r  o f  theoretica l  plate s  tha t  ca n b e  attaine d a t  a  give n mobil e 

phas e  velocit y  i s  give n b y equatio n (2.24 ) 

3  Ä Ñ r 2 D ( 1 +  k ) 2 

max m  / 0 0 / ÷ 
ç  =  ÷  ÷  - - 9 9  (Z.z4 ; 

m a x ç[4 8 D  z  ( 1  +  k ) Z +  ( 1  +  6 k +  llk Z)  r  u ] 

an d th e  longes t  colum n lengt h tha t  ca n b e  use d i s  give n b y equatio n (2.25) . 

ÄÑ r 2 

L = — (2.25 ) 
max  ï 

8 r| u 

ç  =  mobil e  phas e  viscosit y 
u  =  mobil e  phas e  linea r  velocit y  a t  th e  hea d o f  th e  colum n 
r  =  colum n radiu s 
ÄÑ =  colum n pressur e  dro p 
L =  colum n lengt h 
D =  mobil e  phas e  solut e  diffusio n coefficien t 

m r 

To maximiz e  resolutio n th e  colum n efficienc y shoul d b e  maximize d whil e 

simultaneousl y minimizin g th e  selectivit y  los s  cause d b y th e  colum n pressur e 

drop .  Thi s  favor s  th e  us e  o f  fairl y  shor t  capillar y column s  (ca .  2 0 m  i n 

length )  o f  smal l  interna l  diamete r  (les s  tha n 5 0 micrometers) .  Fo r  technica l 

reasons ,  interna l  colum n diameter s  ar e  currentl y  limite d t o  th e  rang e  o f  50-10 0 

micrometers . 

Two gradien t  technique s  ar e  applicabl e  t o  SFC :  pressur e  gradients ,  wher e 

th e  mobil e  phas e  densit y  i s  altere d t o  shorte n th e  analysi s  tim e  an d increas e 

resolution ,  an d eluen t  gradients ,  whereb y th e  eluen t  compositio n i s  altered . 

Pressur e  programmin g ha s  bee n mor e  widel y use d tha n eluen t  programmin g an d wil l 

be  describe d belo w [438,450] .  Temperatur e  programmin g i s  no t  generall y  usefu l 

i n  SFC ;  mos t  separation s  ar e  performe d isothermall y a t  a  temperatur e  a  fe w 

degree s  highe r  tha n th e  critica l  temperature . 

By graduall y  increasin g th e  pressur e  durin g a  chromatographi c  ru n i t  i s 

possibl e  t o  elut e  compound s  ove r  a  wid e  molecula r  weigh t  range .  Here ,  i t  i s  no t 

th e  pressur e  programmin g rat e  whic h i s  important ,  bu t  rathe r  th e  rat e  a t  whic h 

th e  mobil e  phas e  densit y  increase s  relativ e  t o  it s  flo w rate .  I t  i s  generall y 

recognize d tha t  slo w programmin g rate s  giv e  th e  bes t  results ,  tha t  increasin g 

th e  colum n temperatur e  ma y lea d t o  bette r  result s  sinc e  th e  pressure-densit y 

isotherm s  becom e  mor e  linear ,  an d tha t  th e  pressur e  dro p acros s  th e  colum n 

shoul d b e  a s  smal l  a s  possible .  Sinc e  densit y  i s  no t  directl y  proportiona l  t o 

pressur e  nea r  th e  critica l  point ,  linea r  pressur e  programmin g wil l  produc e 

inferio r  result s  fo r  th e  separatio n o f  mixture s  havin g a  wid e  molecula r  weigh t 

rang e  [443,453,454] .  Th e  elutio n tim e  o f  compound s  i n  a  homologou s  serie s  i s 

describe d b y equatio n (2.26 ) 
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I n k  =  A  +  B Qn -  mn p (2.26 ) 

wher e  A ,  B q ,  an d m  ar e  constant s  an d ç  i s  th e  numbe r  o f  monomeri c  unit s  i n 

th e  elute d oligomers .  Fo r  linea r  pressur e  programming ,  th e  elutio n tim e  fo r 

eac h oligome r  i s  give n b y equatio n (2.27) . 

t n =  c/ n  (2.27 ) 

t n =  elutio n tim e  fo r  a n oligome r  containin g ç  monome r  unit s 

too = elutio n tim e  a s  ç  — > oo 

c  =  constan t  whos e  valu e  depend s  o n th e  densit y  programmin g rat e 

Equatio n (2.27 )  predict s  tha t  wit h linea r  densit y  programming ,  successiv e 

oligomer s  wil l  b e  elute d clos e  togethe r  an d al l  oligomer s  wil l  b e  elute d b y th e 

tim e  t e i s  reached ,  i n  agreemen t  wit h experimenta l  data ,  Figur e  2.20A .  I t  woul d 

be  preferabl e  fo r  member s  o f  a  homologou s  serie s  t o  elut e  a t  regula r  tim e 

intervals .  I n  thi s  cas e  ç  become s  equa l  t o  som e  constan t  multiplie d b y th e  su m 

of  th e  time ,  t ,  an d a  referenc e  time ,  t' .  Th e  referenc e  tim e  i s  require d sinc e 

th e  oligomer s  canno t  elut e  befor e  th e  dea d time .  Unde r  thes e  condition s  th e 

elutio n tim e  o f  a  particula r  oligome r  ca n b e  describe d b y equatio n (2.28) . 

c 
p = p a -  (2.28 ) 

t  =  elutio n tim e 
t '  =  referenc e  tim e 
p a =  limitin g densit y  ( p  a t  whic h ln a  =  0 ) 

Bot h c  an d t f  determin e  th e  spacin g an d retentio n o f  component s  a s  the y elute . 

When selectin g a  suitabl e  densit y  (pressure )  progra m t o separat e  a  homologou s 

series ,  i t  i s  importan t  t o  tak e  th e  limitin g densit y  valu e  int o account ,  sinc e 

furthe r  separatio n canno t  b e  expecte d a t  highe r  densities .  A  valu e  fo r  th e 

limitin g densit y  i s  easil y  establishe d b y a  fe w preliminar y experiments ,  a s 

describe d elsewher e  [453] .  Th e  applicabilit y  o f  equatio n (2.28 )  i s  demonstrate d 

by th e  separatio n i n  Figur e  2.20B . 

The  instrumenta l  requirement s  o f  SF C resembl e  thos e  o f  HPLC ,  wit h som e 

characteristi c  differences .  Compare d t o  liqui d chromatography ,  th e  entir e 

colum n mus t  b e  operate d unde r  hig h pressur e  rathe r  tha n jus t  th e  inle t  section , 

pressur e  rathe r  tha n flo w contro l  o f  th e  mobil e  phas e  i s  required ,  an d detector s 

must  b e  designe d t o  operat e  eithe r  a t  hig h pressure s  o r  provid e  a  mean s  t o 

handl e  elute d compound s  afte r  th e  mobil e  phas e  pressur e  i s  reduce d t o 

atmospheri c  value s  [438,439,443] .  Th e  modification s  o f  a  standar d hig h pressur e 

liqui d chromatograp h fo r  packe d colum n SF C [449-451 ]  an d a  ga s  chromatograp h fo r 

capillar y SF C [446,447,453 ]  hav e  bee n described . 

For  mobil e  phase s  tha t  ar e  gase s  a t  ambien t  pressur e  th e  simples t  deliver y 
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1 TIME h o u r s 

Figur e  2.2 0 Separatio n o f  200 0 MW polystyren e  oligome r  mixtur e  b y capillar y 
SFC.  A ,  linea r  densit y  program ;  B ,  asumptoti c  densit y  program . 
(Reproduce d wit h permissio n fro m ref .  453 .  Copyrigh t  Presto n 
Publications ,  Inc. ) 

syste m i s  a  pressurize d ga s  cylinde r  connecte d t o  a  hig h pressur e  reducin g 

valve .  Th e  cylinde r  ca n b e  heate d electricall y  t o  provid e  highe r  pressure s  tha n 

thos e  normall y available .  Alternatively ,  a  hig h pressur e  pum p ca n b e  use d fo r 

eithe r  gase s  o r  liquid s  a t  roo m temperature .  Thes e  ar e  usuall y  HPL C pumps , 

modifie d fo r  pressur e  rathe r  tha n flo w control .  Althoug h an y typ e  o f  pum p 

capabl e  o f  deliverin g a  continuou s  pulse-fre e  flo w i s  adequate ^  syringe-typ e 

pumps  hav e  bee n generall y  used .  Thes e  pump s  ca n b e  readil y  modifie d fo r 

pressur e  programmin g [455] , 

The  flui d i s  converte d t o  th e  supercritica l  stat e  b y passag e  throug h a 

preheatin g o r  conditionin g coil ,  ofte n locate d i n  th e  colum n oven ,  tha t  i s 

maintaine d a t  th e  colum n temperature .  Th e  supercritica l  flui d the n flow s 

throug h a n injectio n devic e  whic h shoul d b e  heate d i n  a  separat e  ove n o r  locate d 

i n  th e  colum n oven .  Injectio n i s  mad e  b y a  hig h pressur e  syring e  throug h a 
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septu m injecto r  or ,  fo r  capillar y columns ,  b y on-colum n injectio n (simila r  t o 

ga s  chromatography )  o r  b y a  valv e  injecto r  connecte d t o  a  flo w splitter .  Th e 

latte r  ca n b e  fabricate d fro m a  one-sixteent h inc h Swagelo k T-piec e  an d a  shor t 

lengt h o f  capillar y tubin g tha t  act s  a s  th e  balancin g restricto r  [446] . 

Injectio n dea d volum e  an d colum n sampl e  overloa d ar e  sever e  problem s  i n  th e 

operatio n o f  th e  smal l  interna l  diamete r  ope n tubula r  column s  currentl y  i n  favo r 

fo r  SFC . 

Detectio n remain s  a  proble m i n ope n tubula r  SF C becaus e  o f  th e  nee d fo r  lo w 

dea d volum e  detector s  wit h hig h sensitivity .  Th e  mos t  commonl y use d detector s 

ar e  thos e  alread y i n  us e  fo r  ga s  an d liqui d chromatograph y [438,439,441,443 , 

456,457] .  Th e  U V an d fluorescenc e  detector s  ca n b e  use d afte r  modificatio n fo r 

hig h pressur e  an d hig h temperatur e  operation .  Thi s  usuall y  involve s  replacin g 

th e  cel l  use d fo r  HPL C wit h on e  designe d fo r  SFC ,  o r  carryin g ou t  detectio n 

on-lin e  b y usin g a  sectio n o f  th e  colum n itsel f  a s  th e  cell .  Alternatively , 

detectio n ca n b e  performe d afte r  decompression .  However ,  i f  th e  effluen t  i s 

gaseou s  a t  ambien t  conditions ,  hig h molecula r  weigh t  solute s  ten d t o  for m 

droplet s  durin g th e  decompressio n stage ;  detectio n the n become s  errati c  an d 

unpredictable .  Flame-base d ga s  chromatographi c  detector s  ar e  limite d t o  mobil e 

phase s  whic h d o no t  generat e  a  detecto r  response .  I n  addition ,  mobil e  phase s 

whic h corrod e  th e  detecto r  part s  mus t  b e  avoided . 

To maintai n a  sufficien t  pressur e  an d t o  contro l  th e  flo w rat e  throug h th e 

column ,  a  pressur e  regulato r  i s  require d afte r  o r  prio r  t o  th e  detector .  Fo r 

ope n tubula r  SF C thi s  i s  usuall y  a  lengt h o f  narro w bor e  capillar y tubin g havin g 

an interna l  diamete r  les s  tha n tha t  o f  th e  column ,  o r  a  shor t  lengt h o f 

capillar y tubin g connecte d t o  a  backpressur e  regulato r  o r  a  flo w meterin g 

valve . 

Couplin g a  supercritica l  flui d chromatograp h t o  a  mas s  spectromete r 

[458-461 ]  an d a  Fourie r  transfor m infrare d spectromete r  [462,463 ]  ha s  bee n 

achieve d wit h fewe r  problem s  tha n encountere d i n  HPLC .  Ope n tubula r  column s  ca n 

be  couple d t o  a  mas s  spectromete r  usin g a  th e  direc t  flui d injectio n interface . 

Thi s  i s  essentiall y  th e  sam e  a s  direc t  injectio n interfac e  fo r  HPLC-M S (Chapte r 

8.4 )  excep t  tha t  a  constan t  temperatur e  i s  maintaine d throughou t  th e  lengt h o f 

th e  probe ,  a  desolvatio n regio n i s  unnecessary ,  an d th e  pressur e  restricto r  a t 

th e  en d o f  th e  prob e  i s  chose n mor e  t o  mee t  chromatographi c  requirement s  (flo w 

throug h th e  column )  an d les s  t o  protec t  th e  mas s  spectromete r  vacuu m system . 

Typica l  liqui d flo w rate s  i n  capillar y SF C ar e  o n th e  orde r  o f  50-8 0 microliter s 

pe r  minute ,  wel l  withi n the'capacit y  o f  th e  pumpin g syste m o n mos t  moder n mas s 

spectrometers .  Mos t  mas s  spectr a  hav e  bee n recorde d i n  th e  chemica l  ionizatio n 

mode  wher e  th e  mobil e  phas e  als o act s  a s  th e  reagen t  gas .  On-lin e  SFC-FTI R 

provide s  highe r  sensitivit y  an d greate r  spectra l  informatio n tha n HPLC-FTIR . 

The  commo n mobil e  phase s  use d i n  SF C hav e  wide r  spectra l  window s  an d greate r  I R 
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transparencie s  tha n thos e  use d i n  HPLC .  However ,  pressur e  programmin g produce s 

an appreciabl e  chang e  i n  th e  backgroun d spectru m a s  neithe r  th e  intensit y  no r 

th e  widt h o f  absorptio n band s  fo r  th e  mobil e  phas e  ar e  independen t  o f  pressure . 

Spectra l  subtractio n mus t  therefor e  b e  performe d fro m previousl y recorde d 

referenc e  spectr a  measure d a t  differen t  pressures . 
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3. 1 Introductio n 

I n ga s  chromatography ,  separation s  resul t  fro m th e  interactio n o f  a 

vaporize d sampl e  i n  a  gaseou s  mobil e  phas e  wit h a  liqui d o r  soli d  stationar y 

phase .  Th e  essentia l  element s  o f  a  ga s  chromatograp h ar e  a  regulate d suppl y o f 

carrie r  gas ,  a  devic e  fo r  vaporizin g th e  sampl e  (injector) ,  a  thermostatte d ove n 

i n  whic h th e  colum n i s  housed ,  a n on-lin e  detector ,  an d a  recordin g devic e 

[1-5] .  Th e  principa l  requiremen t  o f  th e  ga s  chromatograp h i s  t o  provid e  thos e 

condition s  necessar y fo r  a  separatio n t o  occu r  withou t  deterioratin g th e 

performanc e  o f  th e  colum n i n an y way .  Althoug h th e  basi c  component s  remai n th e 

same ,  ope n tubula r  capillar y column s  plac e  greate r  demand s  o n instrumen t 

peformanc e  tha n packe d columns .  Thi s  i s  du e  t o  th e  lowe r  sampl e  capacity ,  lowe r 

carrie r  ga s  flo w rate ,  an d faste r  detecto r  respons e  tim e  require d b y th e  forme r 

[6] .  Olde r  instrument s  designe d fo r  packe d column s  ma y b e  unsuitabl e  fo r  us e 

wit h ope n tubula r  columns ;  mos t  moder n instrument s  ar e  designe d fo r  us e  wit h 

bot h ope n tubula r  an d packe d columns ,  an d changin g fro m on e  colum n typ e  t o  th e 

othe r  require s  onl y a  fe w simpl e  modifications . 

A suppl y o f  gase s  i n  th e  for m o f  pressurize d cylinder s  i s  require d fo r  th e 

carrie r  ga s  and ,  dependin g o n th e  instrumen t  configuration ,  perhap s  als o fo r  th e 

detector ,  fo r  operatin g pneumati c  control s  suc h a s  switchin g valves ,  an d fo r 

providin g automati c  cool-dow n b y openin g th e  ove n doo r  o n comman d fro m a 

microprocessor .  Eac h cylinde r  i s  fitte d wit h a  two-stag e  pressur e  regulato r  fo r 
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coars e  pressur e  an d flo w control .  I n  mos t  instrument s  provisio n i s  als o mad e 

fo r  secondar y fin e  tunin g o f  pressur e  an d ga s  flo w a s  wel l  a s  fo r  ga s 

purification .  Th e  carrie r  ga s  flo w i s  directe d throug h a  molecula r  siev e  tra p 

t o  remov e  moistur e  an d lo w molecula r  weigh t  hydrocarbon s  an d possibl y throug h a n 

additiona l  tra p t o  remov e  oxygen .  Th e  ga s  the n enter s  a  pneumati c  section , 

thermostaticall y  controlle d t o  preven t  drift ,  i n  whic h pressur e  regulators ,  flo w 

controllers ,  an d perhap s  additiona l  ga s  purifyin g trap s  an d particl e  filter s  ar e 

housed .  Th e  pressur e  regulator s  ar e  usuall y  o f  th e  diaphrag m typ e  wit h a 

polymeri c  elasti c  membrane .  Thi s  membran e  ca n b e  a  sourc e  o f  carrie r  ga s 

contaminatio n du e  t o  it s  adsorptiv e  natur e  an d permeabilit y  t o  atmospheri c  ai r 

[7] ,  Th e  temporar y accumulatio n o f  organi c  impuritie s  o r  th e  ingres s  o f 

atmospheri c  ai r  ca n b e  eliminate d b y usin g gauge s  wit h metalli c  diaphragm s  o r  b y 

coverin g th e  polymeri c  diaphrag m wit h a  thi n shee t  o f  meta l  foil .  T o maintai n a 

constan t  flo w o f  bot h carrie r  an d detecto r  gase s  a t  a  fixe d pressure ,  a  flo w 

impedenc e  i n  th e  for m o f  a  calibrate d constrictio n o r  chok e  i s  require d [8] ,  I n 

mor e  sophisticate d system s  electroni c  sensors ,  operate d i n  a  feedbac k loop , 

provid e  a  constan t  carrie r  ga s  flo w independen t  o f  th e  colum n bac k pressure . 

Anothe r  commo n combinatio n i s  th e  us e  o f  a  precisio n pressur e  regulato r  an d a 

needl e  valv e  t o  contro l  th e  flow .  Wit h thi s  arrangemen t  th e  carrie r  ga s  flo w 

rat e  i s  no t  independen t  o f  th e  colum n bac k pressur e  an d ca n b e  expecte d t o  var y 

as  th e  ove n temperatur e  changes .  Actua l  flo w rate s  ar e  usuall y  measure d wit h a 

soap-fil m mete r  at ,  o r  som e  poin t  after ,  th e  colum n exi t  [9] , 

Packe d colum n injectio n o f  th e  sampl e  solutio n i s  mad e  wit h a  microlite r 

syring e  throug h a  silicon e  rubbe r  septu m int o a  heate d meta l  bloc k tha t  i s 

continuousl y swep t  b y carrie r  gas .  Whe n injectio n i s  mad e  i n  th e  on-colum n 

mode ,  th e  colum n i s  pushe d righ t  u p t o  th e  septu m are a  an d th e  colum n en d withi n 

th e  injecto r  i s  packe d wit h glas s  wool .  Ideally ,  th e  ti p  o f  th e  syring e  needl e 

shoul d penetrat e  th e  glas s  woo l  fillin g an d jus t  reac h th e  surfac e  o f  th e  colum n 

packing .  Fo r  flas h vaporizatio n th e  sampl e  i s  injecte d int o a  lo w dea d volume , 

glass-line d chamber ,  mixe d wit h carrie r  gas ,  an d flushe d directl y  ont o th e 

column .  Whicheve r  techniqu e  i s  used ,  th e  injecto r  mus t  mee t  certai n 

specifications .  Firstly ,  i t  mus t  hav e  sufficien t  therma l  mas s  t o  rapidl y 

vaporiz e  th e  sample .  Th e  incomin g carrie r  ga s  i s  usuall y  preheate d b y directin g 

it s  flo w throug h a  sectio n o f  th e  injecto r  block .  Thi s  avoid s  possibl e 

condensatio n o f  th e  vaporize d sampl e  upo n mixin g wit h th e  coo l  carrie r  gas .  Th e 

injecto r  bloc k shoul d hav e  variabl e  temperatur e  control ,  an d a  temperatur e  rang e 

of  approximatel y 25-400°C .  Unles s  dictate d otherwis e  b y th e  therma l  instabilit y 

of  th e  sample ,  a n injectio n temperatur e  50° C greate r  tha n th e  maximu m colum n 

ove n temperatur e  use d i n  th e  analysi s  i s  generall y  adopted .  Becaus e  hig h 

injectio n temperature s  ar e  frequentl y  used ,  septu m blee d ma y giv e  ris e  t o  a n 

unstabl e  baselin e  o r  th e  appearanc e  o f  ghos t  peak s  i n  th e  chromatogram s 
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[10-13] ,  Variou s  solution s  t o  thi s  proble m ar e  available ;  low-blee d sept a  wit h 

goo d resealability ,  a  finne d septu m holde r  tha t  allow s  coolin g o f  th e  septum ,  o r 

a  septu m purg e  devic e  ca n b e  used .  Man y instrument s  incorporat e  a  septu m purg e 

particularl y  fo r  injector s  use d wit h ope n tubula r  columns .  Severa l  arrangement s 

ca n b e  use d fo r  septu m purging ,  bu t  i n  al l  case s  a  portio n o f  th e  carrie r  ga s  o r 

an auxiliar y ga s  i s  force d t o  flo w acros s  th e  fac e  o f  th e  septu m an d throug h a n 

adjacen t  orifice . 

Volatil e  sample s  ar e  injecte d b y gas-tigh t  syring e  i n  th e  norma l  wa y o r 

wit h a  rotar y valv e  [14-16] .  Wit h multi-functiona l  valve s  continuou s  samplin g 

i s  possible ;  th e  sampl e  loop s  stor e  individua l  sample s  whic h ca n b e  analyze d 

sequentiall y  a t  a  late r  tim e  [16] .  Fo r  sample s  o f  moderat e  volatility ,  th e 

valv e  an d transfe r  line s  t o  th e  colum n ma y nee d t o  b e  thermostatte d a t 

temperature s  abov e  ambient .  Th e  sampl e  i s  injecte d b y rotatin g th e  valv e  bod y 

suc h tha t  th e  carrie r  ga s  i s  reroute d throug h th e  sampl e  loo p an d ont o th e 

column .  Adsorptio n o f  th e  sampl e  ont o th e  surface s  o f  th e  valv e  an d sampl e  loo p 

ca n lea d t o  systemati c  error s  i n  quantitativ e  analysi s  [14] , 

Soli d  sample s  ar e  usuall y  dissolve d i n  a  suitabl e  solven t  an d injecte d a s 

describe d above .  Alternatively ,  th e  sample s  ca n b e  encapsulate d i n  glas s 

capillarie s  whic h ar e  the n pushe d o r  droppe d int o th e  heate d injectio n bloc k an d 

crushe d b y a  mechanica l  devic e  [17] ,  Thi s  for m o f  injectio n i s  particularl y 

usefu l  fo r  th e  analysi s  o f  trac e  volatile s  whic h woul d b e  hidde n i n  th e  solven t 

fron t  wit h conventiona l  injectio n techniques . 

The  colum n ove n i s  generall y  a  force d circulatio n ai r  thermosta t  o f 

sufficien t  siz e  t o  allo w comfortabl e  installatio n o f  th e  longes t  column s 

normall y used .  Temperatur e  control ,  stability ,  an d progra m capabilit y  ar e 

importan t  desig n considerations .  Commercia l  instrument s  ar e  usuall y  capabl e  o f 

maintainin g a  constan t  temperatur e  o f  ±  0.1° C i n tim e  an d ±  1.0° C i n space . 

Temperatur e  gradient s  withi n th e  ove n volum e  ca n hav e  a  deleteriou s  effec t  o n 

colum n performance ,  particularl y  fo r  ope n tubula r  columns .  T o minimiz e  suc h 

gradients ,  som e  manufacturer s  us e  a n oven-within-an-ove n design .  Th e 

utilizatio n o f  microprocessor s  an d proportiona l  heatin g network s  t o  contro l  th e 

initia l  temperatur e  lag ,  th e  linearit y  o f  th e  temperatur e  program ,  an d th e  fina l 

temperatur e  overshoo t  enable s  hig h precisio n retentio n dat a  t o  b e  produced . 

The  detector s  shoul d b e  thermostatte d separat e  fro m th e  colum n ove n an d 

maintaine d a t  a  highe r  temperatur e  t o  reduc e  contaminatio n b y colum n blee d o r 

fro m sampl e  condensation .  Variou s  genera l  purpos e  an d selectiv e  detector s  ar e 

use d i n  ga s  chromatograph y an d wil l  b e  describe d late r  i n  thi s  chapter . 

Earlie r  w e  state d tha t  th e  mos t  desirabl e  characteristi c  o f  a  ga s 

chromatograp h i s  tha t  i t  shoul d no t  adversel y affec t  th e  performanc e  o f  th e 

column .  Ban d broadenin g i s  a  consequenc e  o f  th e  chromatographi c  proces s  itsel f 

bu t  ma y als o b e  influence d b y th e  apparatus ,  particularl y  th e  desig n o f  th e 
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injector/colum n inlet ,  connectin g tubin g an d fittings ,  detector ,  electroni c 

amplification ,  an d recordin g device s  [1,18-22] ,  A s  wel l  a s  extracolum n ban d 

broadening ,  poorl y designe d instrument s  ma y als o resul t  i n  pea k asymmetry .  Th e 

most  seriou s  problem s  aris e  fro m dea d space s  whic h ca n behav e  a s  eithe r  mixin g 

or  diffusio n chambers ,  dependin g o n whethe r  the y ar e  swep t  ou t  b y th e  carrie r 

ga s  o r  not .  Thes e  dea d space s  creat e  region s  o f  turbulent ,  recirculatin g flo w 

outsid e  th e  mai n flo w stream .  Th e  sampl e  i s  retaine d withi n thes e  space s  an d 

the n slowl y release d bac k int o th e  mai n strea m b y diffusio n an d wea k turbulen t 

mixing .  Th e  effec t  i s  a  modificatio n o f  th e  chromatographi c  pea k profil e 

producin g tailin g (exponentia l  pea k broadening) .  Sudde n diamete r  change s  i n  th e 

carrie r  ga s  flo w pat h ar e  th e  mos t  frequen t  source s  o f  dea d spaces . 

I n  man y case s  i t  i s  possibl e  t o  conver t  a n olde r  packe d colum n ga s 

chromatograp h t o  accep t  ope n tubula r  capillar y column s  [23-31] .  Normall y thi s 

wil l  involv e  change s  t o  th e  pneumatic s  t o  provid e  a  stabl e  pressure-regulate d 

suppl y o f  carrie r  gas ,  th e  additio n o f  splitte r  ga s  (i f  a  splitte r  i s  installed ) 

an d detecto r  make-u p gas ,  a  ne w injecto r  fo r  split ,  splitles s  o r  col d on-colum n 

injection ,  an d additiona l  mino r  change s  i n  plumbing ,  fittings ,  etc. ,  t o 

accommodat e  th e  adde d components .  Befor e  attemptin g suc h a  conversio n th e 

respons e  o f  th e  detecto r  electronic s  shoul d b e  measure d t o  ascertai n  i f  it s  tim e 

constan t  i s  adequat e  [23] ,  Th e  temperatur e  stabilit y  o f  th e  ove n i n  bot h tim e 

an d spac e  shoul d als o b e  determine d t o  ensur e  th e  absenc e  o f  temperatur e 

gradient s  an d cyclin g o r  overshootin g o f  prese t  o r  programme d temperatures , 

whic h woul d resul t  i n  poo r  colum n performanc e  eve n i f  th e  conversio n wer e 

carrie d ou t  successfully .  Severa l  companie s  offe r  kit s  fo r  convertin g packe d 

colum n instrument s  fo r  capillar y colum n use . 

3. 2  Syring e  Injectio n Technique s 

I n ga s  chromatography ,  sample s  o f  measure d volum e  ar e  usuall y  introduce d b y 

syringe .  Variou s  syring e  handlin g technique s  ar e  summarize d i n  Tabl e  3. 1 

[32-36] .  Packe d column s  accomodat e  relativel y larg e  sampl e  volume s  (e.g. , 

approximatel y 1- 5 microliters )  an d ar e  relativel y forgivin g i f  poo r  injectio n 

technique s  ar e  used .  Ope n tubula r  capillar y column s  wit h thei r  lo w stationar y 

phas e  volume s  an d carrie r  ga s  flo w rate s  ar e  mor e  demandin g o n techniqu e  tha n 

packe d columns .  Typica l  injectio n volume s  var y fro m abou t  0, 1  t o  2. 0 

microliters ,  dependin g o n th e  typ e  o f  colum n an d injectio n devic e  used . 

A commo n proble m encountere d wit h syring e  injectio n usin g vaporizin g 

injector s  i s  sampl e  discrimination .  A n exampl e  i s  show n i n Figur e  3. 1 [38] , 

The  sampl e  leave s  th e  syring e  an d enter s  th e  vaporize r  a s  a  strea m o f  droplets , 

forme d b y th e  movemen t  o f  th e  plunge r  an d b y evaporatio n o f  th e  remainin g sampl e 

fro m th e  syring e  needle .  I t  i s  a t  thi s  evaporatio n stag e  tha t  discriminatio n i s 
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TABLE 3. 1 

Metho d Principl e 

Fille d needl e 

Col d needl e 

Sampl e  i s  take n u p int o th e  syring e  needl e  withou t  enterin g 
th e  barrel .  Injectio n i s  mad e  b y placin g th e  syring e  needl e 
int o th e  injectio n zone .  N o mechanica l  movemen t  o f  th e  plunge r 
i s  involve d an d th e  sampl e  leave s  th e  needl e  b y evaporation . 

Sampl e  i s  draw n int o th e  syring e  barre l  s o tha t  a n empt y 
syring e  needl e  i s  inserte d int o ,th e  injectio n zone .  ' 
Immediatel y th e  sampl e  i s  injecte d b y depressin g th e  plunger . 
Sampl e  remainin g i n  th e  syring e  needl e  leave s  b y evaporation . 

Hot  needl e  Injectio n follow s  th e  genera l  procedur e  discribe d fo r  th e 
col d needl e  metho d excep t  tha t  prio r  t o  depressin g th e  plunge r 
th e  needl e  i s  allowe d t o  hea t  u p i n  th e  injectio n heate r  fo r 
3- 5 seconds . 

Solven t  flus h A  solven t  plu g i s  draw n u p b y th e  syring e  ahea d o f  th e  sample . 
The  solven t  an d sampl e  ma y o r  ma y no t  b e  separate d b y a n ai r 
barrier .  Th e  injectio n i s  usuall y  mad e  a s  indicate d i n  th e 
col d needl e  method .  Th e  solven t  i s  use d t o  pus h th e  sampl e 
ou t  o f  th e  syringe . 

Ai r  flus h A s  fo r  solven t  flush ,  excep t  tha t  a n ai r  plu g i s  use d rathe r 
tha n a  solven t  plug . 

most  likel y t o  occur ;  th e  solven t  an d mor e  volatil e  sampl e  component s  distil l 

fro m th e  syring e  needl e  a t  a  greate r  rat e  tha n th e  les s  volatil e  components .  A s 

a  consequence ,  th e  sampl e  reachin g th e  colum n i s  no t  identica l  i n  compositio n 

wit h th e  origina l  sampl e  solution ;  i t  contain s  mor e  o f  th e  mos t  volatil e  an d 

les s  o f  th e  leas t  volatil e  component s  o f  th e  sample .  Th e  "ho t  needle "  an d 

"solven t  flush "  technique s  ar e  abou t  equall y  effectiv e  i n  minimizin g 

discriminatio n an d ar e  generall y  preferrre d ove r  th e  othe r  syring e  handlin g 

method s  denote d i n  Tabl e  3.1 .  Th e  influenc e  o f  losse s  insid e  th e  syring e  needl e 

decrease s  a s  th e  sampl e  siz e  injecte d increases ,  an d thu s  ma y b e  hardl y notice d 

wit h packe d columns ,  bu t  ma y b e  critica l  wit h ope n tubula r  column s  wher e  th e 

sampl e  volum e  ca n b e  o n th e  sam e  orde r  a s  tha t  o f  th e  syring e  needle .  Withi n 

th e  injector ,  axia l  therma l  gradient s  resul t  i n  certai n  part s  o f  th e  syring e 

(usuall y  nea r  th e  barrel )  bein g coole r  tha n othe r  sections ,  thu s  enhancin g 

sampl e  discrimination .  Adsorptio n o r  catalyti c  conversio n o f  labil e  substance s 

on th e  syring e  surfac e  ca n b e  a  proble m wit h som e  compound s  [37] .  Adsorptio n 

losse s  ca n b e  minimize d b y addin g a  carrie r  compoun d o f  simila r  polarit y  an d i n 

larg e  exces s  t o  th e  flus h solven t  whe n usin g packe d columns .  Fo r  ope n tubula r 

column s  deactivate d fuse d silic a  needle s  an d col d on-colum n injectio n technique s 

ar e  use d t o  minimiz e  therma l  an d catalyti c  degradation . 

SUMMARY O F METHODS USE D FO R SAMPLE INTRODUCTION B Y SYRING E 
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Figur e  3. 1 Discriminatio n o f  n-alkane s  dependin g o n injectio n technique . 

A,  fille d needle ;  B ,  ho t  needle ;  C ,  col d on-column .  A  an d Â  wer e 
obtaine d usin g a  1:4 0 splitter .  Sample :  n-alkane s  ^éï ~^2^* 
1:10,00 0 i n  hexane .  (Reproduce d wit h permissio n fro m ref .  38 . 
Copyrigh t  Dr .  Alfre d Huethi g Publishers) . 

3. 3  Injectio n Device s  fo r  Ope n Tubula r  Capillar y Column s 

The  limite d sampl e  capacit y  an d th e  lo w carrie r  ga s  flo w rate s 

characteristi c  o f  ope n tubula r  capillar y ga s  chromatograph y giv e  ris e  t o  certai n 

difficultie s  i n  sampl e  introductio n [39-42] .  Th e  introductio n o f  larg e  volum e 

or  concentrate d sample s  ca n caus e  colum n overloading ,  leadin g t o  a  decreas e  i n 

colum n efficienc y and/o r  th e  productio n o f  distorte d peaks .  Th e  mos t  difficul t 

problem s  aris e  whe n mixture s  spannin g a  wid e  rang e  o f  concentratio n o r 

volatilie s  mus t  b e  analyzed .  N o singl e  injectio n metho d wil l  solv e  al l  o f  th e 

problem s  likel y t o  b e  encountere d an d a  numbe r  o f  differen t  technique s  ar e  i n 

routin e  use ,  th e  mos t  importan t  o f  whic h ar e  split ,  splitless ,  col d on-column , 
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cryogeni c  focussing ,  an d fallin g needl e  injection .  Th e  sampl e  introductio n 

syste m shoul d ideall y  mee t  al l  th e  criteri a  give n i n  Tabl e  3. 2  [43] ,  bu t  i n 

practic e  thi s  i s  no t  usuall y  th e  cas e  an d a  compromis e  mus t  b e  accepted . 

TABLE 3. 2 

CRITERI A DESIRE D I N A N IDEA L SAMPLE INTRODUCTION SYSTE M FO R OPE N TUBULAR 
CAPILLARY COLUMN GAS CHROMATOGRAPHY 

Ther e  shoul d b e  n o discriminatio n o f  sampl e  component s  i n  term s  o f  thei r 
boilin g point ,  polarity ,  o r  molecula r  weight ,  etc . 

Therma l  degradation ,  adsorption ,  rearrangement s  an d othe r  solut e  reaction s 
shoul d b e  negligibl e  a t  al l  sampl e  sizes . 

The  samplin g syste m shoul d introduc e  a  negligibl e  los s  i n  colum n efficiency . 

Sampl e  recover y shoul d b e  quantitativ e  an d representativ e  fo r  bot h trac e  an d 
majo r  sampl e  components . 

Change s  i n  th e  colum n operatin g condition s  shoul d no t  influenc e  th e  samplin g 
process . 

The  solven t  pea k shoul d no t  interfer e  wit h th e  quantitatio n o f  solut e  peaks . 

Retentio n time s  shoul d b e  reproducibl e  t o  <  0.1 % RSD . 

Relativ e  pea k area s  shoul d b e  reproducibl e  t o  <  1 % RSD . 

For  man y application s  spli t  injectio n i s  th e  mos t  convenien t  samplin g 

method ,  a s  i t  allow s  injectio n o f  mixture s  virtuall y  independen t  o f  solvent ,  a t 

an y colum n temperatur e  wit h littl e  ris k o f  disturbin g solven t  effect s  o r  ban d 

broadenin g du e  t o  slo w sampl e  transfe r  fro m th e  injecto r  t o  th e  colum n 

[39,44-48] .  Th e  apparen t  simplicit y  o f  th e  spli t  samplin g metho d conflict s  wit h 

th e  man y problem s  tha t  aris e  i n  obtainin g quantitativ e  dat a  fo r  al l  bu t  th e 

simples t  o f  mixtures .  Th e  spli t  injector ,  Figur e  3.2 ,  i s  reall y  a  vaporizin g 

injecto r  i n  whic h th e  evaporate d sampl e  i s  mixe d wit h carrie r  ga s  an d divide d 

betwee n tw o streams ,  on e  exitin g t o  th e  colum n an d th e  othe r  t o  th e  atmosphere . 

The  flo w throug h th e  auxiliar y spli t  lin e  i s  regulate d b y a  flo w contro l  valve . 

Appropriat e  colum n load s  ar e  usuall y  achieve d b y injectin g sampl e  volume s  o f  0. 1 

t o  2. 0  microliter s  wit h spli t  ratio s  betwee n 1:1 0 t o  1:1000 ;  1:2 0 t o  1:20 0 bein g 

i n  th e  norma l  range . 

The  spli t  ratio ,  tha t  o f  colum n flo w t o spli t  lin e  flow ,  i s  establishe d 

prio r  t o  injection .  Unfortunatel y thi s  prese t  spli t  rati o  i s  no t  representativ e 

of  th e  sampl e  spli t  ratio ;  th e  latte r  depend s  i n  a  comple x wa y o n man y 

parameters ,  includin g th e  rang e  o f  sampl e  volatilities ,  volum e  o f  sampl e 

injected ,  sampl e  solvent ,  syring e  handlin g technique ,  injecto r  temperature ,  an d 

injecto r  volume .  Fo r  mixture s  containin g sampl e  component s  o f  unequa l 

volatilit y  spli t  injectio n discriminate s  agains t  th e  hig h boilin g component s  o f 
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RATIO VALVE 

Figur e  3. 2 Cross-sectiona l  vie w o f  a n injectio n splitte r  assembl y wit h a 
buffe r  volume .  (Reproduce d wit h permissio n fro m Varia n Associates) . 

th e  mixture ,  misrepresentin g th e  actua l  sampl e  composition .  Severa l 

interrelate d processe s  contribut e  t o  th e  abov e  observation .  Whe n th e  sampl e  i s 

vaporize d i t  generate s  a n instantaneou s  pressur e  pulse ,  alterin g th e  flo w o f 

carrie r  ga s  betwee n th e  colum n an d spli t  lin e  i n  a  manne r  whic h i s  hardl y 

reproducible .  Th e  prese t  spli t  rati o  i s  thu s  altere d an d th e  portio n o f  th e 

sampl e  enterin g th e  colum n i s  differen t  fro m tha t  anticipated .  However ,  a s  lon g 
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as  al l  part s  o f  th e  sampl e  vapo r  plum e  wer e  homogeneousl y mixe d wit h carrie r 

gas ,  discriminatio n woul d no t  occur .  Th e  lengt h o f  tim e  fo r  sampl e  evaporatio n 

withi n th e  injecto r  i s  to o shor t  fo r  th e  transfe r  o f  sufficien t  hea t  t o  complet e 

th e  process .  I n  mos t  case s  th e  sampl e  arrive s  a t  th e  spli t  poin t  onl y partiall y 

evaporate d a s  a  mixtur e  o f  vapo r  an d droplet s  o f  variou s  sizes .  Th e  sampl e 

component s  ar e  likel y t o  b e  unevenl y distribute d betwee n th e  vapo r  an d liqui d 

phases ,  th e  latte r  bein g spli t  t o  differen t  extents ,  resultin g i n 

discrimination .  T o improv e  th e  evaporatio n efficienc y packe d precolumn s 

containin g glas s  woo l  [44,47],  diatomaceou s  colum n packing s  [49] ,  o r  baffle d 

injecto r  liner s  [50 ]  hav e  bee n used .  A s  n o dramati c  improvemen t  i n  sampl e 

discriminatio n ha s  bee n demonstrated ,  an d a s  a  larg e  increas e  i n  potentiall y 

catalyti c  an d degradativ e  surface s  i s  introduced ,  thes e  method s  ar e  infrequentl y 

employed . 

Gro b ha s  propose d a n explosion-lik e  evaporatio n mode l  t o  furthe r  exemplif y 

th e  processe s  occurrin g i n  a  spli t  injecto r  [45,48] ,  Accordin g t o  thi s  model , 

th e  amoun t  o f  sampl e  reachin g th e  colum n i s  dependen t  upo n th e  magnitud e  o f  th e 

pressur e  wave ,  th e  tim e  i t  take s  t o  reac h a  maximum ,  an d th e  colum n 

temperature .  Th e  pressur e  wave ,  cause d b y sampl e  evaporation ,  fill s  th e 

capillar y colum n wit h a  portio n o f  th e  sampl e  vapo r  followe d b y a  perio d whe n 

th e  pressur e  fall s  bac k t o  normal .  Durin g thi s  secon d perio d littl e  sampl e 

enter s  th e  colum n an d mos t  o f  th e  sampl e  vapo r  i s  vente d throug h th e  spli t 

exit .  Th e  actua l  functio n o f  th e  prese t  splitte r  rati o  i s  no t  th e  on e  expected ; 

i n  actuality ,  i t  control s  th e  sampl e  spli t  rati o  b y it s  influenc e  o n th e 

magnitud e  o f  th e  pressur e  wav e  an d th e  tim e  t o  re-establis h norma l  flo w 

conditions .  Colum n temperatur e  influence s  th e  spli t  rati o  throug h a  sampl e 

recondensatio n mechanism .  Sampl e  recondensatio n greatl y  reduce s  th e  volum e  o f 

sampl e  vapo r  i n  th e  coole d colum n inlet ,  creatin g a  zon e  o f  reduce d pressur e 

tha t  suck s  i n  furthe r  amount s  o f  sampl e  vapor .  Thi s  cause s  a  decreas e  i n  th e 

splittin g rati o  (i.e. ,  increas e  i n  observe d pea k areas )  a s  th e  colum n 

temperatur e  i s  reduce d an d i s  particularl y  importan t  a t  colum n temperature s  nea r 

th e  boilin g poin t  o f  th e  solvent .  A t  colum n temperature s  50-80° C belo w th e 

boilin g poin t  o f  th e  solvent ,  recondensatio n i s  virtuall y  complet e  an d furthe r 

decrease s  i n  th e  colum n temperatur e  hav e  littl e  effect . 

Althoug h obtainin g quantitativ e  dat a  usin g spli t  injectio n i s 

problematical ,  i t  i s  no t  impossible .  Reproducin g al l  aspect s  o f  th e  injectio n 

proces s  an d usin g appropriat e  interna l  standard s  ar e  ver y importan t  i n  thi s 

respec t  [51] .  Som e  guideline s  an d furthe r  comment s  ar e  give n i n  Tabl e  3.3 . 

The  splitles s  samplin g technique ,  whic h take s  advantag e  o f  th e  solven t 

effect ,  i s  particularl y  usefu l  fo r  th e  analysi s  o f  ver y dilut e  solutions ,  fo r 

analyzin g sampl e  component s  elutin g clos e  t o  th e  tai l  o f  th e  solven t  peak ,  an d 

fo r  th e  analysi s  o f  thermally-labil e  compound s  [42,51-58] .  Th e  majorit y  o f 
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TABLE 3. 3 

Paramete r Comment s Recommendation s 

Sampl e  volum e 

Syring e  handlin g 

The  magnitud e  o f  th e  pressur e  wav e  depend s 
on th e  sampl e  siz e  an d increasin g volum e 
increase s  th e  flo w int o th e  colum n durin g 
th e  initia l  injectio n period .  I t  ma y als o 
prolon g th e  duratio n o f  th e  pressur e  wave . 
Therefore ,  i f  th e  sam e  amoun t  o f  substanc e 
i s  injecte d i n  differen t  solven t  volumes , 
th e  sampl e  pea k area s  ma y no t  necessaril y 
be  th e  same . 

By slo w movemen t  o f  th e  plunge r  th e  pres -
sur e  wav e  ca n b e  almos t  eliminate d bu t 
discriminatio n wil l  b e  ver y high . 

Reproduc e  th e 
sampl e  volum e 
precisel y fo r 
al l  injections . 

Hot  needl e  o r 
solven t  flus h 
method .  Rapi d 
injection . 

Distanc e  betwee n 
syring e  needl e 
ti p  an d capil -
lar y  inle t 

Solven t 

Maximu m amoun t  o f  sampl e  enter s  th e  colum n 
when th e  sampl e  i s  release d nea r  th e  inle t 
of  th e  column .  Thi s  wil l  depen d o n th e 
desig n o f  th e  injecto r  an d th e  lengt h o f 
th e  syring e  needle . 

The  molecula r  weigh t  an d densit y  o f  th e 
solven t  influenc e  th e  volum e  o f  th e 
evaporate d sampl e  an d henc e  th e  pressur e 
wave .  Solven t  volatilit y  ma y influenc e 
th e  distributio n o f  sampl e  betwee n th e 
vapo r  an d drople t  phases .  Th e  sam e  sampl e 
amoun t  dissolve d i n  differen t  solvent s  ma y 
produc e  differen t  pea k areas . 

Reproduc e 
penetratio n 
lengt h o f 
syring e  needl e 
int o injecto r 
precisely . 

Al l  sample s 
shoul d b e  dis -
solve d i n  th e 
sam e  solven t 
fo r  quantita -
tiv e  analysis . 

Colum n Importan t  becaus e  o f  th e  recondensatio n 
temperatur e  effect .  Particularl y  importan t  whe n th e 

colum n temperatur e  i s  nea r  th e  boilin g 
poin t  o f  th e  principa l  sampl e  componen t 
or  solvent . 

Reproduc e 
startin g colum n 
temperatur e 
accurately . 

Standard s  Interna l  a s  oppose d t o  externa l  stan -
dardizatio n i s  recommende d fo r  quantita -
tiv e  analysis .  I f  standar d addition s  ar e 
use d fo r  calibratio n al l  th e  parameter s 
liste d i n  thi s  tabl e  mus t  b e  hel d constant . 

spli t  injector s  ca n b e  use d i n  th e  splitles s  mod e  wit h mino r  modifications ; 

changin g th e  injecto r  insert ,  turnin g of f  th e  splitte r  flow ,  an d arrangin g fo r  a 

purg e  flo w fro m th e  bas e  o f  th e  injecto r  toward s  th e  to p (th e  spli t  lin e  i s 

sometime s  use d fo r  this )  ar e  al l  tha t  i s  usuall y  required .  Man y commercia l 

units ,  lik e  th e  on e  show n i n Figur e  3.3 ,  ar e  designe d t o  operat e  i n  th e 

split/splitles s  mod e  [61] ,  Fo r  splitles s  sampling ,  th e  sampl e  i s  injecte d int o 

a  vaporizatio n chambe r  throug h whic h carrie r  ga s  i s  flowing .  Th e  flo w rat e  o f 

FACTORS AFFECTIN G TH E REPRODUCIBILIT Y O F SPLI T INJECTIO N 
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th e  carrie r  ga s  i s  relativel y lo w sinc e  thi s  i s  als o th e  tota l  flo w fo r  th e 

column .  T o tak e  advantag e  o f  th e  solven t  effec t  th e  sampl e  solven t  mus t  hav e  a 

hig h boilin g poin t  wit h respec t  t o  th e  colum n temperatur e  an d a  lo w boilin g 

poin t  wit h respec t  t o  th e  sampl e  t o  b e  analyzed .  Thi s  i s  criticall y  importan t 

as  th e  vaporize d solven t  i s  require d t o  condens e  i n  th e  colum n inlet ,  formin g a n 

alternat e  "liqui d phase" .  Afte r  a  preselecte d tim e  (rul e  o f  thumb ,  1. 5  time s 

th e  tim e  require d fo r  th e  carrie r  ga s  t o  swee p ou t  th e  injecto r  volume) ,  a  purg e 

functio n i s  activate d b y redirectin g th e  ga s  flo w t o th e  botto m o f  th e  inle t 

wher e  th e  flo w strea m i s  divided ,  on e  portio n continuin g forwar d throug h th e 

colum n t o serv e  a s  carrie r  ga s  whil e  th e  othe r  sweep s  residua l  volatile s  fro m 

th e  chambe r  t o  atmospher e  vi a  a  restrictor . 

Figur e  3. 3 Schemati c  diagra m o f  a  Gro b split/splitles s  injector .  (Reproduce d 
wit h permissio n fro m ref .  61 .  Copyrigh t  Dr .  Alfre d Huethi g 
Publishers) . 

The  splitles s  sampl e  injectio n techniqu e  take s  advantag e  o f  th e  solven t 

effec t  [55-61] .  Th e  condense d vaporize d solven t  a t  th e  colum n inle t  behave s  a s 

a  temporar y thick-fil m stationar y phase .  Sampl e  component s  ar e  trappe d i n  thi s 

laye r  an d ar e  late r  release d a s  a  shar p solut e  ban d wit h a n extr a  retentio n tim e 

splittin g  rati o 

1 : 2 5 

J! — glas s  capillar y colum n 

::  I  e.g . 2 ml/mi n 
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correspondin g t o  th e  evaporatio n tim e  o f  th e  solven t  a t  th e  colum n inlet .  Th e 

reconcentratio n effec t  o f  th e  sampl e  ban d depend s  o n th e  spee d o f  th e  solven t 

evaporatio n fro m th e  temporar y stationar y phas e  fil m relativ e  t o  th e  migratio n 

spee d o f  th e  sampl e  throug h thi s  film .  I f  th e  rea r  o f  th e  solven t  ban d 

withdraw s  mor e  slowl y tha n th e  sampl e  ca n migrat e  throug h it ,  the n th e  rea r  o f 

th e  sampl e  ban d i s  enable d t o  catc h u p wit h th e  front .  Th e  initiall y  wid e 

injectio n ban d i s  therefor e  refocusse d prio r  t o  separation .  Thi s  refocussin g i s 

enhance d b y th e  fac t  tha t  th e  rea r  o f  th e  solven t  ban d accelerate s  a s  i t 

proceed s  throug h th e  column .  Th e  rat e  o f  evaporatio n i s  highes t  a t  th e  rea r  o f 

th e  solven t  ban d sinc e  fres h carrie r  ga s  continuousl y displace s  th e 

solvent-lade n ga s  i n  fron t  o f  it .  Th e  solven t  effec t  i s  furthe r  intensifie d 

wit h a  "retentio n gap "  ( a  shor t  lengt h o f  uncoate d colum n a t  th e  inle t  whic h 

provide s  negligibl e  retentio n compare d t o  th e  coate d sectio n o f  th e  column) . 

The  "retentio n gap "  accelerate s  th e  migratio n o f  th e  sampl e  component s  an d 

allow s  the m t o b e  reconcentrate d a t  th e  beginnin g o f  th e  regula r  stationar y 

phas e  film .  Th e  lengt h o f  th e  retentio n ga p zon e  mus t  includ e  th e  complet e 

lengt h o f  th e  temporar y stationar y phas e  fil m (approximatel y 6 0 c m fo r  sampl e 

volume s  u p t o  1. 5  microliters) . 

The  principa l  advantage s  o f  th e  splitles s  injectio n techniqu e  ar e  tha t 

rapi d vaporizatio n o f  th e  sampl e  i s  no t  require d (relativel y lo w injectio n 

temperature s  ca n b e  use d t o  minimiz e  sampl e  degradation) ,  th e  analysi s  o f  ver y 

dilut e  sample s  i s  possibl e  withou t  preconcentration ,  an d th e  injectio n devic e  i s 

easil y  dismantle d fo r  removin g involatil e  sampl e  components .  Sampl e  volume s  o f 

0.5-1. 0  microlite r  ar e  usuall y  injected ,  favorin g it s  us e  i n  trac e  analysis . 

Succes s  depend s  o n th e  selectio n o f  experimenta l  variable s  o f  whic h th e 

followin g ar e  th e  mos t  important :  sampl e  size ,  samplin g time ,  injectio n purg e 

time ,  initia l  colum n temperature ,  injectio n temperature ,  an d th e  carrie r  ga s 

flo w rate .  Som e  o f  thes e  parameter s  ca n b e  optimize d onl y b y tria l  an d error . 

Some  guildeline s  ar e  presente d i n  Tabl e  3. 4  bu t  thes e  observations-shoul d b e 

tempere d wit h experienc e  gaine d wit h th e  injectio n devic e  selecte d fo r  use . 

Col d on-colum n injectio n differ s  fro m th e  vaporizatio n technique s  discusse d 

abov e  i n  tha t  th e  sampl e  i s  deposite d b y syring e  ont o th e  colum n withou t  prio r 

heatin g o r  mixin g wit h th e  carrie r  gas .  It s  advantage s  ar e  th e  eliminatio n o f 

sampl e  discrimination ,  excellen t  quantitatio n o f  individua l  sampl e  components , 

an d th e  eliminatio n o f  sampl e  decompositio n du e  t o  therma l  o r  catalyti c  effect s 

[31,32,40,53,62-68] .  A  specia l  syring e  wit h a  narro w diamete r  needl e  (e.g. ,  3 2 

gauge )  i s  require d a s  th e  needl e  mus t  fi t  insid e  th e  capillar y colum n itself . 

The  stainles s  stee l  o r  fuse d silic a  needle s  ar e  ver y fragil e  an d th e  injectio n 

devic e  mus t  direc t  th e  needl e  throug h a  valv e  o r  septu m an d int o th e  column .  A n 

exampl e  o f  a  col d on-colum n injecto r  i s  show n i n Figur e  3. 4  [31,67] ,  A 

wide-bor e  syring e  needl e  i s  use d t o  penetrat e  th e  septu m an d guid e  th e  sampl e 
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syring e  needl e  int o a  constricte d tube ,  ensurin g alignmen t  o f  th e  sampl e  syring e 

needl e  wit h th e  ope n tubula r  column .  Th e  sampl e  syring e  needl e  enter s  th e 

colum n t o a  dept h o f  a  fe w centimeter s  an d th e  actua l  poin t  o f  injectio n reside s 

withi n th e  colum n oven .  Som e  injecto r  design s  provid e  fo r  secondar y coolin g a t 

th e  injectio n poin t  t o  refocu s  th e  sampl e  and ,  i n  particular ,  t o  diminis h th e 

effect s  o f  sampl e  backflushin g toward s  th e  injecto r  inle t  [32,63] . 

TABLE 3. 4 

GUIDELINES FO R OPTIMIZIN G TH E SPLITLES S INJECTIO N TECHNIQUE 

Paramete r Comment s 

Solven t  Us e  solvent s  wit h a  boilin g poin t  a t  leas t  25° C les s  tha n th e 
most  volatil e  sampl e  componen t  o f  interest . 

Colum n Th e  initia l  colum n temperatur e  shoul d b e  a t  leas t  2 0 t o  30° C 
temperatur e  belo w th e  boilin g poin t  o f  th e  solvent . 

Sampl e  fee d Sample s  ar e  injecte d slowl y a t  abou t  1  microlite r  pe r  second , 
rat e  Typica l  sampl e  volume s  0.5-1 0 microliters .  Tim e  fo r  injectio n 

usuall y  les s  tha n 2 0 seconds . 

Injecto r  Generall y  lowe r  tha n fo r  spli t  injection .  Depend s  o n th e 
temperatur e  volatilit y  o f  th e  sampl e  an d th e  rat e  o f  injection .  A  valu e  o f 

200-250° C fo r  solvent s  wit h a  boilin g poin t  les s  tha n 100° C 
shoul d b e  adequate . 

Purg e  tim e  A  purg e  flo w i s  starte d t o  backflus h exces s  vapor s  fro m th e 
injecto r  a t  som e  fixe d tim e  afte r  injection .  Th e  dela y tim e  i s 
determine d experimentall y  bu t  migh t  b e  greate r  tha n 4 0 second s 
afte r  th e  star t  o f  th e  injection .  I f  th e  purg e  flo w i s  starte d 
to o soo n sampl e  wil l  b e  lost ;  to o late ,  th e  solven t  pea k wil l  tai l 
int o  th e  sample .  Whe n th e  condition s  ar e  correc t  ther e  wil l  b e  n o 
significan t  sampl e  los s  an d th e  solven t  pea k wil l  b e  rectangular . 

Carrie r  ga s  Sampl e  transfe r  t o  th e  colum n i s  mos t  effectiv e  a t  hig h carrie r 
ga s  flo w rates .  Sample s  ar e  swep t  fro m th e  inle t  t o  th e  colum n 
mor e  rapidl y an d completel y and ,  becaus e  the y ar e  remove d fro m th e 
inle t  mor e  promptly ,  the y suffe r  les s  therma l  damag e  unde r  thes e 
conditions . 

Note s  T o reproduc e  retentio n time s  th e  amoun t  o f  sampl e  injecte d mus t 
be  identica l  fro m ru n t o  run .  Solute s  elutin g befor e  th e  solven t 
pea k ar e  no t  refocusse d b y th e  solven t  effec t  an d wil l  b e  broad . 
Solute s  tha t  elut e  ahea d o f  th e  solven t  wil l  no t  b e  separate d 
efficientl y  o r  quantitativel y unles s  ther e  i s  a  larg e  differenc e 
i n  capacit y  facto r  value s  betwee n th e  solute s  o f  interes t  an d th e 
solven t  peak . 

An attractiv e  featur e  o f  col d on-colum n injectio n i s  tha t  th e  techniqu e  i s 

eas y t o  implemen t  an d ca n b e  optimize d b y controllin g a  fe w experimenta l 

variables .  Th e  availabilit y  o f  ope n tubula r  column s  wit h immobilize d phase s  ha s 

increase d th e  popularit y  o f  thi s  technique .  Thes e  column s  hav e  eliminate d th e 

proble m o f  phas e  strippin g o f  th e  colum n a t  th e  inle t  an d als o enabl e  involatil e 
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Figur e  3 . 4 On-colum n injecto r  dismounte d fro m th e  ga s  chromatograph . 

sampl e  component s  t o  b e  washe d ou t  o f  th e  colum n b y solven t  backflushing . 

Variou s  studie s  hav e  show n tha t  unde r  norma l  colum n operatin g condition s  th e 

colum n ove n temperatur e  mus t  b e  equa l  t o  o r  belo w th e  boilin g poin t  o f  th e 

sampl e  solvent ,  th e  injectio n shoul d b e  mad e  i n  a  continuou s  an d rapi d manner , 

an d tha t  ther e  exist s  a  maximu m i n th e  sampl e  volum e  tha t  ca n b e  injecte d 

(usuall y  les s  tha n 2 microliters) .  I f  th e  sampl e  volum e  injecte d i s  to o larg e 

or  th e  temperatur e  a t  th e  poin t  o f  injectio n i s  incorrect ,  the n distorte d o r 

split-to p peak s  ma y result .  Som e  genera l  guideline s  fo r  col d on-colum n 
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injectio n ar e  summarize d i n  Tabl e  3. 5  [56] , 

TABLE 3. 5 

RECOMMENDATIONS FO R COLD ON-COLUMN INJECTIO N 

The  needl e  passag e  are a  mus t  b e  coole d belo w th e  boilin g poin t  o f  th e  solvent . 

I f  secondar y coolin g i s  no t  use d th e  colum n ove n temperatur e  mus t  b e  equa l  t o 
or  belo w th e  boilin g poin t  o f  th e  solvent .  I f  secondar y coolin g i s  used ,  th e 
temperatur e  u p t o  th e  poin t  o f  injectio n shoul d b e  les s  tha n th e  solven t 
boilin g poin t  an d th e  colum n ove n temperatur e  slightl y  abov e  th e  solven t 
boilin g poin t  (5-10°C) . 

Norma l  siz e  injection s  (1- 2 microliters )  shoul d b e  mad e  rapidly . 

Afte r  injectio n th e  colum n ove n shoul d b e  abruptl y  raise d t o  operatin g 
temperatur e  i f  ver y differen t  fro m th e  boilin g poin t  o f  th e  solvent . 
Temperatur e  programmin g i s  starte d fro m eithe r  o f  thes e  tw o initia l  temperatur e 
setting s  dependin g o n sampl e  volatility . 

Zlatki s  ha s  describe d a  nove l  approac h t o  th e  injectio n o f  larg e  sampl e 

volume s  (approximatel y 10 0 microliters )  b y col d on-colum n injectio n [68] ,  Th e 

sampl e  i s  injecte d i n  th e  norma l  way ,  a t  a  relativel y lo w temperature ,  wit h th e 

colum n disconnecte d fro m th e  detector .  Th e  colum n i s  use d t o  stri p  th e  sampl e 

fro m th e  solvent ,  whic h i s  allowe d t o  elut e  fro m th e  detecto r  en d o f  th e 

column .  Th e  sampl e  i s  the n refocusse d b y raisin g th e  temperatur e  o f  th e  colum n 

an d condensin g th e  sampl e  a t  liqui d nitroge n temperature s  i n  a  shor t  precolum n 

or  i n  a  spira l  mad e  fro m th e  colum n itself .  Th e  sampl e  i s  analyze d b y 

installin g th e  colum n i n th e  ga s  chromatographi c  ove n i n  th e  revers e  position . 

Beside s  split ,  splitless ,  an d col d on-colum n injectio n severa l  othe r 

method s  o f  sampl e  introductio n fin d occasiona l  use .  Capsule-insertio n method s 

hav e  bee n use d fo r  soli d  sampl e  injectio n [69,70] ,  Th e  sample ,  seale d i n  a 

glas s  capillar y o r  gol d capsule ,  i s  droppe d int o th e  heate d zon e  o f  th e  injecto r 

an d pierce d o r  crushe d wit h a  mechanica l  device .  Th e  moving-needl e  injecto r  i s 

satisfactor y fo r  th e  solventles s  injectio n o f  sample s  o f  lo w volatilit y 

[71-73] .  Th e  sampl e  solutio n i s  applie d t o  th e  ti p  o f  a  glas s  plunge r  (needle ) 

an d th e  solven t  i s  evaporate d i n  a  strea m o f  gas .  Th e  plunge r  i s  the n lowered , 

usuall y  b y a n electromagnet ,  int o a  flas h vaporizatio n chambe r  an d th e  sampl e  i s 

swep t  ont o th e  column .  Ghos t  peak s  generate d fro m contaminant s  adsorbe d ont o 

th e  surfac e  o f  th e  plunge r  o r  fro m th e  ga s  use d fo r  solven t  evaporatio n 

(charcoa l  prefilte r  recommended )  ar e  problem s  sometime s  encountere d wit h thi s 

injecto r  [72] ,  Vog t  ha s  describe d a  temperatur e  programmabl e  split/splitles s 

injecto r  fo r  th e  analysi s  o f  sample s  o f  lo w volatilit y  i n  larg e  sampl e  volume s 

[74] ,  Wit h th e  spli t  full y  open ,  u p t o  25 0 microliter s  o f  sampl e  solutio n i s 

slowl y injecte d int o a  vaporizin g injecto r  packe d wit h glas s  woo l  an d heate d t o 

a  temperatur e  abov e  th e  solven t  boilin g point .  Th e  solven t  i s  evaporate d an d 
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vente d throug h th e  spli t  lin e  whereupo n th e  spli t  valv e  i s  close d an d th e 

injecto r  i s  rapidl y heate d t o  a  temperatur e  sufficien t  t o  vaporiz e  th e  sample . 

3. 4  Detectio n Device s  fo r  Ga s  Chromatograph y 

Numerou s  method s  hav e  bee n describe d fo r  detectin g organi c  vapor s  i n  th e 

effluen t  fro m a  ga s  chromatograp h [75-81] ,  Severa l  hav e  passe d int o commo n us e 

an d wil l  for m th e  backbon e  o f  thi s  discussion .  Th e  principa l  method s  o f 

detectio n ca n b e  groupe d unde r  fou r  headings :  ionization ,  bul k physica l 

property ,  optical ,  an d electrochemica l  detectors ,  accordin g t o  th e  physica l 

basi s  employe d a s  th e  detectio n mechanism .  Furthe r  divisio n i s  possibl e  base d 

on th e  natur e  o f  th e  detecto r  response .  Detector s  ar e  broadl y classifie d a s 

universal ,  selective ,  o r  specific .  Thes e  description s  ar e  applie d loosel y a s  n o 

singl e  detecto r  exactl y  meet s  th e  dictionar y obligation s  o f  thes e  appellatives . 

The  flam e  ionizatio n an d therma l  conductivit y  detector s  respon d t o  th e  presenc e 

of  nearl y  al l  organi c  compound s  i n  th e  ga s  chromatographi c  effluen t  an d ar e 

considere d t o  b e  genera l  o r  (near )  universa l  detectors .  Othe r  detector s  respon d 

onl y t o  th e  presenc e  o f  a  particula r  heteroato m (e.g. ,  th e  flam e  photometric , 

thermioni c  ionization ,  o r  emissio n detectors) ,  an d ar e  considere d t o  b e  specifi c 

detectors ,  althoug h element-selectiv e  detector s  woul d b e  mor e  descriptive . 

Thes e  detector s  ar e  abl e  t o  discriminat e  betwee n som e  propert y o f  th e  organi c 

compoun d o f  interest ,  a  heteroatom ,  an d a n organi c  compoun d lackin g tha t 

property .  Th e  detectio n proces s  i s  no t  specific ,  however ,  a s  a t  sufficientl y 

hig h concentration s  a  respons e  ma y b e  obtaine d fro m a  compoun d lackin g tha t 

propert y bein g monitored .  Th e  detecto r  respons e  i s  thu s  selectiv e  an d ma y b e 

describe d quantitativel y b y a  selectivit y  ratio ,  th e  rati o  o f  th e  detecto r 

sensitivitie s  t o  tw o differen t  compounds ,  compoun d classes ,  heteroelements , 

etc .  Th e  respons e  o f  detector s  suc h a s  th e  electron-captur e  an d photoionizatio n 

detector s  i s  als o selective ;  thes e  detector s  ar e  no t  element-selectiv e  bu t 

rathe r  structure-selective .  Thei r  respons e  rang e  t o  organi c  compound s  i s  broad , 

coverin g severa l  order s  o f  magnitude .  Th e  ter m "reactio n detector "  i s 

occasionall y  applie d t o  th e  electrolyti c  detectors ,  therma l  energ y analyzer , 

etc. ,  t o  signif y tha t  prio r  t o  detectio n a  chemica l  reactio n o r  transformatio n 

of  th e  organi c  compoun d int o a  specie s  whic h ca n b e  detecte d i s  involved . 

The  signa l  fro m ga s  chromatographi c  detector s  ca n b e  furthe r  characterize d 

as  mas s  o r  concentratio n dependen t  [82] .  Fo r  concentration-dependen t  detector s 

th e  mos t  notabl e  featur e  i s  tha t  th e  detecto r  respons e  i s  dependen t  upo n th e 

flo w rat e  and ,  therefore ,  th e  sensitivit y  o f  th e  detecto r  i s  usuall y  define d a s 

th e  produc t  o f  th e  pea k are a  an d flo w rat e  divide d b y th e  weigh t  o f  th e  sample . 

For  mass-dependen t  detector s  sensitivit y  i s  define d a s  th e  produc t  o f  th e  pea k 

are a  divide d b y th e  sampl e  weigh t  i n  gram s  o r  mole s  an d i s  independen t  o f  flo w 
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rate . 

Detector s  ar e  usuall y  compare d i n  term s  o f  thei r  operationa l 

characteristic s  define d b y th e  minimu m detectabl e  quantit y  o f  standards ,  th e 

selectivit y  respons e  rati o  betwee n standard s  o f  differen t  compositio n o r 

structure ,  an d th e  rang e  o f  th e  linea r  portio n o f  th e  detector-respons e 

calibratio n curve .  Thes e  term s  ar e  widel y use d t o  measur e  th e  performanc e  o f 

differen t  chromatographi c  detector s  an d ar e  formall y define d i n  Chapte r  5  (se e 

particularl y  Tabl e  5.6) .  N o universa l  standard s  hav e  bee n adopte d fo r  detecto r 

characterization ,  whic h present s  a  proble m whe n literatur e  source s  ar e  use d t o 

compar e  dat a  fro m differen t  detector s  o r  fo r  th e  sam e  typ e  o f  detecto r  fro m 

differen t  manufacturers .  Chlorpyrifo s  ha s  bee n suggeste d a s  a  suitabl e  genera l 

performanc e  standar d fo r  element-selectiv e  detector s  [83,84] , 

3.4. 1  Ionizatio n Detector s 

An importan t  propert y o f  th e  commo n carrie r  gase s  use d i n  ga s 

chromatograph y i s  tha t  the y behav e  a s  perfec t  insulator s  a t  norma l  temperature s 

an d pressures .  I n  th e  absenc e  o f  conductio n b y th e  ga s  molecule s  themselves , 

th e  increase d conductivit y  du e  t o  th e  presenc e  o f  ver y fe w charge d molecule s  ca n 

be  observed ,  providin g th e  hig h sensitivit y  characteristi c  o f  ionizatio n base d 

ga s  chromatographi c  detectors .  Example s  o f  ionizatio n detector s  i n  curren t  us e 

includ e  th e  flam e  ionizatio n detecto r  (FID) ,  thermioni c  ionizatio n detecto r 

(TID) ,  photoionizatio n detecto r  (PID) ,  an d th e  electron-captur e  detecto r  (ECD) . 

Eac h detecto r  employ s  a  differen t  metho d t o  generat e  a n io n current ,  bu t  i n  al l 

case s  th e  signa l  correspond s  t o  th e  fluctuation s  o f  thi s  io n curren t  i n  th e 

presenc e  o f  organi c  vapor s  whic h constitute s  th e  quantitativ e  basi s  o f  th e 

detecto r  operation . 

The  flam e  ionizatio n detecto r  i s  a s  nea r  t o  a  universa l  detecto r  a s  th e 

chromatographe r  ha s  a t  his/he r  disposal .  Onl y th e  fixe d gase s  (e.g. ,  He ,  Xe , 

H 2 ,  N 2 ) ,  certai n  nitroge n oxide s  (e.g. ,  Í£è ,  NO,  etc.) ,  compound s  containin g a 

singl e  carbo n ato m bonde d t o  oxyge n o r  sulfu r  (e.g. ,  C O 2 ,  C S 2 ,  COS ,  etc.) , 

inorgani c  gase s  (e.g. ,  NH^ ,  S O 2 ,  etc.) ,  water ,  an d formi c  aci d d o no t  provid e  a 

significan t  detecto r  response .  Wid e  applicabilit y  couple d wit h hig h 

sensitivity ,  stability ,  lo w dea d volum e  (approximatel y 1  microliter) ,  fas t 

respons e  ( 1  m s e c ) ,  a n exceptiona l  linea r  respons e  range ,  an d simplicit y  o f 

constructio n an d operatio n hav e  mad e  th e  FI D th e  mos t  popula r  detecto r  i n 

curren t  use .  McWillia m ha s  provide d a n interestin g histori c  accoun t  o f  it s 

developmen t  o n th e  occasio n o f  th e  25t h anniversar y o f  it s  inventio n (1983 ) 

[85] . 

A cross-sectiona l  vie w o f  th e  flam e  ionizatio n detecto r  i s  show n i n Figur e 

3.5 .  Ion s  ar e  generate d b y th e  combustio n o f  organi c  compound s  i n  a 
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Figur e  3. 5 Cross-sectiona l  vie w o f  a  flam e  ionizatio n detector .  (Reproduce d 
wit h permissio n fro m Varia n Associates) . 

hydrogen-ai r  diffusio n flame .  Th e  carrie r  ga s  fro m th e  colum n i s  premixe d wit h 

hydroge n an d burne d a t  a  narro w orific e  je t  i n  a  chambe r  throug h whic h exces s 

ai r  i s  flowing .  A  cylindrica l  collecto r  electrod e  i s  locate d a  fe w millimeter s 

abov e  th e  flam e  an d th e  io n curren t  i s  measure d b y establishin g a  potentia l 

betwee n th e  je t  ti p  an d th e  collecto r  electrode .  T o minimiz e  io n recombinatio n 

th e  potentia l  i s  selecte d t o  b e  i n  th e  saturatio n region ,  tha t  is ,  th e  regio n 

fo r  whic h increasin g th e  potentia l  doe s  no t  increas e  th e  io n current .  Unde r 

-1 4 -1 3 
norma l  condition s  backgroun d current s  o f  2  ÷  1 0 t o  1 0 Amperes ,  increasin g 

-1 2 - 9 

t o  1 0 t o  1 0 Ampere s  i n  th e  presenc e  o f  a n organi c  vapor ,  ar e  common .  Th e 

smal l  signa l  current s  ar e  amplifie d b y a  precisio n amplifie r  an d passe d t o  a 

recorder .  Th e  performanc e  o f  th e  detecto r  i s  influence d b y experimenta l 

variable s  o f  whic h th e  mos t  importan t  ar e  th e  rati o  o f  air-to-hydrogen -

to-carrie r  ga s  flo w rates ,  th e  typ e  (therma l  conductance )  o f  carrie r  gas ,  an d 

individua l  detecto r  geometr y [86-88] .  Methan e  ha s  bee n suggeste d a s  a  standar d 

substanc e  fo r  optimizin g detecto r  operatin g conditions ,  particularl y  th e  rati o 

of  air-to-hydroge n flo w rate s  [89] ,  Th e  optimu m respons e  platea u i s  usuall y 

fairl y  broad ,  permittin g operatio n ove r  a  rathe r  wid e  rang e  o f  ga s  flo w rate s 

withou t  incurrin g a  larg e  penalt y  i n  diminishe d response . 

The  mechanis m o f  io n productio n i n  flame s  i s  comple x an d onl y poorl y 

understoo d [90-93] .  Th e  therma l  energ y o f  th e  flam e  i s  to o lo w t o explai n th e 

productio n o f  ion s  an d i t  i s  generall y  believe d tha t  organi c  compound s  ar e 

ionize d b y a  chemi-ionizatio n mechanism ,  i n  whic h energ y release d i n  strongl y 
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exothermi c  chemica l  reaction s  i s  retaine d b y organi c  molecule s  an d lead s  t o 

ionizatio n befor e  therma l  randomizatio n o f  th e  energ y occurs .  Tw o step s  ar e 

though t  t o  b e  importan t  i n  thi s  ionizatio n process :  radica l  formation , 

requirin g th e  absenc e  o f  oxygen ,  an d chemica l  ionizatio n o f  radical s  forme d b y 

excite d atomi c  o r  molecula r  oxyge n states .  A t  th e  en d o f  a  chai n o f  reactions , 

i n  whic h methan e  o r  th e  methy l  radica l  i s  though t  t o  b e  a  ke y intermediate ,  th e 

dominan t  ion-producin g reactio n i s  show n below : 

CH* +  0 * >  CH0 + +  e "  (3.1 ) 

As  a  consequenc e  o f  th e  FI D mechanism ,  eac h carbo n ato m capabl e  o f  hydrogenatio n 

yield s  th e  sam e  signa l  an d th e  overal l  FI D respons e  t o  th e  analyze d substanc e  i s 

proportiona l  t o  th e  su m o f  thes e  "effective "  carbo n atoms .  Th e  FI D respons e  i s 

th e  highes t  fo r  hydrocarbons ,  bein g proportiona l  t o  th e  numbe r  o f  carbo n atoms , 

whil e  substance s  containin g nitrogen ,  sulfur ,  o r  halogen s  yiel d smalle r 

response s  dependin g upo n th e  heteroatom-carbo n characte r  an d th e  electro n 

affinit y  o f  th e  combustio n products .  Th e  reduce d respons e  ca n b e  explaine d b y a 

comple x serie s  o f  recombinatio n reaction s  an d electro n captur e  processe s 

resultin g i n  a  lowe r  ionizatio n current .  Fo r  a  detecto r  operatin g unde r  optimu m 

condition s  th e  minimu m detectabl e  quantit y  o f  methan e  i s  i n  th e  rang e  o f  1 0 

t o  1 0  ̂  g/s .  Th e  dynami c  rang e  o f  th e  detecto r  i s  10 ^  t o  10^ . 

Two version s  o f  th e  FI D whic h enabl e  i t  t o  b e  operate d a s  a n 

element-selectiv e  detecto r  hav e  bee n described .  Th e  hydroge n atmospher e  flam e 

ionizatio n detecto r  (HAFID )  ca n b e  mad e  selectiv e  toward s  organometalli c 

compound s  containing ,  fo r  example ,  aluminum ,  iron ,  tin ,  chromium ,  an d lea d 

[94,95] ,  Th e  detecto r  employ s  a  hydrogen-oxyge n flam e  burnin g i n  a  hydroge n 

atmospher e  dope d wit h a  reagen t  suc h a s  silan e  t o  improv e  th e  consistenc y o f  it s 

response .  Whe n operate d withou t  silan e  dopin g th e  HAFI D function s  a s  a 

selectiv e  silico n detecto r  [96] .  Th e  detecto r  i s  talle r  i n  heigh t  tha n a 

conventiona l  FI D an d i s  operate d wit h a  negativ e  potentia l  a t  th e  collecto r 

electrode .  I t  ha s  bee n show n tha t  a  conventiona l  FID ,  operate d i n  a 

hydrogen-ric h mod e  an d usin g oxyge n t o  suppor t  combustion ,  ca n b e  mad e  t o 

respon d a s  a  concentration -  o r  mass-dependen t  detector ,  a s  a  carbon-selectiv e 

detector ,  o r  a s  a  heteroatom-selectiv e  detecto r  simpl y b y adjustin g th e 

hydrogen-oxyge n flo w rat e  ratio s  [97] ,  I n  thes e  latte r  tw o case s  th e  respons e 

mechanis m o f  th e  detecto r  remain s  unknow n an d th e  selectivit y  o f  th e  respons e 

ha s  no t  bee n adequatel y explained . 

The  presen t  generatio n o f  nitroge n an d phosphoru s  selectiv e  thermioni c 

ionizatio n detector s  gre w ou t  o f  earlie r  studie s  o n th e  propertie s  o f 

alkali-metal-dope d flam e  ionizatio n detector s  [98,99] .  Addin g a n alkal i  meta l 

sal t  t o  a  flam e  enhance d th e  respons e  o f  th e  detecto r  t o  certai n  element s 

includin g phosphorus ,  nitrogen ,  sulfur ,  boron ,  an d th e  halogens ,  a s  wel l  a s  som e 
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metal s  (e.g .  Sb ,  As ,  Sn ,  Pb )  [99,100] .  Th e  selectivit y  o f  th e  detecto r  respons e 

was  dependen t  upo n experimenta l  variable s  suc h a s  flam e  shape ,  size , 

temperature ,  an d th e  compositio n o f  th e  sal t  tip .  Fo r  thi s  reason ,  th e  maximu m 

respons e  fo r  th e  selecte d heteroato m wa s  achieve d ove r  a  narro w rang e  o f  carrie r 

gas ,  hydrogen ,  an d ai r  flo w rate s  a s  wel l  a s  sal t  ti p  composition ,  position ,  an d 

detecto r  ove n temperature .  Accurat e  meterin g o f  flam e  gase s  wa s  essentia l  t o 

maintai n selectivit y  i n  th e  regio n o f  hig h flam e  backgroun d current s  i n  whic h 

th e  alkal i  flam e  ionizatio n detecto r  (AFID )  wa s  operated .  I n  thi s  for m th e 

detecto r  wa s  ver y noisy ,  th e  respons e  depende d criticall y  upo n th e  experimenta l 

parameters ,  an d lon g ter m stabilit y  wa s  poo r  [101-103] ,  Al l  thes e  feature s 

contribute d t o  makin g th e  AFI D difficul t  t o  us e  fo r  quantitativ e  trac e 

analysis . 

A partia l  solutio n t o  th e  abov e  problem s  wa s  foun d b y replacin g th e  alkal i 

sal t  pelle t  wit h a  separatel y heate d inexhaustibl e  alkal i  glas s  o r  cerami c 

reservoir ,  revertin g t o  a  nonflam e  plasm a  fo r  combustion ,  an d repositionin g th e 

collecto r  electrod e  [104,105] ,  Thi s  detecto r  i s  know n a s  th e  thermioni c 

ionizatio n detecto r  (TID )  o r  th e  nitrogen-phosphoru s  detecto r  (NPD) .  Unlik e  th e 

origina l  AFID ,  whic h responde d t o  a  wid e  rang e  o f  heteroatoms ,  i t  i s  selectiv e 

fo r  nitroge n an d phosphoru s  only .  Man y commerica l  derivative s  o f  th e  origina l 

desig n b y Kol b (Figur e  3.6 )  hav e  bee n describe d [106-110] ,  The y diffe r  i n  th e 

selectio n o f  th e  alkal i  source ,  cesiu m o r  rubidiu m glass/cerami c  beads / 

cylinders ;  constan t  curren t  o r  constan t  temperatur e  heatin g o f  th e  alkal i 

source ;  collectio n o f  negativ e  o r  positiv e  ions ;  availabilit y  o f  col d bea d 

operatio n durin g solven t  venting ,  etc .  We  wil l  neglec t  thes e  mino r  operationa l 

variables ,  som e  o f  whic h mak e  operatio n mor e  convenient ,  an d concentrat e  instea d 

on th e  genera l  principle s  o f  th e  TID . 

The  detecto r  describe d b y Kol b contain s  a n electrically-heate d rubidiu m 

silicat e  bea d situate d a  fe w millimeter s  abov e  th e  detecto r  je t  ti p  an d belo w 

th e  collecto r  electrode .  Th e  sourc e  i s  maintaine d a t  a  negativ e  potentia l  t o 

preven t  th e  los s  o f  rubidiu m ion s  an d t o  dampe n th e  respons e  o f  th e  detecto r  i n 

th e  flam e  ionizatio n mode .  Th e  temperatur e  o f  th e  sourc e  i s  controlle d b y a n 

independen t  variabl e  powe r  suppl y t o  hea t  th e  bea d t o  a  dul l  re d o r  orang e  glo w 

(600-800°C) .  A  plasm a  i s  sustaine d i n  th e  regio n o f  th e  bea d b y hydroge n an d 

ai r  suppor t  gases .  Th e  flo w o f  hydroge n (1- 5 ml/min )  i s  to o lo w t o suppor t  a 

flam e  i n  th e  nitrogen-phosphoru s  mode .  A  norma l  hydroge n flo w rat e 

(approximatel y 3 0 ml/min )  i s  use d fo r  th e  phosphorus-selectiv e  mode .  T o 

suppres s  th e  FI D signa l  i n  th e  flam e  mod e  th e  detecto r  je t  i s  grounde d an d th e 

negativ e  potentia l  o f  th e  bea d deflect s  electron s  t o  ground ,  an d awa y fro m th e 

collecto r  electrode .  Th e  selectiv e  respons e  t o  phosphorus-containin g fragment s 

occur s  i n  th e  regio n o f  th e  bea d an d electron s  generate d b y thi s  reactio n ar e 

abl e  t o  reac h th e  collecto r  electrode .  I n  th e  flam e  mod e  th e  nitroge n respons e 
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Figur e  3. 6 Thermioni c  ionizatio n detecto r  (Perkin-Elmer) .  (Reproduce d wit h 
permissio n fro m ref .  104 .  Copyrigh t  Presto n Publications ,  Inc. ) 

i s  diminishe d b y a t  leas t  a n orde r  o f  magnitud e  compare d t o  th e  nonflam e  mod e 

an d th e  detecto r  respond s  mainl y t o  phosphorus-containin g compounds .  Bot h th e 

selectivit y  an d sensitivit y  o f  th e  detecto r  ar e  dependen t  upo n experimenta l 

variables ,  principall y  th e  bea d heatin g current ,  je t  potential ,  choic e  o f 

carrie r  gas ,  ai r  an d hydroge n flo w rates ,  an d th e  bea d positio n [111,112] .  I n 

particular ,  th e  detecto r  respons e  i s  influence d b y surfac e  contaminatio n o f  th e 

bead .  Operatio n a t  a  fixe d bea d heatin g curren t  wil l  normall y giv e  poo r 

long-ter m stabilit y  s o tha t  operatio n a t  a  fixe d backgroun d curren t  i s 

preferred .  Optimizatio n o f  th e  detecto r  operatin g variable s  usin g th e  simple x 

algorith m ha s  bee n describe d [113,114] . 

Compare d t o  th e  AFI D th e  TI D offer s  a n orde r  o f  magnitud e  improvemen t  i n 

sensitivit y  an d selectivity .  Th e  minimu m detectabl e  quantit y  o f  nitroge n i s 

abou t  1 0 " g N/ s  an d abou t  5  ÷  10 "  g  P/ s  fo r  phosphorus .  Th e  respons e  t o 

nitrogen-containin g compound s  whe n th e  nitroge n ato m i s  no t  boun d t o  a  C H grou p 

may b e  a  goo d dea l  les s  tha n th e  abov e  figure .  Th e  linea r  respons e  rang e  i s 

abou t  10 ^  t o  1 0  ̂  an d selectivit y  ratio s  o f  abou t  4  ÷  10 ^  g  C/ g Í ,  7  ÷  10 ^  g  C/ g 

Ñ an d 0. 5 g  N/ g Ñ  ma y b e  obtained .  Th e  TI D i s  widel y use d i n  environmenta l  an d 

biomedica l  researc h fo r  determinin g pesticides ,  drugs ,  an d profiling ,  wher e  it s 
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hig h sensitivit y  an d selectivit y  ar e  usefu l  i n  minimizin g sampl e  preparation . 

Frequen t  check s  o n calibratio n shoul d b e  mad e  becaus e  o f  th e  advers e  effec t  bea d 

contaminatio n ha s  o n response .  Injectio n o f  exces s  silylatin g reagent s  shoul d 

be  minimize d fo r  th e  sam e  reason . 

Severa l  model s  hav e  bee n propose d t o  accoun t  fo r  th e  selectivit y  o f  th e  TI D 

respons e  t o  nitroge n an d phosphorus .  The y diffe r  principall y  i n  whethe r  th e 

interactio n betwee n th e  alkal i  meta l  atom s  an d organi c  fragment s  occur s  a s  a 

homogeneou s  reactio n i n  th e  ga s  phas e  o r  i s  purel y a  surfac e  phenomena . 

Accordin g t o  th e  homogeneou s  mechanis m theory ,  rubidiu m ion s  leav e  th e  bea d a s 

neutra l  atom s  afte r  acceptin g a n electro n fro m th e  flam e  [104,105,115] .  Whil e 

stil l  i n  th e  vicinit y  o f  th e  bead ,  th e  rubidiu m atom s  ar e  excite d an d ionize d b y 

collisio n wit h plasm a  particles ,  fo r  example : 

Rb +  2 H >  H 2 +  Rb + +  e "  ,(3.2 ) 

The  generate d electron s  mov e  t o  th e  collecto r  electrod e  whil e  th e  positiv e 

rubidiu m ion s  retur n immediatel y t o  th e  negativel y charge d bead .  Thi s  mechanis m 

occur s  i n  a  cycli c  fashion ,  producin g a  stead y stat e  equilibrium .  I f  thi s 

equilibriu m i s  disturbed ,  fo r  exampl e  b y a  proces s  whic h result s  i n  ionizatio n 

of  rubidiu m atoms ,  mor e  rubidiu m atom s  wil l  leav e  th e  sourc e  t o  re-establis h th e 

equilibrium ,  resultin g i n  a  concomitan t  increas e  i n  th e  io n current .  Th e 

selectivit y  o f  th e  detecto r  owe s  it s  origi n t o  th e  increas e  i n  thi s  io n curren t 

(accordin g t o  th e  homogeneou s  mechanis m theory )  a s  onl y thos e  radical s  wit h 

electro n affinitie s  equa l  t o  o r  greate r  tha n th e  ionizatio n potentia l  o f 

rubidiu m atom s  wil l  contribut e  t o  th e  io n current .  Amon g th e  man y fragment s 

generate d b y th e  pyrolysi s  o f  organi c  compound s  i n  th e  detecto r  plasma ,  thi s 

criteri a  i s  me t  onl y b y th e  C N an d P0 2 radicals . 

I t  ha s  prove n difficul t  t o  provid e  an y conclusiv e  evidenc e  fo r  th e  rubidiu m 

cycl e  mechanism .  Curren t  though t  tend s  t o  suppor t  a  surface ,  rathe r  tha n a  ga s 

phas e  mechanism .  Th e  surfac e  catalyti c  ionizatio n mode l  assume s  tha t  th e 

nitroge n compoun d i s  adsorbe d ont o th e  bea d surface ,  pyrolyze d i n  sit u  t o  amon g 

othe r  fragment s  th e  cyan o radical ,  accept s  a n electro n fro m th e  bead ,  an d the n 

depart s  a s  a  cyan o anio n [115] .  Th e  charge-carryin g specie s  i s  th e  cyan o anio n 

i n  thi s  case ;  th e  suppl y o f  electron s  tha t  support s  th e  ionizatio n proces s 

originate s  fro m th e  platinu m wir e  use d t o  hea t  th e  bead .  Th e  alkal i  glas s  i s 

no t  a  sourc e  sinc e  th e  rubidiu m atom s  d o no t  leav e  th e  glass ;  thei r  rol e  i s  a s 

surfac e  catalyst s  fo r  th e  electro n transfe r  reaction .  A n alternativ e  surfac e 

ionizatio n mode l  assume s  tha t  th e  principa l  rol e  o f  th e  alkal i  meta l  i n  th e 

sourc e  i s  t o  lowe r  th e  wor k functio n o f  th e  surfac e  [110,116] .  T o accoun t  fo r 

th e  influenc e  o f  experimenta l  variable s  i t  assume s  a n expande d rol e  fo r  th e 

hydroge n plasm a  compare d t o  th e  surfac e  catalyti c  model .  Th e  hig h temperatur e 

of  th e  sourc e  i s  sufficien t  t o  initiat e  decompositio n o f  th e  hydroge n an d oxyge n 
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gase s  supplie d t o  th e  detector .  Consequently ,  i n  th e  immediat e  vicinit y  o f  th e 

sourc e  a  hot ,  chemically-reactiv e  ga s  boundar y layer ,  containin g radica l 

species ,  i s  assume d t o  exist .  A  combinatio n o f  th e  hea t  fro m th e  sourc e  an d th e 

reactio n o f  sampl e  molecule s  withi n thi s  boundar y laye r  give s  ris e  t o  sampl e 

decomposition .  Electronegativ e  decompositio n product s  fro m phosphorus -  o r 

nitrogen-containin g compound s  ar e  the n ionize d b y extractin g a n electro n fro m 

th e  surfac e  o f  th e  thermioni c  source .  Thes e  negativ e  ion s  produc e  th e  increas e 

i n  io n curren t  measure d a t  th e  collecto r  electrode . 

Photon s  produce d b y a  discharg e  i n  argon ,  helium ,  o r  hydroge n hav e  bee n 

use d t o  ioniz e  organi c  compound s  i n  th e  carrie r  ga s  emergin g fro m a  ga s 

chromatograph .  Detector s  workin g o n thi s  principl e  wer e  calle d photoionizatio n 

detectors ,  discharg e  detectors ,  o r  microwav e  emissio n detectors ,  accordin g t o 

whethe r  th e  ionizatio n current ,  th e  discharg e  current ,  o r  th e  intensit y  o f  th e 

emitte d ligh t  wa s  measured .  Th e  earl y  developmen t  o f  thes e  detector s  ha s  bee n 

reviewe d b y Sevci k [76] .  I n  thes e  earlie r  design s  th e  discharg e  an d ionizatio n 

compartment s  wer e  no t  physicall y  separated .  Thi s  configuratio n ha d severa l 

drawbacks ,  fo r  example ,  th e  detecto r  an d consequentl y  th e  colum n exi t  ha d t o  b e 

maintaine d a t  a  reduce d pressure ,  th e  partia l  pressur e  o f  th e  discharg e  ga s 

varie d an d henc e  th e  energ y distributio n amon g th e  emitte d photon s  wa s  no t 

constant ,  an d metastabl e  o r  excite d molecule s  wit h lon g lif e  time s  forme d i n  th e 

discharg e  spac e  cause d direc t  ionizatio n o f  th e  elute d substance . 

Photoionizatio n detector s  o f  recen t  desig n eliminat e  th e  abov e  drawback s  an d 

make  possibl e  th e  us e  o f  pur e  photoionizatio n processe s  [117,118] . 

Commerciall y  availabl e  photoionizatio n detector s  us e  a  discharg e  lam p 

containin g a  mixtur e  o f  gase s  a t  lo w pressure s  whic h ar e  excite d b y a  hig h 

voltag e  place d acros s  tw o electrode s  positione d i n  th e  evacuate d chamber . 

Monochromati c  radiatio n o f  a  specifi c  energ y i s  obtaine d b y a  combinatio n o f  th e 

carefu l  choic e  o f  th e  fillin g ga s  mixtur e  an d th e  us e  o f  filter s  t o  eliminat e 

stra y radiation .  Ultraviole t  ligh t  source s  o f  differen t  energie s  (9.5 ,  10.0 , 

10.2 ,  10.9 ,  an d 11. 7 eV )  ar e  available ,  whil e  th e  10. 2 e V sourc e  i s  th e  mos t 

widel y used .  Th e  discharg e  compartmen t  i s  mechanicall y  separate d fro m th e 

ionizatio n chambe r  b y a n opticall y  transparen t  windo w mad e  o f  magnesiu m 

fluoride .  Th e  effluen t  fro m th e  ga s  chromatograp h passe s  throug h th e  ionizatio n 

chambe r  an d betwee n tw o electrode s  positione d a t  opposit e  end s  o f  th e  chamber . 

Detector s  wit h ionizatio n chambe r  volume s  o f  150-25 0 microliter s  ar e  availabl e 

fo r  us e  wit h ope n tubula r  capillar y column s  [119-122] .  A n electri c  fiel d  i s 

applie d betwee n th e  electrode s  t o  collec t  th e  ion s  forme d (o r  electrons ,  i f 

preferred) .  Th e  ionizatio n chambe r  i s  capabl e  o f  bein g heate d abov e  th e  colum n 

operatin g temperatur e  t o  avoi d contaminatio n o f  th e  syste m b y condensatio n o f 

hig h molecula r  weigh t  material . 

The  processe s  occurrin g withi n th e  detecto r  ca n b e  represente d b y a  serie s 
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of  equation s  (3.3-3.8 )  [123-125] . 

AB +  h v >  AB*  (3.3 ) 

AB* >  AB + +  e "  (3.4 ) 

AB+ +  e ~ +  C  >  A B +  C  (3.5 ) 

AB* +  C  >  A B +  C  (3.6 ) 

EC +  e "  >  EC "  (3.7 ) 

EC"  +  AB + >  A B +  E C (3.8 ) 

Equatio n (3.3 )  lead s  t o  reactio n (3.4 )  representin g captur e  o f  a  photo n b y a 

molecul e  A B whic h lead s  t o  ionizatio n an d provide s  th e  detecto r  signal . 

Equation s  (3.5 )  t o  (3.8 )  represen t  competin g reaction s  involvin g recombinatio n 

or  collisiona l  de-excitatio n b y a  carrie r  ga s  molecul e  C  o r  neutralizatio n b y 

reactio n wit h a n electron-capturin g impurit y  EC .  Thes e  reaction s  shoul d b e 

minimized .  Th e  us e  o f  electron-capturin g solvent s  o r  impuritie s  (e.g. ,  C^ )  i n 

th e  carrie r  ga s  ca n lea d t o  negativ e  peak s  i n  th e  chromatogra m [124] .  Th e 

choic e  o f  carrie r  ga s  als o influence s  th e  respons e  o f  th e  detecto r  throug h th e 

collisiona l  processe s  represente d b y equation s  (3.5 )  an d (3.6) ,  b y it s  abilit y 

t o  influenc e  th e  mobilit y  o f  ion s  withi n th e  detector ,  and ,  i n  unfavorabl e 

cases ,  b y absorptio n o f  som e  o f  th e  initia l  photo n flu x [123] . 

When competin g reaction s  ar e  minimized ,  th e  respons e  o f  th e  detecto r  ca n b e 

describe d b y equatio n (3.9 )  [123] . 

i  =  I  F  ç ó Í  L  [AB ]  (3.9 ) 

i  =  detecto r  io n curren t 
I  =  initia l  photo n flu x 
F =  Farada y constan t 
ç  =  photoionizatio n efficienc y 
ï  =  absorptio n cross-sectio n 
Í  =  Avogadro' s  numbe r 
L =  pat h lengt h 
[AB]  =  concentratio n o f  a n ionizabl e  substanc e 

Thu s  fo r  a  particula r  detecto r  an d source ,  th e  PI D signa l  i s  proportiona l  t o  th e 

ionizatio n yield ,  absorptio n cross-section ,  an d mola r  concentration .  Th e  PI D i s 

a  concentration-dependen t  detecto r  s o it s  respons e  wil l  var y wit h th e  flo w rat e 

of  th e  ga s  (carrie r  an d make-u p gas )  throug h th e  detector .  Th e  produc t  i s 

th e  photoionizatio n cross-section ,  whic h expresse s  bot h th e  probabilit y  tha t  a 

molecul e  wil l  absor b a  photo n an d th e  probabilit y  tha t  th e  excite d stat e  wil l 

ionize .  Th e  calculatio n o f  photoionizatio n cross-section s  i s  comple x bu t  i t 

migh t  b e  intuitivel y expecte d tha t  a  direc t  dependenc e  o f  th e  photoionizatio n 

cross-sectio n o n th e  photo n energ y an d th e  ionizatio n potentia l  o f  th e  molecul e 

exists .  I n  practice ,  a  fractio n o f  th e  molecule s  wit h ionizatio n potential s  u p 
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t o  approximatel y 0. 4 e V abov e  th e  energ y o f  th e  ionizin g photon s  wil l  b e 

ionized ,  a s  som e  o f  thes e  molecule s  wil l  exis t  i n  vibrationall y  excite d states . 

The  PI D i s  nondestructive ,  doe s  no t  requir e  a n auxiliar y suppl y o f  gase s 

beside s  th e  carrie r  gas ,  i s  relativel y inexpensive ,  i s  o f  rugge d construction , 

an d i s  eas y t o  operate .  Wit h th e  10. 2 e V photo n sourc e  mos t  molecule s  ar e 

ionized ;  th e  exception s  ar e  th e  permanen t  gases ,  C-̂ -C ^  hydrocarbons ,  methanol , 

acetonitril e  an d chloromethanes .  Th e  sensitivit y  fo r  benzen e  i s  0. 3  Coulombs/ g 

an d th e  linea r  rang e  approximatel y 10^ .  Th e  PI D i s  5  t o  1 0 time s  mor e  sensitiv e 

tha n th e  FI D fo r  alkane s  an d abou t  3 5 time s  s o fo r  aromati c  compound s  [126] . 

Freedma n ha s  show n tha t  th e  ionizatio n potentia l  o f  th e  molecul e  i s  th e  mos t 

importan t  singl e  facto r  determinin g th e  PI D respons e  wit h th e  relativ e  numbe r  o f 

ð-electron s  havin g littl e  significanc e  [125] .  Thi s  argumen t  i s  wel l  supporte d 

by th e  availabl e  experimenta l  dat a  althoug h othe r  author s  clai m a  muc h greate r 

rol e  o f  ð -electron s  i n  th e  ionizatio n proces s  [126,127] ,  Th e  mos t  comprehensiv e 

collectio n o f  respons e  data ,  relativ e  t o  benzene ,  fo r  mor e  tha n a  hundre d 

compound s  ha s  bee n compile d b y Langhors t  [128] ,  Thi s  stud y le d t o  severa l 

empirica l  conclusion s  whic h ar e  summarize d i n  Tabl e  3.6 .  A  genera l  increas e  i n 

sensitivit y  a s  th e  carbo n numbe r  increase s  wa s  note d an d a t  hig h carbo n number s 

th e  respons e  wa s  attribute d mainl y t o  th e  carbo n chai n wit h littl e  influenc e 

fro m th e  presenc e  o f  functiona l  groups .  Thes e  observation s  an d thos e  i n  Tabl e 

3. 6  generall y  follo w th e  tren d i n  ionizatio n potential s  a s  discusse d b y Freedma n 

[125] . 

TABLE 3. 6 

RELATIONSHIP BETWEEN PHOTOIONIZATIO N DETECTOR RESPONS E (10. 2 eV )  AND MOLECULAR 
STRUCTURE 

Sensitivit y  increase s  a s  th e  carbo n numbe r  increase s 

Sensitivit y  fo r  alkane s  <  alkene s  <  aromatic s 

Sensitivit y  fo r  alkane s  <  alcohol s  <  ester s  <  aldehyde s  <  ketone s 

Sensitivit y  fo r  cycli c  compound s  >  noncycli c  compound s 

Sensitivit y  fo r  branche d compound s  >  nonbranche d compound s 

Sensitivit y  fo r  fluorine-substitute d <  chlorine-substitute d <  bromine -
substitute d <  iodine-substitute d compound s 

For  substitute d benzenes ,  rin g activator s  (electron-releasin g groups )  increas e 
sensitivit y  an d rin g deactivator s  (electron-withdrawin g groups )  decreas e 
sensitivit y  (exception :  halogenate d benzenes ) 

The  structure-selectiv e  electron-captur e  detecto r  (ECD )  i s  th e  secon d mos t 

widel y use d ionizatio n detecto r  [129-135] .  I t  owe s  muc h o f  it s  popularit y  t o 

it s  unsurpasse d sensitivit y  t o  a  wid e  rang e  o f  toxi c  an d biologicall y  activ e 
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compounds .  Consequentl y  i t  i s  widel y use d i n  trac e  analysi s  fo r  th e 

determinatio n o f  pesticides ,  herbicides ,  industria l  chemical s  i n  th e 

environment ,  drug s  an d othe r  biologicall y  activ e  compound s  i n  biologica l  fluids , 

an d fo r  determinin g th e  fat e  o f  volatil e  organi c  compound s  i n  th e  uppe r 

atmosphere .  A s  man y o f  thes e  application s  hav e  a n impac t  o n commerce , 

environmenta l  quality ,  an d health ,  a  grea t  dea l  ha s  bee n writte n o n th e 

propertie s  o f  th e  ECD .  However ,  i t  i s  no t  felicitou s  t o  sa y tha t  th e  EC D i s  on e 

of  th e  easies t  t o  operat e  bu t  leas t  understoo d o f  th e  ga s  chromatographi c 

detector s  i n  commo n use .  It s  us e  ha s  als o bee n subjec t  t o  th e  mos t  operato r 

abuse ,  providin g bot h som e  o f  th e  mos t  reliabl e  an d leas t  reliabl e  quantitativ e 

scientifi c  dat a  available . 

I n  th e  EC D a  sourc e  o f  bet a  electron s  i s  use d t o  bombar d th e  carrie r  ga s 

passin g throug h a n ionizatio n chamber .  A  plasm a  o f  positiv e  ions ,  radicals ,  an d 

therma l  electron s  i s  forme d b y a  serie s  o f  elasti c  an d inelasti c  collisions . 

The  processe s  occurrin g withi n th e  detecto r  cel l  ca n b e  represente d 

schematicall y  a s  show n i n Figur e  3.7 .  Eac h bet a  electro n ma y generat e  betwee n 

on e  hundre d an d on e  thousan d therma l  electron s  wit h mea n energie s  o f  0.0 2 t o 

0.0 5 eV .  Th e  applicatio n o f  a  potentia l  differenc e  t o  th e  electro n captur e 

cell ,  eithe r  continuousl y o r  pulsed ,  allow s  th e  therma l  electron s  t o  b e 

collected .  Thi s  backgroun d current ,  i n  th e  presenc e  o f  pur e  carrie r  gas , 

constitute s  th e  detecto r  standin g curren t  an d th e  baselin e  valu e  fo r  al l 

measurements .  Whe n a n electron-capturin g compoun d enter s  th e  cel l  i t  capture s  a 

therma l  electro n t o  produc e  eithe r  a  negativ e  molecula r  io n o r  a  fragmen t  io n i f 

dissociatio n accompanie s  capture .  Thes e  ion s  ar e  o f  large r  mas s  tha n th e 

origina l  electron ,  hav e  a  lowe r  drif t  velocity ,  an d a  substantiall y  highe r  rat e 

of  recombinatio n wit h positiv e  ions .  I n  a  well-designe d detecto r  th e  operatin g 

condition s  ar e  optimize d suc h tha t  th e  therma l  electron s  ar e  collecte d bu t  th e 

negativ e  ion s  ar e  not .  Th e  diminutio n i n  detecto r  backgroun d curren t  du e  t o  th e 

los s  o f  therma l  electron s  constitute s  th e  quantitativ e  basi s  b y whic h detecto r 

respons e  i s  relate d t o  solut e  concentration . 

Commerciall y  availabl e  electron-captur e  detector s  us e  a  radioisotopi c 

sourc e  o f  ionizin g radiation ,  supporte d b y a  metalli c  foil ;  i t  i s  convenien t  t o 

us e  th e  sourc e  a s  on e  o f  th e  chambe r  electrodes .  Th e  idea l  sourc e  woul d produc e 

a  smal l  numbe r  o f  io n pair s  pe r  disintegratio n i n  orde r  fo r  th e  fluctuation s  i n 

io n curren t  and ,  hence ,  nois e  leve l  t o  b e  minimal .  A t  th e  sam e  time ,  th e  tota l 

io n pai r  formatio n shoul d b e  larg e  s o tha t  th e  resultin g electro n curren t  durin g 

th e  passag e  o f  a n electron-capturin g substanc e  ca n b e  measure d convenientl y 

withou t  introducin g othe r  source s  o f  noise .  Th e  bes t  compromis e  amon g thes e 

demand s  appear s  t o  b e  lo w energ y beta-emittin g radioisotope s  (minimu m numbe r  o f 

io n pair s  pe r  particle )  a t  relativel y hig h specifi c  activitie s  (maximu m tota l 

io n pai r  formation )  [136] .  Commerica l  instrument s  us e  eithe r  ^ N i  o r  ̂ H 
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Figur e  3. 7 Processe s  occurrin g i n  a n electron-captur e  detector .  Ì  =  carrie r 
ga s  molecul e  an d E C =  electron-capturin g analyte . 

radioisotopi c  sources .  O f  th e  tw o types ,  tritiu m woul d b e  preferre d du e  t o  it s 
63 

lowe r  energ y bet a  emanatio n (0.01 8 MeV)  compare d t o  N i  (0.06 7 MeV)  an d th e 
fac t  tha t  foil s  wit h highe r  specifi c  activit y  ar e  les s  expensiv e  t o 

63 

manufacture .  Th e  principa l  advantag e  o f  N i  source s  i s  thei r  hig h temperatur e 

operatio n stabilit y  (t o  400°C )  compare d t o  225° C fo r  T i 3 H2 an d 325° C fo r  Sc 3 H3 . 

Hig h temperatur e  operatio n minimize s  contaminiatio n fro m th e  chromatographi c 

syste m an d enhance s  th e  respons e  o f  th e  detecto r  t o  thos e  compound s  whic h 

captur e  electron s  b y a  dissociativ e  mechanism .  Thu s  practica l  consideration s 
63 

an d operationa l  convenienc e  dictat e  th e  us e  o f  N i  fo r  mos t  purposes .  Othe r 

source s  o f  ionizin g electron s  includ e  F e  (Auge r  electro n emitter )  [138,139 ] 

an d thermioni c  emissio n fro m a  filamen t  house d i n  a  separat e  chambe r  [140] , 
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None  o f  thes e  alternativ e  source s  ar e  commericall y  available . 

Ionizatio n chamber s  wit h paralle l  plat e  electrode s  (Figur e  3.8 )  [141-143] , 

coaxia l  cylinde r  electrode s  (Figur e  3.9 )  [144-146] ,  o r  asymmetri c  (e.g. ,  coaxia l 

displace d cylinder ,  Figur e  3.10 )  [147-149 ]  geometr y hav e  bee n use d i n  commerica l 

instruments .  Th e  paralle l  plat e  detecto r  desig n wa s  versatil e  an d convenien t 

fo r  earlie r  experimentalist s  a s  i t  permitte d th e  relativ e  positio n o f  th e  sourc e 

an d collecto r  electrod e  t o  b e  varied .  I t  i s  no w rarel y used ;  mos t  commerica l 

detector s  emplo y eithe r  th e  coaxia l  cylinde r  o r  asymmetri c  configuration .  Th e 

lowe r  specifi c  activit y  o f  th e  ^ N i  source ,  compare d t o  ^H ,  require s  th e  us e  o f 

a  large r  sourc e  are a  t o  obtai n th e  sam e  ionizatio n efficiency .  Thi s  i s  mor e 

easil y  attaine d i n  th e  coaxia l  design .  Her e  th e  minimu m spacin g betwee n th e 

source ,  whic h surround s  th e  centrall y  locate d collecto r  electrode ,  an d th e 

collecto r  electrod e  i s  establishe d b y th e  penetratio n dept h o f  th e  bet a 

particle s  [150] .  Thi s  distanc e  shoul d b e  grea t  enoug h t o  ensur e  tha t  al l  th e 

bet a  particle s  ar e  deactivitate d b y collision s  an d converte d t o  therma l  energie s 

withou t  collidin g wit h th e  anode . 

Figur e  3. 8 Paralle l  plat e  electron-captur e  detector .  A ,  carrie r  ga s  inle t  an d 
anode ;  B ,  diffuser ;  C ,  sourc e  o f  ionizin g radiation ;  D ,  carrie r  ga s 
outle t  an d cathode . 

By locatin g th e  anod e  entirel y  upstrea m fro m th e  ionize d ga s  volume , 

collectio n o f  lon g rang e  bet a  particle s  i s  minimize d i n  th e  displace d coaxia l 

cylinde r  design ,  an d th e  directio n o f  ga s  flo w minimize s  diffusio n an d 

convectio n o f  electron s  t o  th e  collecto r  electrode .  However ,  th e  fre e  electron s 

ar e  sufficientl y  mobil e  tha t  modes t  puls e  voltage s  (e.g. ,  5 0 V )  ar e  adequat e  t o 

caus e  th e  electron s  t o  mov e  agains t  th e  ga s  flo w an d b e  collecte d durin g thi s 

time . 
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Figur e  3. 9 Coaxia l  hig h temperatur e  N i  electron-captur e  detector .  Not e 
th e  us e  o f  coolin g fin s  t o  avoi d overheatin g th e  insulatio n 
(Teflon )  betwee n anod e  an d cathod e  (heate d detecto r  body) . 
(Reproduce d wit h permissio n fro m ref .  145 .  Copyrigh t  America n 
Chemica l  Society) . 

Figur e  3.1 0 Displace d coaxia l  cylinde r  (asymmetric )  electron-captur e  detector . 
(Reproduce d wit h permissio n fro m Varia n Associates) . 

Miniaturizatio n o f  th e  ionizatio n chambe r  i s  importan t  fo r  us e  wit h ope n 
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tubula r  column s  wher e  peak s  ma y elut e  i n  10-10 0 microlite r  ga s  volume s  [135] , 

The  effectiv e  lowe r  limi t  o f  curren t  design s  i s  approximatel y 100-40 0 

microliters ,  stil l  to o larg e  t o  completel y eliminat e  extracolum n ban d 

broadening .  Th e  effectiv e  detecto r  dea d volum e  ca n b e  reduce d b y addin g make-u p 

ga s  a t  th e  en d o f  th e  colum n whic h preserve s  colum n efficienc y a t  th e  expens e  o f 

some  los s  i n  detecto r  sensitivit y  du e  t o  sampl e  dilution .  A n equatio n ha s  bee n 

propose d b y D e  Jon g whic h enable s  th e  flo w rat e  o f  make-u p ga s  require d t o 

maintai n a  certai n  colum n efficienc y t o  b e  calculated ,  equatio n (3.10 )  [151 ] 

V 
ö =  — 

ó 1- ç 
' a 

(3.10 ) 

ö  =  necessar y purg e  flo w 
V =  detecto r  volum e 
ó =  pea k widt h a t  bas e 

= actua l  efficienc y 

The  actua l  efficiency ,  ç^ ,  ha s  a  valu e  o f  1. 0  fo r  a  zer o dead-volum e  detecto r 

bu t  a  valu e  o f  0. 9  i s  considere d a  reasonable ,  practica l  compromise .  A s  som e 

electron-captur e  detector s  designe d fo r  packe d colum n use.hav e  cel l  volume s  o f 

2. 0  t o  4. 0  ml ,  the y ma y no t  b e  suitabl e  fo r  us e  wit h ope n tubula r  columns . 

The  therma l  electro n concentratio n i n  th e  detecto r  cel l  ca n b e  measure d 

continuousl y (d c  voltage )  o r  discontinuousl y (pulse d voltage) .  Th e  d c  voltag e 

mode  ha s  severa l  disadvantage s  arisin g fro m spac e  charg e  effects ,  contac t 

potentia l  effects ,  an d th e  promotio n o f  non-electron-capturin g ionizatio n 

processes ,  whic h ca n resul t  i n  anomalou s  detecto r  operatio n [134,142] .  Puls e 

samplin g technique s  ar e  use d i n  al l  commercia l  instrument s  t o  minimiz e  th e  abov e 

problems .  Th e  potentia l  i s  applie d t o  th e  cel l  a s  a  square-wav e  puls e  o f 

sufficien t  heigh t  an d widt h t o  collec t  al l  th e  therma l  electron s  bu t  o f 

sufficien t  tim e  fo r  th e  concentratio n o f  therma l  electron s  t o  b e  replenishe d b y 

th e  ionizin g bet a  radiatio n an d fo r  thei r  energ y t o  reac h therma l  equilibrium . 

Additionally ,  i n  th e  "n o field "  perio d th e  electron s  d o no t  drif t  ou t  o f  th e 

plasma ;  negativ e  io n formatio n occur s  i n  th e  regio n wher e  positiv e  ion s  ar e  als o 

presen t  an d wher e  recombinatio n ca n mos t  efficientl y  tak e  place .  Th e  signa l 

fro m a n ECD ,  operate d wit h a  lon g puls e  period ,  ca n b e  describe d b y equatio n 

(3.11 )  [152] . 

( I b "  V 
2 - — = K[AB ]  (3.11 ) I 

e 1^  =  detecto r  standin g curren t 

I  =  detecto r  curren t  measure d a t  th e  pea k heigh t  maxim a 

Ê =  electron-captur e  coefficien t 

[AB]  =  sampl e  concentratio n 
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By analo g conversio n th e  detecto r  outpu t  ca n b e  linearize d ove r  abou t  fou r 

order s  o f  magnitud e  [153,154] .  Withou t  analo g conversio n an d wit h puls e  period s 

les s  tha n 1  millisecond ,  typica l  operatin g condition s  unde r  norma l 

circumstances ,  th e  linea r  respons e  rang e  i s  approximatel y 10 0 t o  1000 .  I n  th e 

dc  mod e  shorte r  linea r  operatin g ranges ,  approximatel y 1 0 t o  100 ,  ar e  common . 

The  majorit y  o f  th e  commerciall y  availabl e  ECD' s  ar e  designe d fo r  us e  wit h 

a  modifie d versio n o f  th e  pulsed-samplin g techniqu e  terme d th e  variabl e 

frequenc y constant-curren t  mode .  Rathe r  tha n measurin g th e  cel l  curren t  a t  a 

constan t  puls e  frequency ,  th e  cel l  curren t  i s  fixe d wit h respec t  t o  a  referenc e 

valu e  an d th e  frequenc y o f  th e  puls e  i s  modulate d s o tha t  th e  differenc e  betwee n 

th e  cel l  curren t  (I ce]_]_ )  a n ( *  t n e referenc e  curren t  ( I r e f )  i s  zer o throughou t  th e 

chromatographi c  separation .  Sinc e  puls e  frequenc y i s  th e  variabl e  quantit y  i n 

thi s  mod e  o f  operation ,  th e  detecto r  signa l  i s  a  voltag e  proportiona l  t o  tha t 

frequency .  A  bloc k diagra m o f  a  variabl e  frequenc y constant-curren t  EC D circui t 

i s  show n i n Figur e  3.11 .  Th e  circui t  forms ,  i n  fact ,  a  closed-loo p electroni c 

feedbac k networ k i n  whic h th e  cel l  curren t  (I c e ^^ )  i- s combine d wit h a n externa l 

referenc e  curren t  ( I  r )  suc h tha t  th e  differenc e  ( I  c  -  I  ,  Ë )  i s  th e  inpu t  t o 
ref y v  re f  cel l  v 

an electrometer .  Th e  electromete r  outpu t  feed s  int o th e  pulse-generatin g 

networ k suc h tha t  th e  puls e  frequenc y i s  determine d b y th e  magnitud e  o f  th e 

electromete r  outpu t  an d th e  frequenc y o f  voltag e  pulse s  i n  tur n determine s  th e 

RADIO -
ACTIVE 

FOIL 

ELECTRO N 
COLLECTO R 

IONIZED 
GAS 

NEGATIVE 
VOLTAGE PULS E 

VARIABLE 
FREQUENC Y 

PULSE R 

ELECTROMETER 

SIGNAL 
OUT 

REFERENCE 
CURRENT 

Figur e  3.1 1 Bloc k diagra m o f  th e  electroni c  component s  o f  a  variabl e  frequenc y 
constant-curren t  electron-captur e  detector .  (Reproduce d wit h 
permissio n fro m Varia n Associates) . 
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magnitud e  o f  I c e - Q (wit h th e  provis o tha t  I  c e •]_•] _  =  ^ r e f ) * ^h e  t w o principa l 

advantage s  o f  thi s  metho d ar e  tha t  th e  linea r  respons e  rang e  i s  approximatel y 

10 t o  10^ ,  muc h greate r  tha n fo r  th e  constan t  frequenc y puls e  samplin g mode , 

an d secondly ,  th e  detecto r  operatio n i s  les s  disturbe d b y trace s  o f  interferent s 

enterin g th e  detecto r  cell .  A  disadvantag e  o f  thi s  mod e  o f  operatio n i s  tha t 

fo r  analyte s  wit h ultrafas t  electro n attachmen t  rat e  constant s  (e.g. ,  betwee n 

2. 8 ÷  10" ^  an d 4. 6 ÷  10~ ^  ml/molecule.s )  th e  detecto r  respons e  i s  inherentl y 

non-linea r  [156-158] ,  Example s  o f  compound s  wit h ultrafas t  rat e  constant s  ar e 

CCl^ ,  SF^ ,  CFC1 3 ,  an d CH 3 I .  Th e  EC D i s  mos t  responsiv e  t o  thes e  type s  o f 

compound s  an d woul d normall y b e  selecte d fo r  thei r  determination .  Fo r  compound s 

wit h rat e  constant s  les s  tha n these ,  th e  detecto r  respons e  i s  normall y linea r 

ove r  th e  ful l  operatin g range .  Thi s  grou p include s  mos t  o f  th e  moderatel y 

stron g an d wea k electrophore s  tha t  mak e  u p th e  bul k o f  compound s  determine d wit h 

th e  ECD . 

The  choic e  o f  carrie r  ga s  fo r  us e  wit h th e  EC D i s  limite d t o  hydrogen ,  th e 

nobl e  gases ,  an d nitrogen .  Hydroge n ma y stri p  tritiu m fro m th e  detecto r  a t  hig h 

temperature s  [147] .  Pur e  argo n an d heliu m ar e  unsuitabl e  a s  the y readil y  for m 

metastabl e  ion s  whic h ca n transfe r  thei r  excitatio n energ y b y collisio n wit h 

solut e  vapors ,  resultin g i n  undesirabl e  ionizatio n effect s  (Pennin g reaction) . 

The  additio n o f  5  t o  1 0 percen t  o f  methan e  t o  argo n remove s  th e  metastabl e  ion s 

as  quickl y a s  the y ar e  forme d (b y deactivatin g collisions )  an d als o serve s  t o 

reduc e  an d maintai n th e  secondar y electro n energ y a t  a  constan t  therma l  level . 

Argon-containin g methan e  an d oxygen-fre e  nitroge n ar e  th e  mos t  commo n carrie r 

gase s  use d wit h packe d columns .  Fo r  ope n tubula r  capillar y column s  hydroge n o r 

heliu m ar e  usuall y  use d a s  carrie r  gase s  t o  maximiz e  colum n efficienc y an d 

minimiz e  analysi s  tim e  whil e  argon-methan e  o r  nitroge n ar e  use d a s  make-u p 

gases .  Oxyge n an d wate r  vapo r  trap s  shoul d b e  use d t o  purif y al l  gases . 

The  respons e  o f  th e  EC D t o organi c  compound s  cover s  approximatel y seve n 

order s  o f  magnitude .  Th e  highes t  respons e  i s  usuall y  foun d amon g compound s 

havin g electronegativ e  substitutent s  an d th e  leas t  amon g hydrocarbon s  an d 

perfluoroalkanes .  Som e  empirica l  observation s  o n th e  molecula r  feature s 

contributin g t o  a  respons e  fro m th e  EC D ar e  summarize d i n  Tabl e  3.7 .  Som e 

typica l  relativ e  respons e  value s  fo r  organi c  compound s  ar e  give n i n  Tabl e  3. 8 

[130,134,135,159] .  Th e  detecto r  respond s  mos t  strongl y t o  compound s  containin g 

halogen s  o r  nitr o  groups ,  t o  organometalli c  compounds ,  an d t o  conjugate d 

electrophores .  Thi s  latte r  grou p i s  structurall y  th e  leas t  wel l  define d an d i s 

comprise d o f  compound s  containin g tw o o r  mor e  weakl y electron-capturin g group s 

connecte d b y som e  specifi c  bridg e  tha t  promote s  a  synergisti c  interactio n 

betwee n th e  tw o groups .  Example s  o f  conjugate d system s  wit h a  hig h detecto r 

respons e  includ e  conjugate d carbony l  compound s  (benzophenones ,  quinones , 

phthalat e  esters ,  coumarins) ,  som e  polycycli c  aromati c  hydrocarbons ,  som e 
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TABLE 3. 7 

A lo w respons e  i s  show n b y alcohols ,  amines ,  phenols ,  aliphati c  saturate d 
aldehydes ,  thioethers ,  fatt y  aci d esters ,  hydrocarbons ,  aromatic s  an d viny l 
typ e  fluorinate d hydrocarbon s  includin g thos e  containin g on e  chlorin e  atom . 

A hig h respons e  i s  show n b y halocarbo n compounds ,  nitroaromatics ,  an d 
conjugate d compound s  containin g tw o group s  whic h individuall y  ar e  no t  strongl y 
electro n attractin g bu t  becom e  s o whe n connecte d b y specifi c  bridges . 

Compound s  wit h a  haloge n ato m attache d t o  a  viny l  carbo n hav e  lowe r  response s 
tha n th e  correspondin g saturate d compounds . 

Attachmen t  o f  th e  haloge n ato m t o a n ally l  carbo n ato m result s  i n  greate r 
sensitivit y  tha n tha t  obtaine d fo r  th e  correspondin g saturate d compounds . 

Response s  toward s  th e  halogen s  decreas e  i n  th e  orde r  I  >  B r  >  C I  >  F  an d 
increas e  synergisticall y  wit h multipl e  substitutio n o n th e  sam e  carbo n atom . 

TABLE 3. 8 

RELATIVE RESPONSE O F TH E ELECTRON-CAPTURE DETECTOR T O ORGANIC COMPOUNDS 

Genera l  Organi c  Compound s  Halocarbon s 

Compoun d Relativ e Compoun d Relativ e 
respons e respons e 

Benzen e 0.0 6 CF 3 CF 2 CF 3 1. 0 

Aceton e 0.5 0 CF3C1 3. 3 

Di-n-buty l  ethe r 0.6 0 CF2=CFC1 10 0 

Methylbutyrat e 0.9 0 CF3 CF2 C1 17 0 

1-Butano l 1.0 0 CF2 =CC1 2 67 0 

1-Chlorobutan e 1.0 0 CF 2 C1 2 3 ÷  10 4 

1,4-Dichlorobutan e 15.0 0 CHC13 3. 3 ÷  10 4 

Chlorobenzen e 75.0 0 CHC1=CC12 6. 7 ÷  10 4 

1,1-Dichlorobutan e 111.0 0 CF3Br 8. 7 ÷  10 4 

1-Bromobutan e 280.0 0 CF2 C1CFC1 2 1. 6 ÷  10 5 

Bromobenzen e 450.0 0 CF3CHClBr 4. 0 ÷  10 5 

Chlorofor m 6 ÷  10 4 CF 3 CF 2 CF 2 I 6. 0  ÷  10 5 

1-Iodobutan e 9 ÷  10 4 CF2BrCF 2Br 7. 7 ÷  10 5 

Carbo n tetrachlorid e 4 ÷  10 5 CFC1 3 1. 2 ÷  10 6 

MOLECULAR FEATURES GOVERNING TH E RESPONS E O F TH E ELECTRON-CAPTURE DETECTOR T O 
ORGANIC COMPOUNDS 
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sulfonamides ,  an d certai n  steroid s  (ecdysones ,  melengestro l  acetate , 

4-androstene-3,11,17-trione) .  Thi s  divers e  grou p o f  electron-capturin g 

compound s  ha s  bee n reviewe d b y Vessma n [160] , 

The  respons e  o f  th e  EC D t o halocarbo n compound s  decrease s  i n  th e  orde r  I  > 

Br  >  C I  »  F  an d increase s  synergisticall y  wit h multipl e  substitutio n o n th e 

sam e  carbo n atom .  Th e  identit y  an d numbe r  o f  haloge n substitutent s  i s  mor e 

importan t  tha n subtl e  variation s  i n  th e  geometri c  framewor k o f  th e  alky l  portio n 

of  th e  molecule ,  althoug h eve n thes e  smal l  change s  wil l  hav e  a  measurabl e 

influenc e  o n th e  detector' s  respons e  i n  man y case s  [161,162] .  Th e  respons e  o f 

th e  EC D t o haloaromati c  an d nitroaromati c  compound s  show s  simila r  trend s  t o  th e 

alky l  compounds .  Th e  positio n o f  electronegativ e  functiona l  group s  (ortho , 

meta ,  para )  ha s  a  measurabl e  influenc e  o n th e  detector' s  respons e  bu t  i s  les s 

dramati c  tha n th e  respons e  variatio n du e  t o  th e  numbe r  an d typ e  o f  individua l 

substitutent s  [163,164] .  A s  th e  numbe r  o f  substitutent s  i s  increase d o n 

polychlorinate d an d polybrominate d compound s  th e  detecto r  respons e  approache s 

it s  coulometri c  limi t  an d th e  introductio n o f  furthe r  substituent s  ha s  littl e 

effect .  Thi s  la w o f  diminishin g return s  i s  observe d fo r  al l  organi c  compounds ; 

th e  introductio n o f  th e  firs t  fe w electronegativ e  substituent s  ha s  a  larg e 

impac t  o n detecto r  sensitivity ,  bu t  furthe r  substitutio n ha s  les s  influence . 

Much o f  wha t  i s  know n abou t  th e  structur e  respons e  o f  th e  detecto r  i s  base d 

on empirica l  observations .  Clearly ,  th e  abilit y  t o  correlat e  th e  respons e  o f 

th e  detecto r  t o  fundamenta l  molecula r  parameter s  woul d b e  useful .  Che n an d 

Wentwort h hav e  show n tha t  th e  informatio n require d fo r  thi s  purpos e  i s  th e 

electro n affinit y  o f  th e  molecule ,  th e  rat e  constan t  fo r  th e  electro n attachmen t 

reactio n an d it s  activatio n energy ,  an d th e  rat e  constan t  fo r  th e  ioni c 

recombinatio n reactio n [134,165] .  I n  general ,  th e  direc t  calculatio n o f 

detecto r  respons e  factor s  hav e  rarel y bee n carrie d out ,  a s  th e  electro n 

affinitie s  an d rat e  constant s  fo r  mos t  compound s  o f  interes t  ar e  unknown . 

The  maximu m respons e  o f  th e  EC D t o differen t  organi c  compound s  i s  markedl y 

temperatur e  dependent .  Fo r  a  singl e  compoun d change s  i n  respons e  o f  100 -  t o 

1000-fol d ma y occu r  fo r  a  100° C chang e  i n  detecto r  temperatur e  [166,167] .  Thi s 

stron g temperatur e  dependenc e  ca n b e  derive d directl y  fro m th e  kineti c  mode l  o f 

th e  EC D proces s  [134,168] .  I n  simpl e  terms ,  a n electron-capturin g solut e  (AB ) 

may attac h a n electron ,  formin g a  stabl e  molecula r  ion ,  o r  th e  molecula r  io n ma y 

be  forme d i n  a  sufficientl y  excite d stat e  t o  dissociate ,  a s  show n i n equation s 

(3.12 )  an d (3.13) . 

AB +  e  >  A B nondissociativ e  mechanis m (3.12 ) 

AB +  e  >  A '  +  Â  dissociativ e  mechanis m (3.13 ) 

The  favore d mechanis m depend s  o n th e  juxtapositio n o f  th e  potentia l  energ y 
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curve s  fo r  th e  neutra l  molecul e  an d th e  negativ e  ion .  I n  th e  cas e  o f  th e 

nondissociativ e  mechanis m th e  negativ e  molecula r  io n i s  mor e  stabl e  tha n th e 

neutra l  molecule ,  wherea s  i n  th e  dissociativ e  cas e  th e  potentia l  energ y curv e 

fo r  th e  negativ e  io n crosse s  tha t  o f  th e  neutra l  molecul e  a t  a  leve l 

correspondin g t o  a  vibrationall y  excite d state .  A n increas e  i n  detecto r 

temperatur e  woul d favo r  th e  populatin g o f  vibrationall y  excite d state s  an d thu s 

th e  mechanis m represente d b y equatio n (3.13) .  Conversely ,  th e  nondissociativ e 

mechanis m i s  favore d b y lo w detecto r  temperatures .  Th e  nondissociativ e 

mechanis m i s  commo n amon g conjugate d electrophore s  an d th e  dissociativ e 

mechanis m amon g halogen-containin g (excep t  fluorine )  compounds .  Th e  tw o 
3/ 2 

mechanism s  ca n b e  distinguishe d fro m a  plo t  o f  l n  K T vs .  1/ T wher e  Ô  i s  th e 

detecto r  temperatur e  [134] .  Th e  calculatio n o f  K ,  th e  electro n captur e 

coefficient ,  i s  fairl y  involve d an d fo r  routin e  us e  th e  pea k are a  respons e  fo r  a 

fixe d concentratio n o f  solut e  ca n b e  use d instead .  I n  mos t  case s  th e  plot s  wil l 

be  linea r  wit h a  positiv e  slop e  fo r  th e  nondissociativ e  cas e  an d a  negativ e 

slop e  fo r  th e  dissociativ e  case .  I n  term s  o f  maximizin g th e  detector' s 

response ,  th e  optimu m temperatur e  wil l  b e  eithe r  th e  maximu m operatin g 

temperatur e  o f  th e  detecto r  fo r  dissociativ e  compounds ,  o r  th e  lowes t  advisabl e 

operatin g temperatur e  fo r  nondissociativ e  compounds .  Som e  situation s  ma y b e 

mor e  comple x tha n represente d abov e  bu t  a n optimu m detecto r  temperatur e  i n  th e 

rang e  indicate d i s  foun d easil y  b y tria l  an d error . 

Mathematica l  model s  o f  th e  electron-captur e  proces s  ar e  base d o n th e 

stirre d reacto r  mode l  o f  Loveloc k [156,169 ]  an d furthe r  modification s  b y other s 

[134,150,170-172] .  Th e  ionizatio n chambe r  i s  considere d t o  b e  a  stirre d reacto r 

int o whic h electron s  ar e  continuousl y introduce d a t  a  constan t  rat e  an d 

electron-capturin g solute s  ar e  adde d a t  a  variabl e  rat e  i n  a  constan t  flo w o f 

carrie r  gas .  Th e  majo r  consumptio n o f  cel l  electron s  i s  vi a  electro n capture , 

recombinatio n wit h positiv e  ions ,  wal l  loss ,  an d ventilation .  Th e  mode l  ca n b e 

expande d t o  allo w approximatel y fo r  th e  presenc e  o f  electron-capturin g 

contaminant s  an d ca n reasonabl y wel l  explai n th e  influenc e  o f  differen t  puls e 

samplin g condition s  o n th e  detector' s  response .  However ,  a n exac t  solutio n i s 

no t  possible ,  a s  th e  importanc e  o f  contaminant s  an d th e  rat e  los s  o f  positiv e 

ion s  b y spac e  charg e  diffusio n an d th e  correspondin g magnitud e  o f  th e  positiv e 

io n contributio n t o  th e  EC D curren t  ar e  unclear . 

When operate d i n  th e  noncoulometri c  mode ,  th e  respons e  o f  th e  EC D i s 

concentratio n dependent .  Th e  signa l  fo r  a  particula r  substance ,  whe n 

contribution s  fro m detecto r  an d carrie r  ga s  impuritie s  ca n b e  neglected ,  wil l 

depen d o n th e  typ e  an d flo w rat e  o f  ga s  throug h th e  detector ,  th e  detecto r 

operatin g temperature ,  an d th e  magnitud e  o f  th e  substanc e  specifi c 

electron-captur e  coefficient .  Th e  detecto r  respons e  i s  a  functio n o f  th e 

detector ,  th e  chromatographi c  system ,  an d th e  sampl e  itself ,  an d respons e  dat a 
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i s  usuall y  transpose d int o concentratio n term s  b y calibration .  A s  th e  respons e 

factor s  cove r  a  wid e  rang e  fo r  electron-capturin g compounds ,  eac h substanc e  t o 

be  quantifie d mus t  hav e  a n individua l  calibratio n curve .  Also ,  calibratio n mus t 

be  repeate d a t  frequen t  interval s  t o  accoun t  fo r  th e  changin g condition s  unde r 

whic h th e  detecto r  i s  operating .  A  recentl y  describe d calibratio n metho d use s  a 

homologou s  serie s  o f  alky l  bromide s  a s  calibratio n marker s  t o  provid e  bot h a 

retentio n inde x an d calibratio n scal e  [173] .  Th e  mola r  respons e  o f  th e  EC D t o a 

homologou s  serie s  o f  alky l  bromide s  i s  a  constant .  B y addin g severa l  alky l 

bromide s  t o  eac h sampl e  suc h tha t  th e  concentratio n o f  th e  calibratio n marker s 

ar e  relate d t o  eac h othe r  i n  a  simple ,  stepwis e  function ,  th e  are a  respons e  o f 

th e  bromide s  a s  a  functio n o f  concentratio n provide s  a n interna l  calibratio n 

curve .  Thi s  calibratio n curv e  ca n b e  use d t o  quantif y  al l  peak s  i n  th e 

chromatogra m provide d tha t  th e  relationshi p betwee n th e  calibratio n marker s  an d 

eac h componen t  t o  b e  quantifie d ha s  bee n determine d i n  a n independen t 

experiment .  Th e  alkyltrichloroacetate s  hav e  als o bee n use d t o  provid e  a 

retentio n inde x scal e  fo r  substanc e  identificatio n wit h th e  EC D [174] . 

Calibratio n a t  th e  extreme s  o f  th e  sensitivit y  rang e  o f  th e 

electron-captur e  detecto r  i s  a  difficul t  problem .  I f  th e  detecto r  coul d b e  it s 

own absolut e  calibran t  the n th e  nee d t o  prepar e  accurat e  standard s  woul d b e 

eliminated .  Thi s  woul d requir e  tha t  th e  detecto r  b e  operate d i n  th e  coulometri c 

mode ,  fo r  whic h th e  tim e  integra l  o f  th e  numbe r  o f  electron s  capture d durin g th e 

passag e  o f  a  chromatographi c  pea k i s  equal ,  vi a  Faraday' s  law ,  t o  th e  numbe r  o f 

molecule s  ionize d [175,176] .  Th e  condition s  necessar y fo r  coulometr y wil l  b e 

met  onl y b y thos e  compound s  wit h a  hig h ionizatio n efficienc y an d a  fas t  rat e 

constan t  fo r  th e  attachmen t  o f  therma l  electrons .  Th e  condition s  necessar y fo r 

coulometri c  operatio n ar e  difficul t  t o  achieve ,  ca n onl y b e  satisfie d fo r  a 

limite d numbe r  o f  compounds ,  an d ar e  impractica l  fo r  th e  analysi s  o f 

multicomponen t  mixture s  [135] . 

Althoug h th e  EC D i s  normall y operate d wit h a  purifie d carrie r  ga s 

containin g th e  minimu m concentratio n o f  electro n capturin g impurities ,  i t  ha s 

bee n show n tha t  th e  purposefu l  additio n o f  certai n  electron-capturin g reagent s 

t o  th e  carrie r  o r  make-u p ga s  provide s  a  ne w an d complementar y metho d o f 

operation .  Th e  techniqu e  i s  know n a s  selectiv e  electro n captur e  sensitizatio n 

i n  whic h th e  detecto r  function s  a s  a n ion-molecul e  reactor ,  usin g eithe r  oxyge n 

or  nitrou s  oxid e  a s  th e  reagen t  ga s  [177-179] .  I n  th e  cas e  o f  oxygen ,  i t  i s 

assume d tha t  electro n attachmen t  occur s  entirel y  o n th e  oxyge n ato m an d th e  0 2 

io n the n interact s  wit h th e  analyt e  (AB )  t o  generat e  product s  a s  show n i n 

equation s  (3.14 )  an d (3.15) . 

0 2 +  e  -

0 2 "  +  A B product s 

(3.14 ) 

(3.15 ) 
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The  instantaneou s  concentratio n o f  negativ e  ion s  generate d thi s  wa y mus t  b e 

couple d t o  th e  electro n density .  Th e  chemica l  su m o f  equation s  (3.14 )  an d 

(3.15 )  i s  equivalen t  t o  direc t  electro n capture .  However ,  a n ion-molecul e 

reaction ,  rathe r  tha n direc t  electro n capture ,  determine s  th e  magnitud e  o f  thi s 

response .  Bot h th e  energetic s  an d th e  reactio n rate s  ar e  likel y t o  b e  ver y 

differen t  and ,  therefore ,  th e  detecto r  woul d b e  expecte d t o  respon d 

accordingly .  Thi s  ha s  bee n born e  ou t  i n  practic e  an d a n enhancemen t  i n 

sensitivit y  coverin g thre e  o r  fou r  order s  o f  magnitud e  wa s  obtaine d fo r  certai n 

weakl y electron-capturin g compound s  suc h a s  halocarbon s  [134,178,180 ]  an d 

polycycli c  aromati c  hydrocarbon s  an d thei r  derivative s  [181,182 ]  whe n oxyge n wa s 

adde d t o  th e  detector .  Compound s  wit h a  hig h electron-captur e  respons e  sho w 

onl y lo w o r  fractiona l  enhancemen t  values . 

When nitrou s  oxid e  i s  use d a s  a  reagen t  ga s  th e  reactiv e  ion s  forme d b y 

electro n attachmen t  ar e  0 "  an d N O ,  equation s  (3.16)-(3.18) . 

N2 0 +  e "  >  0 "  +  N 2 (3.16 ) 

0~ +  N 2 0 >  NO"  +  N O (3.17 ) 

NO"  +  N 2 >  N O +  N 2 +  e "  (3.18 ) 

Thi s  sequenc e  o f  reaction s  i s  disrupte d b y an y specie s  whic h ca n remov e  0  ion s 

an d a  respons e  wil l  b e  observe d fo r  an y analyt e  reactin g wit h N O o r  0  ion s  t o 

for m a  stabl e  negativ e  ion .  Fo r  a  give n nitrou s  oxid e  concentratio n an d 

detecto r  temperature ,  selectivit y  i s  determine d b y th e  reactivit y  o f  a  give n 

compoun d wit h 0  an d N O an d sensitivit y  b y th e  rat e  constan t  o f  th e  reaction . 

The  additio n o f  a  fe w pp m o f  nitrou s  oxid e  t o  th e  EC D ha s  bee n show n t o enhanc e 

it s  respons e  t o  a  wid e  rang e  o f  weakl y electron-capturin g compound s 

[134,179,183] , 

3.4. 2  Bul k Physica l  Propert y Detector s 

The  mos t  importan t  o f  th e  bul k physica l  propert y detectors ,  an d on e  o f  th e 

earlies t  routin e  detector s  develope d fo r  ga s  chromatography ,  i s  th e  therma l 

conductivit y  detecto r  (TCD) .  Als o know n a s  th e  hot-wir e  o r  katharomete r 

detector ,  i t  i s  a  universal ,  non-destructive ,  concentration-sensitiv e  detecto r 

tha t  respond s  t o  th e  differenc e  i n  therma l  conductivit y  betwee n pur e  carrie r  ga s 

an d carrie r  ga s  containin g organi c  vapors .  Th e  magnitud e  o f  th e  respons e  wil l 

depen d o n th e  differenc e  i n  therma l  conductivit y  betwee n th e  solut e  an d carrie r 

gas,an d o n th e  experimental '  variables .  Th e  TC D i s  generall y  use d t o  detec t 

permanen t  gases ,  ligh t  hydrocarbons ,  an d compound s  whic h respon d onl y poorl y t o 

th e  FID .  Fo r  man y genera l  application s  i t  ha s  bee n replace d b y th e  FID ,  whic h 

i s  mor e  sensitiv e  (100 -  t o  1000-fold) ,  ha s  a  greate r  linea r  respons e  range ,  an d 
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provide s  a  mor e  reliabl e  signa l  fo r  quantitation .  Detectio n limit s  fo r  th e  TC D 

—6 —8 

usuall y  fal l  int o th e  rang e  o f  1 0 t o  1 0 g  wit h a  respons e  tha t  i s  linea r 

ove r  abou t  fou r  order s  o f  magnitude .  Fo r  som e  application s  th e  response-o f  th e 

TCD ma y b e  inadequate ,  an d whe n th e  FI D respond s  poorl y t o  th e  sam e  samples ,  fo r 

example ,  th e  permanen t  gases ,  the n th e  heliu m ionizatio n detecto r  migh t  b e 

preferre d [184-186] . 

I n  a  typica l  TCD ,  th e  carrie r  ga s  flow s  throug h a  heate d thermostatte d 

cavit y  tha t  contain s  th e  sensin g element ,  eithe r  a  heate d meta l  wir e  o r 

thermistor .  Wit h pur e  carrie r  ga s  flowin g throug h th e  cavit y  th e  hea t  los s  fro m 

th e  senso r  i s  a  functio n o f  th e  temperatur e  differenc e  betwee n th e  senso r  an d 

cavit y  an d th e  therma l  conductivit y  o f  th e  carrie r  gas .  Whe n a n organi c  solut e 

enter s  th e  cavity ,  ther e  i s  a  chang e  i n  th e  therma l  conductivit y  o f  th e  carrie r 

ga s  an d a  resultan t  chang e  i n  th e  temperatur e  o f  th e  sensor .  Th e  senso r  may.b e 

operate d i n  a  constan t  current ,  constan t  voltage ,  o r  constan t  temperatur e 

compensatio n circui t  a s  par t  o f  a  Wheatston e  bridg e  network .  A  temperatur e 

chang e  i n  th e  senso r  result s  i n  a n out-of-balanc e  signa l  whic h i s  usuall y  passe d 

directl y  t o  a  recorde r  withou t  furthe r  amplification . 

The  TC D ha s  appeare d i n  severa l  differen t  designs ,  som e  o f  whic h hav e 

certai n  advantage s  fo r  particula r  application s  [75,187,188] .  The y usuall y 

represen t  som e  variatio n o f  th e  thre e  basi c  geometries :  th e  flow-through , 

semi-diffusion ,  an d diffusio n cells ,  whic h ar e  show n i n Figur e  3.1 2 [189] .  Th e 

diffusio n cel l  ha s  a  slo w respons e  an d i s  relativel y insensitive ;  i t  i s  use d 

mainl y fo r  preparativ e  chromatography .  Th e  semi-diffusio n cel l  i s  use d fo r 

packe d colum n analytica l  ga s  chromatography .  I t  i s  les s  sensitiv e  t o  flo w 

variation s  tha n th e  flow-throug h cel l  but ,  wit h a  minimu m detecto r  volum e  o f  10 0 

microliter s  (commerciall y  availabl e  detector s  hav e  volume s  fro m 0.01-0. 1  ml) ,  i t 

i s  no t  suitabl e  fo r  us e  wit h ope n tubula r  column s  unles s  operate d a t  reduce d 

pressur e  t o  overcom e  dea d volum e  effect s  [190] .  Flow-throug h cell s  wit h volume s 

of  1 0 t o  10 0 microliter s  ar e  easil y  fabricate d an d ca n b e  use d wit h ope n tubula r 

capillar y column s  [191,192] .  A  nove l  desig n b y Hewlett-Packar d employ s  a 

single-cel l  microvolum e  TC D an d a  microprocessor-controlle d flo w divide r  t o 

alternatel y switc h th e  referenc e  flo w an d sampl e  flo w throug h th e  detecto r  a t  a 

frequenc y o f  1 0 Hz .  Greate r  sensitivit y  an d stabilit y  alon g wit h adequat e 

performanc e  i s  claime d fo r  thi s  detecto r  whe n use d wit h ope n tubula r  column s 

[ 6 ] . 

The  sensin g elemen t  i n  th e  TC D i s  usuall y  a  heate d filamen t  o r  thermistor . 

Most  filament s  ar e  mad e  fro m tungsten ,  platinum ,  nickel ,  o r  alloy s  o f  thes e  wit h 

othe r  metal s  suc h a s  iridiu m o r  rhenium .  Th e  desirabl e  propertie s  o f  a  filamen t 

includ e  a  hig h temperatur e  coefficien t  o f  resistance ,  relativel y hig h electrica l 

resistance ,  mechanica l  strengt h t o  permi t  formin g int o variou s  shapes ,  a  wid e 

temperatur e  operatin g range ,  an d chemica l  inertness .  Filament s  ca n b e  coate d 

http://may.be
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Figur e  3.1 2 Cel l  design s  fo r  th e  therma l  conductivit y  detector .  A ,  flow -
throug h cell ;  B ,  semi-diffusio n cell ;  C ,  diffusio n cell . 
(Reproduce d wit h permissio n fro m ref .  189 .  Copyrigh t  Presto n 
Publications ,  Inc.) . 

wit h  gol d o r  PTF E t o improv e  chemica l  inertness ,  particularl y  agains t  oxidatio n 

by air .  Th e  filamen t  i s  heate d b y a  highly-regulate d powe r  supply .  Th e  powe r 

setting ,  typicall y  i n  th e  milliamper e  rang e  (200-50 0 mA)  a t  abou t  4 0 V ,  wil l 

affec t  bot h th e  sensitivit y  an d th e  stabilit y  o f  th e  TC D respons e  t o  differen t 

sampl e  amount s  [193] ,  Thermistor s  ca n b e  manufacture d i n  th e  ver y smal l  size s 

neede d t o  fabricat e  cell s  o f  lo w dea d volum e  an d hav e  a  muc h highe r  resistanc e 

tha n filaments .  The y ca n provid e  greate r  sensitivit y  tha n filament s  whe n 

operate d a t  lo w temperature s  but ,  a s  the y hav e  a  negativ e  temperatur e 

coefficient ,  thei r  resistivit y  an d henc e  sensitivit y  declin e  wit h temperature ; 

filamen t  detector s  ar e  usuall y  mor e  sensitiv e  abov e  60°C .  Thermistor s  shoul d 

als o no t  b e  use d wit h hydroge n carrie r  ga s  t o  avoi d reductiv e  degradatio n o f  th e 
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meta l  oxide s  use d i n  thei r  manufacture . 

Temperatur e  gradient s  withi n th e  detecto r  cavit y  ca n resul t  i n  poo r 

detecto r  performance .  A t  th e  detectio n limi t  temperatur e  change s  a s  smal l  a s 

10~^° C ar e  encountered ,  presentin g considerabl e  problem s  i n  cel l  design .  I t  i s 

no t  possibl e  t o  thermosta t  a  cel l  t o  provid e  th e  necessar y absolut e  therma l 

stabilit y  t o  measur e  thes e  smal l  temperatur e  changes .  Th e  sensin g elemen t  mus t 

be  centrall y  locate d withi n a  detecto r  bod y havin g a  larg e  therma l  mas s  o f 

controlle d temperatur e  ( ± 0.01°C) .  A  differenc e  signa l  mus t  b e  use d b y 

incorporatin g a  matche d referenc e  cel l  i n  th e  sam e  environmen t  a s  th e  sampl e 

cell .  Som e  design s  us e  tw o samplin g an d tw o referenc e  cell s  t o  improv e 

sensitivit y  an d stability . 

I n  it s  simples t  for m th e  detecto r  signa l  i s  measure d b y a  Wheatston e  bridg e 

circui t  containin g tw o dumm y resistances ,  th e  referenc e  cell ,  an d th e  sampl e 

cell .  A  chang e  i n  th e  resistanc e  o r  curren t  draw n b y th e  sensin g elemen t  i n  th e 

sampl e  cel l  compare d t o  th e  referenc e  cel l  cause s  a n out-of-balanc e  potentia l 

whic h i s  fe d t o  th e  recorder .  Th e  fou r  cel l  configuration ,  no w fairl y  commo n i n 

most  commercia l  instruments ,  provide s  bette r  stabilit y  an d doe s  no t  requir e  an y 

externa l  fixe d resistance s  t o  complet e  th e  bridg e  circui t  [187-189] . 

Carrie r  gase s  o f  lo w molecula r  weigh t  an d hig h therma l  conductivit y  ar e 

require d t o  maximiz e  th e  respons e  o f  th e  detecto r  an d t o  maintai n a  larg e  linea r 

respons e  range .  Consequently ,  heliu m an d hydroge n ar e  predominantl y  used . 

Heavie r  carrie r  gase s  suc h a s  nitrogen ,  a s  wel l  a s  influencin g sensitivit y  an d 

linearity ,  ma y giv e  ris e  t o  negativ e  sampl e  peak s  o r  peak s  wit h spli t  top s 

[75,187,193] . 

Theoretica l  model s  hav e  bee n develope d t o  explai n th e  operatio n o f  th e  TC D 

i n th e  constan t  voltage ,  constan t  current ,  an d constan t  mea n temperatur e  mode s 

[75,187,194,195] .  Th e  fundamenta l  relationshi p describin g th e  respons e  o f  th e 

detecto r  ca n b e  expresse d b y equatio n (3.19) . 

i 2 R  ( 1 + a T )  =  Q  +  Q  +  Q ï  v  xo n c r  é 

i  = detecto r  curren t  (sensor ) 

R 
ï 

resistanc e  o f  th e  senso r  a t  0° C 

á temperatur e  coefficien t  o f  resistanc e 

Ô temperatur e  o f  th e  senso r 

Q 
xo n 

hea t  los s  du e  t o  conductio n 

Q 
x r 

hea t  los s  du e  t o  convectio n 

<W = hea t  los s  du e  t o  mas s  transpor t 

The  mathematica l  solutio n t o  thi s  mode l  i s  comple x an d wil l  no t  b e  deal t  wit h 

here .  Th e  solutions ,  supporte d b y experimenta l  observations ,  indicat e  tha t 
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ther e  i s  n o significan t  differenc e  betwee n constan t  voltage ,  current ,  o r  mea n 

temperatur e  operatio n o n th e  basi s  o f  signal-to-nois e  ratios .  Th e  constan t 

temperatur e  mod e  wil l  usuall y  hav e  a  poore r  signal-to-nois e  rati o  du e  t o  a 

large r  nois e  component .  Th e  constan t  voltag e  mod e  provide s  significantl y  bette r 

linearit y  tha n th e  constan t  current ,  constan t  temperature ,  o r  mea n temperatur e 

modes . 

Severa l  compilation s  o f  relativ e  respons e  dat a  fo r  th e  TC D ar e  availabl e 

[75,187,189,196,197] ,  Thes e  value s  ar e  usuall y  expresse d o n a  weigh t  o r  mola r 

respons e  basi s  realtiv e  t o  benzene .  The y depen d o n th e  natur e  o f  th e  carrie r 

ga s  use d fo r  thei r  determinatio n bu t  ar e  generall y  sufficientl y  accurat e  fo r 

approximatin g sampl e  concentrations .  Fo r  precis e  quantitativ e  analysi s  i t  i s 

necessar y t o  calibrat e  th e  detecto r  fo r  eac h substanc e  determined . 

Alternatively ,  a n interna l  standar d ca n b e  use d t o  determin e  accurat e  respons e 

ratio s  whic h ma y b e  subsequentl y  use d fo r  quantitativ e  analysis . 

3.4. 3  Optica l  Detector s 

The  us e  o f  flame s  a s  ato m reservoir s  fo r  th e  spectroscopi c  determinatio n o f 

element s  i s  a  wel l  establishe d techniqu e  an d i s  particularl y  valuabl e  fo r  meta l 

analysis .  Mos t  non-metalli c  compounds ,  whic h accoun t  fo r  th e  majorit y  o f 

sample s  analyze d b y ga s  chromatography ,  hav e  thei r  principa l  emissio n o r 

absorptio n line s  i n  th e  ultraviole t  regio n wher e  flam e  backgroun d contribution s 

ar e  troublesome .  I n  addition ,  th e  diffusio n flame s  use d i n  ga s  chromatograph y 

lac k sufficien t  stabilit y  an d therma l  energ y t o  b e  usefu l  ato m reservoirs .  Fo r 

direc t  optica l  emissio n detection ,  microwav e  induce d an d inductivel y couple d 

plasma s  provid e  mor e  appropriat e  ato m source s  fo r  organi c  compound s  (se e  Chapte r 

8.5) .  However ,  th e  determinatio n o f  phosphoru s  an d sulfu r  usin g a  flam e 

photometri c  detecto r  (FPD )  i s  widel y use d i n  ga s  chromatography .  Fo r  thes e 

element s  a  hydroge n diffusio n flam e  provide s  optimu m excitatio n conditions . 

Sinc e  man y industria l  an d pes t  contro l  compound s  contai n sulfu r  o r  phosphorus , 

th e  FP D i s  widel y use d i n  environmenta l  analysis .  Th e  therma l  energ y analyze r 

(TEA)  i s  base d o n th e  photometri c  detectio n principle . 

The  flam e  photometri c  detecto r  (FPD )  use s  a  hydroge n diffusio n flam e  t o 

firs t  decompos e  an d the n excit e  t o  a  highe r  electroni c  stat e  th e  fragment s 

generate d b y th e  combustio n o f  sulfur -  an d phosphorus-containin g compound s  i n 

th e  effluen t  fro m a  ga s  chromatograph .  Thes e  excite d molecule s  subsequentl y 

retur n t o  th e  groun d state ,  emittin g characteristi c  ban d spectra .  Thi s  emissio n 

i s  monitore d b y a  photomultiplie r  tub e  throug h eithe r  a  39 2 n m bandpas s  filte r 

fo r  sulfu r  o r  a  52 6 n m bandpas s  filte r  fo r  phosphorus .  I t  ha s  bee n show n tha t 

by suitabl e  change s  i n  flam e  condition s  th e  FP D wil l  respon d t o  element s  an d 

group s  othe r  tha n phosphoru s  an d sulfur ;  thes e  includ e  nitroge n an d th e  halogen s 
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[198] ,  boro n [199] ,  chromiu m [200] ,  ti n  [201-203] ,  seleniu m [203,205] ,  telluriu m 

[205] ,  an d germaniu m [203,206] .  Th e  sensitivit y  fo r  th e  abov e  element s  i s 

generall y  quit e  goo d ( 2 ÷  1 0  ̂  g  Se/s ,  1  ÷  1 0  ̂  g  Ge/s ,  an d 5  ÷  1 0 ^  g 

Sn/s) .  Seleniu m exhibit s  propertie s  simila r  t o  sulfu r  wherea s  ti n  an d germaniu m 

ar e  primaril y  surface-activate d emitters ,  requirin g th e  constructio n o f  specia l 

burner s  t o  maximiz e  thei r  signal .  However ,  thes e  application s  d o no t  represen t 

th e  norma l  us e  o f  th e  detector ,  whic h i s  generall y  considere d t o  b e  selectiv e 

fo r  phosphoru s  an d sulfu r  [75,81,132,133,207] , 

I n  th e  mos t  commo n detecto r  desig n th e  carrie r  ga s  an d ai r  o r  oxyge n ar e 

mixed ,  conveye d t o  th e  cente r  orific e  o f  a  flam e  tip ,  an d combuste d i n  a n 

atmospher e  o f  hydrogen .  Wit h thi s  burne r  an d flo w configuratio n interferrin g 

emission s  fro m hydrocarbon s  occu r  mainl y i n  th e  oxygen-ric h flam e  region s  clos e 

t o  th e  burne r  orifice ,  wherea s  sulfu r  an d phosphoru s  emission s  occu r  i n  th e 

diffus e  hydrogen-ric h uppe r  portion s  o f  th e  flame .  T o enhanc e  th e  selectivit y 

of  th e  detecto r  a n opaqu e  shiel d surround s  th e  bas e  o f  th e  flame ,  preventin g 

hydrocarbo n emission s  fro m reachin g th e  photomultiplie r  viewin g region .  Th e 

exten t  an d intensit y  o f  th e  variou s  emittin g region s  o f  th e  flam e  ar e  dependen t 

upo n th e  burne r  desig n an d th e  ga s  flo w rates .  Fo r  an y give n burne r  design ,  th e 

respons e  o f  th e  FP D i s  criticall y  dependen t  upo n th e  rati o  o f  hydroge n t o  ai r  o r 

oxyge n flo w rates ,  th e  typ e  an d flo w rat e  o f  carrie r  gas ,  an d th e  temperatur e  o f 

th e  detecto r  bloc k [208-211] ,  Differen t  optimu m condition s  ar e  usuall y  require d 

fo r  sulfu r  an d phosphoru s  detection ,  fo r  detector s  wit h differen t  burne r 

designs ,  an d perhap s  als o fo r  differen t  compoun d classe s  determine d wit h th e 

sam e  detector .  Th e  sulfu r  respons e  ma y decreas e  substantiall y  a t  hig h carrie r 

ga s  flo w rates ,  mor e  s o wit h nitroge n tha n helium ,  bu t  les s  respons e  variatio n 

ha s  bee n note d fo r  phosphorus .  A s  i s  obviou s  fro m th e  abov e  comments ,  carefu l 

optimizatio n o f  detecto r  flo w rate s  i s  require d an d thes e  optimu m value s  shoul d 

be  determine d o n a  detector-to-detecto r  basi s  and ,  i n  som e  cases ,  o n a 

compound-to-compoun d basi s  also . 

Severa l  variation s  o f  o r  modification s  t o  th e  basi c  FP D desig n hav e  bee n 

describe d sinc e  i t  firs t  cam e  int o genera l  use .  Detecto r  noise ,  generate d b y 

therma l  radiatio n fro m th e  flame ,  ma y b e  reduce d b y wate r  coolin g [212 ]  o r  b y 

locatin g th e  photomultiplie r  tub e  awa y fro m th e  flam e  an d transmittin g th e  flam e 

luminescenc e  t o  i t  vi a  a n optica l  ligh t  pip e  [213,214] .  Dua l  channe l  FP D 

detector s  ar e  availabl e  fo r  monitorin g sulfu r  an d phosphoru s  emission s 

simultaneousl y  [215] ,  Th e  injectio n o f  solven t  volume s  greate r  tha n a  fe w 

microliter s  ca n momentaril y  starv e  th e  flam e  o f  oxyge n an d extinguis h it . 

Solven t  flameou t  ca n b e  solve d b y arrangin g fo r  automati c  flam e  reignition , 

usin g a  dual-flam e  burner ,  o r  a  oxygen-hyperventilate d flam e  [216,217] ,  T o 

reduc e  th e  hydrocarbo n quenchin g effec t  i n  FPD' s  (discusse d later )  a  ne w 

constructio n base d o n a  combinatio n o f  a  pyrolysi s  furnace/single-flam e  burne r 
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ha s  bee n describe d [218] , 

Problem s  wit h solven t  flameout ,  hydrocarbo n quenching ,  an d 

structure-respons e  variation s  fo r  differen t  sulfur -  an d phosphorus-containin g 

compound s  ca n b e  partiall y  solve d b y usin g a  dual-flam e  burne r  [149,219-223] ,  A 

schemati c  diagra m o f  a  dual-flam e  photometri c  detecto r  i s  show n i n Figur e  3.13 . 

The  lowe r  flam e  i s  use d t o  decompos e  th e  incomin g sample ,  th e  combustio n 

product s  fro m whic h ar e  swep t  int o a  secon d longitudinally-separate d flam e  wher e 

th e  desire d optica l  emissio n i s  generated .  Th e  smal l  detecto r  volume ,  17 0 

microliters ,  an d th e  hig h carrie r  an d combustio n ga s  flo w rate s  i n  th e 

passageway s  betwee n th e  burner s  provid e  a  ver y smal l  effectiv e  detecto r  dea d 

volume ,  suitabl e  fo r  us e  wit h ope n tubula r  capillar y column s  [149] .  Althoug h 

sensitivit y  fo r  sulfu r  i s  generall y  highe r  fo r  a  singl e  flam e  burner ,  th e  sampl e 

respons e  i s  mor e  likel y t o  b e  dependen t  upo n molecula r  structur e  an d affecte d b y 

th e  presenc e  o f  co-elutin g hydrocarbons . 

A Â 
Figur e  3.1 3 Dual-flam e  photometri c  detecto r  (Varian) .  A ,  Schemati c  diagra m o f 

th e  dual-flam e  burner ;  B ,  Schemati c  diagra m showin g th e 
relationshi p betwee n th e  burne r  an d th e  photometri c  viewin g 
components .  (Reproduce d wit h permissio n fro m ref .  219 .  Copyrigh t 
America n Chemica l  Society) . 

The  repons e  mechanis m o f  th e  FP D i s  know n superficially ,  eve n i f  som e  o f 

th e  fine r  detail s  ar e  base d o n surmisar y evidenc e  [133,219] .  I t  i s  generall y 

believe d tha t  incomin g sulfur-containin g compound s  ar e  irreversibl y decompose d 

t o  yiel d sulfu r  atom s  eithe r  directl y  o r  vi a  a  Î S intermediate ,  whic h the n 

react s  wit h hydroge n atom s  a s  show n i n equation s  (3.20 )  an d (3.21) . 
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H2 S +  Ç  >  H S +  H 2 (3.20 ) 

HS +  Ç  >  S  +  H 2 (3.21 ) 

Excite d S 2 molecule s  ar e  the n forme d b y som e  mechanis m i n th e  cool ,  oute r 

region s  o f  th e  flame .  Th e  mos t  probabl e  reaction s  ar e  represente d b y equation s 

(3.22 )  t o  (3.25) . 

S +  S  >  S 0 * (3.22 ) 

Ç +  Ç  +  S 2 >  S 2 * +  H 2 (3.23 ) 

Ç +  O H +  S 2 >  S 2 * +  H 2 0 (3.24 ) 

S +  S  +  Ì  >  S  *  +  Ì  ( Ì  =  ga s  molecule )  (3.25 ) 

The  emittin g specie s  i s  th e  excite d S 2 molecul e  an d a  squar e  roo t  dependenc e  o f 

th e  detecto r  respons e  o n th e  amoun t  o f  sampl e  enterin g th e  flam e  i s  therefor e 

expected .  I n  th e  cas e  o f  phosphorus ,  incomin g phosphorus -  containin g compound s 

ar e  firs t  decompose d t o  P 0 molecule s  whic h ar e  the n converte d int o HP O b y 

eithe r  o f  th e  reaction s  show n i n equation s  (3.26 )  an d (3.27) . 

P0 +  Ç  +  Ì  >  HPO * +  Ì  (3.26 ) 

P0 +  O H +  H 2 >  HPO * +  H 2 0 (3.27 ) 

A linea r  dependenc e  betwee n detecto r  respons e  an d amoun t  o f  sampl e  enterin g th e 

detecto r  i s  expecte d fo r  phosphoru s  an d i s  generall y  found .  Deviation s  fro m th e 

predicte d detecto r  respons e  ar e  mor e  commo n wit h sulfur-containin g tha n 

phosphorus-containin g compound s  [209,223,224] .  Th e  detecto r  respons e  i n  th e 

sulfu r  mod e  ca n b e  describe d b y equatio n (3.28) .  Base d o n th e  previou s 

discussion ,  a  valu e  o f  2  i s  expecte d fo r  th e  exponentia l  factor . 

I Q =  A  [S] n (3.28 ) 

I c =  signa l  intensit y 

A =  experimenta l  constan t 
[S ]  =  mas s  flo w rat e  o f  sulfu r  atom s 
ç  =  exponentia l  facto r 

The  valu e  o f  ç  fo r  a  particula r  compoun d ca n b e  determine d fro m th e  slop e  o f  a 

plo t  o f  log(response )  vs .  log(injecte d mas s  o f  sulfur )  o r  b y utilizin g equatio n 

(3.29 )  [225] . 

2 
pea k widt h a t  bas e  determine d b y FI D "I 

I  (3.29 ) 
ç  = 

pea k widt h a t  bas e  determine d b y FP D _ 
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I n general ,  reporte d value s  fo r  ç  ar e  betwee n 1. 5 an d 2.0 .  Non-optimize d flam e 

conditions ,  incomplet e  combustion ,  hydrocarbo n quenching ,  competin g flam e 

reaction s  tha t  lea d t o  de-excitation ,  an d sampl e  structura l  effect s  al l 

contribut e  t o  thi s  deviation .  A s  deviation s  fro m th e  expecte d valu e  ar e  know n 

t o occur ,  th e  us e  o f  amplifier s  wit h a  linearizatio n functio n shoul d onl y b e 

use d whe n th e  valu e  o f  ç  i s  know n t o b e  tw o [226,227] ,  I t  shoul d als o b e  note d 

tha t  whe n measurin g colum n performanc e  parameter s  wit h th e  sulfu r  FPD ,  th e 

equation s  derive d fo r  a  linea r  detecto r  shoul d b e  modifie d b y incorporatin g th e 

exponentia l  facto r  int o th e  denominato r  [225] ,  Whe n ç  =  2 ,  th e  respons e  a t 

one-quarte r  pea k heigh t  yield s  a  measur e  o f  pea k widt h analogou s  t o  tha t 

obtaine d fro m a  linea r  detecto r  pea k measure d a t  hal f  height .  Thi s  discrepanc y 

arise s  becaus e  th e  rat e  o f  elutio n int o a  detecto r  wit h a  squar e  la w respons e 

reache s  hal f  it s  maximu m a t  one-quarte r  pea k height .  Sinc e  th e  aforementione d 

equation s  describin g colum n performanc e  contai n ç  i n  th e  denominator ,  th e 

chromatographi c  peak s  fo r  a  non-linea r  detecto r  ( n  >  1 )  wil l  appea r  narrowe r 

tha n thos e  obtaine d wit h a  linea r  detector . 

Minimu m detectio n level s  an d selectivit y  value s  fo r  th e  FP D depen d o n th e 

operatin g condition s  o f  th e  detector ,  burne r  geometry ,  an d photomultiplie r 
-1 3 -1 2 

sensitivity .  Typica l  detectio n limit s  ar e  5  ÷  1 0 g  P/ s  an d 5  t o  5 0 ÷  1 0 g 

S/s .  Th e  linea r  rang e  fo r  phosphoru s  usuall y  exceed s  100 0 whil e  th e  selectivit y 

i s  mor e  tha n 5  ÷  10 ^  g  C/ g P .  Sulfu r  selectivit y  depend s  upo n th e  amoun t  o f 

3 
sulfu r  present ;  i t  varie s  fro m 1 0 g  C/ g S  a t  lo w sulfu r  amount s  t o  greate r  tha n 

10 ^  g  C/ g S  a t  hig h sulfu r  amounts .  I t  i s  no t  alway s  possibl e  t o  tak e  ful l 

advantag e  o f  th e  detecto r  selectivit y  becaus e  o f  quenching ,  particularl y  o f  th e 

sulfu r  response .  Th e  co-elutio n o f  hydrocarbo n compound s  ca n quenc h th e 

respons e  o f  th e  detecto r  du e  t o  a  temporar y chang e  i n  flam e  condition s  o r  du e  t o 

de-excitin g collision s  o r  reaction s  i n  th e  flame-emittin g zon e  [221,228] ,  Th e 

mechanis m i n no t  clearl y  understoo d bu t  th e  effect ,  u p t o  80 % i n magnitude ,  ha s 

bee n widel y observed .  Therefore ,  whe n analyzin g comple x mixture s  o r  quantifyin g 

compound s  elutin g o n th e  tai l  o f  th e  solven t  peak ,  cautio n i s  required . 

Quenchin g i s  les s  o f  a  proble m wit h th e  dual-flam e  detector .  A  retentio n inde x 

scal e  wit h symmetrica l  n-dialky l  sulfide s  a s  th e  fixe d point s  ha s  als o bee n 

suggeste d fo r  us e  wit h th e  sulfu r  FP D [229] , 

The  therma l  energ y analyze r  (TEA )  i s  a  selectiv e  detecto r  fo r  th e 

determinatio n o f  nitrosamine s  [230-232] ,  Lo w tempertur e  catalyti c  pyrolysi s 

(275-300°C )  cleave s  of f  th e  nitrosy l  radica l  whic h i s  swep t  throug h a  col d trap , 

use d t o  condens e  interferrin g -organi c  volatiles ,  an d int o a n evacuate d chambe r 

(vi a  a  capillar y restrictor )  throug h whic h ozon e  i s  continuousl y bled .  Th e 

nitrosy l  radica l  react s  wit h ozon e  t o  for m electronically-excite d nitroge n 

dioxide ,  whic h decay s  t o  it s  groun d stat e  wit h emissio n i n  th e  60 0 n m spectra l 

region .  Th e  hig h specificit y  o f  th e  detecto r  i s  du e  t o  th e  relativel y lo w 
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pyrolysi s  temperatur e  an d th e  selectivit y  o f  th e  chemiluminescen t  reactio n fo r 

nitri c  oxide .  Detectio n limit s  i n  th e  regio n o f  0. 5  n g fo r  th e  lowe r 

alkylnitrosamines ,  a  linea r  rang e  o f  mor e  tha n 1000 ,  an d selectivitie s  greate r 

tha n 100 0 ove r  mos t  amine s  an d nitr o  compound s  hav e  bee n reported .  Th e  metho d 

i s  no t  completel y fre e  o f  interferences ,  however ,  a s  ha s  bee n demonstrate d b y 

severa l  studie s  [232-234] .  Bot h positiv e  an d negativ e  respons e  deviation s  hav e 

bee n observe d fro m a  numbe r  o f  unrelate d an d unexpecte d sources .  Th e  detecto r 

ca n b e  mad e  sensitiv e  t o  amine s  an d nitro-containin g compound s  b y employin g a 

meta l  oxid e  catalys t  fo r  sampl e  pyrolysi s  [235] . 

3.4. 4  Electrochemica l  Detector s 

Ther e  ar e  tw o genera l  problem s  i n  th e  applicatio n o f  electrochemica l 

detectio n t o  ga s  chromatography .  Firs t  o f  all ,  fe w electrochemica l  detector s 

ar e  ga s  phas e  sensin g device s  an d th e  sampl e  mus t  therefor e  b e  transferre d int o 

solutio n fo r  detection .  Secondly ,  th e  majorit y  o f  organi c  compound s  separate d 

by ga s  chromatograph y ar e  neithe r  electrochemicall y  activ e  no r  highl y 

conducting .  Th e  Hal l  electrolyti c  conductivit y  detecto r  an d th e 

microcoulometri c  detecto r  solv e  bot h o f  thes e  problem s  b y decomposin g th e  ga s 

phas e  sampl e  int o lo w molecula r  weigh t  electrochemically-activ e  fragment s  tha t 

ar e  readil y  solubl e  i n  a  suppor t  solvent . 

Sampl e  decompositio n i s  carrie d ou t  eithe r  b y pyrolysi s  o r  b y catalyti c 

oxidatio n o r  reductio n i n  a  low-volum e  flow-throug h tub e  furnace .  Fo r  oxidatio n 

or  reductio n oxygen ,  air ,  o r  hydroge n i s  mixe d wit h th e  carrie r  ga s  leavin g th e 

colum n an d passe d ove r  a  catalyst ,  usuall y  a  nicke l  o r  quart z  tub e  wit h a  nicke l 

wir e  inside ,  maintaine d a t  a  temperatur e  o f  50 0 t o  1000°C .  Organi c  compound s 

enterin g th e  furnac e  ar e  decompose d int o smal l  molecula r  weigh t  fragments ,  Tabl e 

3.9 .  T o avoi d a  build-u p o f  carbo n deposits ,  th e  solven t  i s  usuall y  vente d awa y 

fro m th e  furnace .  A  chemica l  scrubbe r  i s  sometime s  adde d t o  th e  flo w syste m a t 

th e  furnac e  exi t  t o  improv e  th e  selectivit y  o f  th e  detectio n process .  Example s 

of  chemica l  scrubber s  includ e  strontiu m hydroxid e  o r  potassiu m carbonat e  t o 

selectivel y remov e  H X o r  SO^ ,  silve r  wir e  t o  remov e  H X o r  H 2 S ,  alumin a  t o  remov e 

PH^,  an d aluminu m silicat e  t o  remov e  SO^ .  Wit h carefu l  selectio n o f  pyrolysi s 

conditions ,  mod e  o f  operation ,  an d chemica l  scrubber ,  electrochemica l  detectio n 

permit s  highl y specifi c  an d sensitiv e  elemen t  detection . 

The  mos t  widel y use d element-selectiv e  electrochemica l  detecto r  i s  th e  Hal l 

electrolyti c  conductivit y  detecto r  (HECD )  [109,133,236] .  Thi s  i s  a n improve d 

versio n o f  a n earlie r  desig n b y Coulso n [237,238] .  I n  bot h detector s  th e 

reactio n product s  ar e  swep t  fro m th e  furnac e  int o a  gas-liqui d contacto r  wher e 

the y ar e  mixe d wit h a n appropriat e  solvent .  Th e  liqui d phas e  i s  separate d fro m 
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TABLE 3. 9 

PRODUCTS GENERATED B Y TH E CATALYTIC PYROLYSI S O F ORGANIC COMPOUNDS 

Elementa l  Compositio n 
of  Sampl e 

Product s  Generate d 

Oxidativ e  Mod e Reductiv e  Mod e 

Carbo n 

Hydroge n 

Haloge n (X ) HX HX 

Nitroge n N0 9 (lo w yield ) NH, 3 

Sulfu r 

Phosphoru s 

insolubl e  gase s  i n  a  gas-liqui d separato r  an d the n passe d throug h a  conductivit y 

cell .  Th e  Coulso n detecto r  employe d a  sypho n arrangemen t  fo r  th e  gas-liqui d 

separator ,  whic h ha d a  larg e  dea d volum e  an d woul d occasionall y  loos e  prim e 

durin g a n analysi s  [237-241] ,  Th e  HECD employ s  a  small-volume ,  concentri c 

cylinde r  cel l  fo r  mixing ,  separating ,  an d monitorin g th e  concentratio n o f 

conductin g species ,  Figur e  3,14 ,  Th e  solven t  an d gaseou s  reactio n product s  ar e 

combine d i n  a  smal l  PTF E tee .  Th e  heterogeneou s  gas-liqui d mixtur e  thu s  forme d 

separate s  int o tw o smoot h flowin g phase s  upo n contac t  wit h th e  inne r  surfac e  o f 

th e  stainles s  stee l  oute r  electrode .  Th e  drivin g force s  o f  th e  cel l  ar e  th e 

downwar d forc e  o f  th e  movin g liqui d phase ,  th e  attractio n betwee n th e  liqui d 

phas e  an d th e  detecto r  surfaces ,  an d th e  positiv e  pressur e  o f  th e  liqui d phas e 

i n  th e  detector .  Hal l  als o improve d th e  metho d o f  measurin g sampl e  conductanc e 

by employin g a n A C conductivit y  bridg e  i n  earlie r  design s  [109,242 ]  and ,  mor e 

recently ,  a  bipolar ,  pulsed ,  differentia l  conductanc e  circui t  an d cel l  desig n 

[133,243,244] .  Th e  bipolar ,  pulsed ,  differentia l  detecto r  employ s  a  serie s 

conductivit y  cel l  (Figur e  3.14 )  i n  whic h th e  conductivit y  o f  th e  solven t  i s 

monitore d i n  th e  firs t  portio n o f  th e  cel l  whil e  th e  conductivit y  o f  th e  solven t 

plu s  tha t  o f  th e  reactio n product s  i s  measure d i n  th e  secon d par t  o f  th e  cell . 

The  outpu t  o f  th e  tw o conductivit y  cell s  ar e  differentiall y  summed .  Change s  i n 

th e  concentratio n o f  conductivit y  solven t  an d temperatur e  fluctuations ,  whic h 

represen t  th e  principa l  sourc e  o f  dail y  respons e  variations ,  ar e  thu s  minimize d 

[245] ,  Wate r  wa s  employe d a s  th e  conductivit y  solven t  b y mos t  earl y  researcher s 

bu t  it s  us e  i s  no w fa r  les s  common .  Organi c  solvent s  suc h a s  methano l  an d 

isopropanol ,  eithe r  alon e  o r  i n  admixtur e  wit h water ,  ar e  i n  commo n us e  today . 

Thes e  solvent s  provid e  highe r  sensitivity ,  greate r  selectivit y  fo r  th e  specie s 

t o  b e  measured ,  an d a  greate r  linea r  respons e  rang e  tha n pur e  water .  Mos t 

detector s  recirculat e  th e  conductivit y  solven t  throug h a  close d system ;  a  be d o f 
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ion-exchang e  resin s  purifie s  an d condition s  th e  replenishe d solvent . 

Conditionin g ma y involv e  p H modificatio n t o  improv e  th e  sensitivit y  an d 

selectivit y  fo r  a  particula r  element .  I t  ha s  als o bee n suggeste d tha t  solution s 

of  dilut e  electroyte s  ca n improv e  th e  selectivit y  o f  th e  detecto r  withou t  us e  o f 

chemica l  scrubber s  [239,242] ,  Her e  th e  detecto r  monitor s  th e  decreas e  i n 

conductanc e  whe n a  highl y conductin g specie s  suc h a s  Ĥ " 1"  i s  replace d b y a 

specie s  o f  muc h lowe r  conductance ,  fo r  example ,  NH^ + ,  i n  th e  determinatio n o f 

nitroge n a s  ammonia . 

To p 
Electrod e 

Oute r 
Electrod e  · 

Gas—Liqui d 
Contacto r -

Separator -

Botto m 
Electrod e 

-Solven t 

Pyrolysi s 
•Ga s 

,—•Solven t 

Ga s  Ven t 

Figur e  3.1 4 Schemati c  diagra m o f  a  Hal l  electrolyti c  conductivit y  detecto r 
bipola r  pulse d differentia l  cell . 

The  practica l  problem s  mos t  frequentl y  encountere d i n  operatin g th e  HECD 

ar e  poo r  linearit y  an d poo r  pea k shape .  Poo r  linearit y  i s  usuall y  cause d b y 

neutralizatio n o f  th e  conductin g specie s  whe n th e  p H o f  th e  conductivit y  solven t 

i s  incorrec t  and/o r  th e  scrubbe r  i s  exhausted .  Neutralizatio n problem s  ar e 

readil y  recongnize d b y a  shar p di p i n  th e  baselin e  jus t  prio r  t o  th e  peak ,  an d a 

negativ e  di p afte r  th e  pea k tha t  graduall y  increase s  t o  th e  baseline .  Pea k 

tailin g i s  ofte n du e  t o  a  contaminate d scrubber ,  contaminate d transfe r  lin e  fro m 

th e  furnac e  t o  th e  cell ,  deactivate d catalyst ,  o r  th e  presenc e  o f  interfering , 
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conductin g reactio n product s  tha t  ar e  no t  remove d b y th e  scrubber .  Th e 

sensitivit y  o f  th e  detecto r  i s  als o influence d b y th e  absolut e  flo w rat e  an d th e 

flo w rat e  stabilit y  o f  th e  conductivit y  solvent .  A s  i t  i s  a 

concentration-sensitiv e  detector ,  a  greate r  respons e  i s  anticipate d a t  lowe r 

solven t  flo w rates ;  thi s  increas e  will ,  however ,  b e  accompanie d b y a n increas e 

i n  noise ,  resultin g i n  fluctuation s  i n  th e  outpu t  o f  th e  solven t  deliver y 

system .  Practica l  operatin g condition s  ar e  usuall y  a  compromise ,  i n  whic h th e 

constanc y an d pulse-fre e  natur e  o f  th e  solven t  deliver y syste m ar e  extremel y 

important . 

The  HECD i s  capabl e  o f  hig h sensitivit y  an d selectivity ,  althoug h 

optimizin g detecto r  condition s  an d maintainin g constan t  sensitivit y  a t  lo w 
-1 2 

sampl e  level s  ca n b e  troublesome .  Detectio n limit s  o n th e  orde r  o f  1 0 g  N/s , 
-1 3 -1 2 

5 ÷  1 0 g  Cl/s ,  an d 1 0 g  S/ s  ca n b e  obtaine d wit h a  linea r  respons e  rang e  o f 
3  5 

10 t o  1 0 .  Detecto r  selectivit y  value s  ar e  variable ,  dependin g o n th e 
heteroelemen t  an d th e  detecto r  operatin g conditions ,  bu t  value s  i n  th e  rang e  o f 

4  9 

10 t o  1 0 fo r  nitrogen- ,  chlorine- ,  o r  sulfur -  containin g compound s  i n  th e 

presenc e  o f  hydrocarbon s  hav e  bee n obtained .  Compare d t o  th e  FP D i n th e  sulfu r 

mode ,  th e  HECD ha s  abou t  th e  sam e  o r  greate r  sensitivit y  an d selectivit y 

[243,244] .  I n  compariso n wit h th e  ECD ,  th e  HECD ha s  a  greate r  selectivit y  fo r 

chlorine-containin g compound s  an d a  mor e  predictabl e  repons e  o n a  pe r  gra m o f 

chlorin e  basis . 

The  microcoulomete r  detecto r  ca n b e  use d t o  detec t  th e  sam e  activ e  specie s 

(e.g. ,  S0 2 ,  H 2 S ,  HC1 ,  an d NH^ )  a s  th e  HECD.  I t  employ s  a  fou r  electrod e 

electrochemica l  cell :  tw o fo r  generatin g th e  activ e  species ,  on e  fo r  sensing , 

an d on e  a s  a  referenc e  electrode .  A  lo w concentratio n o f  a  chemicall y  activ e 

io n (e.g. ,  Ag + ,  H + ,  o r  I ^  )  i s  generate d i n  th e  cel l  and ,  whe n a  reactiv e 

specie s  enter s  th e  cell ,  thi s  concentratio n falls .  Thi s  concentratio n decreas e 

i s  sense d b y th e  workin g electrod e  an d th e  resultan t  signa l  i s  fe d vi a  a n 

amplifie r  t o  th e  generatin g electrodes ,  whic h the n pas s  a  curren t  throug h th e 

electrolyt e  unti l  th e  origina l  equilibriu m io n concentratio n i s  restored .  Th e 

energ y consume d i n  regeneratin g th e  titran t  io n i s  monitore d wit h a  precisio n 

resistor .  Thi s  energ y consumptio n i s  displaye d a s  a  voltage-tim e  interval , 

integratio n o f  whic h reveal s  th e  tota l  numbe r  o f  coulomb s  consume d i n  th e 

reaction .  Th e  microcoulomete r  function s  a s  a n absolut e  detecto r  sinc e  th e  tota l 

numbe r  o f  coulomb s  consume d i s  relate d t o  th e  microequivalent s  o f  sampl e 

enterin g th e  cel l  b y Faraday' s  law .  Th e  microcoulomete r  ha s  a  sensitivit y  o f 

approximatel y 5  ÷  1 0 ^  g/ s  o f  heteroelement ,  a  linea r  rang e  o f  abou t  100 ,  an d a 

selectivit y  rati o  ove r  hydrocarbon s  o f  abou t  1 0 .  However ,  th e  detecto r  ha s  a 

rathe r  larg e  dea d volum e  an d a  ver y slo w respons e  tim e  (ca .  2 0  s) .  Therefore , 

i t  i s  primaril y  use d wit h packe d column s  fo r  th e  analysi s  o f  relativel y simpl e 

mixture s  [246-248] . 
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3. 5 Colum n Effluen t  Splitter s  fo r  Paralle l  Detectio n 

The  colum n effluen t  ma y b e  spli t  betwee n tw o o r  mor e  detector s  operate d i n 

paralle l  t o  enhanc e  th e  informatio n conten t  o f  th e  chromatogram ,  o r  t o  generat e 

substance-characteristi c  detecto r  respons e  ratios ,  whic h ai d compoun d 

identification .  Ideally ,  a n effluen t  splitte r  shoul d provid e  a  fixe d spli t 

rati o  tha t  i s  independen t  o f  flo w rate ,  temperature ,  an d sampl e  volatility .  I t 

shoul d als o minimiz e  extracolum n ban d broadening ,  b e  chemicall y  inert ,  and ,  fo r 

convenience ,  provid e  som e  mechanis m fo r  adjustin g th e  spli t  rati o  ove r  a 

reasonabl e  range ,  e.g .  1: 1 t o  1:100 ,  an d b e  eas y t o  clea n [249,250] .  Fo r  packe d 

columns ,  T-splitter s  wit h fixe d o r  value-adjustabl e  spli t  ratio s  ar e  generall y 

use d [251-253] .  Dea d volum e  effect s  ar e  no t  usuall y  a  proble m a t  packe d colum n 

flo w rates ,  althoug h change s  i n  th e  spli t  rati o  wit h temperatur e  an d th e 

constanc y o f  th e  spli t  rati o  wit h sample s  o f  differen t  volatilit y  ma y be .  A t 

th e  lo w flo w rate s  use d wit h ope n tubula r  capillar y columns ,  dea d volum e  effect s 

ca n becom e  significan t  unles s  th e  tota l  volum e  o f  th e  splitte r  i s  reduce d t o  th e 

absolut e  minimu m an d al l  passageway s  ar e  cleanl y swep t  ou t  wit h carrie r  and/o r 

make-u p gas .  Effluen t  splitter s  fo r  ope n tubula r  column s  hav e  bee n fabricate d 

fro m glass-line d stainles s  stee l  [249,254-256] ,  platinum/iridiu m microtubin g 

[250,257-260] ,  glas s  capillar y tubin g [261-265] ,  an d fuse d silic a  capillar y 

tubin g [264] .  Thes e  ma y b e  i n  th e  for m o f  simpl e  T -  o r  Y-splitter s  fo r  dua l 

detecto r  operatio n o r  mor e  comple x rough s  an d star s  [254,258,260,263 ]  fo r 

multipl e  detectio n an d colum n switching ,  etc .  Man y o f  thes e  device s  ca n b e 

constructe d i n  th e  laborator y withou t  specia l  tools ,  althoug h glassblowin g an d 

weldin g o f  capillar y tubin g require s  practic e  an d patience .  Glas s  an d silic a 

ar e  chemicall y  inert ;  platinum/iridiu m tubin g i s  relativel y inert ,  althoug h som e 

catalyti c  activit y  remain s  eve n afte r  temperin g a t  re d hea t  i n  a  strea m o f 

oxyge n [250,257,265] .  A s  effluen t  splitter s  ar e  constructe d wit h fixed-diamete r 

flo w passages ,  th e  spli t  rati o  i s  varie d b y insertin g wire s  o r  glas s  fiber s  o f 

differen t  diameter s  int o on e  o f  th e  flo w paths .  T o maintai n a  constan t  spli t 

rati o  ove r  a  wid e  temperatur e  range ,  a s  migh t  b e  require d durin g temperatur e 

programming ,  i t  i s  necessar y t o  separatel y thermosta t  th e  splitte r  fro m th e 

colum n oven ,  fo r  example ,  b y locatin g i t  i n  th e  ove n detecto r  block .  On e 

commerciall y  availabl e  effluen t  splitte r  avoid s  thi s  proble m b y employin g a 

uniqu e  mixin g an d flow-stabilizatio n chambe r  desig n [249] .  Th e  chromatogra m i n 

Figur e  3.15 ,  obtaine d wit h thi s  splitter ,  illustrate s  th e  increase d informatio n 

conten t  obtaine d b y simultaneousl y recordin g th e  separatio n wit h tw o detector s 

[135] .  Figur e  3.1 6 demonstrate s  th e  advantag e  o f  usin g a  selectiv e  detecto r  i n 

conjunctio n wit h a  universa l  detector .  Th e  FI D recordin g illustrate s  th e 

complexit y  o f  th e  sampl e  whil e  th e  TI D record s  onl y thos e  component s  tha t 

contai n nitroge n [114] ,  Tw o o r  mor e  element-selectiv e  detector s  ca n b e  use d i n 
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Figur e  3.1 5 Separatio n o f  th e  organi c  volatil e  fractio n fro m norma l  huma n 
serum .  Top ,  EC D an d bottom ,  FI D obtaine d wit h a  1: 1 split . 
(Reproduce d wit h permissio n fro m re f  135 .  Copyrigh t  Dr .  Alfre d 
Huethi g Publishers) . 

paralle l  t o  provid e  heteroelemen t  ratio s  sufficientl y  characteristi c  t o  confir m 

th e  identit y  o f  selecte d peak s  i n  a  comple x mixtur e  [255,266] ,  Suc h a n approac h 

was  use d t o  confir m th e  identit y  o f  polycycli c  aromati c  hydrocarbon s  b y thei r 

ECD/FI D respons e  ratio s  [267] , 

The  serie s  couplin g o f  detector s  doe s  no t  requir e  a n effluen t  splitter . 

Thi s  approac h ma y b e  feasibl e  whe n a  non-destructiv e  detecto r  suc h a s  th e  EC D o r 

PI D i s  use d ahea d o f  a n FID ,  TID ,  HECD,  etc .  Thi s  techniqu e  ha s  bee n 

demonstrate d i n  a  fe w instance s  fo r  ECD/FI D [268,269 ]  an d PID/EC D detectio n 

[139] . 

3. 6  Multidimensiona l  Ga s  Chromatograph y 

Multidimensiona l  ga s  chromatograph y involve s  th e  separatio n o f  a  sampl e  b y 

employin g column s  o f  differen t  capacit y  o r  selectivit y  i n  serie s  [270-272] , 

Some  o f  th e  typica l  problem s  tha t  aris e  i n  th e  analysi s  o f  comple x mixture s 
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MELANOMA 

Figur e  3.1 6 Separatio n o f  th e  organi c  volatil e  fractio n o f  a  sreu m sampl e  fro m 
a  melanom a  patient .  Top ,  nitrogen-phosphoru s  detecto r  (TID )  an d 
bottom ,  FID .  (Reproduce d wit h permissio n fro m ref .  114 . 
Copyrigh t  Dr .  Alfre d Huethi g Publishers) . 

containin g component s  wit h wid e  range s  o f  concentrations ,  volatilities ,  o r 

polaritie s  ca n b e  overcom e  mor e  effectivel y b y multidimensiona l  chromatograph y 

tha n an y othe r  optimize d ga s  chromatographi c  technique .  Principa l  application s 

includ e  th e  separatio n o f  comple x mixture s  an d trac e  enrichmen t  o f  dilut e 

sample s  employin g suc h technique s  a s  heartcutting ,  backflushing ,  pea k switching , 

an d intermediat e  trappin g [273,274] .  Som e  typica l  example s  ar e  give n i n  Tabl e 

3.10 .  Instrumenta l  demand s  var y fro m th e  simpl e  modificatio n o f  a  standar d ga s 

chromatograp h t o  som e  o f  th e  mos t  comple x microprocessor-controlle d ga s 

chromatographi c  equipmen t  presentl y  available ;  th e  applicatio n determine s  th e 

degre e  o f  sophisticatio n required . 

Befor e  describin g som e  typica l  instrumen t  network s  i n  detail ,  som e  critica l 

instrumen t  component s  deserv e  specia l  attentio n an d wil l  b e  treate d first .  Th e 

quantitativ e  transfe r  o f  th e  effluen t  fro m on e  colum n t o th e  nex t  mus t  occu r 

unde r  condition s  tha t  d o no t  degrad e  th e  resolvin g powe r  o f  th e  secon d column . 

Thre e  transfe r  mechanism s  ar e  noteworthy :  Deans '  switches ,  microvolum e 

multifunctiona l  valves ,  an d cryogeni c  trappin g wit h reinjection .  Pneumati c 

switchin g i s  base d o n th e  balanc e  o f  flow s  a t  differen t  position s  i n  th e 

chromatographi c  syste m usin g in-lin e  restrictor s  an d precisio n pressur e 

regulator s  [277,278] .  Th e  directio n o f  flo w betwee n column s  ca n b e  change d b y 

openin g an d closin g th e  valve s  locate d externa l  t o  th e  colum n oven .  Thus ,  n o 

movin g part s  ar e  locate d insid e  th e  ove n an d dea d volum e  effect s  ar e  no t 
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TABLE 3.1 0 

Applicatio n Comment s 

Solven t  remova l 

Enrichmen t  o f 
trac e  component s 

Separatio n o f  trac e 
component s  burie d 
unde r  majo r  peak s 

Heartcuttin g o f  a  limite d 
sectio n a t  th e  beginnin g 
of  th e  chromatogra m 

Switchin g o f  singl e 
peak s  o r  selecte d cut s 
throughou t  a  chromato -
graphi c  ru n 

Adjustmen t  o f  optima l 
phas e  polarit y  withou t 
changin g column s 

Larg e  amount s  o f  solvent s  an d exces s  derivatizin g 
reagents ,  etc .  ca n b e  exclude d fro m th e  mai n 
separatio n column .  Prevent s  colum n deterioratio n 
an d improve s  th e  performanc e  o f  sensitiv e  selectiv e 
detectors . 

Thi s  ca n b e  achieve d b y multipl e  injection s  int o a 
precolum n wit h selectiv e  trappin g an d storag e  o f 
th e  fractio n o f  interest .  Ofte n performe d wit h 
packe d precolumn s  becaus e  o f  thei r  hig h sampl e 
capacit y  an d becaus e  maximu m resolutio n i s  no t 
require d i n  th e  pre-separatio n step . 

I t  i s  possibl e  t o  ven t  fro m th e  syste m th e  majo r 
portio n o f  larg e  peak s  an d transfe r  th e  trac e 
component s  o f  interes t  int o th e  trap . 

I n  a  sampl e  havin g a  ver y wid e  boilin g poin t  range , 
onl y th e  component s  o f  interes t  ar e  transferre d 
int o th e  mai n separatio n column .  Wit h a  dua l  ove n 
instrumen t  hig h boilin g component s  ca n b e 
backflushe d a t  a n elevate d temperature ,  thu s 
maintainin g a  hig h sampl e  throughput . 

Singl e  peak s  o r  whol e  area s  o f  a  chromatogra m ca n 
be  switche d t o  a  secon d colum n t o provid e  bette r 
separation .  Wit h intermediat e  trappin g an d column s 
of  differen t  selectivit y  tw o set s  o f  retentio n 
inde x dat a  ca n b e  obtained . 

Retentio n time s  o f  substance s  ar e  individuall y 
determine d o n bot h phase s  an d th e  optima l 
condition s  (temperatur e  o r  relativ e  flo w rates )  ar e 
calculate d b y compute r  [275,276] , 

importan t  sinc e  ther e  ar e  n o unswep t  volumes .  Switchin g betwee n column s  i s 

controlle d b y pressur e  s o tha t  widel y varyin g flows ,  a s  migh t  exis t  i n 

interfacin g a  packe d colum n wit h a n ope n tubula r  capillar y column ,  ar e  easil y 

handled .  Th e  onl y critica l  component s  ar e  th e  pressur e  controllers ,  whic h mus t 

remai n reproducibl e  unde r  al l  conditions .  Problem s  ma y aris e  fro m th e  bac k 

diffusio n o f  sampl e  int o th e  switchin g lines ,  causin g memor y effects .  I n 

principle ,  Deans 1 switchin g i s  deceptivel y simpl e  an d i s  thu s  widel y used ,  bu t 

implementatio n o f  user-buil t  system s  ofte n require s  mor e  tim e  tha n originall y 

anticipated . 

The  simples t  wa y o f  switchin g effluen t  fro m on e  colum n int o anothe r  i s  b y a 

mechanica l  valv e  [119,279,280] .  However ,  technica l  constraint s  o f  th e  switchin g 

process ,  valv e  dimensions ,  an d availabl e  material s  limi t  thi s  approach . 

Switchin g valve s  mus t  b e  chemicall y  inert ,  fre e  fro m outgassin g products ,  ga s 

APPLICATIONS FO R WHICH MULTIDIMENSIONAL GAS CHROMATOGRAPHY I S SUITABL E 
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tigh t  a t  al l  temperatures ,  hav e  smal l  interna l  dimensions ,  an d operat e  withou t 

lubricants .  Moder n miniaturize d multifunctiona l  valve s  mee t  mos t  o f  thes e 

requirement s  t o  varyin g extent s  an d ma y b e  preferre d t o  Deans '  switche s  fo r  les s 

demandin g chromatographi c  problems .  Multifunctiona l  valve s  ar e  ofte n use d wit h 

cryogeni c  focussin g whe n th e  volum e  o f  colum n effluen t  t o  b e  transferre d 

require s  a  fairl y  length y transfe r  time . 

An intermediat e  cryogeni c  tra p i s  essentia l  wheneve r  a  ban d refocussin g 

mechanis m i s  require d a s  par t  o f  th e  switchin g proces s  [278,279,281-285] . 

Example s  includ e  sampl e  transfe r  fro m packe d t o  capillar y columns , 

preconcentratio n b y multipl e  injections ,  an d accurat e  determination s  o f 

retentio n inde x value s  o n th e  secon d column .  Th e  desig n o f  th e  intermediat e 

tra p i s  o f  paramoun t  importanc e  whe n ope n tubula r  capillar y column s  ar e  used . 

I t  i s  necessar y t o  provid e  a  temperatur e  gradien t  withi n th e  trap ,  otherwis e 

breakthroug h i s  observed ,  du e  t o  microfo g formation .  A  tra p shoul d no t  onl y 

effectivel y retai n th e  substance s  tha t  ar e  directe d int o i t  bu t  shoul d als o b e 

of  lo w mas s  s o tha t  i t  ca n b e  rapidl y heate d t o  introduc e  th e  trappe d fractio n 

int o th e  secon d colum n instantaneously .  Th e  tra p i s  usuall y  coole d b y 

circulatin g liqui d nitroge n throug h a  shrou d surroundin g th e  trap .  Th e  tra p i s 

ofte n a  shor t  lengt h o f  platinum/iridiu m tubin g o r  a  spira l  o f  capillar y tubing , 

an d i s  heate d eithe r  b y force d convectio n wit h preheate d nitroge n or ,  mor e 

generally ,  b y resistiv e  heatin g usin g a  hig h amperag e  circui t  [285-287] ,  Fo r 

ho t  capillar y colum n injectio n th e  cryogeni c  tra p mus t  b e  heate d i n  abou t  2 0 

millisecond s  t o  retai n  ful l  colum n efficiency .  Suc h rapi d heatin g i s  bes t 

obtaine d b y resistiv e  heating . 

The  simples t  typ e  o f  two-dimensiona l  ga s  chromatograp h fo r  heartcuttin g o r 

trac e  enrichmen t  usin g a  packe d precolum n an d a  capillar y colum n i s  show n i n 

Figur e  3.1 7 [279,284,286] ,  Almos t  an y modern ,  single-ove n ga s  chromatograp h 

coul d b e  converte d int o a n instrumen t  o f  thi s  kin d b y th e  additio n o f  a  fe w 

auxiliar y components .  I t  i s  thu s  a  convenien t  desig n fo r  laboratorie s  usin g 

multidimensiona l  chromatographi c  technique s  o n onl y a n occasiona l  basi s  an d fo r 

laboratorie s  lackin g a  specially-designe d instrumen t  fo r  thi s  purpose . 

Preliminar y separatio n take s  plac e  o n th e  packe d column .  Th e  effluen t  fro m thi s 

colum n i s  directe d eithe r  t o  a  ven t  o r  t o  th e  capillar y inle t  b y th e  Deans ' 

switch .  Th e  effluen t  reachin g th e  capillar y inle t  i s  spli t  thre e  ways .  On e 

portio n passe s  t o  a  detecto r  use d t o  monito r  th e  preseparation ,  a  secon d portio n 

enter s  th e  capillar y colum n an d i s  reconcentrate d i n  th e  col d tra p locate d 

outsid e  th e  oven ,  an d th e  remainin g portio n passe s  ou t  th e  spli t  vent . 

Provisio n i s  mad e  fo r  backflushin g heav y sampl e  component s  fro m th e  precolum n b y 

placin g a  te e  leadin g t o  a  secon d solenoi d valv e  betwee n th e  packe d colum n an d 

th e  injectio n port .  A  liqui d nitroge n Dewa r  i s  use d t o  manuall y  coo l  th e  tra p 

an d resistiv e  heatin g provide s  rapi d reinjectio n ont o th e  capillar y column .  A n 
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applicatio n usin g thi s  instrumen t  i s  show n i n Figur e  3.1 8 fo r  th e  separatio n o f 

th e  organi c  volatile s  i n  a  win e  headspac e  sampl e  b y heartcuttin g [286] . 
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Figur e  3.1 7 A  simpl e  two-dimensiona l  ga s  chromatograp h fo r  packe d colum n 
fractionatio n o r  enrichmen t  usin g a  Deans '  switc h an d intermediat e 
tra p fo r  transfe r  t o  a  capillar y column .  (Reproduce d wit h 
permissio n fro m ref .  286 .  Copyrigh t  Dr .  Alfre d Huethi g 
Publishers) . 

A mor e  sophisticate d system ,  employin g tw o capillar y column s  house d i n 

separat e  oven s  an d connecte d b y a n intermediat e  trap ,  i s  show n i n Figur e  3.1 9 

[273] .  Complet e  automatio n b y compute r  contro l  an d simultaneou s  detectio n wit h 

paralle l  detector s  i s  possible . 

For  som e  purpose s  "liv e  switching "  ca n b e  use d t o  switc h colum n effluen t 

betwee n capillar y column s  withou t  intermediat e  trapping ,  Figur e  3.2 0 

[285,287-295] ,  Th e  critica l  componen t  o f  th e  syste m i s  th e  doubl e  T-piec e  wit h 

tub e  connection s  fo r  th e  adjustmen t  o f  pressure s  an d a  platinum/iridiu m 

capillar y fo r  th e  connectio n o f  th e  tw o capillar y columns .  Th e  doubl e  T-piec e 

work s  wit h sligh t  pressur e  difference s  betwee n it s  tw o end s  (A,B) .  Th e  flow s 

throug h thes e  make-u p ga s  line s  ar e  adjuste d wit h tw o needl e  valves ,  NV2 an d 

NV3.  Th e  pressur e  difference ,  ÄÑ ,  i s  indicate d b y th e  manometer .  Th e  T-piec e  i s 

constructe d i n  suc h a  wa y tha t  an y ga s  flowin g fro m on e  en d t o  th e  othe r  mus t 
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Column: 6 ft ÷ 1/8 in S.S. 
1 0 % Carbowax 20M on 
100/120 mash C h r o m o s o r b W - H P 

1 8 0 · 

3 m i n 

Figur e  3.1 8 Illustratio n o f  th e  us e  o f  heartcutting .  Th e  to p chromatogra m i s 
a  packe d colum n separatio n o f  win e  volatiles .  Th e  thre e  labelle d 
fraction s  ar e  switche d t o  a  capillar y colum n fo r  separation , 
botto m chromatograms .  (Reproduce d wit h permissio n fro m ref .  286 . 
Copyrigh t  Dr .  Alfre d Huethi g Publishers) . 
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SHROUD 

Figur e  3.1 9 Sophisticate d dua l  ove n ga s  chromatograp h fo r  multidimensiona l  ga s 
chromatograph y wit h a n expande d vie w o f  th e  intermediat e  trap . 
G =  ga s  supply ,  I  =  injectors ,  D  =  detectors ,  Ô  =  trap ,  R  = 
regulators ,  Ñ  =  pressur e  gauges ,  S  =  solenoi d valves ,  N V =  needl e 
valves ,  an d F  =  restrictors .  (Reproduce d wit h permissio n fro m 
ref .  273 ,  Copyrigh t  Dr .  Alfre d Huethi g Publishers) . 

pas s  throug h th e  tin y platinum/iridiu m capillary ,  whic h i s  inserte d loosel y int o 

bot h th e  firs t  an d secon d column .  Effluen t  ga s  flo w fro m th e  firs t  colum n ca n 

be  directe d t o  a  detecto r  vi a  restricto r  R l  o r  throug h th e  secon d colum n an d 
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the n t o  a  detector .  Moreover ,  th e  firs t  colum n ca n b e  backflushe d b y activatin g 

solenoi d valve s  SV 1 an d SV2 . 

Figur e  3.2 0 Schemati c  diagra m o f  a  dua l  ove n two-dimensiona l  ga s  chromatograp h 
employin g liv e  switchin g betwee n tw o capillar y column s  (Siemens) . 
G =  ga s  supply ,  I  =  spli t  injector ,  P R =  pressur e  regulator ,  Ñ  = 
pressur e  differenc e  gauge ,  S V =  solenoi d valve ,  N V =  needl e  valve , 
R =  restrictors ,  an d F  =  detectors .  (Reproduce d wit h permissio n 
fro m ref .  293 .  Copyrigh t  Dr .  Alfre d Huethi g Publishers) . 

Hube r  ha s  show n tha t  th e  accurac y an d precisio n o f  th e  analytica l  dat a 

obtaine d b y "liv e  switching "  depend s  primaril y  o n thre e  factors :  th e  technica l 

characteristic s  o f  th e  switchin g device ,  th e  siz e  o f  th e  fractio n switched ,  an d 

th e  positio n o f  th e  fractio n wit h respec t  t o  overlappin g matri x  component s 

[292] .  Quantitativ e  sampl e  transfe r  occur s  whe n th e  switc h tim e  i s  equa l  t o 

abou t  si x  time s  th e  pea k standar d deviation ,  measure d symmetricall y  aroun d th e 

pea k centrum .  Fo r  analytica l  peak s  tha t  ar e  overlappe d b y matri x  components ,  a 

compromis e  mus t  b e  mad e  betwee n th e  siz e  an d positio n o f  th e  fractio n switched . 

I f  overla p i s  t o  b e  avoide d o n th e  secon d colum n the n quantitativ e  sampl e 

transfe r  ma y no t  b e  possible . 

3. 7  Temperatur e  an d Flo w Programmin g 

I n isotherma l  ga s  chromatograph y th e  relationshi p betwee n retentio n tim e 

an d boilin g poin t  i s  logarithmi c  fo r  compound s  o f  simila r  chemica l  type , 

resultin g i n  a  rapi d increas e  i n  retentio n tim e  an d pea k widt h eve n fo r  sample s 
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wit h narro w boilin g ranges .  Thi s  i s  commonl y referre d t o  a s  "th e  genera l 

elutio n problem "  an d i s  characterize d b y poo r  separatio n o f  earl y  elutin g peak s 

an d poo r  detectabilit y  o f  lat e  elutin g peak s  du e  t o  ban d broadening .  Th e 

proble m ca n b e  solve d b y eithe r  temperatur e  o r  flo w programming .  Isothermal , 

temperatur e  program ,  an d flo w progra m mode s  ar e  compare d i n  Figur e  3.2 1 fo r  th e 

separatio n o f  a  mixtur e  o f  hydrocarbon s  coverin g a  wid e  boilin g poin t  rang e 

[296] .  Onl y wit h th e  programme d mode s  i s  a  complet e  separatio n obtaine d i n  a 

reasonabl e  time .  Th e  programme d mode s  ten d t o  oppos e  th e  logarthmi c  dependenc e 

of  retentio n o n boilin g poin t  and ,  unde r  certai n  optimize d conditions ,  th e 

relationshi p become s  approximatel y linear ,  wit h onl y a  slo w increas e  i n  pea k 

widt h wit h increasin g temperatur e  an d flo w rate . 

0 2 4 6 8 10 0 1 2 3 4 5 0 1 2 3 4  5 

t r / m i n  t r / m i n  t f / m i n 

Figur e  3.2 1 Compariso n o f  isotherma l  (A) ,  flo w programme d (B) ,  an d temperatur e 
programme d ( C ) separatio n o f  Ĉ Q t o  C-j g alkanes . 
(Reproduce d wit h permissio n fro m ref .  296 .  Copyrigh t  Dr .  Alfre d 
Huethi g Publishers) . 

The  temperatur e  progra m mod e  i s  th e  mos t  widel y use d separatio n techniqu e 

i n  ga s  chromatograph y [297] .  A  temperatur e  progra m consist s  o f  a  serie s  o f 

change s  i n  th e  ove n temperatur e  an d include s  isotherma l  an d controlle d 

temperatur e  ris e  segment s  tha t  ar e  selecte d b y a  mechanica l  o r  microprocesso r 
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controller .  I n  essence ,  mos t  program s  ar e  simple ,  consistin g o f  a n initia l 

isotherma l  period ,  a  linea r  temperatur e  ris e  segment ,  a  fina l  isotherma l  perio d 

maintaine d a t  th e  temperatur e  reache d a t  th e  en d o f  th e  ris e  segment ,  an d a  coo l 

down perio d t o  retur n th e  ove n t o  th e  startin g temperature .  Th e  initia l  an d 

fina l  isotherma l  peroid s  ar e  optional ,  th e  temperatur e  ris e  segmen t  ca n b e 

selecte d ove r  a  broa d rang e  (0. 1 t o  ca .  30°C/min) ,  non-linea r  change s  i n 

temperatur e  ma y b e  use d (extremel y rare) ,  an d fo r  comple x mixtures ,  severa l 

linea r  program s  ma y b e  use d i n  sequenc e  t o  optimiz e  th e  separation .  Th e  progra m 

segment s  ar e  generall y  selecte d b y tria l  an d error ,  fo r  althoug h a n adequat e 

theor y exist s  t o  describ e  th e  temperatur e  progra m process ,  it s  implementatio n 

usuall y  require s  th e  inpu t  o f  sampl e  dat a  whic h i s  ofte n unknow n [297-299] .  Th e 

initia l  ove n temperatur e  i s  selecte d wit h du e  consideratio n t o  th e  resolutio n o f 

th e  earlies t  elutin g peak s  o f  th e  chromatogram .  I f  th e  temperatur e  chose n i s 

to o hig h th e  resolutio n o f  th e  initia l  peak s  ma y b e  inadequat e  and ,  i f  i t  i s  to o 

low ,  resolutio n ma y b e  acceptabl e  bu t  th e  analysi s  tim e  wil l  b e  extende d 

needlessly .  Th e  rat e  o f  temperatur e  ris e  i s  a  compromis e  betwee n th e  desir e  fo r 

a  slo w chang e  t o  maximiz e  resolutio n an d a  rapi d chang e  t o  minimiz e  analysi s 

time .  Th e  complexit y  o f  th e  sampl e  control s  thi s  parameter .  Ideally ,  unles s 

th e  las t  fe w elutin g peak s  ar e  particularl y  difficul t  t o  separat e  an d requir e  a n 

isotherma l  period ,  elutio n o f  th e  las t  pea k shoul d coincid e  wit h th e  terminatio n 

of  th e  temperatur e  rise .  Peak s  elutin g afte r  completio n o f  th e  temperatur e  ris e 

wil l  b e  wide r  tha n thos e  elute d durin g th e  program . 

The  onl y practica l  limitation s  place d o n th e  rang e  o f  th e  temperatur e  ris e 

segmen t  ar e  th e  therma l  stabilit y  o f  th e  stationar y phas e  an d flo w changes . 

Wit h hig h temperatur e  stationar y phase s  o r  immobilize d phase s  th e  accessibl e 

uppe r  temperatur e  range s  hav e  bee n dramaticall y  improved .  Fo r 

constant-pressure-controlle d instrument s  th e  flo w rat e  wil l  decreas e  wit h 

temperature ,  affectin g th e  respons e  o f  concentration-dependen t  detectors .  Fo r 

thi s  reaso n flow-controlle d instrument s  ar e  preferre d fo r  temperatur e  programme d 

operation .  Employin g identica l  dua l  column s  an d simultaneou s  detectio n i n  th e 

differenc e  mode ,  th e  rapi d baselin e  ris e  associate d wit h flo w an d stationar y 

phas e  blee d problem s  ca n b e  highl y attenuated . 

Flo w programmin g i s  no t  widel y use d i n  ga s  chromatograph y [296,300,301] . 

Many o f  it s  advantage s  ten d t o  paralle l  thos e  o f  temperatur e  programme d ga s 

chromatography ,  whic h i s  experimentall y  easie r  t o  perform .  T o obtai n result s 

simila r  t o  thos e  o f  temperatur e  programmin g a n exponentia l  increas e  i n  flo w i s 

required ,  limitin g th e  dynami c  rang e  o f  th e  technique ,  particularl y  fo r  packe d 

columns .  Fo r  short ,  ope n tubula r  capillar y column s  a  dynami c  operatin g rang e  o f 

approximatel y 0. 1 t o  1 0 ml/mi n provide s  a  reasonabl e  workin g range .  Th e 

principa l  advantage s  o f  flo w programmin g ar e  tha t  i t  shorten s  th e  analysi s  tim e 

fo r  mixture s  o f  wid e  volatility ,  whil e  permittin g th e  operatio n o f  th e  colum n a t 



20 5 

lowe r  temperatures ;  a s  th e  analysi s  i s  performe d a t  lowe r  temperature s  colum n 

blee d i s  les s  o f  a  problem ,  an d sinc e  th e  pressur e  o f  th e  ga s  i n  th e  colum n ca n 

be  change d instantaneously ,  returnin g th e  instrumen t  t o  th e  star t  condition s  i s 

ver y rapid .  Disadvantage s  includ e  a  decreas e  i n  colum n efficienc y fo r  lat e 

elutin g peaks ,  difficult y  i n  calibratio n o f  flo w sensitiv e  detectors ,  an d 

inconvenienc e  o f  instrumen t  operatio n a t  hig h pressure .  Compare d t o  temperatur e 

programmin g i t  migh t  b e  preferre d fo r  th e  analysi s  o f  thermall y labil e  samples . 
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4. 1 Introductio n 

The  expressio n "liqui d chromatography "  tell s  on e  littl e  abou t  th e  techniqu e 

beyon d th e  natur e  o f  th e  mobil e  phas e  an d th e  fac t  tha t  i t  i s  a  separatio n 

method .  Th e  nam e  represent s  a  lexico n o f  separatio n techniques ,  o f  whic h th e 

most  importan t  ar e  size-exclusion ,  liquid-solid ,  liquid-liquid ,  an d ion-exchang e 

chromatography .  Separation s  base d o n molecula r  siz e  ar e  referre d t o  a s 

size-exclusio n chromatography .  I n  thi s  case ,  th e  stationar y phas e  i s  a n inert , 

porou s  particl e  o r  organi c  ge l  o f  controlle d por e  size .  Separatio n i s  effecte d 

by th e  sample' s  abilit y  t o  diffus e  int o an d ou t  o f  th e  por e  system .  Fro m an < 

historica l  viewpoint ,  controlle d porosit y  gel s  wer e  use d fo r  molecula r  siz e 

separations ,  thu s  givin g ris e  t o  th e  name s  ge l  permeatio n chromatograph y an d ge l 

filtratio n chromatography .  Th e  latte r  nam e  i s  use d fo r  thos e  molecula r  siz e 

separation s  employin g a n aqueou s  mobil e  phase .  Althoug h thes e  name s  ar e  stil l 

foun d i n  th e  recen t  literature ,  th e  us e  o f  porou s  particle s  rathe r  tha n gel s  i s 

no w common ,  an d size-exclusio n chromatograph y i s  th e  preferre d name . 

Separation s  base d o n th e  competitiv e  adsorptio n o f  th e  sampl e  an d mobil e  phas e 

fo r  activ e  site s  o n a  soli d  adsorben t  ar e  referre d t o  a s  liquid-soli d 

chromatography .  Whe n th e  stationar y phas e  i s  a  liqui d bonde d t o  a  soli d  suppor t 

an d separation s  ar e  effecte d b y partitio n o f  th e  sampl e  betwee n th e  mobil e  an d 

stationar y phases ,  th e  techniqu e  i s  calle d liquid-liquid ,  bonded-phase ,  o r 

simpl y liqui d chromatography .  Fo r  man y separation s  th e  actua l  mechanis m i s  no t 

clearl y  define d an d ma y involv e  eithe r  adsorption ,  partition ,  o r  a  combinatio n 

of  both .  Conventiona l  chromatographi c  practic e  employe d a  pola r  stationar y 

phas e  an d a  nonpola r  mobil e  phase .  I n  hig h performanc e  liqui d chromatograph y 

(HPLC)  i t  has ,  however ,  becom e  commo n practic e  t o  us e  a  nonpola r 

chemically-bonde d stationar y phas e  wit h a n aqueou s  mobil e  phas e  containin g 

variou s  proportion s  o f  a  miscibl e  organi c  modifier .  Thi s  syste m i s  know n a s 

reversed-phas e  chromatograph y t o  distinguis h i t  fro m th e  norma l  o r  conventiona l 

operatin g mode .  Reversed-phas e  chromatograph y i s  th e  metho d mos t  ofte n use d i n 

HPLC fo r  th e  separatio n o f  bot h pola r  an d nonpola r  organi c  molecules . 

Separation s  base d o n th e  interactio n betwee n a  stationar y phas e  containin g 

immobilize d charge d group s  an d ioni c  o r  readil y  ionize d molecule s  i n  th e  mobil e 

phas e  i s  terme d ion-exchang e  chromatography .  A n alternativ e  metho d o f 

separatin g ioni c  molecule s  i s  ion-pai r  chromatography .  Here ,  conventiona l 

liquid-soli d  o r  reversed-phas e  chromatograph y i s  use d t o  separat e  th e  sampl e  a s 

th e  lipophili c  comple x forme d betwee n th e  sampl e  an d a  counterio n o f  opposit e 
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charge .  Th e  characteristic s  o f  th e  abov e  chromatographi c  method s  ar e  describe d 

i n  detai l  late r  i n  thi s  chapter .  Ion-pai r  chromatograph y i s  discusse d i n 

Chapte r  7.14.5 . 

4. 2  Selectio n o f  th e  Separatio n Metho d 

To begi n a  chromatographi c  analysi s  b y HPLC ,  th e  firs t  decisio n t o  b e  mad e 

i s  th e  selectio n o f  th e  mos t  appropriat e  colum n type .  Th e  analys t  require s  som e 

knowledg e  o f  th e  sample' s  physica l  characteristics ,  a s  wel l  a s  th e  natur e  o f  th e 

informatio n desire d fro m th e  separation ,  t o  mak e  thi s  preliminar y selection . 

For  example ,  i f  th e  informatio n sough t  i s  th e  molecula r  weigh t  distributio n o f  a 

sample ,  the n size-exclusio n chromatograph y woul d b e  a n obviou s  choice . 

Alternatively ,  i f  on e  wante d t o  kno w th e  numbe r  o f  component s  presen t  i n  a  lo w 

molecula r  weight ,  non-ionic ,  organi c  sample ,  the n eithe r  liquid-solid , 

bonded-phas e  liquid-liquid ,  o r  reversed-phas e  chromatograph y woul d b e 

preferred .  Th e  decisio n o f  whic h metho d t o  tr y  firs t  coul d b e  base d o n suc h 

physica l  propertie s  a s  th e  sample' s  relativ e  solubilit y  i n  pola r  an d nonpola r 

solvents .  I n  man y cases ,  a  ful l  analysi s  ma y b e  obtaine d b y mor e  tha n on e 

metho d i f  th e  experimenta l  condition s  ar e  optimize d an d th e  sampl e  i s  no t  to o 

complex .  Fo r  a  comple x sample ,  n o singl e  metho d ma y b e  completel y adequat e  fo r 

th e  separatio n an d a  combinatio n o f  technique s  migh t  b e  required .  I n  thi s  case , 

a  preliminar y sampl e  fractionatio n migh t  b e  carrie d ou t  b y size-exclusio n 

chromatograph y an d th e  component s  o f  simila r  molecula r  siz e  furthe r  resolve d b y 

liquid-soli d  o r  on e  o f  th e  bonded-phas e  chromatographi c  methods . 

Pas t  experienc e  wit h differen t  separatio n method s  ca n als o ai d i n  colum n 

selection .  Liquid-soli d  chromatograph y i s  usuall y  th e  preferre d metho d fo r 

separatin g mixture s  o f  lo w molecula r  weight ,  lipophilic ,  geometri c  isomers .  Th e 

constituent s  o f  a  homologou s  serie s  ar e  generall y  bes t  separate d b y 

reversed-phas e  chromatography .  Th e  techniqu e  o f  io n suppressio n i s  preferre d 

fo r  th e  separatio n o f  wea k acid s  o r  bases .  Th e  p H o f  th e  mobil e  phas e  i s  firs t 

adjuste d t o  eliminat e  sampl e  ionizatio n an d th e  sampl e  i s  the n separate d b y th e 

sam e  method s  use d fo r  non-ioni c  samples .  Io n suppressio n cannot ,  however ,  b e 

use d fo r  th e  separatio n o f  stron g base s  du e  t o  th e  poo r  stabilit y  an d 

appreciabl e  solubilit y  o f  silica-base d packin g material s  a t  th e  hig h p H require d 

t o  suppres s  ionization .  Stron g acid s  an d base s  ar e  usuall y  separate d b y 

ion-pai r  o r  ion-exchang e  chromatography .  Ion-pai r  chromatograph y i s  th e  mos t 

versatil e  o f  th e  tw o techniques ,  an d doe s  no t  requir e  th e  purchas e  o f  specia l 

columns .  Th e  ion-pai r  complexe s  ar e  separate d b y th e  sam e  colum n technique s 

use d fo r  non-ioni c  organi c  molecules . 

As  a n ai d t o  th e  selectio n o f  th e  bes t  o r  first-choic e  chromatographi c 

metho d fo r  variou s  sampl e  type s  a  flo w diagra m i s  give n i n  Figur e  4.1 . 
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Figur e  4. 1 Flo w diagra m o f  colum n selectio n base d o n sampl e  type .  MW = 

molecula r  weight ;  SE C =  size-exclusio n chromatography ;  GF C =  ge l 
filtratio n chromatography ;  LS C =  liquid-soli d  chromatography ; 
RPC =  reversed-phas e  chromatography ;  BP C =  bonded-phas e 
chromatography ;  IE C =  ion-exchang e  chromatography ;  an d IP C = 
ion-pai r  chromatography . 

The  selectio n i s  base d o n th e  knowledg e  o f  th e  molecula r  weigh t  o f  th e  sample , 

it s  relativ e  solubilit y  i n  wate r  o r  a  nonpola r  organi c  solven t  an d whethe r  o r 

no t  th e  sampl e  i s  ionic .  Thi s  informatio n woul d generall y  b e  know n i n advanc e 

or  coul d b e  readil y  establishe d wit h a  fe w simpl e  experiments .  Normally ,  th e 

analys t  combine s  th e  informatio n concernin g th e  propertie s  o f  th e  sampl e  wit h 

th e  informatio n desire d fro m th e  separatio n t o  selec t  th e  mos t  appropriat e 

chromatographi c  method .  Th e  selectio n o f  th e  molecula r  weigh t  cut-of f  o f  abou t 

200 0 i s  quit e  arbitrar y an d i s  base d o n experimenta l  convenience .  A  limite d 

numbe r  o f  size-exclusio n packing s  fo r  th e  separatio n o f  molecule s  wit h a 

molecula r  weigh t  belo w 200 0 ar e  available .  Likewise ,  silic a  ge l  an d lo w loade d 

bonded-phas e  colum n packing s  o f  wid e  por e  diamete r  hav e  bee n develope d fo r  th e 

separatio n o f  larg e  molecula r  weigh t  molecule s  b y adsorptio n o r  partitio n 

chromatography . 

4, 3  Colum n Packin g Material s  fo r  HPL C 

The  hig h performanc e  packing s  use d i n  moder n liqui d chromatograph y ar e 

comprise d o f  small ,  rigi d particle s  havin g a  narro w particl e  siz e  distribution . 

Ther e  ar e  thre e  genera l  type s  o f  packin g material s  available ,  Figur e  4.2 , 

althoug h th e  mos t  commericall y  importan t  ar e  th e  totall y  porou s  microparticulat e 

packings .  Rigid ,  porous ,  polymeri c  bead s  prepare d fro m polystyren e  crosslinke d 
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Figur e  4. 2 Type s  o f  particle s  fo r  HPL C colum n preparation . 

wit h divinylbenzen e  ar e  use d fo r  ion-exchang e  an d size-exclusio n 

chromatography .  Althoug h o f  historica l  importance ,  th e  porou s  polymeri c  bea d 

packing s  hav e  bee n replace d b y mor e  efficien t  an d mechanicall y  stabl e  porou s 

silica-base d packing s  fo r  man y applications .  Pellicula r  packing s  wer e 

originall y  prepare d t o  replac e  th e  porou s  polyme r  bead s  routinel y use d a t  tha t 

tim e  fo r  hig h performanc e  ion-exchang e  chromatography .  The y consiste d o f  a 

glas s  bea d cor e  aroun d whic h a  thin ,  porou s  polymeri c  fil m wa s  attache d [1] . 

The  rigi d cor e  o f  thes e  packing s  permitte d operatio n a t  hig h pressures ,  bu t  th e 

packing s  produce d les s  tha n desirabl e  colum n efficiencies ,  du e  mainl y t o  poo r 

stationar y phas e  mas s  transfe r  properties .  Mas s  transfe r  wa s  improve d b y 

creatin g a  "superficiall y  porous "  laye r  aroun d th e  bea d core .  Know n a s  porou s 

laye r  beads ,  the y ha d particl e  diameter s  o f  3 0 t o  5 5 micrometer s  an d consiste d 

of  a  glas s  bea d cor e  t o  whic h wa s  fuse d a n intermediat e  porou s  silic a  o r  alumin a 

laye r  1- 3 micrometer s  thick .  The y ca n b e  use d withou t  modificatio n i n 

liquid-soli d  chromatography ,  o r  i n  partitio n chromatograph y a s  a  suppor t  fo r  a 

mechanically-hel d liqui d phase .  Bonde d phase s  wer e  prepare d b y reactin g a 

suitabl y substitute d organosilan e  wit h th e  porou s  silic a  layer .  Th e  porou s 

laye r  bead s  hav e  a  ver y smal l  por e  volume ,  providin g rapi d solut e  diffusio n i n 

an d ou t  o f  th e  stationar y phase . 

The  importanc e  o f  porou s  laye r  bead s  i n  HPL C decline d whe n totall y  porou s 

particle s  i n  narro w particl e  siz e  range s  wit h diameter s  belo w 1 0 micrometer s 

becam e  available .  Compare d wit h th e  porou s  laye r  beads ,  totall y  porou s  silic a 

particle s  ca n provid e  increase s  o f  u p t o  a n orde r  o f  magnitud e  i n  colum n 

efficiency ,  sampl e  capacity ,  an d spee d o f  analysis .  Th e  chromatographi c 

propertie s  o f  th e  tw o type s  o f  colum n packing s  ar e  compare d i n  Tabl e  4. 1  [2] . 

For  particle s  havin g identica l  diameters ,  th e  porou s  laye r  bead s  woul d provid e 



21 8 

mor e  rapi d mas s  transfe r  an d les s  ban d broadenin g tha n totall y  porou s 

particles .  However ,  b y reducin g th e  particl e  siz e  o f  th e  totall y  porou s 

particles ,  th e  por e  dept h decrease s  proportionatel y an d colum n efficienc y 

increases .  Technica l  difficultie s  preven t  th e  productio n o f  porou s  laye r  bead s 

i n  th e  sam e  siz e  range s  availabl e  fo r  porou s  particles .  Thus ,  porou s  particle s 

of  3  t o  1 0 micrometer s  diamete r  ar e  th e  dominan t  colum n packing s  use d i n  moder n 

analytica l  HPLC . 

TABLE 4. 1 

PROPERTIES O F HPL C COLUMN PACKINGS 

Propert y Porou s  Laye r  Microporou s 
Bead s  Particle s 

Averag e  Particl e  size ,  micrometer s 30 --4 0 5--1 0 

Bes t  HET P values ,  mm 0.2 --0. 4 0.01 - -0.0 3 

Typica l  colum n lengths ,  c m 50--10 0 10--3 0 

Typica l  colum n diameters ,  mm 2 2--5 

Pressur e  drop ,  p.s.i./c m 2 20 

Sampl e  capacity ,  mg/ g 0.05 - -0. 1 1--5 

Surfac e  area ,  m  / g 10--1 5 400 --60 0 

The  smal l  sampl e  capacit y  o f  th e  porou s  laye r  bead s  i s  du e  t o  th e  lo w rati o 

of  stationar y phas e  pe r  uni t  colum n volume .  Thi s  featur e  ca n b e  advantageou s 

when ver y fas t  analyse s  ar e  require d o r  whe n sample s  wit h abov e  averag e 

retentio n ar e  t o  b e  separated .  Th e  surfac e  are a  and ,  therefore ,  th e  retentiv e 

capacit y  o f  th e  porou s  particle s  ar e  muc h highe r  tha n th e  porou s  laye r  beads . 

Porou s  laye r  bead s  ar e  thu s  well-suite d fo r  separatin g compound s  wit h averag e 

retentio n properties . 

4.3. 1  Microporou s  Adsorbent s  fo r  Liquid-Soli d  Chromatograph y 

Silic a  ge l  i s  b y fa r  th e  mos t  importan t  adsorben t  use d i n  HPL C I t  i s  als o 

th e  bas e  materia l  use d t o  prepar e  bonded-phas e  packings ,  givin g i t  a  preeminen t 

positio n i n  moder n colum n technology .  Alumin a  colum n packing s  ar e  als o 

commerciall y  availabl e  bu t  accoun t  fo r  onl y a  fe w percen t  o f  al l  publishe d 

separation s  usin g liquid-soli d  chromatograph y [3] ,  Alumin a  ma y hav e  som e 

selectivit y  advantage s  ove r  silic a  ge l  fo r  th e  separatio n o f  unsaturate d 

hydrocarbon s  an d halogen-containin g compounds .  I t  ma y als o b e  usefu l  fo r  th e 

separatio n o f  ver y basi c  compound s  whic h ar e  to o strongl y absorbe d t o  acidi c 

silic a  gel .  Additionally ,  alumin a  i s  mor e  stabl e  tha n silic a  ge l  a t  hig h p H 

[4] .  Adsorben t  packing s  ar e  availabl e  i n  tw o forms ,  irregula r  o r  spherical , 
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wit h particl e  diameter s  i n  th e  rang e  3  t o  2 0 micrometers .  Packing s  wit h 5  an d 

10 micromete r  diameter s  an d a  narro w siz e  distributio n ar e  th e  mos t  common .  I t 

i s  no t  clea r  whethe r  th e  spherica l  packing s  hav e  an y majo r  advantage s  ove r 

irregula r  packing s  [5] .  Bot h type s  o f  packing s  yiel d column s  o f  simila r 

efficienc y an d stability ,  althoug h column s  packe d wit h spherica l  particle s  ar e 

slightl y  mor e  permeable . 

The  commercia l  preparatio n o f  silic a  ge l  fo r  HPL C packing s  i s  a  rathe r 

comple x process .  I t  ha s  bee n describe d i n  som e  detai l  b y Unge r  [6 ]  an d Scot t 

[7,8] .  Irregula r  microporou s  silic a  gel s  ar e  prepare d b y th e  sol-ge l 

procedure .  A  hydroge l  i s  initiall y  prepare d b y th e  additio n o f  sodiu m silicat e 

t o  a n acidi c  aqueou s  solution .  A n insolubl e  cak e  i s  formed ,  allowe d t o  age ,  an d 

eventuall y  crushe d t o  suitably-size d portions .  Residua l  sodiu m salt s  ar e  the n 

washe d awa y an d th e  hydroge l  i s  dehydrate d b y heatin g a t  abou t  120° C fo r  severa l 

hour s  t o  for m a  hard ,  porou s  xerogel .  Afte r  millin g an d sievin g t o  th e  correc t 

particl e  size ,  th e  xeroge l  i s  read y fo r  chromatographi c  use . 

Spherica l  particle s  ar e  mor e  difficul t  t o  manufacture .  On e  metho d prepare s 

silic a  hydroge l  bead s  b y emulsificatio n o f  a  silic a  so l  i n  a n immiscibl e  organi c 

liquid .  Bea d siz e  an d siz e  distributio n ar e  dependen t  o n suc h experimenta l 

condition s  a s  stirrin g speed ,  solven t  viscosity ,  pH ,  temperature ,  an d th e 

concentratio n o f  th e  silic a  sol .  Alternativ e  method s  fo r  preparin g spherica l 

silic a  particle s  includ e  condensatio n o f  silic a  sol s  usin g spray-dryin g 

technique s  an d copolymerizatio n o f  a n organi c  reagen t  wit h a  silic a  so l  t o  for m 

a  gelatinou s  bead .  I n  th e  latte r  case ,  th e  microporou s  spherica l  silic a 

particle s  ar e  obtaine d b y burnin g ou t  th e  organi c  reagent . 

Apar t  fro m shape ,  microporou s  silic a  particle s  ar e  characterize d b y thei r 

mean por e  diameter ,  specifi c  surfac e  area ,  an d specifi c  por e  volume .  Thes e 

parameter s  ca n b e  measure d b y well-establishe d method s  base d o n th e 

physisorptio n o f  gase s  o r  vapor s  an d th e  controlle d penetratio n o f  fluid s 

[6,9] .  Th e  specifi c  surfac e  are a  ca n b e  separate d int o tw o components :  th e 

surfac e  are a  withi n th e  pore s  an d th e  externa l  surfac e  are a  o f  th e  particle . 

The  por e  surfac e  are a  i s  severa l  order s  o f  magnitud e  large r  tha n th e  externa l 

surfac e  are a  and ,  i n  general ,  th e  large r  th e  surfac e  are a  o f  th e  packin g 

material ,  th e  smalle r  wil l  b e  th e  por e  diameter .  Commercia l  porou s  silic a 
2 

packing s  fo r  HPL C hav e  surfac e  area s  rangin g fro m 10 0 t o  86 0 m  / g wit h a n 
2 

averag e  valu e  aroun d 40 0 m  /g ,  a  larg e  por e  volum e  o f  0. 7  t o  1. 2  ml/ g an d a 

moderat e  mea n por e  diamete r  o f  5 0 t o  25 0 5?  [10,11],  On e  shoul d kee p i n  min d 

tha t  onl y th e  specifi c  por e  volume ,  define d a s  th e  amoun t  o f  liqui d tha t  fill s 

th e  tota l  volum e  o f  th e  pore s  pe r  gra m o f  adsorbent ,  ha s  an y rea l  physica l 

significance .  Th e  specifi c  surfac e  are a  an d por e  diamete r  ar e  calculate d b y 

referenc e  t o  a n appropriat e  model .  Th e  value s  obtaine d ar e  onl y a s  accurat e  i n 

absolut e  term s  a s  th e  mode l  ca n b e  sai d t o  b e  a  perfec t  replic a  o f  th e  rea l 
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situation .  Fo r  porou s  silic a  particle s  a  globula r  mode l  i s  usuall y  use d t o 

estimat e  th e  por e  diameter .  Thi s  mode l  assume s  tha t  th e  porou s  syste m ca n b e 

describe d b y a  regula r  arrangemen t  o f  densel y packe d spheres .  Th e  por e  syste m 

i s  forme d b y th e  crevice s  betwee n th e  sphere s  an d i s  controlle d b y th e  siz e  o f 

th e  sphere s  an d thei r  packin g density .  Th e  por e  spac e  ca n b e  envisione d a s  a 

matri x  o f  alternatin g wid e  cavitie s  an d narro w constrictions .  Fo r  liquid-soli d 

HPLC,  por e  dimension s  shoul d ideall y  b e  larg e  compare d t o  th e  molecula r 

dimension s  o f  th e  solut e  t o  allo w uninhibite d solut e  diffusio n int o an d ou t  o f 

th e  particles .  Fo r  norma l  siz e  molecule s  th e  por e  siz e  i s  rarel y a  problem , 

provide d tha t  th e  por e  siz e  distributio n i s  no t  s o wid e  tha t  micropore s 

«  10-2 0 ft)  exist .  Micropore s  ca n produc e  size-exclusio n effect s  o r  stron g 

irreversibl e  adsorptio n du e  t o  th e  hig h surfac e  energ y existin g withi n th e 

narro w pores .  Size-exclusio n chromatograph y o f  polystyren e  standard s  ca n b e 

use d t o  estimat e  averag e  por e  diameter s  [12] . 

An understandin g o f  th e  surfac e  chemistr y o f  silic a  i s  importan t  t o  a n 

interpretatio n o f  it s  chromatographi c  properties .  Th e  silic a  surfac e  consist s 

of  a  networ k o f  silano l  groups ,  som e  o f  whic h ma y b e  hydroge n bonde d t o  water , 

an d siloxan e  group s  a s  show n i n Figur e  4. 3 [13] .  Th e  compositio n o f  th e  silic a 

surfac e  depend s  o n th e  metho d o f  preparatio n an d th e  therma l  treatment .  Th e 

natur e  o f  th e  silic a  surfac e  wit h respec t  t o  adsorbe d wate r  i s  depicte d i n 

Figur e  4. 4  [8,14] .  Heatin g a t  temperature s  belo w 150° C remove s  physicall y 

Figur e  4. 3 Structur e  o f  silic a  gel ,  depictin g th e  variou s  type s  o f  bond s  an d 
silano l  group s  present .  (Reproduce d wit h permissio n fro m ref .  13 . 
Copyrigh t  Academi c  Press ,  Inc. ) 

Hydrogen-Bonde d 
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Siloxan e 
Bond s 
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3r d  LAYER OF WEAKLY ADSORBE D WATER , LOS S BETWEE N ROO M TEMPERATUR E 

¹  AND 70°C , REVERSIBLE , REMOVE D BY DRY SOLVENT S 

2n d  LAYER OF WEAKLY ADSORBE D WATER , LOS S COMPLET E AT 120°C , M A X I M UM 

LOS S AT 100°C , REVERSIBLE , REMOVE D BY DRY SOLVENT S 

1s t LAYER OF STRONGL Y HYDROGE N BONDE D WATER , LOS S COMMENCE S AT 200°C , 

AND APPEAR S COMPLET E AT 650°C , REVERSIBLE , NOT REMOVE D BY SOLVENT S 

SILANO L GROUP S LOS E WATER TO PRODUC E SILOXYL GROUP S COMMENCE S AT 

450°C , COMPLET E AT 1100°C,LOS S IS  IRREVERSIBL E 

Figur e  4. 4 Schemati c  representatio n o f  wate r  boun d t o  a  silano l  group . 
(Reproduce d wit h permissio n fro m ref .  14 .  Copyrigh t  Elsevie r 
Scientifi c  Publishin g Co. ) 

adsorbe d water .  Abov e  200° C th e  primar y laye r  o f  strongl y hydrogen-bonde d wate r 

i s  remove d an d th e  proces s  i s  complet e  a t  abou t  650°C .  Abov e  450°C , 

dehydroxylatio n occur s  betwee n neighborin g silano l  groups ,  resultin g i n  a n 

increase d concentratio n o f  siloxan e  groups .  A t  stil l  highe r  temperature s  th e 

dehydratio n o f  silano l  group s  i s  complete ,  formin g a  hydrophobi c  surfac e  covere d 

wit h siloxan e  groups .  Sinterin g o f  th e  silic a  particle s  start s  a t  temperature s 

i n  exces s  o f  900°C .  A  completel y dehydrate d silic a  surfac e  adsorb s  moistur e 

extremel y slowly .  However ,  predrie d hydrate d silic a  rapidl y pick s  u p wate r 

vapo r  fro m th e  atmospher e  b y physica l  adsorptio n an d capillar y condensation . 

For  mos t  commercia l  silic a  gel s  drie d belo w 200°C ,  th e  surfac e  concentratio n o f 
2 

silano l  group s  i s  abou t  8. 7  ±  0. 2 micromoles/ m [9,13] . 

The  accessibl e  surfac e  concentratio n o f  silano l  group s  i s  mos t  importan t  i n 

liquid-soli d  HPL C sinc e  adsorptio n o f  th e  solut e  t o  th e  silic a  surfac e  occur s  a t 

thes e  sites .  Th e  absolut e  retentio n i s  controlle d b y th e  accessibl e 

concentratio n o f  silano l  group s  pe r  uni t  colum n volume ,  define d a s  th e  produc t 

of  th e  surfac e  concentratio n o f  silano l  group s  an d th e  surfac e  are a  o f  adsorben t 

pe r  uni t  colum n volume .  Th e  siloxan e  group s  giv e  ris e  t o  weak ,  nonspecifi c 

interaction s  resultin g i n  poo r  solut e  selectivity . 

The  surfac e  o f  pur e  silic a  i s  expecte d t o  b e  weakl y acidi c  du e  t o  th e 

presenc e  o f  silano l  group s  havin g a  pK ^  o f  abou t  9.5 .  A  suspensio n o f  silic a  i n 

neutral ,  salt-fre e  wate r  shoul d hav e  a  p H o f  abou t  5 .  However ,  i t  ha s  bee n sho w 

tha t  th e  p H o f  commercia l  packing s  deviat e  widel y fro m thi s  value ,  Tabl e  4. 2 

[9] ,  especiall y  fo r  spherica l  packin g materials .  Althoug h thes e  p H value s 

canno t  b e  directl y  relate d .t o  th e  p H o f  th e  silic a  use d i n  a  particula r  colum n 

separatio n employin g a  nonpola r  eluent ,  i t  can ,  however ,  b e  demonstrate d tha t 

th e  aqueou s  suspensio n p H valu e  correlate s  wel l  wit h th e  retentio n behavio r  o f 

pola r  an d nonpola r  solutes .  Fo r  pola r  solute s  th e  surfac e  p H affect s  suc h 
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chromatographi c  parameter s  a s  relativ e  retention ,  pea k shape ,  an d colum n 

efficiency .  I t  wa s  observe d tha t  "acidi c  silicas "  wer e  mor e  efficien t  a t 

elutin g neutra l  an d acidi c  solute s  whil e  basi c  nitrogen-containin g compound s 

coul d no t  b e  elute d a s  measurabl e  peak s  withi n a  reasonabl e  tim e  [9] .  Th e 

opposit e  situatio n exist s  wit h "basi c  silicas" .  Thus ,  ther e  i s  n o idea l  silic a 

fo r  th e  simultaneou s  separatio n o f  bot h acidi c  an d basi c  samples .  Th e  tailin g 

of  pola r  compound s  o n silic a  ge l  ca n ofte n b e  controlle d b y coatin g th e  silic a 

packin g wit h a  buffe r  sal t  [15,16] ,  Thi s  ca n b e  don e  i n  a  batc h proces s  prio r 

t o  colum n packin g o r  b y a n i n  sit u  coatin g procedur e  fo r  packe d columns . 

TABLE 4. 2 

PHYSICAL PROPERTIE S O F SOME COMMERCIALLY AVAILABLE SILIC A GEL S 

Manufacturer' s Specifi c Averag e Specifi c pH o f  a Particl e 
Name Surfac e Por e Por e 1% w/ w Typ e 

Are a Diamete r Volum e Aqueou s 
(nm ) ml/ g Suspensio n 

Hypersi l 17 0 11. 5 0. 7 9. 0 Spherica l 

LiChrosor b S i  10 0 32 0 11. 1 1. 2 7. 0 Irregula r 

Porasi l 35 0 10. 0 1. 1 7. 2 Irregula r 

Spherisor b 19 0 8. 1 0. 6 9. 5 Spherica l 

Zorba x BPSi l 30 0 5. 6 0. 5 3. 9 Spherica l 

Silic a  ge l  i s  onl y slightl y  wate r  solubl e  a t  neutra l  pH ,  bu t  it s  solubilit y 

increase s  exponentiall y  abov e  p H 8  du e  t o  formatio n o f  th e  silicat e  anion . 

Aqueou s  solubilit y  ca n b e  controlle d b y usin g a  silic a  ge l  saturato r  colum n 

place d befor e  th e  injecto r  [9] .  Normally ,  i t  i s  no t  recommende d tha t 

silica-base d packing s  b e  use d a t  pH s  greate r  tha n 8. 0 an d les s  tha n 1.0 . 

4.3. 2  Bonded-Phas e  Colum n Packing s 

Prio r  t o  th e  developmen t  o f  bonde d phase s  fo r  liquid-liqui d chromatography , 

silic a  ge l  column s  coate d wit h a  physicall y  adsorbe d liqui d stationar y phas e 

wer e  widel y used .  Reproducibl e  column s  wer e  eas y t o  prepar e  an d coul d b e 

renewe d i n  servic e  b y i n  sit u  coatin g techniques .  Thes e  column s  coul d als o 

tolerat e  relativel y larg e  sampl e  load s  withou t  los s  i n  efficiency .  However , 

thei r  advantage s  wer e  mor e  tha n offse t  b y disadvantage s  associate d wit h 

strippin g o f  th e  stationar y phas e  fro m th e  column .  A  precolum n wa s  necessar y t o 

saturat e  th e  mobil e  phas e  wit h stationar y phase ,  mobil e  phas e  selectio n wa s 

limite d t o  thos e  solvent s  wit h lo w stationar y phas e  solubility ,  an d hig h flo w 

rate s  an d gradien t  elutio n technique s  wer e  no t  possibl e  [17,18] .  Column s  o f 

thi s  typ e  ar e  rarel y use d today . 

Severa l  approache s  hav e  bee n mad e  t o  chemicall y  bon d th e  liqui d phas e  t o 
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it s  mechanica l  suppor t  an d thereb y eliminat e  thos e  problem s  associate d wit h th e 

strippin g o f  stationar y phas e  fro m th e  column .  Earl y attempt s  wer e  onl y 

partiall y  successfu l  [19,20] ,  Th e  "estersils "  o r  silicat e  ester s  wer e  amon g th e 

firs t  bonde d phase s  t o  b e  evaluate d [21] .  The y wer e  prepare d b y reactin g a n 

alcoho l  o r  a  phenylisocyanat e  wit h a  porou s  silic a  packing ,  accompanie d b y th e 

continuou s  remova l  o f  water .  Th e  surfac e  o f  thes e  monomolecular-layere d 

particle s  ma y b e  picture d a s  a  fores t  o f  organi c  group s  standin g o n en d an d 

hence ,  th e  ter m "brushes "  i s  sometime s  use d t o  describ e  them . 

-Si-O H +  HO- R 
é 

silic a  alcoho l  estersi l 
ge l  packin g 

Becaus e  o f  thei r  simpl e  monomeri c  structure ,  th e  estersi l  phase s  exhibi t  faste r 

mas s  transfe r  kinetic s  tha n ar e  obtaine d b y coatin g a  bul k liqui d ont o a n iner t 

support .  Th e  selectivit y  o f  th e  phas e  i s  controlle d b y th e  natur e  o f  th e 

substituent s  attache d t o  th e  alky l  chain .  Fo r  example ,  nonpola r  phase s  wer e 

prepare d usin g octano l  a s  th e  esterifyin g reagent ,  whil e  3-hydroxypropionitril e 

was  use d fo r  pola r  phases .  Unfortunately ,  th e  estersi l  phase s  ha d extremel y 

poo r  hydrolyti c  stabilit y  an d coul d no t  b e  use d wit h mobil e  phase s  o r  sample s 

containin g trace s  o f  water ,  base ,  o r  acid . 

Bonde d phase s  wit h a n =Si- R o r  E=Si-NH- R structur e  ar e  mor e  hydrolyticall y 

stabl e  tha n th e  estersils .  Thei r  preparatio n ma y involv e  severa l  steps .  Th e 

silic a  ge l  i s  usuall y  drie d t o  remov e  physicall y  adsorbe d wate r  an d the n 

refluxe d wit h a  reagen t  suc h a s  thiony l  chlorid e  t o  conver t  surfac e  silano l 

group s  t o  th e  mor e  reactiv e  E=Si-C l  groups .  Th e  organi c  grou p i s  the n attache d 

t o  th e  silic a  surfac e  b y a  Grignard ,  organolithium ,  Wurtz ,  o r  Friedel-Craft s 

reactio n [22] .  Th e  ==Si-NH- R bonde d phase s  ar e  prepare d b y reactin g th e  =Si-C l 

group s  wit h substitute d amines .  Th e  structur e  o f  thes e  phase s  i s  simila r  t o  th e 

estersil s  an d the y als o exhibi t  fas t  mas s  transfe r  kineti c  properties .  Th e 

preparatio n o f  th e  abov e  bonde d phase s  i s  no t  alway s  straightforwar d a s  reactio n 

condition s  ma y b e  difficul t  t o  optimize ,  th e  concentratio n o f  th e  surfac e 

organi c  group s  i s  relativel y low ,  an d th e  organometalli c  reagent s  use d i n  th e 

preparatio n ofte n leav e  undesirabl e  residue s  whic h ar e  difficul t  t o  was h ou t  o f 

th e  fina l  product . 

Most  commerciall y  availabl e  bonde d phase s  ar e  o f  th e  siloxan e  typ e 

Si-O-Si- R [23-25] ,  The y ar e  prepare d b y reactin g th e  surfac e  silano l  group s  o n 

silic a  wit h a n organochlorosilan e  o r  organoalkoxysilane .  I n  a  typica l  reaction , 

th e  concentratio n o f  surfac e  silano l  group s  i s  firs t  maximize d b y aci d 

hydrolysis .  Heatin g i n  0. 1  Ì  hydrochlori c  aci d a t  90° C fo r  a t  leas t  2 4 h  i s 
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usuall y  adequate .  Physicall y  adsorbe d wate r  i s  remove d fro m th e  hydrolyze d 

packin g b y vacuu m dryin g a t  200° C fo r  8-1 2 h .  Th e  organi c  group s  ar e  attache d 

t o  th e  silic a  surfac e  b y refluxin g wit h th e  organosilan e  reagen t  i n  a  hig h 

boilin g solven t  suc h a s  toluene .  Whe n a n organochlorosilan e  i s  use d i n  th e 

reaction ,  a n aci d accepto r  catalys t  suc h a s  pyridin e  ma y b e  adde d t o  th e 

reactio n mixture .  Reactio n time s  ar e  usuall y  fairl y  lon g (16-2 4  h) .  Reactiv e 

organosilane s  wit h ethyl ,  octyl ,  hexyl ,  octadecyl ,  phenyl ,  chloropropyl , 

aminopropyl ,  o r  cyanopropy l  group s  ar e  commerciall y  available ,  makin g thi s  a 

ver y genera l  syntheti c  rout e  fo r  preparin g bonded-phas e  packing s  havin g 

differen t  selectivities . 

Bonded-phas e  packing s  ca n b e  prepare d b y reactio n wit h mono- ,  di- ,  o r 

trichloroorganosilane s  (o r  th e  correspondin g alkoxysilanes )  t o  produc e  product s 

havin g differen t  chromatographi c  properties .  Monochloro-organosilane s  reac t 

wit h onl y on e  silano l  grou p t o  for m a  monomolecula r  laye r  o f  organi c  group s 

anchore d b y siloxan e  bridge s  t o  th e  silic a  surface .  Th e  mos t  frequentl y  use d 

organochlorosilan e  reagent s  fo r  surfac e  modificatio n hav e  organi c  substituent s 

wit h critica l  dimension s  greate r  tha n th e  distanc e  betwee n th e  surfac e  silano l 

groups .  Consequently ,  th e  concentratio n o f  residua l  silano l  group s  a t  th e 

surfac e  i s  significan t  eve n fo r  exhaustiv e  silanization .  Th e  mos t  accessibl e 

an d therefor e  th e  mos t  chromatographicall y  activ e  o f  th e  residua l  silano l  group s 

may b e  remove d b y endcapping .  Thi s  reactio n i s  carrie d ou t  afte r  silanizatio n 

by reactio n wit h a  les s  bulk y reagen t  suc h a s  trimethylchlorosilane .  Endcappin g 

ca n dramaticall y  affec t  th e  chromatographi c  performanc e  o f  som e  molecule s  o n 

bonded-phas e  packings .  A n exampl e  i s  show n i n Figur e  4. 5 fo r  th e  separatio n o f 

some  PTH-amin o aci d derivative s  o n a  reversed-phas e  packin g befor e  an d afte r 

endcappin g [26] ,  I t  shoul d b e  note d tha t  eve n afte r  endcapping ,  som e  unreacte d 

silano l  group s  remai n o n th e  suppor t  surface .  Thes e  group s  ar e  largel y 

inaccessibl e  t o  solut e  molecule s  o f  averag e  siz e  an d d o no t  influenc e  th e 

genera l  chromatographi c  propertie s  o f  th e  bonde d phase . 

Di -  an d trichloroorganosilane s  ar e  mor e  chemicall y  reactiv e  tha n th e 

monochloroorganosilanes .  Th e  reactio n o f  thes e  reagent s  wit h surfac e  silano l 

group s  ca n resul t  i n  surfac e  attachmen t  vi a  on e  o r  tw o siloxan e  bond s  a s  show n 

i n Figur e  4.6 .  Unreacte d Si-C l  group s  ar e  usuall y  converte d t o  silano l  group s 

by hydrolysis .  Fo r  steri c  reasons ,  i t  i s  doubtfu l  tha t  al l  th e  silic a  silano l 

group s  wil l  reac t  wit h th e  silylatin g reagent .  Thus ,  th e  reactio n condition s 

may generat e  additiona l  silano l  group s  an d som e  surfac e  silano l  group s  ma y 

remain .  Thes e  ar e  generall y  minimize d b y endcapping . 

The  reactio n betwee n a  di -  o r  trichloroorganosilan e  an d silic a  i n  th e 

presenc e  o f  moistur e  o r  a  proti c  agen t  result s  i n  th e  formatio n o f  a  linea r  o r 

crosslinke d polymeri c  layer .  Th e  structur e  o f  thes e  polymeri c  bonde d phase s  i s 
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Figur e  4. 5 Th e  influenc e  o f  endcappin g o n pea k shap e  an d retentio n o f  som e 
PTH-amin o acid s  usin g a  reversed-phas e  separatio n system .  Pea k 
identification :  1 .  PTH-histidine ;  2 .  PTH-arginine ;  3 .  PTH-valine . 
(Reproduce d wit h permissio n fro m ref .  26 .  Copyrigh t  Presto n 
Publications ,  Inc. ) 
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Silic a  Surfac e 
Preparatio n o f  siloxan e  bonde d phase s  b y surfac e  silanizatio n o f 
microporou s  silica . 

no t  a s  well-define d a s  th e  monomeri c  phases .  Dependin g o n th e  thicknes s  an d 

natur e  o f  th e  polymeri c  layer ,  th e  chromatographi c  performanc e  o f  thes e  bonde d 

phase s  ma y b e  poo r  compare d t o  th e  monomeri c  phases .  Th e  polyme r  networ k ma y 
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swel l  t o  differen t  extent s  wit h change s  i n  th e  mobil e  phas e  an d th e  polyme r 

cavitie s  ma y ac t  a s  reservoir s  fo r  stagnan t  pool s  o f  mobil e  phase ,  promotin g 

slo w mas s  transfe r  an d lowe r  colum n efficiency . 

To classif y bonded-phas e  packings ,  som e  knowledg e  o f  th e  parameter s 

controllin g retentio n an d selectivit y  ar e  required .  Th e  importan t  parameter s 

ar e  th e  typ e  an d concentratio n o f  th e  bonde d organi c  modifie r  an d th e 

concentratio n o f  accessibl e  unreacte d silano l  group s  [ 6 , 2 7 - 2 9 ] . Th e  surfac e 

concentratio n o f  silano l  group s  o n silic a  i s  give n b y equatio n  ( 4 . 1 ) . 

in 6 

1 0 m n 

a Q H .  ——21 ( 4 . 1 ) 
b S i 

QQJJ =  numbe r  o f  micromole s  o f  silano l  group s  pe r  squar e  mete r  o f  BE T 
surfac e  are a  o f  silic a 

M 0 H =  mo -'- e s ° ^  surfac e  silano l  group s  pe r  gra m o f  colum n materia l 

Sg^  =  BE T surfac e  are a  o f  silic a 

For  th e  preparatio n o f  bonde d phase s  th e  surfac e  o f  th e  startin g materia l  i s 

chemicall y  treate d t o  maximiz e  th e  concentratio n o f  silano l  groups .  Typica l 

value s  fal l  i n  th e  rang e  o f  7 - 9 micromoles/m^ ,  correspondin g t o  abou t  4 - 5 
2 

silano l  group s  pe r  n m o f  silic a  surface .  Th e  surfac e  concentratio n o f  bonde d 

organi c  modifie r  i s  give n b y equatio n  ( 4 . 2 ) 

1 0 6 w 

= ~  (4-2 ) 
M S S x 

2 

= numbe r  o f  micromole s  o f  bonde d phas e  pe r  m  o f  BE T surfac e  are a 
of  silic a  suppor t 

w =  weigh t  o f  boun d organi c  modifie r  i n  gram s  pe r  gra m o f  adsorben t 
Ì  =  molecula r  weigh t  o f  boun d organi c  modifie r 

= specifi c  surfac e  are a  o f  th e  silic a  suppor t  correcte d fo r 
th e  weigh t  increas e  upo n silanizatio n 

Commercia l  bonde d phas e  packing s  hav e  value s  rangin g fro m 2 t o  4 . 

For  monomeri c  bonde d phase s  prepare d wit h monofunctiona l  silanizin g 

reagents ,  th e  conversio n o f  surfac e  silano l  group s  ca n b e  obtaine d fro m equatio n 

( 4 . 3 ) 

X 0 H = JJI- ( 4 . 3 ) 

OH 

XQU =  conversio n facto r  fo r  surfac e  silano l  group s  whic h ar e  silanize d i n 
th e  preparatio n o f  th e  bonde d phas e 

Expresse d a s  a  percentage ,  th e  surfac e  coverag e  b y th e  organi c  modifie r  varie s 



22 7 

fro m les s  tha n 10 % t o a  maximu m o f  approximatel y 60% ;  th e  uppe r  limi t  i s 

establishe d b y th e  siz e  o f  th e  organi c  modifie r  an d it s  abilit y  t o  limi t  reagen t 

acces s  t o  som e  o f  th e  silano l  groups .  Th e  presenc e  o f  som e  residua l  silano l 

group s  ma y b e  chromatographicall y  desirabl e  t o  allo w "wetting 11 o f  pola r 

bonded-phas e  packing s  b y th e  mobil e  phase . 

4.3. 3  Colum n Packing s  fo r  Ion-Exchang e  Chromatograph y 

Fou r  type s  o f  microparticulat e  packing s  ar e  availabl e  fo r  hig h performanc e 

ion-exchang e  chromatography .  Historically ,  porou s  microbead s  havin g a 

polystyrene-divinylbenzen e  backbon e  substitute d wit h ionogeni c  group s  hel d a 

prominen t  positio n i n  thi s  area .  Genera l  improvement s  i n  thei r  synthesi s  ove r 

th e  year s  ha s  resulte d i n  th e  availabilit y  o f  semirigi d packing s  o f  5  t o  1 0 

micromete r  diameters ,  use d extensivel y i n  autoanalyzer s  fo r  amin o acid ,  peptide , 

an d carbohydrat e  analyses .  Slo w diffusio n o f  sampl e  molecule s  withi n th e 

polymeri c  matri x  generall y  make s  thes e  packing s  les s  efficien t  tha n alternativ e 

materials .  T o improv e  mas s  transfe r  properties ,  pellicula r  ion-exchang e 

packing s  wer e  introduce d [1,20] .  The y hav e  a n impenetrabl e  glas s  cor e  wit h a 

thi n polyme r  fil m aroun d th e  outside ,  o r  ar e  superficiall y  porou s  havin g a  thi n 

intermediat e  coatin g o f  silic a  t o  whic h th e  polyme r  fil m i s  chemicall y  attache d 

or  deposite d b y copolymerization .  Th e  pellicula r  packing s  ar e  availabl e  i n  onl y 

relativel y larg e  particl e  sizes ,  whic h limit s  thei r  ultimat e  colum n efficiency , 

an d hav e  ver y lo w sampl e  capacit y  a s  well .  Th e  widesprea d adoptio n o f 

microporou s  silic a  packing s  i n  othe r  branche s  o f  HPL C quit e  naturall y  lea d t o 

th e  developmen t  o f  silic a  base d ion-exchang e  packings .  Thei r  preparatio n i s 

ver y simila r  t o  th e  method s  discusse d previousl y fo r  bonde d phases .  Monochloro -

or  monoalkoxy-substitute d silane s  ar e  reacte d wit h silic a  t o  produc e  a  monomeri c 

laye r  o f  organi c  group s  attache d t o  th e  surfac e  b y siloxan e  bonds .  Th e 

ionogeni c  functiona l  group s  ar e  usuall y  introduce d int o th e  organi c  backbon e  i n 

a  subsequen t  reactio n sequence .  Polymeri c  layer s  ma y als o b e  prepare d bu t  thes e 

material s  ar e  usuall y  les s  efficien t  tha n th e  monomeri c  silica-base d packing s 

[30] ,  However ,  thei r  highe r  sampl e  capacit y  migh t  b e  preferre d fo r  larg e  scal e 

separations .  Controlle d porosit y  glas s  colum n packing s  wit h attache d 

hydrophili c  polymeri c  group s  hav e  bee n introduce d fo r  th e  hig h spee d separatio n 

of  large ,  ioni c  molecule s  suc h a s  protein s  an d nuclei c  acids ,  etc .  [31,32] . 

Sample s  o f  thi s  typ e  hav e  traditionall y  bee n difficul t  t o  separat e  wit h 

conventiona l  ion-exchang e  material s  du e  t o  irreversibl e  sampl e  adsorptio n o r 

denaturation .  Th e  us e  o f  thes e  packing s  i s  likel y t o  becom e  mor e  widesprea d i n 

th e  futur e  a s  HPL C assume s  a  muc h greate r  rol e  i n  th e  separatio n o f  hig h 

molecula r  weigh t  biopolymers . 

The  chromatographi c  propertie s  o f  ion-exchang e  packing s  use d fo r  analytica l 
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separation s  hav e  bee n summarize d b y Majors ,  Tabl e  4. 3  [33] .  Virtuall y  al l 

commerciall y  availabl e  material s  contai n a  sulfonat e  (stron g catio n exchang e 

group) ,  carboxylat e  (wea k catio n exchang e  group) ,  tetraaIky1ammoniu m io n (stron g 

anio n exchang e  group) ,  o r  a n amin e  (wea k anio n exchang e  group )  a s  th e  ionogeni c 

functiona l  group .  Direc t  reactio n o f  aromati c  ring s  wit h oleu m o r 

chlorosulfoni c  acid ,  o r  chloromethylatio n wit h chloromethy l  ethe r  an d zin c 

chlorid e  followe d b y amination ,  ar e  widel y exploite d reaction s  fo r  introducin g 

sulfonat e  an d tetraalkylammoniu m groups ,  respectively ,  int o th e  colum n packin g 

material s  (Figur e  4.7) . 

— C - C H 2 - C - C H 2 - C - C H 2 - C - CH 2 — 

Figur e  4. 7 Method s  fo r  th e  preparatio n o f  ion-exchang e  resins . 

Porou s  polystyrene-divinylbenzen e  microbead s  containin g betwee n 6  an d 32 % 

of  crosslinkin g agen t  ar e  commerciall y  available .  Resi n bead s  prepare d wit h a 

lo w concentratio n o f  crosslinkin g agen t  ar e  sof t  an d defor m a t  hig h pressures . 

Change s  i n  siz e  du e  t o  swellin g o r  shrinkin g ma y lea d t o  change s  i n  th e 

experimenta l  conditions .  Thes e  larg e  por e  material s  ar e  use d t o  separat e 

biopolymer s  a t  relativel y lo w pressures .  Increasin g th e  relativ e  concentratio n 

of  crosslinkin g agen t  improve s  th e  mechanica l  stabilit y  o f  th e  resi n beads . 

However ,  bea d swellin g i s  a  functio n o f  th e  degre e  o f  crosslinkin g an d colum n 

temperatur e  a s  wel l  a s  th e  ioni c  strength ,  pH ,  typ e  o f  buffer ,  an d concentratio n 

of  organi c  modifie r  employe d a s  mobil e  phase .  Fo r  som e  porou s  resi n microbea d 

packing s  i t  ma y no t  b e  possibl e  t o  adjus t  th e  compositio n o f  th e  mobil e  phas e  o r 

chang e  th e  experimenta l  condition s  withou t  havin g t o  repac k th e  column . 

Overall ,  th e  porou s  microbea d resin s  sho w poo r  chromatographi c  efficienc y an d 

fo r  thi s  reaso n ar e  frequentl y  operate d a t  elevate d temperature s  (50-80°C )  t o 

(a) 
C I © 

(b) 



22 9 

TABLE 4. 3 

QUALITATIVE COMPARISON O F HPL C ION-EXCHANGE PACKINGS 

Propert y Pellicula r Silic a PS-DVB Resin s 

Particl e  diameters , 
micrometer s 

30-4 0 5-1 0 7-1 0 

Io n exchang e 
capacity ,  mequiv/ g 0.01-0. 1 0.5- 2 3- 5 

Resistanc e  t o  pressur e 
deformatio n Excellen t Ver y goo d Fai r  t o  poo r 

Shap e Spherica l Spherica l  o r 
Irregula r 

Spherica l 

Pressur e  dro p Low Hig h Highes t 

Efficienc y Moderat e Hig h Moderat e 

Packin g Techniqu e Dry Slurr y Slurr y 

pH Range 3 

Regeneratio n Rate s 

2-12(coated ) 
2-7.5(bonded ) 
Fas t 

2-7. 5 

Moderat e 

0-12(anion ) 
0-14(cation ) 
Slo w 

An uppe r  limi t  o f  p H 9  fo r  bonde d phase s  i s  claime d b y som e  manufacturers . 

reduc e  solven t  viscosit y  an d improv e  solut e  diffusio n withi n th e  resi n bead . 

Althoug h no t  comparabl e  i n  efficienc y t o  silica-base d ion-exchang e  materials , 

the y d o hav e  som e  advantage s  ove r  th e  latter .  Thei r  ion-exchang e  capacity , 

usuall y  i n  th e  rang e  o f  3- 5 mequiv/g ,  i s  5  t o  1 0 time s  greate r  tha n th e 

silica-base d packings .  The y ma y b e  use d ove r  a  muc h wide r  p H range ; 

bonded-phas e  silic a  packing s  ar e  unstabl e  outsid e  th e  p H rang e  2-7. 5 [34] , 

Microporou s  silic a  ion-exchang e  materials ,  i f  densel y covere d wit h bonde d phase , 

may b e  use d u p t o  a  p H o f  10. 5 i f  a  saturato r  colum n i s  use d ahea d o f  th e 

injecto r  t o  saturat e  th e  mobil e  phas e  wit h solubl e  silica .  I n  general , 

microbea d resi n column s  ar e  mor e  robus t  an d hav e  longe r  usabl e  lifetime s  tha n 

silica-base d ion-exchang e  columns . 

Microporou s  silica-base d bonded-phas e  ion-exchang e  packing s  provid e  highe r 

colum n efficiencies ,  ca n convenientl y  b e  use d a t  ambien t  temperatures ,  an d 

respon d mor e  rapidl y t o  change s  i n  th e  mobil e  phas e  composition .  Gradien t 

elutio n present s  les s  o f  a  proble m sinc e  th e  volum e  o f  th e  packin g structur e 

doe s  no t  chang e  durin g th e  analysis . 

When efficienc y i s  th e  mai n criteri a  fo r  selection ,  the n th e  silica-base d 

packing s  ar e  preferred .  Whe n capacit y  i s  th e  mai n requirement ,  th e  resi n 

microbea d packing s  shoul d b e  selected .  A s  a n alternativ e  t o  ion-exchange , 

ion-pai r  chromatograph y shoul d alway s  b e  considered .  Thi s  i s  discusse d i n 
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Chapte r  7.14.5 . 

4.3. 4  Colum n Packing s  fo r  Size-Exclusio n Chromatograph y 

The  choic e  o f  colum n packin g fo r  size-exclusio n chromatograph y i s  mos t 

importan t  sinc e  th e  separatio n obtaine d i s  base d o n molecula r  siz e  an d 

controlle d entirel y  b y th e  por e  dimension s  o f  th e  porou s  material .  Particl e 

size s  ar e  i n  th e  5-2 0 micromete r  diamete r  rang e  t o  provid e  goo d kineti c  colum n 

efficiency .  Thi s  i s  particularl y  importan t  fo r  th e  separatio n o f  macromolecule s 

whic h hav e  smal l  diffusio n coefficients .  Thre e  type s  o f  packin g material s  ar e 

availabl e  fo r  size-exclusio n chromatography :  -semirigi d organi c  gels ,  porou s 

silica ,  an d controlle d por e  glasses .  Tabl e  4. 4  list s  a  fe w o f  th e  material s 

availabl e  an d thei r  separatio n range s  [10,35,36] , 

Semirigi d organi c  gel s  prepare d fro m polystyren e  crosslinke d wit h variou s 

amount s  o f  divinylbenzen e  hav e  bee n use d fo r  man y year s  fo r  ge l  permeatio n 

chromatography .  Thes e  gel s  ar e  no t  we t  b y aqueou s  solvent s  an d ar e  thu s  use d 

exclusivel y wit h organi c  solvents .  Thei r  mai n advantag e  i s  tha t  the y ca n b e 

prepare d i n  a  wid e  rang e  o f  por e  diameter s  t o  separat e  sample s  i n  th e  molecula r 
2  7 

weigh t  rang e  o f  abou t  1 0 -1 0 .  Polystyren e  gel s  wit h a  lo w degre e  o f 

crosslinkin g ar e  th e  leas t  stabl e  t o  hig h pressure s  an d ma y shrin k o r  swel l  wit h 

change s  i n  mobil e  phase .  Onc e  packe d i n  a  particula r  solvent ,  i t  ma y no t  b e 

possibl e  t o  chang e  solvent s  wit h thes e  columns .  Increasin g th e  degre e  o f 

crosslinkin g produce s  mor e  rigi d  gels .  Thes e  ar e  suitabl e  fo r  separatin g lowe r 

molecula r  weigh t  sample s  an d ca n tolerat e  a  narro w rang e  o f  solven t  changes . 

Beside s  polystyrene ,  packing s  prepare d fro m viny l  acetat e  an d polyacrylamid e  ar e 

als o available .  Porou s  vinyl-acetate-base d gel s  hav e  propertie s  simila r  t o 

polystyren e  bu t  cove r  a  somewha t  smalle r  molecula r  weigh t  range .  Polyacrylamid e 

gel s  ca n b e  use d i n  aqueou s  solutio n fo r  ge l  filtratio n chromatography . 

The  semirigi d organi c  gel s  hav e  bee n replace d i n  man y application s  b y 

microporou s  silic a  packings .  However ,  th e  organi c  gel s  ar e  preferre d fo r  th e 

separatio n o f  smal l  molecule s  o r  fo r  molecule s  whic h ar e  adsorbe d o r  interac t 

strongl y wit h silic a  gel .  Rigi d particle s  ar e  packe d relativel y easil y  int o 

homogeneou s  colum n bed s  an d ar e  mechanicall y  stabl e  ove r  lon g periods .  The y ca n 

withstan d hig h pressures ,  flo w rates ,  an d temperature s  an d ar e  compatibl e  wit h a 

wid e  variet y  o f  solvents ,  includin g aqueou s  solvent s  fo r  ge l  filtratio n 

chromatography . 

The  mai n disadvantag e  o f  microporou s  silic a  packing s  i s  thei r  surfac e 

activit y  whic h ca n caus e  problem s  i n  th e  separatio n o f  biochemicall y  importan t 

molecule s  o r  pola r  polymeri c  samples .  Lo w recoverie s  fo r  protein s  an d th e  los s 

of  enzym e  activit y  ar e  tw o manifestation s  o f  th e  problem .  Surfac e  deactivatio n 

of  silic a  o r  porou s  glas s  packing s  b y silylatio n reduce s  adsorptio n bu t  i n 
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TABLE 4. 4 

(X )  Limi t  o r  Rang e 

pSpherage l PS-DVB 50 2 ÷  10 3 

10 0 ( 1 t o  50 )  ÷  10 2 

50 0 ( 5 t o  10 )  ÷  10 3 

100 0 ( 1 t o  50 )  ÷  10 3 

10,00 0 ( 1 t o  50 )  ÷  10 4 

100,00 0 ( 1 t o  50 )  ÷  10 5 

1,000,00 0 < io 6 

pStyrage l PS-DVB 10 0 < 7  ÷  10 2 

50 0 ( 5 t o  100 )  ÷  10 2 

100 0 ( 1 t o  20 )  ÷  10 3 

10,00 0 ( 1 t o  20 )  ÷  10 4 

100,00 0 ( 1 t o  20 )  ÷  10 5 

1,0000,00 0 ( 1 t o  20 )  ÷  10 6 

TSK Typ e  Ç PS-DVB 40 (0. 5 t o  10 )  ÷  10 2 

25 0 (0. 5 t o  60 )  ÷  10 2 

150 0 ( 1 t o  60 )  ÷  10 3 

10,00 0 (0. 5 t o  40 )  ÷  10 A 

100,00 0 (0. 2 t o  400 )  ÷  10 4 

LiChrosphe r Silic a 10 0 ( 5 t o  8 )  ÷  10 4 

50 0 ( 3 t o  6 )  ÷  10 5 

100 0 ( 6 t o  14 )  ÷  10 5 

400 0 ( 2 t o  5.8 )  ÷  10 6 

TSK Typ e  S W Silic a 13 0 < 2  ÷  10 4 

24 0 < 4  ÷  10 4 

45 0 < 2  ÷  10 5 

ìÂïçÜ^è É Å Silic a 12 5 (0. 2 t o  50 )  ÷  10 3 

50 0 (0. 5 t o  50 )  ÷  1 0 

100 0 ( 5 t o  20 )  ÷  10 5 

CPG Porou s 40 ( 1 t o  8 )  ÷  10 3 

Glas s 10 0 ( 1 t o  30 )  ÷  10 3 

25 0 (2. 5 t o  125 )  ÷  10 3 

55 0 (1. 1 t o  35 )  ÷  10 4 

150 0 ( 1 t o  10 )  ÷  10 5 

250 0 ( 2 t o  15 )  ÷  10 5 

a Availabl e  i n  5  o r  1 0 micromete r  particl e  sizes . 

MICROPARTICULATE PACKINGS FO R SIZE-EXCLUSIO N CHROMATOGRAPHY 

Commercia l  Packin g Averag e  Molecula r  Weigh t 
Name  Material 3 Por e  Siz e  Exclusio n 
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aqueou s  medi a  th e  bonde d phase s  caus e  hydrophobi c  interaction s  whic h ar e 

detrimenta l  t o  sampl e  recovery .  Colum n packing s  wit h lo w absorptivit y  an d lo w 

hydrophobicit y  hav e  bee n prepare d b y silylatio n wit h suitabl y substitute d 

reagent s  t o  for m a  wate r  compatibl e  bonde d phas e  [37,38] , 

The  controlle d por e  glas s  packing s  ar e  nearl y  pur e  silic a  i n  compositio n 

bu t  ar e  prepare d b y a  differen t  metho d t o  th e  microporou s  silic a  material s 

discusse d previously .  A  borosilicat e  glas s  i s  thermall y treate d t o  caus e 

separatio n o f  th e  borat e  an d silicat e  anions .  Th e  materia l  i s  crushe d an d 

sieve d t o  th e  desire d particl e  siz e  an d th e  por e  networ k i s  create d b y 

chemicall y  leachin g ou t  th e  borat e  anions .  Th e  por e  siz e  i s  controlle d b y th e 

therma l  treatment .  Th e  chromatographi c  propertie s  o f  th e  controlle d por e  glas s 

colum n packing s  are ,  no t  unsurprisingly ,  simila r  t o  th e  microporou s  silic a 

packings .  Adsorptiv e  activit y  ca n b e  reduce d i n  th e  sam e  manne r  a s  describe d 

fo r  silic a  packings . 

4. 4  Colum n Preparatio n 

The  decisio n whethe r  t o  pac k o r  purchas e  HPL C column s  depend s  o n th e  typ e 

of  laborator y an d th e  rat e  o f  colum n consumption .  I n  th e  researc h laborator y 

wher e  th e  emphasi s  i s  o n fundamenta l  studie s  o r  th e  preparatio n o f  nove l  colum n 

packings ,  ther e  ma y b e  n o choic e  bu t  t o  prepar e  al l  columns .  I n  a  larg e 

analytica l  laborator y wher e  th e  consumptio n o f  column s  i s  substantial ,  i t  ma y b e 

economicall y  justifiabl e  t o  pac k al l  th e  column s  used .  Som e  laboratorie s  prefe r 

t o  pac k thei r  ow n column s  simpl y t o  avoi d problem s  wit h change s  i n  colum n 

specificatio n b y th e  manufacture r  o r  t o  avoi d periodi c  shortage s  i n  supply . 

However ,  fo r  thos e  laboratorie s  usin g onl y a  fe w column s  pe r  year ,  i t  i s 

unlikel y tha t  a  colum n packin g facilit y  i s  economicall y  justifiable .  A  perusa l 

throug h th e  scientifi c  literatur e  indicate s  tha t  thi s  i s  th e  genera l  cas e  an d 

fe w laboratorie s  currentl y  pac k thei r  ow n columns .  Th e  genera l  qualit y  o f 

commercia l  column s  ha s  improve d substantiall y  ove r  th e  las t  fe w year s  an d 

competitio n fo r  th e  availabl e  marke t  ha s  stabilize d price s  a t  reasonabl e 

levels .  However ,  eve n i f  th e  manufacture r  provide s  a  tes t  chromatogra m wit h th e 

column ,  i t  i s  necessar y tha t  th e  receivin g laborator y repea t  th e  tes t 

specificatio n t o  chec k fo r  damag e  o r  chang e  durin g shipment .  Sinc e  testin g 

individua l  column s  require s  equipmen t  an d personnel ,  th e  manufacturer s  woul d 

lik e  t o  transfe r  thei r  qualit y  contro l  requirement s  t o  th e  purchase r  i n  retur n 

fo r  a  lowe r  pric e  pe r  column .  Thi s  i s  attractiv e  t o  man y laboratorie s  wit h 

restricte d budget s  (particularl y  universit y  laboratorie s  wit h lo w labo r 

overheads!) ,  bu t  require s  tha t  th e  laborator y i s  conversan t  wit h colum n testin g 

procedures . 
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4.4. 1 Th e  Colum n Blan k 

The  choic e  o f  th e  colum n blan k an d it s  associate d fitting s  ca n influenc e 

bot h th e  performanc e  o f  th e  colum n an d th e  application s  i n  whic h th e  colum n ca n 

be  used .  Th e  constructio n materia l  mus t  b e  abl e  t o  withstan d th e  pressur e  a t 

whic h th e  colum n i s  t o  b e  operate d an d b e  chemicall y  resistan t  t o  a  wid e  rang e 

of  mobil e  phases .  Fo r  thi s  reason ,  seamles s  polishe d 31 6 stainles s  stee l  i s  th e 

preferre d material .  I t  i s  mechanicall y  stron g an d i s  iner t  t o  mos t  solvent s 

wit h th e  exceptio n o f  halid e  salts ,  particularl y  a t  ±o w p H [2] ,  Corrosio n 

occur s  whe n th e  halid e  sal t  containin g mobil e  phas e  i s  i n  prolonge d contac t  wit h 

th e  column .  Flushin g th e  syste m wit h wate r  a t  th e  en d o f  th e  da y wil l  usuall y 

preven t  an y seriou s  problems .  I f  corrosio n is ,  however ,  envisage d a s  a  proble m 

(thi s  i s  rarel y th e  case )  the n glas s  ma y b e  use d instea d o f  stainles s  steel . 

Heavy-walle d glas s  tubin g wit h a n uppe r  operatin g pressur e  limi t  o f  abou t  60 0 

p.s.i .  i s  commerciall y  available .  Glass-line d stainles s  stee l  columns , 

combinin g th e  smoothnes s  an d inertnes s  o f  glas s  wit h th e  strengt h o f  stainles s 

steel ,  ar e  als o availabl e  [39] , 

Prio r  t o  packing ,  th e  interio r  wal l  o f  th e  empt y colum n mus t  b e  cleane d an d 

polished .  I t  i s  particularl y  importan t  tha t  th e  colum n blan k ha s  a  smoot h inne r 

surfac e  an d tha t  residua l  greas e  an d meta l  fine s  fro m th e  tub e  drawin g proces s 

ar e  removed .  Thi s  i s  achieve d b y a  thoroug h washin g sequenc e  involvin g aqueou s 

an d organi c  solvents .  Fou r  o r  fiv e  solvent s  o f  differen t  polarit y  ar e  usuall y 

sufficient .  Dilut e  acid s  an d detergen t  solution s  ma y als o b e  include d i n  th e 

washin g sequence .  Th e  air-drie d tub e  i s  the n polishe d internall y  b y passin g a 

lint-fre e  clot h attache d t o  a  nylo n threa d o r  a  pip e  cleane r  throug h th e  colum n 

severa l  times .  Th e  inne r  wal l  o f  th e  polishe d colum n shoul d b e  smoot h an d 

reflectiv e  whe n viewe d agains t  th e  light ,  an d fre e  fro m an y indentation s  and/o r 

burrs . 

Colum n en d fitting s  an d connector s  mus t  b e  designe d wit h a  minimu m dea d 

volum e  t o  eliminat e  extracolum n ban d broadening .  Standar d tub e  fittings ,  suc h 

as  thos e  employe d i n  ga s  chromatograph y an d genera l  laborator y plumbing ,  ar e  no t 

suitabl e  fo r  colum n connection .  Som e  typica l  lo w dead-volum e  colum n fitting s 

fo r  HPL C ar e  show n i n Figur e  4.8 .  Thes e  fitting s  ma y b e  obtaine d fro m mos t 

chromatographi c  suppl y houses .  Zer o dead-volum e  fitting s  ar e  als o availabl e  an d 

provid e  a  minimu m o f  dea d volum e  b y eliminatin g th e  spac e  betwee n th e  colum n 

end s  withi n th e  fitting . 

The  packin g materia l  i s  retaine d an d protecte d fro m th e  intrusio n o f 

particl e  matte r  b y porou s  frit s  o r  screens .  Thes e  ma y b e  eithe r  incorporate d 

int o th e  colum n end s  themselve s  o r  mad e  a n integra l  par t  o f  th e  colum n en d 

fittings .  Th e  frit s  ar e  mad e  fro m porou s  stainles s  steel ,  Hastaloy ,  o r  PTF E an d 

hav e  a n averag e  por e  diamete r  les s  tha n th e  particl e  siz e  o f  th e  colum n packin g 
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Figur e  4. 8 Colum n en d fitting s  an d connector s  fo r  HPLC .  A ,  lo w dead-volum e 
colum n en d fitting ;  B ,  standar d colum n terminator ;  C ,  standar d 
reducin g union ;  D ,  coaxia l  flo w colum n en d fitting . 

(typicall y  2  micrometers) . 

The  mos t  commo n siz e  fo r  analytica l  column s  packe d wit h 5  t o  1 0 micromete r 

diamete r  material s  i s  2 5 t o  3 0 c m i n lengt h wit h a n interna l  diamete r  o f  4. 0  t o 

4. 6  mm.  Longe r  column s  wit h a  narrowe r  interna l  diamete r  (e.g. ,  5 0 c m ÷  2, 1 m m 

I.D. )  ar e  use d t o  pac k porou s  laye r  bead s  wit h averag e  particl e  diameter s 

greate r  tha n 2 0 micrometers .  Wit h th e  introductio n o f  colum n packing s  havin g 3 

an d 5  micromete r  diameter s  ther e  ha s  bee n a  tren d toward s  th e  us e  o f  shorte r 

column s  o f  5-7. 5 o r  10-1 5 c m wit h 4.0-4. 6  o r  8. 0  m m interna l  diameters , 

respectivel y [40] .  Narro w bor e  column s  ar e  favore d fo r  trac e  analysi s  a s  the y 

consum e  les s  solven t  fo r  a  separatio n an d provid e  les s  pea k dilutio n fo r  a 

componen t  a t  th e  detector .  The y als o requir e  les s  packin g materia l  t o  prepar e 

th e  column .  Wide r  bor e  column s  ca n separat e  large r  sampl e  size s  withou t  los s  i n 

efficienc y an d ar e  operate d a t  highe r  flo w rate s  t o  minimiz e  th e  influenc e  o f 

extracolum n ban d broadening .  Th e  packin g o f  column s  longe r  tha n mentione d abov e 

usuall y  result s  i n  column s  o f  lowe r  overal l  efficiency .  Whe n longe r  column s  ar e 

neede d fo r  a  particula r  separation ,  superio r  result s  ar e  obtaine d b y th e  serie s 

couplin g o f  standar d column s  wit h shor t  length s  o f  0.2 5 m m I.D .  stainles s  stee l 

capillar y tubin g [41] . 
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4.4. 2 Selectio n o f  Colum n Packin g Metho d 

The  metho d chose n fo r  colum n packin g depend s  mainl y o n th e  mechanica l 

strengt h o f  th e  packin g an d it s  particl e  siz e  an d particl e  siz e  distribution . 

Rigi d particle s  o f  greate r  tha n 2 0 micromete r  diamete r  ca n b e  dr y packe d 

[18,42] .  Particle s  o f  smalle r  diamete r  hav e  a  hig h surfac e  energ y t o  mas s  rati o 

an d ten d t o  for m aggregate s  whe n dr y packed .  Thi s  result s  i n  a  nonunifor m 

packin g wit h widel y varyin g flo w velocitie s  alon g th e  colum n an d poo r  overal l 

colum n efficiency .  Fo r  particle s  wit h diameter s  les s  tha n 2 0 micrometers , 

slurr y packin g technique s  ar e  used .  Th e  mai n requirement s  o f  th e  slurr y packin g 

solven t  ar e  tha t  i t  mus t  thoroughl y we t  th e  packin g an d provid e  adequat e 

dispersio n o f  th e  packin g material .  Man y commo n solvent s  an d solven t  mixture s 

hav e  bee n use d fo r  thi s  purpose .  N o singl e  solven t  syste m i s  suitabl e  fo r  al l 

colum n packin g operation s  du e  t o  th e  divers e  chemica l  natur e  o f  th e  surface s  o f 

th e  colum n packing s  used .  Bonded-phas e  material s  wit h hydrocarbon-lik e  surface s 

becom e  highl y charge d whe n packe d unde r  condition s  o f  rapi d solven t  flow .  Th e 

charg e  repulsio n cause d b y th e  build-u p o f  stati c  charge s  result s  i n  th e 

formatio n o f  a n ope n packin g tha t  collapse s  whe n th e  flo w i s  stopped .  Thi s  ca n 

be  remedie d b y addin g a  trac e  amoun t  o f  a n electrolyt e  t o  th e  slurr y solvent . 

Wit h particl e  diameter s  o f  abou t  1 0 micrometers ,  balanced-densit y  slurr y 

technique s  ar e  mos t  commonl y used .  Balanced-densit y  slurr y solvent s  ar e  usuall y 

mixture s  o f  suc h solvent s  a s  tetraboromethane ,  tetrachloroethylene ,  an d methano l 

mixe d i n  variou s  proportion s  t o  matc h th e  densit y  o f  th e  colum n packin g 

material .  Particl e  segregatio n b y sedimentatio n decrease s  a s  th e  densit y  o f  th e 

slurr y solven t  approache s  tha t  o f  th e  packin g material .  Consequently ,  th e 

slurr y solven t  mixtur e  mus t  b e  tailore d t o  th e  propertie s  o f  th e  individua l 

packin g materia l  an d n o universa l  recip e  fo r  al l  packing s  exist s  [43-45],  Th e 

optimu m slurr y solven t  combinatio n i s  easil y  establishe d b y tria l  an d error . 

Afte r  ultrasoni c  agitation ,  th e  balanced-densit y  slurr y shoul d b e  stabl e  a t  roo m 

temperatur e  i n  a  draft-fre e  environmen t  fo r  a t  leas t  3 0 minute s  withou t  sign s  o f 

sedimentation .  Particl e  sedimentatio n toward s  th e  botto m o f  th e  flas k indicate s 

tha t  th e  concentratio n o f  th e  dense r  slurr y solven t  shoul d b e  increased .  Th e 

opposit e  i s  tru e  whe n sedimentatio n occur s  agains t  th e  influenc e  o f  gravity . 

Some  suitabl e  solvent s  fo r  preparin g balanced-densit y  solven t  mixture s  ar e  give n 

i n  Tabl e  4.5 .  Th e  brominate d o r  iodate d alkane s  ar e  somewha t  expensive ,  highl y 

toxic ,  an d ma y reac t  wit h som e  packin g materials .  Iodate d solvent s  ma y 

chemicall y  reac t  wit h amino-containin g phase s  an d mus t  b e  avoide d i n  thi s  case . 

Packin g material s  wit h tigh t  particl e  siz e  distribution s  an d averag e 

particl e  diameter s  o f  5  micrometer s  o r  les s  sedimen t  ver y slowl y wit h goo d 

dispersiv e  propertie s  an d therefor e  a  balanced-densit y  slurr y i s  rarel y require d 

fo r  thei r  packin g [46-51] .  A  slurr y solven t  mixtur e  containin g 1.0 % o f  a 
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non-ioni c  surfactan t  ha s  bee n foun d effectiv e  fo r  packin g a  wid e  rang e  o f  5 

micromete r  bonded-phas e  material s  [51] . 

TABLE 4. 5 

PROPERTIES O F SOME SLURRY-PACKING SOLVENTS 

Solven t Densit y Viscosit y 
g/m l cP,20° C 

Diiodomethan e 3. 3 2. 9 
1,1,2,2-Tetrabromomethan e 3. 0 
Dibromomethan e 2. 5 1. 0 
Iodomethan e 2. 3 0. 5 
Tetrachloroethylen e 1. 6 0. 9 
Carbo n tetrachlorid e 1. 6 1. 0 
Chlorofor m 1. 5 0. 6 
Trichloroethylen e 1. 5 0. 6 
Bromoethan e 1. 5 0. 4 
Dichloromethan e 1. 3 0. 4 
Ethylen e  glyco l 1.1 1 1. 7 
Wate r 1. 0 1. 0 
Tetrahydrofura n 0. 9 0. 5 
n-Butano l 0. 8 3. 0 
n-Propano l 0. 8 2. 3 
Methano l 0. 8 0. 6 
Cyclohexan e 0. 8 1. 0 
n-Heptan e 0. 7 0. 4 
Isooctan e 0. 7 0. 5 

As  particle s  sedimen t  slowl y i n  solvent s  o f  hig h viscosity ,  efficien t 

column s  ca n b e  packe d wit h viscou s  solvent s  a s  th e  slurr y mediu m [52] .  However , 

solvent s  o f  hig h viscosit y  increas e  th e  resistanc e  t o  flo w throug h th e  colum n s o 

tha t  th e  packin g procedur e  i s  slo w an d require s  ver y hig h pressures . 

Consequently ,  thi s  metho d o f  colum n packin g ha s  no t  bee n widel y used . 

Revie w article s  devote d t o  colum n packin g procedure s  ar e  availabl e 

[2,18,30] ,  Kno x ha s  summarize d th e  critica l  point s  fo r  successfu l  slurr y 

packin g o f  columns ,  Tabl e  4. 6  [53] . 

TABLE 4. 6 

CRITICA L POINT S I N SLURRY PACKIN G 

1.  Th e  particle s  mus t  no t  sedimen t  to o fas t  durin g th e  procedure . 

2.  Th e  particle s  mus t  no t  agglomerate . 

3.  Th e  particle s  mus t  hi t  th e  accumulatin g be d a t  a  hig h impac t  velocity . 

4.  Eac h particl e  shoul d hav e  tim e  t o  settl e  i n  befor e  i t  i s  burie d b y othe r 
particle s  landin g o n top . 

5.  Th e  liqui d use d t o  suppor t  th e  slurr y mus t  b e  easil y  washe d ou t  o f  th e 
packin g an d mus t  no t  reac t  wit h it . 
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4.4. 3 Dry-Packin g Colum n Procedure s 

Rigi d particle s  wit h diameter s  >  2 0 micrometer s  ca n b e  dry-packe d 

efficientl y  wit h relativel y simpl e  apparatu s  usin g th e  tap-fil l  metho d [18] . 

The  empt y colum n i s  hel d verticall y  wit h a n en d fittin g a t  it s  lowe r  en d an d a 

smal l  incremen t  o f  packing ,  equivalen t  t o  abou t  3- 5 m m o f  colum n bed ,  i s  adde d 

fro m a  funnel .  Th e  packin g i s  consolidate d b y tappin g firml y o n a  har d surfac e 

2- 3 time s  a  secon d (80-10 0 time s  pe r  packin g increment )  whil e  lightl y  rappin g o n 

th e  sid e  o f  th e  colum n a t  th e  approximat e  packin g leve l  an d rotatin g th e  colum n 

slowly .  Furthe r  increment s  o f  packin g ar e  adde d an d th e  proces s  i s  repeate d 

unti l  th e  colum n i s  filled .  Verticl e  tappin g i s  the n continue d fo r  3- 5 minute s 

an d th e  inle t  fittin g attache d withou t  disturbin g th e  colum n packing .  Th e 

packe d colum n i s  the n attache d t o  th e  liqui d chromatograp h an d equilibrate d wit h 

th e  mobil e  phas e  unti l  n o furthe r  bubble s  apppea r  a t  th e  colum n outle t  an d th e 

colum n pressur e  an d flo w rat e  hav e  stabilized . 

Durin g a  recen t  stud y o f  dry-packin g technique s  fo r  a n irregula r  silic a 

packin g i t  wa s  foun d tha t  vertica l  tappin g durin g th e  packin g proces s  wa s 

detrimenta l  t o  colum n performanc e  [42] .  Th e  bes t  result s  wer e  obtaine d whe n 

incrementa l  addition ,  latera l  tappin g a t  th e  leve l  o f  th e  colum n packin g an d 

rotatio n o f  th e  colum n wer e  employed .  Incrementa l  additio n o f  th e  colum n 

packing ,  followe d b y consolidatio n o f  th e  packe d bed ,  gav e  bette r  result s  tha n 

bul k filling .  Th e  colum n characteristic s  suc h a s  plat e  height ,  permeability , 

etc. ,  ca n b e  reproduce d t o  ±  10 % fo r  th e  sam e  packin g materia l  usin g eithe r 

manua l  o r  automati c  dry-packin g procedures . 

Latera l  tappin g i s  performe d wit h a  har d meta l  tool .  Vibratio n devices , 

simila r  t o  thos e  use d t o  pac k G C columns ,  shoul d no t  b e  use d a s  the y ten d t o 

produc e  particl e  sizin g acros s  th e  diamete r  o f  th e  column .  Thi s  result s  i n  a 

heterogeneou s  be d wit h larg e  particle s  nea r  th e  wal l  an d th e  smalle r  particle s 

a t  th e  center . 

4.4. 4  Down-Fil l  Slurr y Colum n Packin g 

Slurr y packin g technique s  ar e  require d fo r  th e  preparatio n o f  efficien t 

column s  wit h rigi d particle s  o f  <  2 0 micromete r  diameter .  Th e  sam e  genera l 

packin g apparatus ,  Figur e  4.9 ,  ca n b e  use d t o  pac k column s  b y th e 

balanced-densit y  slurry ,  nonbalanced-densit y  slurry ,  o r  th e  viscou s  slurr y 

method . 

Prio r  t o  th e  preparatio n o f  th e  slurry ,  som e  preliminar y treatmen t  o f  th e 

packin g materia l  i s  required .  Silic a  ge l  packing s  ar e  heate d i n  a n ove n t o 

remov e  physicall y  adsorbe d wate r  whic h tend s  t o  caus e  particl e  sedimentatio n 

durin g packing .  Th e  colum n packing s  ar e  suspende d i n  a  solven t  t o  remov e  fine s 
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or  agglomerates .  Typica l  slurr y concentration s  ar e  1-30 % w/ w wit h 5-15 % w/ w 

considere d optimum .  Th e  slurr y i s  degasse d i n  a n ultrasoni c  bat h prio r  t o 

loadin g i t  int o  th e  packin g reservoir . 

Solven t 
Reservoi r 

Pressur e 
Gaug e 

Regulato r 

Nitroge n Pneumati c 
Amplifie r 

Pum p 

Chec k 
Valve 

Packin g 
Assembl y 

Colum n 

Stop/Flo w 
Valve • 

Beake r 
Figur e  4. 9 Down-fil l  slurr y packin g apparatus .  (Reproduce d wit h permissio n 

fro m ref .  48 .  Copyrigh t  Elsevie r  Scientifi c  Publishin g Co. ) 

Usin g Figur e  4. 9 a s  a  guide ,  th e  packin g procedur e  usin g th e  down-fil l 

technique s  wil l  b e  described .  A t  th e  lowe r  en d o f  th e  precleane d colum n blan k a 

retainin g porou s  fri t  o r  scree n an d a  standar d Swagelo k fittin g ar e  attached . 

The  Swagelo k fittin g i s  use d t o  allo w maximu m solven t  flo w throug h th e  colum n 

durin g packin g an d mus t  b e  replace d wit h a  zer o dead-volum e  fittin g befor e 

installin g th e  colum n i n th e  chromatograph .  A  3- 5 c m lengt h o f  connecto r 

tubing ,  whic h i s  affixe d t o  th e  bas e  o f  th e  packin g reservoir ,  i s  attache d t o 

th e  to p en d o f  th e  column .  Th e  connecto r  tub e  behave s  a s  a  mini-reservoi r  an d 

guide s  th e  slurr y int o th e  colum n blan k an d als o ensure s  tha t  th e  colum n i s 

completel y fille d a t  th e  en d o f  th e  packin g procedure .  Th e  interna l  diamete r  o f 

th e  connecto r  tub e  shoul d b e  th e  sam e  a s  th e  colum n blan k t o  ensur e  a  rapi d an d 

smoot h passag e  o f  th e  slurr y int o th e  colum n withou t  subjectin g th e  packin g t o 

undu e  shee r  forces .  Th e  colum n blan k an d connecto r  tub e  ar e  fille d wit h eithe r 

th e  slurr y solven t  itsel f  o r  a  solven t  o f  highe r  densit y  an d degasse d b y tappin g 

th e  sid e  o f  th e  colum n wit h a  meta l  rod .  A  stopcoc k i s  attache d t o  th e  lowe r 

en d o f  th e  colum n t o retai n th e  solvent .  Th e  slurr y i s  adde d t o  th e  reservoi r 

an d th e  connectin g tubin g i s  fille d wit h solven t  bac k t o  th e  stop-flo w valve . 

Thi s  solven t  ma y b e  th e  sam e  o r  differen t  tha n th e  slurr y solvent .  Th e  pressur e 

use d fo r  th e  packin g operatio n i s  the n establishe d u p t o  th e  stop-flo w valve . 

The  colum n i s  packe d a t  a  pressur e  o f  5000-12,00 0 p.s.i .  usin g a  gas-drive n 

pneumati c  amplifie r  pump .  Th e  packin g proces s  i s  rapid ;  wit h th e  stopcoc k open , 

th e  stop-flo w valv e  i s  als o opene d an d a  constan t  pressur e  i s  maintaine d whil e 

abou t  10 0 ml  o f  th e  packin g solven t  i s  pumpe d throug h th e  column .  Th e  stop-flo w 
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valv e  i s  the n close d an d th e  pressur e  allowe d t o  blee d throug h th e  colum n unti l 

th e  solven t  flo w ceases .  Th e  performanc e  o f  th e  colum n packin g i s  ofte n 

improve d b y be d consolidation .  Th e  packin g apparatu s  i s  pressurize d t o  it s 

origina l  value ,  th e  stop-flo w valv e  i s  opened ,  an d a  furthe r  50-10 0 m l  o f 

solven t  i s  pumpe d throug h th e  column .  Th e  be d consolidatio n proces s  i s  repeate d 

severa l  time s  unti l  th e  colum n permeabilit y  i s  constant .  Tha t  is ,  a t  a  constan t 

pressure ,  th e  colum n flo w rat e  doe s  no t  chang e  afte r  repressurization .  Th e 

colum n i s  the n remove d fro m th e  packin g apparatus ,  exces s  packin g i s  brushe d 

fro m th e  colum n to p wit h a  razo r  blade ,  an d a  scree n o r  fri t  an d a  zer o 

dead-volum e  fittin g ar e  attached .  Prio r  t o  testin g an d use ,  th e  colum n ma y 

requir e  furthe r  conditionin g t o  was h ou t  th e  packin g solven t  o r  t o  contro l  th e 

activit y  o f  adsorben t  packings . 

4.4. 5  Up-Fil l  Slurr y Colum n Packin g 

The  up-fil l  slurr y packin g metho d i s  performe d wit h a n apparatu s  simila r  t o 

tha t  i n  Figur e  4.10 .  I t  i s  th e  onl y packin g metho d whic h ha s  bee n use d 

successfull y  t o  pac k column s  longe r  tha n 2 5 c m wit h 5  micromete r  particles .  Th e 

hea d o f  th e  packin g reservoi r  ca n b e  modifie d t o  allo w si x column s  t o  b e  packe d 

simultaneousl y [54] . 

The  principl e  o f  th e  packin g metho d i s  base d o n th e  upwar d displacemen t  o f 
•Ou t l e t 

Colum n Terminato r 
(zer o  dead -

volum e union ) 

- I n l e t 
(fro m pump ) 

Sea l 

Magneti c 
S t i r r in g Ba r 

Figur e  4.1 0 Up-fil l  slurr y packin g apparatus .  (Reproduce d wit h permissio n 
fro m Micromeritic s  Instrument s  Corp. ) 



24 0 

a  stabl e  slurr y int o th e  colum n blan k fro m a  reservoir* .  Th e  content s  o f  thi s 

reservoi r  ar e  continuousl y dilute d b y th e  slurr y solven t  bein g pumpe d int o it . 

Dilut e  slurrie s  (1-10 % w/w )  an d continuou s  stirrin g ar e  use d t o  minimiz e  th e 

possibilit y  o f  agglomeratio n o f  th e  packin g slurr y i n  th e  reservoir .  Thi s 

become s  importan t  wit h packing s  havin g diameter s  greate r  tha n 5  micrometers . 

The  viscosit y  o f  th e  slurr y solven t  doe s  no t  influenc e  th e  efficienc y o f  th e 

packe d colum n bu t  does ,  however ,  contro l  th e  packin g rate .  Therefore ,  slurr y 

solvent s  o f  lo w viscosit y  ar e  preferred .  Th e  controllin g facto r  fo r  packin g 

column s  b y th e  up-fil l  metho d i s  tha t  th e  velocit y  o f  bot h th e  particle s 

strikin g th e  be d an d th e  solven t  transportin g the m mus t  b e  hig h enoug h t o 

preven t  th e  particle s  fro m fallin g bac k int o th e  reservoir .  I f  thi s  conditio n 

i s  met ,  eac h particl e  i n  a  dilut e  slurr y i s  no t  influence d b y th e  othe r 

particle s  an d pack s  randoml y t o  for m a n even ,  densely-packe d bed . 

To pac k a  column ,  th e  reservoi r  i n  Figur e  4,1 0 i s  charge d wit h th e  packin g 

slurry .  Th e  slurr y i s  stirre d constantl y  t o  maintai n a  homogeneou s  suspension . 

Wit h th e  li d  o f  th e  reservoi r  secure d an d th e  outle t  valv e  open ,  th e  slurr y 

solven t  i s  pumpe d gentl y  int o th e  attache d colum n unti l  th e  firs t  dro p o f  slurr y 

appear s  a t  th e  colum n exit .  Thi s  purge s  trappe d ai r  fro m th e  system .  Th e 

outle t  valv e  i s  closed ,  th e  pressur e  use d t o  pac k th e  column ,  (2000-750 0 

p.s.i. )  i s  established ,  an d th e  valv e  i s  reopene d t o  forc e  th e  slurr y int o th e 

column .  Th e  packin g proces s  i s  complet e  whe n th e  flo w rat e  throug h th e  colum n 

ha s  stabilized .  Th e  pum p an d magneti c  stirre r  ar e  stopped ,  th e  pressur e  i s 

allowe d t o  blee d away ,  an d th e  colum n i s  disconnecte d fro m th e  reservoir .  A 

zer o dead-volum e  fittin g an d fri t  ar e  attache d t o  th e  colum n inle t  en d an d th e 

colum n i s  read y fo r  equilibratio n an d testing . 

4.4. 6  Packin g Column s  wit h Semirigi d Particle s 

Packin g procedure s  fo r  semirigi d particle s  ar e  simila r  t o  thos e  use d fo r 

rigi d particles ,  excep t  tha t  th e  colum n packin g pressur e  i s  limite d b y th e  lowe r 

mechanica l  strengt h o f  th e  packing .  Ion-exchang e  resin s  wit h a  polymeri c 

backbon e  ar e  usuall y  packe d b y th e  salt-balanced-densit y  slurr y method .  Organi c 

resin s  mus t  b e  swolle n i n  th e  slurr y solven t  prio r  t o  packing .  Th e  resi n i s 

packe d int o th e  colum n a t  a  pressur e  dependen t  o n th e  mechanica l  strengt h o f  th e 

swolle n resi n beads ,  usuall y  <  500 0 p.s.i .  fo r  eve n th e  stronges t  beads . 

Semirigi d organi c  gel s  ar e  usuall y  packe d b y th e  balanced-densit y  slurr y packin g 

technqiu e  afte r  firs t  bein g swolle n fo r  severa l  hour s  i n  th e  slurr y medium . 

Thes e  gel s  ar e  normall y packe d a t  pressure s  les s  tha n 300 0 p.s.i .  Th e  organi c 

gel s  hav e  a  lo w densit y  compare d t o  silic a  an d requir e  lowe r  densit y  solvent s 

fo r  slurr y preparation . 

Column s  o f  sof t  gel s  canno t  b e  packe d fro m dr y particles ,  no r  ca n th e  hig h 
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pressur e  slurry-packin g proces s  b e  use d sinc e  th e  ge l  structur e  collapse s  eve n 

unde r  relativel y lo w pressures .  Thes e  sof t  gel s  ar e  no t  usefu l  fo r  HPLC . 

4. 5 Colum n Testin g an d Evaluatio n 

A ne w column ,  whethe r  purchase d o r  packe d i n  th e  laboratory ,  shoul d alway s 

be  teste d befor e  us e  t o  ensur e  tha t  i t  meet s  th e  prope r  specification s  fo r  it s 

intende d use .  Th e  tes t  chromatogra m als o provide s  a  referenc e  o f  colum n 

performanc e  whic h ma y b e  use d late r  t o  asses s  colum n changes .  Repeatin g th e 

tes t  chromatogra m a t  periodi c  interval s  shoul d b e  a  par t  o f  goo d laborator y 

practic e  s o tha t  th e  statu s  o f  th e  colum n i s  known .  Change s  i n  suc h primar y 

colum n parameter s  a s  th e  capacit y  factor ,  plat e  count ,  separatio n factor ,  an d 

pressur e  dro p ar e  al l  associate d wit h change s  i n  th e  chromatographi c  syste m an d 

may b e  reversible .  A  routin e  colum n testin g procedur e  wil l  b e  describe d shortl y 

tha t  utilize s  th e  parameter s  obtaine d fro m th e  tes t  chromatogram .  Th e  result s 

obtaine d ar e  simila r  t o  thos e  provide d wit h preteste d commercia l  columns .  Th e 

parameter s  use d t o  describ e  colum n performanc e  ar e  summarize d i n  Tabl e  4.7 .  A 

complet e  evaluatio n o f  colum n performanc e  i s  mor e  comple x an d i s  fa r  to o 

detaile d an d tim e  consumin g fo r  us e  i n  mos t  analytica l  laboratories .  Bristo w 

an d Kno x hav e  summarize d th e  parameter s  require d t o  completel y defin e  colum n 

performance ,  Tabl e  4. 8  [55] , 

TABLE 4. 7 

PARAMETERS FO R ROUTIN E COLUMN TESTIN G 

-  Plat e  coun t  fo r  severa l  solute s  (e.g. ,  k  =  0,3,10 ) 
-  Retentio n (e.g. ,  k  values )  fo r  appropriat e  solute s 
-  Relativ e  retentio n (  values )  fo r  unlik e  solute s 
-  Pea k symmetr y (ske w o r  asymmetr y factor ) 
-  Colum n pressur e  dro p o r  permeabilit y  measure d a t  a  give n flo w rate , 

mobil e  phase ,  an d temperatur e 
-  Concentratio n o f  bonde d organi c  phas e 

4.5. 1 Routin e  Colum n Tes t  Method s 

No singl e  se t  o f  condition s  exist s  fo r  testin g th e  performanc e  o f  al l 

colum n types .  Th e  chemica l  natur e  o f  th e  colum n packin g dictate s  th e  choic e  o f 

tes t  solute s  an d th e  mobil e  phase .  Som e  example s  o f  suitabl e  tes t  mixture s  fo r 

evaluatin g th e  performanc e  o f  differen t  colum n type s  ar e  give n i n  Tabl e  4.9 . 

Othe r  practica l  consideration s  i n  designin g a  tes t  syste m ar e  give n i n  Tabl e 

4.10 . 
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TABLE 4. 8 

PARAMETERS FO R COMPLETE COLUMN EVALUATION 

Operatin g Conditions : 

Propertie s  o f  th e  Mobil e  Phas e 
an d Solute(s) : 

Geometrica l  Parameters : 

Chromatographi c  Parameters : 

Chromatographi c  Properties : 

Subsidiar y Properties : 

Colum n temperatur e 
Packin g designatio n 
Packin g metho d 
Mobil e  phas e  compositio n 
Tes t  sampl e  compositio n 
Detectio n metho d 
Injectio n metho d 

Mobil e  phas e  viscosit y 
Diffusio n coefficien t  o f  th e  solute(s ) 
i n  th e  mobil e  phas e 

Colum n be d lengt h 
Colum n bor e 
Particl e  siz e 

Volum e  o f  injecte d sampl e 
Pea k retentio n time s  o r  retentio n 
volume s  fo r  th e  unretaine d an d 
retaine d solute(s ) 
Pea k widt h a t  half-heigh t  o f  solute s 
on a  tim e  o r  retentio n volum e  basi s 
Colum n pressur e  dro p 
Volum e  flo w rat e  o f  mobil e  phas e 

Reduce d plat e  heigh t 
Reduce d linea r  mobil e  phas e  velocit y 
Colum n flo w resistanc e 

Colum n capacit y  rati o 
Knox-Parche r  rati o 
Tota l  porosit y 

Havin g chose n th e  tes t  sampl e  an d mobil e  phas e  composition ,  th e 

chromatogra m i s  run ,  usuall y  a t  a  fairl y  fas t  char t  spee d t o  reduc e  error s 

associate d wit h th e  measuremen t  o f  pea k widths ,  etc .  Th e  parameter s  calculate d 

fro m th e  chromatogra m ar e  th e  retentio n volum e  an d capacit y  facto r  o f  eac h 

component ,  th e  plat e  coun t  fo r  th e  unretaine d pea k an d a t  leas t  on e  o f  th e 

retaine d peaks ,  th e  pea k asymmetr y facto r  fo r  eac h component ,  an d th e  separatio n 

facto r  fo r  a t  leas t  on e  pai r  o f  solutes .  Th e  pressur e  dro p fo r  th e  colum n a t 

th e  optimu m tes t  flo w rat e  shoul d als o b e  noted .  Thi s  dat a  i s  the n use d t o 

determin e  tw o type s  o f  performanc e  criteria .  Thes e  ar e  kineti c  parameters , 

whic h indicat e  ho w wel l  th e  colum n i s  physicall y  packed ,  an d thermodynami c 

parameters ,  whic h indicat e  whethe r  th e  colum n packin g materia l  meet s  th e 

manufacturer' s  specifications .  Example s  o f  suc h thermodynami c  parameter s  ar e 

whethe r  th e  percentag e  o f  bonde d phas e  i s  correctl y  stated ,  an d whethe r  thi s 

particula r  colum n wil l  perfor m a  separatio n simila r  t o  a  colum n o f  th e  sam e  typ e 

use d previousl y i n  th e  laboratory . 
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TABLE 4. 9 

Tes t  Mixtur e  Mobil e  Phas e 

a ) Adsorbent s  (an d som e  pola r  bonde d phases ) 

Carbo n tetrachloride/benzene/naphthalen e Heptan e  (4 0 ml/h ) 

Pentane/toluene/nitrobenzene/acetophenone / 
2,6-dinitrotoluene/l,3,5-trinitrobenzen e 

Hexane-methano l  (99.5:0.5 ) 

Benzene/benzy l  alcohol/dimethylanilin e 

Naphthalene/m-dinitrobenzene/o-nitroanilin e Hexane-methylen e  chloride -
2-propano l  (89.5:10:0.5 ) 
(2 0 ml/h ) 

Toluene/phenanthrene/nitrobenzen e Hexane-acetonitril e  (99:1 ) 

m-Xylene/nitrobenzen e Hexane-acetonitril e  (99:1 ) 

b) Reversed-Phas e 

Benzene/cumene/tetramethylbenzen e 

Methanol/acetone/phenol/p-cresol / 
2,5-xylenol/anisole/phenetol e Methanol-wate r  (60:40 ) 

Benzene/naphthalene/bipheny l Methanol-wate r 

Resorcinol/naphthalene/anthracen e Acetonitrile-wate r  (55:45 ) 

Toluene/benzene/acetophenon e Methanol-wate r 

Anthraquinone/2-methylanthraquinone / 
2-ethylanthraquinon e Methanol-wate r  (70:30 ) 

c ) Ion-exchang e 

i )  Anio n exchanger s 
Cytidine-5-monophosphate / 
uridine-5-monophosphate / 
guanosine-5-monophosphat e 

0.0 5 Ì  KH oP0 . 
2  4 

pH 3.3 5 (4 0 ml/h ) 

ii )  Catio n exchanger s 
Uracil/guanine/cytosin e 0. 2 Ì  NH,H oP0 , 4  2  4 

pH 3. 5 (4 0 ml/h ) 

d ) Siz e  Exclusion 3 

Toluen e 
Aceton e 
Ethylen e  glyco l 

Tetrahydrofura n 
Wate r 

a T o indicat e  plat e  count .  Siz e  calibratio n i s  treate d elsewher e 

TEST MIXTURES FO R EVALUATING COLUMN PERFORMANCE 
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TABLE 4.1 0 

DESIRABLE PROPERTIE S O F TES T SOLUTES AND MOBILE PHASE S FO R COLUMN TESTIN G 

-  Tes t  solute s  shoul d b e  o f  lo w molecula r  weigh t  t o  ensur e  rapi d diffusio n 
an d eas y acces s  t o  th e  packin g por e  structure . 

-  Tes t  mixtur e  shoul d contai n component s  tha t  correctl y  characteriz e  th e 
colum n i n term s  o f  bot h kineti c  an d thermodynami c  performance . 

-  A  valu e  fo r  th e  colum n dea d volum e  i s  require d i n  mos t  calculations .  I t  i s 
convenien t  t o  hav e  on e  componen t  o f  th e  tes t  mixtur e  a s  a n unretaine d solute . 

-  A t  leas t  tw o component s  o f  th e  tes t  mixtur e  shoul d hav e  k  value s  betwee n 2 
an d 10 . 

-  Al l  measurement s  shoul d b e  mad e  wit h a  mobil e  phas e  o f  simpl e  composition , 
lo w viscosity ,  an d unde r  isocrati c  conditions . 

-  Th e  sampl e  volum e  and/o r  amoun t  o f  tes t  sampl e  shoul d no t  overloa d th e  column . 

-  I t  i s  convenien t  t o  us e  tes t  solute s  wit h a  stron g absorbanc e  a t  25 4 nm . 
A solut e  givin g 50-100 % FS D wit h a  detecto r  settin g o f  0.0 5 o r  1. 0  AUFS i s 
convenient . 

The  metho d use d t o  calculat e  th e  pea k asymmetr y facto r  i s  show n i n Figur e 

4.11 .  I t  follow s  th e  recommendation s  o f  Kirklan d [56 ]  bu t  i s  no t  universall y 

adopte d b y al l  colum n suppliers .  I n  thi s  discussion ,  th e  pea k asymmetr y facto r 

i s  measure d a t  10 % o f  th e  pea k height .  Som e  colum n supplier s  us e  th e  baselin e 

measuremen t  t o  specif y pea k asymmetry ,  leadin g t o  large r  limitin g value s  tha n 

thos e  give n here .  Pea k asymmetry ,  especiall y  o f  th e  unretaine d pea k o r  o f 

weakly-retaine d peak s  ( k <  3) ,  i s  typica l  o f  poorl y packe d column s  (i f 

instrumenta l  contribution s  ca n b e  excluded) .  I f  onl y th e  unretaine d pea k ( k < 

1)  i s  asymmetri c  and/o r  ther e  i s  a  significan t  differenc e  ( > 15% )  betwee n th e 

plat e  count s  fo r  th e  unretaine d an d retaine d peaks ,  the n extracolum n effect s  ar e 

implicate d an d shoul d b e  investigate d prio r  t o  repeatin g th e  test .  A s  a  genera l 

guide ,  column s  yieldin g pea k asymmetr y factor s  greate r  tha n 1. 2 ar e  o f  poo r 

qualit y  an d thos e  wit h value s  greate r  tha n 1. 6 shoul d b e  discarded . 

Some  typica l  minimu m value s  fo r  th e  plat e  count s  o f  commerciall y  availabl e 

column s  ar e  give n i n  Tabl e  4.11 .  Th e  numbe r  o f  theoretica l  plate s  obtaine d fro m 

a  particula r  colum n typ e  wil l  correlat e  primaril y  wit h th e  averag e  particl e  siz e 

of  th e  packing .  I t  i s  als o influence d b y th e  colum n flo w rat e  a t  whic h th e 

measurement s  ar e  mad e  an d b y th e  compositio n o f  th e  mobil e  phase .  Also ,  th e 

calculatio n o f  th e  plat e  coun t  wil l  produc e  value s  havin g a  larg e  positiv e 

deviatio n fro m th e  tru e  resul t  whe n applie d t o  asymmetri c  peaks .  Lowe r  tha n 

averag e  value s  fo r  th e  plat e  coun t  indicat e  a  poorl y packe d column . 
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Pea k 
Asymmetr y 

Figur e  4.1 1 Calculatio n o f  th e  pea k asymmetr y factor . 

TABLE 4.1 1 

EXPECTED EFFICIENC Y O F COMMERCIALLY AVAILABLE PACKED COLUMNS 

Typ e  Minimu m Efficienc y 
(plates/meter ) 

a ) Adsorben t 

Pellicula r  (35-4 5 micrometers ) 
Porou s  (1 0 micrometers ) 

( 5  micrometers ) 

2000-500 0 
24,00 0 
40,00 0 

b) Reversed-Phas e 

Pellicula r  (3 5 micrometers ) 
Porou s  (1 0 micrometers ) 

( 5  micrometers ) 
( 3  micrometer s 

100 0 
12,000-20,00 0 
35,000-45,00 0 
80,000-100,00 0 

c ) Ion-Exchang e 

Pellicula r  (3 5 micrometers ) 
Porou s  (1 0 micrometers )  Anio n 

Catio n 

100 0 
10,00 0 
15,00 0 

d ) Size-Exclusio n 

Porou s  Silic a  (1 0 micrometers ) 
Semirigi d Organi c  Gel s  (1 0 micrometers ) 

15,000-20,00 0 
9000-12,00 0 

Unde r  th e  tes t  conditions ,  larg e  change s  i n  k  an d á  value s  fo r  th e  tes t 

solute s  compare d t o  thos e  foun d previousl y fo r  simila r  column s  indicat e  a  chang e 

i n  th e  chemica l  natur e  o f  the*packin g material .  Th e  separatio n characteristic s 

of  th e  colum n wil l  therefor e  b e  differen t  fro m notionall y  simila r  column s  use d 

previously .  Significan t  change s  i n  th e  colum n pressur e  dro p betwee n comparabl e 
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column s  measure d unde r  th e  sam e  tes t  condition s  indicat e  tha t  eithe r  th e  colum n 

or  it s  fitting s  ar e  partiall y  blocked .  I f  cleanin g th e  fitting s  doe s  no t 

restor e  th e  pressur e  dro p t o  th e  norma l  rang e  th e  colum n shoul d b e  discarded . 

For  th e  compariso n o f  column s  o f  a  simila r  type ,  i t  i s  essentia l  tha t  th e 

experimenta l  condition s  fo r  th e  tes t  chromatogra m b e  faithfull y  reproduce d an d 

sufficien t  tim e  i s  allowe d fo r  colum n equilibratio n befor e  startin g th e  test . 

The  expecte d change s  i n  colum n performanc e  parameter s  du e  t o  change s  i n  th e 

experimenta l  condition s  ar e  summarize d i n  Tabl e  4.12 .  Som e  typica l  value s  fo r 

colum n performanc e  parameter s  an d thei r  acceptabl e  range s  ar e  give n i n  Tabl e 

4.1 3 fo r  a  reversed-phas e  colum n obtaine d fro m a*commercia l  source . 

4.5. 2  Th e  Us e  o f  Reduce d Parameter s  fo r  Colum n Testin g 

The  us e  o f  reduce d parameter s  (h ,  í ,È» )  rathe r  tha n absolut e  parameters 1 

(HETP ,  u ,  K q )  enable s  th e  performanc e  o f  differen t  colum n type s  t o  b e  compared , 

eve n i f  th e  operatin g condition s  ar e  no t  identical .  Column s  packe d wit h 

material s  o f  differen t  sizes ,  elute d wit h solvent s  o f  differen t  viscosities ,  an d 

teste d wit h solute s  havin g differen t  diffusio n coefficient s  ma y b e  compare d 

directl y  usin g th e  parameter s  define d belo w [17,55,57] , 

TABLE 4.1 2 

EXPERIMENTAL PARAMETERS AFFECTIN G COLUMN EFFICIENC Y 

Paramete r Chang e  i n  Efficienc y (n ) 

Linea r  velocity , Lower  velocitie s  giv e  highe r  value s  o f  ç  i n 
th e  velocit y  rang e  abov e  0.0 5 cm/se c 

Particl e  size ,  d 
Ñ 

Smalle r  particl e  siz e  give s  highe r  value s  o f  ç 

Colum n length ,  L ç  i s  proportiona l  t o  L 

Mobil e  phas e  viscosity , Lower  value s  giv e  hig h value s  o f  ç 

Temperature ,  Ô Hig h value s  reduc e  viscosit y  an d giv e  highe r 
value s  o f  ç 

Capacit y  factor ,  k Low k  ( < 2 )  giv e  lowe r  value s  o f  n ;  fo r  hig h k 
value s  ( > 2 )  ç  i s  littl e  influence d 

Extracolum n volume s ç  i s  decrease d du e  t o  ban d broadenin g 
contribution s  t o  pea k widt h 

Sampl e  amoun t  an d siz e Larg e  amount s  (mg )  o r  larg e  volume s  (severa l 
hundre d microliters )  wil l  decreas e  ç 

The  reduce d plat e  heigh t  i s th e  numbe r  o f  particle s  t o  th e  theoretica l  plat e  an d 

i s  calculate d fro m equatio n (4.4 ) 
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TABLE 4.1 3 

Tes t  Condition s 

Sample :  Resorcinol/naphthalene/anthracen e 
Detector :  UV,  =  25 4 nm ,  0.1 6 AUFS 
Sampl e  Size :  2. 0  microliters ,  concentratio n unknow n 
Temperature :  Ambien t 
Mobil e  Phase :  Acetonitrile-wate r  (55:45 )  flo w rat e  2. 0  ml/mi n 
Char t  Speed :  1. 0  cm/mi n 

Tes t  Sampl e  Retentio n 

Compoun d Retentio n Time(min )  Retentio n Volume(ml ) 
Resorcino l  1. 3  2. 7 
Naphthalen e  6. 6 13. 2 
Anthracen e  13. 9 27. 7 

Colum n Performanc e 
Tes t  Result s 

Retentio n volum e  (resorcinol )  2. 7 
Retentio n volum e  (anthracene )  27. 7 
Asymmetr y facto r  (anthracene )  1.2 6 
Capacit y  facto r  (anthracene )  9.4 0 
Number  o f  plate s  pe r  colum n (anthracene )  543 7 
Number  o f  plate r  pe r  mete r  18,12 2 
HEPT (mm )  0.05 5 
Selectivit y  facto r  (anthracene/naphthalene )  2. 4 

Specificatio n 
1.8-3. 4 

19.0-31. 0 
0.85-1.8 0 

>500 0 

1.9-3. 0 

HETP 

d 5.5 4 

12 

R 

(4.4 ) 

HETP =  heigh t  equivalen t  t o  a  theoretica l  plat e 

L =  colum n lengt h 

d =  particl e  diamete r 

wh =  pea k widt h a t  hal f  heigh t 

tr ,  =  retentio n tim e  o f  a  retaine d solut e 

The  reduce d velocit y  measure s  th e  rat e  o f  flo w o f  th e  mobil e  phas e  relativ e  t o 

th e  rat e  o f  diffusio n o f  th e  solut e  ove r  on e  particl e  diamete r  an d i s  calculate d 

fro m equatio n (4.5 ) 

ud L d 
Ñ =  Ñ (A.5 ) 

D t  D m m 
í  =  reduce d linea r  velocit y 

u =  linea r  velocit y 

t  =  retentio n tim e  o f  a n unretaine d pea k 
m 2 

D =  solut e  diffusio n coefficien t  ( m /s ) 
m 

TEST CONDITION S AND SPECIFICATION S FO R A  3 0 c m ÷  4. 0 m m I.D .  REVERSED-PHASE 
COLUMN 
Particl e  siz e  1 0 micrometer s 
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I t  i s  unlikel y tha t  a n accurat e  valu e  o f  wil l  b e  know n fo r  th e  tes t  solut e  i n 

th e  mobil e  phase .  A n approximat e  valu e  ca n b e  calculated f̂ror n th e  Wilke-Chan g 

equatio n (4.6 )  [58] . 

a / 2 . 

D =  7. 4 ÷  1 0 " 1 2 — —:  (4.6 ) 
m V  ç 

s 
ø  =  solvent-dependen t  constan t 
Ì  =  relativ e  molecula r  mas s  o f  th e  solven t 
Ô =  absolut e  temperatur e 
ç  =  solven t  viscosit y 
V =  mola r  volum e  o f  th e  solven t 

s 

- 9 
Typica l  value s  fo r  lo w molecula r  weigh t  solute s  fal l  i n  th e  rang e  0.5-3. 5  ÷  1 0 

2 

m /s .  Th e  highe r  valu e  i s  typica l  fo r  organi c  solvent s  o f  lo w viscosit y  suc h a s 

hexane ,  an d th e  lowe r  valu e  fo r  pola r  aqueou s  solvents .  A n educate d gues s  a t 

th e  valu e  fo r  D m i s  adequat e  fo r  colum n testing ,  bu t  o f  cours e  thi s  mean s  tha t 

th e  valu e  fo r  í  wil l  contai n som e  erro r  an d shoul d no t  b e  considere d a s  a n 

absolut e  value . 

The  colum n flo w resistance ,  0 ,  i s  a  dimensionles s  paramete r  whic h provide s 

a  measur e  o f  th e  resistanc e  t o  flo w o f  th e  mobil e  phas e  an d take s  int o accoun t 

th e  influence s  o f  colum n length ,  particl e  diameter ,  an d eluen t  viscosity .  I t 

ca n b e  calculate d fro m equatio n (4.7) . 
2  2 

d  AP d t 
e = _ R _  =  (4.7 ) 

ÄÑ =  colum n pressur e  dro p 

Accordin g t o  chromatographi c  theory ,  th e  reduce d plat e  heigh t  i s  relate d t o 

th e  reduce d linea r  velocit y  b y equatio n (4.8 )  [53] . 

^ Ù 33 
h =  — +  A v u , J J +  C v (4.8 ) 

í 
contributio n contributio n contributio n 
fro m axia l  fro m flo w i n fro m slo w equilibriu m 
diffusio n interparticl e  betwee n mobil e  an d 

spac e  stationar y phase s 

The  constan t  Â  reflect s  th e  geometr y o f  th e  eluen t  i n  th e  colum n an d th e  exten t 

t o  whic h diffusio n o f  th e  solut e  i s  hindere d b y th e  presenc e  o f  th e  packing . 

For  column s  o f  acceptabl e  performance ,  Â  shoul d b e  les s  tha n 4  an d a n 

approximat e  valu e  o f  2  i s  desire d i n  practice .  Th e  constan t  A  i s  a  measur e  o f 

ho w wel l  th e  colum n i s  packed .  A  well-packe d colum n wil l  hav e  a  valu e  o f  A 

betwee n 0. 5 an d 1. 0 whil e  a  valu e  greate r  tha n 2  indicate s  a  poo r  column .  Th e 

valu e  o f  C  reflect s  th e  efficienc y o f  mas s  transfe r  betwee n th e  stationar y an d 

mobil e  phases .  A t  hig h reduce d mobil e  phas e  velocitie s  th e  C  ter m dominate s  th e 

(ø Ì ) 1 7 ÇÃ 
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reduce d plat e  heigh t  value ,  an d therefor e  colum n efficiency .  C  i s  clos e  t o  zer o 

fo r  pellicula r  packing s  bu t  ha s  a  greate r  valu e  fo r  porou s  packings .  A  valu e 

fo r  C  o f  0.0 5 i s  reasonabl e  fo r  th e  latter . 

The  constant s  A ,  Â  an d C  ca n b e  calculate d b y curv e  fittin g a  plo t  o f  h 

agains t  v .  Thei r  value s  depen d onl y o n ho w wel l  th e  colum n ha s  bee n packe d and , 

fo r  "good "  columns ,  wil l  hav e  constan t  minimu m value s  tha t  ar e  independen t  o f 

particl e  size .  Consequently ,  a  plo t  o f  h  agains t  í  fo r  an y "good "  colum n shoul d 

fal l  o n th e  sam e  genera l  curve ,  dependen t  onl y o n whethe r  th e  packin g i s  porou s 

or  pellicula r  i n  nature .  Thes e  "idealized "  curve s  fo r  "good "  column s  ar e  show n 

i n Figur e  4.12 .  Th e  idealize d curve s  ar e  describe d b y equation s  (4.9 )  an d 

(4.10) . 

h  = — +  v 0 , 3 3 +  0.003 v (pellicular )  (4.9 ) 
í 

h  = JL +  v 0 ' 3 3 +  0.05 v (porous )  (4.10 ) 
í 

I n  agreemen t  wit h theory ,  th e  experimenta l  dat a  fo r  "good "  column s  fal l  o n to p 

Figur e  4.1 2 A  plo t  o f  reduce d plat e  heigh t  agains t  reduce d mobil e  phas e 
velocit y  fo r  a  goo d colum n packe d wit h pellicula r  o r  porou s 
packings . 
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of  on e  o f  th e  tw o "idealized "  curves ,  wherea s  th e  experimenta l  dat a  fo r  "poor " 

column s  li e  abov e  th e  appropriat e  curve .  Th e  deviatio n o f  th e  experimenta l  fro m 

th e  theoretica l  curv e  ca n b e  use d t o  diagnos e  th e  reaso n fo r  th e  poo r  colum n 

performanc e  o f  th e  former .  I f  th e  minimu m h  valu e  i s  les s  tha n 3  fo r  a  reduce d 

mobil e  phas e  velocit y  o f  3  <  í  <  10 ,  the n th e  colum n i s  well-packed .  I f  onl y a 

fe w dat a  point s  hav e  bee n determined ,  th e  valu e  o f  h  shoul d no t  excee d 3  o r  4  a t 

í  abou t  5  an d 1 0 t o  2 0 a t  v = 10 0 fo r  a  "good "  column .  Returnin g t o  th e 

idealize d curve s  i n  Figur e  4.12 ,  i f  th e  valu e  o f  h  lie s  abov e  th e  appropriat e 

minimu m an d th e  experimenta l  curv e  i s  fla t  i n  thi s  region ,  the n th e  colum n i s 

poorl y packed .  Highe r  experimenta l  value s  o f  h  tha n predicte d wit h value s  o f  í 

> 2 0 indicat e  a  poo r  qualit y  colum n packin g material . 

The  experimenta l  valu e  fo r  Q provide s  informatio n o n ho w th e 

chromatographi c  syste m a s  a  whol e  i s  performing .  Typica l  value s  fo r  porou s 

packing s  ar e  i n  th e  rang e  250-650 .  A  ver y hig h value ,  fo r  exampl e  te n time s  th e 

norma l  value ,  i s  indicativ e  o f  a  partia l  blockag e  i n  th e  chromatographi c 

system .  Thi s  shoul d b e  diagnose d an d rectifie d befor e  proceedin g furthe r  wit h 

th e  colum n tests . 

4.5. 3  Qualit y  Contro l  o f  Colum n Packin g Material s 

Many laboratorie s  ar e  concerne d abou t  th e  batch-to-batc h reproducibilit y  o f 

colum n packin g material s  sinc e  thi s  wil l  obviousl y influenc e  colum n 

reproducibility .  Variation s  ca n b e  expecte d betwee n lot s  fro m a  singl e 

manufacture r  an d eve n large r  variation s  betwee n differen t  manufacturer s  o f  th e 

sam e  notiona l  material .  Th e  genera l  variabilit y  i n  th e  performanc e  o f  colum n 

packin g material s  i s  greates t  fo r  th e  chemically-bonde d stationar y phases .  Thi s 

arise s  becaus e  al l  chemically-bonde d phase s  sol d b y th e  sam e  genera l  descriptio n 

ar e  i n  fac t  no t  chemicall y  identical .  Fo r  example ,  ther e  ar e  a t  leas t  thre e 

kind s  o f  octadecylsily l  reversed-phas e  colum n packin g materials .  Dependin g o n 

th e  metho d o f  preparation ,  monomeric ,  polymeric ,  an d eithe r  o f  th e  previou s  tw o 

type s  havin g residua l  silano l  group s  endcappe d wit h lo w molecula r  weigh t 

alkylsily l  group s  ar e  commerciall y  available .  Th e  primar y structur e  o f  th e 

silic a  ge l  backbon e  wil l  influenc e  th e  surfac e  are a  o f  th e  bonde d packing ,  th e 

concentraio n o f  bonde d hydrocarbo n groups ,  an d th e  abilit y  o f  th e  mobil e  phas e 

t o  we t  th e  colum n [59] .  Ther e  i s  thu s  a  wid e  variatio n i n  wha t  i s  sol d a s  a n 

octadecy l  reversed-phas e  packing .  Th e  larg e  variabilit y  i n  separtio n propertie s 

of  reversed-phas e  material s  fro m differen t  source s  ha s  bee n demonstrate d fo r  th e 

separatio n o f  polycycli c  aromati c  hydrocarbon s  [60-65],  steroid s  [64] ,  an d 

aromati c  compound s  [65,66] . 

Ther e  ar e  a  fe w studie s  publishe d o n th e  lot-to-lo t  variatio n i n  th e 

separatio n propertie s  o f  th e  colum n packin g material s  i n  curren t  us e  [67,78] , 
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Thi s  variatio n ma y b e  quit e  large ,  especiall y  fo r  reversed-phas e  packings .  Onl y 

a  fractio n o f  thi s  variatio n ca n b e  assigne d t o  th e  reproducibilit y  o f  th e 

experimenta l  tes t  conditions ,  Tabl e  4.14 .  Thi s  dat a  wa s  base d o n 2 1 lot s  o f  a 

reversed-phas e  colum n packin g materia l  fro m on e  manufacture r  ove r  a  1. 5  yea r 

period .  Variation s  i n  column-to-colum n parameter s  fo r  th e  sam e  lo t  o f  packin g 

materia l  wer e  accounte d fo r  almos t  entirel y  b y th e  variatio n i n  th e  mobil e  phas e 

compositio n an d colum n temperatur e  betwee n tests .  Th e  erro r  i n  th e  compositio n 

of  th e  organi c  modifie r  presen t  i n  th e  mobil e  phas e  wa s  estimate d a s  abou t  ± 

0.3 % an d th e  laborator y temperatur e  a s  ±  1° C RSD . 

TABLE 4.1 4 

THE VARIATIO N O F TES T PARAMETERS FO R TH E QUALIT Y CONTROL EVALUATION O F A 
REVERSED-PHASE PACKIN G 

Tes t  Compound /  Capacit y  Separatio n Temperatur e  Chang e  i n  k 
Pai r  o f  Compound s  Facto r  Facto r  Coefficien t  o r  á  wit h Per -

(k )  (a )  o f  k  o r  a  cen t  Organi c 
(24-45°C )  Modifie r 

Bipheny l 1.8 2 ± 6. 7 -1.2%/° C -4.1 % 
Anthracen e 3.9 9 ± 5% -2.1%/° C -7 % 
Androstenedion e  / 8.6 4 ± 9% -3.1%/° C -10 % 
Biphenyl / 

Naphthalen e  é 1, .4 5 ± 0.0 1 -0.001/° C -0.01 2 
Anthracene /  I 

Phenanthren e 1, .3 2 ± 0.0 6 -0.007/° C -0.00 3 
Androstenedione / 

Testosteron e 1, .2 2 ± 0.0 3 0.002/° C -0.001 8 

The  contro l  range s  establishe d fo r  th e  2 1 lot s  evaluate d ove r  th e  tes t 

perio d ar e  give n i n  Tabl e  4.15 .  Fo r  th e  separatio n facto r  o f 

anthracen^/phenanthrene ,  th e  qualit y  contro l  rang e  o f  acceptabl e  lot s  wa s 

establishe d a s  1.20-1.44 .  I n  resolutio n terms ,  fo r  tw o column s  o f  equa l 

efficienc y prepare d fro m packing s  passin g th e  qualit y  contro l  test ,  th e 

resolutio n o f  anthracene/phenanthren e  coul d diffe r  b y a s  muc h a s  125% .  Fo r 

androstenedione/testosterone ,  resolutio n a t  constan t  colum n efficienc y differe d 

by a s  muc h a s  75 % betwee n acceptabl e  lots .  Fo r  th e  sam e  colum n materials ,  th e 

resolutio n betwee n naphthalene/bipheny l  showe d onl y a  smal l  variatio n betwee n 

lots ,  indicatin g tha t  th e  choic e  o f  tes t  compounds ,  an d therefor e  th e  sampl e  t o 

be  separated ,  influenc e  colum n reproducibility .  Fo r  perspective ,  whe n nin e 

reversed-phas e  material s  fro m differen t  manufacturer s  wer e  evaluate d a t  constan t 

colum n efficiency ,  th e  variatio n i n  resolutio n fo r  th e  tes t  compound s  use d abov e 

was  approximatel y 300% . 
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TABLE 4.1 5 

Paramete r Qualit y  Contro l  Range s 
Low Hig h Mean 

Anthracen e  (k ) 3.5 9 4.3 9 3.9 9 
Anthracene/Phenanthren e  (a ) 1.2 0 1.4 4 1.3 2 
Androstenedion e  (k ) 7.1 0 10.1 8 8.6 4 
Androstenedione/Testosteron e  (a ) 1.1 6 1.2 8 1.2 2 

4.5. 4 Trac e  Meta l  Activit y  o f  Reversed-Phas e  Packing s 

The  presenc e  o f  residua l  trac e  meta l  ion s  i n  reversed-phas e  packing s  ca n 

dramaticall y  lowe r  th e  colum n efficienc y wit h som e  pola r  molecules ,  especiall y 

thos e  wit h acidi c  o r  basi c  center s  [69] .  Althoug h ther e  i s  n o standar d tes t  fo r 

measurin g thi s  activit y  i n  colum n packings ,  Verzel e  ha s  suggeste d a  novel , 

qualitativ e  tes t  base d o n th e  separatio n o f  th e  ho p bitte r  acid s  tha t  ar e  easil y 

isolate d fro m beer .  H e  ha s  show n tha t  mos t  commercia l  colum n packing s  contai n a 

mor e  tha n desirabl e  concentratio n o f  trac e  meta l  ions .  Thes e  ca n b e  remove d b y 

a  serie s  o f  extraction s  wit h refluxin g hydrochlori c  acid .  Wheneve r  sever e 

tailin g i s  observe d wit h acidi c  samples ,  th e  additio n o f  0.5 % v/ v phosphori c 

aci d t o  th e  mobil e  phas e  i s  recommended .  Certai n meta l  complexin g reagent s  suc h 

as  EDT A ma y als o b e  effectiv e  i n  eliminatin g metal/sampl e  interaction s  whe n 

adde d t o  th e  mobil e  phase . 

4.5. 5  Measuremen t  o f  th e  Colum n Dea d Volum e 

The  elutio n o f  a  solut e  fro m differen t  column s  i s  no t  correctl y  describe d 

by th e  elutio n volume ,  V^ ,  sinc e  V ^  varie s  wit h th e  inter -  an d intraparticl e 

volume s  associate d wit h th e  colum n packing ,  a s  wel l  a s  wit h difference s  i n  tub e 

dimensions ,  guar d columns ,  an d othe r  hardwar e  place d betwee n th e  point s  o f 

injectio n an d detection .  T o accuratel y describ e  th e  retentio n o f  a  solut e  o n a 

colum n w e  defin e  a  ter m calle d th e  capacit y  factor ,  k ,  equatio n (4.11 ) 

V -  V 
k =  - J  UL (4.11 ) 

V 
m 

V̂  =  solut e  retentio n volum e 

V =  colum n dea d volum e m 

A correc t  measur e  o f  th e  colum n dea d volume ,  V  ,  i s  essentia l  fo r  th e  accurat e 
m' 

calculatio n o f  k ,  fro m whic h man y othe r  chromatographi c  relationship s  ar e 

derived .  Th e  colum n dea d volum e  i s  obtaine d experimentall y  b y measurin g th e 

QUALITY CONTROL RANGES FO R REVERSED-PHASE PACKIN G MATERIAL 

(2 1 lot s  sampled ) 
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retentio n volum e  o f  a n unretaine d solute .  I t  i s  th e  su m o f  th e  interparticl e 

an d intraparticl e  flui d volume s  an d th e  extracolum n dea d volume .  I n  a 

well-designe d instrumen t  th e  extracolum n dea d volum e  du e  t o  th e  injector , 

connecto r  tubing ,  colum n fittings ,  an d detecto r  wil l  b e  ver y small . 

The  choic e  o f  tes t  solut e  i s  importan t  fo r  measurin g [70-76] .  I t  i s 

essentia l  tha t  th e  tes t  substanc e  i s  no t  exclude d fro m th e  intraparticl e  volume , 

otherwis e  th e  valu e  obtaine d wil l  b e  les s  tha n th e  rea l  value .  Fo r  adsorptio n 

columns ,  benzen e  i s  use d a s  th e  tes t  solut e  an d methano l  a s  th e  mobil e  phase . 

For  reversed-phas e  column s  th e  choic e  o f  tes t  solut e  present s  som e  problems . 

Firs t  o f  all ,  mos t  organi c  tes t  compound s  sho w som e  partitio n wit h th e 

stationar y phas e  an d lea d t o  a  valu e  o f  whic h i s  to o high .  Man y ioni c 

compound s  i n  unbuffere d eluent s  ar e  exclude d fro m th e  intraparticl e  volum e  b y a n 

io n repulsio n mechanism ,  leadin g t o  a  valu e  fo r  whic h i s  to o small .  Well s 

an d Clark ,  an d Jinn o hav e  compare d o f  th e  man y method s  use d t o  measur e  V^ .  Fo r 

reversed-phas e  column s  the y recommen d th e  us e  o f  sodiu m nitrat e  o r  nitrit e  a t  a 
—6 

concentratio n greate r  tha n 3  ÷  1 0 mole s  injecte d ont o th e  colum n i n a n 

unbuffere d mobil e  phas e  [72,75] .  Othe r  worker s  hav e  show n tha t  a  0.01 % solutio n 

of  potassiu m bromid e  wit h a  detecto r  operatin g a t  20 0 n m i s  a  suitabl e 

alternativ e  t o  sodiu m nitrat e  [76] .  An y tes t  solut e  fo r  measurin g V* m mus t  mee t 

certai n  requirements :  th e  valu e  fo r  shoul d b e  independen t  o f  th e  colum n flo w 

rate ,  th e  mobil e  phas e  composition ,  an d th e  sampl e  concentratio n injected .  Tes t 

solute s  no t  meetin g thes e  requirement s  wil l  provid e  erroneou s  value s  fo r  V* m. 

4, 6  Radia l  Compressio n Column s 

Eve n i n  well-packe d columns ,  solut e  dispersio n occur s  t o  a  greate r  exten t 

i n  th e  regio n o f  th e  colum n wal l  tha n a t  th e  colum n core .  Thi s  phenomena ,  know n 

as  th e  "wal l  effect" ,  i s  du e  t o  difference s  i n  th e  packin g densit y  o f  particle s 

clos e  t o  th e  wal l  an d thos e  a t  th e  colum n center .  Thi s  lead s  t o  inhomogeneou s 

flo w pattern s  acros s  th e  diamete r  o f  th e  colum n an d result s  i n  a  lowe r  overal l 

colum n efficiency .  Radia l  compressio n column s  wer e  designe d t o  minimiz e  bot h 

colum n voi d volume s  an d th e  wal l  effect .  Compare d t o  standar d packe d column s 

the y hav e  tw o nove l  features .  A  serie s  o f  distributio n plate s  a t  th e  entranc e 

an d exi t  o f  eac h colum n prevent s  irregula r  flo w pattern s  fro m formin g i n  th e 

directio n o f  sampl e  migration .  Secondly ,  an d mor e  importantly ,  th e  column s  ar e 

prepare d fro m heav y wal l  polyethylen e  cartridge s  (packe d wit h norma l 

chromatographi c  packings )  tha t  ar e  uniforml y radiall y  compresse d b y hydrauli c 

pressur e  i n  a  purpose-buil t  hydrauli c  press ,  Figur e  4.13 .  Th e  colum n wal l  i s 

force d t o  defor m an d mol d to*th e  shap e  o f  th e  interna l  packin g structure .  Thi s 

stabilize s  th e  packin g structur e  an d reduce s  th e  numbe r  o f  channel s  availabl e  t o 

th e  mobil e  phas e  a t  th e  wall/packin g interface .  Radia l  compressio n column s  ar e 
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characterize d b y hig h permeability ,  lo w operatin g pressures ,  an d hig h efficienc y 

ove r  a  wid e  rang e  o f  flo w rate s  [77] .  Compare d t o  a  conventiona l  stainles s 

stee l  colum n packe d wit h th e  sam e  material ,  a n increas e  i n  efficienc y 

approachin g a  facto r  o f  tw o migh t  b e  expected .  O n a n equivalen t  lengt h basis , 

th e  pressur e  dro p acros s  th e  radia l  compressio n colum n wil l  b e  greate r  a t  a 

fixe d flo w rat e  du e  t o  it s  highe r  packin g density . 

CAM TYPE LEVERS ^ 

HYDRAULIC 
FLUID 

PACKING 
MATERIAL 

TO 
DETECTO R 

RUBBE R 
SLEEVE 

1 j 

CARTRIDG E 
WALL 

SAMPL E 
IN 

Figur e  4.1 3 Hydrauli c  pres s  fo r  radia l  compressio n colum n chromatography . 
(Reproduce d wit h permissio n fro m Water s  Associates) . 

Radia l  compressio n column s  wer e  firs t  describe d fo r  us e  i n  preparativ e  HPL C 

wit h colum n dimension s  o f  3 0 ÷  5. 7 c m an d packe d wit h particle s  o f  7 5 

micrometer s  averag e  diamete r  [78,79],  Thes e  column s  wer e  use d t o  separat e  gra m 

quantitie s  o f  material ,  ofte n a t  flo w rate s  exceedin g 10 0 ml/min .  Analytica l 

column s  ar e  availabl e  i n  1 0 c m length s  wit h 5  o r  8  m m interna l  diameter s  an d 

packe d wit h eithe r  5  o r  1 0 micromete r  particulat e  packings .  Thes e  hav e  bee n 

show n t o provid e  goo d separation s  o f  peptide s  [80 ]  an d lo w molecula r  weigh t 

seru m constituent s  [81] .  Thei r  are a  o f  applicatio n i s  no t  limite d t o  th e 

biomedica l  field ;  the y ca n b e  use d t o  separat e  an y sampl e  whic h coul d b e 

separate d o n a  rigi d stainles s  stee l  column . 

4. 7  Guar d Column s 

A guar d colum n i s  a  shor t  colum n tha t  i s  place d betwee n th e  injecto r  an d 

analytica l  colum n t o protec t  th e  latte r  fro m damag e  o r  los s  o f  efficienc y du e  t o 

th e  presenc e  o f  particulat e  matte r  o r  strongl y adsorbe d materia l  i n  th e  sample s 

t o  b e  analyze d [82] .  I t  als o function s  a s  a  saturato r  colum n t o preven t 

dissolutio n o f  th e  stationar y phas e  i n  th e  analytica l  column .  Consequently ,  th e 

guar d colum n i s  usuall y  packe d wit h th e  sam e  stationar y phas e  a s  th e  analytica l 

colum n an d i s  discarde d a t  interval s  dictate d b y th e  contaminatio n leve l  o f  th e 

sample .  T o maintai n a n adequat e  capacit y  fo r  sampl e  impuritie s  withou t 

introducin g excessiv e  pea k dispersion ,  th e  volum e  rati o  o f  th e  guar d colum n t o 
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tha t  o f  th e  analytica l  colum n shoul d b e  i n  th e  rang e  1:1 5 t o  1:25 . 

The  guar d colum n i s  incorporate d int o th e  chromatographi c  syste m fo r 

practica l  convenienc e  bu t  represent s  a  furthe r  componen t  i n  whic h pea k 

dispersio n an d los s  o f  chromatographi c  efficienc y ca n occur .  I n  additio n t o  th e 

particl e  diamete r  an d th e  packin g densit y  o f  th e  stationar y phase ,  th e  choic e  o f 

fitting s  an d connectin g device s  i s  als o important .  Experimenta l  observation s 

hav e  show n tha t  th e  connectio n t o  th e  analytica l  colum n shoul d b e  mad e  wit h a 

lo w dead-volum e  fittin g rathe r  tha n a  zer o dead-volum e  fitting ,  an d tha t  shor t 

length s  o f  connectin g tubin g (0.1 5 t o  0.6 0 m m I.D. )  ma y b e  use d withou t 

significantl y  diminishin g th e  efficienc y o f  th e  chromatographi c  syste m [83] ,  A 

well-designe d guar d colum n shoul d no t  increas e  sampl e  dispersio n b y mor e  tha n 

5-10% ,  a  worthwhil e  sacrific e  fo r  th e  extende d lif e  o f  th e  analytica l  colum n 

[84] .  Whe n a  greate r  los s  o f  colum n efficienc y ca n b e  tolerated ,  guar d column s 

packe d wit h microporou s  o r  pellicula r  packing s  >  2 0 micromete r  i n  diamete r  ma y 

be  used .  Suc h column s  hav e  a  cos t  an d convenienc e  advantag e  a s  the y ma y b e 

packe d i n  th e  laborator y usin g th e  ta p an d fil l  method .  Guar d column s 

containin g packing s  o f  smalle r  particl e  diameter s  mus t  b e  slurr y packed . 

4. 8  Mobil e  Phas e  Selectio n i n  HPL C 

Retentio n i n  liqui d chromatograph y depend s  o n th e  strengt h o f  th e  solute' s 

interactio n wit h bot h th e  mobil e  an d stationar y phases .  I n  ga s  chromatography , 

th e  mobil e  phas e  doe s  no t  contribut e  t o  th e  selectivit y  o f  th e  separatio n syste m 

and ,  consequently ,  changin g th e  stationar y phas e  (i.e. ,  column )  i s  th e  principa l 

metho d o f  adjustin g thi s  parameter .  I n  liqui d chromatograph y th e  opposit e 

approac h i s  generall y  adopted .  A n intelligen t  selectio n o f  th e  typ e  o f 

stationar y phas e  fo r  th e  separatio n i s  mad e  an d selectivit y  i s  adjuste d b y 

modifyin g th e  mobil e  phase .  Th e  selectio n o f  th e  mobil e  phas e  fo r  a  particula r 

separatio n i s  thu s  a  ver y importan t  consideratio n i n  HPLC . 

For  liqui d chromatograph y som e  fairl y  broa d generalization s  ca n b e  mad e 

abou t  th e  selectio n o f  certai n  preferre d solvent s  fro m th e  larg e  numbe r 

available .  A  suitabl e  solven t  wil l  preferabl y hav e  lo w viscosity ,  b e  compatibl e 

wit h th e  detectio n system ,  b e  readil y  availabl e  i n  a  pur e  form ,  and ,  i f 

possible ,  hav e  lo w flammabilit y  an d toxicity .  Fe w solvent s  mee t  al l  o f  thes e 

requirement s  an d a  compromis e  mus t  b e  made .  Sinc e  detectio n i n  HPL C occur s 

on-line ,  compatibilit y  wit h th e  detectio n syste m employe d i s  ver y importan t 

although ,  o f  course ,  no t  relate d t o  th e  functio n o f  th e  solven t  a s  a  mobil e 

phase .  Solvent s  o f  lo w viscosit y  promot e  goo d solut e  diffusivit y  whic h improve s 

th e  chromatographi c  performanc e  o f  th e  column .  Man y o f  th e  commo n solvent s  use d 

i n  HPL C ar e  flammabl e  o r  hav e  som e  advers e  healt h  effects .  Consequently ,  i t  i s 

generall y  recommende d tha t  HPL C instrumentatio n b e  use d i n  a  well-ventilate d 
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laboratory .  Also ,  i n  practic e  an y solven t  use d mus t  k be  abl e  t o  completel y 

dissolv e  th e  sampl e  withou t  reactin g wit h i t  chemically . 

A shor t  lis t  o f  usefu l  solvent s  fo r  HPL C i s  give n i n  Tabl e  4.16 .  Mor e 

extensiv e  compilation s  ar e  availabl e  [18,85-87] ,  Specia l  grade s  o f  solvent s  ar e 

availabl e  fo r  HPLC ;  th e  majorit y  hav e  bee n carefull y  purifie d t o  remov e 

UV-absorbin g impuritie s  an d particulat e  matter .  Som e  solvent s  contai n a 

preservativ e  o r  antioxidan t  whic h ca n influenc e  thei r  chromatographi c  o r 

detectio n compatibilit y  properties .  Thes e  ma y hav e  t o  b e  remove d prio r  t o  use . 

Suitabl e  method s  fo r  th e  eliminatio n o f  thes e  an d othe r  potentia l  problem s  whic h 

ca n aris e  fro m usin g commercia l  solvent s  ar e  discusse d elsewher e  [2,82] .  A 

chromatographi c  tes t  fo r  th e  purit y  o f  water ,  an d an y binar y mixtur e  o f  wate r 

wit h a  miscibl e  organi c  solvent ,  ha s  bee n describe d b y Bristo l  [88] .  Usin g 

reversed-phas e  chromatography ,  th e  trace-enrichmen t  techniqu e  (Chapte r  7.6.6) , 

an d elutio n b y forwar d an d revers e  gradients ,  i t  i s  possibl e  t o  establis h th e 

leve l  o f  solven t  impuritie s  i n  eithe r  th e  wate r  o r  th e  organi c  componen t  o f  a 

binar y mixtur e  whic h interfere s  i n  detecto r  operation .  I n  general ,  solven t 

impuritie s  caus e  a  drif t  i n  th e  detecto r  baselin e  an d diminishe d sensitivit y 

unde r  isocrati c  conditions ,  an d larg e  baselin e  fluctuation s  an d spuriou s 

interferin g peak s  whe n gradien t  elutio n i s  used .  I f  th e  impuritie s  ar e  no t 

elute d fro m th e  colum n the y wil l  accumulat e  i n  th e  stationar y phase ,  resultin g 

i n  a  chang e  i n  solut e  retention . 

The  solven t  propertie s  o f  greates t  chromatographi c  interes t  ar e  strengt h 

an d selectivity .  Fo r  non-electrolyti c  solvents ,  solven t  strengt h i s  synonymou s 

wit h "polarity "  i n  norma l  phas e  liquid-soli d  an d liquid-liqui d chromatography . 

Stron g o r  pola r  solvent s  ar e  characterize d b y thei r  abilit y  t o  dissolv e  pola r 

sample s  an d t o  elut e  solute s  wit h lo w capacit y  factor s  i n  norma l  phas e 

chromatography .  I n  reversed-phas e  chromatograph y ther e  i s  a n invers e 

relationshi p betwee n solven t  strengt h an d chromatographi c  elutio n power .  Fo r 

example ,  wate r  i s  a  stron g solven t  bu t  ha s  littl e  elutio n powe r  i n 

reversed-phas e  chromatograph y an d must ,  therefore ,  b e  mixe d wit h a  les s  pola r 

organi c  modifie r  t o  elut e  a  solut e  wit h a  lo w capacit y  facto r  value . 

Snyde r  ha s  describe d solven t  selectivit y  a s  "th e  abilit y  o f  a  give n solven t 

t o  selectivel y dissolv e  on e  compoun d a s  oppose d t o  another ,  wher e  th e  polaritie s 

of  th e  tw o compound s  ar e  no t  obviousl y different "  [89] ,  Th e  genera l  strateg y i n 

chromatographi c  separation s  i s  t o  firs t  adjus t  th e  solven t  strengt h t o  maintai n 

sampl e  capacit y  facto r  value s  i n  th e  rang e  1-1 0 an d then ,  whil e  holdin g th e 

solven t  strengt h constant ,  modif y th e  mobil e  phas e  t o  alte r  it s  selectivit y 

unti l  th e  require d sampl e  resolutio n i s  obtained .  Thus ,  a  genera l  schem e  tha t 

provide d a  mean s  o f  classifyin g solvent s  accordin g t o  thei r  selectivit y  an d 

strengt h woul d b e  useful . 

The  principa l  intermolecula r  force s  responsibl e  fo r  describin g th e 
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propertie s  o f  non-electrolyti c  solven t  ar e  dispersion ,  dipole ,  an d hydroge n 

bondin g interaction s  [18,90-92] ,  Dispersiv e  interaction s  resul t  fro m th e 

electroni c  asymmetr y tha t  exist s  i n  an y molecul e  a t  an y give n instant . 

Dispersiv e  force s  ar e  weak ,  nonselective ,  an d therefor e  no t  o f  grea t 

chromatographi c  significance .  However ,  the y ar e  th e  onl y intermolecula r  force s 

tha t  exis t  i n  hydrocarbo n solvents .  Pola r  molecule s  possessin g a  permanen t 

dipol e  momen t  ar e  capabl e  o f  bot h dipol e  inductio n an d orientatio n 

interactions .  Thes e  dipol e  interaction s  usuall y  occu r  betwee n th e  functiona l 

group s  o f  molecule s  an d ar e  stronges t  fo r  solvent s  havin g larg e  dipol e  moments . 

Hydroge n bondin g interaction s  occu r  betwee n molecule s  whic h ca n behav e  a s  proto n 

donor s  an d acceptors .  Stron g dono r  solvent s  preferentiall y  interac t  wit h an d 

dissolv e  stron g accepto r  sampl e  compounds ,  an d vic e  versa . 

Snyde r  [89,92 ]  ha s  describe d a  schem e  fo r  classifyin g commo n solvent s 

accordin g t o  thei r  polarit y  o r  chromatographi c  strengt h (Ñ '  values) ,  an d 

accordin g t o  thei r  selectivit y  o r  relativ e  abilit y  t o  engag e  i n  hydroge n bondin g 

or  dipol e  interactions .  Variou s  commo n solvent s  wer e  classifie d int o eigh t 

group s  (I ,  II,....,VIII )  showin g significantl y  differen t  selectivities .  Th e  P * 

value s  an d selectivit y  grou p classification s  fo r  som e  solvent s  commonl y use d i n 

liqui d chromatograph y ar e  give n i n  Tabl e  4.16 . 

The  value s  o f  P '  an d selectivit y  factor s  ar e  calculate d fro m th e 

experimentally-derive d solut e  polarit y  distributio n coefficients ,  Kg" ,  fo r  th e 

tes t  solute s  ethanol ,  dioxane ,  an d nitromethane .  Th e  solut e  distributio n 

coefficient s  ar e  correcte d fo r  effect s  du e  t o  solut e  molecula r  size , 

solute/solven t  dispersio n interactions ,  an d solute/solven t  inductio n du e  t o 

solven t  polarizability .  Th e  resultan t  parameter s  P '  an d solven t  selectivit y 

(X e ,  X^ ,  an d X^ )  shoul d reflec t  onl y th e  selectiv e  interactio n propertie s  o f  th e 

solvent .  Th e  tes t  solute s  ethanol ,  dioxane ,  an d nitromethan e  ar e  use d t o 

measur e  th e  strength s  o f  solven t  proto n acceptor ,  proto n donor ,  an d stron g 

dipol e  interactions ,  respectively .  Th e  polarit y  inde x P f  i s  calculate d a s  th e 

su m o f  lo g Ê^ "  value s  fro m th e  thre e  solute s  an d th e  selectivit y  parameter s  X^ , 

X, ,  an d X  ar e  calculate d a s  th e  rati o  lo g Ê  "/Ñ '  fo r  eac h solute , d  ç  g 

Ñ'  =  lo g ( K 1 1 )  -  +  lo g ( K " ) , .  +  lo g ( K " ) 

g  'ethano l  g  dioxan e  g  nitromethan e 
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Solvent s  o f  simila r  selectivit y  ca n b e  groupe d togethe r  b y comparin g thei r  X^ , 

X^,  an d X ^  values .  Arrangin g th e  experimenta l  dat a  i n  diagramati c  form ,  Figur e 

4.14 ,  illustrate s  tha t  th e  man y availabl e  solvent s  ca n b e  groupe d int o eigh t 

classe s  wit h distinctl y  differen t  selectivities .  Choosin g a  secon d solven t  i n 

th e  sam e  selectivit y  grou p i s  no t  likel y t o  significantl y  chang e  th e 

chromatographi c  separatio n obtained .  However ,  choosin g anothe r  solven t  wit h 

simila r  strengt h fro m a  differen t  selectivit y  grou p ca n alte r  th e  separation . 

The  solven t  classificatio n schem e  i s  mos t  valuabl e  fo r  identifyin g solvent s  wit h 

differen t  chromatographi c  selectivities .  Som e  typica l  example s  o f  selectiv e 

solvent s  ar e  give n i n  Tabl e  4.17 .  Th e  underline d solvent s  ar e  thos e  generall y 

preferre d fo r  HPLC . 
PROTO N ACCEPTO R 

.2 0 .3 0 .4 0  x

n .5 0 .6 0 

PROTO N DONOR DIPOL E INTERACTIO N 

Figur e  4.1 4 Selectivit y  triangl e  fo r  solvents .  (Reproduce d wit h permissio n 
fro m ref .  92 .  Copyrigh t  Presto n Publications ,  Inc. ) 

I t  i s  no t  unusual ,  an d indee d i n  man y instance s  i t  i s  preferable ,  t o  us e 

mixture s  o f  solvent s  a s  th e  mobil e  phas e  rathe r  tha n a  singl e  pur e  solvent .  I n 

th e  cas e  o f  binar y solvents ,  mixin g a  strength-adjustin g solven t  wit h variou s 

volum e  fraction s  o f  a  stron g solven t  enable s  th e  complet e  polarit y  o r  solven t 

strengt h rang e  betwee n th e  extreme s  represente d b y th e  pur e  solvent s  themselve s 

t o  b e  covered .  Th e  strength-adjustin g solven t  i s  usuall y  a  non-selectiv e 

solven t  suc h a s  wate r  fo r  reversed-phas e  chromatograph y an d hexan e  fo r  norma l 

phas e  applications .  Th e  solven t  strengt h o f  a  binar y solven t  mixtur e  i s  th e 

arithmeti c  averag e  o f  th e  solven t  strengt h weightin g factors ,  Tabl e  4.18 , 

adjuste d accordin g t o  th e  volum e  fractio n o f  eac h solvent .  Fo r  norma l  phas e 
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chromatography ,  th e  solven t  strengt h weightin g factor ,  S^ ,  i s  th e  sam e  a s  th e 

polarit y  index ,  Ñ' .  I n  reversed-phas e  chromatograph y a  differen t  se t  o f 

experimentall y  determine d solven t  weightin g factor s  ar e  use d [93] ,  Th e  solven t 

strengt h fo r  an y solven t  mixtur e  ca n b e  calculate d fro m equatio n (4.12) . 

TABLE 4.1 7 

CLASSIFICATIO N O F SOLVENT SELECTIVIT Y 

Grou p Solvent s 
Designatio n 

I  Aliphati c  ethers ,  methy l  t-buty l  ether ,  tetramethylguanidine , 
hexamethy l  phosphori c  aci d amid e  (trialky l  amines ) 

I I  Aliphati c  alcohols ,  methano l 

II I  Pyridin e  derivatives ,  tetrahydrofuran ,  amide s  (excep t 
formamide) ,  glyco l  ethers ,  sulfoxide s 

VI  Glycols ,  benzy l  alcohol ,  aceti c  acid ,  formamid e 

V Methylen e  chloride ,  ethylen e  chlorid e 

VI  a )  Tricresy l  phosphate ,  aliphati c  ketone s  an d esters ,  polyesters , 
dioxan e 

b )  Sulfones ,  nitriles ,  acetonitrile ,  propylen e  carbonat e 

VI I  Aromati c  hydrocarbons ,  toluene ,  halosubstitute d aromati c 
hydrocarbons ,  nitr o  compounds ,  aromati c  ether s 

VII I  Fluoroalcohols ,  m-cresol ,  water ,  (chloroform ) 

TABLE 4.1 8 

SOLVENT CHARACTERISTIC S O F MIXE D SOLVENTS 

Solven t Selectivit y 
Grou p 

Solven t  Strengt h Weightin g Facto r  (S i ) 

Reversed-Phase 3 Norma l  Phas e 

Methano l I I 2. 6 5. 1 
Acetonitril e VI 3. 2 5. 8 
Tetrahydrofura n II I 4. 5 4. 0 
Wate r 0 10. 2 
Chlorofor m VII I 4. 1 
Methylen e  chlorid e V 3. 1 
Methy l  t-buty l  ethe r I ca.2. 5 
Ethy l  ethe r I 2. 8 
Hexan e — 0 

Approximat e  value s  fo r  som e  othe r  commo n solvent s  ar e  aceton e  (3.4) , 
dioxan e  (3.5) ,  ethano l  (3.6) ,  an d isopropano l  (4.2) . 
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Sr p =  tota l  solven t  strengt h o f  th e  mixtur e 

S i  =  solven t  strengt h weightin g facto r 

(4.12 ) 

= volum e  fractio n o f  solven t  i n  th e  mixtur e 

For  th e  binar y solven t  mixtur e  containin g 60 % methano l  an d 40 % water ,  th e  mixe d 

solven t  strengt h fo r  reversed-phas e  chromatograph y i s  calculate d a s  follow s 

Solven t  mixture s  o f  identica l  strengt h bu t  differen t  selectivit y  ar e  sometime s 

describe d a s  iso-eluotropi c  solvent s  [94] ,  Suitabl e  binar y solven t  mixture s  ca n 

be  selecte d fro m th e  solven t  selectivit y  triangl e  discusse d previously .  T o 

maximiz e  th e  difference s  i n  selectivity ,  solvent s  ar e  selecte d fro m differen t 

selectivit y  grou p designation s  whic h li e  clos e  t o  th e  triangl e  apices ,  Figur e 

4.15 .  Fo r  reversed-phas e  chromatograph y a  suitabl e  selectio n migh t  b e  methanol , 

acetonitrile ,  an d tetrahydrofura n mixe d wit h wate r  t o  contro l  solven t  strength . 

Figur e  4.1 5 Selectivit y  triangl e  fo r  preferre d solvent s  i n  reversed-phas e 
(-  -  - )  an d norma l  phas e  (  )  chromatography . 

If ,  a s  i n  th e  methanol-wate r  (60:40 )  exampl e  use d above ,  th e  solven t  strengt h 

was  abou t  optimu m fo r  th e  separatio n an d on e  wishe d t o  chang e  solven t 

selectivit y  t o  adjus t  resolution ,  the n th e  volum e  fractio n o f  th e  ne w solven t 

require d t o  giv e  a n iso-eluotropi c  mixtur e  coul d b e  calculate d fro m equatio n 

(4.12) .  Usin g acetonitril e  a s  a n exampl e  an d a  valu e  o f  S T =  1.56 ,  w e  hav e 

S T "  S C H3 0 H e O i 3 0 H +  S H 2 0 ° H 2 0 

S T =  (2.6 )  (0.6 )  +  (0 )  (0.4 ) 

S T =  1.5 6 

PROTO N ACCEPTO R 

PROTO N DONOR DI POL E INTERACTIO N 
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1.5 6 =  (3.2)È . 

1.5 6 =  S , 

an d 

CH-.C N 

1.5 6 
= =  0.4 9 o r  49 % 

3.2 0 

Thu s  a  mixtur e  o f  acetonitrile-wate r  (49:51 )  ha s  simila r  solven t  strengt h t o  a 

mixtur e  o f  methanol-wate r  (60:40) .  Likewise ,  i t  ca n b e  show n tha t  a  mixtur e  o f 

tetrahydrofuran-wate r  (35:65 )  i s  iso-eluotropi c  wit h th e  tw o previous'binar y 

solven t  mixtures . 

Binar y solven t  mixture s  provid e  a  simpl e  mean s  fo r  controllin g solven t 

strengt h bu t  onl y limite d opportunitie s  fo r  controllin g solven t  selectivity . 

Wit h ternar y an d quaternar y solven t  mixture s  i t  i s  possibl e  t o  fin e  tun e  solven t 

selectivit y  whil e  maintainin g a  constan t  solven t  strengt h [94-96] ,  I n  addition , 

ther e  ar e  onl y a  ver y smal l  numbe r  o f  organi c  modifier s  tha t  ca n b e  use d a s 

binar y mixture s  wit h water .  Man y mor e  mobil e  phase s  o f  th e  sam e  solven t 

strengt h ca n b e  prepare d i f  ternar y an d quaternar y solven t  system s  ar e  used .  A n 

exampl e  o f  mobil e  phas e  selectivit y  optimizatio n usin g a  ternar y solven t  mixtur e 

i s  show n i n Figur e  4,1 6 [94] ,  Th e  separatio n i n  Figur e  4.16 A wa s  obtaine d wit h 

th e  binar y mobil e  phas e  methanol-wate r  (50:50) .  Th e  solven t  strengt h o f  thi s 

mixtur e  i s  abou t  correc t  fo r  th e  separatio n base d o n th e  sampl e  capacit y  facto r 

values ,  bu t  component s  1  an d 2 ,  benzy l  alcoho l  an d phenol ,  ar e  no t  resolved . 

Thi s  indicate s  tha t  a  chang e  i n  solven t  selectivit y  i s  required .  Th e  separatio n 

obtaine d wit h th e  iso-eluotropi c  binar y solven t  mixtur e  tetrahydrofuran-wate r 

(32:68) ,  Figur e  4.16B ,  show s  a  chang e  i n  componen t  resolutio n wit h a n analysi s 

tim e  simila r  t o  th e  separatio n i n  Figur e  4.16A .  Sampl e  resolutio n i s  no t 

complet e  her e  bu t  afte r  adjustin g th e  mobil e  phas e  selectivity ,  pheno l  an d 

benzy l  alcoho l  ar e  wel l  separated .  I n  th e  secon d solven t  system ,  pheno l  an d 

3-phenylpropano l  ar e  unresolved .  Mobil e  phas e  strengt h an d selectivit y  ar e 

optimize d i n  th e  ternar y solven t  syste m methanol-tetrahydrofuran-wate r 

(10:25:65) ,  Figur e  4.16C ,  i n  whic h al l  th e  sampl e  component s  ar e  adequatel y 

resolved . 

I n  man y instances ,  selectin g a  mobil e  phas e  i s  stil l  a  tria l  an d erro r 

procedur e  usin g th e  guideline s  discusse d above .  Th e  Snyde r  solven t  selectivit y 

triangl e  concep t  ca n b e  combine d wit h a  mixture-desig n statistica l  techniqu e  t o 

defin e  th e  optimu m mobil e  phas e  compositio n fo r  a  particula r  separatio n [97] .  A 

featur e  o f  thi s  mixture-desig n techniqu e  i s  tha t  i t  lead s  t o  th e  selectio n o f  a 

quaternar y mobil e  phas e  syste m fo r  mos t  separations .  Th e  selectio n proces s  ca n 

be  controlle d b y a  microprocesso r  i n  a n interactv e  wa y i f  th e  solven t  deliver y 

syste m ca n pum p fou r  solvent s  simultaneously .  Metho d developmen t  proceed s  i n 
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Figur e  4.1 6 A n exampl e  o f  th e  us e  o f  ternar y solvent s  t o  contro l  mobil e  phas e 
strengt h an d selectivit y  i n  reversed-phas e  chromatography . 
A,  methanol-wate r  (50:50) ;  B ,  tetrahydrofuran-wate r  (32:68) ; 
C,  methanol-tetrahydrofuran-wate r  (35:10:55) .  Pea k identification : 
1,  benzy l  alcohol ;  2 ,  phenol ;  3 ,  3-phenylpropanol ; 
4,  2,4-dimethylphenol ;  5 ,  benzene ;  6 ,  diethylphthalate . 
(Reproduce d wit h permissio n fro m ref .  94 .  Copyrigh t  Elsevie r 
Scientifi c  Publishin g Co. ) 

th e  followin g manner .  A n initia l  binar y solven t  syste m wit h th e  correc t  solven t 

strengt h fo r  th e  separatio n i s  selected .  Thi s  binar y solven t  syste m form s  on e 

ape x o f  th e  selectivit y  triangl e  an d define s  th e  solven t  strengt h use d t o 

calculat e  th e  compositio n o f  th e  mobil e  phas e  a t  th e  othe r  apice s  o f  th e 

triangle .  Thu s  eac h o f  th e  thre e  initia l  chromatogram s  i s  obtaine d wit h binar y 

solvent s  o f  equivalen t  solven t  strengt h containin g a  commo n strength-adjustin g 

solven t  an d thre e  selectivity-adjustin g solvent s  fro m differen t  solven t 

selectivit y  groups .  Th e  are a  boun d b y th e  side s  o f  th e  selectivit y  triangl e 

define s  th e  selectivit y  spac e  i n  whic h th e  optimu m mobil e  phas e  wil l  b e  found . 

Furthe r  optimizatio n i s  achieve d b y mixin g eac h o f  th e  binar y solvent s  i n  tur n 

t o  generat e  thre e  ternar y mobil e  phas e  system s  formin g th e  apice s  o f  a  ne w 

solven t  selectivit y  triangle .  Visua l  compariso n o f  th e  si x  chromatogrm s  wil l 

normall y allo w th e  optimu m solven t  compositio n fo r  th e  separation ,  th e  sevent h 

chromatogram ,  t o  b e  predicted .  Th e  advantag e  o f  th e  abov e  approac h i s  tha t  i t 

ca n b e  use d t o  achiev e  a  prechose n leve l  o f  resolutio n fo r  al l  th e  component s  o f 

a  comple x mixtur e  or ,  alternatively ,  a  singl e  pai r  o r  severa l  specifi c  pair s  o f 

compound s  withi n th e  mixtur e  usin g a  precisel y define d an d limite d experimenta l 

framework .  I n  theory ,  onl y seve n definitiv e  isocrati c  experiment s  ar e  neede d t o 
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adequatel y evaluat e  th e  entir e  selectivit y  spac e  o f  th e  solven t  selectivit y 

triangl e  statistically . 

The  majo r  proble m experience d i n  optimizin g a  chromatographi c  syste m i s  th e 

difficult y  i n  distinguishin g a  goo d separatio n fro m a  poo r  one .  A  numbe r  o f 

method s  fo r  measurin g th e  performanc e  o f  a  multicomponen t  syste m hav e  bee n 

proposed ,  mos t  o f  whic h involv e  th e  linea r  combinatio n o f  th e  measurement s  fo r 

particula r  pair s  t o  giv e  a  singl e  valu e  relate d t o  separatio n performanc e  unde r 

a  singl e  se t  o f  conditions .  On e  suc h metho d i s  th e  chromatographi c  optimizatio n 

functio n (COF )  give n b y equatio n (4.13 ) 

Â  =  weightin g facto r  use d t o  indicat e  whic h peak s  ar e  mor e  importan t  t o 

separat e  tha n other s 

= resolutio n o f  th e  it h  pai r 

R.  ,  =  desire d resolutio n o f  th e  it h  pai r 

Â =  arbitrar y weightin g facto r 

t x =  maximu m acceptabl e  analysi s  tim e 

t ^  =  experimenta l  tim e 

Ê =  numbe r  o f  adjacen t  pair s  o f  peak s 

The  COF reduce s  dat a  fro m eac h chromatogra m t o a  singl e  numbe r  convenien t  fo r 

mathematica l  interpretation .  Chromatogram s  wit h goo d pea k resolutio n hav e  CO F 

value s  approachin g zer o o r  a  smal l  negativ e  valu e  an d thos e  wit h poo r  separatio n 

resul t  i n  larg e  negativ e  values .  Th e  CO F valu e  i s  satisfactor y i f  al l 

component s  hav e  th e  sam e  relativ e  orde r  o f  retentio n i n  al l  solvents .  I t  i s  no t 

uncommo n fo r  pea k crossove r  t o  occu r  wit h change s  i n  mobil e  phas e  selectivit y 

an d thi s  chang e  ma y no t  b e  reflecte d b y th e  COF value .  Also ,  i t  i s  difficul t 

fo r  th e  chromatographe r  t o  easil y  relat e  th e  COF valu e  t o  chromatographi c  term s 

whic h ar e  familia r  t o  him .  Th e  visua l  impac t  o f  th e  separatio n proces s  i s 

lost .  A  mor e  recen t  approac h make s  us e  o f  overlappin g resolutio n map s  (ORM)  i n 

whic h a  resolutio n contou r  ma p i s  generate d fo r  eac h pai r  o f  peak s  i n  al l 

solven t  composition s  withi n a  selecte d solven t  triangl e  [97] ,  An y are a  o f  th e 

solven t  triangl e  tha t  ha s  a  resolutio n exceedin g th e  desire d minimu m valu e 

represent s  a  choic e  o f  solvent s  whic h ca n separat e  tha t  particula r  pair .  B y 

overlappin g acceptabl e  region s  o f  separatio n fo r  al l  sampl e  componen t  pairs , 

area s  correspondin g t o  particula r  solven t  mixture s  whic h wil l  achiev e  th e 

desire d resolutio n fo r  al l  componen t  pair s  ca n b e  identified .  Method s  usin g 

overlappin g resolutio n map s  provid e  a  visua l  approac h t o  mobil e  phas e 

optimization ,  assumin g th e  availabilit y  o f  compute r  an d graphic s  equipmen t  fo r 

Â<*÷ - V (4.13 ) 
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dat a  handling . 

For  liquid-soli d  chromatograph y usin g adsorbent s  suc h a s  silic a  ge l  an d 

alumina ,  th e  solven t  strengt h parameter ,  å ° , i s  a  usefu l  measur e  o f  solven t 

elutin g power .  Th e  empirica l  arrangemen t  o f  solvent s  i n  orde r  o f  increasin g 

elutio n strengt h i s  calle d a n eluotropi c  series .  Fo r  liquid-soli d 

chromatography ,  th e  serie s  wa s  establishe d b y determinin g th e  retentio n volume s 

wit h variou s  solvent s  fo r  a  particula r  substanc e  o n a  give n adsorbent .  Th e  mor e 

"polar "  th e  solvent ,  th e  smalle r  th e  retentio n volume .  Al l  value s  o f  å ° ar e 

reference d t o  th e  valu e  fo r  n-pentane ,  whic h i s  take n t o  b e  zero .  Som e  typica l 

value s  fo r  th e  solven t  strengt h paramete r  ( å ° ) ar e  give n i n  Tabl e  4.16 .  Detail s 

of  thi s  paramete r  ar e  covere d i n  th e  sectio n dealin g wit h liquid-soli d 

chromatography . 

4. 9  Gradien t  Elutio n i n  Liqui d Chromatograph y 

So fa r  w e  hav e  discusse d elutio n i n  liqui d chromatograph y unde r  isocrati c 

conditions ;  tha t  is ,  wit h  a  mobil e  phas e  whos e  solven t  strengt h remain s  constan t 

throughou t  th e  separation .  Thi s  i s  th e  favore d metho d o f  separatio n i n  liqui d 

chromatograph y an d ha s  man y advantage s  i n  term s  o f  convenience ,  simplicity ,  an d 

reproducibilit y  o f  th e  chromatographi c  data .  However ,  isocrati c  elutio n i s 

ineffectiv e  fo r  th e  separatio n o f  sample s  containin g component s  o f  widel y 

differen t  relativ e  retention .  Fo r  sample s  o f  thi s  typ e  isocrati c  elutio n 

produce s  poo r  resolutio n o f  earl y  elutin g peak s  an d inconvenientl y  lon g 

retentio n time s  an d broa d peak s  fo r  lat e  elutin g components .  Thi s  situatio n i s 

frequentl y  referre d t o  a s  "th e  genera l  elutio n problem" .  On e  solution.t o  thi s 

proble m i s  gradien t  elutio n liqui d chromatograph y i n  whic h th e  compositio n o f 

th e  mobil e  phas e  i s  varie d throughou t  th e  separatio n s o a s  t o  provid e  a 

continua l  increas e  i n  solven t  strengt h an d thereb y a  mor e  convenien t  elutio n 

tim e  an d sharpe r  peak s  fo r  al l  sampl e  component s  [98] ,  Improvement s  ar e  see n i n 

pea k shape ,  resolution ,  detectio n sensitivity ,  an d analysi s  time . 

I n  thi s  sectio n a  phenomenologica l  approac h t o  th e  descriptio n o f  solven t 

gradient s  wil l  b e  adopted .  I n  particular ,  th e  linear-solvent-strengt h gradien t 

wil l  b e  emphasize d sinc e  thi s  represent s  th e  simples t  gradien t  typ e  t o  analyz e 

an d fairl y  closel y approximate s  th e  condition s  mos t  frequentl y  use d i n  th e 

laborator y [93-99] .  Mathematica l  model s  fo r  th e  gradien t  elutio n proces s  ca n 

ge t  rathe r  comple x an d wil l  no t  b e  treate d here .  A s  wel l  a s  th e  linear -

solvent-strengt h mode l  [93-99],  mor e  comple x approache s  hav e  bee n describe d b y 

Jander a  an d Churace k [100-104 ]  an d Schoenmakers ,  Billiet ,  an d D e  Gala n 

[105-107] .  Genera l  review s  o f  gradien t  elutio n liqui d chromatograph y ar e  als o 

availabl e  [93,99,108-110] . 

Usuall y  i n  gradien t  elutio n liqui d chromatograph y a  binar y mixtur e  o f 
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solvent s  A  an d Â  i s  use d i n  whic h th e  volum e  fractio n o f  th e  stronge r  elutin g 

solven t  Â  i s  progressivel y increase d wit h time .  Th e  shap e  o f  th e  solven t 

gradient s  use d ten d t o  confor m t o on e  o f  th e  idealize d shape s  show n i n Figur e 

4.17 .  Simpl e  gradient s  usuall y  suffic e  t o  solv e  mos t  problem s  an d ar e  easie r  t o 

interpre t  chromatographically .  Comple x gradient s  ca n b e  constructe d b y 

combinin g severa l  gradien t  segment s  represente d b y th e  shape s  i n  Figur e  4.1 7 t o 

for m th e  complet e  gradien t  program .  A s  wel l  a s  gradien t  segments ,  isocrati c 

segment s  ca n b e  include d i n  th e  program .  Thes e  ar e  mos t  frequentl y  use d a t  th e 

star t  o r  en d o f  th e  progra m bu t  ca n b e  use d a t  an y poin t  i n  th e  gradien t 

sequenc e  t o  improv e  sampl e  resolution .  Step-functio n gradient s  ca n als o b e  use d 

bu t  thes e  hav e  fe w advantage s  ove r  continuou s  gradient s  [103] . 

Linea r Conve x Concav e 

Time Time Time 
Figur e  4.1 7 Idealize d shape s  fo r  mobil e  phas e  gradients . 

I n  a  linear-solvent-strengt h gradient ,  th e  logarith m o f  th e  capacit y  facto r 

fo r  eac h sampl e  component ,  k_ ,  i s  assume d t o  decreas e  linearl y  wit h tim e 

accordin g t o  equatio n (4.14) . 

t 
lo g k .  =  lo g k 

6 é  & ï 
(4.14 ) 

k^  =  capacit y  facto r  fo r  th e  it h  componen t 

k Q =  valu e  o f  k ^  determine d isocraticall y  i n  th e  startin g solven t  A 

b =  gradien t  steepnes s  paramete r 

t  =  tim e  afte r  star t  o f  gradien t  an d sampl e  injectio n 

t  =  colum n dea d tim e 
m 

Thi s  equatio n predict s  tha t  th e  averag e  effectiv e  valu e  o f  k  durin g 

migratio n i s  th e  sam e  fo r  ever y ban d an d th e  termina l  k  valu e  a t  th e  tim e  o f 

elutio n fro m th e  colum n wil l  als o b e  identica l  fo r  eac h band .  Consequentl y  a 

linear-solvent-strengt h gradien t  shoul d resul t  i n  equa l  resolutio n o f  ever y ban d 

an d equa l  bandwidt h fo r  al l  components .  Thes e  propertie s  ar e  apparen t  i n  th e 

separatio n show n i n Figur e  4.1 8 [106] ,  I f  equatio n (4.14 )  wer e  strictl y  tru e 

the n a  plo t  o f  lo g k ^  agains t  t  woul d b e  a  straigh t  line .  Thi s  i s  foun d t o  b e  a 

goo d approximatio n fo r  th e  rang e  mos t  widel y use d i n  liqui d chromatograph y ( 1 < 

k_^  <  10) .  Th e  gradien t  steepnes s  parameter ,  b ,  shoul d ideall y  remai n constan t 
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Ï  10 20 

Minutes 
Figur e  4.1 8 Exampl e  o f  a n optimu m linear-solvent-strengt h gradient .  Pea k 

identification :  1 ,  benzy l  alcohol ;  2 ,  2-phenylethanol ; 
3,  o-cresol ;  4 ,  nitrobenzene ;  5 ,  diethy l  o-phthalate ; 
6,  benzophenone ;  7 ,  naphthalene ;  8 ,  biphenyl ;  9 ,  anthracene . 
(Reproduce d wit h permissio n fro m ref .  106 .  Copyrigh t  Elsevie r 
Scientifi c  Publishin g Co. ) 

throughou t  th e  solven t  progra m an d henc e  hav e  th e  sam e  valu e  fo r  al l  sampl e 

components ,  a  conditio n whic h i s  neve r  exactl y  possibl e  unde r  norma l  operatin g 

conditions .  Ther e  ar e  certai n  case s  wher e  b  doe s  i n  fac t  increas e  regularl y 

wit h solut e  retention .  Example s  o f  suc h case s  ar e  homologou s  series , 

benzologou s  serie s  (e.g. ,  polycycli c  aromati c  hydrocarbons) ,  mixture s  o f 

oligomers ,  sample s  comprisin g a  paren t  compoun d wit h varyin g degree s  o f 

functional-grou p substitution ,  an d sample s  containin g simila r  compound s  tha t 

bea r  differen t  ne t  charge s  (ion-exchang e  chromatography) .  Her e  a 

linear-solvent-strengt h gradien t  doe s  no t  represen t  a n optimu m situatio n sinc e  b 

increase s  successivel y fo r  late r  elutin g bands ,  an d therefor e  a  conve x gradien t 

shoul d b e  employe d t o  provid e  constan t  spacin g an d bandwidth s  fo r  th e  variou s 

sampl e  components .  I n  general ,  th e  linear-solvent-strengt h gradien t  i s  th e 

preferre d separatio n metho d i n  gradien t  elutio n liqui d chromatography ,  excep t  a s 

note d above . 

A suitabl e  gradien t  fo r  a  separatio n ca n b e  describe d b y thre e 

characteristics :  th e  initia l  an d fina l  mobil e  phas e  compositions ,  th e  gradien t 

shape ,  an d th e  gradien t  steepness .  Solven t  selectio n i s  a s  importan t  i n 

gradien t  elutio n a s  i n  isocrati c  analysis .  Rule s  an d observation s  simila r  t o 

thos e  discusse d previousl y ca n b e  applied .  Binar y solven t  mixture s  ar e  mos t 

frequentl y  employe d an d a n initia l  solven t  A  tha t  i s  to o wea k o r  a  fina l  solven t 

Â tha t  i s  to o stron g wil l  lea d t o  a  degradatio n i n  th e  qualit y  o f  th e 
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separation .  Th e  choic e  o f  solven t  A  ha s  a n influenc e  o n th e  separatio n o f  th e 

initia l  band s  i n  th e  chromatogra m bu t  ver y littl e  influenc e  o n th e  separatio n o f 

th e  late r  elutin g bands .  Th e  initia l  solven t  ma y b e  a  pur e  solven t  o r  a  binar y 

solven t  mixtur e  o f  A  an d Â  adjuste d i n  strengt h t o  provid e  optimu m resolutio n 

fo r  th e  earl y  elutin g band s  i n  th e  chromatogra m wit h minimu m tim e  dela y befor e 

th e  appearanc e  o f  th e  firs t  peak .  Th e  strengt h o f  th e  fina l  solven t  Â 

influence s  th e  selectivit y  o f  th e  separatio n (i.e. ,  relativ e  pea k position )  an d 

th e  retentio n tim e  an d pea k shap e  o f  late r  elutin g bands .  Whe n late r  band s 

elut e  lon g afte r  th e  en d o f  th e  gradien t  progra m a  stronge r  Â  solven t  i s 

needed .  I f  Â  i s  to o weak ,  th e  analysi s  tim e  ma y becom e  inconvenientl y  lon g an d 

late r  elutin g band s  broadene d an d difficul t  t o  detect .  Withi n thes e  solven t 

constraints ,  th e  gradien t  progra m i s  selecte d an d optimized . 

TABLE 4.1 9 

SELECTION O F OPTIMAL LINEAR-SOLVENT-STRENGTH GRADIENTS I N LIQUI D CHROMATOGRAPHY 

Colum n Typ e Gradien t  Shap e Rang e  o r  Rat e 

Reversed-Phas e  BP C Linea r  increas e  i n 

(Organi c  modifier ) 

5-7 % B/ t 

Normal-Phas e  BP C Var y compositio n o f  binar y mobil e 

phas e  linearl y  t o  giv e  chang e  i n 

polarit y  equa l  t o  0. 5  P'/ t 

12-15 % B/ t 

Liquid-Soli d Var y compositio n o f  binar y mobil e 

phas e  i n  a  concav e  fashio n t o  giv e 

a  chang e  i n  solven t  strengt h equa l 

t o  0.0 2 c°/ t 

(10-18) t  fo r  a 
m 

0-100 % gradient 3 

Ion-Exchang e Increas e  sal t  concentratio n b y 1. 6 

fol d pe r  t  i n  a  concav e  gradien t 

Increas e  p H b y 0. 2 units/t m,  p H varie d fro m 

linea r  gradien t  (catio n exchange )  2- 6 i n  20 t 

Decreas e  p H b y 0. 2 units/t m,  p H varie d fro m 

linea r  gradien t  (anio n exchange )  8- 2 i n  30 t 

Gradient s  fro m 5-95 % Â  ar e  generall y  preferre d fro m a  practica l  poin t  o f  vie w 
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Some  genera l  rule s  fo r  predictin g th e  optimu m gradien t  fo r  linear-solvent -

strengt h separation s  ar e  give n i n  Tabl e  A.19 .  Not e  tha t  th e  gradien t  steepnes s 

i s  dependen t  o n th e  dea d volum e  o f  th e  column ,  t ffl ,  an d tha t  a 

linear-solvent-strengt h gradien t  i n  liquid-soli d  chromatograph y o r  a  sal t 

gradien t  i n  ion-exchang e  chromatograph y ha s  a  concav e  shape .  Th e 

generalization s  i n  Tabl e  4.1 9 ca n b e  predicte d b y theor y an d hav e  bee n validate d 

experimentall y  [99] .  Thi s  tabl e  provide s  a  startin g poin t  fo r  gradien t 

selectio n bu t  som e  fin e  tunin g wil l  probabl y b e  necessar y fo r  optimization . 

A conve x gradien t  provide s  a  faste r  increas e  i n  th e  percen t  volum e  o f  Â  a t 

th e  beginnin g o f  th e  separatio n tha n a  linea r  gradient .  Wher e  a  linea r  gradien t 

was  th e  optima l  profile ,  a  conve x gradien t  lead s  t o  elutio n o f  band s  wit h a 

lowe r  averag e  capacit y  facto r  an d a  shorte r  tota l  analysi s  time .  A s  a  result , 

earl y  elutin g band s  appea r  sharpene d an d bunche d togethe r  wit h a  los s  i n 

resolutio n an d late r  elutin g band s  appea r  wide r  an d bette r  resolved .  A  concav e 

gradien t  produce s  a n effec t  opposit e  t o  th e  conve x gradien t  wit h wider ,  bette r 

resolve d band s  a t  th e  star t  o f  th e  chromatogra m an d sharper ,  les s  wel l  resolve d 

band s  appearin g a t  th e  end .  Whicheve r  gradien t  shap e  i s  selecte d fo r  th e 

separation ,  th e  idea l  situatio n i s  reache d whe n al l  band s  ar e  o f  equa l  widt h 

acros s  th e  chromatogram . 

Gradien t  elutio n ca n b e  use d a s  a  metho d fo r  calculatin g th e  compositio n o f 

th e  mobil e  phas e  require d t o  elut e  a  substanc e  wit h a  certai n  capacit y  facto r 

valu e  unde r  isocrati c  conditions .  Thu s  gradien t  elutio n analysi s  i s  a  usefu l 

an d rapi d metho d fo r  "scouting "  th e  optima l  condition s  fo r  a n isocrati c 

separatio n o f  a  sampl e  usin g th e  sam e  chromatographi c  syste m [99,103] .  I n 

gradien t  elutio n chromatography ,  th e  compositio n o f  th e  mobil e  phas e  enterin g 

th e  colum n a s  a  functio n o f  tim e  i s  a  know n paramete r  an d determine s  th e 

relationshi p o f  th e  sampl e  capacit y  factor s  wit h time ,  conformin g t o  equatio n 

(4.14) .  Th e  mobil e  phas e  compositio n a t  th e  colum n exi t  lag s  behin d tha t  a t  th e 

colum n inle t  b y th e  tim e  require d t o  travers e  th e  lengt h o f  th e  column , 

equivalen t  t o  t ffl .  Consequently ,  th e  capacit y  facto r  o f  a  substanc e  a t  th e  tim e 

of  elutio n k ^  i s  define d b y a  modifie d for m o f  equatio n (4.14) ,  equatio n (4.15) . 

lo g k f  =  lo g k  -  b 
t  -  t 

g  m 

t 
m 

(4.15 ) 

By eliminatin g k Q betwee n equation s  (4.14 )  an d (4.15) ,  w e  hav e 
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t -  t  - t 
lo g k± =  -lo g k f  +  b 

8 m (4.16 ) 
t 
m 

t  =  tim e  fro m sampl e  injectio n t o  elutio n o f  th e  ban d maximu m i n gradien t 
^  elutio n 

t  =  tim e  afte r  star t  o f  gradien t  an d sampl e  injectio n 
t  =  colum n dea d tim e 

For  band s  tha t  ar e  fairl y  wel l  retaine d b y th e  colum n i n th e  gradien t  program , 

i s  approximatel y equa l  t o  1/(2.3) b an d substitutin g thi s  valu e  int o equatio n 

(4.16 )  enable s  on e  t o  describ e  k .  i n  term s  o f  b ,  t  ,  t ,  an d t  .  Th e  value s  o f K J  é  g '  m 
t  an d t m ar e  determine d b y th e  experimen t  an d value s  fo r  b  ca n usuall y  b e 

estimated .  Thu s  k .  ca n b e  determine d a s  a  functio n o f  time ,  t ,  an d sinc e  th e 
é  ' 

mobil e  phas e  compositio n a s  a  functio n o f  tim e  i s  know n fro m th e  gradien t 

program ,  k ^  a s  a  functio n o f  mobil e  phas e  compositio n i s  als o known .  Fo r 

typica l  value s  o f  b  (0.2-0.4 )  Tabl e  4.2 0 ca n b e  use d t o  calculat e  È^ ,  th e 

percentag e  volum e  o f  th e  stronge r  solven t  Â  i n  a  binar y mobil e  phase ,  tha t  wil l 

provid e  a  predetermine d valu e  o f  k ^  unde r  isocrati c  elutio n condition s  [99] . 

For  example ,  i f  a  valu e  o f  k  =  3  i s  desire d i n  th e  isocrati c  separation ,  th e 

valu e  ofG g (fro m th e  gradien t  device )  shoul d b e  observe d a t  a  tim e  t  = 

t  -  2t m« Tha t  valu e  o f  È â  woul d the n giv e  a  valu e  o f  abou t  3  fo r  k  i n  th e 

isocrati c  separation . 

To dat e  ternar y gradient s  hav e  bee n rarel y use d i n  gradien t  elutio n 

chromatograph y [104] .  Wit h ternar y gradients ,  i t  shoul d b e  possibl e  t o  adjus t 

retentio n an d selectivit y  independentl y  t o  a  certai n  exten t  an d t o  chang e  bot h 

selectivit y  an d retentio n wit h tim e  muc h mor e  efficientl y  the n whe n usin g binar y 

gradients .  Th e  simples t  typ e  o f  ternar y gradien t  syste m involve s  addin g a n 

equa l  volum e  percen t  o f  a  thir d solven t  C  t o  bot h initia l  solvent s  A  an d Â  whic h 

ar e  the n mixe d a s  a  binar y gradient .  Th e  ternar y gradien t  .forme d the n contain s 

variabl e  amount s  o f  wea k solven t  A  an d stron g sovlen t  Â  wit h a  fixe d amoun t  o f  a 

selectivity-adjustin g solven t  C .  Continuousl y variabl e  gradient s  o f  solvent s  Â 

an d C  i n  A  hav e  no t  bee n investigate d thoroughly . 

A nove l  method ,  sequentia l  isocrati c  ste p liqui d chromatography ,  ha s  bee n 

describe d th e  eithe r  scoutin g fo r  preliminar y condition s  fo r  a n isocrati c 

separatio n wit h a  sampl e  o f  unknow n compositio n o r  fo r  determinin g th e  polarit y 

rang e  an d complexit y  o f  a n unknow n sampl e  [111] .  Th e  metho d i s  comprise d o f  a 

serie s  o f  shor t  isocrati c  separation s  o f  a  sampl e  i n  a  sequenc e  o f  step s  goin g 

fro m 100 ,  80 ,  60 ,  40 ,  20 ,  an d 0  percen t  volum e  o f  stron g elutin g solven t  Â  i n 

wea k solven t  A .  Th e  tim e  o f  eac h isocrati c  segmen t  i s  establishe d t o  cove r  th e 

rang e  k  =  0-1 0 an d i s  equa l  t o  1 0 time s  th e  colum n dea d time .  A t  hig h flo w 

rate s  (e.g. ,  5  ml/min) ,  th e  tota l  tim e  fo r  th e  complet e  stepwis e  analysi s  ca n b e 

m 
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TABLE 4.2 0 

THE RELATIONSHI P BETWEEN k AND t  FO R DIFFERENT VALUES O F TH E GRADIENT 
STEEPNESS FACTOR b 

Time 
t  = 

Valu e  o f k  fo r  0 ^  a t  th e  colum n inle t 

b  =  0.0 2 b =  0. 4 

t 
8 

1. 4 0. 4 

t  -  t 
g  m 

2. 2 1. 1 

t  -  2 t 
g  m 

3. 4 2. 7 

t  -  3 t 
g  m 

5. 4 6. 8 

kep t  shor t  (les s  tha n 1  hour) .  A  furthe r  advantag e  i s  tha t  th e  whol e  proces s 

ca n b e  automate d s o tha t  unattende d operatio n i s  possibl e  and ,  b y adroi t 

selectio n o f  solvents ,  near-universa l  wavelengt h detectio n a t  19 0 n m ca n b e 

used .  A  visua l  compariso n o f  th e  individua l  segment s  provide s  a  goo d startin g 

poin t  t o  selec t  th e  solven t  strengt h require d fo r  a n isocrati c  separatio n o r  t o 

decid e  th e  initia l  an d fina l  solven t  strength s  fo r  gradien t  elution . 

4.1 0 Liquid-Soli d  Chromatograph y 

Separation s  i n  liquid-soli d  chromatograph y resul t  largel y fro m th e 

interactio n o f  sampl e  pola r  functiona l  group s  wit h discret e  adsorptio n site s  o n 

th e  stationar y phase .  I n  thi s  respect ,  i t  differ s  greatl y  fro m reversed-phas e 

chromatograph y wher e  sampl e  retentio n i s  controlle d b y th e  lipophilicit y  o f  th e 

sample .  Th e  strengt h o f  thes e  pola r  interaction s  (se e  Tabl e  4.21 )  i s 

responsibl e  fo r  th e  selectivit y  o f  th e  separatio n i n  liquid-soli d 

chromatography .  Thu s  liquid-soli d  chromatograph y i s  generall y  considere d t o  b e 

suitabl e  fo r  th e  separatio n o f  non-ioni c  molecule s  whic h ar e  solubl e  i n  organi c 

solvents .  Ver y pola r  compounds ,  fo r  exampl e  compound s  wit h hig h solubilit y  i n 

wate r  an d lo w solubilit y  i n  organi c  solvents ,  interac t  ver y strongl y wit h th e 

adsorben t  surfac e  an d resul t  i n  peak s  o f  poo r  symmetr y an d poo r  efficiency .  I t 

ca n b e  see n fro m Figur e  4,1 9 tha t  liquid-soli d  chromatograph y i s  suitabl e  fo r 

th e  separatio n o f  moderatel y pola r  compound s  [112] . 

Ther e  ar e  som e  sampl e  type s  fo r  whic h liquid-soli d  chromatograph y show s  a 

uniqu e  separatin g ability .  I t  i s  generall y  th e  metho d o f  choic e  fo r  separatin g 

geometri c  isomer s  an d fo r  clas s  separation s  [113,114] ,  Th e  abilit y  o f 

liquid-soli d  chromatograph y t o  separat e  geometri c  isomer s  ha s  bee n attribute d t o 

a  lock-ke y typ e  steri c  fittin g o f  solut e  molecule s  wit h th e  discret e  adsorptio n 

site s  o n th e  silic a  surface .  A n exampl e  i s  show n i n Figur e  4.2 0 fo r 
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TABLE 4.2 1 

Relativ e  Sampl e 
Adsorptio n 

Compoun d Typ e 

Nonadsorbe d Aliphatic s 

Weakl y adsorbe d Alkenes ,  mercaptans ,  sulfides ,  aromatic s  an d 
halogenate d aromatic s  wit h on e  o r  tw o ring s 

Moderatel y adsorbe d Polynuclea r  aromatics ,  ethers ,  nitriles ,  nitr o 
compounds ,  an d mos t  carbonyl s 

Strongl y adsorbe d Alcohols ,  phenols ,  amines ,  amides ,  imides , 
sulfoxides ,  acid s 

Genera l  trend s 1) F <  C I  <  B r  <  I 
2) Interna l  hydroge n bondin g betwee n functiona l 

group s  diminishe s  retentio n 
3 ) Bulk y alky l  group s  adjacen t  t o  th e  pola r 

functiona l  grou p diminis h retentio n 
4) ci s  compound s  ar e  retaine d mor e  strongl y 

tha n tran s 
5 ) Equitoria l  group s  i n  cyclohexan e  derivative s 

(an d steroids )  ar e  mor e  strongl y retaine d tha n 
axia l  derivative s 

th e  separatio n o f  th e  fou r  geometri c  isomer s  o f  biliverdi n I X dimethy l  ester s 

[115] ,  Th e  uniqu e  abilit y  o f  adsorbent s  t o  differentiat e  solute s  base d o n 

difference s  i n  thei r  pola r  functiona l  group s  lead s  t o  thei r  us e  i n  clas s 

separations .  Th e  chromatogra m i n Figur e  4.2 1 show s  a  separatio n o f  a  mixtur e  o f 

anilin e  derivative s  an d aromati c  alcohol s  o n silic a  gel .  Not e  tha t  th e  tw o 

differen t  functiona l  grou p type s  o f  th e  sampl e  ar e  well-resolved .  Sampl e 

orderin g b y functiona l  grou p type ,  numbe r  o f  functiona l  groups ,  an d polarit y  i s 

th e  basi s  fo r  clas s  separation s  o f  comple x mixture s  wher e  th e  isolatio n o r 

measuremen t  o f  th e  contributio n o f  compoun d type s  t o  th e  overal l  sampl e  i s 

require d rathe r  tha n a  within-grou p separation .  A n exampl e  i s  th e  determinatio n 

of  th e  stero l  an d triglycerid e  fraction s  o f  a  lipi d sampl e  [116] ,  Conside r  als o 

Figur e  4.22 ,  whic h i s  th e  chromatogra m obtaine d fo r  th e  semipreparativ e 

fractionatio n o f  th e  solubl e  organi c  fractio n fro m a  diese l  engin e  particulat e 

exhaus t  sampl e  [117,118] ,  Eac h pea k contain s  component s  o f  a  simila r  typ e  whic h 

ca n b e  collecte d an d separate d i n  a  subsequen t  chromatographi c  analysis .  Her e 

liquid-soli d  chromatograph y ha s  a  distinc t  advantag e  ove r  reversed-phas e 

chromatography ,  whic h provide s  a  separatio n base d o n sampl e  hydrophobicit y  an d 

i s  bette r  reserve d fo r  "within-class "  separations .  Combinin g th e  tw o separatio n 

method s  provide s  a  powerfu l  too l  fo r  comple x mixtur e  analysis . 

Lipophili c  amines ,  difficul t  t o  separat e  o n bonde d phas e  column s  du e  t o 

CLASSIFICATIO N O F FUNCTIONAL GROUP ADSORPTION STRENGTHS 
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Figur e  4.1 9 Separatio n o f  linuro n an d it s  metabolite s  o n pPorasi l  b y gradien t 
elutio n fro m hexane-2 % (propanol-25 % ÍÇ,ÏÇ )  t o  hexane -
35 % (propanol-25 % NH^OH)  ove r  3 0 min .  Flo w rat e  1. 5  ml/min . 
Pea k identification :  1 ,  linuron ;  2 ,  3,4-dichloroaniline ; 
4,  3-(3,4-dichlorophenyl)-l-methylurea ;  5 ,  3,4-dichlorophenylurea ; 
6,  methyl-N-(3,4-dichlorophenyl)carbamate ;  7 ,  3,4-dichloro -
acetanilide ;  8 ,  3-(3,4-dichlorophenyl)-l-ethylurea .  (Reproduce d 
wit h permissio n fro m ref .  112 .  Copyrigh t  Presto n Publications , 
Inc. ) 

poo r  selectivit y  an d pea k tailing ,  ma y b e  separate d wit h goo d pea k symmetr y o n 

silic a  ge l  [119] .  Th e  mobil e  phas e  i s  usuall y  a  mixtur e  o f  wate r  an d a n organi c 

solven t  containin g a n inorgani c  o r  organi c  bas e  a s  a  selectivit y  modifier .  Th e 

separatio n mechanis m i n thi s  exampl e  i s  believe d t o  b e  controlle d b y 

electrostati c  adsorptio n forces . 

The  mechanis m b y whic h retentio n occur s  i n  liquid-soli d  chromatograph y i s 

no t  understoo d wit h absolut e  certaint y  [120] .  Tw o model s  o f  th e  adsorptio n 

proces s  wil l  b e  discusse d here :  th e  competitio n mode l  develope d b y Snyde r  an d 

Soczewinsk i  [121-125 ]  an d th e  solven t  interactio n mode l  propose d b y Scot t  an d 

Kucer a  [8,126,127] ,  Th e  discussio n wil l  b e  fro m a  mainl y phenomenologica l  poin t 

of  vie w an d directe d toward s  understandin g th e  influenc e  o f  th e  mobil e  phas e  o n 

selectivit y  an d retentio n i n  liquid-soli d  chromatography . 

For  nonpola r  an d moderatel y pola r  mobil e  phase s  whic h interac t  wit h th e 

adsorben t  surfac e  largel y b y dispersiv e  an d wea k dipol e  interactions ,  th e 

competitio n mode l  assume s  tha t  th e  entir e  adsorben t  surfac e  i s  covere d b y a 

monolaye r  o f  solut e  an d mobil e  phas e  molecules .  Unde r  norma l  chromatographi c 

conditions ,  th e  concentratio n o f  sampl e  molecule s  wil l  b e  smal l  an d th e  adsorbe d 

monolaye r  wil l  consis t  mainl y o f  mobil e  phas e  molecules .  Retentio n o f  a  solut e 

I  4 



27 4 

4 

J  I  I  1  É -
Ï  4  8  1 2 1 6 

TIME (  MINUTES) 

Í  Í  Í  Í 
Ç Ç  Ç 

Figur e  4.2 0 Isocrati c  separtio n o f  biliverdi n I X isomer s  b y liquid-soli d 
chromatography .  Stationar y phas e  Zorba x Sil-850 ,  mobil e  phas e 
methylen e  chloride-methanol-wate r  (99:0.9:0.1) ,  flo w rat e  1. 5 
ml/min .  Pea k identification :  Biliverdi n I X â ,  R ,  =  R ,  =  R _ 
= R f i  =  H ,  R ? =  R ,  =  A ,  R  =  R  =  B ;  Biliverdi n I X a ,  R ^  =  R ^  =  R , 
= R °  =  H ,  R ?  =  R; ?  =  A ,  R ^  =  R ^  =  B ;  3 :  Biliverdi n I X y\ R ? =  R -  0 

= R '  =  R ? =  H ,  =  R  =  A ,  R ^  =  R  =  B ;  4 :  Biliverdi n É×^ä , 
R l  R 3  R 5  =  R 8  =  H '  R 6  =  R 7  =  A '  R 2  =  R 4  =  B ;  A = - ( C H

2 ) 2 C 0 2 C H 3 ; 

B= -CH=CH2 .  (Reproduce d wit h permissio n fro m ref .  115 . 
Copyrigh t  Academi c  Press ,  Inc. ) 

molecul e  the n occur s  b y displacin g a  roughl y equivalen t  volum e  o f  mobil e  phas e 

molecule s  fro m th e  monolaye r  t o  mak e  th e  surfac e  accessibl e  t o  th e  adsorbe d 

solut e  molecule ,  a s  depicte d i n  Figur e  4.23 .  Th e  mode l  als o assume s  tha t 

solutio n energ y term s  involvin g th e  interactio n betwee n solut e  an d mobil e  phas e 

molecule s  ar e  cancelle d b y simila r  interaction s  i n  th e  adsorbe d phase .  Unde r 

th e  abov e  se t  o f  circumstances ,  solut e  retentio n ca n b e  represente d b y th e 

equilibrium ,  equatio n (4.18) , 

X +  n B «  *  X  +  n B (4.18 ) 
ç  a ^  a n  v  ' 

X =  solut e  molecul e  i n  th e  mobil e  phas e ç 

B & =  mobil e  phas e  molecul e  formin g th e  adsorben t  monolaye r 

ç  =  numbe r  o f  molecule s  o f  Â  displace d b y adsorptio n o f  X 

X& =  adsorbe d solut e  molecul e  (no w par t  o f  th e  adsorben t  monolayer ) 

Â =  ç  molecule s  o f  Â  i n  th e  mobil e  phas e 

ç  r 
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Figur e  4.2 1 Separatio n o f  a  mixtur e  o f  anilin e  derivative s  an d aromati c 
alcohol s  o n LiChrosor b S i  60 ,  d  =  5  ìðé .  Mobil e  phas e 
isooctane-dichloromethane-isoprSpano l  (900:90:10 ,  v/v/v) ,  flo w 
rat e  1. 5  ml/min .  Pea k identification :  1 ,  2,6-diethylaniline ; 
2,  2-methyl-6-ethylaniline ;  3 ,  o-isopropylaniline ;  4 ,  o-ethyl -
aniline ;  5 ,  2-phenyl-2-propanol ;  6 ,  á-methylbenzy l  alcohol ; 
7,  benzy l  alcohol ;  8 ,  cinnamy l  alcohol . 

whil e  solut e  retentio n ca n b e  envisage d a s  a  continuou s  competitiv e  displacemen t 

proces s  betwee n solut e  an d mobil e  phas e  molecule s  o n th e  adsorben t  surface .  Th e 

ne t  retentio n wil l  depen d o n th e  relativ e  interactio n energ y o f  th e  solut e  an d 

mobil e  phas e  molecule s  wit h th e  adsorben t  surface .  Th e  mode l  lead s  t o  tw o 

fundamenta l  equation s  describin g solut e  retentio n an d solven t  strengt h whic h 

hav e  experimenta l  validation .  Th e  variatio n o f  solut e  retentio n a s  a  functio n 

of  solven t  strengt h i s  give n b y equatio n (4.19 ) 

k^  =  solut e  capacit y  facto r  i n  mobil e  phas e  1 

k2 =  solut e  capacit y  facto r  i n  mobil e  phas e  2 

á '  =  adsorben t  activit y  paramete r 

A =  cross-sectiona l  are a  o f  th e  molecul e  X s 

å-̂  =  solven t  strengt h (å°-value )  o f  mobil e  phas e  1 

å~ =  solven t  strengt h (e °-value )  o f  mobil e  phas e  2 

lo g (4.19 ) 
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Figur e  4.2 2 Semi-preparativ e  clas s  separatio n o f  a  diese l  engin e  exhaus t 
sample .  Colum n 2 5 c m ÷  7. 9 mm,  1 0 ìð é  pPorasil .  Solven t  gradi -
en t  hexan e  t o  5 % methylen e  chlorid e  ove r  5  min. ,  linea r  gradien t 
t o  100 % methylen e  chlorid e  ove r  2 5 min. ,  isocrati c  fo r  1 0 min. , 
linea r  gradien t  t o  100 % acetonitril e  ove r  1 0 min. ,  isocrati c  fo r 
5  min. ,  ste p chang e  t o  tetrahydrofura n fo r  1 0 min. ,  ste p revers e 
t o  acetonitril e  fo r  5  min .  Th e  an d c u fraction s 
contai n 2- 4 an d 4- 6 rin g PAHs  an d saturate d aliphatics ;  â  fractio n 
contain s  6- 8 rin g PAHs ,  hydroxy -  an d nitro-PAH s  wit h 2  rings ;  th e 
ã,  fractio n contain s  hydroxy-PAH s  (3- 4 rings) ,  nitro-PAH s 
(2- 6 rings) ,  PA H quinone s  (3- 5 rings) ,  an d PA H ketone s  (2- 3 
rings) ;  an d th e  y^  fractio n contain s  PA H quinone s  (3- 5 rings) , 
hydroxy-PAH s  (5- 7 rings) ,  PA H ketone s  (3- 4 rings )  an d dinitro-PAH s 
( 3  rings) .  (Reproduce d wit h permissio n fro m ref .  117 .  Copyrigh t 
Elsevie r  Scientifi c  Publishin g Co. ) 

an d th e  solven t  strengt h o f  a  binar y mobil e  phase ,  å ^  i s  give n b y 

equatio n (4.20 )  [128] . 

å ÁÂ =  £ A +  l o g 

NB 1 0 á , \ ( å Â - å Á } +  1  - N B 

(4.20 ) 

å^ â  =  solven t  strengt h o f  th e  binar y mobil e  phas e  A B 

å^  =  solven t  strengt h o f  th e  weake r  solven t  A 

å g =  solven t  strengt h o f  th e  stronge r  solven t  Â 

Ng =  mol e  fractio n o f  th e  stronge r  solven t  Â  i n  th e  mobil e  phas e 

n^  =  molecula r  are a  o f  solven t  molecul e  Â 
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Figur e  4.2 3 Differen t  mechanism s  propose d fo r  th e  interactio n o f  solut e  an d 
mobil e  phas e  molecule s  wit h a  silic a  surface . 

The  paramete r  á' ,  th e  adsorben t  activit y  function ,  i s  relate d t o  th e  abilit y  o f 

th e  adsorben t  t o  interac t  wit h adjacen t  molecule s  o f  solut e  o r  solven t  an d ca n 

be  treate d a s  a  fixe d numerica l  constan t  fo r  th e  purpos e  o f  equation s  (4.19 )  an d 

(4.20) .  Equatio n (4.20 )  i s  applicabl e  t o  wea k non-hydroge n bondin g solvent s  i n 

whic h å g  <  0.3 .  A s  th e  polarit y  o f  th e  solven t  (o r  solute )  increases ,  equatio n 

(4.20 )  i s  n o longe r  vali d  sinc e  tw o o f  th e  premise s  o f  th e  competitio n mode l  ar e 

no longe r  true .  Wit h pola r  molecules ,  solute-solven t  interaction s  ar e  specifi c 

i n  natur e  an d no t  necessaril y  identica l  fo r  th e  molecule s  X  an d B .  Thes e 

solute-solven t  interaction s  ma y b e  differen t  i n  th e  adsorbe d monolaye r  an d bul k 

mobil e  phas e  an d ca n n o longe r  b e  considere d equa l  an d self-cancelling . 

Secondly ,  th e  premis e  o f  a n adsorben t  surfac e  whic h i s  effectivel y homogeneou s 

an d continuou s  wit h regar d t o  solven t  adsorptio n i s  n o longe r  true .  ~  Fo r  wea k 

solvent s  ther e  i s  littl e  preferenc e  fo r  adsorptio n o n an y give n par t  o f  th e 

surfac e  an d littl e  tendenc y fo r  weakl y retaine d molecule s  t o  localize . 

Molecule s  wit h stron g dipole s  wil l  attemp t  t o  adsor b directl y  o n to p o f  a 

preferre d sit e  o n th e  adsorben t  surfac e  [129,130] ,  Fo r  silic a  gel ,  th e 

adsorptio n site s  preferre d b y pola r  molecule s  ar e  associate d wit h th e  positio n 

of  th e  silano l  groups .  Th e  silic a  surfac e  i s  thu s  comprise d o f  activ e  site s 

wher e  localizatio n o f  pola r  molecule s  ca n occu r  an d othe r  region s  wher e 

preferenc e  fo r  localizatio n i s  no t  expected .  Whe n bot h solut e  an d solven t 

molecule s  compet e  fo r  localize d adsorptio n o n th e  sam e  surfac e  site ,  th e 

relativ e  adsorptio n o f  th e  solut e  wil l  b e  decrease d compare d t o  th e  cas e  o f  a 

non-localize d solvent . 
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An importan t  consequenc e  o f  surfac e  localizatio n o f  pola r  molecule s  i s  tha t 

th e  solven t  strengt h o f  th e  mobil e  phas e  wil l  var y continuousl y wit h th e  mol e 

fractio n o f  pola r  solven t  i n  th e  mobil e  phas e  an d i n  th e  adsorbe d monolayer . 

Experimen t  show s  tha t  localizatio n o f  th e  stron g solven t  Â  i n  a  binar y mobil e 

phas e  A B wil l  occu r  provide d tha t  th e  mol e  fractio n of '  Â  i n  th e  adsorbe d 

monolayer,Gg ,  i s  les s  tha n 0.75 .  Onc e  mos t  o f  th e  surfac e  i s  covere d b y 

localize d Â  molecules ,  th e  remainin g space s  o n th e  surfac e  ar e  no t  abl e  t o 

accommodat e  Â  molecule s  i n  th e  configuratio n an d positionin g require d fo r  th e 

localizin g effect .  Fo r  large r  volume s  ofG g th e  coverag e  o f  th e  remainin g 

surfac e  b y Â  molecule s  mus t  involv e  delocalize d adsorption .  Localize d molecule s 

ar e  hel d muc h mor e  strongl y t o  th e  adsorben t  surfac e  tha n ar e  delocalize d 

molecules .  Th e  ne t  resul t  i s  tha t  value s  fo r  progressivel y declin e  wit h a n 

increas e  ßçèç ·  I f  th e  valu e  o f  å ~ i s  å  '  fo r  G = 0 ,  an d å  "  fo r  G  =  1 ,  the n a 

D D  D  D 
localizatio n functio n 7 èË ca n b e  define d a s l c 

he =  < Å Â "  ' B " ) ^ '  "  Å Â " >  ( 4 · 2 1 ) 

å^  =  solven t  strengt h (å° )  fo r  pur e  solven t  Â 

å  "  =  valu e  o f  å ¿ a s  È ¼ — > 1 ;  fo r  delocalize d solven t  Â 

D D  D 

å̂ '  =  valu e  o f  e g  a s  G g — > 0 ;  fo r  localize d solven t  Â 

When th e  functio n i s  plotte d agains t  Gg ,  th e  curv e  generate d ca n 

be  fitte d empiricall y t o  equatio n (4.22 ) 

1 Sl c  =  ß 1 - È Â> 
(1 -  0.94^ ) 

14.5È Â

9 (4.22 ) 

Combinin g equation s  (4.21 )  an d (4.22 )  allow s  th e  calculatio n o f  å ¿ fo r  an y mol e 
D 

fractio n o f  solven t  Â  i n  th e  mobil e  phas e  an d th e  valu e  o f  å Á Ã)  t o  b e  calculate d 
AD 

fro m equatio n (4.20) .  Th e  calculatio n i s  rathe r  involve d an d referenc e  [128 ] 

shoul d b e  consulte d fo r  details .  Thi s  approac h i s  quit e  successfu l  fo r 

predictin g th e  solven t  strengt h o f  bot h binar y [128 ]  an d ternar y an d quaternar y 

[129 ]  mobil e  phase s  i n  liquid-soli d  chromatography .  Possibl e  exception s  ar e 

thos e  mobil e  phase s  containin g a  stron g solven t  capabl e  o f  sel f  hydroge n 

bonding ,  suc h a s  alcohols . 

The  solven t  interactio n mode l  differ s  fro m th e  competitio n mode l  b y 

proposin g th e  formatio n o f  solven t  bilayer s  adsorbe d ont o th e  adsorben t 

surface .  Th e  compositio n an d exten t  o f  bilaye r  formatio n depend s  o n th e 

concentratio n o f  pola r  solven t  i n  th e  mobil e  phase .  Solut e  retentio n occur s  b y 

interactio n (displacemen t  o r  association )  o f  th e  solut e  wit h th e  secon d laye r  o f 

adsorbe d mobil e  phas e  molecule s  a s  show n i n  Figur e  4.23 . 

For  wea k solvent s  interactin g wit h th e  adsorben t  surfac e  largel y b y 
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dispersiv e  forces ,  th e  solven t  interactio n mode l  predict s  result s  simila r  t o  th e 

competitio n model .  Th e  adsorben t  surfac e  i s  covere d b y a  monolaye r  o f  mobil e 

phas e  molecule s  an d solut e  retentio n i s  cause d b y displacemen t  o f  solven t 

molecule s  b y th e  solute ,  whic h ca n the n interac t  directl y  wit h th e  adsorben t 

surface .  Fo r  a  binar y solven t  A B i n whic h th e  concentratio n o f  th e  stronge r 

solven t  Â  i s  lo w (e.g. ,  0.5%) ,  th e  adsorben t  surfac e  i s  covere d wit h a  monolaye r 

of  Â  molecule s  hydroge n bonde d t o  th e  hydrate d silano l  groups .  A s  th e 

concentratio n o f  Â  molecule s  increases ,  pola r  interaction s  betwee n th e  solven t 

molecule s  o f  th e  secon d laye r  an d th e  hydroge n bonde d solven t  o f  th e  primar y 

laye r  for m a  bilayer .  Whe n th e  mobil e  phas e  contain s  lo w concentration s  o f  th e 

pola r  modifie r  B ,  th e  secon d laye r  o f  solven t  molecule s  i s  incomplete ,  an d 

solut e  retentio n ca n b e  explaine d b y associatio n o f  th e  solut e  withi n thi s  laye r 

an d withou t  th e  nee d fo r  displacemen t  (se e  Figur e  4.23) .  A t  hig h concentration s 

of  B ,  th e  secon d laye r  o f  th e  hydroge n bonde d Â  molecule s  i s  complet e  an d 

retentio n occur s  b y solut e  displacemen t  o f  Â  molecule s  fro m thi s  layer .  Th e 

solut e  molecul e  i s  no w associate d wit h th e  primar y laye r  o f  adsorbe d solven t 

molecule s  bu t  doe s  no t  displac e  it .  Fo r  solute s  wit h hig h capacit y  factor s  ( k  > 

20) ,  indicatin g tha t  th e  polarit y  o f  th e  solut e  i s  equa l  t o  o r  greate r  tha n tha t 

of  th e  Â  molecules ,  displacemen t  o f  th e  primar y solven t  laye r  i s  possibl e  b y 

direc t  interactio n o f  th e  solut e  wit h th e  adsorben t  surface .  Th e  solven t 

interactio n mode l  thu s  provide s  a  variet y  o f  mechanism s  fo r  solut e  retentio n 

tha t  depen d mainl y o n th e  relativ e  polarit y  o f  th e  solut e  an d Â  solven t 

molecule s  an d o n th e  concentratio n o f  Â  molecule s  i n  th e  mobil e  phase .  Not e 

als o tha t  i n  thi s  mode l  th e  activ e  center s  fo r  th e  adsorptio n o f  pola r  molecule s 

ar e  th e  silano l  group s  whic h ar e  assume d t o  b e  hydrated .  Evidenc e  fo r  thi s 

assumptio n wa s  discusse d earlie r  i n  thi s  chapter . 

The  tw o model s  discusse d abov e  provid e  a  quantitativ e  descriptio n o f 

solven t  strengt h i n  liquid-soli d  chromatography .  Th e  calculation s  ar e  rathe r 

involve d an d a  mor e  empirica l  approac h ca n b e  justifie d fo r  routin e  purpose s  o r 

fo r  th e  separatio n o f  simpl e  mixtures .  Solven t  strengt h an d selectivit y  ar e 

convenientl y  controlle d b y usin g binar y o r  highe r  orde r  solven t  mixtures .  Th e 

chang e  i n  solven t  strengt h a s  a  functio n o f  th e  volum e  percen t  o f  th e  mor e  pola r 

componen t  i s  no t  a  linea r  function .  Som e  representativ e  example s  o f  thes e 

curve s  ar e  show n i n Figur e  4.24 .  A t  lo w concentration s  o f  th e  pola r  solvent , 

smal l  increase s  i n  concentratio n produc e  larg e  increase s  i n  solven t  strength ;  a t 

th e  othe r  extreme ,  relativel y larg e  change s  i n  th e  concentratio n o f  th e  pola r 

solven t  affec t  th e  solven t  strengt h o f  th e  mobil e  phas e  t o  a  lesse r  extent . 

Once  th e  optima l  solven t  strengt h o f  th e  mobil e  phas e  ha s  bee n determine d fo r  a 

separation ,  th e  resolutio n o f  th e  sampl e  i s  improve d b y changin g solven t 

selectivit y  a t  a  constan t  solven t  strength .  Graphica l  method s  hav e  bee n 

develope d fo r  obtainin g th e  percen t  volum e  compositio n o f  mobil e  phase s  havin g 
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Figur e  4.2 4 Solven t  strength s  o f  eluen t  mixture s  o n alumina ,  (o )  pentane -
carbo n tetrachlorides ,  (• )  pentane-n-propy l  chloride ,  (Ä )  pentane -
dichloromethane ,  (· )  pentane-acetone ,  an d (• )  pentane-pyridine . 
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Figur e  4.2 5 Solven t  strength s  o f  eluen t  mixture s  fo r  liquid-soli d 
chromatography .  (Reproduce d wit h permissio n fro m ref .  131 . 
Copyrigh t  Springer-Verlag) . 
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simila r  solven t  strengt h bu t  differen t  solven t  constituent s  an d therefor e 

differen t  selectivit y  [114] ,  Figur e  4.2 5 depict s  on e  o f  thes e  graphica l 

selectio n scheme s  [131] . 

Retentio n an d selectivit y  i n  liquid-soli d  chromatograph y ar e  dramaticall y 

influence d b y th e  presenc e  o f  eve n lo w concentration s  o f  pola r  additive s  i n  th e 

mobil e  phase .  Thes e  additives ,  know n a s  moderator s  o r  modulators ,  exer t  a n 

overridin g influenc e  o n th e  separatio n propertie s  o f  th e  chromatographi c 

system .  Th e  mos t  ubiquitou s  exampl e  i s  water .  Th e  influenc e  o f  thi s  moderato r 

i s  mos t  pronounce d whe n th e  mobil e  phas e  i s  nonpolar .  Eve n thoug h th e 

solubilit y  o f  wate r  i n  ç-heptan e  a t  ambien t  temperature s  i s  onl y 0.01 % v/ v a t 

saturation ,  a  chang e  o f  a  fe w part s  pe r  millio n i n  it s  concentratio n i s 

sufficienc t  t o  greatl y  var y sampl e  retention .  Th e  controlle d additio n o f  a 

moderato r  t o  a  chromatographi c  syste m does ,  however ,  provid e  certai n  advantage s 

whic h outweig h th e  experimenta l  difficultie s  encountere d i n  controllin g th e 

moistur e  conten t  o f  lo w polarit y  solvents . 

The  moderato r  i s  preferentiall y  adsorbe d fro m th e  mobil e  phas e  b y th e  mos t 

activ e  site s  o n th e  surfac e  o f  th e  soli d  stationar y phase .  Th e  ne t  effec t  i s 

tha t  th e  initiall y  heterogeneou s  energeti c  surfac e  become s  mor e  homogeneou s  i n 

term s  o f  it s  adsorptiv e  interactions ,  resultin g i n  les s  variatio n o f  sampl e 

retentio n fro m run-to-ru n an d a  substantia l  increas e  i n  sampl e  capacit y  du e  t o 

an improvemen t  i n  th e  linearit y  o f  th e  adsorptio n isotherm .  Highe r  colum n 

efficiencies ,  reduce d ban d tailing ,  an d a  diminishe d tendenc y fo r  sampl e 

decompositio n ma y als o b e  observe d i n  som e  case s  [132] , 

Solvent s  whic h correspon d t o  th e  sam e  hydratio n leve l  a s  th e  adsorben t  ar e 

calle d isohydri c  solvent s  [133] .  The y provid e  rapi d colum n equilibratio n afte r 

adjustin g th e  mobil e  phas e  sinc e  th e  colum n an d ne w solven t  ar e  alread y roughl y 

equilibrate d wit h respec t  t o  water .  Whe n changin g betwee n mobil e  phase s 

containin g differen t  concentration s  o f  water ,  colum n equilibratio n i s  a  slo w 

proces s  an d severa l  hour s  o f  adsorben t  conditionin g ar e  usuall y  require d befor e 

constan t  k  value s  ar e  obtained .  Th e  situatio n ca n b e  eve n mor e  comple x wit h 

gradien t  elutio n regardles s  o f  whethe r  o r  no t  isohydri c  solvent s  ar e  used .  I f 

bot h solvent s  A  an d Â  ar e  isohydri c  a t  th e  star t  o f  th e  gradien t  program , 

intermediat e  composition s  o f  A  an d Â  ar e  usuall y  nonisohydric ,  leadin g t o  th e 

possibl e  uptak e  o f  wate r  b y th e  column .  Thi s  adversel y affect s  th e  separatio n 

an d lead s  t o  irreproducibl e  separation s  an d lon g colum n regeneratio n times .  Th e 

us e  o f  a  100 % saturate d solven t  i s  undesirabl e  becaus e  suc h liquid-soli d 

chromatographi c  system s  ar e  ofte n unstable .  Unde r  thes e  condition s  th e  pore s  o f 

th e  adsorben t  apparentl y  fil l  graduall y  wit h water ,  leadin g t o  change s  i n 

retentio n wit h tim e  an d possibl y als o t o  a  chang e  i n  th e  retentio n mechanis m a s 

liquid-liqui d partitio n effect s  becom e  mor e  important .  Whe n silic a  i s  th e 

adsorbent ,  50 % saturatio n o f  th e  mobil e  phas e  ha s  bee n recommende d fo r  stabl e 
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chromatographi c  condition s  [131-133] .  Solvent s  wit h 50 % wate r  saturatio n ca n b e 

prepare d b y mixin g dr y solven t  wit h a  100 % saturate d solven t  or ,  preferably ,  b y 

usin g a  moistur e  contro l  syste m [134] .  Th e  latte r  consist s  o f  a  water-coated , 

thermostatte d adsorben t  colum n throug h whic h th e  mobil e  phas e  i s  recycle d fo r 

th e  tim e  require d t o  reac h th e  desire d degre e  o f  saturation . 

A colum n whic h ha s  bee n deactivate d wit h wate r  ma y n o longe r  sho w adequat e 

separatio n properties .  Restorin g th e  activit y  o f  th e  colum n b y pumpin g a  larg e 

volum e  o f  dr y mobil e  phas e  throug h th e  colum n i s  a  slo w an d expensiv e  process . 

Alternatively ,  reactivatio n ca n b e  accomplishe d chemicall y  usin g th e 

acid-catalyze d reactio n betwee n wate r  an d 2,2-dimethoxypropane ,  th e  product s  o f 

which ,  aceton e  an d methanol ,  ar e  easil y  elute d fro m th e  colum n [135] . 

I n  additio n t o  water ,  virtuall y  an y organi c  pola r  modifie r  ma y b e  use d t o 

contro l  solut e  retentio n i n  liquid-soli d  chromatography .  Alcohols , 

acetonitrile ,  tetrahydrofuran ,  an d ethy l  acetat e  i n  volume s  o f  les s  tha n on e 

percen t  ca n b e  incorporate d int o nonpola r  mobil e  phase s  t o  contro l  adsorben t 

activity .  I n  general ,  colum n efficienc y decline s  fo r  alcohol-moderate d eluent s 

compare d t o  water-moderate d eluen t  systems .  Man y o f  th e  problem s  discusse d 

abov e  fo r  water-moderate d eluent s  ar e  tru e  fo r  organic-moderate d eluent s  a s 

well . 

4.1 1 Pola r  Bonde d Phase s 

Pola r  bonde d phase s  containin g diol ,  cyano ,  diethylamino ,  amino ,  o r  diamin o 

functiona l  group s  ar e  commerciall y  available .  Representativ e  structure s  ar e 

show n i n Tabl e  4.22 .  Th e  diol -  an d diethylamino-substitute d stationar y phase s 

ar e  use d i n  siz e  exclusio n an d ion-exchang e  chromatography ,  respectively ,  an d 

wil l  b e  deal t  wit h later .  Th e  alkylnitrile -  an d alkylamine-substitute d 

stationar y phases ,  whe n use d wit h a  mobil e  phas e  o f  lo w polarity ,  behav e  i n  a 

manne r  simila r  t o  th e  soli d  adsorbent s  discusse d i n  th e  previou s  section .  Tha t 

is ,  th e  retentio n o f  th e  sampl e  increase s  wit h solut e  polarit y  an d increasin g 

th e  polarit y  o f  th e  mobil e  phas e  reduce s  th e  retentio n o f  al l  solutes .  Th e 

pola r  bonded-phas e  packing s  ar e  generall y  les s  retentiv e  tha n adsorben t  packing s 

bu t  ar e  relativel y fre e  fro m th e  problem s  o f  chemisorption ,  tailing ,  an d 

catalyti c  activit y  associate d wit h silic a  an d alumina .  Th e  bonded-phas e 

packing s  respon d rapidl y t o  change s  i n  mobil e  phas e  compositio n an d ca n b e  use d 

i n  gradien t  elutio n analyses .  Adsorben t  packing s  respon d slowl y t o  change s  i n 

mobil e  phas e  compositio n du e  t o  slo w change s  i n  surfac e  hydration ,  makin g 

/gradien t  elutio n analysi s  difficult .  Becaus e  o f  th e  abov e  advantages ,  th e  pola r 

bonded-phas e  packing s  hav e  bee n propose d a s  alternative s  t o  microporou s 

adsorbent s  fo r  separatin g th e  sam e  sampl e  type s  [13] .  Th e  alkylnitrile -

substitute d phas e  i s  o f  intermediat e  polarit y  an d i s  les s  retentiv e  tha n silic a 
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ge l  bu t  display s  simila r  selectivity .  I t  provide s  goo d selectivit y  fo r  th e 

separatio n o f  doubl e  bon d isomer s  an d rin g compound s  differin g i n  eithe r  th e 

positio n o r  numbe r  o f  doubl e  bond s  [115] .  Wit h aqueou s  mobil e  phase s  th e 

alkylnitrile-substitute d stationar y phase s  hav e  bee n use d fo r  th e  separatio n o f 

saccharide s  tha t  ar e  poorl y retaine d o n reversed-phas e  columns .  Th e 

alkylamine-substitute d phase s  provid e  a  separatio n mechanis m complementar y t o 

eithe r  silic a  ge l  o r  alkylnitrile-substitute d phases .  Th e  amin o functio n 

impart s  stron g hydroge n bondin g propertie s  t o  th e  stationar y phas e  a s  wel l  a s 

aci d o r  bas e  properties ,  dependin g o n th e  natur e  o f  th e  solute .  Th e 

aminoalkyl-substitute d stationar y phas e  ha s  bee n use d fo r  th e  clas s  separatio n 

of  polycycli c  aromati c  hydrocarbon s  [136,137] .  Retentio n i s  base d primaril y  o n 

chang e  transfe r  interaction s  betwee n th e  aromati c  ð -electron s  o f  th e  polycycli c 

aromati c  hydrocarbon s  an d th e  pola r  amin o group s  o f  th e  stationar y phase . 

Sample s  ar e  fractionate d int o peak s  containin g thos e  component s  wit h th e  sam e 

numbe r  o f  rings .  Retentio n increase s  incrementall y  wit h increasin g rin g number , 

bu t  i s  scarcel y influence d b y th e  presenc e  o f  alky l  rin g substituents .  I n 

contrast ,  reversed-phas e  separation s  sho w poo r  separatio n betwee n 

alkyl-substitute d polycycli c  aromati c  hydrocarbon s  an d polycycli c  aromati c 

hydrocarbon s  o f  highe r  rin g number . 

TABLE 4.2 3 

STRUCTURES O F POLAR BONDED PHASE S 

Pola r  Functiona l 
Grou p 

Structur e Application s 

Dio l -(CH 2) 3OCH2CH(OH)CH2(OH) Surfac e  modifyin g group s 
fo r  silic a  packing s  use d i n 
size-exclusio n chromatograph y 

Cyan o -(CH 2) 3CN Partitio n o r  adsorptio n 
chromatograph y 

Amino -(CH 2 ) n NH2 

ç  =  3  o r  5 

Adsorption ,  partition ,  o r 
ion-exchang e  chromatograph y 

Dimethylamin o -(CH 2 ) 3 N(CH 3 ) 2 Ion-exchang e  chromatograph y 

Diamin o -(CH 2 ) 2 NH(CH2 ) 2 NH2 Adsorptio n o r  ion-exchang e 
chromatograph y 

The  practic e  o f  bonded-phas e  chromatograph y i s  simila r  t o  tha t  describe d 

fo r  liquid-soli d  chromatography .  A  pola r  solven t  modifier ,  suc h a s  isopropano l 

a t  th e  0.5-1.0 % v/ v level ,  i s  use d i n  nonpola r  solvent s  t o  improv e  pea k symmetr y 

an d retentio n tim e  reproducibility .  I t  i s  believe d tha t  th e  pola r  modifie r 
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solvate s  th e  pola r  group s  o f  th e  stationar y phase ,  leadin g t o  a n improvemen t  i n 

mas s  transfe r  properties .  Fo r  th e  separatio n o f  carboxyli c  acid s  o r  phenols , 

eithe r  glacia l  aceti c  aci d o r  phosphori c  aci d i s  use d a t  lo w level s  a s  a  tailin g 

inhibitor .  Likewise ,  propylamin e  i s  a  suitabl e  modifie r  fo r  th e  separatio n o f 

bases . 

Certai n specifi c  problem s  aris e  wit h th e  us e  o f  alkylamine-substitute d 

stationar y phases .  Sinc e  amine s  ar e  readil y  oxidized ,  degassin g th e  mobil e 

phas e  an d avoidin g solvent s  whic h ma y contai n peroxide s  (e.g. ,  diethy l  ether , 

tetrahydrofuran )  ar e  recommended .  Sample s  o r  impuritie s  i n  th e  mobil e  phas e 

containin g keton e  o r  aldehyd e  group s  ma y reac t  chemicall y  wit h th e  amin e  grou p 

of  th e  stationar y phase ,  formin g a  Schiff' s  bas e  comple x [115] ,  Thi s  reactio n 

wil l  alte r  th e  separatio n propertie s  o f  th e  column .  Th e  colum n ma y b e 

regenerate d b y flushin g wit h a  larg e  volum e  o f  acidifie d wate r  [138] . 

4.1 2 Reversed-Phas e  Chromatograph y 

Reversed-phas e  chromatography ,  so-calle d becaus e  i t  represente d a  reversa l 

of  th e  historical ,  o r  "normal "  practic e  o f  colum n chromatography ,  i s 

characterize d b y usin g a  pola r  mobil e  phas e  i n  conjunctio n wit h a  nonpola r 

stationar y phase .  I n  term s  o f  curren t  popularity ,  thi s  mod e  o f  operatio n ma y b e 

considere d th e  "norma l  mode" ,  a s  i t  i s  estimate d tha t  somewher e  betwee n 75-90 % 

of  al l  HPL C separation s  ar e  carrrie d ou t  i n  th e  reversed-phas e  mode .  Th e 

reason s  fo r  thi s  includ e  th e  simplicity ,  versatility ,  an d scop e  o f  th e 

reversed-phas e  method ,  Tabl e  4.2 3 [139] .  Th e  hydrocarbon-lik e  stationar y phase s 

equilibrat e  rapidl y wit h change s  i n  mobil e  phas e  compositio n an d ar e  therefor e 

eminantl y  suitabl e  fo r  us e  wit h gradien t  elution .  Retentio n i n  reversed-phas e 

chromatograph y occur s  b y non-specifi c  hydrophobi c  interaction s  o f  th e  solut e 

wit h th e  stationar y phase .  Th e  nea r  universa l  applicatio n o f  reversed-phas e 

chromatograph y stem s  fro m th e  fac t  tha t  virtuall y  al l  organi c  molecule s  hav e 

hydrophobi c  region s  i n  thei r  structur e  an d ar e  capabl e  o f  interactin g wit h th e 

stationar y phase .  Reversed-phas e  chromatograph y i s  thu s  ideall y  suite d t o 

separatin g th e  component s  o f  a  homologou s  o r  oligomou s  series .  Figur e  4.2 6 

illustrate s  th e  separatio n o f  a  serie s  o f  phenylen e  oxid e  oligomers ;  retentio n 

i s  base d o n a n increas e  i n  hydrophobicit y  wit h oligome r  molecula r  weigh t  [140] . 

Withi n a  homologou s  series ,  th e  logarith m o f  th e  capacit y  facto r  i s  generall y  a 

linea r  functio n o f  th e  carbo n number .  Branche d chai n compound s  ar e  generall y 

retaine d t o  a  lesse r  exten t  tha n thei r  straigh t  chai n analog s  an d unsaturate d 

compound s  ar e  elute d befor e  th e  correspondin g saturate d analogs .  Sinc e  th e 

mobil e  phas e  i n  reversed-phas e  chromatograph y i s  pola r  an d generall y  contain s 

water ,  th e  metho d i s  ideall y  suite d t o  th e  separatio n o f  pola r  molecule s  whic h 

ar e  eithe r  insolubl e  i n  organi c  solvent s  o r  bin d to o strongl y t o  soli d 
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TABLE 4.2 3 

Advantage s 

1.  I t  ca n separat e  a  broa d spectru m 
of  non-ionic ,  ionizable ,  an d ioni c 
compounds . 

2.  Ther e  i s  grea t  flexibilit y  fo r 
separatin g ioni c  an d ionizabl e 
compound s  throug h selectiv e 
equilibri a  suc h a s  io n pair ,  io n 
suppression ,  an d ligan d exchange . 

3.  Th e  syste m i s  relativel y simpl e  t o 
operate . 

4. 

Limitation s 

1.  Wit h silica-base d colum n packing s 
th e  usuabl e  p H rang e  i s  limite d 
t o  p H 2-7.5 . 

2.  I f  unreacte d silano l  group s  ar e 
presen t  o n th e  silic a  surface , 
adsorptio n o f  th e  solute s  t o 
th e  silic a  surfac e  ca n occur , 
resultin g i n  poo r  pea k shapes . 

3.  Th e  retentio n mechanis m i s  mor e 
comple x tha n i n  othe r  form s  o f 
chromatograph y an d a  bette r 
understandin g i s  neede d t o 
contro l  it . 

Sinc e  th e  stationar y phase s  ar e 
chemicall y  bonded ,  column s  ar e  stabl e 
an d separation s  ar e  reproducible . 

5.  Becaus e  o f  th e  wea k surfac e  energie s 
of  bonde d phases ,  analyse s  ar e  rapi d 
an d re-equilibratio n time s  short . 

6.  B y usin g injectio n solvent s  signifi -
cantl y  weake r  tha n th e  mobil e  phase , 
selecte d solute s  ca n b e  preconcentrate d 
a t  th e  hea d o f  th e  column .  A  metho d 
of  "trac e  enrichment" . 

7.  Reversed-phas e  chromatograph y ca n b e 
use d fo r  determinin g variou s  physio -
chemica l  propertie s  suc h a s  hydro -
phobicity ,  dissociatio n constants , 
an d complexatio n constants . 

adsorbent s  fo r  norma l  elution .  Man y sample s  o f  a  biologica l  origi n fal l  int o 

thi s  category .  Figur e  4.2 7 show s  th e  separatio n o f  som e  pola r  constituent s  o f 

biologica l  fluid s  i n  whic h th e  mor e  pola r  component s  ar e  elute d a t  th e  star t  o f 

th e  chromatogra m an d th e  les s  pola r  constituent s  late r  [141] .  I n  addition , 

compound s  o f  substantiall y  differen t  polarit y  ca n b e  separate d i n  th e  sam e  ru n 

usin g gradien t  elution ,  withi n a  convenien t  tim e  frame . 

Retentio n i n  reversed-phas e  chromatograph y i s  a  functio n o f  sampl e 

hydrophobicit y  wherea s  th e  selectivit y  o f  th e  separatio n result s  almos t  entirel y 

fro m specifi c  interaction s  o f  th e  solut e  wit h th e  mobil e  phas e  [142] , 

Generally ,  th e  selectivit y  ma y b e  convenientl y  adjuste d b y changin g th e  typ e  o f 

organi c  modifie r  i n  th e  mobil e  phase .  Fo r  ioni c  o r  ionizabl e  solutes ,  p H 

buffers ,  whic h suppres s  ionization ,  o r  ion-pairin g reagents ,  use d t o  for m 

lipophili c  complexes ,  increas e  th e  degre e  o f  solut e  transfe r  t o  th e  stationar y 

phas e  an d ma y b e  use d t o  contro l  selectivit y  [143] ,  Metal-ligan d complexe s  an d 

chira l  reagent s  ca n b e  adde d t o  th e  mobil e  phas e  t o  separat e  opticall y  activ e 

CONSIDERATIONS FO R TH E WIDESPREAD US E O F REVERSED-PHASE LIQUI D CHROMATOGRAPHY 
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Figur e  4.2 6 Reversed-phas e  separatio n o f  poly-(2,6-diphenyl-p-phenylen e  oxide ) 
oligomers .  Bonde d phas e  C-̂ g column ,  concav e  gradien t  o f  3 0 t o 
80 % solven t  Â  i n  A  ove r  6 0 min .  Solven t  A ,  water-dioxan e  (1:1 ) 
an d solven t  B ,  water-dioxan e  (1:99) .  Pea k identification : 
1,  monomer ;  2 ,  dimer ,  etc .  (Reproduce d wit h permissio n fro m ref . 
140 .  Copyrigh t  Elsevie r  Scientifi c  Publishin g Co. ) 

isomers .  Th e  genera l  us e  o f  mobil e  phas e  additive s  t o  contro l  secondar y 

chemica l  equilibri a  i n  th e  mobil e  phas e  an d it s  effec t  o n sampl e  separatio n i s 

discusse d i n  Chapte r  7 .  Reversed-phas e  chromatograph y i s  als o gainin g 

increasin g attentio n a s  a  metho d fo r  separatin g larg e  biologica l  molecule s  suc h 

a s  protein s  an d enzyme s  [144-148] ,  Sampl e  retentio n i s  controlle d b y th e 

hydrophobicit y  o f  th e  molecul e  an d provide s  a  complementar y separatio n mechanis m 

t o ion-exchange .  Muc h wor k remain s  t o  b e  don e  i n  thi s  are a  t o  prepar e  packing s 

tailor-mad e  t o  th e  particula r  problem s  encountered . 

The  detail s  o f  th e  mechanis m governin g retentio n i n  reversed-phas e 

chromatograph y usin g chemically-bonde d hydrocarbonaceou s  phase s  i s  no t 

completel y understoo d [17,27,149] .  Th e  solvophobi c  theory ,  discusse d below , 

provide s  a  semiquantitativ e  explanatio n o f  solut e  retentio n bu t  i s 

mathematicall y  complex .  Also ,  unlik e  th e  model s  use d t o  explai n retentio n i n 

othe r  chromatographi c  systems ,  th e  theor y doe s  no t  provid e  a  simpl e  picturesqu e 

descriptio n o f  th e  physica l  processe s  involved .  It s  origin s  ar e  couche d i n  th e 

thermodynami c  propertie s  o f  ordere d liqui d system s  whic h d o no t  naturall y  len d 
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Figur e  4.2 7 Separatio n o f  nucleosides ,  bases ,  nucleotides ,  aromati c  amin o 
acids ,  an d som e  o f  thei r  metabolites .  Column :  Bondapa k C, ft , 
(1 0 micrometer s  particl e  size) ;  eluants :  lo w strength ,  O.O z  ç 
KI^PO^ ,  p H 5.6 ;  hig h strength ,  60 % methanol ;  gradien t 
slop e  0.69%/min ,  linear ;  temperature ,  ambient ;  flow :  1. 5 ml/min . 
(Reproduce d wit h permissio n fro m ref .  141 .  Copyrigh t  Academi c 
Press ,  Inc. ) 
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themselve s  t o  a  simpl e  visua l  concept .  Befor e  describin g th e  solvophobi c  theor y 

proper ,  albei t  i n  a  simplifie d form ,  th e  boundar y condition s  existin g withi n th e 

chromatographi c  syste m mus t  b e  considere d sinc e  the y affec t  retention . 

Solut e  retentio n i n  reversed-phas e  chromatograph y coul d procee d eithe r  vi a 

partitionin g betwee n th e  hydrocarbonaceou s  surfac e  laye r  o f  th e  nonpola r 

stationar y phas e  an d th e  mobil e  phas e  o r  b y adsorptio n o f  th e  solut e  t o  th e 

nonpola r  portio n o f  th e  stationar y phase .  I n  thi s  context ,  th e  partitionin g 

mechanis m woul d see m unlikel y sinc e  th e  hydrocabronaceou s  laye r  i s  onl y a 

monolaye r  thic k an d lack s  th e  favorabl e  propertie s  o f  a  bul k liqui d fo r 

solubilizin g th e  solutes .  However ,  a s  suggeste d b y Scot t  an d Kucer a  [66] ,  th e 

les s  pola r  solven t  componen t  o f  th e  mobil e  phas e  coul d accumulat e  nea r  th e 

apola r  surfac e  o f  th e  stationar y phase ,  formin g a n essentiall y  stagnan t  laye r  o f 

mobil e  phas e  ric h i n  th e  les s  pola r  solvent .  A s  a  result ,  th e  solut e  coul d 

partitio n betwee n thi s  laye r  an d th e  bul k mobil e  phas e  withou t  directl y 

interactin g wit h th e  stationar y phas e  proper .  Th e  balanc e  o f  evidenc e  favor s 

th e  adsorptio n mechanis m eithe r  wit h th e  stationar y phas e  surfac e  itsel f  o r  b y 

interactio n wit h ordere d solven t  molecul e  layer s  a t  th e  stationar y phas e  surfac e 

[150] ,  T o provid e  a  simpl e  vie w o f  th e  solvophobi c  theor y w e  wil l  assum e  tha t 

solut e  retentio n occur s  b y adsorptio n o f  th e  solut e  t o  th e  stationar y phase , 

withou t  furthe r  definin g th e  natur e  o f  th e  stationar y phase . 

The  solvophobi c  theor y assume s  tha t  aqueou s  mobil e  phase s  ar e  highl y 

structure d du e  t o  th e  tendenc y o f  wate r  molecule s  t o  self-associat e  b y hydroge n 

bondin g an d tha t  thi s  structurin g i s  perturbe d b y th e  presenc e  o f  nonpola r 

solut e  molecules .  A s  a  consequenc e  o f  th e  ver y hig h cohesiv e  energ y o f  th e 

solvent ,  th e  les s  pola r  solute s  ar e  literall y  "squeeze d out "  o f  th e  mobil e  phas e 

an d ar e  boun d t o  th e  hydrocarbo n portio n o f  th e  stationar y phase .  I n  thi s 

instance ,  th e  drivin g forc e  fo r  solut e  retentio n i s  no t  th e  familia r  mechanis m 

use d t o  explai n retentio n i n  othe r  chromatographi c  systems ,  th e  favorabl e 

affinit y  o f  th e  solut e  fo r  th e  stationar y phase ,  bu t  rathe r  th e  effec t  o f  th e 

solven t  forcin g th e  solut e  t o  th e  hydrocarbonaceou s  layer .  Thermodynamically , 

thi s  drivin g forc e  ca n b e  expresse d a s  th e  increase d entrop y o f  wate r  i n  th e 

mobil e  phas e  accompanyin g th e  transfe r  o f  a  solut e  fro m th e  mobil e  phas e  t o  th e 

nonpola r  stationar y phase .  I f  th e  solut e  contain s  pola r  group s  the n th e  dipola r 

or  hydroge n bondin g interactio n o f  thes e  group s  wit h th e  mobil e  phas e  wil l 

oppos e  th e  solut e  transfe r  mechanism .  Th e  difference s  i n  interactiv e  energie s 

betwee n nonpola r  an d pola r  solute s  wit h th e  mobil e  phas e  an d th e  difference s  i n 

hydrophobi c  solut e  molecula r  surfac e  area s  ar e  responsibl e  fo r  th e  functiona l 

grou p selectivit y  observe d i n  reversed-phas e  chromatograph y [151] . 

Hydrophobi c  selectivit y  i n  reversed-phas e  chromatograph y arise s  a s  a 

consequenc e  o f  difference s  i n  th e  nonpola r  surfac e  area s  o f  differen t  solutes . 

For  thi s  reason ,  reversed-phas e  chromatograph y i s  th e  preferre d techniqu e  fo r 
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separatin g homologou s  samples .  Selectivit y  fo r  pola r  an d ioni c  molecule s  ca n b e 

manipulate d b y secondar y chemica l  equilibria .  Thes e  equilibri a  ar e  affecte d b y 

change s  i n  th e  mobil e  phas e  compositio n o r  b y th e  additio n o f  buffer s  o r 

reagent s  (e.g. ,  ion-pairin g o r  metal-ligan d complexin g reagents )  t o  th e  mobil e 

phase .  Th e  solvophobi c  theor y ca n b e  extende d t o  includ e  th e  effec t  o f 

secondar y chemica l  equilibri a  an d a t  leas t  provid e  a  semiquantitativ e 

explanatio n o f  retentio n wit h mobil e  phase s  o f  widel y differen t  composition s 

[23,27],  Th e  previou s  discussio n assume d tha t  retentio n coul d b e  explaine d 

entirel y  b y solvophobi c  interactions .  I n  practice ,  solut e  retentio n i s  ofte n 

complicate d b y solut e  interaction s  wit h th e  residua l  silano l  group s  o n th e 

stationar y phas e  surface ,  thu s  bot h solvophobi c  an d silanophili c  bindin g mus t  b e 

considere d [152] . 

The  theor y state s  tha t  th e  fre e  energ y chang e  o f  th e  bindin g proces s  i s 

equa l  t o  th e  differenc e  betwee n th e  "solvophobi c  effect" ,  arisin g fro m bringin g 

th e  comple x int o solution ,  an d placin g th e  individua l  component s  int o th e 

solven t  [23] .  Usin g Figur e  4.2 8 a s  a  guide ,  th e  energ y require d t o  brin g eac h 

componen t  fro m a  hypothetica l  ga s  phas e  int o th e  solven t  i s  th e  su m o f  tw o 

terms .  AG ^  i s  th e  energ y require d t o  prepar e  a  solven t  cavit y  o f  suitabl e  siz e 

an d shap e  t o  accommodat e  th e  solute .  Th e  quantit y  A G ^ ^  account s  fo r  th e 

interactio n energ y betwee n th e  solut e  an d th e  surroundin g solvent ,  correcte d fo r 

th e  chang e  i n  th e  fre e  volum e  o f  th e  solven t  whe n th e  cavit y  i s  filled .  Summin g 

th e  individua l  energ y term s  involve d i n  thi s  proces s  lead s  t o  equatio n (4.23 ) 

whic h relate s  retentio n o f  a  solut e  t o  factor s  whic h depen d onl y o n th e  mobil e 

phas e  composition .  Th e  derivatio n o f  equatio n (4.23 )  i s  rathe r  comple x an d 

reference s  [23 ]  an d [27 ]  shoul d b e  consulte d fo r  details . 

1  r Ä Æ ç  R T 
l n k  =  è  +  ÄÁ(Í ã  +  a )  +  Í Á ã(× è -1 )  +  W +  l n  (4.23 ) 

RT L  S  å  J  Ñ  V 
ï 

k  =  solut e  capacit y  facto r 
È =  volum e  rati o  o f  stationar y an d mobil e  phase s 
R =  ga s  constan t 
Ô =  temperatur e 
ÄÁ =  contac t  are a  (th e  differenc e  betwee n th e  surfac e  area s  o f  th e  solut e  an d 

ligan d an d tha t  o f  th e  complex ) 
Í  =  Avogadro' s  numbe r 
ã  =  surfac e  tensio n 
W an d a  =  solven t  dependen t  constant s  arisin g fro m th e  va n de r  Waal s 

contributio n t o  th e  bindin g energ y 
V =  mol e  volum e  o f  solven t 
å =  dielectri c  constan t 

ÄÆ =  contributio n o f  electrostati c  interaction s  t o  th e  bindin g proces s 

A =  surfac e  are a  o f  th e  solven t  molecul e 
s 

Xe =  facto r  whic h adjust s  th e  macroscopi c  surfac e  tensio n t o 

molecula r  dimension s 

P q =  1  atmospher e 



29 0 

í  í  í  Á  í  V  V 

t > V Ä 

^ t> Ë & 

Cavit y É 

formatio n  I n b c 

v v v v l í  V  V 

Ä Ä - f I '  V 

Reductio n  in 

fre e  volum e I Ä 0 É Í Ô 

interactio n  1 

Figur e  4.2 8 Tw o ste p proces s  o f  solut e  solvatio n accordin g t o  th e  solvophobi c 
theory .  I n  th e  firs t  step ,  a  cavit y  o f  suitabl e  siz e  an d shap e  i s 
create d i n  th e  solven t  fo r  th e  incomin g solut e  molecule ;  i n  th e 
secon d step ,  th e  solut e  enter s  th e  cavit y  an d interact s  wit h th e 
surroundin g solvent .  (Reproduce d wit h permissio n fro m ref .  23 . 
Copyrigh t  Presto n Publications ,  Inc. ) 

At  firs t  glanc e  equatio n (4.23 )  migh t  indicat e  tha t  th e  relationshi p betwee n 

retentio n an d th e  propertie s  o f  th e  mobil e  phas e  i s  ver y complex .  Bot h 

experiment s  an d theoretica l  calculation s  indicat e  tha t  onl y th e  term s  involvin g 

surfac e  tension ,  ã  an d X e ,  an d th e  dielectri c  constant ,  å , ar e  important .  Fo r 

non-ionize d molecule s  thos e  term s  involvin g th e  dielectri c  constan t  ca n b e 

neglected .  I n  agreemen t  wit h experiment ,  equatio n (4.23 )  predict s  tha t  th e 

capacit y  facto r  wil l  decreas e  wit h a  decreas e  i n  surfac e  tensio n an d tha t  a n 

approximatel y linea r  relationshi p exist s  betwee n th e  logarith m o f  th e  capacit y 

facto r  an d th e  volum e  percen t  o f  organi c  modifie r  i n  th e  aqueou s  mobil e  phase . 

I t  als o predict s  a n increase d solut e  capacit y  facto r  fo r  neutra l  solute s  upo n 

th e  additio n o f  salt s  t o  th e  mobil e  phas e  an d a  reductio n i n  th e  capacit y  facto r 

fo r  solute s  whic h ionize ,  i n  agreemen t  wit h experimentall y  observe d phenomena . 

4.1 3 Size-Exclusio n Chromatograph y 

Size-exclusio n chromatograph y i s  a  liqui d chromatographi c  techniqu e  whic h 

separate s  molecule s  accordin g t o  size .  Th e  retentio n mechanis m i s  uniqu e  i n 

tha t  solut e  distributio n betwee n phase s  i s  establishe d b y entrop y rathe r  tha n 

enthalp y differences .  Ideall y  n o interactio n occur s  betwee n th e  sampl e  an d 

support .  Th e  suppor t  simpl y act s  a s  a  porou s  matri x  containin g mobil e  phas e  an d 
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Figur e  4.2 9 Separatio n o f  protein s  o n a  smal l  particl e  ge l  column .  Colum n 6 0 
÷ 0.7 5 cm ,  TSL-Ge l  200 0 SW;  mobil e  phase ,  0.0 1 Ì  phosphat e  buffe r 
(p H 6.5 )  wit h 0. 2 Ì  sodiu m sulfate ;  flo w rate ,  0. 3  ml/min . 

th e  separatio n i s  effecte d b y th e  abilit y  o f  th e  sampl e  molecule s  t o  gai n acces s 

t o  th e  "stagnan t  mobil e  phase "  vi a  diffusio n throug h th e  suppor t  por e  network . 

Thu s  th e  siz e  an d distributio n o f  suppor t  pore s  primaril y  determin e  retentio n 

an d resolution .  Unlik e  othe r  HPL C methods ,  th e  mobil e  phas e  i n  size-exclusio n 

chromatograph y i s  no t  varie d t o  contro l  resolution .  Th e  mobil e  phas e  i s  chose n 

t o  b e  a  goo d solven t  fo r  th e  sampl e  and ,  sinc e  macromolecule s  hav e  lo w diffusio n 

coefficients ,  t o  hav e  a  lo w viscosit y  a t  th e  temperatur e  o f  th e  separatio n t o 

ensur e  a  hig h colum n plat e  count . 

Size-exclusio n chromatograph y i s  th e  preferre d metho d fo r  separatin g hig h 

molecula r  weigh t  component s  (M W >  2000) .  I t  i s  als o a  powerfu l  explorator y 

metho d fo r  th e  separatio n o f  unknow n sample s  sinc e  i t  quickl y an d convenientl y 

provide s  a n overal l  vie w o f  sampl e  compositio n withi n a  predictabl e  time . 

Virtuall y  n o metho d developmen t  i s  neede d whe n th e  mobil e  phas e  i s  a  goo d 

solven t  fo r  th e  sample .  Al l  sampl e  component s  elut e  befor e  t  ,  th e  colum n dea d 

time ,  whic h ca n b e  predicte d i n  advance .  Sinc e  sampl e  retentio n i s  lo w th e 

band s  elut e  a s  shar p peaks ,  whic h aid s  detection .  Becaus e  o f  lo w sampl e 

retention ,  th e  pea k capacit y  o f  th e  metho d i s  smal l  an d onl y a  fe w separate d 

band s  ca n b e  accommodate d withi n th e  separation .  Thi s  i s  show n i n Figur e  4.2 9 

fo r  th e  separatio n o f  a  mixtur e  o f  protein s  [18] .  Consequently ,  size-exclusio n 

chromatograph y i s  no t  th e  metho d o f  choic e  fo r  resolvin g multicomponen t  sample s 

int o individua l  peaks .  However ,  i t  i s  a n excellen t  metho d fo r  obtainin g a 

preliminar y sampl e  fractionatio n fo r  furthe r  analysi s  b y othe r  techniques . 

Freedo m fro m sampl e  los s  o r  reactio n an d th e  absenc e  o f  colum n deactivatio n 

problem s  ar e  benefit s  i n  thi s  respect . 
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Size-exclusio n chromatograph y i s  principall y  use d t o  separat e  sample s  o f 

differen t  molecula r  siz e  an d t o  obtai n molecula r  weigh t  an d molecula r  weigh t 

distributio n informatio n fo r  polymers ,  Tabl e  4.24 .  I t  ca n no t  b e  use d t o 

separat e  compound s  o f  simila r  size ;  othe r  method s  mus t  b e  use d i n  thi s  case . 

Polymer s  containin g narro w molecula r  weigh t  distribution s  ma y b e  separate d a s 

narro w bands ,  Figur e  4.3 0 [153] ,  Broa d molecula r  weigh t  polymer s  ar e  elute d a s 

a  singl e  broa d ban d wit h a  profil e  characteristi c  o f  th e  molecula r  weigh t 

distributio n o f  th e  sample ,  Figur e  4.3 1 [18] .  Size-exclusio n column s  wit h por e 

diameter s  o f  6 0 A  o r  10 0 % ar e  no w availabl e  an d ca n b e  use d t o  separat e 

molecule s  wit h molecula r  weight s  belo w 100 0 [154] .  I n  term s  o f  efficienc y an d 

separatin g powe r  thes e  column s  canno t  compet e  wit h conventiona l  separatio n 

columns .  Fo r  simpl e  mixture s  containin g component s  o f  differen t  size s  o r  fo r 

th e  analysi s  o f  smal l  molecule s  i n  a  hig h molecula r  weigh t  matrix , 

size-exclusio n column s  can ,  however ,  provid e  a  ver y rapi d an d sensitiv e 

analytica l  method .  Becaus e  o f  thes e  benefits ,  the y ar e  likel y t o  b e  mor e  widel y 

use d whe n th e  natur e  o f  th e  sampl e  allow s  separatio n b y size . 

TABLE 4.2 4 

PRINCIPA L AREAS O F APPLICATIO N FO R SIZE-EXCLUSIO N CHROMATOGRAPHY 

A.  Ge l  Filtratio n Chromatograph y 

Use d fo r  th e  separatio n o f  water-solubl e  macromolecule s  ofte n o f 
biochemica l  origin .  Th e  followin g informatio n ma y b e  obtained : 
1.  Molecula r  fraction s  fo r  characterizatio n o r  furthe r  us e 
2.  T o estimat e  molecula r  weight s  usin g calibratio n standard s 
3.  T o serv e  a s  a  metho d fo r  desaltin g o r  buffe r  exchang e  (mainl y i n 

conventiona l  GFC ) 
4.  T o estimat e  molecula r  associatio n constant s 

a .  complexe s  o f  smal l  molecule s  wit h macromolecule s 
b.  macromolecula r  aggregatio n 

B.  Ge l  Permeatio n Chromatograph y 

Normall y use d a s  a n analytica l  techniqu e  fo r  separatin g sample s  solubl e  i n 
organi c  solvents .  Th e  followin g informatio n ma y b e  obtained : 
1.  Smal l  molecule s  ma y b e  separate d b y difference s  i n  siz e 
2.  T o obtai n molecula r  weigh t  average s  o r  th e  molecula r  weigh t 

distributio n o f  polymer s 
3.  T o prepar e  molecula r  weigh t  fraction s  fo r  furthe r  us e 

I n size-exclusio n chromatograph y separatio n result s  fro m th e  distributio n 

of  th e  sampl e  betwee n th e  mobil e  phas e  insid e  an d outsid e  th e  pore s  o f  th e 

colum n packing .  Ther e  i s  n o sampl e  retentio n i n  th e  sens e  tha t  ther e  i s  n o 

direc t  interactio n wit h th e  stationar y phase .  Indeed ,  a  separatio n i s  complet e 

i n  size-exclusio n chromatograph y whe n a  volum e  o f  mobil e  phas e  equivalen t  t o  th e 

voi d volum e  o f  th e  colum n ha s  passe d throug h it .  I n  othe r  liqui d 
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Figur e  4.3 0 Separatio n o f  narro w molecula r  weigh t  polystyren e  standard s  o n a 
ì-Bondage l  colum n combination ,  125 ,  300 ,  500 ,  an d 100 0 X ;  mobil e 
phas e  methylen e  chloride ,  flo w rat e  0. 5  ml/min .  Polystyren e 
standard s  1 ,  2,145,000 ;  2 ,  411,000 ;  3 ,  170,000 ;  4 ,  51,000 ; 
5,  20,000 ;  6 ,  4000 ;  7 ,  600 ;  an d 8 ,  benzene .  (Reproduce d wit h 
permissio n fro m ref .  153 .  Copyrigh t  Presto n Publications ,  Inc. ) 

20 18 16 14 12 10 8 6 4 2 0 

Minute s 

Figur e  4.3 1 Molecula r  wiegh t  distributio n o f  a  carboxymethyl-cellulos e  sample . 
Colum n combinatio n o f  LiChrosphe r  SI-10 0 an d 500 ;  mobil e  phas e 
0. 5 Ì  aqueou s  sodiu m acetate ,  p H 6 ,  flo w rat e  0. 5  ml/min . 

chromatographi c  techniques ,  retentio n i s  measure d a s  th e  differenc e  betwee n th e 

elutio n volum e  an d th e  voi d volume ,  an d i s  alway s  greate r  tha n th e  voi d volume . 
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Becaus e  o f  th e  fundamenta l  differenc e  i n  elution ,  th e  genera l  method s  o f 

describin g retentio n an d resolutio n mus t  b e  modifie d fo r  size-exclusio n 

chromatography .  I n  particular ,  th e  capacit y  facto r  k  an d selectivit y  facto r 

hav e  n o rea l  meanin g i n  size-exclusio n chromatography .  Al l  peak s  elute"wit h a 

negativ e  valu e  o f  k ,  usin g conventiona l  terminology .  Retentio n i n  size -

exclusio n chromatograph y i s  bette r  describe d b y th e  distributio n coefficient , 

Kp,  whic h i s  relate d t o  th e  experimenta l  parameter s  b y equatio n (4.24) . 

V =  V  +  K n V.  (4.24 ) 
e  ï  D  é 

V =  elutio n volum e  o f  th e  solut e 
e 

V q =  colum n voi d volum e  (mainl y th e  interstitia l  liqui d volum e 

betwee n th e  packin g particles ) 

Kp =  solut e  distributio n coefficien t 
V.  =  interna l  por e  volum e 

é 

To avoi d confusio n i n  terminology ,  i t  shoul d b e  remembere d tha t  th e  voi d 

volume ,  als o know n a s  th e  dea d volume ,  i s  comprise d o f  th e  interstitia l  particl e 

volum e  an d por e  volum e  i n  mos t  liqui d chromatographi c  techniques ;  i n 

size-exclusio n chromatograph y i t  i s  use d t o  describ e  th e  interstitia l  particl e 

volum e  only .  Th e  solut e  distributio n coefficien t  represent s  th e  rati o  o f  th e 

averag e  solut e  concentratio n i n  th e  pore s  o f  th e  stationar y phas e  suppor t  t o 

tha t  outsid e  th e  support .  Th e  stationar y phas e  i s  thu s  th e  stagnan t  mobil e 

phas e  poo l  containe d i n  th e  pore s  o f  th e  colum n packing .  Th e  solut e 

concentratio n insid e  th e  pore s  decrease s  wit h increasin g solut e  size ,  accounte d 

fo r  b y th e  fac t  tha t  th e  entir e  por e  volum e  i s  no t  accessibl e  t o  larg e  solutes . 

Kp i s  constraine d t o  value s  betwee n 0  an d 1 ,  representin g th e  extreme s  o f 

complet e  exclusio n an d permeabilit y  o f  th e  por e  volum e  t o  th e  solute . 

The  conceptua l  ide a  o f  a  theoretica l  plat e  ca n b e  use d i n  size-exclusio n 

chromatograph y t o  measur e  colum n efficienc y an d t o  compar e  th e  performanc e  o f 

packe d columns .  I t  i s  usuall y  measure d wit h smal l  molecules ,  fo r  exampl e 

toluene ,  acetone ,  o r  benzy l  alcohol ,  whic h ca n explor e  al l  th e  pore s  o f  th e 

packin g an d thu s  hav e  value s  o f  unity .  Plat e  count s  measure d i n  thi s  wa y 

produc e  HET P value s  whic h ar e  lowe r  tha n th e  actua l  value s  measure d wit h 

polymer s  o r  protein s  partiall y  exclude d fro m som e  o f  th e  por e  volume .  Wit h 

biopolymer s  havin g a  define d structur e  i t  i s  legitimat e  t o  tal k  abou t  a n HET P 

value ;  however ,  mos t  syntheti c  polymer s  ar e  no t  singl e  substance s  bu t  mixture s 

wit h a  mea n molecula r  siz e  distribution .  I n  thi s  cas e  pea k dispersio n i s 

comprise d o f  chromatographi c  dispersio n an d th e  molecula r  dispersio n o f  th e 

solute .  Unde r  thes e  circumstance s  th e  HET P valu e  i s  a n inappropriat e  measur e  o f 

colum n efficiency .  I n  size-exclusio n chromatograph y th e  HET P valu e  i s  du e 

almos t  entirel y  t o  th e  contribution s  fro m stagnan t  mobil e  phas e  dispersio n an d 



29 5 

interparticl e  mobil e  phas e  mas s  transfer .  Contribution s  fro m longitudina l 

diffusio n ar e  insignifican t  sinc e  th e  larg e  polymeri c  molecule s  encountere d i n 

size-exclusio n chromatograph y hav e  smal l  diffusio n coefficients . 

Peak-to-pea k resolutio n i n  size-exclusio n chromatograph y ca n b e  calculate d 

by th e  rati o  o f  pea k separatio n a t  th e  pea k maxim a  t o  th e  su m o f  th e  baselin e 

peak s  widths .  Thi s  genera l  definitio n o f  resolutio n i s  les s  usefu l  i n 

size-exclusio n chromatograph y wher e  a  measur e  o f  th e  abilit y  o f  th e  colum n t o 

separat e  solute s  o f  differen t  molecula r  weigh t  i s  required .  Fo r  thi s  purpose , 

we  defin e  a  ne w term ,  th e  specifi c  resolutio n factor ,  whic h relate s  pea k 

resolutio n t o  sampl e  molecula r  weigh t  [155] ,  I t  i s  assume d tha t  al l 

measurement s  ar e  mad e  withi n th e  linea r  regio n o f  th e  molecula r  weigh t 

calibratio n curve . 

1 
R =  R  (4.25 ) 

s p S  lo g (M 1 /M 2 ) 

R =  specifi c  resolutio n facto r 
s p 

Rg =  chromatographi c  resolutio n 

M^/M2 =  molecula r  weigh t  rati o  o f  tw o standard s 

I f  w e  accep t  a  resolutio n o f  unit y  (R g =  1 )  a s  a  desirabl e  separatio n facto r 

(thi s  woul d correspon d t o  2 % pea k overla p fo r  peak s  o f  equa l  height) ,  the n th e 

rati o  V 

(4.26) . 

rati o  M^/M 2 ca n b e  define d a s  th e  minimu m molecula r  weigh t  ratio ,  R m,  equatio n 

1 

R =  (4.26 ) 
s p ^ R

m 

R̂  =  minimu m molecula r  weigh t  rati o  (M^/M 2)  havin g R g =  1. 0 

The  minimu m molecula r  weigh t  rati o  i s  a  usefu l  paramete r  fo r  comparin g colum n 

performanc e  an d ca n b e  use d t o  relat e  resolutio n t o  th e  basi c  propertie s  o f  th e 

chromatographi c  system ,  equatio n (4.27) . 

4  m  V 

V.  v n 

m =  slop e  o f  th e  linea r  regio n o f  th e  molecula r  weigh t  calibratio n curv e 

V =  elutio n volum e  o f  standar d M, 
e  1 

V\  =  por e  volum e 

ç  =  numbe r  o f  theoretica l  plate s 

Equatio n (4.27 )  indicate s  tha t  i n  orde r  t o  obtai n increase d resolvin g powe r 
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(correspondin g t o  a  minimu m value )  fo r  a  particula r  column ,  th e  colum n 

efficienc y an d th e  interna l  por e  volum e  o f  th e  packin g mus t  b e  maximize d an d th e 

slop e  o f  th e  calibratio n curv e  minimized .  Som e  o f  th e  experimenta l  variable s 

whic h influenc e  resolutio n i n  size-exclusio n chromatograph y ar e  summarize d i n 

Tabl e  4.25 .  Theoretica l  detail s  ar e  discusse d i n  reference s  [6,33,36,155-159] . 

TABLE 4.2 5 

FACTORS INFLUENCIN G RESOLUTIO N I N SIZE-EXCLUSIO N CHROMATOGRAPHY 

A.  Genera l  Feature s 

1.  Inheren t  resolvin g powe r  o f  th e  suppor t  materia l  i s  governe d b y 
particl e  size ,  por e  siz e  distribution ,  an d por e  volume . 

2.  Th e  dimension s  o f  th e  colum n an d packin g densit y  o f  th e  support . 

3.  Colum n operatin g conditions :  mobil e  phas e  velocity ,  temperature , 
viscosity ,  solut e  diffusio n coefficient ,  an d sampl e  amount . 

B.  Factor s  Improvin g Resolutio n 

1.  Smal l  particle s  wit h a  narro w particl e  siz e  distributio n 

2.  Particle s  wit h a  narro w por e  siz e  distributio n 

3.  Particle s  wit h a  larg e  por e  volum e 

4.  Lo w mobil e  phas e  velocitie s 

5.  Increase d colum n temperature s 

C.  Factor s  Diminishin g Resolutio n 

1.  Th e  opposit e  o f  thos e  factor s  mentione d i n  B . 

2.  Increase d sampl e  molecula r  weigh t  (du e  t o  a  decreas e  i n  diffusio n 
coefficients) . 

3.  Mobil e  phase s  o f  hig h viscosity . 

The  abov e  discussio n ha s  treate d resolutio n i n  term s  o f  th e  separatio n 

obtaine d betwee n tw o peak s  elutin g clos e  together .  Thi s  i s  a  realisti c  pictur e 

fo r  th e  separatio n o f  protein s  o f  a  definit e  molecula r  weigh t  an d a  reasonabl e 

approximatio n fo r  oligomer s  wit h a  narro w molecula r  weigh t  distribution .  Not e 

tha t  unde r  thes e  circumstance s  resolutio n ca n b e  predicte d fro m equatio n (4.27 ) 

by measurin g th e  calibratio n curv e  slop e  (m) ,  th e  suppor t  por e  volum e  (V^) ,  an d 

th e  numbe r  o f  theoretica l  plate s  (n) .  Size-exclusio n chromatograph y i s  ofte n 

use d t o  fingerprin t  polymer s  o f  a  broa d molecula r  weigh t  distribution .  Her e  th e 

pea k separatio n mode l  i s  no t  a  usefu l  descriptio n o f  th e  separation ,  whic h ma y 

sho w a  continuou s  distributio n o f  th e  sampl e  ove r  mos t  o f  th e  elutio n rang e 
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withou t  an y peak-to-pea k resolution .  However ,  th e  calculatio n o f  th e  colum n 

parameter s  discusse d abov e  i s  a  usefu l  measur e  o f  colum n qualit y  o r 

effectivenes s  i f  no t  a  goo d descriptio n o f  th e  sampl e  separation . 

I n  size-exclusio n chromatograph y ther e  shoul d ideall y  b e  n o interactio n 

betwee n th e  sampl e  an d th e  stationar y phas e  support .  Al l  solute s  shoul d elut e 

i n  th e  rang e  0  <  <  1 .  A  valu e  o f  >  1  fo r  a  non-excluded ,  smal l  molecul e 

prob e  i s  indicativ e  o f  a n activ e  suppor t  [157] .  Fo r  th e  bonde d phas e  silic a 

support s  use d i n  aqueou s  size-exclusio n chromatography ,  thre e  differen t  solut e 

suppor t  interactio n mechanism s  ar e  possible ,  dependin g o n th e  natur e  o f  th e 

solut e  an d th e  p H an d ioni c  strengt h o f  th e  mobil e  phas e  [33,156,160,161] .  Th e 

suppor t  ma y sho w cationi c  o r  anioni c  ion-exchang e  properties .  Ioni c  site s  o n 

th e  suppor t  ma y als o caus e  io n exclusion ,  th e  proces s  whereb y a  charge d solut e 

i s  prevente d fro m explorin g th e  por e  volum e  du e  t o  io n repulsion . 

Alternatively ,  th e  suppor t  ma y sho w reversed-phas e  propertie s  an d interac t  wit h 

th e  sampl e  b y a  hydrophobi c  mechanism .  Th e  strengt h o f  thes e  suppor t 

interaction s  ma y b e  estimate d fro m difference s  i n  th e  elutio n volume s  obtaine d 

experimentall y  fro m thos e  predicte d theoreticall y  fo r  a  serie s  o f  macromolecula r 

an d smal l  molecul e  tes t  probe s  [157] ,  Th e  detail s  o f  thes e  test s  fo r 

biopolymer s  ar e  summarize d i n  Tabl e  4.26 .  Al l  support s  sho w som e  ioni c  o r 

solvophobi c  interaction s  whic h ca n ofte n b e  minimize d b y controllin g th e  p H an d 

ioni c  strengt h o f  th e  mobil e  phase .  Fo r  protein s  a n ioni c  strengt h betwee n 0. 1 

an d 0. 6 Ì  i s  considere d optimum .  A  lo w ioni c  strengt h favor s  ioni c  interaction s 

wherea s  a  hig h ioni c  strengt h lead s  t o  solvophobi c  interaction s  o f  th e  protein s 

wit h th e  support . 

The  informatio n sough t  fro m a n analysi s  b y size-exclusio n chromatograph y i s 

th e  sampl e  molecula r  weigh t  o r  molecula r  weigh t  distribution .  Th e  informatio n 

yielde d b y th e  experimen t  i s  a  separatio n base d o n molecula r  dimension s  -  siz e 

an d shap e  -  a  paramete r  whic h i s  no t  necessaril y  synonomou s  wit h molecula r 

weight .  Eve n monodispers e  sample s  o f  th e  sam e  molecula r  weigh t  d o no t 

necessaril y  hav e  th e  sam e  molecula r  size .  Th e  siz e  o f  a  molecul e  i n  solutio n i s 

a  functio n o f  sample/solven t  interaction s  an d depend s  o n th e  natur e  an d strengt h 

of  intramolecula r  forces .  Biopolymer s  adop t  differen t  conformations ,  an d 

therefor e  differen t  molecula r  sizes ,  whe n dissolve d i n  variou s  solvents .  Som e 

solute s  ar e  hydrate d o r  otherwis e  associate d wit h smal l  molecule s  i n  solution ; 

suc h interaction s  chang e  thei r  hydrodynami c  siz e  an d separatio n 

characteristics .  Fo r  monodispers e  sample s  carefu l  colum n calibratio n wit h 

standard s  o f  simila r  structura l  propertie s  i s  require d t o  obtai n molecula r 

weigh t  information .  Fo r  polydispers e  sample s  ther e  i s  n o absolute ,  well-define d 

valu e  fo r  th e  molecula r  weight .  Man y syntheti c  polymer s  ar e  polydispers e 

system s  characterize d b y som e  distributio n o f  specie s  o f  differen t  absolut e 
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TABLE 4.2 6 

Macromolecula r  Probe s 

Protein s  ar e  recommende d a s  probe s  a s  the y ar e  monodisperse .  Informatio n 
tha t  ca n b e  obtaine d abou t  th e  colum n includes : 
1.  Th e  colum n voi d volum e  V  .  Cal f  thymu s  DNA i s  totall y  exclude d 

fro m al l  packing s  wit h a  por e  diamete r  <  10,00 0 nm . 
2.  Colum n Calibration .  Protein s  tha t  cove r  a  wid e  molecula r  weigh t 

rang e  ar e  availabl e  (se e  Figur e  4.35) . 
3.  Surfac e  Adsorption .  Underivatize d surfac e  silano l  group s  hav e  a 

sligh t  negativ e  charge .  Th e  positivel y charge d protei n lysozym e  ca n 
be  use d t o  determin e  th e  concentratio n o f  reactiv e  silano l  groups . 

4.  Retentio n o f  Biologica l  Activity .  I n  th e  cas e  o f  enzymes ,  i t  i s 
possibl e  t o  recove r  al l  th e  sampl e  mas s  applie d t o  th e  colum n an d los e 
a  larg e  portio n o f  thei r  catalyti c  activit y  throug h solute-suppor t 
interactions .  Trypsi n i s  sensitiv e  t o  thi s  typ e  o f  interactio n o n 
silica-base d support s  an d ca n b e  use d t o  estimat e  colum n performanc e 
fo r  th e  recover y o f  biologica l  activity . 

Smal l  Molecul e  Probe s 

Smal l  molecul e  probe s  ca n b e  use d t o  identif y  condition s  unde r  whic h 
nonsize-exclusio n chromatograph y occurs .  Al l  probe s  no t  associatin g wit h 
th e  colum n woul d hav e  a  valu e  o f  1.0 .  A  deviatio n fro m thi s  valu e 
indicate s  a n interactio n wit h th e  suppor t  du e  t o  ioni c  o r  solvophobi c 
interactions .  A  mobil e  phas e  o f  lo w ioni c  strengt h favor s  ioni c 
interaction s  wit h th e  suppor t  whil e  a  mobil e  phas e  o f  hig h ioni c  strengt h 
favor s  solvophobi c  interactions .  Fo r  colum n evaluation s  a n aqueou s  mobil e 
phas e  o f  phosphat e  buffe r  p H 7.0 5 an d ioni c  strengt h 0.02 6 i s  suitable . 
1.  Cationic-exchang e  interactions .  Arginin e  an d lysin e  ar e  suitabl e 

probes . 
2.  Anionic-exchang e  interactions .  Glutami c  acid ,  oxali c  acid ,  an d citri c 

aci d ar e  suitabl e  probes . 
3.  Solvophobi c  effect .  Neutral ,  wate r  solubl e  molecule s  suc h a s  benzy l 

alcoho l  o r  phenylethano l  ar e  suitabl e  probes . 

molecula r  weigh t  aroun d a n averag e  o r  centra l  value .  Th e  molecula r  weigh t  o f  a 

polydispers e  sampl e  mus t  b e  describe d b y a  statistica l  functio n suc h a s  th e 

number-averag e  molecula r  weigh t  (M n )  o r  th e  weight-averag e  molecula r  weigh t 

(M^) .  Th e  calculatio n o f  thes e  value s  fro m th e  chromatogra m i s  illustrate d i n 

Figur e  4.32 .  Th e  calculation s  ca n b e  performe d manuall y  or ,  i f  suitabl e  dat a 

handlin g equipmen t  i s  available ,  automatically . 

The  mos t  critica l  decisio n i n  size-exclusio n chromatograph y i s  colum n 

selection .  Thi s  i s  als o a  fairl y  simpl e  decisio n sinc e  th e  molecula r  weigh t 

separatin g rang e  o f  th e  colum n i s  define d b y th e  por e  siz e  an d por e  siz e 

distributio n o f  th e  packing .  Th e  molecula r  siz e  separatin g rang e  o f  a  packin g 

i s  describe d b y th e  shap e  o f  it s  calibratio n plot .  Som e  representativ e 

calibratio n plot s  fo r  LiChrosphe r  microporou s  silic a  packing s  ar e  show n i n 

Figur e  4.33 .  Th e  fla t  centra l  portio n o f  th e  curve ,  th e  fractionatio n range , 

METHOD FO R TH E CHARACTERIZATION O F COLUMNS USE D T O SEPARATE WATER SOLUBLE 
BIOPOLYMERS 
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Ter m Desc r ib in g 
Molecu la r Weigh t 

Number-Averag e 
molecu la r we igh t 

Symbo l 
Formul a  f o r 
C a l c u l a t i o n 

z N i M i = z W i 

- I N - I i W . / M . ) 

Formul a  f o r 
C a l c u l a t i o n  fro m 
th e  Chromatogra m 

ô  N h 
Ó ß =1  h i 

Weight-Averag e  Ó Í . Ì . 2 = zW.M. Ó . ^  ( h . M . ) 

molecu la r we igh t Mw -j^  N 

Z-Averag e  ò Í ^ Ì ^ 

molecula r we igh t M_ « 
Ó Í 1 Ì 1 

P o l y d i s p e r s i t y 
INDEX 

1 t o  c a l c u l a t e  Ì  o r Ì . , manuall y d i g i t i z e  chromat -
n  w 

ogra m (se e  i n s e r t ) . Choos e  t o  b e  equa l volum e 

increment s  suc h  t h a t i > £ a n  p r e f e r a b l y >2 0 

2 measur e  th e  h e i g h t h . correspondin g  t o  eac h 

segmen t V. 

3 c a l c u l a t e  M.. f o r eac h  va lu e  o f V.. fro m a  molecu la r 

we igh t c a l i b r a t i o n  curv e  generate d  s e p a r a t e l y 

4 Us e  equa t ion s  abov e  t o  c a l c u l a t e  M n an d  1 ^ 

NOTES 

a ) N.j an d  W i a r e  th e  numbe r an d  we igh t o f molecule s  havin g  a  molecula r weigh t M i 

b ) M n * 1 ^ f o r a  monodispers e  syste m 

c) \>\ f o r a  po lyd i spe r s e  syste m 

d ) I I s  a  measur e  o f t h e  breadt h  o f th e  polyme r molecu la r weigh t d i s t r i b u t i o n 

Figur e  4.3 2 Manua l  method s  fo r  determinin g th e  molecula r  weigh t  o f 
polydispers e  samples . 
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Figur e  4.3 3 Calibratio n curve s  fo r  LiChrosphe r  columns .  Calibratio n standard s 
polystyren e  an d mobil e  phas e  tetrahydrofuran . 

represent s  th e  usabl e  molecula r  weigh t  separatin g rang e  o f  th e  packing .  Th e 

shar p break s  i n  th e  calibratio n plo t  tha t  occu r  a t  eithe r  en d o f  th e 

fractionatio n rang e  correspon d t o  th e  molecula r  weigh t  region s  i n  whic h th e 

sampl e  i s  eithe r  totall y  exclude d o r  fre e  t o  explor e  th e  tota l  por e  volum e  o f 

th e  packing .  I n  thes e  region s  th e  separatio n propertie s  o f  th e  packin g ar e 

poor .  T o separat e  tw o component s  o f  differen t  molecula r  size ,  a  colum n packin g 

fo r  whic h th e  tw o component s  elut e  i n  th e  middl e  o f  th e  fractionatio n rang e 

shoul d b e  selected .  Al l  othe r  thing s  bein g equal ,  th e  colum n wit h th e  smalles t 

gradien t  fo r  th e  fractionatio n rang e  wil l  provid e  th e  highes t  resolution .  Onc e 

th e  optimu m colum n ha s  bee n selected ,  resolutio n ca n b e  increase d b y couplin g 

tw o o r  mor e  column s  o f  th e  sam e  por e  siz e  t o  increas e  th e  chromatographi c 

efficienc y o f  th e  system .  I n thi s  cas e  th e  rang e  o f  molecula r  weigh t  separatio n 

remain s  th e  same ,  bu t  th e  volum e  i n  whic h th e  separatio n i s  mad e  i s  increase d b y 

a  facto r  equa l  t o  th e  increas e  i n  colum n length . 

For  separatin g sample s  wit h a  relativel y narro w molecula r  weigh t  rang e  ( < 

500) ,  packing s  wit h a  singl e  por e  siz e  ar e  normall y used .  T o separat e  sample s 

wit h a  broa d molecula r  weigh t  distribution ,  column s  containin g packing s  wit h a 

wid e  por e  rang e  ar e  used .  Thi s  i s  achieve d b y couplin g column s  havin g 

nonoverlappin g bu t  closel y adjacen t  fractionatio n range s  [162] .  A  wid e  linea r 

molecula r  weigh t  calibratio n rang e  i s  obtaine d wit h a  bimoda l  por e  siz e 

configuration .  Column s  containin g onl y tw o discret e  por e  size s  an d a  narro w 

siz e  distribution ,  differin g b y approximatel y a  facto r  o f  te n i n  por e  siz e  an d 
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of  approximatel y equa l  por e  volume ,  ar e  couple d fo r  thi s  purpose .  Th e  linea r 

separatio n rang e  covere d b y tw o commercia l  colum n packin g material s  i s  show n i n 

Figur e  4.34 .  Th e  linea r  portio n o f  th e  calibratio n curv e  ca n b e  describe d b y 

equatio n (4.28) . 

V R =  C l  '  C 2  l o g ( M W )  ( 4 ' 2 8 ) 

= elutio n volum e 

C-^  =  intercep t  o f  th e  linea r  portio n o f  th e  molecula r  weigh t 

calibratio n curv e 

Q>2 =  slop e  o f  th e  linea r  portio n o f  th e  molecula r  weigh t  calibratio n 

curv e  i n  m l  pe r  decad e  o f  molecula r  weigh t 

MW =  molecula r  weigh t 
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Figur e  4.3 4 Selectio n o f  bimoda l  por e  siz e  colum n packin g fo r  maximu m rang e 
an d linearity .  (Reproduce d wit h permissio n fro m ref .  162 . 
Copyrigh t  Elsevie r  Scientifi c  Publishin g Co. ) 

Conside r  th e  ìStyrage l  column s  describe d i n  Figur e  4.34 .  Th e  por e  volume s  o f 

th e  differen t  packing s  ca n b e  estimate d b y th e  C 9 term s  whic h ar e  additiv e  fo r 
2 

couple d columns .  T o obtai n a  separatio n syste m wit h a  linea r  rang e  o f  5  ÷  1 0 

t o  1  ÷  10^ ,  tw o 50 0 8  column s  (yieldin g a  slop e  C 2 o f  2  ÷  1. 6 =  3.2 )  mus t  b e 

couple d wit h on e  colum n o f  10 ^  8  (C 2 ca .  3) .  Fro m Figur e  4.34 ,  i t  ca n als o b e 

see n tha t  selectin g porou s  silic a  microspher e  column s  fo r  bimoda l  operatio n i s 

simple r  an d mor e  accurat e  becaus e  th e  interna l  por e  volume s  an d th e 

fractionatio n range s  ar e  nearl y  unifor m fo r  al l  por e  sizes .  B y couplin g 

microporou s  silic a  column s  o f  6 0 X  an d 75 0 X  por e  sizes ,  a  linea r  molecula r 

weigh t  separatio n rang e  greate r  tha n fou r  order s  o f  magnitud e  ca n b e  obtained , 
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Figur e  4.35 .  Th e  bimoda l  por e  siz e  configuratio n provide s  bette r  resolutio n an d 

a  wide r  linea r  calibratio n rang e  tha n ca n b e  obtaine d b y th e  serie s  couplin g o f 

severa l  colum n type s  wit h overlappin g molecula r  weigh t  ranges . 

4 Colum n Set-PS M Packing s 

60X,60X ,750A (750 A 

200 

10. 0 12. 0 14. 0 16. 0 

Retentio n  Volume , ml 

Figur e  4.3 5 Broad-range ,  linea r  calibratio n fo r  polystyren e  standard s  usin g 
th e  bimoda l  por e  siz e  selectio n principle .  (Reproduce d wit h 
permissio n fro m ref .  162 .  Copyrigh t  Elsevie r  Scientifi c 
Publishin g Co. ) 

The  firs t  ste p i n  extractin g molecula r  weigh t  informatio n fro m a 

size-exclusio n chromatogra m i s  t o  establis h a  calibratio n curv e  relatin g th e 

retentio n volum e  (o r  K^ )  t o  th e  molecula r  weigh t  o f  th e  polyme r  sample . 

Molecula r  weight ,  rathe r  tha n th e  siz e  o f  th e  polyme r  molecule ,  i s  use d a s  th e 

calibratio n paramete r  sinc e  th e  forme r  i s  independen t  o f  experimenta l 

conditions .  Tru e  o r  approximatel y monodispers e  sample s  ma y b e  elute d a s 

separat e  peak s  i n  th e  chromatogra m wherea s  mos t  syntheti c  polymer s  ar e 

polydispers e  an d elut e  a s  a  broa d ban d wit h a  profil e  characteristi c  o f  th e 

molecula r  weigh t  distributio n o f  th e  polymer .  Fo r  monodispers e  sample s  a n 

absolut e  molecula r  weigh t  valu e  i s  obtaine d whil e  a  statistica l  averag e 

molecula r  weigh t  paramete r  i s  calculate d fo r  polydispers e  samples .  Fo r 

monodispers e  sample s  th e  primar y metho d o f  calibratio n i s  th e  pea k positio n 

calibratio n method .  A  serie s  o f  differen t  molecula r  weigh t  standard s  ar e 

chromatographe d unde r  constan t  experimenta l  condition s  an d thei r  elutio n volume s 

measured .  A  plo t  o f  molecula r  weigh t  agains t  elutio n volum e  constitute s  th e 

calibratio n plot .  Figur e  4.3 6 i s  a n  exampl e  o f  suc h a  plo t  fo r  a  serie s  o f 

protei n standards .  Th e  pea k positio n calibratio n metho d i s  limite d i n  scop e  b y 

th e  availabilit y o f  suitabl e  standards .  Apar t  fro m polystyrenes ,  ver y fe w othe r 

narro w molecula r  weigh t  polyme r  standard s  ar e  availabl e  fo r  characterizin g 

syntheti c  polymers .  Th e  accurac y o f  th e  pea k posito n calibratio n metho d depend s 
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Figur e  4.3 6 Protei n calibratio n curve s  fo r  Spheroge l  TSK-S W 200 0 an d S W 300 0 
columns .  Mobil e  phas e  phosphat e  buffe r  0. 2  M,  p H 6.8 ,  flo w rat e 
1. 0  ml/min . 

on whethe r  th e  solutio n conformation s  o f  th e  standard s  an d sample s  ar e  similar , 

th e  conditio n require d fo r  th e  molecula r  weigh t  an d molecula r  siz e  t o  b e 

uniquel y correlated .  Larg e  error s  i n  estimatin g th e  sampl e  molecula r  weigh t  ca n 

resul t  whe n a  calibratio n prepare d fro m narro w molecula r  weigh t  standard s  o f  on e 

polyme r  i s  use d t o  characteriz e  polymer s  o f  othe r  types .  Fo r  thi s  reason , 

variou s  attempt s  hav e  bee n mad e  t o  determin e  a  universa l  calibratio n paramete r 

t o  characteriz e  th e  effectiv e  dimension s  o r  size s  o f  macromolecule s  an d variou s 

polymers .  Macromolecule s  hav e  solutio n conformation s  whic h ma y b e  approximatel y 

describe d b y rando m coil ,  rigi d sphere ,  o r  rigi d ro d model s  [163] .  Th e  bes t 

approximatio n o f  molecula r  siz e  fo r  th e  abov e  model s  i s  give n b y th e  radiu s  o f 

gyration .  Thi s  paramete r  provide s  th e  commo n denominato r  fo r  comparin g solut e 

molecula r  size s  fo r  molecule s  o f  differen t  chemica l  structur e  an d shapes .  Th e 

radiu s  o f  gyratio n i s  no t  independen t  o f  structura l  conformatio n change s  an d 

thei r  effec t  o n th e  separatio n mechanism .  Th e  hydrodynami c  volum e  o f  a  polyme r 

i s  als o a  siz e  characteristi c  paramete r  whic h ma y b e  use d fo r  calibration .  Th e 

hydrodynami c  volum e  i s  equa l  t o  th e  produc t  o f  th e  intrinsi c  velocit y  an d th e 

molecula r  weigh t  o f  th e  polymer .  Th e  intrinsi c  viscosit y  o f  th e  polyme r  i s  a n 

experimenta l  quantit y  derive d fro m th e  measure d viscosit y  o f  th e  polyme r  i n 

solutio n o r  calculate d usin g Mark-Houwin k constant s  [36,163] ,  A  plo t  o f  th e 

logarith m o f  th e  hydrodynami c  volum e  agains t  elutio n volum e  provide s  a 

calibratio n curv e  tha t  i s  approximatel y vali d  fo r  al l  polymers .  Thi s  approac h 

provide s  a  universa l  calibratio n curv e  fo r  virtuall y  al l  polymers ,  independen t 

of  shape .  Th e  universa l  calibratio n metho d i s  conceptuall y  sound ,  bu t  it s  us e 

i s  stil l  rathe r  limited .  Th e  accurac y an d th e  precisio n o f  th e  metho d hav e  no t 

ye t  bee n full y  evaluated . 
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Variou s  computer-assiste d calibratio n method s  ar e  availabl e  fo r  usin g broa d 

molecula r  weigh t  distributio n standard s  fo r  calibratio n purposes .  Th e  detail s 

ar e  comple x an d ar e  reviewe d i n  reference s  [36,163,164] , 

Fro m th e  abov e  discussion ,  i t  i s  apparen t  tha t  establishin g a n accurat e 

calibratio n curv e  require s  a  considerabl e  amoun t  o f  effor t  an d ma y b e  limite d b y 

th e  availabilit y  o f  suitabl e  standards .  Sampl e  molecula r  weigh t  distribution s 

may b e  evaluate d quantitativel y b y molecula r  weigh t  measurement s  usin g ligh t 

scatterin g o r  viscometr y b y eithe r  continuou s  monitorin g o f  th e  colum n eluen t  o r 

i n  a  discontinuou s  way .  Averag e  molecula r  weigh t  distribution s  ca n b e  obtaine d 

directl y  a s  th e  sampl e  elute s  fro m th e  colum n usin g lo w angl e  lase r  ligh t 

scatterin g (LALLS) .  Th e  colum n eluen t  firs t  flow s  throug h a  light-scatterin g 

detecto r  an d the n throug h a  r e f T a c t o m e t e r whic h serve s  a s  a  concentration -

sensitiv e  detector .  Th e  outpu t  o f  th e  light-scatterin g detecto r  i s  proportiona l 

t o  th e  produc t  o f  th e  molecula r  weigh t  (MW)  o f  th e  elutin g sampl e  an d it s 

concentration .  B y examinin g th e  output s  fro m bot h detectors ,  averag e  molecula r 

weight s  an d molecula r  weigh t  distribution s  ca n b e  obtaine d wit h a  dat a  processo r 

[35,164] ,  Althoug h thi s  i s  a  ver y elegan t  approac h toward s  calibration ,  th e 

genera l  us e  o f  th e  LALL S detecto r  i s  limite d b y it s  hig h purchas e  price . 

4.1 4 Ion-Exchang e  Chromatograph y 

Ion-exchang e  chromatograph y i s  a  flexibl e  techniqu e  use d mainl y fo r  th e 

separatio n o f  ioni c  o r  easil y  ionizabl e  species .  Th e  stationar y phas e  i s 

characterize d b y th e  presenc e  o f  charge d center s  bearin g exchangeabl e 

counterions .  Bot h cations ,  Figur e  4.37 ,  an d anions ,  Figur e  4.38 ,  ca n b e 

separate d b y selectio n o f  th e  appropriat e  ion-exchang e  mediu m [165,166] . 

Ion-exchang e  find s  applicatio n i n  virtuall y  al l  branche s  o f  chemistry .  I n 

clinica l  laboratorie s  i t  i s  use d routinel y t o  profil e  biologica l  fluids ,  Figur e 

4.39 ,  an d fo r  diagnosin g variou s  metaboli c  disorder s  [167] .  Ion-exchang e  ha s 

lon g bee n use d a s  th e  separatio n mechamis m i n automate d amin o aci d an d 

carbohydrat e  analyzers .  Figur e  4.4 0 i s  a n exampl e  o f  a  separatio n o f  a  mixtur e 

of  basi c  amin o acid s  an d polyamine s  obtaine d wit h a n automate d amin o aci d 

analyze r  [168] ,  Mor e  recently ,  ion-exchang e  chromatograph y ha s  bee n use d t o 

separat e  a  wid e  rang e  o f  biologica l  macromolecule s  usin g specia l  wid e  pore ,  lo w 

capacit y  packing s  designe d fo r  thi s  purpos e  [31,144,169] ,  Ion-exchang e  ma y als o 

be  use d t o  separat e  neutra l  molecule s  a s  thei r  charge d bisulfit e  o r  borat e 

complexes ,  Figur e  4.41 ,  an d certai n  cation s  a s  thei r  negatively-charge d 

complexe s  (e.g. ,  FeCl ^  ) .  I n  th e  cas e  o f  th e  borat e  complexes ,  carbohydrat e 

compound s  havin g vicina l  dio l  group s  ca n for m stabl e  charge d adduct s  tha t  ca n b e 

resolve d b y anio n exchang e  chromatograph y [170] ,  Ligand-exchang e  chromatograph y 
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Figur e  4.3 7 Separatio n o f  th e  lanthanide s  o n a  1 0 c m ÷  4  mm I.D .  stron g 
cation-exchang e  resi n Ammex A-5 ,  particl e  siz e  1 3  ìðé .  Linea r 
gradient ,  2 0 min ,  0.01 8 t o  0.07 0 mol/ 1  hydroxybutyri c  acid .  Th e 
lanthanide s  wer e  detecte d a t  60 0 n m usin g Arsenaz o I  an d a  post -
colum n reactio n detector .  (Reproduce d wit h permissio n fro m ref . 
165 .  Copyrigh t  America n Chemica l  Society) . 
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Figur e  4.3 8 Separatio n o f  mono- ,  di- ,  an d triphosphat e  nucleotide s  o n a  2 5 c m 
÷ 4. 6 mm I.D .  PARTISIL-IOSA X Column .  Linea r  gradien t  0-100 % i n 
45 mi n o f  0.00 7 F  K H PO, ,  p H 4. 0 t o  0.2 5 F  ÊÇ 2Ñ04~0.0 5 F  KC1 , 
pH 4.5 .  Flo w rat e  1. 5  ml/min .  (Reproduce d wit h permissio n fro m 
ref .  166 .  Copyrigh t  Whatman ,  Inc. ) 

ha s  bee n use d wit h catio n exchanger s  (i n  th e  nicke l  o r  coppe r  form )  fo r  th e 

separatio n o f  amin o acid s  an d othe r  base s  (se e  Chapte r  7.1 9 fo r  details) . 
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Figur e  4.3 9 Separatio n o f  UV-absorbin g anion s  i n  urin e  o n a  2 5 c m ÷  4. 6 mm 
I.D .  Hitach i  Ge l  3013 -N colum n usin g a  comple x stepwis e  buffe r 
gradien t  fro m wate r  t o  0. 3  mol/ 1  NH^Cl-0.0 5 mol/ 1  N H 4 H2 P 0 4 

-30 % v/ v  CHoCN , p H 4.8 .  Colum n temperatur e  wa s  als o raise d 
i n  increment s  durin g th e  run .  (Reproduce d wit h permissio n fro m 
ref .  167 .  Copyrigh t  Elsevie r  Scienitifi c  Publishin g Co. ) 

RM-L +  X  «  »  RM- X +  L 

RM =  metal/ion-exchang e  ion-pai r 
L =  mobil e  phas e  ligan d whic h ca n for m a  comple x wit h th e  meta l  Ì 
X =  sampl e  ligan d 

Ion-exchang e  packing s  ma y als o b e  use d t o  separat e  neutra l  an d charge d specie s 

by mechanism s  no t  involvin g ion-exchange .  Oligosaccharide s  an d relate d 

material s  ca n b e  separate d b y a  partitio n mechanis m o n ion-exchang e  column s  whe n 

water-alcoho l  mobil e  phase s  ar e  employe d [171] ,  A t  equilibrium ,  th e  wate r 

concentratio n i n  th e  ion-exchang e  resi n i s  greate r  tha n tha t  i n  th e  surroundin g 

solution .  Unde r  thes e  circumstances ,  th e  ion-exchang e  resi n function s  a s  a 

soli d  suppor t  an d th e  sugar s  ar e  separate d b y partitio n betwee n th e  water-ric h 

resi n phas e  an d th e  eluent . 

Ion-exclusio n ma y b e  use d t o  separat e  charge d fro m uncharge d specie s  an d 

als o charge d specie s  fro m on e  anothe r  o n th e  basi s  o f  thei r  degre e  o f  Donna n 

exclusio n fro m th e  resi n por e  volume .  A n ion-exchang e  packin g havin g th e  sam e 

charg e  a s  th e  sampl e  ion s  i s  selecte d fo r  thi s  purpose .  Retentio n i s  dependen t 

on th e  degre e  o f  sampl e  acces s  t o  th e  packin g por e  volume .  A n exampl e  o f  thi s 

mechanis m i s  th e  separatio n o f  organi c  acid s  wit h a  cation-exchang e  packin g i n 

th e  hydroge n for m [31,172] .  Stron g acid s  ar e  completel y exclude d an d elut e 

early ,  wea k acid s  ar e  onl y partiall y  exclude d an d hav e  intermediat e  retentio n 
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Figur e  4.4 0 Separatio n o f  basi c  amin o acid s  an d polyamine s  usin g a n amin o 
aci d analyzer .  Colum n wa s  11. 5 ÷  0.4 5 c m I.D .  cation-exchanger , 
Durru m DC-4A .  Th e  firs t  buffer ,  0.2 0 Ì  sodiu m citrat e  dihydrat e 
-0. 3  Ì  sodiu m chloride-4 % ethano l  (p H 5.6 )  fo r  th e  firs t  4 4 
min an d the n 0.2 0 Ì  sodiu m citrat e  dihydrate-2.5 0 Ì  sodiu m 
chloride-6 % ethano l  (p H 5.65) .  Tw o temperature s  wer e  used : 
61 °  C  durin g th e  firs t  4 8 mi n an d 78° C thereafter .  EtA , 
ethanolamine ;  CPU ,  carbamylputrescine ;  DAP ,  1,3-diaminopropane ; 
PU,  putrescine ;  HA,  histamine ;  Cd ,  cadaverine ;  Sd ,  spermidine ; 
Agm,  agmatine ;  Sm ,  spermine ;  an d I.S. ,  interna l  standard . 
(Reproduce d wit h permissio n fro m ref .  168 .  Copyrigh t  Elsevie r 
Scientifi c  Publishin g Co. ) 

values ,  an d neutra l  molecule s  ar e  no t  influence d b y th e  Donna n membran e 

potentia l  an d ca n explor e  th e  tota l  por e  volume . 

Ion-exchang e  packing s  ar e  characterize d b y th e  presenc e  o f  charge-bearin g 

functiona l  groups .  Fro m a  globa l  poin t  o f  view ,  sampl e  retentio n coul d b e 

envisione d a s  a  simpl e  exchang e  betwee n th e  sampl e  ion s  an d thos e  counterion s 

originall y  attache d t o  th e  charge-bearin g functiona l  groups .  However ,  thi s 

simpl e  pictur e  i s  a  poo r  representatio n o f  th e  actua l  retentio n process . 

Retentio n i n  ion-exchang e  chromatograph y i s  know n t o depen d o n factor s  othe r 

tha n coulombi c  interactions .  Wit h organi c  ions ,  fo r  example ,  hydrophobi c 

interaction s  betwee n th e  sampl e  an d th e  non-ioni c  region s  o f  th e  suppor t  ar e 

important .  I n  ion-exchang e  chromatograph y th e  mobil e  phas e  i s  ofte n o f  hig h 

ioni c  strength ;  thi s  favor s  hydrophobi c  interaction s  b y "salting-out "  th e 

sample .  Indeed ,  fro m a  qualitativ e  poin t  o f  view ,  th e  retentio n o f  organi c  ion s 

probabl y proceed s  b y a  hydrophobi c  reversed-phas e  interactio n wit h th e  suppor t 

followe d b y diffusio n o f  th e  sampl e  io n t o  th e  fixe d charg e  cente r  wher e  a n 

ioni c  interactio n occurs . 
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Figur e  4.4 1 Separatio n o f  a  carbohydrat e  mixtur e  a s  borat e  complexe s  o n a  19. 0 
÷ 0. 6 c m I.D .  colum n o f  DA-Z 4 anion-exchang e  resin .  Mobil e  phase : 
bori c  aci d buffe r  0. 4  mol/1 ,  p H 9.2 ,  flo w rat e  1. 3  ml/min ,  an d 
temperatur e  60°C .  (Reproduce d wit h permissio n fro m ref .  170 . 
Copyrigh t  Elsevie r  Scientifi c  Publishin g Co. ) 

Size-exclusio n an d ion-exclusio n ar e  tw o othe r  retentio n mechanism s  whic h 

may hav e  t o  b e  considere d unde r  certai n  circumstances .  Size-exclusio n 

chromatograph y wa s  describe d i n  th e  previou s  sectio n an d i s  importan t  fo r 

explainin g th e  retentio n o f  larg e  ioni c  molecule s  which ,  becaus e  o f  thei r  size , 

ar e  prevente d fro m explorin g th e  tota l  por e  volum e  o f  th e  packin g wher e  th e 

highes t  concentratio n o f  ion-exchang e  center s  ar e  located .  Also ,  sinc e  Donna n 

membran e  potential s  ar e  develope d o n charge-carryin g supports ,  ion s  havin g th e 

same  charg e  a s  th e  suppor t  ma y b e  exclude d fro m th e  por e  volum e  b y io n 

repulsion .  Thi s  mechanis m i s  importan t  fo r  separatin g charge d fro m neutra l 

molecule s  sinc e  onl y th e  charge d molecule s  ar e  exclude d fro m th e  por e  volume . 

The  ne t  resul t  o f  size-exclusio n an d ion-exclusio n processe s  i s  th e  elutio n o f 

th e  sampl e  i n  a n eluen t  volum e  whic h i s  les s  tha n th e  tota l  colum n voi d volume . 

Sampl e  retentio n i n  conventiona l  ion-exchang e  resin s  havin g comparativel y larg e 

particl e  diameter s  ha s  bee n studie d extensivel y [173-177] ,  Bot h sampl e 

retentio n an d colum n efficienc y ar e  influence d b y diffusion-controlle d 

processes ,  o f  whic h th e  followin g step s  ar e  considere d th e  mos t  important : 
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-  Diffusio n o f  ion s  throug h th e  liqui d fil m surroundin g th e  resi n bea d 

-  Diffusio n o f  ion s  withi n th e  resi n particl e  t o  th e  exchang e  site s 

-  Th e  actua l  exchang e  o f  on e  counterio n fo r  anothe r 

-  Diffusio n o f  th e  exchange d ion s  t o  th e  surfac e  o f  th e  resi n bea d 

-  Diffusio n o f  th e  exchange d ion s  throug h th e  liqui d fil m surroundin g 

th e  resi n bea d int o th e  bul k solutio n 

Slo w diffusio n o f  th e  sampl e  ion s  withi n th e  resi n bead s  contribute s 

significantl y  t o  poo r  colum n performance .  Reducin g th e  particl e  siz e  t o  les s 

tha n 1 0 micrometer s  i n  diamete r  compensate s  fo r  th e  poo r  mas s  transfe r  kinetic s 

exhibite d b y conventiona l  resi n  bead s  b y reducin g th e  lengt h o f  intraparticulat e 

channels . 

Becaus e  th e  colum n packing s  use d i n  ion-exchang e  contai n charge d functiona l 

groups ,  a n unequa l  distributio n o f  mobil e  phas e  ion s  insid e  an d outsid e  th e 

resi n bea d develop s  i n  accordanc e  wit h th e  Donna n membran e  effect .  Th e 

ion-exchang e  bea d behave s  a s  a  concentrate d electrolyt e  solutio n i n  whic h th e 

resi n charge s  ar e  fixed ,  wherea s  th e  counterion s  ar e  fre e  t o  move .  Th e  contac t 

surfac e  betwee n th e  resi n bea d an d th e  mobil e  phas e  ca n b e  envisione d a s  a 

semipermeabl e  membrane .  Whe n equilibriu m i s  attaine d betwee n th e  externa l  an d 

interna l  solutio n an d on e  sid e  o f  th e  membran e  contain s  a  nondiffusibl e  ion , 

the n a  combinatio n o f  th e  Donna n membran e  effec t  an d th e  nee d t o  preserv e 

overal l  electrica l  neutralit y  result s  i n  a  greate r  concentratio n o f  fre e 

electrolyt e  withi n th e  bead .  Diffusio n o f  sampl e  ion s  an d counterion s  acros s 

th e  Donna n membran e  barrie r  i s  ofte n th e  rate-controllin g proces s  i n 

ion-exchang e  chromatography . 

The  retentio n mechanis m i n ion-exchang e  chromatograph y ca n als o b e 

describe d b y th e  la w o f  mas s  actio n a s  show n i n th e  exampl e  below : 

ç  RS0 3 "  X + +  Y n + <  *  (RS0 3 ") n Yn + +  nX + 

[(RS O " )  Y n + ]  [ X + ] n 

Ê — 

q [RS0 3"  X + ] n [Y n + ] 

= equilibriu m quotien t 

X+ =  stationar y phas e  counterio n 

Y n + =  sampl e  catio n o f  valenc e  charg e  ç 

ç  =  a n intege r  equa l  t o  th e  valenc e  charg e  o f  th e  sampl e  catio n 

R =  polyme r  matri x 

Sinc e  th e  activitie s  o f  ion s  i n  th e  resi n phas e  canno t  b e  evaluate d accurately , 

th e  equilibriu m quotient ,  K n ,  i s  no t  a  tru e  thermodynami c  constant .  Thi s 
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quotien t  i s  influence d b y man y experimenta l  value s  an d i s  therefor e  o f  limite d 

us e  i n  predictin g retention .  I t  is ,  however ,  a  goo d measur e  o f  th e  resin' s 

preferenc e  fo r  on e  particula r  counterio n relativ e  t o  another .  Selectivit y 

serie s  hav e  bee n establishe d fo r  man y commmo n counterions . 

L i + <  H + <  Na + <  N H 4

+ <  K + <  C s + <  Ag + C u 2 + <  C d 2 + <  N i 2 + <  C a 2 + <  S r 2 + <  P b 2 + 

< B a 

F"  <  OH"  <  acetat e  <  format e  <  Cl "  <  SCN ~ <  Br "  <  I "  <  N 0 3 "  <  SO^ 2 "  <  citrat e 

The  absolut e  orde r  depend s  o n th e  individua l  ion-exchange r  bu t  deviation s  fro m 

th e  abov e  orde r  ar e  usuall y  onl y sligh t  fo r  differen t  catio n an d anio n 

exchangers .  Fo r  weak-aci d resins ,  H + i s  preferre d ove r  an y commo n cation ,  whil e 

weak-bas e  resin s  prefe r  O H ove r  an y o f  th e  commo n anions . 

Once  a  selectio n o f  th e  colum n typ e  ha s  bee n made ,  sampl e  resolutio n i s 

optimize d b y adjustin g th e  ioni c  strength ,  pH ,  temperature ,  flo w rate ,  an d 

concentratio n o f  buffe r  o r  organi c  modifie r  i n  th e  mobil e  phas e  [178] .  Th e 

influenc e  o f  thes e  parameter s  o n solut e  retentio n i s  summarize d i n  Tabl e 

4.27 .  Increasin g th e  concentratio n o f  counterion s  i n  th e  mobil e  phas e  b y eithe r 

increasin g th e  buffe r  concentratio n o r  b y th e  additio n o f  a  neutra l  sal t 

provide s  stronge r  competitio n betwee n th e  sampl e  an d counterion s  fo r  th e 

exchangeabl e  ioni c  center s  an d generall y  reduce s  retention .  A s  th e  ioni c 

strengt h o f  th e  mobil e  phas e  ha s  th e  greates t  influenc e  o n solven t  strength , 

thi s  paramete r  i s  usuall y  optimize d firs t  t o  obtai n sampl e  capacit y  facto r 

value s  betwee n 2-10 .  Selectivit y  i s  adjuste d b y varyin g th e  p H o f  th e  mobil e 

phase .  Changin g th e  p H modifie s  bot h th e  characte r  o f  th e  ion-exchang e  medi a 

an d th e  acid/bas e  equilibri a  an d ionizatio n o f  th e  sample .  A  p H gradien t  ca n 

als o b e  use d t o  contro l  solven t  strength .  Slo w colum n equilibratio n can , 

however ,  caus e  problem s  i f  th e  p H range s  ove r  severa l  p H units .  Unde r  thes e 

condition s  th e  separatio n ma y no t  b e  reproducible .  Ioni c  strengt h gradient s  ar e 

usuall y  use d fo r  controllin g retentio n wherea s  p H gradient s  o f  a  narro w rang e 

ar e  use d t o  contro l  selectivity .  Th e  operatin g p H rang e  fo r  a  separatio n ca n b e 

estimate d fro m th e  p K value s  o f  th e  sampl e  components .  Whe n sampl e  p K value s 
a  a 

ar e  unknown ,  approximat e  value s  ca n b e  estmiate d b y considerin g th e  molecula r 

structur e  an d th e  numbe r  an d typ e  o f  functiona l  group s  present ,  Tabl e 

4.28 .  Sampl e  pK ^  an d mobil e  phas e  p H value s  ar e  relate d b y th e 

Henderson-Hasselbalc h equatio n (4.29) . 

[ionized ] 
pH =  p K ±  lo g (4.29 ) 

[non-ionized ] 
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TABLE 4.2 7 

Mobil e  Phas e  Influenc e  o n Effec t  o n Sampl e  Retentio n 
Paramete r  Mobil e  Phas e 

Propertie s 

Ioni c  Strengt h Solven t  Strengt h 

pH 

Temperatur e 

Flo w Rat e 

Buffe r  Sal t 

Organi c 
Modifie r 

Solven t  Strengt h 

Solven t  Selectivit y 

Efficienc y 

Efficienc y 

Solven t  Strengt h 
an d Selectivit y 

Solven t  Strengt h 

Efficienc y 

Solven t  strengt h generall y  increase s  wit h 
an increas e  i n  ioni c  strength .  Selectiv -
it y  i s  littl e  affecte d b y ioni c  strengt h 
excep t  fo r  sample s  containin g solute s  wit h 
differen t  valenc e  charges .  Natur e  o f 
mobil e  phas e  counterion ,  Ê  value , 
control s  th e  strengt h o f  the înteractio n 
wit h th e  stationar y phase . 

Retentio n increase s  i n  cation-exchang e 
an d decrease s  i n  anion-exchang e  chromato -
graph y wit h a n increas e  i n  pH . 
Smal l  change s  i n  p H ca n hav e  a  larg e 
influenc e  o n separatio n selectivty . 

Elevate d temperature s  increas e  th e  rat e 
of  solut e  exchang e  betwee n th e  stationar y 
an d mobil e  phase s  an d als o lowe r  th e 
viscosit y  o f  th e  mobil e  phase . 

Flo w rate s  ma y b e  slightl y  lowe r  tha n i n 
othe r  HPL C method s  t o  maximiz e  resolutio n 
an d improv e  mas s  transfe r  kinetics . 

Solven t  strengt h an d selectivit y  ar e 
influence d b y th e  natur e  o f  th e 
counterio n i.e. ,  it s  Ê  value .  A 
chang e  i n  buffe r  sal t  may^als o chang e 
th e  mobil e  phas e  pH . 

Solven t  strengt h generall y  increase s  wit h 
th e  volum e  percen t  o f  organi c  modifier . 
It s  effec t  i s  mos t  importan t  whe n hydro -
phobi c  mechanism s  contribut e  significantl y 
t o  retention .  I n  thi s  case ,  changin g th e 
organi c  modifie r  ca n b e  use d t o  adjus t 
solven t  selectivit y  a s  normall y practice d 
i n  reversed-phas e  chromatograph y . 
Lower s  mobil e  phas e  viscosit y  an d 
improve s  solut e  mas s  transfe r  kinetics . 

Onl y ionize d solute s  ar e  retaine d b y a n ion-exchang e  mechanis m and ,  a s  a  genera l 

rul e  o f  thumb ,  equatio n (4.29 )  predict s  tha t  th e  optimu m buffe r  p H shoul d b e  1 

or  2  p H unit s  belo w th e  p K o f  base s  an d 1  o r  2  p H unit s  abov e  th e  p K o f 

a  a 

acids .  Whe n choosin g a  buffe r  sal t  tw o criteri a  mus t  b e  met .  Th e  buffe r  mus t 

be  abl e  t o  establis h th e  operatin g p H fo r  th e  separatio n an d th e  exchangeabl e 

buffe r  counterio n mus t  provid e  th e  desire d solven t  strength .  Som e  commo n p H 

buffer s  an d thei r  usabl e  range s  ar e  summarize d i n  Tabl e  4.29 .  Th e  solven t 

FACTORS INFLUENCIN G RETENTIO N I N ION-EXCHANGE CHROMATOGRAPHY 
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strengt h o f  th e  buffe r  ca n b e  estimate d fro m th e  valu e  fo r  th e  counterion . 

Typica l  buffe r  concentration s  ar e  0.001-0. 5 M. 

TABLE 4.2 8 

pK VALUES O F REPRESENTATIV E ORGANIC COMPOUNDS 
v a 

Compoun d Typ e  Approximat e  pK ^  Valu e 

Amide s  - 2 - 1 
Pyrrole s  0. 3 
Thiazole s  1 - 3 
Amin o acid s  2 - 4 an d 9 - 1 2 
Carboxyli c  acid s  5 
Aromati c  amine s  5 - 7 
Aliphati c  amine s  9. 5 -  11. 0 
Phenol s  1 0 

TABLE 4.2 9 

BUFFER SALT S WIDEL Y USE D I N ION-EXCHANGE CHROMATOGRAPHY 

Buffe r  Sal t  Usefu l  p H Rang e 

Citri c  aci d 2. 0 _ 6. 0 
Ammoniu m phosphat e 2. 2 - 6. 5 
Potassiu m hydroge n phthalat e 2. 2 - 6. 5 
Disodiu m hydroge n citrat e 2. 6 - 6. 5 
Sodiu m format e 3. 0 - 4. 4 
Sodiu m acetat e 4. 2 - 5. 4 
Triethanolamin e 6. 7 - 8. 7 

Sodiu m borat e 8. 0 - 9. 8 
Sodiu m perchlorat e 8. 0 - 9. 8 
Sodiu m nitrat e 8. 0 - 10. 0 

Ammonia 8. 2 - 10. 2 

Ammoniu m acetat e 8. 6 - 9. 8 
Sodiu m dihydroge n phosphat e 2. 0 - 6. 0 

8. 0 - 12. 0 
Potassiu m dihydroge n phosphat e 2. 0 - 8. 0 

9. 0 - 13. 0 

Ion-exchang e  column s  ar e  generall y  les s  efficien t  tha n othe r  colum n type s 

use d i n  HPLC .  T o improv e  solut e  diffusio n an d mas s  transfer ,  ion-exchang e 

column s  ar e  ofte n operate d a t  elevate d temperatures .  A s  wel l  a s  increasin g 

colum n efficiency ,  a n increas e  i n  colum n temperatur e  usuall y  result s  i n  lo w 

capacit y  facto r  values .  Smal l  change s  i n  colum n temperatur e  ofte n resul t  i n 

larg e  change s  i n  separatio n selectivty ,  particularl y  fo r  structurall y  dissimila r 

compoun d types .  Ion-exchang e  column s  ar e  als o ofte n operate d a t  lo w mobil e 

phas e  flo w rate s  t o  maximiz e  colum n efficiency .  Fo r  mos t  separation s  th e  mobil e 

phas e  i s  usuall y  completel y aqueous .  Water-miscibl e  organi c  solvent s  ma y b e 

adde d t o  th e  mobil e  phas e  t o  increas e  colum n efficienc y an d t o  contro l  solven t 

strength .  Th e  presenc e  o f  a n organi c  modifie r  i n  th e  mobil e  phas e  ha s  mos t 
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influenc e  o n th e  separatio n whe n solut e  retentio n i s  a t  leas t  partl y  controlle d 

by a  reversed-phas e  mechanism .  Whe n thi s  i s  th e  case ,  solven t  strengt h an d 

selectivit y  ca n b e  adjuste d a s  describe d fo r  reversed-phas e  chromatography . 

4.1 5 Io n Chromatograph y 

Io n chromatograph y i s  a  recen t  developmen t  whic h ha s  foun d widesprea d 

applicatio n fo r  th e  analysi s  o f  inorgani c  an d organi c  ion s  wit h pK ^  value s  les s 

tha n 7 .  I t  combine s  th e  technique s  o f  ion-exchang e  separation ,  eluen t 

suppression ,  an d conductivit y  detectio n fo r  th e  quantitativ e  determinatio n o f 

suc h ion s  a s  Li + ,  Na + ,  K + ,  N H 4

+ ,  C a 2 + ,  M g 2 + ,  F" ,  Cl" ,  Br" ,  I" ,  S 0 4

2 " ,  N0 2 " , 

NÔ  ,  PO^ 2 ,  alkylamines ,  organi c  acids ,  etc .  [179-184] .  It s  explosiv e  growt h 

i s  du e  i n  par t  t o  th e  difficult y  o f  determinin g thes e  ion s  b y othe r  methods ;  i t 

ha s  replace d man y tediou s  we t  chemica l  analyse s  wit h a  simpl e  automate d 

instrumen t  tha t  ca n analyz e  multipl e  ion s  i n  th e  sam e  sampl e  injection . 

Example s  o f  io n chromatographi c  separation s  ar e  show n i n Figur e  4.4 2 fo r  nin e 

common anion s  an d Figur e  4.4 3 fo r  th e  alkal i  eart h  element s  [185] , 

F~ 

C o n c e n t r a t i o n s : 

3pp m 
8pp m 

lOpp m 
4pp m 

10 ppm 
30pp m 
30 ppm 
30 ppm 
25 ppm 

M i n u t e s 

Figur e  4.4 2 Separatio n o f  nin e  commo n ion s  b y io n chromatograph y usin g a 
hollo w fibe r  suppresso r  an d conductivit y  detection .  Mobil e  phas e 
was  2. 8 m M NaHC0 3~2. 2 m M Na 2 C0 3 an d flo w rat e  2. 0  ml/min . 

The  instrumentatio n use d i n  io n chromatograph y doe s  no t  var y significantl y 

fro m tha t  use d i n  HPLC .  Th e  mechanica l  strengt h o f  th e  colum n packing s  limit s 

pressure s  t o  abou t  200 0 p.s.i .  Th e  colum n packing s  ar e  styrene-divinylbenzen e 

bead-typ e  resin s  tha t  ar e  surfac e  functionalize d t o  giv e  lo w ion-exchang e 
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Concentration s  (pp m ) 

0 4 8 12 16 

Minute s 

Figur e  4.4 3 Separatio n o f  alkal i  eart h  elements .  Mobil e  phas e  2. 5 m M 
m-phenylenediamin e  dihydrochloride-2. 5 m M HNO^,  flo w rat e 
3. 5  ml/min .  Th e  separato r  colum n wa s  a  surface-sulfonate d 
35-5 5 ìð é  macroporou s  resi n wit h a  conventiona l  suppresso r  colum n 
an d conductivit y  detector . 

capacitie s  o f  0.00 1 t o  0.0 5 mequiv/ g [185,186] .  Thes e  resin s  hav e  goo d 

structura l  rigidity ,  allowin g operatio n a t  hig h flo w rate s  wit h onl y moderat e 

bac k pressure .  Th e  thi n ski n o f  surfac e  ion-exchang e  group s  provide s  shor t 

diffusio n path s  an d highe r  colum n efficiencie s  tha n conventiona l  resins .  Thes e 

resi n bead s  ar e  stabl e  ove r  th e  p H rang e  1-14 .  Th e  limite d hydrolyti c  stabilit y 

of  silica-base d packing s  curtail s  thei r  us e  i n  io n chromatograph y compare d t o 

thei r  dominan t  positio n i n  th e  moder n practic e  o f  HPLC .  Fo r  anio n separations , 

a  specia l  packin g whic h ha s  a n oute r  laye r  o f  fin e  (0. 1 t o  0. 5  micrometer) , 

aminate d late x particle s  agglomerate d t o  th e  surfac e  o f  a  surface-sulfonate d 

resi n bea d i s  frequentl y  use d [187,188] ,  Th e  late x laye r  i s  strongl y attache d 

t o  th e  surface-sulfonate d cor e  b y a  combinatio n o f  electrostati c  an d va n de r 

Waal s  forces .  Th e  late x laye r  i s  no t  displace d fro m th e  substrat e  b y th e 

eluent s  o r  condition s  normall y use d i n  io n chromatography .  Th e  thinnes s  o f  th e 

exchang e  laye r  an d th e  Donna n exclusio n effec t  o f  th e  intermediat e  sulfonate d 

laye r  provid e  excellen t  sampl e  mas s  transfe r  propertie s  b y ensurin g tha t  sampl e 

penetratio n i s  confine d t o  th e  oute r  late x layer .  I n  general ,  th e  efficienc y o f 

th e  column s  use d i n  io n chromatograph y i s  limite d b y th e  large-size d particle s 

an d broa d particl e  siz e  distribution s  o f  th e  resi n packings .  Resi n bead s  ar e 

currentl y  availabl e  i n  th e  range s  20-30 ,  37-74 ,  44-5 7 micrometers . 
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The  principa l  proble m i n th e  devlopmen t  o f  io n chromatograph y wa s  no t  on e 

of  colum n technology ,  bu t  rathe r  on e  o f  providin g a  suitabl e  on-lin e  detectio n 

system .  Mos t  commo n ion s  canno t  b e  detecte d photometricall y  an d a  metho d wa s 

neede d whic h coul d detec t  th e  separate d ion s  i n  th e  backgroun d o f  a  highl y 

conductin g eluent .  Sinc e  conductivit y  i s  a  universa l  propert y o f  ion s  i n 

solutio n an d ca n b e  simpl y relate d t o  io n concentration ,  i t  wa s  considere d a 

desirabl e  detectio n metho d provide d tha t  th e  contributio n fro m th e  eluen t 

backgroun d coul d b e  eliminated .  Th e  introductio n o f  eluen t  suppresso r  column s 

fo r  thi s  purpos e  le d t o  th e  genera l  acceptanc e  o f  io n chromatograph y [189] .  Th e 

io n chromatograp h consist s  o f  tw o ion-exchang e  column s  i n  serie s  followe d b y a 

flow-throug h electrica l  conductivit y  detector .  Th e  firs t  colum n separate s  th e 

ion s  i n  th e  injecte d sampl e  whil e  th e  secon d colum n suppresse s  th e  conductanc e 

of  th e  electrolyt e  i n  th e  eluent ,  an d thereb y enhance s  th e  conductanc e  o f  th e 

separate d ion s  sinc e  thes e  ar e  converte d t o  th e  highl y conductin g aci d o r  bas e 

form .  B y wa y o f  example ,  conside r  th e  separatio n o f  a  mixtur e  o f  Li + ,  Na + ,  an d 

K+ o n a  cation-exchang e  colum n wit h dilut e  hydrochlori c  aci d a s  th e  mobil e 

phase .  Th e  thre e  cation s  ar e  separate d o n th e  firs t  colum n accordin g t o  thei r 

strengt h o f  interactio n wit h th e  colum n packin g an d leav e  th e  colum n i n th e  for m 

of  thei r  chlorid e  salt s  dissolve d i n  th e  mobil e  phase .  A s  th e  eluen t  enter s  th e 

suppresso r  colum n tw o reaction s  occu r  a s  show n below : 

HC1 +  Resin 4"  0H ~ >  Resin 4"  Cl "  +  H 2 0 

MCI  +  Resin 4"  OH"  >  Resin 4"  Cl "  +  MOH 

Ì  =  Li 4" ,  Na 4" ,  K 4" 

The  eluen t  leavin g th e  suppresso r  colum n contain s  th e  sampl e  ion s  a s  thei r 

highl y conductin g hydroxid e  salt s  i n  a  weakl y conductin g backgroun d o f  water . 

Anio n suppressio n occur s  i n  a n analogou s  manne r  excep t  tha t  th e  conductin g 

specie s  i s  no w a n aci d i n  a  backgroun d eluen t  o f  water .  Th e  suppresso r  colum n 

i s  packe d wit h a n ion-exchang e  packin g opposit e  i n  typ e  t o  th e  separato r  colum n 

an d o f  highe r  capacit y  sinc e  i t  mus t  neutraliz e  a  larg e  volum e  o f  colum n 

eluent .  Th e  colum n packin g i n  th e  suppresso r  colum n shoul d hav e  a  lo w surfac e 

are a  (microporou s  resin) ,  a  smal l  bea d diamete r  t o  minimiz e  ban d dispersion ,  a 

moderat e  degre e  o f  crosslinkin g t o  minimiz e  adsorptio n an d swellin g effects ,  an d 

a  minima l  tota l  volum e  t o  minimiz e  th e  effect s  o f  dispersio n an d th e  retentio n 

of  wea k electrolyte s  [185,189] .  A s  fa r  a s  sampl e  dispersio n i s  concerned ,  th e 

voi d volum e  o f  th e  suppresso r  colum n i s  les s  tha n th e  tota l  colum n voi d volum e 

sinc e  th e  Donna n exclusio n phenomen a  prevent s  entr y o f  th e  sampl e  ion s  int o th e 

por e  volume .  Onl y th e  interstitia l  particl e  volum e  nee d normall y b e 

considered .  Th e  lo w concentratio n eluent s  use d t o  separat e  th e  ion s  o n th e 

separato r  colum n allo w a  larg e  numbe r  o f  sample s  t o  b e  analyze d befor e  th e 
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suppresso r  colum n i s  completel y expended .  Typically ,  4 0 t o  6 0 anio n sample s  an d 

20 t o  3 0 catio n sample s  ca n b e  ru n befor e  th e  suppresso r  resi n  bed s  requir e 

regeneration .  Som e  instrument s  contai n tw o suppresso r  column s  i n  paralle l  s o 

tha t  on e  colum n ca n b e  regenerate d whil e  th e  othe r  i s  i n  use . 

The  suppresso r  colum n i s  include d i n  th e  chromatographi c  syste m b y 

necessit y  rathe r  tha n desire .  A s  i t  ha s  severa l  deleteriou s  effect s  o n th e 

qualit y  o f  th e  separation ,  a  natura l  progressio n i n  th e  furthe r  developmen t  o f 

io n chromatograph y wa s  th e  searc h fo r  nonsuppressor-base d technologies .  Th e 

principa l  disadvantage s  o f  suppresso r  column s  ar e  th e  nee d t o  periodicall y 

replac e  o r  regenerat e  th e  suppresso r  column ;  th e  varyin g elutio n time s  fo r  wea k 

aci d anion s  o r  wea k bas e  cation s  du e  t o  ion-exclusio n effect s  i n  th e  unexhauste d 

portio n o f  th e  suppresso r  column ;  th e  apparen t  reactio n o f  som e  ion s  suc h a s 

nitrit e  wit h th e  unexhauste d portio n o f  th e  suppresso r  column ,  resultin g i n  a 

varyin g respons e  dependin g o n th e  percentag e  exhaustio n o f  th e  suppresso r 

column ;  and ,  interferenc e  i n  th e  baselin e  o f  th e  chromatogra m b y a  negativ e  pea k 

characteristi c  o f  th e  eluent ,  whic h varie s  i n  elutio n tim e  wit h th e  degre e  o f 

exhaustio n o f  th e  suppresso r  column .  Finally ,  ther e  i s  som e  ban d spreadin g i n 

th e  suppresso r  colum n whic h diminishe s  th e  efficienc y o f  th e  separato r  colum n 

an d reduce s  detectio n sensitivity .  Man y o f  th e  problem s  encountere d wit h 

conventiona l  suppresso r  column s  ca n b e  eliminate d b y usin g bundle s  o f  empt y o r 

packe d ion-exchang e  hollo w fiber s  fo r  eluen t  suppressio n [190-192] .  Th e  hollo w 

polyethylen e  fiber s  ( 6  f t  ÷  0. 3 m m I.D. )  ar e  surfac e  sulfonate d t o  allo w cation s 

t o  permeat e  th e  fibe r  wal l  int o th e  regeneratin g solutio n an d hydroge n ion s  t o 

pas s  int o th e  colum n eluent .  Th e  sampl e  anion s  i n  th e  colum n eluen t  d o no t 

permeat e  th e  fibe r  wal l  becaus e  o f  Donna n exclusio n forces .  Th e  mai n advantag e 

of  th e  hollo w fibe r  ion-exchang e  suppresso r  i s  tha t  i t  allow s  continuou s 

operatio n o f  th e  io n chromatograp h withou t  varyin g interference s  fro m bas e  lin e 

discontinuities ,  ion-exclusio n effects ,  o r  chemica l  reactions .  Continuou s 

operatio n i s  mad e  possibl e  b y constantl y  renewin g th e  regeneran t  solutio n i n 

whic h th e  hollo w fiber s  ar e  bathed .  Th e  mai n disadvantag e  i s  tha t  th e  hollo w 

fibe r  ion-exchang e  suppressor s  hav e  approximatel y 2- 5 time s  th e  voi d volum e  o f 

conventiona l  suppresso r  columns .  Thi s  obviousl y lead s  t o  som e  los s  o f 

separatio n efficiency ,  particularl y  fo r  ion s  elutin g earl y  i n  th e  chromatogram . 

Othe r  limitation s  includ e  restriction s  o n useabl e  colum n flo w rate s  t o  ensur e 

complet e  suppression ,  th e  nee d fo r  a n exces s  o f  th e  exchangeabl e  counterio n i n 

th e  regeneratio n solution ,  an d th e  possibl e  "leakage "  o f  th e  regeneratio n 

solutio n int o th e  eluen t  stream . 

Common eluent s  i n  suppresso r  io n chromatograph y ar e  dilut e  solution s  o f 

minera l  acid s  o r  phenylenediamin e  salt s  fo r  catio n separation s  an d sodiu m 

bicarbonate/sodiu m carbonat e  buffer s  fo r  anio n separations .  Thes e  eluent s  ar e 

to o highl y conductin g t o  b e  use d withou t  a  suppresso r  colum n fo r  conductivit y 
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detection .  Frit z  an d co-worker s  hav e  show n tha t  i f  separato r  column s  o f  ver y 

lo w capacit y  ar e  use d i n  conjunctio n wit h a n eluen t  o f  hig h affinit y  fo r  th e 

separato r  resi n  bu t  o f  lo w conductivity ,  the n a  suppresso r  colum n i s  no t 

require d [193-195] ,  A  speciall y  designe d conductivit y  detecto r  wit h som e 

toleranc e  fo r  backgroun d conductanc e  wa s  needed ,  however .  Th e  singl e  mos t 

importan t  requiremen t  o f  th e  eluen t  selecte d fo r  nonsuppresse d io n 

chromatograph y i s  tha t  th e  backgroun d conductivit y  o f  th e  eluen t  mus t  b e  low , 

generall y  i n  th e  75-20 0 ìïçð é  range .  Th e  salt s  o f  aromati c  acid s  suc h a s  benzoi c 

an d phthali c  acids ,  i n  lo w concentratio n ar e  suitabl e  elutin g agents .  A s  th e 

conductanc e  o f  bot h H + an d O H ion s  ar e  unusuall y  high ,  th e  p H o f  th e  eluen t 

must  b e  carefull y  adjuste d t o  allo w ionizatio n o f  th e  mobil e  phas e  counterio n 

withou t  increasin g th e  conductanc e  o f  th e  eluen t  t o  a n undesirabl e  level .  Fo r 

example ,  sodiu m phthalat e  solution s  ma y b e  use d i n  th e  p H rang e  4.0-6. 5  withou t 

swampin g th e  detecto r  response .  Sinc e  th e  detecto r  baselin e  nois e  i s  primaril y 

a  functio n o f  backgroun d eluen t  conductivit y  ther e  i s  som e  los s  i n  th e  signa l  t o 

nois e  rati o  o f  th e  sampl e  io n i n  th e  nonsuppresse d mode .  Ther e  i s  als o a  los s 

of  sensitivit y  du e  t o  th e  "matri x  effect "  [185] .  A s  th e  protonate d solut e  io n 

i s  bein g measure d i n  a  mor e  conductiv e  background ,  ther e  i s  a n inheren t  los s  o f 

sensitivity .  I n  general ,  nonsuppresse d io n chromatograph y i s  a t  leas t  a n orde r 

of  magnitud e  les s  sensitiv e  tha n suppresse d io n chromatograph y an d ha s  a  mor e 

restricte d linea r  operatin g range . 

An alternativ e  approac h t o  conductivit y  monitorin g usin g a  photometri c 

detecto r  ha s  bee n describe d b y Smal l  e t  al .  [196-198] .  I t  i s  base d o n th e  us e 

of  vacanc y chromatograph y t o  determin e  sampl e  ion s  lackin g absorptio n i n  th e 

UV-visibl e  range .  A n eluen t  containin g a  UV-absorbin g counterio n suc h a s  sodiu m 

phthalate ,  sodiu m sulfobenzoate ,  sodiu m trimesate ,  sodiu m iodide ,  o r  coppe r 

nitrat e  i s  use d fo r  th e  separation .  Unde r  equilibriu m condition s  a  constan t 

signa l  du e  t o  absorbanc e  b y th e  eluen t  i s  determine d b y th e  detector .  Whe n a 

sampl e  io n elute s  fro m th e  column ,  th e  concentratio n o f  UV-absorbin g counterio n 

i n  th e  eluen t  pea k volum e  i s  deplete d b y th e  ion-exchang e  processio n th e  column , 

an d th e  detecto r  register s  a  negativ e  deflectio n i n  proportio n t o  th e  reductio n 

of  absorbin g specie s  i n  th e  eluent .  Sampl e  ion s  wit h pK ^  value s  greate r  tha n 7 

ca n b e  analyze d b y thi s  techniqu e  sinc e  th e  detectio n i s  n o longe r  dependen t  o n 

th e  nativ e  conductanc e  o f  th e  sampl e  ion .  I n  th e  futur e  bot h highe r  efficienc y 

separato r  column s  an d ne w method s  o f  nonsuppresse d detectio n ca n b e  expecte d t o 

appea r  fo r  io n chromatography . 

4.1 6 Microcolumn s  i n  Liqui d Chromatograph y 

Ther e  wer e  thre e  incentive s  fo r  reducin g th e  interna l  diameter s  o f  th e 

column s  use d i n  liqui d chromatography .  Analogou s  t o  capillar y colum n ga s 
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chromatography ,  i t  wa s  hope d tha t  microcolumn s  woul d yiel d th e  ver y hig h colum n 

efficiencie s  require d fo r  th e  resolutio n o f  comple x mixtures .  Sinc e  thes e 

microcolumn s  ar e  operate d a t  flo w rate s  o f  a  fe w microliters/min ,  the y ar e 

extremel y economica l  i n  solven t  consumption .  Thes e  lo w colum n flo w rate s  als o 

offe r  ne w possibilitie s  fo r  sensitiv e  detection ,  provided ,  o f  course ,  tha t 

detectio n volume s  ca n b e  sufficientl y  miniaturize d fo r  thi s  purpose . 

Thre e  type s  o f  microcolumn s  ar e  currentl y i n  use .  Microbor e  column s  ar e 

simila r  i n  constructio n t o  conventiona l  packe d column s  excep t  tha t  th e  colum n 

bor e  i s  reduce d t o  abou t  1  mm an d th e  mobil e  phas e  flo w rat e  i s  abou t  30-4 0 

microliters/min .  Packe d microcapillarie s  ar e  a  hybri d o f  microbor e  packe d 

column s  an d ope n microtubula r  columns .  The y hav e  a  colum n bor e  o f  7 0 

micrometer s  o r  les s  an d ar e  loosel y packe d wit h particle s  havin g diameter s  o f 

fro m 5  t o  3 0  micrometers .  Durin g th e  drawin g process ,  som e  o f  th e  particle s 

becom e  mechanicall y  embedde d i n  th e  colum n wal l  an d resul t  i n  th e  characteristi c 

ope n bed ,  zig-za g structur e  o f  thes e  columns .  Mobil e  phas e  flo w rate s  ar e  o n 

th e  orde r  o f  1  microliter/min .  Ope n microtubula r  column s  ar e  th e  equivalen t  o f 

th e  capillar y colum n i n  ga s  chromatography .  Ideall y  the y hav e  colum n bore s  o f 

10-3 0 micrometer s  an d contai n a  liqui d phas e  o r  a n  adsorben t  eithe r  coate d o n o r 

chemicall y  attache d t o  th e  colum n wal l  [199] .  Flo w rate s  ma y b e  i n  th e 

sub-microlite r  rang e  fo r  operatio n a t  maximu m efficiency .  Th e  thre e  colum n 

type s  ar e  show n i n  cross-sectio n i n  Figur e  4.44 .  Th e  us e  o f  microcolumn s  i n 

liqui d chromatograph y ha s  bee n reviewe d b y  Novotn y [200] , 

COLUMN PACKIN G 

J O O O O O O O O O O O O OO oooooooooooooo c ooooooooooooo o 

COLUMN WALL STATIONAR Y PHAS E 

COLUMN WALL COLUMN PACKIN G COLUMN WALL 

Figur e  4.4 4  Cross-sectiona l  vie w o f  microtubula r  columns .  A ,  microbor e 
column ;  B ,  packe d microcapillar y column ;  C ,  ope n microtubula r 
column .  (Reproduce d wit h permissio n fro m ref .  200 .  Copyrigh t 
America n Chemica l  Society) . 

The  theor y o f  conventiona l  packe d column s  i n  HPL C i s  adequat e  t o  describ e 

th e  processe s  takin g plac e  i n  packe d microbor e  column s  and ,  t o  som e  extent ,  i n 

packe d microcapillar y column s  [55] .  Som e  disagreemen t  wit h theor y fo r  th e 

latte r  result s  fro m change s  i n  flo w dynamic s  an d mas s  transfe r  phenomen a 

resultin g fro m th e  ope n zig-za g packin g structur e  [201] .  Th e  approac h t o  th e 

developmen t  o f  a  theor y fo r  th e  kineti c  optimizatio n o f  ope n microtubula r 

column s  i s  simila r  t o  tha t  fo r  packe d column s  excep t  tha t  thos e  term s  containin g 
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th e  particl e  diamete r  ar e  replace d b y simila r  term s  containin g th e  diamete r  o f 

th e  colum n bor e  [202-204] ,  Th e  flo w resistanc e  paramete r  i s  give n exactl y  b y 

Poiseuille' s  equatio n an d i s  equa l  t o  3 2 fo r  a n ope n microtubula r  column . 

Likewise ,  th e  reduce d plat e  heigh t  fo r  a  straigh t  ope n tub e  i s  derive d fro m th e 

Gola y equatio n an d i s  give n b y equatio n (4.30) . 

h  = — + 
í 

1  +  6 k +  Il k 

96 ( 1 +  k ) ' 

2  k  d D 

3 ( 1 +  k ) 2 d  2  D c  s 

(4.30 ) 

h  =  reduce d plat e  heigh t 

í  =  reduce d linea r  velocit y  o f  th e  eluen t 

k  =  capacit y  facto r 

d^  =  stationar y phas e  fil m thicknes s 

d  =  diamete r  o f  th e  colum n bor e c 
D =  diffusio n coefficien t  o f  th e  solut e  i n  th e  mobil e  phas e m v 

Dg =  diffusio n coefficien t  o f  th e  solut e  i n  th e  stationar y phas e 

The  las t  ter m i n equatio n (4.30 )  represent s  slo w equilibriu m i n th e  stationar y 

phase .  T o a  firs t  approximatio n i t  ca n b e  ignore d i n  HPLC ,  leadin g t o  th e 

followin g approximation s  fo r  h  .  an d í 
op t 

( 1  +  k ) 

1  +  6 k +  llk z 

12 

1/ 2 

(4.31 ) 

op t 
( 1  +  k ) 

19 2 

1 +  6 k +  Il k 

1/ 2 

(4.32 ) 

I n  orde r  t o  achiev e  a  particula r  valu e  o f  h ,  whic h implie s  a  particula r  valu e  o f 

,  i t  i s  necessar y t o  us e  th e  correc t  colum n bore .  Thi s  diamete r  i s  give n b y 

equatio n (4.33) . 

j " n h v e n p m j 
1/ 2 

(4.33 ) 

ç  =  numbe r  o f  plate s  t o  whic h th e  colum n i s  equivalen t 
ç  =  eluen t  viscosit y 
Äñ =  pressur e  dro p acros s  th e  colum n 

As  a n example ,  conside r  a  solut e  wit h a  valu e  o f  k 

= 5 

3;  thu s  h 0. 8  an d í 
min "  "  op t 

Substitutin g thes e  value s  int o equatio n (4.33 )  an d assumin g approximat e 

value s  fo r  ç  an d D ffl ,  an d practica l  value s  fo r  n  an d Äñ ,  on e  ca n calculat e  value s 

fo r  d  .  However ,  a  colum n canno t  b e  operate d independentl y  o f  a  chromatograp h 
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an d therefor e  i t  i s  necessar y t o  conside r  solut e  dispersio n effect s  i n  th e 

injector/detecto r  syste m whe n evaluatin g colum n performance .  Whethe r  a  give n 

colum n ca n b e  operate d i n  practic e  wit h a  give n injector/detecto r  syste m wil l 

depen d upo n th e  relationshi p betwee n th e  volum e  o f  eluen t  withi n whic h th e  pea k 

i s  elute d an d th e  volumetri c  dispersio n introduce d b y th e  detector .  T o avoi d 

significantl y  degradin g th e  colum n efficiency ,  th e  detecto r  volum e  mus t  b e 

limite d t o  les s  tha n th e  volum e  represente d b y a  singl e  standar d deviatio n o f  a n 

elute d peak .  Fo r  a n ope n microtubula r  column ,  th e  standar d deviatio n o f  a n 

elute d pea k i s  give n b y equatio n (4.34) . 

1 

V V n 

nd  2 L 
c ( 1 +  k )  =  V n 

nd  3 h 
c ( 1  +  k ) (4.34 ) 

L =  colum n lengt h 
ó =  standar d deviatio n o f  a n elute d pea k 

The  equation s  give n abov e  ca n predic t  th e  optimu m condition s  (i.e. ,  n

m ^ n = 

0.8)require d t o  operat e  a n ope n microtubula r  colum n a t  differen t  value s  o f  Ä ñ 

an d variou s  value s  o f  n .  Example s  o f  suc h calculation s  ar e  show n i n Tabl e  4.3 0 

[202] .  Fro m Tabl e  4.3 0 i t  ca n b e  conclude d tha t  th e  operatio n o f  ope n 

microtubula r  column s  nea r  thei r  optimu m theoretica l  efficienc y wil l  b e  feasibl e 

onl y fo r  column s  wit h exceptionall y  hig h value s  o f  n .  Th e  principa l  limitatio n 

i s  th e  lo w valu e  o f  ó ã °  (specia l  cas e  o f  th e  standar d deviatio n o f  a n unreatine d 

pea k a t  k  =  0 ) ,  whic h i s  difficul t  t o  attai n  i n  practic e  wit h curren t  instrumen t 

technology . 

Althoug h practica l  consideration s  ma y preven t  ope n microtubula r  column s 

fro m bein g operate d unde r  optimu m conditions ,  i t  ma y b e  possibl e  t o  us e  column s 

of  wide r  bor e  operate d a t  highe r  reduce d velocities .  I n  thi s  way ,  efficiencie s 

highe r  tha n conventiona l  packe d column s  ma y b e  obtained ,  eve n i f  th e  latte r  ar e 

operate d a t  thei r  optimu m value .  T o compar e  th e  efficienc y o f  th e  variou s 

packe d an d ope n tubula r  colum n type s  unde r  differen t  conditions ,  w e  ca n us e  th e 

separatio n impedance .  Th e  separatio n impedanc e  i s  define d b y equatio n (4.35 ) 

[205] . 

ma- h 2 e (4.35 ) 

Å =  separatio n impedanc e 
t  =  elutio n tim e  o f  a n unretaine d solut e 
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TABLE 4.3 0 

n t d L ï 

m c ó í 
(sec ) (  m ) (m) (ìÀ ) 

Äñ =  22 0 ba r  ca .  300 0 p. s .i . 

10,00 0 0. 1 0.2 5 0.00 2 1 ÷  ÉÏ" 9 

30,00 0 0. 9 0.4 3 0.0 1 0. 8 ÷  ÉÏ" 8 

100,00 0 10. 2 0. 8 0.06 3 1 ÷  ÉÏ" 7 

300,00 0 90 1.3 7 0.3 3 0. 8 ÷  ÉÏ" 6 

1,000,00 0 100 0 2. 5 2. 0 1 ÷  10~ 5 

3,000,00 0 900 0 4. 3 10 0. 8 ÷  ÉÏ" 4 

10,000,00 0 10,00 0 8 63 1 ÷  ÉÏ" 3 

Äñ =  2 0 ba r ca .  30 0 p.s. i 

10,00 0 1. 0 0. 8 0.00 6 3. 1 ÷  ÉÏ" 8 

30,00 0 9 1. 4 0.03 3 2. 8 ÷  ÉÏ" 7 

100,00 0 10 0 2. 5 0. 2 3. 1 ÷  ÉÏ" 6 

300,00 0 90 0 4. 3 1. 0 2. 8 ÷  ÉÏ" 5 

1,000,00 0 10,0 0 8 6. 4 3. 1  ÷  ÉÏ" 4 

3,000,00 0 90,00 0 25 33 2. 8 ÷  10~ 3 

The  separatio n impedanc e  i s  a  dimensionles s  quantit y  an d wil l  b e  smalles t  fo r 

column s  operatin g a t  thei r  optimu m efficiency .  Optimu m value s  fo r  column s  o f 

differen t  type s  ar e  give n i n  Tabl e  4.31 .  Fo r  give n value s  o f  n  an d Äñ ,  an d 

assumin g Å  .  ca n b e  achieved ,  the n th e  ope n microtubula r  colum n woul d b e 
°  m m v 

capabl e  o f  producin g a  separatio n 10 0 time s  faste r  tha n th e  microbor e  column . 

The  minimu m valu e  o f  Å  fo r  th e  ope n microtubula r  column s  canno t  b e  obtaine d i n 

practic e  fo r  reason s  discusse d above .  Fo r  a  packe d microbor e  colum n wit h a 

colum n bor e  o f  1  mm th e  valu e  fo r  ó  °  wil l  li e  betwee n 0.2-2 0 microliters .  A s 
í 

detector s  havin g volume s  approachin g 0. 1  microliter s  ca n b e  made ,  microbor e 

packe d column s  operate d unde r  condition s  providin g ^ m ^ n value s  ar e  entirel y 

feasible . 

Returnin g no w t o  ope n microtubula r  columns ,  th e  limitin g featur e  o f  thei r 

operatio n i s  clearl y th e  dispersio n i n  th e  injector/detecto r  systems .  I n  turn , 

minimu m value s  fo r  thi s  dispersio n ca n b e  use d t o  calculat e  th e  separatio n 

impedanc e  unde r  operatin g condition s  whic h migh t  b e  possibl e  i n  practice .  Unde r 

thes e  circumstances ,  theor y predict s  tha t  ther e  i s  alway s  a  valu e  o f  n  abov e 

CAPILLARY COLUMNS OPERATED UNDER OPTIMAL CONDITION S 

h =  0.8;È = 32 ;  ç  =  1. 0 ÷  IO" 3 N.s/m 2;  D  =  IO" 9 m 2 / s 
m 
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TABLE 4.3 1 

OPTIMUM VALUES FO R h ,  v , È ,  an d Å 

Colum n Typ e h . 
mm 

v op t È Å . 
mm 

Microbor e  packe d 
column' s 

2 2- 5 50 0 200 0 

Microcapillar y 
packe d column' s 

2 5 15 0 60 0 

Open microtubula r 
column s  ( k =  3 ) 

0. 8 5 32 20 

whic h th e  ope n microtubula r  colum n wil l  provid e  performanc e  superio r  t o 

conventiona l  packe d column s  [202,204,205] ,  Th e  ope n microtubula r  colum n wil l 

sho w superiorit y  ove r  packe d column s  operate d unde r  optimu m condition s  whe n th e 

plat e  coun t  i s  i n  exces s  o f  abou t  500,00 0 wit h a  detecto r  volum e  o f  10 0 nl .  I f 

th e  detecto r  volum e  coul d b e  reduce d t o  1 0 n l  the n th e  superiorit y  o f  th e  ope n 

microtubula r  colum n woul d occu r  a t  200,00 0 theoretica l  plates ,  an d abou t  70,00 0 

plate s  a t  1  nl .  Thus ,  i n  practice ,  ope n microtubula r  column s  ar e  likel y t o  b e 

usefu l  fo r  analyse s  demandin g ver y hig h plat e  number s  sinc e  the y wil l  prov e 

superio r  t o  packe d column s  i n  term s  o f  speed .  Thei r  potentia l  fo r  muc h highe r 

performanc e  tha n packe d column s  can ,  however ,  onl y b e  realize d b y a  grea t 

reductio n i n  th e  effectiv e  volum e  o f  th e  injectio n an d detectio n devices .  A n 

ultimat e  ai m shoul d b e  a  dispersio n fro m thes e  source s  o f  aroun d 1  n l  o r  less . 

For  example ,  wit h a  detector/injecto r  dispersio n o f  1  n l  an d a n ope n 

microtubula r  colum n o f  1 0 micromete r  bor e  generatin g 1  millio n plates , 

separation s  coul d b e  performe d 2 7 time s  faste r  tha n wit h a  packe d colum n [205] . 

4.16. 1  Instrumenta l  Requirement s  fo r  Microcolum n HPL C 

Column s  o f  ver y hig h efficienc y an d column s  o f  smal l  cross-sectiona l  are a 

produc e  ver y narro w peak s  i n  th e  sens e  tha t  th e  tota l  volum e  o f  mobil e  phas e 

containe d i n  the m ma y b e  i n  th e  sub-microlite r  range .  I f  suc h peak s  pas s 

throug h a  detecto r  connectin g tub e  an d cel l  o f  significan t  volum e  relativ e  t o 

tha t  o f  th e  peaks ,  the n th e  peak s  wil l  b e  broadened .  Suc h broadenin g i s  du e  t o 

bot h th e  dispersio n resultin g fro m th e  paraboli c  velocit y  profil e  o f  th e  liqui d 

throug h th e  tube s  an d cel l  an d t o  th e  logarithmi c  dilutio n effec t  resultin g fro m 

th e  finit e  volum e  o f  th e  cel l  [17,206] .  Extracolum n dispersio n ca n aris e  fro m 

th e  finit e  volum e  o f  sampl e  bein g employed ,  dispersio n i n  th e  connectin g tube s 

betwee n th e  injecto r  an d colum n an d th e  colum n an d detector ,  dispersio n i n  th e 

scintere d frit s  whic h contai n th e  colum n packing ,  an d finally ,  th e  detecto r  cel l 

itsel f  [207] ,  I n  Tabl e  4.3 2 th e  value s  calculate d fo r  th e  volum e  o f  mobil e 

phas e  equivalen t  t o  on e  standar d deviatio n fo r  a  pea k elutin g a t  capacit y 
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factor s  o f  k  =  0  an d k  =  5  o n a  conventiona l  wid e  bor e  an d a  microbor e  packe d 

colum n operatin g a t  optimu m efficienc y ar e  compare d [207] ,  Ideally ,  th e  minimu m 

acceptabl e  valu e  o f  instrumenta l  dispersio n woul d b e  somewha t  les s  tha n ó í °/2 . 

For  th e  microbor e  colum n thi s  mean s  a  valu e  les s  tha n 1. 0 microlite r  i s 

desirable .  Fo r  ope n microtubula r  column s  a  simila r  calculatio n indicate s  tha t  a 

valu e  fo r  dispersio n les s  tha n 1-1 0 n l  i s  required . 

TABLE 4.3 2 

STANDARD DEVIATIO N O F MOBILE PHAS E FOR PEAKS ELUTE D FRO M A CONVENTIONAL 25 
cm ÷  4. 2 mm I.D , COLUMN WIT H 3. 0 m l DEAD VOLUME AND A  10 0 . cm ÷  1. 0 m m I.D . 
MICROBORE COLUMN WITH A  DEAD VOLUME O F 0. 7 m l 

Particl e  Diamete r Limitin g Maximu m Standar d Deviatio n 
(ìðé ) HETP (ìðé ) Efficienc y (ìÀ ) 

(plat e  number ) k  =  0  k  =  5 

Conventiona l  Wid e Bor e  Colum n 

35 70 3,57 0 50 30 1 
20 40 6,25 0 38 22 8 
10 20 12,50 0 27 16 1 

5 10 25,00 0 19 11 4 

Microbor e  Colum n 

35 70 14,28 5 5.8 6 35. 1 
20 40 25,00 0 4.4 3 26. 6 
10 20 50,00 0 3.1 3 18. 8 

5 10 100,00 0 2.2 1 13. 3 

The  operatio n o f  microbor e  column s  nea r  thei r  optimu m efficienc y i s 

possibl e  b y modifyin g liqui d chromatograph s  designe d fo r  us e  wit h wid e  bor e 

packe d column s  [206-210] ,  Th e  injectio n valv e  shoul d b e  miniaturize d t o  handl e 

a  sampl e  volum e  o f  0. 2  o r  0. 5  microliters .  Valc o make s  a  suitabl e  valv e  tha t 

contain s  th e  sampl e  withi n th e  groove s  o f  th e  valve' s  spigo t  [206] .  Thi s  valv e 

ha s  a  maximu m operatin g pressur e  o f  700 0 p.s.i .  T o minimiz e  connectin g volumes , 

th e  colum n i s  attache d directl y  t o  th e  valve' s  housing .  A  stainles s  stee l  fri t 

i s  situate d betwee n th e  en d o f  th e  colum n an d th e  valve' s  seat ,  th e  assembl y 

bein g retaine d b y th e  sampl e  valv e  union ,  Figur e  4.45 ,  Th e  connectio n dea d 

volum e  i s  limite d t o  th e  volum e  containe d i n  th e  sintere d fri t  an d th e  smal l 

apertur e  i n  th e  valv e  wal l  betwee n th e  spigo t  an d th e  frit .  T o mak e 

column-to-colum n connections ,  a  modifie d Swagelo k unio n ca n b e  used ,  Figur e 

4.45 .  Th e  column s  ar e  butte d togethe r  t o  eliminat e  an y dea d volum e  i n  th e 

connection .  Th e  microbor e  colum n i s  connecte d directl y  t o  th e  detecto r  cel l  b y 

a  screw-thread ,  thu s  virtuall y  eliminatin g th e  necessit y  fo r  connectin g tubes . 

The  modifie d detecto r  cel l  ca n b e  fitte d int o th e  ligh t  pat h o f  a  standar d 

commercia l  U V detecto r  an d ha s  a  dea d volum e  o f  abou t  1. 0  microlite r  [208] , 
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Figur e  4.4 5 Instrumentatio n use d i n  microbor e  HPLC .  A ,  bloc k diagra m o f 
equipment ;  B ,  injectio n valv e  cros s  sectio n showin g colum n 
connection ;  C ,  microvolum e  mixing-T ;  D ,  detecto r  cel l  i n  cros s 
sectio n ;  E ,  devic e  fo r  couplin g columns . 

The  associate d tim e  constan t  o f  th e  photosenso r  an d th e  electronic s  o f  currentl y 

availabl e  commercia l  U V detector s  may ,  however ,  b e  inadequat e  fo r  us e  wit h 

microbor e  columns ,  particularl y  a t  hig h flo w rates .  Typica l  detecto r  tim e 

constant s  o n th e  orde r  o f  a  fe w second s  wil l  no t  provid e  a  faithfu l  recor d o f 

th e  chromatogram ;  a  tim e  constan t  o f  abou t  4 0 millisecond s  i s  required .  Scot t 

ha s  explaine d ho w suc h tim e  constant s  ma y b e  achieve d b y modificatio n o f  th e 

detecto r  electronic s  an d recordin g syste m o f  a  conventiona l  liqui d chromatograp h 

[208] ,  Microbor e  HPL C i s  performe d a t  flo w rate s  abou t  100-fol d les s  tha n 

conventiona l  wid e  bor e  columns ,  thu s  necessitatin g modificatio n o f  th e  gradien t 
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forme r  an d pump .  Th e  frequenc y generato r  o f  a  Water s  600 0 Ì  pum p wa s  replace d 

by a  wid e  rang e  functio n generato r  t o  provid e  variabl e  flo w rate s  i n  th e  rang e 

1. 0 microliter/mi n t o  1. 0  ml/min .  Scot t  an d Kucer a  hav e  als o designe d a 

mixing- T wit h a  volum e  o f  2  microliter s  fo r  us e  wit h a  modifie d solven t 

programmer ,  enablin g mobil e  phas e  gradient s  t o  b e  use d wit h microbor e  column s 

[211] .  Mor e  recently ,  th e  constructio n o f  a  microvolum e  dynami c  mixe r  wit h 

superio r  performanc e  ha s  bee n describe d [212] .  Progres s  i n  microbor e  HPL C 

technolog y ha s  bee n reviewe d b y Scot t  [17,213 ]  an d Kucer a  [214] , 

Instrumenta l  dispersio n i n  ope n o r  packe d microtubula r  liqui d 

chromatograph y i s  a  muc h mor e  sever e  restrain t  tha n i s  tru e  o f  microbor e 

columns .  Instrumenta l  dispersio n o f  1-1 0 n l  i s  desired ,  bu t  thi s  requiremen t 

canno t  b e  me t  b y th e  equipmen t  currentl y  available .  Earl y attempt s  t o  attai n 

zer o dea d volume s  adopte d th e  procedure s  commo n t o capillar y colum n ga s 

chromatograph y b y employin g injectio n splitter s  an d a n additiona l  flo w o f  liqui d 

at  th e  colum n outle t  [200] ,  Fo r  packe d microcapillaries ,  typica l  condition s  ar e 

an injectio n spli t  rati o  o f  1:100 0 wit h a  colum n flo w rat e  o f  abou t  1 0 

microliters/mi n fo r  a  colum n o f  7 0 micrometer s  interna l  diamete r  an d a  detecto r 

make-u p liqui d flo w rat e  o f  20-5 0 microliters/mi n [215,216] .  Injectio n 

splittin g allow s  th e  us e  o f  larg e  sampl e  volume s  (1-1 0 microliters )  bu t  sampl e 

detectio n ca n becom e  a  proble m wit h th e  larg e  spli t  ratio s  required .  I n  th e 

injectio n splittin g devic e  describe d b y Novotn y [217] ,  a  sampl e  plu g i s 

introduce d wit h a  conventiona l  valv e  injector ,  an d a  heartcu t  fractio n o f  th e 

sampl e  i s  diverte d ont o th e  microcolum n usin g sequentially-time d valves .  B y 

varyin g th e  injectio n tim e  an d th e  flo w rat e  injectio n volume s  fro m 1  n l  t o  1 

microlite r  o r  mor e  ca n b e  selected .  Othe r  injectio n method s  use d wit h 

microtubula r  column s  attemp t  t o  eliminat e  dea d volume s  b y loadin g th e  sampl e 

directl y  ont o th e  colum n itself .  Th e  stainles s  stee l  tub e  [218] ,  th e  in-colum n 

metho d [219] ,  an d th e  stati c  splitte r  [204 ]  hav e  bee n use d t o  injec t  sampl e 

volume s  o f  0.0 1 t o  0. 3  microliters .  I n  th e  stainles s  stee l  tub e  method ,  th e 

sample ,  i n  a  narro w bor e  capillar y tube ,  i s  pushe d throug h a  PTF E connecto r 

unti l  th e  sampl e  i s  i n  contac t  wit h th e  microtubula r  column .  Th e  mobil e  phas e 

i s  the n pumpe d throug h th e  complet e  assembly ,  Figur e  4.46 .  Th e  in-colum n metho d 

use s  th e  microtubula r  colum n itsel f  a s  th e  injectio n tube .  A  ver y smal l  volum e 

of  sampl e  i s  sucke d int o th e  colum n eithe r  b y a  micro-feede r  o r  b y therma l 

contractio n (afte r  preheatin g th e  colum n en d an d dippin g i t  int o  th e  sampl e 

solution) .  Th e  las t  tw o method s  requir e  a  grea t  dea l  o f  manua l  skill ,  an d ar e 

generall y  imprecise . 

Sinc e  microtubula r  column s  hav e  littl e  flo w resistanc e  a t  th e  lo w mobil e 

phas e  flo w rate s  typicall y  used ,  a n air-tigh t  50-25 0 microlite r  syring e 

controlle d b y a  micro-feede r  ca n b e  use d a s  a  pum p [220] .  A  micro-feede r 

consist s  o f  a  smal l  synchronou s  motor ,  gears ,  an d a  screw-threa d t o  advanc e  th e 
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Figur e  4.4 6 Instrumentatio n use d i n  microtubula r  HPLC .  A ,  bloc k diagra m o f 
equipmen t  usin g a n injectio n splitter ;  B ,  injectio n splitter : 
1.  syring e  needle ,  2 .  microtubula r  column ,  3 .  discar d flow ; 
C,  stainles s  stee l  tub e  injectio n method :  1 .  stainles s  stee l 
capillar y tube ,  2 .  sample ,  3 .  PTF E tube ,  4 .  microtubula r  column ; 
D,  make-u p liqui d mixing-T :  1 .  make-u p liquid ,  2 .  colum n eluent , 
3.  flo w t o detector ,  4 .  mixing-T ;  E ,  microvolum e  U V detector : 
1.  microtubula r  column ,  2 .  PTF E suppor t  sleeve ,  3 .  stainles s 
stee l  connectin g capillary ,  4 .  quart z  capillar y tub e  (detecto r 
cell) ,  5 .  slits . 

syring e  plunge r  a t  a  constan t  rate .  Commerciall y  availabl e  syring e  pump s  tha t 

hav e  bee n modifie d t o  provid e  lo w flo w rate s  ar e  als o suitabl e  fo r  us e  wit h 

microtubula r  columns . 

Detectio n remain s  on e  o f  th e  principa l  problem s  i n  microtubula r  HPL C 

[204] .  A s  discusse d previously ,  lo w dispersio n an d hig h sensitivit y  mus t  b e 

obtaine d simultaneously .  A  U V detecto r  wit h a  tota l  dea d volum e  o f  1. 0 

microlite r  fo r  th e  connectin g part s  an d 0. 1 microlite r  fo r  th e  detecto r  cel l  ha s 

bee n described ,  Figur e  4.4 6 [220] .  Thi s  detecto r  ca n b e  use d withou t  a n 
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additiona l  flo w o f  make-u p liqui d an d ha s  sensitivit y  simila r  t o  conventiona l  U V 

detectors .  On-colum n detectio n usin g th e  microtubula r  colum n itsel f  a s  th e 

detecto r  cel l  eliminate s  problem s  wit h dea d volume s  i n  connector s  an d i s  no w th e 

metho d o f  choic e  i n  microtubula r  HPL C [204,221] .  Othe r  detectio n device s  wit h 

lo w detecto r  cel l  disperio n volume s  hav e  recentl y  bee n described .  Thes e  includ e 

electrochemica l  detector s  [222-224] ,  infrare d monitor s  [225] ,  post-colum n 

reactio n detector s  [226] ,  flam e  ionizatio n detector s  [227] ,  thermioni c  detector s 

[228] ,  flam e  photometri c  detector s  [229] ,  an d fluorescenc e  detector s  [204] .  A 

metho d fo r  generatin g gradient s  wit h microtubula r  column s  ha s  als o bee n 

discusse d [230] , 

4.16. 2  Preparatio n o f  Microcolumn s 

Microbor e  column s  o f  1. 0  mm interna l  diamete r  an d u p t o  1. 0  m  i n lengt h ar e 

slurr y packe d b y method s  simila r  t o  thos e  use d fo r  wid e  bor e  columns .  A 

balance d densit y  slurr y o f  lo w viscosit y  i s  preferre d fo r  silic a  ge l  whil e  a 

viscou s  mediu m (e.g. ,  methanol-glycerol ,  3:1 )  i s  generall y  use d fo r  reversed -

phas e  packings .  A  1. 0 m  colum n o f  1. 0  mm interna l  diamete r  require s  abou t  0. 5  g 

of  packin g an d shoul d b e  packe d rapidl y an d a t  hig h pressur e  fo r  maximu m 

efficienc y [206] ,  I f  th e  column s  ar e  coile d eithe r  befor e  o r  afte r  packing , 

the n th e  minimu m coi l  radiu s  whic h ca n b e  forme d withou t  los s  o f  efficienc y wa s 

foun d t o  b e  1 2 cm .  Overloadin g occur s  fo r  packe d microbor e  column s  wit h sampl e 

amount s  i n  exces s  o f  10-2 0 micrograms . 

A distinctiv e  featur e  o f  microbor e  column s  i s  thei r  capabilit y  o f  producin g 

extremel y hig h intrinsi c  efficiencies ;  the y ca n b e  connecte d togethe r  i n  serie s 

t o  provid e  colum n efficiencie s  tha t  increas e  linearl y  wit h colum n length .  I f 

wid e  bor e  column s  ar e  joine d togethe r  the y soo n reac h a  limitin g efficienc y 

abov e  whic h furthe r  additio n o f  column s  doe s  no t  increas e  th e  overal l 

efficiency .  Thi s  i s  clearl y  illustrate d i n  Tabl e  4,3 3 [231,232] ,  Ther e  appear s 

t o  b e  abou t  a  60-70 % efficienc y los s  i n  couplin g th e  wid e  bor e  columns .  Tw o 

reason s  hav e  bee n propose d t o  explai n thi s  non-linearit y  betwee n efficienc y an d 

colum n lengt h fo r  wid e  bor e  column s  [206,232] .  Th e  firs t  explanatio n take s  int o 

accoun t  th e  hea t  generate d b y th e  hig h pressur e  dro p tha t  develop s  acros s  lon g 

column s  a t  norma l  mobil e  phas e  flo w rates .  Sinc e  liquid s  hav e  significan t 

viscosity ,  a  considerabl e  amoun t  o f  wor k mus t  b e  don e  t o  forc e  th e  liqui d 

throug h th e  lon g column .  Thi s  wor k i s  converte d int o hea t  an d thu s  th e 

temperatur e  o f  bot h th e  mobil e  phas e  an d stationar y phas e  rises .  I t  i s  believe d 

tha t  thi s  temperatur e  ris e  affect s  th e  transfe r  propertie s  o f  th e  solut e  betwee n 

th e  tw o phase s  an d result s  i n  pea k dispersio n an d possibl y pea k asymmetr y a s 

well .  Th e  secon d explanatio n involve s  th e  heterogeneou s  permeabilit y  o f  th e 

colum n acros s  it s  radiu s  tha t  result s  i n  channelin g throughou t  th e  stationar y 



32 8 

phas e  an d allow s  th e  mobil e  phas e  t o  flo w mor e  rapidl y throug h on e  par t  o f  th e 

column .  Th e  heterogeneit y  o f  th e  colum n permeabilit y  cause s  a n exaggerate d 

multipat h ter m whic h wil l  increas e  i n  importanc e  a s  th e  colum n lengt h increases , 

particularl y  i f  th e  colum n lengt h i s  mad e  u p o f  a  serie s  o f  individua l  columns . 

Whicheve r  explanatio n i s  correct ,  th e  microbor e  colum n obviate s  bot h thes e 

problems .  I f  w e  conside r  th e  therma l  effect ,  th e  hea t  generate d i s  mor e  easil y 

conducte d awa y fro m th e  colum n du e  t o  it s  smalle r  dimensions .  A t  th e  lo w flo w 

rate s  involved ,  a  fe w microliters/min ,  th e  hea t  generate d i s  relativel y smal l 

eve n thoug h th e  pressur e  dro p ma y b e  quit e  high .  I n  th e  secon d case ,  sinc e  th e 

packin g ha s  a  muc h lowe r  cross-sectiona l  area ,  th e  likelihoo d o f  a  homogeneou s 

permeabilit y  i s  muc h greate r  an d ther e  wil l  b e  les s  dispersio n resultin g fro m 

th e  multipat h effect . 

TABLE 4.3 3 

COMPARISON O F COLUMN CONCATENATION FOR COLUMNS O F DIFFEREN T DIAMETERS 

Colum n Number  o f Averag e Colum n 
Connecte d Plat e Pressur e 
Column s Coun t Dro p (p.s.i. ) 

50 c m ÷  1. 0 mm I.D . 1 15,40 0 73 0 
3 47,42 0 226 0 
6 92,80 0 453 0 
9 139,06 0 680 0 

25 c m ÷  4. 6 mm I.D . 1 835 0 37 0 
2 11,83 0 81 0 
4 16,69 0 154 0 
6 19,50 0 235 5 

Fro m th e  previou s  discussion ,  i t  ma y appea r  a s  i f  a n infinit e  numbe r  o f 

theoretica l  plate s  coul d b e  obtaine d b y simpl y couplin g a  larg e  numbe r  o f 

microbor e  column s  together .  However ,  ther e  i s  a  finit e  pressur e  limi t  a t  whic h 

bot h th e  instrumen t  an d th e  colum n packin g materia l  ca n operate .  Thi s  pressur e 

limi t  establishe s  a  maximu m valu e  fo r  th e  numbe r  o f  theoretica l  plate s 

attainable .  Wit h curren t  state-of-the-ar t  instrumentation ,  thi s  efficienc y 

limi t  i s  abou t  on e  millio n theoretica l  plate s  usin g 8  micromete r  particle s  an d 

an 1 8 m  lon g colum n operate d a t  it s  optimu m reduce d velocit y  [206] ,  A n exampl e 

of  a  hig h efficienc y separatio n usin g couple d microbor e  column s  i s  show n i n 

Figur e  4.4 7 fo r  th e  UV-absorbin g component s  i n  a  dwar f  pin e  essentia l  oi l  sampl e 

[206] . 

Packe d microcapillar y column s  ar e  prepare d usin g a  conventiona l  capillar y 

colum n glas s  drawin g machine .  A  glas s  colum n blan k o f  0.2 5 mm interna l  diamete r 

an d 5. 5 mm oute r  diamete r  i s  packe d wit h a  microparticulat e  adsorben t  suc h a s 

alumin a  o r  silic a  ge l  an d i s  draw n ou t  t o  capillarie s  wit h a n interna l  diamete r 
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Figur e  4.4 7 Chromatogra m o f  dwar f  pin e  essentia l  oi l  o n a  4. 5  m  ÷  1  mm I.D . 
ODS reversed-phas e  microbor e  column .  Mobil e  phas e  methanol -
wate r  (85:15 )  a t  a  flo w rat e  o f  3 0 ìÀ/min .  (Reproduce d wit h 
permissio n fro m ref .  206 .  Copyrigh t  Elsevie r  Scientifi c 
Publishin g Co. ) 

of  30-10 0 micrometer s  an d a  wal l  thicknes s  o f  abou t  250-30 0 micrometer s 

[201,233,234] .  Unde r  thes e  circumstances ,  th e  particle s  ar e  partiall y  welde d t o 

th e  capillar y wall ,  thu s  givin g th e  column s  adequat e  mechanica l  stabilit y  a t 

hig h operatin g pressures .  Althoug h th e  surfac e  chemistr y o f  th e  adsorben t 

undergoe s  certai n  change s  du e  t o  th e  temperatur e  necessar y t o  mel t  th e  glass , 

alumin a  an d certai n  kind s  o f  silic a  ge l  ca n surviv e  thi s  proces s  an d produc e 

column s  suitabl e  fo r  us e  i n  th e  adsorptio n mode ,  or ,  afte r  chemica l 

modification ,  a s  reversed-phas e  materials .  Th e  latte r  metho d i s  necessar y fo r 

th e  preparatio n o f  bonde d phase s  sinc e  i t  i s  unlikel y tha t  an y organi c  surfac e 

group s  woul d remai n intac t  a t  th e  temperature s  use d fo r  colum n drawing .  Th e 

bonde d stationar y phase s  ar e  prepare d b y method s  simila r  t o  thos e  use d i n 

capillar y colum n GC .  Organo-substitute d silane s  o f  variou s  structure s  ar e 

employe d t o  prepar e  pola r  an d nonpola r  stationar y phase s  [234,235] .  A n exampl e 

of  a  separatio n usin g a  chemically-modifie d packe d microcapillar y colum n i s 

show n i n Figur e  4.48A . 

The  curren t  practic e  o f  packe d microcapillar y HPL C i s  a  compromis e  betwee n 

colum n efficienc y an d availabl e  instrumentation .  Column s  wit h interna l 

diameter s  betwee n 5 0 t o  10 0 micrometer s  packe d wit h particle s  aroun d 3 0 
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micrometer s  hav e  bee n generall y  use d t o  minimiz e  operatin g difficultie s  wherea s 

column s  o f  30-5 0 micromete r  interna l  diamete r  packe d wit h fine r  particle s  ar e 

neede d t o  maximiz e  efficiency . 

6 

3 0 6 0 9 0 

MINUTES 
12 0 15 0 

é 1 1 — é 1 1 1 1 

0 1 2 0 1 2 3 4 

HOUR S HOUR S 

Figur e  4.4 8 A .  Separatio n o f  aromati c  hydrocarbon s  o n a  2 7 m  microcapillar y 
packe d wit h acidi c  alumin a  modifie d wit h octadecylsilane . 
Mobil e  phas e  wa s  acetonitrile-wate r  (65:35) ,  linea r  velocit y 
0. 5  cm/ s  a t  a  colum n temperatur e  o f  50°C .  1 .  toluene ; 
2.  naphthalene ;  3 .  fluorene ;  4 .  anthracene ;  5 .  pyrene ; 
6.  chrysene ;  7 ,  impurity ;  8 .  benzo[e]pyrene . 

B.  Separatio n o f  aromati c  amines .  Column :  2 3 m  ÷  3 3 ìð é  I.D. , 
coate d wit h â ,  â'-oxydipropionitril e  (0PN) ;  mobil e  phas e  hexan e 
saturate d wit h 0ÑÍ ;  inle t  pressur e  2 0 atm, ;  U V detection ,  23 5 
nm.  1 .  isooctane ;  2 .  N,N-dimethylaniline ;  3 .  N-phenyl-a -
naphthylamine ;  4 .  N-phenyl-p-naphthylamine ;  5 .  aniline ; 
6.  a-naphthylamine ;  7 .  â-naphthylamine . 

C.  Separatio n o f  aromati c  hydrocarbon s  o n a  2 1 m  ÷  4 3 ìð é  I.D . 
ope n microtubula r  colum n wit h a  chemicall y  bonde d octadecyl -
silan e  phase .  Mobil e  phas e  i s  acetonitrile-wate r  (40:60 )  an d 
flo w rat e  0.2 8 ìÀ/min ;  1 .  benzene ;  2 .  naphthalene ;  3 .  biphenyl ; 
4.  fluorene ;  5 .  phenanthrene ;  6 .  anthracene ;  7 .  fluoranthene ; 
8.  pyrene . 

Relate d t o  packe d microtubula r  column s  ar e  th e  narrow-bor e  microparticle-packe d 

fuse d silic a  columns .  Thes e  hav e  interna l  diameter s  <  50 0 micrometer s  an d ar e 

packe d wit h conventiona l  packin g material s  havin g particl e  diameter s  <  1 0 

micrometer s  [221,236-240] ,  Th e  flexibl e  fuse d silic a  column s  ar e  identica l  t o 

thos e  use d i n  ga s  chromatography .  Fro m th e  chromatographi c  poin t  o f  view ,  th e 
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fuse d silic a  column s  offe r  th e  advantage s  o f  eas e  o f  handling ;  hig h pressur e 

capability ;  a  smooth ,  relativel y metal-free ,  chemicall y  iner t  surface ;  an d th e 

convenienc e  o f  bein g abl e  t o  easil y  coi l  lon g colum n lengths .  A  uniqu e 

advantag e  o f  thes e  column s  i s  tha t  sinc e  the y ar e  mad e  fro m silic a  whic h i s 

opticall y  transparen t  i n  th e  UV-region ,  th e  colum n itsel f  ca n ac t  a s  th e 

detecto r  cell .  Thi s  minimize s  th e  effectiv e  detecto r  dea d volum e  t o  th e  volum e 

fixe d b y th e  geometr y o f  th e  colum n an d th e  dimension s  o f  th e  excitatio n slit . 

Althoug h thes e  column s  d o no t  approac h th e  theoretica l  efficienc y o f  ope n 

tubula r  an d packe d capillar y column s  discusse d above ,  the y d o posses s  thei r  ow n 

significan t  advantages ,  includin g ver y hig h efficiency ,  adequat e  sampl e 

capacity ,  an d ver y lo w flo w rates .  Thei r  performanc e  characteristic s  an d 

instrumenta l  requirement s  ar e  intermediat e  betwee n thos e  o f  microbor e  an d ope n 

tubula r  columns . 

Open microtubula r  column s  ar e  prepare d b y drawin g glas s  capillarie s  t o 

appropriat e  size s  an d the n chemicall y  modifyin g th e  inne r  wal l  t o  creat e  a n 

adsorben t  surfac e  [199,204,219,241-243] .  Thi s  thi n adsorben t  laye r  ca n the n b e 

eithe r  coate d wit h a  liqui d stationar y phas e  o r  reacte d directl y  wit h a n 

organicall y  substitute d silan e  t o  prepar e  bonde d phases .  A  thi n laye r  o f  silic a 

ge l  ca n b e  create d b y etchin g th e  inne r  wal l  o f  th e  draw n capillar y wit h a 

sodiu m hydroxid e  solution .  Experimen t  show s  tha t  th e  optimu m sodiu m hydroxid e 

concentration ,  th e  reactio n temperature ,  an d reactio n tim e  mus t  b e  establishe d 

by tria l  an d erro r  an d var y wit h th e  interna l  diamete r  an d compositio n o f  th e 

glas s  capillar y [219,237,243] .  Th e  adsorben t  laye r  ca n b e  use d directl y o r  ma y 

be  modifie d i n  a  variet y o f  way s  usin g th e  method s  commo n t o  th e  preparatio n o f 

capillar y column s  fo r  GC .  Th e  dynami c  coatin g metho d ca n b e  use d t o  coa t  th e 

etche d microtubula r  column s  wit h suc h stationar y phase s  a s  ethylen e  cyanohydrin , 

â,â'-oxydipropionitrile ,  o r  1,2,3-tris(2-cyanoethoxy)propane .  Afte r  heatin g i n 

a  strea m o f  nitroge n t o  remov e  residua l  solvents ,  a  thi n fil m o f  liqui d remain s 

coate d o n th e  etche d wall .  Sinc e  th e  liqui d phas e  i s  hel d b y adsorptiv e  forces , 

th e  mobil e  phas e  employe d mus t  b e  saturate d wit h th e  stationar y phas e  t o  preven t 

strippin g o f  th e  stationar y phas e  fro m th e  column .  A n exampl e  o f  th e 

performanc e  o f  suc h a  colum n i s  show n i n  Figur e  4.48 B fo r  th e  separatio n o f  a 

mixtur e  o f  aromati c  amines .  Chemically-bonde d phase s  ar e  prepare d b y 

dynamicall y  coatin g th e  etche d capillar y wit h a  suitabl e  reagen t  suc h a s  a n 

organically-substitute d silan e  followe d b y a  dryin g an d reactio n sequence .  Th e 

latte r  i s  usuall y  accomplishe d b y heatin g th e  colum n t o  a n elevate d temperatur e 

fo r  severa l  hour s  [241] ,  A  variet y o f  nonpola r  an d pola r  stationar y phases , 

includin g ion-exchang e  columns ,  wer e  prepare d i n  thi s  wa y [218,219,242] .  A n 

exampl e  o f  th e  performanc e  o f  a  chemically-bonde d ope n microtubula r  colum n i s 

show n i n  Figur e  4.48 C fo r  th e  separatio n o f  a  mixtur e  o f  aromati c  hydrocarbons . 

Instrumenta l  constraint s  preven t  th e  maximu m theoretica l  efficienc y o f  ope n 
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microtubula r  column s  fro m bein g achieved .  Theor y predict s  tha t  column s  i n  th e 

rang e  o f  1- 3 micromete r  interna l  diamete r  an d a n instrumenta l  dea d volum e  n o 

greate r  tha n abou t  1-1 0 n l  woul d b e  optimal .  Th e  curren t  practic e  o f  ope n 

microtubula r  HPL C usin g column s  wit h interna l  diameter s  i n  th e  rang e  o f  15-7 5 

micrometer s  i s  a  practica l  compromis e  betwee n colum n efficienc y an d instrumenta l 

constraints . 

A.1 7 Hig h Spee d Liqui d Chromatograph y 

The  previou s  discussio n deal t  wit h th e  us e  o f  microcolumn s  o f  lo w 

cross-sectiona l  are a  fo r  th e  attainmen t  o f  ver y hig h separatio n efficiencies . 

Column s  wit h ver y hig h theoretica l  plat e  count s  wer e  described ,  bu t  muc h o f  thi s 

efficienc y wa s  obtaine d a t  th e  expens e  o f  analysi s  time .  Thi s  compromis e 

remain s  essentia l  whe n th e  emphasi s  i s  place d o n maximizin g resolutio n wit h 

comple x samples .  A n alternativ e  separatio n philosophy ,  suitabl e  fo r  les s 

comple x mixtures ,  i s  t o  minimiz e  analysi s  time .  Scot t  use d a  shor t  packe d 

microbor e  column ,  2 5 c m long ,  t o  separat e  a  seve n componen t  mixtur e  i n  unde r  3 0 

second s  wit h a  mobil e  phas e  velocit y  o f  8  cm/ s  [208] ,  Separatio n spee d wa s 

limite d b y th e  colum n bac k pressur e  a t  hig h mobil e  phas e  velocitie s  an d 

instrumenta l  consideratino s  suc h a s  th e  extracolum n dea d volum e  an d th e  tim e 

constraint s  o f  th e  detecto r  an d recordin g systems .  Althoug h instrumenta l 

constraint s  presen t  les s  o f  a  proble m whe n short ,  hig h efficiency ,  wid e  bor e 

column s  ar e  used ,  modification s  t o  a  conventiona l  liqui d chromatograp h ar e  stil l 

require d fo r  hig h spee d separations .  Th e  volum e  o f  th e  sampl e  flo w pat h an d th e 

respons e  time s  o f  th e  detecto r  an d recorde r  system s  mus t  al l  b e  reduced .  A 

commerciall y  availabl e  hig h spee d liqui d chroamtograph y fitte d wit h a  modifie d 

injector ,  connectin g tubes ,  detector ,  an d gradien t  mixe r  ha s  bee n designe d t o 

tak e  advantag e  o f  th e  possibilit y  o f  performin g ver y fas t  separation s  o n short , 

wid e  bor e  column s  packe d wit h particle s  o f  3  o r  5  micromete r  diamete r 

[244-246] .  Compare d t o  a  conventiona l  liqui d chromatograph ,  th e  instrumenta l 

ban d broadenin g wa s  reduce d b y abou t  80 % an d th e  respons e  o f  th e  detctio n syste m 

was  abou t  1 0 time s  faster .  Instrumenta l  ban d broadenin g wa s  minimize d b y usin g 

a  smalle r  injectio n volum e  tha n normall y use d (les s  tha n 6  microliters) ,  an d a 

detecto r  wit h a  2. 4  microlite r  flo w cel l  [247] . 

Colum n seelctio n i s  ver y importan t  i n  hig h spee d liqui d chromatography . 

Smal l  particle s  o f  3  o r  5  micromete r  diamete r  ar e  use d t o  generat e  hig h 

efficiencie s  pe r  column .  Th e  colum n lengt h i s  kep t  short ,  5  t o  12. 5 cm ,  t o 

decreas e  analysi s  time s  an d t o  minimiz e  th e  colum n pressur e  dro p develope d a t 

hig h mobil e  phas e  flo w rates .  Th e  highes t  efficiencie s  ar e  obtaine d wit h th e  3 

micromete r  particl e  column .  Th e  5  micromete r  particl e  colum n permit s  operatio n 

at  a  substantiall y  lowe r  bac k pressur e  an d double s  th e  surfac e  are a  o f  th e 
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stationar y phase ,  allowin g a  highe r  sampl e  loadin g withou t  los s  o f  efficiency . 

Typica l  flo w rate s  wit h thes e  colum n ar e  1- 5 ml/mi n correspondin g t o  a  linea r 

velocit y  o f  0. 5  t o  0. 9  cm/s .  However ,  sinc e  th e  analysi s  tim e  i s  significantl y 

reduced ,  th e  actua l  consumptio n o f  mobil e  phas e  neede d fo r  a n anaysi s  i s 

generall y  les s  tha n tha t  require d fo r  a  conventiona l  separation .  Figur e  4.4 9 

show s  a  typica l  exampl e  o f  a  hig h spee d liqui d chromatogra m i n whic h a  seve n 

componen t  tes t  mixtur e  i s  separate d i n  abou t  9 0 seconds .  Unde r  favorabl e 

condition s  a s  man y a s  35 2 theoretica l  plate s  pe r  secon d fo r  bonde d phase s  an d 

44 4 theoretica l  plate s  pe r  secon d fo r  silic a  ge l  particles ,  bot h o f  3  micromete r 

diameter ,  hav e  bee n obtaine d [244,245] ,  Thi s  compare s  favorabl y wit h value s  o f 

150-25 0 theoretica l  plate s  pe r  secon d fo r  ope n tubula r  capillar y columns , 

100-14 0 theoretica l  plate s  pe r  secon d fo r  SCO T columns ,  an d 2 0 theoretica l 

plate s  pe r  secon d fo r  packe d column s  i n  ga s  chromatography .  However ,  th e  tota l 

numbe r  o f  theoretica l  plate s  availabl e  fo r  a  separatio n i s  o f  cours e  limite d b y 

th e  maximu m operatin g pressur e  o f  th e  column ,  whic h i s  a  mor e  rigi d constrain t 

i n  liqui d tha n i n  ga s  chromatography . 

0 3 0 6 0 9 0 

T I ME (SECONDS ) 

Figur e  4.4 9 Analysi s  o f  a  tes t  mixtur e  o n a  reversed-phas e  colum n Column : 
10 0 ÷  4. 6 mm I.D. ,  C.g-bonde d phas e  packing ,  3  ìð é  particles . 
Mobil e  phas e  acetonitrile-wate r  (65:35 )  a t  4. 4  ml/min ,  temperatur e 
40°C .  Pea k identificatio n i n  orde r  o f  elution :  uracil ,  phenol , 
nitrobenzene ,  toluene ,  ethylbenzene ,  isopropylbenzene ,  an d 
t-butylbenzene .  (Reproduce d wit h permissio n fro m ref .  244 . 
Copyrigh t  Friedr .  Viewe g &  Sohn) . 

I n  additio n t o  hig h spee d separations ,  th e  shor t  packe d column s  ca n b e 

couple d t o  provid e  highe r  resolutio n whil e  stil l  providin g reasonabl e  analysi s 

times .  A n exampl e  o f  a  chromatogra m obtaine d i n  thi s  wa y i s  show n i n Figur e 

4.50 .  Wit h 3  micromete r  particles ,  pressur e  limitation s  a t  hig h flo w rate s  an d 

th e  non-additivit y  o f  th e  efficienc y o f  couple d wid e  bor e  column s  discusse d 

earlie r  ar e  a n overal l  limitatio n t o  th e  maximu m obtainabl e  efficiency .  I n 

term s  o f  analysi s  speed ,  th e  pressur e  drop ,  instrumen t  ban d broadening ,  an d 
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TIME (MINUTES ) 

Figur e  4.5 0 Analysi s  o f  polycycli c  aromati c  hydrocarbons .  Column :  tw o serie s 
couple d 10 0 ÷  4. 6 m m I.D .  C,g-bonde d pahse ,  3  m  packin g 
columns .  Mobil e  phase :  acetonitrile-water ,  linea r  gradien t  fro m 
65 t o  9 0 % i n 2 0 minute s  a t  1. 8  ml/min ,  U V detectio n a t  25 4 nm . 
(Reproduce d wit h permissio n fro m ref .  244 .  Copyrigh t  Friedr . 
Viewe g &  Sohn) . 

radia l  temperatur e  gradient s  represen t  th e  curren t  limit s  o n thi s  interestin g 

developmen t  i n  th e  practic e  o f  liqui d chromatography .  Eve n wit h thes e 

constraints ,  hig h spee d liqui d chromatograph y ca n provid e  ver y fas t  separaion s 

of  simpl e  mixture s  wit h a  considerbl e  saving s  i n  tim e  an d solven t  consumption . 

I n  addition ,  detectio n limit s  ar e  improve d almos t  fivefol d usin g hig h spee d 

liqui d chromatograph y compare d t o  thos e  observe d unde r  norma l  operatin g 

condition s  wit h a  1 0 micromete r  particl e  packe d column . 

4.1 8 Multidimensiona l  Liqui d Chromatograph y 

Gradien t  elutio n analysi s  i s  frequentl y  use d fo r  separatin g sampl e 

component s  wit h a  wid e  rang e  o f  capacit y  facto r  values .  Thi s  situation , 

referre d t o  a s  th e  genera l  elutio n problem ,  ca n als o b e  solve d b y 

multidimensiona l  techniques .  Bot h method s  lea d t o  a n optimizatio n o f  resolutio n 

i n  a  minimu m analysi s  time . 

I n  multidimensiona l  analysi s  th e  sampl e  i s  separate d b y switchin g betwee n 

tw o o r  mor e  column s  possessin g complementar y separatio n characteristics .  T o 

enhanc e  th e  separatio n o r  t o  increas e  sampl e  throughput ,  th e  mobil e  phas e  an d 
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it s  directio n ma y als o b e  changed .  Multidimensiona l  chromatograph y ha s  bee n 

variousl y calle d colum n switching ,  couple d colum n chromatography ,  recycl e 

chromatography ,  mod e  sequencing ,  stationar y phas e  programming ,  selectivit y 

switching ,  an d colum n backflushing .  Som e  o f  thes e  term s  describ e  operation s 

frequentl y  use d i n  multidimensiona l  chromatography ,  severa l  o f  whic h ma y b e 

combine d i n  a  particula r  separatio n [248,249] ,  Multidimensiona l  liqui d 

chromatographi c  technique s  ar e  no w widel y use d fo r  sampl e  enrichmen t  an d sampl e 

cleanu p procedure s  prio r  t o  analysi s  b y ga s  o r  liqui d chromatography .  Th e 

genera l  requirement s  fo r  thi s  us e  ar e  describe d i n  Chapte r  7.6.6 . 

Multidimensiona l  liqui d chromatograph y ca n b e  performe d eithe r  on -  o r 

off-lin e  [248] ,  Th e  off-lin e  approac h i s  simpl e  bu t  tim e  consuming .  Fraction s 

ar e  collecte d manuall y  o r  wit h a  fractio n collecto r  a s  th e  effluen t  leave s  th e 

detecto r  fro m th e  primar y colum n an d the n reinjected ,  perhap s  afte r 

concentration ,  int o a  secon d column .  Th e  off-lin e  approac h ha s  severa l 

advantage s  i n  additio n t o  simplicity :  th e  sampl e  ca n b e  easil y  concentrate d b y 

eithe r  evaporatio n o r  extractio n an d th e  mobil e  phase s  use d i n  eac h colum n nee d 

no t  b e  mutuall y  compatible .  Som e  disadvantage s  ar e  th e  tim e  constraint s  arisin g 

fro m th e  rang e  o f  manua l  procedure s  involve d an d th e  possibilit y  o f  sampl e  los s 

or  contaminatio n durin g handling .  On-lin e  technique s  provid e  th e  advantage s  o f 

automatio n b y usin g pneumati c  o r  electronically-controlle d switchin g valve s  t o 

diver t  th e  colum n effluen t  fro m th e  primar y colum n int o th e  secondar y colum n o r 

columns .  Automatio n improve s  reliability ,  sampl e  throughput ,  an d shorten s 

analysi s  time ,  a s  wel l  a s  minimizin g sampl e  los s  o r  chang e  sinc e  th e  analysi s  i s 

performe d i n  a  closed-loo p system .  Th e  mai n limitatio n i s  tha t  th e  mobil e  phas e 

syste m use d i n  th e  couple d column s  mus t  b e  compatibl e  i n  bot h miscibilit y  an d 

solven t  strength .  Thi s  requiremen t  arise s  sinc e  th e  eluen t  fro m th e  firs t 

colum n i s  th e  injectio n solven t  fo r  th e  secon d column ;  consequently ,  no t  al l 

colum n type s  ar e  mutuall y  compatible .  Whe n th e  secon d colum n i s  als o use d fo r 

sampl e  concentration ,  th e  constraint s  o n mobil e  phas e  selectio n becom e 

particularl y  severe .  Th e  relativ e  merit s  o f  off -  an d on-lin e  multidimensiona l 

liqui d chromatograph y ar e  summarize d i n  Tabl e  4.34 . 

As  th e  procedure s  use d i n  off-lin e  multidimensiona l  liqui d chromatograph y 

ar e  quit e  straightforward ,  furthe r  discussio n wil l  b e  limite d t o  automate d 

methods .  Som e  comment s  concernin g nomenclatur e  ar e  pertinen t  a t  thi s  point . 

Wit h referenc e  t o  Figur e  4.51 ,  a  typica l  chromatographi c  pea k coul d b e  slice d i n 

differen t  way s  t o  provid e  th e  fraction s  o f  mos t  interes t  [248] .  Th e  leadin g 

edge ,  pea k centrum ,  o r  tailin g edg e  coul d b e  switche d t o  th e  secon d colum n t o 

provid e  "endcut" ,  "heartcut" ,  o r  "frontcut "  fractions ,  respectively .  Th e  entir e 

pea k o r  an y o f  th e  abov e  cut s  coul d b e  returne d t o  th e  hea d o f  th e  colum n an d 
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TABLE 4.3 4 

Advantage s 

Off-Lin e  Multidimensiona l  Technique s 

Disadvantage s 

A.  Eas y t o  carr y ou t  b y collectio n 
of  colum n effluen t 

B.  Ca n concentrat e  trac e  solute s 
fro m larg e  volume s 

C.  Ca n wor k wit h tw o L C mode s  tha t 
us e  incompatibl e  solvent s 

A.  Difficul t  t o  automate ;  mor e 
cumbersom e  an d inconvenien t 

B.  Greate r  chanc e  o f  sampl e  los s 
(e.g. ,  adsorption ,  evaporation , 
oxidation ) 

C.  Mor e  tim e  consumin g 

D.  Mor e  difficul t  t o  quantitat e 
an d reproduc e 

Advantage s 

On-Lin e  Multidimensiona l  Technique s 

Disadvantage s 

A.  Eas y t o  automate ,  especiall y  wit h 
moder n chromatograph s 

Les s  chanc e  o f  sampl e  los s  sinc e 
experimen t  carrie d ou t  i n  close d 
syste m 

A.  Require s  mor e  comple x hydraulic s 
(o r  pneumatics) ,  switchin g 
valve(s) ,  mor e  expensiv e 

B.  Difficul t  t o  handl e  trac e  compound s 
sinc e  ver y dilut e  an d i n  larg e 
volume ;  ca n compensat e  fo r  thi s  b y 
on-lin e  concentratio n method s 

C.  Ca n configur e  switchin g syste m 
whic h bes t  suit s  need s  (e.g. , 
backflush ,  heartcutting ,  on -
colum n concentration ) 

D.  Decrease d tota l  analysi s  tim e 

E.  Mor e  reproducibl e 

F.  Ca n increas e  sampl e  throughpu t 

C.  Solvent s  fro m primar y an d second -
ar y mode s  mus t  b e  compatible , 
bot h fro m miscibilit y  an d strengt h 
requirement s 

reinjecte d fo r  "recycl e  chromatography" .  I f  th e  sampl e  elute s  fro m th e  firs t 

colum n i n a  solven t  whic h i s  a  wea k solven t  fo r  th e  secon d column ,  the n a  larg e 

volum e  o f  mobil e  phas e  ca n b e  passe d throug h th e  secon d colum n t o concentrat e 

th e  sampl e  a t  th e  hea d o f  thi s  column .  Thi s  i s  a n exampl e  o f  "on-colum n 

concentration" .  Afte r  th e  component s  o f  interes t  hav e  bee n switche d t o  th e 

secon d column ,  th e  directio n o f  mobil e  phas e  flo w t o th e  firs t  colum n ca n b e 

reverse d t o  rapidl y elut e  sampl e  component s  wit h a  hig h colum n retention .  Thi s 

i s  a n exampl e  o f  "colum n backflushing" .  I n  al l  th e  abov e  technique s  whol e  area s 

of  th e  chromatogra m a s  wel l  a s  singl e  peak s  o r  fraction s  o f  a  singl e  pea k ma y b e 

COMPARISON O F OFF -  AND ON-LIN E MULTIDIMENSIONAL LIQUID 4 CHROMATOGRAPHIC 
TECHNIQUES 
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Backflus h  Revers e  Flo w 

To Colum n 2 

Reinjec t Int o  Hea d  of Colum n 

Figur e  4.5 1 Singl e  pea k representatio n o f  th e  nomenclatur e  use d i n  multi -
dimensiona l  chromatography .  Th e  blac k rectangle s  refe r  t o  volum e 
increments .  (Reproduce d wit h permissio n fro m ref .  248 .  Copyrigh t 
Presto n Publications ,  Inc. ) 

switched . 

A standar d hig h performanc e  liqui d chromatograph ,  wit h th e  additio n o f  a 

switchin g valve ,  i s  use d fo r  multidimensiona l  chromatography .  Thi s  valv e  ma y b e 

a  simple ,  manuall y  operate d si x  o r  ten-por t  valv e  o r  i t  ma y b e  automaticall y 

controlle d eithe r  vi a  a  fixe d interva l  time r  o r  couple d t o  th e  operatio n o f  a n 

in-lin e  detecto r  an d controlle d b y a  microprocesso r  [250-252] ,  Dependin g o n th e 

complexit y  o f  th e  colum n switchin g network ,  severa l  switchin g valve s  ma y b e 

needed .  Eac h valv e  mus t  b e  capabl e  o f  hig h pressur e  operatio n withou t 

deterioratio n an d provid e  a  lo w dea d volum e  sampl e  pat h s o a s  no t  t o 

significantl y  broade n th e  peak s  tha t  pas s  throug h it .  Th e  valv e  ma y als o 

contai n a  loo p o f  fixe d volum e  fo r  trappin g th e  switche d pea k prio r  t o  injectio n 

on th e  secon d colum n o r  i t  ma y simpl y b e  use d a s  a  switc h t o  diver t  flo w betwee n 

columns .  A n exampl e  o f  a  tw o colum n multidimensiona l  liqui d chromatograp h usin g 

a  six-por t  switchin g valve ,  intermediat e  tra p an d injectio n valv e  i s  show n 

schematicall y  i n  Figur e  4.5 2 [253] .  Colum n on e  i s  a  size-exclusio n colum n an d 

colum n tw o a  reversed-phas e  column .  Thi s  colum n combinatio n ha s  foun d man y 

practica l  application s  du e  t o  th e  complementar y separatio n mechanism s  o f  th e  tw o 

colum n type s  an d thei r  mobil e  phas e  compatibilit y  [253,254] ,  Th e  detecto r 

positione d betwee n th e  tw o column s  i s  no t  a n essentia l  component .  Fo r  comple x 

chromatogram s  th e  precis e  locatio n o f  th e  pea k o r  peak s  t o  b e  switche d i s  ver y 

importan t  fo r  quantitativ e  analysi s  sinc e  th e  separatio n o f  th e  switche d peak s 

on th e  secon d colum n mus t  no t  b e  compromise d b y switchin g additiona l  impurit y 

peaks .  Th e  intermediat e  detecto r  thu s  convenientl y  locate s  th e  positio n o f  th e 

pea k t o  b e  switche d an d minimize s  sampl e  los s  an d contamination .  Whe n th e 
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Pum p 

-Valv e 
Injecto r 

^Colum n 1 

•Wast e 

Figur e  4.5 2 Schemati c  o f  a n on-lin e  multidimensiona l  tw o colum n liqui d 
chromatograph .  (Reproduce d wit h permissio n fro m ref .  253 . 
Copyrigh t  Elsevie r  Scientifi c  Publishin g Co. ) 

detecto r  functio n i s  no t  use d t o  contro l  th e  switchin g proces s  a  sequentia l 

time r  ca n b e  use d t o  automaticall y  switc h th e  peak s  o f  interest .  However , 

interva l  timer s  ar e  unabl e  t o  accoun t  fo r  variabilit y  i n  th e  elutio n volum e  o f 

th e  sampl e  fro m th e  firs t  column .  Figur e  4.5 3 show s  a  mor e  comple x switchin g 

arrangemen t  usin g a  ten-por t  valv e  fo r  sampl e  injectio n wit h th e  frontcu t 

diverte d t o  th e  detecto r  an d th e  heart -  an d endcut s  switche d t o  a  secon d 

column .  Colum n switchin g i s  mor e  readil y  carrie d ou t  wit h a  ten-por t 

multifunctiona l  valv e  whic h i s  abl e  t o  accommodat e  sampl e  injectio n an d solut e 

switchin g i n  th e  sam e  devic e  fo r  mos t  applications .  Severa l  othe r  valv e 

configuration s  fo r  colum n switchin g usin g a  ten-por t  valv e  ar e  give n i n 

referenc e  [251] , 

As  multidimensiona l  chromatograph y i s  use d t o  solv e  th e  genera l  elutio n 

proble m ther e  i s  obviousl y som e  overla p o f  th e  techniqu e  wit h gradien t  elutio n 

analysis .  Multidimensiona l  technique s  ar e  preferre d whe n a  ver y larg e  numbe r  o f 

theoretica l  plate s  i s  require d fo r  a  separation ,  whe n a  larg e  numbe r  o f  sample s 

of  simila r  kin d ar e  t o  b e  analyze d i n  th e  shortes t  possibl e  time ,  an d fo r  th e 

analysi s  o f  comple x mixture s  whic h contai n onl y a  fe w adjacen t  component s  o f 

interes t  [255] .  Fo r  th e  abov e  separatio n problems ,  unidimensiona l  technique s 

ar e  inherentl y  inefficien t  a s  onl y a  smal l  fractio n o f  th e  colum n i s  actuall y  i n 

us e  a t  an y give n time .  I n  othe r  words ,  th e  numbe r  o f  plate s  generate d pe r  uni t 

tim e  measure d fo r  th e  par t  o f  th e  chromatogra m o f  interes t  i s  unnecessaril y 

low .  Th e  multidimensiona l  separatio n method s  provid e  optimu m efficienc y fo r  th e 

separatio n o f  th e  component s  o f  interes t  whil e  simultaneousl y minimizin g 

analysi s  tim e  b y decreasin g th e  tim e  spen t  i n  separatin g component s  o f  th e 

sampl e  whic h ar e  no t  o f  particula r  interest . 

Freema n [249 ]  ha s  show n tha t  th e  pea k capacit y  fo r  a  multidimensiona l 

syste m i s  give n b y equatio n (4.36 )  whil e  fo r  a  simila r  numbe r  o f  serie s  couple d 

column s  th e  pea k capacit y  i s  give n b y equatio n (4.37) . 
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A. FILL SAMPLE LOOP 

Â. INJECT SAMPLE ONTO COLUMN 1 AND 

FRONT CUT TO DETECTOR 

I Pum p I >  V J [Comum n l | > |  Detecto r | 

Sampl e  Loop 

A. HEART AND ENDCUT TO COLUMN 2 
TO DETECTOR 

I Pum p I—>—J  Colum n 1 [ — » — | Colum n 2 [—^—| Detecto r | 

Wast e 

Figur e  4.5 3 Th e  us e  o f  a  singl e  ten-por t  switchin g valv e  fo r  sampl e  injectio n 
an d front -  an d heartcu t  pea k diversio n i n  a  multidimensiona l 
liqui d chromatograph .  (Reproduce d wit h permissio n fro m Valc o 
Instrument s  Co. ) 
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0 r  = È 1 . È 2 . È 3 (Á.36 ) 

e r = ç 1 / 2 · ( 4 · 3 7 ) 

È =  individua l  colum n pea k capacit y 
ç  =  numbe r  o f  column s 

©r  =  resultan t  pea k capacit y  fo r  th e  syste m 

Thus ,  i f  tw o identica l  column s  wit h a  pea k capacit y  o f  È = 2 5 ar e  couple d i n 

series ,  the n th e  resultan t  pea k capacit y  woul d b e  3 5 compare d t o  a  valu e  o f  62 5 

i f  th e  sam e  column s  wer e  use d i n  a  multidimensiona l  mode . 

To provid e  a  bette r  understandin g o f  multidimensiona l  chromatograph y an d 

it s  uses ,  tw o commo n area s  o f  applicatio n wil l  b e  described .  First ,  conside r  a 

sampl e  comprise d o f  component s  havin g a  wid e  rang e  o f  distributio n 

coefficients .  I f  a  colum n o f  hig h selectivit y  i s  used ,  component s  elutin g a t 

th e  star t  o f  th e  chromatogra m wil l  b e  wel l  resolve d bu t  late r  elutin g peak s  wit h 

lon g retentio n time s  ma y b e  difficul t  t o  detec t  [256] ,  Conversely ,  i f  th e 

colum n ha s  lo w selectivit y  th e  analysi s  tim e  wil l  b e  shortene d bu t  earl y  elutin g 

component s  wil l  b e  poorl y resolved .  I n  th e  multidimensiona l  mode ,  tw o column s 

of  th e  sam e  stationar y phas e  bu t  o f  differen t  lengt h o r  tw o column s  o f  simila r 

lengt h bu t  o f  differen t  selectivit y  ar e  used .  Th e  firs t  colum n i s  shor t  o r  o f 

lo w selectivit y  an d i s  use d t o  separat e  th e  late r  elutin g component s  o f  th e 

chromatogram .  Th e  component s  o f  lo w retentio n ar e  switche d t o  th e  secon d colum n 

an d remai n ther e  whil e  th e  mos t  retaine d component s  ar e  separate d o n th e  firs t 

column .  Whe n thes e  component s  hav e  bee n separated ,  th e  leas t  retaine d 

component s  ar e  the n separate d o n th e  longe r  o r  mor e  selectiv e  secon d column . 

Compare d t o  th e  norma l  chromatogram ,  th e  multidimensiona l  chromatogra m i s 

reversed :  th e  mos t  retaine d component s  ar e  a t  th e  beginnin g whil e  th e  leas t 

retaine d ar e  a t  th e  end .  Th e  tota l  analysi s  tim e  i s  reduced ,  ther e  i s  les s  dea d 

spac e  betwee n peaks,an d a s  th e  peak s  elut e  i n  a  smalle r  volum e  o f  mobil e  phase , 

the y ar e  easie r  t o  detect .  Th e  separatio n ma y b e  carrie d ou t  isocraticall y 

provide d tha t  th e  tota l  numbe r  o f  sampl e  component s  i s  no t  to o great .  Thi s 

simplifie s  th e  instrumentatio n required ,  permit s  th e  us e  o f  nongradien t 

compatibl e  detectors ,  an d eliminate s  th e  proble m o f  colum n equilibratio n 

require d i n  gradien t  elutio n analysis . 

As  a  secon d example ,  conside r  th e  proble m i n whic h quantitativ e  analysi s  o f 

fe w component s  o f  simila r  retentio n i s  require d i n  a  comple x mixtur e  containin g 

component s  havin g a  wid e  rang e  o f  capacit y  facto r  values .  Assum e  furthe r  tha t 

th e  peak s  o f  interes t  ar e  burie d i n  th e  cente r  o f  th e  norma l  chromatogram .  Th e 

tim e  use d i n  separatin g th e  component s  prio r  t o  an d afte r  th e  peak s  o f  interes t 

i s  waste d a s  i t  i s  no t  contributin g effectivel y t o  th e  separatio n o f  th e  desire d 

components .  Usin g th e  colum n configuratio n o f  th e  previou s  example ,  th e  shor t 

colum n o r  th e  colum n o f  lo w selectivit y  i s  use d t o  quickl y isolat e  th e  are a  o f 
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th e  chromatogra m o f  interes t  whic h i s  the n switche d t o  th e  secon d colum n fo r 

separation .  Th e  front -  an d endcut s  o f  th e  chromatogra m ar e  vente d t o  waste .  I f 

th e  component s  o f  th e  endcu t  ar e  wel l  retaine d the y ma y b e  backflushe d b y 

reversin g th e  directio n o f  colum n flow .  Th e  component s  o f  interes t  an d an y 

overlappin g band s  fro m th e  firs t  colum n ar e  meanwhil e  bein g efficientl y 

separate d o n th e  secon d column .  Snyde r  ha s  adapte d thi s  techniqu e  t o  a  proces s 

he  terme d "boxca r  chromatography "  [255] .  I n  boxca r  chromatograph y sample s  ar e 

switche d fro m colum n on e  t o  colum n tw o befor e  th e  previou s  sampl e  ha s  migrate d 

th e  complet e  lengt h o f  th e  secon d column .  I n  thi s  wa y th e  separatin g powe r  o f 

th e  secon d colum n i s  full y  utilize d sinc e  i t  i s  continuousl y resolvin g sample s 

separate d onl y b y th e  minimu m tim e  require d t o  ensur e  tha t  inter-sampl e  mixin g 

doe s  no t  occur .  Thi s  metho d i s  capabl e  o f  a  ver y hig h sampl e  throughpu t  an d ca n 

be  operate d automaticall y  fo r  routin e  analysis . 

Multidimensiona l  chromatograph y ca n b e  use d t o  perfor m separation s 

requirin g ver y larg e  plat e  number s  b y operatin g i n  th e  recycl e  mode .  Recycl e 

chromatograph y increase s  th e  effectiv e  lengt h o f  th e  colum n b y returnin g th e 

elute d sampl e  t o  th e  hea d o f  th e  colum n fo r  furthe r  separation .  Ther e  ar e  som e 

attendan t  advantage s  t o  thi s  approac h compare d t o  th e  alternativ e  o f  couplin g 

column s  i n  series .  Fo r  couple d column s  sampl e  resolutio n increase s  linearl y 

wit h th e  squar e  roo t  o f  th e  colum n lengt h bu t  th e  colum n pressur e  dro p increase s 

linearl y  wit h th e  length .  Thu s  practica l  operatin g constraint s  essentiall y 

limi t  th e  numbe r  o f  column s  tha t  ma y b e  couple d togethe r  an d therefor e  restrict s 

th e  tota l  numbe r  o f  theoretica l  plate s  tha t  ca n b e  generate d i n  a  reasonabl e 

time .  Also ,  th e  tota l  numbe r  o f  theoretica l  plate s  obtaine d fo r  conventiona l 

packe d column s  i s  usuall y  somewha t  les s  tha n th e  su m o f  th e  theoretica l  plate s 

fo r  th e  individua l  column s  connected .  I n  th e  recycl e  mod e  th e  pressur e 

constrain t  limitin g th e  theoretica l  plat e  coun t  i s  eliminate d becaus e  th e  colum n 

lengt h i s  constant ;  thu s  larg e  number s  o f  theoretica l  plate s  ca n b e  obtaine d b y 

increasin g th e  numbe r  o f  sampl e  passe s  throug h th e  column .  Th e  limitin g facto r 

i n  recycl e  chromatograph y i s  establishe d b y remixing ,  whic h occur s  whe n th e 

fastes t  movin g pea k o f  th e  sampl e  eventuall y  overtake s  th e  slowes t  movin g 

componen t  afte r  a  certai n  numbe r  o f  cycles .  Generally ,  som e  facilit y  withi n th e 

recycl e  chromatograp h i s  mad e  fo r  drawin g of f  eithe r  completel y separate d o r 

unwante d components ,  permittin g additiona l  cycles .  A  furthe r  limitatio n o f 

performanc e  i n  th e  recycl e  mod e  i s  th e  extracolum n ban d broadenin g occurrin g i n 

th e  pump ,  valves ,  connectin g tubes ,  an d detecto r  a t  eac h cycl e  i n  th e 

detector-to-injecto r  transfer .  Th e  influenc e  o f  colum n an d extracolum n effect s 

on th e  maximu m efficienc y realizabl e  i n  recycl e  chromatograph y ha s  bee n treate d 

theoreticall y  [257,258] .  Snyde r  ha s  show n tha t  plat e  count s  a s  hig h a s  5-1 0 

millio n ar e  possibl e  i n  th e  recycl e  mod e  [255] .  However ,  i n  spit e  o f  th e  abov e 

possibilitie s  recycl e  chromatograph y i s  rarel y use d i n  practice .  Mos t 
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application s  hav e  bee n mad e  fo r  size-exclusio n an d preparativ e  liqui d 

chromatography .  I n  size-exclusio n chromatograph y i t  i s  use d t o  improv e  colum n 

efficienc y an d resolution ,  whic h ar e  limite d b y th e  lo w retentio n typica l  o f 

size-exclusio n columns .  I n  preparativ e  liqui d chromatograph y i t  minimize s  th e 

pressur e  dro p a t  th e  hig h colum n flo w rate s  normall y used .  Becaus e  o f  thes e 

hig h flo w rate s  extracolum n ban d broadenin g ha s  littl e  influenc e  o n th e 

separation . 

Thre e  instrumen t  design s  hav e  bee n describe d fo r  recycl e  chromatography . 

I n  it s  simples t  for m i t  i s  a  closed-loo p syste m comprise d o f  a n injector , 

column ,  optica l  detector ,  draw-of f  valve ,  an d pum p [259-261] .  Fo r  analytica l 

wor k th e  mai n disadvantag e  o f  thi s  syste m i s  th e  relativel y larg e  extracolum n 

dea d volume ,  particularl y  i n  th e  pum p head .  Thi s  i s  minimize d b y design s  usin g 

th e  alternat e  pumpin g principl e  [258,262,263] ,  Her e  th e  pum p i s  eliminate d fro m 

th e  sampl e  pat h durin g recycl e  b y usin g tw o identica l  separatio n column s  i n 

paralle l  interconnecte d b y a  six-por t  valve .  Switchin g th e  valv e  direct s  th e 

sampl e  alternatel y throug h column s  on e  an d tw o withou t  passin g i t  bac k throug h 

th e  injecto r  an d pum p head .  Mor e  recentl y  a  circulatio n valv e  ha s  bee n 

describe d fo r  th e  automati c  continuou s  injectio n o f  al l  th e  eluen t  fro m th e 

colum n outle t  bac k int o th e  colum n inle t  [264] .  Th e  advantag e  o f  a  circulatio n 

valv e  i s  tha t  i t  theoreticall y  shoul d no t  introduc e  an y extracolum n ban d 

broadenin g int o th e  system . 

4.1 9 Temperatur e  an d Flo w Programmin g i n  Liqui d Chromatograph y 

Temperatur e  affect s  sampl e  solubility ,  solut e  diffusion ,  an d mobil e  phas e 

viscosit y  i n  liqui d chromatograph y [265,266] ,  Th e  solut e  diffusio n coefficien t 

tend s  t o  increas e  whil e  th e  mobil e  phas e  viscosit y  decrease s  wit h increasin g 

temperature ,  producin g a  favorabl e  influenc e  o n th e  colum n efficienc y bu t 

usuall y  a  les s  noticeabl e  influenc e  o n th e  selectivit y  factor .  Increasin g th e 

temperatur e  usuall y  reduce s  retention ,  s o tha t  change s  i n  sampl e  resolutio n a s  a 

functio n o f  colum n temperatur e  ar e  fairl y  modes t  i n  man y cases .  A  notabl e 

exceptio n i s  i n  ion-exchang e  chromatograph y wher e  temperatur e  ca n dramaticall y 

influenc e  selectivity .  A t  th e  othe r  extreme ,  selectivit y  i n  size-exclusio n 

chromatograph y i s  essentiall y  independen t  o f  temperatur e  althoug h resolutio n i s 

ofte n foun d t o  increas e  wit h increasin g temperatur e  du e  t o  a n improvemen t  i n 

colum n efficiency .  Thi s  improvemen t  i s  attribute d t o  favorabl e  change s  i n 

solut e  diffusivit y  an d mobil e  phas e  viscosity ,  an d t o  a  reductio n o f 

non-size-exclusio n temperatur e  dependen t  interactions .  Som e  samples ,  fo r 

exampl e  biologica l  polymers ,  ar e  unstabl e  a t  elevate d temperatures ,  whic h 

effectivel y limit s  th e  temperatur e  rang e  ove r  whic h the y ma y b e  separated .  Th e 

effec t  o f  temperatur e  o n retentio n i n  norma l  an d reversed-phas e  chromatograph y 
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i s  largel y determine d b y th e  enthalp y o f  th e  solut e  interactio n wit h th e 

stationar y phase .  Th e  enthalp y contributio n i s  evaluate d fro m th e  slop e  o f 

plot s  o f  lo g k  vs .  1/ T (K) ,  calle d van' t  Hof f  plot s  [267-272] .  I f  a n exac t 

linea r  dependenc e  o f  Ä Ç 0 o n lo g k  i s  observe d the n th e  solut e  retentio n orde r 

wil l  b e  temperatur e  independen t  fo r  mos t  systems .  Also ,  fo r  compound s  wit h 

differen t  capacit y  facto r  value s  a t  a  particula r  temperature ,  th e  resolutio n an d 

selectivit y  facto r  wil l  decreas e  wit h increasin g temperatur e  [269,270] .  Ther e 

ar e  severa l  example s  o f  improve d resolutio n resultin g fro m a  decreas e  i n 

temperature ,  includin g th e  us e  o f  subambien t  temperatures ,  bu t  thi s  i s  no t 

alway s  a  wis e  approac h t o  separatio n optimizatio n becaus e  colum n efficienc y 

decline s  an d operatin g pressure s  an d retentio n increas e  [265,267-269,271] .  Fo r 

certai n  solute s  th e  van' t  Hof f  plot s  ar e  nonlinea r  an d ma y hav e  shar p 

discontinuitie s  i n  thei r  gradients .  Cause s  fo r  thi s  includ e  retentio n b y a 

mixe d mechanism ,  a  chang e  i n  solut e  conformatio n whic h influence s  binding ,  o r 

th e  existanc e  o f  mor e  tha n on e  for m o f  th e  solut e  havin g differen t  retentio n 

characteristics .  Unde r  thes e  condition s  th e  orde r  o f  retention ,  th e  selectivit y 

factor ,  an d resolutio n ma y al l  var y wit h temperature .  Fo r  thes e  system s  a n 

optimu m temperatur e  ma y exis t  fo r  th e  separation .  Mos t  separation s  ar e 

performe d a t  ambien t  temperature s  becaus e  i t  i s  a  reasonabl y efficien t 

temperatur e  fo r  smal l  molecule s  an d i t  i s  experimentall y  inconvenien t  t o  hea t 

columns ,  mobil e  phases ,  etc .  Therefore ,  temperatur e  i s  ofte n th e  las t  paramete r 

t o  b e  optimize d i n  norma l  an d reversed-phas e  chromatograph y an d i s  use d mainl y 

fo r  fin e  tunin g th e  separation . 

Retentio n i s  no t  controlle d entirel y  b y enthalp y bu t  i s  als o influence d b y 

change s  i n  entrop y whic h accompan y th e  interactio n o f  th e  solut e  wit h th e 

stationar y phase .  Th e  proces s  terme d enthalpy-entrop y compensatio n lead s  t o  tw o 

generall y  usefu l  equation s  whic h ca n b e  use d t o  tes t  th e  similarit y  o f  th e 

interactio n mechanis m o f  differen t  solute s  [268,272,273] .  Th e  capacit y  facto r 

i s  relate d t o  th e  enthalp y an d entrop y o f  th e  bindin g interactio n b y equatio n 

(4.38) . 

- Ä Ç 0 aS° 
lo g k  =  +  +  lo g â  (4.38 ) 

2.3R T 2.3 R 

k =  solut e  capacit y  facto r 

ÄÇ°  =  standar d enthalp y o f  th e  transfe r  o f  a  solut e  fro m th e  mobil e 

phas e  t o  th e  stationar y phas e 

A S ° =  associate d chang e  i n  standar d entrop y 

Ô =  colum n temperatur e  (K ) 

R =  ga s  constan t 

â  =  phas e  rati o  o f  colum n 
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WhenAH0 i s  independen t  o f  temperature ,  equatio n (4.38 )  i s  simila r  t o  th e 

well-know n van' t  Hof f  equation .  Th e  slop e  o f  th e  enthalpy-entrop y plo t  i s 

calle d th e  compensatio n temperatur e  an d i s  calculate d fro m equatio n (4.39 ) 

k, p  =  capacit y  facto r  a t  temperatur e  Ô 

T c =  compensatio n temperatur e 

AG° =  Gibb s  fre e  energ y chang e  fo r  th e  solute/stationar y phas e  interactio n 

A similarit y  i n  value s  fo r  th e  compensatio n temperatur e  suggest s  tha t  th e 

solute s  ar e  retaine d b y essentiall y  identica l  interactio n mechanism s  an d thu s  i t 

i s  a  usefu l  too l  fo r  comparin g retentio n mechanism s  i n  differen t  chromatographi c 

systems . 

Temperatur e  programmin g i s  no t  widel y use d i n  liqui d chromatograph y 

[274-278] .  A s  th e  principa l  influenc e  o f  increasin g temperatur e  i s  t o  reduc e 

retention ,  temperatur e  programmin g i s  use d t o  improv e  fron t  en d resolutio n an d 

t o  reduc e  retentio n o f  late r  elutin g peaks .  Th e  maximu m permissibl e  operatin g 

temperatur e  i s  abou t  20° C belo w th e  boilin g poin t  o f  th e  mobil e  phase .  I n  mos t 

case s  thi s  mean s  tha t  th e  rang e  o f  retentio n whic h ca n b e  controlle d b y changin g 

temperatur e  i s  les s  tha n th e  rang e  availabl e  b y adjustin g solven t  strength . 

Wit h adsorben t  stationar y phase s  strippin g o f  modifie r  fro m th e  colum n i s  als o a 

proble m a s  th e  temperatur e  increase s  [269,274,275] .  T o restor e  colum n 

equilibrium ,  i.e. ,  t o  obtai n identica l  capacit y  facto r  value s  befor e  an d afte r 

programming ,  a  lon g tim e  i s  required .  Th e  detectio n sensitivit y  o f  late r 

elutin g peak s  i n  temperatur e  progra m analysi s  i s  ofte n enhance d a s  the y elut e  i n 

a  smalle r  volum e  o f  mobil e  phas e  compare d t o  isotherma l  analysis .  Thi s 

situatio n i s  opposit e  t o  flo w programmin g wher e  th e  sensitivit y  o f  late r  elutin g 

peak s  i s  diminishe d b y volumetri c  dilution . 

Temperatur e  programmin g ca n b e  use d wit h spectrophotometri c  detector s  bu t 

no t  wit h th e  temperatur e  sensitiv e  refractiv e  inde x detector .  A  backen d 

restricto r  i s  require d t o  preven t  bubbl e  formatio n a t  temperature s  approachin g 

th e  maximu m allowabl e  temperatur e  establishe d b y th e  vapo r  pressur e  o f  th e 

mobil e  phase .  A s  colum n packing s  ar e  fairl y  poo r  hea t  conductors ,  a  liqui d 

thermosta t  i s  require d t o  adjus t  temperatur e  an d th e  mobil e  phas e  shoul d b e 

preheate d t o  th e  colum n temperature .  Failur e  t o  d o s o ca n resul t  i n  th e 

formatio n o f  asymmetri c  peak s  [279] ,  Ai r  thermostat s  ar e  adequat e  fo r 

isotherma l  operatio n wher e  stabl e  temperatur e  contro l  o f  ±  0. 2 -  1.0° C i s 

considere d sufficien t  t o  obtai n reproducibl e  retentio n dat a  [280] . 

The  result s  o f  flo w programmin g resembl e  thos e  o f  temperatur e  programming ; 

-ÄÇ°  1  1  Ä 

T 2.3 R Ô  Ô  2 . 
c 

A G ° 

+ lo g â (4.39 ) 
2.3R T 

c 



34 5 

i t  improve s  fron t  en d resolutio n an d reduce s  th e  retentio n tim e  o f  late r  elutin g 

peak s  [275,281] .  However ,  flo w i s  easie r  t o  chang e  tha n temperatur e  sinc e  i t  i s 

controlle d b y th e  operatin g pressur e  o f  th e  pump ,  whic h ca n b e  change d rapidl y 

t o  generat e  ste p flo w gradient s  o r  varie d continuousl y i n  a  linea r  o r 

exponentia l  manner .  Generally ,  a  linea r  increas e  i n  inle t  pressur e  and ,  hence , 

i n  flo w velocity ,  result s  i n  a  linea r  decreas e  i n  retentio n time ,  ofte n wit h a 

decreas e  i n  resolutio n fo r  late r  elutin g peaks .  Changin g th e  mobil e  phas e 

velocit y  withi n sensibl e  range s  ha s  onl y a  smal l  effec t  o n colum n efficienc y an d 

selectivity .  I t  i s  thu s  a  les s  powerfu l  wa y o f  changin g separatio n 

characteristic s  tha n gradien t  elution .  Disadvantage s  o f  flo w programmin g ar e 

th e  limite d rang e  o f  pressure s  availabl e  fo r  changin g flo w an d th e  volumetri c 

dilutio n o f  late r  elutin g peaks ,  whic h reduce s  sensivitity .  Advantage s  li e  i n 

th e  fac t  tha t  th e  separatio n condition s  ar e  easil y  returne d t o  th e  initia l 

condition s  b y depressurizin g t o  th e  origina l  pressur e  an d tha t  i t  ma y b e  use d 

wit h bot h refractiv e  inde x an d spectrophotometri c  detectors .  Differentia l 

r e f T a c t o m e t e r detector s  ar e  likel y t o  exhibi t  baselin e  drif t  a s  th e  flo w 

velocit y  changes . 
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5. 1 Introductio n 

The  equipmen t  use d i n  moder n hig h performanc e  liqui d chromatograph y i s  ver y 

differen t  fro m th e  simpl e  gravity-fe d device s  whic h dominate d th e  practic e  o f 

liqui d chromatograph y fo r  mos t  o f  thi s  century .  Theor y an d practic e  hav e 

indicate d tha t  pressure s  wel l  abov e  atmospheri c  ar e  require d t o  operat e  hig h 

efficienc y columns ,  packe d wit h smal l  diamete r  particles ,  a t  flo w rate s  o f  a  fe w 

milliliter s  pe r  minute .  A  bloc k diagra m o f  a  suitabl e  instrumen t  fo r  HPL C i s 

show n i n Figur e  5.1 .  Fo r  isocrati c  operation ,  a  solven t  o r  solven t  mixtur e  i s 

pressurize d b y a  pum p an d delivere d a s  a  pulse-fre e  flo w t o th e  column .  I n 

gradien t  elutio n tw o o r  mor e  solvent s  ar e  mixe d i n  proportion s  suc h tha t  th e 

concentratio n o f  th e  stronge r  solven t  increase s  wit h time .  Dependin g o n th e 

metho d o f  gradien t  productio n mor e  tha n on e  pum p ma y b e  required .  Betwee n th e 

pump an d th e  injecto r  ther e  ma y b e  a  serie s  o f  device s  whic h correc t  o r  monito r 

th e  pum p output .  Suc h device s  includ e  puls e  dampers ,  mixin g chambers ,  flo w 

controller s  an d pressur e  transducers .  Thei r  functio n i s  t o  ensur e  tha t  a 

homogeneous ,  pulse-fre e  liqui d flo w i s  delivere d t o  th e  colum n a t  a  know n 

pressur e  an d volum e  flo w rate .  The y ma y b e  operate d eithe r  independentl y  o f  th e 
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Figur e  5. 1 Bloc k diagra m o f  a  hig h pressur e  liqui d chromatograph .  Dotte d 
line s  refe r  t o  component s  whic h ar e  optional . 

pump o r  i n  a  feedbac k networ k whic h continuousl y update s  th e  pum p output .  A n 

injectio n devic e  i s  connecte d t o  th e  hea d o f  th e  colum n fo r  loadin g th e  sampl e 

by syring e  o r  valve .  A  flow-throug h detector ,  connecte d t o  th e  en d o f  th e 

column ,  monitor s  th e  separation .  Th e  chromatogra m i s  recorde d o n a  stri p  char t 

recorder ,  a  computin g integrator ,  o r  simila r  dat a  handlin g device .  I n 

succeedin g section s  o f  thi s  chapte r  th e  abov e  component s  wil l  b e  describe d i n 

detail . 

The  reade r  shoul d b e  awar e  tha t  th e  equipmen t  availabl e  fo r  HPL C cover s  a 

broa d rang e  o f  technologica l  innovatio n an d sophisticatio n [1,2] .  No t  al l 

device s  wor k equall y  wel l  no r  cos t  simila r  amounts .  A  liqui d chromatograp h ma y 

be  assemble d fro m modula r  unit s  designe d t o  wor k independentl y  o f  eac h othe r  o r 

a s  a  single ,  integrate d unit .  Th e  latte r  approac h i s  becomin g mor e  commo n wit h 

th e  availabilit y  o f  inexpensiv e  microprocesso r  technology .  Th e  mai n advantag e 

of  thi s  approac h i s  tha t  th e  purchase r  acquire s  a n instrumen t  o f  optimize d 

performance .  Th e  disadvantage s  ar e  highe r  cos t  an d th e  increasin g likelihoo d 

that ,  du e  t o  th e  integrate d approach ,  i t  ma y no t  b e  possibl e  t o  operat e 

component s  independentl y  o f  on e  anothe r  o r  th e  centra l  processin g unit . 

Anothe r  tren d i n  moder n instrumentatio n i s  automatio n o f  th e  operatio n o f 

th e  liqui d chromatograph ,  a s  wel l  a s  injectio n an d sampl e  processin g [3,4] . 

Automati c  injector s  hav e  lon g bee n availabl e  fo r  unattende d operatio n bu t 

sophisticate d equipment ,  capabl e  o f  multiste p sampl e  cleanu p an d extractio n 

prio r  t o  injection ,  ha s  recentl y  becom e  availabl e  [4,5] , 

5. 2  Equipmen t  Specification s 

Unde r  idea l  conditions ,  th e  pea k profil e  recorde d durin g a n HPL C separatio n 

shoul d depen d onl y o n th e  operatin g characteristic s  o f  th e  colum n an d shoul d b e 

independen t  o f  th e  instrumen t  i n  whic h th e  colum n resides .  Unde r  les s  tha n 

idea l  conditions ,  th e  pea k profil e  wil l  b e  broade r  tha n th e  colum n profil e  b y a n 
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amoun t  equivalen t  t o  th e  extracolum n ban d broadening .  Thi s  broadenin g arise s 

fro m dispersio n an d mixin g phenomen a  whic h occu r  i n  th e  injector ,  colum n 

connectin g tubes ,  an d detecto r  cell ,  a s  wel l  a s  fro m electroni c  constraint s 

whic h gover n th e  respons e  spee d o f  th e  detecto r  an d recorder .  Th e  qualit y o f  a n 

instrumen t  migh t  therefor e  b e  judge d b y it s  abilit y  t o  minimiz e  extracolum n ban d 

broadenin g an d reproduc e  retentio n volumes .  Th e  constanc y o f  retentio n volume s 

i s  primaril y a  functio n o f  th e  solven t  deliver y syste m an d i s  discusse d later . 

The  independen t  factor s  whic h contribut e  t o  extracolum n ban d broadenin g ca n b e 
2 

treate d a s  additiv e  i n  thei r  secon d moment s  o r  variance s  ( ó  ) ,  accordin g t o  th e 

relationshi p  [6-11] : 
a \  -  ° 2col  +  ^ i n j  +  ° 2 tu b  +  ° 2 de t  +  °\c  + a\c  ( 5 > l ) 

2 
a  ^  =  tota l  varianc e  measure d fro m th e  chromatogra m 

ó 2

 n  =  colum n varianc e 
co l 

2 2  2 
ó .  · + ó ^ , + ó , Á =  varianc e  du e  t o  instrumen t  volume s 

mj  tu b de t 
2 2 

ó T C +  ó  R C =  v a r : " - a n c e du e  t o electroni c  respons e  tim e  function s 

The  assumptio n tha t  thes e  individua l  contribution s  ar e  independen t  o f  on e 

anothe r  ma y no t  b e  tru e  i n  practice .  Fo r  a n accurat e  calculatio n o f  instrumen t 

varianc e  i t  ma y b e  necessar y t o  coupl e  som e  o f  th e  individua l  contribution s 

[12] .  We  wil l  trea t  the m separatel y fo r  convenience . 

Ban d broadenin g du e  t o  injectio n arise s  becaus e  th e  sampl e  i s  introduce d 

int o th e  colum n a s  a  finit e  volume .  A  solut e  zon e  i s  forme d a t  th e  colum n hea d 

whic h reflect s  th e  degre e  o f  sampl e  axia l  displacemen t  durin g th e  injectio n 

time .  Thi s  solut e  zon e  i s  generall y  les s  tha n th e  injectio n volum e  du e  t o 

retentio n o f  th e  solut e  b y th e  colum n packing .  Th e  elutio n strengt h o f  th e 

injectio n solven t  an d th e  effec t  o f  solven t  dilutio n wit h th e  colum n mobil e 

phas e  wil l  determin e  th e  exten t  o f  th e  zon e  displacement .  Thi s  situatio n i s  to o 

comple x t o  permi t  descriptio n b y a  simpl e  mathematica l  model .  Tw o extrem e 

views ,  plu g o r  exponentia l  sampl e  injection ,  ca n b e  use d t o  defin e  th e  limitin g 

cases .  I n  plu g sampl e  injection ,  th e  sampl e  profil e  i s  considere d t o  b e  a 

squar e  wav e  functio n define d b y th e  injectio n volume ,  injectio n time ,  an d a 

constant ,  ë ,  relate d t o  th e  desig n o f  th e  injector ,  equatio n 5.2 . 

( 5 · 2 ) 

2 
(fo r  a  rectangula r  profile ,  ë  =  12 ) 

Plu g injectio n assume s  n o mixin g o f  th e  sampl e  wit h th e  mobil e  phase ;  thi s 

i s  a  fairl y  goo d approximatio n fo r  a  valv e  injectio n wher e  th e  sampl e  loo p i s 

momentaril y  inserte d int o th e  mobil e  phas e  stream .  A s  valv e  o r  stop-flo w 
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injectio n occur s  b y displacemen t  rathe r  tha n b y mixing ,  th e  tim e  o f  injectio n i s 

no t  important .  Th e  opposit e  i s  tru e  o f  syring e  injectio n int o a  flowin g stream ; 

here ,  injectio n tim e  wil l  directl y  influenc e  th e  lengt h o f  th e  solut e  zon e  an d 

th e  exponentia l  injectio n mode l  i s  mor e  appropriate . 

For  analytica l  purpose s  th e  maximu m allowabl e  sampl e  volum e  an d injectio n 
2 2 

tim e  t o  produc e  a n acceptabl e  degre e  o f  ban d broadening ,  è  ó  ^ nj »  c a n D e 

calculate d fro m th e  formula s  i n  Tabl e  5.1 .  Th e  valu e  o f  th e  numerica l  constan t 
ï 

è  ca n b e  selecte d t o  predic t  an y desire d se t  o f  boundar y conditions .  A  valu e 
2 

of  è  = 1 % i s  generall y  considere d reasonable . 

Ban d dispersio n i n  ope n tube s  i s  du e  t o  poo r  radia l  mas s  transfe r  o f  th e 

solut e  resultin g fro m th e  lamina r  natur e  o f  solven t  flow .  It s  contributio n t o 

tota l  syste m varianc e  ca n b e  calculate d usin g th e  formula s  i n  Tabl e  5.1 .  Fo r 

connectin g tube s  o f  les s  tha n 5  c m i n lengt h an d interna l  diameter s  o f  0. 5  t o 

0.1 5 mm thi s  contributio n i s  ver y small . 

The  influenc e  o f  th e  detecto r  cel l  volum e  o n colum n performanc e  i s 

generall y  mor e  significan t  tha n injectio n an d connectin g tub e  contribution s  i n 

moder n instruments .  Dependin g o n th e  desig n o f  th e  cell ,  i t  ca n eithe r  hav e  th e 

propertie s  o f  a  tub e  wit h plu g flo w o r  ac t  a s  a  mixin g volume .  I n  actuality , 

most  detecto r  cell s  behav e  i n  a  manne r  somewher e  betwee n thos e  represente d b y 

th e  tw o extrem e  models .  I f  th e  cel l  volum e  i s  approximatel y 10 % o f  th e  pea k 

volum e  detected ,  the n extracolum n ban d broadenin g fro m th e  detecto r  wil l  b e 

insignificant .  Thes e  condition s  ar e  me t  i n  practic e  b y commerciall y  availabl e 

detector s  havin g cel l  volume s  o f  6-1 0 microliter s  i f  the y ar e  use d t o  detec t 

wel l  retaine d peak s  fro m standar d analytica l  column s  operate d unde r  norma l 

conditions .  Fo r  solute s  o f  lo w retentio n o r  fo r  short ,  hig h efficienc y column s 

packe d wit h 3  t o  5  micromete r  packings ,  thes e  detecto r  volume s  ar e  to o larg e  an d 

ad d significantl y  t o  instrumen t  extracolum n ban d broadenin g [6,13] ,  T o tak e 

ful l  advantag e  o f  th e  separatin g powe r  o f  hig h efficienc y analytica l  columns ,  a 

detecto r  cel l  volum e  o f  abou t  1. 0  microlite r  i s  required . 

Detectio n an d recordin g device s  ca n caus e  ban d broadenin g du e  t o  thei r 

respons e  spee d whic h i s  primaril y  a  functio n o f  th e  tim e  constan t  associate d 

wit h resistance-capacitanc e  filte r  network s  use d t o  diminis h hig h frequenc y 

noise .  Detecto r  tim e  constant s  o f  commerciall y  availabl e  instrument s  ar e  i n  th e 

rang e  0. 5 t o  3. 0  seconds .  Fo r  hig h efficienc y analytica l  column s  a  valu e  o f 

0. 1  s  o r  smalle r  i s  desirable . 

5. 3  Solven t  Reservoir s  an d Solven t  Degassin g 

The  solven t  reservoi r  i s  a  storag e  containe r  o f  a  materia l  resistan t  t o 

chemica l  attac k b y th e  mobil e  phase .  I n  it s  simples t  for m a  glas s  jug ,  solven t 

bottle ,  o r  Erlenmeye r  flas k wit h a  ca p an d flexibl e  hos e  connectio n t o  th e  pum p 
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i s  adequate .  Th e  PTF E connectin g hos e  i s  terminate d o n th e  solven t  sid e  wit h a 

2-1 0 micromete r  filte r  t o  preven t  suspende d particl e  matte r  fro m reachin g th e 

pump.  I n  mor e  sophisticate d equipmen t  th e  solven t  reservoi r  ma y als o b e 

equippe d fo r  solven t  degassing .  Degassin g i s  require d t o  preven t  ga s  bubbl e 

formation ,  whic h degrade s  pum p an d detecto r  performance ,  whe n differen t  solvent s 

ar e  mixe d o r  th e  mobil e  phas e  i s  depressurized .  Thi s  procedur e  ca n b e  carrie d 

ou t  b y applyin g a  vacuu m abov e  th e  solvent ,  heatin g wit h vigorou s  stirring , 

ultrasoni c  treatment ,  o r  spargin g wit h nitroge n o r  heliu m [14-16] ,  A s  heliu m 

ha s  ver y lo w solubilit y  i n  mos t  commo n solvent s  vigorou s  spargin g wit h heliu m 

followe d b y a  slo w flo w o f  ga s  t o  preven t  redissolutio n o f  ai r  i s  perhap s  th e 

most  convenien t  method ,  althoug h al l  th e  abov e  method s  ar e  fairl y  efficien t  a t 

preventin g bubbl e  formation .  A  backpressur e  restricto r  o f  5-1 0 atmosphere s  a t 

th e  .detecto r  exi t  als o help s  minimiz e  th e  occurrenc e  o f  bubbl e  formation . 

A furthe r  proble m associate d particularl y  wit h oxyge n i n  th e  mobil e  phas e 

i s  th e  oxidativ e  degradatio n o f  sample s  an d phase s  an d a  reductio n i n 

sensitivit y  an d operatin g stabilit y  o f  ultraviolet ,  refractiv e  index , 

electrochemical ,  an d fluorescenc e  detectors .  Oxyge n absorb s  significantl y  i n 

th e  lo w wavelengt h U V region ,  190-26 0 nm ,  an d change s  i n  th e  mobil e  phas e  oxyge n 

concentratio n lea d t o  detecto r  baselin e  drift ,  rando m noise ,  a  los s  o f 

sensitivity ,  an d a  larg e  baselin e  offse t  a t  hig h sensitivity .  Th e  abov e 

observation s  als o appl y t o  th e  fluorescenc e  detecto r  wit h th e  additiona l 

possibilit y  tha t  substance-specific>oxyge n quenchin g o f  th e  fluorescenc e  signa l 

may occur .  Temperatur e  fluctuation s  an d oxyge n concentratio n ma y b e  couple d 

togethe r  i n  reducin g detecto r  baselin e  stabilit y  a t  hig h sensitivity .  Refluxin g 

solvent s  wa s  foun d t o  b e  th e  mos t  efficien t  metho d o f  reducin g oxyge n 

concentration s  whil e  spargin g wit h nitroge n o r  heliu m wa s  les s  efficien t  bu t 

mor e  convenien t  [16] ,  Particula r  car e  i s  neede d whe n spargin g wit h heliu m t o 

preven t  bac k diffusio n o f  ai r  int o th e  solven t  agains t  th e  muc h lighte r  heliu m 

gas .  Vacuu m degassin g an d ultrasoni c  treatmen t  wer e  no t  ver y effectiv e  i n 

reducin g oxyge n concentrations . 

5. 4  Hig h Pressur e  Pump s 

The  pum p i s  on e  o f  th e  mos t  importan t  component s  o f  th e  liqui d 

chromatograp h sinc e  it s  performanc e  directl y  affect s  retentio n tim e 

reproducibilit y  an d detecto r  sensitivity .  Othe r  component s  suc h a s  chec k 

valves ,  flo w controllers ,  mixin g chambers ,  puls e  dampers ,  an d pressur e 

transducer s  ma y b e  associate d wit h th e  pump' s  operation .  Som e  o f  thes e 

component s  ma y b e  electronicall y  linke d t o  th e  pum p t o contro l  it s  outpu t  o r 

switc h i t  of f  i f  a  defaul t  valu e  i s  exceeded . 

In.moder n HPL C th e  pumpin g syste m mus t  mee t  certai n  genera l  requirements . 
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For  analytica l  an d semi-preparativ e  application s  wher e  25-5 0 c m lon g column s 

havin g 4. 0 t o  1 0 mm interna l  diameters ,  packe d wit h 5  o r  1 0 micromete r  particle s 

ar e  typicall y  used ,  th e  pum p shoul d b e  abl e  t o  provid e  flo w rate s  o f  0. 5  t o  1 0 

ml/mi n a t  pressure s  reachin g 500 0 p.s.i .  .  Th e  volumetri c  flo w rat e  shoul d b e 

stabl e  an d accurat e  t o  bette r  tha n a  fe w percen t  ove r  thi s  range .  A  se t  o f 

criteri a  fo r  measurin g pum p performanc e  i s  give n i n  Tabl e  5.2 .  I n  genera l 

terms ,  a  hig h degre e  o f  accurac y i n  pum p resetabilit y  an d flo w rat e  contro l  wit h 

a  minimu m o f  pum p pulsatio n an d drif t  ar e  th e  hallmark s  o f  a  goo d pump .  Othe r 

consideration s  i n  pum p selectio n migh t  b e  price ,  chemica l  resistanc e  t o 

corrosiv e  solvents ,  serviceability ,  eas e  o f  operation ,  an d th e  tim e  require d fo r 

solven t  changeover .  Usin g th e  abov e  chec k lis t  virtuall y  onl y th e  mos t 

expensiv e  pump s  com e  clos e  t o  meetin g thes e  requirements .  Man y commercia l 

system s  represen t  a  compromis e  i n  whic h differen t  weightin g factor s  ar e  applie d 

t o  th e  importanc e  o f  thes e  criteria . 

TABLE 5. 2 

PUMP SPECIFICATIO N 

Specificatio n Descriptio n 

Pump Resetabilit y The  abilit y  t o  rese t  th e  pum p t o th e  sam e  flo w rat e 
repeatedly . 

Flo w Rat e  Accurac y The  abilit y  o f  th e  pum p t o delive r  exactl y  th e  flo w 
rat e  indicate d b y a  particula r  setting . 

Pump Pulsatio n o r Flo w change s  sense d b y th e  detecto r  a s  a  resul t  o f 
Nois e pump operation s  suc h a s  pisto n movemen t  an d chec k 

valv e  operation . 

Shor t  Ter m Precisio n The  accurac y o f  th e  volum e  outpu t  o f  th e  pum p ove r 
a  fe w minutes . 

Drif t Measur e  o f  th e  generall y  continuou s  increas e  o r 
decreas e  i n  th e  pum p outpu t  ove r  relativel y lon g 
period s  (e.g. ,  hours ) 

The  type s  o f  pump s  use d i n  HPL C instrument s  ca n b e  divide d int o tw o 

categories :  constan t  pressur e  pumps ,  suc h a s  th e  ga s  displacemen t  an d pneumati c 

amplifie r  pumps ,  an d constan t  volum e  models ,  suc h a s  reciprocatin g an d syring e 

pumps .  Som e  example s  o f  th e  variou s  type s  ar e  show n i n Figur e  5. 2 an d thei r 

propertie s  compare d i n  Tabl e  5. 3  [17-19] . 

The  simples t  an d leas t  expensiv e  o f  al l  HPL C pump s  i s  th e  ga s  displacemen t 

pump.  A  ga s  cylinde r  wit h regulato r  i s  use d t o  pressuriz e  a  liqui d i n  a 

*  Conversio n factor s  fo r  pressure :  ~  c-
14. 5 p.s.i .  =  1  ba r  =  0.986 8 at m =  1.0 2 kg/c m =  0. 1 MPa  (1 0 Pascals ) 
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Figur e  5. 2 Differen t  type s  o f  pump s  use d i n  hig h pressur e  liqui d 
chromatography .  A ,  ga s  displacemen t  pump ;  B ,  syring e  pump ; 
C,  pneumati c  amplifie r  pump ;  D ,  reciprocatin g pump . 

cylinde r  o r  holdin g coi l  an d the n forc e  i t  ou t  throug h a  chec k valve .  T o avoi d 

saturatin g th e  solven t  wit h ga s  th e  gas-liqui d interfac e  i s  small .  Th e 

pressurize d cylinde r  als o act s  a s  th e  solven t  reservoi r  an d mus t  b e  refille d 

periodically .  A  networ k o f  valve s  i s  provide d t o  d o thi s  convenientl y  [20,21] . 

The  mai n advantage s  o f  th e  ga s  displacemen t  pum p ar e  tha t  i t  generate s  a 

pulse-fre e  outpu t  an d ha s  lo w maintenanc e  costs .  Disadvantage s  ar e  th e  limite d 

reservoi r  volum e  an d operatin g pressure ,  a s  wel l  a s  limite d capabilitie s  fo r 

gradien t  elution .  Th e  maximu m operatin g pressur e  i s  establishe d b y th e  ga s 

cylinde r  pressur e  (ca .  250 0 p.s.i. )  an d th e  constanc y o f  flo w depend s  o n th e 

stabilit y  o f  th e  colum n bac k pressure . 

The  pneumati c  amplifie r  pum p use s  a  larg e  bor e  ga s  pisto n t o  driv e  a  liqui d 

pisto n o f  smalle r  size .  A n amplificatio n o f  th e  outle t  pressur e  ove r  th e  inle t 

pressur e  equivalen t  t o  th e  rati o  o f  th e  pisto n area s  i s  obtained .  Hig h pressur e 

operatio n i s  thu s  possible .  Th e  pneumati c  amplifie r  pum p i s  equippe d wit h a 

power-retur n strok e  tha t  permit s  ver y rapi d refillin g o f  th e  empt y pisto n 

chambe r  wit h mobil e  phase .  Thi s  pum p provide s  essentiall y  puls e  free , 

continuou s  pumpin g an d ca n achiev e  relativel y hig h volumetri c  flo w rates .  Fo r 

constan t  flo w th e  colum n bac k pressur e  mus t  remai n constant ;  som e  pump s  hav e  a n 
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automati c  flow-feedbac k syste m tha t  continuall y  adjust s  th e  ai r  inle t  pressur e 

t o  allo w fo r  fluctuation s  i n  th e  colum n bac k pressure . 

Syring e  pump s  consis t  o f  a  cylinde r  tha t  act s  a s  th e  mobil e  phas e  reservoi r 

an d a  piston ,  advance d b y a  moto r  connecte d throug h wor m gears ,  tha t  expel s  th e 

solvent .  Th e  pum p outpu t  i s  relativel y puls e  free .  A s  solvent s  ar e 

compressible ,  a  finit e  tim e  i s  require d befor e  th e  volumetri c  flo w rat e  i s 

constan t  a t  hig h pressure s  [22,23] .  Mos t  pump s  ar e  equippe d wit h a  fas t  pum p 

optio n t o  rapidl y pressuriz e  th e  solven t  i n  th e  reservoi r  an d minimiz e  th e  dela y 

tim e  whe n th e  pum p i s  firs t  started .  Durin g operation ,  stop-flo w valve s 

maintai n th e  pum p operatin g pressur e  betwee n injection s  o r  colum n 

depressurization ,  etc .  Syring e  pump s  requir e  littl e  maintenance ,  ca n operat e  a t 

hig h pressure s  an d flo w rates ,  an d ma y b e  use d fo r  flo w o r  gradien t 

programming .  Thei r  principa l  disadvantage s  ar e  hig h cos t  an d limite d solven t 

reservoi r  capacit y  (250-50 0 ml) . 

The  mos t  commonl y use d pump s  i n  HPL C ar e  o f  th e  single -  o r  multi-hea d 

reciprocatin g type .  Th e  singl e  pisto n versio n use s  a n eccentri c  ca m t o driv e  a 

pisto n i n  an d ou t  o f  a  lo w volum e  chambe r  (30-100 0 microliters) .  Th e  piston' s 

movemen t  i s  synchronize d wit h th e  operatio n o f  tw o chec k valve s  whic h contro l 

th e  directio n o f  liqui d flo w durin g th e  fil l  an d pum p sequences .  Th e  volumetri c 

outpu t  o f  th e  pum p i s  controlle d b y changin g th e  lengt h o f  th e  pisto n strok e  o r 

th e  frequenc y o f  th e  pisto n movement .  Th e  flo w outpu t  i s  delivere d a s  a  serie s 

of  pulse s  whic h mus t  b e  dampe d t o  preven t  interferenc e  i n  th e  detecto r 

operation .  Puls e  damper s  wil l  b e  describe d later .  Dual-hea d an d triple-hea d 

reciprocatin g pump s  ar e  mor e  expensiv e  tha n single-hea d pump s  bu t  minimiz e 

pulsatio n an d ma y b e  operate d withou t  a  puls e  damper .  Wit h a  dual-hea d 

reciprocatin g pum p bot h chamber s  ar e  drive n b y th e  sam e  moto r  throug h a  commo n 

ca m suc h tha t  th e  tw o piston s  ar e  180 °  ou t  o f  phase .  A s  on e  chambe r  i s  pumpin g 

th e  othe r  i s  refilling ;  thu s  th e  tw o flo w profile s  overlap ,  leadin g t o  partia l 

cancellatio n o f  th e  peak s  an d trough s  i n  th e  tota l  flo w output .  Likewise ,  wit h 

th e  triple-hea d pump ,  th e  thre e  piston s  ar e  120 °  ou t  o f  phas e  wit h on e  anothe r 

an d th e  cancellatio n o f  flo w pulsation s  i s  improve d accordingly . 

Reciprocatin g pump s  delive r  a  constan t  flo w a t  a  fixe d bac k pressure .  A t 

hig h pressure s  som e  mino r  flo w variabilit y  ma y aris e  du e  t o  th e  compressibilit y 

of  th e  mobil e  phase .  Som e  instrument s  incorporat e  a  flo w controlle r  whic h 

provide s  a  fixe d bac k pressur e  fo r  th e  pum p t o wor k against ,  independen t  o f 

colum n bac k pressure .  Th e  influenc e  o f  pressur e  fluctuation ,  solven t 

compressibility ,  an d solven t  viscosit y  o n th e  volumetri c  outpu t  o f  th e  pum p ar e 

thereb y eliminated .  Reciprocatin g pump s  ca n provid e  continuou s  solven t 

delivery ,  fas t  solven t  changeover ,  gradien t  elutio n compatibility ,  an d hav e  lo w 

maintenanc e  requirements . 

The  pum p ma y b e  linke d t o  othe r  component s  whic h contro l  o r  measur e  th e 
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operatin g pressure ,  volumetri c  flow ,  an d flo w fluctuation s  i n  it s  output . 

Pressure -  o r  electronically-actuate d chec k valve s  ar e  commonl y use d t o  contro l 

th e  directio n o f  flow .  Th e  volumetri c  flo w ma y b e  measure d b y a  pressur e 

transduce r  whic h monitor s  th e  pressur e  dro p acros s  a  calibrate d flo w 

restrictor .  Thi s  ensure s  tha t  th e  volumetri c  outpu t  fro m th e  pum p i s  constan t 

by operatin g i n  a  feed-bac k loo p system .  Alternatively ,  th e  volumetri c  flo w ca n 

be  measure d a t  th e  detecto r  exi t  usin g a n electro-pneumati c  flo w controlle r 

[24] ,  Thi s  devic e  employ s  th e  bubbl e  flo w tub e  principl e  i n  whic h th e  flo w rat e 

i s  measure d electronicall y  a s  th e  tim e  require d fo r  a  bubbl e  introduce d int o th e 

flo w strea m t o travers e  a  certai n  distance .  Fo r  pump s  tha t  produc e  a  pulsatin g 

outpu t  a  puls e  dampe r  i s  required .  Puls e  damper s  wor k i n  a  manne r  analogou s  t o 

tha t  o f  a  capacito r  i n  a n electrica l  circuit .  Th e  puls e  dampe r  store s  energ y 

durin g th e  pressurizin g strok e  an d release s  i t  durin g th e  refil l  strok e  o f  a 

reciprocatin g pum p [25] ,  Puls e  dampin g ha s  bee n achieve d usin g a  variet y  o f 

mechanica l  device s  suc h a s  syringes ,  bellows ,  an d coile d tubes ,  ofte n i n 

conjunctio n wit h a  flui d o r  ga s  ballas t  reservoir .  A n inexpensiv e  puls e  dampe r 

ca n b e  prepare d fro m a  lengt h o f  flattene d stainles s  stee l  tubin g o f 

significantl y  smalle r  cross-sectio n tha n th e  pressur e  pea k profil e  o f  th e  mobil e 

phas e  an d a  Bourdo n tub e  pressur e  regulato r  [25] ,  A  commerciall y  availabl e 

puls e  dampe r  use s  a  flattene d lengt h o f  Teflo n tubin g immmerse d i n  a  degasse d 

compressibl e  liquid .  Th e  flexibilit y  o f  th e  tubin g an d th e  compressibilit y  o f 

th e  flui d thu s  absor b an y pressur e  fluctuation s  i n  th e  solven t  stream .  Al l 

instrument s  shoul d contai n a  pressur e  sensin g devic e  t o  preven t 

overpressurizatio n whic h ca n resul t  i n  damag e  t o  th e  system .  I n th e  simples t 

cas e  thi s  migh t  b e  a  fixed-pressur e  releas e  valv e  o r  a  Bourdon-typ e  pressur e 

gauge .  I n  mor e  sophisticate d equipmen t  a  strain-sensitiv e  semiconducto r  crysta l 

whos e  resistanc e  varie s  wit h th e  applie d pressur e  i s  generall y  use d [26] . 

5. 5  Gradien t  Device s 

Sample s  havin g a  wid e  rang e  o f  capacit y  facto r  value s  ar e  no t  convenientl y 

separate d usin g isocrati c  conditions .  Gradien t  elutio n i s  frequentl y  use d i n 

thi s  case .  A  mobil e  phas e  gradien t  i s  forme d b y mixin g tw o o r  mor e  solvent s 

eithe r  incrementall y  o r  continuously ,  accordin g t o  som e  predetermine d gradien t 

shape .  Th e  mos t  frequentl y  use d gradient s  ar e  binar y solven t  system s  wit h a 

linear ,  concave ,  o r  conve x increas e  i n  th e  percen t  volum e  fractio n o f  th e 

stronge r  solvent .  Th e  gradien t  shape s  mentione d abov e  ca n b e  describe d b y 

simpl e  mathematica l  function s  [27] . 
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Linea r  gradien t  :  è â =  t/t G (5.3 ) 

Conve x gradien t  :  è â =  1  -  ( l- t / t G) n (5.4 ) 

Concav e  gradien t  :  è â =  ( t / t G ) n (5.5 ) 

è â =  volum e  fractio n o f  stronge r  elutin g solven t 

t  =  tim e  afte r  th e  gradien t  starte d 

t ^  =  tota l  gradien t  tim e 

ç  =  intege r  >  0 ,  control s  gradien t  steepnes s 

I f  th e  gradien t  commence s  fro m a  compositio n i n  whic h i s  no t  equa l  t o  zero , 
D 

the n 9g  i n  equatio n 5. 3 t o  5. 5  i s  replace d b y 

(e B - È Â°) ( 5 . 6 ) 

< - e B°) 

Q° - initia l  volum e  fractio n o f  È¼ 

D D 

è â ^  =  fina l  volum e  fractio n o f  è â 

The  basi c  requiremen t  o f  a  gradien t  devic e  ca n b e  state d a s  follows : 

I t  shoul d hav e  th e  abilit y  t o  produc e  a  reasonabl e  choic e  o f 
usefu l  gradien t  profiles . 

I t  mus t  provid e  homogeneou s  mixin g o f  th e  mobil e  phas e  befor e  i t 
reache s  th e  column . 

I t  shoul d b e  abl e  t o  creat e  reproducibl e  an d accurat e  gradient s 
ove r  th e  ful l  solven t  mixin g rang e  (0-100 % B ) . 

I t  shoul d minimiz e  th e  tim e  dela y betwee n th e  point s  a t  whic h 
th e  solvent s  ar e  combine d an d delivere d t o  th e  column . 

Gradien t  device s  ar e  usuall y  classifie d int o tw o types ,  Figur e  5.3 , 

dependin g o n whethe r  th e  solvent s  ar e  mixe d o n th e  lo w o r  hig h pressur e  sid e  o f 

th e  pump .  Man y ingeneou s  low-pressur e  mixin g systems ,  consistin g o f  a  singl e 

pump an d multipl e  reservoir s  feedin g a  dilutio n vessel ,  hav e  bee n describe d 

[28,29] .  Thes e  system s  generall y  d o no t  allo w rapi d solven t  change s  an d ar e 

unwieldl y i n  operation .  Moder n instrument s  us e  time-proportionin g 

electrovalves ,  regulate d b y a  microprocesso r  o r  simila r  device ,  t o  contro l 

solven t  deliver y t o  th e  pum p [30,31] .  T o obtai n th e  highes t  possibl e  accurac y 

th e  operatio n o f  th e  electrovalve s  shoul d b e  synchronize d wit h th e  movement s  o f 

th e  pum p system .  Thi s  gradien t  architectur e  i s  littl e  influence d b y solven t 

compressibilit y  effect s  an d ca n completel y eliminat e  error s  connecte d wit h 

thermodynami c  volum e  change s  du e  t o  mixin g o f  th e  solvents . 

I n  high-pressur e  mixin g device s  eac h solven t  i s  pumpe d separatel y i n  th e 
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proportion s  require d b y th e  gradien t  int o a  mixin g chambe r  befor e  bein g 

delivere d t o  th e  column .  Solven t  compressibilit y  an d thermodynami c  volum e 

change s  o n mixin g ma y influenc e  th e  accurac y o f  th e  compositio n delivere d t o  th e 

column .  A  significan t  disadvantag e  o f  th e  high-pressur e  mixin g architectur e  i s 

th e  nee d fo r  a  separat e  pum p fo r  eac h solven t  mixed . 

Mobil e 
Phas e 

I Componen t | 
A 

Mobil e 
Phas e 

Componen t 
Â 

Mobil e 
Phas e 

Componen t 
A 

Mobil e 
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Mixin g 
Chambe r 
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Valv e 
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Chambe r 

Pum p 

Electroni c 

Contro l 

Syste m 

Figur e  5. 3 Tw o method s  fo r  generatin g binar y solven t  gradients . 

The  characteristic s  an d pum p requirement s  fo r  gradien t  mixer s  wer e 

describe d i n  tw o usefu l  paper s  [32,33] .  Pneumati c  o r  hydrauli c  amplifie r  pump s 

produc e  a  variabl e  flo w outpu t  wit h tim e  du e  t o  change s  i n  th e  compressibilit y 

an d viscosit y  o f  th e  mobil e  phas e  a s  i t  i s  mixed .  Thus ,  unles s  a  precis e 

feedbac k flow-contro l  devic e  i s  incorporate d int o th e  pumpin g system ,  pump s  o f 

thi s  typ e  d o no t  normall y provid e  accurat e  gradients .  Th e  accurac y o f  gradient s 

forme d wit h syring e  pump s  ma y b e  strongl y influence d b y solven t  compressibilit y 

effect s  whe n solvent s  o f  differen t  compressibilitie s  ar e  mixed .  Operatin g bot h 

pumps  a t  a  constan t  pressur e  greate r  tha n th e  colum n backpressur e  wil l  generall y 

suppres s  thi s  effect .  A  bac k pressur e  valv e  i s  use d fo r  pressur e  control .  I n 

general ,  constant-volum e  reciprocatin g o r  diaphrag m pump s  ar e  preferre d fo r 

gradien t  mixing .  Reciprocatin g pump s  yiel d ver y accurat e  solven t  mixin g a t 

volume s  clos e  t o  equa l  mixing .  However ,  withou t  flow-feedbac k contro l  th e 

limite d rang e  o f  pum p speed s  prevent s  accurat e  mixin g o f  solvent s  a t  eithe r 

extrem e  o f  th e  compositio n limits .  Gradient s  containin g les s  tha n 10 % v/ v o f 

eithe r  solven t  shoul d normall y no t  b e  mixe d wit h reciprocatin g pumps . 

The  variabilit y  i n  retentio n volume s  an d pea k width s  i n  gradien t  elutio n 

chromatograph y i s  du e  primaril y  t o  th e  limit s  o f  precisio n an d reproducibilit y 

of  th e  mobil e  phas e  composition ,  th e  flo w rate ,  an d th e  colum n temperatur e 
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[33] .  Th e  mos t  importan t  o f  thes e  ar e  change s  i n  th e  mobil e  phas e  compositio n 

an d flo w rate ,  whic h ca n aris e  fro m eithe r  colum n effect s  o r  instrumen t 

malfunction .  Th e  abilit y  o f  th e  gradien t  forme r  t o  generat e  a  preselected , 

gradien t  ca n b e  establishe d b y substitutin g a  lengt h o f  crimpe d capillar y tubin g 

fo r  th e  analytica l  colum n an d connectin g thi s  directl y  t o  th e  detector .  I f  on e 

of  th e  solvent s  i s  UV-absorbin g (e.g. ,  acetone )  an d th e  othe r  transparen t  (e.g. , 

water ,  hexane )  the n th e  gradien t  profil e  ca n b e  reproduce d o n a  stri p  char t 

recorder .  Alternatively ,  i f  a  conductivit y  detecto r  i s  available ,  th e  gradien t 

shap e  ca n b e  evaluate d wit h th e  colum n i n plac e  b y usin g wate r  an d a  solutio n o f 

potassiu m bromid e  a s  th e  binar y mobil e  phas e  component s  [32] .  Deviation s  i n  th e 

actua l  gradien t  fro m th e  theoretica l  on e  indicat e  instrumen t  malfunctio n o r  poo r 

design .  I t  shoul d als o b e  note d tha t  a  dela y occur s  betwee n initiatin g th e 

gradien t  progra m an d whe n th e  ne w mobil e  phas e  reache s  th e  column .  Thi s  dela y 

tim e  depend s  o n th e  flo w rat e  an d correspond s  t o  a  volum e  o f  1-1 0 ml ,  comprisin g 

th e  volum e  element s  o f  th e  pum p (chamber ,  damper ,  flo w controlle r  volumes )  an d 

solven t  mixin g components .  Ideally ,  thi s  volum e  shoul d b e  smal l  fo r  rapi d 

gradien t  response .  I n  practice ,  a  compromis e  i s  mad e  betwee n th e  operationa l 

requirement s  o f  th e  pum p an d th e  desire d gradien t  performance .  I t  i s  importan t 

tha t  th e  colum n dea d volum e  an d th e  gradien t  dela y volum e  ar e  know n t o 

accuratel y relat e  solven t  compositio n t o  th e  elutio n o f  peak s  i n  th e  gradien t 

chromatogram .  Thi s  i s  usuall y  a  requiremen t  whe n gradien t  elutio n i s  use d t o 

scou t  fo r  optimu m isocrati c  separatio n conditions . 

Assumin g tha t  th e  instrumen t  gradien t  i s  perfect ,  substitutin g a  colum n fo r 

th e  crimpe d capillar y ma y sho w som e  deviatio n fro m th e  instrumen t  gradien t  a t 

th e  lo w percen t  volum e  compositio n en d o f  th e  stronge r  solvent .  Wit h a 

reversed-phas e  colum n thi s  i s  readil y  see n b y repeatin g th e  water-aceton e 

gradient .  Deviation s  fro m th e  instrumen t  gradien t  occu r  becaus e  o f  solven t 

demixing ,  du e  t o  preferentia l  adsorptio n o f  th e  stronge r  elutin g solven t  ont o 

th e  stationar y phas e  a t  lo w mobil e  phas e  concentrations .  Solven t  demixin g i s 

particularl y  noticeabl e  i n  liquid-soli d  chromatograph y wher e  solven t 

localizatio n o f  pola r  modifier s  occur s  readily .  Solven t  demixin g cause s  larg e 

variation s  i n  th e  retentio n o f  earl y  elutin g compounds . 

Rando m o r  systemati c  deviation s  fro m th e  prese t  mobil e  phas e  volum e 

compositio n an d flo w rat e  ar e  cause d b y imperfec t  functionin g o f  th e  mechanica l 

part s  o f  pump s  (plungers ,  valves ,  seals )  o r  th e  electroni c  part s  o f  th e  system . 

The  error s  observe d i n  delivere d isocrati c  composition ,  lon g an d shor t  ter m 

compositio n stability ,  an d flo w rat e  stabilit y  fo r  severa l  commercia l 

instrument s  wer e  foun d t o  b e  les s  tha n desirabl e  [32] .  Som e  instrument s  di d no t 

perfor m a s  wel l  a s  other s  whe n solvent s  o f  differen t  compressibilit y  o r 

viscosit y  wer e  use d t o  for m th e  gradient .  Deviation s  a s  larg e  a s  10 % i n th e 

isocrati c  solven t  volum e  compositio n wer e  foun d fo r  som e  o f  th e  pump s  tested . 
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Dual-pisto n pump s  wit h a  flow-feedbac k syste m wer e  show n t o b e  th e  mos t  reliabl e 

an d accurat e  i n  generatin g gradient s  closel y matchin g thos e  predicte d b y 

theory . 

5. 6  Injectio n Device s 

The  idea l  sampl e  introductio n metho d shoul d reproducibl y an d convenientl y 

inser t  a  wid e  rang e  o f  sampl e  volume s  int o th e  colum n a s  a  shar p plu g withou t 

adversel y affectin g th e  efficienc y o f  th e  column .  Thes e  goal s  ar e  me t  t o 

varyin g extent s  b y th e  followin g injecto r  types :  septum ,  septumless ,  stop-flow , 

an d valv e  injection ,  Figur e  5.4 .  Currently ,  microvolum e  samplin g valve s  ar e  th e 

most  frequentl y  use d devices .  Automati c  sampl e  injector s  ar e  availabl e  fo r 

unattende d an d overnigh t  operation . 

Septu m injectors ,  analogou s  t o  thos e  use d i n  gas-liqui d chromatography , 

permi t  sampl e  introductio n b y a  hig h pressur e  syring e  throug h a  self-sealin g 

elastome r  septum .  Severa l  design s  ar e  available ,  includin g injectio n port s 

whic h permi t  sampl e  splittin g [35 ]  an d thos e  wit h slidin g valve s  t o  minimiz e 

contac t  betwee n th e  septu m an d mobil e  phas e  [36-38] .  A  desig n employin g a 

doubl e  septu m separate d b y a  meta l  space r  ca n b e  operate d a t  pressure s  u p t o 

310 0 p.s.i .  [38] ,  althoug h a n uppe r  pressur e  limi t  o f  100 0 -  200 0 p.s.i .  i s  mor e 

common.  Hig h pressur e  syringe s  wil l  usuall y  withstan d pressure s  u p t o 

approximatel y 150 0 p.s.i .  Syring e  injector s  ar e  designe d s o tha t  th e  syring e 

needl e  jus t  reache s  th e  to p o f  th e  colum n packin g or ,  mor e  usually ,  a  stainles s 

stee l  o r  PTF E scree n a t  th e  hea d o f  th e  column .  Injectin g int o th e  colum n 

packin g itsel f  ma y resul t  i n  damag e  t o  th e  syring e  o r  disrup t  th e  colum n bed , 

leadin g t o  a  los s  i n  colum n efficiency .  Th e  dea d volum e  o f  th e  injecto r  abov e 

th e  colum n mus t  b e  minimized ;  an y poorl y swep t  volume s  int o whic h th e  sampl e  ma y 

bac k diffus e  wil l  resul t  i n  a  substantia l  reductio n o f  colum n efficiency .  Othe r 

problem s  wit h syring e  injectio n includ e  sampl e  leakag e  (bac k flushing )  aroun d 

th e  syring e  needl e  a t  th e  tim e  o f  injection ,  septu m decomposition ,  an d th e 

generatio n o f  ghos t  peaks .  Septu m materia l  deposite d a t  th e  to p o f  th e  colum n 

may caus e  a  los s  o f  colum n permeability ,  efficiency ,  an d affec t  retentio n tim e 

by partiall y  adsorbin g som e  sampl e  components .  Excep t  fo r  thos e  design s  whic h 

incorporat e  a  slidin g valv e  t o  isolat e  th e  septu m fro m th e  mobil e  phas e  afte r 

injection ,  ghos t  peak s  cause d b y adsorptio n o f  th e  sampl e  t o  th e  septu m o r 

leachin g o f  th e  septu m materia l  ca n b e  a  problem .  Th e  reproducibilit y  o f 

syring e  injectio n i s  rarel y bette r  tha n 2 % and ,  i n  general ,  syring e  injectio n i s 

mor e  troublesom e  tha n i n  ga s  chromatography . 
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Figur e  5. 4 Method s  o f  sampl e  introduction .  A ,  septu m injector ;  B ,  valv e 
injector ;  C  an d D ,  septumles s  stop-flo w injectio n devices . 

The  problem s  associate d wit h septu m injector s  ca n b e  eliminate d b y usin g 

septumles s  injector s  an d stop-flo w injectio n [39] ,  Usuall y  a  syste m o f 

isolatio n valve s  i s  use d t o  interrup t  th e  flo w o f  mobil e  phas e  prio r  t o  th e 

injecto r  an d permi t  injectio n b y syring e  a t  approximatel y atmospheri c  pressur e 

throug h a  secon d valve .  Reversin g th e  orde r  i n  whic h th e  valve s  ar e  switche d 
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complete s  th e  injectio n an d restore s  th e  mobil e  phas e  flow .  Colum n efficienc y 

i s  no t  affecte d b y th e  stop-flo w proces s  sinc e  diffusio n i n  liquid s  i s  ver y 

slow .  Th e  tim e  require d t o  resum e  ful l  pressur e  afte r  injectio n mus t  b e 

insignifican t  compare d t o  th e  tim e  require d t o  swee p ou t  th e  colum n voi d volum e 

or  ban d broadenin g o f  earl y  elutin g peak s  wil l  occur .  Stop-flo w injectio n i s 

most  easil y  achieve d wit h constant-pressur e  pumps ,  althoug h constant-volum e 

pumps  an d a  flo w divertio n valv e  ma y als o b e  used .  Th e  introductio n o f  ai r  int o 

th e  syste m durin g injectio n ma y disrup t  th e  detecto r  baseline . 

Microvolum e  samplin g valve s  ar e  widel y use d fo r  injectio n a s  the y enabl e 

sample s  t o  b e  reproducibl y introduce d int o pressurize d column s  withou t 

significan t  flo w interruptions .  The y als o provid e  th e  possibilit y  o f  injectio n 

a t  elevate d temperatures .  Th e  sampl e  i s  loade d a t  atmospheri c  pressur e  int o a n 

externa l  loo p o r  groov e  i n  th e  valv e  cor e  an d introduce d int o th e  mobil e  phas e 

strea m b y a  shor t  rotatio n o f  th e  valve .  Th e  volum e  o f  sampl e  injecte d i s 

normall y varie d b y changin g th e  volum e  o f  th e  sampl e  loo p o r  b y fillin g a  fixe d 

volum e  sampl e  loo p wit h a  combinatio n o f  solven t  an d sample .  Specia l 

variable-volum e  sampl e  valve s  ar e  als o availabl e  [40] .  Valv e  injection s  ar e 

essentiall y  operato r  independen t  an d ver y reproducibl e  wit h injectio n error s  o f 

les s  tha n 0.2% . 

A compariso n o f  syring e  stop-flo w an d valv e  injectio n indicate d tha t  a 

smal l  increas e  i n  colum n efficienc y wa s  observe d fo r  th e  syring e  techniqu e 

[41] .  A  furthe r  smal l  increas e  i n  performanc e  wa s  observe d whe n th e  injecto r 

was  modifie d t o  provid e  introductio n o f  th e  mobil e  phas e  t o  th e  colum n i n a 

curtain-flo w arrangemen t  [42] .  Th e  curtain-flo w arrangemen t  i s  achieve d b y 

divertin g a  portio n o f  th e  mobil e  phas e  flo w t o th e  injectio n poin t  an d 

constrainin g i t  t o  flo w annularl y  aroun d thi s  point ,  limitin g sampl e  diffusio n 

t o  th e  colum n wal l  (se e  Chapte r  4 ,  Figur e  4.8D) .  Th e  curtain-flo w techniqu e  als o 

improve s  colum n performanc e  slightl y  whe n valv e  injectio n i s  used . 

Wit h valv e  injection ,  th e  colum n efficienc y i s  degrade d slightl y  b y th e 

metho d o f  couplin g th e  valv e  t o  th e  colum n [43] .  Th e  lengt h o f  th e  connectin g 

tub e  shoul d b e  short ,  5  c m i s  a n acceptabl e  an d convenien t  length ,  an d o f  smal l 

interna l  diameter ,  0.1 5 o r  0.5 0 mm.  I t  wa s  als o foun d tha t  maximu m colum n 

efficienc y resulte d whe n th e  valve-to-colum n connectio n a t  th e  colum n hea d wa s 

made  wit h a  lo w dead-volum e  fittin g an d th e  column-to-detecto r  connectio n wit h a 

zer o dead-volum e  fitting .  Thi s  i s  presumabl y du e  t o  a n optimizatio n o f  th e  flo w 

patter n a t  th e  colum n injectio n en d a s  th e  couplin g arrangemen t  doe s  no t  confor m 

t o th e  minimu m dea d volum e  situatio n tha t  migh t  hav e  bee n expected . 

5. 7  Detector s  fo r  Liqui d Chromatograph y 

Separation s  i n  liqui d chromatograph y occu r  i n  a  dynami c  manne r  an d 
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therefor e  requir e  detectio n system s  whic h wor k on-lin e  an d produc e  a n 

instantaneou s  recor d o f  th e  colum n events .  Suitabl e  detector s  ar e  generall y 

considere d t o  belon g t o  eithe r  o f  tw o classes :  bul k propert y o r  solut e  propert y 

detectors .  Bul k propert y detector s  measur e  th e  differenc e  i n  som e  physica l 

propert y o f  th e  solut e  i n  th e  mobil e  phas e  compare d t o  th e  mobil e  phas e  alone . 

Example s  o f  suc h physica l  propert y detector s  ar e  th e  refractiv e  index , 

dielectri c  constant ,  an d conductivit y  detectors .  Bul k propert y detector s  ar e 

fairl y  universa l  i n  applicatio n bu t  generall y  hav e  poo r  sensitivit y  an d a 

limite d dynami c  range .  Thi s  arise s  primaril y  fro m th e  fac t  tha t  th e  magnitud e 

of  th e  detecto r  signa l  doe s  no t  depen d solel y o n th e  propertie s  o f  th e  solut e 

bu t  o n th e  differenc e  i n  propertie s  betwee n th e  solut e  an d th e  mobil e  phase . 

Thu s  bul k propert y detector s  ar e  usuall y  adversel y affecte d b y smal l  change s  i n 

th e  mobil e  phas e  compositio n an d temperature ,  whic h usuall y  preclude s  th e  us e  o f 

suc h technique s  a s  flo w programmin g o r  gradien t  elution . 

Solut e  propert y detector s  respon d t o  a  physica l  o r  chemica l  propert y o f  th e 

solut e  which ,  ideally ,  i s  independen t  o f  th e  mobil e  phase .  Example s  o f  suc h 

detector s  ar e  spectrophotometric ,  fluorescence ,  an d electrochemica l  detectors . 

Althoug h mobil e  phas e  independenc e  i s  rarel y me t  i n  practice ,  th e  signa l 

discriminatio n i s  usuall y  sufficien t  t o  permi t  operatio n wit h solven t  change s 

(e.g. ,  flo w programming ,  gradien t  elution )  an d t o  provid e  hig h sensitivit y  wit h 

a  wid e  linea r  respons e  range .  Solute-specifi c  detector s  complemen t  bul k 

propert y detector s  a s  the y provid e  hig h sensitivit y  an d selectivity .  O f  cours e 

the y d o no t  hav e  universa l  solut e  detectio n characteristic s  s o tha t  severa l 

detector s  ma y b e  require d t o  mee t  th e  demand s  o f  differen t  problems . 

The  detectio n proces s  i n  liqui d chromatograph y ha s  presente d mor e  problem s 

tha n i n  ga s  chromatography .  Ther e  i s  n o equivalen t  t o  th e  sensitive ,  universa l 

flam e  ionizatio n detecto r  fo r  us e  i n  liqui d chromatography .  Indeed ,  th e  searc h 

fo r  a  liqui d chromatographi c  detecto r  wit h hig h sensitivity ,  wid e  linea r  dynami c 

range ,  goo d linearity ,  predictabl e  response ,  an d th e  capabilit y  o f  detectin g al l 

solute s  equall y  seem s  t o  hav e  ru n ful l  cours e  an d thi s  goa l  ma y neve r  b e 

reached .  Curren t  development s  ar e  directe d toward s  th e  developmen t  o f  specifi c 

detector s  fo r  particula r  problems .  Spac e  an d emphasi s  preclud e  a  discussio n o f 

al l  th e  detector s  availabl e  fo r  us e  i n  HPL C an d th e  intereste d reade r  i s 

directe d t o  specifi c  review s  o f  detector s  [44-46 ]  an d t o  th e  monograp h b y Scot t 

[13] .  Th e  primar y detector s  — refractiv e  index ,  spectrophotometric , 

fluorescenc e  an d electrochemica l  wil l  b e  describe d i n  th e  followin g sections . 

5.7. 1  Refractiv e  Inde x Detector s 

Refraction ,  th e  abilit y  t o  ben d light ,  i s  a  propert y o f  al l  molecules .  Th e 

rang e  o f  refractiv e  inde x value s  fo r  mos t  organi c  compound s  i s  relativel y small , 
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providin g a  universal ,  i f  generall y  insensitiv e  metho d o f  detection .  Detectio n 

limit s  i n  favorabl e  circumstance s  ar e  o n th e  orde r  o f  1  microgram .  Refractio n 

i s  als o a  propert y o f  th e  mobil e  phas e  an d consequentl y  al l  detector s  wor k o n 

th e  differentia l  principle ,  comparin g th e  refractio n o f  th e  mobil e  phas e  i n  th e 

referenc e  cel l  t o  th e  mobil e  phas e  an d solut e  i n  th e  sampl e  cel l  [13,14] , 

Differentia l  operatio n i s  require d fo r  detecto r  stabilit y  a s  detecto r  nois e  i s 

ver y muc h influence d b y th e  constanc y o f  th e  mobil e  phas e  composition , 

temperature ,  an d pressure .  A s  smal l  change s  i n  th e  mobil e  phas e  compositio n 

caus e  excessiv e  detecto r  drift ,  gradien t  elutio n i s  no t  possibl e  eve n wit h 

differentia l  operation .  Becaus e  th e  detecto r  respond s  t o  th e  differenc e  i n  th e 

refractiv e  inde x betwee n th e  mobil e  phas e  an d th e  mobil e  phas e  containin g 

sample ,  i t  i s  norma l  fo r  th e  detecto r  t o  respon d i n  bot h th e  positiv e  an d th e 

negativ e  direction s  fo r  differen t  component s  i n  a  mixture .  Th e  magnitud e  o f  th e 

detecto r  signa l  i s  governe d b y th e  refractiv e  inde x differenc e  betwee n th e 

sampl e  an d th e  mobil e  phas e  an d i s  thu s  dependen t  o n th e  selectio n o f  th e  mobil e 

phase .  Compound s  havin g th e  sam e  refractiv e  inde x a s  th e  mobil e  phas e  ar e  no t 

detected . 

Ther e  ar e  thre e  type s  o f  refractiv e  inde x detector s  availabl e  fo r 

HPLC:  th e  deflection-ref Tactometer ,  Fresnel-ref Tactomete r  an d th e 

interferomete r  detector .  Th e  deflection-ref Tactomete r  i s  show n i n Figur e 

5.5A .  I t  sense s  th e  deflectio n o f  a  ligh t  bea m tha t  passe s  throug h a  triangula r 

shape d cel l  (Snell' s  law) .  A  bea m o f  ligh t  i s  define d b y a  mas k B ,  collimate d 

by len s  C ,  an d the n passe d throug h th e  sampl e  an d referenc e  cel l  twice ,  bein g 

reflecte d bac k i n  th e  directio n o f  trave l  b y mirro r  E .  Th e  ligh t  bea m i s 

detecte d b y a  position-sensitiv e  photodetecto r  whic h measure s  th e  chang e  i n 

angula r  positio n a s  th e  refractiv e  inde x changes .  Deflection-ref Tactometer s 

hav e  th e  advantag e  o f  a  wid e  linea r  range ,  th e  entir e  refractiv e  inde x rang e  ca n 

be  covere d wit h on e  prism ,  smal l  detecto r  cell s  ca n b e  fabricated ,  an d th e  cell s 

ar e  relativel y insensitiv e  t o  ai r  bubble s  o r  th e  buildu p o f  contaminant s  o n th e 

sampl e  cel l  windows . 

The  Fresnel-ref Tactomete r  use s  a  differentia l  photodiod e  t o  measur e  th e 

chang e  i n  th e  amoun t  o f  ligh t  reflecte d o n passag e  throug h a  glas s  liqui d 

interface ,  Figur e  5.5B .  Th e  referenc e  cel l  compensate s  fo r  mobil e  phas e 

variation s  an d fo r  variation s  i n  th e  sourc e  output .  Th e  differenc e  i n  intensit y 

of  th e  ligh t  reflecte d i n  th e  tw o beam s  i s  relate d t o  th e  refractiv e  inde x 

differenc e  betwee n th e  sampl e  an d referenc e  cell s  b y Fresnel' s  la w an d ha s  a 

fairl y  larg e  linea r  rang e  whe n th e  inciden t  ligh t  strike s  th e  cel l  nea r  th e 

critica l  angle .  Smal l  cell s  ( 3  microliters )  ar e  easil y  fabricate d fo r  thi s 

detecto r  bu t  tw o prism s  ma y b e  require d t o  cove r  th e  ful l  rang e  o f  refractiv e 

inde x value s  encountere d fo r  HPL C solvents .  Advantage s  o f  thi s  desig n ar e  hig h 

sensitivity ,  compatibilit y  wit h lo w colum n flo w rates ,  an d eas e  o f  cleaning . 
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Figur e  5. 5 Refractiv e  Inde x Detectors .  A ,  deflection-refractoraeter ; 
B,  Fresnel-refractometer . 

A ne w typ e  o f  refractomete r  detecto r  use s  th e  shearin g interferomete r 

principle .  Th e  differenc e  betwee n th e  refractiv e  indicie s  o f  th e  sampl e  an d 

referenc e  stream s  produce s  a  differenc e  i n  optica l  pat h lengt h whic h i s  measure d 

by th e  interferomete r  i n  fraction s  o f  ligh t  wavelengths .  A n orde r  o f  magnitud e 

increas e  i n  sensitivit y  compare d t o  conventiona l  detector s  i s  claime d b y th e 

manufacturers . 

The  refractiv e  inde x o f  a  compoun d i s  a  functio n o f  it s  molecula r  densit y 

an d i s  sensitiv e  t o  change s  i n  sampl e  concentration ,  solven t  composition , 

pressure ,  an d temperature .  Th e  backgroun d detecto r  nois e  wil l  b e  influence d b y 

al l  thes e  parameter s  a s  wel l  a s  b y th e  stabilit y  o f  th e  detecto r  an d recorde r 

electronics .  Som e  o f  thes e  parameters ,  fo r  exampl e  th e  constanc y o f  th e  mobil e 

phas e  compositio n an d operatin g pressure ,  ar e  dependen t  o n th e  operatin g 

functio n o f  th e  chromatograph .  A  concentratio n o f  1  pp m correspond s  t o  a 

refractiv e  inde x chang e  o f  abou t  1 0 R I  units ,  whic h coul d easil y  b e  exceede d 

by transien t  change s  i n  th e  mobil e  phas e  composition .  A  chang e  i n  pressur e  o f 
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on e  atmospher e  wil l  caus e  a  chang e  o f  abou t  1 0  ̂  R l  units .  However ,  th e  larges t 

variation s  ar e  associate d wit h temperatur e  fluctuation s  wher e  a  1° C differenc e 

ca n caus e  a  chang e  o f  6  ÷  10" ^  R l  units .  Commercia l  detector s  ar e  usuall y 

fitte d wit h a n interna l  hea t  sink ,  normall y a  lengt h o f  narro w bor e  tubin g i n 

th e  inle t  sid e  o f  th e  cell ,  t o  stabiliz e  th e  temperatur e  o f  th e  mobil e  phase . 

Eve n wit h dua l  bea m operation ,  temperatur e  contro l  t o  ±  1 0  ̂ ° C i s  desirabl e  fo r 

hig h sensitivit y  detection .  Th e  hea t  sin k ma y contribut e  a  dea d volum e  o f 

20-10 0 microliter s  t o  th e  chromatographi c  system . 

5.7, 2 Spectrophotometri c  Detector s 

UV-visibl e  absorptio n detector s  ar e  th e  mos t  widel y use d detector s  i n 

liqui d chromatography .  A s  mos t  organi c  compound s  hav e  som e  usefu l  absorptio n i n 

th e  U V regio n o f  th e  spectrum ,  thes e  detector s  ar e  fairl y  universa l  i n 

application ,  althoug h sensitivit y  depend s  o n ho w strongl y th e  sampl e  absorb s  an d 

th e  availabilit y  o f  a  transparen t  mobil e  phas e  a t  th e  wavelengt h o f  maximu m 

absorption .  Tabl e  5. 4  summarize s  som e  typica l  mola r  absorptivit y  value s  fo r 

common functiona l  groups .  Th e  tabl e  ca n b e  use d a s  a n ai d i n  predictin g 

wavelengt h maxim a  an d detecto r  sensitivity .  I t  als o indicate s  tha t  th e  mos t 

universa l  wavelengt h regio n fo r  detectio n i s  180-21 0 nm ,  whic h i n  practice ,  i s 

ofte n difficul t  t o  acces s  du e  t o  problem s  i n  findin g transparen t  solvent s  fo r 

th e  separation . 

The  operatio n o f  spectrophotometri c  detector s  i s  base d o n th e  measuremen t 

of  th e  absorbanc e  o f  monochromati c  ligh t  b y th e  sampl e  i n  accordanc e  wit h th e 

well-know n Beer-Lamber t  law .  Mos t  detector s  provid e  a n outpu t  i n  absorbanc e 
4 

unit s  whic h i s  linearl y  relate d t o  sampl e  concentratio n ove r  a  rang e  o f  1 0 t o 

10 .  Detectio n limit s  ar e  i n  th e  lo w t o subnanogra m rang e  i n  favorabl e 

circumstances . 

Ther e  ar e  severa l  type s  o f  spectrophotometri c  detector s  commerciall y 

available .  Singl e  wavelengt h detector s  wit h a  lo w pressur e  mercur y sourc e  hav e 

a  hig h energ y outpu t  a t  25 4 nm .  Thes e  detector s  ar e  simple ,  rugged ,  an d 

inexpensive .  Usin g a  highl y regulate d source ,  dua l  bea m operation ,  an d silico n 

photodiod e  detectors ,  a  ver y hig h signal-to-nois e  rati o  ca n b e  achieved .  Thei r 

principa l  limitatio n i s  tha t  th e  sampl e  mus t  hav e  som e  absorptio n a t  th e 

operatin g wavelengt h o f  25 4 n m t o b e  detected .  Multiwavelengt h version s  o f  th e 

abov e  detecto r  ar e  available ,  i n  whic h a  mediu m pressur e  mercur y lam p an d a 

serie s  o f  filter s  o r  a  phospho r  scree n ar e  use d t o  provid e  severa l  selectable , 

fixe d wavelengths .  Phosphor s  re-emittin g 25 4 n m ligh t  a t  28 0 n m ar e  commonl y 

used .  On e  detecto r  desig n allow s  th e  tw o wavelengths ,  25 4 an d 28 0 nm ,  t o  b e 

use d simultaneously .  Usin g mercur y discharg e  lamp s  an d filter s  th e  wavelength s 

220 ,  254 ,  280 ,  313 ,  334 ,  an d 36 5 n m ma y b e  selecte d fo r  detection .  However ,  th e 
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TABLE 5. 4 

REPRESENTATIVE MOLAR ABSORPTIVIT Y VALUES FO R SOME COMMON FUNCTIONAL GROUPS 

Compoun d Typ e Chromophor e Wavelength(nm ) Mola r  Absorptivit y 

Acetylid e -C5C - 175-18 0 6,00 0 
Aldehyd e -CHO 21 0 1,50 0 

280-30 0 11-1 8 
Amine -NH 2 19 5 2,80 0 

Azid o C=N 19 0 5,00 0 
Azo -N= N 285-40 0 3-2 5 
Bromid e -B r 20 8 30 0 
Carboxy l -COOH 200-21 0 50-7 0 
Disulfid e -s- s 19 4 5,50 0 

25 5 40 0 
Este r -COOR 20 5 50 
Ethe r -0 - 18 5 1,00 0 
Iodid e - I 26 0 40 0 
Keton e C=0 19 5 1,00 0 

270-28 5 15-3 0 
Nitrat e -0N0 2 27 0 12 

Nitril e -C= N 16 0 _ 

Nitrit e -0N 0 220-23 0 1000-200 0 
300-40 0 10 

Nitr o -N0 2 21 0 stron g 

Nitros o -N= 0 30 2 10 0 
Oxime -NOH 19 0 5,00 0 
Sulfon e -so 2 

18 0 -

Sulfoxid e S-> 0 21 0 1,50 0 
Thioethe r -S- 0 19 4 4,60 0 

21 5 1,60 0 
Thioketon e C=S 20 5 stron g 
Thio l -S H 19 5 1,40 0 
Unsaturation , -(c-c v 26 0 35,00 0 
conjugate d 

-(c=c) 4- 30 0 52,00 0 

-(c=c) 5- 33 0 118,00 0 

Unsaturation , -c=c - 19 0 8,00 0 
aliphati c -(c=c) 2- 210-23 0 21,00 0 

Unsaturation , -(C=C )  - 230-26 0 3000-800 0 
alicycli c 
Miscellaneou s c=c-c= c 29 1 6,50 0 
compound s C=C-C=N 22 0 23,00 0 

c=c=c= o 210-25 0 10,000-20,00 0 
300-35 0 wea k 

C=C-N0 o 22 9 9,50 0 
Benzen e æ 18 4 46,70 0 

20 2 6,90 0 
25 5 17 0 

Dipheny l 24 6 20,00 0 
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inciden t  energ y o f  thes e  line s  i s  onl y a  fractio n o f  th e  sourc e  energ y a t  25 4 n m 

fo r  a  lo w pressur e  mercur y source ,  an d th e  signal-to-nois e  rati o  an d sensitivit y 

i s  somewha t  lowe r  tha n expected . 

The  mos t  generall y  usefu l  detecto r  i n  HPL C i s  th e  continuousl y variabl e 

multipl e  wavelengt h detector .  Wavelength s  ar e  eithe r  selecte d manuall y  i n  th e 

rang e  o f  190-90 0 n m or ,  i n  a n automate d version ,  th e  detecto r  ma y b e  programme d 

t o chang e  wavelength s  durin g th e  separatio n and ,  wit h sto p flo w techniques ,  sca n 

th e  complet e  spectru m o f  an y peak .  Thes e  detector s  us e  hig h energ y sources , 

relativel y lo w optica l  resolutio n (i.e. ,  wid e  bandpas s  monochromators) ,  an d 

stable ,  lo w nois e  electronics .  A n exampl e  o f  a  multipl e  wavelengt h detecto r  i s 

show n i n Figur e  5.6 .  I n  general ,  thes e  detector s  produc e  a  signal-to-nois e 

rati o  slightl y  lowe r  tha n th e  fixe d wavelengt h detector s  bu t  ar e  no t  limite d i n 

wavelengt h selection . 

Carefu l  consideratio n mus t  b e  give n t o  th e  desig n o f  th e  detecto r  cel l  a s 

i t  form s  a n integra l  par t  o f  bot h th e  chromatographi c  an d optica l  systems .  Th e 

detecto r  cel l  volum e  shoul d b e  a s  smal l  a s  possibl e  t o  reduc e  contribution s  t o 

extracolum n ban d broadening .  Conversely ,  a  larg e  illuminatio n volum e  i s  desire d 

fo r  hig h sensitivity .  I n  practice ,  cel l  desig n i s  a  compromis e  betwee n thes e 

tw o extremes .  Th e  Ç-cell ,  Z-cell ,  an d th e  tapere d cel l  ar e  th e  mos t  commo n 

design s  (Figur e  5.6 )  [48] ,  Relatin g th e  desig n o f  th e  cel l  t o  th e  measuremen t 

optic s  i s  comple x an d wil l  no t  b e  discusse d her e  [49-51] , 

Absorbanc e  measurement s  i n  HPL C ar e  influence d b y refractiv e  inde x effect s 

associate d wit h a  nonhomogeneou s  refractiv e  inde x throughou t  th e  cell .  Thi s 

arise s  fro m temperatur e  gradients ,  incomplet e  mixing ,  an d turbulenc e  i n  th e 

mobil e  phase .  Thei r  effect s  caus e  refractio n o f  som e  o f  th e  inciden t  ligh t  t o 

th e  cel l  walls ,  wher e  i t  i s  no t  detecte d an d thu s  mistakenl y take n t o  represen t 

sampl e  absorption .  Th e  tapere d cel l  show n i n Figur e  5. 6 i s  designe d s o that , 

withi n th e  refractiv e  inde x rang e  o f  mobil e  phase s  use d i n  HPLC ,  n o ligh t  i s 

sufficientl y  refracte d t o  reac h th e  cel l  wal l  (th e  liqui d len s  show n i n th e 

figur e  i s  inserte d t o  mode l  th e  effec t  o f  refractio n an d i s  no t  a  physica l  par t 

of  th e  cell) .  Alternatively ,  fo r  cell s  o f  a  conventiona l  design ,  a n optica l 

syste m wit h apertur e  an d fiel d  stop s  externa l  t o  th e  cel l  i s  use d t o  minimiz e 

refraction . 

I t  shoul d als o b e  note d tha t  mos t  spectrophotometri c  detector s  ar e  o f  th e 

double-bea m type .  Thi s  compensate s  fo r  change s  i n  th e  sourc e  outpu t  an d permit s 

some  backgroun d correctio n fo r  thos e  solvent s  havin g a  lo w absorbanc e  a t  th e 

measurin g wavelength. .  Thi s  i s  no t  effectiv e  fo r  gradien t  elutio n wher e 

backgroun d correctio n i s  bes t  don e  electronically . 

The  variabl e  wavelengt h detector s  ca n enhanc e  th e  informatio n gaine d abou t 

a  sampl e  b y providin g spectroscopi c  evidenc e  t o  augmen t  retentio n volum e  data . 

The  couplin g o f  tw o fixe d wavelengt h detector s  i n  serie s  t o  monito r  th e 
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Figur e  5. 6 Multipl e  wavelengt h spectrophotometri c  detector .  A ,  optica l 
diagram ;  B ,  Z-cell ;  C ,  tapere d cell . 

separatio n a t  tw o differen t  wavelength s  provide s  a n absorbanc e  rati o  valu e  fo r 

eac h pea k [52] .  Bake r  e t  al .  studie d th e  separatio n o f  10 1 forensi c  drug s  b y 

HPLC [53] ,  Base d o n retentio n time s  alon e  onl y 9 % o f  th e  drug s  coul d b e 

positivel y identified ,  compare d t o  95 % whe n bot h retentio n time s  an d thei r 

absorbanc e  ratio s  a t  25 4 an d 28 0 n m wer e  used .  Wit h a  variabl e  wavelengt h 

detecto r  th e  colum n flo w ca n b e  stopped ,  arrestin g th e  pea k i n  th e  detector , 

whic h i s  the n scanne d manuall y  o r  automaticall y  t o  produc e  a n absorbanc e 

spectrum .  Thi s  techniqu e  i s  know n a s  stop-flo w scannin g [54-56] ,  Th e  optimu m 

wavelengt h fo r  detectio n an d characteristi c  wavelengt h ratio s  fo r  qualitativ e 
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identificatio n ar e  easil y  obtaine d fro m th e  spectrum .  Measurin g th e  detecto r 

pea k ratio s  a t  severa l  position s  i n  a  pea k profil e  i s  a  usefu l  metho d o f 

evaluatin g pea k homogeneit y  an d identifyin g th e  presenc e  o f  unresolve d 

contaminants .  I t  i s  usuall y  possibl e  t o  measur e  wavelengt h ratio s  wit h bette r 

tha n 2 % precisio n unde r  favorabl e  circumstances .  Fo r  variabl e  wavelengt h 

detector s  se t  manuall y  thi s  ma y requir e  wavelengt h resetabilit y  o f  ±0. 1 nm ,  a 

valu e  probabl y no t  attainabl e  i n  practic e  [57] ,  Precisio n o f  th e  measurement s 

i s  als o influence d b y baselin e  location ,  whic h need s  t o  b e  constantl y  rese t  a s 

th e  wavelengt h o r  mobil e  phas e  i s  changed .  I t  ma y requir e  severa l  minute s  t o 

perfor m thes e  measurement s  manuall y  but ,  owin g t o  th e  slo w diffusio n o f 

component s  i n  th e  mobil e  phase ,  th e  separatio n i s  no t  degrade d whil e  th e  flo w i s 

stopped . 

I n  general ,  th e  absorbanc e  spectr a  obtaine d b y stop-flo w technique s 

provide s  littl e  diagnosticall y  usefu l  informatio n abou t  a n unknow n componen t 

unles s  a  standar d i s  availabl e  fo r  comparison .  Th e  detector s  use d i n  HPL C 

provid e  lo w resolutio n spectr a  essentiall y  devoi d o f  fin e  structure ,  precludin g 

a  compariso n t o  commo n spectra l  indicie s  generall y  recorde d unde r  hig h 

resolutio n conditions . 

Obtainin g a  singl e  spectru m b y stop-flo w scannin g require s  a t  leas t  a  fe w 

minute s  an d become s  quit e  tediou s  whe n mor e  tha n a  fe w peak s  ar e  sampled . 

Rapid-scannin g multiwavelengt h detector s  usin g oscillatin g mirrors ,  solid-stat e 

diod e  array s  o r  silicon-targe t  Vidico n tube s  hav e  bee d describe d [58-61] .  Wit h 

th e  ai d o f  a  compute r  o r  microprocesso r  thes e  system s  ca n generat e  a  complet e 

spectru m fo r  a  pea k durin g it s  passag e  throug h th e  detector .  Th e  linea r 

photodiod e  arra y detecto r  i s  no w commerciall y  availabl e  an d wil l  undoubtedl y 

gro w i n popularit y  [61] . 

5.7. 3  Fluorescenc e  Detector s 

Onl y a  smal l  percentag e  o f  al l  inorgani c  an d organi c  compound s  ar e 

naturall y  fluorescent .  However ,  man y biologicall y  activ e  compounds , 

pharmaceutica l  products ,  an d environmenta l  contaminant s  ar e  fluorescen t  which , 

combine d wit h th e  ver y hig h sensitivit y  possibl e  i n  fluorescenc e  detection , 

explain s  it s  widesprea d use .  Th e  inheren t  sensitivit y  an d selectivit y  o f 

fluorescenc e  detectio n ha s  generate d a  grea t  dea l  o f  interes t  i n  fluorescenc e 

labelin g (precolum n derivatization )  an d reactio n flo w detectors ,  (postcolum n 

derivatization )  fo r  th e  trac e  analysi s  o f  non-fluorescen t  o r  weakl y fluorescin g 

compounds .  Thi s  ha s  furthere d th e  interes t  an d applicatio n o f  fluorescenc e 

detectio n i n  HPLC . 

When a  polyatomi c  molecul e  absorb s  a  quantu m o f  light ,  a n electro n i s 

promote d fro m th e  lowes t  vibrationa l  leve l  o f  th e  groun d stat e  t o  highe r  energ y 
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electroni c  state s  i n  accordanc e  wit h th e  selectio n rule s  o f  quantu m mechanics . 

Followin g thi s  absorptio n o f  energy ,  th e  molecul e  relaxe s  t o  th e  lowes t 

vibrationa l  leve l  o f  th e  firs t  excite d single t  electroni c  stat e  b y radiationles s 

route s  (interna l  conversion ,  vibrationa l  relaxation ,  etc.) ,  a t  whic h poin t  a 

radiativ e  transitio n t o  th e  groun d electroni c  stat e  occur s  wit h th e  productio n 

of  fluorescence .  Fluorescen t  transition s  resul t  i n  ban d spectr a  a s  th e 

electroni c  energ y level s  involve d ar e  no t  discret e  bu t  spli t  b y couplin g wit h 

vibrationa l  energ y levels .  Th e  excitatio n spectrum ,  correcte d fo r 

wavelength-dependan t  instrumen t  parameters ,  i s  a  replic a  o f  th e  absorptio n 

spectru m o f  th e  compound .  Fo r  detectio n purposes ,  operatio n a t  th e  wavelengt h 

correspondin g t o  th e  intensit y  maxim a  i n  th e  excitatio n an d emissio n spectr a 

provide s  maximu m sensitivity .  A t  othe r  wavelength s  th e  signa l  ma y b e  reduce d i n 

intensit y  bu t  stil l  adequat e  fo r  detectio n purposes .  Thi s  i s  virtuall y  alway s 

th e  cas e  whe n multipl e  componen t  sample s  ar e  separate d b y HPL C usin g fixe d 

wavelengt h fluorescenc e  detectors . 

The  selectivit y  o f  th e  fluorescenc e  detectio n proces s  arise s  becaus e  tw o 

wavelength s  ar e  use d i n  th e  measurin g proces s  an d fro m th e  fac t  tha t  certai n 

structura l  feature s  ar e  require d i n  a  molecul e  fo r  fluorescenc e  t o  occur .  Th e 

molecula r  requirement s  fo r  fluorescenc e  canno t  b e  clearl y  define d bu t  man y 

fluorescen t  molecule s  contai n rigid ,  planar ,  conjugate d systems .  Fluorescenc e 

i s  a  ver y sensitiv e  techniqu e  since ,  i n  contras t  t o  absorptio n measurements ,  th e 

emitte d radiatio n i s  measure d agains t  a  dar k background .  Thi s  dar k backgroun d 

i s  du e  t o  th e  us e  o f  filter s  o r  monochromator s  t o  isolat e  th e  emissio n signa l 

fro m th e  excitatio n background ,  an d i s  enhance d b y arrangin g th e  measurin g 

optic s  off-axi s  (usuall y  90° )  t o  th e  excitatio n beam .  I n a  well-designe d 

instrumen t  sensitivit y  i s  essentiall y  limite d b y scattere d ligh t  fro m th e  sampl e 

i n  solutio n (Rayleigh ,  Tyndall ,  an d Raman )  an d stra y ligh t  originatin g fro m th e 

measurin g cel l  an d instrumen t  optics .  Thes e  contribution s  constitut e  th e 

principa l  source s  o f  detecto r  noise . 

For  dilut e  solution s  ( < 0.0 5 A.U. )  th e  measure d fluorescenc e  intensit y  ca n 

be  relate d t o  sampl e  concentratio n b y equatio n (5.7) . 

I f  =  I  è £ (2. 3  elc )  (5.7 ) 

1^  =  fluorescenc e  emissio n intensit y 

I  =  excitatio n bea m intensit y 
numbe r  o f  photon s  emitte d 

= quantu m yiel d =  • 
numbe r  o f  photon s  observe d 

å  =  mola r  extinctio n coefficien t 
1  =  pat h lengt h 
c  =  sampl e  concentratio n 
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For  fluorescenc e  detector s  use d i n  liqui d chromatograph y th e  abov e  equatio n 

i s  generall y  linea r  fo r  a  concentratio n rang e  o f  2- 3 order s  o f  magnitude . 

Detectio n limit s  o f  1  picogra m ma y b e  obtaine d unde r  favorabl e  circumstances . 

Sensitivit y  depend s  o n th e  instrumen t  ( I  an d th e  reductio n o f  scattere d an d 

stra y light) ,  th e  sampl e  (quantu m efficiency) ,  an d th e  compositio n o f  th e  mobil e 

phas e  (solvents ,  impurities ,  etc. )  [62] . 

Detector s  availabl e  fo r  fluroscenc e  monitorin g i n  HPL C diffe r  mainl y i n  th e 

metho d use d t o  isolat e  th e  excitatio n an d emissio n wavelengths .  Eithe r  filter s 

or  monochromator s  ar e  use d fo r  thi s  purpose .  A  bloc k diagra m o f  a  simpl e  filte r 

flurorescenc e  detecto r  i s  show n i n Figur e  5. 7 [63] ,  A s  th e  signa l  intensit y  i s 

directl y  proportiona l  t o  th e  sourc e  intensity ,  hig h energ y lin e  (mercury )  o r 

continuou s  (tungsten ,  deuterium ,  xenon )  source s  ar e  used .  Mercur y source s  ar e 

ver y reliabl e  an d reasonabl y intense ,  producin g a  serie s  o f  U V lin e  spectr a 

superimpose d o n a  wea k continuum .  Thu s  onl y certai n  wavelength s  ar e  availabl e 

fo r  excitatio n an d ma y no t  overla p wit h th e  maximu m excitatio n wavelengt h o f  th e 

sample .  Fo r  continuousl y variabl e  selectio n o f  th e  excitatio n wavelengt h 

deuteriu m (190-40 0 nm) ,  tungste n (380-70 0 nm) ,  an d xeno n (200-85 0 nm )  ar c 

source s  o f  a  wid e  rang e  o f  intensitie s  ar e  used .  A s  ar c  source s  ar e  inherentl y 

mor e  unstabl e  tha n discharg e  source s  a  metho d o f  compensatin g fo r  lon g ter m 

drif t  i s  required .  I n  Figur e  5. 7 thi s  i s  achieve d b y splittin g of f  par t  o f  th e 

excitatio n energ y t o  a  referenc e  detector ,  electronicall y  linke d t o  th e  sampl e 

detector ,  whic h correct s  fo r  fluctuation s  i n  th e  sourc e  intensity .  Wavelengt h 

isolatio n i s  performe d usin g filter s  o r  diffractio n gratin g monochromators . 

Cut-of f  filter s  provid e  lo w selectivit y  sinc e  the y transmi t  al l  ligh t  abov e  a 

certai n  wavelength .  Interferenc e  filter s  ar e  use d t o  obtai n a  narro w bandpas s 

(10-2 0 nm) .  Monochromator s  havin g a  narro w bandpass ,  provid e  continuou s 

wavelengt h selectio n and ,  wit h stop-flo w scanning ,  ca n provid e  a n emissio n 

spectru m fo r  peak s  o f  interest .  Th e  detecto r  show n i n Figur e  5. 7 i s  unusua l  i n 

tha t  i t  enable s  th e  emissio n wavelengt h t o  b e  varie d b y scannin g a  continuousl y 

variabl e  interferenc e  filte r  pas t  a  vertica l  sli t  [63] .  Cut-of f  filter s 

generall y  provid e  a  greate r  signa l  tha n i s  availabl e  i n  th e  narro w wavelengt h 

interva l  selecte d b y a  monochromato r  [64,65] .  However ,  thi s  signa l  enhancemen t 

i s  obtaine d a t  th e  expens e  o f  a  los s  i n  selectivity . 

The  comment s  mad e  earlie r  concernin g cel l  desig n fo r  spectrophotometri c 

detector s  als o pertai n  t o  fluorescenc e  detectors .  Figur e  5. 7 show s  a  diagra m o f 

a  uniqu e  cel l  whic h use s  a  2 ð steradia n sampl e  cuvett e  t o  maximiz e  th e 

fluorescenc e  emissio n signa l  collected .  Sampl e  fluorescenc e  i s  generate d i n  al l 

direction s  simultaneousl y an d th e  hig h ligh t  gatherin g powe r  an d lo w cel l  volum e 

of  thi s  desig n ar e  goo d features .  Detecto r  cell s  wit h volume s  o f  3- 5 

microliter s  hav e  onl y recentl y  becom e  availabl e  an d man y olde r  instrument s 

contai n cell s  whic h ar e  large r  tha n i s  desirabl e  fo r  us e  wit h modern ,  hig h 
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Figur e  5. 7 Fluorescenc e  detector .  A ,  optica l  diagram ;  B ,  2nsteradia n cuvette . 

efficienc y HPL C columns . 

I t  i s  frequentl y  overlooke d tha t  th e  fluorescenc e  signa l  fro m a  sampl e  ma y 

be  dramaticall y  affecte d i n  bot h wavelengt h an d emissio n intensit y  b y th e  mobil e 
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phas e  compositio n an d eve n b y th e  presenc e  o f  contaminant s  i n  th e  mobil e  phase . 

Some  o f  thes e  solven t  effect s  ar e  summarize d i n  Tabl e  5.5 .  Unde r  les s  tha n 

idea l  condition s  th e  constanc y wit h whic h th e  pump  deliver s  an d mixe s  th e  mobil e 

phas e  an d th e  presenc e  o f  contaminant s  i n  th e  mobil e  phas e  ma y influenc e 

detecto r  sensitivit y  an d reproducibilit y  mor e  tha n fluctuation s  i n  th e  detecto r 

operatin g systems .  Fluorescenc e  detectio n ca n b e  use d wit h gradien t  elutio n 

and ,  unles s  th e  mobil e  phas e  contain s  a  hig h leve l  o f  fluorescen t  impurities , 

th e  detecto r  baselin e  change s  ver y littl e  durin g th e  solven t  program . 

TABLE 5. 5 

THE INFLUENC E O F MOBIL E PHAS E COMPOSITIO N O N FLUORESCENCE EMISSIO N 

Mobil e  Phas e 
Paramete r 

Effec t  o n Fluorescenc e  Emissio n 

PH 

Solven t 

Temperatur e 

Concentratio n 

Quenchin g 

Bot h th e  emissio n wavelengt h an d fluorescenc e  intensit y  o f 
ionizabl e  aromati c  compound s  (i.e. ,  thos e  containin g 
acidi c  o r  basi c  functiona l  groups )  ar e  criticall y 
dependen t  upo n p H an d solven t  hydrogen-bondin g interactions . 

Intensit y  change s  o f  a n orde r  o f  magnitud e  an d larg e 
wavelengt h shift s  ar e  foun d fo r  molecule s  whic h ca n underg o 
stron g solven t  interactions .  A  shif t  i n  th e  fluorescenc e 
spectru m t o longe r  wavelength s  i s  usuall y  observe d a s  th e 
dielectri c  constan t  o f  th e  solven t  i s  increased .  I f  th e 
solven t  absorb s  an y o f  th e  excitatio n o r  emissio n energy , 
th e  sensitivit y  wil l  b e  reduced . 

Many compound s  sho w marke d temperatur e  dependenc e  wit h 
increasin g temperature ,  causin g a  decreas e  i n  intensit y 
of  1-2 % pe r  °C . 

At  hig h concentration s  fluorescenc e  emissio n become s  non -
linea r  du e  t o  self-absorptio n b y th e  sampl e  itsel f  o r 
complet e  absorptio n o f  th e  excitatio n energ y befor e  i t 
reache s  th e  cel l  center .  Usuall y  occur s  a t  >0.05A .  Hig h 
fluorescenc e  intensit y  ma y overloa d th e  photomultiplie r 
tub e  whic h return s  slowl y t o  it s  norma l  operatin g condition s 
an d misrepresent s  th e  actua l  fluorescenc e  signa l  unti l 
restabilized . 

Impuritie s  i n  th e  mobil e  phase ,  particularl y  oxygen ,  ma y 
entirel y  quenc h th e  signa l  fro m lo w concentration s  o f 
fluorescen t  compounds ,  (se e  solven t  degassing ,  discusse d 
elsewhere) . 

Photodecompositio n Hig h intensit y  source s  ma y caus e  sampl e  decomposition ,  whic h 
depend s  o n th e  residenc e  tim e  o f  th e  sampl e  i n  th e  detecto r 
cell . 

Recently ,  laser s  hav e  receive d a  grea t  dea l  o f  attentio n a s  source s  fo r 

fluorometri c  detectio n i n  HPL C [66] .  Laser s  ca n provid e  highe r  powe r  intensit y 

tha n conventiona l  source s  an d thei r  inheren t  spatia l  coherenc e  an d 
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monochromaticit y  allow s  al l  o f  th e  radiatio n t o  b e  efficientl y  utilize d i n  a 

smal l  detectio n volume .  Whe n th e  cos t  rati o  o f  laser s  t o  conventiona l  source s 

becom e  mor e  reasonable ,  an d th e  selectio n o f  operatin g wavelength s  les s  limited , 

the n lase r  fluorometri c  detectio n wil l  b e  ver y attractiv e  fo r  HPL C 

applications . 

5.7. 4  Electrochemica l  Detector s 

Electrochemica l  detector s  includ e  th e  conductivit y  detecto r  fo r  th e 

determinatio n o f  ioni c  specie s  an d th e  amperometric ,  coulometric ,  an d 

polarographi c  detector s  fo r  th e  determinatio n o f  compound s  whic h ca n b e  ' 

electrolyticall y  oxidize d o r  reduce d a t  a  workin g electrod e  [67-70] .  Thes e 

detector s  ar e  selectiv e  a s  no t  al l  organi c  compound s  ar e  conductin g o r 

electrolyzabl e  withi n th e  useabl e  voltag e  range .  Example s  o f  compound s  whic h 

ca n b e  detecte d convenientl y  ar e  phenols ,  mercaptans ,  aromati c  nitr o  an d haloge n 

compounds ,  catecholamines ,  heterocycli c  compounds ,  ketones ,  an d aldehydes .  I n 

additio n t o  th e  selectivit y  resultin g fro m th e  electroactivit y  requirement ,  th e 

potentia l  applie d t o  th e  detecto r  ca n b e  adjuste d t o  discriminat e  betwee n 

differen t  electroactiv e  species .  Thi s  enable s  on e  electroactiv e  specie s  t o  b e 

detecte d i n  th e  presenc e  o f  anothe r  withou t  interference .  Othe r  advantage s  o f 

electrochemica l  detector s  ar e  thei r  reliability ,  simple ,  lo w volum e  cel l  desig n 

(0.1- 5 microliters) ,  an d hig h sensitivity .  I n  favorabl e  circumstances ,  picogra m 

detectio n limit s  ma y b e  obtained .  Electrochemica l  detectio n require s  th e  us e  o f 

conductin g mobil e  phase s  containin g inorgani c  salt s  o r  mixture s  o f  wate r  wit h 

water-miscibl e  organi c  solvents ,  condition s  whic h ar e  compatibl e  wit h 

reversed-phas e  an d ion-exchang e  chromatograph y bu t  ar e  difficul t  t o  achiev e  wit h 

othe r  techniques .  Thes e  problem s  ca n b e  circumvente d t o  som e  exten t  i f  th e 

mobil e  phas e  i s  wate r  miscibl e  b y addin g a  make-u p flo w o f  suppor t  electrolyt e 

at  th e  colum n exit .  Detecto r  operatio n i s  criticall y  dependen t  o n flo w rat e 

constancy ,  solutio n pH ,  ioni c  strength ,  temperature ,  cel l  geometry ,  th e 

conditio n o f  th e  electrod e  surface ,  an d th e  presenc e  o f  electroactiv e  impuritie s 

(dissolve d oxygen ,  halides ,  trac e  metals) .  Th e  backgroun d detecto r  nois e  an d 

thus ,  th e  ultimat e  sensitivit y  o f  th e  detector ,  ar e  controlle d b y dissolve d 

oxygen ,  ioni c  impurities ,  an d th e  contaminatio n o f  th e  electrod e  surface , 

couple d wit h transien t  change s  i n  th e  pum p output .  A s  th e  respons e  o f  th e 

detecto r  i s  criticall y  dependen t  o n th e  overal l  solutio n characteristic s  o f  th e 

mobil e  phase ,  gradien t  elutio n i s  no t  normall y possible . 

Amperometri c  detector s  ar e  base d o n thin-laye r  o r  tubula r  electrod e  cells . 

Thin-laye r  cell s  ar e  popula r  i n  practice ,  owin g t o  th e  eas e  wit h whic h smal l 

cel l  volume s  an d a  variet y  o f  electrod e  material s  ca n b e  used .  Tw o example s  o f 

thin-laye r  electrochemica l  cell s  ar e  show n i n Figur e  5.8 .  Th e  colum n eluen t  i s 
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Figur e  5. 8 Thin-laye r  electrochemica l  amperometri c  detectors .  A ,  thin-laye r 
detector ;  B ,  wall-je t  detector . 

introduce d eithe r  paralle l  t o  th e  electrod e  embedde d i n  th e  channe l  wal l  a s  i n 

Figur e  5.8A ,  o r  perpendicula r  t o  th e  electrod e  surfac e  followe d b y radia l 

dispersion ,  th e  so-calle d wall-je t  detector .  Th e  wall-je t  detecto r  ha s  hig h 

sensitivity ,  ca n b e  adjuste d t o  provid e  variou s  detecto r  cel l  volumes ,  an d i s 

relativel y fre e  fro m surfac e  adsorptio n problems .  Carbon-past e  o r  glass y carbo n 

material s  ar e  mos t  commonl y use d fo r  electrod e  material s  [70] ,  Th e  workin g 

electrod e  i s  maintaine d a t  a  fixe d potentia l  wit h respec t  t o  a  referenc e 

electrode ,  usuall y  a t  o r  nea r  th e  limitin g curren t  platea u fo r  th e  compoun d o f 

interest .  Thi s  ma y b e  determine d fro m th e  current-potentia l  recordin g o f  a 

stati c  sampl e  b y standar d electrochemica l  procedures .  Th e  chromatogra m i s 

recorde d b y measurin g th e  detecto r  cel l  curren t  a t  a  fixe d potentia l  a s  th e 

sampl e  i s  elute d fro m th e  column .  Th e  backgroun d curren t  wil l  remai n constan t 

as  lon g a s  th e  mobil e  phas e  velocit y  an d compositio n d o no t  chang e  an d i s 

subtracte d fro m th e  analytica l  signal .  Th e  resultin g detecto r  curren t  i s 

directl y  proportiona l  t o  th e  concentratio n o f  electroactiv e  specie s  i n 

accordanc e  wit h Faraday' s  law . 

When amperometri c  detectio n i s  used ,  th e  electrolysi s  o f  th e  electroactiv e 

specie s  i s  no t  complete ,  typicall y  1-10% .  B y increasin g th e  electrod e  surfac e 

are a  th e  electrolysi s  ma y reac h 100% ,  a t  whic h poin t  th e  coulometri c  limi t  i s 

reached .  Th e  coulometri c  detecto r  i s  insensitiv e  t o  flo w rat e  an d temperatur e 
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change s  an d respond s  i n  a n absolut e  manner ,  eliminatin g th e  nee d fo r 

calibration .  However ,  th e  coulometri c  detecto r  i s  mor e  pron e  t o  electrod e 

contamination ,  present s  greate r  desig n problems ,  an d require s  stric t  potentia l 

contro l  ove r  th e  entir e  workin g electrod e  surface .  Althoug h th e  conversio n o f 

electroactiv e  specie s  i s  muc h highe r  i n  th e  coulometri c  detector ,  th e  backgroun d 

nois e  i s  als o greate r  tha n fo r  th e  amperometri c  detector ;  thu s  bot h detector s 

exhibi t  simila r  sensitivity . 

Microvolum e  droppin g mercur y polarographi c  detector s  ca n b e  use d i n  HPL C 

fo r  th e  determinatio n o f  electro-reducibl e  specie s  (th e  lo w oxidatio n potentia l 

of  mercur y preclude s  thei r  us e  fo r  oxidizabl e  species) .  Surfac e  contaminatio n 

i s  rarel y a  proble m a s  th e  electrod e  surfac e  i s  continuousl y renewed . 

Disadvantage s  includ e  hig h backgroun d current s  du e  t o  curren t  oscillation s  ove r 

th e  lifetim e  o f  th e  drop ,  turbulenc e  cause d b y th e  liqui d flo w i n th e  regio n o f 

th e  drop ,  an d th e  nee d fo r  comple x cel l  designs .  Recen t  innovation s  i n  cel l 

desig n an d electroni c  dampin g o f  th e  signa l  hav e  don e  muc h t o  domesticat e  th e 

polarographi c  detector ,  althoug h it s  genera l  us e  i s  fa r  les s  frequen t  the n 

amperometri c  detectors .  Sensitivit y  i s  simila r  t o  th e  amperometri c  detector s 

bu t  it s  rang e  o f  applicatio n i s  mor e  limited . 

Conductanc e  i s  a  fundamenta l  propert y o f  ion s  i n  solutio n an d exhibit s  a 

simpl e  dependenc e  o n io n concentration .  Thu s  th e  measuremen t  o f  conductanc e  i s 

an obviou s  choic e  fo r  th e  continuou s  an d selectiv e  monitorin g o f  ioni c  specie s 

i n  a  colum n eluent .  A  typica l  detecto r  cel l  consist s  o f  a  lo w volum e  cavit y  o r 

tub e  o f  insulatin g material ,  i n  whic h electrode s  mad e  o f  a  nobl e  meta l  o r 

graphit e  ar e  embedded .  Generally ,  a  constan t  alternatin g voltag e  i s  applie d t o 

th e  electrode s  an d th e  resistanc e  i s  measure d b y a  simpl e  Wheatston e  bridg e 

circui t  (th e  conductivit y  o f  a  solutio n i s  equivalen t  t o  it s  specifi c 

resistance) .  Th e  cel l  resistanc e  i s  relate d t o  sampl e  concentratio n b y Ohm' s 

law .  Conductivit y  detector s  ar e  simpl e  t o  operat e  and ,  i n  th e  absenc e  o f 
- 8  - 9 

backgroun d electrolyte ,  provid e  hig h sensitivit y  (1 0 -  1 0 g/ml) .  Conductin g 

impuritie s  i n  th e  mobil e  phas e  limi t  absolut e  sensitivity . 

5.7. 5  Performanc e  Characteristic s  o f  Liqui d Chromatograph y Detector s 

The  detecto r  performanc e  characteristic s  o f  interes t  t o  th e  chromatographe r 

ar e  sensitivity ,  minimu m detectability ,  dynami c  range ,  respons e  linearity ,  an d 

nois e  characteristics .  Othe r  propertie s  o f  th e  detectio n syste m whic h indicat e 

it s  suitabilit y  fo r  a  particula r  proble m ar e  flo w sensitivit y  an d respons e 

time .  Som e  definition s  an d formula s  fo r  calculatin g performanc e  criteri a  ar e 

give n i n  Tabl e  5.6 .  I t  i s  convenien t  t o  divid e  chromatographi c  detector s  int o 

tw o groups :  concentratio n sensitiv e  device s  whic h respon d t o  a  chang e  o f  mas s 

pe r  uni t  volum e  (g/ml )  an d mas s  sensitiv e  device s  whic h respon d t o  a  chang e  i n 
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mas s  pe r  uni t  tim e  (g/s) .  Mos t  detector s  use d i n  liqui d chromatograph y ar e  o f 

th e  concentratio n sensitiv e  typ e  an d exhibi t  flo w rat e  dependen t  sensitivity . 

Detecto r  nois e  i s  th e  ultimat e  limi t  t o  sensitivity .  Ther e  ar e  thre e 

characteristi c  type s  o f  nois e  (shor t  term ,  lon g term ,  an d drift )  whic h ma y hav e 

differen t  characteristic s  dependin g o n whethe r  i t  i s  measure d unde r  stati c  o r 

dynami c  condition s  (Figur e  5.9) .  Stati c  nois e  represent s  th e  stabilit y  o f  th e 

detecto r  whe n isolate d fro m th e  chromatograph .  Dynami c  nois e  pertain s  t o  th e 

norma l  operatin g condition s  o f  th e  detecto r  wit h a  flowin g eluen t  stream . 

SHORT-TER M NOIS E 

LONG-TER M NOIS E 

10 Minute s 

DRIFT 

Figur e  5. 9 Method s  fo r  calculatin g short-ter m an d long-ter m noise ,  an d 
drif t  fo r  chromatographi c  detectors . 

Ideally ,  th e  stati c  an d dynami c  nois e  shoul d b e  ver y similar ;  th e  performanc e  o f 

th e  detecto r  i s  otherwis e  bein g degrade d b y th e  poo r  performanc e  o f  th e  solven t 

deliver y syste m o f  th e  chromatograph .  Th e  nois e  signa l  i s  measure d ove r  a 

perio d o f  tim e  o n a  recorde r  wit h th e  detecto r  amplife r  se t  t o  th e  maximu m 

usabl e  sensitivity .  Short-ter m nois e  i s  th e  maximu m amplitud e  fo r  al l  rando m 
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variation s  o f  th e  detecto r  signa l  o f  a  frequenc y greate r  tha n on e  cycl e  pe r 

minute .  I t  i s  calculate d fro m th e  recorde r  trac e  b y dividin g th e  detecto r 

outpu t  int o a  serie s  o f  tim e  segment s  les s  tha n on e  minut e  i n  duratio n an d 

summin g th e  vertica l  displacemen t  o f  eac h segmen t  ove r  a  fixe d tim e  interva l 

usin g equatio n (5.8) . 

(se e  Figur e  5. 9 fo r  a n explanatio n o f  symbols ) 

Long-ter m nois e  i s  th e  maximu m detecto r  respons e  fo r  al l  rando m variation s 

of  th e  detecto r  signa l  o f  frequencie s  betwee n 6  an d 6 0 cycle s  pe r  hour .  Th e 

vertica l  distance s  an d ar e  obtaine d b y dividin g th e  nois e  signa l  int o te n 

minut e  segment s  an d constructin g paralle l  line s  transectin g th e  cente r  o f 

gravit y  o f  th e  pe n deflections .  Long-ter m nois e  represent s  nois e  tha t  ca n b e 

mistake n fo r  a  lat e  elutin g peak .  Drif t  i s  th e  averag e  slop e  o f  th e  nois e 

envelop e  measure d a s  th e  vertica l  displacemen t  o f  th e  pe n ove r  a  perio d o f  1  h 

(actuall y  measure d ove r  3 0 minute s  an d normalize d t o  1  h ) .  Fo r 

spectrophotometri c  detectors ,  th e  signa l  respons e  i s  proportiona l  t o  th e  pat h 

lengt h o f  th e  cel l  an d nois e  value s  ar e  normalize d t o  a  pat h lengt h o f  1  c m 

[71,72] ,  Standar d practice s  fo r  measurin g flo w sensitivit y  an d respons e  tim e  o f 

spectrophotometri c  detector s  ar e  als o detaile d i n  reference s  [71,72] .  Th e 

dynami c  rang e  o f  th e  detecto r  i s  determine d fro m a  plo t  o f  detecto r  respons e  o r 

sensitivit y  agains t  sampl e  amoun t  (mas s  o r  concentration) .  I t  represent s  th e 

rang e  o f  sampl e  amoun t  fo r  whic h a  chang e  i n  sampl e  siz e  induce s  a  descernibl e 

chang e  i n  th e  detecto r  signa l  (Figur e  5.10) .  However ,  i t  i s  th e  linea r  rang e 

an d no t  th e  dynami c  rang e  o f  th e  detecto r  whic h i s  o f  mos t  interes t  t o  th e 

chromatographer .  Th e  linea r  rang e  i s  th e  rang e  o f  sampl e  amoun t  ove r  whic h th e 

respons e  o f  th e  detecto r  i s  constan t  t o  withi n 5% .  I t  i s  usuall y  expresse d a s 

th e  rati o  o f  th e  highes t  sampl e  amoun t  determine d fro m th e  linearit y  plo t  t o  th e 

minimu m detectabl e  sampl e  amoun t  (Figur e  5.10) . 

Unfortunately ,  mos t  o f  th e  availabl e  detecto r  performanc e  criteria , 

emanatin g largel y fro m th e  individua l  instrumen t  companies ,  i s  no t  give n i n  th e 

abov e  standar d format .  Althoug h on e  ca n appreciat e  th e  reasonin g fo r  thi s  i t 

doe s  no t  hel p th e  chromatographe r  mak e  a  sensibl e  choic e  betwee n detector s  o f 

th e  sam e  kin d o r  t o  compar e  th e  genera l  propertie s  o f  detector s  o f  differen t 

types .  Th e  monograp h b y Scot t  contain s  th e  mos t  comprehensiv e  sourc e  o f 

informatio n concernin g detecto r  performanc e  o f  commerciall y  availabl e  equipmen t 

[13] .  Som e  typica l  performanc e  value s  fo r  fixe d wavelengt h spectrophotometri c 

detector s  ar e  give n i n  Tabl e  5.7 .  Som e  comparativ e  dat a  fo r  th e  mos t  widel y 

R=N 
short-ter m (5.8 ) 

long-ter m nois e  i s  represente d b y th e  greate r  o f  an d i n  Figur e  5.9 .  Th e 
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DYNAMIC RANGE 

2 ÷ Nois e 

Shor t 
Ter m 

Nois e 

/Respons e - 5 % 

Respons e 

Linea r Rang e • C h / C 
m 

Linea r 
^Concentratio n  Range d 

•Min imu m Detectabl e 
Concentratio n 

C n » Highes t Linea r 
Concentratio n 

CONCENTRATIO N 

LINEAR RANGE 

O S 9 5 S 

Linea r Rang e 

é Minimu m 
I Detectabilit y 

_ Z — . u _Y» 

Uppe r Limi t é 
of Linearit y é 

MASS FLOW RATE 

Figur e  5.1 0 Method s  fo r  calculatin g th e  dynami c  an d linea r  respons e  range s 
fo r  chromatographi c  detectors . 

use d detector s  i n  HPL C ar e  summarize d i n  Tabl e  5. 8  [73] . 

5. 8  Dat a  Acquisitio n an d Signa l  Processin g 

The  signa l  fo r  mos t  chromatographi c  detector s  i s  a  voltag e  proportiona l  t o 

th e  instantaneou s  quantit y  o f  sampl e  elutin g throug h th e  detecto r  sensin g 

volume .  Th e  plo t  o f  detecto r  outpu t  a s  a  functio n o f  tim e  i s  calle d th e 

chromatogram ,  th e  forma t  b y whic h th e  analys t  judge s  th e  succes s  o f  th e 

chromatographi c  experimen t  an d th e  ra w dat a  fro m whic h qualitativ e  pea k 

identificatio n an d sampl e  quantitatio n i s  made .  Th e  chromatogra m i s  usuall y 

recorde d o n a  potentiometri c  stri p  char t  recorder ,  dubbe d th e  chromatograph y 

slav e  b y on e  autho r  [74] ,  Th e  increasin g sophisticatio n o f  chromatographi c 

experiment s  an d th e  nee d t o  quantif y  severa l  component s  i n  a  multicomponen t 
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TABLE 5. 7 

TYPICAL PERFORMANCE VALUES FO R FIXED-WAVELENGTH PHOTOMETRIC DETECTORS 

Measure d Characteristic s Unit s Typica l  Value s 

Stati c  short-ter m nois e  pe r AU/c m (0. 5 t o  1.5 )  ÷  10" 4 

centimete r  cel l  lengt h 
Dynami c  short-ter m nois e  pe r AU/c m (0. 5 t o  1.5 )  ÷  1 0 * 

centimete r  cel l  lengt h _ A 
Stati c  long-ter m nois e  pe r AU/c m ( 1 t o  4 )  x  1 0  4 

centimete r  cel l  lengt h -U 
Dynami c  long-ter m nois e  pe r AU/c m ( 1 t o  5 )  ÷  1 0 " 

centimete r  cel l  lengt h - A 
Stati c  Drif t AU/h ( 5 t o  10 )  ÷  1 0 * 

Dynami c  Drif t AU/h ( 2 t o  6 )  ÷  10~ 4 

Flo w sensitivit y AU/min/m l ( 1 t o  5 )  ÷  10" 4 

Linea r  rang e rati o ( 5 t o  10 )  ÷  10 4 

Respons e  tim e second s 1 t o  5 

TABLE 5. 8 

TYPICAL SPECIFICATION S FO R MOST-USED HPL C DETECTORS 

Paramete r 
(units ) 

UV 
(Absorbance ) 

Rl 
(R l  units ) 

Electrochemica l 
(  ì 3 ð é ñ ) 

Fluoromete r Conductivit y 
(ìÌïç ) 

Typ e Selectiv e Genera l Selectiv e Selectiv e Selectiv e 

Usefu l  wit h 
gradient s 

Yes No No Yes No 

Uppe r  limi t 
of  linea r 
dynami c 
rang e 

2- 3 10  3 2xl0" 5 2 3 
10-1 0 100 0 

Linea r  rang e 
(maximum ) 

10 5 io 4 10 6 ca .  10 3 2xl0 4 

Sensivit y a t 
± 1 % noise , 
ful l  scal e 

0.00 2 2xl0" 6 2x10~ 9 0.00 5 0.0 5 

Sensivit y t o 
favorabl e 
sampl e 
(g/ml ) 

2xl0- 1 0 lxlO" 7 IO" 1 2 io - 1 1 IO" 8 

Inheren t  flo w 
sensitivit y 

No No Yes No Yes 

Temperatur e 
sensitivit y 

Low 10" 4/° C 1.5%/° C Low 2%/° C 
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sampl e  ha s  resulte d i n  th e  widesprea d us e  o f  mor e  sophisticate d dat a  acquisitio n 

device s  incorporatin g microprocesso r  o r  compute r  technology .  A  stri p  char t 

recorde r  provide s  goo d visua l  informatio n abou t  th e  chromatogra m bu t  dat a 

reductio n b y manua l  mean s  i s  tediou s  fo r  multicomponen t  samples .  Moder n 

computin g integrator s  ca n provid e  visua l  informatio n i n  th e  for m o f  a 

chromatogram ,  a s  wel l  a s  manipulatin g ra w chromatographi c  dat a  t o  repor t 

retentio n values ,  pea k parameters ,  relativ e  concentrations ,  an d colum n 

performanc e  parameters .  Th e  abilit y  t o  normaliz e  sampl e  data ,  expan d individua l 

section s  o f  th e  chromatogra m o f  interest ,  recalculat e  chromatographi c  parameter s 

a s  ofte n a s  desire d withou t  rerunnin g th e  sample ,  an d th e  flexibl e  formatin g 

availabl e  fo r  repor t  writin g an d recor d keepin g wil l  furthe r  th e  deman d fo r 

sophisticate d dat a  acquisitio n device s  i n  th e  chromatograph y laboratory .  Moder n 

instrument s  ar e  no w supplie d wit h dat a  station s  a s  a n integra l  par t  o f  th e 

instrumen t  packag e  o r  ar e  designe d t o  operat e  a s  par t  o f  a  laborator y compute r 

networ k i n  whic h severa l  instrument s  ar e  interface d t o  a  hos t  computer . 

The  potentiometri c  recorde r  generall y  use d i n  th e  laborator y i s  a 

servo-operate d voltag e  balancin g devic e  [74] .  I t  operate s  o n th e  principl e  tha t 

th e  inpu t  signa l  i s  continuall y  balance d b y a n equa l  an d opposit e  polarit y 

feedbac k signal .  Th e  smal l  erro r  voltag e  tha t  doe s  exis t  betwee n th e  inpu t  an d 

feedbac k signal s  i s  applie d t o  a n erro r  sensin g servo-amplifie r  moto r  driv e 

syste m whic h continuousl y adjust s  th e  feedbac k voltage s  an d als o position s  th e 

recorde r  pe n o n th e  chart .  Th e  recorde r  ma y misrepresen t  th e  detecto r  signa l 

du e  t o  inadequat e  respons e  time ,  deadban d an d amplifie r  noise ,  an d nonlinearit y 

effect s  [75,76] .  Th e  recorde r  respons e  tim e  i s  define d a s  th e  tim e  require d t o 

recor d a  full-scal e  ste p chang e  o f  signa l  applie d t o  th e  recorde r  inpu t 

terminals .  Value s  o f  0. 2  t o  1. 0  secon d full-scal e  ar e  typica l  o f  thos e 

recorder s  use d i n  chromatographi c  laboratories .  I t  shoul d b e  note d tha t  th e 

recorde r  respons e  i s  no t  linea r  bu t  S-shaped ,  comprisin g thre e  differen t  tim e 

dependen t  events :  th e  initia l  inerti a  an d acceleratio n time ,  th e  ful l  spee d 

slewin g time ,  an d th e  fina l  deceleratio n time .  Fo r  chromatographi c  purposes , 

th e  respons e  tim e  t o  recor d a  Gaussia n functio n i s  mor e  importan t  tha n tha t  fo r 

a  ste p functio n an d thi s  i s  generall y  take n t o  b e  approximatel y twic e  th e 

respons e  tim e  o f  a  ste p signa l  [75] .  Th e  dea d ban d i s  define d a s  th e  rang e 

throug h whic h th e  signa l  ca n b e  varie d withou t  initiatin g a  recorde r  response . 

Thi s  tim e  shoul d b e  shor t  an d n o greate r  tha n 10 % o f  th e  respons e  tim e  o f  th e 

recorde r  t o  a  Gaussia n function .  Th e  deceleratio n characteristic s  o f  a 

recorder' s  respons e  t o  a  ste p chang e  i n  signa l  i s  know n a s  damping .  I t  i s 

measure d a s  th e  maximu m overshoo t  beyon d th e  poin t  o f  fina l  res t  expresse d i n 

percen t  o f  th e  recorde r  span .  Dampin g i s  provide d b y a  resistance-capacitanc e 

networ k whic h als o act s  a s  a  filte r  t o  rejec t  hig h frequenc y noise .  Th e  inpu t 

filte r  mus t  b e  carefull y  designe d a s  i t  ma y seriousl y modif y th e  dynami c 
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respons e  characteristic s  o f  th e  recorder .  Filte r  network s  ma y als o b e  use d i n 

th e  detecto r  outpu t  and ,  fo r  th e  purpos e  o f  measurin g thei r  influenc e  o n th e 

chromatographi c  signal ,  bot h filter s  ar e  considere d t o  ad d t o  extracolum n ban d 

broadenin g throug h thei r  respectiv e  tim e  constants .  Choosin g a  suitabl e  filte r 

i s  ofte n a  comple x problem ,  a s  i t  mus t  balanc e  th e  desirabilit y  o f  maximizin g 

th e  signa l  whil e  simultaneousl y eliminatin g nois e  originatin g bot h fro m th e 

instrumen t  an d th e  electrica l  syste m fo r  th e  laborator y [77,78] . 

The  continuou s  voltag e  outpu t  fro m chromatographi c  detector s  i s  no t  a 

suitabl e  signa l  fo r  compute r  processing .  Th e  conversio n o f  th e  detecto r  signa l 

t o  a  compute r  readabl e  for m require s  a n interfac e  [79] .  Th e  interfac e  mus t 

acces s  th e  analo g outpu t  o f  th e  chromatographi c  detecto r  (mV) ,  scal e  th e  outpu t 

t o  a n appropriat e  rang e  (V) ,  digitiz e  th e  signal ,  an d the n transfe r  th e  dat a  t o 

a  know n locatio n i n  th e  computer .  Th e  origina l  inpu t  signa l  i s  transforme d t o  a 

serie s  o f  voltage s  o n a  binar y counte r  an d i s  passe d t o  th e  compute r  a s  a  serie s 

of  binar y words .  Th e  chromatogra m i s  no w i n a  for m whic h i s  suitabl e  fo r  dat a 

processing . 

Dat a  processin g ca n b e  performe d on-the-fl y  o r  b y storin g th e  complet e  ra w 

dat a  fo r  th e  chromatogra m i n memor y fo r  analysi s  a t  a  late r  tim e  [78,80] ,  Dat a 

processin g on-the-fl y  provide s  informatio n immediatel y bu t  i s  limite d t o 

manipulatin g th e  dat a  onc e  only .  I t  i s  th e  mos t  appropriat e  metho d fo r  us e  wit h 

microprocesso r  instrument s  o f  limite d memor y capacity .  Compute r  system s  ar e 

much mor e  versatil e  an d allo w convenien t  repetitiv e  dat a  analysis .  Th e  ra w dat a 

ca n als o b e  mathematicall y  filter.e d t o  remov e  nois e  withou t  introducin g pea k 

skew ,  a  proces s  whic h i s  no t  possibl e  wit h resistance-capacitanc e  filter s  [78] . 

Long-ter m nois e  ma y als o b e  distinguishe d fro m tru e  peak s  an d eliminate d fro m 

th e  chromatogram . 

The  compute r  ca n perfor m variou s  mathematica l  procedure s  withi n it s 

repertoir e  o f  algorithm s  t o  calculat e  th e  informatio n desire d fro m th e  smoothe d 

ra w data .  Thes e  routine s  generall y  includ e  th e  calculatio n o f  retentio n time , 

pea k height ,  pea k area ,  pea k normalization ,  compariso n wit h calibratio n dat a  t o 

calculat e  concentrations ,  an d i f  desired ,  colum n parameter s  suc h a s  plat e 

numbers ,  asymmetr y factors ,  etc .  Limitation s  ar e  establishe d simpl y b y th e 

numbe r  o f  program s  store d i n  th e  compute r  memory .  Certai n feature s  o f  dat a 

processing ,  fo r  exampl e  pea k threshol d sensing ,  baselin e  correction ,  signa l 

averaging ,  slop e  sensitivity ,  etc .  ar e  commo n t o al l  computationa l  methods . 

Variou s  method s  o f  determinin g thes e  parameter s  wer e  discusse d b y Rees e  [80] , 

The  calculatin g powe r  an d spee d o f  computer s  blin d th e  unwar y t o  thei r 

limitations .  Ever y eventualit y  canno t  b e  allowe d fo r  durin g th e  compilatio n o f 

a  compute r  program .  Example s  o f  peak s  whic h ar e  ofte n poorl y treate d b y 

computin g integrator s  ar e  smal l  peak s  wit h larg e  pea k widths ,  peak s  o n th e  tai l 

of  large r  peak s  o r  th e  solven t  front ,  an d fuse d peaks .  Dat a  system s  ar e  usuall y 
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ver y reproducibl e  bu t  thi s  shoul d no t  b e  mistake n fo r  accuracy .  Dat a  system s 

ar e  mos t  powerfu l  whe n a  huma n ey e  check s  th e  graphica l  recor d agains t  th e 

calculate d dat a  t o  instigat e  an y necessar y changes . 

5. 9  Quantitativ e  Analysi s 

The  flo w o f  informatio n i n  a  chromatographi c  experimen t  usuall y  commence s 

by qualitativ e  pea k identificatio n base d o n retentio n time ,  followe d b y 

quantitatio n t o  establis h th e  concentratio n o f  th e  pea k i n  th e  sample . 

Quantitativ e  analysi s  require s  tha t  a  relationshi p betwee n th e  magnitud e  o f  th e 

detecto r  signa l  an d sampl e  concentratio n b e  established .  Th e  detecto r  signa l  i s 

measure d b y th e  pea k heigh t  o r  are a  fro m th e  recorde r  trac e  o r  take n fro m th e 

print-ou t  o f  a  dat a  system .  Manua l  method s  fo r  calculatin g pea k area s  (Figur e 

5.11 )  includ e  th e  produc t  o f  pea k heigh t  an d widt h a t  hal f  height , 

triangulation ,  trapezoida l  approximation ,  planimetry ,  an d cu t  an d weig h [81] , 

The  abov e  method s  ar e  compare d i n  Tabl e  5.9 .  N o singl e  metho d i s  perfec t  an d 

common problem s  includ e  th e  difficult y  o f  definin g pea k boundarie s  accurately , 

operato r  dependenc e  o n precision ,  an d th e  nee d fo r  a  finit e  tim e  t o  mak e  eac h 

measurement .  Thos e  method s  usin g triangula r  approximation s  ar e  unreliabl e  fo r 

measurin g asymmetri c  an d fuse d peaks .  Th e  trapezoida l  metho d give s  th e  closes t 

approximatio n t o  th e  tru e  pea k are a  an d ca n b e  use d t o  obtai n accurat e  are a 

value s  fo r  peak s  whic h hav e  substantia l  asymmetr y [81] .  Planimetr y an d cuttin g 

an d weighin g o f  peak s  make s  n o assumption s  abou t  th e  shap e  o f  th e  pea k profil e 

an d ca n b e  use d t o  determin e  th e  are a  o f  skewe d peaks .  Th e  prope r  us e  o f  a 

planimete r  require s  considerabl e  skil l  an d experienc e  and ,  eve n so ,  obtainin g 

accurat e  result s  require s  repetitiv e  tracing s  o n eac h pea k wit h th e  total s 

averaged .  I t  i s  als o obviou s  fro m Tabl e  5. 9  wh y computin g integrator s  ar e 

preferre d fo r  dat a  handlin g i n  chromatography . 

Ñ 

Figur e  5.1 1 Manua l  method s  o f  computin g pea k areas . 

I t  i s  ofte n aske d whethe r  pea k heigh t  o r  pea k are a  measurement s  provid e  th e 
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bes t  representatio n o f  th e  detecto r  respons e  i n  HPLC .  Ther e  i s  n o simpl e  answe r 

t o  thi s  questio n a s  th e  precisio n an d accurac y o f  pea k heigh t  an d are a 

measurement s  ar e  a  functio n o f  man y chromatographi c  variable s  includin g sampl e 

size ,  mobil e  phas e  composition ,  flo w rat e  an d colum n temperatur e  [82-84] ,  Pea k 

are a  measurement s  ar e  preferre d whe n th e  colum n flo w ca n b e  controlle d precisel y 

eve n i f  th e  mobil e  phas e  compositio n show s  som e  variability .  Pea k area s  ar e 

relativel y independen t  o f  mobil e  phas e  composition .  O n th e  othe r  hand ,  i f  th e 

compositio n ca n b e  controlle d precisel y bu t  th e  flo w rat e  show s  som e  variabilit y 

the n pea k heigh t  measurement s  ar e  preferred .  Pea k height s  ar e  generall y  les s 

dependen t  o n flo w rat e  constanc y tha n pea k areas .  Halas z  ha s  show n tha t  a s  fa r 

a s  mobil e  phas e  flo w rat e  variation s  ar e  concerned ,  i t  i s  th e  averag e  short-ter m 

variation s  tha t  occu r  whil e  th e  pea k i s  i n  th e  detecto r  whic h affect s 

quantitativ e  precisio n [84] .  Consequently ,  eve n i f  a n interna l  standar d i s 

include d wit h th e  sample ,  i t  ca n no t  b e  expecte d t o  improv e  precisio n du e  t o 

variation s  o f  th e  abov e  kind .  Quantitatio n i n  gradien t  elutio n chromatograph y 

require s  carefu l  contro l  o f  tota l  flo w rat e  whe n pea k area s  ar e  measure d an d 

gradien t  compositio n whe n pea k height s  ar e  measured .  T o tes t  whic h alternativ e 

i s  mos t  applicable ,  variatio n i n  th e  retentio n tim e  o f  earl y  elutin g peak s 

indicate s  poo r  flo w precisio n an d variatio n i n  th e  retentio n tim e  o f  lat e 

elutin g peak s  suggest s  poo r  precisio n i n  th e  mobil e  phas e  composition . 

Consequently ,  whethe r  pea k heigh t  o r  pea k are a  i s  selecte d fo r  a  particula r 

analysi s  depend s  o n syste m performanc e  an d no t  necessaril y  o n sampl e 

composition .  Fro m th e  practica l  viewpoint ,  pea k height s  ar e  easie r  t o  measur e 

manuall y  tha n pea k areas . 

Rarel y i n  HPL C i s  th e  respons e  o f  th e  detecto r  th e  sam e  fo r  equa l  amount s 

of  differen t  samples .  Rather ,  detecto r  respons e  i s  relate d t o  concentratio n b y 

a  fixe d substance-specifi c  facto r  know n a s  th e  respons e  factor .  Respons e 

factor s  mus t  b e  calculate d fo r  al l  component s  i n  th e  sampl e  t o  normaliz e  thei r 

concentrations .  Respons e  factor s  ca n b e  calculate d fro m a  singl e  measuremen t 

bu t  th e  calibratio n metho d i s  preferred . 
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6. 1 Introductio n 

Ther e  i s  n o clea r  concensu s  a s  t o  th e  meanin g o f  th e  ter m preparativ e 

chromatography .  Clearl y  th e  isolatio n o f  quantitie s  o f  purifie d material s  b y 

chromatographi c  mean s  i s  involve d but ,  dependin g o n th e  intende d use ,  thi s  ma y 

cove r  a  ver y wid e  mas s  range .  Possibl e  use s  includ e  isolatio n o f  material s  fo r 

structura l  elucidation ,  fo r  biologica l  o r  sensor y evaluation ,  fo r  organi c 

synthesis ,  o r  fo r  commercia l  applications .  Th e  scal e  o f  th e  operatio n thu s 

include s  laboratory ,  pilo t  plant ,  an d full-scal e  manufacturin g operations .  A 

narro w vie w o f  preparative-scal e  chromatograph y i s  adequat e  fo r  ou r  purpose .  We 

wil l  concentrat e  o n th e  us e  o f  preparative-scal e  chromatograph y fo r  th e 

isolatio n o f  milligra m t o gra m quantities ;  tha t  is ,  t o  thos e  procedure s  normall y 

practice d i n  a n analytica l  laborator y wher e  large r  sampl e  size s  ar e  rarel y 

encountered .  Operatin g chromatographi c  equipmen t  a t  th e  othe r  extreme ,  th e 

separatio n o f  kilogra m quantitie s  pe r  hour ,  present s  it s  ow n intriguin g problem s 

of  proces s  engineerin g an d i s  discusse d i n  reference s  [1-5] ,  Th e  technique s 

discusse d i n  thi s  chapte r  includ e  ga s  chromatography ,  liqui d chromatography ,  an d 

countercurren t  chromatograph y usin g eithe r  commerciall y  availabl e  analytica l  o r 

purpose-buil t  preparativ e  chromatographi c  equipment . 

6. 2  Ga s  Chromatograph y 

Earl y i n  th e  developmen t  o f  ga s  chromatograph y considerabl e  attentio n wa s 

give n t o  it s  us e  a s  a  preparativ e  a s  wel l  a s  a n analytica l  technique .  Toda y 

preparativ e  ga s  chromatograph y attract s  littl e  attentio n du e  t o  a  combinatio n o f 

maturit y  an d obsolescence .  Excep t  fo r  th e  isolatio n o f  volatil e  compound s  i t 

ha s  largel y bee n replace d b y preparativ e  liqui d chromatography .  Th e  sensitivit y 

of  on-the-fl y  combine d ga s  chromatographic/spectroscopi c  instrument s  ha s 

increase d t o  th e  poin t  wher e  preparativ e  isolatio n o f  sample s  i s  n o longe r 
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necessar y prio r  t o  structura l  elucidation .  Ga s  chromatography-mas s  spectrometr y 

an d ga s  chromatography-Fourie r  transfor m infrare d spectrometr y ar e  performe d 

routinel y i n  man y laboratorie s  withou t  sampl e  isolation ;  thes e  on-the-fl y 

processe s  ar e  muc h mor e  arduou s  t o  achiev e  wit h liqui d chromatographi c  equipmen t 

thu s  makin g sampl e  isolatio n mor e  commo n wit h tha t  technique .  Fo r 

identificatio n b y nuclea r  magneti c  resonanc e  spectrometr y on-lin e  couplin g t o  a 

ga s  chromatograp h i s  no t  practica l  becaus e  o f  sampl e  siz e  an d tim e  constraints ; 

i n  thi s  instanc e  isolatio n o f  microgra m an d preferabl y milligra m quantitie s  o f 

material s  i s  usuall y  needed .  A s  wel l  a s  a  diminishin g nee d t o  isolat e  sample s 

fo r  spectroscopi c  identification ,  th e  poore r  chromatographi c  performanc e  o f 

preparativ e  compare d t o  analytica l  column s  ha s  contribute d t o  th e  declin e  i n 

popularit y  o f  preparativ e  ga s  chromatography . 

The  primar y objectiv e  i n  preparative-scal e  ga s  chromatograph y i s  t o  obtai n 

a  hig h sampl e  throughput .  A n inivatabl e  resul t  o f  thi s  goa l  i s  tha t  eithe r  « 

resolutio n o r  analysi s  time ,  o r  both ,  mus t  b e  compromised .  Th e  primar y metho d 

of  increasin g th e  sampl e  capacit y  o f  th e  colum n i s  t o  increas e  it s  siz e  (i.e. , 

th e  quantit y  o f  stationar y phas e  availabl e  fo r  th e  separation) .  Tw o solution s 

ar e  suggested :  increas e  th e  colum n diamete r  a t  constan t  lengt h o r  increas e  th e 

lengt h a t  constan t  diameter .  Fo r  simpl e  separation s  a  short ,  wid e  colum n i s 

usuall y  used ,  fo r  exampl e  a  colum n o f  1- 3 m  ÷  6-1 0 c m I.D .  Fo r  mor e  comple x 

separation s  highe r  colum n efficiencie s  ar e  require d an d long ,  narro w columns , 

fo r  exampl e  10-3 0 m  ÷  0 .5 -1 . 5 c m I.D. ,  ar e  used .  I t  i s  no t  possibl e  t o  coi l 

wid e  bor e  column s  so ,  unles s  a  purpos e  designe d preparativ e  ga s  chromatograp h i s 

available ,  th e  choic e  ma y b e  limite d t o  long ,  narrow ,  coile d columns .  Othe r 

critica l  instrumen t  consideration s  includ e  th e  injector ,  detector ,  an d metho d o f 

sampl e  collection .  Th e  maximu m allowabl e  compoun d siz e  (MACS )  i s  define d i n 

Figur e  6.1 .  Compare d t o  analytica l  operation s  th e  sampl e  siz e  i s  muc h greate r 

an d i s  generall y  increase d t o  th e  maximu m allowed .  Thi s  maximu m i s  limite d b y 

th e  requiremen t  tha t  a  minimu m resolutio n b e  maintaine d betwee n critica l  sampl e 

componen t  pairs .  Injectio n volume s  i n  th e  rang e  o f  0. 1  t o  10. 0 m l  ar e  common , 

an d therefore ,  norma l  injectio n technique s  ar e  no t  applicable .  Injectio n b y 

syring e  i s  possibl e  fo r  smalle r  sampl e  size s  provide d tha t  a  slo w injectio n rat e 

i s  employed .  Fo r  large r  sampl e  volume s  a n automate d injecto r  i s  used .  Severa l 

type s  hav e  bee n describe d employin g pneumati c  transfe r  fro m a  reservoi r  throug h 

a  capillar y restrictor ,  a  pneumati c  pisto n pump ,  o r  b y a  syring e  pump .  Th e 

injectio n proces s  i s  thu s  controlle d b y time ,  a  necessit y  du e  t o  th e  limite d 

therma l  capacit y  o f  injectio n bloc k heater s  an d thei r  inabilit y  t o  flas h 

vaporiz e  larg e  sampl e  volumes .  Smal l  sampl e  size s  (e.g. ,  10 0 microliters )  ma y 

be  readil y  vaporize d b y slo w injectio n i f  sufficientl y  volatile .  Large r  sample s 

usuall y  requir e  a n evaporatio n devic e  betwee n th e  injecto r  an d column .  Thi s  i s 

ofte n a  tub e  heate d separatel y fro m th e  colum n ove n an d packe d wit h glas s  bead s 
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1 . C o n s t r u c t a  p l o t o f p r e p a r a t i v e  co lum n e f f i c i e n c y ( n ) a s  a  f u n c t i o n o f 
s a m p l e  s i z e 

Sampl e  S i z e  ( v L ) 

2 . Th e  r e q u i r e d  co lum n p e r f o r m a n c e t o  e f f e c t a  g i v e n  s e p a r a t i o n c a n  b e  e x p r e s s e d 
a s 

12 
ç 1 6 f T m2 Ì 

3 . Fro m c h r o m a t o g r a m t h e  r e l a t i v e  r e t e n t i o n  v a l u e  f o r t h e  l e a s t r e s o l v e d  p a i r 
o f i n t e r e s t ma y b e  compu te d a s  a  r a t i o  a l w a y s  g r e a t e r t h a n  u n i t y (a) .  I n 
p r a c t i c e  a  v a l u e  o f á  > 1 . 1 i s  r e q u i r e d . 

4 . Th e  r e l a t i v e  r e t e n t i o n  r a t i o  b e t w e e n t h e  f i r s t o f t h e s e  p e a k s  an d  a n  u n r e t a i n e d 
pea k p r o v i d e s  a  v a l u e  f o r k . k s h o u l d b e  b e t w e e n 3 a n d  1 0 . 

5 . A v a l u e  o f R = 1 . 0 i s  a d e q u a t e  f o r p r e p a r a t i v e  p u r p o s e s  s o  ç  ca n  b e  c a l c u l a t e d 
f o r t h e  p a r t i c u l a r s e p a r a t i o n . 

6 . Th e  c a l c u l a t e d  v a l u e  f o r ç  e n a b l e s  t h e  maximu m s a m p l e  s i z e  t o  b e  o b t a i n e d  f r o m 
a  p l o t s i m i l a r t o  ( 1 ) . 

7 . Th e  r e l a t i o n s h i p s  i n  ( 1 ) t o  ( 6 ) a p p l y t o  a  s i n g l e  componen t o f t h e  l e a s t 
r e s o l v e d  p a i r . Th e  r e l a t i v e  % o f t h e  pea k i n  t h e  l a r g e s t amoun t i s  u se d t o 
c a l c u l a t e  t h e  MACS v a l u e  a c c o r d i n g t o 

1 0 0 S , * 
MACS = — U l l 

> ( n ) 
= maximu m s a m p l e  s i z e  a t w h i c h t h e  co lum n p r o v i d e s  a  r e q u i r e d 

e f f i c i e n c y ç 

= r e l a t i v e  p e r c e n t o f t h e  l a r g e s t componen t o f t h e  mos t 
d i f f i c u l t t o  r e s o l v e  p a i r 

Figur e  6. 1 Procedur e  fo r  calculatin g th e  maximu m allowabl e  compoun d siz e 
(MACS)  i n  preparativ e  chromatography . 
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or  meta l  sphere s  t o  increas e  th e  therma l  capacit y  whil e  reducin g dea d volum e 

effects .  Th e  evaporatio n uni t  i s  usuall y  maintaine d a t  a  temperatur e  50° C abov e 

th e  boilin g poin t  o f  th e  leas t  volatil e  sampl e  component .  Th e  sampl e  shoul d b e 

transferre d t o  th e  colum n a s  a  rectangula r  plu g dilute d i n  th e  minimu m volum e  o f 

carrie r  gas ;  i f  i t  i s  no t  completel y vaporize d the n a  homogeneou s  distributio n 

of  sampl e  i s  no t  obtaine d ove r  th e  cross-sectiona l  are a  o f  th e  colum n an d 

excessiv e  ban d broadenin g ma y result .  Vaporizatio n problem s  ma y b e  circumvente d 

by direct ,  slow ,  on-colum n injectio n withou t  carrie r  ga s  flow .  Thi s  i s  ofte n 

th e  mos t  practica l  solutio n fo r  injectin g larg e  sampl e  volume s  int o analytica l 

instruments .  Th e  principa l  disadvantag e  i s  th e  possibilit y  o f  strippin g th e 

stationar y phas e  fro m th e  hea d o f  th e  column .  Th e  magnitud e  o f  th e  proble m 

depend s  o n th e  sampl e  size ,  th e  relativ e  solubilit y  o f  th e  liqui d phas e  i n  th e 

sample ,  an d th e  liqui d phas e  loading .  Colum n strippin g result s  i n  diminishe d 

efficienc y du e  t o  th e  combinatio n o f  sampl e  interaction s  wit h bar e  suppor t  an d 

th e  irregula r  distributio n o f  liqui d phas e  produce d throughou t  th e  column .  Fo r 

th e  on-colum n injectio n o f  bot h vaporize d an d liqui d sample s  a  substantia l 

pressur e  chang e  ma y resul t  fro m sampl e  vaporization .  Sampl e  backflus h int o th e 

carrie r  ga s  line s  ca n b e  a  proble m an d i s  normall y solve d b y positionin g a 

backflus h o r  needl e  valv e  i n  th e  carrie r  ga s  line . 

Most  separation s  ar e  usuall y  carrie d ou t  isothermally .  Temperatur e 

programmin g i s  no t  possibl e  wit h wid e  bor e  column s  du e  t o  th e  uneve n radia l 

temperatur e  gradient s  generate d acros s  th e  column .  Diatomaceou s  earth s  ar e  i n 

fac t  fairl y  goo d insulators .  Temperatur e  programmin g i s  onl y possibl e  wit h 

long ,  narro w column s  an d the n generall y  a t  slo w rates .  A  precolum n switchin g 

syste m ca n b e  use d t o  pas s  th e  volatil e  component s  o f  th e  sampl e  int o th e  mai n 

preparativ e  colum n an d then ,  usin g a  Deans '  switchin g system ,  backflus h th e 

heav y end s  t o  a  tra p an d thu s  increas e  th e  sampl e  throughpu t  whe n th e  heav y end s 

ar e  no t  o f  interes t  [6] .  Detectio n o f  th e  separate d sampl e  i s  usuall y  performe d 

wit h a  therma l  conductivit y  o r  flam e  ionizatio n detector .  Th e  idea l  detecto r 

woul d provid e  a  stabl e  baselin e  insensitiv e  t o  change s  i n  temperature ,  pressure , 

an d carrie r  ga s  flow ;  hig h sensitivity ;  wid e  linea r  respons e  range ;  an d b e  eas y 

t o  clean .  Thes e  propertie s  ar e  mos t  completel y embodie d i n  th e  flam e  ionizatio n 

detecto r  (FID) .  A s  th e  FI D i s  destructive ,  i t  i s  connecte d t o  th e  colum n vi a  a 

splitte r  s o tha t  onl y a  fe w percen t  o f  th e  tota l  colum n flo w i s  diverte d t o  th e 

detector .  Althoug h th e  therma l  conductivit y  detecto r  i s  a  nondestructiv e 

detecto r  it ,  too ,  i s  usuall y  als o operate d wit h a  splitte r  a s  th e  filamen t 

lifetim e  ma y b e  shortene d du e  t o  contaminatio n b y th e  hig h mas s  flo w o f  materia l 

leavin g th e  column .  Wit h nitroge n carrie r  ga s  th e  therma l  conductivit y  detecto r 

may produc e  negativ e  peaks ,  makin g interpretatio n o f  th e  chromatogra m 

difficult . 

The  fina l  operation ,  uniqu e  t o  preparativ e  ga s  chromatography ,  i s  sampl e 
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collectio n o f  th e  vapor s  i n  th e  carrie r  ga s  effluent .  Thi s  proces s  ma y b e 

performe d automaticall y  o r  manually ,  an d i s  sequence d b y a  signa l  fro m th e 

detector .  I n  a  commercia l  preparativ e  scal e  ga s  chromatograp h injectio n an d 

sampl e  collectio n ar e  automate d fo r  unattende d operation .  Whe n usin g a n 

analytica l  instumen t  bot h processe s  wil l  normall y b e  manual .  Th e  exi t  fro m th e 

detecto r  splitte r  i s  usuall y  le d ou t  throug h a  sid e  wal l  o f  th e  ove n an d 

maintaine d a t  a  sufficientl y  hig h temperatur e  t o  avoi d prematur e  condensatio n o f 

th e  sample .  Thi s  ma y involv e  th e  us e  o f  a n auxiliar y heatin g suppl y fo r  th e 

transfe r  line .  Ther e  i s  n o singl e  solutio n t o  th e  proble m o f  trappin g th e 

sampl e  afte r  i t  emerge s  fro m th e  transfe r  line .  Th e  literatur e  i s  resplenden t 

wit h numerou s  method s  involvin g differen t  degree s  o f  ingenuit y  o f  whic h packe d 

an d unpacke d col d traps ,  solutio n an d entrainmen t  traps ,  tota l  effluen t  an d 

adsorptio n traps ,  Volma n traps ,  an d electrostati c  precipitator s  ar e  amon g th e 

mor e  popula r  [7-10] .  Som e  representativ e  example s  ar e  show n i n Figur e  6.2 .  Th e 

minimu m requiremen t  fo r  efficien t  sampl e  collectio n i s  tha t  th e  partia l  pressur e 

of  th e  solut e  enterin g th e  tra p mus t  b e  greate r  tha n it s  equilibriu m vapo r 

pressur e  wit h th e  condense d phas e  a t  th e  tra p temperature .  Th e  equilibriu m 

vapo r  pressur e  o f  th e  solut e  ma y b e  reduce d b y lowerin g th e  temperature ,  b y 

dissolvin g th e  solut e  i n  a  solvent ,  o r  b y adsorbin g i t  ont o a  materia l  o f  hig h 

surfac e  area .  However ,  b y fa r  th e  mos t  commo n approac h i s  t o  reduc e  th e 

temperatur e  o f  th e  effluent ,  eithe r  i n  a  tra p fille d wit h a  materia l  suc h a s 

potassiu m bromid e  o r  colum n packing ,  o r  i n  a  simpl e  ope n tub e  trap .  I n  practic e 

th e  residenc e  tim e  o f  th e  solut e  i n  th e  tra p ma y b e  to o shor t  t o  obtai n 

equilibriu m an d th e  solut e  tend s  t o  pas s  directl y  throug h th e  trap ,  eithe r  a s  a 

supersaturate d vapo r  o r  a s  a  fo g compose d o f  smal l  liqui d droplets .  Th e 

cold-trappin g o f  sample s  wit h boilin g point s  greate r  tha n abou t  150° C i s  almos t 

inevitabl y accompanie d b y th e  formatio n o f  aerosol s  whic h ar e  the n swep t  throug h 

th e  trap .  Thi s  ca n b e  minimize d b y coolin g th e  effluen t  throug h a  gradua l 

temperatur e  gradien t  rathe r  tha n subjectin g i t  t o  a n abrup t  temperatur e  change . 

Also ,  turbulen t  flo w withi n th e  tra p facilitate s  th e  collisio n o f  liqui d 

droplet s  wit h th e  wall ,  thereb y inducin g thei r  retention .  Th e  Volma n tra p 

consist s  o f  a  double-walle d vesse l  withi n whic h turbulenc e  i s  create d b y 

maintainin g th e  wall s  a t  differen t  temperatures .  Th e  Volma n tra p i s 

particularl y  usefu l  fo r  recoverin g gram-scal e  quantities .  Electrostati c 

precipitator s  ar e  als o use d t o  tra p large-scal e  fractions .  A s  aerosol s  contai n 

larg e  number s  o f  charge d droplets ,  th e  trappin g efficienc y ca n b e  improve d b y 

passin g th e  coole d effluen t  throug h a  larg e  electrostati c  field .  I f  a  readil y 

condensabl e  ga s  suc h a s  argo n o r  carbo n dioxid e  i s  use d a s  th e  carrie r  ga s  the n 

th e  tota l  effluen t  ma y b e  condensed ,  thereb y entrainin g th e  smal l  amoun t  o f 

solut e  i n  a  muc h large r  quantit y  o f  carrie r  gas .  Afte r  condensatio n th e  sampl e 

an d condense d carrie r  ga s  ar e  separate d b y selectiv e  evaporation .  Th e 
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efficienc y o f  th e  tota l  effluen t  tra p ca n b e  ver y hig h bu t  th e  metho d i s 

inconvenien t  an d difficul t  i n  practice .  Fo r  occasiona l  sampl e  trappin g a  simpl e 

packe d o r  empt y glas s  U-tub e  coole d i n  a  dr y ice-aceton e  o r  liqui d nitroge n 

coolan t  usuall y  suffices .  Fo r  furthe r  detail s  o n al l  aspect s  o f 

preparative-scal e  ga s  chromatograph y severa l  review s  ar e  availabl e  [11-14] . 

c 

Figur e  6. 2 Trap s  fo r  sampl e  recover y fro m a  ga s  chromatographi c  effluent . 
A,  U-tube ;  B ,  simpl e  trap ;  C ,  multipl e  temperatur e  gradien t  trap ; 
D,  Volma n trap . 

Instrumenta l  constraint s  ar e  establishe d b y th e  equipmen t  available ;  th e 

analyst ,  however ,  ha s  contro l  o f  th e  colum n selected .  Analytica l  separation s 

ar e  usuall y  performe d initiall y  t o  indicat e  th e  degre e  o f  difficult y  o f  th e 

separation .  Th e  stationar y phas e  i s  the n selecte d fro m a  limite d numbe r  o f 

thermall y stabl e  phases .  Preparativ e  column s  ar e  expensiv e  t o  prepar e  an d 

generall y  onl y a  fe w colum n type s  ar e  available .  Th e  suppor t  materia l  i s  coars e 

wit h a  narro w particl e  siz e  distribution ,  35-4 0 mesh .  Sampl e  throughpu t  rathe r 

tha n efficienc y i s  th e  overridin g consideration .  Hig h carrie r  ga s  flo w rates , 

i n  th e  rang e  100-100 0 ml/mi n dependin g o n th e  colum n diameter ,  ar e  used ,  s o tha t 
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a  coars e  colum n packin g i s  neede d t o  permi t  operatio n a t  a  reasonabl e  pressur e 

differential .  A s  th e  stationar y phas e  loadin g i s  greate r  an d th e  colum n lengt h 

may b e  longe r  tha n thos e  use d i n  analytica l  separations ,  operatio n a t  highe r 

temperature s  i s  als o common .  Thi s  ca n b e  a  proble m wit h thermall y labil e 

compound s  an d dictate s  th e  us e  o f  hig h qualit y  phase s  an d support s  fo r  colum n 

preparation .  Furthe r  consideration s  fo r  optimizin g colum n condition s  fo r  a 

particula r  separatio n ar e  summarize d i n  Tabl e  6. 1  [15,16] ,  Th e  selectio n o f  th e 

colum n dimension s  ca n b e  mad e  wit h referenc e  t o  Tabl e  6. 2  [14] .  Packin g 

preparativ e  column s  reproducibl y an d wit h reasonabl e  efficienc y is ,  a t  best , 

neve r  eas y an d increase s  i n  difficult y  a s  th e  colum n diamete r  i s  increase d 

[13,14,17-20] .  Th e  inferio r  chromatographi c  performanc e  o f  preparativ e  column s 

i s  du e  t o  th e  radia l  unevennes s  o f  th e  packin g structure .  Durin g th e  packin g o f 

larg e  diamete r  column s  th e  soli d  suppor t  particle s  segregat e  preferentiall y 

accordin g t o  thei r  size ,  wit h th e  large r  particle s  bein g close r  t o  th e  wall .  I n 

addition ,  th e  packin g i n  thi s  regio n i s  les s  dense ,  du e  t o  th e  physica l 

constrain t  o f  th e  wall .  Thi s  lead s  t o  uneven ,  o r  skew ,  flo w profile s  fo r  th e 

carrie r  ga s  an d sampl e  throug h th e  packe d bed ,  inducin g ban d broadening .  T o 

overcom e  thi s  proble m Verzel e  suggeste d usin g th e  shake ,  turn ,  an d pressur e 

(STP )  packin g metho d [17] ,  Th e  colum n i s  shake n i n  th e  radia l  directio n an d i s 

rotate d alon g it s  lon g axi s  whil e  bein g packe d an d periodicall y  pressurized . 

Verzel e  als o caution s  tha t  column s  shoul d b e  packe d t o  a  mediu m densit y  wit h 

smal l  addition s  o f  packing .  Th e  packin g process ,  therefore ,  require s  severa l 

hour s  fo r  column s  o f  averag e  dimensions .  Rees e  ha s  describe d a  vacuu m packin g 

metho d wit h vertica l  tampin g whic h i s  les s  tim e  consumin g an d produce s  column s 

wit h abou t  180 0 plate s  pe r  mete r  [20] .  However ,  t o  obtai n consisten t  result s 

some  preliminar y practic e  an d trainin g i s  needed .  A s  colum n permeabilit y  i s  a n 

importan t  consideratio n i n  preparativ e  ga s  chromatography ,  th e  objectiv e  o f  an y 

packin g procedur e  ca n b e  defeate d b y th e  generatio n o f  fines ;  therefor e  robus t 

packing s  an d gentl e  handlin g ar e  essentia l  t o  obtai n success .  A s  preparativ e 

column s  ma y contai n fro m hundred s  o f  gram s  t o  kilogram s  o f  packin g material , 

failur e  i n  th e  abov e  respec t  i s  failur e  o n a  gran d an d expensiv e  scale .  Column s 

wit h diameter s  les s  tha n approximatel y 1. 5 c m ar e  easie r  t o  pac k b y conventiona l 

mean s  an d fo r  occasiona l  preparative-scal e  application s  long ,  narro w column s  ar e 

recommended ,  i f  onl y becaus e  th e  initia l  succes s  rat e  i n  preparatio n i s  muc h 

higher .  Glas s  o r  meta l  column s  wit h diameter s  o f  1. 0  c m o r  les s  ca n b e 

convenientl y  coile d an d fitte d int o th e  oven s  o f  standar d analytica l  ga s 

chromatographs .  Ovalize d colum n configuration s  ar e  preferre d t o  circula r  coil s 

[13,17] . 
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TABLE 6. 2 

PREPARATIVE COLUMN SELECTIO N 

Separatio n 
condition s 

Sampl e 
componen t 

Colum n 
typ e 

Collectio n 
«_ a 

rat e 
Componen t 
resolutio n 

Sampl e 
capacit y 

Eas y Majo r Long ,  narro w Fai r  (abou t Excellen t Good 
5 ml/h ) 

Short ,  wid e Excellen t Excellen t Excellen t 
(abou t  5 0 ml/h ) 

Trac e Long ,  narro w Too slo w Excellen t Too lo w 
Short ,  wid e Excellen t Excellen t Excellen t 

Difficul t Majo r Long ,  narro w Fai r Excellen t Good 
Short ,  wid e Fai r Poo r  unles s Good 

multipl e 
pas s  use d 

Trac e Long ,  narro w Fai r Excellen t Poo r 
Short ,  wid e Fai r Good wit h Excellen t 

multipl e  pas s 
Wide-boilin g Long ,  narro w Fai r  (wit h Good Fai r 
rang e  mixtur e programming ) 

Short ,  wid e Slo w Poo r Good 

"Fair "  t o  "poor "  ma y indicat e  th e  onl y reasonabl e  solutio n t o  som e  sampl e 
problems . 

6. 3  Low -  an d Medium-Pressur e  Liqui d Chromatograph y 

Fro m it s  inceptio n liqui d chromatograph y ha s  bee n use d a s  a  preparativ e 

techniqu e  [21,22] .  Toda y liqui d chromatograph y i s  widel y use d i n  analysi s  fo r 

sampl e  cleanu p (se e  Chapte r  7.4) ,  i n  organi c  synthesi s  an d biochemistr y fo r 

isolatin g quantitie s  o f  materia l  sufficien t  fo r  identification ,  fo r  purificatio n 

of  bul k samples ,  an d i n  industria l  application s  fo r  th e  preparatio n o f 

commercia l  product s  o n a  muc h large r  scal e  tha n tha t  associate d wit h laborator y 

operations .  I t  owe s  it s  popularit y  t o  simplicity ,  lo w cost ,  an d th e  read y 

availabilit y  o f  materials .  N o longe r  limite d t o  adsorptio n chromatography ,  th e 

sam e  simpl e  experimenta l  desig n ca n b e  use d fo r  preparative-scal e  separation s  b y 

size-exclusion ,  ion-exchange ,  liquid-liqui d partition ,  an d affinit y 

chromatograph y [23-25] .  However ,  liquid-soli d  chromatograph y remain s  th e 

dominan t  techniqu e  fo r  separatin g neutra l  organi c  compound s  i n  th e  laborator y 

an d ou r  discussio n wil l  b e  mainl y focusse d o n thi s  technique . 

Adsorbent s  availabl e  fo r  liquid-soli d  chromatograph y includ e  silic a  gel , 

alumina ,  cellulose ,  charcoal ,  florisil ,  polyamide ,  an d magnesiu m oxide .  Silic a 

an d alumin a  fin d mos t  us e  whil e  th e  othe r  adsorbent s  ar e  reserve d fo r  thos e 

specia l  application s  fo r  whic h th e  forme r  ar e  unsuitable .  Thi s  include s  man y 

biochemica l  separation s  o f  charge d molecule s  tha t  bin d irreversibl y t o 

adsorbent s  o f  hig h activity . 

Silic a  an d alumin a  o f  suitabl e  particl e  diamete r  (rang e  40-50 0 micrometers ) 



40 9 

ar e  drie d prio r  t o  use ,  110° C fo r  a  fe w hour s  fo r  silic a  an d severa l  hour s  a t 

400° C fo r  alumina .  Th e  drie d adsorben t  i s  coole d t o  roo m temperatur e  an d it s 

activit y  adjuste d t o  th e  desire d valu e  b y th e  additio n o f  variou s  amount s  o f 

wate r  (0-25 % w/w) .  Th e  additio n o f  wate r  i s  use d t o  reduc e  th e  adsorben t 

activit y  (se e  Chapte r  4.10 )  an d ma y b e  require d t o  improv e  th e  separatio n an d 

mas s  recover y o f  pola r  compound s  an d t o  increas e  th e  colum n capacity .  Aci d 

washin g t o  remov e  trac e  meta l  impuritie s  ma y b e  require d prio r  t o  separatio n o f 

some  sensitiv e  compounds .  Fo r  classica l  colum n chromatograph y th e  amoun t  o f 

stationar y phas e  an d th e  colum n dimension s  ar e  establishe d b y th e  natur e  an d 

amoun t  o f  sampl e  t o  b e  separate d [26] .  A  preliminar y screenin g b y thin-laye r 

chromatograph y i s  use d t o  decid e  th e  complexit y  o r  difficult y  o f  th e  separatio n 

an d t o  establis h th e  optimu m mobil e  phas e  fo r  simpl e  separations .  A  mobil e 

phas e  producin g a n R p valu e  o f  approximatel y 0. 3 t o  0. 4  i s  suitabl e  fo r  simpl e 

separations .  I n  thes e  case s  a  sampl e  loadin g o f  abou t  10 % w/ w o f  stationar y 

phas e  ma y b e  used ;  fo r  mor e  demandin g separation s  3 % w/ w i s  mor e  common . 

Likewis e  th e  colum n length/diamete r  rati o  i s  establishe d b y th e  sam e  criteria , 

10: 1 fo r  simpl e  an d 30: 1 fo r  difficul t  separations . 

Two method s  ar e  commonl y use d fo r  colum n filling .  Wit h th e  colum n i n th e 

vertica l  positio n an d a  glas s  woo l  plu g o r  porou s  fri t  i n  th e  botto m end ,  th e 

colum n i s  fille d t o  abou t  60 % o f  it s  heigh t  wit h th e  solven t  t o  b e  use d i n  th e 

separation .  Th e  sorben t  i s  adde d t o  th e  colum n i n smal l  increment s  fro m a 

filte r  funnel .  Durin g th e  additio n o f  sorben t  th e  solven t  i s  allowe d t o  ru n ou t 

th e  botto m o f  th e  colum n a t  a  rat e  no t  exceedin g th e  rat e  o f  sorben t  addition . 

Durin g th e  packin g proces s  th e  colum n i s  gentl y  shake n o r  tappe d t o  dislodg e  an y 

ai r  bubble s  trappe d i n  th e  be d a s  i t  forms .  I t  i s  ver y difficul t  t o  pac k larg e 

column s  b y thi s  method ;  i t  i s  als o tim e  consumin g a s  th e  rat e  o f  sorben t 

additio n mus t  o f  necessit y  b e  slow .  Alternatively ,  th e  sorben t  ca n b e  mixe d 

wit h th e  mobil e  phas e  t o  for m a  slurry ,  an d th e  whol e  poure d rapidl y int o th e 

column ,  shakin g a s  neede d t o  dislodg e  ai r  bubbles .  I n  eithe r  case ,  th e  colum n 

be d shoul d b e  homogeneou s  an d fre e  o f  channels ,  otherwis e  poo r  result s  wil l  b e 

obtained .  Onc e  packe d th e  colum n be d shoul d no t  b e  allowe d t o  ru n dry . 

Samplin g i s  a n importan t  consideratio n which ,  fo r  classica l  colum n 

chromatography ,  i s  usuall y  performe d manually .  Th e  solven t  use d t o  pac k th e 

colum n i s  draine d of f  unti l  it s  heigh t  i s  leve l  wit h tha t  o f  th e  bed .  Th e 

sample ,  usuall y  dissolve d i n  a  smal l  volum e  o f  th e  sam e  solvent ,  i s  adde d slowl y 

an d evenl y t o  th e  to p o f  th e  colum n bed .  Th e  solven t  i s  draine d t o  th e  to p o f 

th e  colum n be d an d th e  proces s  repeate d agai n wit h a  secon d volum e  o f  solven t  t o 

was h dow n th e  colum n walls ,  etc .  Th e  sampl e  ban d shoul d b e  shar p an d eve n a t 

th e  to p o f  th e  column .  San d o r  filte r  pape r  disc s  ar e  sometime s  adde d t o  th e 

to p o f  th e  colum n t o ai d th e  samplin g proces s  an d t o  preven t  disruptio n o f  th e 

colum n bed .  Wit h car e  thes e  shoul d no t  b e  necessary .  Som e  sample s  canno t  b e 
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dissolve d i n  th e  sam e  solven t  use d t o  pac k th e  column .  I n  thi s  cas e  th e  sampl e 

i s  usuall y  dissolve d i n  a  mor e  pola r  solven t  an d adde d t o  tha t  amoun t  o f  colum n 

packin g materia l  whic h give s  a  fre e  flowin g powde r  afte r  solven t  removal .  Th e 

sampl e  i s  the n place d o n to p o f  th e  colum n be d i n  a  manne r  simila r  t o  tha t  use d 

t o  pac k th e  column .  Alternatively ,  th e  sampl e  ma y b e  filtere d throug h a  filte r 

cak e  o f  sorben t  supporte d o n a  Buchne r  funnel .  Th e  insolubl e  portion s  o f  th e 

sampl e  remai n o n th e  sorben t  an d th e  component s  o f  interes t  ar e  elute d ou t  b y 

th e  passag e  o f  solvent ,  usuall y  unde r  vacuum .  Exces s  solven t  i s  remove d an d th e 

sampl e  i s  no w sufficientl y  solubl e  t o  b e  handle d i n  th e  usua l  way .  Thi s  metho d 

i s  particularl y  usefu l  fo r  removin g ver y pola r  fraction s  fro m th e  sampl e  whe n 

thes e  ar e  no t  o f  importanc e  t o  th e  analysis . 

The  sampl e  i s  usuall y  separate d b y elutio n chromatography ,  collectin g 

suitable-size d fraction s  eithe r  manuall y  o r  wit h a  fractio n collector .  A  singl e 

developmen t  wit h 4  t o  5  colum n volume s  o f  mobil e  phas e  a t  a  flo w rat e  o f  0.5-5. 0 

ml/min ,  dependin g o n th e  colum n dimensions ,  usuall y  suffice s  fo r  simpl e 

separations .  Th e  actua l  colum n flo w rat e  depend s  o n th e  permeabilit y  o f  th e 

colum n bed .  Thu s  flo w rat e  i s  no t  a  critica l  paramete r  unles s  th e  colum n exi t 

i s  blocke d an d become s  th e  controllin g factor .  O f  course ,  lo w flo w rate s  ad d t o 

th e  tim e  require d fo r  wha t  i s  alread y a  slo w technique ,  an d i t  ma y b e  wort h 

repackin g th e  colum n an d startin g th e  separatio n again .  Fo r  th e  separatio n o f 

comple x sample s  gradien t  elutio n condition s  ar e  used .  Althoug h numerou s  method s 

of  generatin g continuou s  gradient s  exis t  [23] ,  th e  preferre d metho d i s  th e  us e 

of  a  stepwis e  gradien t  generate d b y changin g th e  polarit y  o f  th e  solven t  i n 

incrementa l  steps .  Suitabl e  solven t  combination s  wer e  discusse d i n  Chapte r  4.1 0 

fo r  liquid-soli d  chromatography .  A t  th e  en d o f  th e  separatio n th e  individua l 

fraction s  ar e  spotte d o n a  plat e  fo r  thin-laye r  chromatograph y (TLC )  an d groupe d 

togethe r  accordin g t o  thei r  composition .  Fraction s  containin g severa l 

component s  ca n b e  separate d o n a  secon d colum n t o improv e  th e  overal l  yiel d o f 

sampl e  i f  required . 

The  procedure s  describe d abov e  represen t  th e  operation s  performe d i n 

classica l  colum n chromatography .  Stil l  widel y use d an d truste d b y many ,  th e 

techniqu e  i s  slo w an d demand s  th e  constan t  attentio n o f  th e  operator .  I n  th e 

las t  fe w year s  severa l  variation s  hav e  bee n describe d t o  eithe r  automat e  th e 

method ,  increas e  it s  resolution ,  o r  improv e  sampl e  throughput .  O f  cours e  on e  o f 

th e  principa l  method s  o f  achievin g al l  thes e  goal s  i s  t o  us e  preparative-scal e 

hig h performanc e  liqui d chromatogaphy ,  describe d i n  th e  nex t  section .  Befor e 

proceedin g t o  thi s  metho d w e  wil l  revie w som e  o f  th e  les s  elaborat e  an d les s 

costl y  alternative s  whic h ma y b e  suitabl e  fo r  th e  solutio n o f  man y problem s 

encountere d i n  th e  laboratory . 

One  o f  th e  earlies t  attempt s  t o  improv e  th e  efficienc y o f  classica l  colum n 

chromatograph y wa s  dr y colum n chromatograph y [27-30] .  Ther e  ar e  severa l 
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version s  o f  thi s  techniqu e  bu t  basicall y  a  lengt h o f  plasti c  tube ,  usuall y 

thin-walle d nylo n o r  PTF E i s  dry-packe d wit h TL C grad e  sorben t  t o  th e  desire d 

colum n length .  Th e  column s  ar e  disposabl e  and ,  afte r  packing ,  resembl e  a 

sausag e  tie d a t  th e  lowe r  end ,  leavin g a  smal l  hol e  fo r  ai r  o r  solven t  t o 

escape .  Afte r  additio n o f  sampl e  th e  colum n i s  elute d wit h sufficien t  solven t 

t o  reac h th e  lowe r  en d o f  th e  bed .  Th e  sampl e  i s  no t  recovere d b y elutio n bu t 

rathe r  th e  colum n i s  cu t  int o section s  represente d b y th e  visualize d band s  an d 

eac h sectio n i s  the n treate d wit h solven t  t o  remov e  th e  sample .  Obviousl y o f 

limite d capacity ,  th e  metho d provide s  highe r  resolutio n tha n classica l  colum n 

technique s  du e  t o  th e  us e  o f  sorbent s  o f  smal l  particl e  size .  I t  i s  well-suite d 

t o  th e  recover y o f  smal l  quantitie s  o f  material ,  amount s  simila r  t o  thos e 

obtaine d b y preparativ e  TLC . 

Sorbent s  wit h diameter s  i n  th e  rang e  40-6 3 micrometer s  represen t  a  goo d 

compromis e  betwee n colum n efficienc y an d resolutio n i f  hig h pressur e 

instrumentatio n i s  no t  used .  I n  orde r  t o  generat e  reasonabl e  flo w rate s  eithe r 

a  vacuu m a t  th e  colum n bas e  o r  over-pressur e  a t  th e  colum n hea d i s  required . 

For  simpl e  separation s  a  vacuu m filtratio n apparatu s  wit h a  sintered-glas s 

filte r  funne l  containin g a  be d o f  sorben t  ma y suffic e  [31,32] ,  Th e  sampl e  i s 

elute d b y vacuu m suctio n wit h solvent s  o f  increasin g polarity ,  startin g wit h 

hexane .  Resolutio n comparabl e  t o  gravity-fe d column s  wa s  claime d i n  a  muc h 

shorte r  time .  Th e  majo r  drawback s  t o  thi s  ver y simpl e  syste m wer e  channelin g 

cause d b y th e  necessar y intermitten t  breakin g o f  th e  vacuum ,  uneve n sampl e 

application ,  an d limite d resolutio n du e  t o  shortnes s  o f  th e  column .  Thes e 

problem s  wer e  solve d usin g th e  apparatu s  show n i n Figur e  6. 3 [33] ,  Thi s  allow s 

th e  colum n t o remai n unde r  vacuu m (1-1 0 mmHg)  a t  al l  time s  an d use s  a  precolum n 

sectio n o f  celit e  ( a  diatomaceou s  eart h  o f  lo w surfac e  activity )  t o  provid e  a n 

eve n distributio n o f  sampl e  ove r  th e  cross-sectiona l  are a  o f  th e  column .  Th e 

column s  ar e  dry-packe d wit h 10-4 0 micromete r  diamete r  silic a  an d consolidate d b y 

openin g an d closin g th e  valv e  a t  th e  colum n hea d t o  th e  atmosphere .  Durin g 

operatio n solven t  change s  ca n b e  mad e  ver y simpl y a s  th e  colum n hea d i s 

maintaine d a t  atmospheri c  pressure .  Vacuu m liqui d chromatograph y provide s 

resolutio n comparabl e  t o  TL C separation s  whil e  usin g simpl e  apparatus . 

Instea d o f  vacuum ,  a  sligh t  ga s  over-pressur e  ca n b e  use d t o  increas e 

sampl e  throughpu t  [34] .  Thi s  metho d i s  ofte n calle d flas h chromatography .  Th e 

onl y modificatio n require d t o  th e  classica l  techniqu e  i s  a  flo w contro l  valv e  a t 

th e  hea d o f  th e  colum n tha t  i s  connecte d t o  a  pressure-regulate d ga s  supply . 

The  column s  ar e  dry-packe d wit h sorben t  (40-6 3 micromete r  diameter )  wit h 

vertica l  tampin g an d the n conditione d wit h solven t  t o  dislodg e  al l  ai r  pocket s 

prio r  t o  use .  A s  th e  hea d pressur e  i s  quit e  low ,  th e  be d heigh t  i s  restricte d 

t o  les s  tha n 3 0 c m usually ,  wit h 1 5 c m commonl y used .  Th e  choic e  o f  colum n 

dimension s  fo r  a  particula r  separatio n ca n b e  deduce d fro m th e  consideration s 
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Cap i l l a r y I n l e t 

Figur e  6. 3 Specia l  device s  use d i n  moder n liqui d chromatography .  A ,  a n 
apparatu s  suitabl e  fo r  vacuu m liqui d chromatography ;  B ,  modifie d 
inle t  fo r  medium-pressur e  liqui d chromatograph y wit h pisto n fittin g 
an d sampl e  distributio n devices ;  C ,  modifie d inle t  providin g a n 
alternativ e  metho d o f  radia l  sampl e  distributio n t o  B . 

A popula r  variatio n o n th e  classica l  colum n techniqu e  i s  mediu m pressur e 

liqui d chromatograph y [35-38] ,  Thi s  represent s  a  mid-poin t  i n  th e  transitio n 

betwee n th e  classica l  an d hig h performanc e  chromatographi c  methods .  B y usin g 

glas s  an d polymeri c  material s  fo r  constructio n o f  th e  apparatu s  an d colum n 

packing s  wit h diameter s  large r  tha n 2 0 micrometer s  th e  cos t  o f  th e  syste m i s 

kep t  comparativel y lo w whil e  efficienc y an d sampl e  throughpu t  ar e  muc h highe r 

tha n th e  classica l  technique .  Th e  constructio n material s  usuall y  limi t  colum n 

pressure s  t o  les s  tha n 12 0 p.s.i .  Thes e  pressure s  an d th e  hig h flo w rate s  use d 

wit h larg e  diamete r  column s  ca n b e  generate d b y inexpensiv e  flow-meterin g 

give n i n  Tabl e  6.3 .  Typica l  solven t  flo w rate s  ar e  o n th e  orde r  o f  5  cm/mi n 

Flas h chromatograph y provide s  a  rapi d an d inexpensiv e  genera l  metho d fo r  th e 

preparative-scal e  separatio n o f  mixture s  requirin g onl y moderat e  resolution . 
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pumps .  Al l  connection s  betwee n th e  pump ,  injector ,  column ,  an d detecto r  ar e 

made  wit h Teflo n tube s  o r  simila r  material s  havin g specially-designe d plasti c 

en d fitting s  tha t  mak e  th e  assembl y o f  th e  equipmen t  straightforward .  Th e 

operatio n o f  th e  medium-pressur e  liqui d chromatograp h i s  simila r  t o  tha t  o f  a 

high-pressur e  liqui d chromatograp h an d require s  n o specia l  description .  Al l 

necessar y component s  ar e  commericall y  available .  A  fractio n collecto r  i s 

normall y use d instea d o f  o r  i n  conjunctio n wit h a  flow-throug h detecto r  fo r 

sampl e  collection .  I n  thi s  respec t  detector s  o f  lo w sensitivit y  ar e  required . 

The  refractiv e  inde x detecto r  o r  a  U V detecto r  wit h a  cel l  o f  shor t  pat h lengt h 

ar e  frequentl y  used . 

TABLE 6. 3 

GENERAL CONDITION S FO R PREPARATIVE-SCAL E SEPARATIONS B Y FLAS H CHROMATOGRAPHY 
Mobil e  phas e  selection :  (1 )  Choos e  a  lo w viscosit y  solven t  syste m whic h 
separate s  th e  mixtur e  an d move s  th e  desire d componen t  t o  a n R p o f  —0,35 ; 
(2 )  I f  severa l  compound s  ar e  t o  b e  separate d whic h ru n clos e  togethe r  o n TLC , 
adjus t  th e  solven t  strengt h t o  pu t  thei r  midpoin t  a t  a n R p valu e  o f  —0.35 ; 
(3 )  I f  compound s  ar e  wel l  separated ,  choos e  a  mobil e  phas e  whic h provide s  a n 
Rp valu e of  c-0.3 5 fo r  th e leas t  retaine d component . 

Colum n Volum e  o f Sampl e  loadin g fo r  a  particula r Typica l 
Diamete r eluen t TLC resolutio n (mg ) fractio n 

(cm ) (ml ) ARp >  0. 2 ARp >0. 1 siz e  (ml ) 

1 10 0 10 0 40 5 
2 20 0 40 0 16 0 10 
3 40 0 90 0 36 0 20 
4 160 0 160 0 60 0 30 
5 250 0 250 0 100 0 50 

Typica l  volum e  o f  solven t  require d fo r  colum n packin g an d sampl e 
separation . 

Colum n size s  use d i n  medium-pressur e  liqui d chromatograph y ar e  varied .  Th e 

lengt h o f  th e  colum n i s  limite d b y th e  operatin g pressur e  availabl e  an d i s  no t 

usuall y  greate r  tha n on e  meter ,  wit h 25-6 0 c m commonl y employed .  Th e  colum n 

diamete r  i s  establishe d b y th e  sampl e  siz e  an d i s  usuall y  1-2 0 cm .  Th e  wide r 

bor e  column s  contai n severa l  kilogram s  o f  packin g materia l  an d ca n handl e 

sample s  o f  1 5 g  o r  more .  Colum n packing s  ar e  usuall y  40-6 3 micrometer s  i n 

diamete r  an d includ e  reversed-phas e  a s  wel l  a s  adsorben t  material s  [38] ,  Th e 

desig n o f  colum n en d fitting s  i s  critica l  t o  avoi d los s  o f  sampl e  resolutio n 

[36,39] ,  I n  on e  design ,  o f  whic h ther e  ar e  severa l  commerciall y  availabl e 

variations ,  th e  colum n i s  a  straigh t  open-ende d glas s  tub e  wit h a  screwe d 

end-ca p attache d (Figur e  6.3B) .  Th e  en d fittin g serve s  t o  locat e  a n adjustabl e 

plunge r  tha t  ca n b e  screwe d i n  o r  ou t  an d locke d int o plac e  wit h a  nut .  Th e 

plunge r  i s  seale d i n  th e  colum n b y eithe r  a n 0-rin g o r  a n expansio n mechanism . 

I t  i s  attache d t o  a  porou s  plasti c  dis c  whic h i s  i n  contac t  wit h th e  stationar y 

phas e  be d an d distribute s  th e  incomin g liqui d ove r  th e  entir e  cross-sectio n o f 
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th e  column .  A n identica l  plunge r  assembl y support s  th e  be d a t  th e  lowe r  en d o f 

th e  column ,  s o tha t  th e  stationar y phas e  i s  confine d betwee n tw o rigi d plan e 

paralle l  surface s  withou t  dea d space .  I n  a n alternativ e  design ,  show n i n Figur e 

6.3C ,  th e  colum n inle t  i s  constricte d t o  a  narro w tub e  containin g a  plasti c  en d 

fitting .  A t  th e  injectio n en d a  fri t  i s  fitte d int o th e  con e  o f  th e  colum n 

head .  Th e  spac e  abov e  th e  fri t  i s  fille d wit h glas s  bead s  (100-50 0 

micrometers) .  Thi s  simpl e  devic e  ensure s  optimu m distribution ,  an d result s  i n  a 

narrow ,  homogeneou s  ban d o f  sampl e  applie d ove r  th e  entir e  cross-sectio n o f  th e 

column .  Th e  botto m o f  th e  colum n ha s  a  conica l  bas e  simila r  t o  tha t  a t  th e  to p 

bu t  withou t  th e  fritte d disc .  Th e  column s  ar e  usuall y  dry-packe d eithe r 

manuall y  o r  mechanically ,  detail s  ar e  give n i n  reference s  [26,36,37] ,  Prio r  t o 

us e  th e  column s  ar e  conditione d b y passin g 3  t o  5  colum n volume s  o f  solven t 

throug h th e  be d an d an y void s  whic h for m ar e  the n filled .  Th e  sampl e  i s  usuall y 

injecte d on-strea m usin g a  valv e  injecto r  or ,  fo r  ver y larg e  sampl e  volumes , 

throug h th e  pump .  Variou s  studie s  hav e  show n tha t  a  highe r  colum n efficienc y i s 

usuall y  attaine d whe n th e  sampl e  i s  adde d t o  th e  colum n a s  a  dilut e  solutio n 

rathe r  tha n i n  concentrate d for m [23,26,36] ,  A n attractiv e  featur e  o f  th e 

reversed-phas e  column s  i s  tha t  solven t  equilibratio n i s  rapi d s o gradien t 

elutio n an d colum n reus e  ar e  possible .  Medium-pressur e  liqui d chromatograph y i s 

a  usefu l  compromis e  betwee n efficienc y an d cos t  fo r  preparative-scal e  liqui d 

chromatography .  Requirin g onl y simpl e  equipment ,  i t  ha s  rapidl y becom e  a 

routin e  techniqu e  i n  organi c  synthesi s  an d biochemistr y laboratories . 

6. 4  High-Pressur e  Liqui d Chromatograph y 

When choosin g th e  bes t  preparative-scal e  liqui d chromatographi c  metho d fo r 

condition s  requirin g highe r  resolutio n tha n thos e  discusse d previously ,  i t  i s 

necessar y t o  firs t  conside r  th e  intende d use .  Fo r  example ,  1-1 0 m g o f  a  pur e 

sampl e  woul d suffic e  fo r  identificatio n purposes ,  whil e  1-1 0 g  migh t  b e  th e 

minimu m amoun t  o f  a n intermediat e  usefu l  fo r  a n organi c  synthesis .  Th e  amoun t 

of  sampl e  require d dictate s  th e  siz e  o f  th e  colum n an d th e  operatin g condition s 

necessar y fo r  th e  separation ,  Tabl e  6. 4  [26] ,  Thi s  lead s  t o  tw o distinc t 

possibilitie s  fo r  metho d development .  Wid e  bor e  column s  containin g packing s 

simila r  t o  thos e  use d i n  analytica l  column s  ca n b e  use d t o  obtai n sample s  i n  th e 

1-10 0 m g range .  Th e  sam e  column s  o r  stil l  larger ,  highe r  capacit y  column s 

packe d wit h coarse r  particle s  an d operate d i n  a  mas s  overloa d conditio n ca n 

separat e  1-5 0 g  sampl e  amounts .  Th e  forme r  metho d i s  th e  easie r  a s  i t 

represent s  a  simpl e  scale-u p o f  th e  analytica l  procedur e  an d ca n probabl y b e 

performe d usin g a n analytica l  instrumen t  wit h ver y mino r  modifications .  Larg e 

diamete r  column s  operate d i n  a  mas s  overloa d conditio n requir e  additiona l 

operatin g consideration s  an d perhap s  extensiv e  instrumen t  redesign .  I f  mor e 



41 5 

tha n a  fe w separation s  ar e  t o  b e  carrie d ou t  i n  thi s  mas s  rang e  the n th e 

purchas e  o f  a  purpos e  buil t  preparative-scal e  instrumen t  shoul d b e  considered . 

We  wil l  conside r  th e  tw o operatin g mode s  separately ,  althoug h the y shar e  th e 

sam e  goal ,  t o  maximiz e  sampl e  throughpu t  pe r  uni t  time ,  an d diffe r  onl y i n 

scale .  I n  analytica l  hig h performanc e  liqui d chromatograph y (HPLC )  spee d an d 

resolutio n ar e  th e  desire d goal s  fo r  whic h sampl e  capacit y i s  normall y 

compromised .  B y contrast ,  i n  preparativ e  HPL C capacit y  (sampl e  throughpu t  pe r 

uni t  time )  i s  th e  desire d goa l  an d t o  maximiz e  thi s  paramete r  som e  o f  th e 

separation ,  o r  resolution ,  i s  sacrificed .  Fo r  genera l  review s  o f 

preparative-scal e  HPL C se e  reference s  [26,40-43] . 

TABLE 6. 4 

MAXIMUM ALLOWABLE COMPOUND SIZ E WIT H RESPEC T T O STATIONARY PHAS E LOADING AND 
COLUMN DIMENSIONS 

Preparativ e Applicatio n Require d Stationar y Colum n MACSa 

colum n typ e amoun t  o f phas e I.D . (mg ) 
pur e  sampl e (g ) (mm) 
(mg ) 

Analytica l Mass  spectro - 0.00 1 0.2-3. 2 1- 5 0.2-3. 2 
metr y 

Analytica l I R 0. 1 0.2-3. 2 1- 5 0.2-3. 2 

Wide  bor e NMR 0.1-1 0 3-1 2 6-1 1 3-1 2 
analytica l 

Wide  bor e Elementa l 1-2 5 7-2 5 6-1 1 7-2 5 
analytica l analysi s 

Lon g narro w Synthesi s 100-100 0 25-10 0 10-3 0 20-100 0 

Shor t  thic k Larg e  scal e 
3 5 

10 -10 J 10 2 -10 4 20-10 0 10 3 -10 5 

Industria l Commercia l 10 4 -10 6 
3 5 

10 -10 J 
2 3 

10 -10 J 10 4 -10 6 

a Thes e  value s  o f  MACS ca n var y an d ar e  controlle d b y th e  separatio n 
factor ,  a . 

The  scale-u p approac h t o  preparativ e  HPL C i s  quit e  straightforwar d an d i s 

th e  approac h likel y t o  b e  take n i n  a n analytica l  laborator y tha t  require s 

sufficien t  materia l  fo r  identificatio n purpose s  o r  t o  purif y a n analytica l 

standar d o n a n occasiona l  basis .  Separation s  ar e  carrie d ou t  i n  th e  linea r 

regio n o f  th e  sorben t  isotherm ,  whic h provide s  a n uppe r  sampl e  mas s  limi t  o f 

abou t  0.1-1. 0 mg/ g o f  sorbent .  Increasin g th e  colum n diamete r  a t  constan t 

colum n lengt h increase s  th e  weigh t  o f  packing ,  an d therefor e  th e  sampl e  capacit y 

of  th e  column ,  withou t  dramaticall y  influencin g th e  resolutio n obtaine d i f  th e 

mobil e  phas e  linea r  velocit y  remain s  constan t  [44,45] .  Th e  loadin g capacit y o f 

a  colum n wil l  increas e  wit h th e  squar e  o f  th e  radiu s  o r  directl y  wit h th e  colum n 

cross-sectiona l  area .  A  simila r  relationshi p hold s  fo r  th e  mobil e  phas e  flo w 

rate ,  whic h mus t  b e  increase d linearl y  wit h th e  cross-sectiona l  colum n are a  t o 
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maintai n a  constan t  mobil e  phas e  linea r  velocity .  Thus ,  t o  scale-u p a n 

analytica l  separatio n a  large r  diamete r  colum n packe d wit h th e  sam e  materia l  an d 

operate d a t  th e  sam e  linea r  velocit y  a s  th e  analytica l  colum n i s  used .  Th e 

characteristic s  o f  thre e  column s  o f  differen t  diameter s  operate d a t  th e  sam e 

linea r  velocit y  ar e  summarize d i n  Tabl e  6.5 .  Althoug h preparativ e  an d 

analytica l  column s  diffe r  i n  length ,  th e  salien t  operatin g feature s  ca n b e 

seen .  Th e  analytica l  colum n wit h a n interna l  diamete r  o f  4. 6  mm i s  adequat e  t o 

isolat e  a  fe w milligram s  o f  material .  Th e  preparativ e  colum n wit h a n interna l 

diamete r  o f  2 2 mm ca n b e  use d t o  isolat e  approximatel y 10 0 mg o r  s o o f  sample , 

whic h i s  mor e  tha n adequat e  fo r  identificatio n purposes .  Th e  penalt y  pai d fo r 

th e  increase d sampl e  throughpu t  i s  th e  increase d mobil e  phas e  flo w rat e  an d 

highe r  colum n operatin g pressure ,  creatin g greate r  demand s  o n th e 

instrumentatio n used .  A  practica l  exampl e  i s  show n i n Figur e  6. 4 fo r  th e 

scaled-u p preparativ e  separatio n o f  a  mixtur e  o f  bilirubi n isomer s  [46] , 

TABLE 6. 5 

PHYSICAL PROPERTIE S AND OPERATIN G CHARACTERISTIC S O F COLUMNS O F DIFFEREN T SIZ E 

Paramete r Colum n typ e Paramete r 
Analytica l Semipreparativ e Preparativ e 

Lengt h (cm ) 25 50 50 
Interna l  diamete r  (mm ) 4. 5 9. 4 22 
Particl e  siz e  (  m ) 10 10 10 
Packin g weigh t  (g ) 2. 5 20 12 0 
Flo w rat e  (ml/min ) 1 4 20 
Pressur e  (p.s.i. ) 20 0 30 0 80 0 
Voi d volum e  (ml ) 2.9 7 31. 8 12 9 
Maximu m allowabl e 0.25-2. 5 2-2 0 12-12 0 

sampl e  siz e  (mg ) 

At  thi s  poin t  i t  i s  wort h considerin g th e  demand s  mad e  o n th e 

instrumentatio n fo r  operatio n wit h wid e  bor e  column s  and ,  i n  particular ,  th e 

adaptatio n o f  analytica l  instrument s  fo r  thi s  purpos e  [42,48] ,  Th e  pumpin g 

requirement s  diffe r  fro m thos e  i n  analytica l  HPL C a s  th e  abilit y  t o  generat e 

hig h flo w rate s  a t  moderat e  bac k pressur e  i s  crucia l  t o  th e  efficien t  operatio n 

of  wid e  bor e  columns ,  A  flo w rat e  maximu m o f  10 0 ml/mi n wit h a  pressur e  limi t 

of  300 0 p.s.i .  i s  considere d adequate .  Fe w analytica l  reciprocatin g 

piston-typ e  pump s  ar e  capabl e  o f  reachin g thi s  volum e  deliver y rate ;  som e  ar e 

capabl e  o f  operatin g a t  30-6 0 ml/min ,  whic h suffice s  i n  man y instances ;  stil l 

other s  hav e  a  maximu m deliver y rat e  belo w 1 0 ml/min ,  barel y adequat e  fo r  al l  bu t 

semipreparativ e  use .  A s  detector s  ar e  operate d a t  lo w sensitivit y  i n 

preparative-scal e  separation s  a  relativel y inexpensiv e  HPL C pum p i s  ofte n 

adequat e  an d ca n b e  use d instea d o f  th e  analytica l  pump .  A s  flo w rate s  ar e  hig h 

th e  solven t  reservoi r  shoul d als o b e  sufficientl y  large ,  a t  leas t  a  fe w liters , 

t o  permi t  reasonabl e  operatin g time s  withou t  th e  nee d fo r  replenishing . 
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Figur e  6. 4  Preparative-scal e  separatio n o f  bilirubi n isomer s  b y HPLC .  Th e 
analytica l  separatio n wa s  optimize d fo r  a t  minimu m k  an d the n th e 
sampl e  siz e  scaled-u p t o  tha t  allowe d b y th e  large r  amoun t  o f 
packin g i n  th e  preparativ e  column .  (Reproduce d wit h permissio n fro m 
ref .  46 .  Copyrigh t  Perkin-Elme r  Corporation) . 

The  mod e  o f  injectio n differ s  appreciabl y fro m .analytica l  method s  wher e  th e 

objec t  i s  t o  creat e  discret e  narro w band s  b y poin t  o r  narro w zon e  injectio n o f 

lo w sampl e  amounts .  Poin t  injectio n o f  a  larg e  sampl e  (mas s  o r  volume )  i n 

preparativ e  liqui d chromatograph y woul d resul t  i n  a  loca l  overloadin g o f  th e 

colum n packin g wit h a  deleteriou s  effec t  o n  colum n performance .  T o minimiz e 

thi s  effec t  th e  sampl e  shoul d ideall y b e  applie d evenl y ove r  th e  entir e  colum n 

cross-sectiona l  are a  a s  a  dilut e  solution .  A  colum n wit h a  glass-bead-fille d 

conica l  hea d o r  wit h a  distributio n o r  diffuse r  plat e  ca n b e  use d wit h a 

standar d valv e  injecto r  fo r  thi s  purpose .  Th e  valv e  mus t  b e  fitte d wit h a  loo p 

of  sufficien t  volume .  However ,  fo r  larg e  injections ,  sampl e  volume s  o f  severa l 

milliliters ,  i t  i s  easie r  t o  pum p th e  sampl e  ont o th e  colum n wit h th e  eluen t 

pump or ,  preferably ,  a  dedicate d injectio n pump .  On-colum n syring e  injectio n 

unde r  stop-flo w condition s  i s  als o possibl e  bu t  inconvenien t  an d experimentall y 

difficult . 

Colum n packin g technique s  wer e  discusse d i n  Chapte r  4.4 .  Column s  ma y b e 

slurr y packe d o r  dry-packed ,  dependin g o n th e  particl e  diameter ;  variou s  method s 

fo r  packin g preparativ e  column s  hav e  bee n surveye d an d evaluate d i n  reference s 

[49,50] .  Slurr y packin g large-diamete r  column s  i s  mor e  difficul t  tha n 
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small-diamete r  column s  du e  t o  th e  nee d t o  kee p larg e  quantitie s  o f  slurr y i n 

suspensio n an d th e  hig h volum e  flo w rate s  require d t o  rapidl y consolidat e  th e 

colum n bed .  Column s  whic h ar e  poorl y packe d ma y giv e  ris e  t o  pea k doubling , 

cause d b y th e  formatio n o f  a  hig h permeabilit y  zon e  nea r  th e  wal l  [50] .  Th e 

cos t  o f  sorbent s  i s  anothe r  consideration .  Coarse r  particle s  ar e  les s 

expensive ,  ca n b e  dr y packed ,  an d ma y provid e  adequat e  resolutio n fo r  al l  bu t 

th e  mos t  demandin g applications .  Macroporou s  polystyrene-divinylbenzen e  resin s 

hav e  bee n suggeste d a s  a n inexpensiv e  alternativ e  t o  reversed-phas e  material s 

[52] ,  Stabl e  ove r  th e  entir e  p H range ,  the y ar e  ideall y  suite d t o  biochemica l 

application s  suc h a s  th e  separation s  o f  amin o acid s  an d peptides .  However ,  the y 

hav e  lo w maximu m operatin g pressur e  limits . 

Detectio n requirement s  i n  preparative-scal e  chromatograph y als o diffe r  fro m 

analytica l  operation s  wher e  detector s  ar e  selecte d fo r  thei r  sensitivity . 

Sensitivit y  i s  no t  o f  overridin g importanc e  i n  preparative-scal e  chromatography ; 

th e  abilit y  t o  accommodat e  larg e  colum n flo w rate s  an d a  wid e  linea r  respons e 

rang e  ar e  mor e  useful .  Th e  sensitivit y  o f  th e  refractiv e  inde x detecto r  i s 

usuall y  quit e  adequat e  fo r  preparativ e  wor k bu t  th e  flo w capacit y  o f  man y o f  th e 

analytica l  detector s  o f  thi s  typ e  i s  limited .  Th e  commo n analytica l  U V 

detector s  hav e  a  limite d dynami c  rang e  an d ar e  easil y  overloade d whe n runnin g 

preparative-siz e  samples .  Variabl e  wavelengt h detector s  ca n b e  detune d fro m th e 

absorptio n maxim a  o f  th e  sampl e  component s  t o  increas e  th e  dynami c  rang e  o f  th e 

detecto r  a t  th e  highe r  concentratio n end .  Som e  analytica l  detector s  hav e 

interchangeabl e  flo w cell s  whic h allo w replacemen t  o f  th e  analytica l  cel l  wit h 

on e  o f  shorte r  pat h lengt h t o  reduc e  sensitivity .  Preparativ e  flo w cell s 

usuall y  hav e  wide r  bor e  inle t  an d outle t  connection s  t o  mor e  readil y  accommodat e 

hig h mobil e  phas e  flo w rates .  I n  analytica l  instrument s  capillar y tubin g o f 

0.15-0.2 5 mm interna l  diamete r  i s  use d i n  colum n connection s  t o  reduc e 

dispersion .  Thi s  i s  to o restrictiv e  a t  preparative-scal e  flo w rate s  an d shoul d 

be  replace d wit h capillar y tubin g o f  0.4-0. 6  mm I.D .  T o avoi d damag e  t o  th e 

flo w cel l  i t  ma y b e  advisabl e  t o  operat e  analytica l  detector s  wit h a  lo w 

dead-volum e  flo w splitte r  s o tha t  onl y a  fe w percen t  o f  th e  tota l  colum n eluen t 

passe s  through t  th e  detector .  I n  thi s  cas e  i t  ma y als o b e  necessar y t o  provid e 

a  flo w restricto r  i n  th e  lin e  tha t  doe s  no t  lea d t o  th e  detecto r  t o  balanc e  th e 

flo w resistance .  Finally ,  i f  onl y on e  o r  tw o fraction s  ar e  t o  b e  collecte d an d 

th e  numbe r  o f  run s  i s  low ,  the n th e  sampl e  ca n b e  collecte d manuall y  i n 

suitably-size d containers ;  a  fractio n collecto r  i s  otherwis e  required .  Variou s 

model s  varyin g fro m simpl e  time -  o r  volume-base d programmabl e  collector s  t o  mor e 

sophisticate d pea k detecto r  threshold-sensin g fractio n collector s  ar e 

commerciall y  available .  I f  a n anlytica l  instrumen t  i s  t o  b e  use d fo r  mor e  tha n 

an occasiona l  preparativ e  separatio n the n automatio n o f  th e  whol e  separatio n 

proces s  i s  wort h considerin g [54-56] .  Thi s  ma y b e  possibl e  withi n th e  existin g 
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capabilitie s  o f  man y o f  th e  mor e  sophisticate d microprocessor-base d analytica l 

instruments . 

So fa r  w e  hav e  considere d preparative-scal e  chromatograph y whe n th e  colum n 

i s  no t  overloade d an d th e  desire d amoun t  o f  sampl e  ha s  bee n isolate d b y simpl y 

scaling-u p th e  dimension s  o f  th e  colum n an d adjustin g th e  operatin g condition s 

accordingly .  Th e  theor y pertainin g t o  analytica l  column s  i s  applicabl e  an d onl y 

mino r  operatin g modification s  ar e  require d t o  ensur e  success .  A s  ther e  i s  a 

limi t  t o  th e  siz e  o f  column s  tha t  ca n b e  prepare d wit h th e  sam e  efficienc y a s 

analytica l  columns ,  th e  onl y pratica l  wa y t o  increas e  sampl e  throughpu t  i s  t o 

overloa d th e  column .  Ther e  i s  n o adequat e  theor y fo r  column s  operatin g i n  a 

mas s  overloa d conditio n an d th e  succes s  o f  thi s  approac h mus t  b e  judge d o n 

empirica l  grounds .  A s  i t  represent s  th e  mos t  cos t  effectiv e  mean s  o f  obtainin g 

bul k sampl e  quantitie s  an d i s  widel y use d i n  man y laboratorie s  ther e  i s  n o nee d 

t o  fea r  o r  avoi d operatin g abov e  th e  colum n capacit y  limit .  A  colum n i s 

considere d t o  b e  i n  a n overloa d conditio n whe n solut e  capacit y  facto r  value s 

chang e  b y mor e  tha n 10 % a s  sampl e  weigh t  i s  increased .  A  colum n migh t  b e 

overloade d eithe r  b y increasin g th e  sampl e  concentratio n whil e  maintainin g a 

constan t  injectio n volum e  (mas s  overload )  o r  b y increasin g th e  injectio n volum e 

whil e  maintainin g a  constan t  sampl e  concentratio n (volum e  overload )  [45,57-59] . 

As  bot h o f  thes e  situation s  hav e  differen t  consequence s  w e  wil l  conside r  the n 

separately . 

The  colum n overloa d volum e  ha s  bee n define d b y Scot t  [57] .  T o a  firs t 

approximatio n i t  ca n b e  describe d b y equatio n (6.1) . 

V L =  V o  ( Q "  1 ) k ( 6 , 1 ) 

V̂  =  maximu m volum e  overloa d 

V =  colum n dea d volum e 
ï 

á  =  rati o  o f  capacit y  factor s  fo r  th e  separatio n o f  th e  mos t  difficul t 

pea k pai r 

k  =  capacit y  facto r  valu e  fo r  th e  firs t  pea k o f  th e  pea k pai r  use d t o 

defin e  á 

As  th e  injectio n volum e  i s  increase d th e  retentio n distanc e  o f  th e  pea k fron t 

remain s  constan t  whil e  th e  pea k widt h increase s  linearl y  wit h injectio n volume . 

The  sprea d o f  th e  peak s  i s  th e  sam e  fo r  eac h solut e  an d i s  independen t  o f  th e 

natur e  o f  th e  solut e  o r  it s  capacit y  facto r  value .  Th e  sprea d o f  th e  peak s 

towar d greate r  retentio n time s  i s  characteristi c  o f  volum e  overloa d an d is ,  i n 

fact ,  th e  exac t  opposit e  o f  th e  situatio n observe d fo r  mas s  overload .  Volum e 

overloa d distort s  th e  norma l  elutio n proces s  o f  developmen t  towar d fronta l 

analysi s  and ,  whe n elutio n developmen t  i s  carrie d ou t  wit h progressivel y 
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increasin g sampl e  volumes ,  th e  distorte d elutio n developmen t  culminate s  i n 

fronta l  analysis .  Fo r  a  fixe d sampl e  concentratio n th e  highes t  sampl e 

throughpu t  i s  obtaine d b y usin g a n injectio n siz e  equa l  t o  V^ .  Thi s  assume s  tha t 

th e  sampl e  concentratio n i s  no t  s o hig h tha t  th e  separatio n proces s  i s  dominate d 

by mas s  overloa d conditions . 

A furthe r  consideratio n i s  th e  selectio n o f  th e  injectio n solvent .  Ideall y 

th e  injectio n solven t  shoul d b e  th e  sam e  a s  th e  mobil e  phas e  chose n fo r  elutin g 

th e  sampl e  or ,  i f  gradien t  elutio n i s  t o  b e  used ,  th e  initia l  solven t  use d i n 

th e  solven t  program .  I f  thi s  i s  no t  possibl e  the n th e  nex t  mos t  appropriat e 

choices ,  i n  orde r  o r  preference ,  ar e  (1 )  a  differen t  solven t  o f  simila r  strengt h 

bu t  o f  differen t  selectivity ,  (2 )  a  weake r  solven t  o f  larg e  volume ,  o r  (3 )  a 

smal l  amoun t  o f  a  mor e  pola r  solvent .  Selectio n o f  th e  injectio n solven t  i s 

les s  o f  a  proble m i n liquid-soli d  chromatograph y tha n i n  reversed-phas e 

chromatograph y wher e  th e  aqueou s  solubilit y  o f  man y organi c  compound s  i s  rathe r 

low . 

Colum n mas s  overloa d i s  to o comple x t o  trea t  theoretically .  However ,  mas s 

overloa d influence s  th e  separatio n proces s  i n  basicall y  thre e  ways .  Firs t  o f 

all ,  ther e  i s  a  dispersiv e  effec t  resultin g fro m th e  limite d capacit y  o f  th e 

stationar y phase .  Th e  sampl e  wil l  sprea d alon g th e  column ,  carrie d b y th e 

mobil e  phase ,  unti l  i t  contact s  sufficien t  sorben t  t o  permi t  i t  t o  remai n o n th e 

stationar y phas e  surfac e  unde r  equilibriu m conditions .  Secondly ,  wit h a  massiv e 

sampl e  charg e  th e  sorben t  i s  essentiall y  deactivate d whil e  th e  overloade d solut e 

i s  i n  th e  column ;  al l  solute s  ar e  thu s  elute d wit h reduce d retentio n times . 

Finally ,  th e  hig h concentratio n o f  solut e  o n th e  sorben t  surfac e  tha t  result s 

fro m mas s  overloa d wil l  resul t  i n  non-linea r  adsorptio n isotherm s  an d th e  elute d 

peak s  wil l  exhibi t  pronounce d tails .  Figur e  6. 5 i s  a n exampl e  o f  a  separatio n 

performe d unde r  mas s  overloa d conditions .  Th e  dotte d lin e  represent s  th e 

analytica l  separatio n use d t o  optimiz e  th e  separatio n condition s  (i.e. ,  maximiz e 

a ) . Tria l  an d erro r  mus t  b e  use d t o  establis h th e  maximu m allowabl e  sampl e  siz e 

i n  thi s  case . 

Multidimensiona l  chromatographi c  techniques ,  describe d mor e  full y  i n 

Chapte r  4.18 ,  ca n als o b e  use d t o  increas e  th e  numbe r  o f  theoretica l  plate s 

available ,  reduc e  analysi s  times ,  o r  increas e  th e  sampl e  capacit y  i n  preparativ e 

liqui d chromatography .  Figur e  6. 6 i s  a n exampl e  o f  th e  us e  o f  recycl e 

chromatograph y t o  separat e  tw o closel y elutin g component s  afte r  heartcuttin g th e 

origina l  sample .  Th e  tw o component s  ar e  completel y separate d afte r  eigh t  passe s 

throug h th e  column .  Pea k shavin g th e  end s  o f  th e  fuse d peak s  i n  cycl e  4  coul d 

be  use d t o  collec t  pur e  fraction s  o f  bot h peaks .  Thi s  save s  tim e  whe n i t  i s  no t 

necessar y t o  collec t  th e  entir e  sample .  A n alternativ e  metho d woul d b e  t o  us e  a 

precolum n t o fractionat e  th e  sampl e  s o tha t  onl y th e  shade d peak s  ar e  passe d t o 

th e  mai n column .  Th e  fron t  an d bac k end s  o f  th e  chromatogra m coul d b e  vente d t o 
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Figur e  6. 5 Separatio n o f  alkylbenzy l  alcoho l  isomer s  b y reversed-phas e 
semipreparativ e  HPL C i n a  mas s  overloa d condition .  Th e  dotte d lin e 
i s  th e  equivalen t  analytica l  separatio n o n th e  sam e  column . 
(Copyrigh t  Whatma n Inc. ) 

waste .  Th e  separatio n condition s  o n th e  mai n colum n coul d the n b e  optimize d t o 

provid e  th e  desire d separatio n i n  th e  minimu m numbe r  o f  colum n cycles .  Gradien t 

elutio n i n  preparativ e  liquid-soli d  chromatograph y i s  ofte n difficul t  du e  t o 

slo w colum n equilibratio n an d th e  larg e  solven t  volume s  require d t o  retur n th e 

colum n t o it s  origina l  operatin g conditions .  Fo r  th e  abov e  reason s 

multidimensiona l  chromatographi c  technique s  ar e  ver y compatibl e  wit h th e  goal s 

of  preparativ e  liqui d chromatography . 

New colum n technolog y ha s  bee n incorporate d int o tw o commericall y  availabl e 

preparativ e  liqui d chromatograph s  fo r  separatin g mixture s  i n  th e  1  t o  5 0 g 

range .  Radia l  compressio n column s  ar e  use d b y Water s  Associate s  (se e  als o 

Chapte r  4.6 )  [60,61] .  A  flexible-walle d plasti c  cartridge ,  3 0 ÷  5. 7 cm ,  i s 

dry-packe d wit h silic a  ge l  o f  7 5 micrometer s  averag e  particl e  diameter .  Thi s 

cartridg e  i s  place d int o a  stainles s  stee l  pressur e  vesse l  an d th e  end s  o f  th e 

cartridg e  ar e  mechanicall y  seale d t o  th e  inle t  an d outle t  a t  th e  end s  o f  th e 

pressur e  vessel .  Nitroge n a t  50 0 p.s.i .  i s  introduce d int o th e  spac e  betwee n 

th e  insid e  wal l  o f  th e  pressur e  vesse l  an d th e  outsid e  wal l  o f  th e  cartridge . 

The  colum n i s  compresse d radially ,  consolidatin g th e  bed ,  eliminatin g voids , 

and/o r  th e  wal l  effect .  Provide d tha t  a  pressur e  differentia l  o f  abou t  20 0 

p.s.i .  i s  maintaine d betwee n th e  colum n wal l  an d th e  colum n inlet ,  highe r 

efficienc y tha n woul d otherwis e  b e  expecte d i s  obtaine d fo r  thes e  columns .  Tw o 
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Figur e  6. 6 Preparative-scal e  separatio n o f  a  plasm a  sampl e  containin g tw o dru g 
metabolite s  marke d 2 0 an d 21 .  B y heartcuttin g an d recycl e 
chromatograph y peak s  2 0 an d 2 1 wer e  isolate d i n  a  pur e  form . 

cartridge s  ca n b e  operate d i n  serie s  t o  improv e  th e  efficienc y an d increas e  th e 

sampl e  capacity .  Th e  instrumen t  als o allow s  th e  us e  o f  recycl e  an d pea k shavin g 

techniques .  Typica l  eluen t  flo w rate s  ar e  o n th e  orde r  o f  50-50 0 ml/min . 

Jobin-Yvo n hav e  introduce d a  colum n pisto n devic e  fo r  preparin g axially -

compresse d column s  [62-64] .  Thi s  devic e  ha s  th e  advantag e  tha t  bot h colum n 

lengt h an d packin g typ e  ca n b e  readil y  change d b y th e  operator .  Th e  colum n 

consist s  o f  a  stainles s  stee l  cylinder ,  7 0 c m ÷  1. 8 c m I.D .  o r  10 0 c m ÷  8  c m 

I.D. ,  containin g a  hydrauli c  pisto n a t  it s  base .  Th e  pisto n hea d i s  porou s  s o 

tha t  th e  colum n eluen t  ca n b e  ru n of f  an d i s  seate d wit h a  Teflo n 0-rin g sea l  t o 

make  a  tigh t  fi t  wit h  th e  colum n walls .  A  removabl e  injectio n hea d allow s  eas y 

colum n filling .  A  slurr y o f  th e  colum n packin g materia l  (e.g. ,  20-5 0 micromete r 

diamete r  silic a  gel )  i s  poure d int o th e  column ,  th e  injectio n hea d i s  bolte d 

down ,  an d th e  pisto n i s  pressurize d t o  15-15 0 p.s.i .  Th e  movemen t  o f  th e  pisto n 

consolidate s  th e  colum n be d an d exces s  slurr y solven t  i s  filtere d of f  throug h 

th e  injectio n head .  Th e  colum n i s  the n read y fo r  us e  i n  th e  norma l  way .  Afte r 

th e  separation ,  th e  injectio n hea d i s  unbolte d an d th e  packin g pushe d ou t  b y th e 

piston .  I t  i s  thu s  no t  necessar y t o  elut e  al l  component s  throug h th e  column ; 
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well-retaine d component s  ca n b e  recovere d o r  dispose d o f  b y sectionin g th e 

colum n bed .  Wit h th e  large r  column ,  sample s  o f  5 0 t o  10 0 g  ca n b e  separate d pe r 

injection .  Colum n length ,  capacity ,  selectivity ,  an d resolutio n ar e  controlle d 

by th e  natur e  an d amoun t  o f  th e  colum n packin g materia l  adde d t o  th e  cylinder . 

Thi s  approac h i s  obviousl y ver y flexibl e  an d cos t  effectiv e  a s  th e  colum n ca n b e 

varie d t o  mee t  th e  need s  o f  eac h individua l  analysis . 

To separat e  mixture s  containin g substance s  o f  widel y differin g polarities , 

a  techniqu e  calle d flip-flo p chromatograph y ha s  bee n introduce d [65] .  Th e 

sampl e  i s  deposite d i n  th e  pore s  o f  a  suppor t  suc h a s  silic a  gel .  Dependin g o n 

th e  por e  volum e  o f  th e  support ,  u p t o  40 % w/ w o f  sampl e  ma y b e  adde d t o  giv e  a 

fre e  flowin g powder .  Th e  sampl e  i s  the n packe d int o a  colum n an d place d i n 

serie s  wit h tw o strippin g columns .  Th e  strippin g column s  contai n packing s  o f 

opposit e  polarity ,  fo r  exampl e  silic a  ge l  an d reversed-phas e  materials ,  an d ar e 

place d a t  opposit e  end s  o f  th e  sampl e  column .  Th e  sampl e  colum n i s  extracte d b y 

a  combinatio n o f  fou r  o r  mor e  pola r  an d nonpola r  solvents .  Thes e  ar e  applie d i n 

orde r  o f  alternatin g polarity ,  beginnin g wit h th e  mos t  extreme ,  s o tha t  th e  tai l 

end s  o f  th e  polarit y  distributio n o f  th e  sampl e  ar e  successivel y extracted , 

leavin g behin d materia l  wit h a  mor e  restricte d polarit y  range .  Th e  strippin g 

column s  preven t  th e  remova l  o f  substance s  whos e  polarit y  i s  ver y differen t  fro m 

tha t  o f  th e  extractin g solvent .  T o tak e  ful l  advantag e  o f  th e  fractionatio n 

proces s  th e  colum n trai n shoul d b e  use d wit h a  high-pressur e  liqui d 

chromatograph .  Compare d t o  stepwis e  extractio n usin g th e  sam e  solvents , 

flip-flo p chromatograph y provide s  a  highe r  extractio n efficienc y an d les s 

cross-contaminatio n o f  neighborin g fractions . 

Horvat h ha s  recentl y  suggeste d tha t  displacemen t  chromatograph y b e  use d fo r 

preparative-scal e  separation s  t o  ovecom e  th e  poo r  utilizatio n o f  th e  stationar y 

an d mobil e  phase s  tha t  result s  fro m th e  lo w sampl e  concentration s  permissibl e 

unde r  norma l  operatin g condition s  i n  elutio n chromatograph y [66-.68] .  I n 

displacemen t  chromatography ,  th e  sampl e  i s  firs t  loade d ont o th e  colum n i n a 

carrie r  solven t  tha t  i s  a  wea k eluen t  fo r  th e  sample .  Th e  carrie r  solven t  i s 

the n replace d b y a  solutio n o f  a  displace r  substance ,  whic h ha s  a  highe r 

affinit y  fo r  th e  stationar y phas e  tha n an y o f  th e  sampl e  component s  an d i s 

presen t  i n  sufficientl y  hig h concentratio n t o  caus e  complet e  sampl e 

displacement .  I f  th e  colum n i s  sufficientl y  long ,  successiv e  displacement s  o f 

th e  sampl e  component s  b y th e  displace r  an d b y eac h othe r  resul t  i n  a  full y 

develope d "displacemen t  train" .  Thi s  trai n  consist s  o f  adjacen t  square-wav e 

concentratio n pulse s  o f  th e  individua l  sampl e  component s  i n  orde r  o f  increasin g 

affinit y  fo r  th e  stationar y phase .  Optimizin g th e  abov e  situatio n fro m th e 

theoretica l  poin t  o f  vie w i s  ver y comple x but ,  fortuitously ,  appropriat e 

condition s  ca n b e  foun d fairl y  quickl y usin g TL C [68] .  Usin g regula r  analytica l 

reversed-phas e  HPL C column s  sample s  o f  u p t o  severa l  milligram s  pe r  injectio n o f 
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steriod s  an d antibiotic s  hav e  bee n separated .  A  disadvantag e  o f  th e  procedur e 

i s  tha t  afte r  sampl e  recovery ,  th e  displace r  mus t  b e  strippe d fro m th e  colum n 

an d th e  colum n regenerate d t o  it s  origina l  stat e  befor e  a  secon d sampl e  ca n b e 

separated . 

6. 5  Countercurren t  Chromatograph y 

I t  ha s  lon g bee n recognize d tha t  substance s  ca n b e  separate d b y thei r 

abilit y  t o  distribut e  themselve s  betwee n tw o immiscibl e  liquids .  Th e 

concentratio n o f  solut e  i n  eithe r  phas e  depend s  o n th e  distributio n function ,  a 

measur e  o f  th e  selectivit y  o f  th e  separatio n process .  T o effec t  a  separatio n i n 

a  singl e  distribution ,  o r  a  fe w distributions ,  a s  migh t  convenientl y  b e  carrie d 

ou t  wit h a  separator y funnel ,  a  larg e  differenc e  i n  partitio n function s  i s 

required .  Thi s  i s  obviousl y a  restrictiv e  criteri a  fo r  al l  bu t  th e  simples t 

separations .  Th e  efficienc y o f  th e  separatio n proces s  ca n b e  improve d i n  tw o 

ways :  b y modifyin g th e  distributio n coefficien t  o r  b y increasin g th e  numbe r  o f 

equilibriu m step s  (extractions) .  Actually ,  i n  al l  bu t  a  fe w instances ,  bot h ar e 

necessar y t o  fractionat e  a  moderatel y comple x mixture .  Thi s  procedur e  woul d b e 

tediou s  manuall y  an d automatio n i s  essential .  Th e  countercurren t  distributio n 

apparatu s  allow s  on e  thousan d o r  mor e  equilibratio n step s  betwee n tw o immiscibl e 

liquid s  o f  fixe d volum e  an d differen t  densitie s  [23,24,69,70] .  Mixing , 

separation ,  an d phas e  transfe r  betwee n stage s  ar e  automate d usin g a n electrica l 

time r  an d a  motor-drive n shaft ,  o n whic h th e  individua l  stage s  ar e  mounte d i n 

series .  Th e  capacit y  o f  th e  apparatu s  fo r  preparativ e  wor k wa s  improve d b y th e 

provisio n o f  continuou s  sampl e  feed .  However ,  certai n  disadvantage s  remained , 

suc h a s  th e  complexit y  an d physica l  siz e  o f  th e  apparatus ,  problem s  wit h 

emulsio n formation ,  th e  volum e  o f  solven t  require d wa s  fixe d b y th e  siz e  o f  th e 

apparatu s  an d wa s  ofte n excessive ,  an d lon g separatio n time s  wer e  required . 

Althoug h widel y use d i n  th e  1940' s  an d 1950's ,  fe w o f  thes e  countercurren t 

distributio n machine s  ar e  i n  us e  today ,  du e  t o  thei r  lac k o f  spee d an d 

efficiency .  The y hav e  on e  basi c  advantage ,  tha t  o f  th e  absenc e  o f  a  soli d 

stationar y phas e  o n whic h irreversibl e  sorptio n ma y occur .  Thu s  the y ar e  stil l 

occasionall y  use d fo r  th e  separatio n o f  pola r  compounds ,  includin g natura l 

products ,  polypeptides ,  an d othe r  macromolecules . 

A renaissanc e  o f  interes t  i n  countercurren t  processe s  ha s  occurre d i n  th e 

las t  fe w year s  du e  t o  th e  developmen t  o f  smal l  laboratory-scal e  unit s  whic h wor k 

i n  a  continuou s  manne r  [72,73] .  I n  drople t  countercurren t  chromatograph y a 

numbe r  o f  vertical ,  long ,  narro w glas s  tube s  (e.g. ,  4 0 c m ÷  2  mm I.D. )  ar e 

connecte d i n  serie s  b y capillar y PTF E tube s  [74,75] .  Th e  vertica l  tube s  ar e 

fille d wit h stationar y phas e  an d th e  mobil e  phas e  i s  force d t o  flo w throug h th e 

tube s  a s  droplet s  withou t  an y turbulence .  Th e  sample ,  dissolve d i n  a  mixtur e  o f 
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stationar y an d mobil e  phases ,  i s  injecte d int o th e  apparatu s  an d separatio n i s 

achieve d b y multipl e  partitio n betwee n th e  droplet s  an d th e  stationar y phas e  a s 

th e  mobil e  droplet s  pas s  throug h th e  columns .  Mobil e  phas e  i s  continuousl y 

pumpe d throug h th e  apparatu s  a t  th e  rat e  o f  10-1 5 ml/ h an d th e  eluate s  ar e 

collecte d i n  1- 3 m l  fractions .  Th e  mai n disadvantag e  o f  drople t  countercurren t 

chromatograph y i s  th e  nee d t o  limi t  th e  choic e  o f  solvent s  t o  thos e  whic h for m 

droplet s  i n  th e  stationar y phas e  [77] .  A  rapi d screenin g metho d usin g TL G ha s 

bee n develope d fo r  solven t  selectio n [78] ,  Nearl y al l  system s  use d t o  dat e 

contai n water ;  water-methanol-chlorofor m mixture s  ar e  particularl y  popular . 

Drople t  countercurren t  chromatograph y i s  simpl e  an d reproducible ,  th e 

consumptio n o f  solven t  i s  low ,  sampl e  amount s  fro m milligram s  t o  severa l  gram s 

ca n b e  easil y  handled ,  an d crud e  sample s  ca n b e  use d withou t  preliminar y 

fractionatio n (n o irreversibl e  adsorption) .  Typica l  separatio n time s  ar e  o n th e 

orde r  o f  severa l  hours . 

Severa l  commerciall y  availabl e  countercurren t  chromatograph s  us e  rotatio n 

or  centrifuga l  force s  t o  maintai n a  hydrodynami c  equilibriu m betwee n a 

stationar y phas e  i n  a  serie s  o f  interconnecte d coile d column s  whil e  mobil e  phas e 

i s  pumpe d throug h them .  I n th e  coi l  plane t  centrifuge ,  th e  separatio n columns , 

arrange d o n th e  roto r  o f  a  centrifug e  wit h thei r  longitudina l  axi s  paralle l  t o 

th e  directio n o f  th e  centrifuga l  force ,  ar e  connecte d t o  on e  anothe r  b y fin e 

tube s  [79,80] .  Th e  separatio n column s  ar e  fille d wit h stationar y phas e  prio r  t o 

th e  star t  o f  th e  experiment .  Whil e  th e  roto r  o f  th e  centrifug e  i s  i n  motio n th e 

mobil e  liqui d phas e  i s  pumpe d int o th e  separatio n column s  an d bubble s  u p throug h 

th e  stationar y phas e  b y th e  actio n o f  centrifuga l  force .  Th e  horizonta l 

flow-throug h coi l  plane t  centrifug e  i s  i n  fac t  tw o instrument s  i n  one , 

containin g a n analytica l  sectio n counterbalance d b y a  planetar y gear-drive n 

preparativ e  sectio n [81-85] ,  Th e  coile d colum n i s  rotate d perpendicularl y  t o 

th e  centrifuga l  fiel d  wit h simultaneou s  rotatio n aroun d it s  ow n axis .  Th e 

actua l  pat h describe d b y th e  colum n an d th e  force s  experience d b y th e  phase s  ar e 

fairl y  comple x an d wil l  no t  b e  discusse d her e  [81] .  It s  mai n advantag e  i s  tha t 

i t  eliminate s  th e  nee d fo r  a  rotatin g seal ,  whic h i s  ofte n th e  wea k componen t  o f 

othe r  centrifuga l  countercurren t  chromatographs .  Separation s  o f  u p t o  10 0 

milligram s  hav e  bee n demonstrate d wit h thi s  apparatus .  Fo r  th e  separatio n o f 

gra m quantitie s  th e  slowl y rotatin g coi l  countercurren t  chromatograp h i s 

recommende d [86-89] .  I t  consist s  o f  a  numbe r  o f  horizonta l  interconnecte d 

coile d tube s  tha t  ar e  slowl y rotate d aroun d thei r  axi s  i n  a  gravitationa l 

field .  Th e  stationar y phas e  i s  retaine d b y gravit y  i n  large-diamete r  coil s 

rotate d a t  speed s  u p t o  10 0 rpm . 

The  instrument s  discusse d abov e  ar e  capabl e  o f  separatin g sample s  o f 

severa l  gram s  i n  period s  o f  4  t o  1 2 h  wit h a n efficienc y o f  400-150 0 theoretica l 

plates .  The y ar e  suitabl e  fo r  separatin g simpl e  mixture s  containin g 
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approximatel y te n o r  fewe r  components .  Countercurren t  chromatograph y i s 

particularl y  attractiv e  fo r  preliminar y fractionatio n o f  comple x mixture s  prio r 

t o  furthe r  analysi s  o r  fo r  th e  isolatio n o f  compound s  whic h ar e  unsuitabl e  fo r 

separatio n b y liqui d chromatograph y du e  t o  undesirabl e  interactio n wit h th e 

stationar y phas e  (e.g. ,  irreversibl e  adsorption) .  Fo r  thes e  reason s  mos t  o f  th e 

prove n application s  i n  th e  literatur e  involv e  th e  isolatio n o f  natura l  product s 

or  biochemica l  compound s  fro m crud e  samples . 
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7. 1 Introductio n 

I n mos t  instances ,  mixture s  obtaine d fro m biologica l  o r  environmenta l 

source s  ar e  ofte n to o complex ,  to o dilute ,  o r  ar e  incompatibl e  wit h th e 

chromatographi c  syste m t o  permi t  analysi s  b y direc t  injection .  Preliminar y 

fractionation ,  isolation ,  an d concentratio n o f  th e  sampl e  component s  o f  interes t 

ar e  neede d prio r  t o  analysis .  Figur e  7. 1  illustrate s  a  flo w diagra m fo r  a 

typica l  organi c  analysis .  A  representativ e  sampl e  i s  obtaine d an d the n 

fractionate d an d concentrate d b y sampl e  extractio n an d cleanu p procedure s  t o 

ensur e  effectiv e  separation ,  detection ,  an d syste m compatibilit y  i n  th e  fina l 

Samplin g 

Sampl e 

Cleanu p 

Chromatographi c 
Analysis 

COLLECTION 

STORAGE 

EXTRACTION 

CONCENTRATION 

ISOLATION 

IDENTIFICATION 

QUANTITATION 

Figur e  7. 1  Flo w diagra m o f  th e  procedure s  use d t o  prepar e  sample s  fo r 
chromatographi c  analysis . 

7.1 6 Visualizatio n Technique s  fo r  Thin-Laye r  Chromatograph y 54 1 

7.1 7 Separatio n o f  Stereoisomer s  an d Diastereomer s  54 4 

7.17. 1  Separatio n o f  Isomer s  a s  thei r  Diastereomeri c  Derivatives .  .  .54 4 

7.17. 2  Chira l  Stationar y Phase s  fo r  Enantiome r  Resolutio n 54 7 

7.17. 3  Chira l  Mobil e  Phase s  fo r  Enantiome r  Resolutio n 55 2 

7.1 8 Complexatio n Chromatograph y 55 3 

7.1 9 Ligand-Exchang e  Chromatograph y 55 6 

7.2 0 Qualitativ e  Identificatio n an d Microreactio n Technique s  fo r  Ga s 

Chromatograph y 55 7 

7.2 1 Pyrolysi s  Ga s  Chromatograph y 56 2 

7.2 2 Reference s  56 5 
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chromatographi c  determination . 

Obtainin g a  representativ e  sampl e  i s  a n importan t  par t  o f  an y analysi s 

sinc e  error s  o r  fault s  mad e  a t  th e  samplin g stag e  canno t  b e  correcte d a t  an y 

late r  poin t  i n  th e  analytica l  schem e  [1-3] .  Samplin g ma y b e  a  proble m becaus e 

of  th e  siz e  o r  lac k o f  homogeneit y  o f  th e  sample .  I f  on e  desire d sample s  fro m a 

lake ,  the n siz e  woul d preclud e  tota l  analysis ,  an d subsample s  woul d hav e  t o  b e 

taken .  An y singl e  sampl e  ma y represen t  wate r  a t  tha t  locatio n o r  dept h an d ma y 

no t  b e  representativ e  o f  al l  wate r  i n  th e  lake .  Als o th e  sampl e  woul d contai n 

tw o phase s  -  th e  liqui d phas e  an d suspende d matter .  Th e  sampl e  ma y no t  b e 

representativ e  o f  th e  whol e  bod y o f  wate r  a s  th e  concentratio n o f  suspende d 

matte r  ma y var y wit h locatio n an d depth .  Solution s  t o  th e  latte r  proble m 

includ e  multipl e  o r  integrate d sampling .  I t  ma y b e  necessar y t o  sampl e  th e  tw o 

phase s  separately ;  adsorptio n technique s  woul d b e  convenien t  fo r  organic s  i n 

wate r  an d filtratio n fo r  a  particulat e  sample .  Larg e  sample s  suc h a s  vegetabl e 

matte r  ar e  invariabl y inhomogeneou s  an d i n  a  for m no t  suite d t o  chromatographi c 

analysis .  Samplin g i n  thi s  cas e  ma y involv e  operation s  suc h a s  drying ,  cutting , 

grinding ,  mincing ,  pressing ,  o r  sievin g t o  reduc e  th e  siz e  an d nonuniformit y o f 

th e  sample .  A s  a  dried ,  fine ,  free-flowin g powde r  th e  sampl e  coul d b e  remixe d 

t o  provid e  a n homogeneou s  subsample .  Th e  abov e  example s  ar e  illustrativ e  o f 

problem s  ofte n encountere d i n  analysi s  a s  nearl y  al l  sample s  represen t  som e 

proble m whic h require s  a  solutio n befor e  th e  analysi s  commences .  Additiona l 

problem s  ma y aris e  fro m contaminatio n du e  t o  careles s  collectio n an d handlin g o r 

alteratio n o f  th e  sampl e  durin g storage .  A t  trac e  level s  almos t  an y surfac e 

whic h th e  sampl e  come s  int o contac t  become s  a  possibl e  sourc e  o f  contamination . 

Chemica l  processe s  tha t  occu r  i n  th e  sampl e  betwee n th e  tim e  o f  sampl e 

collectio n an d analysi s  ca n invalidat e  th e  analytica l  results .  Example s  o f  suc h 

processe s  ar e  photodecomposition ,  adsorption ,  vaporizatio n loss ,  therma l 

decomposition ,  microbia l  action ,  an d chemica l  reaction .  Sample s  bein g hel d fo r 

extende d period s  prio r  t o  organi c  analysi s  shoul d generall y  b e  store d i n  th e 

dar k i n  glas s  container s  an d maintaine d a t  subzer o temperatures ,  sinc e  thes e 

condition s  ten d t o  inhibi t  th e  porcesse s  liste d abov e  [4-6] ,  Tissu e  an d foo d 

sample s  whe n macerate d ma y releas e  enzyme s  capabl e  o f  changin g th e  sampl e 

compositio n upo n storage .  I t  ma y b e  preferabl e  t o  stor e  thes e  sample s  whole ,  i n 

th e  froze n stat e  unde r  nitroge n an d t o  macerat e  the m jus t  prio r  t o  analysi s 

[7] ,  Recommende d practice s  fo r  samplin g biologica l  material s  fo r  pesticid e 

residue s  hav e  bee n discusse d b y Len g [8] .  Automatio n o f  th e  sampl e  preparatio n 

proces s  i s  discusse d b y Burn s  [9] .  Genera l  review s  o f  sampl e  preparatio n fo r 

ga s  chromatographi c  [10,11 ]  an d liqui d chromatographi c  [12 ]  analysi s  ar e 

available . 
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7. 2 Isolatio n an d Concentratio n Technique s  usin g Physica l  Method s 

The  mos t  frequentl y  use d method s  o f  sampl e  isolatio n an d concentratio n fo r 

organi c  compound s  involv e  distillation ,  extraction ,  an d adsorptio n techniques . 

Some  o f  thes e  method s  ar e  summarize d i n  Tabl e  7. 1  fo r  th e  analysi s  o f  trac e 

organi c  compound s  i n  wate r  [10,13] ,  Thes e  method s  wil l  b e  elaborate d o n belo w 

an d i n  subsequen t  section s  o f  thi s  chapter . 

Distillatio n i s  a  suitabl e  techniqu e  fo r  th e  isolatio n o f  volatil e  organi c 

compound s  fro m liqui d sample s  o r  th e  solubl e  portio n o f  soli d  sample s 

[7,11,14] ,  Th e  physica l  basi s  o f  separatio n depend s  o n th e  distributio n o f 

constituent s  betwee n th e  liqui d mixtur e  an d th e  vapo r  i n  equilibriu m wit h tha t 

mixture .  Th e  mor e  volatil e  constituent s  ar e  concentrate d i n  th e  vapo r  phas e 

whic h i s  collecte d afte r  condensation .  Th e  effectivenes s  o f  th e  separatio n is * 

dependen t  o n th e  physica l  propertie s  o f  th e  component s  i n  th e  mixture ,  th e 

equipmen t  used ,  an d th e  metho d o f  distillation .  Severa l  type s  o f  distillatio n 

column s  ca n b e  use d an d ar e  liste d i n  Tabl e  7.2 .  Th e  single-stag e  concentri c 

tube ,  rotar y film ,  climbing-film ,  an d falling-fil m evaporator s  operate d a t 

atmospheri c  o r  reduce d pressur e  ar e  th e  mos t  usefu l  fo r  isolatin g organi c 

volatiles .  Th e  fast-actio n climbin g an d falling-fil m evaporator s  ar e  mor e 

efficient ,  easie r  t o  handle ,  an d les s  likel y t o  produc e  artifact s  tha n th e 

solven t  distillatio n equipmen t  foun d i n  mos t  organi c  synthesi s  laboratories . 

Contac t  time s  o f  th e  solute s  wit h heate d surface s  ar e  ver y shor t  i n  suc h 

arrangement s  an d concentratio n increase s  u p t o  severa l  hundred-fol d ca n b e 

obtained ,  dependin g o n th e  produc t  an d th e  desire d degre e  o f  isolation . 

Volatil e  pola r  organic s  suc h a s  alcohols ,  nitriles ,  aldehydes ,  an d ketone s  ar e 

particularl y  suite d t o  isolatio n b y distillation ,  an d frequentl y  a  clea n extrac t 

i s  obtaine d tha t  ca n b e  analyze d withou t  furthe r  purification .  Peter s  ha s 

describe d a  small ,  all-glas s  distillation-concentratio n apparatu s  whic h i s 

particularl y  well-suite d fo r  isolatin g concentrate s  o f  volatil e  pola r  organic s 

fo r  subsequen t  chromatographi c  analysis ,  Figur e  7.2 A [15] ,  Designe d fo r  aqueou s 

samples ,  th e  apparatu s  consist s  o f  a  round-bottome d flask ,  condenser ,  condensat e 

collectio n (distillate )  chamber ,  steam/wate r  contac t  column ,  an d a n overflo w 

retur n tub e  fo r  returnin g a  portio n o f  th e  condensat e  t o  th e  distillatio n 

flask .  I n  practice ,  th e  volatil e  pola r  organic s  wil l  azeotropicall y  distil l 

int o  th e  distillat e  chambe r  an d b e  preferentiall y  retaine d there .  Th e  overflo w 

of  condensat e  bac k t o  th e  distillatio n flas k i s  strippe d b y th e  risin g stea m an d 

th e  volatil e  pola r  organic s  ar e  recycle d bac k int o th e  distillat e  chamber .  Tw o 

factor s  ar e  importan t  i n  judgin g th e  efficienc y o f  th e  apparatus :  th e  boilin g 

poin t  differenc e  betwee n wate r  an d th e  compoun d o r  it s  azeotrop e  an d th e  tim e 

require d t o  establis h equilibriu m betwee n th e  vapo r  phas e  an d condensate . 
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Figur e  7. 2 Apparatu s  use d fo r  sampl e  preparatio n involvin g distillatio n o r 
sublimation .  A ,  distillatio n apparatu s  fo r  organi c  volatile s  i n 
water ;  B ,  micr o apparatu s  fo r  continuou s  stea m distillatio n wit h 
continuou s  liquid-liqui d extractio n o f  th e  distillate ;  C ,  micr o 
sublimatio n apparatus . 

At  leas t  a  1° C boilin g poin t  differenc e  i s  require d an d a n equilibratio n tim e 

les s  tha n on e  hou r  i s  preferred .  Th e  absolut e  recover y o f  volatil e  organic s  i n 

th e  distillat e  chambe r  i s  typicall y  80% ,  wit h th e  remainin g 20 % o f  th e  compound s 

entraine d i n  th e  reflu x condenser .  B y continuall y  withdrawin g th e  organi c 

concentrat e  fro m th e  distillat e  chambe r  afte r  equilibriu m ha s  bee n established , 

virtuall y  100 % recover y ca n b e  obtained .  Concentratio n factor s  o f  300 -  t o 

400-fol d ar e  possibl e  wit h thi s  apparatus . 

Stea m distillation ,  a  specia l  distillatio n method ,  i s  use d fo r  th e 

isolatio n o f  les s  volatil e  organi c  compounds .  Vaporizatio n o f  th e  sampl e  i s 

achieve d b y eithe r  continuousl y feedin g stea m int o th e  mixtur e  o r  generatin g 

stea m i n sit u  b y heatin g th e  mixtur e  wit h wate r  t o  a  sufficientl y  hig h 

temperature .  Volatil e  an d moderatel y volatil e  sampl e  component s  ar e  entraine d 

i n  th e  stea m vapo r  an d carrie d ove r  int o th e  condenser ,  leavin g involatil e 

fraction s  an d soli d  residue s  behind .  Fo r  larg e  sampl e  sizes ,  phas e  separatio n 

occur s  afte r  condensatio n bu t  solven t  extractio n i s  require d fo r  th e  recover y o f 

smal l  o r  dilut e  samples .  Liken s  an d Nickerso n hav e  describe d a  widely-use d 

apparatu s  fo r  continuou s  stea m distillatio n wit h continuou s  liquid-liqui d 

extractio n o f  th e  distillat e  [16] .  Verzel e  ha s  designe d a  micr o versio n o f  thi s 
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TABLE 7. 2 

Colum n Type s  Genera l  Feature s  Comment s 

Empt y Straight ,  smoot h Smal l  pressur e  dro p Concentri c  tub e  columns ; 
tube s  an d lo w hold-u p ver y efficient ,  use d fo r 

micro- ,  high-temperature , 
an d vacuu m distillation . 

Packe d Straigh t  o r  smoot h 
tube s  packe d wit h 
spiral s  t o  increas e 
surfac e  are a 

Hig h pressur e  dro p 
an d hold-up ;  i n 
general ,  packin g 
siz e  abou t  1/1 0 
diamete r  o f  colum n 

Packing s  suc h a s  Raschi g 
rings ,  spirals ,  helices , 
spheres ,  saddles ,  etc. ; 
rando m packin g no t  ver y 
efficien t 

Plat e  Bubbl e  plate , 
bubbl e  cap ,  an d 
siev e  plat e 

Stationar y Continuou s  glas s 
elemen t  o r  wir e  gauze , 

spiral ,  wir e  helix , 
etc . 

Rotatin g Spinnin g band , 
rotatin g concentri c 
tube ,  o r  wir e 
spira l 

Hig h pressur e  dro p 
an d larg e  liqui d 
hold-u p 

Moderat e  pressur e 
dro p an d hold-u p 

Moderatel y smal l 
pressur e  dro p an d 
hold-u p 

Special-purpos e  column s 
fo r  repetitiv e  distilla -
tion s  wher e  hig h purit y 
distillat e  i s  required ; 
Oldersha w colum n o r  siev e 
plat e  typ e  i s  favore d 

Heli-Pa k a  favore d 
packin g becaus e  o f 
extremel y lo w HET P eve n 
a t  hig h load s 

Spinnin g ban d column s 
usefu l  fo r  microvacuu m 
distillatio n 

apparatu s  whic h provide s  a  concentrate d extrac t  suitabl e  fo r  chromatographi c 

analysi s  [17-20] .  Th e  apparatu s  ca n handl e  10-10 0 ml  o f  aqueou s  solutio n o r 

1-2 0 g  o f  soli d  materia l  blende d wit h wate r  an d provide s  a n extractio n o f  th e 

distillat e  int o 1. 0 m l  o f  pentan e  o r  methylen e  chloride ,  Figur e  7.2B .  Th e 

sampl e  i s  place d i n  Flas k A  an d th e  extractio n solven t  i n  flas k B .  T o commenc e 

operation ,  th e  phas e  separator ,  C ,  i s  charge d wit h a  mixtur e  o f  pentan e  an d 

water ,  ic e  wate r  i s  circulate d throug h th e  cold-finge r  condenser ,  an d pentan e 

reflu x i s  establishe d b y immersin g flas k Â  i n a  ho t  wate r  bath .  Afte r  5  min , 

stea m i s  generate d b y applyin g hea t  t o  flas k A .  Th e  vapo r  channel s  F  an d G  ar e 

insulated .  Th e  constructio n o f  th e  apparatu s  show n i n Figur e  7.2 B i s  suc h tha t 

th e  low-densit y  solven t  (pentane )  return s  throug h ar m D  t o flas k Â  an d th e 

high-densit y  solven t  (water )  return s  throug h ar m Å  t o flas k A .  Reversin g th e 

position s  o f  flask s  A  an d Â  enable s  th e  extractio n t o  b e  performe d wit h a 

heavier-than-wate r  solven t  suc h a s  methylen e  chloride .  Afte r  enrichmen t  i s 

complete ,  normall y on e  hou r  i s  sufficient ,  stea m generatio n i s  stoppe d whil e 

solven t  extractio n i s  continue d fo r  anothe r  2 0 mi n t o  ensur e  tha t  al l  th e  steam -

distillabl e  materia l  i s  collected .  A n interna l  standar d i s  adde d t o  th e 

GENERAL PROPERTIE S O F DISTILLATIO N COLUMNS 
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extractio n solven t  t o  allo w fo r  evaporativ e  an d entrainmen t  losse s  durin g 

operation .  Fo r  arom a  constituent s  an d pesticid e  compound s  recoverie s  o f  90-105 % 

wer e  typicall y  obtained . 

Entrainmen t  i n  th e  ga s  o r  vapo r  phas e  form s  th e  basi s  o f  thre e  method s 

relate d t o  stea m distillation .  Zlatki s  isolate d a n essentia l  oi l  fractio n fro m 

plan t  sample s  b y co-distillatio n an d solven t  extractio n usin g a  continuou s 

strea m o f  nitroge n t o  carr y ove r  volatil e  organic s  fro m a  mixtur e  o f  soli d 

sampl e  an d boilin g wate r  [21] .  Th e  aqueou s  condensat e  wa s  extracte d wit h a  2. 0 

ml  volum e  o f  solven t  prio r  t o  analysis .  Jenning s  use d reflu x trappin g fo r  th e 

isolatio n o f  volatil e  organi c  compound s  fro m headspac e  vapor s  [22] .  Th e  dynami c 

headspac e  sampl e  i s  passe d int o th e  bas e  o f  a  reflu x condense r  containin g 

refluxin g Freo n 12 .  Th e  component s  o f  lowes t  volatilit y  i n  th e  headspac e  sampl e 

ar e  condense d an d migrat e  t o  th e  boilin g flas k wher e  the y accumulate .  Freo n 1 2 

ha s  a  boilin g poin t  o f  -30° C an d i s  easil y  remove d fro m th e  extrac t  b y 

evaporatio n o r  fractiona l  distillation .  Swee p co-distillatio n ha s  bee n use d fo r 

th e  isolatio n o f  pesticid e  compound s  i n  crud e  extract s  [23-25] .  Th e  crud e 

sampl e  extrac t  i s  injecte d int o a  glas s  colum n packe d wit h glas s  woo l  an d heate d 

t o  150-170°C .  Th e  volatil e  pesticide s  ar e  swep t  throug h th e  packe d colum n b y a 

strea m o f  nitroge n an d severa l  consecutiv e  injection s  o f  a  solven t  suc h a s  ethy l 

acetate .  Th e  tub e  effluen t  i s  condense d i n  a  coole d receive r  an d i s  generall y 

sufficientl y  clea n t o  permi t  direc t  chromatographi c  analysis .  Non-volatil e 

co-extractant s  remai n o n th e  glas s  wool . 

Sublimation ,  th e  direc t  vaporizatio n o f  a  soli d  withou t  firs t  passin g 

throug h a  liqui d phase ,  i s  a  usefu l  metho d o f  sampl e  cleanu p fo r  thos e  compound s 

whic h posses s  thi s  ability ,  fo r  exampl e  th e  polycycli c  aromati c  hydrocarbon s 

[26,27] .  Th e  extractio n yiel d wit h vacuu m sublimatio n i s  dependen t  o n th e  vapo r 

pressur e  o f  th e  component s  a t  a  give n temperatur e  an d pressur e  an d als o o n th e 

natur e  o f  th e  sampl e  matrix .  Thus ,  differen t  time s  ar e  require d t o  reac h 

constan t  extractio n yield s  fo r  differen t  compounds ,  an d fo r  th e  sam e  compound s 

i n  differen t  sampl e  matrices .  Fo r  polycycli c  aromati c  hydrocarbon s  adsorbe d o n 

carbonaceou s  material s  extractio n time s  var y fro m approximatel y 1  h  t o  greate r 

tha n 2 4 h .  Unde r  th e  mos t  favorabl e  circumstance s  sublimatio n i s  a  rapid , 

solvent-fre e  extractio n procedure ,  givin g a  hig h yiel d o f  sampl e  wit h a  minimu m 

of  sampl e  handling . 

Lyophilizatio n (freeze-drying) ,  th e  remova l  o f  wate r  b y vacuu m sublimatio n 

of  ice ,  i s  a  convenien t  metho d fo r  concentratin g involatil e  organi c  compound s  i n 

aqueou s  solutio n [28] .  Hig h concentratio n factor s  ma y b e  obtaine d a s  larg e 

volume s  o f  aqueou s  solution s  containin g trace s  o f  organi c  substance s  ca n b e 

concentrated .  Sampl e  losses ,  particularl y  o f  volatil e  compounds ,  occu r  whe n th e 

bul k o f  th e  wate r  ha s  bee n remove d an d th e  temperatur e  rise s  whil e  th e  sampl e 

remain s  unde r  a  relativel y hig h vacuum .  Volatil e  acid s  an d base s  ca n b e 
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converte d t o  thei r  sal t  form s  t o  minimiz e  losses .  Equipmen t  fo r  lyophilizatio n 

i s  commerciall y  availabl e  an d externa l  coolin g wit h ice-sal t  eutecti c  mixture s 

ca n b e  use d t o  contro l  sampl e  temperatur e  an d volatilit y  losses . 

Freez e  concentratio n ha s  bee n use d fo r  th e  concentratio n o f  aqueou s 

solution s  o f  organi c  volatile s  an d substance s  whic h ar e  hea t  labil e  [7,29,30] , 

For  successfu l  results ,  th e  contac t  layer s  betwee n th e  liqui d an d soli d  phase s 

shoul d b e  continuousl y disturbe d b y stirrin g o r  shakin g an d par t  o f  th e  solutio n 

shoul d remai n unfroze n a t  th e  en d o f  th e  concentratin g procedure .  Artifac t 

formatio n i s  uncommo n b y thi s  procedure ,  bu t  sampl e  losse s  du e  t o  occlusion , 

adsorption ,  evaporation ,  an d channellin g i n  th e  ic e  laye r  ma y occur . 

Evaporatio n i s  th e  principa l  sourc e  o f  losse s  fo r  organi c  volatile s  i f  th e 

apparatu s  i s  no t  enclosed .  O n th e  laborator y scale ,  a  2  lite r  sampl e  volum e  ca n 

be  concentrate d t o  a  40-5 0 m l  volum e  i n  abou t  nin e  hour s  wit h a  90-100 % recover y 

of  th e  organi c  species . 

7. 3  Isolatio n an d Concentratio n Technique s  usin g Solven t  Extractio n 

Extraction s  usin g liquid s  t o  solubiliz e  al l  o r  par t  o f  th e  sampl e  matri x 

ar e  widel y used .  Th e  technique s  ca n b e  applie d t o  vapors ,  liquids ,  an d solid s 

an d hav e  th e  followin g advantages :  a  larg e  selectio n o f  pur e  solvent s  providin g 

a  wid e  rang e  o f  solubilit y  an d selectivit y  ar e  available ,  equipmen t  requirement s 

ar e  simple ,  an d solutio n phas e  sample s  ar e  convenien t  an d compatibl e  wit h th e 

samplin g requirement s  o f  chromatographi c  instruments ,  Tabl e  7. 3  [10] .  Liqui d 

extraction s  ar e  usuall y  carrie d ou t  discontinuousl y wit h th e  attainmen t  o f 

equilibriu m betwee n tw o immiscibl e  phase s  o r  continuousl y unde r  condition s  wher e 

equilibriu m i s  no t  necessaril y  obtained .  Example s  o f  discontinuou s  liqui d 

extraction s  ar e  liquid-liqui d partitio n an d countercurren t  distributio n whic h 

may b e  use d fo r  eithe r  sampl e  isolatio n o r  cleanup .  Example s  o f  continuou s 

extractio n includ e  th e  heavier-tha n o r  lighter-tha n liquid-liqui d extractors , 

Soxhle t  extractors ,  an d countercurren t  separator s  suc h a s  droplet ,  centrifugal , 

or  rotatin g dis k devices .  Som e  guideline s  fo r  predictin g th e  result s  fro m 

partitionin g a  sampl e  betwee n tw o immiscibl e  liqui d phase s  ar e  summarize d i n 

Tabl e  7, 4  [31,32] ,  Th e  efficienc y o f  a n extractin g solven t  depend s  primaril y  o n 

th e  affinit y  o f  th e  solut e  fo r  th e  extractin g solven t  (K^) ,  th e  phas e  rati o  (V) , 

an d th e  numbe r  o f  extraction s  (ç) ,  Fo r  simpl e  batchwis e  extraction s  shoul d 

be  large ,  a s  ther e  i s  a  practica l  limi t  t o  th e  phas e  volum e  o f  th e  extractin g 

solven t  an d th e  numbe r  o f  extraction s  tha t  ca n b e  performe d befor e  th e  metho d 

become s  tediou s  an d result s  i n  a  ver y dilut e  sampl e  extract .  Fo r  extraction s  i n 

whic h K p i s  small ,  countercurren t  distributio n technique s  shoul d b e  use d s o tha t 

ç  ca n b e  mad e  ver y large .  Thi s  usuall y  require s  th e  us e  o f  automate d equipment , 

fo r  exampl e  th e  Crai g distributio n train .  Fo r  som e  system s  th e  valu e  o f  K n ma y 
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TABLE 7. 3 

THE ISOLATIO N O F ORGANIC COMPOUNDS B Y LIQUI D EXTRACTION 

Sampl e 
Typ e 

Equipmen t 
Requiremen t Comment s 

Organi c  vapor s 
i n  ai r  o r 
othe r  gaseou s 
mixture s 

Aqueou s 
solution s 

Organi c 
liquid s 

Soli d 
sample s 

Impinger , 
ga s  was h 
bottle ,  o r 
simila r 
devic e 

Separator y 
funne l 

Continuou s 
extracto r 

Countercurren t 
distributio n 
apparatu s 

Mixin g 
devic e 

Shake r 
Homogenize r 
Soxhle t 
extracto r 

"Solven t  act s  a s  a  selectiv e  extractant , 
retainin g th e  sampl e  becaus e  o f  it s  highe r 
affinit y  fo r  th e  solven t  compare d t o  th e  gas . 

'Solution s  o f  chemica l  o r  physica l  complexin g 
agent s  ma y b e  use d t o  improv e  th e  extractio n 
efficiency . 

"Solubilit y  o f  th e  extractant s  ma y b e  adjuste d 
by change s  i n  th e  temperatur e  o f  th e  extractin g 
solvent . 

"I n it s  simples t  for m a n aliquo t  o f  th e  aqueou s 
solutio n i s  shake n wit h a n equa l  volum e  o f  a n 
immiscibl e  organi c  solvent . 

'Limite d t o  smal l  sampl e  volume s  an d solute s 
wit h larg e  distributio n constants . 

'Severa l  extraction s  ar e  require d whe n th e 
distributio n coefficien t  i s  small .  Th e 
additio n o f  salts ,  p H adjustment ,  ion-pairin g 
reagents ,  etc. ,  ca n b e  use d t o  improv e  th e 
distributio n o f  organi c  solute s  int o th e 
extractin g solvent . 

"When th e  distributio n coefficien t  i s  ver y 
smal l  continuou s  liquid-liqui d extractio n o r 
countercurren t  distributio n apparatu s  i s 
required . 

"Larg e  sampl e  volume s  ma y als o b e 
extracte d usin g continuou s  an d countercurren t 
distributio n methods . 

"Selectiv e  extractio n b y mixin g wit h a n 
organi c  solvent .  Trituratio n o f  semi-liqui d 
samples . 

'Precipitatio n o r  freezin g use d t o  remov e 
coextractants . 

'Soli d  sample s  suc h a s  soi l  ar e  usuall y 
mechanicall y  shake n wit h a n appropriat e  sol -
ven t  fo r  a  se t  perio d o f  time . 

'Extractio n efficienc y ma y b e  improve d b y 
warmin g th e  solven t  o r  b y heatin g t o  reflux . 

'Bulk y sample s  suc h a s  plan t  material s  ar e 
dried ,  cut ,  ground ,  pressed ,  o r  mille d an d 
sieve d prio r  t o  extractio n t o  promot e  eve n 
an d efficien t  extraction . 

"Tissu e  sample s  ar e  homogenize d i n  th e 
presenc e  o f  a  wate r  miscibl e  organi c  solven t 
t o  promot e  efficien t  extraction . 

"Sample s  whic h ar e  difficul t  t o  extrac t 
efficientl y  wit h a  fe w solven t  exchange s  ca n 
be  extracte d continuousl y a t  roo m temperatur e 
or  a t  th e  boilin g poin t  o f  th e  solven t  i n  a 
Soxhle t  apparatus . 
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be  mad e  mor e  favorabl e  b y adjustin g p H t o preven t  ionizatio n o f  acid s  o r  bases , 

by formin g ion-pair s  wit h ionizabl e  solutes ,  b y formin g lipophili c  complexe s 

wit h meta l  ions ,  o r  b y addin g neutra l  salt s  t o  th e  aqueou s  phas e  t o  diminis h th e 

solubilit y  o f  th e  organi c  solute .  Th e  selectivit y  o f  th e  extractio n proces s  i s 

bot h a  strengt h an d a  weaknes s  whe n applie d a s  a  samplin g technique .  Wit h 

multicomponen t  sample s  a  singl e  solven t  i s  unlikel y t o  extrac t  al l  components , 

causin g discriminatio n an d henc e  a  biase d analysi s  [33] ,  Thi s  discriminatio n 

may b e  usefu l  i f  th e  solven t  discriminate s  agains t  th e  extractio n o f  solute s 

whic h ar e  no t  o f  interes t  i n  th e  analysis .  Solven t  selectio n fo r  th e  extractio n 

of  organic s  fro m wate r  i s  discusse d i n  reference s  [33-35] . 

TABLE 7. 4 

BASIC RELATIONSHIP S FO R PREDICTIN G SOLUTE DISTRIBUTIO N I N LIQUID-LIQUI D 
PARTITIO N 

Nerns t  Distributio n Law :  An y neutra l  specie s  wil l  distribut e  betwee n tw o 
immiscibl e  solvent s  suc h tha t  th e  rati o  o f  th e  concentration s  remain s  a 
constan t 

[A]  K ~ =  distributio n constan t 
í  ° D 

K D = 

[Á]  =  concentratio n o f  A  i n  organi c  phas e 

[A] a( j  =  concentratio n o f  A  i n  aqueou s  phas e 

The  fractio n o f  A  extracte d i s  give n b y è  where : 
[ A ] o  V o V 

È — [A]  V  +  [A ]  V  1  +  K n V L J o ï  J a q a q D 

V =  phas e  rati o  V/ V V  =  Volum e  o f  organi c  phas e * ï  a q ï  ï  r 

V ^  =  Volum e  o f  aqueou s  phas e 

The  fractio n extracte d i n  ç  successiv e  extraction s 

ç 

è  =  1 
1 

é +  K d V 

KpV =  10 ,  99 % o f  solut e  extracte d wit h ç  =  2 

KpV =  1 ,  99 % o f  solut e  extracte d wit h ç  =  7 

KpV =0 .1 ,  50 % o f  solut e  extracte d wit h ç  =  7 

Countercurren t  Distribution :  Th e  relationshi p o f  th e  distributio n constan t 
Kp o f  th e  solut e  i n  a  CC D proces s  t o  th e  concentratio n i n  th e  variou s 
separator y funnel s  o r  stage s  i s  give n b y 

[ â  +  ( i  - è ) ] ç =  1 

The  fractio n Ô  o f  th e  solut e  presen t  i n  th e  r ^  stag e  fo r  ç  transfer s 
i s  give n by :  ' 

n!  (K n V) 
Ô -  U 

n , r  r !  (n-r) !  ( 1  +  K D V ) n 



44 1 

Locusts , 10 
Weigh t 6.9 0 g 

Blen d in  Methano l 

30 mL g " 1 

DISTRIBUTIO N CONSTANT S 

Methanol-Water-Hexan e  (4:1:5 ) ver y larg e 

Butanol-Wate r 5. 3 

Ethy l Acetate-Wate r 3. 2 

Aqueou s Hexan e 

20 mL g " 1 Methano l 

Hexan e 

20 mL g " 1 

Residu e Residu e 

0.8 g 1.2 0 g 

Wate r 
3 5 m L g ' 1 

Residu e 

Butano l Wate r 
3 5 m L g ' 1 

Residu e Residu e 

0.65 g 0.1 5 g 

ENRICHMEN T FACTO R 

STAG E TOTAL 

Soli d Methano l 

Residu e Residu e 3 .4 5 3 .4 5 

4.9 g 2.0 g 

Wate r Ethy l Acetat e 

20 0 mL g " 1 

Residu e 

Ethy l Acetat e 

20 0 mL g " 1 

0.0 5 g Residu e 0 .0 5 g 
0.1 0 g 

2 . 5 0 8 .6 3 

5.3 3 9 0 

3.0 0 1 3 8 

ECDYSTERON E 

ENRICHE D FRACTIO N 

FOR CHROMATOGRAPHI C 

ANALYSIS 

Figur e  7. 3 Extractio n schem e  use d t o  isolat e  insec t  moultin g hormon e 
(ecdysterone )  fro m th e  deser t  locust . 

Figur e  7. 3 i s  a n exampl e  o f  th e  us e  o f  solven t  extractio n t o  isolat e  an d 

concentrat e  th e  insec t  moultin g hormon e  ecdysteron e  fro m th e  deser t  locus t 

[36,37] .  Ecdysterone ,  2â,3â ,  14a,20,22,25-hexahydroxy-5|3-cholest-7-en-6-one ,  i s 

a  pola r  steroi d wit h a  hig h solubilit y  i n  methanol .  Th e  anaesthetize d insect s 

ar e  macerate d i n  a  blende r  wit h methano l  an d th e  soli d  residu e  i s  discarded . 

Liquid-liqui d partitio n i s  use d t o  furthe r  isolat e  th e  ecdysteron e  fractio n a s 

indicate d i n  Figur e  7.3 .  A  nonpola r  solven t  i s  use d t o  remov e  fat s  an d lipid s 

fro m th e  pola r  fractio n an d a  selectiv e  partitio n wit h butano l  isolate s 

ecdysteron e  fro m water-solubl e  coextractants . 

Figur e  7. 4 i s  a n exampl e  o f  a  genera l  solven t  extractio n schem e  fo r 

isolatin g neutral ,  base ,  wea k acid ,  an d stron g aci d fraction s  fro m a  sampl e  tha t 

i s  solubl e  i n  methylen e  chlorid e  [38] .  Not e  tha t  th e  aci d an d bas e  fraction s 

ar e  extracte d b y changin g th e  p H o f  th e  aqueou s  phas e  t o  manipulat e  th e 

selectivit y  (K ^  values )  o f  th e  solven t  system .  Neutra l  solute s  ar e  no t  affecte d 

by change s  i n  p H bu t  furthe r  fractionatio n i s  possibl e  usin g selectiv e  chemica l 

reagents .  Sodiu m bisulfit e  o r  Girar d Ô  an d Ñ  reagent s  ca n b e  use d t o  extrac t 
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SAMPL E 
in  C H 2 C f 2 

5% aq  N a 2 C 0 3 

CH 2C ^ Aqueou s 

I N Ç Æ 2 

C H 2 C f 2 

Ã 

1 
Aqueou s 

Aqueou s 

Acidif y 

Aqueou s C H 2 C f 2 

Basif y 

NEUTRAL 
COMPONENT S Aqueou s CH 2  C ^ 

WEAK 
ACIDS 

BASE S 

CH 2C $2 Aqueou s 

IN NaO H Acidif y 

CH 2 Ci*2 

STRON G 
ACIDS 

Figur e  7. 4 Solven t  fractionatio n schem e  fo r  isolatin g neutral ,  base ,  an d 
aci d fraction s  fro m a  sampl e  solubl e  i n  methylen e  chloride . 

aldehyde s  an d ketone s  a s  water-solubl e  derivative s  [38] ,  Th e  chemistr y an d 

propertie s  o f  Girar d Ô  (trimethylethylammoniu m acety l  hydrazid e  chloride )  an d 

Girar d Ñ  (pyridiniu m acety l  hydrazid e  chloride )  reagent s  ar e  reviewe d i n 

referenc e  [39] .  Thes e  reagent s  produc e  water-solubl e  derivative s  o f  aldehyde s 

an d ketone s  whic h ca n b e  easil y  hydrolyze d bac k t o  th e  paren t  compoun d a t  hig h 

pH. 

Dimethy l  sulfoxid e  provide s  a  hig h extractio n efficienc y fo r  compound s  tha t 

contai n hydroge n bondin g o r  rr-electro n ric h site s  [40] ,  Th e  solven t  syste m 

pentane-dimethy l  sulfoxid e  ha s  bee n show n t o b e  usefu l  fo r  th e  fractionatio n o f 

pola r  an d unsaturate d solutes ,  notabl y th e  separatio n o f  aliphati c  an d 

polycycli c  aromati c  hydrocarbons ,  Figur e  7.5 .  Partitionin g betwee n pentan e  an d 

dimethy l  sulfoxid e  provide s  a  separatio n o f  pola r  an d nonpola r  solutes .  Th e 

dilutio n o f  th e  dimethy l  sulfoxid e  phas e  wit h wate r  diminishe s  th e  exten t  o f 

rr-electro n attractio n wit h th e  solut e  withou t  dramaticall y  diminishin g hydroge n 

bondin g interactions .  Bac k extractio n o f  th e  aqueou s  dimethy l  sulfoxid e  phas e 

wit h pentan e  provide s  a  separatio n betwee n hydroge n bondin g an d neutra l  pola r 

solutes . 

Figur e  7. 6 i s  a n exampl e  o f  th e  us e  o f  liqui d extractio n fo r  th e  analysi s 

of  trac e  level s  o f  di-(2-ethylhexyl)phthalat e  (DEHP) ,  a  commercia l  plasticizer , 

i n  huma n placent a  [41] .  Th e  froze n placent a  sample s  wer e  dissecte d int o smal l 

piece s  an d the n extracte d wit h acetonitril e  (1. 0  ml/g )  i n  a  Wearin g blender . 

The  suspensio n wa s  filtere d unde r  vacuum ,  th e  residu e  re-extracted ,  an d th e 

combine d acetonitril e  extract s  dilute d wit h a n equa l  volum e  o f  wate r  prio r  t o 
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DMSO 

Dilut e  1:2 
wit h  Wate r 

H 2 0-DMS O 3x 

Alcohol s 
LMW Aliphati c 
an d  Aromati c 
Acid s 
Phenol s 

Sampl e  in 
Pentan e 

3x 
PENTAN E 

A l i p h a t i c 
Hydrocarbon s 

PENTAN E 

—I 
Polycycli c  Aromati c 
Hydrocarbon s 
Phthalat e  Ester s 
Aromati c  Base s 
H MW Aliphati c  Acid s 
Neutra l Specie s 

Figur e  7. 5 Selectiv e  solven t  partitio n schem e  fo r  isolatin g pola r  an d 
unsaturate d solutes . 

DISTRIBUTIO N CONSTANT S 

C 6 H M - C H 3 C N 1.6 

C 6 H W - C H 3 C N - H 2 0 ( 2 : 1 : 1 ) 20 5 

C 6 H W - D M F 1. 2 

C 6 H 1 4 - D M F - H 2 0 (100:9 4 :  6 ) 25 

1 PLACENT A I 

Homogeniz e 
2x with "CH3C N 

I FILTER I 
I 

Residu e CH3C N 

CH3C N 

DEHP 
Fractio n 

Dilut e  wit h 
Wate r 1 : 1 

ICH3CN-H2 O I I Hexan e | 

Residu e 

Hexan e 
2 x 

—I DMF-H2O " 

Residu e 

1 
" Z D , 
Ç Hexan e 1 

Figur e  7. 6 Solven t  partitio n schem e  fo r  th e  isolatio n o f  di-(2-ethylhexyl) -
phthalat e  fro m huma n placenta . 

extractio n wit h hexane .  Th e  distributio n constan t  fo r  th e  water-acetonitrile -

hexan e  extractio n i s  ver y larg e  an d permit s  th e  isolatio n o f  DEHP i n a  smal l 
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volum e  o f  hexane .  Th e  residu e  fro m th e  hexan e  phas e  i s  furthe r  concentrate d b y 

partitio n betwee n hexane-dimethylformamide-wate r  (100:94:6) .  Wate r  wa s  adde d t o 

th e  dimethylformamid e  t o  improv e  th e  distributio n rati o  o f  DEHP i n favo r  o f 

hexan e  whil e  stil l  permittin g th e  remova l  o f  mos t  o f  th e  pola r  contaminant s 

whic h interfer e  i n  th e  fina l  chromatographi c  analysis .  Fina l  sampl e  cleanu p wa s 

performe d b y partitio n betwee n hexan e  an d acetonitril e  saturate d wit h hexane . 

Sinc e  th e  distributio n constan t  i s  small ,  multipl e  extraction s  wer e  require d t o 

provid e  a  hig h extractio n efficiency . 

Althoug h solven t  extractio n i s  simpl e  an d doe s  no t  requir e  comple x 

equipment ,  i t  i s  no t  entirel y  fre e  o f  practica l  problems .  Th e  formatio n o f 

emulsion s  ca n b e  a  proble m i f  the y canno t  b e  readil y  broke n u p b y conventiona l 

technique s  suc h a s  filtratio n throug h a  glas s  woo l  plug ,  centrifugation , 

refrigeration ,  additio n o f  a  trac e  amoun t  o f  methanol ,  o r  b y saltin g out .  Th e 

rat e  an d exten t  o f  extractio n ma y b e  differen t  fo r  a  solut e  i n  a  tes t  syste m 

tha n i n  a  practica l  sample .  Partia l  associatio n o f  dru g substance s  wit h 

protein s  i n  plasm a  sample s  ha s  bee n recognize d a s  on e  instanc e  whe n th e 

extractio n efficienc y ma y var y substantiall y  fro m tha t  obtaine d usin g wate r  a s  a 

mode l  syste m [42] .  Dilutio n o f  th e  plasm a  sampl e  wit h wate r  o r  th e  formatio n o f 

a  homogeneou s  extrac t  prio r  t o  formin g th e  tw o phas e  syste m wil l  ofte n solv e 

thi s  problem .  Sampl e  preparatio n fo r  th e  determinatio n o f  organi c  compound s  i n 

biologica l  fluid s  ha s  bee n reviewe d b y Rei d [5] . 

Continuou s  liqui d extractio n technique s  ar e  use d whe n th e  sampl e  volum e  i s 

large ,  th e  distributio n constan t  i s  small ,  o r  th e  rat e  o f  extractio n i s  slow . 

Numerou s  continuou s  liquid-liqui d extractor s  usin g lighter-than-wate r  an d 

heavier-than-wate r  solvent s  hav e  bee n describe d [43-49] .  Generally ,  eithe r  th e 

lighte r  o r  heavie r  densit y  liqui d i s  boiled ,  condensed ,  an d allowe d t o  percolat e 

repetitivel y throug h a n immiscibl e  companio n solven t  i n  whic h th e  sampl e  i s 

dissolved .  A  laborator y scal e  heavier-than-wate r  liquid-liqui d extracto r  i s 

show n i n Figur e  7.7 A [47] .  Othe r  design s  ar e  capabl e  o f  handlin g larg e  sampl e 

volume s  (approximatel y 1 0 1/h )  b y couplin g severa l  unit s  i n  serie s  [43,48] ,  ca n 

be  use d fo r  on-sit e  samplin g [44] ,  o r  ca n b e  easil y  modifie d t o  wor k wit h 

variabl e  sampl e  volume s  [45,46] ,  Extraction s  ma y b e  performe d ove r  severa l 

hour s  an d concentratio n factor s  u p t o  100,00 0 obtained .  Th e  continuou s  liqui d 

extractio n o f  solid s  i s  carrie d ou t  i n  a  Soxhle t  extractor .  Th e  solven t  i s 

vaporized ,  condensed ,  an d allowe d t o  percolat e  throug h th e  soli d  sampl e 

containe d i n  a n extractio n thimble .  Th e  retur n o f  solven t  t o  th e  boilin g flas k 

i s  discontinuous ;  workin g o n th e  sypho n principle ,  th e  solven t  i s  returne d onl y 

when a  certai n  volum e  o f  extractio n solven t  i s  reache d i n  th e  extractio n 

chamber .  Soxhle t  extractor s  ar e  availabl e  fo r  milligra m t o kilogra m sampl e 

quantitie s  an d fo r  extraction s  a t  eithe r  roo m temperatur e  o r  nea r  th e  boilin g 

poin t  o f  th e  solven t  [50] .  Unattende d operatio n i s  possible .  Th e  mai n 
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disadvantag e  i s  tha t  th e  compound s  extracte d mus t  b e  stabl e  a t  th e  boilin g poin t 

of  th e  extractin g solvent ,  a s  eventuall y  the y ar e  accumulate d i n  th e  boilin g 

flask .  Jenning s  ha s  describe d a  pressurize d syste m tha t  permit s  th e  us e  o f 

liqui d carbo n dioxid e  wit h a  standar d glas s  Soxhle t  extractor ,  Figur e  7.7B ,  fo r 

th e  extractio n o f  soli d  sample s  an d fo r  th e  recover y o f  organi c  volatile s  fro m 

adsorbent s  [22] .  Supercritica l  fluids ,  an d i n  particula r  carbo n dioxide ,  ar e 

excellen t  solvent s  fo r  mos t  organi c  compound s  [51] .  Thi s  extractor ,  whic h ca n 

utiliz e  dr y ic e  a s  a  sourc e  o f  carbo n dioxide ,  ha s  th e  advantage s  o f  achievin g 

hig h extractio n efficiencie s  unde r  a n iner t  atmospher e  an d a t  lo w temperatures . 

The  carbo n dioxid e  i s  allowe d t o  dissipat e  a t  subzer o temperatures ,  yieldin g a 

solvent-fre e  extrac t  fo r  analysis . 

Liqui d extractio n use s  larg e  solven t  volume s  compare d t o  th e  sampl e  volume s 

tha t  ca n b e  analyze d chromatographically .  Thi s  dilutio n o f  th e  sampl e  i s  ofte n 

to o grea t  fo r  direc t  determinatio n withou t  a  preconcentratio n step .  Larg e 

sampl e  volume s  ma y b e  evaporate d usin g a  rotar y evaporato r  [52 ]  o r  a 

Kuderna-Danis h evaporativ e  concentrato r  (Figur e  7.7C )  [53] .  Rotar y evaporator s 

ar e  availabl e  i n  mos t  laboratorie s  an d provid e  a  convenien t  mean s  o f  solven t 

evaporatio n unde r  reduce d pressure .  Volatil e  compound s  ar e  largel y los t  durin g 

concentratio n wit h thi s  apparatu s  an d eve n th e  recover y o f  les s  volatil e 

material s  ma y b e  lowe r  tha n expecte d du e  t o  entrainmen t  o f  th e  sampl e  i n  th e 

solven t  vapors ,  adsorptio n o n th e  glas s  wall s  o f  th e  flas k an d apparatus ,  a s 

wel l  a s  fro m uncontrolle d expulsio n fro m th e  flas k du e  t o  uneve n evaporation . 

For  th e  concentratio n o f  compound s  o f  reasonabl e  volatilit y  th e  Kuderna-Danis h 

evaporativ e  concentrato r  i s  preferred .  Th e  evaporativ e  concentrato r  i s  operate d 

a t  atmospheri c  pressur e  unde r  partia l  reflu x condition s  usin g a  three-bal l 

Snyde r  colum n wit h a n efficienc y o f  abou t  2. 7  theoretica l  plates .  Condense d 

vapor s  i n  th e  Snyde r  colum n ar e  returne d t o  th e  boilin g flask ,  washin g dow n 

organic s  fro m th e  side s  o f  th e  glassware ;  th e  returnin g condensat e  als o contact s 

th e  risin g vapor s  an d help s  t o  recondens e  volatil e  organics .  Althoug h th e 

Kuderna-Danis h concentrato r  provide s  a  slowe r  rat e  o f  evaporatio n tha n rotar y 

evaporator s  i t  generall y  provide s  highe r  recoverie s  o f  trac e  organi c  component s 

[52] ,  I t  i s  generall y  no t  possibl e  t o  reduc e  sampl e  volume s  o f  severa l  hundre d 

milliliter s  t o  les s  tha n on e  millilite r  i n  a  singl e  apparatus .  Sample s  ar e 

usuall y  concentrate d t o  5-1 0 m l  an d the n transferre d t o  a  micr o Kuderna-Danis h 

evaporato r  [54 ]  o r  t o  a  controlled-rat e  evaporativ e  concentrato r  [55,56] .  Th e 

latte r  device s  combin e  th e  advantage s  o f  th e  rotar y evaporato r  an d vacuu m 

evaporatio n wit h th e  ga s  blow-dow n method .  Th e  ga s  blow-dow n metho d i s  suitabl e 

fo r  th e  evaporatio n o f  volatil e  solvent s  o f  les s  tha n 2 5 m l  volume .  A  gentl e 

strea m o f  pur e  ga s  i s  passe d ove r  th e  surfac e  o f  th e  extrac t  containe d i n  a 

conical-tippe d vesse l  o r  cultur e  tub e  partiall y  immerse d i n  a  war m wate r  bath . 
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The  solven t  evaporatio n rat e  i s  a  functio n o f  th e  ga s  flo w rate ,  th e  positio n o f 

th e  ga s  inle t  tub e  relativ e  t o  th e  refluxin g solvent ,  th e  wate r  bat h 

temperature ,  an d th e  solven t  surfac e  area .  Hig h ga s  flo w rate s  mus t  b e  avoide d 

t o  preven t  los s  o f  sampl e  b y nebulization .  Th e  choic e  o f  ga s  i s  importan t  t o 

avoi d contaminatin g th e  sample .  Cylinde r  gase s  suc h a s  prepurifie d nitroge n o r 

heliu m shoul d b e  use d an d furthe r  purificatio n effecte d i f  contaminatio n i s  a 

problem .  Tw o convenien t  hig h capacit y  method s  o f  ga s  decontaminatio n ar e 

passag e  throug h a  U-tub e  fille d wit h a  mixtur e  o f  molecula r  siev e  an d Carbosiev e 

immerse d i n  a  dr y ice-aceton e  coolan t  bat h [57 ]  o r  b y usin g a  femtoga s 

purificatio n trai n  [58] .  Th e  latte r  consist s  o f  fiv e  1 0 ÷  0. 5 c m I.D .  stainles s 

stee l  tube s  fille d wit h differen t  packing s  an d connecte d i n  series .  Tube s  1  an d 

2 ar e  packe d wit h a  bifunctiona l  gas-soli d  adsorptio n an d gas-liqui d 

partitionin g materia l  (prepare d fro m 3  g  Carbopac k B ,  3  g  active d charcoal ,  3  g 

Apiezo n L ,  an d 2 1 g  o f  Chromosor b W-AW),  tub e  3  wit h 13- X molecula r  sieve ,  tub e 

4 wit h 20 % sulfuri c  aci d o n silica ,  an d tub e  5  wit h Carbosiev e  S .  Bot h method s 

ar e  capabl e  o f  producin g ver y pur e  gase s  suitabl e  fo r  trac e  analysis . 

Contaminatio n o f  extract s  fro m solvent s  an d glasswar e  o r  sampl e  losse s  du e 

t o  adsorptio n ar e  frequentl y  encountere d problem s  i n  trac e  analysis .  Glasswar e 

shoul d b e  thoroughl y cleane d an d rinse d wit h pur e  solven t  and ,  i f  stored , 

maintaine d i n  a  dust-fre e  area .  Heatin g i n  a  muffl e  furnac e  o r  hig h temperatur e 

vacuu m ove n i s  ofte n a  convenien t  metho d o f  decontaminatin g glasswar e  [41] . 

Solutio n o r  vapo r  phas e  silylatio n ca n b e  use d to,deactivat e  clea n glas s 

surface s  [59,60] .  Wheneve r  possibl e  th e  sampl e  shoul d contac t  onl y thos e 

material s  whic h ma y b e  easil y  cleane d suc h a s  stainles s  steel ,  Teflon ,  an d 

glass .  Th e  solvent s  use d i n  liqui d extractio n ar e  a  potentiall y  ric h sourc e  o f 

contaminants ,  particularl y  a s  relativel y larg e  solven t  volume s  ar e  concentrate d 

alon g wit h th e  sample .  Needles s  t o  say ,  solvent s  o f  th e  highes t  availabl e 

purit y  shoul d b e  used .  A  20 0 m l  solven t  extrac t  concentrate d t o  10 0 microliter s 

represent s  a  2000-fol d concentration ,  an d thu s  eve n ver y mino r  impuritie s  i n  th e 

extractin g solven t  wil l  b e  presen t  i n  fairl y  hig h concentratio n afte r 

evaporation .  I n  trac e  analysis ,  sampl e  blank s  ar e  ru n frequentl y  t o  estimat e 

th e  exten t  o f  contaminatio n i n  a  particula r  method . 

As  th e  solven t  evaporatio n proces s  i s  slo w an d th e  possibilit y  o f 

contaminatio n fro m th e  solven t  an d glasswar e  high ,  micromethod s  usin g smal l 

solven t  an d sampl e  volume s  ar e  attractiv e  an d compatibl e  wit h th e  sampl e  siz e 

requirement s  o f  chromatographi c  techniques .  Figur e  7.7 D i s  a n exampl e  o f  a 

micro-extractio n apparatu s  whic h enable s  u p t o  98 0 m l  o f  a n aqueou s  sampl e  t o  b e 

extracte d wit h 20 0 microliter s  o f  hexan e  [61] .  Th e  sampl e  i s  extracte d b y 

shaking ,  an d afte r  allowin g sufficien t  tim e  fo r  phas e  separation ,  additiona l 

wate r  i s  adde d throug h th e  sid e  arm ,  forcin g th e  lighte r  organi c  phas e  int o a 

capillar y tub e  wher e  i t  ca n b e  sample d b y syringe .  Abou t  5 0 microliter s  o f 
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solven t  ar e  recovered ,  th e  remainde r  i s  accounte d fo r  b y dissolutio n i n  th e 

aqueou s  phas e  an d b y evaporation .  Typica l  recoverie s  o f  hydrocarbons , 

chlorinate d pesticides ,  an d phthalat e  ester s  a t  trac e  level s  average d 40 7 70 % fo r 

on e  extractio n an d 89-99 % fo r  thre e  consecutiv e  extractions .  Similarly ,  glas s 

syringe s  wit h a  luer-sli p  fittin g ca n b e  use d t o  extrac t  sampl e  volume s  o f  1  t o 

50 m l  wit h solven t  volume s  o f  2 0 microliter s  an d greate r  [62] .  Extractio n take s 

plac e  i n  th e  syring e  barre l  and ,  afte r  phas e  separation ,  th e  organi c  laye r  i s 

easil y  dispense d throug h a  narrow-bor e  glas s  transfe r  tub e  attache d b y a  PTF E 

sleev e  t o  th e  lue r  fitting .  Rapi d extraction s  o f  aqueou s  solution s  o f  variou s 

volume s  hav e  bee n describe d usin g a  polytro n to-homogeniz e  th e  sampl e  an d 

solven t  followe d b y refrigerate d centrifugatio n t o  separat e  th e  emulsio n forme d 

[63,64] .  I n  favorabl e  circumstances ,  extractio n efficiencie s  o f  90-100 % ca n b e 

obtained .  Thi s  make s  i t  possibl e  t o  minimiz e  th e  volum e  o f  extractin g solven t 

used ,  greatl y  reducin g th e  tim e  require d t o  perfor m th e  extraction .  Dunge s  an d 

Zlatki s  hav e  describe d th e  us e  o f  simpl e  apparatu s  fo r  extractin g microlite r 

volume s  o f  organic s  i n  biologica l  fluid s  [65-67] ,  A s  th e  volum e  o f  extractin g 

solven t  wa s  smal l  onl y a  minimu m o f  concentratio n wa s  neede d prio r  t o  analysis . 

7. 4  Sampl e  Cleanu p Usin g Liquid-Soli d  Chromatograph y 

Afte r  solven t  extraction ,  liquid-soli d  chromatograph y i s  frequentl y  use d t o 

furthe r  fractionat e  th e  extrac t  o n th e  basi s  o f  polarity .  Eithe r  colum n o r 

thin-laye r  technique s  ma y b e  used ,  bu t  colum n method s  ar e  generall y  preferre d a s 

sampl e  recover y i s  mor e  straightforward .  Man y differen t  adsorbent s  hav e  bee n 

use d i n  liquid-soli d  chromatography ;  thei r  genera l  propertie s  ar e  give n i n  Tabl e 

7. 5  [32,68-70] .  Furthe r  discussio n ca n b e  foun d i n  Chapte r  4.10 ,  a s  wel l  a s  i n 

specifi c  review s  fo r  florisi l  [71-73] ,  hydroxylapatit e  [74,75] ,  an d lipophili c 

Sephade x [76] .  Th e  controlle d porosit y  gel s  ar e  no t  adsorbent s  bu t  material s 

fo r  size-exclusio n chromatography ,  an d ar e  include d her e  fo r  completeness .  Fo r 

sampl e  cleanu p silic a  gel ,  alumina ,  florisil ,  an d controlle d porosit y  gel s  ar e 

most  frequentl y  used .  Th e  philosoph y o f  th e  separatio n requirement s  fo r  sampl e 

cleanu p i s  differen t  t o  classica l  liqui d chromatography .  Th e  emphasi s  i s  place d 

on fractionatio n rathe r  tha n individua l  componen t  resolution .  Componen t 

resolutio n i s  bette r  lef t  t o  subsequen t  stage s  i n  whic h hig h resolutio n 

chromatographi c  technique s  ar e  used .  Colum n sampl e  cleanu p i s  use d t o  isolat e 

th e  component s  o f  interes t  b y removin g component s  o f  differen t  polarit y  o r  size , 

tha t  woul d eithe r  interfer e  directl y  i n  th e  chromatogra m b y maskin g th e 

component s  o f  interes t  o r  preven t  th e  continuou s  operatio n o f  th e  instrumen t  b y 

changin g th e  performanc e  o f  th e  analytica l  column .  Adsorptio n chromatograph y 

ca n als o b e  use d a s  a  concentratio n techniqu e  b y applyin g th e  sampl e  t o  th e 

colum n i n a  larg e  volum e  o f  a  nonelutin g solven t  an d the n elutin g th e  adsorbe d 
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sampl e  component s  wit h a  smal l  volum e  o f  a  stron g elutin g solvent .  I n  a  typica l 

procedure ,  th e  sampl e  i s  applie d t o  th e  colum n i n a  smal l  volum e  o f  a  wea k 

solven t  an d th e  separatio n i s  affecte d b y elutin g wit h a  serie s  o f  solvent s  o f 

increasin g polarity .  Th e  component s  o f  interes t  ar e  elute d i n  a  smal l  numbe r  o f 

fractions .  Th e  dimension s  o f  th e  colum n use d ar e  dictate d b y th e  siz e  o f  th e 

sampl e  an d th e  resolutio n required .  Wid e  column s  ar e  use d fo r  larg e  sample s  an d 

lon g column s  fo r  difficul t  separations .  Th e  activit y  o f  th e  adsorben t  i s  a n 

importan t  consideratio n a s  thi s  wil l  affec t  th e  fractio n i n  whic h th e  component s 

of  interes t  wil l  b e  found .  Adsorben t  activity ,  an d therefor e  retention ,  i s 

controlle d b y th e  purposefu l  additio n o f  a  know n amoun t  o f  wate r  t o  th e  dr y 

adsorbent .  Adsorben t  activit y  ca n b e  estimate d b y th e  Brockman n scale ,  Tabl e 

7.6 ,  which ,  althoug h base d o n th e  elutio n characteristic s  o f  a  serie s  o f  tes t 

dyes ,  provide s  a  reasonabl e  genera l  indicatio n o f  sampl e  retentio n [32,73],  A s 

many sampl e  extract s  contai n som e  wate r  the y shoul d b e  drie d wit h anhydrou s 

sodiu m sulfat e  o r  molecula r  sieve s  prio r  t o  passag e  throug h th e  colum n t o avoi d 

change s  i n  colum n activit y  durin g th e  analysis .  A  1- 2 c m plu g o f  anhydrou s 

sodiu m sulfat e  ma y b e  adde d t o  th e  to p o f  th e  colum n packin g a s  a  furthe r 

precaution .  Genera l  source s  concernin g th e  us e  o f  differen t  adsorbent s  fo r 

pesticid e  residu e  analysi s  [77-79],  biologica l  fluid s  [5] ,  an d environmenta l 

analysi s  [80,81 ]  shoul d b e  consulte d fo r  furthe r  details . 

TABLE 7. 6 

STANDARDIZATION O F ADSORBENT ACTIVIT Y 

Brockman n Percentag e  o f  Wate r  (w/w ) 
Activit y  Grad e  ~ — ~ m " 

Alumin a  Silic a  Ge l  Florisi l 

I  0  0  0 
I I  3  5  7 
II I  6  1 5 1 5 
I V 1 0 2 5 2 5 
V 1 5 3 8 3 5 

Adsorbent s  ar e  als o use d a s  suppor t  material s  fo r  stationar y liqui d phase s 

or  chemica l  reagents .  Liquid-liqui d partitio n chromatograph y i s  rarel y use d fo r 

sampl e  cleanu p althoug h i t  i s  stil l  use d fo r  th e  isolatio n o f  natura l  products . 

Hydrophobi c  celit e  o r  silanize d silic a  i s  use d t o  suppor t  a  stationar y liqui d 

phas e  whil e  a n immiscibl e  mobil e  phase ,  saturate d wit h th e  stationar y phase ,  i s 

use d fo r  sampl e  elution .  It s  principa l  advantag e  compare d t o  liqui d extractio n 

i s  it s  highe r  separatio n efficiency . 

Silic a  o r  alimun a  ca n b e  coate d wit h suc h chemica l  reagent s  a s  sulfuri c 

acid ,  silve r  nitrate ,  alkalin e  potassiu m permanganate ,  sodiu m hydroxide ,  etc .  t o 
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improv e  th e  selectivit y  o f  th e  cleanu p stag e  [82-84] ,  Thes e  modifie d adsorbent s 

ar e  usefu l  fo r  retainin g chemicall y  activ e  coextractant s  whic h woul d otherwis e 

be  elute d fro m th e  untreate d adsorben t  column . 

Controlle d porosit y  gel s  ca n b e  use d t o  fractionat e  extract s  base d o n 

molecula r  siz e  wit h aqueou s  o r  organi c  mobil e  phases .  The y ar e  particularl y 

usefu l  whe n a  smal l  molecul e  suc h a s  a n organochlorin e  pesticid e  i s  t o  b e 

determine d i n  a  matri x  comprise d o f  hig h molecula r  weigh t  oils ,  fats ,  an d 

polymers .  B y size-exclusio n th e  larg e  sampl e  molecule s  ar e  elute d ahea d o f  th e 

pesticide ,  providin g a n efficien t  cleanup .  I n  thi s  respec t  th e  metho d i s 

complementar y t o  th e  us e  o f  adsorbent s  whic h provid e  a  separatio n base d o n 

polarity .  A  particula r  advantag e  o f  th e  size-exclusio n column s  i s  tha t  sinc e 

th e  sampl e  rarel y contaminate s  th e  colum n (tota l  elutio n i s  achieved )  i t  ma y b e 

use d repetitively .  Th e  metho d ca n thu s  b e  easil y  automate d an d equipmen t  fo r 

thi s  purpos e  ha s  bee n describe d [85,86] . 

7. 5  Th e  Us e  o f  Interna l  Standard s 

An interna l  standar d i s  a  substanc e  tha t  i s  adde d t o  th e  sampl e  a t  th e 

earlies t  possibl e  poin t  i n  th e  analytica l  schem e  t o compensat e  fo r  sampl e  losse s 

occurrin g durin g extraction ,  cleanup ,  an d fina l  chromatographi c  analysis .  Th e 

propertie s  desire d o f  a n idea l  interna l  standar d ar e  summarize d i n  Tabl e 

7.7 .  Rarel y wil l  a n interna l  standar d mee t  al l  o f  thes e  requirements .  The y ar e 

most  closel y approache d whe n a  restricte d rang e  o f  simila r  substance s  ar e  t o  b e 

determined .  Numerou s  example s  ca n b e  foun d fo r  th e  analysi s  o f  drug s  i n 

biologica l  fluid s  wher e  structurall y  simila r  analog s  o f  th e  dru g ar e  availabl e 

fo r  us e  a s  interna l  standard s  [87,88] ,  Th e  opposit e  extrem e  i s  represente d b y 

multicomponen t  environmenta l  sample s  wher e  th e  identit y  o f  al l  component s  i s  no t 

know n an d fo r  whic h a n impracticall y  larg e  numbe r  o f  interna l  standard s 

TABLE 7. 7 

PROPERTIES REQUIRE D O F A N IDEA L INTERNAL STANDARD 

The  interna l  standar d shoul d resembl e  th e  analyt e  a s  closel y a s  possibl e  i n 
term s  o f  chemica l  an d physica l  properties . 

The  interna l  standar d shoul d no t  b e  a  norma l  constituen t  o f  th e  sample . 

The  interna l  standar d shoul d b e  incorporate d int o th e  matri x  i n  exactl y  th e 
sam e  wa y a s  th e  analyte .  A  situatio n whic h i s  rarel y achieved . 

The  interna l  standar d an d analyt e  shoul d b e  resolve d chromatographicall y  t o 
baselin e  (excep t  fo r  isotopicall y  labelle d sample s  whe n mas s  discriminatio n o r 
radioactiv e  countin g ar e  use d fo r  detection) ,  elut e  clos e  together ,  respon d t o 
th e  detectio n syste m i n a  simila r  way ,  an d b e  presen t  i n  nearl y  equa l 
concentrations . 
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woul d b e  require d t o  accoun t  fo r  th e  differen t  propertie s  o f  th e  substance s 

presen t  i n  th e  sampl e  [89] , 

Substance s  use d a s  interna l  standard s  includ e  analogs ,  homologs ,  isomers , 

enantiomers ,  an d isotopicall y  labelle d analog s  o f  th e  analyt e  t o  b e  determined . 

Analog s  an d homolog s  ar e  perhap s  th e  mos t  widel y use d substance s  simpl y becaus e 

the y ar e  mor e  likel y t o  b e  available .  Amin o acid s  ca n b e  determine d wit h hig h 

precisio n b y ga s  chromatograph y usin g a  chira l  colum n an d th e  unnatura l 

enantiomer s  a s  interna l  standard s  [90,91] .  Isotopicall y  labelle d interna l 

standard s  ar e  frequentl y  use d i n  ga s  chromatography-mas s  spectrometr y wher e  th e 

mas s  discriminator y powe r  o f  th e  mas s  spectromete r  ca n b e  take n advantag e  o f  t o 

differentiat e  betwee n th e  analyt e  an d interna l  standard . 

As  wel l  a s  a n interna l  standard ,  a  carrie r  substanc e  ma y b e  adde d t o  th e 

sample .  Thi s  techniqu e  i s  applie d whe n th e  analyt e  i s  i n  lo w concentratio n an d 

i s  likel y t o  b e  los t  b y adsorptio n o r  bindin g t o  th e  sampl e  matri x  o r  th e 

apparatus .  Th e  carrie r  substanc e  shoul d hav e  a  simila r  structur e  t o  th e  analyt e 

an d i s  adde d t o  th e  sampl e  i n  larg e  exces s  compare d t o  th e  analyt e 

concentration .  I t  mus t  b e  easil y  separate d fro m th e  analyt e  i n  th e  fina l 

chromatographi c  separation . 

7. 6  Sorptio n Technique s  fo r  Trac e  Enrichmen t  o f  Dilut e  Solution s 

Substance s  presen t  i n  trac e  amount s  generall y  d o no t  permi t  direc t 

determinatio n b y th e  mos t  appropriat e  instrumenta l  method .  Therefore ,  th e 

sampl e  concentratio n mus t  b e  amplifie d b y trac e  enrichmen t  techniques ,  man y o f 

whic h involv e  a  phas e  transfer .  I n  thi s  case ,  trac e  enrichmen t  ca n b e  describe d 

as  th e  proces s  b y whic h th e  substance s  o f  interes t  ar e  preconcentrate d b y thei r 

selectiv e  remova l  fro m th e  bul k sampl e  matri x  t o  reac h a  concentratio n 

sufficien t  fo r  detection .  Th e  enrichmen t  techniqu e  ca n b e  general ,  fo r  exampl e 

th e  adsorptio n o f  organic s  fro m water ,  o r  i t  ma y b e  selective ,  fo r  instanc e  th e 

ion-exchang e  adsorptio n o f  acidi c  compound s  fro m wate r  withou t  collectio n o f 

neutra l  o r  basi c  substances .  Th e  latte r  exampl e  represent s  bot h trac e 

enrichmen t  an d sampl e  cleanup .  Bot h processe s  ar e  frequentl y  employe d i n  th e 

sam e  analytica l  scheme ;  o f  course ,  i f  th e  concentratio n o f  th e  substanc e  o f 

interes t  i s  sufficien t  fo r  detectio n the n onl y th e  remova l  o f  interferin g 

substance s  b y sampl e  cleanu p i s  necessar y fo r  analysis . 

I n  thi s  sectio n w e  wil l  conside r  solid-phas e  sorbent s  a s  concentratin g 

agent s  fo r  th e  analysi s  o f  dilut e  solution s  [12,92-96] ,  Commonl y use d sorbent s 

ar e  charcoal ,  macroreticula r  porou s  polymers ,  polyurethan e  foams ,  bonded-phas e 

packings ,  an d ion-exchang e  resins .  Th e  characteristic s  whic h gover n a  sorbent' s 

usefulnes s  fo r  a  particula r  proble m ar e  it s  sampl e  capacit y  an d breakthroug h 

volume .  Th e  breakthroug h volum e  i s  define d a s  th e  volum e  o f  sampl e  tha t  ca n b e 
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passe d throug h a  sorben t  be d befor e  elutio n o f  th e  investigate d compoun d 

commences .  Th e  large r  th e  breakthroug h volume ,  th e  greate r  th e  sampl e  volum e 

tha t  ca n b e  processed ,  an d th e  greate r  th e  enrichmen t  facto r  obtained .  Value s 

fo r  th e  breakthoug h volum e  ma y b e  calculate d o r  determine d experimentall y  fro m 

mode l  systems .  I n  eithe r  case ,  procedure s  ar e  tediou s  an d frequentl y 

inaccurate .  Th e  value s  obtaine d fo r  mode l  system s  ma y no t  b e  appropriat e  fo r 

rea l  sample s  wher e  desorptio n o r  adsoprtio n b y othe r  component s  o f  th e  sampl e 

matri x  ma y radicall y  affec t  thes e  values . 

7.6. 1  Carbo n Adsorbent s 

Graphitize d charcoal ,  activate d carbon ,  an d carbo n molecula r  sieve s  ar e 

thre e  form s  o f  carbo n use d chromatographically .  Carbo n molecula r  sieve s  hav e 

smal l  pore s  an d ver y larg e  surfac e  area s  an d ar e  thu s  suite d mor e  fo r  th e 

separatio n o f  gase s  b y ga s  chromatograph y tha n fo r  us e  a s  a  sorben t  i n  wate r 

treatment .  Graphitize d charcoa l  i s  a  relativel y pur e  for m o f  carbo n prepare d a t 
2 

temperature s  i n  exces s  o f  1000°C .  Becaus e  o f  it s  lo w surfac e  are a  (6-3 0 m  /g ) 

i t  i s  mainl y use d a s  a n adsorben t  o r  suppor t  i n  ga s  chromatography .  Partiall y 

graphitize d carbo n blac k (e.g. ,  Carbopac k B )  ha s  a  surfac e  are a  o f  abou t  10 0 

m / g an d a  p H =  10.2 5 i n  aqueou s  suspension .  I t  ha s  bee n use d t o  adsor b a  wid e 

rang e  o f  organi c  specie s  fro m wate r  [97] .  Activate d carbo n i s  prepare d b y th e 

lo w temperatur e  oxidatio n o f  vegetabl e  charcoals .  Thes e  material s  hav e  larg e 
2 

surfac e  area s  (300-100 0 m  /g ) ,  a  wid e  por e  diamete r  distribution ,  an d a 

heterogeneou s  surfac e  containin g activ e  functiona l  groups .  Standar d method s  fo r 

th e  extractio n o f  organi c  compound s  fro m wate r  usin g activate d carbo n filter s 

hav e  bee n describe d [98-101] .  Ver y larg e  volumes ,  suc h a s  1,20 0 liters ,  ma y b e 

sample d a t  a  rat e  o f  12 0 ml/min ,  requirin g abou t  on e  wee k fo r  completion . 

Precleane d carbon ,  3 0 mesh ,  i n  a  1 8 ÷  3  inc h diamete r  glas s  tub e  i s  use d fo r 

sampl e  collection .  Th e  carbo n adsorben t  i s  the n remove d fro m th e  cartridge , 

sprea d o n a  glas s  tray ,  an d drie d a t  35-40° C unti l  fre e  flowing .  Th e  adsorbe d 

organic s  ar e  remove d b y Soxhle t  extractio n wit h 1. 5 liter s  o f  chlorofor m o r 

ethanol .  Fo r  clea n surfac e  water s  th e  extracte d organi c  residu e  i s  usuall y  les s 

tha n 5 0 microgram s  pe r  liter . 

Belfor t  ha s  explaine d th e  adsorptio n propertie s  o f  carbo n usin g solvophobi c 

theor y a s  follows ,  "I n aqueou s  solut e  adsorptio n o n activate d carbon , 

non-covalen t  (physical )  interaction s  ar e  usuall y  considere d dominant .  O f  thes e 

interactions ,  io n an d hydroge n bondin g ar e  cause d b y positiv e  attractiv e  force s 

betwee n th e  adsorbat e  an d th e  adsorbent .  Hydrophobi c  interactions ,  o n th e  othe r 

hand ,  originat e  fro m a  ne t  repulsio n betwee n th e  wate r  an d th e  nonpola r  region s 

of  th e  activate d carbo n a s  wel l  a s  th e  nonpola r  (an d nonpola r  moietie s  o f  the ) 

solut e  o r  adsorbate .  Thus ,  a s  a  consequenc e  o f  th e  ver y hig h cohesiv e  energ y 
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densit y  o f  th e  water ,  nonpola r  molecule s  an d nonpola r  region s  o r  surface s  ar e 

'squeeze d out '  o f  th e  wate r  phas e  an d ca n associat e  i f  i n  clos e  proximit y t o 

eac h other. "  [102] ,  Th e  breakthroug h volum e  o f  organi c  compound s  o n carbo n i s 

thu s  a  comple x functio n o f  th e  propertie s  o f  th e  adsorbate ,  th e  sorbent ,  an d th e 

solutio n conditions .  A s  a  genera l  rule ,  th e  breakthroug h volum e  decline s  a s  th e 

polarit y  an d wate r  solubilit y  o f  th e  sampl e  increases . 

Althoug h carbo n adsorptio n i s  convenien t  an d t o  som e  exten t  standardized , 

ther e  ar e  severa l  problem s  wit h th e  techniqu e  whic h ca n affec t  th e 

identificatio n an d quantitatio n o f  specifi c  compound s  i n  water .  Ther e  i s 

considerabl e  variabilit y  i n  th e  collectio n efficienc y fo r  differen t  compound s 

an d fo r  differen t  experimenta l  conditions ,  th e  desorptio n o f  compound s  fro m th e 

adsorben t  i s  no t  alway s  total ,  an d th e  desorbe d compound s  ar e  no t  alway s 

identica l  t o  thos e  originall y  extracted .  I t  i s  wel l  kno w tha t  activate d carbo n 

ca n ac t  a s  a  catalys t  fo r  oxidatio n an d othe r  chemica l  reactions .  Wit h th e 

possibl e  exceptio n o f  lo w molecula r  weigh t  pola r  organi c  compounds ,  mos t  studie s 

hav e  conclude d tha t  macroreticula r  porou s  polyme r  adsorbent s  provid e  a  highe r 

recover y o f  organic s  fro m wate r  tha n carbon ,  Tabl e  7. 8  [93,97,103-106] . 

However ,  th e  performanc e  o f  carbo n a s  a n extractan t  i s  acceptabl e  fo r  man y 

analytica l  problem s  [93,97,104,106] . 

TABLE 7. 8 

COMPARISON O F RECOVERIES WITH AMBERLITE XAD- 2 AND ACTIVATED CARBON 
(FILTRAS0R B 300 ) 

Averag e  Recover y (% ) 

Amberlit e  XAD- 2 Filtrasor b 30 0 

Alkane s 5 15 

Ester s 61 49 

Alcohol s 73 47 

Phthalat e  ester s 82 24 

Phenol s 45 7 

Chlorinate d hydrocarbon s 43 55 

Chlorinate d aromati c  compound s  7 0 11 

Aromati c  compound s 68 6 

Aldehyde s  an d Ketone s 54 24 

Pesticide s 34 16 

Carboxyli c  acid s 1 2 

7.6. 2  Macroreticula r  Porou s  Polyme r  Adsorbent s 

Macroreticula r  resin s  ar e  prepare d b y suspensio n polymerizatio n of ,  fo r 

example ,  styrene-divinylbenzen e  copolymer s  i n  th e  presenc e  o f  a  substanc e  whic h 
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i s  a  goo d solven t  fo r  th e  monome r  bu t  a  poo r  swellin g agen t  fo r  th e  polyme r 

[107] ,  Th e  macroreticula r  resin s  consis t  o f  agglomerate s  o f  randoml y packe d 

microsphere s  permeate d b y a  networ k o f  hole s  an d channels .  Thi s  result s  i n 

highe r  mechanica l  stabilit y  an d greate r  surfac e  area s  tha n 

styrene-divinylbenzen e  gels .  Characteristi c  propertie s  o f  th e  Amberlit e  XAD 

serie s  o f  mcaroreticula r  resin s  manufacture d b y Roh m an d Haa s  ar e  give n i n  Tabl e 

7. 9  [93,108] .  Th e  XAD-1 ,  -2 ,  an d - 4 resin s  ar e  aromati c  i n  character ,  ver y 

hydrophobic ,  an d posses s  n o ion-exchang e  capacity .  Amberlit e  XAD- 7 an d - 8 ar e 

acryli c  este r  resins ,  non-aromati c  i n  character ,  an d posses s  ver y lo w 

ion-exchang e  capacity ,  o n th e  orde r  o f  0.0 1 milliequivalent s  pe r  gra m for * XAD- 8 

[108] .  Th e  acryli c  este r  resin s  ar e  mor e  hydrophili c  tha n th e 

styrene-divinylbenzen e  copolymers ;  accordingly ,  the y ar e  mor e  easil y  wette d an d 

adsor b mor e  water .  Th e  adsorptio n mechanis m o f  organi c  compound s  fro m wate r  o n 

th e  XAD-resin s  i s  simila r  t o  tha t  o n carbon ,  althoug h recoverie s  ar e  generall y 

highe r  an d catalyti c  activit y  i s  greatl y  diminished .  Th e  recover y o f  neutra l 

organi c  molecule s  fro m wate r  i s  universall y  hig h fo r  a  wid e  rang e  o f  sampl e 

types ,  Tabl e  7.10 .  Partiall y  dissociate d organi c  compound s  (e.g. ,  phenols , 

carboxyli c  acids ,  etc. )  ar e  generall y  weakl y sorbe d b y th e  resi n an d th e 

percentag e  retaine d diminishe s  wit h dilutio n du e  t o  a  highe r  degre e  o f 

dissociation .  Adjustin g th e  p H o f  th e  sampl e  lead s  t o  increase d capacit y  fo r 

thes e  compound s  bu t  averag e  recoverie s  a t  lo w concentratio n ar e  ofte n no t 

comparabl e  t o  thos e  o f  undissociate d solute s  [93,108-110] .  Acidi c  o r  basi c 

TABLE 7. 9 

PHYSICAL PROPERTIE S O F AMBERLITE XAD RESIN S 

Typ e  Composition 3 Characte r  Averag e  Specifi c  Specifi c  Solven t 
Por e  Surface 2 Por e  Uptak e 
Diameter, A Area ,  m  / g ml/ g g/ g o f 

dr y resi n 

XAD-1 STY-DVB hydrophobi c 20 0 10 0 0.6 9 

XAD-2 STY-DVB hydrophobi c 85-9 0 290-30 0 0.6 9 0.65-0 , ,7 0 

XAD-4 STY-DVB hydrophobi c 50 75 0 0.9 9 0.99-1 . ,1 0 

XAD-7 methacry -
lat e 
polyme r 

moderatel y 
hydrophili c 

80 45 0 1.0 8 1.89-2 . ,1 3 

XAD-8 methy l 
methacry -
lat e 
polyme r 

moderatel y 
hydrophili c 

25 0 14 0 0.8 2 1.31-1 . ,3 6 

a STY-DV B =  styrene-divinylbenzen e  copolyme r 
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TABLE 7.1 0 

Compoun d Typ e  Typica l  Recoverie s  (% ) 

Alcohol s 90 - 10 0 

Aldehyde s 90 - 10 0 

Ketone s 90 - 10 0 

Ester s 80 - 10 0 

Acids 3 90 - 10 0 

Phenols 3 80 - 95 

Ether s 80 - 95 

Haloge n compound s 75 - 95 

Polycycli c  aromati c  hydrocarbon s 85 - 10 0 

Alkylbenzene s 80 - 90 

Nitroge n an d sulfu r  compound s 85 - 95 

Pesticide s 80 - 95 

a Afte r  p H adjustmen t 

compound s  ma y b e  elute d fro m th e  resi n wit h a n aqueou s  solutio n o f  appropriat e 

pH withou t  displacin g neutra l  molecules ,  effectin g enrichmen t  an d cleanu p stage s 

simultaneously . 

Macroreticula r  porou s  polymer s  ar e  widel y use d fo r  th e  remova l  o f  trac e 

organi c  compound s  fro m fres h water ,  wast e  water ,  sal t  water ,  an d fro m aqueou s 

biologica l  samples .  Th e  hig h affinit y  o f  thes e  polymer s  fo r  neutra l  organi c 

compounds ,  hig h sampl e  capacity ,  lo w wate r  retention ,  chemica l  inertness ,  an d 

eas e  o f  sampl e  recover y ar e  feature s  whic h hav e  contribute d t o  thei r  wid e 

acceptance .  Relativel y larg e  sampl e  volumes ,  1-10 0 liters ,  ma y b e  pumpe d 

throug h a  shor t  adsorben t  column ,  6  ÷  1, 5 cm ,  a t  hig h flo w rates ,  4- 7 colum n be d 

volume s  pe r  minut e  [93,103,109-112] ,  Th e  adsorbe d sampl e  i s  recovere d b y 

elutio n wit h a  smal l  volum e  o f  organi c  solven t  suc h a s  methanol ,  ether ,  acetone , 

ethy l  acetate ,  etc .  Afte r  evaporatin g th e  elutin g solven t  t o  a  smal l  volum e 
3 7 

enrichmen t  factor s  o f  1 0 -1 0 ca n b e  obtained .  Fo r  sampl e  size s  les s  tha n 1 

liter ,  a  1.2-1. 8  ÷  2 5 mm mini-column ,  ca n b e  use d withou t  sampl e  loss .  Onl y 

50-10 0 microliter s  o f  solven t  i s  require d fo r  sampl e  elution ,  eliminatin g th e 

nee d fo r  evaporatio n [104] .  Therma l  desorptio n an d Soxhle t  extractio n hav e  bee n 

use d a s  alternativ e  method s  fo r  sampl e  recover y [93,113] ,  Therma l  desorptio n 

avoid s  th e  us e  o f  elutio n solvent s  an d therefor e  provide s  th e  highes t  degre e  o f 

TYPICAL RECOVERIES FO R ORGANIC COMPOUNDS A T 10-10 0 pp b (PESTICIDE S ppt )  I N 
WATER O N AMBERLITE XAD- 2 
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sampl e  enrichment .  Unfortunately ,  th e  therma l  stabilit y  o f  th e  polymer s  i s  no t 

ver y hig h an d therefor e  limit s  th e  techniqu e  t o  easil y  absorbe d molecule s 

[114,115] .  Polymer s  o f  th e  Amberlit e  typ e  produc e  a  hig h chromatographi c 

backgroun d whe n heate d t o  temperature s  o f  250-275°C .  Naphthalene ,  ethylbenzene , 

an d benzoi c  aci d hav e  bee n identifie d a s  th e  principa l  contaminants .  Tena x i s 

mor e  thermall y stabl e  tha n th e  Amberlit e  polymer s  an d produce s  relativel y littl e 

chromatographi c  backgroun d a t  desorptio n temperatures .  However ,  Tena x ha s  a  lo w 
2 

surfac e  area ,  19-3 0 m  /g ,  limitin g it s  adsorptio n capacit y  an d resultin g i n 

lowe r  recoverie s  an d a  restrictio n o f  sampl e  size .  I n  spit e  o f  thes e 

disadvantage s  it s  us e  i n  studie s  o f  wate r  pollutio n involvin g trac e 

concentration s  o f  organi c  compound s  ha s  bee n demonstrate d [116-118] .  Th e 

analytica l  methodolog y involve s  colum n samplin g i n  th e  usua l  way ,  centrifugatio n 

an d vacuu m desiccatio n t o  remov e  entrappe d water ,  an d therma l  desorptio n a t 

280° C fo r  ga s  chromatography . 

Breakthroug h volume s  fo r  th e  macroreticula r  polymer s  ca n b e  calculate d 

theoreticall y  fro m a  knowledg e  o f  th e  mola r  solubilit y  o f  th e  compoun d [108 ]  o r 

determine d experimentall y  [119] ,  I n  eithe r  case ,  th e  value s  obtaine d fo r  mode l 

system s  ma y b e  inaccurat e  fo r  rea l  sample s  wher e  solutio n condition s  an d th e 

presenc e  o f  coextractant s  wil l  hav e  som e  effect .  Mode l  system s  ar e  usuall y 

prepare d b y addin g th e  tes t  sample ,  i n  a  smal l  volum e  o f  organi c  solvent ,  t o 

water .  Erroneou s  result s  ma y occu r  fo r  tes t  sample s  adde d t o  wate r  i n 

concentration s  tha t  excee d thei r  wate r  solubilit y  an d fo r  volatil e  compound s 

wit h a  highe r  densit y  tha n water .  Th e  latte r  compound s  collec t  a t  th e  surfac e 

an d evaporat e  fro m th e  ope n sampl e  reservoi r  unles s  th e  ai r  spac e  abov e  th e 

reservoi r  i s  minimize d [109] . 

Macroreticula r  porou s  polymer s  generall y  requir e  carefu l  purificatio n prio r 

t o  us e  i n  trac e  analysi s  [120] .  Fine s  ar e  remove d b y slurryin g i n  methano l  an d 

monomers ,  contaminants ,  an d anti-bacteria l  agent s  ar e  remove d b y sequentia l 

solven t  extractio n fo r  8  h  eac h wit h methanol ,  acetonitrile ,  an d ethe r  [109] , 

Acryli c  Amberlit e  resin s  ar e  usuall y  rinse d wit h dilut e  sodiu m hydroxid e 

solutio n prio r  t o  solven t  extractio n [108] .  Th e  solvent-purifie d resin s  ar e 

store d i n  glass-stoppere d bottle s  unde r  methano l  unti l  used .  Purifie d resin s  d o 

no t  stor e  wel l  i n  th e  dr y state .  Monomer s  an d othe r  mino r  contaminant s  ar e 

apparentl y  trappe d interstitiall y  withi n th e  resi n durin g th e  polyme r  bea d 

formatio n process .  I n  th e  dr y state ,  mechanica l  o r  spontaneou s  crackin g o f  th e 

bead s  lead s  t o  recontamination . 

7.6. 3  Polyurethan e  Adsorbent s 

Polyurethan e  a s  a n open-por e  o r  foa m material ,  ha s  bee n use d a s  a n 

adsorben t  fo r  neutra l  organic s  i n  wate r  [121-126] ,  Open-por e  polyurethane s  ar e 
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prepare d i n  sit u  b y reactin g a  solutio n o f  a n isocyanat e  wit h a  polyo l  insid e 

th e  adsorben t  column .  Th e  open-por e  polyurethane s  ar e  compose d o f  agglomerate d 

spherica l  particles ,  1-10  micrometer s  i n  diameter ,  bonde d t o  on e  anothe r  i n  a 

rigi d an d highl y permeabl e  structur e  [121] .  Cellula r  (foamed )  polyurethane s  ar e 

commericall y  availabl e  an d use d i n  larg e  quantitie s  fo r  man y manufacture d 

products .  Bot h type s  functio n a s  adsorbent s  wit h a  hig h degre e  o f  efficienc y 

fo r  th e  collectio n o f  polynuclea r  aromati c  hydrocarbon s  an d pesticide s 

[122-124] ,  The y als o exhibi t  som e  wea k bas e  ion-exchang e  capacity .  Thei r  are a 

of  applicatio n an d metho d o f  us e  ar e  ver y simila r  t o  th e  macroreticula r  porou s 

polymers ,  ove r  whic h n o significan t  analytica l  advantage s  hav e  bee n 

demonstrated .  Fo r  a  genera l  revie w o f  th e  chromatographi c  propertie s  o f 

polyurethan e  foam s  an d rubber s  se e  reference s  [125,126] , 

7.6. 4  Bonded-Phas e  Adsorbent s 

Bonded-phas e  adsorbent s  fo r  off-lin e  sampl e  preparatio n wer e  introduce d i n 

abou t  1978 .  Chemicall y  the y ar e  simila r  t o  th e  colum n packing s  use d i n  HPL C 

excep t  tha t  a  large r  averag e  pacticl e  diameter ,  4 0 micrometers ,  i s  use d t o 

facilitat e  th e  samplin g process .  Silic a  gel ,  nonpola r  an d pola r  bonded-phases , 

an d ion-exchang e  sorbent s  ar e  available ,  Tabl e  7.11 ,  packe d int o disposabl e 

polyethylen e  column s  i n  amount s  fro m 10 0 t o  50 0 mg .  Th e  packin g i s  retaine d b y 

tw o 2 0 micromete r  polyethylen e  frits .  A  vacuu m manifol d i s  use d t o  facilitat e 

rapi d samplin g an d solven t  elutio n o f  th e  retaine d organics .  Wit h th e  50 0 m g 

column ,  sampl e  size s  a s  larg e  a s  10 0 m l  ma y b e  use d althoug h mos t  application s 

reporte d hav e  use d muc h smalle r  volumes ,  particularl y  fo r  biologica l  an d 

physiologica l  sample s  [127-132] ,  Averag e  recoveries ,  i n  th e  rang e  80-100% ,  a t 

flo w rate s  u p t o  3 3 ml/mi n hav e  bee n obtained .  Th e  lo w cost ,  hig h sorptiv e 

capacity ,  wid e  rang e  o f  sorben t  selectivity ,  an d simplicit y  o f  us e  wil l  continu e 

t o  contribut e  t o  recen t  interes t  i n  thes e  materials . 

7.6. 5  Ion-Exchang e  Resin s 

Ion-exchang e  resin s  ca n b e  use d fo r  th e  efficien t  collectio n o f  acidi c  an d 

basi c  substances .  Typica l  example s  includ e  th e  selectiv e  recover y o f  phenols , 

acids ,  an d amide s  fro m wate r  [133-135 ]  an d steroid s  [129] ,  organi c  acid s 

[136,137] ,  an d amin o acid s  [138,139 ]  fro m biologica l  fluids .  Th e  recover y o f 

thes e  material s  usin g nonpola r  adsorbent s  i s  ofte n variabl e  an d incomplete . 

Ion-exchang e  i s  particularl y  attractiv e  fo r  th e  abov e  application s  sinc e  neutra l 

molecules ,  whic h ma y interfer e  i n  th e  fina l  chromatographi c  analysis ,  ar e  easil y 

washe d fro m th e  ion-exchange r  withou t  affectin g th e  recover y o f  th e  ionize d 

components .  Fo r  th e  complet e  recover y o f  phenol s  fro m wate r  i t  ha s  bee n show n 

tha t  th e  sampl e  p H shoul d b e  a t  leas t  tw o unit s  highe r  tha n th e  p K valu e  o f  th e 
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TABLE 7.1 1 

CHARACTERISTICS O F SILIC A BASE D BONDED-PHASE SORBENTS 

Sorben t  Typ e Sampl e  Typ e Typica l  Applicatio n 

Octadecy l Reversed-phas e 
extractio n o f  nonpola r 
compound s 

Drugs ,  Essentia l  oils , 
Foo d Preservatives , 
Vitamins ,  Plasticizers , 
Pesticides ,  Steroids , 
Hydrocarbon s 

Octy l Reversed-phas e 
extractio n o f  moderatel y 
pola r  compounds .  Compound s 
whic h bin d to o tightl y  t o 
octadecy l  silic a 

Priorit y  Pollutants , 
Pesticide s 

Pheny l Reversed-phas e  extractio n 
of  nonpola r  compounds . 
Provide s  les s  retentio n o f 
hydrophobi c  compound s 

Not  widel y use d 

Cyanopropy l Norma l  phas e  extractio n 
of  pola r  compound s 

Amines ,  Alcohols ,  Dyes , 
Vitamins ,  Phenol s 

Silic a  Ge l Adsorptio n o f  pola r 
compound s 

Drugs ,  Alkaloids , 
Mycotoxins ,  Amin o Acids , 
Flavinoids ,  Heterocycli c 
Compounds ,  Lipids , 
Steroids ,  Organi c  Acids , 
Terpenes ,  Vitamin s 

Dio l  Functionalit y Norma l  phas e  extractio n 
of  pola r  compound s 
(simila r  t o  silic a  gel ) 

Proteins ,  Peptides , 
Surfactant s 

Aminopropy l Weak anion-exchang e 
extractio n 

Carbohydrates ,  Peptides , 
Nucleotides ,  Steroids , 
Vitamin s 

Dimethylaminopropy l Weak anion-exchang e 
extractio n 

Amino Acid s 

Aromati c  Sulfoni c 
Aci d Functionalit y 

Stron g cationic-exchang e  Amin o Acids ,  Catechol -
extractio n an d reversed -  amines ,  Nucleosides , 
phas e  extractio n (elimin -  Nuclei c  Aci d Base s 
ate s  ion-pairin g whe n use d 
i n  plac e  o f  octydecy l  silica ) 

Quaternar y 
Amine s 

Stron g anion-exchang e 
extractio n 

Antibiotics ,  Nucleotides , 
Nuclei c  Acid s 
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phenols ,  an d a  reducin g agen t  (e.g. ,  sodiu m bisulfite )  shoul d b e  adde d t o  avoi d 

oxidatio n durin g samplin g [134] ,  I t  i s  als o suggeste d tha t  bariu m hydroxid e  b e 

use d t o  precipitat e  inorgani c  acid s  (e.g. ,  sulfate ,  phosphate )  i n  biologica l 

fluid s  prio r  t o  sampling .  Thi s  avoid s  interferenc e  i n  th e  recover y an d fina l 

analysi s  o f  th e  organi c  acid s  [137] .  Organi c  acid s  ca n b e  elute d fro m 

DEAE-Sephade x wit h pyridiniu m acetate ,  whic h i s  easil y  remove d fro m th e  extrac t 

prio r  t o  analysi s  b y lyophilizatio n [136,137] . 

7. 7  On-Lin e  Trac e  Enrichmen t  b y HPL C 

A suitabl e  arrangemen t  fo r  on-lin e  trac e  enrichmen t  usin g standar d HPL C 

equipment ,  a  multifunctiona l  valve ,  an d a  trac e  enrichmen t  colum n i s  show n i n 

Figur e  7.8 .  Compare d t o  off-lin e  samplin g techniques ,  greate r  accurac y ca n b e 

expecte d b y minimizin g sampl e  losse s  fro m adsorptio n t o  containe r  walls , 

degradatio n upo n heating ,  an d sampl e  manipulation ,  a s  wel l  a s  minimizin g 

interference s  fro m solven t  impuritie s  [95,140-142] .  Th e  apparatu s  i n  Figur e  7. 8 

ca n als o b e  automate d fo r  unattende d operation ,  increasin g sampl e  throughput . 

The  analytica l  colum n itsel f  coul d b e  use d fo r  trac e  enrichment ,  th e  provis o 

bein g tha t  th e  solven t  fo r  th e  sampl e  i s  a  non-elutin g solven t  fo r  th e  colum n 

[92,143-145] .  Th e  sampl e  woul d the n b e  concentrate d a t  th e  hea d o f  th e  colum n 

an d a  differen t  mobil e  phas e  selecte d fo r  th e  separation .  Th e  disadvantag e  o f 

thi s  approac h i s  tha t  an y par t  o f  th e  sampl e  whic h remain s  o n th e  colum n wil l 

lea d t o  a  degradatio n i n  it s  performance .  Therefore ,  i t  i s  preferrabl e  t o 

separat e  th e  enrichmen t  proces s  fro m th e  separatio n proces s  a s  indicate d i n 

Figur e  7.8 . 

For  trac e  enrichmen t  ver y shor t  columns ,  2- 5 mm long ,  packe d wit h goo d 

qualit y  HPL C sorbent s  ar e  used .  Longe r  columns ,  perhap s  equa l  i n  lengt h t o  th e 

analytica l  column ,  ar e  employe d fo r  sampl e  cleanup .  Th e  analytica l  colum n an d 

th e  precolum n ma y contai n th e  sam e  sorben t  [127,141,146-150 ]  o r  sorbent s  o f 

differen t  selectivit y  fo r  whic h mobil e  phas e  incompatibilit y  i s  no t  a  proble m 

[127,151,152] .  Detail s  o f  colum n switchin g technique s  fo r  sampl e  cleanu p ar e 

discusse d i n  Chapte r  4.19 .  Her e  w e  wil l  describ e  th e  us e  o f  shor t  precolumn s 

fo r  trac e  enrichment . 

The  requirement s  o f  th e  precolum n fo r  trac e  enrichmen t  ar e  tha t  it s 

diamete r  shoul d b e  comparabl e  o r  smalle r  tha n tha t  o f  th e  analytica l  column ,  it s 

lengt h shoul d b e  a s  shor t  a s  possible ,  an d th e  sorben t  use d shoul d b e  o f  simila r 

siz e  an d qualit y  t o  tha t  selecte d fo r  th e  analytica l  column .  Th e  minimu m 

acceptabl e  lengt h fo r  th e  precolum n i s  a  comple x paramete r  sinc e  i t  wil l  depen d 

on th e  absolut e  detectio n limi t  o f  th e  solute ,  th e  concentratio n o f  solut e  i n 

th e  solutio n t o  b e  analyzed ,  an d th e  magnitud e  o f  th e  retentio n o f  th e  solut e  i n 

th e  syste m unde r  investigatio n [142,153] .  Th e  ultimat e  enrichmen t  facto r 
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A. FILL SAMPLE LOOP 

Â. INJECT SAMPLE ONTO TRACE ENRICHMENT COLUMN 
TO WASTE 

I Pum p 2 I > ^  1 Te  C o l u m n " " ] — > Wast e 

Sampl e  Loo p 

A. BACKFLUSH TRACE ENRICHMENT COLUMN TO HPLC 
COLUMN TO DETECTOR 

I Pum p 1 |—I  rH TE Colum n \—I  j —|  HPLC Colum n |-»-f" Detecto r | 

Sampl e  In 

Wast e  1 

POSITIO N A 

HPLC 
Detecto r 

HPLC 
Pum p 1 

Sampl e  In 

POSITIO N Â 

Wast e  2 

Wast e  1 

HPLC 
Detecto r 

Wast e  2 

Figur e  7. 8 Apparatu s  fo r  on-lin e  trac e  enrichmen t  b y HPL C usin g a  multi -
functiona l  valve .  (Reproduce d wit h permissio n fro m Valc o 
Instruments ,  Inc. ) 
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obtainabl e  i s  determine d b y th e  breakthroug h volum e  o f  th e  solut e  o n th e 

precolum n an d th e  solubilit y  o f  th e  solut e  i n  th e  mobil e  phas e  use d wit h th e 

analytica l  column .  Th e  breakthroug h volum e  ca n b e  measure d experimentall y  o r 

predicte d fro m chromatographi c  dat a  [153] .  Th e  firs t  approac h become s  tediou s 

i f  multipl e  solute s  ar e  t o  b e  determine d an d th e  latte r  i s  subjec t  t o  larg e 

errors .  Th e  parameter s  require d t o  calculat e  breakthroug h volume s  ar e  th e 

precolum n dea d volum e  ( V ) ,  theoretica l  plat e  coun t  (n) ,  an d th e  capacit y  facto r 

fo r  th e  solut e  i n  th e  sampl e  solution ,  usuall y  water .  Fo r  shor t  precolumn s  th e 

influenc e  o f  extracolum n ban d broadenin g ca n b e  ver y large ,  makin g th e 

measurement s  o f  V q an d ç  subjec t  t o  larg e  errors .  Capacit y  facto r  measurement s 

ar e  subjec t  t o  erro r  becaus e  man y organi c  compound s  hav e  lon g retentio n time s 

an d poo r  pea k shape s  o n bonded-phas e  column s  whe n wate r  alon e  i s  use d a s  th e 

mobil e  phase . 

As  previousl y mentioned ,  precolumn s  fo r  trac e  enrichmen t  ar e  generall y  ver y 

short ;  consequently ,  pressur e  drop s  ar e  ver y lo w an d th e  sampl e  solutio n ma y b e 

pumpe d throug h th e  precolum n a t  hig h flo w rates ,  typicall y  5-2 5 ml/min . 

Samplin g time s  ar e  thu s  short ,  eve n fo r  sampl e  volume s  o f  0.1-10. 0 liters ,  whic h 

ar e  norma l  sampl e  size s  fo r  wate r  analysis .  Th e  retentio n o f  acidi c  o r  basi c 

organi c  solute s  ca n b e  enhance d b y adjustin g th e  p H o f  th e  sampl e  solutio n t o 
4 

suppres s  ionization .  Unde r  favorabl e  circumstance s  enrichmen t  factor s  o f  1 0 

may b e  obtained ,  considerabl y extendin g th e  scop e  o f  HPL C fo r  trac e  analysis .  A 

disadvantag e  o f  trac e  enrichmen t  wit h sorbent s  o f  lo w selectivit y  i s  tha t  man y 

sampl e  constituent s  ar e  concentrate d o n th e  precolum n an d th e  fina l  sampl e 

complexit y  ma y b e  to o grea t  t o  permi t  detectio n afte r  separation .  Unde r  thes e 

circumstance s  selectiv e  detector s  o r  multidimensiona l  chromatographi c  technique s 

may hav e  t o  b e  employed . 

7. 8  Stati c  Headspac e  Analysi s 

Gas  chromatographi c  headspac e  analysi s  indirectl y  determine s  volatil e 

constituent s  i n  liqui d o r  soli d  sample s  b y analyzin g th e  vapo r  phas e  tha t  i s  i n 

thermodynami c  equilibriu m wit h th e  sampl e  i n  a  close d syste m [154] .  I t  i s  use d 

predominantl y  fo r  th e  determinatio n o f  trac e  concentration s  o f  volatil e 

substance s  i n  sample s  whic h ar e  difficul t  t o  analyz e  b y conventiona l 

chromatographi c  mean s  [154-162] .  Example s  includ e  dilut e  solution s  wher e  th e 

matri x  woul d obscur e  th e  component s  o f  interest ,  damag e  th e  column ,  o r  requir e 

excessivel y lon g analysi s  time s  du e  t o  th e  presenc e  o f  lat e  elutin g peaks ; 

inorgani c  o r  hig h molecula r  weigh t  polymer s  whic h ca n no t  b e  volatilize d o r 

solubilize d unde r  norma l  conditions ;  an d inhomogeneou s  mixture s  suc h a s  blood , 

sewage ,  colloids ,  e t c ,  whic h requir e  extensiv e  sampl e  cleanu p prio r  t o 

analysis .  I n  th e  abov e  situation s  th e  advantage s  o f  th e  headspac e  metho d ar e 
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econom y o f  effor t  an d th e  attainmen t  o f  a  sampl e  whic h i s  relativel y fre e  fro m 

it s  matri x  an d th e  problem s  associate d wit h th e  chromatographi c  propertie s  o f 

th e  matrix .  A s  wil l  becom e  obviou s  later ,  th e  mai n disadvantag e  o f  quantitativ e 

headspac e  analysi s  i s  th e  nee d fo r  carefu l  an d extensiv e  calibration . 

A quantitativ e  expressio n relatin g th e  concentratio n 'o f  analyt e  i n 

thermodynami c  equilibriu m betwee n fixe d ga s  an d liqui d phase s  ca n b e  develope d 

i n  tw o ways .  I n  term s  o f  partia l  pressure ,  th e  chromatographi c  pea k are a  (Ag ) 

of  compoun d Â i n th e  vapo r  phas e  abov e  a  liqui d i s  proportiona l  t o  it s  partia l 

vapo r  pressure ,  Pg' ,  equatio n (7.1 )  [163] . 

AB = C B P B '  (7.1 ) 

Ag -  chromatographi c  pea k are a  respons e  o f  Â i n  th e  ga s  phas e 

Cg =  compound-dependen t  proportionalit y  constan t 

Pg* =  partia l  vapo r  pressur e  o f  Â 

Accordin g t o  Henry' s  la w th e  partia l  vapo r  pressur e  o f  th e  analyt e  abov e  th e 

solutio n depend s  o n th e  mol e  fraction ,  Xg ,  o f  th e  analyt e  Â an d th e  saturate d 

vapo r  pressure ,  Pg° ,  o f  th e  pur e  compoun d Â a t  a  give n temperature ,  correcte d 

fo r  an y deviatio n fro m idealit y  b y th e  activit y  coefficien t  Yg ,  equatio n (7.2) . 

V = W B °  < 7 · 2 > 

Combinin g equation s  (7.1 )  an d (7.2 )  an d eliminatin g Pg f  yield s  a n expressio n 

relatin g X g t o  th e  vapo r  phas e  compositio n o f  th e  sample ,  equatio n (7.3) . 

XB =  L _  (7.3 ) 
C B Y B P B ° 

Alternatively ,  th e  equilibriu m concentratio n o f  th e  analyt e  Â i n  th e  ga s 

phas e  abov e  a  liqui d i s  proportiona l  t o  th e  partitio n coefficient ,  Kg ,  equatio n 

(7.4 )  [155,164] . 

K g = C L / C G (7.4 ) 

Kg =  partitio n coefficien t  o f  Â betwee n th e  liqui d an d ga s  phas e 
at  a  fixe d temperatur e 

C ^ =  concentratio n o f  Â i n  th e  liqui d phas e 

CQ =  concentratio n o f  Â i n  th e  ga s  phas e 

The  equilibriu m conditio n i s  als o satisfie d b y equatio n (7.5) . 
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C L V L +  C GV G (7.5 ) 

C^ 0 =  initia l  concentratio n o f  Â  i n  th e  liqui d phas e 

= volum e  o f  th e  liqui d phas e 

= volum e  o f  th e  ga s  phas e 

Eliminatin g C ,  fro m equation s  (7.4 )  an d (7.5 )  lead s  t o  equatio n (7.6) . 

(7.6 ) 

Fro m equation s  (7.3 )  an d (7.5 )  i t  ca n b e  see n tha t  th e  concentratio n o f  Â  i n  th e 

headspac e  abov e  a  liqui d i n  equilibriu m wit h a  vapo r  phas e  wil l  depen d o n th e 

volum e  rati o  o f  th e  ga s  an d liqui d phase s  an d th e  compound-specifi c  partitio n 

coefficient ,  Kg ,  whic h i n  tur n i s  matri x  dependen t  (ã^=1) . 

Fro m th e  experimenta l  poin t  o f  vie w th e  headspac e  samplin g techniqu e  i s 

ver y simple .  Th e  sample ,  eithe r  soli d  o r  liquid ,  i s  place d i n  a  glas s  via l  o f 

appropriat e  siz e  an d close d wit h a  rubbe r  septum ,  Figur e  7.9 A [154,165] .  Th e 

via l  i s  carefull y  thermostatte d unti l  equilibriu m i s  established .  Th e  ga s  phas e 

i s  sample d b y syring e  fo r  manua l  procedure s  o r  wit h a n electropneumati c  dosin g 

syste m i n automate d headspac e  analyzers .  Wit h th e  automate d analyzer ,  a 

hypodermi c  needl e  penetrate s  th e  rubbe r  septu m o n th e  sampl e  via l  an d th e  ga s 

phas e  i s  pressurize d unti l  i t  i s  equa l  t o  th e  colum n hea d pressur e  [166] .  A t 

thi s  poin t  a  valv e  switche s  of f  th e  carrie r  ga s  flow ,  automaticall y  releasin g 

th e  exces s  pressur e  i n  th e  sampl e  via l  vi a  th e  column .  Th e  volatil e 

constituent s  i n  th e  sampl e  ar e  simultaneousl y carrie d int o th e  column .  A t  th e 

en d o f  thi s  samplin g sequenc e  th e  valv e  o n th e  automati c  injecto r  close s  an d th e 

carrie r  ga s  suppl y t o  th e  colum n i s  restored .  Whe n automati c  headspac e  samplin g 

i s  use d wit h capillar y columns ,  i t  i s  recommende d tha t  a  viscou s  carrie r  ga s 

suc h a s  helium ,  narro w bor e  capillar y columns ,  an d lon g colum n length s 

(independen t  o f  th e  resolutio n neede d fo r  th e  separation )  b e  use d t o  generat e  a 

sufficientl y  hig h pressur e  differentia l  fo r  successfu l  operatio n o f  th e 

automati c  sample r  [161] , 

For  occasiona l  manua l  headspac e  analysi s  a  larg e  glas s  hypodermi c  syringe , 

wit h a  two-wa y valv e  attache d t o  it s  lue r  tip ,  i s  a  convenien t  sampl e  chambe r 

an d ca n b e  adjuste d t o  contro l  th e  phas e  volum e  ratio s  [167] ,  Afte r 

equilibratio n th e  headspac e  i s  sample d throug h th e  valv e  usin g a  secon d 

syringe . 

The  sensitivit y  o f  th e  headpsac e  samplin g metho d ca n b e  improve d i n  som e 

instance s  b y adjustin g th e  pH ,  saltin g out ,  o r  raisin g th e  temperatur e  o f  th e 

sample .  A s  th e  concentratio n o f  th e  analyt e  i n  th e  ga s  phas e  i s  proportiona l  t o 

th e  concentratio n o f  th e  undissociate d par t  o f  th e  analyt e  i n  solution , 



46 6 

A Â C 

Figur e  7. 9 Apparatu s  use d fo r  ga s  chromatographi c  headspac e  analysis . 
A,  stati c  headspac e  samplin g apparatus ;  B ,  ga s  phas e  strippin g 
apparatus ;  C ,  closed-loo p ga s  phas e  strippin g apparatus . 

adjustin g solutio n p H s o tha t  th e  analyt e  exist s  mainl y i n  th e  nondissociate d 

for m wil l  improv e  sensitivit y  [155,164,168,169] .  Saltin g ou t  b y addin g a n 

inorgani c  sal t  t o  a n aqueou s  solutio n [155,164,168 ]  o r  a  non-electrolyt e  suc h a s 

wate r  t o  a  miscibl e  organi c  solven t  [169 ]  ca n produc e  a n increas e  i n  sensitivit y 

of  ove r  100-fol d i n  favorabl e  cases .  Raisin g th e  temperatur e  o f  th e  sampl e 

increase s  th e  saturate d vapo r  pressur e  o f  th e  analyt e  an d henc e  it s 

concentratio n i n  th e  ga s  phase .  However ,  enhancemen t  value s  ar e  usuall y  small , 

du e  t o  th e  limite d temperatur e  rang e  accessibl e  i n  mos t  case s  [154] .  Th e 

principa l  source s  o f  erro r  i n  headspac e  analysi s  ar e  usuall y  associate d wit h 

adsorptio n o f  th e  analyt e  ont o th e  rubbe r  septu m o r  prematur e  analysi s  o f 

system s  whic h equilibrat e  slowl y [154,159,160,164] , 

Functiona l  grou p analysi s  ca n als o b e  performe d b y headspac e  analysis .  Th e 

norma l  sampl e  headspac e  i s  run ,  a  derivatizin g reagen t  capabl e  o f  formin g a n 

involatil e  derivativ e  wit h compound s  containin g a  particula r  functiona l  grou p i s 

the n adde d t o  th e  liqui d phase ,  an d a  secon d headspac e  sampl e  i s  run .  Th e 

differenc e  betwee n th e  tw o chromatogram s  indicate s  whic h volatil e  component s 
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contai n tha t  particula r  functiona l  group . 

A uniqu e  featur e  o f  headspac e  analysi s  i s  tha t  th e  informatio n obtaine d 

fro m th e  experiment ,  th e  chromatographi c  pea k are a  o f  a  substanc e  i n  th e  ga s 

phase ,  i s  a n indirec t  measur e  o f  th e  concentratio n o f  tha t  sam e  substanc e  i n  th e 

origina l  liqui d phase .  Th e  liqui d an d ga s  phas e  concentration s  ar e  relate d t o 

eac h othe r  b y th e  partitio n coefficien t  an d a n experimentally-derive d 

proportionalit y  constant .  Th e  partitio n coefficien t  i s  matri x  dependen t  an d 

unknow n fo r  mos t  analyses ;  i t  mus t  therefor e  b e  accounte d fo r  b y calibratin g th e 

samplin g system .  Suitabl e  calibratio n method s  ar e  summarize d i n  Tabl e  7.12 .  I f 

th e  sampl e  matri x  ca n b e  obtaine d i n  a  pur e  form ,  the n calibratio n i s  simpl y 

performe d b y addin g know n amount s  o f  th e  analyt e  t o  th e  matri x  an d analyzin g th e 

calibratio n standard s  i n  a  manne r  identica l  t o  th e  origina l  sample s  [154,170] . 

I f  th e  sampl e  matri x  ca n no t  b e  duplicate d the n th e  metho d o f  standar d addition s 

i s  use d [154,159,160,171] ,  Her e  i t  i s  assume d tha t  th e  additio n o f  a  small , 

know n amoun t  o f  analyt e  t o  th e  analyt e  alread y presen t  i n  th e  sampl e  wil l  no t 

chang e  eithe r  th e  partitio n coefficien t  o r  th e  rati o  o f  th e  ga s  an d liqui d 

phases .  If ,  i n  a n independen t  experiment ,  th e  relationshi p betwee n detecto r 

respons e  an d th e  substanc e  t o  b e  determine d ha s  bee n established ,  the n th e 

origina l  amoun t  o f  th e  analyt e  i n  th e  liqui d phas e  ca n b e  calculate d fro m 

equatio n (7.7 )  [154,159,160,171] . 

\  =  2  2  (7.7 ) 

(c' BG/c BG)  -  1 
Wg =  origina l  amoun t  o f  sampl e  i n  th e  liqui d phas e 

Wg =  amoun t  o f  standar d adde d afte r  havin g withdraw n an d analyze d 
a  sampl e  o f  th e  gaseou s  phas e 

Wg =  amoun t  o f  equilibrate d analyt e  i n  th e  sampl e  measure d befor e 
th e  additio n o f  standar d (W g »  Wg ) 

CLQ an d Cg£ !  =  concentratio n o f  analyt e  Â  i n  th e  gaseou s  phas e 
of  th e  origina l  sampl e  befor e  an d afte r  th e  additio n o f  th e 
interna l  standar d 

Soli d  sample s  whic h for m homogeneou s  solution s  ma y b e  analyze d b y eithe r  o f 

th e  abov e  method s  dependin g o n whethe r  o r  no t  th e  sampl e  matri x  ca n b e  exactl y 

duplicated .  Th e  solven t  mus t  b e  fre e  o f  volatil e  impuritie s  an d preferabl y o f 

lo w volatilit y  s o tha t  i t  elute s  afte r  th e  sampl e  component s  i n  th e  chromatogra m 

an d doe s  no t  interfer e  i n  thei r  determinatio n [154,156] ,  Fo r  insolubl e  soli d 

samples ,  an d fo r  sample s  fo r  whic h matri x  duplicatio n o r  th e  standar d addition s 

metho d ar e  inappropriate ,  th e  metho d o f  multipl e  headspac e  extractio n i s 

utilize d [162,172-176] ,  Thi s  metho d employ s  a  controlled ,  stepwis e  samplin g o f 

th e  headspac e  fro m a  singl e  sample .  Afte r  eac h extractio n th e  sampl e  i s 
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TABLE 7.1 2 

Sampl e  Calibratio n Principl e 
Typ e  Metho d 

Homogeneou s  Mode l 
Solution s  Syste m 

Example s 

Matri x  availabl e  i n  pur e 
form .  Know n amount s  o f  sub -
stanc e  adde d t o  pur e  matri x 
an d determine d b y th e  sam e 
experimenta l  procedur e  a s 
sample s 

Model  system s  ma y b e  use d 
i f  a  pur e  sampl e  matri x  i s 
availabl e  (e.g. ,  blood , 
milk) .  I n  th e  standar d 
additio n metho d th e  sampl e 
i s  analyze d twice ,  th e 
secon d tim e  afte r  th e  ad -
ditio n o f  a  know n amoun t 
of  th e  substanc e  t o  b e 
determined .  Th e  sampl e  mus t 
be  re-equilibrate d afte r 
additio n o f  th e  standard . 

Volatil e  organi c  com -
pound s  i n  drinkin g 
water ,  beverages , 
vegetabl e  oils , 
minera l  oils ,  etc . 

Residua l  monomer s  i n 
polyme r  dispersions , 
alcoho l  an d toxi c 
substance s  i n  bloo d 
olfactor y substance s 
i n  milk . 

Inhomogeneou s  Mode l 
sample s  Syste m 
(liqui d + 
solid )  Standar d 

Addition s 

Solubl e  Mode l  Fo r  soli d  sample s  formin g 
Solid s  Syste m homogeneou s  solution s  th e 

mode l  syste m ma y b e  use d i f 
Standar d pur e  sampl e  matri x  material s 
Addition s  ar e  available ;  otherwise ,  th e 

standar d addition s  metho d 
i s  used . 

Inorganic ,  organic , 
an d polymeri c  solid s 
an d salts .  Monomer s 
i n  polymers . 

Insolubl e  Multipl e  MHE ca n b e  use d fo r  sub -  Volatile s  an d mono -
Solid s  Headspac e  stance s  o f  hig h volatilit y  mer s  i n  insolubl e 

Extractio n wit h a  smal l  partitio n co -  polymers .  Arom a 
efficient .  Metho d i s  base d volatile s  fro m 
on a  stepwis e  ga s  extractio n foodstuffs ,  fruits , 
a t  equa l  tim e  intervals .  spices ,  tobacco , 
Norma l  headspac e  chromato -  etc .  Residua l 
gra m i s  run ,  a  fractio n o f  solvent s  i n 
th e  ga s  phas e  exhausted ,  an d pharmaceutical s  an d 
a  secon d headspac e  chromato -  printe d films , 
gra m i s  run .  Th e  differenc e 
i n  pea k area s  provide s  a 
measur e  o f  th e  tota l  pea k 
are a  o f  th e  analyte . 

CALIBRATION METHODS FO R QUANTITATIVE HEADSPACE ANALYSIS 
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re-equilibrate d an d a  furthe r  fractio n o f  headspac e  i s  removed .  Th e 

concentratio n o f  analyt e  i n  th e  headspac e  become s  smalle r  afte r  eac h extraction , 

whil e  th e  partitio n coefficien t  remain s  constant .  Repetitio n o f  th e  proces s 

woul d eventuall y  resul t  i n  th e  complet e  strippin g o f  th e  analyt e  fro m th e  matri x 

an d th e  origina l  amoun t  o f  analyt e  coul d b e  obtaine d fro m th e  su m o f  al l  th e 

partia l  chromatographi c  pea k area s  fo r  eac h extraction .  Fortunately ,  exhaustiv e 

extractio n i s  no t  require d t o  calculat e  th e  tota l  amoun t  o f  substanc e  present . 

I n  mos t  case s  tw o measurement s  suffic e  t o  estimat e  th e  tota l  are a  fo r  th e 

analyt e  usin g equatio n (7.8 )  [173] , 

ÓÁ_ ( Á ÷ -  A 2 ) (7.8 ) 

Ó Áç =  tota l  o f  al l  partia l  pea k area s 

Â  =  pea k are a  obtaine d i n  th e  firs t  headspac e  analysi s 

A.2 =  pea k are a  obtaine d i n  th e  secon d headspac e  analysi s 

7. 9  Dynami c  Headspac e  an d Ga s  Phas e  Strippin g Analysi s 

Substance s  whic h ar e  lo w i n concentratio n an d hav e  unfavorabl e  partitio n 

coefficient s  ca n no t  b e  readil y  determine d b y th e  stati c  headspac e  method . 

Dynami c  headspac e  o r  ga s  an d vapo r  phas e  strippin g techniques ,  combine d wit h 

sorben t  o r  cryogeni c  trapping ,  ar e  require d t o  increas e  th e  amoun t  o f  sampl e 

availabl e  fo r  analysi s  [159,160,177] .  Whe n a  ga s  i s  use d t o  stri p  volatil e 

organi c  substance s  fro m a  liquid ,  th e  rat e  a t  whic h a  substanc e  i s  remove d fro m 

solutio n i s  give n b y equation s  (7.9 )  an d (7.10 )  [159,160] , 

dt 

ex p -

V G +  K B V L 

Ft 

V G +  K B V L 

(7.9 ) 

(7.10 ) 

= instantaneou s  amoun t  o f  Wg i n th e  sampl e 

= amoun t  o f  Wg presen t  a t  th e  star t  o f  th e  experimen t 

= strippin g ga s  flo w rat e 

= volum e  o f  ga s  passe d throug h th e  liqui d i n  tim e  t 

= sampl e  volum e 

= strippin g tim e 

Assumin g tha t  al l  th e  materia l  strippe d fro m solutio n i s  retaine d b y th e  trap , 

th e  amoun t  o f  analyt e  strippe d wil l  depen d primaril y  o n th e  substance-specifi c 
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partitio n coefficien t  an d experimenta l  variable s  suc h a s  flo w rate ,  time ,  an d 

tota l  volum e  o f  strippin g ga s  passe d throug h th e  solution .  Onl y i n  thos e 

instance s  whe n th e  organi c  compoun d ha s  lo w wate r  solubilit y  ( < 2 % w/w )  an d i s 

relativel y volatil e  (b.p .  <  200°C )  ca n quantitativ e  extractio n b e  expecte d 

[178] ,  I n  mos t  circumstance s  th e  method s  describe d i n  thi s  sectio n provid e  onl y 

semiquantitativ e  informatio n unles s  calibratio n wit h mode l  system s  i s  als o 

employed . 

I n  th e  main ,  th e  dynami c  headspac e  an d ga s  phas e  strippin g technique s  hav e 

bee n use d t o  determin e  volatil e  organi c  compound s  i n  wate r  suspecte d o f 

containin g environmenta l  contaminant s  and/o r  potentia l  carcinogens ,  o r  fo r  th e 

profilin g o f  biologica l  fluid s  t o  detec t  volatil e  marke r  substance s  suitabl e  fo r 

th e  earl y  detectio n o f  diseas e  i n  man .  Th e  organi c  volatil e  fractio n i n  th e 

latte r  cas e  i s  comprise d o f  a  chemicall y  divers e  grou p o f  substance s  o f  widel y 

differen t  polarity ;  mos t  ar e  alcohols ,  ketones ,  aldehydes ,  0 -  an d N-heterocycli c 

compounds ,  isocyanates ,  sulfides ,  an d hydrocarbon s  [177] .  The y contai n fro m 1 

t o  1 2 carbo n atom s  an d hav e  boilin g point s  generall y  les s  tha n 300°C . 

The  dynami c  headspac e  metho d i s  a  simpl e  extensio n o f  th e  stati c  headspac e 

method .  A  continuou s  flo w o f  ga s  i s  swep t  ove r  an d abov e  th e  surfac e  o f  a 

liquid ,  carryin g th e  headspac e  volatile s  t o  a  tra p wher e  the y ar e  accumulate d 

prio r  t o  analysis .  Th e  metho d i s  suitabl e  fo r  determinin g th e  concentratio n o f 

organi c  volatile s  i n  urin e  an d wast e  water ,  wher e  th e  sampl e  volum e  availabl e 

fo r  analysi s  i s  no t  a  restrictio n [177,179-184] ,  A  suitabl e  apparatu s  i s  show n 

i n Figur e  7.1 0 [177,179] .  I n  a  typica l  experiment ,  a n aliquo t  o f  24-hou r  urine , 

ammoniu m sulfat e  (20 0 g/1) ,  an d a  magneti c  stirre r  ba r  ar e  place d int o a  50 0 m l 

samplin g bottle ,  whic h ha s  a  ground-glas s  join t  a t  it s  neck .  Th e  sampl e  bottl e 

i s  fitte d wit h a  condense r  connecte d t o  a  thermostaticall y  controlle d wate r 

circulator .  Singl e  o r  multipl e  sorben t  traps ,  usuall y  fille d wit h Tenax ,  ar e 

attache d t o  th e  othe r  en d o f  th e  condenser .  A  flo w o f  heliu m i s  establishe d 

throug h th e  apparatu s  a t  2 0 ml/min .  Th e  organi c  volatil e  fractio n i s  collecte d 

by heatin g th e  rapidl y stirre d sampl e  i n  a  wate r  bat h se t  a t  90°C ;  th e  samplin g 

tim e  usuall y  bein g on e  hour . 

Becaus e  th e  organi c  volatile s  i n  urin e  sample s  equilibrat e  slowl y wit h th e 

ga s  phas e  abov e  th e  fluid ,  th e  minimu m sampl e  volum e  o f  urin e  neede d fo r  a 

detaile d profil e  i s  20. 0 ml .  Th e  passag e  o f  organi c  volatile s  fro m urin e  int o 

th e  ga s  phas e  i s  als o influence d b y thei r  solubilit y  i n  water ,  th e  possibilit y 

tha t  selectiv e  adsorptio n t o  hig h molecula r  mas s  biologica l  molecule s  wil l 

diminis h thei r  vapo r  pressure ,  an d th e  are a  o f  contac t  betwee n th e  ga s  an d 

liqui d phase .  Transfe r  o f  organi c  volatile s  t o  th e  ga s  phas e  i s  favore d b y 

addin g a  sal t  t o  th e  sample ,  maintainin g a n elevate d temperature ,  an d vigorousl y 

stirrin g th e  sampl e  s o a s  t o  creat e  a  vortex .  Becaus e  th e  equilibratio n o f 

volatile s  betwee n th e  ga s  an d liqui d phase s  i s  slow ,  samplin g time s  ar e 
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Figur e  7.1 0 Apparatu s  fo r  dynami c  headspac e  analysi s  o f  urin e  wit h sorben t 
trapping .  (Reproduce d wit h permissio n fro m ref .  177 .  Copyrigh t 
America n Associatio n o f  Clinica l  Chemists) . 

comparativel y long ;  thu s  i t  i s  possibl e  t o  tra p severa l  sample s  sequentiall y 

durin g th e  sam e  experiment .  Thes e  sample s  ma y diffe r  quantitatively ,  a 

reflectio n o f  th e  fac t  tha t  th e  volatile s  ar e  remove d graduall y  an d 

incompletely . 

Gas  phas e  strippin g technique s  ca n improv e  th e  yiel d o f  organi c  volatile s 

fro m wate r  o r  biologica l  fluid s  b y facilitatin g th e  transfe r  o f  volatile s  fro m 

th e  liqui d t o  th e  ga s  phase ;  i t  i s  als o mor e  suitabl e  tha n dynami c  headspac e 

analysi s  whe n th e  sampl e  volum e  i s  restricted .  Sometime s  calle d th e 

purge-and-tra p technique ,  i t  i s  use d routinel y i n  man y laboratories ,  an d 

automate d equipmen t  i s  availabl e  [178,185-190] .  A  suitabl e  apparatu s  fo r  ga s 

phas e  strippin g i s  show n i n Figur e  7.9 B [187] ,  Ga s  phas e  strippin g differ s  fro m 

th e  dynami c  headspac e  metho d i n  tha t  th e  samplin g ga s  i s  introduce d belo w th e 

liqui d leve l  throug h a  fritte d orifice ;  th e  finel y disperse d bubble s  provid e 

maximu m surfac e  contac t  betwee n th e  ga s  an d liqui d phases .  A s  th e  organi c 

volatile s  mov e  int o th e  ga s  phas e  the y ar e  rapidl y an d continuousl y carrie d 

away ,  thu s  favorin g th e  strippin g process .  Th e  apparatu s  show n i n Figur e  7.9 B 

ha s  baffle d wall s  t o  diminis h sampl e  carryove r  du e  t o  foaming ,  ha s  a n inle t  por t 

s o tha t  standar d solution s  ma y b e  adde d belo w th e  leve l  o f  th e  sampl e  b y 

syringe ,  an d contain s  a  cente r  tub e  whic h facilitate s  emptyin g an d cleanin g th e 

apparatus .  Fo r  volatil e  halocarbon s  i n  wast e  wate r  th e  strippin g proces s  i s 
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essentiall y  complet e  an d detectio n limit s  belo w th e  microgram/ 1 leve l  ca n b e 

obtained .  Biologica l  fluid s  ofte n foa m excessively ,  a  proble m whic h ca n 

sometime s  b e  controlle d b y usin g a  colum n packe d wit h glas s  bead s  fo r  dispersio n 

i n  plac e  o f  th e  glas s  fri t  [177,185] , 

Gas  phas e  strippin g wit h adsorptio n o f  th e  volatile s  o n a  smal l  charcoa l 

tra p i n  a  closed-loo p syste m wa s  popularize d b y Gro b fo r  determinin g ver y lo w 

level s  o f  organi c  volatile s  (ng/1 )  i n  drinkin g wate r  [34,191-195] ,  A  versio n o f 

thi s  apparatu s  i s  show n i n Figur e  7.9 C [196] .  I t  provide s  hig h reproducibility , 

sensitivity ,  an d lo w blan k value s  [197] .  Lo w an d mediu m molecula r  weigh t 

compounds ,  u p t o  eicosan e  i n  th e  n-alkan e  series ,  ma y b e  analyzed .  Th e  trappe d 

organi c  volatile s  ar e  remove d fro m th e  miniatur e  charcoa l  tra p b y elutio n wit h a 

smal l  volum e  o f  carbo n disulfid e  an d analyze d directl y  b y capillar y colum n ga s 

chromatography .  A n influen t  preheate r  (no t  show n i n Figur e  7.9C )  i s  generall y 

use d t o  war m th e  strippin g ga s  t o  abou t  40° C t o preven t  condensatio n o f  wate r  i n 

th e  charcoa l  trap . 

Generall y  speaking ,  th e  purge-and-tra p techniqu e  i s  th e  metho d o f  choic e 

fo r  determinin g organi c  volatile s  i n  wate r  becaus e  o f  it s  eas e  o f  operation .  I f 

greate r  sensitivit y  i s  required ,  th e  closed-loo p strippin g apparatu s  shoul d b e 

used . 

Zlatki s  an d co-worker s  hav e  describe d a  transevaporato r  samplin g apparatu s 

fo r  th e  solven t  strippin g o f  organi c  volatile s  fro m smal l  (5-50 0 microliter ) 

sample s  o f  biologica l  fluid s  wit h collectio n an d separatio n o f  th e  organi c 

volatile s  fro m th e  extractin g solven t  o n a n adsorben t  colum n [57,177,198-201] . 

The  transevaporato r  apparatu s  i s  suitabl e  fo r  th e  semiquantitativ e  analysi s  o f 

organi c  volatile s  i n  serum ,  urine ,  saliva ,  cerebrospina l  fluid ,  breas t  milk , 

amnioti c  fluid ,  sweat ,  an d tissu e  homogenates .  Wit h referenc e  t o  Figur e  7.11 , 

th e  sampl e  i s  injecte d b y syring e  int o th e  bas e  o f  a  microcolum n packe d wit h 

Porasi l  E .  Th e  microcolum n retain s  mos t  o f  th e  water ,  th e  hig h molecula r  weigh t 

pola r  organics ,  an d th e  inorgani c  salt s  presen t  i n  biologica l  fluids .  I t  als o 

distribute s  th e  sampl e  a s  a  fil m ove r  a  larg e  surfac e  are a  an d thu s  improve s  th e 

efficienc y wit h whic h th e  organi c  volatile s  ar e  extracted .  Th e  strippin g ga s 

passe s  throug h th e  microcolumn ,  removin g th e  organi c  volatile s  whic h ar e  the n 

collecte d o n a  Tena x trap ,  providin g a  modifie d headspac e  sample .  A 

solvent-extractio n profil e  i s  obtaine d usin g ga s  pressur e  t o  forc e  a  volatil e 

solven t  suc h a s  2-chloropropan e  throug h th e  microcolumn ;  thi s  solven t  carrie s 

th e  solvent-elutabl e  organi c  volatile s  t o  th e  glas s  bea d trap ,  wher e  th e 

volatile s  ar e  collecte d an d th e  solven t  i s  evaporated .  Therma l  desorptio n i s 

use d t o  transfe r  th e  organi c  volatile s  fro m th e  tra p t o  a  capillar y colum n fo r 

separatio n b y ga s  chromatography .  Figur e  7.1 2 i s  a  representativ e  chromatogra m 

of  th e  organi c  volatil e  fractio n fro m 5 0 microliter s  o f  seru m usin g th e 

transevaporto r  i n  th e  solvent-elutio n mode . 
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TRANSEVAPORATO R 

MODIFIED HEADSPAC E SOLVEN T EXTRACTIO N MODE 

Figur e  7.1 1 Transevaporato r  samplin g apparatu s  fo r  isolatin g organi c  volatile s 
fro m smal l  sampl e  volumes .  (Reproduce d wit h permissio n fro m 
ref .  177 .  Copyrigh t  America n Associatio n o f  Clinica l  Chemists) . 

7.1 0 Samplin g Method s  fo r  Volatil e  Organi c  Compound s  i n  Ai r 

I n  general ,  thre e  classe s  o f  organi c  compound s  ca n b e  distinguishe d a s 

norma l  constitutent s  o r  environmenta l  contaminant s  i n  ai r  [202-206] ,  Ther e  ar e 

substance s  whic h ar e  normall y gase s  a t  roo m temperatur e  o r  hav e  hig h vapo r 

pressure s  (e.g. ,  C ^  -  C, -  carbo n compounds) ,  substance s  havin g sufficien t 

volatilit y  t o  yiel d measurabl e  vapo r  concentration s  a t  roo m temperatur e  (e.g. , 

C^  -  C 2 Q carbo n compounds) ,  an d compound s  o f  intermediat e  o r  restricte d 

volatilit y  attache d t o  soli d  particles .  N o singl e  samplin g metho d o r 

chromatographi c  colum n i s  capabl e  o r  resolvin g th e  entir e  spectru m o f  organi c 

compound s  foun d i n  air .  Analytica l  methodolog y i s  thu s  conventionall y  divide d 

int o procedure s  whic h ar e  geare d towar d th e  determinatio n o f  gases ,  o f  organi c 

compound s  i n  th e  intermediat e  volatilit y  range ,  an d o f  material s  whic h ar e 

commonl y associate d wit h particulat e  matte r  [207] , 

Gaseou s  hydrocarbon s  an d som e  ver y volatil e  halocarbo n compound s  ar e 

usuall y  collecte d b y cryogeni c  condensatio n usin g liqui d oxyge n a s  a  coolan t  t o 
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e  7.1 2 Profile s  o f  organi c  volatile s  fro m 5 0 microliter s  o f  huma n seru m 
usin g th e  transevaporato r  samplin g apparatu s  an d capillar y colum n 
ga s  chromatography .  Replicat e  chromatogram s  indicat e  samplin g 
reproducibility . 
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preven t  excessiv e  condensatio n o f  ai r  i n  th e  sample r  [208,209] .  A s  ai r  contain s 

a  larg e  concentratio n o f  water ,  microfo g formatio n o r  blockin g o f  th e  tra p wit h 

ic e  ma y limi t  th e  collectio n efficiency .  Gra b samplin g int o evacuate d 

container s  wit h processin g i n  th e  laborator y i s  ofte n preferre d t o  cryogeni c 

trappin g i n  th e  field .  Plasti c  bag s  o r  meta l  o r  glas s  containers ,  pre-evacuate d 

or  use d wit h pumps ,  ar e  mos t  frequentl y  employe d fo r  gra b sampling .  Gra b 

samplin g ma y als o b e  use d fo r  samplin g organi c  volatile s  i n  th e  intermediat e 

volatilit y  range .  It s  principa l  disadvantage s  ar e  th e  possibilit y  o f  adsorptio n 

or  catalyti c  modificatio n o n th e  containe r  wall ,  contaminatio n o f  th e  sampl e  b y 

th e  container ,  an d modificatio n o f  th e  sampl e  b y containe r  leakage .  Extensiv e 

cleanin g an d testin g o f  th e  container s  betwee n us e  i s  als o require d an d tend s  t o 

detrac t  fro m th e  routin e  applicatio n o f  th e  method . 

Particulat e  organi c  matte r  i s  generall y  collecte d usin g impacto r  systems , 

electrostati c  precipitators ,  o r  high-volum e  filtratio n sampler s  [210,211] .  Th e 

high-volum e  sample r  i s  a  larg e  surfac e  are a  filte r  mad e  fro m glas s  fiber ,  porou s 

Teflon ,  o r  som e  similarl y  iner t  material ,  throug h whic h ai r  i s  draw n b y a  pump . 

I t  i s  th e  metho d mos t  frequentl y  used ,  an d th e  metho d fo r  whic h approve d 

operatin g procedure s  hav e  bee n establishe d b y th e  EP A fo r  monitorin g atmospheri c 
3 

pollution .  Approximatel y 200 0 m  o f  ai r  pe r  2 4 h  ca n b e  sampled ,  yieldin g 

approximatel y 0. 1 g  o f  particulates .  Cascad e  impactor s  us e  mor e  comple x 

equipmen t  tha n high-volum e  sampler s  an d provid e  a  siz e  fractionatio n o f  th e 

particles .  Th e  particle s  themselve s  ar e  comprise d largel y o f  inorgani c  materia l 

fro m whic h th e  organi c  fractio n i s  isolate d b y extraction . 

Organi c  compound s  o f  intermediat e  volatilit y  ar e  usuall y  collecte d b y 

drawin g filtere d ai r  throug h a  be d o f  a n appropriat e  sorbent .  Porou s  polymers , 

charcoal ,  o r  inorgani c  adsorbent s  suc h a s  silic a  ge l  o r  alumin a  ar e  mos t 

frequentl y  used .  O f  these ,  th e  porou s  polymers ,  an d i n  particula r  Tenax ,  ar e 

th e  mos t  importan t  [203,206,212-217] ,  Tena x wil l  efficientl y  adsor b a  wid e 

rang e  o f  organi c  compounds ,  ha s  a  lo w efficienc y fo r  th e  retentio n o f  water ,  an d 

i s  thermall y stable ,  permittin g th e  us e  o f  hig h desorptio n temperatures . 

However ,  compound s  o f  molecula r  weigh t  lowe r  tha n abou t  C ^  ar e  no t 

quantitativel y retaine d a t  roo m temperature .  A  mor e  activ e  sorben t  suc h a s 

charcoal ,  graphitize d carbo n black ,  o r  Ambersor b i s  require d t o  tra p thes e 

compound s  [203,218,219] ,  Althoug h th e  collectio n efficienc y o f  carbo n sorbent s 

i s  generall y  highe r  tha n Tena x a t  roo m temperature ,  th e  us e  o f  thes e  material s 

i s  no t  withou t  problems .  Thei r  highe r  affinit y  fo r  water ,  greate r  catalyti c 

activity ,  an d incomplet e  sampl e  recover y ar e  th e  principa l  problems .  Dua l  trap s 

containin g Tena x i n  th e  fron t  portio n an d a  carbo n sorben t  i n  th e  rea r  ca n b e 

use d fo r  th e  quantitativ e  collectio n o f  sample s  whic h cove r  a  wid e  volatilit y 

range .  Inorgani c  adsorbent s  ca n tra p pola r  compound s  o r  ac t  a s  support s  fo r 

specifi c  derivatizin g reagents .  The y ar e  generall y  use d fo r  application s  wher e 
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thei r  hig h affinit y  fo r  wate r  an d reactivit y  wit h reactiv e  gaseou s  pollutant s 

(e.g. ,  C O 2 ,  SC^ ,  etc. )  ar e  no t  o f  overridin g concern .  Th e  retaine d compound s 

ar e  strippe d fro m th e  adsorben t  b y solven t  elution ,  leadin g t o  a  larg e  dilutio n 

of  th e  sampl e  compare d t o  direc t  therma l  desorptio n employe d wit h th e  porou s 

polymers .  Wit h referenc e  t o  problem s  i n  samplin g ai r  pollutants ,  Simmond s  ha s 

describe d a  selectiv e  membran e  separato r  fo r  dryin g ai r  i n  a  dynami c 

flow-throug h syste m [167,220,221] . 

PUMP 

A Â 

Figur e  7.1 3 Apparatu s  fo r  samplin g airborn e  organi c  samples .  A ,  trappin g o f 
organi c  volatile s  i n  ai r  usin g sorben t  traps ;  B ,  therma l 
desorptio n chamber . 

A schemati c  diagra m o f  a n apparatu s  use d fo r  trappin g organi c  volatile s  i n 

ai r  wit h Tena x i s  show n i n Figur e  7.13 A [216] .  Althoug h sorben t  trap s  o f 

differen t  dimension s  ar e  frequentl y  used ,  a  sorben t  be d o f  1. 5  ÷  6. 0 c m i s 

generall y  sufficien t  fo r  samplin g ai r  volume s  o f  5  t o  20 0 liter s  a t  10-20 0 

ml/min .  Th e  Tena x sorben t  ma y requir e  decontaminatio n befor e  us e  b y Soxhle t 

extractio n overnigh t  wit h pentan e  an d the n methanol ,  followe d b y therma l 

conditionin g o f  th e  drie d sorben t  i n  a  strea m o f  purifie d heliu m a t  250-350° C 

fo r  2 4 h .  Afte r  conditioning ,  th e  Tena x trap s  ca n b e  store d i n  cultur e  tube s 

wit h Teflon-line d cap s  unti l  needed .  Th e  collecte d sample s  ar e  analyze d b y 

therma l  desorptio n fro m th e  tra p int o a  cryogenically-coole d capillar y 

precolumn .  Alternatively ,  th e  firs t  fe w loop s  o f  th e  analytica l  colum n ma y b e 

coole d i n  a  Dewa r  flas k o f  liqui d nitrogen .  A  therma l  desorptio n chambe r  fo r 
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sorben t  trap s  i s  show n i n Figur e  7.13B .  Th e  desorptio n temperatur e  an d tim e 

require d t o  stri p  th e  sampl e  fro m th e  sorben t  depen d o n th e  propertie s  o f  th e 

sample ,  bu t  temperature s  o f  250-350° C an d time s  fro m 5-3 0 mi n ar e  common .  A s  a 

genera l  guide ,  a  purg e  flo w o f  heliu m a t  1 5 ml/mi n an d a  temperatur e  o f  270° C 

fo r  8  mi n i s  sufficien t  t o  recove r  mos t  o f  th e  organi c  compound s  trappe d fro m 

air .  A s  th e  desorptio n proces s  i s  kineticall y  slow ,  th e  desorbe d sampl e  mus t  b e 

reconcentrate d t o  provid e  a  narro w sampl e  plu g fo r  separatio n b y capillar y 

colum n ga s  chromatography .  Thi s  i s  achieve d b y cryogeni c  focussin g a s 

illustrate d i n  Figur e  7.13B .  Passin g carrie r  ga s  throug h th e  heate d precolum n 

tra p rapidl y flushe s  th e  sampl e  ont o th e  analytica l  column .  Th e  abov e 

desorptio n proces s  ca n b e  performe d manuall y  o r  automate d fo r  unattende d 

operation . 

The  collection/desorption/separatio n proces s  i s  relativel y troubl e  free . 

Exces s  water ,  however ,  ma y caus e  sampl e  los s  i n  th e  desorptio n ste p du e  t o 

microfo g formatio n and/o r  blockag e  o f  th e  precolumn .  Passin g a  dr y strea m o f 

ga s  throug h th e  cartridg e  fo r  a  shor t  tim e  o r  storin g i t  i n  a  seale d containe r 

wit h desiccan t  wil l  usuall y  eliminat e  thes e  problems . 

The  paramete r  whic h characterize s  th e  collectio n efficienc y o f  a  particula r 

sorben t  fo r  a  particula r  analyt e  i s  th e  breakthroug h volume .  A s  ther e  i s  n o 

clea r  concensu s  o n th e  definito n o f  thi s  paramete r  o r  o n th e  preferre d metho d o f 

measurement ,  numerou s  conflictin g value s  ca n b e  foun d i n  th e  literature .  Th e 

breakthroug h volum e  i s  usuall y  assume d t o  b e  th e  volum e  o f  gas ,  containin g 

analyte ,  tha t  ca n b e  passe d throug h th e  sorben t  be d unti l  it s  concentratio n a t 

th e  outle t  reache s  som e  fractio n o f  it s  inle t  concentration .  Thi s  fractio n ha s 

bee n variousl y define d a s  100% ,  50% ,  5% ,  o r  1 % o f  th e  analyt e  concentratio n a t 

th e  inlet .  Severa l  method s  hav e  bee n use d t o  measur e  th e  breakthroug h volum e  o f 

sorben t  trap s  [222,223] .  Thes e  includ e  purgin g a  tra p directl y  int o a  flam e 

ionizatio n detecto r  [222,223] ,  fiel d  samplin g wit h dua l  trap s  i n  serie s 

[203,222] ,  loadin g trap s  wit h a  know n amoun t  o f  analyt e  whic h i s  the n purge d 

wit h a  volum e  o f  ga s  an d th e  amoun t  o f  sampl e  remainin g determine d [222] ,  o r  b y 

estimatio n fro m th e  measuremen t  o f  chromatographi c  retentio n volum e  dat a  a t 

differen t  temperature s  [203,216,224-227] .  A n approximatel y linea r  relationshi p 

exist s  betwee n th e  logarith m o f  th e  specifi c  retentio n volum e  o f  a  substanc e  an d 

colum n temperature .  Therefore ,  th e  retentio n volum e  o f  a  substanc e  ca n b e 

measure d a t  severa l  highe r  colum n temperature s  an d th e  valu e  a t  20° C o r  an y 

othe r  temperatur e  ca n b e  obtaine d b y extrapolation .  Som e  representativ e 

breakthroug h volume s  o n Tena x measure d i n  thi s  wa y ar e  give n i n  Tabl e  7.13 . 

The  breakthroug h volum e  depend s  mainl y o n th e  affinit y  o f  th e  analyt e  fo r 

th e  sorben t  ) »  th e  efficienc y (measure d i n  theoretica l  plates )  o f  th e  sorben t 

traps ,  an d th e  trappin g temperatur e  (se e  Tabl e  7.13) .  Withi n reasonabl e 
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TABLE 7.1 3 

Unde r  fiel d  samplin g condition s  a  cartridge ,  containin g abou t  2.2 g (7.9 6 ml ) 
of  Tena x i s  commonl y used . 

Chemica l Compoun d Boilin g Adsorben t  Tra p Temperatur e  (°C ) 
Clas s Point(°C ) 

21. 1 26. 7 32. 2 

Hydrocarbon s hexan e 68. 7 7. 7 5. 5 4. 1 
heptan e 98. 4 34. 1 25. 0 17. 7 
1-hepten e 93. 6 61. 4 42. 3 29. 1 
cyclohexan e 80. 7 11. 8 8. 6 6. 4 
benzen e 80. 1 24. 5 17. 3 12. 3 
toluen e 110. 6 111. 4 78. 6 55. 4 
ethylbenzen e 136. 2 315, 0 221. 4 156. 4 
bipheny l 25 6 14381. 0 10228. 0 7293. 6 

Halogenate d viny l  chlorid e 13 0.5 7 0.4 5 0.3 6 
hydrocarbon s 1,2-dichloropropan e 95 52. 3 36. 8 26. 4 

1,3-dichloropropan e 12 1 83. 6 60. 9 44. 1 
2,3-dichloropropan e 94 69. 1 47. 3 32. 3 
bromobenzen e 15 5 490. 0 347. 0 246. 0 

Alcohol s methano l 64. 7 0.3 6 0.2 7 0.1 8 
propano l 97. 5 6. 4 4. 5 3. 2 
ethylen e  glyco l 19 7 30. 4 21. 4 15. 0 

Amine s dimethylamin e 7. 4 1. 8 1. 4 0.9 1 
pyridin e 11 5 85. 9 60. 9 43. 2 
anilin e 18 4 1724. 0 1176. 0 802. 7 

Aldehyde s acetaldehyd e 20 0.9 1 0.4 5 0.4 1 
benzaldehyd e 17 9 1594. 0 1083. 0 737. 3 

Ketone s aceton e 56 5. 4 3. 6 2. 7 
methy l  ethy l  keton e 81 17. 7 12. 3 8. 6 
acetophenon e 20 2 1258. 0 909. 0 654. 0 

Ester s ethy l  acetat e 77 32. 7 21. 8 14. 5 
methy l  acrylat e 80 34. 1 22. 7 15. 4 
methy l  methacrylat e 10 0 144. 5 95. 0 62. 3 

experimenta l  limits ,  th e  breakthroug h volum e  i s  independen t  o f  norma l  variation s 

i n  humidit y  an d th e  concentratio n o f  organi c  pollutant s  (<10 0 ppm )  i n  ai r 

[222,225,228] .  A s  a  wid e  variet y  o f  samplin g condition s  i s  employe d fo r 

collectin g organi c  volatile s  o n sorben t  traps ,  th e  ide a  o f  a  saf e  samplin g 

volum e  ha s  bee n propose d [225] ,  Thi s  ha s  bee n define d a s  th e  volum e  o f  ai r 

containin g a  particula r  vapo r  contaminan t  tha t  ma y b e  sample d unde r  a  variet y  o f 

circumstance s  withou t  significan t  breakthroug h occurring .  A  valu e  o f  abou t  50 % 

of  th e  specifi c  retentio n volum e  o f  th e  analyt e  wa s  propose d fo r  th e  saf e 

samplin g volume .  Thi s  generalizatio n ha s  bee n criticize d becaus e  i t  ignore s  th e 

contributio n o f  th e  sorben t  tra p efficienc y t o  th e  collectio n efficienc y 

[223,226,227] .  Th e  saf e  samplin g volum e  wa s  therefor e  redefine d t o  b e  les s  tha n 

th e  samplin g volum e  calculate d fro m equatio n (7.11) . 

BREAKTHROUGH VOLUMES (1/g )  O F SOME COMMON ATMOSPHERIC POLLUTANTS O N TENAX-GC 



47 9 

V =  V  "( 1 -  2/y/n)  (7.11 ) 

V =  maximu m samplin g volum e  pe r  gra m o f  sorben t 

V =  specifi c  retentio n volum e 
g 

ç  =  numbe r  o f  theoretica l  plate s  fo r  th e  sorben t  tra p 

A mor e  explici t  expressio n fo r  th e  breakthroug h volume ,  whic h describe s  th e 

shap e  o f  th e  breakthroug h curve ,  i s  give n b y equatio n (7.12 )  [223] . 

R(V)  =  C  erfc.[(n/2) 1/2 ( l  -  V/ V ) ]  +  C  erfc .  [(n/2) 1 / 2 ( l  +  V/ V ) ]  (7.12 ) 

• I R  Ì 

2 2 

R(V)  =.analyt e  concentratio n a t  th e  outle t  o f  th e  sorben t  tra p 

C =  analyt e  concentratio n 

Analysi s  o f  equatio n (7.12 )  indicate s  tha t  th e  collectio n efficienc y o f  th e 

sorben t  wil l  increas e  a s  ç  increase s  an d collectio n wil l  b e  nonquantitativ e  fo r 

smal l  value s  o f  n .  Fo r  example ,  i f  ç  =  2 ,  i t  woul d b e  impossibl e  t o  collec t  a 

sampl e  wit h a n efficienc y greate r  tha n 85 % since ,  eve n a t  th e  star t  o f  sampling , 

15 % o f  th e  analyt e  i s  passin g throug h th e  sorben t  withou t  bein g collected .  Thi s 

applie s  independen t  o f  th e  valu e  fo r  V  ,  whic h ma y b e  ver y large .  Fo r  a 

collectio n efficienc y o f  99.9% ,  a  sorben t  tra p wit h a  minimu m o f  10. 7 

theoretica l  plate s  i s  require d regardles s  o f  th e  samplin g volum e  o r  analyt e 

bein g collected .  Thus ,  th e  sorben t  tra p shoul d confor m t o a  minimu m lengt h an d 

be  packe d homogeneousl y wit h sorben t  o f  a  well-define d mes h rang e  compatibl e 

wit h obtainin g a  minimu m pressur e  dro p acros s  th e  tra p a t  norma l  samplin g flo w 

rates . 

Durin g th e  samplin g operation ,  par t  o f  th e  sampl e  i s  immobilize d o n th e 

sorben t  whil e  ai r  i s  continuousl y draw n throug h th e  sorben t  trap .  Ther e  is , 

therefore ,  a  possibilit y  tha t  reactiv e  gase s  suc h a s  ozone ,  sulfu r  dioxide , 

halogens ,  etc. ,  althoug h normall y presen t  i n  lo w concentration s  i n  air ,  migh t 

modif y th e  sampl e  compositio n durin g collection .  Mode l  experiments ,  i n  whic h 

ai r  wa s  dope d wit h know n concentration s  o f  potentiall y  reactiv e  agents ,  di d not , 

however ,  revea l  an y significan t  problem s  i n  thi s  respec t  [222,229,230] , 

Artifac t  formatio n i s  mor e  likel y t o  occu r  a t  th e  hig h temperature s  require d fo r 

desorption . 

Numerou s  report s  o f  th e  identificatio n o f  volatil e  organi c  compound s  i n  ai r 

usin g capillar y colum n chromatography-mas s  spectrometr y an d sorben t  trappin g 

hav e  appeare d [203-206,212-218,231] .  Methane ,  wit h a  mixin g rati o  o f  abou t  1. 6 

ppm,  i s  b y fa r  th e  mos t  abundan t  hydrocarbo n i n  unpollute d ai r  [208] ,  Alkane s 

an d substitute d aromati c  compound s  accoun t  fo r  th e  majorit y  o f  organi c  volatile s 

othe r  tha n methan e  identified ,  bu t  ar e  presen t  i n  muc h lowe r  concentration s 
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(ppt-ppb) ,  Tabl e  7.1 4 [206] ,  Change s  i n  sampl e  site ,  tim e  o f  da y ove r  whic h th e 

sampl e  wa s  collected ,  an d meteorologica l  condition s  ca n lea d t o  change s  i n 

concentratio n o f  abou t  20-fol d fo r  th e  abov e  compounds .  Th e  us e  o f  coa l  an d oi l 

t o  generat e  energ y i s  th e  principa l  sourc e  o f  volatil e  organi c  compound s  i n 

air . 

TABLE 7.1 4 

AVERAGE CONCENTRATIONS O F SOME ORGANIC VOLATILE S I N URBAN AI R SAMPLES 

Compoun d Concentratio n 
(ppb ) 

Benzen e 1. 3 - -  1 5 
n-Nonan e 1. 6 - -  4. 4 
Toluen e 0. 3 - -  9. 7 
n-Decan e 1 - -  2. 7 
Ethylbenzen e 3. 1 - -  4. 5 
p-Xylen e 2. 1 - -  3. 4 
m-Xylen e 5. 4 - -  7. 8 
o-Xylen e 3. 0 - -  4. 8 
Methylethylbenzen e 1. 5 - -  4. 0 
Limonen e 0 - -  5. 7 

7.1 1 Persona l  Samplin g an d Occupationa l  Hygien e 

The  level s  o f  toxi c  chemical s  ar e  approximatel y 1 0 t o  100-fol d highe r 

indoor s  tha n i n  th e  surroundin g outdoo r  atmospher e  [232] .  I n  man y instance s 

thi s  ca n b e  relate d t o  th e  us e  o f  bette r  insulatio n practice s  fo r  energ y 

conservation ,  whic h diminis h th e  exchang e  o f  indoo r  an d outdoo r  air ,  an d t o  th e 

increasin g us e  o f  syntheti c  material s  i n  constructio n an d furniture .  Whereve r 

volatil e  substance s  ar e  manufactured ,  processed ,  transported ,  o r  handle d i n  an y 

way ,  th e  possibilit y  o f  exposur e  t o  toxi c  substance s  ca n b e  ver y grea t  [233] . 

Becaus e  o f  th e  concer n o f  responsibl e  agencies ,  guideline s  ar e  no w i n effec t 

whic h limi t  occupationa l  exposur e  t o  certai n  chemical s  i n  th e  workplace ,  an d 

thes e  hav e  bee n extende d t o  includ e  th e  us e  o f  certai n  material s  i n  th e  home . 

Standard s  fo r  acceptabl e  level s  o f  exposur e  ca n b e  establishe d b y combinin g 

analytica l  dat a  wit h result s  fro m anima l  toxicit y  studie s  an d huma n 

epidemiologica l  investigations .  Standard s  fo r  individua l  substance s  ar e  usuall y 

se t  t o  reflec t  ceilin g values ,  a  threshol d concentratio n valu e  neve r  t o  b e 

exceede d eve n momentarily ,  an d als o time-weighte d averag e  values ,  whic h reflec t 

exposur e  ove r  a  norma l  workin g period ,  fo r  exampl e  8  h .  Threshol d limi t  value s 

ar e  se t  conservativel y t o  allo w fo r  individua l  susceptibilitie s  resultin g fro m 

difference s  i n  age ,  weight ,  health ,  respiratio n rate ,  rate s  o f  absorption ,  an d 

persona l  habit s  suc h a s  smokin g o r  drinking .  The y ar e  believe d t o  b e  saf e 

concentrations ,  belo w whic h th e  worke r  i s  assume d t o  b e  protecte d fro m shor t 

ter m effect s  suc h a s  chroni c  toxicit y  an d environmenta l  nuisance s  an d lon g ter m 
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effect s  suc h a s  cancer . 

Thre e  method s  o f  persona l  monitorin g ar e  widel y use d t o  measur e  th e 

concentratio n o f  airborn e  organi c  volatile s  i n  th e  regio n o f  th e  mouth .  Thes e 

ar e  bubblers ,  vapo r  adsorptio n tubes ,  an d passiv e  samplers .  I f  th e  monitorin g 

devic e  i s  t o  b e  wor n throughou t  th e  wor k period ,  i t  i s  importan t  tha t  th e  devic e 

i s  lightweight ,  unobtrusive ,  silent ,  an d permit s  norma l  movement .  Fo r  stati c 

monitors ,  weigh t  an d siz e  presen t  les s  o f  a  problem . 

Passiv e  sampler s  ma y b e  wor n i n  th e  for m o f  a  badg e  an d hav e  th e  advantage s 

of  lo w cos t  an d convenience .  The y contai n a n adsorbent ,  suc h a s  charcoal ,  i n  a 

protectiv e  polymeri c  suppor t  [234,235] .  Th e  adsorben t  i s  i n  contac t  wit h a 

stagnan t  ai r  layer ,  acros s  whic h th e  contaminant s  diffus e  an d ar e  trappe d b y th e 

adsorben t  a t  a  rat e  proportiona l  t o  thei r  concentratio n i n  air .  Th e 

concentratio n o f  adsorbe d material s  i s  determine d b y solven t  elutio n an d ga s 

chromatograph y i n  th e  usua l  way .  I n  general ,  fiel d  trial s  wit h passiv e  sampler s 

hav e  no t  bee n a s  reliabl e  a s  anticipate d fro m laborator y studie s  an d furthe r 

wor k i s  required . 

Bubbler s  o r  impinger s  hav e  severa l  disadvantage s  fo r  persona l  monitoring . 

The y ar e  clums y t o  wear ,  ther e  i s  a  larg e  dilutio n facto r  i n  th e  adsorben t 

solution ,  hig h ai r  samplin g rate s  an d henc e  larg e  pump s  ar e  needed ,  an d spra y 

an d evaporativ e  losse s  mus t  b e  controlle d o r  accounte d fo r  i n  som e  way .  Becaus e 

of  th e  abov e  disadvantages ,  bubbler s  ar e  use d mainl y fo r  th e  collectio n o f  ver y 

hig h boiling ,  reactive ,  o r  pola r  substance s  tha t  ca n no t  b e  quantitativel y 

recovere d fro m soli d  sorbent s  [236] . 

The  mos t  commo n metho d o f  persona l  monitorin g i s  a  sorben t  cartridg e  i n 

conjunctio n wit h a  smal l  pum p t o maintai n a  fixe d flo w o f  ai r  throug h th e 

cartridg e  [237,238] .  Carbo n adsorbent s  ar e  use d fo r  trappin g volatil e  organi c 

compound s  [239] .  Typica l  sorben t  trap s  ar e  glas s  tube s  (5- 6 c m lon g an d 4  mm 

I.D. )  tha t  hav e  bee n divide d wit h polyethylen e  plugs ;  the y contai n approximatel y 

10 0 m g o f  sorben t  i n  th e  fron t  sectio n an d 5 0 m g i n a  bac k section .  Th e  tw o 

sorben t  section s  ar e  analyze d separatel y b y elutin g th e  trappe d organi c 

volatile s  wit h carbo n disulfide ,  followe d b y ga s  chromatograph y [240-244] , 

Dimethylformamid e  ha s  bee n recommende d a s  a  bette r  solven t  tha n carbo n disulfid e 

fo r  th e  recover y o f  pola r  organi c  compound s  [245] ,  Addin g a  fe w percen t  o f  a n 

alcoho l  t o  carbo n disulfid e  o r  a  biphasi c  system ,  water-carbo n disulfide ,  ma y 

als o improv e  th e  recover y o f  pola r  compound s  [238,241] ,  Th e  recover y o f 

compound s  fro m charcoa l  ma y b e  nonquantitativ e  du e  t o  irreversibl e  binding ,  fo r 

exampl e  2-nitropropane ,  indene ,  cyclohexane ,  o r  becaus e  o f  slo w equilibratio n o f 

th e  sampl e  wit h th e  eluen t  leadin g t o  inconvenientl y  lon g analysi s  times . 

Carefu l  calibratio n i s  require d whe n recover y fro m th e  sorben t  i s  incomplete . 

Silica ,  alumina ,  an d chemica l  reagent s  supporte d o n adsorbent s  ar e  als o use d i n 

specifi c  case s  [238,246] , 
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Semivolatil e  organi c  compounds ,  fo r  exampl e  pesticides ,  polychlorinate d 

biphenyls ,  etc. ,  ar e  sample d wit h a  low-volum e  sample r  containin g a  Tenax-packe d 

cartridg e  betwee n tw o plug s  o f  polyurethan e  foa m [232,247] .  Th e  sampl e  i s 

recovere d b y Soxhle t  extractio n overnigh t  usin g hexane-diethy l  ethe r  (95:5) . 

The  sorben t  tra p ca n the n b e  reused .  Polyurethan e  foa m show s  a  fairl y  hig h 

efficienc y fo r  collectin g semivolatil e  compounds ,  i s  lightweight ,  an d ha s  a  lo w 

flo w resistance ,  permittin g hig h samplin g rates .  Pesticid e  compound s  ca n b e 
3 3  3 

determine d i n  th e  concentratio n rang e  1  ng/ m t o 1  microgram/ m i n a  3  m  ai r 

sampl e  collecte d ove r  a  1 2 h  perio d [247] , 

7.1 2 Method s  fo r  Preparin g Standar d Mixture s  o f  Volatil e  Organi c  Compound s 

i n  Ai r 

The  preparatio n o f  syntheti c  mixture s  o f  gase s  o r  volatil e  organi c  liquid s 

i n  gase s  i s  mor e  difficul t  an d potentiall y  les s  accurat e  tha n method s  fo r 

preparin g liqui d mixture s  [248,249] .  Thi s  i s  becaus e  gase s  canno t  b e  easil y 

weighed ,  volume s  ma y chang e  durin g handling ,  an d temperatur e  an d pressur e 

effect s  mus t  b e  considered .  Man y method s  hav e  bee n use d fo r  preparin g mixture s 

TABLE 7.1 5 

METHOD FO R PREPARIN G STANDARD MIXTURES O F VOLATIL E ORGANIC COMPOUNDS I N A  GAS 

Metho d Principl e 

Singl e  Rigi d A  know n amoun t  o f  th e  compoun d i s  introduce d int o a  singl e 
Chambe r  rigi d chambe r  o f  know n dimensions .  Magneti c  stirre r  o r 

simila r  devic e  use d fo r  homogeneou s  mixing . 

Exponentia l  A  know n amoun t  o f  pur e  componen t  o r  standar d mixtur e  i s 
Dilutio n introduce d int o th e  vessel ,  whic h i s  stirre d fo r  effecien t 
Flas k mixing .  Th e  vesse l  i s  continuousl y flushe d wit h a  stead y 

strea m o f  pur e  ga s  causin g th e  concentratio n o f  th e  vapo r 
t o  decreas e  wit h time . 

Gas  Strea m Tw o o r  mor e  ga s  stream s  flowin g a t  a  know n rat e  ar e  mixe d t o 
Mixin g giv e  th e  desire d concentration .  Multipl e  dilutio n stage s  ma y 

be  use d t o  giv e  lowe r  concentrations . 

Permeatio n A  volatil e  liqui d whe n enclose d i n  a n iner t  plasti c  tube , 
Tube s  ma y escap e  b y dissolvin g i n  an d permeatin g throug h th e  wall s 

of  th e  tub e  a t  a  constan t  an d reproducibl e  rate .  Th e  permeatio n 
rat e  depend s  o n th e  propertie s  o f  th e  tub e  material ,  it s 
dimensions ,  an d o n temperature . 

Diffusio n Th e  liqui d whos e  vapo r  i s  t o  b e  th e  contaminan t  o f  th e  ga s 
System s  phas e  i s  containe d i n  a  reservoi r  maintaine d a t  a  constan t 

temperature .  Th e  liqui d i s  allowe d t o  evaporat e  an d th e 
vapo r  diffuse s  slowl y throug h th e  capillar y tub e  int o a  flow -
in g ga s  stream .  I f  th e  rat e  o f  diffusio n o f  th e  vapo r  an d th e 
flow-rat e  o f  th e  diluen t  ga s  ar e  known ,  th e  vapo r  concentratio n 
i n  th e  resultan t  ga s  mixtur e  ca n b e  calculated . 
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wit h reasonabl e  accuracy ,  Tabl e  7.15 ,  an d thes e  method s  ca n b e  broadl y 

classifie d a s  stati c  o r  dynamic .  Stati c  method s  involv e  preparin g an d storin g 

th e  mixtur e  i n  a  close d vessel ,  fo r  exampl e  a  cylinder ,  flask ,  o r  plasti c  bag . 

The  sampl e  volum e  i s  thu s  limite d t o  tha t  o f  th e  container .  Cylinder s  mus t  b e 

use d t o  stor e  mixture s  a t  hig h pressures .  Stati c  system s  ar e  preferre d whe n 

comparativel y smal l  volume s  o f  mixture s  ar e  require d a t  moderatel y hig h 

concentratio n levels ,  bu t  losse s  o f  component s  t o  th e  vesse l  wall s  ma y occur . 

Dynami c  system s  generat e  a  continuou s  flo w o f  mixtur e  an d ca n produc e  larg e 

volumes ,  wit h lowe r  surfac e  losses ,  owin g t o  a n equilibriu m betwee n th e  wall s 

an d th e  flowin g ga s  stream .  Whethe r  stati c  o r  dynami c  system s  ar e  employed ,  th e 

method s  use d t o  creat e  homogeneou s  mixin g o f  th e  ga s  an d vapo r  ar e  importan t 

consideration s  an d som e  provisio n fo r  creatin g force d convectio n i s  incorporate d 

int o mos t  devices . 

The  singl e  rigi d chambe r  i s  th e  simples t  o f  th e  mixin g devices .  Th e 

concentratio n o f  th e  standar d mixtur e  produce d i s  give n b y equatio n (7.13) . 

C =  C q ex p  ( - V w / V ) (7.13 ) 

C =  instantaneou s  concentratio n 

C =  initia l  concentratio n 
ï 

V =  containe r  volum e 

= volum e  o f  sampl e  withdraw n 

The  exponentia l  dilutio n flask ,  Figur e  7.14A ,  i s  a  hybri d static/dynami c  system , 

firs t  describe d b y Loveloc k [250 ]  an d late r  modifie d an d furthe r  characterize d 

by other s  [251-253] .  Thi s  simple ,  reliabl e  devic e  i s  commerciall y  availabl e  an d 

ha s  bee n widel y used .  I t  produce s  a n outle t  concentratio n describe d b y equatio n 

(7.14) . 

C =  C q ex p (-Qt/V )  (7.14 ) 

Q =  volumetri c  ga s  flo w rat e 
t  =  tim e  afte r  sampl e  introductio n 

It s  principa l  problem s  aris e  fro m surfac e  adsorptio n losses ,  mechanica l  wea r  o f 

th e  mixin g device ,  an d th e  difficult y  o f  accuratel y measurin g th e  initia l  sampl e 

concentration .  However ,  i t  i s  capabl e  o f  providin g adequat e  accurac y an d 

precisio n fo r  mos t  analytica l  application s  involvin g readil y  volatilize d 

substances .  Ver y lo w ga s  phas e  concentration s  ca n b e  prepare d b y mixin g th e 

outpu t  fro m th e  flas k wit h diluen t  gas . 

Permeatio n tub e  device s  ar e  no w ver y popula r  fo r  generatin g standar d vapo r 

concentrations .  Th e  permeatio n tub e  contain s  a  volatil e  liqui d seale d i n  a n 

iner t  permeabl e  membrane ,  usuall y  Teflo n o r  a  fluorinate d copolyme r  o f  ethylen e 
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an d propylene ,  throug h whic h i t  diffuse s  a t  a  fixe d an d controlle d rate .  Th e 

drivin g forc e  behin d th e  proces s  i s  th e  differenc e  i n  partia l  pressure s  betwee n 

th e  inne r  an d oute r  wall s  o f  th e  tube .  Thi s  depend s  o n th e  dissolutio n o f  th e 

vapo r  i n  th e  membrane ,  th e  rat e  o f  diffusio n throug h th e  membran e  wall ,  an d th e 

rat e  a t  whic h th e  vapo r  i s  remove d fro m th e  oute r  surfac e  o f  th e  membran e 

[253-257] ,  Th e  mas s  permeatio n rat e  pe r  uni t  tub e  lengt h ca n b e  expresse d b y 

equatio n (7.15) . 

G =  mas s  permeatio n rat e  i n  micrograms/mi n pe r  c m o f  tub e  lengt h 
3 

Ñ =  permeatio n constan t  fo r  th e  vapo r  throug h th e  membran e  i n  c m (STP ) 

Ì  =  molecula r  weigh t  o f  th e  vapo r 

P^  =  ga s  pressur e  insid e  th e  tube ,  mmHg 

d£ =  outsid e  diamete r  o f  th e  tub e 

d^  =  insid e  diamete r  o f  th e  tub e 

For  sample s  wit h lo w vapo r  pressure s  a t  roo m temperature ,  elevate d temperatur e 

oven s  ar e  use d t o  rais e  permeatio n rate s  t o  yiel d desirabl e  values .  Gase s  o r 

vapor s  wit h hig h membran e  permeabilit y  requir e  device s  othe r  tha n th e  standar d 

single-walle d tubes ,  fo r  exampl e  multiwalle d tubes ,  microbottles ,  o r  permeatio n 

wafe r  devices ,  t o  yiel d reasonabl e  lifetimes .  Commerciall y  availabl e  permeatio n 

tube s  hav e  lifetime s  o f  severa l  month s  an d provid e  a  simpl e  an d inexpensiv e 

metho d o f  calibratio n fo r  laboratorie s  intereste d i n  determinin g onl y a  fe w 

substances ,  o r  fo r  thos e  wh o nee d t o  perfor m measurement s  infrequently . 

The  diffusio n system ,  Figur e  7.14B ,  i s  a  usefu l  an d simpl e  apparatu s  fo r 

preparin g mixture s  o f  volatil e  an d moderatel y volatil e  vapor s  i n  a  ga s  strea m 

[224] .  Th e  metho d i s  base d o n th e  constan t  diffusio n o f  a  vapo r  fro m a  tub e  o f 

accuratel y know n dimensions ,  producin g a  ga s  phas e  concentratio n describe d b y 

equatio n (7.16) . 

S =  diffusio n rat e  o f  vapo r  ou t  o f  tub e 
D =  diffusio n coefficien t 
Ì  =  molecula r  weigh t 
Ñ =  pressur e  o f  th e  diffusio n cel l 
A =  cross-sectiona l  are a  o f  th e  diffusio n tub e 
R =  ga s  constan t 
Ô =  temperatur e 
L =  lengt h o f  th e  diffusio n tub e 
ñ =  partia l  pressur e  o f  th e  diffusin g vapo r 

73 0 P M 
G = (7.15 ) 

lo g (d 2 /d x ) 

(7.16 ) 
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A Â 

Figur e  7.1 4 Apparatu s  fo r  preparin g standar d mixture s  o f  organi c  vapors . 
A,  exponentia l  dilutio n flask ;  B ,  diffusio n tub e  system . 

Withi n limits ,  broa d concentratio n range s  ca n b e  prepare d b y varyin g th e  tub e 

dimension s  and/o r  th e  flo w rat e  o f  th e  diluen t  gas .  Diffusio n tub e  system s  ar e 

preferabl e  t o  permeatio n tube s  whe n th e  latte r  ar e  no t  commerciall y  available . 

Alternativ e  method s  fo r  preparin g standar d ga s  mixtures ,  suc h a s 

evaporative ,  electrolytic ,  pyrolytic ,  an d chemica l  methods ,  ar e  discusse d i n 

reference s  [248,249,258] . 

7.1 3 Derivatizatio n Technique s  fo r  Ga s  Chromatograph y 

Gas  chromatograph y i s  th e  techniqu e  o f  choic e  fo r  th e  separatio n o f 

thermall y stabl e  volatil e  organi c  an d organometalli c  compounds .  Unfortunatel y 

many compound s  o f  biomedica l  an d environmenta l  interest ,  particularl y  thos e  o f 

hig h molecula r  weigh t  and/o r  containin g pola r  functiona l  groups ,  ar e  thermall y 

labil e  a t  th e  temperature s  require d fo r  thei r  separation .  Derivatization ,  i n 

effec t  a  microchemica l  organi c  synthesis ,  i s  use d t o  improv e  th e  therma l 

stabilit y  o f  suc h compound s  whic h woul d otherwis e  no t  b e  suitabl e  fo r  ga s 

chromatographi c  analysis .  I n  mos t  instances ,  derivatizatio n reaction s  ar e 

performe d t o  conver t  protoni c  functiona l  group s  int o thermall y stabl e  non-pola r 

groups .  Thus ,  a s  wel l  a s  improvin g th e  therma l  stabilit y  o f  a  compound ,  th e 

derivatize d compoun d ofte n exhibit s  improve d pea k shap e  wit h a  minimizatio n o f 

undesirabl e  colum n interaction s  whic h coul d lea d t o  irreversibl e  adsorptio n an d 
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ske w pea k formation .  A s  a  wid e  variet y o f  derivatizin g reagent s  ar e  availabl e 

th e  opportunit y  als o exist s  t o  purposefull y  adjus t  th e  volatilit y  o f  a  compoun d 

t o  eliminat e  pea k overlap s  i n  th e  chromatogram .  Derivatizatio n ca n als o b e  use d 

t o  enhanc e  th e  detectabilit y  o f  a  compoun d throug h th e  introductio n o f 

detector-oriente d tag s  o r  organi c  groups .  I n  particular ,  reagent s  predisposin g 

a  substanc e  t o  detectio n b y th e  sensitiv e  an d selectiv e  electron-captur e 

detecto r  hav e  bee n well-used . 

The  anatom y o f  a  typica l  derivatizin g reagen t  i s  show n i n Figur e  7.15 .  I t 

ha s  tw o halves :  th e  organi c  portio n whic h control s  volatilit y  and ,  i n  th e  cas e 

of  reagent s  use d wit h th e  electron-captur e  detector ,  provide s  th e  detector -

oriente d response ;  an d th e  reactiv e  grou p whic h provide s  th e  mean s  b y whic h th e 

organi c  chai n i s  attache d t o  th e  substrate .  Th e  choic e  o f  reactiv e  grou p 

control s  th e  rang e  o f  applicatio n o f  th e  reagen t  t o  differen t  functiona l  groups , 

th e  selectivit y  o f  th e  reagen t  toward s  certai n  functiona l  group s  i n  th e  presenc e 

of  others ,  an d th e  rat e  an d exten t  o f  th e  reaction .  Th e  choic e  o f  th e  organi c 

chai n wil l  influenc e  th e  detectio n characteristic s  o f  th e  derivative ,  th e  rat e 

an d completenes s  o f  th e  derivatizatio n reactio n (resultin g fro m steri c  an d 

electroni c  effects) ,  an d th e  volatilit y  o f  th e  derivatize d molecule . 

R ÷ 

/  \ 
ORGANIC CHAIN REACTIVE GROU P 

CRITERIA 
FOR SELECTIO N 

DETECTO R SENSITIVITY RANGE OF APPLICATIO N 

VOLATILITY SELECTIVIT Y OF REACTIO N 
STERI C BULK * RATE OF REACTIO N 

CHEMICAL STABILITY EXTENT OF REACTIO N 
THERMAL STABILITY 

Figur e  7.1 5 Anatom y o f  a  derivatizin g reagent . 

Equipmen t  requirement s  fo r  derivatizatio n reaction s  ar e  generall y  simple ; 

typically ,  glas s  tapere d reactio n vial s  o r  cultur e  tube s  wit h Teflon-line d 

plasti c  screw-cap s  ar e  used .  A s  th e  sampl e  requiremen t  fo r  ga s  chromatograph y 

i s  onl y a  fe w microliters ,  reactio n vessel s  ten d t o  b e  small .  Tapere d reactio n 

vial s  ar e  availabl e  i n  size s  fro m 0. 1 t o  10. 0 ml ,  wit h th e  smalle r  size s  bein g 

th e  mos t  useful .  Reagent s  an d solubl e  sample s  ar e  usuall y  measure d an d handle d 

by syringe .  Reactio n solution s  ar e  mixe d b y han d agitation ,  vorte x mixing ,  o r 

wit h miniatur e  Teflon-coate d stirrin g paddle s  drive n b y a  magneti c  stirrer . 
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Slo w reaction s  ar e  usuall y  accelerate d b y heatin g th e  reactio n mixtur e  wit h a 

convectio n oven ,  ho t  plate ,  oi l  bath ,  o r  drille d bloc k heater .  Screw-cappe d 

cultur e  tube s  ar e  particularl y  suitabl e  fo r  reaction s  occurrin g unde r  reflu x 

wit h th e  air-coole d to p sectio n o f  th e  tub e  actin g a s  a  condenser .  Mininer t 

valve s  an d vacuu m hydrolysi s  tube s  ar e  othe r  usefu l  devices .  A  wid e  selectio n 

of  equipmen t  fo r  derivatizatio n reaction s  i s  availabl e  fro m chromatographi c 

suppl y companies . 

The  reagent s  an d condition s  use d fo r  derivatizatio n reaction s  ar e  s o varie d 

tha t  n o attemp t  a t  a  comprehensiv e  coverag e  ca n b e  presente d here .  Onl y genera l 

reactions ,  commo n reagents ,  an d a  fe w typica l  application s  wil l  b e  discussed . 

Extensiv e  compilation s  o f  method s  an d condition s  ca n b e  foun d i n  reference s 

[259-263] ,  Subjec t  review s  coverin g th e  genera l  selectio n o f  reagent s  [264] , 

trialkylsily l  reagent s  [265] ,  cyclizin g reagent s  fo r  bifunctiona l  compound s 

[266,267] ,  alkylatio n reaction s  [268,269] ,  an d reagent s  fo r  th e  preparatio n o f 

electron-capturin g derivative s  [262,270,271 ]  ar e  available .  Review s  o f 

derivatizatio n reaction s  fo r  particula r  compoun d classes ,  fo r  exampl e 

pharmaceutica l  product s  [262,272-274] ,  amin o acid s  [275] ,  insecticid e  an d 

herbicid e  residue s  [276-279] ,  an d foo d additive s  [280 ]  ar e  als o available . 

7.13. 1  Aklylsily l  Derivative s 

The  mos t  versatil e  an d universall y  applicabl e  derivatizin g reagent s  fo r 

pola r  molecule s  containin g protoni c  functiona l  group s  ar e  th e  alkylsily l 

reagents .  Nearl y al l  functiona l  group s  whic h presen t  a  proble m i n ga s 

chromatograph y ca n b e  converte d t o  alkylsily l  ether s  o r  esters ,  Figur e 

7.16 .  Th e  mos t  commo n derivatizin g reagent s  ar e  th e  trimethylsily l  (TMS ) 

reagents .  O n occasion ,  highe r  alky l  homolog s  o r  halogen-containin g alky l  o r 

ary l  substitute d analog s  o f  th e  TMS derivative s  ar e  use d t o  impar t  greate r 

derivativ e  hydrolyti c  stability ,  improve d separatio n characteristics ,  increase d 

sensitivit y  whe n use d wit h selectiv e  detectors ,  o r  t o  provid e  mas s  spectr a 

containin g greate r  diagnosti c  informatio n [265] ,  Thes e  newe r  reagent s  an d thei r 

particula r  area s  o f  applicatio n wil l  b e  discusse d later . 

The  structure s  o f  th e  mos t  widel y use d trimethylsilylatin g reagent s  ar e 

give n i n  Figur e  7.17 .  Reaction s  ar e  usuall y  carrie d ou t  unde r  anhydrou s 

condition s  i n  glas s  vial s  wit h Teflon-line d screw-caps .  Man y reaction s  occu r 

instantaneousl y a t  roo m temperature ;  slowe r  reaction s  ar e  accelerate d b y raisin g 

th e  temperatur e  and/o r  b y addin g a  catalyst ,  usuall y  trimethylchlorosilan e 

(TMCS) .  I n  th e  absenc e  o f  a  detaile d mode l  fo r  th e  silylatio n mechanis m [263] , 

i t  i s  possibl e  t o  ran k th e  silylatin g reagent s  o f  Figur e  7.1 7 accordin g t o  thei r 

"sily l  dono r  ability "  an d th e  functiona l  group s  o f  Figur e  7.1 6 accordin g t o 

thei r  "sily l  accepto r  ability" .  Fo r  th e  trimethylsily l  reagent s  th e  approximat e 
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Figur e  7.1 6 Functiona l  group s  formin g trimethylsily l  derivatives . 

orde r  o f  "sily l  dono r  ability "  is :  trimethylsilylimidazol e  (TMSIM )  > 

N,0-bis-(trimetnylsilyl)trifluoroacetamid e  (BSTFA )  >  Í,0-bis-(trimethyl -

silyl)acetamid e  (BSA )  >  N-methyl-N-(trimethylsilyl)trifluoroacetamid e  (MSTFA )  > 

N-trimethylsilyldiethylamin e  (TMSDEA )  >  N-methyl-N-(trimethylsilyl)acetamid e 

(MSTA)  >  trimethylchlorosilan e  (TMCS )  wit h bas e  >  hexamethyldisilazan e  (HMDS) . 

Fo r  organi c  functiona l  group s  th e  approximat e  orde r  o f  "sily l  accepto r  ability " 

is :  alcohol s  >  phenol s  >  carboxyli c  acid s  >  amine s  >  amides .  Primar y functiona l 

group s  reac t  faste r  o r  mor e  completel y tha n secondar y functiona l  groups ,  whic h 

i n  tur n ar e  mor e  reactiv e  tha n tertiar y functiona l  groups .  Withi n th e  abov e 

framework ,  th e  reactio n betwee n a  goo d "sily l  donor "  an d a  goo d "sily l  acceptor " 

i s  likel y t o  b e  facil e  an d quantitativ e  unde r  mil d conditions .  Ther e  see m t o b e 

fe w application s  fo r  whic h th e  us e  o f  wea k "sily l  donors "  i s  eithe r  necessar y o r 

desirable .  Othe r  importan t  consideration s  fo r  th e  selectio n o f  th e  correc t 

reagent s  fo r  a  particula r  applicatio n ar e  summarize d i n  Tabl e  7.16 .  Th e 

stronges t  silylatin g reagen t  o f  al l  i s  a  mixtur e  o f  TMSIM-BSTFA-TMC S (1:1:1) . 

The  rat e  o f  th e  silylatio n reactio n i s  als o affecte d b y steri c  factors ,  th e 

us e  o f  catalysts ,  th e  choic e  o f  solvent ,  an d th e  reactio n temperature .  Th e 

trimethylsily l  grou p ha s  simila r  geometr y t o  th e  t-buty l  grou p an d i s  slightl y 

large r  i n  size .  Thus ,  impede d acces s  o f  reagen t  t o  th e  functiona l  group s  t o  b e 

derivatize d ca n b e  th e  rate-determinin g step .  Fo r  example ,  conside r  th e 

reactio n condition s  require d fo r  th e  quantitativ e  derivatizatio n o f  steroi d 

hydroxy l  group s  i n  th e  differen t  steri c  environment s  give n i n  Tabl e  7.17 . 

Differen t  reactio n rate s  ar e  observed ,  du e  firstl y  t o  th e  natur e  o f  th e 

functiona l  grou p (primary ,  secondary ,  o r  tertiary )  an d secondl y t o  change s  i n 

th e  steri c  environmen t  o f  th e  differen t  groups .  Reactio n rate s  ar e  als o 

influence d t o  a  lesse r  exten t  b y th e  choic e  o f  solvent .  Pola r  solvents ,  suc h a s 

pyridine ,  dimethylformamide ,  acetonitrile ,  dioxane ,  o r  tetrahydrofuran ,  promot e 
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Figur e  7.1 7 Structure s  o f  th e  mos t  commonl y use d trimethylsilylatin g reagents . 

th e  reactio n an d ar e  generall y  preferred .  Th e  silylatin g reagent s  themselve s 

hav e  goo d sclubilizin g propertie s  fo r  man y compound s  an d ca n b e  use d withou t 

additiona l  solvent .  Th e  primar y critero n fo r  selectin g a  solven t  i s  tha t  i t 

must  solubiliz e  bot h substrat e  an d reagents .  Increasin g th e  temperatur e  o f  th e 

reactio n wil l  ofte n improv e  substrat e  solubilit y  an d enhanc e  th e  rat e  o f 

reaction .  Som e  difficult-to-derivatiz e  functiona l  group s  wil l  onl y reac t  t o 

completio n a t  elevate d temperatures .  Norma l  reactio n temperture s  ar e  roo m 

temperature ,  60°C ,  100°C ,  an d 150°C ;  i n  a  fe w instances ,  temperature s  a s  hig h a s 

200° C hav e  bee n used . 

The  optimu m condition s  fo r  a  particula r  reactio n ar e  achieve d b y 

appropriat e  change s  i n  th e  parameter s  discusse d above .  I t  i s  obviou s  tha t 
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severa l  set s  o f  condition s  wil l  giv e  th e  sam e  result s  an d th e  governin g featur e 

i s  th e  nee d fo r  a  quantitativ e  reactio n i n  a  convenien t  time . 

TABLE 7.1 6 

OBSERVATIONS O N TH E US E O F TRIMETHYLSILY L REAGENTS 

Reagen t  Propert y Comment s 

TMSIM 

BSTFA o r 
BSA 

BSTFA 

MSTFA 

mcs 

Doe s  no t  reac t  wit h amin o groups . 
Can b e  use d t o  for m TMS deriva -
tive s  o f  carbohydrate s  i n  aqueou s 
solution . 
Doe s  no t  promot e  enol-ethe r 
formatio n wit h unprotecte d 
keton e  groups . 

Reagent s  o f  choic e  fo r  th e 
formatio n o f  N-TM S derivatives . 

Produce s  volatil e  by-product s 
whic h d o no t  interfer e  wit h th e 
GC analysi s  o f  lo w molecula r 
weigh t  compounds . 

Most  volatil e  by-product s  o f  all . 

A poo r  silylatin g reagen t  unles s 
use d i n  th e  presenc e  o f  bas e 
(e.g. ,  pyridine ,  diethylamine) . 
Cause s  extensiv e  enol-ethe r  forma -
tio n wit h unprotecte d keton e  groups . 

Most  generall y  usefu l  reagent , 
preferre d fo r  mos t  applications . 
Exception s  ar e  th e  formatio n o f 
N-TMS derivative s  an d th e 
separatio n o f  lo w molecula r 
weigh t  TMS derivative s 

May promot e  th e  formatio n o f 
enol-TM S ether s  unles s  keton e 
group s  ar e  protected . 

Reactivit y  i s  simila r  t o  BS A 
an d i s  generall y  preferre d t o 
BSA fo r  mos t  applications . 

Particularl y  usefu l  fo r  th e 
separatio n o f  lo w molecula r 
weigh t  derivative s  i n  th e 
presenc e  o f  exces s  reagent . 

Mainl y use d t o  catalyz e  th e 
reactio n o f  othe r  silyla -
tin g reagents . 

Beside s  th e  wid e  applicabilit y  an d eas e  o f  us e  o f  th e  TMS reagents ,  th e 

fac t  tha t  mos t  reaction s  occu r  cleanl y withou t  artifac t  o r  by-produc t  formatio n 

add s  t o  th e  attractio n o f  thes e  reagents .  Secondar y product s  ca n b e  forme d 

unde r  norma l  condition s  fo r  sily l  ethe r  formatio n wit h compound s  containin g 

unprotecte d keton e  groups .  Thes e  product s  aris e  fro m th e  formatio n o f  enol-TM S 

ether s  (below) ,  th e  yiel d o f  th e  latte r  bein g high ,  an d i n  som e  case s 

quantitativ e  i n  th e  presenc e  o f  a n aci d catalys t  suc h a s  TMCS. 

RHC.-C- R 
2  Í 

R-CH=C- R 
I 
OH 

R-CH=C- R 
I 
OTMS 

Keto-eno l  equilibriu m enol-TM S ethe r 

I n  general ,  enol-TM S ether s  ar e  hydrolyticall y  an d thermall y unstable ,  makin g 

the m les s  desirabl e  reactio n product s  eve n whe n forme d i n  quantitativ e  yield . 
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TABLE 7.1 7 

Hydroxy l  grou p 
environmen t 

Quantitativ e 
reactio n wit h 
TMSIM 

Selectiv e  reactio n 

BSA BSA-TMCS(4:l) d 

Mammalia n Steroid s 

Al l  primar y an d norma l 
secondar y O H group s  (les s 
hindere d tha n 11â-0Ç) , 
phenoli c  groups ,  an d 
unhindere d tertiar y O H 

lip-O H 

Les s  tha n 
1 h  a t  roo m 
temp .  Ofte n 
instantaneou s 

Les s  tha n 1  h 
a t  100° C 

1- 4 h  a t  A s  fo r  TMSI M 
roo m temp . 
1  h  a t  60° C 

Does  no t 
reac t 

5  h  roo m temp . 

CHo0TMS 
I 2 

C=N-OCHq 

I 3 

C""O H 
/ \ 

2  h  a t  100° C 30 h  a t  60° C 

CH. 
I 3 

CHOTMS 
I 
C-OH 

/ \ 

8  h  a t  150° C Nonquantitativ e 

reactio n 

Insec t  Steroid s 

Al l  primar y an d norma l 
secondar y O H group s 
an d som e  unhindere d 
tertiar y O H group s 

OTMS 
OH 

Les s  tha n 1  h 
a t  roo m temp . 

4  h  a t  100° C 

Overnigh t  a t 
roo m temp . 

hindere d tertiar y 
(e.g. ,  14a-0H ) 

12 h  a t  140° C 

a Keton e  group s  mus t  b e  protecte d a s  thei r  methoxime s 

To avoi d th e  formatio n o f  enol-TM S ether s  a  reagen t  whic h doe s  no t  promot e  eno l 

formation ,  suc h a s  TMSIM,  o r  prio r  protectio n o f  th e  keton e  grou p b y conversio n 

t o  a  methoxim e  derivativ e  i s  used .  Methoxime-trimethylsily l  derivative s  ar e 

widel y use d fo r  th e  analysi s  o f  biologica l  extract s  an d i n  metaboli c  profilin g 

studies .  Tw o peak s  fo r  eac h compoun d ma y appea r  i n  th e  chromatogra m du e  t o  th e 

separatio n o f  th e  o f  th e  syn -  an d anti-methoxim e  isomer s  forme d upo n 

CONDITIONS FO R TH E FORMATION O F TMS ETHERS O F STEROI D HYDROXYL GROUPS 
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derivatization . 

Multipl e  product s  ar e  frequentl y  observe d fo r  th e  separatio n o f  TMS-suga r 

derivatives .  A t  equilibriu m reducin g sugar s  ca n exis t  i n  mor e  tha n on e  isomeri c 

for m know n a s  anomers .  Formatio n o f  thei r  TMS derivative s  followe d b y ga s 

chromatograph y wil l  resul t  i n  multipl e  peak s  correspondin g i n  compositio n t o  th e 

equilibriu m anomeri c  mixtur e  [259] . 

The  TMS reagent s  ar e  generall y  compatibl e  wit h othe r  reagent s  fo r  th e 

formatio n o f  mixe d derivative s  o f  polyfunctiona l  molecules ,  provide d tha t  th e 

TMS ether s  ar e  forme d a s  th e  las t  ste p i n  th e  reactio n sequence .  Th e  TMS ether s 

exhibi t  moderat e  hydrolyti c  stabilit y  an d ar e  cleave d unde r  condition s  normall y 

use d fo r  th e  formatio n o f  alky l  esters ,  acetate s  an d amides ,  oximes ,  cycli c 

boroni c  esters ,  acetonides ,  an d mos t  reaction s  employin g aci d catalysis .  Th e 

TMS reagents ,  wit h a  fe w exceptions ,  d o no t  normall y cleav e  an y o f  th e  commo n 

protectin g group s  use d i n  ga s  chromatography . 

The  mas s  spectr a  o f  TMS ether s  ar e  characterize d b y wea k o r  absen t 

molecula r  ions ;  th e  [ M - 1 5 ] + io n forme d b y cleavag e  o f  a  methy l  t o  silico n bon d 

i s  generall y  mor e  abundant .  Thi s  io n ca n b e  use d t o  determin e  th e  molecula r 

weigh t  provide d tha t  i t  i s  no t  mistake n fo r  th e  molecula r  io n itself . 

Dissociatio n o f  th e  molecula r  io n ofte n result s  i n  prominen t  secondar y fragmen t 

ion s  containin g th e  ionize d dimethylsilox y grou p attache d t o  a  hydrocarbo n 

portio n o f  th e  molecule .  I n  commo n wit h alky l  ethers ,  -cleavag e  o f  th e  bon d 

adjacen t  t o  oxyge n i s  favored .  Characteristi c  ion s  o f  hydrox y TMS ether s  are : 

The  m/ z  7 3 io n i s  prominen t  i n  virtuall y  al l  TMS spectr a  an d i s  ofte n th e  bas e 

peak .  Th e  m/ z  14 7 io n i s  commo n i n polyhydrox y TMS compound s  containin g tw o o r 

mor e  TMS group s  i n  clos e  proximity .  Th e  TMS grou p undergoe s  a  prolifi c  numbe r 

of  intramolecula r  migration s  an d rearrangement s  (includin g McLaffert y 

rearrangements )  t o  giv e  prominen t  silicon-containin g ions .  Perdeuterate d sily l 

reagent s  ar e  availabl e  t o  ai d  i n  elucidatin g specifi c  fragmentatio n an d 

rearrangemen t  processe s  base d o n a  compariso n o f  th e  TMS an d d^-TM S spectra . 

The  us e  o f  th e  perdeuterosily l  reagent s  eithe r  alon e  o r  i n  conjunctio n wit h 
18 1 5 1 3 

isotopi c  labelin g (e.g. ,  0 ,  N ,  C )  i s  on e  o f  th e  principa l  tool s  use d t o 

prob e  th e  fragmentatio n processe s  o f  TMS derivatives . 

New reagent s  whic h ar e  eithe r  homolog s  o r  analog s  o f  th e 

trimethylsilylatin g reagent s  hav e  bee n develope d t o  improv e  th e  hydrolyti c 

stabilit y  o r  detectabilit y  o f  th e  sily l  ethe r  derivative s  [265] .  Homologou s 

trialkylsily l  reagent s  containin g ethyl ,  propyl ,  isopropyl ,  butyl ,  o r  hexy l 

group s  hav e  bee n use d t o  improv e  th e  separatio n o f  comple x mixture s  o n column s 

[ (CH 3 ) 3 Si ] + 

m/ z  =  7 3 

[ H O = S i ( C H 3 ) 2 ] + 

m/ z  =  7 5 

[ ( C H 3 ) 2 S i = 0 - S i ( C H 3 ) 3 ] + 

m/ z  =  14 7 
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of  lo w resolvin g power .  Th e  formatio n o f  TMS ether s  o f  lo w molecula r  weigh t 

substance s  alter s  thei r  volatilit y  ver y littl e  an d comple x sample s  containin g 

eithe r  none ,  one ,  two ,  etc .  functiona l  group s  ar e  ofte n incompletel y resolve d o n 

packe d columns .  Th e  us e  o f  homologou s  trialkylsily l  ether s  o f  highe r  molecula r 

weigh t  tha n th e  trimethylsily l  ether s  enable s  a  bette r  fractionatio n o f  th e 

sampl e  b y removin g th e  sily l  ether s  fro m th e  regio n occupie d b y substance s  whic h 

do no t  for m derivative s  an d als o b y magnifyin g th e  separatio n betwee n component s 

containin g differen t  number s  o f  functiona l  groups .  Th e  mas s  spectr a  o f  th e 

trialkylsily l  ether s  ar e  characterize d b y wea k o r  absen t  molecula r  ion s  wit h a 

prominen t  io n du e  t o  cleavag e  o f  a n alky l  grou p fro m silico n [281,282] .  Th e 

highe r  mas s  en d o f  th e  spectru m contain s  a  relativel y abundan t  serie s  o f  ion s 

produce d b y eliminatio n o f  ̂ n^2 n f r a g m e n t s  fro m th e  alky l  group s  bonde d t o 

silicon .  Eliminatio n o f  dialkylsilano l  (I^HSiOH )  fro m ion s  suc h a s  [M-R ]  wa s 

observe d t o  b e  th e  majo r  mod e  o f  fragmentatio n [b y contras t  TMS ether s  eliminat e 

(CH^^SiOH] ,  Sample s  containin g tw o derivatize d group s  hav e  abundan t 

doubly-charge d ion s  du e  t o  cleavag e  o f  a n alky l  grou p fro m bot h silico n 

centers . 

Alkyldimethylsily l  ether s  containin g a n ethyl ,  propyl ,  isopropyl ,  t-butyl , 

or  ally l  substituen t  ar e  mor e  volatil e  tha n th e  trialkylsily l  derivative s  an d 

hav e  man y o f  th e  sam e  advantages .  Th e  isopropyldimethylsily l  an d 

2 3  4 

t-butyldimethylsily l  ether s  ar e  approximatel y 1 0 t o  1 0 an d 1 0 time s  mor e 

stable ,  respectively ,  t o  solvolysi s  tha n th e  TMS ethers .  Consequentl y  the y fin d 

widesprea d us e  i n  organi c  synthesi s  a s  wel l  a s  chromatograph y [283,284] .  Th e 

bulkines s  o f  th e  derivativ e  group ,  whic h explain s  th e  hydrolyti c  stabilit y  o f 

thes e  derivatives ,  als o influence s  th e  rat e  an d exten t  o f  th e  derivativ e 

reaction .  Th e  t-butyldimethylsily l  ether s  hav e  goo d ga s  chromatographi c 

propertie s  wit h retentio n time s  2  o r  3  methylen e  unit s  highe r  tha n th e  TMS 

derivatives ,  ar e  relativel y insensitiv e  t o  moisture ,  an d ar e  stabl e  t o 

adsorptio n chromatograph y usin g column s  o r  thin-laye r  plates .  Th e 

N-t-butyldimethylsily l  derivative s  ar e  mor e  labil e  tha n th e 

O-t-butyldimethylsily l  ether s  bu t  mor e  stabl e  tha n th e  O-trimethylsily l  ether s 

[285] .  Th e  allyldimethylsily l  ether s  wer e  introduce d i n  th e  hop e  o f  providin g a 

derivativ e  mor e  hydrolyticall y  stabl e  tha n th e  TMS ether s  an d mor e  reactiv e  an d 

volatil e  tha n th e  t-butyldimethylsily l  ether s  [286,287] .  Th e  susceptibilit y  o f 

ally l  group s  t o  nucleophili c  displacemen t  limit s  th e  genera l  us e  o f  thi s 

derivative .  Th e  mas s  spectr a  o f  th e  alkyldimethylsily l  ether s  hav e  wea k 

molecula r  ion s  wit h a n abundan t  [M-R] + io n du e  t o  cleavag e  o f  th e  bon d betwee n 

silico n an d th e  large r  alky l  group .  Thi s  io n i s  ofte n th e  bas e  pea k o f  th e 

spectrum ,  particularl y  whe n R  =  t-buty l  [286,288] .  Whe n th e  positiv e  charg e  i s 

localize d o n th e  silox y group ,  th e  [M-R] + io n act s  a s  th e  precurso r  io n fo r  th e 

remainin g silicon-containin g fragment s  i n  th e  spectru m [289] . 



49 4 

To improv e  th e  detectabilit y  o f  sily l  ethers ,  silylatin g reagent s 

containin g electron-capturin g group s  hav e  bee n prepare d [262,265,270,290] . 

Thes e  reagent s  contai n eithe r  a  halomethy l  o r  pentafluoropheny l  substituen t  i n 

plac e  o f  on e  o f  th e  TMS methy l  groups .  Th e  structure s  o f  thes e  reagent s  ar e 

show n below : 

CHQ 

I 3 

CH0X-Si- Y 
2 I 

CH3 

halomethyldimethylsily l  reagent s 

X =  CI ,  Br ,  I 

Y =  CI ,  N ( C 2 H5 ) 2 ,  NHSi(CH 3) 2CH2X 

CHQ 

I 3 

C.F.-Si- Y 6 5  , 

flophemesy l  reagent s 

R =  CH 3 Y  =  CI ,  N H 2 , N ( C 2 H5 ) 2 

R =  CH(CH 3 ) 2 

R =  C ( C H 3 ) 3 

alkylflophemesy l  reagent s 

Y =  C I 

Y =  C I 

halomethylflophemsey l  reagent s 

R =  CH 2C1 Y  =  C I 

The  flophemesy l  ether s  hav e  hydrolyti c  stabilit y  simila r  t o  th e  TMS ethers .  Th e 

alkylflophemesy l  reagent s  hav e  improve d stabilit y  [291,292] . 

The  respons e  o f  th e  electron-captur e  detecto r  toward s  halogen-containin g 

compound s  follow s  th e  orde r  I  >  B r  >  C I  »  F ;  thi s  i s  th e  revers e  orde r  o f  th e 

ga s  chromatographi c  volatilit y  o f  thei r  compounds ,  Tabl e  7.18 .  Althoug h 

fluorocarbo n compound s  captur e  electron s  poorly ,  multipl e  substitutio n i s 

favore d b y th e  exceptiona l  volatilit y  o f  perfluorocarbo n compound s  upo n ga s 

chromatography .  However ,  wit h th e  exceptio n o f  th e  flophemesy l  reagents ,  non e 

of  th e  fluorocarbo n compound s  i n  Tabl e  7.1 8 hav e  adequat e  detectio n sensitivit y 

t o  b e  use d wit h th e  electron-captur e  detector .  I f  th e  hig h volatilit y  o f 

perfluorocarbo n substituent s  i s  t o  b e  exploite d i n  th e  preparatio n o f 

electron-capturin g derivative s  the n a  secondar y cente r  i n  th e  molecul e  i s 

require d t o  synergisticall y  enhanc e  detecto r  response .  A n exampl e  o f  thi s 

principle ,  t o  b e  elaborate d upo n later ,  i s  th e  heptafluorobuty l  an d keton e 

group s  i n  th e  heptafluorobutyry l  an d heptafluorobutyramid e  derivatives .  Furthe r 

detail s  o f  th e  respons e  o f  th e  electron-captur e  detecto r  t o  organi c  molecule s  i s 

containe d i n  Chapte r  3.4.1 . 

The  halomethyldimethylsily l  derivative s  ar e  usuall y  prepare d b y th e 

reactio n o f  1,3-bis-(halomethyl)-l,1,3,3-tetramethyldisilazan e  an d th e 

halomethyldimethylchlorosilan e  o r  b y th e  additio n o f  a n aliquo t  o f  th e  reagen t 

resultin g fro m th e  reactio n o f  exces s  halomethyldimethylchlorosilan e  wit h 

diethylamin e  i n  hexan e  [293,294] .  Th e  rat e  an d exten t  o f  reactio n ar e  limite d 
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TABLE 7.1 8 

ÇALOCARBON-CONTAINING RR 1 (CH 3 )Si-CHOLESTERO L ETHERS 

R R l Relativ e 
Retentio n 
Time 3 

Leas t 
Detectabl e 
Amount  (ng ) 
(cholesterol ) 

Leas t 
Detectabl e 
Amount  (pg ) 
(octanol ) 

CH3 CH, 1.0 0 

C F 3 ( C H 2 ) 2 CH3 1.2 6 150 0 

CF 3 (CF 2 ) 2 (CH 2 ) 2 C H 3 1.3 7 11 5 

C1CH2 C H 3 2.1 0 75 

C 6 F 5 C H 3 3.1 4 4 4. 0 

C 6 F 5 CH(CH3 ) 2 4.5 7 5. 0 

CH2Br C H 3 5.1 3 0. 5 

C 6 F 5 CH2C1 6.3 0 0. 9 

C 6 F 5 C ( C H 3 ) 3 6.3 0 6. 0 

CH2 I C H 3 12.8 2 0.00 5 

a Determine d o n a  1. 0  m  ÷  2. 0 mm I.D .  nicke l  colum n packe d wit h 1 % 0V-10 1 
on Ga s  Chro m Q  (100-12 0 mesh) ,  temperatur e  250°C ,  nitroge n flow-rat e 
75 ml/min . 

by th e  "sily l  donor "  powe r  o f  th e  reagent s  an d b y steri c  factors .  Th e 

iodomethyldimethylsily l  reagent s  ar e  unstabl e  an d canno t  b e  store d 

conveniently .  Iodomethyldimethylsily l  derivative s  ar e  prepare d i n  sit u  b y 

halid e  ion-exchang e  betwee n th e  chloro -  o r  bromomethyldimethylsily l  ether s  an d 

sodiu m iodide .  Vigorou s  reactio n condition s  ca n resul t  i n  th e  displacemen t  o f 

eithe r  th e  haloge n ato m o r  halomethy l  grou p t o  giv e  a  non-electron-capturin g 

derivativ e  [265,296] .  A s  a n approximat e  guid e  t o  th e  sensitivit y  o f  th e 

halomethyldimethylsily l  ether s  t o  th e  electron-captur e  detector ,  th e 

chloromethyldimethylsily l  ether s  hav e  a  simila r  respons e  t o  th e  electron -

captur e  detecto r  a s  observe d wit h th e  flam e  ionizatio n detector ;  th e 

bromodimethylsily l  ether s  ar e  several-fol d mor e  responsiv e  wit h detectio n limit s 

belo w th e  nanogra m level ;  while ,  th e  iodomethyldimethylsily l  ether s  ar e  th e  mos t 

responsiv e  o f  al l  an d ca n b e  determine d a t  th e  lo w picogra m level .  Th e  mas s 

spectr a  o f  th e  halomethyldimethylsily l  ether s  hav e  wea k molecula r  ion s  an d a n 

abundan t  characteristi c  daughte r  io n a t  [M-CH 2 X] + [297,298] .  A s  th e  halogen ,  X , 

decrease s  i n  electronegativity ,  s o th e  bon d fro m th e  silico n ato m t o th e  carbo n 

bearin g X  become s  stronge r  an d th e  los s  o f  CH~ X les s  likely . 

RELATIVE VOLATILIT Y AND ELECTRON-CAPTURE DETECTOR SENSITIVIT Y O F 
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The  "sily l  donor "  powe r  o f  th e  flophemesy l  reagent s  i n  pyridin e  wa s 

establishe d a s  flophemesylamin e  >  flophemesy l  chlorid e  >  flophemesyl -

-diethylamin e  >  flophemesyldisilazan e  »  flophemesylimidazol e  [290,299,300] . 

Flophemesylamin e  i s  a  particularl y  usefu l  reagen t  tha t  selectivel y react s  wit h 

unhindere d primar y an d secondar y hydroxy l  group s  i n  th e  presenc e  o f  unprotecte d 

keton e  groups .  Th e  additio n o f  a  catalys t  (flophemesy l  chloride )  change s  th e 

abov e  orde r  an d mixture s  o f  flophemesyldiethylamin e  an d flophemesy l  chlorid e 

provid e  th e  mos t  poten t  "sily l  donor "  media .  Th e  reactio n condition s  use d fo r 

th e  quantitativ e  derivatizatio n o f  steroi d hydroxy l  group s  ar e  summarize d i n 

Tabl e  7.1 9 [290] .  Th e  isopropylflophemesy l  an d t-butylflophemesy l  reagent s  hav e 

simila r  propertie s  t o  th e  flophemesy l  reagent s  unles s  reactio n condition s  ar e 

subjec t  t o  steri c  contro l  [291,292] ,  Thes e  derivative s  hav e  greate r  hydrolyti c 

stabilit y  tha n th e  flophemesy l  ether s  an d ar e  bette r  suite d t o  trac e  analysi s 

when extensiv e  sampl e  manipulatio n an d cleanu p i s  require d prio r  t o 

determinatio n b y ga s  chromatography .  Th e  flophemesy l  reagent s  ca n b e  detecte d 

wit h a n electron-captur e  detecto r  i n  th e  lo w nanogra m t o picogra m range .  Th e 

mas s  spectr a  o f  th e  flophemesy l  ether s  ofte n hav e  prominen t  molecula r  ion s  wit h 

a  highe r  percentag e  o f  th e  tota l  io n curren t  carrie d b y hydrocarbo n fragment s 

tha n i s  observe d wit h th e  TMS ether s  [301,302] .  Th e  principa l  ion s  o f  lowe r  m/ z 

ar e  dominate d b y th e  presenc e  o f  fluorosilan e  ion s  (m/ z  4 7 [SiF] +,  m/ z  7 7 

[S^CH^^F]" 1" ,  an d m/ z  8 1 [SiiCH^^]* )  an d fluorocarbo n ion s  originatin g fro m 

fluorocarbo n tropyliu m ion s  (m/ z  18 1 [C^H^]" 1 " ,  m/ z  16 3 [C^F^]" 1 " ,  m/ z  15 9 

[CgH^F^] 4" ,  an d m/ z  14 5 [C^H^F^]* )  [303] .  Th e  fluorocarbo n tropyliu m ion s  aris e 

by fluorine-alky 1 exchang e  betwee n th e  pentafluoropheny l  rin g an d silicon . 

Thei r  furthe r  decompositio n produce s  a  characteristi c  serie s  o f  fluorocarbo n 

fragments .  Th e  mas s  spectr a  o f  th e  isopropylflophemesy l  an d 

chloromethylflophemesy l  derivative s  ar e  characterize d b y wea k o r  absen t 

molecula r  ions ,  ver y fe w dominan t  silicon-containin g ions ,  an d a  relativel y 

abundan t  serie s  o f  fluorocarbo n ion s  [291] ,  Los s  o f  th e  alky l  o r  halomethy l 

grou p fro m th e  molecula r  io n i s  ofte n th e  bas e  pea k o f  th e  spectru m [291,292] . 

7.13. 2  Haloalkylacy l  Derivative s 

The  haloalky l  aci d chloride s  an d anhydride s  ar e  probabl y th e  mos t  studie d 

reagent s  fo r  th e  introductio n o f  a n electron-capturin g grou p int o compound s  wit h 

protoni c  functiona l  group s  (excep t  carboxyli c  acids) ,  Figur e  7.18 .  Althoug h 

the y contai n haloge n atom s  t o  provid e  a  respons e  t o  th e  electron-captur e 

detector ,  the y ar e  equall y  suitabl e  fo r  us e  wit h th e  flam e  ionizatio n detector , 

an d hav e  almos t  entirel y  displace d th e  hydrocarbonacy l  derivative s  fro m genera l 

use .  I n  particular ,  th e  perfluorocarbonacy l  reagent s  (trifluoroacteyl , 

pentafluoropropionyl ,  heptafluorobutyryl )  produc e  stable ,  volatil e  derivative s 
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TABLE 7.1 9 

Steroi d Flophemesy l Flophemesyl - Flophemesyl - Flophemesyl -
Chlorid e amin e diethylamine : diethylamine : 

Flophemesy l Flophemesy l 
Chloride(10:l )  Chlorid e  (1:1 ) 

Cholestero l A Â Â Â 
Ergostero l A Â Â Â 
Cholestano l A Â Â Â 
2p,3p-dihydroxy -
5a-cholestano l A Â Â Â 
2 â ,  5  a ,  6p-t r  ihydroxy -
cholestan e Aa B a B a B a 

2 p ,  5a-dihydroxy - h h 
cholestan-6-on e AD B b B b NQ 
2 p ,  3  p ,  14a-trihydroxy -
cholest-7-en-6-on e AC B C B C B C 

3a ,  20a-dihydroxy -
5p~pregnan e A Â Â Â 
17a-methyl-17p-hydroxy -
androst-4-en-3-on e NQ NR Â Â 
1ip~hydroxyandrost -
4-en-3,17-dion e NR NR NR A 
17a-hydroxypregn-4 -
en-3,20-dion e NR NR NR C 
3a,17a,20a-trihydroxy -
5p~pregnan e CP CP CP CP 
17a ,  21-dihydroxypregn -
4-en-3,ll,20-trion e I R I R I R 
17p,lip,21-trihydroxy -
pregn-4-en-3,20-dion e I R I R I R NQ 

A 2 p an d 6  ñ group s  react ;  b  2 P  grou p reacts ;  an d  C  2 P  an d 3 Ñ 
group s  react . 

OH 
NH 2 

:N H 
NOH 

CONH 2 

S H 
S0 2NHR 
CHjC^ O 

OAc 
NHAc-N(Acl 2 

NAc 
Í  OAc 
CONHA c 
SAc 
S0 2NRAc 
-CH=COA c 

Figur e  7.1 8 Functiona l  group s  formin g acylate d derivatives . 

CONDITIONS FO R TH E FORMATION O F FLOPHEMESYL STEROI D ETHERS 
A =  3  h  a t  60°C ;  Â  =  0.2 5 h  a t  roo m temp. ;  C  =  6  h  a t  85°C ;  N R =  n o reaction ; 
NQ =  non e  quantitative ;  C P =  cycli c  product ;  I R =  no t  al l  hydroxy l  group s 
react ;  excep t  fo r  flophemesylamin e  keton e  group s  ar e  converte d t o  methoximes . 
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whic h ofte n elut e  earlie r  an d wit h bette r  pea k shap e  tha n th e  hydrocarbonacy l 

derivatives . 

For  derivativ e  formatio n th e  appropriat e  anhydride ,  sometime s  i n  th e 

presenc e  o f  a n aci d accepto r  suc h a s  pyridine ,  lead s  t o  a  rapid ,  quantitativ e 

reactio n o f  al l  bu t  th e  mos t  stericall y  hindere d groups .  Th e  us e  o f  th e 

anhydrid e  ca n lea d t o  undesirabl e  sid e  reaction s  (dehydration ,  enolization , 

etc. )  wit h sensitiv e  molecule s  du e  t o  th e  stron g aci d condition s  prevailin g i n 

th e  reactio n medium .  Fo r  thes e  compounds ,  acylatio n ca n b e  performe d usin g th e 

acylimidazol e  reagent s  i n  whic h th e  by-produc t  o f  th e  reacito n i s  th e  weakl y 

amphoteri c  imidazole .  Th e  perfluoroalkylacy l  derivative s  hav e  goo d ga s 

chromatographi c  propertie s  an d hig h volatility .  Th e  chloroactey l  an d 

bromoacety l  derivative s  hav e  lon g retentio n time s  ofte n accompanie d b y poo r  pea k 

shap e  an d poo r  therma l  stabilit y  compare d t o  th e  perfluoroacy l  derivatives . 

The  relativ e  respons e  o f  th e  electron-captur e  detecto r  t o  som e 

haloalkylacy l  derivative s  i s  summarize d i n  Tabl e  7.2 0 [304-309] .  I n  genera l 

terms ,  th e  monochloroactey l  an d chlorodifluoroactey l  derivative s  ar e  mor e 

sensitiv e  tha n th e  trifluoroactey l  derivatives .  Increasin g th e  fluorocarbo n 

chai n lengt h o f  th e  fluorocarbonacy l  derivative s  increase s  thei r 

electron-captur e  detecto r  respons e  withou t  inconvenientl y  increasin g thei r 

retentio n times .  Th e  heptafluorobutyry l  derivative s  ar e  considere d t o  b e  th e 

bes t  compromis e  betwee n detecto r  sensitivit y  an d volatilit y  fo r  mos t 

applications . 

The  mas s  spectr a  o f  th e  halocarbonacy l  derivative s  frequentl y  hav e  abundan t 

TABLE 7.2 0 
RELATIVE RESPONSE O F TH E ELECTRON-CAPTURE DETECTOR T O SOME HALOALKYLACYL 
DERIVATIVES 

Derivativ e Amphetamin e Testosteron e Thymol Diethyl -
stilbestero l 

Benzylamin e 

Acety l 1. 0 1. 0 
Monofluoroacety l 0.00 7 
Monochloroacety l 1. 0 40 0. 3 2. 7 75 0 
Chlorodifluoro -
acety l 34 0 
Dichloroacety l 2. 6 
Trichloroacety l 54 0 2. 1 
Trifluoroacety l < 0. 1 4 1. 7 20 0 
Pentafluoro -
propiony l 40 50 1. 3 15 572 5 
Heptafluorobutyry l  9 0 19 0 1. 0 23 1787 5 
Perfluorooctony l 23 0 60 0 21 
Pentafluoro -
benzoy l 77 0 6. 9 
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ion s  a t  hig h m/ z  values .  Consequentl y  the y hav e  ofte n foun d us e  i n  studie s 

usin g single-io n monitorin g fo r  detectio n an d quantitatiio n o f  th e  derivatives . 

The  abundanc e  o f  th e  molecula r  io n varie s  an d depend s  primaril y  o n th e  natur e  o f 

th e  compoun d derivatized .  I n  mos t  cases ,  ion s  correspondin g t o [ £ ç ^ 2 ç + é ]+ occu r 

abundantl y  i n  th e  mas s  spectr a  o f  th e  perfluorocarbonacy l  derivatives .  Th e 

^n^2n+ l^^ + "*" on ̂ S u s u a H v a ^- s o fairl y  prominen t  an d a  los s  o f  (Cj^^^CX^ ) 

occur s  readil y  i n  th e  mas s  spectr a  o f  alcohol s  an d phenols .  Aliphati c  amine s 

ten d t o  giv e  abundan t  ion s  correspondin g t o  t^ n ^2n+1^^^2-' + * 

7.13. 3  Esterificatio n 

Esterificatio n i s  use d t o  derivatiz e  carboxyli c  acid s  an d othe r  acidi c 

functiona l  group s  [259-261] .  I n  a  typica l  reactio n th e  carboxyli c  aci d i s 

dissolve d i n  a n exces s  o f  a n alcoho l  whic h contain s  a  fe w percen t  o f  a n aci d 

catalys t  suc h a s  hydroge n chloride ,  sulfuri c  acid ,  thiony l  chloride ,  boro n 

trifluorid e  etherate ,  boro n trichloride ,  o r  a n ion-exchang e  resi n  [310] .  Man y 

esterificatio n reaction s  ar e  slo w an d elevate d temperature s  ar e  frequentl y 

used .  A s  th e  esterificatio n reactio n i s  a n equilibriu m reactio n i t  ma y b e 

necessar y t o  remov e  th e  wate r  forme d a s  a  produc t  durin g th e  reactio n t o  obtai n 

a  quantitativ e  yiel d o f  derivative .  A  Dean-Star k trap ,  reflu x i n  a  Soxhle t 

apparatu s  containin g a  desiccan t  i n  th e  thimble ,  o r  a  solven t  whic h react s  wit h 

wate r  (e.g. ,  2,2-dimethoxypropane )  ma y b e  use d fo r  thi s  purpos e  [311] ,  T o 

derivatiz e  carboxyli c  acid s  wit h lo w solubilit y  i n  highe r  alcohol s  th e  techniqu e 

of  transesterificatio n i s  used .  Fo r  example ,  cystin e  an d th e  basi c  amin o acid s 

ar e  virtuall y  insolubl e  i n  n-butanol .  T o prepar e  thei r  buty l  esters ,  th e  methy l 

ester s  ar e  forme d first ,  th e  methylatin g reagent s  remove d b y evaporation ,  an d 

th e  methy l  ester s  the n converte d t o  th e  buty l  ester s  b y refluxin g th e  residu e 

wit h a n exces s  o f  n-butano l  an d aci d catalys t  [138,312] .  Th e  yiel d o f  buty l 

ester s  i s  usuall y  quantitativ e  compare d t o  a  fe w percen t  i n  th e  cas e  o f  direc t 

reaction .  Electron-capturin g derivative s  ca n b e  prepare d usin g alcohol s  suc h a s 

2,2,2-trifluoroethanol ,  2,2,3,3,3-pentafluoro-l-propanol ,  1-chloro-l,1,3,3,3 -

pentafluoro-2-propanol ,  an d hexafluoro-2-propano l  [313-318] . 

7.13. 4  Alkylatio n 

The  ter m "alkylation "  cover s  a  variet y  o f  technique s  i n  whic h a n activ e 

hydroge n ato m i s  replace d i n  a  chemica l  reactio n b y a n alky l  or ,  sometimes ,  a n 

ary l  grou p [259,267,268,272] .  Functiona l  grou p type s  whic h ca n b e  alkylate d ar e 

show n i n Figur e  7.19 .  A  variet y  o f  reagent s  an d method s  ar e  use d i n  thei r 

preparation ,  o f  whic h th e  mos t  importan t  ar e  th e  reactio n wit h a n alky l  halid e 

an d catalyst ,  diazoalkanes ,  Í,Í'-dimethylformamid e  dialky l  acetals ,  extractiv e 

alkylation ,  pyrolyti c  alkylation ,  an d arylation .  Olde r  reactions ,  suc h a s  th e 
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R - COO H 

R - S 0 2 O H 

R - O H -

R - S H -

R - N H 2 

R - N H R 2 

R - C O N H . 

R - S 0 2 N H 2 

R X - C O C H 2 C O - R 2 

R - COO R 

R - S 0 2 O R 

R - O R 

R - S R ' 

R - N ( R ' ) 2 

R X R 2 N R 

R - C O N ( R ) 2 

R - S 0 2 N ( R ' ) 2 

R 1 - COC H = C - R 

O R 

R =  alky l  grou p 

Figur e  7.1 9 Functiona l  group s  whic h ca n b e  alkylated . 

us e  o f  dimethy l  sulfat e  wit h bas e  catalys t  (sodiu m hydroxide ,  potassiu m 

carbonate) ,  ar e  infrequentl y  use d a s  th e  reaction s  ten d t o  b e  slowe r  an d les s 

quantitativ e  tha n th e  reagent s  mentione d above .  Reagent s  suc h a s 

3-alkyl-l-p-tolyltriazenes ,  alky l  fluorosulfonates ,  an d trialkyloxoniu m 

fluoroborate s  hav e  bee n use d i n  organi c  synthesi s  bu t  remai n littl e  explore d fo r 

analytica l  purposes . 

Alky l  halide s  i n  th e  presenc e  o f  silve r  oxid e  wil l  conver t  an y non-hindere d 

carboxyli c  aci d (o r  it s  salt )  t o  th e  correspondin g alky l  este r  i n  minutes ,  an d 

phenoli c  o r  thio l  group s  wil l  als o b e  alkylate d rapidl y  [259] .  Hydroxy l  group s 

ar e  alkylate d slowl y an d no t  alway s  t o  completion .  Th e  alky l  halide s  mos t 

frequentl y  use d ar e  th e  lowe r  molecula r  weigh t  aliphati c  bromide s  an d iodide s 

(e.g. ,  methyl ,  ethyl ,  propyl ,  isopropyl ,  butyl ,  etc. )  o r  benzy l  an d substitute d 

benzy l  bromides .  Th e  reactio n ha s  bee n extensivel y investigate d fo r  th e 

alkylatio n o f  sugars .  Oxidativ e  degradatio n o f  fre e  sugar s  an d migratio n o f 

0-acety l  group s  ca n lea d t o  unexpecte d by-products .  N-acety l  group s  ar e  usuall y 

stabl e  t o  th e  reactio n conditions .  I n  a  typica l  reaction ,  silve r  oxid e  i s  adde d 

t o  a  solutio n o f  th e  substrat e  i n  a n exces s  o f  alky l  halid e  an d th e  mixtur e  i s 

shake n i n  th e  dar k unti l  reactio n i s  complete .  Slo w reaction s  ar e  usuall y 

monitore d a t  interval s  b y an y suitabl e  chromatographi c  techniqu e  an d fres h 

portion s  o f  silve r  oxid e  ar e  adde d a s  necessary . 
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Bariu m oxid e  an d sodiu m hydrid e  ar e  mor e  poten t  catalyst s  tha n silve r 

oxide .  Wit h bariu m oxid e  catalysis ,  reaction s  occu r  mor e  rapidl y bu t  0-acety l 

migratio n i s  promoted .  Wit h sodiu m hydride ,  eve n stericall y  hindere d group s  ma y 

be  quantitativel y alkylate d bu t  unwante d C-alkylatio n instea d of ,  o r  i n  additio n 

to ,  0-alkylatio n i s  a  possibility . 

When sodiu m hydrid e  i s  use d a s  a  catalys t  i n  dimethy l  sulfoxide ,  th e 

methylsulfiny l  anio n i s  formed .  Usually ,  th e  methylsulfiny l  anio n i s  prepare d 

initiall y  b y heatin g sodiu m hydrid e  an d dimethy l  sulfoxid e  togethe r  unde r 

anhydrou s  conditions .  Whe n th e  evolutio n o f  hydroge n ha s  ceased ,  a  solutio n o f 

th e  substrat e  i n  dimethy l  sulfoxid e  i s  adde d an d th e  mixutr e  i s  stirre d an d 

coole d prio r  t o  th e  slo w dropwis e  additio n o f  th e  alky l  halide .  Th e  reactio n 

condition s  ar e  suitabl e  fo r  derivatizin g extremel y smal l  amount s  o f  materia l 

suc h a s  thos e  require d fo r  sequencin g polysaccharide s  an d peptide s  b y mas s 

spectrometr y [319,320] .  Unde r  th e  abov e  reactio n conditions ,  0-acy l  group s  ar e 

completel y replace d b y 0-alky l  group s  an d N-acy l  group s  ar e  converte d t o 

N-alkyl-N-acylamid o derivatives : 

R0C0R1 >  ROR' 

RNHOOORj  >  RN(R')C0R 1 

Rf  =  alky l  grou p 

Base-sensitiv e  substance s  wil l  underg o side-reaction s  durin g treatmen t  wit h thi s 

reagen t  [321] , 

Diazoalkan e  alkylatin g reagent s  includ e  diazomethane ,  diazoethane , 

diazopropane ,  diazobutane ,  diazoisobutane ,  an d phenyldiazomethan e  [272] ; 

diazomethan e  i s  mos t  frequentl y  used .  Th e  othe r  reagent s  ar e  use d principall y 

t o  improv e  chromatographi c  separatio n whe n th e  methy l  derivative s  ar e  unsuitabl e 

or  t o  avoi d los s  o f  volatil e  methy l  derivative s  o f  lo w molecula r  weigh t 

substance s  durin g th e  remova l  o f  exces s  reagents .  Reactio n condition s  ar e  ver y 

simple :  a  solutio n o f  th e  diazoalkan e  i s  adde d t o  a  solutio n o f  th e  substrat e 

a t  o r  belo w roo m temperatur e  unti l  a  fain t  yello w colo r  persist s  an d th e 

evolutio n o f  nitroge n ga s  ceases .  Exces s  reagen t  ma y b e  remove d b y evaporatio n 

or  destroye d b y additio n o f  aci d (e.g. ,  aceti c  acid) . 

Diazoalkane s  alkylat e  acidi c  an d enoli c  group s  rapidl y an d othe r  group s 

wit h replaceabl e  hydrogen s  slowly .  Carboxyli c  an d sulfoni c  acids ,  phenols ,  an d 

enol s  ar e  alkylate d virtuall y  instantaneousl y whe n treate d wit h thi s  reagent . 

Lewi s  aci d catalyst s  (e.g. ,  BF^*Et^O )  ar e  use d t o  promot e  th e  reactio n o f 

substance s  containin g hydroge n atom s  o f  lo w reactivit y  (e.g. ,  alcohols) . 

Becaus e  o f  th e  larg e  differenc e  i n  reactio n rates ,  man y substance s  containin g 

carboxyli c  aci d an d phenoli c  group s  ca n b e  selectivel y alkylate d i n  th e  presenc e 

of  les s  reactiv e  functiona l  groups .  Alternatively ,  methano l  ca n b e  use d t o 
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advantag e  a s  a  solven t  fo r  th e  alkylatio n o f  carboxyli c  acids .  Whe n Lewis-aci d 

catalysi s  i s  used ,  acid-labil e  substance s  ma y underg o undesirabl e 

transformation s  induce d b y th e  catalys t  whil e  0-acylate d sugar s  wit h fre e 

hydroxy l  group s  ar e  alkylate d wit h 0-acy l  migration .  Th e  diazoalkane s  ar e 

versatil e  syntheti c  reagent s  i n  preparativ e  organi c  chemistry .  A s  wel l  a s 

alkylation ,  the y als o underg o a  wid e  rang e  o f  additio n an d cyclizatio n reaction s 

whic h ma y resul t  i n  unexpecte d product s  wit h multifunctiona l  compound s  [272] , 

The  diazoalkane s  ar e  toxi c  substance s  an d ma y explod e  o n contac t  wit h roug h 

surfaces .  Consequently ,  man y worker s  prefe r  no t  t o  mak e  larg e  quantitie s  o f 

thes e  material s  whe n onl y smal l  quantitie s  ar e  neede d fo r  derivatizatio n 

reactions .  Simpl e  micro-diazoalkan e  generator s  capabl e  o f  rapidl y preparin g 

smal l  quantitie s  o f  th e  reagents ,  a s  required ,  hav e  bee n describe d [322,323] . 

Variou s  Í,N f-dimethylformamid e  dialky l  acetals ,  (CH 3 ) 2 NCH(0R f ) 2 ,  ar e 

commerciall y  availabl e  i n  whic h R '  =  CH^ ,  C 2 H^,  C^H^ ,  an d C^H^ .  The y reac t 

rapidl y wit h carboxyli c  acids ,  phenols ,  an d thiol s  t o  giv e  th e  correspondin g 

alky l  derivative s  [324-327] .  Fre e  amine s  an d amide s  giv e  th e 

N-dimethylaminomethylen e  an d N-alky l  derivatives ,  respectivel y [324,326-330] . 

Simpl e  amin o acid s  ar e  full y  derivatize d t o  th e  N-dimethylaminomethylen e  alky l 

ester s  [324] : 

(CHJ 9 NCH(0R f ) 
RNH2 — — > RN=CHN(CH3 ) 2 

RC0NHR1 >  RC0NR 1Rf 

RCH-C00H >  RCH-C00R ' 
I I 
NH2 N=CHN(CH 3 ) 2 

Althoug h th e  reactio n condition s  ma y b e  similar ,  th e  product s  generate d wit h 

thes e  reagent s  ma y no t  b e  th e  sam e  an d thi s  mus t  b e  take n int o consideration . 

The  dimethylformamid e  dialky l  acetal s  ca n condens e  wit h compound s  containin g 

activ e  methylen e  group s  an d wit h N-heterocycli c  compounds ;  alkylatio n o r  a n 

exchang e  reactio n t o  generat e  a  ne w aceta l  ma y als o occur . 

Ï 
1 1 (CH 3) 2NCH(OR') 2 | Á Ã 0 Ç Í ( 0 Ç 3 ) 2 

< £ ^ I H £ O ^ J - C H ( O R ' ) 2 + (CH 3) 2NH 

Derivatizatio n reaction s  shoul d b e  performe d unde r  scrupulousl y dr y 

condition s  a s  th e  reagent s  readil y  hydrolyz e  t o  dimethylformamid e  an d th e 

appropriat e  alcohol .  Unde r  favorabl e  conditions ,  th e  reagent s  ac t  a s  thei r  ow n 
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solven t  an d th e  reactio n i s  complet e  a s  soo n a s  th e  sampl e  dissolves .  Les s 

reactiv e  compound s  ma y requir e  th e  additio n o f  solven t  and/o r  heatin g a t  5 0 t o 

60° C fo r  abou t  1 5 min . 

Extractiv e  alkylatio n i s  use d t o  derivatiz e  acids ,  phenols ,  alcohols ,  o r 

amide s  i n  aqueou s  solutio n [272,331-334] ,  Th e  p H o f  th e  aqueou s  phas e  i s 

adjuste d t o  ensur e  complet e  ionizatio n o f  th e  acidi c  substanc e  whic h i s  the n 

extracte d a s  a n ion-pai r  wit h tetraalkylammoniu m hydroxid e  int o a  suitabl e 

immmiscibl e  organi c  solvent .  I n  th e  poorl y solvatin g extractant ,  th e  substrat e 

anio n possesse s  hig h reactivit y  an d th e  nucleophili c  displacemen t  reactio n wit h 

an alky l  halid e  occur s  unde r  favorabl e  conditions . 

Variou s  tetraalkylammoniu m ion s  ar e  use d t o  for m extractabl e  ion-pair s 

includin g tetrabutyl- ,  tetrapentyl- ,  an d tetrahexylammonium .  Th e  choic e  o f 

catio n depend s  o n th e  efficienc y wit h whic h th e  ion-pai r  wil l  extrac t  fro m 

aqueou s  solutio n an d the n underg o alkylation .  Almos t  an y alky l  halid e  ca n b e 

use d a s  th e  alkylatin g agent ;  selectio n i s  base d o n th e  separatio n require d i n 

th e  chromatogra m an d th e  degre e  o f  sensitivit y  neede d fo r  detectio n purposes . 

The  lowe r  member s  o f  th e  homologou s  serie s  o f  alky l  bromide s  an d iodide s  ar e 

use d wit h th e  flame-ionizatio n detecto r  an d pentafluorobenzy l  bromid e  wit h th e 

electron-captur e  detector . 

Derivativ e  formatio n i s  usuall y  rapi d a t  roo m temperatur e  i n  th e  organi c 

phase ,  althoug h elevate d temperature s  ma y occasionall y  b e  required .  O n 

completio n o f  th e  reaction ,  th e  derivativ e  ca n b e  isolate d b y selectiv e 

extractio n i f  th e  substrat e  contain s  othe r  functiona l  group s  whic h mak e  thi s 

possibl e  or ,  mor e  generally ,  b y evaporatin g th e  organi c  extrac t  an d takin g u p 

th e  residu e  i n  a  hydrocarbo n solvent .  A  non-pola r  solven t  i s  recommende d sinc e 

th e  reactio n by-product ,  th e  alkylammoniur n halide ,  i s  almos t  insolubl e  i n  suc h 

solvents .  Th e  remova l  o f  th e  alkylammoniu m halid e  fro m th e  fina l  extrac t  prio r 

t o  ga s  chromatograph y i s  importan t  t o  avoi d th e  problem s  o f  colum n 

contamination ,  wid e  solven t  fronts ,  interferenc e  wit h th e  detecto r  response ,  an d 

by-produc t  formation . 

Pyrolyti c  alkylatio n i s  th e  proces s  whereb y a  volatil e  alky l  derivativ e  o f 

an acidi c  compoun d i s  forme d b y therma l  decompositio n o f  a  quarternar y 

N-alkylammoniu m sal t  o f  th e  aci d i n  th e  heate d injectio n por t  o f  a  ga s 

chromatograp h [267,268] ,  Th e  alky l  derivativ e  an d th e  othe r  volatil e  product s 

of  th e  reactio n ar e  the n swep t  ont o th e  colum n b y th e  carrie r  ga s  an d elute d i n 

th e  usua l  manner .  Pyrolyti c  alkylatio n ca n b e  use d fo r  th e  analysi s  o f  a 

variet y  o f  organi c  compound s  containin g acidi c  N H an d O H functiona l  groups . 

ROH +  Bu 4N0H 

(Bu,N +R0~)  +  R'B r 

-> (Bu 4 N+R0 )  +  H 2 0 

-> ROR'  +  Bu 4NBr 



50 4 

Thes e  includ e  carboxyli c  acids ,  phenols ,  barbiturates ,  sulfonamides ,  an d 

heterocycli c  nitroge n compound s  suc h a s  purines ,  pyrimidines ,  an d xanthines . 

For  th e  preparatio n o f  methy l  derivatives ,  aqueou s  o r  methanoli c  solution s  o f 

tetramethylammoniu m hydroxide ,  phenyltrimethylammoniu m hydroxide , 

trimethylaniliniu m hydroxide ,  o r  m-trifluoromethylphenyltrimethylammoniu m 

hydroxid e  ar e  usuall y  used .  Highe r  alky l  homolog s  ar e  prepare d wit h 

tetraethyl- ,  tetrapropyl- ,  o r  tetrabutylammoniu m hydroxides ,  etc . 

The  derivativ e  formin g proces s  involve s  tw o sequentia l  reactions : 

deprotonatio n o f  th e  acidi c  substrat e  i n  aqueou s  solutio n b y th e  strongl y basi c 

tetraalkylammoniu m io n an d th e  therma l  decompositio n o f  th e  quarternar y 

N-alkylammoniu m sal t  forme d t o  giv e  a  tertiar y amin e  an d alky l  derivative . 

RC00H +  C 6 H5 (CH 3 ) 3 N+ 0H"  >  RC00 "  +  C 6 H5 N+ ( C H 3 ) 3 +  H 2 0 

RC00"  +  C 6 H5 N+ ( C H 3 ) 3 >  RC00CH 3 +  C ^ N ( C H 3 ) 2 

For  som e  wea k acid s  bot h processe s  ma y occu r  virtuall y  simultaneousl y i n  th e 

injecto r  ove n o f  th e  ga s  chromatograph . 

The  tetraalkylammoniu m hydroxide s  deprotonat e  th e  mor e  acidi c  organi c  acid s 

(p K <  12 )  rapidl y an d virtuall y  qunatitativel y (e.g. ,  carboxyli c  acid s  p K 4-5 ; a  a 
phenols ,  p K 9-12) .  Th e  weake r  organi c  acid s  (p K >  12 )  ar e  no t  extensivel y 

a  a 
deprotonate d unde r  suc h condition s  an d consequentl y  d o no t  for m derivative s  b y 

pyroloti c  alkylatio n (e.g. ,  aliphati c  alcohols ,  p K 16-19 ;  amides ,  p K abou t 

a  a 

25) . 

The  therma l  decompositio n o f  th e  quarternar y N-alkylammoniu m sal t  occur s  b y 

a  nucleophili c  attac k o f  th e  anio n upo n th e  quarternar y N-alkylammoniu m catio n 

i n  th e  injecto r  ove n o f  th e  ga s  chromatograph .  Th e  optimu m pyrolysi s 

temperatur e  depend s  primaril y  upo n th e  structur e  o f  th e  catio n an d i s 

establishe d b y tria l  an d error .  Th e  usua l  operatin g rang e  i s  22 0 -  375°C .  An y 

exces s  tetraalkylammoniu m hydroxid e  tha t  i s  co-injecte d wit h th e  sampl e  i s 

thermall y decompose d t o  giv e  volatil e  product s  (th e  tertiar y amin e  wit h smal l 

quantitie s  o f  th e  correspondin g alky l  alcohol s  an d dialky l  ether) .  Methanoli c 

trimethylaniliniu m hydroxid e  als o produce s  smal l  quantitie s  o f  anisol e  a s  a 

by-product . 

Despit e  it s  grea t  utility ,  pyrolyti c  alkylatio n ha s  no t  bee n withou t 

problems .  On e  majo r  defec t  o f  th e  metho d i s  tha t  certai n  base -  an d 

heat-sensitiv e  compound s  ca n b e  isomerize d o r  degrade d unde r  th e  condition s  o f 

hig h alkalinit y  an d hig h temperatur e  employed .  Fo r  example ,  phenobarbiton e 

undergoe s  base-catalyze d cleavag e  an d partia l  degradatio n t o  for m 

N-methyl -a-phenylbutyramid e  a s  a  by-produc t  [272,335] , 
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C « H s ( C H 3 ) 3 N + O H -

H3C ' 

C 2 H S + 

: ,H 5 

H 3C S ft  / Ú , Ç, 
N-C-C H 

H / S C H 5 

However ,  by-produc t  formatio n ca n b e  controlle d b y adjustin g th e  p H o f  th e 

extrac t  prio r  t o  injection .  Thi s  i s  don e  b y co-injectio n wit h a n aci d o r  b y 

usin g a n alkylatin g agen t  o f  lowe r  basicit y  (e.g. ,  trimethylaniliniu m 

hydroxide) .  Simila r  observation s  hav e  bee n mad e  fo r  othe r  substance s  belongin g 

t o  differen t  compoun d classes .  Anothe r  proble m i s  tha t  th e  efficienc y o f  th e 

therma l  decompositio n reactio n i s  ofte n strongl y affecte d b y th e  rat e  a t  whic h 

th e  sampl e  solutio n i s  injected .  I n  man y instances ,  slo w injectio n (2- 5 second s 

pe r  microliter )  yield s  bette r  result s  i n  term s  o f  solven t  response ,  pea k height , 

an d pea k resolutio n tha n rapi d injection . 

By fa r  th e  mos t  importan t  reagen t  fo r  arylatio n i s  2,4-dinitrofluorobenzen e 

[267,272] ,  Thi s  reagen t  wil l  derivatiz e  amine ,  thiol ,  an d pheno l  group s  i n 

buffere d aqueou s  solutio n o r  i n  non-aqueou s  solvents .  Heatin g i s  usuall y 

require d an d reaction s  ma y b e  non-quantitative ,  particularl y  fo r 

sterically-hindere d groups .  2,4-Dinitrobenzenesulfoni c  aci d i s  preferre d fo r 

some  application s  du e  t o  it s  highe r  selectivit y  fo r  amine s  an d th e  fac t  tha t  th e 

acidi c  derivatizin g reagen t  ca n b e  easil y  separate d fro m th e  derivativ e  i n  th e 

reactio n medium .  Th e  principa l  limitatio n o f  th e  dinitropheny l  derivative s  i s 

thei r  poo r  ga s  chromatographi c  volatility .  However ,  the y provid e  a  hig h 

respons e  toward s  th e  electron-captur e  detecto r  an d ca n b e  use d fo r  trac e 

analysi s  [336,337] , 

7.13. 5  Pentafluorophenyl-Containin g Derivative s 

Reagent s  fo r  th e  preparatio n o f  pentafluorophenyl-containin g derivative s 

ar e  summarize d i n  Tabl e  7.21 .  The y ca n b e  use d t o  derivatiz e  a  broa d spectru m 

of  organi c  compounds ,  includin g tertiar y amines .  I n  som e  case s  thes e  reagent s 

offe r  a  hig h degre e  o f  specificity ,  fo r  exampl e  th e  determinatio n o f  primar y 

amine s  wit h pentafluorobenzaldehyd e  an d carboxyli c  acid s  wit h pentafluorobenzy l 

alcohol .  Th e  pentafluorophenyl-containin g derivative s  ar e  generall y  eas y t o 

prepare ,  ar e  volatil e  wit h goo d ga s  chromatographi c  properties ,  an d provid e  a 

hig h respons e  t o  th e  electron-captur e  detector .  Thei r  reaction s  procee d 

smoothl y an d fe w unexpecte d by-product s  hav e  bee n identified .  Wit h secondar y 

amines ,  pentafluorobenzaldehyd e  ca n reac t  t o  for m mixture s  o f  ring-substitute d 

product s  involvin g hydroge n fluorid e  eliminatio n an d cycli c  derivative s  ca n b e 
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forme d wit h á-hydroxylamine s  [346,347] , 

TABLE 7.2 1 

REAGENTS FO R TH E INTRODUCTION O F TH E PENTAFLUOROPHENYL GROUP INT O ORGANIC 
COMPOUNDS 

Reagen t Functiona l  grou p typ e Referenc e 

Pentafluorobenzoy l  chlorid e Amines ,  phenols ,  alcohol s 338 , 33 9 

Pentafluorobenzy l  bromid e Carboxyli c  acids ,  phenols , 
mercaptans ,  sulfonamide s 

33 9 

Pentafluorobenzy l  alcoho l Carboxyli c  acid s 34 0 

Pentafluorobenzaldehyd e Primar y amine s 34 1 

Pentafluorobenzy l  chloroformat e Tertiar y amine s 342 , 34 3 

Pentafluorophenacety l  chlorid e Alcohols ,  phenols ,  amine s 33 8 

Pentafluorophenoxyacety l  chlorid e Alcohols ,  phenols ,  amine s 33 8 

Pentafluorophenylhydrazin e Ketone s 34 4 

Pentafluorobenzylhydroxylamin e Ketone s 34 5 

Pentafluorobenzy l  bromid e  i s  als o a  poten t  lachrymator y agen t  an d i s  unstabl e 

unde r  som e  condition s  use d fo r  extractiv e  alkylatio n [348] , 

Pentafluorophenylhydrazin e  an d pentafluorobenzy l  hydroxylamin e  derivative s  o f 

ketone-containin g compound s  ca n giv e  tw o peak s  du e  t o  th e  formatio n o f  syn -  an d 

anti-geometrica l  isomer s  [345,349,350] , 

7.13. 6  Reagent s  fo r  th e  Selectiv e  Derivatizatio n o f  Bifunctiona l  Compound s 

Bifunctiona l  compound s  ar e  characterize d b y th e  presenc e  o f  a t  leas t  tw o 

reactiv e  functiona l  group s  o n a  molecula r  framewor k tha t  place s  thes e  group s  i n 

clos e  proximit y t o  on e  another .  A s  suc h the y d o no t  constitut e  a  define d 

chemica l  clas s  o f  substance s  bu t  ar e  widel y distribute d amon g al l  classe s  o f 

functionalize d molecule s  (e.g. ,  steroids ,  lipids ,  carbohydrates ,  nucleosides , 

catecholamines ,  prostaglandins ,  amin o acids ,  etc.) .  I n  genera l  terms , 

bifunctiona l  compound s  ar e  compound s  containin g alky l  chain s  wit h functiona l 

group s  o n carbo n atom s  1,2- ,  1,3- ,  o r  1,4 -  wit h respec t  t o  on e  another ,  o r 

aromati c  ring s  wit h ortho-substitute d functiona l  groups .  Specifi c  reagent s  ca n 

reac t  wit h thes e  group s  t o  for m stabl e  cycli c  derivative s  [259,266,267] . 

Reagent s  use d t o  for m cycli c  derivative s  ca n b e  divide d int o tw o groups : 

thos e  whic h ca n b e  use d t o  derivatiz e  a  wid e  rang e  o f  functiona l  group s  an d 

reagent s  whic h ar e  highl y selectiv e  fo r  specifi c  functiona l  group s  o r  compound s 

(e.g. ,  acetone ,  phenylenediamine ,  dimethyldiacetoxysilane) .  O f  th e  genera l 
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reagent s  th e  mos t  importan t  ar e  th e  cycli c  boroni c  este r  derivative s  introduce d 

by Brook s  an d co-worker s  [351,352] . 

RCH-XH H O RCH- X 
I \ I \ 

(CH 0 )  +  BR T >  (CH 0 )  BR ,  +  H o 0 

j z n  /  é  é æ  l  Ä -

RCH-XH H O RCH- X 

Bifunctiona l  boroni c  cycli c  boroni c 
compoun d aci d este r 

X -  0 ,  N ,  S ,  C 0 9 ,  C O 
ç  =  0 ,  1 ,  2  1 

Referenc e  [266 ]  contain s  a  complet e  compilatio n o f  al l  publishe d application s  o n 

th e  us e  o f  boroni c  acid s  throug h 1979 .  Thei r  dominan t  positio n a s  derivatizin g 

reagent s  fo r  bifunctiona l  compound s  i s  a  consequenc e  o f  thei r  broa d rang e  o f 

application ,  eas e  o f  reaction ,  goo d therma l  an d G C properties ,  an d thei r  usefu l 

mas s  spectra l  features .  Disadvantage s  includ e  th e  poo r  hydrolyti c  stabilit y 

exhibite d b y man y derivative s  an d th e  eas e  o f  solvolysi s  observe d i n  multipl e 

derivatizatio n procedures .  Th e  boronat e  grou p ma y b e  partiall y  o r  completel y 

displace d whe n th e  selectiv e  reactio n o f  a  remot e  functiona l  grou p i s  require d 

t o  improv e  chromatographi c  properties .  Boronat e  derivative s  ca n b e  prepare d 

fro m compound s  havin g tw o functiona l  group s  i n  clos e  proximit y suc h a s  alky l 

1,2-diols ,  1,3-diols ,  1,4-diones ,  1,2-enediols ,  1,2-hydroxyacids , 

1,3-hydroxyacids ,  1,2-hydroxylamines ,  1,3-hydroxylamines ,  an d aromati c  compound s 

wit h ortho-substitute d phenol ,  amine ,  an d carboxyli c  aci d groups .  Mil d 

condition s  ar e  usuall y  sufficien t  fo r  derivativ e  formatio n an d a  typica l 

reactio n involve s  mixin g th e  boroni c  aci d an d substrat e  i n  a n anhydrou s  solven t 

a t  roo m temperatur e  fo r  a  shor t  tim e  (1. 0 t o  3 0 min) .  I n  som e  case s  exces s 

boroni c  aci d ma y b e  require d t o  forc e  th e  equilibriu m reactio n t o  completio n 

and ,  fo r  thos e  derivative s  whic h ar e  exceptionall y  moistur e  sensitive ,  a  mean s 

of  removin g th e  wate r  produce d i n  th e  reactio n i s  require d (e.g. ,  molecula r 

sieve s  ca n b e  adde d t o  th e  reactio n medium ,  2,2-dimethoxypropan e  ca n b e  adde d a s 

a  wate r  scavenger ,  o r  periodi c  azeotropi c  evaporatio n wit h benzen e  o r 

dichloromethan e  ca n b e  used) .  Direc t  injectio n o f  boronat e  derivative s  wit h 

remot e  unprotecte d pola r  funtiona l  group s  i n  th e  presenc e  o f  exces s  boroni c  aci d 

invariabl y result s  i n  poo r  chromatographi c  performance ,  exemplifie d b y tailin g 

peak s  o f  reduce d pea k height .  Sequentia l  derivatizatio n o f  th e  variou s 

functiona l  group s  i s  require d i n  thi s  cas e  an d specia l  attentio n mus t  b e  pai d t o 

th e  possibilit y  tha t  stron g reactio n condition s  coul d resul t  i n  los s  o f  th e 

boronat e  group . 

The  boroni c  acids ,  methaneboroni c  acid ,  butaneboroni c  acid ,  t-butaneboroni c 
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acid ,  cyclohexaneboroni c  acid ,  an d benzeneboroni c  acid ,  hav e  al l  bee n use d t o 

prepar e  derivative s  fo r  ga s  chromatography .  Th e  cyclohexaneboronate s  an d 

benzeneboronate s  hav e  lon g retentio n time s  i n  compariso n t o  th e  othe r  boronat e 

derivative s  an d ca n b e  inconvenien t  fo r  th e  analysi s  o f  poly-bifunctiona l  o r 

hig h molecula r  weigh t  compounds .  Th e  t-butaneboronate s  ar e  surprisingl y 

volatil e  o n silicon e  stationar y phase s  o f  lo w polarit y  wit h retentio n time s 

close r  t o  thos e  o f  th e  methaneboronate s  tha n th e  n-butaneboronates . 

Unfortunatel y th e  reagen t  an d derivative s  hav e  poo r  hydrolyti c  an d ai r  stabilit y 

whic h limit s  thei r  practica l  use .  Th e  methaneboronate s  ar e  ver y volatil e  an d 

th e  smal l  molecula r  weigh t  incremen t  forme d b y derivatizatio n i s  usefu l  i n  th e 

mas s  spectrometr y o f  hig h molecula r  weigh t  compounds .  Th e  butaneboronat e 

derivative s  provid e  a  convenien t  compromis e  betwee n volatilit y  an d stabilit y 

makin g the m th e  mos t  studie d derivatives .  Th e  stabilit y  o f  th e  boronat e 

derivative s  t o  TL C an d othe r  hydrolysi s  condition s  i s  variable ,  dependin g bot h 

on loca l  stereochemistr y o f  th e  bifunctiona l  grou p an d th e  individua l  boroni c 

aci d use d t o  prepar e  th e  derivative . 

The  boronat e  derivative s  hav e  usefu l  mas s  spectra l  propertie s  wit h 

prominen t  molecula r  ions ,  o r  quas i  [ M +  1 ] + molecula r  ion s  i n  th e  cas e  o f 

chemica l  ionizatio n mas s  spectrometry .  Th e  boronat e  grou p i s  no t  strongl y 

directin g i n  influencin g th e  mod e  o f  fragmentatio n a s  charg e  localizatio n 

invariabl y occur s  a t  a  cente r  remot e  fro m th e  boronat e  grou p du e  t o  th e 

electrophili c  characte r  o f  th e  boro n atom .  Thi s  ha s  th e  advantag e  tha t  th e 

abundan t  ion s  i n  th e  mas s  spectru m ar e  characteristi c  o f  th e  paren t  molecul e  an d 

no t  th e  derivatizin g reagent .  Th e  natura l  isotopi c  abundanc e  o f  boro n (^B:^ B 

= 1:4.2 )  aid s  i n  th e  identificatio n o f  boron-containin g fragment s  i n  th e  lo w 

resolutio n mas s  spectr a  o f  th e  boronat e  derivatives .  Th e  boron-isotop e 

distributio n i s  a  disadvantag e  whe n th e  mas s  spectromete r  i s  operate d a s  a 

singl e  io n ga s  chromatographi c  detector ,  sinc e  th e  io n curren t  carrie d b y th e 

boron-containin g fragmen t  i s  divide d i n  th e  sam e  rati o  a s  th e  isotop e 

distributio n wit h a  consequen t  reductio n i n  sensitivity . 

Boroni c  acid s  containin g electron-capturin g substitutent s  wer e  develope d b y 

Pool e  an d co-workers ,  Tabl e  7.2 2 [353,354] .  Th e  3,5-bis(trifluoromethyl) -

benzeneboronate s  ar e  remarkabl y volatile ,  wit h retentio n time s  significantl y 

shorte r  tha n th e  benzeneboronat e  derivatives .  Th e  4-iodobutaneboronate s  hav e 

retentio n time s  approximatel y 1. 8 time s  thos e  o f  th e  benzeneboronates .  Th e 

3-nitrobenzeneboronate s  an d naphthaleneboronate s  hav e  inconvenientl y  lon g 

retentio n time s  fo r  man y applications .  Wit h th e  exceptio n o f  th e 

naphthaleneboronates ,  al l  o f  th e  derivative s  sho w a  moderat e  detecto r  respons e 

whic h i s  enhance d b y th e  introductio n o f  haloge n atoms .  Th e  positio n o f  th e 

chlorin e  ato m i n th e  benzen e  rin g influence s  th e  respons e  o f  th e  detecto r  an d 

th e  highes t  respons e  i s  obtaine d wit h 2,4-dichlorobenzeneboronate .  Th e  respons e 
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of  th e  3,5-bis(trifluoromethyl)benzeneboronat e  derivative s  i s  markedl y 

temperature-dependent ;  i t  reache s  a  maximu m a t  lo w detecto r  temperature s  an d 

decline s  rapidl y a s  th e  temperatur e  i s  increased .  I t  wa s  recommende d tha t  th e 

fou r  boroni c  acids ,  2,4-dichlorobenzeneboroni c  acid ,  4-bromobenzeneboroni c  acid , 

4-iodobutaneboroni c  acid ,  an d 3,5-bis(trifluoromethyl)benzeneboroni c  acid ,  woul d 

provid e  a  suitabl e  selectio n o f  reagent s  fo r  mos t  application s  [354] ,  Th e  mas s 

spectr a  o f  th e  derivative s  forme d wit h th e  abov e  reagent s  almos t  alway s  hav e 

prominen t  molecula r  ions ,  ofte n th e  bas e  pea k o r  on e  o f  th e  mos t  abuandan t  ion s 

i n  th e  mas s  spectru m [355-357] ,  Th e  simpl e  los s  o f  a  haloge n ato m (Cl ,  Br ,  F ) 

fro m th e  molecula r  io n o r  principa l  daughte r  ion s  i s  observe d i n  al l  spectr a  bu t 

i s  rarel y prominent .  Daughte r  ion s  containin g boro n ar e  generall y  amon g th e 

mor e  abundan t  ion s  i n  th e  mas s  spectra . 

TABLE 7.2 2 

A COMPARISON O F TH E VOLATILIT Y AND EC D SENSITIVIT Y O F TH E ELECTRON-CAPTURING 
BORONIC ACID S 

Boroni c  Este r  Relativ e  Minimu m Optima l 
Retentio n Detectabl e  Detecto r 

Quantit y  Temperatur e 
(p g o f  pinacol )  (°C ) 

3,5-Bis(trifluoromethyl ) 
benzeneboronat e 0. 3 ± 0.0 5 3. 0 18 0 
Benzeneboronat e 1. 0 200. 0 15 0 
4-Iodobutaneboronate s 1. 8 ± 0. 5 
4-Bromobenzeneboronate s 3. 9 ± 0. 8 3. 0 35 0 
2,6-Dichlorobenzeneboronate s 4. 3 + 2. 0 18. 0 38 0 
2,4-Dichlorobenzeneboronate s 4. 7 ± 1. 7 4. 0 38 0 
3,5-Dichlorobenzeneboronate s 5. 0 ± 1. 1 11. 0 38 0 
2,4,6-Trichlorobenzeneboronate s 6. 9 ± 1. 8 4. 0 38 0 
3-Nitrobenzeneboronate s 11. 7 ± 3. 4 4. 0 30 0 
Naphthaleneboronate s 18. 5 + 4. 6 2550. 0 35 0 

Ethylphosphonothioi c  dichlorid e  (EPTD )  react s  wit h bifunctiona l  compound s 

containin g OH,  NH 2 ,  o r  C0 2 H group s  i n  th e  presenc e  o f  triethylamin e  t o  for m 

cycli c  derivative s  a s  show n belo w [358] . 

RCH-XH C l  S  RCH-X .  S 
I \| |  ( C Ç  )  Í  I \ | | 

( C H 2 ) n +  / Ñ ^ 2 Ç 5 >  <CH 2yP -C 2H5 

RCH-XH C l  RCH- X 

XH =  OH,  NH 9 ,  C0 9 H 
ç  =  0 ,  1  1  1 

EPTD als o react s  wit h ortho-substitute d aromati c  compound s  a s  wel l  a s  wit h som e 

compound s  containin g enolizabl e  keton e  groups .  Som e  derivative s  giv e  tw o peak s 
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on ga s  chromatograph y du e  t o  th e  formatio n o f  geometri c  isomers .  Low-leve l 

detectio n o f  th e  derivative s  i s  possibl e  usin g phosphorus -  o r  sulfur-selectiv e 

detectors .  Th e  mas s  spectr a  provid e  abundan t  molecula r  ion s  wit h a 

characteristi c  eliminatio n o f  ethy l  sulfid e  t o  for m a  daughte r  io n whic h i s 

ofte n th e  bas e  pea k o f  th e  spectrum .  Othe r  ion s  characteristi c  o f  th e 

derivative s  ar e  [ C ^ P S ] * an d [PS] + . 

Dimethyldichlorosilan e  an d dimethyldiacetoxysilan e  for m cycli c  siliconide s 

[359,360 ]  whil e  aceton e  form s  acetonide s  wit h cis-dio l  group s  [266] .  Incomplet e 

reaction ,  possibl e  formatio n o f  by-products ,  an d poo r  hydrolyti c  stabilit y  limi t 

th e  application s  o f  th e  siliconides .  Th e  acetonides ,  a  specifi c  exampl e  o f  th e 

formatio n o f  aceta l  an d keta l  derivative s  forme d wit h aldehyde s  an d ketones ,  ar e 

fre e  fro m mos t  o f  th e  problem s  observe d wit h siliconides .  Th e  introductio n o f  a 

haloge n substituen t  int o th e  alky l  portio n o f  aceton e  enhance s  th e  acidi c 

characte r  o f  th e  carbony l  grou p an d promote s  th e  formatio n o f  a  serie s  o f  stabl e 

monofunctiona l  adduct s  an d cycli c  derivative s  wit h á-substitute d carboxyli c 

acid s  no t  observe d wit h aceton e  itsel f  [361] . 

X =  N H 1,3-oxazolidin-5-on e 

X ^ . C H 3 X  =  0  l,3-dioxolan-5-on e 

(CF 2 C1) 2 C.  1 X  = S  l,3-oxathiolan-5-on e 

The  oxazolidinon e  derivative s  forme d wit h hexafluoroaceton e  o r 

1,3-dicfclorotetrafluoroaceton e  hav e  bee n use d fo r  th e  separatio n o f  amin o acid s 

afte r  silylatio n o r  acylatio n o f  sid e  chai n functiona l  group s  [362,363] . 

I n  acidi c  solutio n 1,2-diaminobenzen e  selectivel y react s  wit h á-ket o acid s 

t o  for m thermally-stabl e  cycli c  quinozalino l  derivatives .  Th e  phenoli c  hydrox y 

grou p i s  usuall y  furthe r  derivatize d t o  th e  trimethylsily l  ethe r  t o  improv e  th e 

chromatographi c  performanc e  o f  th e  quinozalino l  [364,365] ,  Reagent s  containin g 

nitr o  o r  haloge n substituent s  hav e  bee n use d wit h th e  electron-captur e  detecto r 

[364-367] . 

Biguanide s  underg o tw o cyclizin g reaction s  whic h ar e  usefu l  fo r  thei r  ga s 

chromatographi c  analysis .  Condensatio n wit h acetylaceton e  [368,369 ]  o r 

hexafluoroacetylaceton e  [369-371 ]  produce s  substitute d pyrimidin e  derivatives . 
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NH 

R - C - N H 2 + (CX 3 C0) 2 CH 2 • 

X = Ç o r F 

Th e  derivative s  ca n b e  forme d i n  aqueou s  o r  physiologica l  solutio n (biguanide s 

ar e  a n importan t  grou p o f  pharmacologically-activ e  compounds) .  Wit h anhydrides , 

biguanide s  for m cycli c  2,4-disubstituted-2-6-amino-l,3,5-s-triazin e  derivative s 

whic h hav e  goo d ga s  chromatographi c  propertie s  [372-374] , 

NH N H 
II II 

R- C C-NH 2 (R jCO^ O 

Í  > 
I 
Ç 

The  propertie s  o f  furthe r  miscellaneou s  cyclizin g reagent s  hav e  bee n compile d i n 

referenc e  [266] . 

7.1 4 Derivatizatio n Technique s  fo r  Hig h Performanc e  Liqui d Chromatograph y 

Derivative s  i n  liqui d chromatograph y ar e  invariabl y prepare d t o  improv e  th e 

respons e  o f  a  substanc e  toward s  a  particula r  detecto r  [259,260,375-377] ,  Othe r 

application s  includ e  aidin g i n  th e  isolatio n o f  a  substanc e  o r  improvin g th e 

chromatographi c  separatio n obtaine d wit h mixture s  havin g overlappin g peaks . 

However ,  th e  versatilit y  an d wid e  rang e  o f  separatio n method s  an d condition s 

availabl e  i n  HPL C make s  thi s  latte r  poin t  mor e  on e  o f  potentia l  tha n o f  actua l 

practice .  Also ,  fro m a n historica l  vie w point ,  HPL C wa s  promote d a s  th e 

techniqu e  t o  fre e  th e  analys t  fro m th e  nee d t o  derivatiz e  pola r  compound s  prio r 

t o  thei r  analysis ,  th e  establishe d practic e  i n  ga s  chromatograph y a t  th e  time . 

Th e  las t  fe w year s  hav e  witnesse d a n explosiv e  growt h i n  th e  us e  o f 

reversed-phas e  chromatographi c  system s  fo r  mos t  routin e  analyses .  This ,  couple d 

wit h th e  availabilit y  o f  detector s  wit h adequat e  sensitivit y  an d th e  commerica l 

availabilit y  o f  wate r  miscibl e  solvent s  wit h littl e  absorbanc e  a t  21 0 nm , 

enable s  man y substance s  t o  b e  detecte d a t  thi s  generall y  non-selectiv e 

wavelength . 

Fluorescenc e  an d electrocnemica l  derivative s  an d postcolum n derivatizatio n 

reaction s  ar e  potentiall y  o f  greate r  interes t  i n  HPL C tha n precolum n U V 

sensitiv e  derivatives .  The y provid e  hig h sensitivit y  wit h detectio n limit s  dow n 

t o th e  picogra m level ,  couple d wit h derivativ e  selectivity .  Thi s  combinatio n o f 

Í 
I 

R- C 

C. 

V 
Í 

> N H 2 
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selectivit y  an d sensitivit y  i s  necessar y fo r  trac e  analysi s  o f  substance s  i n 

comple x matrices .  Thi s  i s  a n are a  whic h i s  likel y t o  expan d i n  th e  nea r  futur e 

as  th e  acceptanc e  o f  fluorescenc e  an d electrochemica l  detector s  become s  mor e 

widel y established . 

7.14. 1  Derivative s  fo r  UV-Visibl e  Detectio n 

The  "workhorse "  detecto r  i n  HPL C i s  th e  fixe d wavelength ,  25 4 nm ,  U V 

absorbanc e  detector .  I t  ha s  adequat e  sensitivit y  fo r  mos t  routin e  application s 

i f  th e  sampl e  ha s  a  reasonabl e  absorbanc e  i n  th e  regio n o f  th e  measurin g 

wavelength .  Fo r  compound s  lackin g a  UV-chromophore'i n  thi s  region ,  bu t  havin g a 

reactiv e  functiona l  group ,  derivatizatio n provide s  a  convenien t  mean s  o f 

introducin g int o th e  molecul e  a  chromophor e  suitabl e  fo r  it s  detection .  T o som e 

extent ,  thi s  approac h wa s  mad e  les s  essentia l  b y th e  wide r  us e  o f  variabl e  , 

wavelengt h detector s  wit h a  usuabl e  rang e  o f  18 0 t o  80 0 n m fo r  detectio n a t  th e 

absorbanc e  maximu m o f  th e  substanc e  o f  interest .  However ,  thes e  detector s  ten d 

t o  b e  mor e  commo n i n researc h laboratorie s  an d o n newe r  instrument s  tha n i n 

qualit y  contro l  laboratories . 

The  majorit y  o f  reagent s  use d t o  introduc e  UV-chromophore s  int o 

functionalize d molecule s  contai n a  reactiv e  grou p whic h control s  th e  chemica l 

aspect s  o f  reactivit y  an d selectivit y  an d a  substitute d aromati c  moiet y whic h 

provide s  th e  chromophor e  fo r  detecto r  response .  Tabl e  7.2 3 summarize s  th e  mos t 

widel y use d chromophori c  groups ,  thei r  wavelengt h o f  maximu m absorbance ,  an d 

thei r  absorbanc e  measure d a t  25 4 n m [3781 .  Thos e  reagent s  wit h a n å >  10,00 0 
& ma x ' 

at  25 4 n m ca n provid e  detectio n limit s  fo r  th e  derivatize d molecul e  a t  th e  lo w 

nanogra m level .  Ideally ,  th e  chromophori c  grou p shoul d b e  smal l  an d nonpola r  s o 

a s  no t  t o  dominat e  th e  chromatographi c  separation .  Thes e  demand s  ar e  fairl y 

wel l  me t  b y th e  substitute d aromati c  chromophore s  show n i n Tabl e  7.23 . 

Functiona l  group s  whic h ca n b e  derivatize d an d suitabl e  reagent s  fo r  thi s 

purpos e  ar e  summarize d i n  Tabl e  7.24 .  Man y o f  th e  reaction s  an d reagent s  ar e 

th e  familia r  one s  use d i n  qualitativ e  analysi s  fo r  th e  characterizatio n o f 

organi c  compound s  b y physica l  means .  Alcohol s  ar e  converte d t o  ester s  b y 

reactio n wit h a n aci d chlorid e  i n  th e  presenc e  o f  a  bas e  catalys t  (e.g. , 

pyridine ,  tertiar y  amine) .  I f  th e  alcoho l  i s  t o  b e  recovere d afte r  th e 

separation ,  the n a  derivativ e  whic h i s  fairl y  eas y t o  hydrolyze ,  suc h a s 

p-nitrophenylcarbonate ,  i s  convenient .  I f  th e  sampl e  contain s  labil e  groups , 

phenylurethan e  derivative s  ca n b e  prepare d unde r  ver y mil d reactio n conditions . 

R0H +  0NCC,H ,  >  R0C0NHC,H , 
6 5  6  5 

Alcohol s  i n  aqueou s  solutio n ca n b e  derivatize d wit h 3,5-dinitrobenzoy l 

chloride . 
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TABLE 7.2 3 

Structur e Chromophor e 
L max  c 2 5 4 

0 2 N 

0 2 N 

i 
0 2 N 

C H 

C l 

ï 
II c-o -

2,4-dintropheny l 

benzy l 

C H j - p-nitrobenzy l 

3,5-dinitrobenzy l 

benzoat e 

C - O - p-nitrobenzoat e 

toluoy l 

p-chlorobenzoat e 

anisy l 

C H 2 " phenacy l 

C H 2 ~ p-bromophenacy l 

Ï 
II 

C - C H 2 - 2-naphthacy l 

>10 H 

25 4 20 0 

26 5 620 0 

>10 H 

23 0 lo w 

25 4 >1 0 

23 6 540 0 

23 6 630 0 

26 2 1600 0 

25 0 ^1 0 

26 0 1800 0 

24 8 1200 0 

CHROMOPHORES O F INTERES T FO R ENHANCED U V DETECTABILIT Y 
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TABLE 7.2 4 

REAGENTS FO R TH E INTRODUCTION O F CHROMOPHORES INT O FUNCTIONALIZE D MOLECULES 

Functiona l  Grou p Derivatizin g Reagen t Referenc e 

Reacte d 

Alcohol s 3,5-Dinitrobenzy l  Chlorid e 37 9 

Pyruvoy l  Chlorid e 38 0 
p-Iodobenzenesulfony l  Chlorid e 38 0 

Benzoy l  Chlorid e 38 1 

p-Nitrobenzoy l  Chlorid e 38 2 

p-Nitropheny l  Chloroformat e 38 3 

Pheny l  Isocyanat e 38 4 

Trity l  Chlorid e 38 5 
p-Dimenthylaminopheny l  Isocyanat e 38 6 

Amine s 3,5-Dinitrobenzoy l  Chlorid e 37 5 
Pyruvoy l  Chlorid e 38 0 
p-Methoxybenzoy l  Chlorid e 38 7 
n-Succinimidyl-p-nitrophenylacetat e 37 8 
Benzoy l  Chlorid e 37 8 
p-Nitrobenzoy l  Chlorid e 38 8 
p-Toluenesulfony l  Chlorid e 38 9 
2-Naphthacy l  Bromid e 39 0 
2,4-Dinitrofluorobenzen e 39 1 

Ketone s  an d 2,4-Dinitrophenylhydrazin e 39 2 

Aldehyde s p-Nitrobenzylhydroxylamin e  Hydrochlorid e 37 8 
2-Diphenylacetyl-l,3-indandione-l-hydrazon e 39 3 

Carboxyli c  Acid s p-Bromophenacy l  Bromid e 39 4 
p-Nitrobenzy1-N,N'-diisopropylisoure a 39 5 
l-(p-Nitro)benzyl-3-p-tolyltriazin e 39 6 
Phenacy l  Bromid e 39 7 
Benzy l  Bromid e 39 4 
N-Chloromethyl-4-nitrophthalimid e 39 8 
Naphthyldiazomethan e 39 9 

Epoxide s Diethyldithiocarbamat e 40 0 

Isocyanate s N-p-Nitrobenzyl-N-n-propylamin e 40 1 

Mercaptan s Pyruvoy l  Chlorid e 38 0 

Phenol s Pyruvoy l  Chlorid e 38 0 
3,5-Dinitrobenzoy l  Chlorid e 37 5 
p-Iodobenzoylsulfony l  Chlorid e 38 0 
p-Nitrobenzenediazoniu m Tetrafluoroborat e 40 2 
Diazo-4-aminobenzonitril e 37 7 

Amine s  ar e  usuall y  derivatize d vi a  th e  aci d chloride s  t o  for m phenyl -

substitute d amides .  Sange r  introduce d th e  us e  o f  2,4-dinitro-l-fluorobenzen e 

fo r  th e  identificatio n o f  N-termina l  amin o aci d residue s  i n  protein s  [259] , 

Thi s  reagen t  ha s  als o bee n widel y use d fo r  th e  derivatizatio n o f 

amine-containin g compound s  i n  general . 
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CH 3 C N 

80 CH 3 CN:2 0 H 2 0 

I I  I  I  I I  1  u 
0 10 20 30 40 50 60 70 

Tim e ( m i n . ) 

Figur e  7.2 0 Separatio n o f  phenacy l  este r  derivative s  o f  long-chai n fatt y  acid s 
by reversed-phas e  chromatography .  Components :  1 ,  lauric ; 
2,  myristoleic ;  3 ,  linolenic ;  4 ,  myristic ;  5 ,  archidonic ; 
6,  linoleic ;  7 ,  eicosatrienoic ;  8 ,  palmitic ;  9 ,  oleic ; 
10 ,  petroselinic ;  11 ,  eicosadienoic ;  12 ,  stearic ;  13 ,  arachidic ; 
14 ,  behenic ;  an d 15 ,  lignoceri c  (Reproduce d wit h permissio n fro m 
ref .  397 .  Copyrigh t  America n Chemica l  Society) . 

N-Succinimidyl-p-nitrophenylacetat e  ca n b e  use d t o  derivatiz e  amine s  unde r  mil d 

condition s  withou t  th e  us e  o f  a  catalyst . 

Method s  fo r  th e  derivatizatio n o f  carboxyli c  acid s  ar e  base d o n well-know n 

alkylatio n reactions .  Figur e  7.2 0 show s  a  separatio n o f  som e  fatt y  acid s  a s 

thei r  phenacy l  este r  derivative s  b y reversed-phas e  chromatograph y [397] , 

Alkylatio n reaction s  ca n b e  carrie d ou t  smoothl y i n  th e  presenc e  o f  phas e 

transfe r  catalyst s  suc h a s  th e  crow n ether s  [394] .  Th e  crow n ethe r  solubilize s 

th e  potassiu m carbonat e  catalys t  i n  th e  organi c  solvent ,  helpin g t o  promot e  th e 
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alkylatio n reaction .  Aryl-tolyltriazine s  hav e  bee n use d a s  derivatizin g 

reagent s  fo r  carboxyli c  acids ,  bu t  a  questio n o f  safet y a s  wel l  a s  th e 

generatio n o f  interferin g by-product s  ha s  curtaile d thei r  genera l  use .  The y 

hav e  largel y bee n supersede d b y th e  us e  o f  p-nitrobenzyl-NjN'-diisopropyl -

isourea .  Thi s  reagen t  ha s  th e  advantag e  o f  promotin g facil e  reaction s  withou t 

th e  nee d fo r  a  bas e  catalyst . 

Aldehyde s  an d ketone s  ma y b e  selectivel y derivatize d wit h eithe r 

2,4-dinitrophenylhydrazin e  o r  p-nitrobenzylhydroxylamin e  hydrochlorid e  withou t 

affectin g othe r  functiona l  group s  presen t  i n  th e  molecule .  Epoxide s  ma y b e 

converte d t o  -hydroxyldithiocarbamoy l  ester s  b y reactio n wit h sodiu m 

diethyldithiocarbamate .  Isocyanate s  ca n b e  converte d t o  urethan e  derivative s 

wit h p-nitrobenzyl-N-n-propylamin e  [383] . 

S S 
Ç C  C H | |  | |  C 2 H5 

' / °  +  / N C S N a >  C H 2 S C N \ 
HC C 2 H5 H C 0 H C 2 H5 

R I 
R 

7.14. 2  Derivative s  fo r  Fluoroescenc e  Detectio n 

The  measuremen t  o f  fluorescenc e  ha s  certai n  advantage s  a s  a  detectio n 

techniqu e  fo r  liqui d chromatography .  Th e  mos t  importan t  o f  thes e  ar e  hig h 

sensitivity ,  wid e  linea r  response ,  an d a  relativel y hig h substanc e  specificity . 

The  substanc e  specificit y  arise s  fro m th e  fac t  tha t  onl y a  smal l  percentag e  o f 

organi c  molecule s  ar e  naturall y  fluorescen t  and ,  amon g thos e  tha t  d o fluoresce , 

some  distinctio n i s  possibl e  b y wavelengt h discrimination . 

Ther e  i s  onl y a  limite d selectio n o f  reagent s  availabl e  fo r  th e 

introductio n o f  fluorescen t  group s  int o organi c  molecules .  Man y o f  thes e  hav e 

bee n devise d fo r  us e  i n  eithe r  protei n sequencin g o r  fo r  th e  detectio n o f  amin o 

acid s  i n  automate d amin o aci d analyzers .  Thus ,  ther e  ar e  severa l  reagent s 

availabl e  fo r  reactio n wit h amin o group s  bu t  th e  selectio n i s  mor e  restricte d 

fo r  othe r  functiona l  groups .  Th e  structur e  o f  th e  mos t  frequentl y  use d 

derivatizin g reagent s  ar e  show n i n Figur e  7.21 .  Th e  functiona l  group s  whic h ca n 

be  derivatize d wit h th e  variou s  reagent s  ar e  summarize d i n  Tabl e  7.25 .  Severa l 

review s  o f  th e  chromatographi c  application s  o f  fluorescenc e  derivatizatio n 

technique s  ar e  availabl e  [259,260,419-421] . 

Fluorescenc e  i s  a  molecula r  property ,  subjec t  t o  certai n  variation s  wit h 

change s  i n  th e  molecula r  environment .  I n  chromatographi c  terms ,  th e  mos t 



51 7 

TABLE 7.2 5 

REAGENTS FO R TH E PRECOLUMN PREPARATIO N O F FLUORESCENT DERIVATIVE S I N HPL C 

Reagen t Abbreviatio n Applicatio n Referenc e 

l-Ethoxy-4-(dichloro-s -
triazinyl)naphthalen e 

EDTN Primar y an d secondar y 
alcohol s  an d phenol s 40 3 

4-Dimethylamino-l-naphthoy l 
nitril e 

Primar y an d secondar y 
bu t  no t  tertiar y alcohol s 40 4 

4-Bromomethyl-7 -
methoxycoumari n 

Br-Mmc Carboxyli c  acid s 40 5 

4-Bromomethyl-6,7 -
dimethoxycoumari n 

Carboxyli c  acid s 40 6 

9-(Chloromethyl)anthracen e 9-C1MA Carboxyli c  acid s 40 7 

9-Anthra d iazomethan e Carboxyli c  acid s 40 8 

9,10-Diaminophenanthren e Carboxyli c  acid s 40 9 

Dansy l  hydrazin e DnS- H Aldehyde s  an d ketone s 41 0 

2-Diphenylacetyl-l,3 -
indandione-l-hydrazon e 

Aldehyde s  an d ketone s 41 1 

5-Dimethylaminonaphthalen e 
1-sulfonylaziridin e 

Thiol s 41 2 

N-(9-Acridinyl)maleimid e Thiol s 41 3 

Dansy l  chlorid e DnS-C l Primar y an d secondar y 
amines ,  phenols ,  amin o 
acids ,  an d imidazole s 

12 

2,5-Di-n-butylamino -
naphthalene-l-sulfony l 
chlorid e 

Bns-C l a s  fo r  Dns-C l 12 

Fluorescamin e Flura m Primar y amine s  an d 
amin o acid s 

12 

o-phthaldialdehyd e OPT Amine s  an d amin o acid s 41 3 

7-Chloro-4-nitrobenzo -
2-oxa-l,3-diazol e 

Nbd-C l Primar y an d secondar y 
amines ,  phenols ,  an d thiol s 

41 4 

9-Fluorenylmethy 1 
chloroformat e 

Primar y an d secondar y 
amine s 

41 5 

9-Isothiocyanatoacridin e Primar y an d secondar y 
amine s 

41 6 

Pyridoxa l Amino acid s 37 5 

Phenanthreneboroni c  aci d Bifunctiona l  compound s 41 7 

5,5-Dimethyl-l.3-cyclohexanedion e Aldehyde s 41 8 
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7 8 9 

Figur e  7.2 1 Reagent s  fo r  th e  formatio n o f  fluorescen t  derivatives .  1 ,  Dansy l 
chloride ;  2 ,  dabsy l  chloride ;  3 ,  dansy l  hydrazine ; 
4,  fluorescamine ;  5 ,  pyridoxal ;  6 ,  o-phthaldialdehyde ; 
7,  l-ethoxy-4-(dichloro-s-triazinyl)naphthalene ;  8 ,  4-bromomethyl -
7-methoxycoumarin ;  an d 9 ,  7-chloro-4-nitrobenzo-2-oxa-l,3-diazole . 

importan t  o f  thes e  ar e  change s  i n  fluorescenc e  intensit y  an d shift s  i n  th e 

optimu m wavelengt h o f  fluorescenc e  excitatio n an d emissio n wit h th e  mobil e  phas e 

composition .  Wate r  an d othe r  strongl y hydrogen-bondin g solvent s  sometime s  hav e 

a  quenchin g effec t  o n fluorescence .  Compound s  whic h fluoresc e  i n  aqueou s 

solutio n ma y b e  dramaticall y  influence d b y solutio n pH .  Compound s  fluorescin g 

i n  organi c  solvent s  ma y sho w a  shif t  i n  fluorescenc e  maxim a  an d a  chang e  i n 

intensit y  wit h solven t  polarity .  Al l  o f  thes e  effect s  mus t  b e  examine d alon g 

wit h th e  need s  o f  th e  chromatographi c  syste m i n developin g a  suitabl e  analytica l 

method . 

Dansy l  chlorid e  i s  th e  mos t  widel y use d o f  th e  derivatizin g reagents .  I t 

form s  derivative s  wit h primar y an d secondar y amine s  readily ,  les s  rapidl y wit h 

phenol s  an d imidazoles ,  an d ver y slowl y wit h alcohols .  Th e  reactio n mediu m i s 

usuall y  a n aqueous-organi c  mixtur e  (e.g. ,  1: 1  acetone-water )  adjuste d t o  a  p H o f 

9. 5  -  10 .  Dansy l  chlorid e  ha s  tw o majo r  applicatio n areas .  I t  i s  use d t o 

determin e  smal l  amount s  o f  amines ,  amin o acids ,  an d phenoli c  compound s  a s  wel l 

a s  basi c  drug s  an d thei r  metabolite s  i n  tissue s  an d biologica l  fluids .  I t  find s 

furthe r  us e  i n  biochemistr y fo r  peptid e  sequencin g an d fo r  th e  fluorogeni c 

labellin g o f  protein s  an d enzymes .  Severa l  analog s  o f  dansy l  chlorid e  ar e  als o 

i n  use .  Th e  buty l  analo g (Figur e  7.21 )  ha s  bette r  storag e  propertie s  an d form s 

derivative s  whic h ca n b e  mor e  readil y  extracte d int o organi c  solvents .  It s 
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reactio n an d fluorescenc e  propertie s  ar e  ver y simila r  t o  dansy l  chloride . 

Dansy l  hydrazin e  (Figur e  7.21 )  i s  a  selectiv e  reagen t  fo r  th e  analysi s  o f 

primar y amines .  I t  als o react s  wit h secondar y amines ,  alcohols ,  an d wate r  bu t 

thes e  reaction s  d o no t  lea d t o  fluorescen t  products .  Fluorescamin e  i s  widel y 

use d fo r  th e  detectio n o f  amines ,  amin o acids ,  an d peptide s  afte r  ion-exchang e 

chromatography ,  particularl y  i n  conjunctio n wit h automate d amin o aci d 

analyzers .  Anothe r  widel y use d reagen t  fo r  thi s  purpos e  i s  o-phthaldialdehyde . 

o-Phthaldialdehyd e  produce s  strongl y fluorescen t  derivative s  wit h amin o acid s 

an d biogeni c  amine s  i n  alkalin e  mediu m tha t  contain s  a  reducin g agen t  (e.g. , 

2-mercaptoethanol )  [422] ,  Figur e  7.2 2 show s  th e  separatio n o f  th e 

o-phthaldialdehyd e  amin o aci d derivative s  fro m a  protei n diges t  usin g 

reversed-phas e  chromatograph y [423] .  7-Chloro-4-nitrobenzo-2-oxa-l,3-diazol e 

react s  wit h primar y an d secondar y amine s  t o  for m intensel y fluorescen t 

derivatives .  I t  als o react s  wit h anilines ,  phenols ,  an d thiol s  t o  for m 

derivative s  whic h d o no t  fluoresc e  o r  ar e  onl y weakl y fluorescent .  Althoug h th e 

reagen t  i s  non-fluorescent ,  i t  nevertheles s  interfere s  i n  th e  fluorescenc e  o f 

it s  product s  an d mus t  b e  separate d fro m the m prio r  t o  measurement .  Recen t 

studie s  hav e  indicate d tha t  Nbd-OCH ^  i s  forme d a s  a  reactiv e  intermediat e  unde r 

norma l  reactio n condition s  i n  methanol .  I t  react s  faste r  tha n Nbd-C l  an d i s 

20 1 5 1 0  5 

i n j . 

_ L 

m i n . 

Figur e  7.2 2 Separatio n o f  th e  o-phthaldialdehyd e  amin o aci d derivative s  fro m a 
protei n hydrolysat e  b y reversed-phas e  chromatography .  Components : 
1,  Asp ;  2 ,  Glu ;  3 ,  Ser ;  4 ,  His ;  5 ,  Thr ;  6 ,  Gly ;  7 ,  Arg ;  8 ,  Ala ; 
9,  Val ;  10 ,  Phe ;  11 ,  NH 4 ;  12 ,  H e ;  13 ,  Leu ;  an d 14 ,  Lys . 
(Reproduce d wit h permissio n fro m ref .  423 .  Copyrigh t  America n 
Chemica l  Society) . 
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probabl y th e  principa l  reactiv e  specie s  unde r  thes e  condition s  [414] . 

7-Fluoro-4-nitrobenzo-2-oxa-l,3-diazol e  ha s  als o bee n show n t o b e  a  mor e 

reactiv e  analo g o f  Nbd-C l  toward s  primar y an d secondar y amine s  [424] .  Pyridoxa l 

(Figur e  7.21 )  undergoe s  a  condensatio n reactio n wit h amin o acid s  i n  alkalin e 

mediu m t o for m a  Schif f  bas e  comple x whic h ca n b e  converte d int o a  stabl e 

fluorescen t  produc t  b y reductio n wit h sodiu m borohydride . 

RCHCOO H RCHCOO H 
Í 
I I 

C 

Pyridoxa l  Ô LL 

RCHCOO H •  L  U 

N H 2 P R 9 3 H 3 C N^ 

6h, NaBH, Ç Ï > ^ ã Ï Ç 2 Ï Ç 

H 5 C V 

Amin o Aci d Schif f  Bas e 
Comple x 

Fluorescen t  Produc t 

l-Ethoxy-4-(dichloro-s-triazinyl)naphthalen e  (Figur e  7.21 )  react s  wit h primar y 

hydroxy l  an d pheno l  group s  t o  for m fluorescen t  derivative s  [403] .  I t  i s  no t 

clea r  whethe r  i t  als o react s  wit h secondar y hydroxy l  an d amin o groups . 

Recently ,  4-dimethylamino-l-naphthoy l  J i i t r i l e  ha s  bee n introduce d fo r  th e  bas e 

catalyze d reactio n o f  primar y an d secondar y hydroxy l  group s  a t  roo m temperatur e 

[404] .  Triethylamin e  wa s  use d a s  a  catalyst .  Stericall y  hindere d secondar y an d 

tertiar y hydroxy l  group s  d o no t  react .  5-Dimethylaminonaphthalene-l-sulfonyl -

aziridin e  i s  a  selectiv e  reagen t  fo r  th e  derivatizatio n o f  sulfhydry l  group s  i n 

aqueou s  solutio n a t  p H 8. 2  [412] .  Unde r  othe r  reactio n conditions ,  weake r 

nucleophile s  suc h a s  amine s  an d alcohol s  ma y als o react . 

4-Bromomethyl-7-methoxycoumari n i n  anhydrou s  aceton e  smoothl y alkylate s 

carboxyli c  acid s  i n  th e  presenc e  o f  potassiu m carbonat e  solvolyse d b y a  crow n 

ethe r  catalys t  [405,425] .  Derivative s  o f  saturate d fatt y  acid s  prepare d i n  thi s 

way sho w a  lowe r  fluorescen t  yiel d a s  th e  concentratio n o f  organi c  solven t  i n 

th e  mobil e  phas e  i s  increase d [426,427] ,  Thus ,  wit h gradien t  elutio n 

reversed-phas e  separation s  th e  respons e  o f  late r  elutin g derivative s  i s  muc h 

lowe r  tha n thos e  a t  th e  star t  o f  th e  chromatogram . 

Al l  fluorescen t  derivative s  absor b UV-light .  Thus ,  th e  reagent s  i n  Tabl e 

7.2 5 ar e  als o suitabl e  fo r  us e  wit h a  UV-absorbanc e  detector ,  althoug h th e 

sensitivit y  an d selectivit y  ma y b e  les s  tha n tha t  obtaine d wit h a  fluorescenc e 

detector . 

7.14. 3  Derivative s  fo r  Electrochemica l  Detectio n 

Any reagen t  i n  Tabl e  7.2 4 whic h result s  i n  th e  formatio n o f  derivative s 

containin g a  nitroaromati c  chromophor e  fo r  U V detectio n coul d als o b e  use d a s  a 
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derivativ e  fo r  electrochemica l  detectio n [428] .  Th e  detectio n principl e  i s 

base d o n th e  electrochemica l  reductio n o f  th e  aromati c  nitr o  group . 

p-Aminopheno l  derivative s  o f  carboxyli c  acid s  [429 ]  an d p-dimethylaminopheny l 

isocyanat e  derivative s  o f  arylhydroxylamine s  [386 ]  ar e  als o suitabl e  fo r 

electrochemica l  detection .  However ,  precolum n derivatizatio n technique s  fo r 

electrochemica l  detectio n ar e  no t  withou t  problems .  Th e  detecto r  respons e  i s 

adversel y affecte d b y trace s  o f  th e  derivatizin g reagent s  and/o r  by-product s 

whic h ma y hav e  t o  b e  remove d prio r  t o  injection .  Th e  choic e  o f  mobil e  phas e  fo r 

th e  separatio n i s  limite d b y th e  requirement s  o f  th e  detector .  Fo r  example ,  i n 

reversed-phas e  chromatograph y th e  amoun t  o f  organi c  modifie r  whic h ca n b e  use d 

t o  contro l  retentio n i s  limite d b y th e  detecto r  preferenc e  fo r  a n aqueou s  mobil e 

phase .  Thi s  ma y resul t  i n  poo r  mixtur e  separatio n o r  complet e  retentio n o f  th e 

hydrophobi c  derivativ e  o n th e  column . 

7.14. 4  Reactio n Detector s 

Reactio n detector s  ar e  a  convenien t  mean s  o f  performin g on-lin e  postcolum n 

derivatizatio n i n  HPLC .  Th e  derivativ e  reactio n i s  performe d afte r  th e 

separatio n o f  th e  sampl e  b y th e  colum n an d prio r  t o  detectio n i n  a  continuou s 

reactor .  Th e  mobil e  phas e  flo w i s  no t  interrupte d durin g th e  analysi s  an d 

reaction ,  althoug h i t  ma y b e  augmente d b y th e  additio n o f  a  secondar y solven t  t o 

ai d  th e  reactio n o r  t o  confor m t o th e  requirement s  o f  th e  detector .  Th e 

advantag e  o f  thi s  system ,  apar t  fro m it s  eas e  o f  automation ,  i s  tha t  bot h th e 

separatio n an d detectio n proces s  ca n b e  optimize d separately .  Reactio n 

detector s  ar e  findin g increasin g applicatio n fo r  th e  analysi s  o f  trac e 

component s  i n  comple x matrice s  wher e  bot h hig h detectio n sensitivit y  an d 

specificit y  ar e  needed .  Man y suitabl e  reactio n technique s  hav e  bee n publishe d 

fo r  thi s  purpos e  [377,430-432] . 

Advantageou s  feature s  o f  postcolum n derivatizatio n ar e  tha t  artefac t 

formatio n i s  rarel y a  proble m an d i t  i s  als o no t  essentia l  tha t  th e  reactio n 

employe d fo r  derivatizatio n g o t o  completio n o r  b e  wel l  defined ,  a s  lon g a s  i t 

i s  reproducible .  Som e  genera l  problem s  wit h postcolum n reactio n detector s  ar e 

associate d wit h mobil e  phas e  compatibilit y  an d reagen t  selection .  Ver y seldo m 

wil l  th e  optima l  chromatographi c  eluen t  als o provid e  a n idea l  reactio n medium . 

Thi s  i s  particularl y  tru e  fo r  electrochemica l  detector s  whic h functio n correctl y 

onl y withi n a  restricte d rang e  o f  aqueou s  solvents ,  pH ,  ioni c  strengt h an d 

organi c  modifie r  concentration s  [428] ,  Th e  reagen t  mus t  no t  b e  detectabl e  unde r 

th e  sam e  condition s  a s  th e  derivative .  Finally ,  th e  reactio n mus t  b e  fas t 

enoug h tha t  colum n resolutio n i s  no t  destroye d b y diffusio n i n  th e  reactio n 

device .  Thi s  set s  a n uppe r  limi t  o f  abou t  2 0 minute s  fo r  th e  slowes t  reactio n 

tha t  ma y b e  employed .  Th e  tim e  require d fo r  reactio n mos t  profoundl y influence s 
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Figur e  7.2 3 Schemati c  diagram s  o f  som e  typica l  reactio n detector s  use d i n 
HPLC.  A ,  non-segmente d tubula r  reactor ;  B ,  segmente d tubula r 
reactor ;  C ,  extractio n segmente d reactio n detector .  P ,  pump ; 
PS,  phas e  separator ;  B ,  devic e  fo r  introducin g bubbles ;  an d 
D,  detector . 

th e  desig n o f  th e  reactio n detector . 

The  reactio n detecto r  syste m mus t  provid e  fo r  th e  continuou s  additio n o f 

controlle d volume s  o f  on e  o r  mor e  reagent s  t o  th e  colum n effluents ,  followe d b y 

mixin g o f  th e  colum n effluent-reagen t  mixtur e  an d incubatio n a t  som e  tim e  an d 

temperatur e  governe d b y th e  need s  o f  th e  reaction .  Detectio n o f  th e  reactio n 

product s  i s  usuall y  b y colorimetry ,  fluorescence ,  o r  electrochemica l 

techniques .  Som e  typica l  reactio n detecto r  configuration s  ar e  show n i n Figur e 

7.23 .  Th e  additio n o f  reagen t  t o  th e  colum n effluen t  take s  plac e  a t  fairl y  lo w 

pressure s  an d peristalti c  pump s  ca n b e  use d fo r  thi s  purpose .  I t  i s 

particularl y  importan t  tha t  th e  reagen t  pum p provid e  a  pulse-fre e  flo w o r  th e 

performanc e  o f  th e  detecto r  wil l  b e  compromised .  Nearl y al l  device s  contai n a 

mixing-te e  o r  som e  simila r  componen t  fo r  contactin g an d homogeneousl y mixin g th e 

colum n eluen t  an d reagen t  strea m [433,434] .  Th e  mixing-te e  contribute s  t o  ban d 

broadenin g b y dispersio n an d shoul d b e  miniaturized .  Volume s  o f  150-60 0 

microliter s  ar e  typica l  fo r  thes e  devices .  I f  th e  segmentatio n principl e  i s 

employed ,  a  devic e  fo r  introducin g a  bubbl e  o f  liqui d o r  ga s  int o th e  colum n 

eluen t  i s  require d [433-437] ,  Thi s  result s  i n  th e  separatio n o r  segmentatio n o f 

th e  colum n eluen t  int o a  serie s  o f  reactio n compartment s  whos e  volum e  i s 

governe d b y th e  dimension s  o f  th e  transfe r  tub e  an d th e  frequenc y o f  bubbl e 

introduction .  Prio r  t o  detectio n a  phas e  separato r  i s  neede d t o  remov e  th e 

segmentatio n agent .  Dispersio n i n  th e  phas e  separato r  ca n b e  a  seriou s 

limitatio n whe n colum n resolutio n i s  low .  A  phas e  separato r  i s  als o use d whe n 
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ion-pai r  formatio n o r  extractio n i s  par t  o f  th e  detectio n system .  Reagent s  o r 

by-product s  whic h coul d interfer e  wit h detecto r  performanc e  ar e  remove d i n  thi s 

way [438-440] .  Phas e  separator s  ar e  no t  on e  hundre d percen t  efficien t  an d a 

fractio n o f  th e  detectio n strea m (approximatel y 20-40% )  goe s  t o  waste .  Fo r 

reaction s  usin g solid-phas e  reagents ,  immobilize d enzymes ,  e t c ,  a  packe d be d 

tubula r  reacto r  i s  used .  Th e  colum n eluen t  flow s  throug h th e  reacto r  wit h o r 

withou t  th e  additio n o f  furthe r  reagent ,  p H buffer ,  e t c  Reactio n occur s  o n th e 

surfac e  o f  th e  packing ,  generatin g a  produc t  tha t  ca n b e  detecte d downstrea m o f 

th e  reacto r  [441,442] ,  Reaction s  tha t  ar e  slo w a t  roo m temperatur e  ma y b e 

accelerate d b y thermostattin g th e  reacto r  t o  a  highe r  temperature .  A  coolin g 

coi l  ma y b e  require d prio r  t o  detectio n t o  preven t  interferenc e  i n  th e  operatio n 

of  th e  detecto r  o r  t o  avoi d bubbl e  formation .  Model s  hav e  bee n devise d t o 

predic t  th e  influenc e  o f  postcolum n dispersio n o n th e  colum n separatio n fo r  th e 

variou s  commo n reactio n detecto r  design s  [431-435,443,444] ,  Th e  influenc e  o f 

th e  reactio n rat e  o n detecto r  desig n wil l  b e  qualitativel y discusse d below . 

Fo r  fas t  reaction s  (i.e. ,  <  3 0 s ) ,  tubula r  reactor s  ar e  commonl y used . 

The y simpl y consis t  o f  a  mixing-te e  an d a  coile d stainles s  stee l  o r  Teflo n 

capillar y tub e  o f  narro w bore .  Th e  lengt h o f  th e  capillar y tub e  an d th e  flo w 

rat e  throug h i t  contro l  th e  reactio n time .  Th e  desig n o f  th e  mixing-te e  i s  a 

critica l  par t  o f  th e  apparatus ,  particularl y  fo r  mixin g colum n eluent s  an d 

reagen t  solution s  o f  dissimila r  densities .  Reagent s  suc h a s  fluorescamin e  an d 

o-phthaldialdehyd e  ar e  frequentl y  use d i n  thi s  typ e  o f  detecto r  t o  determin e 

primar y amines ,  amin o acids ,  indoles ,  hydrazines ,  an d aminophosphori c  acid s  i n 

biologica l  o r  environmenta l  sample s  [377] ,  I n  it s  simples t  form ,  a  tubula r 

reacto r  ma y alte r  th e  p H o r  compostio n o f  th e  mobil e  phas e  t o  enhanc e  detectio n 

sensitivit y  [445,446] ,  whil e  a t  th e  othe r  extreme ,  severa l  tubula r  reactor s  ma y 

be  employe d i n  serie s  t o  perfor m multipl e  chemica l  reaction s  an d extractio n 

prio r  t o  detectio n [447] ,  Non-segmente d flo w i s  generall y  use d wit h shor t 

tubula r  reactors ;  however ,  recen t  wor k suggest s  tha t  eve n fo r  ver y fas t 

reactions ,  ban d broadenin g ca n b e  reduce d b y usin g th e  segmentatio n principl e 

[431] . 

Fo r  reaction s  o f  intermediat e  kinetic s  (i.e. ,  thos e  wit h reactio n time s 

fro m 0. 3 t o  severa l  minutes) ,  an d i n  particular ,  fo r  reaction s  employin g 

solid-phas e  reagents ,  a  packe d be d reacto r  i s  preferred .  Th e  packe d be d reacto r 

i s  constructe d fro m a  lengt h o f  colum n tubin g packe d wit h a n iner t  materia l  o f 

smal l  diamete r  suc h a s  glas s  beads .  A s  ban d broadenin g i s  controlle d b y axia l 

diffusio n an d convectiv e  mixing ,  packin g th e  reacto r  be d shoul d b e  give n th e 

sam e  attentio n a s  packin g th e  analytica l  column .  Packe d be d reactor s  hav e  bee n 

use d wit h fluorescamin e  an d ninhydri n fo r  th e  detectio n o f  amin o acid s  [377] , 

Deelde r  e t  al .  hav e  describe d a  postcolum n reactio n tha t  utilize s  tw o reagen t 

solution s  pumpe d separatel y int o on e  mixing-tee .  Thi s  reagen t  mixtur e  i s  the n 
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Figur e  7.2 4 A ,  packe d be d reactio n detecto r  fo r  th e  determinatio n o f 
peroxides .  B ,  separatio n o f  a  tes t  mixtur e  o r  peroxide s  usin g 
detecto r  A .  (Reproduce d wit h permissio n fro m ref .  448 .  Copyrigh t 
Elsevie r  Scientifi c  Publishin g Co. ) 

mixe d separatel y wit h th e  HPL C eluen t  containin g th e  peroxide s  t o  b e  detecte d 

(Figur e  7.24 )  [448] ,  Th e  fina l  homogeneou s  solutio n enter s  th e  packe d be d 

reacto r  wher e  reactio n betwee n th e  acidi c  iodid e  reagen t  an d peroxide s  occur s  t o 

liberat e  molecula r  iodine ,  whic h i s  spectrophotometricall y  detected .  Th e  packe d 

be d reacto r  i s  particularl y  usefu l  fo r  reaction s  involvin g solid-phas e  reagent s 

suc h a s  catalysts ,  immobilize d enzymes ,  an d metalli c  reducin g agent s 

[377,441,442,449] .  Regnie r  ha s  describe d th e  us e  o f  severa l  enzyme-base d 

detector s  fo r  th e  determinatio n o f  isoenzyme s  i n  biologica l  fluid s  [442] ,  Thes e 

detector s  provid e  ver y hig h detectio n specificity ,  minimizin g sampl e 

preparation . 

For  slo w reaction s  (reactio n time s  fro m 5  t o  2 0 minutes) ,  ai r  o r  liqui d 
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segmente d reactor s  ar e  used .  Thes e  wor k o n th e  sam e  principl e  a s  th e 

auto-analyzer s  use d i n  man y clinica l  laboratories .  Th e  effluen t  strea m i s  spli t 

int o  segment s  b y th e  introductio n o f  ai r  o r  a  immiscibl e  liqui d bubbl e  a t  fixe d 

tim e  intervals .  Th e  optima l  condition s  fo r  operatio n involv e  smal l  liqui d 

segment s  wit h a  hig h frequenc y o f  segmentation ,  shor t  reactio n tube s  o f  lo w 

interna l  diameter ,  hig h flo w rates ,  an d a  well-designe d phas e  separatio n uni t 

jus t  upstrea m fro m th e  detector .  Prediction s  o f  theor y mus t  b e  tempere d wit h 

practica l  need s  o f  th e  reaction ,  whic h control s  th e  lengt h o f  th e  reactio n 

coil .  Ban d broadenin g occur s  mainl y b y axia l  diffusio n wit h a  smal l 

contributio n fro m sampl e  transfe r  betwee n segment s  b y wettin g o f  th e  tub e  wall . 

The  ai r  segmente d reacto r  i s  probabl y th e  mos t  widel y applie d reactio n detecto r 

i n  HPLC .  Thi s  i s  du e  t o  a  wid e  selectio n o f  suitabl e  reactions ,  man y o f  whic h 

wer e  describe d originall y  fo r  us e  wit h th e  auto-analyzer .  Majo r  applicatio n 

area s  includ e  th e  analysi s  o f  amin o acids ,  sugars ,  phenols ,  amines , 

pharmaceutica l  products ,  pesticides ,  an d environmenta l  sample s  [377,430-435] . 

One  limitio n o f  postcolum n reactio n detector s  i s  tha t  th e  reagent ,  alway s 

presen t  i n  larg e  excess ,  shoul d no t  interfer e  wit h detectio n o f  th e  newly -

forme d derivative .  Ther e  ar e  severa l  usefu l  reactions ,  particularl y  involvin g 

ion-pai r  formatio n o r  complexation ,  fo r  whic h reagen t  interferenc e  ar e  commonl y 

observed .  Th e  reactio n product s  ar e  usuall y  muc h lowe r  i n  polarit y  tha n th e 

reagent ,  permittin g a n extractiv e  separatio n o f  th e  two .  Extractio n i n  th e 

continuou s  flo w mod e  b y segmentin g wit h immiscibl e  organi c  solven t  plug s  (th e 

extractio n solvent )  o r  b y ai r  segmentatio n wit h a n additiona l  flo w o f  extractio n 

solven t  an d a  mixin g devic e  ca n b e  used .  A  suitabl e  experimenta l  arrangemen t 

fo r  ion-pai r  extractio n usin g ai r  segmentatio n i s  show n i n Figur e  7.2 5 [450] . 

Solven t  segmentatio n i s  mor e  convenien t  fo r  extractio n detectio n an d i s  becomin g 

mor e  widel y used .  Application s  includ e  th e  ion-pai r  detectio n o f  antibiotic s 

[439] ,  pharmaceutica l  compound s  possessin g a  tertiar y amin e  structur e  no t  easil y 

derivatize d b y othe r  technique s  [431,438-440] ,  an d alkylsulfonat e  detergent s 

[451] , 

The  photochemically-induce d chang e  o f  a  compoun d i n  a  flowin g strea m ca n b e 

th e  basi s  o f  a  reactio n detector .  Photolysi s  ma y b e  use d t o  conver t  a  substanc e 

int o a  mor e  readil y  detecte d product ,  fo r  exampl e  th e  introductio n o f 

fluorescenc e  o r  conductance .  I t  ca n als o b e  use d t o  decompos e  th e  sample , 

generatin g a  fragmen t  whic h ca n b e  couple d wit h a n appropriat e  reagen t  fo r 

detection .  A s  a n exampl e  o f  th e  latte r  approach ,  nitrosamine s  ca n b e 

photolyticall y  degrade d t o  nitrile s  whic h ar e  the n determine d colorimetricall y 

by th e  Gries s  reactio n [431] .  Photochemica l  reactio n detector s  ar e  fairl y 

simpl e  i n  design ,  comprise d o f  a  high-powere d lam p i n a  reflectiv e  housing .  Th e 

Teflo n o r  quart z  reactio n coi l  i s  woun d aroun d th e  lam p [437,453] .  Teflo n ha s 

excellen t  transparenc y t o  U V ligh t  an d i s  th e  preferre d materia l  fo r  th e 
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Figur e  7.2 5 Postcolum n ion-pai r  extractio n detector .  DAS i s  th e  sodiu m sal t 
of  9,10-dimethoxyanthracene-2-sulfonat e  an d form s  io n pair s  wit h 
basi c  compounds .  TC E i s  tetrachloroethan e  an d i s  use d t o  extrac t 
th e  io n pair .  (Reproduce d wit h permissio n fro m ref .  450 . 
Copyrigh t  Dr .  Alfre d Huethi g Publishers) . 

reactio n coil .  Th e  reactio n time ,  controlle d b y th e  lengt h o f  th e  coil ,  i s 

generall y  maximize d b y tria l  an d error .  Overexposur e  ma y resul t  i n  th e 

decompositio n o f  th e  produc t  t o  b e  detected .  Th e  hig h specificit y  o f  th e 

photochemica l  reactio n detecto r  i s  usefu l  fo r  particula r  application s 

[377,437,454] .  A s  fe w compound s  ar e  photolyticall y  sensitive ,  however ,  it s 

rang e  o f  application s  i s  rathe r  limited . 

7.14. 5  Ion-Pai r  Chromatograph y 

Ion-pai r  chromatograph y i s  a  derivatizatio n techniqu e  o f  relativel y recen t 

origi n tha t  ha s  quickl y gaine d wid e  acceptanc e  a s  a  versatil e  an d efficien t 

metho d fo r  th e  separatio n o f  ionize d an d ionizabl e  molecule s  b y hig h pressur e 

liqui d chromatography .  Substance s  o f  thi s  typ e  hav e  poo r  separatio n 

characteristic s  o n mos t  colum n type s  wit h th e  exceptio n o f  ion-exchang e 

columns .  Ion-exchang e  method s  ar e  ofte n plague d b y poo r  colum n efficiencies , 

shor t  colum n operatio n lif e  an d batc h t o  batc h irreproducibilitie s  i n 

manufactur e  compare d t o  othe r  HPL C colum n types .  This ,  couple d wit h th e  limite d 

selectio n o f  ion-exchang e  packing s  available ,  ha s  don e  muc h t o  promot e  th e 

genera l  interes t  i n  th e  ion-pai r  chromatographi c  technique .  Ion-pai r 

chromatograph y make s  us e  o f  existin g hig h efficiency ,  smal l  particl e  norma l  o r 

reversed-phas e  packings .  Whe n chemicall y  bonde d reversed-phas e  packing s  ar e 

used ,  th e  selectivit y  o f  th e  separatio n syste m ca n b e  easil y  altere d b y makin g 

al l  change s  t o  th e  compositio n o f  th e  mobil e  phase .  A n importan t  advantag e  o f 
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ion-pai r  chromatograph y i s  it s  abilit y  t o  simultaneousl y separat e  sample s 

containin g neutra l  an d ionize d molecules . 

The  origin s  o f  ion-pai r  chromatograph y ca n b e  trace d t o  th e  us e  o f 

ion-pairin g reagent s  fo r  th e  liqui d extractio n o f  ioni c  compound s  i n  aqueou s 

solutio n wit h a n immiscibl e  organi c  solvent .  Thi s  topi c  wil l  no t  b e  discusse d 

here ,  excep t  a s  i t  relate s  t o  th e  separatio n mechanis m i n HPLC .  A  detaile d 

revie w o f  ion-pai r  liquid-liqui d extractio n ha s  bee n give n b y Schil l  [455] , 

Superficially ,  i t  i s  though t  tha t  th e  basi s  fo r  ion-pai r  chromatograph y i s 

th e  formatio n o f  a  lipophili c  comple x b y th e  associatio n o f  tw o ion s  o f  opposit e 

charge .  Ion-pai r  formatio n occur s  i n  th e  aqueou s  phas e  an d th e  ne t  resul t  i s 

th e  transfe r  o f  th e  ioni c  solut e  int o a n organi c  phase .  Chromatographi c 

separation s  resul t  principall y  fro m th e  dynami c  exchang e  o f  th e  ionize d solut e 

betwee n th e  mobil e  an d stationar y phase s  eithe r  directl y  a s  th e  ion-pai r  o r 

afte r  dissociatio n int o it s  constituen t  parts .  A s  wil l  b e  show n i n th e  nex t 

section ,  th e  abov e  pictur e  i s  a  gros s  oversimplificatio n o f  th e  actua l 

situation .  Indeed ,  th e  separatio n ca n b e  explaine d i n  term s  o f  ioni c 

interaction s  whic h d o no t  requir e  th e  formatio n o f  a  forma l  ion-pai r  complex . 

Ion-pai r  chromatograph y ca n b e  performe d wit h norma l  o r  reversed-phas e 

chromatographi c  techniques .  I n  th e  norma l  phas e  mode ,  th e  ion-pai r  reagent ,  i n 

an aqueou s  buffere d solution ,  i s  coate d ont o silic a  ge l  t o  for m th e  stationar y 

phas e  an d organi c  solvent s  ar e  use d a s  th e  mobil e  phase .  Colum n retentio n an d 

selectivit y  ar e  regulate d b y changin g th e  compositio n o f  th e  organi c  mobil e 

phase .  Perhap s  th e  mos t  importan t  advantag e  o f  thi s  syste m i s  th e  possibilit y 

of  usin g detecto r  oriente d counte r  ion s  o f  hig h sensitivit y  t o  improv e  th e 

detectio n o f  compound s  wit h littl e  U V absorptio n o r  fluorescence .  Th e  mai n 

limitatio n i s  tha t  th e  sampl e  mus t  b e  transferre d t o  th e  organi c  phas e  prio r  t o 

analysis ;  man y ioni c  hydrophili c  substance s  hav e  lo w solubilit y  i n  lipophili c 

solvents .  A n exampl e  o f  th e  us e  o f  norma l  phas e  ion-pai r  chromatograph y fo r  th e 

separatio n o f  a  mixtur e  o f  dipeptide s  i s  show n i n Figur e  7.2 6 [456] , 

Reversed-phas e  system s  employin g permanentl y  bonde d alky l  layer s  ar e  th e 

most  convenien t  t o  us e  experimentally .  Ther e  i s  n o colum n preparatio n needed , 

an d retentio n an d separatio n selectivit y  ar e  controlle d b y adjustin g th e 

compositio n o f  th e  mobil e  phase .  Change s  i n  th e  natur e  an d concentratio n o f  th e 

ion-pai r  reagent ,  th e  buffe r  compositio n an d p H value ,  an d th e  typ e  an d amoun t 

of  th e  organi c  modifie r  i n  th e  mobil e  phas e  ar e  easil y  made .  Sinc e  th e 

stationar y phas e  i s  chemicall y  bonde d t o  th e  support ,  gradien t  elutio n 

technique s  ca n b e  use d t o  furthe r  optimiz e  th e  separatio n system .  A s  ion-pai r 

chromatograph y i s  use d fo r  th e  separatio n o f  ioni c  o r  easil y  ionizabl e 

substances ,  ther e  ar e  obviou s  advantage s  t o  havin g a n aqueou s  mobil e  phas e  a s 

fa r  a s  sampl e  compatibilit y  i s  concerned .  Sample s  ar e  prepare d b y dissolutio n 

i n  th e  mobil e  phas e  prio r  t o  injection .  Figur e  7.2 7 show s  th e  separatio n o f  a 
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Figur e  7.2 6 Separatio n o f  dipeptide s  b y ion-pai r  chromatography .  Components : 
1,  leu-leu ;  2 ,  phe-val ;  3 ,  val-phe ;  4 ,  leu-val ;  an d 5 ,  met-val . 
Mobil e  phas e  CHCl«-pentano l  (9:1) ;  stationar y phas e  LiChrosphe r 
Si  10 0 coate d wit n naphthalene-2-sulfonat e  0. 1  M,  p H 2.3 . 
(Reproduce d wit h permissio n fro m ref .  456 .  Copyrigh t  Elsevie r 
Scientifi c  Publishin g Co. ) 

mixtur e  o f  benzoi c  an d sulphoni c  acid s  b y reversed-phas e  partitio n 

chromatograph y wit h n-pentano l  coate d ont o LiChrosor b RP- 2 a s  th e  stationar y 

phas e  [457] .  Figur e  7.2 8 i s  a  separatio n o f  som e  antihistamin e  an d decongestan t 

drug s  b y reversed-phas e  ion-pai r  chromatograph y usin g a  chemicall y  bonde d alky l 

stationar y phas e  [458] , 

The  mechanis m b y whic h separatio n take s  plac e  i n  ion-pai r  chromatograph y i s 

no t  withou t  controversy .  Thre e  model s  hav e  bee n propose d t o  explai n differen t 

aspect s  o f  th e  separatio n process .  Eac h mode l  i s  i n  effec t  a n extrem e  situatio n 

or  boundar y condition ,  an d actua l  separation s  probabl y involv e  a  mixe d mode l 

mechanis m o r  occu r  b y a  mechanis m ye t  t o  b e  defined .  I n  thi s  sectio n a 

phenomologica l  approac h t o  th e  descriptio n o f  th e  variou s  model s  wil l  b e 

adopted .  A s  a  rigorou s  mathematica l  treatmen t  i s  complex ,  onl y a  fe w importan t 

an d practicall y  usefu l  equation s  wil l  b e  presented .  Fo r  furthe r  information , 

detaile d review s  o f  th e  ion-pai r  chromatographi c  proces s  shoul d b e  consulte d 

The  ion-pai r  model ,  th e  dynami c  ion-exchang e  model ,  an d th e  ion-interactio n 

[458-464] . 
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Figur e  7.2 7 Separatio n o f  benzoi c  an d sulfoni c  acid s  b y reversed-phas e 
ion-pai r  chromatography .  Components :  1 ,  4-hydroxybenzoi c  acid ; 
2,  3-aminobenzoi c  acid ;  3 ,  4-hydroxybenzoi c  acid ;  4 ,  3-hydroxy -
benzoi c  acid ;  5 ,  benzenesulfoni c  acid ;  6 ,  benzoi c  acid ; 
7,  toluene-4-sulfoni c  acid .  Mobil e  phas e  tetrabutylammonium , 
0.0 3 M,  p H 7.4 ;  stationar y phas e  1-pentano l  o n LiChrosor b RP-2 . 
(Reproduce d wit h permissio n fro m ref .  457 .  Copyrigh t  Elsevie r 
Publishin g Co. ) 

mode l  hav e  bee n propose d t o  explai n th e  ion-pai r  separatio n mechanism .  Th e 

ion-pai r  mode l  (als o know n a s  th e  partitio n model )  presume s  tha t  ion-pai r 

formatio n occur s  i n  th e  mobil e  phas e  prio r  t o  th e  adsorptio n o r  partitio n o f  th e 

ion-pai r  comple x int o th e  stationar y phase .  Thi s  mode l  mos t  closel y explain s 

th e  experimenta l  result s  obtaine d wit h non-bonde d reversed-phas e  column s  (e.g. , 

n-pentano l  coate d ont o silic a  gel) ,  i n  whic h th e  stationar y phas e  behave s  a s  a 

bul k liquid .  Th e  ion-pai r  mode l  is ,  however ,  unabl e  t o  explai n ion-pai r 

interaction s  wit h chemicall y  bonde d reversed-phas e  columns .  Th e  bonde d alky l 

groups ,  wit h a  fil m thicknes s  o n th e  orde r  o f  a  monolayer ,  hav e  restricte d 

motio n compare d t o  a  bul k liquid ;  a  dynami c  ion-exchang e  mode l  i s  mor e 

appropriat e  i n  thi s  situation .  Th e  hypothesi s  presume s  tha t  th e  ion-pairin g 

reagen t  i s  adsorbe d ont o th e  stationar y phas e  surfac e  wher e  i t  behave s  a s  a 

liqui d ion-exchanger .  Separatio n an d retentio n ar e  du e  t o  ioni c  interaction s 

betwee n th e  ionize d solut e  molecule s  an d th e  counterion s  adsorptivel y boun d t o 

th e  stationar y phase .  Th e  ion-interactio n model ,  doe s  no t  requir e  tha t  ion-pai r 
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Figur e  7.2 8 Separatio n o f  antihistamin e  an d decongestan t  drug s  b y reversed -
phas e  ion-pai r  chromatography .  Components :  1 ,  malei c  acid ; 
2,  phenylephrine ;  3 ,  phenylpropanolamine ;  4 ,  naphazoline ; 
5,  phenacetin ;  an d 6 ,  pyrilamine .  Mobil e  phas e  methanol-wate r 
(1:1 )  containin g 5  m M hexanesulfonat e  an d 1 % aceti c  acid ,  flo w 
rat e  3  ml/min .  (Reproduce d wit h permissio n fro m ref .  458 . 
Copyrigh t  Presto n Publications ,  Inc. ) 

formatio n occu r  i n  eithe r  phas e  no r  i s  i t  base d o n classica l  ion-exchang e 

chromatography .  Th e  ion-interactio n mode l  presume s  tha t  a n electrica l  doubl e 

laye r  i s  forme d a t  th e  stationar y phas e  surfac e  a s  a  resul t  o f  th e  dynami c 

adsorptio n o f  th e  lipophili c  ion-pairin g reagent .  Sampl e  retentio n i s  assume d 

t o  b e  du e  t o  th e  coulombi c  attractio n o f  th e  solut e  a t  th e  electrica l  doubl e 

laye r  resultin g fro m th e  surfac e  charg e  densit y  provide d b y th e  counterion , 

accompanie d b y a n additiona l  "sorption "  effec t  fro m th e  attractio n o f  th e 

lipophili c  portio n o f  th e  solut e  fo r  th e  non-pola r  stationar y phas e  surface . 

The  ne t  resul t  i s  a  pai r  o f  ion s  (no t  necessaril y  a n ion-pair )  ha s  bee n adsorbe d 

ont o th e  stationar y phase .  Th e  partitio n o r  adsorptio n o f  th e  counterio n t o  th e 

stationar y phas e  i s  a  dynami c  proces s  an d s o ca n resul t  i n  a  chromatographi c 

separation . 

For  convenience ,  th e  boundar y condition s  o f  th e  ion-pai r  mode l  ca n b e 

assume d t o  b e  th e  formatio n o f  a n ion-pai r  A B fro m th e  interactio n betwee n a 

hypothetica l  monovalen t  cationi c  species ,  A + ,  an d a  counterion ,  Â  .  Th e 

ion-pai r  i s  forme d initiall y  i n  th e  aqueou s  phas e  an d i s  extracte d int o th e 

organi c  phase .  A n identica l  treatmen t  ca n b e  applie d t o  ion-pai r  formatio n fo r 

anioni c  solute s  wit h cationi c  counterions .  Unde r  th e  abov e  conditions ,  th e 

followin g equilibri a  apply : 
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D A * -  E a / V (7.22 ) 

*  C AB 
wher e  Å 

^AB =  t o t a ^  m o ^ a T concentratio n o f  A  extracte d int o a n organi c  phas e 
a s  a n ion-pai r  wit h Â 

an d =  tota l  mola r  concentration s  o f  A + an d B ~ i n  th e  aqueou s  phas e 

I n norma l  phas e  partitio n chromatography ,  th e  capacit y  facto r  o f  solut e  A  i s 

give n b y 
è 

k  =  £  :  (7.23 ) 
Å A D [ B ] 

AB L  J a q 

whil e  fo r  reversed-phas e  system s 

k -  E AB*
 [ B " V ( 7 · 2 4 ) 

è  =  phas e  volum e  rati o  =  V  / V 
s  m 

The  chromatographi c  retentio n tim e  o f  a  compoun d ca n b e  expresse d convenientl y 

i n  term s  o f  th e  capacit y  factor ,  k ,  b y 

A +  +  Â  ~  *  1  »A B (7.17 ) aq a q ^  a q  v  ' 

Ê 
AB «  »  A B (7.18 ) aq ^  or g  v  ' 

K 3 + 
AB Ë

 3  »  A  +  Â  (7.19 ) org* -  or g or g  v  J 

The  experimenta l  condition s  i n  ion-pai r  chromatograph y ar e  adjuste d s o tha t  K 2 

i s  larg e  an d i s  comparativel y small .  Th e  extractio n constant ,  ̂ g ( o r g) » ^ o r 

th e  equilibriu m conditio n ca n b e  relate d t o  th e  counterio n concentratio n [B~ ]  b y 

equatio n (7.20) . 

[AB] 
E«<~»> - v , 

L J a q  L  J a q 

The  bul k liqui d distributio n constan t  D A T5 ([AB ]  ,  /[A +]  )  ca n b e  substitute d H A B V L or g  L  aq ' 
int o  equatio n (7.20 )  t o  give : 

Dkn =  Å Á Ã> / í  [B" ]  (7.21 ) 
AB AB(org )  L  J a q  v  ' 

To accoun t  fo r  th e  influenc e  o f  sid e  reaction s  (e.g. ,  protonation ,  aggregation , 

dissociation ,  etc. )  o n th e  ion-pai r  extractio n process ,  th e  distributio n ratio , 
•ê 

D^g,  ca n b e  redefine d i n  term s  o f  th e  conditiona l  equilibriu m constant ,  E ^  , 

suc h tha t 
DAB =  E AB ~ B 
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L 

t R -  ~ 
u 

an d 

1 + 

AB a q 

(7.26 ) 

h ^ ^ 1  +

 eE AB*[ B~V
 (7 ' 27) 

u  M 

As  mentione d previously ,  th e  ion-pai r  mode l  i s  applicabl e  t o  norma l  an d 

reversed-phas e  column s  coate d wit h bul k liquids ,  bu t  i s  no t  suitabl e  fo r  a 

descriptio n o f  chemicall y  bonde d reversed-phas e  separations .  Th e  dynami c 

ion-exchang e  mode l  i s  mor e  appropriat e  fo r  explainin g ion-pai r  retentio n whe n 

th e  thicknes s  o f  th e  stationar y phas e  i s  small .  Th e  ioni c  solute ,  A + ,  i s 

assume d t o  interac t  wit h a  counterion ,  B~ ,  t o  for m a  comple x A B whic h ca n bin d 

t o  th e  nonpola r  ligan d L  (th e  stationar y phas e  film )  t o  for m a  moiet y LAB .  I t 

i s  assume d tha t  thi s  bindin g occur s  reversibl y an d tha t  th e  interactio n i s  du e 

t o  hydrophobi c  interaction s  an d no t  electrostati c  o r  hydrogen-bondin g effects . 

Othe r  equilibri a  tha t  ca n occu r  includ e  th e  bindin g o f  Â  initiall y  t o  th e 

staionar y phas e  (thu s  generatin g a  liqui d ion-exchanger )  an d subsequentl y  t o  A + 

t o  for m th e  adduc t  LAB ,  o r  th e  fre e  specie s  A + an d Â  ma y individuall y  underg o 

hydrophobi c  bindin g t o  for m complexe s  o f  th e  typ e  LA + o r  L B .  Thus ,  sampl e 

retentio n i s  a  produc t  o f  th e  equilibriu m reaction s  (7.28 )  throug h (7.33) . 

[A +]  +  [L ]  1  »ÃßÁ +1 (7.28 ) J a q  L  org* *  L  J or g  v  J 

+ -  K 2 [A +]  +  [ Â ]  «  Ä  »  [AB ]  (7.29 ) L J a q  L  J a q  L  J a q  v 

K 3 [L ]  +  [ B ]  ,  J  >  [T. R ]  (7.30 ) L J or g  L  J a q  ̂  L  J or g  v  ' 

K, 
[AB]  +  [L ]  ^  -[T.AB ]  (7.31 ) L J a q  L  org - -  L  J or g  v  y 

t R = - ( 1 +  k )  (7.25 ) 

u 

= elutio n tim e  o f  th e  retaine d substanc e 

u =  linea r  velocit y  o f  th e  eluen t 

L =  colum e  lengt h 

The  retentio n tim e  fo r  th e  norma l  phas e  an d reversed-phas e  partitio n systems , 

respectively ,  ca n b e  relate d t o  th e  counterio n concentration ,  [ B ] ,  b y th e 

expression s 

è 
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[L B ]  +  [A +]  5  »  [T.AB ]  (7.32 ) J or g  L  J aq ^  L  J or g  v  J 

K, 
[L A ]  +  [Â" ]  , ,  D »[T.AB ] (7.33 ) J or g  L  J a q  ̂ 1 J or g  v 

The  capacit y  facto r  fo r  compoun d A + ca n b e  relate d t o  th e  counterio n 

concentration ,  [ B ] ,  b y th e  expressio n 

( k +  â[Â"] ) 

k  = — 2 (7.34 ) 
( 1 +  Y[B"] ) 

k Q =  capacit y  facto r  fo r  A  i n  th e  absenc e  o f  Â 

â  =  produc t  o f  th e  equilibriu m constant s  Ê,̂ .Ê̂ ,  K^.K ^  o r  K^.K ^ 
i n  equation s  (7.28 )  throug h (7.33 ) 

Y =  K 2 o r  K 3 

The  capacit y  modificatio n factor ,  S Q ^ T ,  c a n b e  u s e d  t 0 expres s  th e  exten t  t o 

whic h th e  presenc e  o f  Â  modulate s  th e  retentio n o f  solut e  A + .  I t  i s  define d a s 

k  1  + p/ k  [B~ ] 
6 r M F = - = 2 (7.35 ) 

C M F k  1  +  Õ  [Â" ] 
ï 

Base d o n th e  abov e  equation ,  i t  i s  possibl e  t o  defin e  severa l  boundar y 

condition s  fo r  th e  ion-pai r  proces s  an d t o  relat e  the m t o th e  concentratio n o f 

th e  counterio n B~ .  Thes e  condition s  ar e  summarize d i n  Tabl e  7.26 .  Smal l  pola r 

counterion s  suc h a s  R^PO  ̂ an d ClO^ "  d o no t  ten d t o  bin d significantl y  t o  th e 

hydrophobi c  stationar y phas e  an d ion-pai r  formatio n i n  th e  aqueou s  phas e  i s 

favore d (Tabl e  7.26 ,  »  K^ ;  small) .  Reagent s  o f  intermediat e  polarity , 

suc h a s  th e  alkylsulfoni c  acids ,  favo r  th e  formatio n o f  io n pair s  i n  th e  aqueou s 

phas e  wit h stron g bindin g o f  th e  io n pai r  t o  th e  stationar y phas e  (Tabl e  7.26 , 

K4 »  K 2 ;  small) .  Th e  lon g chai n alkylsulfonate s  ar e  readil y  adsorbe d ont o 

th e  ligan d surfac e  b y hydrophobi c  attractio n an d ten d t o  behav e  a s  liqui d 

ion-exchanger s  (Tabl e  7.26 ,  large) . 

Ther e  ar e  man y parameter s  whic h ca n influenc e  retentio n i n  io n pai r 

chromatography .  Som e  o f  th e  mor e  importan t  o f  thes e  ar e  summarize d i n  Tabl e 

7.27 .  A t  firs t  sight ,  th e  lon g lis t  migh t  sugges t  tha t  optimizin g th e 

separatio n syste m fo r  a  particula r  sampl e  i n  io n pai r  chromatograph y i s  a 

difficul t  task .  However ,  thi s  i s  no t  th e  cas e  i n  practic e  an d a  fe w tria l 

experiment s  wil l  yiel d th e  desire d result s  fo r  simpl e  separations . 

Importan t  decision s  tha t  wil l  influenc e  th e  chanc e  o f  succes s  mus t  b e  mad e 

befor e  attemptin g a  separation .  Th e  firs t  decisio n i s  th e  choic e  o f  colum n 

type ;  a  convenien t  startin g poin t  i s  t o  selec t  a  chemicall y  bonde d 
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TABLE 7.2 6 

Boundar y Conditio n Remark s 

ê 2 » Ê^  smal l Ion-pai r  formatio n i n  th e  aqueou s  phas e  i s  favored . 
Ion-pai r  comple x ca n bin d les s  readil y  t o  th e 
stationar y phas e  tha n th e  fre e  solut e  A ~ o r  it s 
conjugat e  base ,  (K ^  »  K^) .  k  wil l  b e  les s 
tha n k 

0 

h » ê 2; K̂  smal l Ion-pai r  formatio n occur s  i n  th e  mobil e  phas e 
prio r  t o  th e  comple x bindin g rapidl y an d mor e 
strongl y t o  th e  stationar y phas e  tha n th e  fre e 
solute ,  k  wil l  b e  greate r  tha n k 

0 

h 
larg e Modificatio n o f  th e  stationar y phas e  b y th e 

counterio n i s  importan t  wit h th e  stationar y 
phas e  assumin g th e  characteristic s  o f  a  dynami c 
liqui d ion-exchange r 

TABLE 7.2 7 

VARIABLE PARAMETERS FO R REVERSED-PHASE ION-PAI R CHROMATOGRAPHY 

Variabl e  Effec t 

Typ e  o f  counterio n Retentio n increase s  wit h th e  abilit y  o f  th e 
counterio n t o  for m a n io n pair . 

Siz e  o f  counterio n A n increas e  i n  th e  siz e  o f  th e  counterio n wil l 
increas e  retention . 

Increasin g concentratio n increase s  retentio n u p t o 
a  limit . 

Effec t  i s  dependen t  upo n natur e  o f  th e  solute . 
Retentio n increase s  a s  p H maximize s  concentratio n 
of  ioni c  for m o f  solute . 

Retentio n decrease s  wit h increasin g lipophili c 
nature . 

Retentio n decrease s  wit h increasin g concentration . 

Retentio n decrease s  a s  temperatur e  increases . 

Retentio n increase s  wit h th e  lipophili c  characte r  o f 
th e  stationar y phase . 

Concentratio n 
of  counterio n 

pH 

Typ e  o f  organi c 
modifie r 

Concentratio n o f 
organi c  modifie r 

Temperatur e 

Stationar y phas e 

reversed-phas e  column ,  the n t o  optimiz e  th e  separatio n vi a  change s  i n  th e  mobil e 

phas e  composition .  Chemicall y  bonde d reversed-phas e  column s  ar e  commerciall y 

available ,  ca n b e  use d withou t  an y furthe r  treatment ,  an d ar e  compatibl e  wit h 

LIMITIN G CONDITION S FO R TH E RETENTIO N O F A" ,  A S A N IO N PAIR ,  AB ,  B Y A  CHEMICALLY 
BONDED ALKYL STATIONARY PHAS E 
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gradien t  elutio n techniques .  Norma l  phas e  an d non-bonde d reversed-phas e  column s 

must  b e  prepare d i n  th e  laborator y prio r  t o  use .  A s  th e  stationar y phas e  i s  no t 

bonde d t o  th e  support ,  som e  precaution s  wil l  b e  require d t o  preven t  strippin g o f 

th e  stationar y phas e  durin g th e  chromatographi c  run .  I n  norma l  phas e 

chromatography ,  i t  i s  difficul t  t o  optimiz e  th e  counterio n concentratio n o r  p H 

of  th e  stationar y phase ,  a s  a  ne w colum n mus t  b e  prepare d fo r  eac h experiment . 

For  som e  applications ,  a  majo r  advantag e  o f  th e  norma l  phas e  techniqu e  i s  tha t 

i t  enable s  th e  us e  o f  counterion s  wit h a  hig h detecto r  respons e  t o  enhanc e  th e 

detectio n capabilitie s  o f  solute s  whic h otherwis e  hav e  poo r  responses . 

To selec t  a  counterio n fo r  a  particula r  separation ,  th e  mos t  importan t 

consideratio n i s  charg e  compatibility .  Th e  counterio n shoul d ideall y  b e 

univalent ,  aprotic ,  solubl e  i n  th e  mobil e  phas e  (reversed-phas e  methods) , 

nondistructiv e  t o  th e  chromatographi c  system ,  an d shoul d no t  underg o aggregatio n 

or  othe r  secondar y equilibria .  Som e  o f  th e  compound s  generall y  use d a s 

counterion s  ar e  summarize d i n  Tabl e  7.28 .  Fo r  th e  separatio n o f  anioni c  solute s 

suc h a s  carboxyli c  acid s  an d sulfonates ,  th e  tetraalkylammoniu m salt s  i n  th e 

chlorid e  o r  phosphat e  form s  ar e  generall y  used .  Protonate d amine s  ar e  anothe r 

possibility ,  bu t  thes e  ar e  generall y  les s  usefu l  tha n th e  tetraalkylammoniu m 

salts .  Inorgani c  anions ,  alky l  o r  ary l  sulfonates ,  an d alky l  sulfate s  ar e 

generall y  use d fo r  th e  separatio n o f  cationi c  solutes .  Hydrophobi c  amin o 

compound s  ar e  bes t  separate d wit h  small ,  hydrophili c  counterion s  suc h a s 

dihydrogenphosphate ,  bromide ,  o r  perchlorate .  Fo r  cation s  o f  intermediat e 

polarity ,  hydrophobi c  counterion s  suc h a s  naphthalen e  sulfonate ,  picrate ,  o r 

bis-(2-ethylhexyl)phosphat e  ar e  used .  Th e  reversed-phas e  separatio n o f  smal l  o r 

pola r  cation s  require s  th e  us e  o f  lipophili c  counterion s  suc h a s  alky l 

TABLE 7.2 8 

TYPICAL COUNTERIONS 

Typ e Majo r  Application s 

Quarternar y amines ,  e.g. , 
tetramethyl ,  tetrabutyl , 
palmityltrimethylammoniu m ion s 

For  stron g an d wea k acids ,  sulfonate d 
dyes ,  an d carboxyli c  acids . 

Tertiar y amines ,  e.g. ,  trioctylamin e Sulfonates . 

Alky l  an d ary l  sulfonates ,  e.g. , 
methane -  o r  heptanesulfonate , 
camphorsulfoni c  aci d 

For  stron g an d wea k bases , 
benzalkoniu m salts ,  an d 
cathecholamines . 

Perchlori c  aci d Form s  ver y stron g io n pair s  wit h a 
wid e  rang e  o f  basi c  solutes . 

Alky l  sulfates ,  laury l  sulfat e Simila r  t o  sulfoni c  acids ,  bu t  yield s 
differen t  selectivity . 
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sulfonates ,  sulfamates ,  o r  sulfates .  Wit h thes e  counterions ,  increasin g th e 

lengt h o f  th e  alky l  chai n lead s  t o  a n increas e  i n  retentio n o f  th e  solut e  bu t 

no t  necessaril y  t o  a n increas e  i n  th e  selectivit y  o f  th e  separation .  Wh6 n 

selectivit y  i s  th e  overridin g goa l  o f  th e  separation ,  th e  counterio n shoul d b e 

selecte d s o a s  no t  t o  dominat e  th e  chromatographi c  behavio r  o f  th e  io n pair . 

Comprehensiv e  bibliographie s  o f  ion-pai r  application s  ar e  availabl e  t o  assis t  i n 

th e  selectio n o f  suitabl e  counterion s  [461,462] , 

Ther e  i s  n o genera l  rul e  fo r  predictin g th e  optimu m concentratio n o f  a 

counterio n fo r  a  particula r  separation .  Fo r  lo w counterio n concentrations , 

solut e  retentio n usuall y  increase s  fairl y  rapidl y wit h increasin g counterio n 

concentratio n unti l  a  platea u regio n i s  reached ,  a t  whic h poin t  retentio n 

change s  slightl y  bu t  unpredictabl y wit h furthe r  additio n o f  counterion .  Fo r 

larg e  counterion s  a  mobil e  phas e  concentratio n o f  0.00 5 Ì  i s  fairl y  common .  * 

Wit h smal l  counterion s  muc h highe r  concentration s  ar e  generall y  use d (e.g. ,  0.0 1 

-  0.5 0  M ) .  Fo r  an y particula r  separation ,  th e  optimu m concentratio n o f  th e 

counterio n i s  establishe d b y experiment . 

I n  reversed-phas e  chromatography ,  retentio n an d selectivit y  ar e  als o 

governe d b y th e  pH ,  ioni c  strength ,  an d percentag e  o f  organi c  modifie r  i n  th e 

mobil e  phase ,  a s  wel l  a s  b y th e  choic e  o f  counterion .  Th e  p H o f  th e  mobil e 

phas e  i s  chose n s o tha t  bot h th e  sampl e  an d th e  counterio n ar e  completel y 

ionized .  Th e  p H o f  th e  mobil e  phas e  i s  usuall y  controlle d b y makin g th e  aqueou s 

componen t  a  buffe r  solution .  Th e  compositio n an d concentratio n o f  th e  buffe r 

ca n thu s  influenc e  th e  chromatographi c  propertie s  o f  th e  solute .  I n  genera l 

terms ,  p H ca n hav e  a  larg e  influenc e  o n retentio n an d separatio n b y ion-pai r 

chromatography .  Som e  guideline s  fo r  selectin g th e  optimu m p H fo r  a  give n sampl e 

ar e  summarize d i n  Tabl e  7.29 .  Fo r  chemicall y  bonde d reversed-phas e  columns ,  th e 

workin g rang e  i s  betwee n p H 2. 0 t o  8.0 .  Outsid e  thi s  range ,  physica l  damag e  t o 

th e  colum n (e.g. ,  corrosion ,  cleavag e  o f  th e  bonde d phase ,  dissolutio n o f 

silica ,  etc. )  ca n occur . 

The  mos t  convenien t  an d usefu l  metho d fo r  controllin g retentio n an d 

selectivit y  i n  reversed-phas e  chromatograph y i s  b y adjustin g th e  concentratio n 

of  th e  organi c  modifie r  i n  th e  mobil e  phase .  Thi s  i s  als o tru e  fo r  ion-pai r 

chromatography .  Generally ,  eithe r  methano l  o r  acetonitril e  i s  use d a s  th e 

organi c  modifie r  i n  suc h concentratio n tha t  unde r  gradien t  elutio n conditions , 

th e  leas t  pola r  solven t  use d i s  abl e  t o  completel y dissolv e  th e  ion-pai r 

reagent .  Th e  mor e  commo n ion-pai r  reagent s  sho w muc h highe r  solubilitie s  i n 

methano l  tha n acetonitrile . 

Wit h a  littl e  experienc e  an d practice ,  excellen t  result s  ca n b e  obtaine d b y 

ion-pai r  chromatograph y fo r  th e  separatio n o f  ionize d molecules .  Althoug h i t 
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TABLE 7.2 9 

SELECTION O F p H 

Typ e  o f  Solut e Exampl e pH (fo r 
RP-IPC ) 

Comment 

Stron g aci d 
(pK a <  2 ) 

Sulfonate d 
dye s 

2 -  7. 4 Thes e  solute s  ar e  ionize d through -
ou t  th e  p H range ;  actua l  p H 
selecte d i s  dependen t  upo n othe r 
type s  o f  solute s  present . 

Weak acid s 
(pK a >  2 ) 

Amino acids , 
Carboxyli c 
acid s 

6  -  7. 4 

2 - 5 

Solute s  ionized ;  retentio n 
dependen t  upo n th e  natur e  o f 
th e  io n pair . 

Ionizatio n o f  solute s  i s 
suppressed ;  retentio n dependen t 
upo n th e  natur e  o f  solut e  (no t 
io n pair) . 

Stron g base s 
( P Ka >  8 ) 

Quarternar y 
amine s 

2 - 8 Solute s  ar e  ionize d throughou t 
pH range ;  simila r  t o  stron g acids . 

Weak base s 
(pK a <  8 ) 

Catechol -
amine s 

6 -  7. 4 

2 - 5 

Ionizatio n i s  suppressed ; 
retentio n dependen t  upo n th e 
natur e  o f  th e  solute . 

Solute s  ar e  ionized ;  retentio n 
dependen t  upo n th e  natur e  o f  th e 
io n pair . 

woul d see m tha t ther e  ar e  man y parameter s t o  optimize ,  fo r  simpl e  separation s 

thi s  i s  no t  a  problem ,  a s  change s  i n  jus t  on e  o r  tw o o f  th e  parameter s  discusse d 

abov e  whil e  maintainin g th e  other s  withi n sensibl e  range s  wil l  yiel d th e  desire d 

results .  Fo r  th e  analysi s  o f  comple x mixtures ,  th e  adde d degre e  o f  flexibility , 

i s  importan t  fo r  succes s  compare d t o  th e  rathe r  restricte d possibilitie s  i n 

ion-exchang e  chromatography .  Fo r  routin e  work ,  muc h tim e  ca n b e  save d b y usin g 

TLC t o scou t  fo r  approximat e  condition s  fo r  th e  separatio n prio r  t o  transferrin g 

th e  metho d t o  HPL C [462] . 

7.1 5 Derivative s  fo r  th e  Chromatographi c  Separatio n o f  Inorgani c 

Cation s  an d Anion s 

Gas  and ,  later ,  liqui d chromatographi c  method s  hav e  ha d a n enormou s  impac t 

on th e  analysi s  o f  organi c  mixtures .  Quit e  naturall y  thi s  ha s  le d t o 

investigation s  o f  chromatographi c  method s  fo r  th e  separatio n o f  inorgani c 

compound s  [465-467] .  Som e  o f  thes e  techniques ,  fo r  exampl e  ion-exchang e  an d io n 

chromatography ,  ar e  no w wel l  establishe d technique s  fo r  inorgani c  analysi s  an d 

wer e  describe d i n  detai l  i n  Chapte r  4 .  Ga s  chromatograph y ha s  bee n use d t o 

separat e  man y inert ,  thermall y stabl e  organometalli c  compounds .  Organometalli c 
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compound s  o f  Li ,  Be ,  Mg ,  Zn ,  Hg ,  B ,  Ga ,  Al ,  Si ,  Ge ,  Sn ,  Pb ,  As ,  Sb ,  Cr ,  Mo ,  Se , 

Te ,  Mn ,  Fe ,  Co ,  Cu ,  Ni ,  Ru ,  containin g alkyl ,  aryl ,  carbonyl ,  hydride ,  halide , 

nitrile ,  an d alkoxid e  group s  hav e  bee n separate d b y employin g th e  standar d 

condition s  use d t o  analyz e  organi c  compounds .  Certai n meta l  hydride s  an d 

halide s  hav e  sufficien t  volatilit y  t o  b e  separate d b y ga s  chromatography ,  bu t 

onl y wit h difficulty ,  afte r  certai n  instrumen t  modification s  hav e  bee n mad e 

[468] .  Reactiv e  volatil e  inorgani c  compounds ,  fo r  exampl e  SO2CI ,  UF^ ,  CIO2F , 

SF^Cl ,  etc. ,  ca n b e  separate d b y perfluorocarbo n stationar y phase s  coate d o n 

Teflo n support s  [469,470] .  Thes e  column s  ar e  use d becaus e  o f  thei r  resistanc e 

t o  chemica l  attac k bu t  the y ar e  generall y  ver y inefficien t  i n  th e 

chromatographi c  sens e  (100-30 0 theoretica l  plate s  pe r  meter) .  Porou s  polyme r 

adsorbent s  hav e  bee n use d successfull y  t o  analyz e  som e  reactiv e  compound s  wit h 

reasonabl e  colum n efficiencies . 

Many metals ,  cations ,  an d anion s  ca n b e  mad e  sufficientl y  thermall y an d 

hydrolyticall y  stabl e  fo r  separatio n b y gas ,  liquid ,  o r  thin-laye r 

chromatograph y b y derivatization .  I t  i s  thi s  aspec t  o f  inorgani c  analysi s  tha t 

wil l  b e  discusse d here .  Mos t  o f  thes e  method s  provid e  th e  possibilit y  o f 

multi-elemen t  o r  multi-io n determinations .  A s  fa r  a s  elementa l  analysi s  i s 

concerned ,  som e  overla p exist s  wit h spectroscopi c  techniques ;  fo r  elementa l 

analysi s  spectroscopi c  technique s  ar e  generall y  preferred .  However ,  anothe r 

importan t  are a  o f  inorgani c  analysi s  i s  speciation .  I n  thi s  cas e 

chromatographi c  method s  ar e  require d t o  separat e  th e  individua l  component s  prio r 

t o  detection .  Element-tunabl e  o r  element-specifi c  spectroscopi c  detector s  ar e 

ofte n use d i n  thes e  studie s  t o  provid e  a  selectiv e  profil e  o f  th e  substance s  o f 

interest . 

The  preparatio n o f  neutra l  chelate s  fo r  th e  separatio n o f  metal s  b y ga s 

chromatograph y ha s  bee n studie d fo r  man y year s  [259,468,471-474] ,  Th e  principa l 

limi t  t o  th e  succes s  o f  thi s  approac h ha s  bee n th e  paucit y  o f  suitabl e  reagent s 

whic h ca n confe r  th e  necessar y volatility ,  therma l  stability ,  an d chemica l 

inertnes s  o n th e  meta l  ion .  Th e  clas s  o f  meta l  chelatin g reagent s  whic h hav e 

bee n mos t  studie d ar e  th e  â-diketonates ,  includin g thei r  halo -  an d 

alkyl-substitute d analogs ,  a s  wel l  a s  th e  correspondin g thi o an d amin e  forms . 

Enolizatio n an d subsequen t  ionizatio n o f  â-diketone s  occur s  a s  indicate d below : 

R-C-CH 0-C- R 
II 1 II 

R-C-CH=C-R ' 
II I 
0 0 0 0 

I n man y instance s  th e  complexin g enolat e  anio n form s  neutra l  chelate s  wit h 

metal s  whos e  preferre d co-ordinatio n numbe r  i s  twic e  thei r  oxidatio n state ;  th e 

resultan t  complexe s  ar e  effectivel y co-ordinativel y saturated ,  thu s  precludin g 
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furthe r  adductio n b y solven t  o r  othe r  ligan d species .  Stabl e  complexe s  ar e 

forme d wit h ion s  suc h a s  Be(II) ,  Al(III) ,  an d Cr(III) ,  whic h confor m t o th e 

abov e  rule .  Othe r  ion s  suc h a s  Ni(II) ,  Co(II) ,  Fe(II) ,  an d La(III) ,  whic h 

readil y  adduc t  additiona l  neutra l  ligand s  an d assum e  a  co-ordinatio n stat e 

greate r  tha n twic e  thei r  oxidatio n state ,  ar e  difficul t  t o  ga s  chromatograph . 

Hydrate s  whic h lowe r  th e  volatilit y  an d increas e  th e  polarit y  o f  th e  derivativ e 

may b e  formed ,  resultin g i n  undesirabl e  colum n behavior ,  o r  non-solvate d 

chelate s  ma y polymeriz e  o r  ma y reac t  on-colum n wit h activ e  site s  t o  giv e 

excessiv e  pea k broadenin g o r  eve n irreversibl e  adsorption ,  particularl y  a t  lo w 

chelat e  concentrations .  Numerou s  example s  exis t  o f  meta l  chelat e  derivative s 

tha t  canno t  b e  quantitativel y elute d a t  lo w level s  b y ga s  chromatography . 

Non-fluorinate d chelate s  usuall y  hav e  onl y marginall y  suitabl e  therma l  an d 

chromatographi c  stability ,  ofte n requirin g elutio n temperature s  tha t  ar e  to o 

hig h fo r  therma l  degradatio n t o  b e  completel y absent .  Th e  mos t  frequentl y 

employe d complexin g ligand s  ar e  1,1,l-trifluoropentane-2,4-dion e  (HTFA )  an d 

l,l,l,5,5,5-hexafluoropentane-2,4-dion e  (HHFA) .  Onl y i n  th e  cas e  o f  th e  HTF A 

derivative s  o f  beryllium ,  aluminum ,  an d chromiu m hav e  trac e  leve l  concentration s 

of  th e  element s  i n  environmenta l  sample s  bee n determine d [262,475-477] ,  Othe r 

ligand s  studie d includ e  th e  â-thioketones ,  salicylaldimines , 

dialkyldithiophosphates ,  an d dialkylthiocarbamate s  [467,473] , 

Liqui d chromatographi c  method s  ar e  wel l  suite d t o  th e  separatio n an d 

determinatio n o f  meta l  chelate s  tha t  ca n b e  extracte d int o organi c  solvents . 

Many chelate s  als o absor b strongl y i n  th e  U V o r  visibl e  regions ,  facilitatin g 

detection .  Th e  mos t  widel y use d derivative s  ar e  th e  acetylacetonates ,  Schif f 

bas e  chelates ,  hydrazones ,  dithizonates ,  an d meta l  dithiocarbamate s  [478-485] . 

I t  migh t  b e  expecte d tha t  man y chelate s  woul d b e  mor e  stabl e  i n  HPL C tha n G C bu t 

generall y  thi s  ha s  no t  bee n th e  case .  Man y complexe s  ar e  kineticall y  labil e  an d 

decompos e  o n th e  column .  Fo r  example ,  th e  acetylacetonat e  chelate s  o f  Mn(II) , 

Be(II) ,  Co(III) ,  Cr(III) ,  Rh(III) ,  Ir(III) ,  Pd(I) ,  an d Pt(II )  ar e  stabl e  t o 

reversed-phas e  chromatograph y whil e  th e  derivative s  o f  Fe(III) ,  Co(II) ,  Zn(II) , 

an d Pb(II )  ar e  degrade d o n th e  colum n [479] .  Ligand-substitutio n reaction s  ma y 

occu r  betwee n th e  meta l  part s  o f  th e  colum n an d th e  meta l  complexe s  bein g 

chromatographe d [480,486,487] ,  Thi s  i s  mos t  pronounce d fo r  th e 

diethyldithiocarbamat e  derivative s  o f  Bi(III) ,  Zn(II) ,  Cd(II) ,  an d Pb(II) ,  sinc e 

thes e  complexe s  ar e  relativel y unstabl e  an d ma y readil y  underg o exchang e  wit h 

nicke l  fro m th e  stainles s  stee l  colum n components .  T o minimiz e  thes e 

interaction s  PTF E o r  glass-line d tubin g an d plasti c  radia l  compressio n column s 

hav e  bee n use d wit h partia l  success .  Conditionin g th e  colum n wit h a 

concentrate d solutio n o f  chelate s  o r  incorporatin g disodiu m 

ethylenediaminetetraaceti c  aci d int o th e  mobil e  phas e  ma y als o b e  require d 

[480] . 
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The  facil e  alkylatio n o f  mercur y i n  th e  environmen t  couple d wit h th e  hig h 

sensitivit y  o f  alkylmercuria l  compound s  t o  electron-captur e  detectio n hav e 

prompte d studie s  o n th e  us e  o f  alkylatin g reagent s  a s  a  mean s  o f  derivatizin g 

inorgani c  mercur y fo r  ga s  chromatographi c  analysis .  Amon g th e  mor e  commonl y 
3_ 

use d alkylatin g reagent s  ar e  th e  arylsulfinate s  [488,489] ,  [Co(III)(CN) 5CH3] 

[490] ,  sodiu m tetraphenylborat e  [490,491] ,  an d tetramethylti n  [492] , 
HC1 

C6 H5 S0 2 H +  HgCl 2 >  C 6 H5 HgCl  +  S 0 2 +  HC 1 

[Co(III)(CN) 5R] 3"  +  H g 2 + >  RHg + 

2C1~ 
(CH 3) 4Sn +  H g 2 + >  CH 3HgCl  +  (CH^SnC l 

NaB(C 6 H5 ) 4 +  2HgCl 2 +  3H 2 0 >  2Hg(C 6 H5 ) 2 +  3HC 1 +  NaC l  +  B(0H) 3 

The  alky l  an d ary l  mercurial s  ar e  thermall y stabl e  wit h goo d ga s  chromatographi c 

properties .  Th e  electron-captur e  detecto r  respond s  t o  pp b concentration s  o f  th e 

derivatives .  Alkylatio n ha s  als o bee n use d fo r  th e  simultaneou s  determinatio n 

of  trac e  quantitie s  o f  bromid e  an d chlorid e  b y ga s  chromatograph y wit h 

electron-captur e  detectio n [493] ,  Th e  anion s  wer e  derivatize d wit h dimethy l 

sulfate . 

Selenium(IV )  react s  wit h substitute d 1,2-diaminobenzen e  o r 

2,3-diaminonaphthalen e  i n  acidi c  solutio n t o  for m stabl e  cycli c  derivative s 

whic h ca n b e  extracte d int o a n organi c  solven t  an d analyze d b y ga s  o r  liqui d 

chromatograph y [494-497] . 

Wit h chloro ,  bromo ,  o r  nitr o  substituent s  th e  piazselenol s  ca n b e  determine d b y 

an electron-captur e  detecto r  a t  th e  lo w picogra m level .  Se(VI )  doe s  no t  for m 

piazseleno l  derivative s  s o th e  reactio n wit h diaminobenzen e  ca n b e  use d t o 

determin e  th e  concentratio n o f  Se(IV )  an d Se(VI) .  Selenium(VI )  ma y b e  reduce d 

t o  Se(IV )  wit h boilin g hydrochlori c  acid ,  providin g a  valu e  fo r  tota l  S e  an d a 

valu e  fo r  Se(VI )  b y difference . 

The  mos t  genera l  metho d fo r  th e  simultaneou s  analysi s  o f  oxyanion s  b y ga s 

chromatograph y i s  th e  formatio n o f  trimethylsily l  derivative s  [259,498,499] . 

A s 0 3

3 "  >  (TMS) 3As0 3 

B 0 3

3 "  >  (TMS) 3 B0 3 
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C 0 3

2 "  >  (TMS) 2C0 3 

S 0 4

2 '  >  (TMS) 2 S0 4 

Trimethylsily l  derivative s  o f  silicate ,  carbonate ,  oxalate ,  borate ,  phosphite , 

phosphate ,  orthophosphate ,  arsenite ,  arsenate ,  sulfate ,  an d vanadate ,  usuall y  a s 

thei r  ammoniu m salts ,  ar e  readil y  prepare d b y reactio n wit h BSTFA-TMCS (99:1) . 

Fluorid e  ca n b e  derivatize d i n  aqueou s  solutio n an d extracte d b y 

trimethylchlorosilan e  int o a n immiscibl e  organi c  solven t  [500] , 

(C 2 H5 ) 3 SiO H +  F "  >  (C 2 H5 ) 3 Si F 

A numbe r  o f  method s  ar e  availabl e  fo r  th e  derivatizatio n o f  cyanid e  an d 

thiocyanat e  [501-503] , 

CN"  +  Chloramine- T >  C1C N +  product s 

CN"  +  Br 2 >  BrC N +  Br " 

SCN"  +  4Br 2 +  4H 2 0 >  BrC N +  S 0 4

2 "  +  7Br "  +  8H + 

The  cyanoge n halide s  ca n b e  detecte d a t  trac e  level s  usin g headspac e  ga s 

chromatograph y wit h electron-captur e  detection .  Thiocyanat e  ca n b e 

quantitativel y determine d i n  th e  presenc e  o f  cyanid e  b y th e  additio n o f  a n 

exces s  o f  formaldehyd e  whic h convert s  th e  cyanid e  io n t o  th e  unreactiv e 

cyanohydrin . 

Iodine ,  i n  aci d solution ,  react s  wit h aceton e  t o  for m monoiodoacetone , 

whic h ca n b e  detecte d a t  lo w concentration s  b y electron-captur e  detectio n 

[504,505] .  Stron g aci d condition s  ar e  require d t o  inhibi t  th e  formatio n o f  th e 

diiodoaceton e  derivative .  Th e  reactio n i s  specifi c  fo r  iodine .  Iodid e  ca n b e 

determine d afte r  oxidatio n wit h potassiu m iodate .  Th e  othe r  halid e  anion s  ar e 

no t  oxidize d b y iodat e  t o  th e  reactiv e  molecula r  for m an d thu s  d o no t  interfer e 

i n  th e  derivatizatio n reaction . 

The  nitrat e  anio n ca n b e  determine d i n  aqueou s  solutio n b y reactio n wit h a 

mixtur e  o f  benzen e  an d sulfuri c  aci d  [506-509] .  Nitrobenzen e  i s  forme d i n  9 0 ± 

8% yiel d fo r  nitrat e  concentration s  i n  th e  rang e  0.1 2 -  6 2 ppm .  Th e  nitrit e 

anio n ca n b e  determine d afte r  oxidatio n t o  nitrat e  wit h potassiu m permanganate . 

7.1 6 Visualizatio n Technique s  fo r  Thin-Laye r  Chromatograph y 

Qualitativ e  an d quantitativ e  measurement s  i n  hig h performanc e  thin-laye r 

chromatograph y (HPTLC )  ar e  mad e  b y i n  sit u  scannin g densitometr y (Chapte r  9.10) . 

Instrumenta l  measurement s  provid e  a n accurat e  recor d o f  th e  separatio n i n  th e 

for m o f  a  chromatogram .  A s  man y organi c  compound s  absor b UV-visibl e  radiatio n 

or  ar e  fluorescent ,  the y ar e  readil y  determine d withou t  resortin g t o 
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derivatization .  Visualizatio n technique s  ar e  use d i n  TL C fo r  tw o principa l 

reasons :  t o  enabl e  colorles s  compound s  t o  b e  detecte d b y ey e  an d t o  increas e 

th e  selectivit y  o f  th e  detectio n proces s  b y reactio n o f  th e  separate d compound s 

wit h a  reagen t  havin g chemica l  specificit y  fo r  a  particula r  functiona l  grou p o r 

compoun d class .  Visualizatio n technique s  ar e  widel y use d i n  conventiona l  TL C 

wher e  th e  separatio n efficienc y i s  muc h lowe r  tha n HPTLC . 

Severa l  hundre d visualizatio n reagent s  hav e  bee n describe d fo r  us e  i n  TL C 

[510-512] .  The y ca n b e  divide d int o severa l  differen t  types .  Reagent s  ar e 

classifie d a s  reversibl e  o r  destructive ,  dependin g o n th e  typ e  o f  interactio n 

the y underg o wit h th e  separate d compounds ,  an d a s  selectiv e  o r  universal ,  base d 

on th e  specificit y  o f  th e  reaction .  Mos t  method s  involv e  sprayin g th e  plat e  o r 

dippin g th e  plat e  int o a  chemica l  reagen t  followe d b y a  conditionin g period ,  fo r 

exampl e  heatin g i n  a n oven ,  durin g whic h tim e  a  colo r  i s  develope d a t  position s 

wher e  sampl e  component s  ar e  present .  Th e  mos t  commo n nondestructiv e  method s 

emplo y iodin e  vapor ,  water ,  fluorescein ,  bromine ,  o r  p H indicator s  a s  th e 

visualizin g reagent s  [513] ,  I n  th e  iodin e  vapo r  metho d th e  drie d plat e  i s 

enclose d i n  a  chambe r  containin g a  fe w crystal s  o f  iodine ;  component s  o n th e 

chromatogra m ar e  staine d mor e  rapidl y tha n th e  backgroun d an d appea r  a s 

yellow-brow n spot s  o n a  ligh t  yello w background .  A s  littl e  a s  0. 1  t o  0.0 1 

microgram s  o f  sampl e  ca n b e  visualize d i n  thi s  wa y an d th e  reactio n ca n b e 

reverse d b y simpl y removin g th e  plat e  fro m th e  visualizatio n chambe r  an d 

allowin g th e  iodin e  t o  evaporate .  Compound s  containin g unsaturate d hydrocarbo n 

or  phenoli c  group s  ma y irreversibl y reac t  wit h iodine .  Mercaptan s  ar e  oxidize d 

t o  disulfides .  Sprayin g a  TL C plat e  wit h wate r  reveal s  hydrophobi c  compound s  a s 

whit e  spot s  o n a  translucen t  backgroun d whe n th e  water-moistene d plat e  i s  hel d 

agains t  th e  light .  A  TL C plat e  spraye d wit h 0.05 % aqueou s  fluorescein ,  followe d 

by exposur e  t o  bromin e  vapo r  whil e  stil l  damp ,  become s  uniforml y colore d (du e  t o 

formatio n o f  eosin )  excep t  a t  position s  wher e  separate d component s  ar e  located . 

Solution s  o f  p H indicators ,  fo r  exampl e  bromocreso l  gree n an d bromopheno l  blue , 

ar e  widel y use d fo r  th e  detectio n o f  acidi c  an d basi c  compounds .  Th e  abov e 

method s  ar e  al l  fairl y  universa l  an d reversibl e  s o tha t  the y ma y b e  use d fo r 

detectio n whe n sampl e  recover y fo r  furthe r  studie s  i s  required . 

Destructiv e  spra y reagent s  ma y b e  use d whe n sampl e  recover y i s  no t 

important .  Again ,  numerou s  reagent s  ar e  know n [510,511 ]  bu t  amon g th e  mor e 

generall y  use d ar e  solution s  o f  sulfuri c  acid ,  sulfuri c  acid-aceti c  anhydrid e 

(1:4) ,  an d sulfuri c  acid-sodiu m dichromate .  Afte r  spraying ,  th e  plat e  i s 

usuall y  heate d i n  a n ove n fo r  som e  tim e  a t  110-115°C .  Organi c  compound s  ar e 

converte d t o  carbo n an d visualize d a s  blac k spot s  o n a  white-gre y background . 

Alternatively ,  ammoniu m bisulfit e  ca n b e  incorporate d int o th e  adsorben t  laye r 

and ,  afte r  th e  developmen t  process ,  sulfuri c  aci d i s  generate d i n  sit u  b y 

heatin g th e  plat e  i n  a n oven .  Whe n th e  reactio n condition s  ar e  carefull y 
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controlled ,  charrin g reaction s  ca n provid e  reliabl e  quantitativ e  dat a  [514] , 

Heatin g a  sampl e  o n a  TL C plat e  t o  a  temperatur e  o f  100-150° C fo r  1-1 2 h  i n  th e 

presenc e  o f  ammoniu m hydroge n carbonat e  vapor s  induce s  fluorescenc e  withou t 

charrin g i n  mos t  organi c  compound s  [515] .  Regardles s  o f  th e  structur e  o f  th e 

compoun d treated ,  th e  i n  sit u  fluorescenc e  characteristic s  o f  th e  correspondin g 

derivative s  ar e  ver y similar ,  al l  showin g excitatio n maxim a  a t  approximatel y 38 0 

nm an d emissio n maxim a  a t  45 5 and/o r  47 5 nm .  Th e  fluorescen t  derivative s 

obtaine d ar e  ver y stabl e  fo r  severa l  week s  an d ar e  no t  significantl y  influence d 

by th e  presenc e  o f  atmospheri c  oxyge n o r  moisture .  Fluorescenc e  ma y als o b e 

induce d b y heatin g i n  th e  presenc e  o f  aci d vapor s  (e.g. ,  HC1 ,  HBr ,  HNO^,  HCIO^) , 

silico n tetrachloride ,  ammoniu m hydroge n sulfate ,  an d zircony l  salt s  [516,517] , 

Alternatively ,  Shanfiel d ha s  recommende d th e  us e  o f  a  gaseou s  electrica l 

discharg e  fo r  fluorescenc e  inductio n [518,519] .  Th e  discharg e  treatmen t 

produce s  a  highe r  yiel d o f  fluorescen t  material ,  i s  mor e  reproducible ,  an d 

require s  a n exposur e  tim e  o f  onl y severa l  minute s  compare d t o  severa l  hour s 

neede d b y th e  therma l  method . 

I t  ha s  bee n observe d tha t  man y fluorescen t  compound s  adsorbe d ont o silic a 

ge l  produc e  a  diminishe d fluorescenc e  respons e  whic h ma y b e  accompanied ,  i n  som e 

cases ,  b y a  shif t  i n  th e  emissio n maximu m t o longe r  wavelengths .  Impregnatin g 

th e  develope d plat e  b y dippin g o r  sprayin g wit h a  viscou s  liqui d suc h a s  liqui d 

paraffi n  [520,521] ,  triethanolamin e  [520,522] ,  Trito n X-10 0 [520,523-525] ,  o r 

Fombli n Y-Va c  [525 ]  prio r  t o  measuremen t  wil l  enhanc e  th e  fluorescenc e  signa l 

sufficientl y  fo r  trac e  leve l  detection .  Fluorescenc e  enhancemen t  value s  fro m 

10 -  t o  200-fol d hav e  bee n observe d i n  favorabl e  cases .  I t  i s  assume d tha t 

adsorptio n ont o silic a  ge l  provide s  additiona l  nonradiativ e  pathway s  fo r  los s  o f 

th e  fluorescen t  excitatio n energy ;  thes e  pathway s  ar e  relieve d b y transfe r  o f 

th e  adsorbe d solut e  t o  th e  liqui d stat e  whe n th e  plat e  i s  impregnate d wit h a 

nonvolatil e  liquid .  However ,  onc e  i n  solutio n spo t  broadenin g du e  t o  diffusio n 

become s  important .  Th e  poly(perfluoroalky l  ether )  Fombli n Y-Va c  wa s  foun d t o  b e 

particularl y  effectiv e  i n  minimizin g spo t  broadenin g i n  th e  detectio n o f 

polycycli c  aromati c  hydrocarbon s  [525] . 

Numerou s  reagent s  ar e  availabl e  whic h for m colore d product s  wit h eithe r 

specifi c  functiona l  group s  o r  compound s  distinguishe d b y clas s  [510-512] .  The y 

ar e  usefu l  fo r  identifyin g specifi c  compound s  i n  comple x mixtures .  Thos e 

reaction s  whic h ar e  sufficientl y  specifi c  ma y b e  use d t o  qualitativel y identif y 

compound s  whic h ar e  incompletel y resolve d o n th e  plate .  Quantitativ e  analysi s 

may als o b e  possibl e  i f  th e  produc t  ca n b e  forme d reproducibl y an d adsorb s  o r 

fluoresce s  a t  a  wavelengt h wher e  interference s  ar e  absent . 
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7.1 7 Separatio n o f  Stereoisomer s  an d Diastereoisomer s 

Stereoisomer s  hav e  identica l  molecula r  formula s  bu t  diffe r  fro m on e  anothe r 

i n  tha t  thei r  atom s  ar e  arrange d differentl y  i n  space .  Suc h molecula r 

arrangement s  ca n giv e  ris e  t o  a  cente r  o r  plan e  o f  asymmetr y wit h th e  abilit y  t o 

rotat e  a  bea m o f  polarize d light .  Tw o stereoisomer s  relate d a s 

non-superimposabl e  mirro r  image s  ar e  calle d enantiomers .  The y posses s  identica l 

physica l  propertie s  excep t  tha t  the y rotat e  polarize d ligh t  i n  opposit e 

directions . 

Chromatographi c  interes t  i n  enantiomeri c  resolutio n is ,  however ,  no t  du e  t o 

thei r  uniqu e  interactio n wit h plan e  polarize d light .  Th e  spatia l  dissimilarit y 

whic h effect s  th e  wa y a  bea m o f  polarize d ligh t  i s  rotate d i s  als o predominan t 

i n  th e  wa y biologica l  molecule s  interac t  i n  livin g systems .  I n  mos t  case s 

optica l  enantiomer s  exhibi t  differen t  biologica l  activitie s  du e  t o  difference s  · 

i n  thei r  strengt h o f  interactio n wit h th e  correspondin g receptor ,  hav e  differen t 

transpor t  mechanisms ,  an d ma y b e  metabolize d b y differen t  routes .  Thus ,  chira l 

recognitio n i s  a n inheren t  featur e  o f  th e  biologica l  mechanis m b y whic h enzymes , 

chemica l  agents ,  an d drug s  perfor m thei r  prescribe d functions .  Fo r  thi s  reaso n 

a  knowledg e  o f  th e  enantiomeri c  purity ,  composition s  an d typ e  o f  natura l 

product s  an d xenobiotic s  i s  o f  considerabl e  importanc e  i n  biolog y an d medicine . 

Ther e  ar e  tw o approache s  t o  th e  separatio n o f  enantiomer s  b y 

chromatographi c  means .  Th e  direc t  rout e  employ s  a  chira l  phas e  t o  distinguis h 

th e  spatia l  differenc e  betwee n enantiomeri c  forms .  Th e  indirec t  rout e  involve s 

th e  synthesi s  o f  diastereomeri c  derivative s  usin g a n opticall y  pur e  derivatizin g 

reagen t  an d subsequen t  separatio n i n  a  nonchira l  chromatographi c  system .  Th e 

advantage s  an d disadvantage s  o f  eac h approac h wil l  b e  discusse d below . 

7.17. 1  Separatio n o f  Enantiomer s  a s  Thei r  Diastereomeri c  Derivative s 

Enantiomeri c  mixture s  containin g a  reactiv e  functiona l  grou p ca n b e 

derivatize d wit h a n opticall y  pur e  reagen t  t o  produc e  a  mixtur e  o f 

diastereomers .  Unlik e  enantiomers ,  diastereomer s  hav e  differen t  physica l 

propertie s  an d ca n b e  separate d b y a  wid e  rang e  o f  technique s  includin g 

fractiona l  crystallization ,  selectiv e  precipitation ,  distillation ,  solven t 

partition ,  an d chromatographi c  methods .  Simpl y formin g diastereomeri c 

derivative s  doe s  no t  i n  itsel f  guarante e  resolution ,  i t  merel y make s  resolutio n 

possibl e  i n  a  nonchira l  separatio n system .  Th e  magnitud e  o f  th e  physica l 

differenc e  betwee n diastereomer s  an d th e  selectivit y  an d efficienc y o f  th e 

chromatographi c  syste m al l  influenc e  th e  exten t  o f  resolution .  Ofte n th e 

resolutio n o f  diastereomeri c  derivative s  i s  enhance d whe n th e  chira l  center s  o f 

th e  enantiome r  an d th e  reagen t  ar e  i n  clos e  proximit y i n  th e  derivativ e  an d whe n 

th e  reagen t  i s  comprise d o f  conformationall y  immobil e  group s  o r  contain s  bulk y 
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group s  attache d directl y  t o  th e  chira l  center .  Tw o potentia l  source s  o f  erro r 

i n  establishin g th e  enantiomeri c  compositio n o f  a  mixtur e  ar e  tha t  th e  reagen t 

may caus e  a  degre e  o f  racemizatio n durin g reactio n o r  ma y reac t  wit h th e 

enantiomer s  a t  differen t  rate s  becaus e  the y exhibi t  energeticall y  differen t 

diastereomeri c  transitio n states .  However ,  th e  prinicpa l  limitatio n o f  th e 

metho d i s  th e  requiremen t  tha t  th e  derivatizin g reagen t  b e  readil y  availabl e  i n 

an opticall y  pur e  form .  I f  th e  reactio n i s  t o  b e  use d fo r  preparativ e  purposes , 

read y reconversio n o f  th e  diastereoisomer s  int o thei r  respectiv e  enantiomeri c 

moietie s  i s  als o a  necessar y condition .  Som e  representativ e  derivatizin g 

reagent s  fo r  enantiomeri c  resolutio n b y ga s  chromatograph y ar e  give n i n  Tabl e 

7.30 .  Thes e  reagent s  mus t  for m derivative s  tha t  ar e  thermall y stabl e  an d fre e 

TABLE 7.3 0 

TYPICAL CHIRA L DERIVATIZIN G REAGENTS FO R GAS CHROMATOGRAPHIC ENANTIOMERIC 
RESOLUTION 

Reagen t 
Functiona l 
Grou p Reacte d Referenc e 

N-Trifluoroacetyl-proly l  chlorid e Amine s 526,52 7 

á-Chloroisovalery l  chlorid e Amine s 52 8 

a-Methoxy-a-(trifluoromethyl) -
phenylacety l  chlorid e 

Amine s 53 0 

Menthy l  chloroformat e Amine s 
Alcohol s 

53 0 
53 1 

Teresantaliny l  chlorid e Amine s 53 2 

Drimanoy l  chlorid e Amine s 
Alcohol s 

53 3 
53 3 

trans-Chrysanthemoy l  chlorid e Amine s 
Alcohol s 

53 3 
53 3 

á-Phenylbutyri c  anhydrid e Amine s 53 4 

3p-Acetoxy-^?-etieni c  aci d chlorid e Alcohol s 53 5 

1-Phenylisocyanat e Alcohol s 53 6 

2-Phenylpropiony l  chlorid e Alcohol s 53 7 

2-Butano l Carboxyli c acid s 53 8 

3-Methyl-2-butano l Carboxyli c acid s 53 9 

Menthy l  alcoho l Carboxyli c acid s 54 0 

2-0ctano l Carboxyli c  acid s 54 1 

2,2,2-Trifluoro-l-pentylethylhydrazin e Ketone s 54 2 
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fro m racemizatio n durin g th e  chromatographi c  process .  Althoug h thes e 

derivative s  ma y b e  separate d o n nonchira l  stationar y phases ,  preferabl y usin g 

capillar y columns ,  th e  resolutio n o f  diastereoisomer s  i s  ofte n greate r  o n a 

chira l  stationar y phas e  [528] , 

A selectio n o f  reagent s  fo r  enantiomeri c  resolutio n b y HPL C i s  show n i n 

Figur e  7.29 .  Liquid-soli d  chromatograph y i s  ofte n use d fo r  separatin g 

diastereoisomer s  o n accoun t  o f  it s  uniqu e  lock-ke y separatio n mechanism ,  whic h 

i s  particularl y  usefu l  fo r  separatin g molecule s  o f  differen t  shape .  Man y o f  th e 

reagent s  employe d fo r  enantiomeri c  resolutio n b y HPL C als o contai n a  chromophor e 

t o  improv e  th e  detectio n characteristic s  o f  th e  derivatives .  Reagent s 

containin g a  4-dimethylamino-l-naphthy l  chromophor e  ca n b e  use d wit h 

fluorescenc e  detectio n fo r  trac e  analysi s  [543] .  Withou t  th e 

CH 3 

CHR 1 

R 

( I) R- H; R 1 * NCO 
( I I) R - h M C H ^ R 1 - ^ 

( I I I) R«N(CH 3)2; R^COz H 

(IV) 

C H 3 O - C - C F 3 

(V) R-COC f 
(VI) R-C0 2H 

(VIII) R-CO c e 

Figur e  7.2 9 Representativ e  chira l  derivatizin g reagent s  fo r  enantiome r 
separatio n b y HPLC .  (I) ,  a-naphthalylethylisocyanate ; 
(II) ,  L-l-(4-dimethylamino-l-naphthyl)ethylamine ; 
(III) ,  L-l-(4-dimethylamino-l-naphthyl)aceti c  acid ; 
(IV) ,  a-methoxy -a-methyl-l-naphthaleneaceti c  acid ; 
(V) ,  (+)-Q-methoxy -Q-trifluoromethylphenylacety l  chloride ; 
(VI) ,  carboxyli c  aci d for m o f  (V) ;  (VII) ,  (R )-(+)-a-methoxy -
p-nitrobenzylamine ;  (VIII) ,  aci d chlorid e  for m o f  (VII) ; 
(IX) ,  (+)-camphor-10-sulfony l  chloride ;  (X) ,  (+)-neomenthy l 
isothiocyanate .  Wher e  no t  explicitl y  state d th e  reagen t  mus t  b e 
i n a  singl e  enatiomeri c  for m t o  b e  o f  us e  a s  a  resolvin g agent . 
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4-dimethylamino-substituen t  th e  fluorescenc e  propertie s  ar e  poo r  an d th e 

naphthyl-derivative s  ar e  usuall y  determine d b y U V detectio n [544,545] .  Th e 

reactiv e  functiona l  grou p o f  th e  reagen t  determine s  it s  are a  o f  application . 

For  example ,  á-methoxy-a-methyl-l-naphthaleneaceti c  aci d wa s  use d t o  derivatiz e 

th e  amin o functionalit y  [545 ]  an d l-aminoethyl-4-dimethylaminonaphthalen e  th e 

carboxyli c  aci d functionalit y  [546 ]  o f  racemi c  amin o acids . 

N-trifluoroacetyl-l-proly l  chlorid e  [546] ,  2,3,4,6-tetra-0-acetyl- p 

-glucopyranosy l  isothiocyanat e  [547] ,  10-camphorsulfony l  chlorid e  [548] ,  an d 

1,7-dimethyl-7-norborny l  isothiocyanat e  an d neomethy l  isothiocyanat e  [549 ]  hav e 

bee n use d t o  derivatiz e  primar y an d secondar y amine s  i n  amin o acid s  an d 

pharmaceutica l  products .  á-Methyl-p-nitrobenzylamin e  wa s  use d t o  resolv e 

racemi c  carboxyli c  acid s  [550] ,  whil e  á-methoxy-a-trifluoromethylacety l  chlorid e 

[551 ]  an d á-naphthylethy l  isocyanat e  [552 ]  ar e  use d t o  separat e  racemi c 

alcohols . 

Practica l  detail s  o f  th e  preparatio n o f  opticall y  pur e  reagent s  an d th e 

condition s  fo r  th e  formatio n an d separatio n o f  diastereomeri c  derivative s  ar e 

reviewe d i n  reference s  [259,260,553,554] , 

7.17. 2  Chira l  Stationar y Phase s  fo r  Enantiome r  Resolutio n 

The  direc t  separatio n o f  enantiomer s  withou t  prio r  conversio n t o 

diastereoisomer s  woul d realiz e  severa l  advantages .  I t  coul d b e  applie d t o  thos e 

enantiomer s  whic h d o no t  contai n reactiv e  functiona l  group s  an d coul d no t  b e 

limite d b y th e  nee d fo r  reagent s  o f  hig h optica l  purity .  Sampl e  manipulation , 

preparation ,  an d separatio n woul d als o b e  simplified .  However ,  jus t  a s  ther e  i s 

no universa l  resolvin g reagen t  fo r  diastereoisome r  separation s  ther e  i s  n o 

singl e  chira l  stationar y phas e  fo r  th e  resolutio n o f  al l  enantiome r  mixtures . 

The  separatio n o f  enantiomer s  usin g a  chira l  stationar y phas e  i n  ga s 

chromatograph y occur s  becaus e  interaction s  betwee n th e  enantiomer s  an d th e 

stationar y phas e  result s  i n  th e  formatio n o f  diastereomeri c  associatio n 

complexe s  havin g differen t  solvatio n enthalpie s  an d henc e  differen t  retentio n 

characteristic s  [555] ,  A  numbe r  o f  chira l  phases ,  includin g amide s 

(RC0NHCHR1R2) ,  diamide s  (RC0NHCHR^C0NHR2) ,  dipeptide s  (N-trifluoroacetylamin o 

acid-amin o acid-R) ,  an d polysiloxan e  polymer s  wit h chira l  substituent s  hav e  bee n 

describe d i n  th e  literatur e  [556,557] ,  Som e  example s  ar e  show n i n Figur e 

7.30 .  Th e  chira l  phas e  i n  Figur e  7.3 0 (I )  wa s  use d t o  separat e  th e  enantiomeri c 

N-trifluoroacetylamines ,  N-trifluoroacetylamin o aci d esters ,  an d 

á-alkylcarboxyli c  aci d amide s  [558] .  N-(lR,3R)-trans-chrysanthemoyl -

(R)-l-(a-naphthyl)ethylamine ,  whic h contain s  tw o chira l  centers ,  wa s  use d t o 

successfull y  resolv e  racemi c  pyrethroi d insecticide s  [559] .  Th e  diamid e  phases , 

of  whic h Figur e  7.3 0 (II )  i s  a n example ,  sho w hig h stereoselectivit y  fo r  th e 
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C H 3 ( C H 2 ) 1 0 C O N H C H CH3 

C 1 0 H 8 

( I ) 

C O N H C ( C H 3 ) 3 

C H 3 ( C H 2 ) 2 o C O N H C H 

C H ( C H 3 ) 2 

( I I ) 

( C H 3 ) 2 C H C H ( C H 3 ) 2 

F 3 C C O N H C H C O N H C H C O O ^ H j 

( I I I ) 

Figur e  7.3 0 Som e  representativ e  chira l  stationar y phase s  fo r  ga s 
chromatography .  (I) ,  N-lauroyl-S -Q-( l-naphthyl)ethylamine ; 
(II) ,  N-docosanoyl-L-valine-t-butylamide ; 
(III) ,  N-trifluoroacetyl-L-valyl-valin e  cyclohexy l  ester ; 
(IV) ,  polymeri c  chira l  phas e  prepare d fro m polycyanopropylmethyl -
phenylmethy l  silicon e  an d L-valine-t-butylamide . 

separatio n o f  enantiomeri c  amide s  derive d fro m amin o acids ,  amines ,  amin o 

alcohols ,  á-hydrox y acids ,  an d ester s  o f  aromati c  diol s  [559-562] ,  Th e  mos t 

thermall y stabl e  o f  thes e  phases ,  N-docosanoyl-L-valine-2-(2-methyl) -

n-heptadecylamide ,  ha s  a n uppe r  temperatur e  limi t  o f  200°C .  Othe r  analog s  hav e 

lowe r  operatin g temperatur e  limit s  whic h ca n b e  a  proble m fo r  th e  elutio n o f  th e 

leas t  volatil e  o f  th e  N-trifluoroacetyl-a-amin o aci d methy l  an d isopropy l 

esters .  Man y dipeptid e  stationar y phases ,  o f  whic h Figur e  7.3 0 (III )  i s  a n 

example ,  hav e  bee n evaluate d fo r  th e  separatio n o f  enantiomeri c  amin o aci d 

derivative s  [563-567] ,  Phase s  providin g th e  highes t  resolutio n o f  enantiomeri c 

pair s  contai n a  trifluoroacety l  group ,  bulk y sid e  group s  an d similarl y  bulk y 

este r  groups ,  an d ar e  operate d a t  th e  lowes t  feasibl e  temperature .  Problem s  i n 

th e  practic e  o f  enantiomeri c  resolutio n o n thes e  phase s  includ e  poo r  resolutio n 

of  som e  derivatives ,  particularl y  thos e  o f  prolin e  an d asparti c  acid ,  th e 

overla p o f  D -  an d L-enantiomer s  o f  differen t  amin o acids ,  an d lon g retentio n 

time s  fo r  th e  leas t  volatil e  amin o aci d derivative s  du e  t o  th e  uppe r  temperatur e 

operatin g limi t  (differen t  phase s  ar e  stabl e  t o  11 0 -  170°C) .  Polymeri c  chira l 

phases ,  fo r  exampl e  Figur e  7.3 0 (IV) ,  hav e  bee n synthesize d t o  provid e  chira l 

phase s  wit h goo d chromatographi c  performanc e  an d highe r  operatin g temperatur e 

limits .  Al l  phase s  ar e  prepare d fro m a  polycyanopropylmethyldimethylsiloxan e 

[568-570 ]  o r  polycyanopropylmethylphenylmethylsiloxan e  [571,572 ]  b y hydrolysi s 

( C H 2 ) 3 

NH C H C H (CHo) o 

C O N H C ( C H 3 ) 3 

( I V ) 
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of  th e  cyan o grou p t o  th e  carboxyli c  acid ,  whic h i s  the n couple d wit h 

L-valine-t-butylamid e  o r  L-valine-S -a-phenylethylamid e  [573,574 ]  t o  introduc e 

th e  chira l  center .  Separatio n o f  eac h chira l  cente r  b y severa l  dimethylsiloxan e 

or  methylphenylsiloxan e  unit s  ( > 7 )  seem s  t o  b e  essentia l  fo r  goo d enantiomeri c 

resolvin g powe r  an d therma l  stability .  Th e  uppe r  temperatur e  limi t  o f  thes e 

phase s  i s  abou t  230°C ;  a t  highe r  temperature s  racemizatio n o f  th e  chira l  center s 

become s  significant .  Nearl y al l  th e  enantiomeri c  protei n amin o aci d 

N-pentafluoropropionylamid e  isopropy l  este r  derivative s  ca n b e  separate d i n  a 

singl e  analysi s  [568,571] ,  Racemi c  mixture s  o f  á -amin o alcohols ,  glycols , 

aromati c  an d aliphati c  á -hydroxycarboxyli c  acids ,  an d amine s  ca n als o b e 

separate d o n thes e  phase s  [568-572] ,  Racemi c  hydroxyacid s  an d carbohydrat e 

derivative s  wer e  separate d o n th e  L-valine-S -a-phenylethylamide-containin g phas e 

[573] ,  Th e  commericall y  availabl e  chira l  polymeri c  phase s  discusse d abov e  ar e 

th e  mos t  widel y use d chira l  phase s  fo r  ga s  chromatography .  Th e  genera l  approac h 

use d fo r  thei r  synthesi s  shoul d allo w th e  intereste d researche r  t o  synthesiz e 

"tailor-made "  phase s  t o  sui t  particula r  requirements . 

For  HPL C separations ,  chira l  stationar y phase s  ca n b e  prepare d simpl y b y 

impregnatin g a n adsorben t  suc h a s  silic a  ge l  wit h a  chira l  reagent .  Th e  solven t 

fo r  developmen t  i s  chose n suc h tha t  th e  chira l  reagen t  i s  no t  elute d fro m th e 

column .  Fo r  example ,  th e  separatio n o f  th e  carbohelicene s  show n i n Figur e  7.3 1 

was  obtaine d usin g a  silic a  ge l  colum n impregnate d wit h 25 % w/ w 

R(-)-2-(2,4,5,7-tetranitro-9-fluorenylideneaminooxy)propioni c  aci d (ÔÁÑÁ) 

[575] ,  ÔÁÑÁ i s  a  wel l  know n resolvin g agen t  fo r  opticall y  activ e  aromati c  an d 

unsaturate d hydrocarbo n compound s  capabl e  o f  interactin g wit h th e  forme r  throug h 

charg e  transfe r  complexation .  Sinc e  thes e  charg e  transfe r  complexe s  ar e  reall y 

diastereomeri c  complexes ,  the y hav e  differen t  equilibriu m constant s  fo r  thei r 

formatio n an d dissociatio n o n th e  silic a  ge l  support .  Th e  nee d fo r  th e 

resolvin g agen t  t o  b e  completel y insolubl e  i n  th e  mobil e  phas e  i s  a n unnecessar y 

limitatio n o n th e  selectio n o f  mobil e  phas e  fo r  th e  separation .  Permanentl y 

bonde d phase s  offe r  greate r  versatilit y  an d ca n b e  convenientl y  prepare d b y 

condensatio n reaction s  employin g th e  commerciall y  availabl e  3-aminopropylsilic a 

phas e  a s  substrate .  Gil-A v ha s  show n ho w ÔÁÑÁ ca n b e  chemicall y  bonde d t o  thi s 

phas e  fo r  th e  resolutio n o f  carbohelicene s  an d aromati c  diol s  [576] ,  I n  a 

relate d application ,  Lochmulle r  [577 ]  prepare d a  bonde d phas e  b y condensatio n o f 

L-alanin e  wit h 3-aminopropylsilica ,  followe d b y reactio n wit h 

1-fluoro-2,4-dinitrobenzen e  t o  introduc e  a  charg e  transfe r  group .  Thi s  phas e 

was  use d t o  separat e  aza-helicen e  enantiomers .  Th e  structure s  o f  som e 

representativ e  bonde d chira l  stationar y phases ,  al l  prepare d fro m 

3-aminopropylsilica ,  ar e  show n i n Figur e  7.3 2 [575,578-581] .  Th e  chira l  phase , 

Figur e  7.3 2 (II) ,  ca n b e  convenientl y  prepare d b y passin g a  solutio n o f 

(R)-N-(3,5-dinitrobenzoyl)phenylglycin e  throug h a  prepacke d colum n o f 
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Figur e  7.3 1 HPL C separatio n o f  enantiomeri c  mixture s  usin g a  chira l  phase . 
A,  separatio n o f  a  mixtur e  o f  racemi c  carbohelicene s  usin g silic a 
ge l  impregnate d wit h 25 % R-(-)-TAP A a s  stationar y phas e  an d 
dichloromethane-cyclohexan e  (1:3 )  a s  mobil e  phase .  B ,  separatio n 
of  D,L-dansy l  amin o acid s  b y reversed-phas e  chromatograph y usin g 
0.6 5 m M L-2-isopropyl-dien-Zn(II )  an d 0.1 7 Ì  NH^Ac ,  p H 9.0 ,  i n 
acetonitrile-wate r  (35:65 )  a s  th e  mobil e  phase . 

Ì 
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3-aminopropy l  bonde d silic a  [578] ,  Thi s  ionically-bonde d phas e  i s  suitabl e  fo r 

us e  wit h relativel y nonpola r  solvents .  Th e  chira l  phas e  show n i n Figur e  7.3 2 

(I )  i s  probabl y th e  mos t  widel y investigate d phas e  an d ha s  wid e  applicability , 

particularl y  fo r  sample s  containin g ôô-aci d substituent s  [579,581] ,  Solute s 

lackin g ð-aci d substituent s  ca n ofte n b e  derivatize d t o  incorporat e  suc h a 

functionality .  Fo r  exampl e  amines ,  alcohols ,  an d thiol s  ca n b e  derivatize d wit h 

2,4-dinitrofluorobenzen e  o r  3,5-dinitrobenzoy l  chlorid e  t o  provid e  derivative s 

wit h bette r  separatio n characteristic s  tha n th e  paren t  solute .  Th e 

N-n-valeryl-L-valyl-aminopropylsilic a  phase ,  Figur e  7.3 2 (III) ,  wa s  use d t o 

separat e  racemi c  N-acetyl-a-amin o aci d methy l  ester s  [580] ,  Th e  mechanis m o f 

chira l  recognitio n wa s  assume d t o  involv e  selectiv e  complexatio n betwee n th e 

phas e  an d th e  amin o aci d derivativ e  amid e  group ,  an d t o  som e  exten t  th e  steri c 

effec t  o f  th e  chira l  alky l  grou p i n  th e  localize d solut e  molecule . 

Figur e  7.3 2 Representativ e  bonde d chira l  phase s  fo r  HPLC .  (I) ,  Pirkl e  phase ; 
(II) ,  N-(3,5-dinitrobenzoyl)phenylglycin e  ionicall y  bonde d t o 
3-aminopropylsilanize d silica ;  (III) ,  N-n-valeryl-L-valyl -
3-aminopropylsilanize d silica ;  (IV) ,  R-(-)-2-(2,4,5,7-tetranitro -
9-fluorenylideneaminooxy)pripionamidepropy l  silanize d silica . 

A genera l  model ,  know n a s  th e  three-poin t  model ,  ha s  bee n use d t o  enumerat e 

th e  requirement s  o f  th e  stationar y phas e  fo r  th e  separatio n o f  enantiomer s 

[578-582] ,  Th e  principa l  tene t  o f  thi s  mode l  i s  tha t  a  minimu m o f  thre e 

simultaneou s  interaction s  ar e  neede d t o  distinguis h th e  handednes s  o f  a  chira l 

object .  I n  molecula r  terms ,  a t  leas t  thre e  significan t  interaction s  betwee n on e 

of  th e  enantiomer s  an d th e  chira l  stationar y phas e  ar e  required ,  an d a t  leas t 

on e  o f  thes e  interaction s  mus t  b e  stereochemicall y  dependent .  Lochmulle r  ha s 

suggeste d tha t  "environmenta l  chirality "  i s  th e  principa l  requiremen t  fo r  th e 

separatio n o f  enantiomer s  an d direc t  "attachment "  i s  no t  require d [577] , 
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7.17. 3  Chira l  Mobil e  Phase s  fo r  Enantiome r  Resolutio n 

Chira l  stationar y phase s  ar e  difficul t  t o  prepar e  reproducibly ,  ar e 

sometime s  o f  lowe r  chromatographi c  efficienc y tha n expected ,  and ,  i n  practice , 

optimizin g separatio n condition s  i s  restricte d b y th e  fixe d natur e  o f  th e  chira l 

centers .  Chira l  mobil e  phase s  ar e  fre e  fro m man y o f  thes e  problems , 

optimizatio n o f  th e  separatio n i s  mor e  convenient ,  an d conventiona l 

reversed-phas e  column s  ma y b e  used ,  Tabl e  7.31 .  Gil-A v devise d a n ion-exchang e 

metho d fo r  th e  separatio n o f  D -  an d L-amin o acid s  usin g opticall y  activ e 

copper(Il)-prolin e  complexe s  a s  th e  chira l  mobil e  jjhas e  additiv e  [583] .  Whe n a n 

L-prolin e  ligan d wa s  used ,  th e  L-enantiome r  elute d ahea d o f  th e  D-enantiome r  an d 

vic e  vers a  whe n D-prolin e  wa s  used .  Wit h a  racemi c  mixtur e  o f  th e  prolin e 

enantiomer s  separatio n wa s  no t  obtained .  Th e  stereoselectivit y  wa s  ascribe d t o 

difference s  i n  th e  stabilit y  constant s  o f  diastereomeri c  specie s  forme d b y th e 

L-proline-copper(II )  comple x wit h a n L -  o r  D-amin o acid .  Th e  racemi c 

dansyl-amin o aci d derivative s  ca n b e  separate d b y reversed-phas e  chromatograph y 

usin g L-2-R-4-octyldiethylenetriamine-M(II )  ( R =  ethyl ,  isopropyl ,  isobutyl ;  Ì  = 

Zn o r  Cd )  [584] ,  prolin e  an d arginine-Cu(II )  complexe s  [585] ,  o r 

TABLE 7.3 1 

CHIRAL MOBILE PHAS E ADDITIVE S 

Mobil e  Phas e  Additiv e  Sample s  Separate d Chromatographi c  Referenc e 
Syste m 

1)  Meta l  Chelate s 

Proline-Cu(II ) 
L-2-R-4-octyldiethylene -
triamine-M(II ) 
R =  ethyl ,  isopropyl , 

isobuty l 
Ì  =  Z n o r  C d 

Amino acid s  ion-exchang e  58 3 
Dansy l  amin o acid s  reversed-phas e  58 4 

Proline-Cu(II ) 
Arginine-Cu(II ) 

L-Prolyl-n-octylamide -
Ni(II ) 

Dansy l  amin o acid s  reversed-phas e  58 5 

Dansy l  amin o acid s  reversed-phas e  58 6 

L-Aspartylcyclohexyl -
amide-Cu(II ) 

2)  Non-meta l  chelate s 

Amino acid s reversed-phas e  58 7 

N-(2,4-Dinitrophenyl)-L -
alanine-n-dodecy l  este r 

1-Azahexahelicene s  reversed-phas e  58 8 

(+)-10-Camphorsulfonat e  Amine s ion-pai r 58 9 
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L-prolyl-n-octylamide-Ni(II )  [586 ]  a s  th e  chira l  componen t  o f  th e  mobil e  phase . 

A typica l  separatio n i s  show n i n Figur e  7.31 B [584] ,  Underivatize d racemi c 

amin o acid s  wer e  separate d usin g reversed-phas e  chromatograph y wit h 

L-aspartylcyclohexylamide-copper(II )  a s  th e  chira l  componen t  o f  th e  mobil e  phas e 

[587] ,  Th e  resolve d amin o acid-coppe r  complexe s  coul d b e  detecte d a t  23 0 nm , 

thu s  eliminatin g th e  nee d fo r  a  postcolum n reactio n syste m o r  fo r  derivativ e 

formation .  Th e  uncomplexe d non-aromati c  amin o acid s  hav e  ver y poo r  UV-detectio n 

characteristics . 

Abov e  a n uppe r  concentratio n maximu m (abou t  2 0 mM)  th e  separatio n o f  th e 

racemi c  dansy l  amin o acid s  wa s  independen t  o f  concentratio n o f  th e  chira l 

comple x bu t  coul d b e  furthe r  optimize d b y varyin g th e  p H buffe r  concentratio n 

an d th e  amoun t  o f  organi c  modifie r  i n  th e  mobil e  phase .  Th e  maximu m separatio n 

was  generall y  foun d t o  li e  a t  fairl y  hig h p H values ,  resultin g i n  colum n 

degradatio n wit h continuou s  use .  Evidenc e  ha s  als o bee n presente d whic h 

indicate s  tha t  th e  chira l  meta l  chelat e  i s  adsorbe d ont o th e  colum n packin g i n  a 

manne r  somewha t  simila r  t o  ion-pairin g reagent s  [586] .  Thu s  th e  actua l 

separatio n mechanis m migh t  involv e  th e  adsorptio n o f  th e  chira l  meta l  comple x t o 

for m a  chira l  bonde d phase .  Th e  separatio n migh t  the n involv e  th e  interactio n 

betwee n th e  chira l  meta l  complex ,  immobilize d o n th e  stationar y phase ,  an d th e 

exchangeabl e  amin o aci d ligand s  i n  th e  mobil e  phase . 

Two alternative s  t o  metal-comple x mobil e  phas e  additive s  hav e  als o bee n 

investigated .  Lochmulle r  use d N-(2,4-dinitrophenyl)-L-alanine-n-dodecy l  este r 

as  a  non-ioni c  chira l  mobil e  phas e  additiv e  fo r  th e  resolutio n o f 

1-azahexahelicene s  b y reversed-phas e  chromatograph y [588] .  Th e  resolutio n 

obtaine d wa s  foun d t o  b e  a  functio n o f  th e  mobil e  phas e  polarit y  an d th e 

concentratio n o f  chira l  additiv e  used .  Schil l  wa s  abl e  t o  separat e  enantiomeri c 

amine s  b y ion-pai r  formatio n wit h a  chira l  counte r  ion ,  (+)-10-camphorsulfonat e 

[589] .  Diastereomeri c  ion-pair s  hav e  structura l  difference s  resultin g i n 

differen t  distributio n coefficient s  betwee n th e  mobil e  an d stationar y phases . 

Difference s  canno t  b e  expected ,  however ,  i f  th e  ion-pai r  component s  ar e  boun d 

onl y b y electrostati c  attractio n betwee n charge d groups .  Fo r  chira l  recognitio n 

a  minimu m o f  thre e  interaction s  i s  neede d t o  yiel d diastereomeri c  ion-pair s  wit h 

differen t  mobil e  phas e  solvatio n o r  stationar y phas e  adsorption .  Ion-pai r 

formatio n o f  diastereomeri c  molecula r  complexe s  wa s  als o use d t o  separat e 

racemi c  alkaloid s  [590] , 

7.1 8 Complexatio n Chromatograph y 

The  rapi d an d reversibl e  formatio n o f  complexe s  betwee n som e  meta l  ion s  an d 

organi c  compound s  tha t  ca n functio n a s  electro n donor s  ca n b e  use d t o  adjus t 

retentio n an d selectivit y  i n  ga s  an d liqui d chromatography .  Suc h coordinativ e 
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interaction s  ar e  ver y sensitiv e  t o  subtl e  difference s  i n  th e  compositio n o r 

stereochemistr y o f  th e  dono r  ligand ,  owin g t o  th e  sensitivit y  o f  th e  chemica l 

bon d toward s  electronic ,  steric ,  an d strai n  effects .  Difficul t  t o  separat e 

mixture s  o f  constitutional ,  configurational ,  an d isotopi c  isomer s  ma y b e 

separate d b y complexatio n chromatography .  Perhap s  th e  mos t  widel y know n exampl e 

i s  th e  us e  o f  silve r  ion s  t o  comple x organi c  compound s  containin g ôô-electron s  i n 

variou s  kind s  o f  doubl e  an d tripl e  bonds ,  an d heteroatom s  suc h a s  N ,  0 ,  an d S 

wit h lon e  pair s  o f  electron s  [591] .  Th e  selectivit y  o f  th e  silve r 

nitrate-containin g phase s  result s  fro m th e  marke d effec t  tha t  relativel y smal l 

structura l  o r  electroni c  change s  i n  th e  dono r  ligan d hav e  o n th e  stabilit y 

constant s  o f  th e  complexes .  Som e  o f  thes e  trend s  ar e  summarize d i n  Tabl e 

7.32 .  A  limitatio n o f  silve r  io n complexatio n chromatograph y i s  th e  lo w uppe r 

temperatur e  limi t  o f  th e  columns ,  65° C o r  40°C ,  a s  claime d b y differen t  author s 

[591] .  Schuri g ha s  investigate d th e  us e  o f  meta l  camphorat e  complexe s  fo r  bot h 

isomeri c  an d enantiomeri c  separations .  Usin g eithe r  dicarbony l 

rhodium-trifluoroacetyl-d-camphorat e  [591 ]  o r  th e  dimeri c  3-trifluoroacetyl -  o r 

3-heptafluorobutyryl-(IR)-camphorate s  o f  Mn(II) ,  Co(II) ,  Ni(II) ,  o r  Cu(II ) 

dissolve d i n  th e  noncoordinatin g stationar y phas e  squalane ,  bot h analytica l 

separation s  an d thermodynami c  constant s  ca n b e  obtaine d fo r  ó-dono r  ligand s 

[592-594] .  A s  a n exampl e  o f  th e  resolvin g powe r  o f  thes e  chira l  complexin g 

agents ,  conside r  th e  separatio n o f  racemi c  2,2-dimethylchloroaziridin e  (Figur e 

7.33A )  o n a  capillar y colum n containin g 0.11 3 Ì  nickel(II)-bis-3-heptafluoro -

butyryl-(IR)-camphorat e  (Figur e  7.33B )  i n  squalane .  Th e  remarkabl e  resolutio n 

of  th e  racemat e  (Figur e  7.33C )  i s  accounte d fo r  b y th e  direc t  participatio n o f 

th e  lone-electro n pai r  o f  th e  chira l  nitroge n a t  th e  enantiospecifi c 

coordinatio n sit e  o f  th e  nicke l  camphorat e  comple x [595] .  Othe r  complexin g 

meta l  io n salts ,  fo r  exampl e  Hg(II) ,  Cu(II) ,  Pd(II) ,  Pt(II) ,  an d Th(I) ,  hav e 

bee n investigate d but ,  i n  general ,  fe w advantage s  ove r  th e  example s  discusse d 

abov e  wer e  foun d [596-598] , 

I n  reversed-phas e  HPLC ,  th e  formatio n o f  silve r  complexe s  wit h unsaturate d 

ligand s  result s  i n  a  decreas e  i n  retentio n du e  t o  a n increas e  i n  th e  hydrophili c 

characte r  o f  th e  comple x compare d t o  th e  paren t  ligan d [599-602] ,  Varyin g th e 

concentratio n o f  silve r  nitrat e  i n  th e  mobil e  phas e  enable s  th e  retentio n o f  th e 

complexe d specie s  t o  b e  change d ove r  a  wid e  range ,  facilitatin g metho d 

development .  Fo r  retiny l  esters ,  whic h contai n a n unsaturate d fatt y  aci d sid e 

chain ,  a  linea r  relationshi p wa s  foun d betwee n th e  logarith m o f  th e  capacit y 

facto r  valu e  an d th e  silve r  io n concentratio n i n  th e  mobil e  phas e  [601] , 

Grushk a  bonde d th e  dithiocarbamat e  ligan d t o  silic a  an d use d th e  colum n t o 

separat e  nucleotide s  an d nucleoside s  i n  th e  presenc e  o f  Mg(II )  ion s  [603] ,  Th e 

diphosphat e  an d triphosphat e  group s  o f  th e  nucleotide s  bin d Mg(II )  ver y strongl y 

an d compet e  wit h th e  dithiocarbamat e  ligan d o f  th e  stationar y phas e  fo r  th e 
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Â C 

Figur e  7.3 3 A ,  enantiomeri c  form s  o f  2,2-dimethylchloroaziridine ; 
B,  nicke l  (II )  bis-3-heptafluorobutyryl-(IR)-camphorate ; 
C,  resolutio n o f  mixtur e  A  o n a  10 0 m  capillar y colum n coate d wit h 
Â dissolve d i n  squalane . 

TABLE 7.3 2 

THE INFLUENC E O F OLEFI N STRUCTURE O N CHROMATOGRAPHIC RETENTIO N USIN G SILVE R 
NITRATE-CONTAINING STATIONARY PHASE S 

Substitutio n a t  th e  doubl e  bon d decrease s  th e  retentio n volume . 

A 1-alky l  compoun d ha s  a  lowe r  retentio n volum e  tha n thos e  o f  th e  3 -  an d 
4-alky l  isomer s 

Olefin s  havin g a  substituen t  i n  th e  3 -  positio n hav e  highe r  retentio n volume s 
tha n thos e  o f  th e  4 -  isomer s 

Cyclobutene s  hav e  les s  tendenc y t o  for m complexe s  tha n th e  correspondin g 5 -
an d 6-membere d cyclo-olefin s 

Cyclopenten e  derivative s  hav e  highe r  retentio n volume s  tha n thos e  o f  th e 
correspondin g isomeri c  cyclohexene s 

A conjugate d doubl e  bon d syste m ha s  a  lowe r  complex-formin g capacit y  tha n a 
simpl e  doubl e  bon d 
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meta l  cation .  Th e  retentio n o f  th e  nucleotide s  wa s  foun d t o  var y inversel y wit h 

th e  magnesiu m io n concentratio n i n  th e  mobil e  phas e  an d als o exhibite d a  stron g 

pH dependence .  Likewise ,  th e  competitio n betwee n th e  amin o group s  o f  a n 

aminopropylsilic a  bonde d phas e  an d th e  amin o group s  o f  aminosugar s  o r  peptide s 

fo r  cadmiu m o r  zin c  ion s  wa s  use d t o  enhanc e  thei r  resolutio n i n  a 

reversed-phas e  chromatographi c  syste m [604] , 

Karge r  investigate d th e  us e  o f  a  relativel y hydrophobi c  chelatin g agent , 

namel y 4-dodecyl-diethylenetriamine ,  i n  th e  presenc e  o f  Zn(II )  ion s  fo r  th e 

reversed-phas e  separation s  o f  dansy l  amin o acids ,  dipeptides ,  an d aromati c 

carboxyli c  acid s  [605] .  Th e  metal-derive d selectivit y  result s  fro m th e 

formatio n o f  outerspher e  complexes .  Th e  formatio n an d dissociatio n o f  thes e 

complexe s  i s  rapid ,  contributin g t o  th e  hig h separatio n efficiencie s  observed . 

Innerspher e  complexes ,  involvin g th e  formatio n o f  direc t  metal-ligan d bonds ,  ar e 

generall y  slowe r  processe s  an d resul t  i n  a  los s  o f  chromatographi c  efficiency . 

The  genera l  usefulnes s  o f  outerspher e  complexatio n t o  contro l  selectivit y  i n  th e 

separatio n o f  dono r  ligand s  remain s  t o  b e  full y  investigated ,  bu t  bot h theor y 

an d practic e  predic t  tha t  thi s  techniqu e  wil l  fin d man y futur e  uses . 

7.1 9 Ligand-Exchang e  Chromatograph y 

I n a n extensiv e  revie w o f  thi s  topic ,  Davanko v describe d ligand-exchang e 

chromatograph y a s  a  proces s  i n  whic h interactio n betwee n th e  stationar y phas e 

an d th e  specie s  t o  b e  separate d occur s  durin g th e  formatio n o f  coordinatio n 

bond s  insid e  th e  coordinatio n spher e  o f  th e  complex-formin g meta l  io n [606] . 

When a  stationar y phas e  tha t  contain s  a  chira l  ligan d meta l  comple x interact s 

wit h enantiomeri c  mobil e  ligands ,  a  discriminatio n o f  th e  latte r  ca n occu r  du e 

t o  enantioselectivit y  i n  th e  formatio n o f  mixed-ligan d sorptio n complexes .  T o 

tak e  advantag e  o f  thi s  differenc e  i n  thermodynami c  stabilities ,  th e  kinetic s  o f 

th e  comple x formation/dissociatio n reactio n mus t  b e  rapid .  Thes e  criteri a  hav e 

bee n me t  fo r  coppe r  prolin e  o r  coppe r  hydroxyprolin e  complexes ,  immobilize d vi a 

chemica l  attachmen t  t o  variou s  polymeri c  resins ,  fo r  th e  separatio n o f 

enantiomeri c  amin o acid s  an d peptide s  [606-610] ,  Th e  efficienc y o f  thes e 

column s  i s  ofte n lo w fo r  analytica l  purposes ,  bu t  th e  hig h selectivit y  factor s 

obtaine d ca n b e  exploite d fo r  preparative-scal e  separations .  Copper(II) -

modifie d silic a  ge l  wa s  foun d t o  b e  a  suitabl e  stationar y phas e  fo r  th e 

separatio n o f  smal l  peptide s  b y ligand-exchang e  chromatograph y [609] ,  Her e  th e 

retentio n mechanis m wa s  ascribe d t o  a  combinatio n o f  th e  hydrophobi c  characte r 

of  th e  peptide s  i n  th e  pola r  eluen t  use d fo r  th e  separatio n an d thei r  abilit y  t o 

for m complexe s  wit h th e  coordinatio n site s  o n th e  stationar y phase . 
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7.2 0 Qualitativ e  Identificatio n an d Microreactio n Technique s  fo r  Ga s 

Chromatograph y 

Befor e  th e  adven t  o f  moder n hyphenate d technique s  (GC-MS ,  GC-FTIR) , 

numerou s  qualitativ e  physica l  an d chemica l  test s  wer e  devise d fo r  th e 

identificatio n o f  peak s  i n  a  ga s  chromatogra m [611] .  Wit h th e  exception s  o f 

retentio n inde x scale s  an d th e  coincidenc e  o f  retentio n o f  standar d an d sampl e 

on tw o phase s  o f  differen t  selectivity ,  thes e  identificatio n technique s  hav e 

largel y passe d int o disuse .  Th e  greate r  acces s  t o  capillar y colum n ga s 

chromatography-mas s  spectrometr y (GC-MS )  an d it s  highe r  informatio n conten t  ar e 

primaril y  responsibl e  fo r  thi s  trend . 

The  method s  describe d i n  thi s  sectio n for m a  fragmente d grou p o f  physica l 

an d chemica l  techniques .  Fo r  th e  mos t  part ,  the y ar e  simpl e  t o  perform , 

inexpensive ,  requir e  minimu m instrumen t  modification ,  and ,  i n  a  fe w instances , 

provid e  a n elegan t  solutio n t o  a n otherwis e  comple x problem . 

I n man y instances ,  a  linea r  correlatio n exist s  betwee n th e  retentio n volum e 

of  a  compoun d an d it s  physica l  propertie s  (e.g. ,  vapo r  pressure ,  boilin g point , 

an d carbo n number )  [611] .  Vapo r  pressur e  an d boilin g poin t  correlation s  ar e 

reall y  onl y usefu l  fo r  idea l  solutions ;  a s  nonidea l  behavio r  i s  common ,  th e 

metho d i s  o f  limite d utility .  I t  ca n b e  use d t o  predic t  th e  approximat e 

positio n o f  a  pea k i n  a  chromatogra m bu t  shoul d no t  b e  use d t o  confir m th e 

identit y o f  a n unknow n compound .  Fo r  compound s  formin g a n homologou s  series , 

plot s  o f  th e  logarith m o f  th e  adjuste d retentio n volum e  versu s  carbo n numbe r 

ofte n exhibi t  a  hig h degre e  o f  linearit y fo r  al l  bu t  th e  firs t  ne w member s  o f 

th e  series .  Thi s  correlatio n i s  usefu l  fo r  determinin g whethe r  a n unknow n pea k 

coul d belon g t o  a  give n homologou s  series ,  particularl y  whe n th e  sampl e  alread y 

contain s  severa l  know n member s  o f  tha t  serie s  t o  establis h th e  basi c  linea r 

relationship . 

The  partitio n coefficien t  o f  a  substanc e  betwee n severa l  immiscibl e  solven t 

pair s  ca n b e  combine d wit h retentio n tim e  dat a  t o  confir m th e  identit y o f  a 

substanc e  fo r  whic h a  pur e  standar d exist s  [612-614] ,  Devise d b y Bowma n an d 

Beroza ,  th e  substanc e  specifi c  partitio n coefficien t  ("p-value" )  wa s  define d a s 

th e  fractiona l  amoun t  o f  substanc e  partitionin g int o th e  nonpola r  phas e  o f  a n 

equal-volum e  two-phas e  system .  Onl y nanogra m quantitie s  o f  sampl e  ar e  require d 

fo r  th e  measuremen t  an d p-value s  ar e  ofte n sufficientl y  characteristi c  t o 

distinguis h betwee n suc h closel y relate d substances . 

Pea k shif t  technique s  ca n als o b e  use d t o  ai d  i n  th e  identificatio n o f 

compound s  wit h reactiv e  functiona l  groups .  Whe n a  compoun d i s  converte d int o a 

derivativ e  it s  chromatographi c  propertie s  ar e  usuall y  altered ,  resultin g i n  a 

characteristi c  shif t  i n  it s  positio n i n  th e  chromatogram .  I f  th e  derivatizin g 
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reagen t  i s  specifi c  fo r  a  particula r  functiona l  grou p the n onl y th e  retentio n 

time s  o f  compound s  containin g tha t  grou p wil l  b e  change d i n  th e  chromatogram . 

I f  tw o substance s  containin g differen t  functiona l  group s  coelut e  i n  th e 

chromatogram ,  selectiv e  derivatizatio n ma y b e  use d t o  distinguis h betwee n the m 

or  t o  separat e  them .  I n general ,  observin g change s  i n  th e  chromatogra m befor e 

an d afte r  derivatizatio n provide s  a  simpl e  metho d o f  functiona l  grou p 

identification . 

Carbon-skeleto n ga s  chromatograph y provide s  a  mean s  o f  identifyin g th e 

hydrocarbo n skeleto n o f  a  compoun d whic h contain s  functiona l  group s  [615] .  Th e 

basi s  o f  th e  metho d i s  th e  catalyti c  hydrogenolysi s  o r  hydrogenatio n o f  th e 

sampl e  prio r  t o  separation .  Hydrogenolysi s  involve s  th e  remova l  o f  heteroatom s 

suc h a s  halides ,  N ,  0 ,  o r  S  (usuall y  presen t  a s  functiona l  groups ,  e.g. ,  NH 2 , 

OH,  SH ,  etc. )  suc h tha t  th e  hydrocarbo n specie s  s o generate d retain s  eithe r  th e 

carbo n skeleto n o f  th e  paren t  o r  th e  nex t  lowe r  homolo g o f  th e  series ,  Tabl e 

7.33 .  Unde r  simila r  condition s  unsaturate d hydrocarbon s  ma y b e  hydrogenate d 

[616,617] .  Fo r  certai n  compound s  dehydrogenatio n an d carbon-carbo n bon d fissio n 

ca n occur . 

TABLE 7.3 3 

PRODUCTS O F CARBON-SKELETON CHROMATOGRAPHY 

Compoun d Clas s Reactio n 

1)  Compound s  givin g paren t  exclusivel y 

Paraffini c  hydrocarbon s 

Unsaturate d compound s 

Halogenate d compound s 

Alcohol s  (sec .  o r  tert. ) 

Ester s  (alcoho l  par t  sec .  o r  tert. ) 

Ether s  (sec .  o r  tert. ) 

Ketone s 

Amine s  (sec .  o r  tert. ) 

Amide s  (N H attache d t o  sec .  o r  tert .  C ) 

Sulfide s 

2 )  Compound s  givin g mainl y nex t  lowe r  homolo g 

Aldehyde s 

Acid s 

Anhydride s 

Alcohol s  (primary ) 

Ester s  (C- 0 attache d t o  primar y C ) 

Amide s  (N H attache d t o  primar y C ) 

None 

Multipl e  bond s  saturate d 

C- X bon d cleave d 

C- 0 bon d cleave d 

C- 0 bon d cleave d 

C- 0 bon d cleave d 

C=0 bon d cleave d 

C-N bon d cleave d 

C- N bon d cleave d 

C- S bon d cleave d 

RCHO >  R H 

RC00H >  R H 

(RC0) 20 >  R H 

•> R H 

> RH ,  R'CH 3, 

R'C0NHCH2R — > RH ,  RCH 3 

RCH20 H — 

R! C00CH2R R' H 
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I n  a  typica l  experimenta l  arrangement ,  th e  injectio n heate r  o f  th e  ga s 

chromatograp h i s  use d t o  hea t  a  shor t  catalys t  be d containin g platinum , 

palladium ,  copper ,  o r  nicke l  coate d o n a  diatomaceou s  support .  Th e  catalys t  be d 

ca n b e  th e  to p portio n o f  a  packe d colum n o r  a  precolum n connecte d t o  a  packe d 

or  capillar y column .  Hydroge n carrie r  ga s  flow s  throug h th e  heate d catalys t  be d 

(220-350°C )  an d the n int o th e  column .  Th e  sampl e  i s  injecte d b y syring e  ont o 

th e  catalys t  be d wher e  a  rapi d reactio n occur s  an d th e  product s  ar e  displace d 

ont o th e  analytica l  column .  Catalys t  preparation ,  activation ,  an d conditionin g 

prio r  t o  us e  ar e  importan t  consideration s  [615,617,618] .  A  forked-colum n 

arrangemen t  ha s  bee n describe d fo r  th e  quantitativ e  analysi s  o f  comple x mixture s 

i n  whic h th e  paren t  hydrocarbon s  ar e  als o presen t  [619] .  Th e  tw o arm s  o f  th e 

for k ar e  identica l  excep t  tha t  on e  ar m contain s  suppor t  an d th e  othe r  suppor t 

plu s  catalyst .  Injectio n o f  th e  sampl e  alternativel y int o th e  tw o arm s  enable s 

th e  natura l  concentratio n o f  th e  hydrocarbo n t o  b e  subtracte d fro m th e  amoun t 

foun d i n  th e  reductio n mode .  Dechlorinatio n prio r  t o  capillar y colum n ga s 

chromatograph y ha s  bee n performe d i n  solutio n usin g nicke l  borid e  [(I^B^H^ ]  a s 

a  reducin g agen t  [620] .  Wit h furthe r  investigatio n thi s  reagen t  ma y prov e  t o  b e 

generall y  usefu l  fo r  a  wid e  rang e  o f  reactions . 

An importan t  applicatio n o f  carbon-skeleto n ga s  chromatograph y i s  th e 

simplificatio n o f  th e  analysi s  o f  comple x sample s  suc h a s  polychlorinate d 

biphenyls ,  polybrominate d biphenyls ,  an d polychloroalkane s  [618-621] ,  Thes e 

comple x mixture s  o f  halogenate d isomer s  produc e  multipl e  peak s  whe n ga s 

chromatographed ,  makin g quantitatio n difficult .  Th e  isomer s  hav e  identica l 

carbo n skeletons ,  resultin g i n  a  ver y simpl e  chromatogra m afte r 

hydrodechlorination . 

The  locatio n o f  th e  positio n o f  doubl e  bond s  i n  alkene s  o r  simila r 

compound s  i s  a  difficul t  proces s  whe n onl y ver y smal l  amount s  o f  sampl e  ar e 

available .  Mas s  spectrometr y i s  ofte n unsuite d fo r  thi s  purpose ;  migratio n o f 

th e  doubl e  bon d occur s  durin g ionization ,  resultin g i n  th e  generatio n o f  simila r 

spectr a  fo r  differen t  isomers .  Th e  positio n o f  doubl e  bond s  can ,  however ,  b e 

identifie d afte r  oxidatio n t o  eithe r  th e  ozonid e  o r  cis-diol .  Ozonolysi s  i s 

simpl e  t o  carr y ou t  an d occur s  sufficientl y  rapidl y tha t  reactio n temperature s 

of  -70° C ar e  commo n [259,611,615,622] ,  Micro-ozonolysi s  apparatu s  ar e 

commerciall y  availabl e  o r  ca n b e  readil y  assemble d i n  th e  laborator y usin g 

standar d equipmen t  an d a  Tesl a  coi l  (vacuu m tester )  a s  th e  ozon e  generator . 

Reactio n yield s  o f  ozonolysi s  product s  ar e  typicall y  7 0 t o  95% ,  althoug h 

structure s  suc h a s  tripl e  bond s  an d á ,  â-unsaturate d nitrile s  ar e  quit e 

resistan t  t o  th e  process .  Afte r  ozonolysis ,  eithe r  pyrolysis ,  o r  preferably , 

reductio n wit h tripheny l  phosphine ,  convert s  th e  ozonide s  t o  aldehyde s  (o r 

ketone s  i n  th e  cas e  o f  alky l  substituent s  attache d directl y  t o  th e  carbo n ato m 
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of  th e  doubl e  bond) .  Identificatio n o f  th e  produc t  b y ga s  chromatograph y 

enable s  th e  positio n o f  th e  origina l  doubl e  bon d t o  b e  established . 

The  stereospecifi c  oxidatio n o f  a  doubl e  bon d t o  a  cis-dio l  wit h osmiu m 

tetroxid e  an d subsequen t  conversio n t o  a  stabl e  cycli c  derivativ e  (acetonide , 

boroni c  ester )  i s  a  convenien t  metho d o f  doubl e  bon d locatio n b y eithe r  ga s 

chromatograph y o r  ga s  chromatography-mas s  spectrometr y [623,624] ,  Mas s  spectr a 

of  th e  cycli c  derivative s  yiel d fragment s  characteristi c  o f  th e  locatio n o f  th e 

doubl e  bon d an d abundanc e  difference s  characteristi c  o f  th e  geometri c 

arrangemen t  o f  substituent s  attache d t o  it .  Th e  positio n o f  th e  doubl e  bon d i n 

th e  molecul e  i s  indicate d b y a  simpl e  á-cleavag e  t o  for m tw o ion s  containin g 

eithe r  o f  th e  en d group s  o f  th e  origina l  doubl e  bond . 

Method s  hav e  bee n develope d b y whic h compound s  containin g commo n functiona l 

group s  ca n b e  subtracte d fro m comple x mixture s  prio r  t o  ga s  chromatography . 

Known generall y  a s  reactio n o r  subtractio n chromatography ,  th e  reaction s  ma y 

tak e  th e  for m o f  sampl e  preparatio n technique s  (derivatization) ,  precolum n 

reaction s  i n  loop s  o r  vessels ,  on-colum n o r  in-syring e  reactions ,  o r  postcolum n 

reaction s  [611,615,625-635] .  Th e  differenc e  betwee n th e  reacte d an d unreacte d 

chromatogram s  i s  use d t o  identif y  whic h compound s  contai n a  particula r 

functiona l  group .  Som e  representativ e  reagent s  an d thei r  area s  o f  applicatio n 

ar e  summarize d i n  Tabl e  7.34 .  I n  it s  simples t  for m th e  reagen t  i s  coate d ont o a 

suppor t  an d packe d int o a  shor t  colum n tha t  i s  usuall y  positione d betwee n th e 

injectio n devic e  an d analytica l  colum n or ,  occasionally ,  betwee n th e  colum n an d 

detector .  Suc h column s  expos e  a  larg e  surfac e  are a  o f  reagen t  t o  th e  sample ,  s o 

that ,  provide d th e  reactio n i s  rapid ,  a  shor t  colum n ensure s  complet e 

subtractio n a t  norma l  carrie r  ga s  flo w rate s  withou t  distortin g th e  pea k shap e 

of  compound s  whic h d o no t  react .  Som e  reaction s  ar e  reversible ,  whic h affect s 

th e  operatin g temperatur e  rang e  fo r  th e  reaction ,  other s  generat e  secondar y 

by-product s  whic h ca n confus e  th e  identification ,  and ,  o f  course ,  al l  reagent s 

eventuall y  becom e  exhauste d o r  deactivate d wit h use .  Specia l  technique s  fo r  us e 

wit h capillar y column s  hav e  bee n describe d [630,634,635] , 

A sophisticate d for m o f  reactio n chromatograph y use d fo r  th e  fractionatio n 

of  comple x mixture s  b y capillar y colum n ga s  chromatograph y ha s  bee n describe d b y 

Siever s  [636,637] ,  A  europiu m coordinatio n polyme r  wa s  use d t o  selectivel y 

retai n nucleophili c  compound s  suc h a s  ketones ,  aldehydes ,  alcohols ,  an d 

carboxyli c  acid s  b y complexation .  A s  th e  complexatio n proces s  i s  reversible ,  a 

manifol d wa s  constructe d tha t  enable d capillar y colum n chromatogram s  o f  th e 

tota l  sample ,  th e  retaine d nucleophiles ,  an d th e  sampl e  withou t  th e  retaine d 

nucleophile s  t o  b e  obtained . 

As  wel l  a s  reactio n chromatography ,  clas s  reaction s  ca n b e  performe d o n 

isolate d fraction s  o r  on-lin e  t o  identif y  compound s  containin g particula r 

functiona l  group s  [611,638-640] ,  Th e  on-lin e  metho d involve s  passin g a  fractio n 
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TABLE 7.3 4 

PRECOLUMN SUBTRACTION REAGENTS USE D FO R 
CHROMATOGRAPHY 

QUALITATIVE IDENTIFICATIO N I N GAS 

Subtractio n Reagen t Compoun d Functionalitie s  Subtracte d 

Molecula r  Siev e  5 A 

Salt s  o f  Ag ,  Cu ,  H g ofte n mixe d 
wit h concentrate d sulfuri c  aci d 

Concentrate d sulfuri c  aci d 

Malei c  anhydrid e 

Bori c  aci d 

2-Nitrophthali c  anhydrid e 

Lithiu m aluminu m hydrid e 

Zin c  oxid e 

NaOH-quart z 

Phosphori c  aci d 

Versami d 90 0 

Bromine/Carbo n tetrachlorid e 

NaBr-alumin a 

Benzidin e 

Sodiu m borohydrid e 
Hydroxylamin e 
Sodiu m bisulfit e 
Semicarbazid e 

3,4,5-Trimethoxybenzylhydrazin e 

FFAP 
o-Dianisidin e 

n-Alkane s  an d othe r  straight-chai n 
molecule s  i n  th e  presenc e  o f  branche d 
chai n molecule s 

Alkenes ,  alkyne s 

Aromatics ,  alkenes ,  alkynes ,  basi c 
compound s 

Conjugate d diene s 

Primar y an d secondar y alcohol s 

Alcohols ,  aldehydes ,  ketones ,  esters , 
epoxide s 

Carboxyli c  acids ,  partia l  subtractio n 
of  alcohol s  an d phenol s 

Phenol s 

Epoxides ,  base s 

Organi c  compound s  containin g activ e 
halogen s 

Unsaturate d compound s 

Organi c  compound s  wit h functiona l 
group s 

Aldehydes ,  ketones ,  epoxide s 

Ketones ,  aldehyde s 

Aldehyde s 

of  th e  colum n effluen t  int o a  solutio n o f  eithe r  a  singl e  o r  a  serie s  o f 

chemically-specifi c  reagents .  Th e  reagent s  use d ar e  simila r  t o  thos e  employe d 

i n  organi c  qualitativ e  analysi s  an d spo t  tests .  Mos t  hav e  a  precipitatio n o r 

colorimetri c  end-point .  Th e  principa l  limitatio n i s  tha t  10-10 0 microgram s  o f 

sampl e  i s  generall y  require d t o  produc e  a  positiv e  test . 
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7.2 1 Pyrolysi s  Ga s  Chromatograph y 

Pyrolysi s  ga s  chromatograph y i s  a n indirec t  metho d o f  analysi s  i n  whic h 

hea t  i s  use d t o  transfor m a  compoun d int o a  serie s  o f  volatil e  product s  tha t  ar e 

characteristi c  o f  th e  origina l  compoun d an d th e  experimenta l  conditions .  Th e 

initiatio n reaction s  involve d i n  th e  pyrolysi s  o f  mos t  organi c  material s  ar e 

accounte d fo r  b y th e  generatio n o f  fre e  radical s  fro m th e  cleavag e  o f  a  singl e 

bon d o r  b y th e  unimolecula r  eliminatio n o f  simpl e  molecule s  suc h a s  wate r  o r 

carbo n dioxide .  Th e  subsequen t  reaction s  o f  thes e  specie s  vi a  abstractio n o r 

combinatio n reactions ,  o r  b y diffusion ,  produc e  product s  characteristi c  o f  th e 

origina l  sample .  Ga s  chromatograph y i s  th e  analytica l  techniqu e  use d fo r 

produc t  identificatio n an d i s  ofte n directl y  couple d wit h mas s  spectrometr y whe n 

mor e  informatio n tha n a  comparativ e  fingerprin t  (pyrogram )  o f  th e  sampl e  i s 

required .  Pyrolysi s  ma y b e  on-lin e  i n  th e  for m o f  a  modifie d sampl e  inle t  fo r 

th e  ga s  chromatograph ,  o r  off-line ,  i n  whic h cas e  th e  pyrolysi s  product s  ar e 

usuall y  cryogenicall y  collecte d an d injecte d eithe r  directl y  a s  a  ga s  o r  a s  a 

liqui d dissolve d i n  a  solven t  vi a  th e  standar d inlet .  Pyrolysi s  ga s 

chromatograph y find s  man y application s  i n  polyme r  chemistry ,  geochemistry , 

biomolecula r  analysis ,  an d taxonom y fo r  th e  identificatio n and ,  unde r  som e 

circumstances ,  quantitativ e  analysi s  o f  intractabl e  sample s  suc h a s  rubbers , 

polymers ,  sediments ,  bacteria ,  etc .  [641-646] .  Man y o f  thes e  sample s  ar e 

mixture s  wit h differin g degree s  o f  complexity ,  ofte n o f  hig h molecula r  weigh t 

substances ,  o r  substance s  havin g limite d volatilit y  o r  solven t  solubility ,  whic h 

woul d b e  difficul t  t o  analyz e  b y conventiona l  ga s  chromatographi c  methods . 

However ,  th e  applicatio n o f  pyrolysi s  ga s  chromatograph y i s  no t  limite d t o  suc h 

sample s  alone ;  smal l  molecule s  suc h a s  sulfonamide s  ca n b e  readil y  detecte d i n 

pharmaceutica l  product s  o r  biologica l  fluid s  b y pyrolysi s  ga s  chromatography . 

Upon pyrolysis ,  sulfonamide s  extrud e  sulfu r  dioxid e  whic h normall y lead s  t o  tw o 

mai n component s  vi a  fragmentatio n an d proto n rearrangemen t  a s  show n below : 

2 

sulfapyridin e  anilin e  2-aminopyridin e 

Anilin e  i s  produce d b y pyrolysi s  o f  al l  medicina l  sulfonamide s  an d act s  a s  a n 

interna l  referenc e  standard ,  whil e  th e  othe r  fragmen t  i s  a n aromati c  amin e 

characteristi c  o f  th e  specifi c  dru g unde r  investigatio n [647] , 

Thre e  method s  o f  pyrolysi s  -  continuou s  mode ,  pulse d mode ,  an d lase r 
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disintegratio n -  ar e  commonl y used .  Continuou s  mod e  pyrolyzer s  includ e  a  wid e 

rang e  o f  tub e  furnace s  an d microreactor s  whic h ma y b e  operate d on -  o r  off-lin e 

[641,645,648,649] .  Pyrolysi s  i s  normall y performe d b y insertin g th e  smapl e  int o 

a  continuously-heate d zone .  Th e  sampl e  ma y b e  supporte d o n a  boa t  an d droppe d 

or  pushe d int o th e  heate d zone ,  o r  i s  encapsulate d i n  a  quart z  tub e  which ,  afte r 

pyrolysis ,  i s  broke n t o  releas e  th e  products .  Whe n pyrolysi s  i s  performe d 

on-lin e  a  valvin g arrangemen t  i s  usuall y  require d t o  diver t  th e  carrie r  ga s  o r 

auxiliar y ga s  flo w throug h th e  furnac e  t o  flus h th e  pyrolysi s  product s  ont o th e 

column .  Th e  principa l  disadvantag e  o f  continuou s  pyrolysi s  i s  tha t  th e 

temperatur e  o f  th e  heate d wal l  o f  th e  microfurnac e  i s  muc h highe r  tha n th e 

temperatur e  o f  th e  sample ,  an d hea t  transfe r  i s  relativel y slow .  Additionally , 

primar y pyrolysi s  product s  release d fro m th e  surfac e  o f  th e  sampl e  expan d int o 

th e  ho t  zon e  o f  th e  furnace ,  thu s  increasin g th e  probabilit y  o f  secondar y 

reactions .  I t  wil l  b e  recognize d late r  tha t  thi s  proces s  differ s  fro m tha t 

occurrin g i n  pulsed-mod e  pyrolyzer s  an d ma y resul t  eithe r  i n  th e  formatio n o f 

differen t  product s  o r  i n  th e  formatio n o f  th e  sam e  products ,  bu t  wit h a 

differen t  distributio n betwee n components .  Pulse-mod e  pyrolyzer s  includ e 

resistively-heate d electrica l  filament s  o r  ribbon s  [643,648-650 ]  an d radi o 

frequenc y induction-heate d wire s  [641,645,648,651] ,  Th e  filamen t  o r  ribbon-typ e 

pyrolyzer s  ar e  simpl e  t o  construct ,  Figur e  7.34A ,  an d typicall y  consis t  o f  a n 

iner t  wir e  o r  ribbo n (P t  o r  Pt-R h alloy )  connecte d t o  a  high-curren t  powe r 

supply .  Sample s  solubl e  i n  a  volatil e  solven t  ar e  applie d t o  th e  filamen t  i n 

th e  for m o f  a  thi n film .  Insolubl e  material s  ar e  place d i n  a  crucibl e  o r  quart z 

tube ,  heate d b y a  basket-lik e  shape d o r  helica l  woun d filamen t  [648] .  Th e 

coate d filamen t  i s  containe d withi n a  lo w dea d volum e  chambe r  throug h whic h th e 

carrie r  ga s  flows ,  sweepin g th e  pyrolysi s  product s  ont o th e  column .  Th e 

pyrolysi s  temperatur e  i s  controlle d b y th e  curren t  passe d throug h th e  wire .  A n 

inductively-heate d Curi e  poin t  pyrolyze r  i s  show n i n Figur e  7.34B .  Th e  sample , 

as  a  thin-fil m coate d o n a  ferromagneti c  wir e  o r  a  soli d  containe d withi n a 

reces s  forge d int o th e  wire ,  i s  heate d inductivel y i n  a  radi o frequenc y fiel d  t o 

it s  Curi e  point ,  th e  temperatur e  a t  whic h th e  allo y become s  paramagneti c  an d 

cease s  t o  absor b radi o frequenc y energy .  Thi s  pyrolysi s  techniqu e  provide s  a 

highl y reproducibl e  pyrolysi s  temperatur e  sinc e  th e  Curie-poin t  temperatur e  o f  a 

ferromagneti c  materia l  depend s  onl y o n th e  composition ,  o f  th e  alloy .  B y 

selectin g wire s  o f  differen t  allo y composition s  temperature s  i n  th e  rang e  30 0 t o 

1000° C ma y b e  obtained .  Th e  principa l  advantag e  o f  th e  pulse-mod e  pyrolyzer s  i s 

that ,  a s  th e  sampl e  an d hea t  sourc e  ar e  i n  direc t  contact ,  th e  primar y pyrolysi s 

product s  ar e  quenche d a s  the y rapidl y expan d awa y int o th e  coole r  regions , 

diminishin g th e  possibilit y  o f  secondar y product s  forming .  Heatin g rate s  ar e 

rapi d (milliseconds) ,  reproducible ,  an d controllabl e  b y adjustin g th e 

filament-heatin g curren t  o r  allo y compositio n an d radi o frequenc y energ y o f  th e 
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Figur e  7.3 4 Apparatu s  fo r  pyrolysi s  ga s  chromatography .  A ,  filamen t  o r 
ribbon-typ e  pyrolyze r  an d B ,  Curi e  poin t  pyrolyzer .  (Reproduce d 
wit h permissio n fro m ref .  648 .  Copyrigh t  America n Chemica l 
Society) . 

Curi e  poin t  pyrolyzer .  Laser s  ar e  particularl y  suitabl e  fo r  controlle d 

pyrolysi s  a s  ver y hig h energie s  ca n b e  directe d a t  a  smal l  portio n o f  th e  sampl e 

i n  th e  for m o f  a  serie s  o f  pulse s  o f  shor t  duratio n (10 0 microseconds ) 

[642,645,652,653] .  Lase r  pyrolysi s  condition s  diffe r  considerabl y fro m thos e  o f 

therma l  pyrolysis ,  typicall y  resul t  i n  ionizatio n an d th e  formatio n o f  a  plasm a 

plume .  Quenchin g o f  th e  hig h temperatur e  plasma ,  combine d wit h th e  product s 

generate d fro m therma l  shoc k wave s  transmitte d throug h th e  sample ,  constitut e 

th e  origi n o f  th e  product s  observe d i n  th e  pyrogram .  I n general ,  lase r 

pyrolysi s  result s  i n  fewer ,  i f  different ,  product s  tha n therma l  pyrolysis .  I f 

th e  lase r  radiatio n i s  no t  absorbe d b y th e  sampl e  (e.g. ,  colorles s  sample s  wit h 

visibl e  lasers )  a  substanc e  whic h i s  capabl e  o f  functionin g a s  a n absorptio n 

center ,  fo r  exampl e  powdere d carbo n o r  nickel ,  i s  intimatel y mixe d wit h th e 
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sampl e  t o  b e  pyrolyzed .  Alternatively ,  a n infrare d carbo n dioxid e  lase r  ca n b e 

used .  Lase r  pyrolysi s  device s  ma y b e  mor e  widel y use d i n  th e  future ,  bu t  th e 

filamen t  an d Curi e  poin t  pyrolyzer s  ar e  currentl y  mor e  important . 

Many investigation s  o f  th e  optimu m condition s  fo r  therma l  pyrolysi s  hav e 

bee n reporte d [645] ,  I n  general ,  goo d inter-laborator y reproducibilit y  o f 

pyrogram s  ca n b e  obtaine d bu t  intra-laborator y comparison s  hav e  ofte n bee n poo r 

[654] ,  Th e  majo r  factor s  whic h influenc e  reproducibilit y  ar e  th e  typ e  o f 

pyrolyzer ,  th e  pyrolysi s  temperatur e  an d temperatur e  rise-time ,  sampl e  siz e  an d 

homogeneity ,  ga s  chromatographi c  colum n an d separatio n conditions ,  an d th e 

pyrolyzer-ga s  chromatographi c  interface .  Optimizatio n o f  th e  pyrolyze r  usin g 

referenc e  standard s  i s  on e  solutio n t o  thi s  problem .  Th e  temperatur e  rise-time , 

th e  tim e  require d t o  reac h th e  fina l  pyrolysi s  temperature ,  i s  influence d b y th e 

geometr y o f  th e  filament ,  th e  sampl e  amount ,  an d th e  desig n o f  th e  powe r  suppl y 

[654] ,  Ris e  time s  ar e  o n th e  orde r  o f  ten s  o f  millisecond s  fo r  filamen t  an d 

Curi e  poin t  pyrolyzers .  T o avoi d th e  productio n o f  therma l  gradient s  acros s  th e 

pyrolysi s  sample ,  thi n sample s  ar e  preferred ,  an d onl y a  fe w microgram s  ar e 

neede d fo r  analysis . 

The  statistica l  analysi s  o f  th e  pyrogram s  require s  a  hig h reproducibilit y 

of  duplicat e  runs .  Pattern-recognitio n procedure s  ar e  require d fo r  th e 

compariso n o f  comple x pyrograms ,  a  situatio n whic h i s  commo n fo r  environmenta l 

or  biologica l  sample s  [655-658] .  Also ,  i n  taxonomi c  identificatio n o f  bacteri a 

an d fung i  i t  i s  o f  paramoun t  importanc e  tha t  th e  organis m alway s  exhibit s  th e 

sam e  chemica l  characteristic s  [644] ,  Factor s  suc h a s  sub-culturing ,  th e  growt h 

time ,  an d th e  mediu m upo n whic h th e  organis m i s  grow n wil l  affec t  th e 

reproducibilit y  o f  th e  pyrogram . 
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8. 1 Introductio n 

A chromatogra m provide s  informatio n regardin g th e  complexit y  (numbe r  o f 

components) ,  quantit y  (pea k heigh t  o r  area) ,  an d identit y  (retentio n parameter ) 

of  th e  component s  i n  a  mixture .  O f  thes e  parameter s  th e  certaint y o f 

identificatio n base d solel y o n retentio n i s  considere d ver y suspect ,  eve n fo r 

simpl e  systems ;  a  pea k elutin g a t  a  certai n  positio n i n  a  chromatogra m ma y b e  a 

substanc e  othe r  tha n th e  on e  anticipated .  Whe n th e  identit y  ca n b e  firml y 

establishe d th e  quantitativ e  informatio n fro m th e  chromatogra m i s  ver y good . 

Th e  revers e  situatio n applie s  t o  spectroscopi c  technique s  whic h provid e  a  ric h 

sourc e  o f  qualitativ e  informatio n fro m whic h substanc e  identit y  ma y b e  inferre d 

wit h a  reasonabl y hig h degre e  o f  certainty .  Spectroscopi c  instrument s  have , 

however ,  tw o practica l  limitations :  i t  i s  ofte n difficul t  t o  extrac t 

quantitativ e  informatio n fro m thei r  signal s  and ,  fo r  reliabl e  identification , 

the y requir e  pur e  o r  single-componen t  samples .  Chromatographi c  an d 

spectroscopi c  technique s  thu s  provid e  complementar y informatio n abou t  th e 

identit y  o f  th e  component s  an d thei r  concentratio n i n  a  sample .  Thei r  tande m 

operatio n provide s  mor e  informatio n abou t  a  sampl e  tha n th e  su m o f  th e 

informatio n gathere d b y eithe r  instrumen t  independentl y  [1] ,  Thi s  provide s  th e 

drivin g forc e  fo r  th e  inceptio n o f  combine d instruments ,  ofte n referre d t o  a s 

"hyphenated "  systems .  Th e  principa l  hyphenate d technique s  ar e  ga s 

chromatograph y interface d wit h mas s  spectrometr y (GC-MS) ,  Fourie r  transfor m 
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infrare d spectrometr y (GC-FTIR) ,  an d optica l  emissio n spectroscop y (GC-OES) ;  an d 

liqui d chromatograph y combine d wit h mas s  spectrometr y (LC-MS) ,  Fourie r  transfor m 

infrare d spectrometr y (LC-FTIR) ,  an d nuclea r  magneti c  resonanc e  spectroscop y 

(LC-NMR) .  Ou r  discussio n wil l  b e  limite d t o  th e  problem s  o f  interfacin g th e 

variou s  spectroscopi c  instrument s  t o  chromatographi c  system s  an d th e  us e  an d 

managemen t  o f  th e  informatio n obtained .  Unde r  th e  headin g o f  interfacin g ther e 

ar e  tw o importan t  aspects :  th e  mechanica l  couplin g o f  th e  tw o o r  mor e 

instrument s  an d th e  contro l  o f  th e  tota l  syste m b y computer . 

8. 2  Instrumentatio n fo r  Mas s  Spectrometr y 

-  A  mas s  spectru m i s  a  histogra m o f  th e  relativ e  abundanc e  o f  individua l  ion s 

havin g differen t  mass-to-charg e  ratio s  (m/z )  generate d fro m a  sampl e  o f  neutra l 

molecules .  Th e  importan t  processe s  i n  obtainin g a  mas s  spectru m ar e 

vaporization ,  ionization ,  separatio n o f  th e  ion s  i n  a  vacuu m accordin g t o  thei r 

m/ z  ratio ,  detectio n o f  thes e  ions ,  an d dat a  managemen t  t o  reduc e  th e 

informatio n t o  a n easil y  readabl e  form .  A  mas s  spectromete r  i s  a  sophisticate d 

measuremen t  instrumen t  an d th e  processe s  involve d ar e  quit e  complex .  Man y text s 

describ e  th e  operatin g principle s  o f  mas s  spectrometr y i n  detai l  [2-12] ,  Her e 

we  wil l  discus s  onl y thos e  aspect s  o f  instrumentatio n o f  primar y interes t  t o 

chromatographers . 

Ionizatio n o f  organi c  molecule s  ma y b e  achieve d i n  man y ways ,  fo r  example , 

by electro n impact ,  chemica l  ionization ,  atmospheri c  pressur e  ionization ,  fiel d 

emission/desorption ,  lase r  ablation ,  an d californium-25 2 plasm a  desorptio n [3 , 

10 ,  13 ] .  O f  thes e  methods ,  electro n impact ,  chemica l  ionization ,  an d t o  a 

lesse r  extent ,  atmospheri c  pressur e  ionizatio n ar e  th e  technique s  mos t 

frequentl y  use d i n  GC-M S an d LC-MS .  Severa l  factor s  contribut e  t o  th e 

popularit y  o f  electro n impac t  ionization :  stability ,  eas e  o f  operation ,  simpl e 

construction ,  precis e  bea m intensit y  control ,  relativel y hig h efficienc y o f 

ionization ,  an d narro w kineti c  energ y sprea d o f  th e  ion s  formed .  Th e  ionizatio n 

sourc e  consist s  o f  a  heated ,  evacuate d cavit y  i n  whic h a  bea m o f  electron s  wit h 

a  narro w energ y distributio n i s  generate d fro m a  heate d tungste n o r  rheniu m 

filament .  Th e  energ y o f  th e  ionizin g electron s  i s  controlle d b y th e 

acceleratin g voltag e  establishe d betwee n th e  cathod e  an d th e  sourc e  housin g 

(normally) .  Electron s  wit h energie s  i n  th e  rang e  o f  5  t o  10 0 e V ma y b e  use d 

but ,  unles s  otherwis e  stated ,  a  valu e  o f  7 0 e V i s  standar d practice .  Sinc e  mos t 

organi c  compound s  hav e  ionizatio n potential s  o f  7  t o  2 0 eV ,  th e  energ y 

transferre d o n collisio n betwee n th e  electro n an d a  neutra l  molecul e  i s 

sufficien t  t o  caus e  bot h ionizatio n an d extensiv e  fragmentation .  Th e  majorit y 

of  ion s  forme d b y thi s  proces s  ar e  singly-charge d paren t  ion s  o r  molecula r 

fragments ,  a s  wel l  a s  a  fe w multiply-charge d ion s  an d som e  negatively-charge d 
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ions .  I n  mos t  case s  th e  numbe r  o f  negatively-charge d ion s  i s  onl y a  smal l 

fractio n o f  th e  tota l  numbe r  o f  ion s  formed .  Ionizatio n take s  plac e  a t  a 

temperatur e  sufficien t  t o  maintai n th e  sampl e  i n  th e  vapo r  phas e  a t  a  pressur e 

belo w 10"" * Torr ,  whic h i s  sufficien t  t o  ensur e  tha t  th e  averag e  mea n fre e  pat h 

of  th e  io n i s  larg e  enoug h fo r  i t  t o  escap e  th e  sourc e  withou t  undergoin g a 

significan t  numbe r  o f  ion-molecul e  collisions .  Th e  positiv e  ion s  ar e  extracte d 

fro m th e  io n sourc e  b y a  repelle r  electrod e  havin g a  smal l  positiv e  potentia l 

whic h direct s  the m toward s  th e  analyze r  slits .  Alternatively ,  the y ma y b e 

extracte d b y th e  fiel d  penetratio n o f  th e  hig h voltag e  o n th e  focussin g 

electrodes .  I n  bot h instance s  th e  io n bea m i s  usuall y  focused ,  collimated ,  an d 

accelerate d t o  provid e  a  bea m o f  narro w energ y dispersio n tha t  i s  capabl e  o f 

traversin g th e  analyze r  sectio n o f  th e  mas s  spectrometer .  I n  moder n mas s 

spectrometer s  th e  ionizatio n sourc e  an d analyze r  section s  ar e  usuall y 

differentiall y  pumped ,  allowin g th e  sourc e  t o  operat e  a t  a  distinctl y  highe r 

pressur e  tha n th e  analyze r  unit ,  fo r  whic h pressure s  belo w 10" ^  Tor r  ar e 

common. 

The  bombardmen t  o f  a  neutra l  molecul e  wit h a  bea m o f  hig h energ y electron s 

result s  i n  th e  formatio n o f  a  molecula r  (o r  parent )  io n radica l  wit h exces s 

energy .  Th e  molecula r  io n provide s  usefu l  informatio n concernin g th e  structur e 

of  th e  molecul e  a s  i t  define s  th e  molecula r  weight .  Unfortunatel y unde r 

electro n impac t  conditions ,  thi s  io n ma y b e  to o unstabl e  t o  b e  presen t  i n  th e 

spectru m eve n whe n beam s  o f  comparativel y lo w energ y (e.g. ,  15-2 0 eV )  ar e  used . 

I n  thes e  circumstance s  a  softe r  ionizatio n method ,  suc h a s  chemica l  ionization , 

may b e  use d t o  obtai n molecula r  weigh t  information .  A s  wel l  a s  providin g 

informatio n complementar y t o  electro n impac t  generate d mas s  spectra ,  chemica l 

ionizatio n method s  ar e  blesse d wit h othe r  characteristic s  whic h make s  the m 

suitabl e  fo r  us e  i n  th e  trac e  leve l  analysi s  o f  organi c  compounds . 

Chemica l  ionizatio n mas s  spectr a  ar e  produce d b y ion-molecul e  reaction s 

betwee n neutra l  sampl e  molecule s  an d a  hig h pressur e  (0.2- 2 Torr )  reagen t  ga s 

io n plasm a  [13-15] ,  Fundamentall y  an d practicall y  severa l  difference s  exis t 

betwee n chemica l  an d electro n impac t  ionization .  I n  th e  chemica l  ionizatio n 

sourc e  th e  concentratio n o f  reagen t  ga s  molecule s  exceed s  tha t  o f  th e  sampl e  b y 

3 4 

severa l  order s  o f  magnitude ,  typicall y  1:1 0 o r  1:1 0 .  Thu s  th e  electro n bea m 

ionize s  th e  reagen t  ga s  wit h littl e  direc t  ionizatio n o f  th e  sampl e  molecules . 

As  th e  sourc e  i s  operate d a t  hig h pressure s  compare d t o  electro n impac t  sources , 

ion-molecul e  reaction s  ar e  no w favored ,  an d sampl e  ionizatio n results .  Thes e 

collisiona l  processe s  ar e  gentle r  tha n electro n impac t  ionizatio n an d produc e 

stabl e  molecula r  ion s  o r  molecula r  io n adduct s  wit h littl e  additiona l 

fragmentation .  Th e  exac t  mechanis m o f  thi s  proces s  i s  discusse d i n  th e  nex t 

paragraph .  Chemica l  ionizatio n source s  ar e  operate d a t  muc h highe r  electro n 

energie s  (200-50 0 eV )  t o  ensur e  penetratio n o f  th e  ionizin g electron s  int o th e 
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activ e  sourc e  volum e  an d requir e  a  "tigh t  source "  whic h i s  differentiall y  pumpe d 

becaus e  o f  th e  larg e  pressur e  differentia l  establishe d betwee n th e  sourc e  an d 

analyze r  section s  o f  th e  mas s  spectrometer .  Th e  hig h pressur e  condition s  i n  th e 

chemica l  ionizatio n sourc e  als o favo r  th e  productio n o f  therma l  electron s  whic h 

may b e  capture d b y molecule s  wit h a  hig h electro n affinit y  t o  for m negatively -

charge d molecula r  ion s  o r  molecula r  io n fragment s  afte r  dissociatio n [2,15,16] , 

The  negativ e  io n bea m ma y b e  tw o o r  thre e  order s  o f  magnitud e  mor e  intens e  tha n 

tha t  generate d unde r  electro n impac t  conditions ,  makin g negativ e  chemica l 

ionizatio n mas s  spectrometr y a  viabl e  analytica l  technique .  A s  man y compound s 

whic h readil y  for m negativ e  ion s  ar e  biologicall y  activ e  o r  toxi c  substances , 

negativ e  chemica l  ionizatio n mas s  spectrometr y i s  rapidl y becomin g a n importan t 

techniqu e  i n  biomedica l  an d environmenta l  studies .  It s  area s  o f  genera l 

applicatio n paralle l  thos e  o f  th e  electron-captur e  detector .  Th e  detectio n o f 

negativ e  ion s  generall y  require s  certai n  change s  i n  a  positive-io n mas s 

spectrometer .  Fo r  magneti c  secto r  instrument s  thi s  involve s  reversin g th e 

polarit y  o f  th e  acceleratin g voltag e  an d magne t  current .  Quadrupol e  mas s 

spectrometer s  ca n b e  operate d i n  th e  pulse d positiv e  an d negativ e  io n chemica l 

ionizatio n mod e  (PPNICI )  wher e  quasi-simultaneou s  recordin g o f  positiv e  an d 

negativ e  ion s  i s  accomplishe d b y switchin g th e  polarit y  o f  th e  io n sourc e  an d 

focussin g len s  potential s  a t  a  rat e  o f  approximatel y 1 0 Hz .  Th e  alternativ e 

"packets "  o f  positiv e  an d negativ e  ion s  ejecte d fro m th e  io n sourc e  travers e  th e 

io n filte r  an d ar e  detecte d b y eithe r  o f  tw o continuou s  dynod e  electro n 

multiplier s  hel d a t  opposit e  potentials .  Tande m chemica l  ionization/electro n 

impac t  an d combine d source s  whic h ca n b e  rapidl y switche d fro m on e  ionizatio n 

mode  t o  th e  othe r  ar e  availabl e  o n som e  instrument s  [15,17] , 

Severa l  reagen t  gase s  ar e  use d i n  chemica l  ionizatio n mas s  spectrometr y 

[3,10,14] ,  B y wa y o f  exampl e  conside r  th e  processe s  tha t  occu r  wit h methane , 

on e  o f  th e  mos t  widel y use d regean t  gases .  A  methan e  plasm a  i s  generate d b y a 

combinatio n o f  electro n impac t  an d ion-molecul e  reaction s  whic h ca n b e 

summarize d b y th e  followin g reactio n scheme . 

CHA + e > [ C H 4 ] + + 2e 

[ C H 4 ] + + CH4 > [ C 2 H 5 ] + + CH3 

[ C H 3 ] + + CH4 > [ C 2 H5 f + Ç, 

[ C H 2 ] + + CH4 > [ C 2 H 4 ] + + Ç, 

[ C H 2 ] + + CH4 > [ C 2 H 3 ] + + Ç, 

[CH] + + CH4 > [ C 2 H 2 ] + + Ç, 

[ C 2 H 5 ] + + CH4 > [ C 3 H ? ] + + Ç, 

[ C 2 H 3 ] + + CH4 > [ C 3 H 5 ] + + 
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At  a  sourc e  pressur e  o f  approximatel y on e  Torr ,  th e  ion s  forme d fro m methan e 

consis t  mainl y o f  [ C H 5 ] + (48%) ,  [ C 2 H 5 ] + (40%) ,  an d [ C ^ ] " 1 "  (6%) .  I n  th e  ga s 

phase ,  [ C H ^ ] + an d [ C 2 H ^ ] + ion s  functio n a s  Bronste d acid s  an d ca n transfe r  a 

proto n t o  th e  sampl e  molecul e  a s  show n below . 

[ C H 5 ] + +  Ì  >  [ M H ] + +  CH ^ 

[ C 2 H 5 ] + +  Ì  >  [ M H ] + +  C 2 H 4 

Th e  [ C 2 H ^ ] + io n ca n als o functio n a s  a  Lewi s  acid ,  formin g collision-stabilize d 

complexe s  o r  molecula r  ion-adducts : 

[ C 2 H 5 ] + +  Ì  >  [ M ( C 2 H 5 ) ] + 

The  produc t  ion s  generate d b y chemica l  ionizatio n ar e  stabl e  even-electro n 

specie s  wit h relativel y littl e  exces s  energ y compare d t o  direc t  electro n 

impact .  Th e  chemica l  ionizatio n mas s  spectru m i s  characterized ,  therefore ,  b y 

th e  presenc e  o f  a  fe w intens e  molecula r  io n adduct s  wit h ver y littl e  furthe r 

fragmentation .  Wit h som e  experienc e  o r  knowledg e  o f  th e  sampl e  type ,  th e  sampl e 

molecula r  weigh t  i s  readil y  identifie d fro m th e  m/ z  valu e  o f  th e  molecula r  io n 

adducts .  Th e  natur e  o f  th e  molecula r  io n adduc t  forme d depend s  primaril y  o n th e 

sampl e  compositio n an d th e  selectio n o f  reagen t  gas .  Som e  typica l  reagen t  gase s 

an d th e  predominan t  reactiv e  ion s  forme d i n  th e  chemica l  ionizatio n plasm a  ar e 

summarize d i n  Tabl e  8. 1  [10] .  Wate r  an d ammoni a  ar e  relativel y mil d protonatin g 

reagents .  Wit h tetramethylsilane ,  trimethyl -  silylatio n rathe r  tha n protonatio n 

occur s  whil e  dimethylamin e  appear s  t o  selectivel y ioniz e  carbony l  compounds , 

wit h protonate d dimethylamin e  apparentl y  attache d t o  th e  carbony l  group .  Nitri c 

oxid e  react s  wit h ketones ,  esters ,  an d carboxyli c  acid s  t o  giv e  primaril y  [ M + 

N 0 ] + ions .  Wit h aldehyde s  an d ester s  hydrid e  abstractio n occurs .  Th e  rar e 

gase s  suc h a s  He ,  Ar ,  an d X e  caus e  ionizatio n b y a  charg e  transfe r  mechanism . 

The  reagen t  io n abstract s  a n electro n fro m th e  sampl e  whic h result s  i n  th e 

formatio n o f  a n od d electro n molecula r  ion ,  th e  sam e  produc t  a s  woul d b e 

expecte d fro m electro n impact ,  excep t  tha t  i t  i s  forme d unde r  les s  energeti c 

conditions . 

[ H e ] + +  Ì  >  [ M ] + +  H e 

The  energetic s  an d thermodynamic s  o f  th e  chemica l  ionizatio n proces s  hav e  bee n 

reviewe d b y Richte r  an d Schwar z  [14] .  I n  general ,  onl y exothermi c  ion-molecul e 

reaction s  procee d a t  hig h rates .  Thi s  conditio n i s  nearl y  alway s  fulfille d fo r 

proto n transfe r  reaction s  unde r  chemica l  ionizatio n condition s  i f  th e  proto n 

affinit y  o f  th e  sampl e  exceed s  tha t  o f  th e  conjugate d bas e  o f  th e  relevan t 
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reagen t  ion .  A  second ,  n o les s  importan t  consequenc e  o f  th e  energetic s  o f  th e 

ionizatio n proces s  i s  tha t  th e  exothermicit y  control s  t o  a  considerabl e  degre e 

th e  stabilit y  o f  th e  [MH] + ion s  an d thei r  subsequen t  fragmentation .  Th e 

temperatur e  o f  th e  reagen t  ga s  mus t  als o b e  considered ;  a s  i t  contribute s  t o  th e 

vibrationa l  energ y o f  th e  ionize d particle ,  i t  ma y contro l  th e  exten t  o f 

fragmentation .  Th e  relativ e  abundanc e  o f  ion s  i n  chemica l  ionizatio n mas s 

spectr a  ar e  ofte n markedl y temperatur e  dependent . 

TABLE 8. 1 

PRINCIPA L REAGENT ION S FORMED UNDER CHEMICAL IONIZATIO N CONDITION S 

Reagen t  Ga s  Predominan t  Reagen t  Ion s  a t  ca .  on e  Tor r 

Methan e C H5

+ ,  C 2 H5

+ ,  C 3 H 5

+ 

Propan e C 3 H ?

+ ,  C 3 H g

+ 

Isobutan e C 4 H 9 + 

Hydroge n H 3

+ 

Ammonia N H4

+ ,  (NH 3 ) 2 H+ ,  (NH 3 ) 3 H+ 

Wate r H 3 0 + 

Tetramethylsilan e (CH 3 ) 3 Si + 

Dimethylamin e (CH 3 ) 2 NH2

+ ,  [(CH 3 ) 2 NH] 2 H+ ,  C ^ N 1 " 

Heliu m H e + 

Althoug h atmospheri c  pressur e  ionizatio n source s  ar e  somewha t  nove l  a t  presen t 

the y posses s  certai n  advantage s  i n  term s  o f  simplicit y  an d sensitivit y  fo r 

couplin g t o  chromatographi c  equipmen t  [18-20] ,  Operatin g a t  atmospheri c 

pressure ,  a n iner t  ga s  i s  bombarde d wit h electron s  fro m a  Nickel-6 3 foi l  o r  a 

hig h voltag e  coron a  discharg e  t o  for m a  plasm a  o f  electron s  an d ion s  resultin g 

fro m ionizatio n an d ion-molecul e  reaction s  o f  trac e  impuritie s  suc h a s  oxygen , 

water ,  o r  solven t  molecule s  i n  th e  carrie r  gas .  Ionizatio n o f  sampl e  molecule s 

result s  fro m ion-molecul e  reaction s  o f  thes e  impurit y  ion s  an d cluste r  ion s  a s 

wel l  a s  fro m direc t  electro n attachmen t  reactions .  Bot h positiv e  an d negativ e 

ion s  ar e  generated ;  th e  mos t  commo n ion s  resul t  fro m hydrid e  abstractio n o r 

addition ,  charg e  transfer ,  electron-capture ,  an d comple x formatio n wit h cluste r 

ions .  Th e  ion s  ar e  sample d throug h a n orific e  (2 5 micromete r  diamete r  pinhole ) 

separatin g th e  sourc e  fro m th e  analyze r  sectio n o f  th e  mas s  spectrometer . 

Ion s  leavin g th e  sourc e  o f  th e  mas s  spectromete r  mus t  b e  separate d 

accordin g t o  thei r  mass-to-charg e  rati o  prio r  t o  detection .  Thi s  i s  achieve d b y 

imposin g a n externa l  electri c  o r  magneti c  fiel d  o n th e  io n bea m t o effec t 
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dispersio n (resolution) .  Th e  resolvin g powe r  o f  a  mas s  spectromete r  i s  a 

measur e  o f  it s  abilit y  t o  distinguis h betwee n tw o neighborin g masses .  Formally , 

th e  mas s  resolutio n o f  a n instrumen t  (R )  i s  define d a s  th e  highes t  m/ z  valu e  fo r 

whic h a n io n ca n b e  separate d fro m anothe r  io n o f  adjacen t  m/ z  valu e  an d 

identica l  abundanc e  wit h a  valle y (betwee n th e  ions )  n o greate r  tha n 10 % o f  th e 

heigh t  o f  th e  ion s  o n th e  recorde d spectrum .  I n general ,  mas s  spectrometer s 

operat e  i n  tw o resolutio n ranges ,  lo w t o mediu m resolutio n wit h value s  o f  R  = 

500-200 0 an d hig h resolutio n wit h value s  o f  R  =  10,000-75,000 .  Lo w resolutio n 

mas s  spectrometr y i s  routinel y use d i n  GC-MS an d LC-M S applications .  Hig h 

resolutio n measurement s  provid e  accurat e  elementa l  compositio n dat a  fo r  al l  ion s 

i n  th e  spectr a  o r  fo r  a  singl e  io n suc h a s  th e  molecula r  ion .  Hig h resolutio n 

mas s  spectrometer s  ar e  ofte n referre d t o  a s  doubl e  focussing ,  a s  th e  io n bea m 

fro m th e  sourc e  i s  firs t  focusse d b y a n electrostati c  analyze r  whic h diminishe s 

th e  energ y dispersio n o f  th e  io n bea m an d the n b y a  magneti c  analyze r  whic h 

provide s  dispersio n o f  th e  io n bea m accordin g t o  th e  mass-to-charg e  rati o  o f  th e 

ions .  Th e  combine d proces s  permit s  ver y accurat e  mas s  measuremen t  (t o  withi n 1 0 

ppm) .  Double-focussin g mas s  spectrometer s  ar e  mor e  expensiv e  and ,  whe n operate d 

at  hig h resolution ,  les s  sensitiv e  an d slowe r  scannin g (typicall y  6  s/decade ) 

tha n single-focussin g instruments .  Thei r  genera l  us e  i n  GC-MS i s  les s  frequen t 

tha n single-focussin g instrument s  an d w e  wil l  no t  discus s  the m further . 

Burlingam e  ha s  discusse d th e  genera l  problem s  i n  th e  desig n an d implementatio n 

of  a  hig h resolutio n GC-MS syste m [21] . 

Rapi d scannin g mas s  spectrometer s  providin g uni t  mas s  resolutio n ar e 

routinel y use d i n  GC-MS an d LC-MS .  Io n separatio n base d o n th e  mass-to-charg e 

rati o  o f  th e  ion s  i s  accomplishe d usin g eithe r  a  magneti c  sector ,  quadrupol e 

filter ,  o r  time-of-fligh t  mas s  analyzer .  I n  a  magneti c  field ,  ion s  o f  differen t 

mass-to-charg e  rati o  wil l  b e  focusse d a t  th e  detecto r  accordin g t o  th e 

condition s  represente d b y equatio n (1) . 

2  2 
Hz r 

m/ z  =  (8.1 ) 
2V 

m =  mas s  o f  th e  io n 
æ =  charg e  o n th e  io n 
Ç =  magneti c  fiel d  strengt h 
r  =  radiu s  o f  th e  circula r  pat h int o whic h th e  ion s  ar e  deflecte d 
V =  io n acceleratin g voltag e 

The  positio n o f  th e  detecto r  an d th e  radiu s  o f  curvatur e  o f  th e  fligh t  tub e  ar e 

usuall y  fixe d s o tha t  th e  complet e  mas s  spectru m i s  recorde d b y scannin g (i.e. , 

sequentiall y  bringin g al l  ion s  o f  differen t  m/ z  int o focu s  a t  th e  detector) . 

Scannin g i s  accomplishe d b y changin g th e  magneti c  fiel d  (H )  a t  a  constan t 

acceleratin g voltag e  (V )  o r  b y holdin g th e  magneti c  fiel d  constan t  an d varyin g 
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th e  acceleratin g voltage .  Fo r  mos t  application s  i t  i s  preferabl e  t o  var y th e 

magneti c  fiel d  a t  a  constan t  acceleratin g potentia l  t o  recor d th e  mas s 

spectrum .  Thi s  i s  partl y  becaus e  th e  efficienc y wit h whic h ion s  ar e  transmitte d 

throug h th e  analyze r  depend s  o n thei r  momentum ;  a t  lowe r  acceleratin g potential s 

relativel y fewe r  ion s  ar e  transmitte d tha n a t  highe r  acceleratin g potentials , 

an d thu s  scannin g b y varyin g th e  acceleratin g potentia l  result s  i n  mas s 

discrimination .  Practically ,  thi s  result s  i n  fewe r  ion s  o f  hig h m/ z  bein g 

recorde d compare d t o  thos e  o f  lo w m/z .  Sca n time s  o f  1- 2 s  pe r  decad e  o f  mas s 

(e.g. ,  50-50 0 amu )  ar e  require d t o  accuratel y recor d th e  mas s  spectru m o f  earl y 

elutin g peak s  fro m a  capillar y column .  Thi s  i s  possibl e  wit h moder n laminate d 

magnets ,  althoug h i t  shoul d b e  kep t  i n  min d that ,  becaus e  o f  magneti c 

hysteresis ,  a  certai n  amoun t  o f  tim e  i s  require d prio r  t o  eac h sca n fo r  th e 

magneti c  fiel d  t o  rese t  an d stabilize .  Typica l  condition s  migh t  involv e  a  sca n 

tim e  o f  1. 5  s  an d a  rese t  tim e  o f  1. 5  s .  Effectively ,  therefore ,  scan s  ca n onl y 

be  initiate d ever y 3  s  an d chromatographi c  peak s  wit h pea k width s  les s  tha n 

abou t  1 5 s  ma y b e  erroneousl y recorde d unde r  thes e  condition s  du e  t o  th e  rapidl y 

changin g sampl e  concentratio n ove r  th e  sca n period .  Som e  magneti c  secto r 

instrument s  incorporat e  a  Hal l  effec t  prob e  which ,  i n  conjunctio n wit h a  dat a 

system ,  improve s  th e  accurac y o f  mas s  markin g an d reduce s  sca n cycl e  times . 

Quadrupol e  mas s  filte r  hav e  enjoye d rapidl y increasin g popularit y  ove r 

magneti c  secto r  instrument s  i n  th e  las t  fe w year s  excep t  fo r  application s 

involvin g th e  detectio n o f  masse s  a t  hig h m/ z  o r  mas s  resolutio n greate r  tha n 

abou t  1000 .  Earlie r  quadrupol e  design s  employin g circula r  rod s  hav e  bee n 

supersede d b y instrument s  wit h hyperboli c  poles ,  thu s  diminishin g th e  proble m o f 

mas s  discriminatio n whic h limite d th e  mas s  rang e  an d sensitivit y  o f  olde r 

instrument s  [22,23] ,  Th e  quadrupol e  mas s  filte r  consist s  o f  fou r  paralle l 

hyperboli c  rod s  i n  a  squar e  arra y suc h tha t  th e  insid e  radiu s  o f  th e  arra y 

(fiel d  radius )  i s  equa l  t o  th e  smalles t  radiu s  o f  curvatur e  o f  th e  hyperbolae . 

Diagonall y  opposit e  rod s  ar e  electricall y  connecte d t o  radi o frequenc y an d 

direc t  curren t  voltages .  Fo r  a  give n radi o frequency/direc t  curren t  voltag e 

rati o  onl y ion s  o f  a  specifi c  m/ z  valu e  ar e  transmitte d b y th e  filte r  an d reac h 

th e  detector .  Ion s  wit h a  m/ z  differen t  tha n th e  transmitte d io n ar e  deflecte d 

awa y fro m th e  principa l  axi s  o f  th e  syste m an d strik e  th e  rods ;  thes e  ion s  ar e 

no t  transmitte d b y th e  quadrupol e  filter .  T o sca n th e  mas s  spectru m th e 

frequenc y o f  th e  radi o frequenc y voltag e  an d th e  rati o  o f  th e  alternatin g 

current/direc t  curren t  voltage s  ar e  hel d constan t  whil e  th e  magnitud e  o f  th e 

alternatin g curren t  an d direc t  curren t  voltage s  ar e  varied .  Th e  transmitte d 

ion s  o f  mas s  m/ z  ar e  the n linearl y  dependen t  o n th e  voltag e  applie d t o  th e 

quadrupoles ,  producin g a  m/ z  scal e  whic h i s  linea r  wit h time .  Th e  voltage s 

applie d t o  th e  rod s  ar e  usuall y  chose n t o  giv e  equa l  pea k width s  ove r  th e  entir e 

mas s  range .  Moder n quadrupol e  mas s  spectrometer s  wit h a  mas s  rang e  o f  2  t o  150 0 
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amu an d minimu m pea k width s  o f  0. 3  am u ar e  commerciall y  available . 

Quadrupol e  mas s  spectrometer s  hav e  severa l  attractiv e  feature s  whe n 

compare d t o  magneti c  secto r  instruments .  The y ar e  smaller ,  les s  expensive ,  an d 

mor e  flexible .  Th e  lo w sourc e  voltage s  presen t  fewe r  problem s  fo r  sampl e 

introductio n o r  fo r  hig h pressur e  operatio n tha n chemica l  ionizatio n an d 

atmospheri c  pressur e  ionizatio n methods .  Electri c  field s  ca n b e  precisel y 

controlle d muc h mor e  easil y  tha n magneti c  field s  s o tha t  tunin g desire d m/ z 

value s  fo r  selecte d io n monitorin g i s  mor e  easil y  accomplished .  Quadrupole s  ma y 

als o b e  scanne d a t  faste r  rates ,  0. 1  s/decade ,  wit h a  dela y tim e  o f  3  m s  betwee n 

scans ,  an d ar e  thu s  well-suite d fo r  us e  wit h fas t  elutin g peak s  fro m capillar y 

columns .  I n  fac t  th e  boundar y conditio n fo r  th e  sca n tim e  i s  du e  t o  io n 

statistics ,  an d relate d t o  th e  dwel l  tim e  necessar y a t  eac h mas s  i n  th e  spectru m 

t o provid e  a  reproducibl e  measur e  o f  th e  io n curren t  a t  eac h m/ z  value .  I f  thi s 

conditio n i s  no t  me t  th e  mas s  spectru m wil l  b e  distorted .  Sca n time s  o f 

approximatel y 1  s/decad e  ar e  therefor e  mor e  commo n fo r  practica l  reasons . 

Time-of-fligh t  mas s  spectrometer s  ar e  rarel y use d fo r  genera l  organi c 

analysis .  Th e  basi c  instrumen t  comprise s  a  sourc e  an d detecto r  separate d b y a n 

evacuate d drif t  tub e  usuall y  1  t o  2  m  i n length .  A  voltag e  puls e  o f  a  fe w 

nanosecond s  duratio n i s  use d t o  ejec t  ion s  fro m th e  sourc e  throug h a  serie s  o f 

grid s  whic h provid e  a n acceleratin g voltage .  Th e  "bunch "  o f  ion s  s o accelerate d 

theoreticall y  experience s  th e  sam e  forc e  an d therefor e  eac h io n acquire s  a 

velocit y  whic h i s  relate d t o  th e  squar e  roo t  o f  it s  mass .  Th e  ion s  ar e  thu s 

separate d i n  tim e  a s  the y travers e  th e  lengt h o f  th e  drif t  tube .  B y operatin g 

th e  detecto r  synchronousl y wit h th e  switchin g o f  th e  sourc e  voltag e  (i.e. , 

injectio n o f  ion s  int o th e  drif t  tube )  a  mas s  spectru m i s  produced .  Mas s  scan s 

ca n b e  mad e  i n  a  fe w millisecond s  bu t  spectru m reproducibilit y  i s  limite d b y io n 

statistics .  Resolutio n value s  o f  500-60 0 ma y b e  obtained . 

For  io n detectio n a  Farada y cag e  collecto r  or ,  mor e  commonly ,  a n electro n 

multiplie r  i s  used .  Th e  Farada y cag e  collecto r  consist s  o f  a  collecto r  plat e 

house d insid e  a  cu p a t  a n angl e  suc h tha t  impingin g ion s  ca n no t  escape .  Th e 

tota l  io n curren t  measure d i s  therefor e  proportiona l  t o  th e  tota l  numbe r  o f  ion s 

collecte d an d thei r  charge .  Th e  respons e  i s  independen t  o f  th e  mas s  an d energ y 

of  th e  ion s  an d mas s  discriminatio n i s  low .  Obtainin g measurabl e  current s 

require s  larg e  amplificatio n circuit s  whic h ar e  slo w an d preven t  fas t  scanning . 

Alternatively ,  th e  electro n multiplie r  detecto r  produce s  curren t  amplificatio n 
3 8 

of  1 0 t o  1 0 wit h littl e  nois e  and/o r  dark/backgroun d curent .  Th e  respons e 

tim e  o f  thi s  detecto r  i s  ver y fast ,  leadin g t o  negligibl e  signa l  broadening . 

Workin g o n th e  principl e  o f  secondar y electro n emission ,  a n io n impingin g o n th e 

conversio n dynod e  eject s  severa l  electron s  whic h ar e  accelerate d t o  anothe r 

electrod e  (dynode )  wher e  additiona l  electron s  ar e  ejected .  Th e  discret e  stag e 

electro n multiplie r  ma y hav e  a s  man y a s  1 0 t o  4 0 stage s  (dynodes) ,  wit h  eac h 
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stag e  connecte d t o  a  successivel y highe r  potentia l  b y a  voltag e  divider ,  an d th e 

fina l  collecto r  (anode )  connecte d t o  a  solid-stat e  amplifier .  Som e  instrument s 

emplo y a  Channeltro n electro n multiplie r  a s  oppose d t o  th e  discret e  stag e 

version .  Th e  Channeltro n electro n multiplie r  i s  a  hollo w glas s  tub e  coate d wit h 

semiconductin g materia l  whic h function s  bot h a s  a n electro n emittin g dynod e 

surfac e  an d a s  a  voltag e  divide r  t o  establis h th e  electrostati c  fiel d  require d 

t o  accelerat e  th e  secondar y electrons .  A s  fo r  th e  discret e  stag e  electro n 

multiplier ,  positiv e  ion s  ar e  attracte d toward s  an d impac t  o n th e  negativ e  inpu t 

edg e  o f  th e  Channeltron .  Th e  collision s  releas e  electron s  whic h ar e  accelerate d 

down th e  tub e  b y th e  electrostati c  field .  Afte r  a  shor t  distanc e  thes e 

electron s  collid e  wit h th e  side s  o f  th e  Channeltro n an d releas e  additiona l 

electrons .  Thi s  proces s  i f  repeate d dow n th e  whol e  lengt h o f  th e  Channeltron . 

The  overal l  gai n i s  simila r  t o  th e  discret e  stag e  electro n multiplier .  Wit h 

bot h device s  modification s  ma y b e  require d t o  facilitat e  th e  detectio n o f 

negativ e  ion s  a s  discusse d previously .  Th e  electro n multiplie r  detector s  sho w 

poo r  gai n stability ,  a  gai n tha t  i s  dependen t  upo n th e  charge ,  mass ,  angl e  o f 

incidence ,  an d natur e  o f  th e  impactin g ion ,  a s  wel l  a s  th e  wor k functio n an d 

surfac e  conditio n o f  th e  impacte d surface .  Saturatio n effect s  limi t  th e  dynami c 

rang e  o f  th e  detecto r  an d ar e  usuall y  significan t  whe n th e  outpu t  curren t 
—8 

exceed s  1 0 A .  Thes e  characteristic s  ar e  obviousl y no t  desirabl e  i n  a n io n 

detecto r  bu t  th e  hig h gai n o f  th e  electro n multiplie r  make s  i t  indispensibl e  an d 

it s  short-coming s  mus t  b e  tolerated . 

Instrumen t  desig n i n  mas s  spectrometr y i s  a  constan t  evolutionar y process . 

At  th e  tim e  o f  writin g io n cyclotro n resonanc e  an d Fourie r  transfor m mas s 

spectrometr y ma y provid e  breakthrough s  i n  lo w cost ,  rapi d scanning ,  hig h 

resolutio n GC-MS [24] .  Combinatio n instrument s  employin g GC-MS-FTI R ma y allo w 

mor e  positiv e  sampl e  identificatio n [25] ,  Inexpensiv e  mas s  detector s  employin g 

simpl e  quadrupol e  system s  hav e  bee n introduce d a s  selectiv e  ga s  chromatographi c 

detector s  fo r  selecte d io n monitoring .  Th e  latte r  techniqu e  i s  discusse d i n  a 

subsequen t  section . 

8. 3  Interfacin g a  Ga s  Chromatograp h t o  a  Mas s  Spectromete r 

The  genera l  proble m o f  interfacin g a  ga s  chromatograp h t o  a  mas s 

spectromete r  arise s  fro m th e  materia l  flo w requiremen t  difference s  betwee n th e 

tw o instruments .  Th e  ga s  chromatograp h typicall y  operate s  a t  atmospheri c 

pressur e  whil e  sourc e  pressure s  i n  th e  mas s  spectromete r  ar e  i n  th e  rang e  o f  2 

t o  1 0 ~* Tor r  fo r  chemica l  an d electro n impac t  ionization .  Th e  interfac e  shoul d 

thu s  b e  capabl e  o f  providin g a n adequat e  pressur e  dro p betwee n th e  tw o 

instruments ,  shoul d maximiz e  th e  throughpu t  o f  sampl e  molecule s  whil e 

maintainin g a  ga s  flo w rat e  compatibl e  wit h th e  sourc e  operatin g pressure , 
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shoul d no t  introduc e  excessiv e  dea d volum e  a t  th e  colum n exit ,  an d shoul d no t 

degrad e  o r  otherwis e  modif y th e  chemica l  constitutio n o f  th e  sample .  Severa l 

interfac e  design s  ar e  availabl e  an d ma y b e  use d i n  differen t  circumstances . 

Her e  w e  wil l  revie w thos e  interfac e  method s  whic h hav e  bee n adopte d a s  standar d 

method s  o n commercia l  GC-MS system s  [4,5,8-10,26,27] , 

Moder n differentiall y  pumpe d mas s  spectrometer s  ca n accep t  colum n flo w 

rate s  o f  1- 2 ml/mi n (adjuste d t o  SIP )  int o th e  io n source .  Thi s  i s  als o th e 

optimu m flo w rat e  rang e  fo r  ope n tubula r  capillar y columns .  Couplin g suc h 

column s  t o  a  moder n mas s  spectromete r  wit h high-capacit y  vacuu m pump s  therefor e 

present s  th e  fewes t  problems .  Becaus e  o f  thei r  flexibility ,  inertness ,  an d lo w 

blee d characteristic s  fuse d silic a  column s  wit h immobilize d phase s  ar e  ofte n 

connecte d directl y  t o  th e  io n sourc e  wit h a  simpl e  vacuum-tigh t  flang e  couplin g 

an d colum n support .  Thi s  allow s  th e  positio n o f  th e  colum n en d withi n th e  io n 

sourc e  t o  b e  adjuste d fo r  maximu m io n yiel d  [27-32] .  Th e  sampl e  i s 

quantitativel y transferre d t o  th e  io n sourc e  bu t  th e  performanc e  o f  th e 

capillar y colum n ma y b e  compromise d b y th e  larg e  pressur e  dro p place d acros s  th e 

column .  Operatio n i n  thi s  mod e  usuall y  result s  i n  a  substantia l  decreas e  i n 

colum n retentio n time s  bu t  a  muc h les s  dramati c  reductio n i n  resolution . 

Anothe r  direc t  couplin g devic e  employ s  a  fixe d inle t  restricto r  t o  th e  mas s 

spectromete r  an d a  low-dead-volum e  needl e  valv e  whic h act s  a s  a  flo w diverter . 

Thi s  interfac e  i s  mor e  versatil e  a s  i t  allow s  a  wide r  selectio n o f  colum n flo w 

rates ,  permit s  column s  t o  b e  change d withou t  instrumen t  shutdown ,  an d provide s  a 

by-pas s  b y whic h larg e  solven t  volume s  o r  corrosiv e  derivatizin g reagent s  ca n b e 

vente d awa y fro m th e  mas s  spectrometer .  Disadvantage s  ar e  th e  introductio n o f 

dea d volum e  an d th e  possibilit y  o f  transformin g labil e  compound s  o n th e  ho t 

meta l  surface s  o f  th e  valve . 

I n  man y respect s  th e  us e  o f  a n ope n spli t  couplin g i s  preferre d ove r  th e 

valv e  interfac e  [33-36] .  Fo r  ope n spli t  couplin g th e  interfac e  essentiall y 

consist s  o f  th e  capillar y colum n o r  outle t  tubin g o f  th e  chromatograp h an d th e 

inle t  tubin g o f  th e  mas s  spectromete r  separate d b y a  narro w slit ,  whic h i s 

scavenge d b y heliu m a t  atmospheri c  pressure .  Th e  amoun t  o f  th e  sampl e  enterin g 

th e  mas s  spectromete r  depend s  o n th e  rati o  o f  th e  inle t  flo w rat e  o f  th e  io n 

sourc e  (whic h i s  fixe d fo r  give n inle t  capillar y dimensions ,  sourc e  conductance , 

temperature ,  an d carrie r  gas )  t o  th e  colum n flo w rate .  Th e  tota l  sampl e  i s 

transferre d t o  th e  mas s  spectromete r  onl y i f  th e  outle t  flo w rat e  o f  th e  colum n 

equal s  th e  inle t  flo w rat e  o f  th e  io n source ;  hence ,  n o spli t  occurs .  I f  th e 

flo w rat e  o f  th e  colum n i s  large r  tha n tha t  o f  th e  sourc e  inlet ,  par t  o f  th e 

sampl e  i s  spli t  of f  a t  th e  interfac e  an d doe s  no t  reac h th e  mas s  spectrometer . 

I f  th e  colum n flo w rat e  i s  les s  tha n th e  inle t  flo w rat e  o f  th e  source ,  th e 

sampl e  i s  dilute d b y make-u p ga s  an d th e  mas s  flo w o f  sampl e  t o  th e  io n sourc e 

i s  reduced .  Th e  splittin g o r  dilutio n o f  th e  sampl e  a t  th e  interfac e  ca n b e 
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determine d b y equatio n (8.2 )  [35] . 

(8.2 ) C =  C 
mo c l 

W .  -  W 
cl  s 

W 
mo 

= sampl e  concentratio n a t  th e  mas s  spectromete r  inle t 

= sampl e  concentratio n a t  th e  colum n outle t 

W - .  =  flo w rat e  a t  colum n outle t 
cl 

Wg =  flo w rat e  o f  make-u p ga s 

W =  flo w rat e  a t  mas s  spectromete r  inle t 
mo  v 

Activatin g a  valv e  i n  th e  make-u p ga s  lin e  provide s  a  mean s  o f  divertin g solven t 

or  reagen t  specie s  awa y fro m th e  mas s  spectromete r  an d the n rapidl y restorin g 

th e  analytica l  condition s  afte r  a  prese t  time .  Th e  ope n spli t  interfac e  ca n b e 

made  o f  iner t  materials .  I t  ha s  bee n reporte d tha t  Pt/I r  transfe r  tubin g ma y 

caus e  chemica l  transformatio n o f  certai n  compound s  whe n hydroge n i s  use d a s  a 

carrie r  ga s  [37] ,  Th e  advantage s  o f  th e  ope n spli t  interfac e  ar e  tha t 

atmospheri c  pressur e  i s  maintaine d a t  th e  en d o f  th e  column ,  colum n resolutio n 

i s  no t  affected ,  i t  i s  versatil e  wit h respec t  t o  th e  us e  o f  differen t  colum n 

type s  an d flo w rates ,  an d i t  permit s  eas y chang e  o r  replacemen t  o f  th e 

analytica l  colum n withou t  affectin g th e  operatio n o f  th e  mas s  spectrometer . 

The  problem s  associate d wit h couplin g wid e  bor e  column s  t o  a  mas s 

spectromete r  ar e  mor e  sever e  tha n thos e  encountere d wit h capillar y columns . 

Packe d column s  ar e  operate d a t  muc h highe r  flo w rates ,  2 0 t o  6 0 ml/min ,  an d 

althoug h thi s  diminishe s  th e  influenc e  o f  dea d volume s  i n  th e  interfac e  o n 

sampl e  resolution ,  i t  pose s  a  proble m du e  t o  th e  pressur e  an d volum e  flo w rat e 

restrictio n o f  th e  mas s  spectrometer .  Th e  interfac e  mus t  provid e  a  pressur e 

4  6 

dro p betwee n colum n an d mas s  spectromete r  sourc e  o n th e  orde r  o f  1 0 t o  1 0 ,  i t 

must  reduc e  th e  volumetri c  flo w o f  ga s  int o th e  mas s  spectromete r  withou t 

diminishin g th e  mas s  flo w o f  sampl e  b y th e  sam e  amount ,  an d i t  mus t  als o retai n 

th e  integrit y  o f  th e  sampl e  elutin g fro m th e  colum n i n term s  o f  th e  separatio n 

obtaine d an d it s  chemica l  constitutio n [8,9,26,27] ,  T o mee t  th e  abov e 

requirement s  th e  interfac e  mus t  thu s  functio n a s  a  molecula r  separator . 

The  performanc e  o f  an y typ e  o f  separato r  i s  characterize d i n  term s  o f  it s 

separatio n facto r  (enrichment )  Í  an d separato r  yiel d (efficiency )  Y  [38] .  Th e 

separato r  yiel d i s  define d a s  th e  rati o  o f  th e  amoun t  o f  sampl e  enterin g th e 

mas s  spectromete r  ( Q M S ) t o  tha t  enterin g th e  separato r  ( QQ )̂ » usuall y  expresse d 

as  a  percentage . 
0 

Y =  -21 1 ÷  100 % (8.3 ) 
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I t  represent s  th e  abilit y  o f  th e  devic e  t o  allo w organic '  materia l  t o  pas s  int o 

th e  io n sourc e  o f  th e  mas s  spectrometer .  Th e  separatio n facto r  i s  define d a s 

th e  rati o  o f  sampl e  concentratio n i n  th e  carrie r  ga s  enterin g th e  mas s 

spectromete r  t o  th e  sampl e  concentratio n i n  th e  carrie r  ga s  enterin g th e 

separator . 

0  / V 0  Vrr ( P /P „  ) 
^  _  T n s  m s  _  m s  G C _  s  H e  m s  ^ 

V V GC QGCVn, s  ( Ps / P He>GC 

Q m s -  amoun t  o f  sampl e  enterin g th e  mas s  spectromete r 
n s 

Vm g =  volum e  o f  carrie r  ga s  enterin g th e  mas s  spectromete r 

QQQ -  amoun t  o f  sampl e  enterin g th e  separato r 

= volum e  o f  carrie r  ga s  enterin g th e  separato r 

P g =  sampl e  partia l  pressur e 

P̂He  =  partia l  pressur e  o f  carrie r  ga s  (helium ) 

The  separatio n facto r  varie s  greatl y  dependin g o n th e  typ e  o f  separator ,  th e  ga s 

chromatographi c  flow ,  th e  vacuu m syste m efficiency ,  an d th e  molecula r  weigh t  o f 

th e  sample .  Th e  separatio n facto r  Í  an d th e  separato r  yiel d Y  ar e  algebraicall y 

relate d t o  on e  anothe r  b y th e  expression : 

Y V f C 
Í  =  ÷  (8.5 ) 

10 0 V 
ms 

Severa l  type s  o f  molecula r  separator s  hav e  bee n described ;  w e  wil l  conside r 

onl y thre e  o f  thes e  i n  detail .  Th e  effusio n separator ,  th e  je t  separator ,  an d 

th e  membran e  separator ,  Figur e  8.1 ,  ar e  th e  principa l  molecula r  separator s 

supplie d wit h commercia l  GC-MS system s  fo r  packe d colum n work .  Othe r  usefu l 

separator s  ar e  th e  Teflo n separato r  [39,40 ]  an d th e  silver-palladiu m separato r 

[41-43] .  Th e  Teflo n separato r  preferentiall y  remove s  heliu m throug h a  ver y thi n 

Teflo n capillar y mounte d i n  a  heated ,  vacuu m chamber .  Separato r  yield s  an d 

enrichmen t  factor s  ar e  reasonabl y hig h bu t  problem s  suc h a s  pea k broadening ,  a 

narro w operatin g temperatur e  rang e  (270-33 0 °C) ,  restricte d carrie r  ga s  flo w 

rates ,  an d functiona l  grou p discriminatio n hav e  resulte d i n  th e  discontinuatio n 

of  it s  use .  Th e  silver-palladiu m separato r  i s  base d o n a  uniqu e  propert y o f 

thi s  alloy :  i t  ha s  a  hig h permeabilit y  t o  hydroge n whil e  remainin g impermeabl e 

t o  othe r  gase s  an d organi c  compound s  a t  250°C .  I t  i s  capabl e  o f  providin g th e 

highes t  efficienc y an d enrichmen t  o f  al l  separator s  bu t  i s  littl e  use d fo r 

organi c  trac e  analysi s  du e  t o  th e  catalyti c  activit y  o f  th e  alloy .  However ,  it s 

simpl e  desig n an d lac k o f  suppor t  vacuu m syste m make s  i t  ideall y  suite d fo r 

specia l  application s  suc h a s  extraterrestria l  GC-MS . 
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Figur e  8. 1 Commo n interface s  fo r  GC-MS .  A ,  effusio n interface ;  B ,  je t 
interface ;  C ,  membran e  interface . 

The  Watson-Bieman n separato r  i s  a n exampl e  o f  a n effusio n separato r  (Figur e 

8 .1) .  I t  consist s  o f  a n ultrafine-porosit y  sintere d glas s  tub e  enclose d i n  a 

vacuu m envelop e  wit h glas s  capillarie s  a t  th e  entranc e  an d exi t  t o  provid e  flo w 

restrictio n [9,44] ,  Th e  averag e  por e  siz e  o f  th e  fri t  i s  approximatel y on e 

micrometer .  Th e  functio n o f  th e  separato r  i s  t o  achiev e  a n enrichmen t  o f  sampl e 

i n  th e  carrie r  ga s  whil e  simultaneousl y producin g a  pressur e  dro p fro m 

atmospheri c  a t  th e  colum n exi t  t o  th e  workin g pressur e  o f  th e  vacuu m syste m o f 

th e  mas s  spectrometer .  Th e  diamete r  o f  th e  entranc e  capillar y i s  importan t  i n 

affectin g a  pressur e  dro p sufficien t  t o  satisf y th e  condition s  o f  molecula r  flo w 

i n th e  pressur e  reductio n system .  Fo r  th e  conditio n o f  molecula r  flo w t o apply , 

th e  mea n fre e  pat h o f  th e  ga s  mus t  b e  larg e  compare d t o  th e  por e  diameter s  o f 

th e  frit .  Thus ,  th e  correspondin g pressur e  i n  th e  glas s  fri t  i s  o n th e  orde r  o f 
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a  fe w Tor r  (typicall y  1-1 0 Torr) .  Unde r  thes e  condition s  th e  rat e  a t  whic h a 

ga s  effuse s  t o  th e  exhaus t  vacuu m wil l  b e  inversel y proportiona l  t o  th e  squar e 

roo t  o f  th e  molecula r  weigh t  an d directl y  proportiona l  t o  th e  partia l  pressur e 

of  eac h component .  Th e  quantit y  o f  an y gas ,  Q ,  goin g throug h th e  porou s  glas s 

fri t  i s  give n b y equatio n (8.6) . 

Q =  K p ( 1 / M ) 1 / 2 (8.6 ) 

Ê =  constan t  dependin g o n th e  conductanc e  o f  th e  porou s  tub e 

ñ =  partia l  pressur e  o f  th e  componen t 

Ì  =  molecula r  weigh t 

The  rati o  o f  th e  quantit y  o f  sampl e  Q g t o  th e  quantit y  o f  heliu m carrie r  ga s  V^ e 

tha t  goe s  throug h th e  fri t  is : 

< W f r i t  -  < Ñ 3 / Ñ Ç â > < MH e / M s > 1 / 2 < 8 · 7 > 

Consequently ,  a  fractionatio n o f  sampl e  t o  carrie r  ga s  i s  obtaine d whic h depend s 

upo n th e  invers e  rati o  o f  th e  squar e  roo t  o f  th e  molecula r  weights .  Th e  exi t 

constrictio n diamete r  control s  th e  sensitivit y  o f  th e  apparatus ;  th e  diamete r  i s 

limite d onl y b y th e  maximu m pressur e  tha t  ca n b e  tolerate d i n  th e  io n sourc e  o f 

th e  mas s  spectrometer .  I f  sampl e  fractionatio n i s  t o  b e  avoide d the n th e  mea n 

fre e  pat h o f  th e  ga s  mus t  b e  smal l  compare d t o  th e  diamete r  o f  th e  exi t 

capillary .  Thus ,  unde r  condition s  o f  viscou s  flow ,  th e  flo w i s  independen t  o f 

molecula r  weigh t  an d al l  component s  ar e  transporte d wit h equa l  velocity .  Th e 

quantit y  o f  a  give n componen t  enterin g th e  mas s  spectromete r  i s  give n b y 

equatio n (8.8) . 

( V W m s  =  P s / P He  < 8 ' 8 > 

an d th e  rati o  o f  th e  quantit y  o f  sampl e  t o  th e  quantit y  o f  heliu m tha t  enter s 

th e  mas s  spectromete r  depend s  o n th e  partia l  pressur e  o f  eac h componen t  i n  th e 

fritte d tube .  Th e  diamete r  o f  th e  entranc e  an d exi t  capillar y tubin g i s  se t  b y 

tria l  an d error .  Onc e  optimize d i t  i s  no t  normall y altered .  Th e  variabl e 

parameter s  o f  th e  Watson-Bieman n separator ,  carrie r  ga s  flo w an d temperature , 

ar e  optimize d b y experiment .  Th e  optimu m operatin g temperatur e  fo r  eac h sampl e 

provide s  th e  maximu m amoun t  o f  sampl e  enterin g th e  mas s  spectromete r  an d th e 

productio n o f  symmetrica l  peaks .  A t  eithe r  extrem e  o f  thi s  temperatur e 

operatin g platea u bot h th e  enrichmen t  an d pea k symmetr y wil l  decreas e 

dramatically .  Th e  carrie r  ga s  flo w rat e  affect s  th e  efficienc y o f  th e  separato r 

an d th e  performanc e  o f  th e  mas s  spectrometer .  A n uppe r  limi t  t o  th e  flo w rat e 

i s  establishe d b y th e  conductanc e  o f  th e  io n sourc e  an d th e  optimu m separato r 

flo w rat e  usuall y  lie s  clos e  t o  thi s  uppe r  limit .  A t  lowe r  flo w rate s  pea k 
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shap e  an d spectromete r  respons e  ar e  poor . 

Probabl y th e  mos t  popula r  separato r  fo r  us e  wit h packe d column s  i s  th e  je t 

separator ,  Figur e  8.1 .  Th e  effluen t  fro m th e  ga s  chromatograp h i s  throttle d 

throug h a  fin e  orific e  wher e  i t  rapidl y expand s  int o a  heate d vacuu m chamber . 

Durin g thi s  expansio n th e  lighte r  heliu m ga s  molecule s  rapidl y diffus e  awa y fro m 

th e  cor e  o f  th e  supersoni c  je t  whic h become s  enriche d i n  th e  heavie r  sampl e 

molecules .  Th e  cor e  i s  receive d b y a  secon d je t  an d enter s  th e  mas s 

spectrometer .  Th e  alignment ,  orific e  diameter ,  an d relativ e  spacin g o f  th e 

expansio n an d collectio n jet s  ar e  crucial .  Normall y thes e  ar e  fixe d b y th e 

manufacture r  s o tha t  maximu m enrichmen t  wil l  onl y b e  obtaine d ove r  a  narro w flo w 

rat e  range .  Cloggin g o f  th e  expansio n je t  b y particulat e  matte r  i s  a  frequen t 

proble m whos e  remed y ofte n test s  th e  ingenuit y  o f  th e  operato r  [45,46] . 

Mechanica l  prodin g wit h a  fin e  wire ,  solven t  flushin g unde r  vacuum ,  brie f 

treatmen t  wit h dilut e  hydrofluori c  acid ,  a  hig h voltag e  discharge ,  an d 

conditionin g i n  a n annealin g ove n ar e  amon g th e  mor e  popula r  method s  o f 

wizardry . 

The  silicon e  membran e  separator ,  Figur e  8.1 ,  work s  o n th e  principl e  tha t 

th e  transmissio n o f  organi c  compound s  acros s  th e  membran e  ma y b e  tw o order s  o f 

magnitud e  greate r  tha n tha t  o f  a n iner t  ga s  [47] ,  Th e  effluen t  fro m th e  ga s 

chromatograp h i s  expose d t o  th e  hig h pressur e  sid e  o f  th e  membrane .  I t  i s 

eithe r  channele d alon g a  shor t  (severa l  cm )  spira l  pat h ove r  th e  membran e  o r 

simpl y allowe d t o  flo w int o a  smal l  dead-volum e  chambe r  whic h i s  expose d t o  th e 

membrane .  Th e  membran e  i s  usuall y  a  dimethylsilicon e  rubbe r  abou t  0.02-0.0 4 mm 
2 

thic k wit h a  surfac e  are a  usuall y  muc h les s  tha n on e  c m .  T o maintai n colum n 

resolutio n th e  dea d volum e  o f  th e  cavit y  o n th e  hig h pressur e  sid e  o f  th e 

membran e  mus t  b e  minimized .  Th e  lo w pressur e  sid e  o f  th e  membran e  lead s 

directl y  t o  th e  mas s  spectromete r  source .  Th e  surfac e  area ,  thickness ,  an d 

contac t  tim e  ar e  critica l  desig n parameter s  an d temperatur e  i s  a n importan t 

operatin g parameter .  Th e  fundamenta l  facto r  limitin g transmissio n o f  organi c 

compound s  throug h a  membran e  i s  th e  permeabilit y  o f  th e  membrane .  Membran e 

permeabilit y  i s  a  functio n o f  solubilit y  S ,  diffusivit y  D ,  pressur e  differenc e 

acros s  th e  membran e  P ^  -  P 2 ,  expose d are a  A ,  an d membran e  thicknes s  L .  Th e 

amoun t  o f  sampl e  transmitte d b y th e  membran e  Q m g i s  therefor e  give n b y equatio n 

(8.9) . 

= D S (? 1 -  P 2)/ L (8.9 ) 

A vita l  consideratio n i n  th e  us e  o f  th e  membran e  separato r  i s  th e  temperatur e 

dependenc e  o f  th e  transmissio n o f  specie s  acros s  th e  membrane .  Tota l 

transmissio n depend s  o n bot h solubilit y  an d diffusivity .  Fo r  organi c  solute s 

membran e  solubilit y  i s  th e  mos t  importan t  parameter .  Solubilit y  increase s  wit h 
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decreasin g temperatur e  s o tha t  th e  highes t  enrichmen t  possibl e  i s  obtaine d a t 

th e  lowes t  temperatur e  commensurat e  wit h maintainin g th e  integrit y  o f  th e  colum n 

separation . 

No singl e  separato r  i s  idea l  fo r  al l  situations .  A s  ca n b e  see n fro m Tabl e 

8.2 ,  th e  membran e  separato r  woul d a t  firs t  sigh t  see m t o b e  th e  mos t  useful .  I t 

provide s  th e  highes t  sampl e  enrichmen t  an d essentiall y  allow s  th e  colum n t o b e 

operate d separatel y fro m th e  mas s  spectromete r  s o tha t  bot h system s  ca n b e 

individuall y  optimized .  Unfortunately ,  th e  performanc e  o f  th e  membran e 

separato r  i s  criticall y  influence d b y temperature .  Ther e  i s  a n optimu m 

temperatur e  fo r  th e  transmissio n o f  eac h organi c  compoun d acros s  th e  membrane ; 

a t  les s  tha n optimu m temperatur e  condition s  pea k distortio n ma y occu r  an d th e 

relativel y lo w uppe r  operatin g temperatur e  preclude s  it s  us e  wit h organi c 

compound s  o f  lo w volatility .  Th e  je t  an d effusio n separator s  requir e  auxiliar y 

vacuu m equipmen t  an d onl y operat e  efficientl y  ove r  a  narro w rang e  o f  flo w an d 

temperatur e  conditions .  Carefu l  deactivatio n o f  th e  effusio n separato r  ma y b e 

require d t o  avoi d sampl e  decompositio n a t  hig h temperature . 

TABLE 8. 2 

COMPARISON O F MOLECULAR SEPARATORS 

Typica l  Effusio n Je t  Membran e 
Propertie s  (Watson-Bieman ) 

Yiel d (% )  20-3 0 30-7 0 30-8 0 

Enrichmen t  4- 7 6-1 4 10-3 0 

Carrie r  ga s  flo w 10-3 0 15-2 5 1-6 0 
rang e  (ml/min ) 

Temperatur e  35 0 30 0 25 5 
(approximat e  uppe r 
limit ,  °C ) 

Wit h moder n differentiall y  pumpe d mas s  spectrometer s  single-stag e 

separator s  ar e  adequate .  Hybri d two-stag e  combination s  ma y b e  require d wit h 

olde r  instrument s  havin g inefficien t  pumpin g systems .  Th e  enrichmen t  facto r  o f 

a  two-stag e  separato r  i s  th e  produc t  o f  th e  enrichmen t  factor s  fo r  eac h stage . 

8. 4  Interfacin g a  Liqui d Chromatograp h t o  a  Mas s  Spectromete r 

Interfacin g a  ga s  chromatograp h t o  a  mas s  spectromete r  i s  relativel y simpl e 

compare d t o  th e  problem s  encountere d i n  LC-MS .  Her e  th e  mas s  flo w create d b y 

vaporizin g th e  eluen t  fro m th e  liqui d chromatograp h i s  severa l  order s  o f 

magnitud e  greate r  tha n th e  conductanc e  o f  th e  mas s  spectrometer .  Fo r  example ,  a 
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liqui d chromatograp h operatin g a t  a  flo w rat e  o f  1. 0  ml/mi n woul d produc e  nearl y 

200-100 0 ml/mi n o f  vapo r  a t  SIP ,  o f  whic h th e  mas s  spectromete r  coul d accep t  1- 2 

ml/mi n Th e  sampl e  portio n o f  thi s  vapo r  plum e  i s  s o smal l  tha t  a n enrichmen t 

facto r  o n th e  orde r  o f  10 ^  i s  required ,  a  valu e  man y time s  greate r  tha n tha t 

neede d fo r  GC-MS .  Also ,  liqui d chromatograph y i s  frequentl y  selecte d fo r  th e 

separatio n o f  sample s  whic h ar e  thermall y sensitiv e  an d canno t  b e  volatilize d 

withou t  pyrolysis .  Thos e  ionizatio n technique s  whic h requir e  volatilizatio n i n 

a  heate d sourc e  prio r  t o  ionizatio n woul d thu s  no t  b e  suitabl e  fo r  thse s 

compounds .  Som e  mobil e  phases ,  suc h a s  thos e  containin g inorgani c  salt s  o r 

buffers ,  ma y presen t  additiona l  problems ,  suc h a s  cloggin g o f  th e  interface ,  a s 

the y ar e  generall y  no t  volatil e  o r  volatalizabl e  substances .  LC-M S i s  thu s  no t 

trul y domesticate d and ,  althoug h commercia l  LC-M S interface s  exist ,  the y 

represen t  a  compromis e  situatio n whic h retain s  som e  o f  th e  inherren t  problem s 

discusse d abov e  [27,48-50] . 

The  principa l  method s  o f  interfacin g a  liqui d chromatograp h an d a  mas s 

spectromete r  ar e  direc t  introductio n int o a n atmospheri c  pressur e  ionizatio n 

sourc e  [51] ,  direc t  introductio n int o a  chemica l  ionizatio n sourc e  [52,53] ,  th e 

expandin g je t  interfac e  [54,55] ,  an d th e  movin g bel t  interfac e  [56,57] .  B y 

virtu e  o f  atmospheri c  pressur e  operatio n th e  atmospheri c  pressur e  ionizatio n 

sourc e  ca n accep t  muc h highe r  ga s  o r  splven t  vapo r  flo w rate s  tha n conventiona l 

high-vacuu m sources .  Th e  colum n eluen t  i s  mixe d wit h a  strea m o f  preheate d 

carrie r  ga s  i n  a  heate d evaporato r  tub e  an d carrie d directl y  int o th e  io n 

source .  A n io n plasm a  i s  generate d b y bombardmen t  wit h electron s  fro m a  coron a 

discharg e  an d b y ion-molecul e  reactions .  Bot h positiv e  an d negativ e  ion s  ar e 

generate d i n  larg e  numbers .  A  fractio n o f  th e  io n plasm a  i s  sample d directl y  b y 

th e  mas s  spectromete r  throug h a  2 5 micromete r  orifice .  Detectio n limit s  ar e 

lowe r  tha n migh t  b e  anticipate d du e  t o  consumptio n o f  th e  ionizin g electron s  b y 

solven t  molecule s  and ,  i n  particular ,  b y electron-capturin g solven t  impurities . 

The  chemica l  ionizatio n spectru m i s  dependen t  upo n th e  mobil e  phas e  compositio n 

an d wil l  therefor e  b e  differen t  fo r  differen t  solvent s  an d ma y eve n chang e  fo r 

binar y solven t  mixture s  o f  differen t  composition .  Th e  choic e  o f  solven t  i s 

essentiall y  limite d t o  thos e  havin g a  lowe r  proto n affinit y  tha n th e  solute . 

A modifie d chemica l  ionizatio n source ,  Figur e  8.2A ,  ca n accep t  a  fractio n 

of  th e  eluen t  fro m a  liqui d chromatograph .  Thi s  fractio n represent s  a  flo w o f 

abou t  10-7 0 microliters/min ,  an d i s  thu s  onl y a  smal l  fractio n o f  th e  norma l 

flo w o f  a  standar d liqui d chromatograp h (les s  tha n 1%) .  Th e  colum n eluen t 

enter s  th e  io n sourc e  directl y  throug h a  coole d insertio n probe .  Th e  interfac e 

itsel f  i s  a  variabl e  diaphrag m orifice ,  5-1 5 micrometer s  i n  diameter ,  whic h i s 

change d t o  matc h th e  viscosit y  o f  th e  solven t  t o  th e  conductanc e  o f  th e  io n 

source .  Becaus e  o f  th e  larg e  quantitie s  o f  solven t  tha t  g o int o th e  mas s 

spectrometer ,  a  cryogeni c  tra p (col d finger )  i s  provide d i n  th e  sourc e  regio n t o 
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Figur e  8. 2 Interface s  fo r  LC-MS .  A ,  direc t  liqui d introductio n interface ; 
B,  movin g bel t  interface . 

supplemem t  th e  norma l  chemica l  ionizatio n pumpin g system .  Withi n th e  source , 

th e  vaporize d solven t  act s  a s  th e  chemica l  ionizatio n reagen t  an d thu s  directl y 

influence s  th e  mas s  spectr a  produced .  Problem s  aris e  fro m cloggin g o f  th e  micr o 

orific e  b y particulat e  matter ,  th e  nee d t o  "deice "  th e  col d tra p a t  regula r 

intervals ,  an d th e  nee d t o  maintai n th e  liqui d stat e  o f  th e  effluen t  i n  th e 

insertio n prob e  (th e  reaso n fo r  th e  suppl y o f  coolin g water )  whil e  insid e  th e 

heate d sourc e  block .  Perhap s  th e  mos t  significan t  drawbac k o f  th e  direc t 

introductio n interfac e  (o f  whic h ther e  ar e  design s  othe r  tha n th e  on e  describe d 
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above ,  se e  referenc e  [48] )  i s  th e  lo w sampl e  utilizatio n rate ,  whic h rarel y 

exceed s  1 % unde r  norma l  operatin g conditions .  Th e  us e  o f  microbor e  HPL C column s 

may solv e  thi s  proble m t o som e  extent ,  althoug h extracolum n dea d volume s 

seriousl y limi t  th e  interfac e  design . 

The  expandin g je t  an d movin g bel t  interface s  represen t  curren t  attempt s  t o 

increas e  sampl e  utilizatio n b y enrichment .  Ther e  ar e  tw o version s  o f  th e  je t 

interfac e  propose d b y Vestal .  I n  a n earlie r  design ,  th e  effluen t  fro m th e 

liqui d chromatograp h form s  a  liqui d je t  whic h i s  irradiate d b y a  focusse d lase r 

bea m (5 0 wat t  CO2 laser )  t o  increas e  th e  rat e  o f  solven t  vaporization .  A t  th e 

interface ,  whic h ha s  it s  ow n vacuu m system ,  th e  rapidl y expandin g solven t  vapo r 

i s  pumpe d away ,  leavin g a n enriche d primar y molecula r  bea m whic h enter s  th e  mas s 

spectromete r  sourc e  throug h a  micro-orifice .  Th e  sourc e  area ,  whic h i s  a n 

integra l  par t  o f  th e  interfac e  design ,  incorporate s  variou s  modification s  fo r 

focusin g th e  primar y molecula r  bea m an d fo r  producin g eithe r  electro n impac t  o r 

chemica l  ionizatio n mas s  spectra .  I n  a  mor e  recen t  design ,  Vesta l  ha s  employe d 

an electrically-heate d vaporize r  whic h generate s  a  supersoni c  je t  a t  th e 

column/sourc e  interfac e  [55] .  Th e  je t  normall y contain s  a  mis t  o f  fin e 

particle s  o r  droplet s  whic h travers e  th e  io n sourc e  o f  th e  mas s  spectromete r  an d 

directl y  ente r  th e  entr y por t  o f  th e  sourc e  vacuu m pumpin g system .  Th e  syste m 

wil l  accep t  flo w rate s  o f  u p t o  2. 0  ml/mi n an d ca n b e  adapte d t o  an y commercia l 

quadrupol e  chemica l  ionizatio n mas s  spectromete r  b y relativel y simpl e 

modification s  t o  th e  io n source . 

As  ther e  ofte n exist s  a  substantia l  differenc e  i n  volatilit y  betwee n th e 

solute s  typicall y  analyze d b y liqui d chromatograph y an d th e  solvent s  use d fo r 

thei r  separation ,  i t  shoul d b e  possibl e  t o  us e  selectiv e  solven t  vaporizatio n a s 

an enrichmen t  techniqu e  i n  LC-MS .  Thi s  principl e  i s  employe d on-lin e  i n  th e 

movin g bel t  interface ,  Figur e  8.2B .  Th e  colum n eluen t  i s  brough t  eithe r  int o 

direc t  contac t  wit h th e  bel t  o r  a  zero-volum e  splitter ,  dependin g o n th e  abilit y 

of  th e  bel t  t o  hol d th e  solvent .  Th e  solven t  flo w tha t  ca n b e  accommodate d 

depend s  o n th e  dimension s  o f  th e  bel t  an d als o o n th e  solven t  type .  Th e  belt s 

ar e  typicall y  abou t  0. 3  c m wide ,  ar e  mad e  o f  a  meta l  mes h o r  polyimid e  material , 

an d hav e  a  capacit y  o f  abou t  1. 5  ml/mi n fo r  volatil e  nonpola r  solvent s  an d abou t 

0.1-0. 2  ml/mi n fo r  water-containin g mobil e  phases .  Th e  thi n fil m o f  eluen t  o n 

th e  bel t  i s  carrie d alon g unde r  a  focusse d infrare d lam p whic h effect s  a  rapi d 

preliminar y vaporizatio n o f  solvent .  Th e  solut e  an d risidua l  solven t  the n pas s 

throug h tw o seria l  vacuu m lock s  an d int o th e  mas s  spectromete r  vacuu m envelope . 

Heatin g th e  bel t  i n  a  chambe r  adjacen t  t o  th e  io n sourc e  flas h vaporize s  th e 

sampl e  int o th e  source .  O n th e  retur n journe y a  cleanu p heate r  i s  provide d t o 

remov e  solut e  residue s  tha t  migh t  caus e  ghos t  peak s  o n recycle . 

The  operatin g characteristic s  o f  th e  LC-M S interface s  discusse d abov e  ar e 

compare d i n  Tabl e  8.3 .  N o singl e  syste m i s  ideal .  Th e  movin g bel t  interfac e  i s 
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probabl y th e  mos t  widel y characterize d devic e  an d doe s  provid e  reasonabl e 

enrichmen t  fo r  sample s  wit h boilin g point s  greate r  tha n abou t  170-180°C .  Eithe r 

electro n impac t  o r  chemica l  ionizatio n mas s  spectr a  ma y b e  obtaine d fo r  thos e 

compound s  whic h ca n b e  thermall y vaporize d fro m th e  bel t  surface .  I n  th e  othe r 

methods ,  chemica l  ionizatio n occur s  i n  th e  presenc e  o f  th e  solvent .  Th e  choic e 

of  solven t  wil l  thu s  influenc e  th e  natur e  o f  th e  ion s  generated .  Thi s  mechanis m 

i s  no t  completel y understoo d bu t  involve s  th e  formatio n o f  solven t  cluste r  ion s 

a s  th e  ionizin g reagen t  gas .  Detail s  ca n b e  foun d i n  reference s  [55,58,59] , 

The  abundanc e  an d mas s  o f  th e  ion s  forme d depend s  o n th e  solven t  compositio n an d 

sourc e  pressur e  an d temperature .  Greate r  attentio n t o  suc h detail s  ma y b e 

necessar y t o  generat e  reproducibl e  referenc e  spectr a  fo r  interlaborator y 

identificatio n purposes . 

TABLE 8. 3 

CHARACTERISTICS O F LC-M S INTERFACE S 

Propert y Movin g Atmospheri c  Expandin g Direc t 
Bel t  Pressur e  Je t  Liqui d 

Ionizatio n Inle t 

Accepte d flo w o f  solven t 
(ml/min ) 

Nonpola r 
Pola r 

1- 2 
0.1-0. 3 

1 
1 

1 
0. 5 

0.ÏÉ -
Ï.01 -

-0.0 7 
-0.0 7 

Sampl e  yiel d (% ) 30-4 0 1 0.3 - -1. 0 

Mass  spectromete r  mod e EI/C I CI EI/C I CI 

Low mas s  limi t  (amu ) 90-10 0 40/9 0 15 0 

Technica l  complexit y hig h mediu m ver y hig h lo w 

Adaptabl e  t o  existin g 
instrument s 

ye s ye s no ye s 

Detectio n limi t  (g ) 
Singl e  io n recordin g 
Ful l  sca n 

i c r } 2 

io" y 
< 
10  y 

- 9  -1 2 

10  0  1 0  y 

8. 5 Compute r  Acquisitio n o f  Mas s  Spectra l  Dat a 

The  amoun t  o f  dat a  generate d durin g GC-M S run s  i s  immens e  an d n o on e  woul d 

conside r  attemptin g t o  handl e  thi s  dat a  manuall y  today ,  althoug h thi s  wa s  commo n 

practic e  onl y a  fe w year s  ago .  Computer s  ar e  no w les s  expensiv e  an d readil y 

available .  Virtuall y  al l  moder n GC-M S instrument s  emplo y computer s  and/o r 

sophisticate d microprocessor s  fo r  severa l  purposes .  Th e  mos t  importan t  o f  thes e 

ar e  dat a  acquisitio n an d instrumen t  control ;  dat a  processing ,  includin g 
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backgroun d subtraction ,  mas s  marking ,  normalization ,  formatting ,  printing ,  an d 

display ;  an d identificatio n o f  mas s  spectr a  b y librar y searc h method s  o r  wit h 

interpretiv e  program s  employin g self-trainin g algorithm s  [2,60-63] .  We  wil l 

conside r  th e  rol e  o f  th e  compute r  i n  dat a  acquisition ,  dat a  handling ,  an d dat a 

interpretatio n separately . 

Conside r  Figur e  8.3 .  Th e  compute r  ma y receiv e  analo g signal s  fro m th e 

detector ,  th e  io n source ,  or ,  fo r  magneti c  secto r  instruments ,  a  Hal l  effec t 

probe .  Th e  latte r  i s  use d t o  sens e  th e  magneti c  fiel d  durin g scannin g an d 

provide s  a  tim e  bas e  fo r  mas s  markin g th e  spectrum .  Th e  tota l  io n curren t 

monito r  i s  positione d betwee n th e  io n sourc e  an d mas s  analyze r  i n  suc h a  wa y 

tha t  i t  intercept s  a  fe w percen t  o f  th e  tota l  io n beam .  I t  thu s  provide s  a 

continuou s  monito r  o f  th e  rat e  o f  io n productio n i n  th e  sourc e  whic h ca n b e 

correlate d wit h th e  rat e  o f  sampl e  mas s  enterin g th e  source .  Th e  tota l  io n 

curren t  monito r  the n provide s  a  representatio n o f  th e  chromatogra m whic h ca n b e 

use d t o  identif y  peak s  o f  interes t  fo r  mas s  spectra l  scanning .  Othe r  method s 

fo r  reconstructin g th e  chromatogra m unde r  continuou s  sca n contro l  ar e  availabl e 

an d thes e  wil l  b e  discusse d later .  Th e  tota l  io n monito r  i s  ofte n use d wit h 

magneti c  scannin g instrument s  t o  optimiz e  th e  sourc e  operatin g condition s  prio r 

t o  sampl e  analysis . 

Essentia l • Optiona l 

Teletyp e Peripheral s 

3 S - « 
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Figur e  8. 3 Syste m fo r  th e  contro l  an d acquisitio n o f  dat a  fro m a  mas s 
spectrometer . 

The  signa l  outpu t  fro m th e  electro n multiplie r  detecto r  i s  a n analo g 

voltag e  proportiona l  t o  th e  numbe r  o f  ion s  arrivin g a t  th e  detecto r  an d varie s 

durin g mas s  scanning .  A s  thi s  signa l  i s  no t  suitabl e  fo r  compute r  acquisitio n 

a n interface ,  a n analog-to-digita l  converte r  (ADC) ,  i s  needed .  Th e  critica l 

parameter s  o f  th e  ADC ar e  th e  samplin g frequenc y an d th e  dynami c  rang e  (rati o  o f 

th e  larges t  t o  smalles t  voltage s  handled) .  Recordin g mas s  spectr a  usuall y 

require s  a  dynami c  rang e  o f  a t  leas t  10^ ,  whic h i s  no t  possibl e  wit h a  fas t 

ADC.  Th e  effectiv e  dynami c  rang e  o f  th e  syste m mus t  b e  increase d b y dividin g 
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th e  mas s  spectromete r  outpu t  amon g a  numbe r  o f  amplifier s  havin g differen t 

gains ,  an d the n samplin g thes e  channel s  i n  tur n throug h a  multiplexer . 

Alternativel y a  programmabl e  amplifie r  unde r  th e  contro l  o f  th e  dat a  syste m 

migh t  b e  used .  Th e  scaled ,  digitize d dat a  i s  usuall y  preprocesse d a t  th e 

interfac e  o r  b y th e  dat a  syste m t o remov e  nois e  spikes ,  singl e  io n peaks ,  an d 

metastabl e  peak s  usin g on e  o f  severa l  pea k recognitio n an d threshol d routines . 

Afterward s  th e  digitize d dat a  i s  converte d int o positio n an d intensit y 

measurement s  fo r  eac h pea k recognized .  Pea k positio n i s  usuall y  estimate d a s 

th e  centroi d tim e  o r  pea k maxim a  tim e  fo r  th e  digita l  dat a  arra y an d intensit y 

i s  determine d b y th e  maximu m pea k heigh t  o r  pea k area .  Th e  fina l  proces s  i s 

mas s  conversion ;  th e  conversio n o f  th e  tim e  axi s  int o mas s  increments .  Thi s  i s 

usuall y  effecte d throug h a  calibratio n o f  th e  instrumen t  base d o n th e  positio n 

of  peak s  o f  know n mas s  fro m a  standar d compoun d suc h a s  perfluorokerosen e  o r 

heptacosafluorotributylamine .  Fo r  lo w resolutio n mas s  spectrometr y externa l 

calibratio n i s  use d t o  establis h th e  calibratio n a t  th e  star t  o f  th e  da y an d 

the n repeate d a s  require d t o  chec k fo r  drift .  I n  additio n t o  time ,  th e  Hal l 

voltag e  i n  magneti c  scannin g instrument s  o r  th e  applie d voltag e  i n  quadrupol e 

instrument s  ca n b e  use d t o  defin e  th e  mas s  scale .  Whicheve r  metho d i s  used , 

reproducibl e  sca n behavio r  i s  required ,  a s  succeedin g spectr a  ar e  mas s  converte d 

by interpolatio n o f  th e  calibratio n data .  Th e  mas s  spectr a  ar e  usuall y 

normalize d s o tha t  eithe r  th e  mos t  intens e  pea k o r  th e  su m o f  al l  mas s  peak s  i s 

assigne d a  valu e  o f  100% .  I f  th e  tota l  io n curren t  signa l  i s  recorde d 

simultaneousl y wit h mas s  dat a  i t  ca n b e  use d t o  correc t  fo r  fluctuation s  i n  io n 

curren t  durin g th e  cours e  o f  a  scan .  Othe r  algorithm s  ar e  availabl e  t o  subtrac t 

ou t  backgroun d contributions ,  fo r  exampl e  fro m colum n bleed ,  o r  t o  eliminat e 

interference s  fro m overlappin g chromatographi c  peaks .  Fo r  on-lin e  recordin g o f 

mas s  spectra l  dat a  durin g a  chromatographi c  ru n th e  ra w dat a  i s  usuall y  store d 

directl y  o n tap e  an d the n manipulate d a t  th e  en d o f  th e  run .  Th e  operato r  ma y 

the n vie w par t  o r  al l  o f  thi s  data ,  decidin g whic h portion s  t o  kee p an d whic h 

dat a  t o  erase .  A  vide o displa y uni t  i s  usuall y  use d fo r  thi s  purpose .  Spectr a 

of  interes t  ma y b e  printe d fro m th e  scree n ont o a  digita l  plotte r  t o  provid e  a 

har d cop y o f  th e  io n chromatogra m o r  mas s  spectrum . 

The  compute r  doe s  no t  merel y passivel y accep t  dat a  fro m th e  mas s 

spectrometer .  Conversatio n i s  bimoda l  an d th e  compute r  continuousl y monitor s 

an d modifie s  th e  operatin g statu s  o f  th e  instrumen t  b y actuatin g electroni c 

switche s  an d adjustin g voltage s  i n  accordanc e  wit h a  men u o f  prese t  operatin g 

instructions ,  selecte d a t  th e  beginnin g o f  th e  analysis .  Contro l  o f  th e 

scannin g functio n o f  th e  mas s  spectromete r  i s  on e  variabl e  tha t  ha s  a  direc t 

bearin g o n th e  method s  use d fo r  dat a  processing .  Tw o scannin g techniques , 

continuou s  scannin g an d selecte d io n monitoring ,  ar e  use d routinely .  I n  th e 

continuou s  scannin g mod e  th e  compute r  initiate s  a  sca n o f  th e  mas s  spectru m a t 
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fixe d tim e  interval s  an d repeat s  thi s  proces s  throughou t  th e  analysis .  A n 

advantag e  o f  thi s  techniqu e  i s  tha t  a  complet e  recor d o f  th e  sampl e  analysi s  i s 

availabl e  tha t  ma y b e  searche d retrospectivel y i f  th e  objec t  o f  th e  analysi s 

shoul d chang e  a t  a  futur e  date .  Th e  immediat e  proble m i s  t o  decid e  whic h o f  th e 

many recorde d spectr a  ar e  mos t  relevan t  t o  th e  proble m a t  hand .  I n  mos t  case s  a 

summar y o f  th e  tota l  analysi s  i n  th e  for m o f  a  tota l  io n curren t  profil e  (TICP ) 

i s  generate d [64] ,  Th e  TIC P i s  define d a s  a  normalize d plo t  o f  th e  su m o f  th e 

io n abundanc e  measurement s  i n  eac h membe r  o f  a  serie s  o f  mas s  spectr a  a s  a 

functio n o f  th e  seriall y  indexe d spectru m number .  Som e  author s  refe r  t o  thi s  a s 

a  reconstructe d chromatogram .  A  sca n containin g significan t  informatio n abou t 

th e  sampl e  i s  the n easil y  locate d fro m th e  TIC P an d a  cop y o f  th e  mas s  spectr a 

of  interes t  requeste d b y identifyin g th e  appropriat e  sca n number .  Whe n specifi c 

informatio n i s  require d abou t  th e  analysi s  o f  a  singl e  componen t  o r  a  fe w 

component s  whos e  mas s  spectra l  propertie s  ar e  know n o r  ca n b e  estimated ,  the n 

mas s  chromatograph y ma y b e  used .  I n  thi s  cas e  a  mas s  chromatogram ,  a  displa y 

agains t  tim e  o f  th e  intensit y  recorde d a t  a  specifi c  mas s  value ,  i s  use d t o 

identif y  th e  substanc e  o f  interest .  Th e  specificit y  i s  increase d b y 

simultaneousl y displayin g th e  mas s  chromatogram s  o f  severa l  characteristi c  ion s 

of  th e  substanc e  o f  interest .  Th e  mas s  chromatogram s  shoul d maximiz e  i n  th e 

sam e  sca n sequenc e  i f  th e  desire d substanc e  i s  presen t  i n  th e  sample .  Th e  sca n 

numbe r  a t  whic h thi s  occur s  ca n b e  identifie d an d th e  ful l  mas s  spectr a  obtaine d 

t o  ensur e  th e  substanc e  i s  correctl y  identified . 

When th e  objec t  o f  th e  analysi s  ma y b e  clearl y  defined ,  i t  i s  no t  necessar y 

t o  recor d th e  ful l  mas s  spectr a  o f  al l  substance s  presen t  i n  th e  sample .  A s 

discusse d above ,  a  fe w ion s  characteristi c  o f  th e  substanc e  o r  substance s  o f 

interes t  ma y b e  monitore d throughou t  th e  experiment .  Know n a s  selecte d io n 

monitorin g (SIM) ,  i t  i s  define d a s  th e  dedicatio n o f  th e  mas s  spectromete r  t o 

th e  acquisitio n o f  io n abundanc e  dat a  a t  onl y selecte d masse s  i n  rea l  tim e  a s 

component s  emerg e  fro m th e  chromatographi c  syste m [3,7,63,64] .  I t  differ s  fro m 

th e  continuou s  sca n mod e  i n  tha t  onl y preselecte d ion s  ar e  recorde d durin g th e 

analysi s  b y rapi d switchin g o f  th e  acceleratin g voltag e  fo r  magneti c  secto r  o r 

th e  quadrupol e  voltag e  fo r  quadrupol e  mas s  spectrometers .  It s  principa l 

advantag e  i s  hig h sensitivity ,  a s  onl y th e  ion s  o f  interes t  ar e  measure d a t  th e 

detecto r  an d th e  dwel l  tim e  ove r  whic h th e  io n curren t  i s  recorde d fo r  eac h io n 

i s  increase d compare d t o  th e  continuou s  sca n mode .  I t  lend s  itsel f  t o  problem s 

i n  quantitativ e  organi c  trac e  analysi s  o f  comple x mixtures ,  a  topi c  discusse d i n 

th e  nex t  section .  Compare d t o  th e  continuou s  sca n mod e  a  disadvantag e  i s  tha t 

th e  ful l  rang e  o f  ion s  i s  no t  recorde d s o that ,  i f  a t  a  late r  dat e  informatio n 

differen t  t o  tha t  originall y  sough t  i s  required ,  i t  i s  no t  availabl e  withou t 

repeatin g th e  analysis . 

As  wel l  a s  processin g dat a  int o a  for m convenien t  fo r  us e  b y a  mas s 
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spectroscopis t  th e  compute r  ca n als o hel p t o  identif y  th e  mas s  spectru m o f  a n 

unknow n compoun d b y retrieva l  o r  interpretiv e  procedure s  [66-69] .  Retrieva l 

processe s  usin g librar y searc h procedure s  ar e  availabl e  o n mos t  GC-MS 

instruments .  Commercia l  spectra l  librarie s  containin g som e  30,000-60,00 0 

referenc e  mas s  spectr a  o f  a  genera l  natur e  o r  fo r  specifi c  compoun d type s  suc h 

as  EP A priorit y  pollutants ,  commo n drug s  o f  abuse ,  etc .  ar e  readil y  available . 

I n  thi s  techniqu e  spectr a  fro m a  magneti c  tap e  o r  dis c  fil e  ar e  rea d i n  tur n an d 

compare d wit h th e  unknow n spectrum .  Th e  compute r  shoul d correctl y  identif y  th e 

authenti c  spectru m i f  present ,  an d otherwis e  shoul d pic k simila r  spectra , 

guidin g th e  analys t  toward s  th e  correc t  identification .  Selectio n an d encodin g 

of  certai n  mas s  peak s  o r  feature s  fro m a  spectru m reduce s  bot h th e  storag e  an d 

tim e  requirement s  o f  a  searc h system .  Fo r  instance ,  tw o commo n method s  o f 

librar y searchin g us e  th e  eigh t  mos t  abundan t  peak s  i n  th e  mas s  spectru m o r  th e 

tw o mos t  abundan t  peak s  presen t  ever y fourtee n mas s  unit s  t o  abbreviat e  th e  mas s 

spectrum .  Th e  degre e  o f  correspondenc e  betwee n th e  librar y an d unknow n spectr a 

ar e  the n calculate d an d ranke d accordin g t o  th e  degre e  o f  fi t  usin g on e  o f 

severa l  patter n recognitio n methods .  A s  ther e  ar e  man y mor e  organi c  compound s 

tha n ther e  ar e  referenc e  mas s  spectr a  a n unknow n compoun d ma y remai n unknow n 

afte r  a  librar y search .  Interpretiv e  procedure s  usin g artificia l  intelligenc e 

method s  ma y b e  useful .  Here ,  i n  simpl e  terms ,  th e  compute r  i s  arme d wit h th e 

basi c  knowledg e  o f  th e  mas s  spectroscopis t  concernin g th e  mos t  commo n mode s  o f 

fragmentation ,  th e  mos t  frequen t  neutra l  losses ,  etc. ,  an d wit h thi s  informatio n 

i t  deduce s  possibl e  molecula r  structure s  i n  th e  sam e  wa y tha t  a  traine d mas s 

spectroscopis t  would .  Th e  program s  fo r  thi s  proces s  ar e  rathe r  larg e  an d 

elaborate ,  requirin g a  mai n fram e  compute r  fo r  thei r  execution .  Generally ,  th e 

mas s  spectroscopis t  doe s  no t  hav e  thi s  facilit y  availabl e  i n  hi s  laborator y an d 

th e  program s  ar e  accesse d fro m on e  o f  th e  regiona l  mas s  spectrometr y center s  b y 

telephon e  hookup . 

8. 6  Quantitativ e  Selecte d Io n Monitorin g 

The  mas s  spectromete r  ca n b e  operate d a s  a  ver y sensitiv e  an d mas s 

selectiv e  chromatographi c  detector .  Th e  mas s  spectromete r  ca n b e  tune d t o 

monito r  a  singl e  io n o r  t o  switc h a t  hig h frequenc y betwee n severa l  prese t  m/ z 

value s  throughou t  th e  chromatographi c  separation .  Selectivit y  i s  obtaine d 

becaus e  mas s  i s  a  substance-characteristi c  parameter .  Whe n severa l  masse s  ar e 

recorde d sequentiall y  th e  specificit y  i s  increase d a s  th e  probabilit y  o f  tw o 

differen t  substance s  havin g i n  commo n th e  sam e  retentio n tim e  an d th e  sam e 

characteristi c  mas s  io n ratio s  i s  ver y small .  Hig h sensitivit y  i s  obtaine d 

becaus e  th e  dwel l  tim e  a t  whic h th e  io n curren t  fo r  eac h mas s  i s  measure d i s 

increase d compare d t o  th e  norma l  sca n mode .  Th e  sensitivit y  o f  selecte d io n 
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monitorin g i s  fro m 10 0 t o  100 0 time s  greate r  tha n i s  obtaine d i n  th e  sca n mode , 

- 9  -1 5 

providin g detectio n limit s  i n  th e  rang e  1 0 t o  1 0 g .  Thi s  limi t  wil l  depen d 

on th e  ionizatio n efficienc y o f  th e  compound ,  th e  fractio n o f  th e  tota l  io n 

curren t  carrie d b y th e  io n monitored ,  th e  contributio n o f  backgroun d ion s  t o  th e 

signal ,  mas s  spectromete r  resolution ,  an d th e  sensitivit y  o f  th e  detector . 

Measurement s  ma y b e  mad e  usin g electro n impac t  o r  chemica l  ionizatio n method s 

wit h positiv e  o r  negativ e  io n detection .  Selecte d io n monitorin g i s  no w a 

widel y use d techniqu e  i n  th e  area s  o f  environmenta l  [64,70-73 ]  an d biomedica l 

analysi s  [3,7,11,65,73] .  Th e  adven t  o f  relativel y inexpensiv e  quadrupol e  mas s 

io n detector s  fo r  ga s  chromatograph y ha s  le d t o  th e  greate r  accessibilit y  o f 

selecte d io n monitorin g technique s  t o  man y laboratorie s  lackin g sophisticate d 

multipurpos e  scannin g instruments . 

Anothe r  featur e  o f  selecte d io n monitorin g i s  th e  us e  o f  stabl e  isotop e 

analog s  a s  interna l  standard s  [74] ,  Differin g fro m th e  substanc e  t o  b e 

determine d onl y i n  mass ,  the y ar e  ideall y  suite d t o  th e  multipl e  io n monitorin g 

techniques .  The y ca n b e  adde d t o  th e  sampl e  a t  a n earl y  stag e  t o  correc t  fo r 
2  1 3 1 5 

losse s  a t  al l  stage s  o f  sampl e  worku p an d analysi s  [75] .  Suitabl e  H ,  C ,  N , 
18 

0,  etc. ,  analog s  ma y no t  b e  availabl e  an d thei r  synthesi s  i n  hig h isomeri c 

purit y  ma y b e  difficult .  Whe n a  stabl e  isotop e  analo g i s  no t  availabl e  the n a n 

homologou s  compoun d containin g th e  sam e  m/ z  ion s  a s  th e  substanc e  t o  b e 

determine d i s  th e  nex t  bes t  choic e  an d ma y b e  mor e  readil y  availabl e  o r  easie r 

t o  synthesize .  Furthe r  comment s  o n th e  selectio n o f  interna l  standard s  fo r 

quantitativ e  selecte d io n monitorin g ar e  summarize d i n  Tabl e  8.4 . 

8. 7  On-Lin e  Couplin g o f  a  Ga s  o r  Liqui d Chromatograp h wit h a  Fourie r  Transfor m 

Infrare d Spectromete r 

Molecula r  vibrationa l  transition s  giv e  ris e  t o  th e  absorptio n o f  energ y i n 

th e  infrare d regio n o f  th e  electromagneti c  spectrum .  Thes e  characteristi c 

absorptio n frequencie s  ca n b e  correlate d wit h th e  structur e  o f  th e  molecul e  an d 

ar e  particularl y  usefu l  fo r  indicatin g th e  presenc e  o f  functiona l  grou p 

sub-units .  However ,  excep t  b y compariso n wit h a n authenti c  spectrum ,  i t  i s 

rarel y possibl e  t o  identif y  a n unknow n compoun d entirel y  o n th e  basi s  o f  it s 

infrare d spectrum .  Infrare d spectrometr y i s  particularl y  poo r  fo r 

distinguishin g betwee n homolog s  withou t  additiona l  molecula r  weigh t 

information .  Thi s  informatio n ma y b e  obtaine d b y mas s  spectrometry .  Th e  tw o 

technique s  ar e  complementar y a s  a  knowledg e  o f  th e  infrare d spectr a  o f  a 

substanc e  help s  i n  th e  interpretatio n o f  th e  mas s  fragmentatio n pattern . 

Attentio n ha s  thu s  bee n give n t o  th e  constructio n o f  hybri d GC-FTIR-M S 

instrument s  fo r  on-lin e  structura l  elucidatio n wit h compute r  interpretatio n 

[1,76] . 
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TABLE 8. 4 

INTERNAL STANDARDS FO R QUANTITATIVE SELECTE D IO N MONITORING 

Typ e  o f  Standar d Comment s 

Stabl e  isotop e  analo g Ha s  simila r  physica l  an d chemica l  propertie s  a s  th e 
of  th e  substanc e  unlabelle d compound . 
quantified .  Amoun t  o f  unlabelle d materia l  presen t  mus t  b e  minima l 

i f  linea r  calibratio n curve s  ar e  t o  b e  obtained . 
I f  a  deuterate d analo g i s  used ,  a  trideuterate d 
molecul e  i s  th e  minimu m analo g whic h wil l  giv e  a 
linea r  calibratio n curve . 
May b e  expensive .  Labelle d derivatizin g reagent s 
available . 

Homologou s  compoun d Synthesi s  ofte n easie r  an d les s  expensiv e  tha n 
whos e  mas s  spectru m labelle d analog . 
contain s  a  reasonabl y Physica l  an d chemica l  propertie s  clos e  t o  thos e  o f 
intens e  io n a t  th e  th e  substanc e  bein g determined . 
sam e  mas s  a s  th e  io n Mus t  hav e  th e  sam e  m/ z  io n a s  th e  substanc e  bein g 
bein g determined .  determined . 

Compoun d wit h simila r  Leas t  likel y t o  provid e  accurat e  dat a  bu t  th e  mos t 
physica l  propertie s  t o  likel y t o  b e  available . 
th e  substanc e  bein g 
measure d bu t  whos e  mas s 
spectru m ha s  n o 
significan t  ion s  i n 
common wit h it . 

Unti l  a  fe w year s  ag o dispersiv e  (gratin g o r  prism )  instrument s  wer e  use d 

t o  acquir e  infrare d spectra .  Thes e  instrument s  wer e  relativel y slo w an d 

insensitive ,  whic h mad e  recordin g spectra l  informatio n on-the-fl y  fro m 

chromatographi c  instrument s  al l  bu t  impossibl e  excep t  unde r  condition s  whic h 

severel y compromise d th e  performanc e  o f  th e  chromatograph .  The y coul d o f  cours e 

be  use d a s  selectiv e  single-wavelengt h detector s  fo r  ga s  chromatograph y [77 ]  i n 

whic h cas e  n o spectra l  informatio n beyon d th e  presenc e  o f  a  functiona l  grou p 

absorbin g a t  th e  measurin g wavelengt h wa s  obtained .  Thi s  situatio n improve d 

dramaticall y  wit h th e  adven t  o f  interferometri c  recordin g instrument s  an d 

algorithm s  fo r  th e  fas t  Fourie r  transfor m o f  th e  interferogra m int o a n I R 

absorptio n o r  transmissio n spectrum .  Dat a  acquisitio n an d transformatio n 

requir e  a  minicompute r  a s  par t  o f  th e  instrumen t  ensemble .  Th e  infrare d 

spectru m i s  recorde d b y a  Michelso n interferomete r  whic h consist s  o f  tw o mirror s 

a t  righ t  angle s  t o  on e  anothe r  an d a  bea m splitte r  whic h bisect s  th e  angl e 

betwee n th e  tw o mirrors .  On e  mirro r  i s  stationar y an d th e  othe r  ma y b e  move d a t 

a  constan t  velocity .  Afte r  reflectio n th e  tw o beam s  recombin e  a t  th e  bea m 

splitte r  and ,  fo r  an y particula r  wavelength ,  constructivel y o r  destructivel y 

interfer e  dependin g o n th e  differenc e  i n  optica l  path s  betwee n th e  tw o branche s 

of  th e  interferometer .  Fo r  a  broa d ban d emissio n sourc e  eac h frequenc y come s  i n 
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an d ou t  o f  phas e  a t  a  characteristi c  optica l  pat h difference ,  an d th e 

superpositio n o f  al l  frequencie s  produce s  th e  observe d interferogram .  Th e 

combine d bea m the n traverse s  th e  sampl e  compartmen t  an d i s  focuse d o n th e 

detector .  Th e  detecto r  signa l  i s  sample d a t  ver y precis e  interval s  durin g th e 

mirro r  scan .  Bot h th e  samplin g rat e  an d mirro r  velocit y  ar e  precisel y 

controlle d b y modulatio n o f  a n auxiliar y referenc e  bea m fro m a  helium-neo n 

laser .  Afte r  dat a  collectio n th e  dedicate d compute r  execute s  a  Fourie r 

transfor m o f  th e  dat a  t o  provid e  a  singl e  bea m spectru m whic h ma y the n b e 

ratioe d agains t  a  backgroun d spectru m t o provid e  th e  customar y transmittanc e  (o r 

absorbance )  versu s  wavenumbe r  infrare d spectru m [78-79] .  Th e  advantage s  o f 

Fourie r  transfor m infrare d spectrometr y (FTIR )  viz .  a  vis .  dispersiv e 

measurement s  ar e  tha t  al l  frequencie s  ar e  recorde d a t  al l  time s  throughou t  th e 

experimen t  (Fellget t  advantage) ,  a s  programmabl e  slit s  ar e  no t  require d th e 

energ y throughpu t  o f  th e  instrumen t  i s  highe r  (Jacquino t  advantage) ,  highe r 

frequenc y accurac y (0.0 1 c m )  i s  possibl e  becaus e  o f  th e  us e  o f  th e  frequenc y 

loc k mechanis m provide d b y th e  referenc e  source ,  an d ther e  i s  n o stra y ligh t 

contributio n t o  backgroun d nois e  a s  i n  dispersiv e  instruments .  Fo r  on-lin e 

couplin g t o  chromatographi c  instrument s  th e  principa l  advantage s  ar e  thos e  o f 

greate r  sensitivit y  an d rapi d scannin g ability .  Th e  infrare d spectru m ma y b e 

scanne d i n  les s  tha n a  secon d an d individua l  scan s  summe d durin g th e  elutio n o f 

a  chromatographi c  pea k t o  provid e  sensitivit y  tw o order s  o f  magnitud e  greate r 

tha n thos e  obtaine d wit h dispersiv e  instruments .  Compute r  aquisitio n provide s 

attendan t  advantage s  suc h a s  backgroun d subtraction ,  pea k deconvolution ,  an d 

librar y searc h facilities,whic h ad d t o  th e  attractio n o f  FTI R method s  whe n 

combine d wit h chromatographi c  instrument s  [80-81] . 

Befor e  considerin g on-lin e  technique s  fo r  acquirin g infrare d spectra l  dat a 

we  wil l  briefl y  revie w som e  o f  th e  off-lin e  procedure s  [82-84],  Althoug h 

generall y  tedious ,  thes e  method s  ar e  likel y t o  b e  use" d i n  thos e  laboratorie s 

requirin g infrequen t  acces s  t o  infrare d dat a  o r  thos e  lackin g acces s  t o  a n FTI R 

spectrometer .  I t  shoul d b e  recalle d tha t  spectr a  ca n b e  obtaine d off-lin e  wit h 

eithe r  a  dispersiv e  o r  Fourie r  transfor m instrument ,  bu t  b y usin g th e  spectru m 

accumulatio n featur e  o f  th e  latte r  th e  sensitivit y  ma y b e  tw o order s  o f 

magnitud e  greate r  [85] , 

Gas  chromatographi c  effluent s  ar e  usuall y  trappe d i n  a  mini-colum n 

containin g a  fe w milligram s  o f  potassiu m bromid e  o r  potassiu m chlorid e  [86,87 ] 

or  i n  a  microcel l  coole d t o  -70° C [88,89] .  Sample s  trappe d o n potassiu m bromid e 

mini-column s  ar e  usuall y  forme d int o micro-dis c  pellet s  an d analyze d i n  th e 

conventiona l  manne r  usin g a  bea m condense r  t o  concentrat e  th e  sourc e  energ y int o 

th e  smal l  are a  occupie d b y th e  sample .  Wit h a  dispersiv e  instrumen t  abou t  1-1 0 

microgram s  o f  sampl e  i s  usuall y  require d t o  obtai n a  recognizabl e  spectrum . 

Suitabl e  microcell s  o f  1- 2 microlite r  volume s  an d mad e  o f  a  materia l  transparen t 
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t o  infrare d radiatio n (e.g. ,  silve r  chloride )  ar e  commerciall y  available .  Th e 

sampl e  i s  usuall y  collecte d i n  th e  cel l  b y cryogeni c  condensation ,  ofte n i n  th e 

presenc e  o f  a  solven t  t o  improv e  trappin g efficiency .  Sensitivit y  i s  simila r  t o 

th e  micro-dis c  method .  Bot h method s  usuall y  allo w onl y a  fractio n o f  th e  sampl e 

t o  b e  trappe d an d ar e  generall y  use d wit h packe d column s  an d hig h sampl e 

loadings .  Fo r  liqui d chromatograph y th e  effluen t  i s  generall y  collecte d a t  th e 

detecto r  exi t  an d adde d t o  a  fe w milligram s  o f  potassiu m bromide .  Exces s 

solven t  i s  evaporate d an d th e  sampl e  forme d int o a  micro-disc .  Thi s  procedur e 

i s  rarel y successfu l  wit h mobil e  phase s  containin g water ,  fo r  whic h solven t 

extractio n o f  th e  sampl e  int o a  volatil e  organi c  solven t  i s  mad e  prio r  t o 

additio n t o  th e  potassiu m bromide .  Wit h preparativ e  HPL C sufficien t  sampl e  ma y 

be  collecte d fo r  analysi s  withou t  resortin g t o  micr o techniques . 

On-lin e  GC-FTI R technique s  hav e  bee n abl y reviewe d b y Erickso n [90] , 

Severa l  interfac e  design s  o f  varyin g degree s  o f  complexit y  ar e  availabl e  bu t  th e 

most  widel y use d approache s  ar e  th e  flow-throug h ligh t  pip e  [91-93] ,  stop-flo w 

ligh t  pip e  [92-94] ,  an d cryogeni c  matri x  isolatio n [95] .  A  stan d alon e  FTI R 

spectromete r  ca n b e  interface d t o  a  ga s  chromatograp h b y a  ligh t  pipe .  Th e 

gas-chromatographi c  effluen t  passe s  throug h a  heate d transfe r  lin e  t o  th e  ligh t 

pip e  whic h i s  i n  th e  optica l  path .  Th e  effluen t  may ,  dependin g o n th e 

instrumen t  design ,  b e  spli t  t o  o r  passe d throug h a  standar d gas-chromatographi c 

detecto r  whic h signal s  th e  arriva l  o f  th e  pea k t o  th e  dat a  system .  I n othe r 

instrument s  th e  chromatogra m i s  reconstructe d fro m th e  interferogram s  store d i n 

th e  dat a  syste m an d a n externa l  detectio n syste m i s  no t  required .  Th e  ligh t 

pip e  usuall y  consist s  o f  a  gold-coated ,  heate d glas s  tub e  wit h potassiu m bromid e 

or  zin c  selanid e  window s  affixe d t o  eithe r  end .  Fo r  optimu m performanc e  th e 

volum e  o f  th e  ligh t  pip e  shoul d b e  les s  tha n th e  volum e  o f  ga s  containin g th e 

pea k fro m th e  chromatograph ,  th e  flo w o f  ga s  shoul d b e  lamina r  t o  avoi d 

interminglin g o f  th e  peak s  i n  th e  cel l  an d transfe r  lines ,  i t  mus t  transmi t 

infrare d radiatio n wit h a  minimu m o f  signa l  loss ,  an d i t  mus t  b e  iner t  t o  th e 

sampl e  a t  elevate d temperatures .  Typica l  dimension s  ar e  0. 1  t o  0. 3  c m interna l 

diamete r  an d 2 0 t o  10 0 c m i n length ,  givin g volume s  o f  approximatel y 0. 8 t o  5. 0 

ml .  Th e  transmitte d infrare d energ y i s  usuall y  detecte d b y a  hig h sensitivit y 

mercury-cadmiu m tellurid e  detecto r  coole d wit h liqui d nitrogen .  I n  som e 

instrument s  th e  transfe r  line s  ar e  equippe d wit h a  se t  o f  air-actuate d valve s 

tha t  ca n b e  use d t o  tra p a  particula r  pea k i n  th e  ligh t  pipe .  Signa l  averagin g 

provide s  improve d sensitivit y  bu t  a t  th e  expens e  o f  no t  recordin g othe r  peak s 

whic h mus t  b e  by-passed .  Dependin g o n th e  propertie s  o f  th e  substanc e  an d th e 

metho d o f  detectio n somewher e  betwee n 1 0 nanogram s  an d 1  microgra m o f  sampl e  i s 

require d fo r  usefu l  spectra l  data . 

Matri x  isolatio n provide s  a n alternativ e  metho d o f  interfacin g a  ga s 

chromatograp h t o  a  FTI R spectromete r  [95] .  Th e  effluen t  fro m th e  ga s 
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chromatograp h i s  co-condense d wit h a n iner t  carrie r  ga s  a t  cryogeni c 

temperature s  t o  for m a  soli d  matri x  fro m whic h a n infrare d spectru m ca n b e 

directl y  obtained .  Th e  interfac e  device ,  terme d a  cryocollector ,  thu s  serve s  a s 

a  sampl e  collector ,  concentrator ,  cell ,  an d storag e  device .  Continuou s  sampl e 

collectio n an d recordin g ar e  performe d usin g a  steppin g carouse l  controlle d b y 

an upstrea m flow-throug h detector ,  whic h actuate s  th e  driv e  mechanis m o f  th e 

carouse l  a s  eac h pea k abov e  a  certai n  threshol d concentratio n elutes .  Th e 

cryogeni c  spectra ,  measure d a t  1 5 K ,  ar e  o f  hig h qualit y  an d relativel y fre e  o f 

ban d broadenin g o r  pertubation s  du e  t o  intermolecula r  associations .  Fro m 1-1 0 

ng o f  sampl e  i s  require d t o  recor d a  spectru m an d approximatel y 16 0 p g i s  neede d 

fo r  th e  detectio n o f  a  stron g absorbin g band . 

Afte r  th e  dat a  ar e  collecte d th e  dedicate d compute r  execute s  a  Fourie r 

transfor m o f  th e  dat a  int o a  singl e  bea m spectrum .  Th e  ra w o r  transforme d dat a 

ca n als o b e  use d t o  deconvolut e  co-elutin g chromatographi c  peaks ,  t o  construc t 

th e  ga s  chromatogram ,  t o  perfor m selecte d functiona l  grou p monitoring ,  t o 

quantif y  eac h pea k i n  th e  chromatogram ,  an d t o  compar e  unknow n spectr a  wit h 

librar y spectr a  [80,81,90,91] ,  Dat a  processin g i n  FTI R i s  no t  a s  refine d o r  a s 

versatil e  a s  i n  mas s  spectrometr y bu t  thi s  situatio n wil l  conceivabl y chang e 

wit h time . 

I n  GC-FTI R th e  mobil e  phas e  i s  essentiall y  nonabsorbin g an d th e 

transmissio n o f  energ y a t  al l  frequencie s  occur s  unabated .  Thi s  i s  no t  th e  cas e 

wit h HPLC-FTI R wher e  th e  solvent s  commonl y use d ofte n sho w appreciabl e  energ y 

absorption .  I n  a  conventiona l  HPLC-FTI R system ,  th e  effluen t  fro m th e  colum n i s 

passe d throug h a  flo w cell ,  an d interferogram s  ar e  continuall y  monitore d an d 

store d durin g th e  entir e  chromatographi c  ru n [97-100] ,  A t  th e  en d o f  th e 

separation ,  th e  solutio n spectr a  ar e  compute d an d th e  absorptio n band s  du e  t o 

th e  mobil e  phas e  ar e  subtracte d out .  I n  orde r  t o  preven t  solven t  band s  fro m 

"blockin g out "  excessivel y wid e  region s  o f  th e  spectrum ,  th e  pathlengt h o f  th e 

flo w cel l  mus t  b e  quit e  small .  Typica l  cell s  hav e  pat h length s  o f  0. 1  t o  0. 2  mm 

an d cel l  volume s  o f  3  t o  1 2 microliters .  Eve n unde r  thes e  condition s  ther e  ar e 

severa l  disadvantages .  N o informatio n abou t  th e  solut e  ca n b e  obtaine d i n 

spectra l  region s  wher e  th e  mobil e  phas e  ha s  appreciabl e  absorption .  Subtractio n 

of  th e  mobil e  phas e  contributio n t o  th e  signa l  i s  no t  possibl e  fo r  al l  solvents ; 

sinc e  thi s  applie s  t o  wate r  reversed-phas e  chromatograph y i s  no t  feasible . 

Solven t  subtractio n canno t  b e  satisfactoril y  performe d unde r  gradien t  elutio n 

conditions ,  limitin g HPLC-FTI R t o isocrati c  separations .  Compare d t o  GC-FTI R 

th e  sensitivit y  o f  HPLC-FTI R i s  a t  leas t  20-fol d les s  an d detectio n limit s 

simila r  t o  refractiv e  inde x detectio n hav e  ofte n bee n quoted .  Th e  dat a  syste m 

allow s  u p t o  fiv e  spectra l  window s  t o  b e  monitore d fo r  selectiv e  spectra l 

monitorin g an d thi s  seem s  t o  b e  th e  mos t  popula r  method ,  usin g th e  detecto r  i n  a 

manne r  somewha t  simila r  t o  selecte d io n monitorin g i n  GC-MS [99] .  Microbor e 
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HPLC-FTI R provide s  highe r  detectabilit y  an d make s  feasibl e  th e  us e  o f  costl y 

solvent s  wit h larg e  spectra l  windows .  However ,  it s  genera l  usefulnes s  i n  thi s 

respec t  require s  furthe r  validatio n [100,101] , 

Two interface s  hav e  bee n describe d whic h enabl e  th e  infrare d spectru m o f  a 

solut e  t o  b e  obtaine d afte r  solven t  remova l  [102-103] ,  Bot h ar e  comple x 

mechanica l  device s  whic h requir e  th e  solut e  t o  b e  les s  volatil e  tha n th e  solven t 

a s  enrichmen t  i s  achieve d b y selectiv e  evaporation .  Fo r  example ,  th e  interfac e 

describe d b y Griffith s  [102 ]  consist s  o f  a  carouse l  containin g 3 2 cup s  holdin g a 

fe w milligram s  o f  potassiu m chlorid e  supporte d o n a  meta l  screen .  Th e  eluen t 

fro m th e  liqui d chromatograp h i s  spraye d a t  a  controlle d rat e  int o a  heate d 

concentrato r  tub e  usin g a  strea m o f  nitrogen ;  th e  ga s  flo w rat e  an d temperatur e 

ar e  selecte d s o tha t  abou t  90 % o f  th e  solven t  i s  evaporated .  Whe n a n upstrea m 

UV detecto r  signal s  th e  elutio n o f  a  solut e  pea k th e  effluen t  fro m th e 

concentrato r  tub e  i s  switche d b y a  solenoi d valv e  an d allowe d t o  dri p  int o on e 

of  th e  cup s  o n th e  carousel .  A  microprocesso r  control s  th e  entir e  switchin g 

proces s  an d afte r  solut e  collectio n move s  th e  carouse l  cu p t o  th e  secon d 

positio n wher e  a  slo w strea m o f  ai r  i s  draw n throug h th e  cu p t o  eliminat e  th e 

remainin g solvent .  A  furthe r  movemen t  position s  th e  sampl e  i n  th e  spectromete r 

an d a n infrare d spectru m i s  measure d b y diffus e  reflectance .  Submicrogra m 

detectio n limit s  wer e  observe d fo r  al l  sample s  o f  lo w volatility ,  an d 

chromatographi c  resolutio n wa s  maintaine d eve n fo r  closel y separate d peaks .  Th e 

techniqu e  i s  no t  recommende d fo r  reversed-phas e  chromatograph y du e  t o  th e  hig h 

surfac e  tensio n an d laten t  hea t  o f  vaporizatio n o f  water ,  whic h preclude s  it s 

complet e  remova l  unde r  norma l  operatin g conditions . 

8. 8  Interfacin g a  Liqui d Chromatograp h t o  a  Nuclea r  Magneti c 

Resonanc e  Spectromete r 

Interes t  i n  couplin g a  liqui d chromatograp h t o  a  nuclea r  magneti c  resonanc e 

(NMR)  spectromete r  i s  relativel y recen t  [104-107] ,  Fo r  althoug h NMR spectr a 

contai n usefu l  informatio n fro m whic h structura l  an d stereochemica l  informatio n 

ar e  readil y  obtaine d th e  techniqu e  require s  relativel y larg e  sampl e  amount s  o r 

lon g spectru m acquisitio n times ,  whic h ar e  no t  i n  keepin g wit h th e  experimenta l 

condition s  commo n t o HPLC .  Becaus e  o f  th e  lo w sensitivit y  o f  th e  measurin g 

techniqu e  onl y proto n spectr a  ca n b e  obtained .  Fo r  occasiona l  measurements ,  th e 

pea k ma y b e  collecte d a t  th e  detecto r  exi t  an d it s  spectru m take n i n  specia l 

microcell s  afte r  solven t  exchang e  i f  th e  elutin g solven t  i s  no t  compatibl e  wit h 

th e  norma l  operatio n o f  th e  spectrometer .  Whethe r  on -  o r  off-line ,  solven t 

incompatibilit y  i s  a  seriou s  proble m a s  deuterate d solvent s  ar e  generall y  to o 

expensiv e  t o  us e  a s  mobil e  phases .  Microcell s  hav e  volume s  o f  0.03-0.0 5 m l  an d 

ar e  commerciall y  available .  Usin g FTNMR an d signa l  averagin g a  usabl e  proto n 
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spectru m ca n b e  obtaine d fro m sub-microgra m amount s  o f  sample . 

For  on-lin e  couplin g th e  desig n o f  th e  flo w cel l  i s  a n importan t 

consideration .  Th e  geometr y o f  th e  measurin g cel l  mus t  allo w fo r  lamina r  flow , 

th e  cel l  volum e  shoul d no t  excee d th e  elutio n volum e  o f  a  pea k bu t  otherwis e 

shoul d b e  a s  larg e  a s  possibl e  t o  ensur e  th e  presenc e  o f  th e  maximu m amoun t  o f 

sampl e  durin g measurement ,  an d th e  residenc e  tim e  o f  a  pea k withi n th e  measurin g 

volum e  shoul d excee d thre e  time s  th e  longnitudina l  relaxatio n tim e  o f  th e  solut e 

protons .  Bot h th e  intensit y  an d pea k widt h o f  th e  NMR signal ,  therefore ,  depen d 

on th e  residenc e  tim e  o f  th e  solut e  i n  th e  flo w cel l  and ,  consequently ,  th e 

colum n flo w rate .  Wit h a  superconductin g magne t  resolutio n o f  approximatel y 0 . 5 

Hz  i s  possibl e  compare d t o  1 - 3 H z  wit h a n iro n magnet .  Spectr a  ma y b e  obtaine d 

by continuou s  flo w o r  i n  th e  stop-flo w mode .  Stop-flo w ha s  th e  advantag e  tha t 

signa l  averagin g ma y b e  use d t o  enhanc e  sensitivit y  bu t  a t  th e  expens e  o f 

increasin g th e  analysi s  time .  Wit h a  superconductin g hig h fiel d  magne t 

detectio n limit s  i n  th e  lowe r  micromola r  rang e  hav e  bee n obtaine d i n  th e 

continuou s  flo w mod e  an d hig h nanomola r  rang e  i n  th e  stop-flo w mode . 

Sensitivit y  i s  approximatel y a n orde r  o f  magnitud e  les s  wit h instrument s  havin g 

a  permanen t  iro n magnet .  Perhap s  a  viabl e  techniqu e  wit h larg e  diamete r 

preparativ e  columns ,  i t  ha s  man y limitation s  fo r  analytica l  use ,  no t  leas t  o f 

whic h i s  th e  hig h cos t  o f  superconductin g hig h fiel d  FTNMR equipment .  I n  thi s 

cas e  th e  advantage s  o f  on-lin e  couplin g ar e  no t  s o well-founde d an d off-lin e 

technique s  appea r  t o  b e  jus t  a s  usefu l  an d presen t  fewe r  compromise s  i n  th e 

operatio n o f  bot h th e  chromatograp h an d th e  spectrometer . 

8. 9  Ga s  Chromatography-Optica l  Emissio n Spectroscop y 

Plasm a  source s  and ,  t o  a  lesse r  extent ,  flame s  an d carbo n furnace s  ar e 

readil y  couple d t o  a  ga s  chromatograp h [108-112] ,  Th e  onl y interfac e  require d 

i n  mos t  case s  i s  littl e  mor e  tha n a  direc t  connectio n wit h a n auxiliar y flo w o f 

make-u p ga s  t o  minimiz e  dea d volum e  effects .  Plasm a  source s  ar e  capabl e  o f 

excitin g intens e  emissio n fro m al l  element s  i n  th e  periodi c  tabl e  an d ar e  thu s 

uniquel y suite d t o  th e  detectio n o f  C,H,D,0,N,S,P ,  an d th e  halogens ,  element s  o f 

particula r  importanc e  fo r  th e  analysi s  o f  organi c  compounds .  Th e  plasm a 

consist s  o f  a  mas s  o f  predominantl y  ionize d ga s  a t  a  temperatur e  o f  4000-10,00 0 

K.  Thi s  stat e  ca n b e  maintaine d directl y  b y a n electrica l  discharg e  throug h th e 

ga s  (d.c .  plasma )  o r  indirectl y  vi a  inductiv e  heatin g o f  th e  gas .  Th e  latte r  i s 

establishe d b y a n electromagneti c  fiel d  usin g powe r  generate d a t  radi o 

frequencie s  (inductivel y couple d plasma )  o r  microwav e  frequencie s  (microwav e 

induce d plasma) .  Whe n organi c  compound s  ente r  th e  plasm a  molecula r  breakdow n 

occur s  du e  t o  absorptio n o f  energ y fro m th e  plasm a  an d emissio n spectr a  ar e 

produce d whic h ar e  characteristi c  o f  th e  atom s  involved .  Th e  intensit y  o f  thes e 
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emission s  i s  measure d b y a  direct-readin g optica l  emissio n spectromete r  couple d 

t o  suitabl y place d photomultiplie r  tubes .  Al l  element s  ar e  excite d 

simultaneousl y and ,  a t  plasm a  temperatures ,  molecula r  breakdow n i s  complete ;  th e 

measure d respons e  fo r  eac h elemen t  i s  thu s  proportiona l  t o  th e  numbe r  o f  atom s 

i n  th e  plasm a  an d independen t  o f  th e  structur e  o f  th e  paren t  compound .  Wit h a 

multichanne l  instrumen t  (commercia l  model s  presentl y  hav e  1 2 channels )  a s  man y 

element s  a s  ther e  ar e  channel s  ca n b e  measure d simultaneously .  Ratioin g th e 

respons e  o f  eac h channe l  durin g th e  passag e  o f  a  chromatographi c  pea k will , 

afte r  respons e  standardizatio n wit h compound s  o f  know n elementa l  composition , 

enabl e  th e  empirica l  formul a  o f  unknow n compound s  t o  b e  directl y  determine d 

[108-117] .  Combinin g retentio n dat a  wit h a  knowledg e  o f  th e  empirica l  formul a 

of  a  substanc e  i s  ofte n sufficien t  fo r  identification .  Also ,  whe n identifyin g 

an unknow n compound ,  knowledg e  o f  it s  empirica l  formul a  i s  a  usefu l  ai d  i n  th e 

interpretatio n o f  othe r  spectroscopi c  data . 

Instrumen t  development s  i n  th e  are a  o f  plasm a  detector s  fo r  bot h ga s  an d 

liqui d chromatograph y ar e  proceedin g a t  a  rapi d pace .  Mos t  earl y  wor k wa s  don e 

wit h direc t  curren t  o r  inductivel y couple d argo n o r  lo w pressur e  heliu m 

plasmas .  Heliu m i s  th e  preferre d plasm a  ga s  a s  i t  provide s  a  simple r  backgroun d 

spectrum ,  highe r  excitatio n energy ,  an d improve d linea r  respons e  range .  Man y 

system s  no w us e  th e  atmospheri c  heliu m microwav e  induce d plasm a  [114] ,  Thi s 

seem s  t o  b e  a n excellen t  sourc e  fo r  ga s  chromatograph y but ,  becaus e  o f  it s 

limite d sampl e  consumptio n rate ,  i s  difficul t  t o  interfac e  t o  a  liqui d 

chromatograp h withou t  divertin g al l  bu t  a  fe w percen t  o f  th e  colum n eluen t  awa y 

fro m th e  detecto r  [118] .  Detectio n limit s  thu s  suffer .  Direc t  curren t  an d 

inductivel y couple d plasma s  ca n b e  interface d wit h fe w problem s  t o  a  liqui d 

chromatograp h i n  whic h th e  colum n eluen t  i s  nebulize d directl y  int o th e  plasma . 

Despit e  th e  attractiv e  feature s  o f  plasm a  chromatographi c  detector s  the y 

remai n littl e  used .  On e  reaso n i s  th e  hig h cos t  o f  multi-elemen t  spectroscopi c 

equipment .  A s  muc h effor t  i s  bein g directe d a t  simplifyin g al l  aspect s  o f 

plasm a  emissio n spectroscop y fo r  elementa l  analysis ,  thi s  cos t  disadvantag e 

coul d diminis h i n  th e  future .  Elemen t  sensitivit y  i s  alread y adequat e  fo r  man y 

application s  an d detectio n limit s  suitabl e  fo r  trac e  analysi s  hav e  bee n 

demonstrate d [108-111] . 
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9. 1  Introductio n 

Thin-laye r  chromatograph y (TLC )  i s  methodologicall y  perhap s  th e  simples t  o f 

th e  chromatographi c  separatio n techniques .  Th e  mechanism s  employe d fo r 

separatio n ar e  identica l  t o  thos e  o f  hig h pressur e  liqui d chromatograph y 

(HPLC) .  Th e  importan t  differenc e  betwee n th e  tw o technique s  i s  on e  o f  practic e 

rathe r  tha n o f  th e  physica l  phenomen a  fro m whic h separatio n i s  derived .  I n  TLC , 

th e  stationar y phas e  consist s  o f  a  thi n laye r  o f  sorben t  coate d o n a n inert , 
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rigi d backin g material .  Th e  sampl e  t o  b e  separate d i s  applie d t o  th e  surfac e  o f 

th e  sorben t  laye r  a s  a  spot ,  a  shor t  distanc e  fro m th e  botto m edg e  o f  th e 

plate .  Th e  separatio n i s  carrie d ou t  i n  a n enclose d chambe r  b y contactin g th e 

botto m edg e  o f  th e  plat e  wit h th e  mobil e  phase ,  whic h advance s  throug h th e 

stationar y phas e  b y capillar y forces .  A  separatio n o f  th e  sampl e  i s  produce d b y 

th e  differentia l  migratio n o f  th e  sampl e  component s  i n  th e  directio n travele d b y 

th e  mobil e  phase . 

Many analyst s  believ e  tha t  thin-laye r  chromatograph y i s  a  simple ,  rapi d 

qualitativ e  techniqu e  fo r  th e  separatio n o f  simpl e  mixtures .  Th e  methodologica l 

eas e  o f  thi s  technique ,  however ,  belie s  it s  separatin g power .  Accumulate d 

experience s  employin g th e  unfavorabl e  practice s  o f  conventiona l  TL C hav e 

assigne d a  limite d rol e  t o  TL C i n comple x mixtur e  analyses .  Thus ,  ther e  remain s 

a n impressio n amon g man y analyst s  tha t  TL C i s  a  poo r  alternativ e  t o  hig h 

pressur e  liqui d chromatograph y fo r  quantitativ e  analyse s  o f  al l  bu t  th e  simples t 

of  mixtures . 

Recen t  change s  i n  th e  practic e  o f  TL C hav e  create d a  renaissanc e  o f 

interes t  i n  thi s  techniqu e  an d le d t o  it s  wide r  acceptanc e  a s  a  powerfu l 

separatin g too l  fo r  multicomponen t  trac e  leve l  analysis .  Thi s  change d rol e  an d 

th e  accompanyin g expectation s  hav e  spawne d a  ne w expressio n -  hig h performanc e 

thin-laye r  chromatograph y (HPTLC) ,  analogou s  t o  th e  nam e  chang e  applie d t o 

liqui d chromatograph y whe n i t  underwen t  a  simila r  expansio n i n  performanc e 

capabilities .  Th e  performanc e  breakthroug h i n  TL C wa s  no t  a  resul t  o f  an y 

specifi c  advanc e  i n  instrumentatio n o r  materials ,  bu t  wa s  rathe r  a  culminatio n 

of  improvement s  i n  practicall y  al l  o f  th e  operation s  o f  whic h TL C i s  comprised . 

I n  thi s  chapte r  w e  wil l  describ e  th e  experimenta l  parameter s  whic h constitut e 

th e  HPTL C proces s  an d contras t  thes e  method s  wit h thei r  conventiona l  TL C 

counterparts .  Tw o monograph s  [1,2 ]  an d a  revie w [3 ]  hav e  bee n devote d t o 

describin g th e  HPTL C process .  Ther e  ar e  man y source s  t o  th e  mor e  extensiv e 

conventiona l  TL C literature ,  o f  whic h reference s  [4-8 ]  ar e  a  goo d startin g poin t 

fo r  bot h th e  practic e  an d genera l  applicatio n area s  o f  TLC . 

9. 2 Compariso n o f  Conventiona l  an d Hig h Performanc e  Thin-Laye r 

Chromatograph y 

Improvement s  i n  th e  qualit y  o f  th e  adsorben t  laye r  an d method s  o f  sampl e 

application ,  an d th e  availabilit y  o f  scannin g densitometer s  fo r  i n  sit u 

quantitativ e  analysi s  wer e  al l  importan t  development s  i n  th e  evolutio n o f 

HPTLC.  Th e  ne w HPTL C plate s  ar e  prepare d fro m speciall y  purifie d silic a  ge l 

wit h averag e  particl e  diameter s  o f  betwee n 5  t o  1 5 micrometer s  wit h a  narro w 

particl e  siz e  distribution .  Thes e  plate s  giv e  HET P value s  o f  abou t  1 2 

micrometer s  an d a  maximu m o f  abou t  500 0 usabl e  theoretica l  plate s  i n  an y 
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separation .  B y contrast ,  conventiona l  TL C plate s  prepare d fro m silic a  ge l  wit h 

averag e  particl e  diameter s  o f  2 0 micrometer s  an d a  rathe r  broa d particl e  siz e 

distributio n gav e  HET P value s  o f  abou t  3 0 micrometer s  an d a  maximu m o f 

approximatel y 60 0 usabl e  theoretica l  plates .  Th e  ne w HPTL C plate s  ca n provid e 

a n increas e  i n  performanc e  approachin g a n orde r  o f  magnitud e  ove r  conventiona l 

TLC plates .  Thus ,  i t  i s  possibl e  t o  carr y ou t  separation s  o n HPTL C plate s  tha t 

wer e  no t  possibl e  b y conventiona l  TL C an d als o t o  carr y ou t  thos e  separation s 

whic h ar e  presentl y  carrie d ou t  b y conventiona l  TL C i n muc h shorte r  times . 

Due  t o  th e  lowe r  sampl e  capacit y  o f  th e  HPTL C laye r  th e  amoun t  o f  sampl e 

applie d t o  th e  laye r  i s  reduced .  Sampl e  volume s  o f  100-20 0 nl ,  whic h giv e 

startin g spot s  o f  1.0-1. 5  m m diameter ,  ar e  typical .  Afte r  developin g a  distanc e 

of  3- 6 c m separate d spot s  wit h 3- 6 m m diameter s  ar e  obtained .  A s  spot s  ar e  mor e 

compac t  tha n i n  conventiona l  TLC ,  th e  lowe r  sampl e  capacit y  o f  th e  plat e  doe s 

no t  presen t  an y problem s  an d result s  i n  detectio n limit s  te n time s  bette r  tha n 

conventiona l  TLC .  Th e  compac t  startin g spot s  i n  HPTL C als o allo w a n increas e  i n 

th e  numbe r  o f  sample s  whic h ma y b e  applie d alon g th e  edg e  o f  th e  plate . 

Dependin g o n th e  metho d o f  developmen t  an d th e  siz e  o f  th e  plate ,  a s  man y a s  1 8 

(1 0 ÷  1 0 c m plate )  o r  3 6 (1 0 ÷  2 0 c m plate )  sample s  ca n b e  simultaneousl y 

separated .  Linea r  developmen t  fro m tw o direction s  (i.e. ,  simultaneousl y fro m 

opposit e  edge s  toward s  th e  middle )  double s  th e  numbe r  o f  sample s  whic h ca n b e 

separated . 

Althoug h th e  mobil e  phas e  velocit y  i s  greate r  fo r  conventiona l  TL C tha n fo r 

HPTLC plates ,  longe r  migratio n distance s  ar e  require d t o  obtai n a n equivalen t 

separation .  Therefore ,  analysi s  time s  ar e  considerabl y shorte r  fo r  HPTLC . 

Typica l  migratio n distance s  i n  HPTL C ar e  3- 6 c m whil e  developmen t  time s  ar e  a n 

orde r  o f  magnitud e  lowe r  tha n i n  conventiona l  TLC . 

I n summary ,  HPTL C i s  a  mor e  rapid ,  efficien t  an d sensitiv e  techniqu e  tha n 

conventiona l  TLC .  Becaus e  o f  thes e  advantages ,  HPTL C represent s  a  considerabl e 

advanc e  i n  th e  practic e  o f  TLC .  Tabl e  9. 1  provide s  a  summar y o f  th e 

experimenta l  parameter s  definin g conventiona l  versu s  hig h performanc e  thin-laye r 

chromatography . 

9. 3  Compariso n o f  Hig h Performanc e  Liqui d an d Thin-Laye r  Chromatograph y 

Sinc e  th e  area s  o f  applicatio n fo r  hig h performanc e  liqui d chromatograph y 

(HPLC )  an d HPTLC ,  an d henc e  th e  growt h curve s  fo r  interes t  an d purchas e  o f 

equipment ,  overlapit o  som e  extent ,  interes t  ha s  heightene d i n  comparin g th e 

performanc e  o f  th e  tw o techniques .  I t  i s  relativel y eas y t o  demonstrat e  tha t 

HPLC i s  a  mor e  efficien t  chromatographi c  techniqu e  tha n HPTL C i f  th e  onl y 

criteri a  fo r  compariso n ar e  base d upo n HET P value s  an d separatio n numbers ,  etc . 

The  conventionall y  packe d HPL C column s  use d i n  mos t  analytica l  laboratorie s  ar e 
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TABLE 9. 1 

Paramete r Conventiona l  TL C HPTLC 

Plat e  Siz e 20 ÷  2 0 c m 10 ÷  1 0 c m 
10 ÷  2 0 c m 

Particl e  Siz e 
Averag e 
Distributio n 

20 micrometer s 
10-6 0 micrometer s 

5  micrometer s 
tigh t 

Adsorben t  Laye r  Thicknes s 100-25 0 micrometer s 20 0 micrometer s 

Plat e  Heigh t 30 micrometer s 12 micrometer s 

Tota l  Numbe r  o f  Usabl e 
Theoretica l  Plate s < 60 0 < 500 0 

Separatio n Numbe r 7-1 0 10-2 0 

Sampl e  Volum e 1- 5 microliter s 0.1-0. 2  microliter s 

Startin g Spo t  Diamete r 
Diamete r  o f  Separate d Spot s 

3- 6 mm 
6-1 5 mm 

1-1. 5 mm 
2- 5 mm 

Solven t  Migratio n Distanc e 10-1 5 c m 3- 6 c m 

Separatio n Tim e 30-20 0 mi n 3-2 0 mi n 

Detectio n Limit s 
Absorptio n 
Fluorescenc e 

1- 5 n g 
0.05-0. 1  n g 

0.1-0. 5  n g 
0.005-0.0 1 n g 

Track s  pe r  Plat e 10 18 o r  3 6 

capabl e  o f  providin g approximatel y 10,00 0 theoretica l  plate s  wit h separatio n 

number s  o f  20-40 .  Specia l  HPL C columns ,  suc h a s  capillar y an d microbor e 

columns ,  ar e  capabl e  o f  eve n greate r  efficiency .  However ,  HPTL C gain s  certai n 

advantage s  becaus e  i t  i s  a n ope n be d whil e  HPL C i s  a  close d be d system .  Thes e 

advantage s  ar e  outline d below . 

I n  HPL C th e  mobil e  phas e  velocit y  i s  electronicall y  controllabl e  u p t o  a 

limit .  Thi s  limi t  i s  establishe d b y th e  maximu m pressur e  gradien t  tha t  ca n b e 

maintaine d acros s  th e  column .  Fo r  HPTLC ,  th e  mobil e  phas e  velocit y  i s  governe d 

by th e  capillar y force s  whic h transpor t  th e  solven t  throug h th e  sorben t  bed . 

Thi s  disadvantag e  i s  partiall y  offse t  b y th e  fac t  tha t  th e  developmen t  proces s 

i s  differen t  fo r  th e  tw o techniques .  I n  HPL C th e  developmen t  occur s  b y elutio n 

chromatography ;  eac h sampl e  componen t  mus t  trave l  th e  complet e  lengt h o f  th e 

colum n be d an d th e  tota l  separatio n tim e  i s  determine d b y th e  tim e  require d fo r 

th e  slowes t  movin g componen t  t o  reac h th e  detector .  Th e  HPTL C proces s  i s 

governe d b y developmen t  chromatography .  Th e  tota l  tim e  fo r  th e  separatio n i s 

A COMPARISIO N O F TH E TECHNIQUES O F CONVENTIONAL AND HIG H PERFORMANCE 
THIN-LAYER CHROMATOGRAPHY 
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th e  tim e  require d fo r  th e  solven t  fron t  t o  migrat e  a  fixe d o r  predetermine d 

distanc e  an d i s  independen t  o f  th e  migratio n distanc e  o f  th e  sampl e  components . 

Fo r  mos t  analyses ,  onl y a  fe w component s  o f  th e  sampl e  ar e  o f  interes t  an d th e 

mobil e  phas e  i s  selecte d s o a s  t o  provid e  th e  necessar y separation .  Th e 

remainde r  o f  th e  sampl e  materia l  ca n b e  lef t  a t  th e  origi n o r  move d awa y fro m 

th e  regio n o f  maximu m resolution .  Thi s  result s  i n  considerabl e  saving s  o f 

time .  Ther e  i s  n o possibilit y  o f  "poisoning "  a  TL C plate ,  whic h i s  fa r  to o eas y 

t o  d o wit h a n HPL C column .  Suc h poisonin g result s  i n  a  considerabl e  los s  o f 

tim e  whil e  component s  accumulate d a t  th e  hea d o f  th e  colum n ar e  completel y 

eluted .  Thi s  ma y resul t  i n  permanen t  damag e  (i.e. ,  los s  o f  resolution )  t o  th e 

colum n i f  thes e  sample s  canno t  b e  removed .  TL C plate s  ar e  dispose d o f  a t  th e 

conclusio n o f  eac h separatio n an d ar e  thu s  immun e  t o  th e  abov e  problems . 

Detectio n i n  HPTLC ,  unlik e  HPLC ,  i s  a  stati c  process ,  bein g completel y 

separate d fro m chromatographi c  development .  Consequently ,  th e  selectio n o f  th e 

mobil e  phas e  doe s  no t  limi t  th e  choic e  o f  detector .  Fo r  example ,  UV-absorbin g 

solvent s  canno t  b e  use d wit h U V detector s  i n  HPLC .  I n HPTL C th e  solven t  i s 

completel y evaporate d betwee n developmen t  an d measuremen t  s o i t  doe s  no t 

influenc e  th e  detectio n process . 

Perhap s  th e  mos t  importan t  featur e  o f  developmen t  chromatograph y i s  tha t 

th e  sampl e  i s  separate d b y distanc e  rathe r  tha n time .  Thi s  freedo m fro m tim e 

constraint s  permit s  th e  utilizatio n o f  an y o f  a  variet y  o f  technique s  t o  enhanc e 

th e  sensitivit y  o f  detection ,  suc h a s  reaction s  whic h increas e  ligh t  absorbanc e 

or  fluorescenc e  emissio n an d wavelengt h selectio n fo r  optimu m respons e  o f  eac h 

componen t  measured .  Th e  separatio n ca n b e  scanne d a s  man y time s  a s  desire d a t  a 

variet y  o f  wavelengths ,  an d a  complet e  UV-visibl e  o r  fluorescenc e  spectru m ca n 

be  easil y  plotte d ou t  fo r  eac h component .  Thus ,  th e  detectio n proces s  i n  HPTL C 

i s  mor e  flexibl e  an d variabl e  tha n fo r  HPLC .  Detectio n limit s  unde r  optimu m 

condition s  ar e  approximatel y th e  sam e  fo r  bot h techniques . 

Becaus e  o f  th e  natur e  o f  th e  metho d o f  development ,  analysi s  i n  HPL C i s  b y 

necessit y  performe d i n  a  sequentia l  manner .  Eac h sampl e  mus t  individuall y 

underg o th e  sam e  sequenc e  o f  injection ,  separation ,  detection ,  an d colum n 

re-equilibration .  Fo r  a  serie s  o f  ç  samples ,  th e  tota l  tim e  fo r  th e  analysi s 

wil l  b e  ç  multiple d b y th e  tim e  fo r  eac h individua l  analysis .  HPTL C technique s 

permi t  simultaneou s  sampl e  analysi s  wit h th e  possibilit y  o f  substantiall y 

reducin g th e  tim e  require d fo r  th e  analyse s  o f  a  larg e  grou p o f  samples . 

Conceivabl y a s  man y a s  7 2 sample s  (3 6 alon g tw o opposit e  edge s  o f  a  2 0 ÷  1 0 c m 

plat e  develope d horizontall y  i n  a  linea r  developmen t  chamber )  coul d b e  separate d 

simultaneously .  I n  contras t  t o  HPLC ,  th e  tim e  require d t o  analyz e  ç  sample s  i s 

reduce d b y a  facto r  o f  n/7 2 pe r  sample .  I n  practice ,  thi s  saving s  i n  tim e  i s 

somewha t  reduced ,  a s  allowanc e  mus t  b e  mad e  fo r  th e  fac t  tha t  som e  o f  th e 

availabl e  track s  ar e  occupie d b y calibratio n standards .  I n  addition ,  sampl e 
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applicatio n an d th e  scannin g o f  eac h separatio n require s  a  finit e  lengt h o f 

time .  Eve n afte r  makin g suitabl e  allowance s  fo r  th e  abov e  points ,  HPTL C ca n 

provid e  significan t  reduction s  i n  tim e  whe n multipl e  sample s  o f  a  simila r  typ e 

ar e  analyzed . 

I n  conclusion ,  fo r  individua l  sample s  HPL C ca n provid e  greate r  separatin g 

powe r  tha n HPTLC .  Th e  greate r  methodologica l  simplicit y  (selectio n o f  operatin g 

variables )  an d detectio n flexibilit y  o f  HPTL C offse t  thi s  disadvantag e  t o  som e 

extent .  Whe n a  hig h thoughpu t  o f  simila r  sample s  i s  required ,  the n HPTL C ca n 

provid e  considerabl e  saving s  i n  time .  I n  essence ,  th e  tw o technique s  complemen t 

on e  anothe r  an d therefor e  selectio n shoul d b e  base d o n th e  typ e  o f  proble m t o b e 

solved .  Th e  relativ e  merit s  o f  th e  tw o technique s  ar e  summarize d i n  Tabl e  9.2 . 

TABLE 9. 2 

A COMPARISON O F TH E SCOP E O F HIG H PERFORMANCE LIQUI D (HPLC )  AND THIN-LAYE R 
(HPTLC )  CHROMATOGRAPHY 

Paramete r HPTLC HPLC 

Plat e  Heigh t  (micrometers ) 
Number  o f  Plate s 

12 
< 500 0 

2- 5 
6-10,00 0 

Separatio n Numbe r 10-2 0 20-4 0 

Typ e  o f  Chromatograph y Ope n Be d Close d Syste m 

Developmen t  Techniqu e Developmen t 
Chromatograph y 

Elutio n 
Chromatograph y 

Contro l  o f  Mobil e  Phas e 
Velocit y 

Fixe d b y Capillar y 
Force s 

Easil y  adjuste d 

Sampl e  Simultaneousl y 
Availabl e  fo r  Detectio n Yes No 

Multipl e  Sca n o f  Sam e  Separatio n Yes No 

Plo t  ou t  UV-Visible / 
Fluorescenc e  Spectru m Yes Yes  (diod e 

arra y detector ) 

Syste m Equilibratio n Tim e Smal l Smal l  t o  Larg e  ^ 

Simultaneou s  Sampl e  Analysi s Yes No 

Sampl e  Capacit y  (throughput ) Hig h Low 

Methodologica l  Simplicit y Good Not  s o Goo d 

Detectio n Limit s Approximatel y th e Same 

May b e  controlle d i n  th e  U-chambe r  o r  overpressured-chambe r 
Re-equilibratio n tim e  i n  gradien t  elutio n HPL C ca n b e  quit e  lon g 
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9. 4 Simplifie d Theor y o f  Hig h Performanc e  Thin-Laye r  Chromatograph y 

The  prevailin g experimenta l  condition s  i n  a  TL C separatio n ar e  difficul t  t o 

defin e  accuratel y o r  t o  contro l  experimentally .  A s  a  consequence ,  a  precis e 

mode l  o f  th e  separatio n proces s  woul d b e  overl y comple x an d inappropriat e  t o  th e 

need s  o f  th e  analytica l  chemist .  Unde r  th e  usua l  experimenta l  condition s 

employe d i n  TLC ,  bot h th e  stationar y an d mobil e  phase s  remai n il l  define d an d 

exis t  i n  a  stat e  o f  flu x wit h th e  vapo r  phase ,  al l  o f  whic h ma y chang e 

continuousl y durin g th e  separatio n process .  Contac t  wit h vapors ,  bot h prio r  t o 

an d durin g th e  chromatographi c  process ,  modifie s  th e  propertie s  o f  th e 

stationar y phase .  Fo r  adsorbents ,  th e  amoun t  o f  activatio n an d deliberat e  o r 

accidenta l  deactivatio n change s  thei r  chromatographi c  behavior .  Onc e  i n  th e 

developin g chamber ,  th e  adsorben t  laye r  progressivel y adsorb s  th e  vapo r  phas e 

prio r  t o  bein g wette d b y th e  mobil e  phase .  Th e  porosit y  o f  th e  stationar y phas e 

changes ,  an d wit h i t  th e  apparen t  spee d o f  th e  mobil e  phase .  I n  addition ,  th e 

mobil e  phas e  doe s  no t  evenl y penetrat e  th e  adsorben t  layer .  Capillar y force s 

ar e  stronge r  i n  th e  narro w inter-particl e  channels ,  leadin g t o  mor e  rapi d 

advancemen t  o f  th e  mobil e  phase .  Large r  pore s  belo w th e  solven t  fron t  ar e 

fille d a t  a  slowe r  rat e  an d resul t  i n  a n increase d thicknes s  o f  th e  mobil e  phas e 

layer .  Durin g th e  chromatographi c  proces s  a  solven t  gradien t  i n  th e  mobil e 

phas e  i s  produce d a s  th e  solven t  fron t  migrate s  throug h th e  adsorben t  layer . 

Thi s  i s  particularl y  tru e  fo r  mixe d mobil e  phase s  wher e  th e  mor e  pola r  componen t 

i s  selectivel y adsorbed .  Eve n singl e  solven t  system s  exhibi t  impurit y  gradient s 

i n  th e  directio n o f  th e  solven t  front .  I f  th e  vapo r  an d mobil e  phas e  ar e  no t  i n 

equilibrium ,  evaporatio n wil l  caus e  a  los s  o f  mobil e  phas e  fro m th e  plat e 

surface . 

Gainin g contro l  o f  th e  abov e  phenomen a  i s  experimentall y  difficul t  a s  TL C 

separation s  ar e  normall y practiced .  Th e  U-chambe r  describe d b y Kaise r  mos t 

closel y approache s  th e  experimenta l  requirement s  fo r  tru e  reproducibilit y  an d 

theoretica l  validatio n o f  TL C dat a  [9] .  Fo r  mor e  detaile d discussion s  o f  th e 

process ,  reference s  [10-20 ]  shoul d b e  consulted . 

The  fundamenta l  paramete r  use d t o  characteriz e  th e  positio n o f  a  spo t  i n  a 

TLC chromatogra m i s  th e  retardatio n factor ,  o r  R p value .  I t  represent s  th e 

rati o  o f  th e  distanc e  migrate d b y th e  sampl e  compare d t o  tha t  travele d b y th e 

solven t  front . 
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^  _  substanc e  s  ( 9  1 ) 

^  Æ Æ mobil e  phas e  f 

Z g =  distanc e  migrate d b y th e  sampl e  (spot )  fro m it s  origi n 

Z^  =  distanc e  move d b y th e  mobil e  phas e  fro m th e  sampl e  origi n t o  th e 
solven t  fron t 

Boundar y conditions :  1  >  R p >  0 

R̂  =  0 ,  spo t  doe s  no t  migrat e  fro m th e  origi n 
Ã 

Rp =  1 ,  spo t  i s  no t  retaine d b y th e  stationar y phas e 
an d migrate s  wit h th e  solven t  fron t 

Systemati c  error s  i n  th e  measuremen t  o f  R p value s  aris e  fro m th e  difficult y  i n 

locatin g th e  precis e  positio n o f  th e  solven t  front .  I f  th e  adsorben t  layer , 

mobil e  phase ,  an d vapo r  phas e  ar e  no t  i n  equilibriu m the n condensatio n o f  th e 

vapo r  phas e  o r  evaporatio n o f  th e  mobil e  phas e  i n  th e  regio n o f  th e  solven t 

fron t  wil l  giv e  a n erroneou s  R p value .  Thi s  valu e  ma y b e  eithe r  to o hig h o r  to o 

low ,  dependin g o n th e  prevailin g conditions .  Th e  R ^  value s  fo r  linear , 
Ã 

circular ,  an d anticircula r  developmen t  ar e  relate d b y equation s  (9.2 )  an d (9.3) : 

R F ( D =  [ R F ( c ) ] 2 ( 9 · 2 ) 

R F ( L ) = 1 - [ 1 - R F ( a c ) J 2 < 9 ' 3 > 

Rp^ ^  =  R p valu e  fo r  a  componen t  determine d b y linea r  developmen t 

R w N  =  R -p, valu e  fo r  th e  sam e  componen t  determine d b y circula r 
F( C)  A?  ,  V  J 

developmen t 

Rj-, /  í  =  R ^  valu e  fo r  th e  sam e  componen t  determine d b y anticircula r 
developmen t 

Equatio n (9.2 )  assume s  tha t  th e  poin t  o f  sampl e  applicatio n an d th e  mobil e  phas e 

entr y positio n ar e  locate d exactl y  i n  th e  cente r  o f  th e  circula r  chromatogra m 

[9,19] .  I f  th e  point s  o f  sampl e  applicatio n an d solven t  entr y ar e  no t  identica l 

bu t  separate d b y a  distanc e  r ,  th e  correc t  equatio n become s 

RF(c )  =  [ R F(L )  ( 1  +  2 r )  +  r 2 ] 1 / 2 "  r  ( 9 ' 4 ) 

The  capacit y  factor ,  k ,  o f  a  spo t  i s  define d a s  th e  rati o  o f  th e  tim e 

spen t  b y th e  substanc e  i n  th e  stationar y phas e  compare d t o  tha t  spen t  i n  th e 

mobil e  phase . 

t  retentio n tim e  i n  th e  stationar y phas e 

t  retentio n tim e  i n  th e  mobil e  phas e 
(9.5 ) 
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The  capacit y  facto r  an d R p valu e  ar e  relate d b y th e  expressio n 

t 1 
m (9.6 ) 

t  +  t k  +  1 
s 

whic h ca n b e  rearrange d t o  giv e 

k = (9.7 ) 

For  optimu m resolutio n i n  th e  variou s  developmen t  modes ,  th e  preferre d value s 

fo r  k  are : 

k  ~  10 0 fo r  circula r  developmen t 
k  ~  1 0 fo r  linea r  developmen t 
k  ~  1  fo r  anticircula r  developmen t 

Thus ,  circula r  developmen t  provide s  goo d separatio n fo r  compound s  wit h lo w R 
Ã 

value s  whil e  anticircula r  developmen t  i s  preferre d fo r  th e  separatio n o f 

compound s  wit h hig h R p values . 

When a n equilibriu m exist s  betwee n th e  adsorben t  layer ,  th e  mobil e  phas e 

an d th e  vapo r  phase ,  th e  spee d wit h whic h th e  solven t  fron t  ascend s  a  TL C plat e 

i s  give n b y equatio n (9.8) . 

Z^  =  migratio n distanc e  o f  th e  solven t  fron t  i n  c m afte r  t  second s 

2 
Ê =  mobil e  phas e  velocit y  constan t  i n  c m / s 
t  =  tim e  i n  second s 

I f  tru e  equilibriu m doe s  no t  exis t  durin g th e  developmen t  process ,  the n rathe r 

comple x correctio n factor s  mus t  b e  applie d t o  equatio n (9.8) .  Thes e  hav e  bee n 

discusse d i n  som e  detai l  b y Guiocho n an d Siouff i  [14] .  Th e  velocit y  constant ,  K , 

i s  relate d t o  th e  experimenta l  condition s  b y equatio n (9.9) . 

ô  =  surfac e  tensio n o f  th e  mobil e  phas e 
ç  =  viscosit y  o f  th e  mobil e  phas e 
È =  contac t  angl e 

The  permeabilit y  constant ,  K q ,  i s  a  dimensionles s  constan t  tha t  take s  int o 

accoun t  th e  profil e  o f  th e  externa l  por e  siz e  distribution ,  th e  effec t  o f 

porosit y  o n th e  permeabilit y  o f  th e  adsorben t  layer ,  an d th e  rati o  o f  th e  bul k 

liqui d velocit y  t o  th e  solven t  fron t  velocity .  Fo r  silic a  ge l  HPTL C plate s  i t 
3 

ha s  a  valu e  o f  abou t  7. 9  ÷  1 0 [18] .  Th e  contac t  angl e  fo r  mos t  organi c 

( Z f ) 2 =  K t (9.8 ) 

Ê =  2  Ê  d  — c o s  È 
0 Ñ  ç 

(9.9 ) 

K q =  permeabilit y  constan t 

d  =  mea n particl e  diamete r 
Ñ 
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solvent s  o n silic a  ge l  i s  generall y  clos e  t o  zer o (co s  0  =  1) .  Fo r  wate r 

organi c  solven t  mixture s  th e  contac t  angl e  o n reversed-phas e  plate s  ma y b e  muc h 

greate r  tha n zer o an d therefor e  th e  rat e  o f  solven t  fron t  migratio n i s  ver y 

slow . 

The  mobil e  phas e  velocit y  ca n b e  relate d t o  bot h th e  characteristic s  o f  th e 

TLC be d an d th e  propertie s  o f  th e  mobil e  phas e  b y equatio n (9.10) ,  derive d b y 

Belenk i  e t  al .  [20] . 

dZ f 

dt 

Ê d 
ï  Ñ 

ç  Æ 
co s  È  -  Z f 

d 

12 
(9.10 ) 

u  =  velocit y  o f  th e  solven t  fron t 
ñ  =  mobil e  phas e  densit y 
g  =  gravitationa l  fiel d  constan t 

HPTLC plate s  ar e  coate d wit h particle s  o f  smal l  diameter ;  henc e  th e  rat e  o f 

solven t  advancemen t  i s  slowe r  tha n fo r  conventiona l  TL C plate s  prepare d fro m 

particle s  o f  large r  diameter .  Th e  mor e  uniform ,  tightl y  packe d layer s  use d i n 

HPTLC result ,  however ,  i n  highe r  K q values ,  whic h ma y partiall y  compensat e  fo r 

thi s  particl e  siz e  effect .  I n  practice ,  HPTL C i s  claime d t o  b e  a  faste r 

separatio n techniqu e  tha n TL C (Tabl e  9.1) ,  sinc e  th e  migratio n distanc e  require d 

t o  obtai n a  separatio n equivalen t  t o  conventiona l  TL C i s  muc h shorter .  A s  show n 

by equatio n (9.8) ,  th e  tim e  require d fo r  th e  solven t  fron t  t o  reac h a  certai n 
2 

positio n o n th e  plat e  i s  approximatel y proportiona l  t o  (Z^ )  .  Solvent s  o f  lo w 

viscosit y  an d densit y  ar e  preferre d i n  TL C whe n shor t  analysi s  time s  ar e 

required ,  equatio n (9.10) . 

The  ultimat e  chromatographi c  performanc e  o f  a  TL C plate ,  an d therefor e 

resolution ,  i s  dependen t  upo n th e  followin g parameters :  th e  velocit y  constan t 

of  th e  mobil e  phase ,  th e  diffusio n coefficien t  o f  th e  substanc e  i n  th e  mobil e 

phase ,  th e  mea n particl e  diameter ,  an d th e  particl e  siz e  distributio n o f  th e 

stationar y phase .  A s  i n  al l  mode s  o f  chromatography ,  th e  mobil e  phas e  velocit y 

i s  determine d b y th e  particle s  o f  smal l  siz e  whil e  chromatogaphi c  efficienc y 

(HETP )  i s  dependen t  upo n th e  coarse r  particles .  I n  al l  system s  performanc e  i s 

improve d b y usin g particle s  o f  a  narro w siz e  distribution .  Moder n HPTL C plate s 

ar e  prepare d fro m particle s  o f  smal l  diamete r  and ,  mor e  importantly ,  o f  a  ver y 

narro w siz e  distribution .  Separation s  b y HPTL C ar e  characterize d b y a  serie s  o f 

compac t  symmetrica l  spots ,  wit h th e  exceptio n o f  component s  elutin g clos e  t o  th e 

solven t  front .  Consequently ,  a s  fa r  a s  HPTL C separation s  ar e  concerned ,  spo t 

broadenin g i s  controlle d onl y b y molecula r  diffusion .  Resistanc e  t o  mas s 

transfe r  phenomen a  ca n b e  ignore d a t  norma l  mobil e  phas e  velocities .  I n 

conventiona l  TLC ,  elongate d an d irregularl y  shape d spot s  ar e  no t  uncommo n an d 

her e  th e  contributio n o f  mas s  transfe r  kinetic s  t o  spo t  broadenin g canno t  b e 

ignored . 



62 9 

Performanc e  i n  TL C ca n b e  evaluate d i n  term s  o f  suc h familia r 

chromatographi c  parameter s  o f  efficienc y a s  th e  numbe r  o f  theoretica l  plate s 

(n) ,  heigh t  equivalen t  o f  a  theoretica l  plat e  (HETP) ,  an d separatio n numbe r 

(SN) .  Befor e  establishin g th e  equation s  t o  calculat e  thes e  parameters ,  i t  i s 

necessar y t o  highligh t  som e  o f  th e  specia l  feature s  o f  th e  TL C proces s  whic h 

diffe r  fro m th e  colum n chromatographi c  systems ,  fo r  whic h th e  abov e  parameter s 

hav e  bee n mor e  widel y adopted .  I n  colum n chromatographi c  techniques ,  al l 

substance s  trave l  th e  sam e  migratio n distanc e  (th e  lengt h o f  th e  column )  bu t 

hav e  differen t  diffusio n time s  (retentio n time s  o n th e  column) .  Thi s  i s 

opposit e  t o  TL C wher e  al l  substance s  hav e  th e  sam e  diffusio n tim e  (th e  plat e  i s 

develope d fo r  a  fixe d time )  bu t  migratio n distance s  vary .  Th e  chromatographi c 

measure s  o f  performanc e  i n  TL C (e.g. ,  n ,  HETP ,  SN )  ar e  al l  correlate d t o  th e 

migratio n distanc e  o f  th e  substance .  Thei r  numerica l  value s  ar e  evaluate d fo r  a 

specifi c  valu e  o f  R p an d ar e  thu s  dependen t  o n thei r  positio n i n  th e 

chromatogram . 

I n HPTLC ,  th e  effec t  o f  diffusio n i s  th e  sam e  fo r  al l  substance s  an d spo t 

broadenin g i s  a  functio n o f  th e  distanc e  migrated .  Th e  distributio n o f  sampl e 

withi n a  spo t  i s  thu s  essentiall y  Gaussia n an d th e  numbe r  o f  theoretica l  plates , 

n,  i s  give n b y equatio n (9.11) . 

12 

= 16 1 — 1  (9.11 ) 

= pea k widt h a t  th e  bas e 

As  Z g =  RpZ f  fro m equatio n (9.1) ,  the n 

= 1 6 
RF Z f (9.12 ) 

The  heigh t  equivalen t  t o  a  theoretica l  plate ,  HETP ,  i s  give n b y equatio n (9.13) . 

2 

HETP =  · 
R F Z f 

16R p Z f 

(9.13 ) 

Not e  tha t  th e  value s  o f  ç  an d HET P depen d o n th e  migratio n distance ,  Rp . 

Assumin g tha t  th e  loca l  plat e  heigh t  ca n b e  represente d b y Knox' s  equatio n 

fo r  th e  reduce d plat e  heigh t  i n  HPL C (Chapte r  4.6.2) . 

1/ 3 
h  = — +  A v '  +  C v 

(9.14 ) 

HETP ud 
wher e  h  = an d 

th e  A  ter m i s  a  measur e  o f  th e  qualit y  o f  th e  packing ,  th e  Â  ter m axia l 
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diffusio n i n  th e  packe d bed ,  an d th e  C  ter m th e  resistanc e  t o  mas s  transfe r  i n 

tha t  bed .  Fo r  well-prepare d plate s  th e  A  ter m i s  approximatel y unit y  an d th e  C 

ter m i s  ver y smal l  (0.01-0.03) .  I f  th e  contributio n t o  mas s  transfe r  i s 

neglected ,  the n th e  averag e  plat e  heigh t  ca n b e  describe d b y equatio n (9.15 ) 

[15,16,21] . 

Ç =  b  (Æ, +  Æ )  +  a 
f  ï 

"  2/ 3 _  2/3 . 

(z f  -  z o ) 
(9.15 ) 

Ç =  averag e  plat e  heigh t 
Æ =  distanc e  o f  th e  sampl e  spo t  abov e  th e  solven t  leve l  i n  th e  tan k 

ï 

Td  - 1 / 3 

Ñ 
3 

a  =  — A d 

F 
2  P 2D 

Assumptions :  = Y S

 = Õ =  tortuosit y  facto r 

D =  D  =  D  =  diffusio n coefficien t 
m s 

subscript s  m  an d s  refe r  t o  th e  mobil e  phas e  an d stationar y phase ,  respectivel y 

Equatio n (9.15 )  predict s  tha t  th e  efficienc y o f  conventiona l  TL C plate s  (coars e 

particles )  increase s  wit h developmen t  lengt h and ,  fo r  lon g migratio n distances , 

shoul d excee d tha t  o f  HPTL C plate s  (fin e  particles) .  A s  Z ^  increase s  th e  mobil e 

phas e  velocit y  decline s  dramaticall y  fo r  HPTL C plate s  an d diffusiona l  broadenin g 

of  th e  spot s  limit s  th e  separatio n efficiency .  Thu s  separation s  i n  HPTL C shoul d 

be  performe d usin g shor t  migratio n distances ,  i n  agreemen t  wit h accepte d 

practice . 

The  separatio n numbe r  (SN )  i s  usefu l  fo r  comparin g th e  separatin g powe r  o f 

differen t  chromatographi c  systems .  Fo r  TL C i t  i s  define d a s  th e  numbe r  o f 

substance s  completel y separate d betwee n R p =  0  an d R p =  1  b y a  homogeneou s 

mobil e  phas e  (i.e. ,  n o solven t  gradient s  i n  th e  directio n o f  development) .  Tw o 

substance s  ar e  considere d t o  b e  completel y separate d whe n th e  distanc e  betwee n 

th e  tw o adjacen t  pea k maxim a  an d th e  su m o f  bot h pea k width s  a t  hal f  heigh t  ar e 

th e  same .  Th e  separatio n numbe r  ca n the n b e  calculate d accordin g t o  th e 

procedur e  devise d b y Kaise r  [9] .  Unde r  diffusion-controlle d condition s  pea k 

broadenin g i s  a  linea r  functio n o f  th e  migratio n distance .  B y extrapolatio n o f 

th e  measure d pea k width s  a t  hal f  height ,  th e  hal f  heigh t  pea k width s  o f  a n 

imaginar y compoun d elute d a t  th e  solven t  fron t  (b^ )  an d a t  th e  sampl e  origi n 

( b Q )  ca n b e  calculated .  Th e  calculate d valu e  o f  b Q i s  slightl y  large r  tha n th e 

measure d hal f  heigh t  pea k widt h prio r  t o  developmen t  b y a n amoun t  equa l  t o  th e 

"res t  diffusio n value" .  Th e  separatio n numbe r  i s  calculate d fro m equatio n 

(9 .16 ) . a 
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SN = 
b +  b . 

ï  1 

(9.16 ) 

Typica l  separatio n number s  fo r  HPTL C cove r  th e  rang e  10-2 0 an d ar e  7-1 0 fo r 

conventiona l  TLC .  Thes e  value s  ar e  i n  keepin g wit h th e  experimentall y  verifie d 

separatin g powe r  o f  th e  tw o techniques .  Usin g th e  sam e  approach ,  th e  numbe r  o f 

"real "  plate s  ca n als o b e  calculate d fro m equatio n (9.17) . 

rea l 
5.5 4 (9.17 ) 

s  o j 

pea k widt h a t  hal f  heigh t  fo r  substanc e  s 

Í  ô an d ç  diffe r  b y a  correctio n ter m whic h take s  int o accoun t  th e rea l  J 

extrapolatio n valu e  o f  th e  pea k widt h a t  hal f  heigh t  o f  th e  startin g spot . 

The  rea l  plat e  numbe r  i s  usefu l  fo r  comparin g differen t  TL C coating s  an d 

fo r  optimizin g separatio n systems .  Fo r  thi s  purpos e  th e  valu e  o f  N r g a ^  a t  R p 

1 o r  R p =  0. 5 i s  usuall y  calculated .  Th e  expressio n fo r  a t  R p =  1 , 
(N- ,  )  . .  become s v 1  rea l 

(Vrea l =  5 ' 5 4 (9.18 ) 

The  numbe r  o f  rea l  plate s  fo r  conventiona l  TL C i s  generall y  les s  tha n 60 0 an d 

les s  tha n 500 0 fo r  HPTLC .  Thi s  provide s  plat e  heigh t  values ,  Ç  o f  abou t  3 0 

micrometer s  fo r  conventiona l  TL C an d 1 2 micrometer s  fo r  HPTLC . 

The  resolution ,  R g ,  betwee n tw o closel y migratin g spot s  i s  define d a s 

J s l J s 2 
(9.19 ) 

*bl  +  w b2 _ 

Z g ^  =  migratio n distanc e  o f  sampl e  1  wit h bas e  widt h w ^ 

= migratio n distanc e  o f  sampl e  2  wit h bas e  widt h w ^ 

Boundar y conditions :  Z g ^  >  Z g 2 (i.e. ,  Z g ^  i s  th e  spo t  o f  highe r 

Rp valu e  fo r  an y pair ) 

Thi s  i s  a n approximatio n an d give s  a  valu e  slightl y  les s  tha n th e 
correc t  value .  Th e  tru e  valu e  i s  give n b y lo g ( b /b, ) 

SN =  0 

"1 -  b,  +  b  " 
1  ï 

. 1  +  b ,  -  b 
1  o J 

lo g 
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For  tw o spot s  wit h simila r  Rp values ,  w ^ 

int o equatio n (9.19 )  give s 

w^,  substitutin g Z g =  RpZ f 

XF1 -F 2 

" f 

= R . 

(9.20 ) 

Rr F "  iV Fl  F 2 

The  pea k widt h a t  th e  base ,  w^ ,  ca n b e  expresse d i n  term s  o f  th e  numbe r  o f 

theoretica l  plates ,  n ,  b y equatio n (9.11 )  an d substitute d int o equatio n (9.20 ) 

t o  giv e 
Vn  AR p 

4  R. 
(9.21 ) 

Fl 

The  plat e  number ,  n ,  th e  equilibriu m constant s  embodie d i n  R r , an d th e 
Ã 

denominato r  o f  equatio n (9.21 )  ar e  al l  dependen t  upo n th e  R ^  value .  Thus ,  th e 
Ã 

relationshi p betwee n resolution ,  R ^ , an d th e  Rp valu e  i s  complex .  Th e  TL C 

analo g o f  th e  classica l  resolutio n equatio n use d i n  colum n chromatograph y 

(Chapte r  1.5 )  i s  give n b y 

_ H / 2 1 

R 
k l  "  1 

k +  1 
(9.22 ) 

wher e  k ^  an d k  ̂ ar e  th e  capacit y  facto r  constant s  fo r  spot s  1  an d 2  an d k  i s 

thei r  mea n value .  Th e  firs t  ter m i n equatio n (9.22 )  define s  th e  selectivit y  o f 

th e  system .  I f  k ^  an d k  ̂ d o no t  differ ,  separatio n i s  impossibl e  (i.e. ,  R g = 

0) .  Th e  secon d ter m measure s  th e  qualit y  o f  th e  stationar y phas e  whil e  th e 

thir d ter m take s  int o accoun t  th e  relativ e  positio n o f  th e  tw o spot s  i n  th e 

chromatogram .  Figur e  9. 1 illustrate s  th e  relationshi p betwee n resolutio n fo r 

tw o closel y migratin g spot s  an d th e  Rp valu e  fo r  th e  spo t  o f  highe r  R p . Maximu m 

resolutio n occur s  fo r  a  R p valu e  o f  approximatel y 0.3 .  Th e  resolutio n doe s  no t 

chang e  significantl y  wit h R value s  varyin g betwee n 0. 2 an d 0.5 ;  withi n thi s 
Ã 

range ,  th e  resolutio n i s  greate r  tha n 92 % o f  th e  maximu m valu e  (75 % betwee n R = 
Ã 

0. 1 t o  0.6) .  Outsid e  thi s  range ,  th e  resolutio n decline s  rapidl y again , 

illustratin g th e  stron g correlatio n betwee n separatin g powe r  i n  HPTL C an d th e 

positio n o f  th e  spot s  i n  th e  chromatogram . 

Thu s  fa r  th e  theor y o f  TL C ha s  bee n discusse d i n  term s  o f  mobil e  phas e 

developmen t  throug h th e  applicatio n o f  capillar y forces .  A  ne w metho d o f 

development ,  overpressure d TL C (0PTLC) ,  use s  a  mechanica l  pum p t o forc e  th e 

mobil e  phas e  throug h th e  sorben t  bed ,  whic h i s  sandwiche d betwee n th e  sorben t 

backin g plat e  an d a  pressurize d elasti c  membran e  [22,23] .  Th e  mobil e  phas e 
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l.O r 

Ï  0. 5 1 
R f-VALUE 

Figur e  9. 1 Chang e  i n  resolutio n o f  tw o closel y migratin g spot s  a s  a  functio n 
of  th e  R p valu e  o f  th e  faste r  movin g spot . 

velocit y  i s  independen t  o f  th e  migratio n distanc e  (assumin g tha t  a  constan t  flo w 

pump i s  used )  an d a  linea r  relationshi p exist s  betwee n th e  migratio n distanc e  o f 

th e  mobil e  phas e  an d time ,  equatio n (9.23) . 

Z,  =  u  t  (9.23 ) 
r  ï 

t  =  mobil e  phas e  velocit y  i n  OPTL C 
U q =  developmen t  tim e 

I n contras t  t o  ascendin g TLC ,  ther e  i s  a  fairl y  regula r  linea r  increas e  i n  th e 

numbe r  o f  theoretica l  plates ,  th e  separatio n number ,  an d resolutio n wit h solven t 

migratio n distance .  Thi s  majo r  differenc e  i s  attribute d t o  th e  fac t  tha t  spo t 

broadenin g b y diffusiona l  processe s  play s  a  mino r  rol e  a t  th e  relativel y hig h 

linea r  mobil e  phas e  velocitie s  commonl y employe d i n  OPTLC .  Thi s  i s  show n i n 

Figur e  9.2 ,  i n  whic h th e  averag e  plat e  heigh t  (H )  i s  plotte d agains t  migratio n 

distanc e  fo r  conventiona l  an d hig h performanc e  TL C plate s  usin g norma l  an d 

overpressure d developmen t  [22] , 

The  discussio n o f  developmen t  i n  thi s  sectio n ha s  bee n limite d t o  thos e 

processe s  tha t  occu r  i n  a n enclose d chambe r  wit h a  fixe d migratio n distance . 

Othe r  developmen t  methods ,  principall y  continuou s  an d multipl e  development ,  ca n 

produc e  highe r  resolutio n tha n th e  conventiona l  singl e  developmen t  mod e  alread y 

discussed .  A  detaile d discussio n o f  thes e  method s  i s  presente d i n  sectio n 9.8 . 
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Figur e  9. 2 Variatio n o f  th e  averag e  plat e  heigh t  wit h migratio n distanc e  i n 

norma l  an d overpressure d thin-laye r  chromatography .  A ,  HPTL C 
plate ,  norma l  development ;  B ,  conventiona l  TL C plate ,  norma l 
development ;  C ,  conventiona l  TL C plate ,  overpressure d development ; 
an d D ,  HPTL C plate ,  overpressure d development .  (Reproduce d wit h 
permissio n fro m ref .  22 .  Copyrigh t  Elsevie r  Scientifi c 
Publishin g Co. ) 

9. 5  Hig h Performanc e  Thin-Laye r  Chromatographi c  Plate s 

The  exactin g experimenta l  condition s  require d fo r  th e  reproducibl e 

preparatio n o f  HPTL C plate s  ar e  mor e  readil y  obtaine d i n  th e  manufacturin g 

settin g tha n i n  th e  researc h laboratory .  Conventiona l  TL C plate s  ar e  als o 

commerciall y  availabl e  o r  ma y b e  prepare d i n  th e  laborator y b y well-trie d 

standar d procedure s  [4-6] .  Th e  commercia l  TL C plate s  availabl e  hav e  layer s 

rangin g i n  thicknes s  fro m 10 0 t o  200 0 micrometer s  o f  silic a  gel ,  alumina , 

cellulose ,  polyamide ,  keiselguhr ,  Sephadex ,  etc. ,  whic h ar e  supporte d b y eithe r 

glass ,  aluminum ,  o r  plasti c  backin g sheets .  Mos t  plate s  als o contai n a  binde r 

suc h a s  gypsum ,  starch ,  o r  polyester s  t o  impar t  th e  desire d mechanica l  strength , 

durability ,  an d abrasio n resistanc e  t o  th e  adsorben t  layer .  I f  fluorescenc e 

quenchin g i s  use d fo r  detectio n purposes ,  a  UV-indicato r  suc h a s 

manganese-activate d zin c  silicat e  ma y b e  adde d t o  th e  adsorben t  layer . 
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Figur e  9. 3 Plat e  heigh t  a s  a  functio n o f  migratio n distanc e  fo r  conventiona l 
(A )  an d hig h performanc e  (B )  silic a  ge l  TL C plates .  Sample , 
lipophili c  dyes ;  sampl e  loadin g i n  micrograms .  (Reproduce d wit h 
permissio n fro m ref .  24 .  Copyrigh t  Elsevie r  Scientifi c  Publishin g 
Co. ) 

The  sam e  adsorbent s  use d i n  th e  manufactur e  o f  conventiona l  TL C plate s  ar e 

use d t o  prepar e  HPTL C plates ;  th e  principa l  difference s  ar e  th e  particl e  siz e 

an d particl e  siz e  distribution .  Conventiona l  TL C plate s  ar e  prepare d fro m 

silic a  ge l  wit h a  mea n particl e  diamete r  o f  approximatel y 2 0 micrometer s  an d a 

particl e  siz e  distributio n o f  5-3 0 micrometers ,  whil e  particle s  wit h a  mea n 

diamete r  o f  5  micrometer s  an d a  ver y tigh t  siz e  distributio n ar e  use d i n  th e 

preparatio n o f  HPTL C plates .  Thes e  smalle r  particle s  ar e  easie r  t o  pac k a s 

dense ,  homogeneou s  beds ,  whic h ad d t o  th e  chromatographi c  efficienc y o f  th e 

plate .  A  plo t  o f  plat e  heigh t  agains t  solven t  migratio n distanc e  fo r  bot h 

conventiona l  TL C an d HPTL C silic a  ge l  plate s  i s  show n i n Figur e  9.3 .  Bot h 

plate s  wer e  prepare d fro m th e  sam e  typ e  o f  silic a  ge l  bu t  wit h differen t  mea n 

particl e  diameter s  an d particl e  siz e  distributions .  Thi s  diagra m clearl y 

indicate s  th e  greate r  efficienc y o f  th e  HPTL C plates .  Not e  als o tha t  th e  HET P 

minimu m occur s  a t  a  shorte r  migratio n distanc e  fo r  th e  HPTL C plat e  [24,25] . 

Becaus e  th e  efficienc y o f  th e  laye r  i s  influence d b y th e  sampl e  size ,  th e  sampl e 

capcit y  o f  th e  HPTL C plat e  i s  considerabl y lowe r  tha n th e  conventiona l  TL C 

plate .  I n  conventiona l  TLC ,  microgra m amount s  o f  sampl e  ar e  use d routinely ,  bu t 

thes e  amount s  shoul d b e  scale d dow n t o nanogra m quantitie s  t o  maintai n optimu m 

separatio n condition s  i n  HPTLC .  Thus ,  sampl e  applicatio n equipmen t  fo r  HPTL C i s 

designe d t o  operat e  i n  th e  nanolite r  range ,  compare d t o  th e  microlite r  sampl e 
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volume s  employe d i n  conventiona l  TLC . 

The  physica l  propertie s  o f  tw o commercia l  silic a  gel s  use d t o  prepar e  HPTL C 

plate s  ar e  summarize d i n  Tabl e  9.3 .  Th e  particula r  separatio n characteristic s 

of  silic a  ge l  ar e  controlle d b y it s  por e  syste m (an d vi a  thi s  por e  networ k th e 

availabl e  surfac e  area) ,  th e  textur e  o f  th e  skeleta l  substanc e  (th e  rati o  o f 

silano l  group s  t o  siloxan e  groups) ,  an d th e  deactivatio n o f  th e  silic a  surfac e 

by adsorptio n o f  pola r  modifyin g substance s  (e.g. ,  th e  uptak e  o f  moisture) . 

Thes e  feature s  gover n th e  selectivit y  o f  th e  adsorben t  a s  the y determin e  th e 

natur e  an d exten t  o f  th e  adsorptio n mechanis m wit h th e  sampl e  component s  [26] , 

TABLE 9. 3 

PHYSICAL PROPERTIE S O F SILIC A GEL S USE D T O PREPAR E HPTL C PLATE S 

Propert y Merc k Whatma n 
Si  6 0 HP- K 

Mean Por e  Diamete r  (A ) 60 80 

Por e  Volum e  (ml/g ) 0.8 2 0.7 0 

2 
Specifi c  Surfac e  Are a  ( m /g ) 55 0 30 0 

Mean Particl e  Siz e  (micrometers ) 5 5 

Laye r  Thicknes s  (micrometers ) 20 0 20 0 

Stabl e  p H Rang e 1 — > 8 1 — > 8 

pH o f  a  10 % Aqueou s  Suspensio n 7. 0 7.0-7. 2 

HPTLC plate s  wit h a  concentratin g zon e  o f  a n iner t  syntheti c  silic a  ge l  ar e 

als o commerciall y  available .  The y ar e  mos t  usefu l  whe n larg e  sampl e  amount s  ar e 

applied ,  whe n ver y dilut e  sampl e  solution s  ar e  used ,  o r  whe n crud e  sample s 

(e.g. ,  biologica l  fluids )  ar e  applie d directl y  t o  th e  plate .  HPTL C plate s  wit h 

concentratin g zone s  ca n als o b e  use d i n  laboratorie s  lackin g th e  sophisticate d 

equipmen t  necessar y fo r  spottin g nanolite r  volume s  ont o norma l  HPTL C plates . 

However ,  HPTL C plate s  withou t  concentratin g zone s  ar e  preferre d fo r  th e 

separatio n o f  smal l  sampl e  sizes ,  fo r  obtainin g maximu m resolution ,  an d fo r  th e 

greates t  quantitativ e  accurac y [27] . 

HPTLC plate s  wit h concentratin g zone s  ar e  prepare d fro m tw o layer s  o f 

silic a  ge l  havin g differen t  properties .  Th e  tw o layer s  abu t  eac h other , 

paralle l  t o  on e  edge ,  formin g a  ver y narro w interface .  Th e  separatin g zon e  i s 

prepare d fro m th e  sam e  silic a  ge l  use d t o  coa t  norma l  HPTL C plate s  an d occupie s 

most  o f  th e  plat e  area .  Th e  concentratin g zon e  i s  prepare d fro m porou s  silic a 

ge l  o f  large r  por e  diamete r  an d extremel y lo w surfac e  are a  [28] .  Th e 

concentratin g zon e  simplifie s  th e  proces s  o f  sampl e  applicatio n sinc e  microlite r 
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volume s  ca n b e  applie d eithe r  a s  spot s  o r  streak s  t o  an y positio n o n th e 

concentratin g zone .  Alternatively ,  th e  entir e  zon e  ca n b e  immerse d i n  a  dilut e 

solutio n o f  th e  sample .  Durin g development ,  th e  sampl e  migrate s  ou t  o f  th e 

concentratin g zon e  an d i s  focusse d a t  th e  interfac e  a s  a  narro w band .  Thi s 

sampl e  ban d ma y b e  les s  tha n 1  mm wide ,  resultin g i n  excellen t  chromatographi c 

efficiency .  However ,  sinc e  th e  distributio n o f  th e  sampl e  ma y no t  b e  eve n 

withi n th e  band ,  th e  quantitativ e  accurac y o f  densitometri c  measurement s  ma y b e 

lowered . 

HPTLC woul d b e  needlessl y limite d a s  a  separatio n too l  i f  th e  onl y 

stationar y phas e  materia l  availabl e  wer e  silic a  gel ,  sinc e  no t  al l  sampl e  type s 

ar e  convenientl y  separate d o n thi s  medium .  Silic a  ge l  ma y lac k th e  necessar y 

selectivit y  fo r  a  particula r  separatio n o r  th e  sampl e  ma y contai n component s 

whic h bin d to o strongl y t o  th e  surfac e  an d thu s  remai n clos e  t o  th e  origi n i n 

al l  solven t  systems .  Poo r  migratio n characteristics ,  especiall y  streaking ,  ma y 

als o b e  a  problem .  Assumin g tha t  a  mobil e  phas e  canno t  b e  foun d t o  correc t 

thes e  problems ,  a  chang e  i n  stationar y phas e  i s  indicated .  Th e  simples t 

solutio n i s  t o  chang e  th e  propertie s  o f  th e  stationar y phas e  b y impregnatin g th e 

silic a  ge l  laye r  wit h a  soli d  o r  liqui d o f  differen t  propertie s  [29] .  Fo r 

example ,  hydrophili c  layer s  ca n b e  prepare d b y impregnatio n wit h 

dimethylformamide ,  dimethy l  sulfoxide ,  ethylen e  glycol ,  an d polyethylen e  glyco l 

whil e  lipophili c  layer s  ar e  prepare d wit h liqui d paraffin ,  undecane ,  silicon e 

oils ,  ethy l  oleate ,  etc .  Thes e  layer s  ar e  easil y  prepare d b y th e  horizonta l  o r 

vertica l  immersio n o f  th e  plat e  int o a  solutio n o f  th e  impregnatin g reagen t 

dissolve d i n  a  volatil e  solvent .  Th e  plat e  i s  removed ,  exces s  solutio n i s 

allowe d t o  drai n away ,  an d th e  volatil e  solven t  i s  evaporated ,  leavin g a n eve n 

coatin g o f  th e  modifyin g agent .  A  disadvantag e  o f  thi s  preparatio n metho d i s 

tha t  th e  mobil e  phas e  mus t  b e  selecte d s o a s  no t  t o  destro y th e  homogeneit y  o f 

th e  impregnate d layer .  Th e  ultimat e  solutio n i s  t o  chemicall y  bon d th e 

modifyin g agen t  t o  th e  silic a  gel ,  formin g a  ne w laye r  whic h i s  non-extractabl e 

by th e  mobil e  phase .  Thi s  approac h wil l  b e  describe d later . 

The  selectivit y  o f  th e  silic a  ge l  laye r  ca n als o b e  modifie d b y th e 

incorporatio n o f  chemicall y  selectiv e  reagents .  Thos e  mos t  widel y use d ar e 

silve r  nitrat e  fo r  th e  separatio n o f  saturate d an d unsaturate d compound s  b y 

selectiv e  bondin g o f  silve r  ion s  wit h th e  ð-electron s  o f  doubl e  bonds ,  bori c 

aci d fo r  th e  separatio n o f  vicina l  bifunctiona l  isomer s  b y chelation ,  an d picri c 

aci d fo r  th e  separtio n o f  polycycli c  aromati c  hydrocarbon s  b y comple x 

formation .  Th e  abov e  represen t  jus t  a  fe w example s  o f  th e  man y reagent s  an d 

reaction s  describe d i n  th e  literatur e  [4,6] , 

The  chemically-bonde d layer s  mentione d abov e  ar e  availabl e  commerciall y  a s 

reversed-phas e  plates .  Thes e  plate s  hav e  lipophili c  layer s  permanentl y  bonde d 

t o  th e  silic a  surfac e  vi a  =Si-0-Si- R bonds .  Th e  Merc k product s  suffixe d RP-2 , 
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RP-8 ,  an d RP-1 8 contai n ethyl ,  octyl ,  an d octadecy l  ( R =  C ^ - ,  C g H1 7 -  an d 

^18%7 ~ ^  alky l  groups ,  respectively .  Accordin g t o  th e  manufacturer ,  th e 

reversed-phas e  plate s  ar e  prepare d fro m a  mediu m por e  silic a  ge l  o f  particl e 

siz e  5- 7 micrometer s  wit h a  hig h conversio n o f  silano l  group s  t o  th e  chemicall y 

bonde d alky l  substituent s  [30] ,  Anothe r  serie s  o f  plates ,  give n a n  ? S ' 

designation ,  differ s  fro m th e  RP- 8 an d -1 8 plate s  i n  tha t  the y ar e  prepare d fro m 

silic a  ge l  o f  a  large r  particl e  diamete r  (ca .  11-1 2 micrometers )  an d ar e  onl y 

partiall y  silyltate d [31,32] .  Machery-Nege l  supplie s  octadecyl-coate d 

reversed-phas e  plate s  prepare d fro m silic a  ge l  wit h 5-1 0 micrometer s  particl e 

diamete r  an d 50% ,  75% ,  o r  100 % silylation .  I t  i s  no t  specifie d a s  t o  wha t  th e 

percentag e  silylatio n refers ,  bu t  i t  i s  unlikel y tha t  i t  represent s  th e 

percentag e  o f  silano l  group s  reacted .  Th e  KC^ g plate s  manufacture d b y Whatma n 

ar e  prepare d fro m silic a  ge l  o f  mea n particl e  diamete r  o f  abou t  2 0 micrometer s 

an d wit h a n "optimum "  coverag e  o f  octadecy l  groups ,  correspondin g t o  a  carbo n 

loa d o f  abou t  12 % [33] .  Unreacte d silano l  group s  ar e  endcappe d b y silylatio n 

wit h a n unspecifie d reagent .  Hig h performanc e  reversed-phas e  plate s  o f 

acceptabl e  qualit y  ca n b e  prepare d i n  th e  laborator y b y reactin g a n 

alkyltrichlorosilan e  o r  alkyldimethylchlorosilan e  i n  sit u  wit h precoate d silic a 

ge l  HPTL C plate s  [34-36] .  HPTL C plate s  prepare d b y coatin g silanize d silic a  ge l 

ont o glas s  plate s  withou t  a  binde r  giv e  soft ,  fragil e  layer s  o f  poo r  qualit y 

[37] .  Thi s  fragilit y  i s  du e  t o  th e  poo r  adhesio n o f  th e  silanize d silic a  ge l 

particle s  t o  on e  anothe r  an d t o  th e  glas s  backin g plate . 

Silic a  ge l  show s  a n amphoteri c  hydrophilic/lipophili c  characte r  du e  t o  th e 

simultaneou s  existenc e  o f  silano l  an d siloxan e  groups .  Virtuall y  al l  solvent s 

use d i n  TL C ca n we t  thi s  surfac e  wit h a  contac t  angl e  of ,  o r  clos e  to ,  zero . 

Thi s  i s  no t  tru e  o f  th e  alky l  bonde d reversed-phas e  plate s  whic h ar e  no t 

generall y  wette d b y organi c  solvent s  containin g mor e  tha n abou t  20-40 % water . 

Consequently ,  th e  selectio n o f  th e  solven t  fo r  sampl e  applicatio n shoul d b e 

considere d carefully ,  a s  water-ric h solvent s  ma y no t  adequatel y penetrat e  th e 

plat e  surfac e  fo r  sampl e  depositio n [37] ,  Generally ,  th e  bes t  result s  ar e 

achieve d b y usin g a n organi c  solven t  tha t  wet s  th e  layer ,  dissolve s  th e  solute , 

an d ha s  a  lo w enoug h solven t  strengt h t o  preven t  predevelopmen t  o f  th e  applie d 

spot . 

The  wate r  conten t  o f  th e  mobil e  phas e  als o ha s  a  dramati c  influenc e  o n th e 

mobil e  phas e  velocit y  o f  reversed-phas e  plate s  [18,31,37-40] .  Tabl e  9. 4 

illustrate s  th e  dramati c  change s  i n  mobil e  phas e  velocit y  observe d wit h change s 

i n  th e  wate r  conten t  o f  water-ethano l  mobil e  phas e  mixture s  [18] .  Eve n whe n 

usin g a  relativel y non-viscou s  organi c  solven t  suc h a s  acetonitrile ,  onl y 20-30 % 

wate r  ca n b e  tolerate d whil e  stil l  preservin g reasonabl e  analysi s  time s  o n th e 

Merc k R P bonde d phases .  Th e  Whatma n KC^ g plate s  hav e  mobil e  phas e  velocitie s 

thre e  t o  fou r  time s  greate r  tha n th e  Merc k plates .  I t  shoul d b e  note d tha t  wit h 



63 9 

mobil e  phase s  containin g mor e  tha n abou t  40 % water ,  th e  precoate d KC-̂ g laye r 

tend s  t o  swel l  and/o r  flak e  off ,  thu s  preventin g norma l  developmen t  o f  th e 

plate .  Thi s  drawbac k ca n b e  overcom e  b y addin g inorgani c  salt s  t o  th e  mobil e 

phas e  (e.g. ,  3 % w/ v sodiu m chlorid e  o r  ammoniu m acetat e  solutio n rathe r  tha n 

water) .  Th e  polarit y  o f  th e  mobil e  phas e  ca n the n b e  varie d fro m 5-80 % sodiu m 

chlorid e  solutio n i n  methano l  an d 25-80 % i n acetonitril e  withou t  greatl y 

changin g i n  th e  mobil e  phas e  velocity .  Nearl y al l  separation s  recorde d hav e 

use d water-methano l  o r  water-acetonitril e  mixture s  a s  th e  mobil e  phase .  Studie s 

of  th e  influenc e  o f  mobil e  phas e  compositio n o n selectivit y  an d resolution ,  th e 

retentio n mechanism ,  an d th e  developmen t  rat e  ar e  lackin g [18,30,39] . 

TABLE 9. 4 

VELOCITY CONSTANT AND WETTING ANGLE O F RP-1 8 REVERSED-PHASE PLATE S WIT H WATER-
ETHANOL MIXTURES 

Wate r  Concentratio n ( % v/v ) Kx 10 3 (cm 2/s ) co s  È 

0 16. 6 0.8 7 
4 13. 4 0.7 8 

10 12. 3 0.7 6 
20 7. 8 0.6 1 
30 5. 5 0.4 8 
40 3. 5 0.3 4 
50 1. 5 0.1 4 

HPTLC silic a  ge l  plate s  silylate d wit h 3-aminopropylsily l  group s  ar e 

availabl e  fro m Merc k [41] ,  Th e  chromatographi c  propertie s  o f  th e 

aminoalkyl-bonde d plate s  ar e  largel y controlle d b y th e  natur e  o f  th e  amin e 

group ,  wit h som e  additiona l  contribution s  fro m hydrophobi c  interaction s  wit h th e 

organi c  surfac e  an d pola r  interaction s  wit h unreacte d silano l  groups .  Fo r  ioni c 

or  ionizabl e  substance s  th e  dominan t  retentio n mechanis m i s  du e  t o  th e  weakl y 

basi c  ion-exchang e  behavio r  o f  th e  amin o group .  Whe n th e  mobil e  phas e  i s  a n 

organi c  solven t  mixtur e  thes e  plate s  ac t  a s  wea k adsorbent s  an d affec t 

separation s  predominantl y  b y th e  numbe r  o f  pola r  functiona l  group s  presen t  i n 

eac h component .  Th e  aminoalkyl-bonde d plate s  ar e  we t  b y al l  solvents ,  includin g 

pur e  water .  Variou s  author s  hav e  prepare d aminoalkyl-bonde d plate s  b y th e  i n 

sit u  reactio n o f  3-aminopropylchlorosilane s  an d othe r  substitute d 

aminoalkyltrialkoxysilane s  wit h silic a  ge l  HPTL C plate s  [42] .  3-Cyanopropyl -

bonde d phase s  hav e  bee n prepare d b y a  simila r  reactio n techniqu e  [35,43],  Th e 

cyanoalkyl-bonde d plate s  exhibi t  wea k adsorptio n behavio r  wit h som e  lipophili c 

character .  The y ca n b e  use d i n  bot h norma l  an d reversed-phas e  separations . 

Precoate d TL C layer s  o f  bot h nativ e  an d microcrystallin e  cellulos e  hav e 

bee n use d fo r  severa l  years ,  primaril y  fo r  th e  separatio n o f  ver y pola r 

compound s  (e.g. ,  carbohydrates ,  carboxyli c  acids ,  amin o acids ,  nuclei c  aci d 
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derivatives ,  phosphates ,  e tc . ) .  HPTL C plate s  coate d wit h a  specia l  grad e  o f 

microcrystallin e  cellulos e  a s  wel l  a s  wit h a  typ e  o f  porou s  silic a  (silic a  ge l 

50,000 )  wit h a  larg e  por e  diamete r  (500 0 nm )  an d ver y lo w surfac e  are a  (ca .  0. 5 
2 

m / g ) ,  ar e  availabl e  fo r  th e  separatio n o f  pola r  compound s  [28] .  Th e  silic a  ge l 

50,00 0 i s  identica l  t o  th e  materia l  use d t o  prepar e  th e  concentratin g zon e  o f 

thos e  HPTL C plate s  wit h suc h zones . 

The  HPTL C cellulos e  plate s  posses s  advantage s  simila r  t o  thos e  exhibite d b y 

HPTLC silic a  ge l  plate s  wit h regar d t o  th e  natur e  o f  th e  plat e  surface ,  th e 

particl e  siz e  range ,  th e  particl e  siz e  distribution ,  th e  homogeneit y  o f  th e 

laye r  an d th e  associate d increas e  i n  chromatographi c  separatio n efficienc y an d 

detectio n sensitivity .  Th e  HPTL C silic a  ge l  50,00 0 an d cellulos e  plate s  als o 

sho w ver y simila r  separatio n propertie s  fo r  pola r  samples .  Compare d t o 

cellulose ,  however ,  silic a  ge l  plate s  ar e  non-swellin g i n  organi c  solvent s  an d 

the y ca n b e  use d wit h aggressiv e  visualizatio n reagent s  withou t  darkenin g o r 

reaction . 

9. 6  Sampl e  Applicatio n i n  Hig h Performanc e  Thin-Laye r  Chromatograph y 

The  introductio n o f  th e  sampl e  int o th e  adsorben t  laye r  i s  a  critica l 

proces s  i n  HPTLC .  I n orde r  t o  achiev e  optimu m resolutio n an d sampl e 

detectability ,  th e  initia l  startin g spo t  shoul d b e  o f  minima l  size .  However , 

th e  overal l  efficienc y o f  th e  chromatographi c  syste m show s  a  stronge r 

correlatio n wit h th e  siz e  o f  th e  develope d spot s  an d depend s  les s  o n th e 

startin g spo t  diamete r  [44] .  Althoug h thi s  doe s  no t  advocat e  th e  us e  o f 

startin g spot s  wit h larg e  diameters ,  a s  spot s  o f  thi s  typ e  exhibi t  a n elliptica l 

profil e  upo n developmen t  wit h th e  HPTL C plate s  currentl y  available ,  th e  optimu m 

initia l  diamete r  o f  th e  sampl e  spo t  i s  abou t  1. 0  m m an d ther e  seem s  t o  b e  n o 

adde d advantag e  i n  applyin g spot s  o f  a  smalle r  diameter . 

The  siz e  o f  a  spo t  deposite d a s  a  solutio n wil l  depen d o n bot h th e  sampl e 

volum e  an d th e  R p valu e  o f  th e  leas t  retaine d componen t  i n  th e  sample .  Th e  R p 

valu e  her e  refer s  t o  th e  expecte d valu e  i f  th e  sampl e  solven t  wer e  use d a s  th e 

mobil e  phase .  Generally ,  on e  choose s  th e  solven t  o f  lowes t  elutin g strengt h 

whic h completel y dissolve s  th e  sampl e  an d provide s  a  quantitativ e  transfe r  o f 

th e  sampl e  fro m th e  applicator .  I t  i s  als o importan t  tha t  th e  applicatio n 

solven t  wet s  th e  sorbent ;  otherwis e  th e  sampl e  wil l  no t  penetrat e  th e  layer . 

Thi s  wa s  discusse d i n  th e  previou s  sectio n an d i s  mos t  importan t  whe n 

reversed-phas e  layer s  ar e  used . 

Fo r  mos t  quantitativ e  work ,  a  platinum-iridiu m capillar y o f  fixe d volume , 

eithe r  10 0 o r  20 0 nl ,  seale d int o a  glas s  suppor t  capillar y o f  large r  bore , 

provide s  a  convenien t  an d durabl e  spottin g device .  Th e  capillar y ti p  i s 
2 

polishe d t o  provid e  a  smooth ,  plana r  surfac e  o f  smal l  are a  (ca .  0.0 5 m m )  which , 
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Figur e  9. 4 Fro m lef t  t o  right ,  Nanomat ,  "rocker "  applicator ,  an d contac t 
spotter . 

when use d wit h a  mechanica l  applicator ,  doe s  no t  seriousl y damag e  th e  plat e 

surface .  Spottin g b y han d invariabl y damage s  th e  surface .  Mechanica l 

applicatio n i s  mad e  possibl e  b y attachin g a  meta l  colla r  t o  th e  glas s  suppor t 

capillar y s o tha t  i t  ca n b e  hel d b y a  magne t  an d lowere d t o  contac t  th e  plate' s 

surface .  Th e  simples t  for m i s  th e  "rocker "  applicator :  a n ar m house s  a  magne t 

a t  on e  en d t o  hol d th e  dosimete r  an d a  counter-weigh t  a t  th e  othe r  t o  contro l 

th e  forc e  wit h whic h th e  dosimete r  strike s  th e  plate' s  surface ,  Figur e  9.4 .  Th e 

dosimete r  i s  bot h lowere d t o  an d remove d fro m th e  plate' s  surfac e  b y a  tippin g 

actio n o f  th e  applicato r  ar m abou t  it s  fulcrum .  A  somewha t  mor e  sophisticate d 

capillar y applicato r  i s  th e  Cama g Nanomat ,  whic h hold s  an d lower s  th e  dosimete r 

electromagnetically ,  Figur e  9.4 .  Th e  heigh t  fro m whic h th e  dosimete r  i s 

lowered ,  th e  tim e  i t  spend s  i n  contac t  wit h th e  plate' s  surfac e  an d th e  numbe r 

of  repetition s  neede d fo r  complet e  sampl e  transfe r  ca n b e  controlle d 

electronically .  Bot h applicator s  us e  a  click-sto p gri d  mechanis m t o ai d i n  th e 

eve n spacin g o f  th e  sample s  an d t o  provid e  a  fram e  o f  referenc e  fo r  sampl e 

locatio n durin g scannin g densitometry .  Th e  Nanoma t  i s  als o equippe d wit h a n 

accessor y fo r  spottin g circula r  chromatograms . 

As  a n alternativ e  t o  th e  dosimeter ,  sample s  ca n b e  spotte d wit h a 

microsyring e  simila r  t o  thos e  use d i n  ga s  chromatography .  Fo r  accurat e 

dispensio n o f  nanolite r  volumes ,  th e  syring e  plunge r  i s  controlle d b y a 

micromete r  scre w gauge .  Thi s  micromete r  microsyring e  ca n b e  operate d t o  provid e 

variou s  precisely-selecte d volume s  or ,  vi a  a  fixe d leve r  mechanism ,  a  repetitiv e 

constan t  sampl e  volume .  A n advantag e  o f  th e  microsyring e  ove r  th e  dosimete r  i s 

tha t  i t  deliver s  th e  sampl e  volum e  b y displacemen t  rathe r  tha n capillar y actio n 

an d thu s  doe s  no t  defor m th e  plat e  surface .  Th e  microsyring e  needl e  i s  brough t 

jus t  clos e  enoug h t o  th e  plate' s  surfac e  fo r  th e  conve x sampl e  dro p o f  th e 
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ejecte d liqui d t o  touc h it .  Damag e  t o  th e  plat e  surfac e  ca n b e  completel y 

avoide d i n  thi s  way . 

As  wel l  a s  i n  th e  for m o f  spots ,  sample s  ca n b e  applie d t o  th e  HPTL C plat e 

a s  eithe r  streak s  o r  narro w bands .  Th e  Cama g Linoma t  ca n provid e  streak s  o f  an y 

desire d lengt h b y mechanicall y  controllin g th e  distanc e  th e  plat e  move s  beneat h 

a  fixe d sampl e  syringe .  A  controlle d nitroge n atomize r  spray s  th e  sampl e  fro m 

th e  syringe ,  formin g narrow ,  homogeneou s  band s  o n th e  plat e  surface . 

Any o f  th e  abov e  method s  ar e  suitabl e  fo r  spottin g solution s  o f  lo w 

viscosity ,  o r  viscou s  solution s  b y repetitiv e  applicatio n afte r  dilution . 

However ,  sample s  fro m biologica l  source s  invariabl y yiel d viscou s  residues ; 

dilutio n an d repetitiv e  sampl e  applicatio n ca n b e  tediou s  an d tim e  consumin g fo r 

thes e  samples .  Th e  contac t  spotter ,  Figur e  9.4 ,  provide s  a  simpl e  mean s  o f 

Figur e  9. 5 Sampl e  applicatio n b y contac t  spotting .  A  speciall y  treate d 
fluoropolyme r  fil m i s  pulle d int o a  serie s  o f  depression s  i n  a 
meta l  plat e  b y applicatio n o f  vacuu m ( a  an d  b) .  Sampl e  solutio n 
i s  delivere d b y pipett e  (c )  and ,  afte r  evaporation ,  a  residu e 
remain s  (d) ,  whic h i s  transferre d t o  th e  HPTL C plat e  b y replacin g 
th e  vacuu m wit h sligh t  pressur e  (e) .  (Reproduce d wit h permissio n 
fro m ref .  3 .  Copyrigh t  America n Chemica l  Society) . 
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spottin g viscou s  sample s  o r  larg e  sampl e  volume s  (u p t o  10 0 microliters )  ont o 

HPTLC plates .  Thi s  apparatu s  i s  designe d fo r  th e  solventles s  sampl e  applicatio n 

of  evaporate d residue s  o f  severa l  sample s  simultaneousl y a t  precis e  location s  o n 

th e  thin-laye r  plat e  [45] .  Th e  transfe r  mediu m i s  a  fluorinate d 

ethylene-propylen e  film ,  coate d wit h perfluorokerosene ,  positione d ove r  a  serie s 

of  depression s  i n  a  meta l  platform .  Wit h th e  applicatio n o f  vacuu m throug h 

orifice s  i n  th e  cente r  o f  eac h depressio n th e  fil m conform s  t o  th e  contou r  o f 

th e  platform' s  surface .  Th e  sampl e  solution s  ar e  pipette d int o thes e 

depression s  an d th e  solven t  i s  evaporate d b y gentl e  hea t  an d a  flo w o f 

nitrogen .  Th e  HPTL C plat e  i s  the n positione d ove r  th e  film ,  adsorben t  sid e 

down ,  an d wit h sligh t  pressur e  replacin g th e  vacuum ,  th e  spot s  ar e  transferre d 

simultaneousl y t o  th e  plate ,  Figur e  9.5 .  Problem s  ca n aris e  du e  t o  th e 

non-quantitativ e  transfe r  o f  highl y crystallin e  samples .  Thi s  i s  solve d b y th e 

additio n o f  a  smal l  amoun t  o f  a  non-volatil e  solven t  (e.g. ,  methy l  myristate )  t o 

th e  solution .  Transfe r  the n occur s  quantitatively . 

9. 7  Linea r  an d Radia l  Developmen t 

Developmen t  i n  thin-laye r  chromatograph y i s  th e  proces s  b y whic h th e  mobil e 

phas e  move s  throug h th e  sorben t  layer ,  thereb y inducin g differentia l  migratio n 

of  th e  sampl e  components .  I n  a  close d be d techniqu e  suc h a s  HPL C onl y linea r 

developmen t  o f  th e  chromatogra m i s  possible .  A n ope n be d techniqu e  lik e  HPTL C 

doe s  no t  suffe r  fro m thi s  limitatio n an d th e  chromatogra m ca n b e  develope d i n 

th e  radia l  a s  wel l  a s  th e  linea r  direction .  Th e  principa l  developmen t  mode s  fo r 

us e  i n  HPTL C ar e  linear ,  circular ,  an d anticircula r  development . 

The  linea r  developmen t  mod e  represent s  th e  simples t  situatio n an d i s  th e 

most  widel y use d o f  th e  thre e  techniques .  Th e  sample s  ar e  spotte d alon g on e 

edg e  o f  th e  plat e  an d th e  solven t  migrate s  t o  th e  opposit e  edge ,  effectin g a 

separation .  Viewe d i n  th e  directio n o f  development ,  th e  chromatogra m consist s 

of  compac t  symmetrica l  spot s  o f  increasin g diameter .  Spot s  elutin g clos e  t o  th e 

solven t  fron t  ma y b e  distorte d an d ellipitca l  o r  rod-lik e  i n  shape .  Th e  usabl e 

separatio n are a  o f  th e  plat e  i s  define d b y a n R p rang e  o f  approximatel y 0. 1 t o 

0.8 . 

I f  th e  poin t  o f  sampl e  applicatio n an d th e  poin t  o f  entr y o f  th e  mobil e 

phas e  ar e  a t  th e  cente r  o f  th e  plat e  the n thi s  mod e  o f  developmen t  i s  calle d 

circula r  chromatography .  Thi s  metho d i s  a  powerfu l  techniqu e  fo r  separatin g 

sample s  havin g lo w R p values .  Spot s  nea r  th e  origi n remai n symmetrica l  an d 

compac t  whil e  thos e  neare r  th e  solven t  fron t  ar e  compresse d i n  th e  directio n o f 

devlopmen t  an d elongate d a t  righ t  angle s  t o  thi s  direction ,  Figur e  9.6A .  Spot s 

nea r  th e  solven t  fron t  ma y b e  diffus e  an d elliptical . 

I n  anticircula r  developmen t  th e  sampl e  i s  applie d alon g th e  circumferenc e 
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Figur e  9. 6 Circula r  developmen t  wit h th e  poin t  o f  solven t  entr y a t  th e  plat e 
cente r  (A) .  Anticircula r  developmen t  fro m th e  oute r  circl e  toward s 
th e  cente r  (B) .  (Reproduce d wit h permissio n fro m ref .  3 . 
Copyrigh t  America n Chemica l  Society) . 

of  a n oute r  circl e  an d develope d towar d th e  cente r  o f  th e  plate .  Th e  uniqu e 

feature s  o f  thi s  metho d ar e  hig h spee d developmen t  an d larg e  sampl e  capacity . 

The  mobil e  phas e  velocit y  remain s  constan t  acros s  th e  plat e  a s  a  consequenc e  o f 

th e  equivalenc e  betwee n th e  quadrati c  decreas e  i n  mobil e  phas e  velocit y  an d a 

simila r  reductio n i n  th e  plat e  are a  t o  b e  wetted .  Anticircula r  developmen t  i s 

thu s  th e  fastes t  metho d o f  development ,  bot h practicall y  an d theoretically .  A s 

many a s  4 8 sample s  ca n b e  place d alon g th e  oute r  edg e  o f  th e  developmen t  circl e 

of  a  1 0 ÷  1 0 c m HPTL C plate ,  providin g th e  highes t  sampl e  capacit y  obtainabl e  i n 

TLC. 

Anticircula r  developmen t  i s  usefu l  fo r  separatin g compound s  wit h hig h R ^ 
r 

values .  Spot s  nea r  th e  origi n remai n compac t  whil e  thos e  toward s  th e  solven t 

fron t  ar e  considerabl y elongate d i n  th e  directio n o f  migration ,  bu t  change d ver y 

littl e  i n  widt h whe n viewe d a t  righ t  angle s  t o  th e  directio n o f  development , 

Figur e  9.6B .  Althoug h sampl e  resolutio n i s  optimu m wit h hig h R p values ,  muc h o f 

th e  potentia l  separatin g powe r  i s  los t  du e  t o  spo t  elongation .  Unfortunately , 

thi s  elongatio n o f  th e  sampl e  spot s  i s  unavoidable .  I t  arise s  a s  a  consequenc e 

of  th e  latera l  compressio n induce d b y th e  mobil e  phas e  flo w throug h a 

continuousl y decreasin g plat e  area . 

9. 8  Continuou s  an d Multipl e  Developmen t 

The  literatur e  describe s  man y example s  wher e  th e  conventiona l  solven t 

developmen t  o f  a  TL C plat e  doe s  no t  provid e  th e  necessar y resolvin g powe r  t o 
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separat e  a  sample .  Typica l  example s  ar e  sample s  containin g component s  wit h ver y 

simila r  R p value s  an d thos e  i n  whic h a  singl e  solven t  developmen t  i s  optimu m fo r 

th e  separatio n o f  som e  component s  bu t  leave s  other s  unseparate d i n  th e  vicinit y 

of  th e  origi n o r  th e  solven t  front .  Th e  solutio n t o  thes e  an d simila r  problem s 

i s  t o  improv e  th e  resolvin g powe r  o f  th e  TL C syste m b y th e  technique s  o f 

continuou s  an d multipl e  development .  Thes e  method s  increas e  th e  separatin g 

powe r  o f  TL C b y allowin g th e  us e  o f  mor e  selectiv e  mobil e  phase s  o r  b y 

increasin g th e  numbe r  o f  theoretica l  plate s  employe d i n  th e  separation ,  o r 

both . 

I n  th e  continuou s  developmen t  technique ,  th e  mobil e  phas e  traverse s  th e  TL C 

plat e  t o  a  predetermine d fixe d distance ,  a t  whic h poin t  th e  mobil e  phas e  i s 

allowe d o r  induce d t o  continuousl y evaporate .  Thu s  th e  developmen t  o f  th e  TL C 

plat e  doe s  no t  sto p a t  th e  conventiona l  solven t  front ,  sinc e  a  mechanis m i s 

provide d fo r  th e  complet e  evaporatio n o f  th e  solven t  a t  thi s  point .  Th e  mobil e 

phas e  velocit y  an d thu s  th e  sampl e  migratio n ca n b e  controlle d fo r  an y tim e 

perio d desired .  Unde r  thes e  circumstances ,  component s  wit h lo w R p value s  ca n b e 

made  t o  travers e  th e  entir e  lengt h o f  th e  TL C plat e  an d thei r  resolutio n i s 

improve d b y maximizin g th e  numbe r  o f  theoretica l  plate s  availabl e  fo r  th e 

separation .  Th e  principa l  disadvantage s  o f  thi s  approac h ar e  tha t  th e 

resolutio n betwee n spot s  increase s  onl y proportionall y toVn ,  th e  spot s  becom e 

mor e  diffus e  (spo t  broadenin g i s  linearl y  relate d t o  migratio n distance) ,  and , 

i f  lon g be d length s  ar e  employe d fo r  th e  separation ,  th e  analysi s  tim e  i s 

greatl y  increased .  A n alternativ e  approac h t o  improvin g th e  resolutio n 

obtainabl e  b y continuou s  developmen t  TL C i s  t o  optimiz e  mobil e  phas e  selectivit y 

an d t o  reduc e  th e  plat e  lengt h require d fo r  th e  separatio n t o  th e  minimu m valu e 

tha t  provide s  th e  necessar y numbe r  o f  theoretica l  plate s  [46] .  Thi s  i s  easil y 

achieve d wit h th e  short-be d continuou s  developmen t  chamber ,  whic h wil l  b e 

describe d later .  I n  genera l  terms ,  selectivit y  i n  TL C ca n usuall y  b e  increase d 

by a  reductio n i n  th e  solven t  strengt h o f  th e  mobil e  phase .  I f  th e  selectivit y 

of  th e  mobil e  phas e  ca n b e  increase d sufficientl y  b y th e  us e  o f  a  mobil e  phas e 

of  lo w R ^  value ,  the n th e  numbe r  o f  theoretica l  plate s  require d fo r  a  particula r 
Ã 

separatio n ca n b e  reduced .  Thu s  shor t  be d length s  a t  hig h mobil e  phas e 

velocitie s  ca n b e  employe d t o  minimiz e  th e  analysi s  time .  Wit h moder n HPTL C 

plate s  thi s  latte r  approac h i s  generall y  preferred . 

The  rat e  o f  solven t  migratio n i n  continuou s  developmen t  TL C i s  constan t  an d 

ca n b e  describe d b y equatio n (9.24 )  [47-52] , 
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u =  (9.24 ) 
C 2  L 

Ê =  mobil e  phas e  velocit y  constan t 
L =  lengt h o f  plat e  traverse d b y th e  solven t 

= mobil e  phas e  velocit y  i n  th e  continuou s  developmen t  mod e 

The  tota l  analysi s  tim e  i s  th e  su m o f  tw o components :  th e  tim e  durin g whic h th e 

solven t  fron t  traverse s  th e  TL C plat e  an d th e  tim e  durin g whic h continuou s 

developmen t  occurs ,  equatio n (9.25) . 

(9.25 ) 

t ^  =  tota l  analysi s  tim e 

t ^  =  tim e  durin g whic h th e  solven t  fron t  traverse s  th e  TL C plat e 

X-2  -  tim e  durin g whic h continuou s  developmen t  occur s 

Similarly ,  th e  tota l  distanc e  migrate d b y eac h solut e  i s  th e  su m o f  th e 

distance s  tha t  th e  solut e  migrate s  durin g time s  t ^  an d suc h tha t  th e 

followin g approximation s  ar e  valid ,  equation s  (9.26 )  t o  (9.28) . 

D d l  +  d 2 

d x =  R p ( L -  x ) 

ê Ã \ L " 
2 F  2 L 2  F  |_2 L 2  _ 

(9.26 ) 

(9.27 ) 

(9.28 ) 

Mp =  tota l  distanc e  migrate d b y eac h solut e 

d^  =  distanc e  migrate d durin g tim e  t ^ 

d^  =  distanc e  migrate d durin g tim e  t ^ 

÷ =  distanc e  betwee n th e  sampl e  origi n an d th e  heigh t  o f  th e  mobil e 
phas e  i n  th e  tan k 

Combinin g th e  abov e  equation s  an d eliminatin g ÷  lead s  t o  th e  generall y  usefu l 

expressio n fo r  M^ ,  equatio n (9.29 )  [52] . 

". 2 

MD =  R F 

2L K +  Kt T 

2L 
(9.29 ) 

Equatio n (9.29 )  ca n b e  use d t o  predic t  th e  center-to-cente r  spo t  separatio n o f 

an y tw o solute s  b y th e  differenc e  i n  thei r  values .  Wit h binar y mobil e  phas e 

mixtures ,  Ê  ca n b e  replace d b y a  quadrati c  expression ,  equatio n (9.30) ,  whic h 

contain s  th e  mol e  fractio n o f  th e  stronge r  solven t  a s  a  variable . 
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K = a l  +  a 2 X s  +  a 3 ( x s ) (9.30 ) 

a^ ,  a2 » an d a ^  =  experimentally-derive d constant s 

x g =  mol e  fractio n o f  th e  stronge r  solven t 

Usin g equation s  (9.29 )  an d (9.30 )  an d th e  metho d o f  overlappin g resolutio n map s 

fo r  critica l  solut e  pairs ,  Nuro k ha s  show n tha t  i t  i s  possibl e  t o  predic t 

separation s  b y continuou s  developmen t  TL C [52] ,  Th e  resolutio n domai n o f  th e 

optimizatio n triangl e  i s  bounde d b y th e  plat e  length ,  developmen t  time ,  an d mol e 

fractio n o f  th e  stronge r  solvent ,  a s  show n i n Figur e  9.7 .  Th e  optimu m regio n 

fo r  separatio n i s  th e  unshade d portio n o f  th e  triangle ,  whil e  th e  shade d are a 

represent s  combination s  o f  experimenta l  variable s  fo r  whic h acceptabl e 

resolutio n doe s  no t  exist .  Nuro k ha s  show n tha t  fo r  a  give n separation , 

continuou s  developmen t  wil l  alway s  yiel d a  shorte r  analysi s  tim e  tha n 

conventiona l  developmen t  [49] . 

Figur e  9. 7 Optimizatio n triangl e  fo r  continuou s  developmen t  TLC .  Th e 
experimenta l  variable s  boundin g th e  triangl e  ar e  plat e  length , 
time ,  an d mol e  fractio n o f  th e  stronge r  solven t  o f  a  binar y pair . 
The  shade d are a  i s  generate d b y th e  metho d o f  overlappin g 
resolutio n maps .  Th e  unshade d are a  i s  th e  optimize d regio n fo r  th e 
separation .  (Reproduce d wit h permissio n fro m ref .  52 .  Copyrigh t 
Elsevie r  Scientifi c  Publishin g Co. ) 

A techniqu e  simila r  t o  tha t  o f  continuou s  developmen t  i s  "evaporativ e 

TLC".  Her e  th e  TL C plat e  i s  heate d b y externa l  mean s  t o  induc e  controlle d 

evaporatio n o f  th e  mobil e  phas e  fro m th e  developin g plat e  [53] ,  Th e  ne t  resul t 

i s  a  solven t  velocit y  profil e  whic h decrease s  fro m th e  solven t  reservoi r  t o  th e 

solven t  front .  Wit h thi s  techniqu e  modes t  improvement s  i n  separatio n rate s  hav e 

bee n claime d du e  t o  increase d integra l  flow .  Ther e  exist s  a n importan t 

Xs 
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differenc e  betwee n th e  method s  o f  continuou s  developmen t  an d evaporativ e  TLC . 

I n th e  former ,  th e  separatio n take s  plac e  i n  a n ideall y  saturate d atmosphere , 

wherea s  i n  th e  latter ,  th e  vapo r  phas e  i s  no t  saturate d an d th e  developmen t  ma y 

be  performe d i n  a n ope n chamber . 

The  ter m "multipl e  development "  encompasse s  a  variet y  o f  TL C technique s 

involvin g th e  repeate d developmen t  o f  a  TL C plat e  i n  eithe r  on e  o r  tw o 

dimension s  wit h th e  sam e  o r  differen t  solvent s  fo r  constan t  o r  varyin g 

distances .  I n  it s  simples t  form ,  th e  chromatogra m i s  develope d i n  a  give n 

solvent ,  th e  plat e  i s  remove d fro m th e  chamber ,  an d th e  solven t  i s  allowe d t o 

evaporate .  Th e  plat e  i s  the n returne d t o  th e  sam e  solven t  an d develope d fo r  a 

secon d tim e  t o  th e  sam e  solven t  front .  Th e  sequenc e  o f  developmen t  an d solven t 

remova l  ca n b e  repeate d an y numbe r  o f  time s  unti l  th e  desire d separatio n i s 

achieved .  Provide d tha t  th e  experimenta l  regim e  remain s  a s  describe d above , 

the n th e  apparen t  valu e  fo r  th e  secon d o f  tw o component s  migratin g clos e 
r 

together ,  Rp^ ,  afte r  ç  development s  i s  give n b y equatio n (9.31 ) 

( 1  -  R p ) n =  1  -  R p a (9.31 ) 

an d th e  resolutio n o f  th e  tw o band s  b y equatio n (9.32) . 

Rg =  C  [ 1 -  ( 1  -  R F ) " ] 1 / 2 ( 1  -  R F )  (9.32 ) 

Rp =  singl e  developmen t  valu e 

Rp^  =  apparen t  R p valu e  afte r  ç  development s 

C =  constan t  dependen t  o n th e  valu e  o f  R „  fo r  th e  secon d o f  tw o closel y 
migratin g components .  I t  embodie s  th e  value s  fo r  th e  capacit y  facto r 
an d th e  numbe r  o f  theoretica l  plates . 

The  conditio n fo r  maximu m resolutio n wit h ç  identica l  development s  i s  give n b y 

equatio n (9.33) . 

Rp =  1  -  [2/( n +  2 ) ] 1 / 2 (9.33 ) 

I f  th e  solven t  syste m ha s  bee n optimize d fo r  th e  separatio n the n th e  maximu m 

resolutio n obtainabl e  i n  ç  development s  i s  give n i n  Tabl e  9.5 . 

A uniqu e  featur e  o f  th e  multipl e  developmen t  techniqu e  i s  th e  existenc e  o f 

an interface ,  th e  solven t  front ,  whic h periodicall y  traverse s  th e  stationar y be d 

an d an y sampl e  component s  withi n it .  Th e  resul t  o f  thi s  proces s  i s  a  natura l 

spo t  reconcentratio n phenomeno n [54] .  A s  th e  solven t  fron t  advance s  acros s  th e 

spot ,  th e  solut e  molecule s  behin d th e  fron t  advanc e  i n  th e  directio n o f  solven t 

flo w towar d thos e  motionles s  solut e  molecule s  stil l  beyon d th e  front .  Th e  ne t 

resul t  i s  a  compressio n o f  th e  spo t  i n  a  bottom-to-to p directio n a s  illustrate d 

i n  Figur e  9.8 .  Fo r  a  spo t  o f  initia l  width ,  w^ ,  th e  spo t  widt h w  afte r  ç 

development s  i s  give n b y equatio n (9.34) . 
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TABLE 9. 5 

Number  o f 
Development s  (n ) 

Optimu m R p 

Singl e  Positio n o f  ban d 
Developmen t  afte r  multipl e 

developmen t  (Rp a ) 

Relativ e 
Resolutio n 

1 
2 
3 
5 

10 

0.3 3 
0.2 9 
0.2 6 
0.2 2 
0.1 6 

0.3 3 
0.5 0 
0.6 1 
0.7 1 
0.8 2 

1.0 0 
1.3 1 
1.5 2 
1.7 3 
2.0 0 

Rg measure d divide d b y R g fo r  a  singl e  developmen t  (R p =  0.33 ) 

A B C 
Figur e  9. 8 Spo t  reconcentratio n mechanis m i n multipl e  development . 

A,  advancin g solven t  fron t  contact s  lowe r  edg e  o f  spot ;  B ,  solven t 
fron t  traverse s  spot ,  producin g a  compressio n i n  th e  bottom-to-to p 
direction ;  C ,  spo t  i s  develope d normall y afte r  bein g reconcentrated . 

w =  w .  ( 1  -  R p ) n (9.34 ) 

The  conventiona l  developmen t  o f  a  TL C plat e  result s  i n  a  linea r  increas e  i n  spo t 

widt h wit h th e  distanc e  migrate d b y th e  spot .  Th e  spo t  reconcentratio n 

phenomeno n counteract s  thi s  broadenin g mechanism ,  a s  show n i n Figur e  9.9 .  Th e 

dotte d line ,  whic h take s  o n a  zig-za g shape ,  indicate s  th e  chang e  i n  spo t 

diamete r  durin g eac h cycl e  o f  th e  multipl e  developmen t  process .  Tw o feature s 

ar e  clearl y  visible :  th e  shar p decreas e  i n  spo t  widt h a s  th e  solven t  fron t 

traverse s  th e  spo t  (reconcentratio n mechanism )  an d th e  genera l  increas e  i n  spo t 

widt h b y th e  norma l  processe s  takin g plac e  durin g developmen t  o f  th e 

chromatogram .  Thi s  latte r  broadenin g o f  th e  spo t  i s  o f  cours e  equivalen t  t o 

tha t  whic h occur s  i n  norma l  TL C 

The  proble m o f  separatin g mixture s  containin g component s  wit h ver y 

differen t  R ^  value s  ca n b e  circumvente d i n  th e  multipl e  developmen t  technique . 

MAXIMUM RESOLUTIO N I N MULTIPL E DEVELOPMENT THIN-LAYE R CHROMATOGRAPHY 
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M I G R A T I O N DISTANC E 

Figur e  9. 9 Spo t  broadenin g a s  a  functio n o f  developmen t  distance .  Th e  soli d 
lin e  represent s  th e  constan t  rat e  o f  spo t  broadenin g b y norma l 
development .  Th e  broke n lin e  illustrate s  th e  influenc e  o f  multipl e 
developmen t  technique s  o n th e  spo t  widt h vi a  th e  reconcentratio n 
mechanism .  (Reproduce d wit h permissio n fro m ref .  54 .  Copyrigh t 
America n Oi l  Chemist s  Society) . 

By successivel y changin g th e  solven t  strengt h o f  th e  mobil e  phas e  a t  an y o r  al l 

developmen t  steps ,  th e  k  valu e  fo r  eac h component ,  o r  group s  o f  adjacen t 

components ,  ca n b e  optimized .  Th e  adven t  o f  scannin g densitometer s  fo r  th e  i n 

sit u  detectio n o f  th e  separate d spot s  ha s  ha d a  considerabl e  impac t  o n th e  us e 

of  th e  multipl e  developmen t  techniqu e  fo r  th e  separatio n o f  mixture s  containin g 

weakl y an d strongl y retaine d components .  I t  i s  n o longe r  necessar y t o  hav e  th e 

entir e  sampl e  simultaneousl y separate d o n th e  plat e  an d availabl e  fo r 

measurement .  Th e  preferre d metho d i s  t o  fractionat e  th e  sample ,  a  fe w 

component s  a t  a  time ,  base d o n thei r  relativ e  mobilitie s  an d t o  mak e 

quantitativ e  measurement s  a t  th e  conclusio n o f  an y developmen t  cycl e  i n  whic h 

adequat e  separatio n ha s  bee n achieved .  Wit h HPTL C plate s  a  combinatio n o f 

continuou s  an d multipl e  developmen t  technique s  provide s  th e  mean s  t o  optimiz e 

th e  resolutio n o f  comple x mixture s  whil e  minimizin g th e  tim e  require d fo r  eac h 

analysis .  Th e  experimenta l  parameter s  tha t  mus t  b e  optimize d fo r  eac h cycl e  i n 

th e  multipl e  developmen t  sequenc e  ar e  plat e  length ,  developmen t  time ,  an d 

solven t  selectivit y  [55] , 

The  feature s  o f  bot h multipl e  developmen t  an d "evaporativ e  TLC "  ca n b e 

combine d i n  a  completel y instrumentalize d hig h resolutio n TL C techniqu e  calle d 

programme d multipl e  developmen t  [56-58] .  Programme d multipl e  developmen t  (PMD ) 

ha s  bee n define d a s  th e  repeate d developmen t  o f  a  TL C plat e  wit h th e  sam e 

solven t  i n  th e  sam e  directio n fo r  graduall y  increasin g distances .  Betwee n 
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development s  th e  solven t  i s  remove d fro m th e  thin-laye r  be d b y controlle d 

evaporatio n whil e  th e  plat e  remain s  i n  contac t  wit h th e  solven t  reservoir .  A 

uniqu e  featur e  o f  thi s  developmen t  metho d i s  tha t  th e  spo t  reconcentratio n 

mechanis m occur s  twic e  pe r  developmen t  cycle ,  firs t  durin g solven t  advance ,  a s 

wit h al l  multipl e  developmen t  techniques ,  an d the n durin g solven t  removal .  Th e 

solven t  fron t  recede s  slowl y b y force d evaporation ,  b y th e  applicatio n o f  eithe r 

hea t  t o  th e  bac k o f  th e  plat e  o r  a  strea m o f  iner t  ga s  acros s  th e  front .  Thus , 

a s  th e  solven t  fron t  recede s  throug h th e  spot ,  th e  molecule s  a t  th e  to p o f  th e 

spo t  ar e  deposite d i n  th e  be d whil e  thos e  molecule s  a t  th e  botto m o f  th e  spo t 

continu e  t o  mov e  upward s  unti l  th e  solven t  fron t  recede s  completel y belo w th e 

spot .  Th e  resul t  i s  a  top-to-botto m compressio n o f  th e  spo t  diameter .  Th e 

solven t  fron t  the n recede s  unti l  a  steady-stat e  situatio n i s  reache d betwee n th e 

evaporatio n o f  solven t  fro m al l  wette d area s  an d th e  solven t  flu x enterin g th e 

bed .  Th e  nex t  cycl e  commence s  b y terminatin g th e  hea t  o r  ga s  flo w use d t o 

induc e  force d evaporation .  A s  th e  numbe r  o f  cycle s  i s  increased ,  th e  spot s 

becom e  mor e  an d mor e  rod-lik e  wit h ver y narro w top-to-botto m diameter s  a s  a 

consequenc e  o f  thi s  spo t  reconcentratio n mechanism .  Th e  PMD instrumen t  allow s 

up t o  9 9 solven t  advanc e  an d evaporatio n cycle s  t o  b e  performe d automaticall y 

an d apparen t  plat e  number s  i n  exces s  o f  100,00 0 hav e  bee n reporte d usin g a 

progra m o f  6 8 development s  lastin g 7 2 hours . 

So fa r  th e  discussio n o f  multipl e  developmen t  TL C ha s  deal t  exclusivel y 

wit h unidimensiona l  development .  Thi s  metho d ha s  th e  advantag e  o f  preservin g 

th e  abilit y  o f  th e  TL C plat e  t o  handl e  multipl e  samples .  Whe n sampl e  throughpu t 

i s  no t  th e  mai n concer n an d th e  require d separatio n need s  onl y a  modes t  increas e 

i n  resolution ,  i t  i s  possibl e  t o  us e  two-dimensiona l  TL C [59] .  I n 

two-dimensiona l  TLC ,  th e  sampl e  i s  develope d alon g on e  edg e  o f  th e  plate ,  th e 

plat e  i s  remove d fro m th e  chamber ,  an d th e  solven t  i s  evaporate d prio r  t o 

returnin g th e  plat e  t o  th e  chambe r  an d developin g a  secon d tim e  i n  a  directio n 

orthogona l  t o  th e  first .  I f  th e  sam e  mobil e  phas e  i s  use d fo r  bot h 

developments ,  th e  be d lengt h an d thu s  th e  tota l  numbe r  o f  theoretica l  plate s  ar e 

double d an d th e  resolutio n i s  improve d b y u p t o  a  facto r  ofV2 .  Two-dimensiona l 

developmen t  i s  ofte n use d wit h sample s  containin g som e  component s  whic h hav e 

simila r  k  value s  fo r  an y se t  o f  separatio n conditions ,  suc h tha t  som e  overla p o f 

sampl e  spot s  alway s  occur s  wit h norma l  development .  Th e  us e  o f  differen t 

separatio n condition s  i n  eac h developmen t  permit s  th e  separatio n o f  on e  grou p o f 

sampl e  component s  i n  th e  firs t  developmen t  an d som e  othe r  grou p o f  component s  i n 

th e  second .  Two-dimensiona l  TL C ca n als o b e  use d i n  conjunctio n wit h specifi c 

chemica l  reagent s  whic h alte r  eithe r  th e  sampl e  (e.g. ,  reduction ,  oxidation , 

derivatization )  o r  th e  plat e  (e.g. ,  impregnatio n wit h silve r  nitrate )  afte r  th e 

firs t  development .  Th e  principa l  limitatio n o f  two-dimensiona l  TL C i s  tha t 

scannin g densitometr y canno t  b e  use d fo r  quantitation . 
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A techniqu e  relate d t o  two-dimensiona l  TLC ,  two-dimensiona l  colum n 

chromatography ,  ha s  recentl y  bee n describe d b y Guiocho n [60,61] .  Here ,  th e 

colum n i s  essentiall y  a  thi n laye r  o f  sorbent ,  simila r  t o  th e  sorben t  be d i n 

TLC,  excep t  tha t  i t  i s  retaine d i n  a  rectangula r  trough .  Th e  troug h i s 

pressurize d b y a n elasti c  membran e  coverin g th e  to p surface .  Th e  colum n i s 

develope d alternatel y i n  orthogona l  directions ,  employin g a n intermediat e  ga s  o r 

solven t  flushin g ste p t o  completel y eliminat e  th e  firs t  solven t  prio r  t o 

startin g th e  secon d developmen t  [62] .  Th e  mobil e  phas e  i s  force d throug h th e 

sorben t  be d b y a  mechanica l  pump .  Detectio n i s  performe d on-lin e  wit h a 

photodiod e  arra y detecto r  stri p  locate d alon g on e  edg e  o f  th e  colum n opposit e 

th e  entr y positio n o f  th e  secon d mobil e  phase .  Th e  principa l  drawback s  t o 

two-dimensiona l  colum n chromatograph y ar e  th e  necessit y  o f  selectin g tw o 

differen t  retentio n mechanism s  fo r  th e  separatio n o f  comple x mixtures ,  th e 

possibl e  interferenc e  o f  th e  solven t  use d fo r  th e  firs t  developmen t  i n  th e 

second ,  and ,  perhap s  mos t  importantly ,  th e  detectio n o f  th e  separate d 

components .  I n  theory ,  th e  sampl e  capacit y  fo r  two-dimensiona l  colum n 

chromatograph y shoul d excee d severa l  thousan d components ,  compare d t o  a  fe w 

hundre d i n  HPLC .  Thi s  ha s  maintaine d interes t  i n  th e  techniqu e  despit e  th e 

formidabl e  instrumenta l  problems . 

9. 9  Developmen t  Chamber s  fo r  HPTL C 

To obtai n reproducibl e  value s  i n  thin-laye r  chromatograph y i t  i s 
Ã 

essentia l  tha t  th e  developmen t  proces s  take s  plac e  i n  a  chambe r  designe d t o 

enabl e  th e  plate ,  mobil e  phase ,  an d vapo r  phas e  t o  reac h equilibriu m [63] .  Fo r 

conventiona l  TLC ,  larg e  volum e  chambers ,  line d wit h pape r  tha t  ha s  bee n 

saturate d b y th e  mobil e  phase ,  ar e  routinel y used .  Suc h chamber s  ar e  adequat e 

fo r  qualitativ e  wor k bu t  fai l  t o  provid e  th e  controlle d environmen t  necessar y 

fo r  accurat e  an d reproducibl e  measuremen t  o f  TL C data .  Equilibratio n o f  th e 

vapo r  phas e  wit h th e  sorben t  laye r  o f  th e  plat e  i s  easil y  achieve d i n  th e 

compac t  sandwic h chamber .  Thi s  sandwic h chambe r  i s  forme d b y clampin g th e  TL C 

plat e  an d a  glas s  plat e  together ,  separate d b y a  U-shape d space r  a  fe w 

millimeter s  thick .  Developmen t  i s  carrie d ou t  b y placin g th e  ope n en d o f  th e 

chambe r  i n  a  solven t  troug h containin g th e  mobil e  phase . 

Vapo r  phas e  equilibratio n i s  equall y  importan t  i n  HPTLC .  Developmen t 

chamber s  base d o n th e  experienc e  gaine d i n  conventiona l  TL C ar e  commerciall y 

available .  Th e  twin-troug h chamber ,  Figur e  9.10 ,  i s  th e  simples t  o f  th e  HPTL C 

developin g chambers .  I t  consist s  o f  a  standar d developin g tan k wit h a  raised , 

wedge-shape d botto m t o minimiz e  solven t  consumption .  Th e  wedge d botto m divide s 

th e  tan k int o tw o compartment s  s o tha t  i t  i s  possibl e  t o  eithe r  develo p tw o 

plate s  simultaneousl y o r  t o  us e  on e  compartmen t  t o  preconditio n th e  sorben t 
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Figur e  9.1 0 TL C chamber s  use d fo r  HPTLC .  Front ,  short-be d continuou s 
developmen t  chamber .  Bac k left ,  linea r  developmen t  chambe r  an d 
right ,  twin-troug h chamber . 

laye r  prio r  t o  developmen t  [64] .  Th e  plat e  i s  place d i n  on e  compartmen t  an d th e 

mobil e  phas e  o r  th e  preconditionin g solven t  i n  th e  other .  Example s  o f  sorben t 

preconditionin g procedure s  tha t  ar e  easil y  carrie d ou t  i n  th e  twin-troug h 

chambe r  ar e  contro l  o f  humidit y  wit h water-sulfuri c  aci d mixture s  an d plat e 

deactivatio n wit h aqueou s  ammoni a  solution s  fo r  th e  separatio n o f  basi c 

components .  Th e  mobil e  phas e  ca n b e  adde d directl y  t o  th e  plat e  compartmen t  or , 

when th e  mobil e  phas e  i s  firs t  use d fo r  preconditioning ,  th e  chambe r  ca n b e 

tilte d t o  allo w th e  transfe r  o f  solven t  int o th e  compartmen t  fo r  development . 

The  twin-troug h chambe r  i s  widel y use d fo r  routin e  qualit y  contro l 

applications . 

The  linea r  developmen t  chamber ,  Figur e  9.10 ,  i s  a  sandwich-typ e  chambe r  fo r 

th e  horizonta l  developmen t  o f  HPTL C plates .  Th e  sample s  ca n b e  develope d eithe r 

fro m edge-to-edge ,  thereb y maximizin g th e  numbe r  o f  theoretica l  plate s  availabl e 

fo r  th e  separation ,  o r  fro m bot h end s  simultaneousl y towar d th e  plat e  center , 

henc e  maximizin g th e  sampl e  capacit y  o f  th e  plate .  Th e  mobil e  phas e  i s 

transporte d fro m th e  reservoi r  t o  th e  sorben t  laye r  b y tw o glas s  microscop e 
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slides ;  th e  liqui d rise s  b y surfac e  tensio n an d capillar y forces .  Th e  mobil e 

phas e  the n travel s  throug h th e  sorben t  laye r  b y capillar y action .  Whe n a  plat e 

i s  develope d fro m bot h edge s  simultaneously ,  th e  chambe r  mus t  b e  levele d t o 

allo w th e  tw o solven t  front s  t o  migrat e  a t  th e  sam e  spee d an d mee t  precisel y i n 

th e  middle .  A t  thi s  poin t  th e  capillar y force s  balanc e  ou t  an d th e 

chromatographi c  developmen t  ceases . 

Relate d t o  th e  linea r  developmen t  chambe r  i s  th e  Vario-K S chamber .  Th e 

plat e  i s  als o develope d i n  th e  horizonta l  positio n i n  a  sandwic h configuration . 

However ,  thi s  chambe r  i s  supplie d wit h a  variet y  o f  conditionin g trays ,  divide d 

int o lane s  o r  squar e  segments ,  an d u p t o  fiv e  mobil e  phas e  reservoirs .  Thu s  th e 

plat e  ma y b e  segregate d int o fiv e  environmentall y  separate d lane s  tha t  ca n b e 

develope d wit h fiv e  differen t  mobil e  phase s  simultaneously .  Th e  conditio n o r 

activit y  o f  th e  adsorben t  laye r  ca n b e  adjuste d a s  desire d fo r  eac h o f  th e  fiv e 

sampl e  lane s  independentl y  o r  an y desire d activit y  gradien t  ca n b e  forme d i n  th e 

directio n o f  mobil e  phas e  migratio n fo r  eac h lane .  Th e  Vario-K S chambe r  i s  use d 

primaril y  fo r  scoutin g th e  condition s  necessar y fo r  optimu m separatio n o f  a 

mixtur e  an d als o t o  asses s  th e  influenc e  o f  preloadin g th e  sorben t  laye r  wit h 

differen t  solven t  vapor s  [65] .  I t  i s  use d les s  ofte n fo r  carryin g ou t  multipl e 

separation s  o f  th e  sam e  sample .  A  heatin g bloc k accessor y i s  availabl e  fo r 

carryin g ou t  separation s  b y continuou s  development . 

The  short-be d continuou s  developmen t  chambe r  (SB/C D chamber )  i s  designe d 

specificall y  fo r  us e  wit h continuou s  an d multipl e  developmen t  techniques ,  Figur e 

9.10 .  Th e  chambe r  ha s  a  lo w profil e  an d a  wid e  bas e  t o  permi t  developmen t  clos e 

t o  th e  horizonta l  posito n an d t o  minimiz e  th e  chambe r  volume .  Th e  bas e  contain s 

fou r  glas s  ridge s  runnin g nearl y  th e  entir e  lengt h o f  th e  chamber .  Th e  fou r 

ridges ,  alon g wit h th e  bac k wal l  o f  th e  chamber ,  provid e  fiv e  position s  whic h 

permi t  a  choic e  o f  th e  plat e  lengt h use d fo r  a  particula r  separation .  On e  en d 

of  th e  HPTL C plat e  protrude s  fro m th e  chamber ,  enablin g continuou s  evaporatio n 

of  th e  mobil e  phas e  a t  th e  junctio n forme d b y th e  plat e  surfac e  an d th e  cove r 

li d  o f  th e  chamber . 

The  U-chamber ,  show n i n Figur e  9.11 ,  i s  designe d fo r  optima l  circula r  HPTL C 

development .  Th e  mobil e  phas e  velocit y  i s  electronicall y  controlle d b y a 

steppin g moto r  tha t  drive s  a  captiv e  syringe .  Th e  syring e  feed s  th e  mobil e 

phas e  directl y  ont o th e  horizonta l  plat e  vi a  a  platinum-iridiu m capillary .  Th e 

chambe r  volum e  i s  miniaturize d t o  provid e  optimu m condition s  fo r  th e  saturatio n 

of  th e  vapo r  phas e  i n  contac t  wit h th e  plate .  Th e  sorben t  laye r  ca n b e 

equilibrate d prio r  t o  an d als o durin g developmen t  wit h an y desire d volatil e 

vapor .  A n injectio n valv e  i s  provide d t o  introduc e  th e  sampl e  ont o th e  plat e 

surfac e  vi a  th e  mobil e  phase .  Whe n th e  sampl e  i s  applie d ont o th e  pre-wette d 

laye r  i n  thi s  mode ,  th e  chromatogra m consist s  o f  a  serie s  o f  concentri c  ring s  o f 

varyin g circumference .  A  circula r  heatin g bloc k i s  availabl e  a s  a n accessor y t o 
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1 

Figur e  9.1 1 Cross-sectiona l  diagra m o f  th e  Cama g U-chambe r  fo r  circula r 
chromatography . 

evaporat e  th e  mobil e  phas e  a t  th e  solven t  fron t  fo r  us e  i n  th e  continuou s 

developmen t  mode .  Th e  U-chambe r  provide s  th e  mos t  controlle d environmen t  fo r 

obtainin g reproducibl e  HPTL C dat a  [1] , 

The  U-chambe r  wa s  th e  forerunne r  o f  th e  pressurize d ultramicr o chambe r 

(PUM)  use d fo r  overpressure d TL C [22,66,67] ,  A  uniqu e  featur e  o f  thi s 

developmen t  chambe r  i s  th e  us e  o f  a n elasti c  membran e  unde r  externa l  pressur e 

whic h i s  i n  contac t  wit h th e  surfac e  o f  th e  TL C plate .  I n  thi s  wa y th e  vapo r 

phas e  abov e  th e  sorben t  laye r  i s  entirel y  eliminated .  Th e  mobil e  phas e  i s 

pumpe d throug h th e  sorben t  layer ,  permittin g eithe r  linea r  o r  circula r 

development .  A  wid e  selectio n o f  flo w rate s  ma y b e  employe d wit h th e  provis o 

tha t  th e  inpu t  pressur e  o f  th e  mobil e  phas e  shoul d no t  excee d th e  externa l 

pressur e  o n th e  membrane . 

The  anticircula r  developmen t  chambe r  contain s  man y o f  th e  feature s  foun d i n 

th e  U-chamber .  Th e  plat e  i s  develope d horizontally ,  th e  chambe r  volum e  i s 

small ,  an d th e  vapo r  phas e  ca n b e  controlle d b y externa l  mean s  [68] .  A n oute r 

circl e  i s  cu t  fro m th e  adsorben t  laye r  t o  allo w th e  solven t  t o  migrat e  i n  onl y 

th e  desire d direction .  Thi s  adsorbent-fre e  annulu s  provide s  a  barrie r  tha t 

prevent s  solven t  migratio n toward s  th e  oute r  edg e  o f  th e  plate .  A  ver y narro w 

circula r  channe l  i n  direc t  contac t  wit h th e  solven t  reservoi r  i s  contacte d wit h 

th e  adsorben t  laye r  sealin g th e  chambe r  t o  star t  th e  developmen t  process .  Th e 

mobil e  phas e  move s  b y capillar y force s  throug h th e  be d an d canno t  b e  controlle d 

by externa l  means .  Mobil e  phas e  consumptio n i n  bot h circula r  an d anticircula r 

developmen t  mode s  i s  ver y low . 
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9.1 0 Quantitativ e  Evaluatio n o f  Thin-Laye r  Chromatogram s 

Commercia l  instrument s  fo r  performin g quantitativ e  evaluatio n o f  TL C 

chromatogram s  b y direc t  photometri c  measurement s  firs t  appeare d i n  abou t 

1967 .  Suc h instrument s  hav e  playe d a n importan t  rol e  i n  th e  evolutio n o f  moder n 

TLC;  withou t  suc h equipmen t  th e  exquisit e  resolutio n obtaine d b y HPTL C woul d b e 

t o  n o avai l  an d TL C woul d hav e  remaine d a  semi-quantitativ e  technique .  A t  best , 

th e  visua l  scannin g o f  a  TL C plat e  allow s  detectio n o f  abou t  1-1 0 microgram s  o f 

colore d component s  wit h a  reproducibilit y  o f  n o bette r  tha n 10-30% .  Excisin g 

th e  separate d spots ,  elutin g th e  substanc e  fro m th e  silic a  gel ,  an d measurin g 

thei r  concentratio n b y solutio n photometr y i s  tim e  consumin g an d fairl y 

insensitive .  Fo r  compound s  havin g averag e  U V absorbance ,  10-10 0 microgram s  pe r 

spo t  i s  neede d fo r  detectio n purposes ,  a n amoun t  fa r  i n  exces s  o f  th e  sampl e 

capacit y  o f  HPTL C plates .  Sinc e  th e  huma n ey e  i s  incapabl e  o f  accuratel y 

detectin g th e  edg e  o f  a  spot ,  scrapin g a  spo t  of f  a  plat e  require s  a  generou s 

boundar y o f  silic a  ge l  betwee n th e  separate d spot s  fo r  accurat e  quantitativ e 

data .  Incomplet e  elutio n o f  th e  sampl e  fro m th e  silic a  ge l  an d nonspecifi c 

backgroun d absorbanc e  du e  t o  colloida l  silic a  ge l  i n  th e  analytica l  solutio n 

compoun d th e  problem .  I n sit u  detectio n i s  essentia l  fo r  th e  accurat e 

measuremen t  o f  bot h spo t  siz e  an d location ,  fo r  a  tru e  measur e  o f  inter-spo t 

separation ,  an d fo r  rapid ,  accurat e  quantitation . 

I n  sit u  measurement s  o f  substance s  o n TL C plate s  ca n b e  mad e  b y a  variet y 

of  methods :  reflectance ,  transmission ,  simultaneou s  reflectanc e  an d 

transmission ,  fluorescenc e  quenching ,  an d fluorescenc e  [1,69,70] .  Ligh t 

strikin g th e  plat e  surfac e  i s  bot h transmitte d an d diffusel y scattere d b y th e 

layer .  Ligh t  strikin g a  spo t  o n th e  plat e  wil l  underg o absorptio n s o tha t  th e 

ligh t  transmitte d o r  reflecte d i s  diminishe d i n  intensit y  a t  thos e  wavelengths , 

formin g th e  absorptio n profil e  o f  th e  spot .  Th e  measuremen t  o f  th e  signa l 

diminutio n i n  th e  transmissio n o r  reflectanc e  mod e  du e  t o  thi s  absorptio n b y th e 

spo t  provide s  th e  mechanis m fo r  i n  sit u  quantitation .  Fo r  a  give n compound , 

measurement s  i n  th e  transmissio n mod e  provid e  greate r  pea k heights ,  u p t o  a 

facto r  o f  two ,  accompanie d b y significantl y  highe r  baselin e  nois e  whe n compare d 

t o  reflectanc e  [71] .  I n  reflectanc e  mos t  o f  th e  scattere d ligh t  arise s  fro m 

layer s  clos e  t o  th e  surfac e  an d i s  les s  significantl y  influence d b y change s  i n 

th e  thicknes s  o f  th e  TL C medium ,  whic h generate s  muc h o f  th e  backgroun d nois e  i n 

transmissio n measurements .  Transmissio n measurement s  ar e  limite d t o  thos e 

wavelength s  greate r  tha n 32 0 n m du e  t o  stron g absorptio n b y th e  glas s  backin g 

plat e  an d b y th e  silic a  ge l  itsel f  a t  shorte r  wavelengths .  Reflectanc e 

measurement s  ca n b e  mad e  a t  an y wavelengt h rangin g fro m th e  U V t o th e  nea r 

infrare d (185-250 0 nm) .  Fo r  spot s  wit h absorptio n maxim a  greate r  tha n 32 0 nm , 

th e  optimu m signal-to-nois e  rati o  i s  obtaine d b y simultaneousl y recordin g bot h 
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th e  reflectanc e  an d th e  transmissio n signal s  a t  th e  sam e  poin t  o n th e  plat e 

[72,73] ,  I f  th e  reflectanc e  an d transmissio n signal s  ar e  combine d b y a 

correspondin g weightin g factor ,  baselin e  fluctuation s  ca n b e  dramaticall y 

reduce d an d th e  signal-to-nois e  rati o  improve d b y u p t o  tw o order s  o f 

magnitude . 

An exac t  theoretica l  descriptio n o f  th e  optica l  behavio r  o f  a  thin-laye r 

plat e  i s  nearl y  impossible .  Sinc e  TL C plate s  ar e  opaqu e  an d scatte r  ligh t 

strongly ,  absorptio n measurement s  canno t  b e  expecte d t o  obe y th e  Beer-Lamber t 

law .  However ,  a  simplifie d theor y i s  availabl e  an d i s  adequat e  fo r  th e 

situatio n pertainin g t o  chromatographi c  measurements .  Know n a s  th e  Kubelka-Mun k 

theory ,  it s  derivatio n i s  beyon d th e  scop e  o f  thi s  sectio n an d th e  intereste d 

reade r  i s  referre d t o  reference s  [74-76] .  Th e  Kubelka-Mun k equatio n take s  th e 

for m 

( 1 -  R ) 2 c 
= å — (9.35 ) 

2R s 

R =  reflectanc e 
å =  absorptio n coefficien t 
s  =  scatte r  coefficien t 
c  =  spo t  concentratio n 

Reflectanc e  measurement s  ar e  mad e  b y scannin g th e  plat e  wit h a  slit-shape d 

measurin g area .  Unde r  thes e  condition s  th e  calibratio n curve s  sho w a n initia l 

linea r  regio n passin g throug h th e  origi n bu t  curvin g towar d th e  concentratio n 

axi s  a t  highe r  concentrations .  Som e  typica l  calibratio n curve s  recorde d unde r 

th e  abov e  condition s  ar e  show n i n Figur e  9.1 2 [77] .  Th e  curve d uppe r  branc h o f 

th e  calibratio n grap h ca n ofte n b e  linearize d b y a  paraboli c  approximatio n 

A2 =  f(c )  (9.36 ) 

or  a  two-fol d logarithmi c  approximatio n 

lo g A  =  f(lo g c )  (9.37 ) 

wher e  A  i s  th e  are a  enclose d b y th e  reflectanc e  curve .  I f  a n interna l  standar d 

wit h absorptio n propertie s  simila r  t o  th e  compoun d t o  b e  determine d i s  use d i n 

th e  analysis ,  the n th e  rati o  o f  th e  pea k area s  o f  th e  compoun d t o  th e  interna l 

standar d plotte d agains t  concentratio n i s  usuall y  linea r  ove r  on e  t o  tw o order s 

of  magnitude . 

UV-absorbin g compound s  ca n b e  measure d b y fluorescenc e  quenchin g a s  wel l  a s 

by reflectance .  Th e  fluorescenc e  quenchin g techniqu e  provide s  a  mean s  o f 

visualizin g spot s  absorbin g UV-ligh t  o n specia l  TL C plate s  incorporatin g a 

fluorescen t  indicator .  Whe n suc h a  plat e  i s  expose d t o  U V ligh t  o f  shor t 

wavelength ,  th e  UV-absorbin g spot s  appea r  dar k agains t  th e  brightl y  fluorescin g 
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Figur e  9.1 2 Calibratio n curve s  fo r  som e  mycotoxin s  measure d b y reflectanc e  i n 
th e  absorptio n mode .  (Reproduce d wit h permissio n fro m ref .  77 . 
Copyrigh t  America n Chemica l  Society) . 

backgroun d o f  lighte r  color .  Th e  UV-absorbin g spot s  behav e  similarl y  t o  a n 

optica l  filter ,  absorbin g a  portio n o f  th e  fluorescenc e  excitatio n radiatio n an d 

thu s  diminishin g th e  fluorescenc e  emissio n intensity .  Compare d t o  th e 

measuremen t  o f  reflectance ,  fluorescenc e  quenchin g exhibit s  sever e  backgroun d 

fluctuation s  a s  a  resul t  o f  th e  inhomogeneou s  distributio n o f  th e  fluorescen t 

indicato r  i n  th e  adsorben t  layer .  Th e  fluorescenc e  quenchin g metho d ca n onl y b e 

applie d t o  thos e  substance s  whos e  absorptio n spectr a  overla p th e  excitatio n 

spectru m o f  th e  fluorescen t  indicator .  Th e  fluorescen t  indicator s  i n  commo n us e 

hav e  a  maximu m absorptio n aroun d 28 0 n m an d virtuall y  n o absorbanc e  belo w 24 0 

nm.  Fluorescenc e  quenchin g measurement s  ar e  thu s  les s  specifi c  an d les s 

sensitiv e  tha n reflectanc e  measurements . 

When applicable ,  th e  measuremen t  o f  natura l  fluorescenc e  i s  th e  detectio n 

mode  o f  choice .  Th e  signa l  strengt h doe s  no t  depen d o n th e  reflectanc e  o f  th e 

TLC mediu m sinc e  th e  fluorescenc e  observe d i s  dependen t  solel y o n th e 

fluorescenc e  o f  th e  individua l  sampl e  molecules .  Whe n compare d wit h absorptio n 

measurements ,  a  muc h greate r  linea r  respons e  rang e  wit h a  concentratio n profil e 

independen t  o f  spo t  shap e  i s  obtained .  Fo r  compound s  whic h fluoresc e  strongly , 

detectio n limit s  o f  1 0 t o  10 0 time s  lowe r  tha n th e  detectio n limit s  i n  th e 

absorptio n mod e  ar e  possible .  A s  i n  solutio n photometry ,  ther e  i s  a n 

exponentia l  correlatio n betwee n th e  fluorescenc e  intensity ,  Ip^ ,  an d th e 

quantit y  o f  substance ,  c : 
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(9.38 ) 

= absorptio n coeffcien t  a t  th e  excitatio n wavelengt h 

= intensit y  o f  th e  excitatio n wavelengt h 

For  lo w concentrations ,  th e  produc t  e ^ c  i s  small ,  an d th e  linea r  approximatio n 

may b e  applie d [78] . 

I FL (9.39 ) 

The  reproducibilit y  o f  absorbanc e  an d fluorescenc e  measurement s  b y scannin g 

densitometr y i s  1-3% .  A  saggin g solven t  fron t  o r  variation s  i n  it s  homogeneit y 

ca n seriousl y deteriorat e  thi s  reproducibility .  Fo r  quantitativ e  wor k i n  whic h 

a  hig h degre e  o f  reproducibilit y  i s  desired ,  th e  influenc e  o f  spo t  locatio n o n 

reproducibilit y  ca n b e  largel y eliminate d b y usin g th e  dat a  pai r  techniqu e  [79] . 

9.1 1 Operatin g Requirement s  fo r  Scannin g Densitometer s 

The  scannin g densitometer s  currentl y  availabl e  shar e  man y features .  The y 

ar e  capabl e  o f  measurin g bot h absorptio n an d fluorescenc e  i n  eithe r  th e 

transmissio n o r  reflectanc e  mode s  an d absorptio n i n  th e  fluorescenc e  quenchin g 

mode .  Differen t  lamp s  mus t  b e  use d a s  ligh t  source s  i n  orde r  t o  cove r  th e 

entir e  UV-visibl e  range .  Haloge n o r  tungste n lamp s  ar e  use d fo r  th e  visibl e 

rang e  an d deuteriu m lamp s  fo r  th e  U V range .  Fo r  fluorescenc e  measurements ,  hig h 

intensit y  mercur y o r  xeno n lamp s  ar e  used .  Som e  filte r  densitometer s  us e 

mercur y lamp s  fo r  absorptio n measurement s  i n  th e  U V range .  Filte r  densitometer s 

ar e  inexpensiv e  bu t  limite d i n  selectivit y  t o  th e  characteristi c  lin e  spectru m 

of  th e  source .  Eithe r  gratin g o r  pris m monochromator s  ar e  use d t o  selec t  th e 

desire d measurin g wavelengt h wit h deuteriu m an d tungste n sources .  Fo r 

fluorescenc e  measurements ,  a  monochromato r  o r  filte r  i s  use d t o  selec t  th e 

excitatio n wavelength .  A  cut-of f  filte r  whic h transmit s  th e  wavelengt h o f 

emissio n bu t  attenuate s  th e  wavelengt h o f  excitatio n i s  place d betwee n th e 

detecto r  an d th e  plate .  Interferenc e  filter s  ca n b e  substitute d i f  bette r 

selectivit y  i s  required ;  however ,  sensitivit y  decreases ,  sinc e  emissio n spectr a 

usuall y  consis t  o f  broa d bands .  Th e  monochromati c  ligh t  reflecte d o r 

transmitte d b y th e  TL C plat e  an d th e  fluorescenc e  emissio n signa l  i s  measure d b y 

eithe r  a  photomultiplie r  o r  a  phototransistor .  Photomultiplier s  ar e  preferre d 

as  the y hav e  a  wid e  wavelengt h rang e  o f  operatio n an d als o provid e  a  linea r 

outpu t  signa l  a s  a  functio n o f  excitatio n energy . 

At  thi s  tim e  ther e  ar e  thre e  optica l  arrangement s  predominantl y  employe d i n 

scannin g densitometers ,  Figur e  9.13 .  Th e  single-bea m arrangemen t  i s  capabl e  o f 

producin g excellen t  quantitativ e  result s  bu t  spuriou s  backgroun d nois e  resultin g 

fro m fluctuation s  i n  th e  sourc e  output ,  inhomogeneit y  i n  th e  distributio n o f 
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(a ) ( b ) ( c ) 

Figur e  9.1 3 Schemati c  diagram s  showin g th e  optica l  arrangement s  o f  differen t 
type s  o f  scannin g densitometer s  (a )  singl e  beam ,  (b )  doubl e  bea m 
i n space ,  (c )  doubl e  bea m i n time :  L  =  source ; 
MC =  monochromator ;  Ñ  =  TL C plate ;  an d P M =  photomultiplier . 
(Reproduce d wit h permissio n fro m ref .  3 .  Copyrigh t  America n 
Chemica l  Society) . 

extraneou s  adsorbe d impurities ,  an d irregularitie s  i n  th e  plat e  surfac e  ca n b e 

troublesome .  Backgroun d disturbance s  ar e  compensate d fo r  i n  th e  double-bea m 

operatin g mod e  b y exposin g th e  plat e  t o  tw o beam s  an d recordin g th e  differenc e 

of  th e  tw o signals .  Th e  tw o beam s  ca n b e  eithe r  separate d i n  tim e  a t  th e  sam e 

poin t  o n th e  plat e  o r  separate d i n  spac e  an d recorde d simultaneousl y b y tw o 

detectors .  I n  th e  single-beam ,  dual-wavelengt h mode ,  fluctuation s  cause d b y 

scatterin g a t  a  ligh t  absorbin g wavelengt h (ë^ )  ar e  compensate d fo r  b y 

substractin g th e  fluctuation s  a t  a  differen t  wavelengt h (ë2) ,  a t  whic h th e  spo t 

exhibit s  n o absorptio n bu t  experience s  th e  sam e  scatte r  [2,80] .  Th e  tw o beam s 

ar e  altere d b y a  choppe r  an d recombine d int o a  singl e  bea m t o provid e  th e 

differenc e  signa l  a t  th e  detector .  Becaus e  th e  scatte r  coefficien t  i s 

wavelengt h dependen t  t o  som e  extent ,  th e  correctio n i s  bette r  whe n an d ar e 

clos e  together .  Backgroun d correctio n o f  spuriou s  absorptio n b y plat e 

impuritie s  ca n b e  ver y goo d i n  thi s  mode ,  a s  i s  indicate d i n  Figur e  9.1 4 [81] . 

The  single-beam ,  dual-wavelengt h mod e  provide s  a  well-define d baseline ,  wherea s 

th e  baselin e  i s  les s  clearl y  define d whe n singl e  wavelengt h operatio n i s  use d — 

a  conditio n unfavorabl e  fo r  quantitativ e  analysis . 

The  doubl e  bea m i n spac e  optica l  arrangemen t  divide s  a  singl e  bea m o f 

monochromati c  ligh t  int o tw o beam s  whic h sca n differen t  portion s  o f  th e  plate . 

One  bea m scan s  th e  sampl e  lan e  whil e  th e  othe r  traverse s  th e  blan k regio n 

betwee n sampl e  lanes .  Th e  tw o beam s  ar e  subsequentl y  detecte d b y matche d 

photomultiplier s  an d a  differenc e  signa l  i s  fe d t o  th e  recorder ;  fluctuation s  i n 

th e  outpu t  o f  th e  sourc e  ar e  correcte d i n  thi s  way .  A s  th e  tw o beam s  imping e  o n 

differen t  area s  o f  th e  plate ,  however ,  smal l  irregularitie s  i n  th e  plat e  surfac e 
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Figur e  9.1 4 Us e  o f  backgroun d correctio n t o  improv e  baselin e  stabilit y  i n  th e 
analysi s  o f  a  mixtur e  containin g metoprolo l  an d som e  potentia l 
contaminants .  A  wa s  measure d usin g th e  singl e  wavelengt h mode : 

ë  =  28 0 n m an d Â  b y th e  single-beam ,  dual-wavelengt h mode : 
= 28 0 nm ,  =  30 0 nm .  (Reproduce d wit h permissio n 

fro m ref .  81 .  Copyrigh t  Elsevie r  Scientifi c  Publishin g Co. ) 

an d undesire d backgroun d contribution s  fro m impuritie s  i n  th e  adsorben t  laye r 

may stil l  pos e  problems .  I n  practice ,  th e  qualit y  an d surfac e  homogeneit y  o f 

HPTLC plate s  ar e  generall y  ver y good ,  an d single-beam ,  single-wavelengt h 

operatio n i s  predominantl y  used .  Th e  lowe r  qualit y  o f  conventiona l  an d homemad e 

TLC plate s  generall y  require s  th e  us e  o f  backgroun d correctio n t o  obtai n a 

stabl e  baseline . 

I n  al l  densitometer s  th e  positio n o f  th e  bea m i s  fixed .  Th e  plat e  i s 

scanne d b y mountin g i t  o n a  movabl e  stag e  controlle d b y steppin g motors .  Th e 

motor-drive n scannin g stag e  transport s  th e  plat e  throug h th e  bea m i n th e 

directio n perpendicual r  t o  th e  sli t  length ;  th e  stag e  i s  manuall y  operate d o r 

moto r  drive n i n  th e  orthogona l  direction .  Eac h sca n represent s  a  lan e  whos e 

lengt h i s  define d b y th e  sampl e  migratio n distanc e  an d whos e  widt h i s  specifie d 
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by th e  sli t  setting .  Alternately ,  eac h lan e  ca n b e  scanne d i n  a  zig-za g motion , 

a  metho d whic h effectivel y provide s  reproducibl e  reading s  fo r  spot s  o f  irregula r 

shape .  Irregularl y  shape d spot s  ar e  encountere d infrequentl y  i n  HPTL C an d 

usuall y  indicat e  chromatographi c  problems . 

Circula r  an d anticircula r  chromatogram s  ar e  scanne d b y radia l  o r  periphera l 

scanning .  Scannin g i n  th e  directio n o f  sampl e  migratio n i s  radia l  scannin g an d 

th e  distanc e  t o  th e  neighborin g trac k assume s  th e  dimension s  o f  a n angl e  i n 

degrees .  Scannin g a t  righ t  angle s  t o  th e  directio n o f  developmen t  i s  terme d 

periphera l  scanning ,  analogou s  t o  th e  stylu s  trackin g th e  groov e  i n  a  record . 

Radia l  scannin g i s  usuall y  preferre d ove r  periphera l  scanning . 

To establis h th e  optimu m wavelengt h fo r  maximu m sensitivit y  an d t o  selec t 

characteristi c  wavelengt h respons e  ratio s  t o  confir m sampl e  identit y  o r 

establis h th e  presenc e  o f  unresolve d interferents ,  mos t  densitometer s  mak e  som e 

I I I I I I I I I 1  1 35 0 3 0 0 25 0 
WAVELENGT H (nm ) 

Figur e  9.1 5 Absorptio n spectr a  fo r  PTH-L-asparagin e  obtaine d b y repetitivel y 
scannin g throug h th e  spo t  o n a  HPTL C plat e  a t  differen t 
wavelengths . 
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Emissio n 

a = 4 0 0 n m 

b = 4 5 0 n m 

c = 5 0 0 n m 

d  = 5 5 0 n m 

e  = 6 0 0 n m 

Figur e  9.1 6 Fluorescenc e  spectr a  o f  fluoranthen e  measure d a s  i n  Figur e  9.15 , 
usin g th e  fluorescenc e  mod e  an d filter s  betwee n th e  plat e  an d 
detector . 

provisio n fo r  recordin g th e  UV-visibl e  o r  fluorescenc e  spectru m o f  an y desire d 

spot .  Thi s  ma y b e  don e  eithe r  manuall y  o r  automaticall y  b y scannin g 

repetitivel y acros s  th e  spo t  whil e  changin g th e  absorptio n wavelengt h o r  a 

serie s  o f  fluorescenc e  emissio n filters ,  a s  show n i n Figure s  9.1 5 an d 9.16 .  A 

lin e  draw n throug h th e  pea k maxim a  give s  th e  characteristi c  absorbanc e  envelop e 

of  th e  compoun d a s  a  functio n o f  wavelength .  Fo r  identificatio n purposes , 

characteristi c  absorbanc e  o r  fluorescenc e  emissio n respons e  ratio s  ca n b e 

determine d b y sequentia l  wavelengt h scannin g [55,77,82,83] .  Th e  wavelengt h 

respons e  ratio s  ar e  independen t  o f  concentratio n withi n th e  linea r  operatin g 

rang e  o f  th e  detector .  Sequentia l  wavelengt h scannin g ma y als o b e  use d t o 

enhanc e  th e  resolutio n o f  a  mixture .  Thi s  require s  tha t  tw o separat e 

wavelength s  b e  use d fo r  measurement .  Thes e  wavelength s  mus t  b e  chose n suc h tha t 

neithe r  unresolve d componen t  ha s  significan t  absorptio n o r  fluorescenc e 

á  b  c  d  e 

2 5 4 n m 

ï  b  c  d  e 

3l3n m 

ï  b  c  d  e 

365n m 
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An t ft Phe n 

Figur e  9.1 7 Separatio n o f  a  mixtur e  o f  polycycli c  aromati c  hydrocarbon s  b y 
reversed-phas e  continuou s  multipl e  developmen t  HPTLC .  Sequentia l 
wavelengt h scannin g a t  tw o emissio n wavelength s  provide s 
complementar y dat a  o n th e  complexit y  o f  th e  mixture :  excitatio n 
= 25 4 nm ,  emissio n =  40 0 n m ( -  -  -  - )  an d 45 0 n m (  ) . 

wher e  th e  othe r  componen t  i s  t o  b e  determined .  A n exampl e  i s  show n i n Figur e 

9.1 7 fo r  a n incomplet e  separatio n o f  a  mixtur e  o f  polycycli c  aromati c 

hydrocarbons .  Sequentia l  wavelengt h scannin g a t  tw o differen t  emissio n 

wavelength s  provide s  informatio n abou t  th e  complexit y  o f  th e  mixtur e  tha t  i s 

mor e  complet e  tha n foun d i n  eithe r  o f  th e  individua l  scans .  Recordin g secon d 

an d highe r  orde r  derivative s  o f  th e  densitomete r  signa l  allow s  partiall y 

separate d component s  t o  b e  resolve d an d quantifie d [84-86] .  Thi s  i s  a 

potentiall y  powerfu l  techniqu e  fo r  enhancin g th e  separatin g powe r  o f  HPTLC . 

An importan t  consideratio n whe n assessin g th e  performanc e  o f  a  scannin g 

densitomete r  i s  ho w faithfull y  i t  transform s  th e  separatio n o n th e  plat e  int o a 
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stri p  char t  chromatogram .  Her e  th e  parameter s  o f  interes t  ar e  componen t 

resolution ,  dynami c  signa l  range ,  an d detectability ;  th e  las t  i s  measure d b y th e 

signal-to-nois e  ratio .  Th e  sli t  dimension s  controllin g th e  siz e  o f  th e 

measurin g beam ,  th e  sca n rate ,  an d th e  tota l  electroni c  tim e  constant s  o f  th e 

instrumen t  an d recordin g devic e  ar e  th e  mos t  importan t  experimenta l  variable s 

directl y  affectin g thes e  parameters .  Optimizatio n o f  thes e  variable s  fo r 

recordin g HPTL C chromatogram s  i n  th e  reflectanc e  [71,87] ,  transmissio n [71] ,  an d 

fluorescenc e  [83,88-90 ]  mode s  i s  discusse d i n  th e  literature .  N o absolut e 

measur e  o f  resolutio n i s  available ,  an d thi s  make s  a  compariso n o f  th e 

performanc e  o f  individua l  densitometer s  difficul t  excep t  fo r  side-by-sid e 

compariso n o f  th e  sam e  separatio n wit h bot h instrument s  se t  t o  optimu m measurin g 

conditions .  Sampl e  detectabilit y  i s  mor e  easil y  determine d an d a  protoco l  ha s 

bee n suggeste d t o  standardiz e  thi s  paramete r  fo r  HPTL C measurement s  [91,92] , 

9.1 2 Applicatio n Highlight s  fro m th e  HPTL C Literatur e 

Example s  fro m th e  HPTL C literatur e  hav e  bee n selecte d t o  illustrat e 

differen t  aspect s  o f  th e  moder n practic e  o f  TLC .  Th e  firs t  example ,  th e 

separatio n o f  th e  PTH-amin o aci d derivatives ,  illustrate s  th e  flexibilit y  o f  th e 

continuou s  multipl e  developmen t  techniqu e  fo r  th e  separatio n o f  a  comple x 

mixture .  Chromatographically ,  th e  PTH-amin o acid s  represen t  a  wors e  cas e 

situation ;  th e  mixtur e  cover s  a  broa d polarit y  rang e  an d simultaneousl y contain s 

component s  o f  simila r  structur e  o r  nea r  identica l  separatio n properties .  Fo r 

thi s  separatio n a  serie s  o f  solvent s  o f  increasin g polarit y  i s  neede d t o 

optimiz e  th e  resolutio n o f  th e  mixture .  Th e  secon d se t  o f  example s  deal s  wit h 

th e  analysi s  o f  drug s  i n  blood .  I t  i s  i n  th e  are a  o f  clinica l  analysi s  tha t 

HPTLC ha s  ha d it s  greates t  impact ,  du e  mainl y t o  it s  abilit y  t o  analyz e  multipl e 

sample s  simultaneously .  Complet e  clinica l  assay s  ar e  describe d t o  giv e  th e 

reade r  a n ide a  o f  th e  sampl e  treatmen t  require d prio r  t o  separatio n b y HPTLC . 

Comparison s  wit h othe r  chromatographi c  method s  fo r  therapeuti c  dru g monitorin g 

ar e  als o included .  Th e  remainin g tw o example s  ar e  take n fro m th e  environmenta l 

area .  Th e  separatio n o f  mycotoxin s  i n  admixtur e  an d polycycli c  aromati c 

hydrocarbon s  i n  particulat e  sample s  wer e  selecte d t o  illustrat e  th e  advantag e  o f 

sequentia l  wavelengt h scannin g t o  detec t  unresolve d compound s  o n a n HPTL C plat e 

an d fo r  th e  measuremen t  o f  spectra l  parameter s  fo r  us e  i n  qualitativ e  compoun d 

identification . 

9.12. 1  Separatio n o f  PTH-Amin o Acid s 

Mammalia n protein s  an d peptide s  ar e  comprise d o f  amin o aci d residue s 

connecte d b y amid e  bonds .  Ther e  ar e  2 0 commo n amin o acid s  principall y  foun d i n 

mammalia n proteins ;  individua l  protein s  an d peptide s  diffe r  onl y i n  th e  numbe r 
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an d sequenc e  o f  thes e  amin o acids .  Th e  amin o aci d sequenc e  ca n b e  determine d i n 

a  numbe r  o f  ways ,  on e  o f  th e  mos t  commo n i s  th e  Edma n degradatio n reaction . 

Wit h thi s  automate d metho d th e  protei n structur e  ca n b e  determine d b y 

identifyin g th e  N-termina l  amin o acid ,  a s  it s  phenylthiohydantoi n derivativ e 

(ÑÔ¹-amin o acid) ,  a t  th e  conclusio n o f  eac h cycl e  o f  th e  sequenator .  GC ,  HPTLC , 

TLC,  an d MS hav e  bee n use d t o  identif y  th e  ÑÔÇ-amin o acids ,  bu t  n o singl e 

techniqu e  ha s  prove n completel y adequat e  fo r  thi s  purpos e  [93] , 

Continuou s  multipl e  developmen t  HPTL C ha s  recentl y  bee n applie d t o  thi s 

problem .  1 8 o f  th e  2 0 commo n protei n ÑÔÇ-amin o acid s  hav e  bee n separate d b y 

fiv e  sequentia l  development s  wit h thre e  change s  o f  mobil e  phas e  [93] .  Alanin e 

an d tryptopha n wer e  no t  separate d i n  thi s  schem e  bu t  coul d b e  resolve d t o 

baselin e  i n  a  differen t  solven t  system .  Thus ,  al l  2 0 ÑÔÇ-amin o acid s  ca n b e 

identifie d wit h a n analysi s  tim e  o f  wel l  unde r  on e  hour .  B y usin g 

unidimensiona l  development ,  th e  hig h sampl e  capacit y  o f  th e  HPTL C plat e  i s 

preserved ;  sample s  an d standard s  ca n b e  ru n simultaneousl y t o  improv e  th e 

acccurac y o f  identification . 

Figur e  9.1 8 Separatio n o f  ÑÔÇ-amin o acids .  Secon d developmen t  i n  th e  solven t 
syste m methylen e  chloride-isopropano l  (99:1) ,  1 0 minutes . 
(Reproduce d wit h permissio n fro m ref .  93 .  Copyrigh t  Elsevie r 
Scientifi c  Publishin g Co. ) 
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Figur e  9.1 9 Separatio n o f  PTH-amin o acids .  Thir d developmen t  i n  th e  solven t 
syste m methylen e  chloride-isopropano l  (99:1) ,  1 0 minutes . 
(Reproduce d wit h permissio n fro m ref .  93 .  Copyrigh t  Elsevie r 
Scientifi c  Publishin g Co. ) 

The  separatio n i s  carrie d ou t  o n HPTL C silic a  ge l  plate s  i n  a  short-be d 

continuou s  developmen t  chamber .  Th e  plat e  wa s  develope d i n  eithe r  positio n 2 

(plat e  lengt h 3. 5 cm )  o r  positio n 4  (plat e  lengt h 7. 5  cm) .  Th e  firs t 

developmen t  wa s  mad e  wit h methylen e  chlorid e  fo r  5  minute s  i n  positio n 2  o f  th e 

developmen t  chamber .  Th e  functio n o f  thi s  developmen t  ste p i s  t o  provid e  a n 

initia l  orderin g o f  th e  derivative s  i n  th e  regio n o f  th e  origin ,  thereb y 

improvin g th e  resolutio n o f  th e  mixtur e  i n  subsequen t  developmen t  steps .  Fo r 

th e  secon d development ,  th e  mobil e  phas e  wa s  change d t o  methylen e  chloride -

isopropano l  (99:1 )  an d th e  plat e  develope d fo r  1 0 minute s  i n  positio n 4  o f  th e 

developmen t  chamber .  Scannin g th e  plat e  a t  th e  en d o f  thi s  stag e  enable s  an y o f 

th e  derivative s  o f  proline ,  leucine ,  isoleucine ,  valine ,  o r  phenylalanin e  t o  b e 

identified ,  Figur e  9.18 .  Th e  thir d continuou s  developmen t  i s  a  repea t  o f  ste p 

2.  I t  provide s  bette r  resolutio n o f  th e  derivative s  separate d previousl y a s 
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Figur e  9.2 0 Separatio n o f  ÑÔÇ-amin o acids .  Fourt h developmen t  i n  th e  solven t 
syste m methylen e  chloride-isopropano l  (97:3) ,  1 0 minutes . 
(Reproduce d wit h permissio n fro m ref .  93 .  Copyrigh t  Elsevie r 
Scientifi c  Publishin g Co. ) 

wel l  a s  enablin g th e  derivative s  o f  methionine ,  alanine/tryptophan ,  glycine , 

lysine ,  tyrosine ,  an d threonin e  t o  b e  identified ,  Figur e  9.19 .  I n  thi s 

developmen t  sequence ,  tryptopha n ofte n appear s  a s  a  shoulde r  o n th e  alanin e 

peak ,  bu t  i t  i s  no t  adequatel y resolve d fo r  identificatio n purposes .  Th e 

alanin e  an d tryptopha n derivative s  ca n b e  separate d almos t  t o  baselin e  i n  a  1 0 

minut e  developmen t  wit h hexane-tetrahydrofura n (9:1 )  i n  positio n 2  o f  th e 

short-be d continuou s  developmen t  chamber .  Fo r  th e  fourt h developmen t  step ,  th e 

mobil e  phas e  i s  change d t o  methylen e  chloride-isopropano l  (97:3 )  an d th e  plat e 

redevelope d fo r  1 0 minute s  i n  positio n 4 .  Thi s  improve s  th e  separatio n o f  th e 

derivative s  o f  lysine ,  tyrosine ,  an d threonine ,  and ,  i n  addition ,  serin e  an d 

glutamin e  ma y b e  identified ,  Figur e  9.20 .  Figur e  9.2 0 als o illustrate s  th e 

advantag e  o f  bein g abl e  t o  mak e  measurement s  wit h th e  densitomete r  a t  an y ste p 
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Figur e  9.2 1 Separatio n o f  PTH-amin o acids .  Fift h  developmen t  i n  th e  solven t 
syste m ethy l  acetate-acetonitrile-glacia l  aceti c  aci d 
(74.3:25:0.7) ,  1 0 minutes .  (Reproduce d wit h permissio n fro m ref . 
93 .  Copyrigh t  Elsevie r  Scientifi c  Publishin g Co. ) 

i n  th e  developmen t  sequence .  Th e  separatio n o f  th e  PTH-derivative s  o f  lysine , 

tyrosine ,  threonine ,  serine ,  an d glutamin e  i s  t o  baselin e  a t  thi s  stag e  an d 

thei r  identificatio n i s  easil y  achieved .  However ,  th e  derivative s  o f 

leucine/isoleucine ,  valine/phenylalanine ,  an d tryptophan/alanine/glycin e  hav e 

starte d t o  merg e  togethe r  an d coul d no t  b e  determine d individually ,  althoug h 

the y wer e  well-separate d i n  earlie r  steps .  A t  th e  fourt h developmen t  stag e  th e 

ver y pola r  PTH-amin o aci d derivative s  remai n essentiall y  unresolve d i n  th e 

regio n o f  th e  origin .  A  muc h mor e  pola r  mobil e  phas e  i s  selecte d fo r  thei r 

resolutio n i n  th e  fina l  developmen t  step .  A  1 0 minut e  developmen t  i n  positio n 4 

of  th e  short-be d chambe r  wit h ethy l  acetate-acetonitrile-glacia l  aceti c  aci d 

(74.3:3:25.7 )  separate s  th e  remainin g PTH-amin o aci d derivative s  o f  arginine , 
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histidine ,  S-(carboxymethyl)-cystein e  an d aspargine ,  excep t  fo r  glutami c 

acid/glutamine ,  Figur e  9.21 .  However ,  glutami c  aci d i s  separate d fro m glutamin e 

i n  th e  fourt h developmen t  ste p s o th e  tw o ar e  easil y  differentiate d fro m on e 

another . 

9.12. 2  Analysi s  o f  Drug s  i n  Bloo d 

The  quantitativ e  analysi s  o f  drug s  i n  bloo d sample s  i s  complicate d b y th e 

lo w concentration s  normall y encountere d an d b y interference s  fro m metaboli c 

product s  whic h ma y closel y resembl e  th e  paren t  drug .  Thus ,  analytica l 

procedure s  furnishin g bot h sensitivit y  an d selectivit y  ar e  usuall y  require d fo r 

thes e  determinations ;  mos t  successfu l  method s  involv e  chromatographi c 

separations .  Th e  majo r  disadvantag e  wit h bot h ga s  an d liqui d chromatographi c 

procedure s  fo r  routin e  clinica l  determination s  i s  th e  considerabl e  instrumen t 

tim e  involve d i n  sequentia l  separation s  -  a n unavoidabl e  consequenc e  o f  an y 

colum n base d separatio n system .  Thin-laye r  chromatography ,  o n th e  othe r  hand , 

permit s  simultaneou s  separatio n o f  man y sample s  bu t  i s  hindere d b y relativel y 

lo w sensitivit y  an d resolution .  Hig h performanc e  thin-laye r  chromatograph y doe s 

no t  suffe r  fro m thes e  latte r  limitation s  an d i s  well-suite d t o  therapeuti c  dru g 

monitorin g i n  a  bus y clinica l  laboratory . 

The  suitabilit y  o f  HPTL C fo r  th e  separatio n o f  phenothiazin e  drug s  i s 

illustrate d i n  Figur e  9.22 .  Thi s  separatio n i s  almos t  t o  baselin e  an d woul d b e 

mor e  tha n adequat e  fo r  dru g identificatio n purposes .  On e  o f  thes e  drugs , 

chlorpromazine ,  i s  a  widel y administere d psychopharmacologi c  agen t  i n  menta l 

healt h  facilities .  Estimate s  o f  th e  amoun t  o f  chlorpromazin e  presen t  i n  bloo d 

seru m durin g therap y rang e  fro m abou t  1 0 ng/m l  t o  30 0 ng/ml .  A  simpl e  procedur e 

fo r  th e  direc t  extractio n o f  tricycli c  antidepressan t  drug s  ha s  bee n devised . 

The  drug s  ar e  extracte d fro m a  1. 0 m l  seru m sampl e  a t  hig h p H int o isoamy l 

alcohol-heptan e  (1.5:98.0) ,  bac k extracte d i n  t o  acid ,  basified ,  an d the n 

re-extracte d wit h organi c  phase .  Solven t  evaporatio n t o  a  smal l  volum e 

complete s  th e  sampl e  cleanu p sequence .  Th e  extract s  ar e  applie d directl y  t o  th e 

HPTLC plat e  wit h a  dosimete r  [94-96] ,  Th e  recover y an d reproducibilit y  o f  th e 

assa y wa s  improve d b y addin g interna l  standards ,  butaperazin e  fo r  chlorpromazin e 

an d loxapin e  fo r  th e  tricycli c  antidepressants ,  a s  wel l  a s  a  carrie r  substance , 

perphenazine ,  t o  th e  seru m sample .  Perphenazin e  wa s  selecte d a s  i t  i s 

structurall y  simila r  t o  th e  drug s  bein g determine d bu t  ha s  a  lo w R p valu e  i n  th e 

separatio n syste m an d coul d b e  use d i n  larg e  exces s  withou t  interferin g wit h th e 

compound s  bein g measured .  It s  influenc e  i s  mos t  dramaticall y  see n o n th e 

recover y an d reproducibilit y  o f  th e  assa y fo r  th e  drug s  a t  lo w concentration s 
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Figur e  9.2 2 HPTL C separatio n o f  1 ,  acetophenazine ;  2 ,  perphenazine ; 
3,  trifluoroperazine ;  4 ,  promazine ;  5 ,  thioridazine ;  an d 
6,  chlorpromazine .  Silic a  ge l  plat e  usin g multipl e  developmen t 
i n  th e  mobil e  phas e  benzene-acetone-ammoniu m hydroxid e 
(80:20:0.2) .  (Reproduce d wit h permissio n fro m ref .  94 .  Copyrigh t 
America n Associatio n fo r  Clinica l  Chemistry) . 

(1 0 ng/ml )  bu t  i t  stil l  provide s  a  usefu l  improvemen t  a t  highe r  levels ,  Tabl e 

9.6 .  Figur e  9.2 3 show s  a  chromatogra m o f  a  patient' s  bloo d seru m containin g 4 5 

ng/m l  o f  chlorpromazine .  Th e  metaboli c  product s  o f  drug s  ar e  usuall y  mor e 

difficul t  t o  determin e  tha n th e  paren t  compoun d becaus e  enzymati c  modificatio n 

result s  i n  thei r  increase d polarity .  Figur e  9.2 4 show s  a n HPTL C chromatogra m o f 

chlorpromazin e  an d it s  majo r  metaboli c  products ,  resolve d almos t  t o  baselin e  i n 

a  singl e  chromatographi c  step . 
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Figur e  9.2 3 HPTL C chromatogra m o f  a  seru m sampl e  fro m a  patien t  receivin g 
chlorpromazin e  (CPZ) .  Th e  concentratio n o f  chlorpromazin e  wa s 
45 ng/ml .  (Reproduce d wit h permissio n fro m ref .  94 .  Copyrigh t 
America n Associatio n fo r  Clinica l  Chemistry) . 

The  extractio n an d work-u p procedur e  fo r  th e  tricycli c  antidepressant s 

amitriptyline ,  nortiptyline ,  imipramine ,  an d desipramin e  i s  th e  sam e  a s  use d fo r 

chlorpromazine .  T o maximiz e  th e  sensitivity ,  measurement s  ar e  mad e  a t  tw o 

differen t  wavelengths ,  24 0 an d 27 5 nm ,  correspondin g t o  th e  maximu m absorptio n 

region s  o f  nortriptylin e  an d amitriptylin e  an d o f  desipramin e  an d imipramine , 

respectively .  Figur e  9.2 5 show s  th e  scan s  a t  tw o differen t  wavelength s  fo r  th e 

separate d tricycli c  antidepressant s  a t  therapeuti c  level s  i n  serum .  Th e  lowe r 

trac e  i s  th e  seru m blan k an d indicate s  tha t  th e  analysi s  i s  fre e  fro m an y 

co-extracte d interferences . 

A microanalytica l  procedur e  utilizin g HPTL C ha s  bee n describe d fo r 

determinin g concentration s  o f  th e  anticonvulsan t  drug s  phenobarbital ,  phenytoin , 

primidone ,  an d carbamazepin e  i n  plasm a  [97] .  Th e  attractiv e  feature s  o f  thi s 
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TABLE 9. 6 

ACTIVE DRUGS I N SERUM USIN G PERPHENAZINE A S A CARRIER SUBSTANCE 

Dru g Concentratio n 
i n  Seru m pg/ l 

Recovery , % Reproducibilit y  (CV ) Concentratio n 
i n  Seru m pg/ l 

Wit h 
Carrie r 

Withou t 
Carrie r 

Wit h 
Carrie r 

Withou t 
Carrie r 

Chlorpromazin e 10 0 
10 

96 
80 

87 
54 

3. 3 
8. 0 

2. 6 
34. 2 

Amitriptylin e 10 0 
10 

99 
95 

87 
71 

2. 6 
7. 8 

7. 9 
11. 3 

Nortriptylin e 10 0 
10 

77 
83 

73 
62 

3. 1 
8. 5 

12. 4 
18. 5 

Imipramin e 10 0 
10 

91 
86 

86 
77 

4. 0 
4. 2 

7. 9 
11. 3 

Desipramin e 10 0 
10 

70 
82 

62 
72 

6. 0 
10. 7 

13. 5 
17. 7 

assa y ar e  it s  smal l  sampl e  requiremen t  (5 0 microliter s  o f  plasma) ,  th e  us e  o f  a 

simpl e  an d rapi d singl e  solven t  extractio n a s  th e  isolatio n step ,  an d th e  us e  o f 

th e  contac t  spotte r  t o  simultaneousl y concentrat e  an d appl y 1 5 sample s  t o  th e 

HPTLC plate .  Th e  metho d lend s  itsel f  t o  th e  analysi s  o f  numerou s  sample s  a s 

wel l  a s  t o  emergenc y situations ,  wher e  a  rapi d an d accurat e  assa y i s  required . 

The  extract s  ar e  separate d b y developin g wit h chlorofor m i n a 

pre-equilibrate d chambe r  containin g a  separat e  beake r  o f  concentrate d ammoniu m 

hydroxide .  Thi s  syste m move s  th e  carbamazepin e  t o  a n R p o f  0. 4  an d leave s  th e 

remainin g anticonvulsant s  a t  th e  origin .  Th e  carbamazepin e  i s  determine d b y 

reflectanc e  densitometr y a t  28 5 n m withou t  interferenc e  fro m plasm a 

co-extractants ,  Figur e  9.26 .  Th e  plat e  i s  the n re-develope d i n  a  mor e  pola r 

solven t  syste m o f  chloroform-isopropanol-ammoniu m hydroxid e  (80:20:1 )  wit h 

ammoniu m hydroxid e  presen t  i n  a  separat e  beaker .  Tw o 7-minut e  development s  ar e 

require d fo r  th e  complet e  separatio n o f  th e  remainin g anticonvulsants ,  Figur e 

9.26 .  Th e  plat e  i s  scanne d a t  21 5 n m fo r  quantitativ e  measurements .  Th e 

extractio n efficienc y fo r  al l  fou r  anticonvulsant s  i s  greate r  tha n 95 % an d th e 

minimu m detectabl e  amoun t  o f  dru g o n th e  plat e  varie s  fro m 1  t o  5  ng . 

Usin g th e  abov e  assay ,  a  singl e  plasm a  sampl e  ca n b e  extracted , 

chromatographed ,  an d quantifie d withi n tw o hours .  A  muc h large r  numbe r  o f 

sample s  ca n b e  processe d i n  approximatel y th e  sam e  perio d o f  tim e  sinc e  th e 

extractio n an d chromatographi c  step s  ar e  carrie d ou t  concurrently .  Th e 

densitometri c  scannin g an d quantitatio n i s  a  sequentia l  proces s  whic h require s 

approximatel y on e  additiona l  minut e  pe r  sample . 

RECOVERY AND REPRODUCIBILIT Y O F TH E HPTL C ASSA Y FO R PSYCHOPHARMACOLOGICALLY 
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Figur e  9.2 4 HPTL C separatio n o f  chlorpromazin e  an d it s  majo r  metabolite s  wit h 
clozapin e  a s  interna l  standard .  Mobil e  phas e  ethy l  acetate-aceti c 
acid-water-acetone-isopropano l  (40:5:5:2.5:2.5) ,  migratio n 
distanc e  4  cm ,  thre e  multipl e  development s  an d scanne d a t  25 0 nm . 
(Reproduce d wit h permissio n fro m ref .  94 .  Copyrigh t  America n 
Associatio n fo r  Clinica l  Chemistry) . 

The  antiarryhthmi a  drug s  lidocain ,  procainamide ,  propranolol ,  an d quinidin e 

ar e  widel y use d i n  clinica l  practic e  fo r  th e  treatmen t  o f  cardia c  disorders . 

Dipehnylhydantoi n (dilantin )  i s  a n antiepilepti c  dru g occasionall y  als o use d t o 

trea t  cardia c  disorders .  A  simpl e  HPTL C metho d ha s  bee n devise d fo r  th e 

determinatio n o f  an y on e  o r  al l  fiv e  antiarrhthymi a  drug s  i n  0. 5  m l  o f  seru m 

[98] .  Th e  neutra l  drugs ,  lidocai n an d diphenylhydantoin ,  ca n b e  extracte d wit h 

benzen e  whil e  th e  basi c  drugs ,  procainamide ,  propranolol ,  an d quinidine ,  ar e 

extracte d wit h th e  sam e  solven t  afte r  firs t  adjustin g th e  p H o f  th e  sampl e  t o  a 

hig h value .  Clozapin e  ca n b e  use d a s  a n interna l  standar d fo r  al l  th e  drugs . 

The  norma l  practic e  wit h thi s  assa y i s  t o  combin e  th e  benzen e  extracts , 

evaporat e  the m t o a  residue ,  an d redissolv e  thi s  residu e  i n  a  smal l  volum e  o f 

benzen e  fo r  sampl e  application .  Th e  sampl e  recover y varie s  wit h th e  dru g bu t  i s 

fairl y  constan t  an d reproducibl e  a t  th e  therapeuti c  level ,  Tabl e  9.7 . 
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Figur e  9.2 5 HPTL C separatio n o f  tricycli c  antidepressant s  scanne d a t  24 0 n m 
an d 27 5 nm .  Mobil e  phas e  ethy l  acetate-ammoniu m hydroxid e  (97:3 ) 
an d migratio n distanc e  4  cm .  Amitriptylin e  (AMI) ,  nortriptylin e 
(NOR) ,  imipramin e  (IMIP) ,  an d desipramin e  (DES) .  Interna l  standar d 
(IS )  i s  loxapine .  (Reproduce d wit h permissio n fro m ref .  95 . 
Copyrigh t  Elsevie r  Scientifi c  Publishin g Co. ) 

TABLE 9. 7 

REPRODUCIBILIT Y AND RECOVERY TES T FO R SPIKE D SERU M ( n =  5 ) 

Dru g Concentratio n (pg/ml)  Relativ e  Standar d Deviatio n (% )  % Recover y 

Dilanti n 3 7. 3 54. 8 
12 5. 2 72. 5 

Lidocain e 1. 5 13. 1 78. 3 
6 6. 8 81. 1 

Procainamid e 1. 2 7. 9 46. 5 
4. 8 6. 3 51. 8 

Propranolo l 0. 3 12. 4 89. 3 
1. 2 7. 4 93. 5 

Quinidin e 2. 4 6. 6 97. 5 
9. 6 3. 2 103. 5 
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Figur e  9.2 6 HPTL C separatio n o f  anticonvulsan t  drugs .  A ,  solven t  syste m 
chloroform ,  carbamazepin e  (CA )  5  mg/1 ,  determine d a t  28 5 nm ,  lowe r 
trac e  i s  a  plasm a  blank ;  B ,  secon d developmen t  i n  chloroform -
isopropanol-ammoniu m hydroxid e  (80:20:1) ,  tw o times ,  scanne d a t 
21 5 nm .  Phenobarbita l  (PB )  4 0 mg/1 ,  p-tolylbarbita l  (IS ) 
phenytoi n (PT )  2 0 mg/1 ,  an d primidon e  (PM )  1 0 mg/1 .  (Reproduce d 
wit h permissio n fro m ref .  97 .  Copyrigh t  Elsevie r  Scientifi c 
Publishin g Co. ) 

I t  i s  possibl e  t o  obtai n a  baselin e  separatio n o f  al l  fiv e  drug s  an d th e 

interna l  standard ,  clozapine ,  usin g a  two-ste p developmen t  procedur e  requirin g 

abou t  3 0 minutes .  Solven t  syste m 1 ,  benzene-ethy l  acetate-methano l  (4:4:1) , 

give s  a  baselin e  separatio n o f  lidocain e  an d dilantin ,  Figur e  9.27 .  Th e  solven t 

fron t  migrate s  5  c m i n  abou t  7  minute s  an d th e  drug s  ar e  detecte d b y scannin g 

densitometr y a t  22 0 n m afte r  firs t  dryin g th e  plate .  Th e  othe r  drug s  remai n a t 

th e  origi n i n  solven t  syste m 1  whil e  th e  interna l  standard ,  clozapine ,  migrate s 

onl y a  shor t  distance .  A  smal l  peak ,  identifie d a s  caffeine ,  wa s  foun d i n  mos t 

seru m sample s  studied ,  bu t  di d no t  interfer e  i n  th e  analysis .  A  secon d 
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Figur e  9.2 7 HPTL C separatio n o f  caffein e  (1) ,  lidocain e  (2) ,  diphenylhydantoi n 
(3 )  i n  th e  solven t  syste m benzene-ethy l  acetate-methano l  (4:4 :1) . 
A,  seru m blank ;  B ,  seru m an d drugs .  (Reproduce d wit h permissio n 
fro m ref .  98 .  Copyrigh t  Elsevie r  Scientifi c  Publishin g Co. ) 

developmen t  ( 5  c m i n 1 3 minutes )  i s  performe d wit h th e  mor e  pola r  solven t  syste m 

benzene-ethy l  acetate-methanol-pyridin e  (4 :2:3:3 )  t o  giv e  a  baselin e  separatio n 

of  procainamide ,  propranolol ,  quinidine ,  an d th e  interna l  standard ,  clozapine , 

Figur e  9.28 .  I n  thi s  solven t  syste m lidocain e  an d dilanti n  migrat e  t o  th e 

solven t  front .  Th e  drug s  ar e  determine d b y scannin g densitometr y a t  29 0 nm . 

The  detectio n limi t  fo r  clozapine ,  quinidine ,  lidocain e  an d dilanti n  i s  abou t  1 0 

ng an d abou t  2  n g fo r  propranolo l  an d procainamide .  Twent y frequentl y 

prescribe d basi c  drug s  wer e  screene d fo r  interferenc e  i n  thi s  assay .  I t  wa s 

foun d tha t  onl y barbital ,  carbamazepine ,  an d ethosuximid e  woul d presen t  an y 

interferenc e  problems ,  indicatin g th e  excellen t  selectivit y  o f  thi s  metho d fo r 

th e  antiarrhythmi a  drug s  studied . 
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Figur e  9.2 8 HPTL C separatio n o f  procainamid e  (1) ;  propranolo l  (2) ;  quinidin e 
(3) ;  caffein e  (4 )  afte r  furthe r  developmen t  o f  th e  chromatogra m 
i n Figur e  9.2 7 wit h benzene-ethy l  acetate-methanol-pyridin e 
(4:2:2:3) .  A ,  seru m blank ;  B ,  seru m an d drugs .  (Reproduce d 
wit h permissio n fro m ref .  98 .  Copyrigh t  Elsevie r  Scientifi c 
Publishin g Co. ) 

Apar t  fro m HPTLC ,  ga s  chromatograph y i s  th e  onl y metho d tha t  ha s  bee n use d 

t o  determin e  al l  fiv e  o f  thes e  antiarrhythmi a  drugs .  Th e  tim e  requirement s  o f 

HPTLC compar e  favorabl y t o  thos e  o f  ga s  chromatograph y fo r  a  singl e  analysis . 

However ,  sinc e  sample s  ca n b e  analyze d simultaneousl y b y HPTLC ,  th e  tim e 

require d o n a  pe r  sampl e  basi s  i s  muc h lowe r  fo r  HPTLC .  Th e  precisio n o f  HPTL C 

an d ga s  chromatograph y wer e  show n t o b e  similar .  A  majo r  advantag e  o f  HPTL C i s 

tha t  al l  5  drug s  o r  an y combinatio n o f  th e  5  ma y b e  determine d simultaneousl y i n 

a  routin e  singl e  assay .  B y ga s  chromatography ,  differen t  separatio n condition s 

an d derivatizatio n techniques ,  etc .  ar e  require d fo r  th e  individua l  drugs , 
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addin g considerabl y t o  th e  labor ,  time ,  an d instrumen t  requirement s  fo r  th e 

analysis . 

9.12. 3  Identificatio n o f  Mycotoxin s  i n  Admixtur e 

Mycotoxin s  ar e  toxi c  funga l  metabolite s  foun d a s  contaminant s  i n  som e 

harveste d agricultura l  products .  Th e  contro l  o f  thes e  hazardou s  contaminant s  i n 

foo d stock s  require s  a n adequat e  analytica l  metho d fo r  eac h mycotoxin .  Usually , 

severa l  mycrotoxin-producin g fung i  ar e  isolate d fro m th e  sam e  foodstuff . 

Therefore ,  ther e  i s  n o rea l  basi s  fo r  decidin g whic h mycotoxi n t o  loo k fo r  i n 

an y particula r  sampl e  showin g heav y contaminatio n wit h molds .  Sinc e  i t  i s  tim e 

consumin g t o  analyz e  al l  th e  mycotoxin s  separately ,  a  rapi d screenin g metho d fo r 

thei r  simultaneou s  analysi s  ha s  obviou s  advantages .  A s  man y mycotoxin s  ar e 

thermall y labile ,  liqui d an d thin-laye r  chromatograph y ar e  th e  availabl e 

options .  Th e  latte r  i s  preferabl e  du e  t o  it s  greate r  methodologica l 

simplicity .  Thi s  metho d als o provide s  greate r  detectio n flexibilit y  sinc e  bot h 

th e  mod e  an d wavelengt h ca n b e  easil y  optimize d t o  improv e  selectivit y  an d 

sensitivity . 

Wit h HPTL C i t  i s  possibl e  t o  determin e  1 3 mycotoxin s  simultaneousl y i n  on e 

sampl e  an d als o t o  separat e  multipl e  sample s  a t  th e  sam e  tim e  [55,77,99] .  Th e 

metho d use s  seve n continuou s  multipl e  development s  an d tw o solven t  system s  o f 

differen t  polarit y  t o  achiev e  baselin e  resolutio n o f  th e  mixture .  I t  i s 

possibl e  t o  detec t  and/o r  quantif y  sterigmatocystin ,  zearalenone ,  citrinin , 

ochratoxi n A ,  patulin ,  penicilli c  acid ,  luteoskyrin ,  an d th e  aflatoxin s  ,  B 2 , 

,  G 2 ,  M^ ,  an d i n  a n individua l  sample .  Th e  separatio n i s  carrie d ou t  o n 

silic a  ge l  HPTL C plate s  impregnate d wit h ethylenediaminetetraceti c  aci d disodiu m 

sal t  (EDTA )  t o  eliminat e  th e  streakin g o f  citrini n an d luteoskyrin .  Sequentia l 

wavelengt h scannin g eliminate s  th e  proble m o f  sampl e  overla p an d maximize s 

sensitivity .  Wit h i n  sit u  scannin g densitometry ,  detectio n limit s  i n  th e  lo w 

nanogra m rang e  (0.2- 2 ng )  wer e  obtaine d b y UV-visibl e  absorptio n measurement s 

an d i n  th e  lo w picogra m (2-5 0 pg )  b y fluorescence . 

The  separatio n i s  performe d b y continuou s  multipl e  developmen t  usin g th e 

separatio n sequenc e  outline d i n  Tabl e  9.8 .  Th e  variable s  requirin g optimizatio n 

ar e  th e  plat e  length ,  th e  mobil e  phas e  composition ,  th e  numbe r  o f  developmen t 

stages ,  th e  tim e  fo r  eac h development ,  an d th e  mod e  an d wavelengt h use d fo r 

determinin g th e  separate d component s  a t  eac h sequence .  Th e  mixtur e  i s  neve r 

completel y separate d o n th e  plat e  a t  an y on e  time ,  bu t  eac h componen t  i s 

separate d t o  baselin e  an d recorde d a t  som e  stag e  i n  th e  developmen t  sequence . 

The  firs t  developmen t  stag e  require s  5  minute s  an d yield s  a  baselin e  separatio n 

of  sterigmatocystin ,  zearalenone ,  an d citrinin ,  Figur e  9.29 .  Th e  othe r 

mycotoxin s  remai n nea r  th e  origin .  Afte r  secon d an d thir d continuou s 
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STERIGMATOCYSTIN 

É 32 4 nm 

ZEARALENONE 
CITRINI N 

i . 
FLUORESCENCE 

• xt . 31 3 nm 

• m. 4 6 0 nm 

I I 1 L· 

3 2  1 0 

MIGRATED DISTANCE , cm 

Figur e  9.2 9 HPTL C separatio n o f  mycotoxins .  Firs t  continuou s  development , 
sterigmatocysti n  determine d b y absorptio n (top )  an d zearalenon e 
an d citrini n b y fluorescenc e  (bottom) .  Solven t  syste m toluene -
ethy l  acetate-formi c  aci d  (30:6:0.5) .  (Reproduce d wit h permissio n 
fro m ref .  77 .  Copyrigh t  America n Chemica l  Society) . 

developments ,  ochratoxi n A  wa s  separate d sufficientl y  fro m th e  aflatoxin s  t o  b e 

determined ,  Figur e  9.30 .  Afte r  a  fourt h continuou s  development ,  penicilli c 

acid ,  patulin ,  an d luteoskyri n ar e  determined ,  Figur e  9.31 .  Penicilli c  aci d an d 

patuli n ar e  separate d t o  baselin e  bu t  luteoskyri n an d patuli n  stil l  overlap . 

Patulin ,  however ,  show s  n o absorptio n a t  th e  wavelengt h maximu m fo r  luteoskyri n 

(44 0 nm )  and ,  consequently ,  wavelengt h discriminatio n ca n b e  use d t o 

differentiat e  betwee n thes e  tw o mycotoxins .  Th e  aflatoxin s  stil l  remai n clos e 

t o th e  origi n an d a  mor e  pola r  solven t  syste m i s  require d fo r  thei r  separation . 

Afte r  thre e  furthe r  continuou s  development s  i n  th e  secon d solven t  system ,  th e 

si x  aflatoxin s  ar e  baselin e  resolved ,  Figur e  9.32 . 

I n general ,  th e  tentativ e  identificatio n o f  a  compoun d b y TL C i s  base d o n 

th e  measuremen t  o f  severa l  R p value s  i n  solvent s  o f  differen t  polarity .  Wit h a 

scannin g densitometer ,  th e  UV-visibl e  o r  fluorescenc e  spectru m o f  th e  componen t 

ca n b e  obtaine d an d thi s  information ,  alon g wit h a  knowledg e  o f  th e  migratio n 

distanc e  o f  th e  component ,  ca n confir m th e  identit y o f  th e  spo t  an d establis h 

th e  presenc e  o f  an y contaminants .  Spectra l  parameter s  fo r  th e  tentativ e 
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TABLE 9. 8 

Developmen t 
Stag e 

Time  Mycotoxi n 
(min )  Detecte d 

Spectra l  Characteristi c 
Use d fo r  Detectio n 

toluene-ethy l  acetate-formi c  aci d (30:6.0:0.5 ) 

1s t  developmen t  5 . 

2nd developmen t  5 , 

3r d developmen t  6 , 

4t h developmen t  6 . 

toluene-ethy l  acetate -

5t h developmen t  8 , 

6t h developmen t  8 , 

7t h developmen t  8 , 

. 0  Sterigmatocysti n 
Zearalenon e 
Citrini n 

0 n o measuremen t 

0  Ochratoxi n A 

0 Penicilli c  aci d 
Patuli n 
Luteoskyri n 

formi c  aci d (30:14:4.5 ) 

0  n o measuremen t 

0  n o measuremen t 

0  Aflatoxin s  B,,B ? , 
G1 ,G 2 ,M 1 ,  ana * M^ 

Reflectance ,  32 4 n m 
Fluorescence , 
Ex =  31 3 nm ,  E m =  46 0 n m 

Fluorescence , 
Ex =  31 3 nm ,  E m =  46 0 n m 
Reflectance ,  24 0 n m 
Reflectance ,  28 0 n m 
Reflectance ,  44 0 n m 

Fluorescence , 
Ex =  36 5 nm ,  E m =  43 0 n m 

FLUORESCENC E 

• x t . 3 1 3 n m 

e m . 4 6 0 n m 

é » l I L_ 

4 3 2 1 0 

MIGRATED DISTANCE , c m 

Figur e  9.3 0 HPTL C separatio n o f  mycotoxins .  Thir d continuou s  development , 
ochratoxi n A  determine d b y fluorescence .  (Reproduce d wit h 
permissio n fro m ref .  77 .  Copyrigh t  America n Chemica l  Society) . 

DEVELOPMENT STAGE AND SPECTROSCOPI C METHOD USE D FO R TH E DETECTIO N O F MYCOTOXINS 
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J  I I I L_ 

4 3 2 1  0 

MIGRATED DISTANCE,c m 

Figur e  9.3 1 HPTL C separatio n o f  mycotoxins .  Fourt h continuou s  development , 
penicilli c  aci d an d patuli n  ar e  baselin e  resolve d an d measure d 
by absorption .  Patuli n  an d luteoskyri n overlap .  Luteoskyri n 
determine d b y selectiv e  wavelengt h scannin g a t  44 0 nm . 
(Reproduce d wit h permissio n fro m ref .  77 .  Copyrigh t  America n 
Chemica l  Society) . 

identificatio n o f  mycotoxin s  ca n b e  develope d b y obtainin g pea k ratio s  a t 

severa l  fixe d wavelengths ,  Tabl e  9.9 .  Thi s  procedur e  i s  mor e  convenien t  tha n 

recordin g th e  complet e  spectru m whe n man y sample s  ar e  t o  b e  determined .  Thes e 

parameter s  ar e  remarkabl y constan t  an d independen t  o f  concentratio n provide d 

tha t  measurement s  ar e  mad e  o n th e  linea r  portio n o f  th e  detecto r  respons e 

curve .  B y th e  us e  o f  standards ,  confidenc e  limit s  ca n b e  establishe d fo r  eac h 

spectra l  parameter .  Value s  outsid e  th e  confidenc e  limit s  indicat e  eithe r  a n 

incorrec t  assignmen t  o f  th e  mycotoxi n o r  spectra l  overla p wit h a  contaminan t 

whic h ma y affec t  th e  accurac y o f  th e  quantitativ e  data . 

9,12, 4  Determinatio n o f  Polycycli c  Aromati c  Hydrocarbon s  i n  Particulat e  Sample s 

Polycycli c  aromati c  hydrocarbon s  (PAHs )  ar e  well-documente d environmenta l 

contaminant s  an d som e  ar e  know n huma n o r  anima l  carcinogens .  The y ar e  forme d 

durin g th e  incomplet e  combustio n o f  organi c  matte r  an d thu s  ente r  th e 



68 3 

TABLE 9. 9 

324/28 0 240/28 0 313/36 5 365/40 5 
Mean ( % Relativ e  Standar d Deviation ) 

Sterigmatocysti n 4.8 0 (16.3 ) 4.7 0 (14.0 ) 
Zearalenon e 0.6 0 (4.1 ) 1.2 0 (2.0 ) 
Patuli n 0.2 2 (4.6 ) 
Citrini n 1.4 1 (5.1 ) 0.5 2 (3.6 ) 
Aflatoxi n B ^ 
Aflatoxi n G ^ 
Aflatoxi n 

0.3 1 (4.2 ) 0 Aflatoxi n B ^ 
Aflatoxi n G ^ 
Aflatoxi n 

0.2 5 (5.6 ) 0.2 2 (4.0 ) 
Aflatoxi n B ^ 
Aflatoxi n G ^ 
Aflatoxi n 0.2 9 (6.6 ) 0 

AFLATOXINS 

Ì ] 

FLUORESCENC E 

I  I  I  1  L 

4 3 2 1 0 

MIGRATED DISTANCE,  c m 

Figur e  9.3 2 HPTL C separatio n o f  mycotoxins .  Sevent h continuou s  development . 
Afte r  th e  fourt h development ,  th e  solven t  syste m wa s  change d t o 
toluene-ethy l  acetate-formi c  aci d  (30:14:4:5) .  Aflatoxin s 
determine d b y fluorescence .  (Reproduce d wit h permissio n fro m 
ref .  77 .  Copyrigh t  America n Chemica l  Society) . 

environmen t  fro m a  wid e  rang e  o f  energ y relate d sources . 

Ai r  particulat e  sample s  ar e  usuall y  collecte d b y hig h volum e  filtratio n 

sampler s  an d the n separate d fro m inorgani c  materia l  b y sublimatio n o r  solven t 

extraction ,  etc .  Th e  solubl e  organi c  fractio n o f  particulat e  sample s  i s  a 

comple x mixtur e  o f  hydrocarbons ,  PAHs ,  an d variou s  functionalize d pola r  aromati c 

compounds .  I t  represent s  a  formidabl e  separatio n problem .  Typically ,  extensiv e 

sampl e  cleanu p an d fractionatio n ar e  neede d prio r  t o  separatio n b y hig h 

SPECTRAL PARAMETERS FO R TENTATIV E IDENTIFICATIO N O F MYCOTOXINS 

Mycotoxi n Pea k Heigh t  Rati o 

UV-visibl e  Fluorescenc e 
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resolutio n ga s  o r  liqui d chromatography .  Thes e  procedure s  ar e  laboriou s  bu t 

essentia l  fo r  a  detaile d analysi s  o f  th e  sample .  TL C technique s  ar e  usefu l  fo r 

screenin g multipl e  sample s  t o  indicat e  th e  compound s  whic h ma y b e  presen t  an d t o 

provid e  approximat e  concentratio n level s  [83,90,100-106] , 

The  separatin g abilit y  o f  TL C depend s  o n it s  efficienc y an d selectivity . 

The  chromatographi c  efficienc y i s  optimize d i n  th e  curren t  practic e  o f  HPTLC . 

Selectivit y  i n  TL C i s  base d o n a  combinatio n o f  th e  propertie s  o f  th e  separatio n 

syste m an d th e  metho d o f  detection .  Th e  selectio n o f  th e  stationar y phas e  i s 

ver y important .  Silic a  ge l  plate s  sho w littl e  selectivit y  fo r  th e  separatio n o f 

PAHs  an d exhibi t  extensiv e  quenchin g o f  th e  fluorescen t  signa l  [104,106] .  I n 

some  case s  catalyti c  decompositio n o f  th e  sampl e  ma y als o occur .  Satisfactor y 

result s  ar e  obtaine d usin g octadecylsilanize d silic a  [83,90,105 ]  o r 

acetyl-cellulos e  [100,103 ]  plates .  Aqueou s  mixture s  o f  methano l  o r  acetonitril e 

ar e  use d a s  th e  mobil e  phase . 

For  PA H analysis ,  detectio n selectivit y  i s  o f  particula r  importanc e  a s  man y 

PAHs  o f  simila r  structur e  an d separatio n characteristic s  hav e  easil y 

distinguishabl e  fluorescenc e  spectra .  Sinc e  TL C i s  a n open-be d techniqu e  an d 

th e  detectio n proces s  i s  essentiall y  static ,  th e  separate d sampl e  ma y b e 

convenientl y  viewe d severa l  time s  wit h differen t  detectio n conditions .  Thi s 

proces s  i s  know n a s  sequentia l  wavelengt h scannin g an d i s  a  usefu l  ai d  i n  th e 

identificatio n o r  quantitatio n o f  component s  i n  a  comple x mixture .  A s  a n 

exampl e  o f  thi s  technique ,  conside r  th e  separatio n o f  chrysene ,  pyrene ,  an d 

fluoranthen e  show n i n Figur e  9.33 .  Th e  thre e  PAHs  ar e  no t  adequatel y separate d 

fo r  identificatio n purpose s  b y th e  chromatographi c  system .  However ,  al l  thre e 

PAHs  ma y b e  readil y  identifie d b y fluorescenc e  detectio n excite d a t  eithe r  25 4 

nm (A )  o r  31 3 n m (B )  an d b y measurin g th e  fluorescenc e  emissio n signa l  a t  40 0 n m 

(soli d  line )  an d 50 0 n m (broke n line) .  A t  40 0 n m emission ,  onl y chrysen e  an d 

pyren e  ar e  detecte d an d fluoranthen e  i s  no t  observed .  Changin g th e  excitatio n 

wavelengt h doe s  no t  affec t  th e  resolutio n bu t  change s  th e  emissio n intensit y 

rati o  o f  th e  chrysen e  an d pyren e  peak s  a t  40 0 nm .  Fluoranthen e  i s  no t 

significantl y  affecte d b y th e  choic e  o f  excitatio n wavelengt h (25 4 o r  31 3 nm ) 

when it s  emissio n signa l  i s  measure d a t  50 0 nm .  However ,  chrysen e  an d pyren e  d o 

no t  fluoresc e  significantl y  a t  thi s  wavelengt h an d therefor e  d o no t  interfer e  i n 

th e  detectio n o f  fluoranthene .  Thus ,  b y scannin g th e  plat e  a t  tw o differen t 

emissio n wavelength s  al l  thre e  PAHs  ma y b e  identifie d withou t  obtainin g complet e 

chromatographi c  resolution . 

Figur e  9.3 4 show s  th e  sequentia l  separation s  o f  a  serie s  o f  PA H standard s 

an d a  crud e  Soxhle t  extrac t  o f  a  diese l  engin e  particulat e  sample .  Th e 

resolutio n o f  th e  sampl e  improve s  wit h a n increas e  i n  th e  numbe r  o f  developmen t 

sequences ,  a s  show n i n Figur e  9.34 A t o 9.34C .  However ,  th e  separatio n syste m 

lack s  th e  resolutio n necessar y fo r  identificatio n purposes .  Multipl e  scannin g 
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Figur e  9.3 3 Sequentia l  wavelengt h scannin g use d t o  determin e  chrysen e  (CHR) , 
pyren e  (PYR) ,  an d fluoranthen e  (FLT )  unseparate d o n th e  HPTL C 
plate .  A ,  E x =  25 4 nm ;  B ,  E x =  31 3 nm .  Fluorescenc e  emission , 
soli d  line ,  40 0 n m an d broke n line ,  50 0 nm . 

of  th e  separatio n a t  tw o differen t  emissio n wavelengths ,  40 0 n m (soli d  line )  an d 

45 0 n m (broke n line) ,  aid s  i n  th e  identificatio n o f  th e  PAHs ,  a s  indicate d i n 

Figur e  9.34 C an d 9.34D .  Figur e  9.34 D i s  a  crud e  sampl e  withou t  cleanu p an d 

illustrate s  th e  powe r  o f  HPTL C a s  a  rapi d screenin g metho d fo r  environmenta l 

samples .  Th e  metho d i s  adequat e  fo r  providin g preliminar y dat a  t o  decid e 

whethe r  a  mor e  detaile d analysi s  i s  required .  HPTL C i s  particularl y  well-suite d 

fo r  thi s  analysi s  a s  i t  ha s  a  hig h sampl e  thoughput ,  i s  cost-effective ,  an d ca n 

be  use d wit h crud e  sample s  whic h woul d resul t  i n  heav y contaminatio n o f  a n HPL C 

or  G C column . 

HPTLC technique s  ca n als o b e  use d fo r  th e  quantitativ e  determinatio n o f 

PAHs  i n  diese l  engin e  particulat e  sample s  afte r  sampl e  cleanu p [100,107] .  Th e 

metho d involve s  vacuu m subliminatio n o f  th e  PAHs  fro m th e  ra w sample ,  separatio n 

of  th e  sublimat e  o n column s  o f  silic a  ge l  an d alumina ,  an d applicatio n o f  th e 

colum n fraction s  t o  th e  TL C plate .  Fourtee n characteristi c  PAHs  wer e  determine d 

i n  th e  diese l  sample s  wit h a  detectio n limi t  o f  abou t  0. 5  ng .  A t  th e  norma l 

concentration s  o f  PAH s  foun d i n  diese l  sample s  a  relativ e  standar d deviatio n o f 
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1.4-6.0 % wa s  obtained .  A s  simultaneou s  separation s  ar e  possibl e  wit h TLC ,  th e 

tim e  require d fo r  a  complet e  analysi s  i s  approximatel y 4  hour s  compare d t o  on e 

da y fo r  th e  sam e  numbe r  o f  sample s  analyze d usin g GC .  Excellen t  agreemen t  wa s 

foun d betwee n th e  TL C an d G C metho d fo r  determinin g thes e  PAHs . 

Ñ HE 
+ 

8 6 4 2 0 8 6 4 2 0 6 4 2 0 5 2 0 

MIGRATION DISTANC E ( c m ) 

Figur e  9.3 4 Continuou s  multipl e  developmen t  an d multipl e  wavelengt h scannin g 
i n  th e  fluorescenc e  mod e  fo r  th e  detectio n o f  PAHs  i n  a  diese l 
engin e  particulat e  extract .  A ,  B ,  an d C  ar e  th e  separation s  o f 
referenc e  standard s  an d D  i s  th e  particulat e  extract .  Th e 
separatio n condition s  ar e  octadecylsilanize d silic a  plate s 
develope d wit h methanol-wate r  (20:4) ;  A ,  2x1 0 min ;  B ,  3x1 0 + 
1x1 3 min ;  C  an d D  3x1 0 +  2x1 3 +  1x1 5 min .  [Las t  developmen t 
solven t  change d t o  methanol-methylen e  chloride-wate r  (20:3:3)] . 
Measurement s  mad e  a t  E x =  25 4 n m an d E m =  40 0 n m soli d  lin e  an d 
45 0 n m broke n line .  BPER ,  benzo[g,h,i]perylene ;  DBANT, 
dibenzo[a,h]anthracene ;  BaP ,  benzo[a]pyrene ;  PER ,  perylene ;  BaA , 
benzo[a]anthracene ;  CHR,  chrysene ;  PYR ,  pyrene ;  FLT ,  fluoranthene ; 
ANT,  anthracene ;  PHEN,  phenanthrene ;  an d FLU ,  fluorene . 

9.1 3 Thin-Laye r  Chromatograph y o n Polyamid e  Layer s 

Glas s  o r  solven t  resistan t  polyeste r  sheet s  precoate d wit h thi n layer s  o f 

polyamid e  ar e  commerciall y  available .  Th e  preferre d metho d o f  preparin g 

polyamid e  TL C plate s  i n  th e  laborator y i s  th e  controlle d evaporatio n o f  a  formi c 
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acid-polyamid e  solutio n fro m a  horizonta l  glas s  plat e  [108] .  Thi s  produce s 

porous ,  durabl e  layer s  consistin g o f  smal l  particle s  wit h acceptabl e 

chromatographi c  efficiency .  Polyamid e  film s  ca n als o b e  prepare d b y th e 

conventiona l  slurry-coatin g technique .  A s  polyamid e  powder s  d o not '  adher e 

readil y  t o  glass ,  a  binde r  suc h a s  cellulose ,  gypsum ,  o r  syntheti c  glu e  i s 

required . 

Adsorptio n o n polyamid e  layer s  i s  du e  mainl y t o  th e  reversibl e  formatio n o f 

hydroge n bond s  betwee n th e  functiona l  grou p o f  th e  sampl e  an d th e  carbony l 

oxyge n o f  th e  amid e  group .  Separatio n occur s  b y th e  competitio n betwee n th e 

component s  o f  th e  sampl e  an d a  pola r  mobil e  phas e  fo r  th e  hydroge n bondin g 

centers .  A  contributio n t o  retentio n fro m a  reversed-phase-typ e  mechanis m i s 

als o expected .  Polyamid e  TL C plate s  hav e  bee n use d mainl y fo r  th e  separatio n o f 

phenols ,  amin o aci d derivatives ,  heterocycli c  nitroge n compounds ,  an d carboxyli c 

an d sulfoni c  acid s  [108,109] . 

9.1 4 Thin-Laye r  Ge l  Chromatograph y 

The  publishe d application s  o f  thin-laye r  ge l  chromatograph y (TLG )  ar e 

confine d almos t  entirel y  t o  th e  separatio n o f  macromolecule s  o f  biochemica l 

interest ,  an d t o  protein s  i n  particular .  TL G i s  use d t o  mak e  comparison s  o f 

differen t  protei n fractions ,  t o  estimat e  th e  relativ e  concentration s  o f 

component s  i n  a  mixture ,  o r  t o  determin e  molecula r  weight s  [110-112] .  Th e 

mechanis m o f  separatio n i s  primaril y  size-exclusio n a s  th e  sampl e  migrate s 

throug h a  ge l  o f  controlle d por e  siz e  swolle n i n  a  carefull y  selecte d buffer . 

Soo n afte r  th e  widesprea d acceptanc e  o f  colum n ge l  chromatograph y fo r  th e 

separatio n o f  macromolecules ,  i t  wa s  show n tha t  simila r  separation s  wer e 

possibl e  usin g thin-layer s  o f  gel .  However ,  interes t  i n  TL G remaine d a t  a  lo w 

leve l  fo r  severa l  years ,  du e  mainl y t o  th e  difficultie s  involve d i n  obtainin g 

reproducibl e  results .  Th e  principa l  reaso n fo r  thes e  difficultie s  wa s  th e 

variatio n i n  th e  migratio n o f  th e  solven t  a t  differen t  point s  o n th e  plate . 

Nonunifor m solven t  migratio n result s  fro m non-equilibratio n o f  th e  stationar y 

phas e  wit h th e  mobil e  phase ,  uneve n spreadin g o f  th e  ge l  o n th e  glas s  backin g 

plate ,  evaporatio n o f  th e  solven t  fro m th e  plate ,  an d mos t  importan t  o f  all ,  a 

non-steady-stat e  conditio n o f  th e  syste m a t  th e  workin g angl e  o f  tilt .  Al l  o f 

thes e  problem s  ca n b e  overcom e  o r  eliminate d b y adoptin g goo d laborator y 

practice s  [113] . 

Compare d t o  colum n techniques ,  TL G ha s  th e  advantag e  o f  bein g suitabl e  fo r 

th e  separatio n o f  smal l  quantitie s  o f  sample s  (micrograms) .  I n  addition ,  thi s 

techniqu e  ca n compar e  numerou s  sample s  simultaneousl y an d i t  i s  easil y  combine d 

wit h othe r  methods ,  suc h a s  isoelectri c  focusin g an d immunoprecipitatio n 

techniques .  Colum n technique s  ar e  preferre d fo r  preparativ e  application s  an d 
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fo r  th e  cleanu p o f  crud e  sample s  t o  b e  determine d b y othe r  analytica l 

techniques . 

Severa l  type s  o f  gel s  suitabl e  fo r  us e  i n  TL G ar e  commerciall y  available . 

Thes e  includ e  th e  Sephade x serie s  o f  crosslinke d dextrans ,  th e  Bio-Ge l  Ñ  serie s 

of  crosslinke d polyacrylamid e  gels ,  an d th e  Enzacry l  crosslinke d 

poly(acryloylmorpholine )  gels .  Al l  gel s  ar e  availabl e  i n  a  superfin e  grad e 

(bea d siz e  approximatel y 2 5 microns )  desirabl e  fo r  TLG .  Prio r  t o  spreadin g o n a 

clea n glas s  plate ,  th e  ge l  i s  firs t  swolle n i n  a n appropriat e  buffer/solven t 

syste m recommende d b y th e  manufacturer .  Thi n layer s  o f  0. 2  t o  1. 0  m m thicknes s 

ar e  mos t  commonl y used .  Th e  plat e  i s  develope d i n  a  "sandwic h box "  chambe r 

whic h ha s  a  fulcru m tha t  enable s  th e  plat e  angle ,  an d henc e  th e  flo w rate ,  t o  b e 

easil y  adjusted .  Befor e  spotting ,  th e  stationar y phas e  mus t  b e  equilibrate d 

wit h th e  mobil e  phas e  use d fo r  th e  separation .  Thi s  i s  bes t  achieve d b y 

allowin g th e  mobil e  phas e  t o  flo w throug h th e  ge l  fo r  severa l  hours . 

The  sample s  ar e  applie d alon g th e  plat e  a  fe w centimeter s  fro m on e  edge . 

Micropipette s  ar e  convenien t  fo r  spottin g 1 0 microgram s  o f  sampl e  i n  1- 5 

microliter s  o f  solution .  Althoug h rectangula r  sampl e  zone s  ar e  mor e  difficul t 

t o  apply ,  the y ar e  preferre d fo r  densitometri c  evaluation .  I t  i s  particularl y 

importan t  t o  minimiz e  th e  disturbanc e  o f  th e  ge l  surfac e  durin g sampl e 

application .  I f  th e  sampl e  i s  no t  colored ,  i t  i s  usua l  t o  ad d on e  o f  severa l 

colore d dye s  t o  th e  sampl e  prio r  t o  spottin g [110] .  Th e  colore d marke r  ca n b e 

use d t o  monito r  th e  mobil e  phas e  flo w rat e  throug h th e  ge l  an d als o act s  a s  a n 

interna l  standar d fo r  th e  calculatio n o f  relativ e  migratio n distances .  Mos t 

separation s  ar e  performe d wit h a  migratio n spee d o f  abou t  3  cm/ h fo r  a  totall y 

exclude d compound ,  wit h a  typica l  separatio n requirin g abou t  4- 6 hours . 

The  mos t  widel y use d detectio n metho d i n  TL G i s  th e  paper-replic a  method . 

A piec e  o f  dr y filte r  pape r  i s  place d ove r  th e  we t  ge l  a s  soo n a s  th e  separatio n 

i s  complet e  an d adsorb s  ove r  90 % o f  mos t  separate d solute s  withi n a  minut e  o r 

two .  Th e  pape r  ca n the n b e  remove d fro m th e  ge l  an d staine d usin g th e 

procedure s  commo n t o zon e  electrophoresis .  Fo r  colore d solutes ,  reflectanc e 

densitometr y ca n b e  use d o r  a  photographi c  evaluatio n ca n b e  made . 

9.1 5 Sintere d Thin-Laye r  Chromatograph y 

Sintere d TL C plate s  contai n a n adsorben t  fixe d i n  th e  three-dimensiona l 

spac e  forme d b y th e  sintere d glas s  powde r  an d a  glas s  supportin g plate .  Th e 

sintere d glas s  powde r  bind s  th e  adsorben t  particle s  withou t  excessiv e  damag e  t o 

thei r  surfac e  structur e  an d thu s  the y retai n al l  th e  propertie s  expecte d o f  th e 

adsorbent .  Sintere d plate s  ar e  prepare d b y spreadin g a  slurr y tha t  contain s 

adsorben t  an d glas s  powde r  i n  a n organi c  solven t  o n a  soda-lim e  glas s  plat e  i n 

th e  conventiona l  manne r  [114] .  Th e  slurr y i s  ai r  drie d an d the n heate d i n  a n 
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electri c  furnac e  t o  fus e  th e  glas s  powde r  an d adsorben t  particle s  together .  A 

wid e  rang e  o f  soda-lime ,  borosilicate ,  an d cerami c  glas s  powder s  hav e  bee n use d 

as  binders .  Suitabl e  adsorbent s  ar e  silic a  gel ,  alumina ,  kieselguhr ,  florisil , 

titania ,  an d magnesia .  Sintere d sheet s  employin g microparticulat e  polyolefin s 

a s  th e  binde r  rathe r  tha n glas s  powde r  hav e  als o bee n prepared .  Th e  adsorbent s 

suitabl e  fo r  formin g suc h organi c  sintere d sheet s  ar e  silic a  gel ,  alumina , 

kieselguhr ,  florisil ,  syntheti c  porou s  polymers ,  ion-exchang e  resins ,  cellulos e 

ion-exchangers ,  dextra n gels ,  an d celluloses . 

The  sintere d glas s  plate s  ar e  highl y porou s  an d allo w chromatographi c 

developmen t  t o  procee d normally .  Th e  separatio n mechanis m i s  th e  sam e  a s  fo r 

conventionall y  prepare d TL C plates ,  bu t  compoun d retentio n i s  considerabl y 

lower .  Whe n attemptin g separation s  previousl y obtaine d b y conventiona l  TL C o n 

sintere d glas s  plates ,  i t  i s  usuall y  necessar y t o  reduc e  th e  polarit y  o f  th e 

mobil e  phas e  i n  orde r  t o  obtai n a n equivalen t  separation .  A s  the y d o no t 

contai n an y organi c  binder ,  th e  sintere d glas s  plate s  ar e  no t  charre d whe n 

spraye d an d heate d wit h suc h reagent s  a s  concentrate d sulfuri c  acid ,  chromi c 

acid ,  an d trichloroaceti c  acid .  Th e  sintere d glas s  plate s  als o hav e  th e 

advantag e  o f  bein g reusable .  Use d plate s  ca n b e  regenerate d b y soakin g i n  a 

cleanin g solutio n (e.g. ,  chromi c  acid) ,  washin g wit h water ,  an d the n reactivate d 

by heating .  Alternatively ,  th e  plate s  ca n b e  cleane d b y heatin g a t  400-450° C 

fo r  thirt y  minutes .  Reusin g a  plat e  severa l  time s  fo r  th e  sam e  separatio n 

eliminate s  th e  influenc e  tha t  change s  i n  th e  nature ,  activity ,  an d laye r 

thicknes s  o f  th e  adsorben t  hav e  o n th e  reproducibilit y  o f  R p values .  R p value s 

obtaine d o n recycle d plate s  ca n b e  reproduce d wit h a  standar d deviatio n o f  0.05 . 

Thin-laye r  chromatograph y ca n b e  carrie d ou t  o n sintere d glas s  rod s  a s  wel l 

a s  o n plates .  Thes e  rod s  wer e  develope d specificall y  fo r  us e  wit h a  scannin g 

flam e  ionizatio n detector .  Th e  motor-drive n ro d passe s  throug h th e  flam e  o f  a 

hydroge n flam e  ionizatio n detecto r  wher e  th e  separate d zone s  ar e  evaporate d an d 

ionized .  Detectio n limit s  fo r  organi c  compound s  rang e  fro m 1  t o  0. 1  microgram s 

pe r  spot .  Th e  silic a  gel -  an d alumina-quart z  sintere d rod s  ar e  prepare d fro m a 

specia l  cerami c  glas s  binde r  whic h produce s  a  lo w backgroun d signa l  i n  th e 

detector .  Th e  sintere d rod s  ar e  thermall y stable ,  aci d resistant ,  an d ca n b e 

use d repeatedl y withou t  reactivatio n afte r  passag e  throug h th e  flame .  Man y 

application s  o f  th e  commerciall y  availabl e  equipmen t  (Iatron )  fo r  th e 

quantitativ e  determinatio n o f  thermall y labil e  o r  non-volatil e  organi c  compound s 

of  biomedica l  o r  environmenta l  interes t  hav e  bee n publishe d [115-117] . 

9.1 6 Radiochromatograph y o n Thin-Laye r  Plate s 

The  stability ,  fate ,  metabolism ,  etc. ,  o f  a  compoun d i n  a  biologica l  o r 

environmenta l  syste m ar e  difficul t  t o  asses s  du e  t o  th e  multitud e  o f  mechanism s 
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availabl e  fo r  it s  modificatio n an d th e  co-existenc e  o f  man y substance s  wit h 

simila r  chemica l  properties .  Studie s  o f  thi s  kin d ar e  simplifie d b y 

incorporatin g a  stabl e  radioactiv e  elemen t  int o th e  tes t  compound ;  thi s 

radioactiv e  specie s  serve s  t o  indentif y  th e  paren t  compoun d an d th e  product s 

derive d fro m i t  i n  comple x mixtures .  Thin-laye r  chromatograph y i s  use d i n  thes e 

studie s  t o  asses s  th e  radiochemica l  purit y  o f  th e  startin g materia l  an d t o 

identif y  th e  compoun d an d th e  product s  derive d fro m it . 

The  selectio n o f  a  metho d t o  detec t  radiolabele d compound s  i n  TL C depend s 

largel y o n th e  frequenc y wit h whic h suc h measurement s  ar e  mad e  i n  th e  laborator y 

an d th e  genera l  availabilit y  o f  equipmen t  fo r  makin g radiochemica l 

measurements .  Expensiv e  an d dedicate d radiochemica l  TL C scanner s  ar e 

commerciall y  availabl e  an d woul d b e  th e  choic e  fo r  laboratorie s  makin g frequen t 

routin e  measurement s  o f  radiochromatograms .  Method s  employin g les s 

sophisticate d equipment ,  o r  equipmen t  generall y  availabl e  i n  radiochemica l 

laboratories ,  woul d b e  th e  choic e  fo r  thos e  laboratorie s  wit h onl y a n occasiona l 

nee d fo r  suc h determinations .  Th e  equipmen t  availabl e  fo r  thin-laye r 

radiochromatograph y ha s  bee n reviewe d [118-120] . 

Ther e  ar e  thre e  principa l  method s  fo r  quantifyin g radioactiv e  substance s 

afte r  separatio n b y TLC .  Thes e  ar e  autoradiography ,  liqui d scintillatio n 

counting ,  an d direc t  scannin g wit h radiatio n detectors .  Autoradiograph y 

require s  th e  direc t  contac t  o f  th e  TL C laye r  wit h a  photographi c  emulsio n (e.g. , 

x-ra y film) .  Autoradiograph y i s  inexpensiv e  an d doe s  no t  requir e  elaborat e 

apparatus .  Quantitativ e  measurement s  ca n b e  mad e  wit h a  photodensitomete r  t o 

measur e  th e  darkenin g o f  th e  develope d film .  Th e  disadvantage s  ar e  tha t  th e 

fil m ma y requir e  extremel y lon g exposur e  times ,  i t  i s  difficul t  t o  quantify , 

particularl y  fo r  wid e  range s  o f  radioactivity ,  an d i t  ca n sho w fals e  image s  du e 

t o  chemica l  interaction s  betwee n th e  TL C laye r  an d th e  film .  Fo r  lo w energ y 
3 

bet a  emitter s  (e.g. ,  Ç ) ,  a  larg e  par t  o f  thei r  energ y i s  absorbe d b y th e 

chromatographi c  laye r  an d henc e  onl y a  fe w electron s  reac h th e  photographi c 

emulsion .  Th e  sensitivit y  o f  autoradiograph y fo r  lo w energ y bet a  emitter s  ca n 

be  enhance d b y incorporatin g int o th e  TL C laye r  a  scintillato r  whic h emit s  ligh t 

upo n absorbin g bet a  particles .  Thi s  ligh t  i s  absorbe d t o  a  lesse r  exten t  tha n 

th e  bet a  particle s  an d ca n b e  registere d b y th e  film .  Th e  scintillato r  ca n b e 

applie d i n  a  numbe r  o f  ways :  b y dipping ,  b y sprayin g o r  incorporate d i n  th e 

slurr y durin g th e  preparatio n o f  th e  TL C layer . 

Liqui d scintillatio n countin g i s  th e  mos t  sensitiv e  techniqu e  fo r  th e 

quantitativ e  analysi s  o f  separate d spot s  o n a  TL C plate .  I t  represent s  a n 

indirec t  metho d sinc e  th e  adsorben t  laye r  an d th e  sampl e  mus t  usuall y  b e  remove d 

fro m th e  plat e  prio r  t o  measurement .  Automati c  equipmen t  whic h ca n divid e  an d 

remov e  th e  whol e  chromatogra m a s  a  serie s  o f  narro w zone s  i s  commerciall y 

available .  Th e  compoun d t o  b e  counte d i s  firs t  elute d fro m th e  excise d 



69 1 

adsorben t  and ,  afte r  solven t  removal ,  th e  residu e  i s  mixe d wit h scintillato r 

soltutio n an d determine d i n  th e  norma l  manner .  Alternatively ,  th e  sampl e  ca n b e 

counte d whil e  adsorbe d ont o th e  silic a  ge l  withou t  elution .  T o avoi d 

self-quenching ,  a  gellin g agen t  i s  adde d t o  th e  scintillato r  cocktai l  t o  kee p 

th e  adsorben t  i n  suspension .  Correctio n factor s  base d o n interna l  o r  externa l 

standard s  ar e  require d fo r  quantitativ e  measurements . 

Scintillatio n countin g i s  probabl y th e  mos t  widel y use d metho d fo r 

quantifyin g TL C radiochromatograms ,  du e  i n  par t  t o  th e  genera l  availabilit y  o f 

scintillatio n countin g equipmen t  i n  bioanalytical.laboratories .  Th e  mos t 

convenien t  method ,  however ,  i s  direc t  scannin g wit h radiatio n detectors .  Th e 

necessar y equipmen t  i s  expensiv e  an d ca n b e  justifie d onl y b y thos e  laboratorie s 

wit h a  hig h routin e  workload .  Scannin g i s  performe d b y movin g th e  plat e  o n a 

moto r  drive n stag e  under ,  over ,  o r  betwee n radiatio n detectors .  Th e  mos t 

suitabl e  detector s  ar e  Geiger-Mulle r  detector s  o r  flow-throug h proportiona l 

counters .  Th e  techniqu e  i s  ver y rapi d whe n th e  leve l  o f  radioactivit y  i s  hig h 

an d th e  dat a  i s  provide d i n  convenien t  for m a s  a  chromatogra m o n a  strip-char t 

recorder .  It s  mai n disadvantag e  i s  a  lac k o f  sensitivit y  fo r  detectin g smal l 

quantitie s  o f  lo w energ y bet a  isotope s  du e  t o  self-absorptio n problem s  withi n 

th e  adsorben t  layer . 

9.1 7 Preparativ e  Thin-Laye r  Chromatograph y 

The  principa l  differenc e  betwee n analytica l  TL C an d preparativ e  TL C i s  on e 

of  scal e  an d no t  o f  procedur e  o r  method .  Th e  importanc e  o f  preparativ e  TL C fo r 

th e  isolatio n o f  moderat e  quantitie s  o f  pur e  material s  ha s  decline d 

substantiall y  i n  recen t  years ,  du e  firstl y  t o  th e  wide r  acceptanc e  o f  dr y colum n 

chromatograph y (Chapte r  6.3 )  an d mor e  recentl y  t o  th e  greate r  acces s  man y 

laboratorie s  hav e  t o  hig h performanc e  preparativ e  liqui d chromatography .  Dr y 

colum n chromatograph y ca n perfor m an y separatio n obtainabl e  b y preparativ e  TLC , 

i n  additio n t o  havin g a  highe r  sampl e  capacit y  an d bein g les s  expensiv e  an d 

easie r  t o  perform .  Preparativ e  TL C plate s  rang e  i n  siz e  fro m 2 0 ÷  2 0 c m t o 2 0 ÷ 

10 0 c m an d ar e  coate d wit h a n adsorben t  laye r  0. 5  t o  10. 0 m m thick .  Th e  mos t 

commonl y use d laye r  thicknesse s  ar e  1. 0  an d 2. 0 mm.  Th e  plate s  ca n b e  prepare d 

i n  th e  laborator y b y method s  simila r  t o  thos e  use d t o  prepar e  conventiona l 

analytica l  TL C plate s  [121,122 ]  o r  the y ma y b e  obtaine d commercially . 

Manufacture d plate s  ar e  availabl e  i n  variou s  size s  coate d wit h silic a  gel , 

alumina ,  an d silanize d silic a  gel ,  th e  latte r  fo r  reversed-phas e 

chromatography .  Fluorescen t  indicator s  ar e  adde d t o  th e  adsorben t  t o  ai d  i n 

locatin g UV-absorbin g compounds . 

I n  preparativ e  TL C th e  sample ,  a  5-10 % solutio n i n  a  volatil e  organi c 

solvent ,  i s  applie d a s  a  strea k alon g on e  edg e  o f  th e  plate .  Th e  maximu m sampl e 
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loa d fo r  a  silic a  ge l  laye r  1. 0  m m thic k i s  abou t  5  mg/cm .  Cellulos e  an d 

reversed-phas e  layer s  hav e  a  lowe r  sampl e  capacity .  Variou s  mechanica l  device s 

hav e  bee n describe d fo r  sampl e  streakin g sinc e  thi s  i s  th e  preferre d metho d o f 

sampl e  application .  Manua l  sampl e  applicatio n mus t  b e  performe d wit h car e  t o 

avoi d damagin g th e  laye r  an d producin g irregula r  development .  I f  th e  startin g 

lin e  i s  no t  entirel y  eve n the n remova l  o f  th e  separate d zone s  wil l  b e 

difficult .  T o som e  exten t  th e  sampl e  zon e  ca n b e  refocusse d b y a  shor t  (e.g. , 

1. 0  cm )  predevelopmen t  ste p i n  a  solven t  o f  sufficien t  eluotropi c  strengt h t o 

caus e  th e  entir e  sampl e  t o  mov e  together .  Th e  plat e  i s  the n drie d an d develope d 

i n  th e  solven t  syste m use d fo r  th e  separation .  Whe n applyin g th e  sampl e  t o  th e 

adsorben t  layer ,  a  margi n o f  2- 3 c m i s  lef t  a t  eithe r  sid e  o f  th e  plat e  t o  avoi d 

uneve n development . 

Afte r  th e  separatio n th e  band s  ar e  visualize d an d th e  separate d zone s 

carefull y  marke d fo r  removal .  Th e  zone s  ar e  scrape d of f  th e  plat e  wit h a 

spatul a  o r  simila r  too l  ont o glassin e  weighin g paper .  A  numbe r  o f  device s  base d 

on th e  vacuu m suctio n principl e  ar e  commerciall y  availabl e  fo r  removin g th e 

marke d zone s  fro m th e  plate .  Thes e  device s  wor k lik e  a  vacuu m cleane r  an d 

collec t  th e  adsorben t  materia l  i n  a  Soxhle t  thimbl e  o r  a  glas s  chambe r  wit h a 

fritte d base .  Th e  sampl e  i s  separate d fro m th e  adsorben t  b y Soxhle t  extraction , 

elution ,  o r  solven t  extraction .  Fo r  extraction ,  a  smal l  quantit y  o f  wate r  i s 

usuall y  adde d t o  dampe n th e  silic a  ge l  prio r  t o  shakin g fo r  severa l  minute s  wit h 

severa l  portion s  o f  a n organi c  solvent .  I n  a n alternativ e  method ,  enoug h wate r 

i s  adde d t o  completel y cove r  th e  adsorben t  materia l  an d th e  aqueou s  suspensio n 

i s  extracte d severa l  time s  wit h a n immiscibl e  organi c  solvent .  Prio r  t o  solven t 

evaporation ,  colloida l  silic a  ca n b e  remove d b y filtratio n throug h a  membran e 

filter .  A  convenien t  an d rapi d metho d fo r  thi s  i s  a  hypodermi c  syring e  fitte d 

wit h a  Swinne y adapte r  an d filte r  holde r  [123] .  Th e  possibilit y  tha t  recover y 

wil l  b e  non-quantitativ e  b y an y o f  th e  abov e  method s  mus t  alway s  b e  kep t  i n 

mind . 

Hig h spee d preparativ e  separation s  ca n b e  achieve d b y centrifuga l 

preparativ e  thin-laye r  chromatograph y usin g circula r  o r  anticircula r  developmen t 

[125] .  Th e  mode l  CLC- 5 centrifuga l  preparativ e  liqui d chromatograp h (Hitachi ) 

ca n separat e  2.0-10. 0 g  o f  sampl e  pe r  injection .  Th e  separatio n take s  plac e  b y 

radia l  thin-laye r  chromatograph y whic h use s  centrifuga l  force s  t o  mov e  th e 

sampl e  an d solven t  throug h th e  adsorben t  layer .  Th e  sampl e  an d th e  solven t  ar e 

applie d a t  th e  cente r  o f  th e  spinnin g disk .  A s  th e  sampl e  component s  separat e 

the y migrat e  a s  concentri c  ring s  o f  differen t  circumference .  Whe n a  componen t 

reache s  th e  en d o f  th e  dis k i t  i s  automaticall y  detecte d an d collecte d b y a 

fractio n collector .  U p t o  50 0 theoretica l  plate s  ma y b e  generate d i n  thi s 

syste m an d th e  throughpu t  o f  purifie d materia l  i s  abou t  te n time s  greate r  tha n 

preparativ e  TLC . 
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9.1 8 Pape r  Chromatograph y 

Pape r  chromatograph y wa s  i n  us e  prio r  t o  th e  existenc e  o f  TLC ,  bu t  ha s 

largel y bee n supersede d b y i t  i n  mos t  analytica l  laboratories .  Pape r 

chromatograph y i s  no w rarel y use d fo r  th e  separatio n o f  lipophili c  substance s 

bu t  stil l  find s  som e  applications ,  largel y i n  biochemica l  laboratories ,  fo r  th e 

separatio n o f  hydrophili c  compounds .  A  furthe r  declin e  i n  th e  us e  o f  pape r 

chromatograph y wa s  du e  t o  th e  availabilit y  o f  thin-laye r  plate s  coate d wit h 

microcrystallin e  cellulose .  Th e  cellulos e  TL C plate s  hav e  separatio n 

characteristic s  simila r  t o  pape r  bu t  provid e  sharpe r  spo t  shap e  an d greate r 

resolution .  Separation s  b y cellulos e  TL C ar e  als o 4  t o  5  time s  faste r  tha n 

pape r  an d provid e  significantl y  lowe r  sampl e  detectio n limits .  Fo r  a  mor e 

detaile d treatmen t  o f  pape r  chromatograph y tha n i s  presente d here ,  th e  reade r  i s 

directe d t o  reference s  [126-130] . 

Filte r  paper s  use d fo r  pape r  chromatograph y ar e  prepare d fro m speciall y 

purifie d cellulos e  (98-99 % á-cellulose ,  0.3-1.0 % â-cellulose ,  0.4-0.8 % 

pentosans ,  an d <  0.0 1 % minera l  ash) .  Chromatographi c  paper s  ar e  availabl e  i n 

slow ,  standard ,  an d fas t  grade s  correspondin g t o  th e  degre e  o f  coarsenes s  o f  th e 

cellulos e  fiber s  use d durin g manufactur e  an d thei r  packin g density .  The y ar e 

characterize d physicall y  b y thei r  thickness ,  weigh t  pe r  uni t  area ,  an d flo w rat e 

index ,  Tabl e  9.10 .  Standar d paper s  ar e  mos t  commonl y used ,  representin g th e 

bes t  compromis e  betwee n resolutio n an d th e  tim e  require d t o  develo p th e 

chromatogr m (10-2 0 h ) .  Fas t  paper s  provid e  lowe r  resolutio n bu t  ca n b e 

develope d i n  a  shorte r  tim e  (4- 6  h ) .  The y ar e  use d mainl y fo r  simpl e 

separations .  Slo w paper s  provid e  th e  highes t  resolutio n bu t  ar e  rarel y use d du e 

t o  th e  lon g developmen t  time s  (20-5 0  h) .  Th e  separatio n mechanis m i n pape r 

chromatograph y i s  somewha t  complex ,  involvin g adsorptio n o n th e  cellulos e 

fibers ,  ion-exchang e  wit h th e  fre e  carboxyli c  aci d group s  forme d durin g th e 

manufactur e  o f  th e  pape r  (ca .  3- 8 microequivalents/gram )  an d partitio n wit h th e 

"water-cellulos e  complex "  forme d betwee n chemicall y  an d physicall y  boun d wate r 

an d th e  cellulos e  matri x  o f  th e  paper . 

Bot h impregnate d an d chemicall y  modifie d paper s  ar e  als o commerciall y 

available .  Impregnatin g agent s  includ e  silic a  ge l  an d alumin a  adsorbents , 

silicon e  oil s  fo r  reversed-phas e  separations ,  an d liqui d ion-exchangers . 

Chemicall y  modifie d paper s  ar e  prepare d mainl y fro m ion-exchang e  cellulose s 

simila r  t o  thos e  use d i n  colum n chromatography .  Amon g th e  mor e  widel y use d 

chemicall y  modifie d paper s  ar e  thos e  prepare d fro m carboxymethyl-(CM-) , 

diethylaminoethyl-(DEAE) ,  phosphate-(P-) ,  an d acetyl-(Ac- )  celluloses . 

Sample s  i n  a  volatil e  solven t  ar e  applie d t o  th e  chromatographi c  pape r  a s 

spot s  o r  streak s  o f  minimu m size .  Microcapillarie s  o r  microsyringe s  ar e  use d a s 

sampl e  applicators .  Sampl e  volume s  ar e  usuall y  5  microliter s  o r  les s  pe r  spot ; 
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TABLE 9.1 0 

PHYSICAL PROPERTIE S O F WHATMAN CHROMATOGRAPHY PAPER S 

Typ e Weigh t 
(g /m  ) 

Thicknes s 
(mm) 

Flo w Inde x 
(wate r  ) 

Comment s 

No.  1 87 0.1 6 13 0 Smooth ,  normall y har d surfac e  fo r 
genera l  purpos e  chromatography . 

No.  2 97 0.1 8 11 5 Smooth ,  normall y har d surface , 
mediu m flo w rate ,  recommende d fo r 
optica l  o r  radiometri c  scanning . 

No.  3 18 5 0.3 8 13 0 Thic k paper ,  mediu m flo w rate , 
roug h surface ,  frequentl y  use d fo r 
th e  separatio n o f  inorganic s  an d 
fo r  electrophoresis . 

No.  3m m 18 5 0.3 3 13 0 Simila r  t o  No .  3  bu t  wit h smoot h 
surface ,  generall y  a  goo d pape r 
fo r  hig h sampl e  loads . 

No.  4 92 0.2 0 18 0 Smooth ,  normall y har d surface , 
fas t  flow ,  recommende d fo r  routin e 
wor k wit h smal l  sampl e  loadings . 

No.  1 7 44 0 0.8 8 19 0 Extremel y thic k pape r  wit h a  hig h 
flo w rate ,  use d fo r  preparativ e 
chromatography . 

No.  2 0 93 0.1 6 85 Smooth ,  normall y har d surface , 
slo w flo w rate ,  ver y goo d 
resolvin g power . 

No.  3 1 E T 19 0 0.5 3 22 5 Sof t  surface ,  fas t  flo w rate , 
use d mainl y i n  electrophoresi s  o f 
larg e  molecules . 

ADSORBENT LOADED PAPERS 

SG81 10 0 0.2 5 11 0 Contain s  22 % S 1 O 2 ,  p H 7 ,  use d 
fo r  separation s  i n  whic h partitio n 
an d adsorptio n ar e  important . 
Particularl y  efficien t  fo r  th e 
separatio n o f  pola r  lipids , 
steroids ,  phenols ,  dyes ,  natura l 
pigments ,  an d ket o acids . 

SILICON E LOADED PAPERS 

IP S Pape r  i s  impregnate d wit h a 
silicon e  oil ,  makin g i t  highl y 
hydrophobic .  Use d fo r  reversed -
phas e  pape r  chromatograph y o f 
lipophili c  substances . 
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TABLE 9.1 0 (continued ) 

Typ e  Weigh t  Thicknes s 
(g/ m )  (mm ) 

Flo w Inde x 
(wate r  ) 

Comment s 

ION-EXCHANGE PAPER S 

DE81 8 5 0.1 7 2 0 b . Functiona l  group s  ar e  diethylamin o 
-ethy l  residues ,  a  weakl y basic j 
anio n exchanger ,  1. 7  ìâòõßí/ïç é  . 
Use d fo r  th e  separatio n o f  anions , 
particularl y  nucleotides . 

P8 1 8 5 0.1 7 1 0 b Cellulos e  phosphat e  paper .  Stron g 
catio n exchange r  o f  hig h capacity , 
18 ìåòõßí/á ¿  .  Use d fo r  th e 
separatio n o f  biogeni c  amines , 
antibiotics ,  histamimes ,  an d som e 
metals . 

GLASS-FIBE R PAPER S 

GF/ A 52. 5 0.2 5 2 .5 C 
2 

Wate r  absorptio n 2 5 ìÀ/c m , 
genera l  purpos e  mediu m 

GF/ B 0.7 3 Relativel y slo w flo w rate , 
strong ,  use d fo r  electrophoresis . 

GF/ C 5 5 0.2 6 2 .5 C 
2 

Wate r  absorptio n 2 5 ìÀ/c m , 
made  fro m ultra-fin e  fibers . 

a m m capillar y ris e  i n  3 0 minutes ;  ^  tes t 
tim e  fo r  wate r  t o  ascen d 7. 5 cm . 

condition s  no t  specified ; 

t o  avoi d tailin g effects ,  th e  sampl e  amoun t  shoul d no t  excee d 10 0 micrograms . 

Onc e  spotted ,  th e  pape r  i s  equilibrate d wit h th e  vapor s  o f  th e  mobil e  phase ,  a 

proces s  whic h ma y tak e  severa l  hours .  Th e  pape r  chromatogram s  ca n b e  develope d 

i n  th e  linea r  o r  radia l  directio n b y th e  sam e  method s  describe d fo r  TLC .  Unlik e 

TLC,  descendin g developmen t  i s  frequentl y  use d a s  i t  i s  faste r  an d mor e  suitabl e 

fo r  lon g pape r  sheets .  I t  i s  importan t  t o  maintai n a  saturate d atmospher e  i n 

th e  chromatographi c  chamber ,  whic h shoul d b e  ga s  tigh t  an d protecte d fro m 

temperatur e  variations .  Afte r  development ,  th e  chromatogra m i s  ai r  drie d an d 

th e  spot s  o r  band s  ar e  visualized .  Colore d compound s  an d thos e  whic h fluoresc e 

strongl y whe n irradiate d wit h UV-ligh t  ar e  easily.detecte d b y ey e  an d ca n b e 

measure d wit h a  densitometer .  Othe r  compound s  ca n b e  converte d t o  colore d o r 

fluorescen t  zone s  b y dippin g i n  o r  sprayin g wit h a  solutio n o f  a  reactive , 

selectiv e  chemica l  reagent .  Fo r  quantitativ e  measurement s  i t  i s  difficul t  t o 

obtai n accurac y bette r  tha n ±  1 % i n routin e  work .  Fluorescenc e  o r  radioactivit y 

ca n b e  measure d i n  sit u  bu t  absorptio n measurement s  ar e  usuall y  mad e  b y cuttin g 

ou t  th e  zone s  an d elutin g th e  separate d component s  fo r  measurmen t  b y solutio n 

photometry .  Th e  latte r  metho d i s  pron e  t o  al l  th e  error s  commo n t o detectio n b y 



69 6 

elutio n i n  ope n be d chromatography .  Thes e  ar e  difficult y  i n  precisel y locatin g 

sampl e  zones ,  cross-contaminatio n o f  zones ,  incomplet e  sampl e  elution ,  an d 

contaminatio n o f  th e  elute d solutio n b y th e  chromatographi c  medium . 

Preparativ e  separation s  b y pape r  chromatograph y ar e  reserve d fo r  relativel y 

eas y separation s  wher e  alternativ e  method s  ar e  mor e  complicated .  I n  mos t 

instance s  colum n method s  ar e  foun d t o  b e  mor e  suitable .  Possibl e  contaminatio n 

of  th e  separate d produc t  wit h solubl e  materia l  o n th e  paper ,  a s  wel l  a s 

cellulos e  fiber s  fro m th e  paper ,  mus t  alway s  b e  considered . 

The  mos t  suitabl e  metho d fo r  preparativ e  pape r  chromatograph y i s  th e  us e  o f 

wid e  sheet s  o f  thic k paper .  Th e  sampl e  i s  applie d a s  a  narro w strea k alon g on e 

edg e  i n  loading s  10-2 0 mg/cm .  Paper s  suc h a s  Whatman' s  No .  31E T offe r  highe r 

loading s  o f  20-4 0 mg/cm .  Afte r  th e  developmen t  an d dryin g o f  th e  chromatogram , 

th e  positio n o f  th e  solut e  zone s  ma y b e  locate d o n marke r  strip s  cu t  fro m th e 

middl e  an d bot h side s  o f  th e  paper .  Th e  zone s  ca n the n b e  cu t  ou t  fo r 

individua l  elutio n b y an y appropriat e  method . 
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Freeze-concentratio n 43 8 

Freeze-dryin g 43 7 

Fresne l  refractomete r  (LC )  37 2 

Gas  displacemen t  pum p (LC )  36 1 

Gas  phas e  strippin g analysi s  47 1 
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- ,  blow-dow n metho d 44 6 

Gas-liqui d chromatograph y 3 1 

Gas-soli d  chromatograph y 72 ,  10 7 

Glas s  beads ,  support s  (GC )  5 9 

Glas s  characteristic s  8 1 

Glas s  drawin g machin e  (OTC )  8 0 

Gola y equation ,  (GC )  1 5 

- ,  (LC )  31 9 

Gra b samplin g 47 5 
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- ,  steepnes s  facto r  26 6 

Gradien t  elutio n (LC )  265,36 4 
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- ,  shap e  26 6 

- ,  ternar y 27 0 
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Gro b tes t  (GC )  11 5 

Guar d colum n (LC )  25 4 

Gum phase s  (GC )  8 5 

Hal l  detecto r  (GC )  19 0 

Haloalkylacy l  reagent s  (GC )  49 6 

Haloalkyldimethylsily l  reagent s  (GC )  49 4 

Headspac e  analysi s  (GC )  46 3 

- ,  calibratio n 46 7 

- ,  dynami c  46 9 

- ,  ga s  phas e  strippin g 47 1 

- ,  purge-and-tra p 47 1 

- ,  stati c  46 3 

- ,  transevaporato r  47 2 
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- ,  colum n tes t  11 3 

- ,  edd y diffusio n 1 0 
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- ,  mas s  transfe r  1 2 

- ,  reduce d valu e  246,31 9 

Hig h spee d (LC )  33 2 

High-volum e  sample r  47 5 

Hydroxylapatit e  44 8 

Immobilize d stationar y phase s 

(GC)  10 1 

- ,  azo-compound s  10 3 

- ,  fre e  radica l  10 2 

- ,  gamm a  radiatio n 10 3 

- ,  peroxide s  10 3 

Impacto r  samplin g apparatu s  47 5 

Impinger s  48 1 

Infrare d spectroscop y 60 8 

- ,  dispersiv e  instrument s  60 8 

- ,  Fourie r  transfor m 610,61 2 

- ,  interface ,  (GC )  61 0 

- ,  - ,  (LC )  61 2 

- ,  interferometri c  instrument s  60 9 

- ,  ligh t  pipe s  61 1 

- ,  matri x  isolatio n 61 1 

Injector s  (GC )  146,40 0 

- ,  (LC )  36 8 

- ,  (OTC )  15 1 

Interfaces ,  (GC-FTIR )  61 0 

- ,  (GC-MS )  59 2 

- ,  (GC-0ES )  61 4 

- ,  (LC-FTIR )  61 2 

- ,  (LC-MS )  59 9 

- ,  (LC-NMR )  61 3 

- ,  (SFC-MS )  13 1 

Interfacia l  adsorptio n (GC )  6 3 

Interferomete r  detecto r  (LC )  37 3 

Interna l  standard s  452,60 8 
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Interparticl e  porosit y  6 

Intraparticl e  porosit y  6 

- ,  (SEC )  29 4 

Io n chromatograph y 31 3 

- ,  conductivit y  detectio n 31 5 

- ,  hollo w fibe r  suppressor s  31 6 

- ,  instrumentatio n 31 3 

- ,  packing s  31 4 

- ,  photometri c  detectio n 31 7 

- ,  suppresso r  column s  31 5 

Ion-exchang e  chromatograph y 30 4 

- ,  mechanis m 30 7 

- ,  optimizatio n 31 0 

- ,  packing s  22 7 

- ,  sampl e  cleanu p 45 9 

Ion-pai r  chromatograph y 52 6 

- ,  ion-exchang e  mode l  52 9 

- ,  ion-interactio n mode l  53 0 

- ,  ion-pai r  mode l  52 9 

- ,  optimizatio n 53 3 

Iso-eluotropi c  solvent s  26 1 

Isohydri c  solvent s  28 1 

Kubelka-Mun k equatio n (TLC )  65 7 

Kuderna-Danis h concentrato r  44 6 

Ligand-exchang e  chromatograph y 55 6 

Linear-solvent-strengt h gradient s  (LC )  26 4 

Liqui d crystal s  (GC )  4 0 

Liquid-liqui d partitio n 438,451,55 7 

Liquid-soli d  chromatograph y (LSC )  27 1 

- ,  competitio n mode l  27 3 

- ,  pola r  modifier s  28 1 

- ,  sampl e  cleanu p 44 8 

- ,  solut e  localizatio n 27 7 

- ,  solven t  interactio n mode l  27 8 

Liv e  switchin g (GC )  19 9 

Long-ter m noise ,  detector s  38 8 

Longitudina l  diffusio n 1 1 

Low-volum e  sampler s  48 1 

Lyophilizatio n 43 7 

Macroreticula r  porou s  polymer s  45 5 

Mass  spectrometr y 58 4 

- ,  continuou s  sca n 60 6 

dat a  acquisitio n 60 4 

interfaces ,  (GC )  59 2 

- ,  (LC )  59 9 

- ,  (SFC )  13 1 

io n detectio n 59 1 

ionizatio n method s  58 4 

librar y searche s  60 7 

mas s  calibratio n 60 5 

quadrupol e  59 0 

resolutio n 58 9 

sca n tim e  58 9 

selecte d io n monitorin g 60 6 

time-of-fligh t  59 1 

Mass  transfe r  kinetic s  1 2 

Maximu m allowabl e  compoun d siz e  40 0 

McReynold s  constant s  4 4 

Mean specifi c  resolutio n (SEC )  29 5 

Meta l  chelates ,  separatio n 53 8 

Micro-extracto r  44 7 

Microcolumn s  (LC )  31 7 

Microcoulomete r  detecto r  (GC )  19 3 

Microporous ,  silic a  packing s  (LC ) 
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Mobil e  phas e  (GC )  12 1 

- ,  analysi s  tim e  12 3 

- ,  compariso n 12 2 

- ,  organi c  vapor s  12 4 

- ,  resolutio n 12 3 

Mobil e  phas e  (LC )  25 5 

- ,  binar y solvent s  25 9 

- ,  gradien t  elutio n 26 5 

- ,  iso-eluotropi c  solvent s  26 1 

- ,  optimizatio n 26 2 

- ,  preferre d solvent s  25 6 

- ,  selectivit y  triangl e  25 8 
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- ,  solven t  selectivit y  25 6 

- ,  solven t  strengt h 25 6 

- ,  ternary;solvent s  26 2 

Mobil e  phas e  velocit y  6 

- ,  reduce d valu e  247 ,  31 9 

- ,  (TLC )  627,638,64 6 

Mobil e  phas e  velocit y  constan t  (TLC ) 

627,638,64 6 

Molecula r  sieve s  (GC )  7 6 

Molecula r  weigh t  calibratio n (SEC )  29 7 

Moving-needl e  injecto r  (OTC )  15 9 

Multidimensiona l  chromatography ,  (GC )  19 5 

- ,  instrumentatio n 19 8 

(LC )  33 4 

- ,  automate d 33 6 

- ,  instrumentatio n 33 7 

- ,  manua l  33 5 

- ,  nomenclatur e  33 5 

- ,  trac e  enrichmen t  46 1 

Multipl e  headspac e  extractio n 46 7 

Number  averag e  molecula r  weigh t  (SEC )  29 8 

NMR spectroscop y 61 3 

- ,  interface s  (LC )  61 3 

- ,  stop-flo w 61 9 

On-colum n injectio n (OTC )  15 6 

Ope n tubula r  columns ,  (GC )  7 9 

- ,  (LC )  31 7 

Organi c  molte n salt s  (GC )  4 0 

Over-pressur e  colum n (LC )  41 1 

Overlappin g resolutio n maps ,  (LC )  26 4 

- ,  (TLC )  64 7 

Overpressurize d (TLC )  632,65 5 

Ozonolysi s  55 9 

Pape r  chromatograph y 69 3 

Particulat e  collectio n 47 5 

Passiv e  sampler s  48 1 

Pea k are a  measuremen t  39 3 

Pea k capacit y  (LC )  34 0 

Pellicula r  packing s  (LC )  217,22 7 

Permeabilit y  constan t  (TLC )  62 7 

Permeatio n tube s  48 3 

Persona l  samplin g 48 0 

Phas e  rati o  (GC )  5 

Photodiod e  arra y detecto r  (LC )  37 8 

Photoionizatio n detecto r  (GC )  16 7 

Phthalat e  este r  phase s  (GC )  3 8 

Plate s  (TLC )  63 4 

PLOT column s  (GC )  10 4 

Pluroni c  phase s  (GC )  3 9 

Pneumati c  amplifie r  pump  (LC )  36 2 

Pola r  bonde d phase s  (LC )  28 2 

Polarographi c  detecto r  (LC )  38 5 

Poly(ethylen e  glycol )  phase s 

(GC)  3 9 

Poly(pheny l  ethe r  sulfone )  phase s 

(GC)  3 7 

Poly(pheny l  ether )  phase s  (GC )  3 7 

Polyeste r  phase s  3 8 

Polysiloxan e  phase s  (GC )  3 5 

Polyurethan e  sorbent s  45 8 

Porou s  polyme r  bead s  (GC )  6 8 

Precolumn s  (trac e  enrichment )  46 1 

Preparative-scal e  chromatograph y 

39 9 

- ,  (GC )  39 9 

- ,  hig h .pressur e  (LC )  41 4 

- ,  lo w pressur e  (LC )  40 8 

- ,  MACS 40 0 

- ,  sampl e  collectio n 40 3 

- ,  (TLC )  69 1 

Pressur e  transduce r  (LC )  36 4 

Puls e  dampe r  (LC )  36 4 

Pumps  (LC )  35 8 

Purge-and-tra p 47 1 

Pyrolysi s  ga s  chromatograph y 56 2 

- ,  continuou s  mod e  56 2 

- ,  Curi e  poin t  56 3 

Pyrolyti c  alkylatio n 50 3 
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Radia l  compressio n column s  253,42 9 

Radiochromatograph y (TLC )  68 9 

Reactio n chromatograph y (GC )  56 0 

Reactio n detecto r  (LC )  52 1 

- ,  packe d be d 52 3 

- ,  photochemica l  52 5 

- ,  segmente d 52 4 

- ,  tubula r  52 3 

Reduced ,  plat e  heigh t  244,31 9 

- ,  velocit y  245 ,  31 9 

Reflu x trappin g 43 7 

Retardatio n facto r  (TLC )  62 6 

Retentio n inde x -2 3 

Retentio n time/volum e  2 

- ,  (SEC )  29 4 

Rohrschneide r  constant s  4 4 

Rotar y evaporato r  44 6 

Sampl e  applicatio n (TLC )  64 0 

- ,  contac t  spotte r  64 2 

- ,  dosimeter s  64 0 

- ,  Linoma t  64 2 

- ,  microsyring e  64 1 

- ,  Nanoma t  64 1 

- ,  rocke r  applicato r  64 1 

Scannin g densitometr y (TLC )  65 6 

- ,  backgroun d correctio n 65 8 

- ,  calibratio n 65 7 

- ,  fluorescenc e  65 8 

- ,  instrumentatio n 65 9 

- ,  sca n method s  66 1 

- ,  sequentia l  wavelengt h scannin g 66 3 

- ,  spectru m recordin g 66 3 

SCOT column s  (GC )  10 4 

Selecte d io n monitorin g (MS )  60 6 

Selectiv e  electron-captur e  sensitizatio n 

(GC)  17 8 

Separatio n facto r  5 

- ,  (SEC )  29 4 

- ,  (SFC )  12 7 

Separatio n impedanc e  (LC )  32 0 

Separatio n number ,  (GC )  11 4 

- ,  (TLC )  63 0 

Separators ,  (GC-MS )  59 2 

- ,  direc t  couplin g 59 3 

- ,  effusio n 59 6 

- ,  enrichmen t  59 4 

- ,  je t  59 8 

- ,  membran e  59 8 

- ,  ope n spli t  59 3 

- ,  valv e  59 3 

- ,  yiel d  59 4 

(LC-MS )  59 9 

- ,  direc t  introductio n 60 0 

- ,  expandin g je t  60 2 

- ,  movin g bel t  60 2 

Sephade x 44 8 

Septu m injector ,  (GC )  14 6 

- ,  (LC )  36 8 

Septumles s  injecto r  (LC )  36 8 

Short-ter m noise ,  detector s  38 7 

Silanophili c  bindin g 28 9 

Silic a  packings ,  (GC )  7 3 

(LC )  21 9 

- ,  apparen t  p H 22 1 

- ,  hydratio n 22 0 

- ,  mea n por e  diamete r  21 9 

- ,  preparatio n 21 9 

- ,  sampl e  cleanu p 44 8 

- ,  silanizatio n 22 3 

- ,  specifi c  por e  volum e  21 9 

- ,  specifi c  surfac e  are a  21 9 

- ,  surfac e  characteristic s  22 0 

Silylatin g reagent s  (GC )  48 7 -

Size-exclusio n chromatograph y 29 0 

- ,  calibratio n 29 7 

- ,  colum n qualit y  tes t  29 7 

- ,  HET P 29 4 

- ,  i n  (IEC )  30 8 

- ,  resolutio n 29 5 
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- ,  retentio n 29 4 

Solven t  effec t  (GC )  15 5 

Solven t  extractio n 43 8 

Solvent s  (LC )  25 5 

- ,  degassin g 35 6 

- ,  selectivit y  25 6 

- ,  strengt h 25 6 

Solvophobi c  theor y 286 ,  45 4 

Soxhle t  extractio n 44 4 

Specifi c  resolutio n facto r  29 5 

Spectrophotometri c  detector s  (LC )  37 4 

Spli t  injecto r  (OTC )  15 1 

Splitles s  injecto r  (OTC )  15 3 

Squalan e  3 3 

Stati c  headspac e  analysi s  46 3 

Stationar y phase s  (GC )  3 1 

Statistica l  moment s  2 1 

Stea m distillatio n 43 3 

Stereoisomers ,  separatio n 54 4 

Stop-flow ,  injecto r  (LC )  36 8 

- ,  scannin g (LC )  37 7 

Sublimatio n 43 7 

Subtractio n chromatograph y 56 0 

Supercritica l  flui d chromatograph y 

(SFC )  12 4 

Support s  (GC )  5 3 

- ,  coatin g 6 0 

- ,  deactivatio n 5 6 

- ,  silanizatio n 5 7 

- ,  tailin g inhibitor s  5 8 

Surfac e  modificatio n (OTC )  8 6 

Swee p co-distillatio n 43 7 

Syring e  handlin g (GC )  14 8 

Syring e  pum p (LC )  36 3 

Temperatur e  programming ,  (GC )  20 2 

- ,  (LC )  34 0 

Tena x 70,458,47 5 

Theoretica l  plate ,  8 

- ,  colum n tes t  62,110,24 5 

- ,  limi t  1 8 

- ,  (SEC )  29 4 

- ,  (TLC )  62 9 

Therma l  conductivit y  detecto r 

(GC)  18 0 

Therma l  desorptio n 458,47 7 

Therma l  energ y analyze r  (GC )  18 9 

Thermioni c  ionizatio n detecto r 

(GC)  16 3 

Thin-laye r  chromatograph y (TLC )  61 9 

- ,  applicatio n highlight s  66 5 

- ,  compariso n wit h HPL C 62 1 

- ,  compariso n wit h HPTL C 62 0 

- ,  developin g chamber s  65 2 

- ,  developmen t  method s  64 3 

- ,  plate s  634,686,68 8 

- ,  preparativ e  69 1 

- ,  radiochromatograph y 68 9 

- ,  sampl e  applicatio n 64 0 

- ,  scannin g densitometr y 65 6 

- ,  theor y 62 5 

- ,  two-dimensiona l  65 1 

Trac e  enrichment ,  (GC )  19 8 

- ,  (LC )  334,453,46 1 

•Transesterificatio n (GC )  49 9 

Transevaporato r  47 2 

Trialkylsily l  reagent s  (GC )  487,49 2 

Vacuu m colum n chromatograph y 

(LC )  41 1 

Valves ,  injectio n (GC )  14 7 

- ,  - ,  (LC )  37 0 

- ,  switchin g (GC )  19 7 

- ,  - ,  (LC )  337,46 1 

va n Deemte r  equatio n 14,12 2 

van' t  Hof f  plo t  (LC )  34 3 

Visualizatio n technique s  (TLC )  54 1 

Weight-averag e  molecula r  weigh t 

(SEC )  29 8 

Windo w diagram s  (GC )  5 0 


