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V 

Forewor d 

"Colloi d Chemistr y in Minera l Processing " was bor n ou t of ou r stron g desir e to 
recognis e the excellen t scientifi c studie s of Dr . Josep h A. Kitchene r in a tangibl e 
and constructiv e manner . 

Joe Kitchene r influenced , guide d and educate d man y scientist s and engineer s 
durin g his impeccabl e career . We therefor e approache d distinguishe d researchers , 
all of who m had eithe r worke d directl y with Joe or cam e from researc h group s with 
whic h he had a long association , and aske d the m to contribut e specifi c chapter s to 
the book . 

Sinc e the size of the particle s whic h are currentl y processe d is rapidl y approach -
ing colloida l range , minera l processin g is, of necessity , becomin g mor e and mor e an 
applie d colloi d chemistry . Colloi d chemistr y is inevitabl y involve d in all aspect s of 

Joseph and Phyllis Kitchener at home in Tewin Wood, Hertfordshire, England (September 1989). 
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minera l processing , rangin g from rheologica l phenomen a in grinding , selectiv e ad-
sorptio n of variou s chemica l additive s (flotatio n collectors , flocculants,  dispersants , 
etc. ) ont o minera l surfaces , and analysin g the force s whic h contro l the stabilit y of 
dispersion s as wel l as the wettabilit y of minera l surfaces . Colloi d chemistr y also 
plays an equall y importan t rol e in influencin g the stabilit y and viscosit y of magnetit e 
dens e media . Surfac e phenomen a contro l bot h the dewaterin g of "fines " and ar e 
involve d in dus t suppression . Joe Kitchene r worke d in thes e and relate d areas , and 
it is pertinen t to recal l aspect s of his career , for thi s wil l serv e the dua l purpos e of 
informin g reader s who hav e no t had the privileg e of workin g with him as wel l as 
developin g som e historica l perspectiv e of the subjec t of the book . 

Joe Kitchene r was bor n in Londo n in 1916 and attende d an excellen t counci l 
gramma r schoo l from 1926 to 1934 . At the conclusio n of his secondar y education , 
Joe won an ope n scholarshi p to Universit y College , wer e he skippe d the first  yea r 
of the Bachelor' s degre e and obtaine d first  clas s honour s in Chemistr y in 1936 . His 
Ph.D.  was complete d by Jun e 1938 , jus t thre e year s and nin e month s afte r leav -
ing secondar y school , a truly remarkabl e fea t from the editors ' viewpoint , althoug h 
woul d demu r on this issue ! His Ph.D.  topi c was "Photosensitization " by Titaniu m 
Dioxide" , undertake n unde r th e energeti c directio n of C.F . Goodeve , a notabl e 
physica l chemis t in the Departmen t of Chemistr y heade d by Professo r EG . Don -
nan . Th e researc h environmen t was very stimulatin g for G.S . Hartley , N.K . Adam s 
and H. Freundlic h had all bee n recruite d by Donnan , thu s ther e was a rich colloi d 
and surfac e chemistr y milie u for a youn g doctora l studen t to develo p in. 

At the conclusio n of his doctora l studie s Jo e was appointe d as a Demonstrato r 
in Physica l Chemistr y at Imperia l College , enablin g him to combin e teachin g and 
independen t scientifi c research . By 1956 he was Reade r in Physica l Chemistr y and 
was awarde d the D.Sc . in 1958 for his eminen t contributions , exceedin g fifty  in 
number , to the scientifi c literature . In 196 1 the Departmen t of Minin g and Minera l 
Technology , led by the perceptiv e Professo r M.G . Fleming , lure d Jo e awa y from 
Chemistr y and conferre d upo n him the uniqu e titl e of "Reade r in the Scienc e of 
Minera l Processing" . Joe complete d forty year s on the staff of Imperia l Colleg e in 
1978 at whic h poin t the College , coaxe d by Fleming , bestowe d the covete d titl e of 
Senio r Researc h Fello w upo n him . Joe enjoye d thi s rol e for the nex t seve n years , 
finally  leavin g Imperia l Colleg e in 1985 . H e now lives in Tfewin Wood , nea r Welwy n 
in Hertfordshir e with his graciou s wife Phyllis . Joe and Phylli s hav e two daughter s 
and a son . Sinc e his departur e from Imperia l College , Joe and Phylli s trave l widel y 
in the Unite d Kingdo m and involv e themselve s in a myria d of activities , with Jo e 
still indulgin g in the occasiona l scientifi c foray . 

Mor e tha n one hundre d and fifty  scientifi c publication s flowed  from Joe' s scien -
tific work . Man y of thes e are note d in this book , bot h in the bod y of the text , as wel l 
as in the bibliographie s at the end of eac h chapter . Howeve r it is wort h mentionin g 
a few highlight s here . Wit h A.P. Prosser , Joe mad e the first  correc t measurement s in 
the Wes t of long-rang e van der Waal s force s betwee n macroscopi c bodie s (Proceed -
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ings of the Roya l Societ y of Londo n (1957 ) A 242 , p. 403) . Thi s wor k was carrie d 
out in paralle l wit h Derjagui n and his grou p in Russi a and , as a result , a stron g 
bon d was forge d betwee n the two men . Thei r mutua l fascinatio n wit h eac h other' s 
work continue s unti l this day , with Joe Kitchene r assumin g editorshi p of Derjaguin , 
Churae v and Muller' s boo k on "Surfac e Forces " (Consultant s Bureau , New Yor k 
and London , 1987) . 

Ther e was a long-ter m interes t in thin liqui d films,  encompassin g surfac e forces , 
film  thicknes s measurement s and structura l effects . Collaborator s in thi s wor k in-
clude d A.D . Read,  J.S . Laskowski , T.D . Blak e and R.M . Pashley . Surfactan t adsorp -
tion at solid-wate r interface s was performe d in conjunctio n wit h R. Tolu n and T.Z . 
Saleeb . "Mechanism s of Adsorptio n from Aqueou s Solutions : Som e Basi c Prob -
lems" , a revie w by Joe whic h was publishe d in the Journa l of Photographi c Scienc e 
in 1965 (13 , p. 152) , to this day remain s an excellen t introductio n for a newcome r to 
this field.  Pioneerin g selectiv e flocculation  studie s wer e carrie d ou t with J.P. Friend , 
B. Yarar , J. Rubi o and Y. A. Atti a whils t the phenomeno n of selectiv e coagulatio n in 
mixe d colloida l suspension s was confirme d with R.J . Pugh . Sulphid e minera l surfac e 
chemistr y and flotation  wer e investigate d with R. Tolun , M.G . Flemin g and B. Yara r 
whils t the surfac e propertie s of silicate s wer e studie d wit h J. Ralsto n and L. J. War -
ren . Quebrach o and the mechanis m of its actio n as a depressan t was investigate d 
with J. Iskr a and C. Gutierrez . Adsorptio n investigation s wer e carrie d ou t with O. 
Mellgre n and H. Shergol d whils t join t studie s into dissolve d air flotation  wer e per -
forme d with R. Gochi n and J. Solari . Fin e particl e and fundamenta l flotation  studie s 
were performe d with J.F . Anfruns , S. Sobieraj , H. Wrigh t and M. Urban . Althoug h 
Phil Parsonag e and Luu k Koopa l wer e neve r directl y associate d with Joe Kitchener , 
they rapidl y accepte d our invitatio n to writ e thei r respectiv e chapters , withou t whic h 
the boo k woul d be incomplete . Joe' s scientifi c wor k is characterize d by brillian t 
diagnosti c experiments , lucid , perceptiv e interpretation s and a remarkabl e clea r ex-
position . We canno t do justic e to his wor k by a few mer e line s her e — the reade r is 
urge d to consul t the origina l literatur e for the full flavour. 

The boo k is divide d into two sections , the first  of whic h commence s with an ana -
lytica l overvie w by Joe Kitchener . Eac h chapte r is couche d in the form of a review , 
but is writte n with the prospectiv e studen t in mind . We therefor e hop e tha t it wil l 
be a usefu l teachin g book . The editor s hav e attempte d to give coherenc e to the en-
tire volume . We than k ou r contributor s and Elsevier , particularl y Jacque s Kiebert , 
for thei r suppor t and our familie s for thei r tolerance . Th e blam e for any error s or 
omission s rest s with us. We trust , however , tha t ou r reader s wil l find  this boo k to be 
a valuabl e contributio n to the "scienc e of minera l processing" . 

May, 1991 J.S. LASKOWSKI, Vancouver 
J. RALSTON, Adelaide 



IX 

Lis t  o f  Contributor s 

Y.A. ΑΊΤ1Α Department of Materiah Science and Engineering The Ohio State 
University, 116 West 19th Avenue, Columbus, OH43210, U.S.A. 

RJ. GOCHIN Department of Mineral Resources Engineering Imperial College of 
Science, Technology and Medicine, London SW7 2BP, England 

J.A. KITCHENER 2A Purcell Close, Tewin Wood, Welwyn, Hertfordshire AL6 ONN, Eng-
land 

L.K. KOOPAL Department of Physical and Colloid Chemistry, Wageningen Agricul-
tural University, Dreijenplein 6,  6703 HB Wageningen, The Netherlands 

J.S. LASKOWSKI Department of Mining and Mineral Process Engineering The Univer-
sity of British Columbia, Vancouver, B.C., V6T1W5 Canada 

G. NEWCOMBE School of Chemical Technology, University of South Australia, The 
Levels, SA. 5095, Australia. 

P. PARSONAGE Biological Treatment Department, Warren Spring Laboratory, Steve-
nage, Hertfordshire SGI 2BX, England 

R.M. PASHLEY Department of Chemistry, Faculty of Science, Australian National Uni-
versity, G.P.O. Box 4, Canberra, ACT, 2601, Australia 

RJ. PUGH Mineral Section, Institute for Surface Chemistry, Box 5607, S-114 86 
Stockholm, Sweden and the Division of Mineral Processing Luleä 
University of Technology, S-951 87 Luleä, Sweden 

J. RALSTON School of Chemical Technology, University of South Australia, The 
Levels, SA. 5095, Australia. 

J.A. SOLARI Departamento de Ingenieria de Minas, Facultad de Ciencias Fisicas y 
Matemäticas, Universidad de Chile Casilla 2777, Santiago, Chile 

LJ. WARREN CSIRO, Division of Mineral Products, do Curtin University, Box 
U1987, WA. 6001, Australia 



1 

Chapter  1 

Mineral s  an d  surface s 

J.A. KITCHENE R 

Forewor d 

About  this  article 

Ideally , Technolog y is simpl y Applie d Scienc e and scienc e is a unity . Bu t tha t is 
not how student s mee t it! Academi c scienc e has lon g bee n rigidl y package d int o 
physics , chemistry , geology , biology , etc . Withi n eac h departmen t ar e man y sub -
department s — labelled , for example , inorganic , organic , physical , etc . In turn , eac h 
sub-departmen t guard s its own sub-sub-specialities . On e of these , unde r the wing 
of physica l chemistry , is surface  chemistry,  and this , alon g with surfac e physic s and 
surfac e mineralog y (to coin a ter m for a new field  of study) , provide s th e basi c 
scienc e for the presen t book . 

In the conventiona l scheme , colloid  science,  whic h is the stud y of disperse d mate -
rials , has no home . It is dismisse d as "interdisciplinary " ("multidisciplinary " woul d 
be mor e accurate) . Consequently , its ratin g for lectur e tim e in department s of 
chemistr y or physic s is negligible . Thousand s of scienc e graduate s emerg e from 
our universitie s and college s totall y ignoran t of a tremendousl y importan t are a of 
knowledg e — importan t for technolog y and biology . Quit e apar t from the industria l 
application s (minera l processin g bein g jus t one of them ) the colloida l stat e of mat -
ter include s all livin g creatures , all natura l products , food s and soils . Colloid s are 
emphaticall y importan t in the rea l world , if no t in the class-room ! Shakespear e pu t 
it mos t aptl y (in a very differen t context ) in King Henr y V, Ac t 5, Scen e 2: 

".. . [we].. . do no t lear n for wan t of tim e 
The science s whic h shoul d becom e our country " 

("become " mean s suit , improve) . 
As colloid s are unfamilia r to man y youn g scientists , it may be usefu l to explai n 

briefl y som e of the key idea s and technica l term s of ou r subjec t befor e proceedin g 
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to the mai n them e of the boo k —  namely , the processin g of nearly-colloida l min -
erals . Of course , reader s alread y familia r with the basi c concept s of colloi d scienc e 
can go directl y to the specialis t article s tha t follow . I hope , however , tha t minera l 
technologist s and other s wil l find  this previe w helpfu l —  notably , researc h chemist s 
and chemica l engineer s who find  themselve s face d with problem s involvin g colloida l 
material s with no previou s acquaintanc e with the science . 

This shor t introductio n to a hug e subjec t mus t necessaril y be bot h selectiv e 
and sketchy . Student s who wan t a mor e systemati c introductor y cours e are recom -
mende d to rea d a shor t recen t textboo k by Everet t [1], whic h include s reference s to 
som e standar d monographs . Be warned , however , tha t the research  literature  of col -
loid science , althoug h fascinating , is nothin g shor t of overwhelmin g in volum e and 
often confusin g in significance . Student s wil l find  difficult y in distinguishin g betwee n 
established , accepted , principle s and unproven , tentative , idea s tha t researcher s are 
perhap s "tryin g out" ! Her e I hav e endeavoure d to summariz e only accepte d con -
cepts ; so it woul d be ridiculou s to quot e origina l publications . Wher e name s and 
date s are mentioned , they are simpl y to set the scienc e in its historica l context . 

Althoug h surfac e and colloi d scienc e are no t as widel y taugh t as thei r impor -
tanc e deserves , researc h wor k is progressin g vigorousl y on man y topic s and in man y 
laboratories , bot h academi c and industrial . Th e reade r wil l gai n som e ide a of a 
smal l selectio n of thes e activitie s from the specialis t article s in this book , and shoul d 
realis e tha t man y paralle l book s are appearin g on othe r aspect s of the subject . 

Colloid s and surface s 

Introducing  colloids 

The concep t and the nam e of "colloid " are credite d to Thoma s Graha m (1861) . 
(Incidently , the first  professo r of chemistr y at my alm a mater , Universit y College , 
London) . His two criteri a were : (a) restricte d diffusivit y (colloid s bein g held bac k by 
a membrane) , and (b) optica l turbidit y (ligh t scattering) . Bot h indicat e the presenc e 
of particle s muc h large r tha n ordinar y molecule s suc h as sucrose . It turne d ou t to 
be rathe r unfortunat e tha t two distinctl y differen t classe s of materia l qualifie d as 
colloid s —  for example , gold sols and gelati n solutions . Nowaday s it is clea r tha t 
the forme r typif y dispersions  of opticall y sub-microscopi c particles , whil e the latte r 
consis t of stabl e solutions  of very larg e molecules . Th e first  clas s is now referre d 
to as "lyophobic " colloid s (i.e . dislikin g thei r environment , and henc e potentiall y 
unstable ) and the secon d as "lyophilic " (likin g and spontaneousl y solubl e in thei r 
liquid) . 

Graha m can hardl y be blame d for the confusio n tha t followed . Technique s for 
investigatin g the structur e of colloid s wer e entirel y lackin g and it neede d mor e tha n 
half a centur y to establis h the simpl e principl e state d above . For man y year s colloid s 
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wer e treate d as someho w peculia r by compariso n wit h familia r "crystalloids " such 
as sucros e solution . Colloid s seeme d no t to fit  the standar d law s of the classica l 
physica l chemists , and wer e simpl y disregarde d by man y of them . 

It was no t unti l the 1930's , with the adven t of new technique s suc h as the ultrami -
croscope , the electro n microscope , precisio n osmometry , X-ra y powde r diffractio n 
and the simultaneou s rise of a new scienc e of high molecula r weigh t polymer s tha t 
the distinctio n betwee n lyophobi c and lyophili c colloid s becam e obvious . Muc h of 
the myster y of wha t had bee n wittil y dubbe d "th e cloud y science " was thereb y dissi -
pated . However , ther e stil l remaine d a puzzlin g theoretica l problem : how to explai n 
the stabilit y (actuall y metastability ) of lyophobi c colloida l dispersions ? The y wer e 
long know n to be susceptibl e to slow or rapi d coagulatio n on additio n of particula r 
electrolytes , and Smoluchowsk i develope d the kineti c theor y of coagulatio n as earl y 
as 1917 . But the force s keepin g the particle s apar t in stabl e dispersio n coul d no t be 
quantitativel y accounte d for . 

Qualitativ e idea s abou t "electrica l charges " on colloida l particle s wer e aroun d 
long befor e 1930 . However , calculatin g the repulsio n force s betwee n particle s as a 
functio n of the distanc e betwee n the m is no t a simpl e matte r of applyin g Coulomb' s 
law. A star t on the proble m was mad e aroun d 1938 . By the n it was realise d tha t all 
colloida l particle s hav e an influenc e on the liqui d aroun d them . Lyophobi c particles , 
whe n "charged" , exer t an effec t on the ioni c environment ; lyophili c particle s interac t 
with thei r solven t mediu m in the sam e way tha t sucros e does . 

Alread y in the 1920' s the grea t classica l colloi d chemis t H . Freundlic h realise d 
tha t the key to colloi d scienc e was to be foun d in the specia l phenomen a associate d 
with  surfaces.  To understan d colloid s require s a knowledg e of basi c surfac e science . 
Today tha t is a very extensiv e chapte r in physica l chemistr y and chemica l physics . 

For ou r presen t purposes , bearin g in min d new-comer s to the subject , it is only 
necessar y to recapitulat e certai n relevan t principles , startin g with the classica l con -
cept s of surfac e physic s and the n progressin g to moder n discoveries . 

In wha t follows , for "surface " hencefort h rea d "interface" . Muc h muddle d think -
ing has confuse d thi s simpl e concept . It need s to be defined ; is it a mathematica l 
plane , a monolayer , or a "skin " we are talkin g about ? 

The  classical  interface  model 

An interfac e is a boundar y betwee n two phase s (suc h as GAS/LIQUID , L/S , 
L1/L2 ; Figur e 1) . Tb the eye it appear s perfectl y sharp . Th e very fac t tha t th e 
phase s do no t intermingl e show s tha t ther e is a drasti c differenc e in the molecula r 
environmen t on the opposit e sides . Th e differenc e may lie in the packin g (as for a 
solid at its m.p. ) or molecula r kind (as for oil/water) . Lon g befor e it becam e possibl e 
to analyz e intermolecula r force s at interfaces , valuabl e understandin g was achieve d 
throug h the thermodynami c approac h —  a metho d which , withi n limits , is stil l valid 
and useful . 
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Fig. 1. The interface, i, is formally defined as a boundary between phases; but what is its physical 
structure? 

Capillar y phenomen a indicat e tha t a forc e is require d to exten d a liqui d meniscu s 
— the classica l mode l of surfac e tension . Experimen t show s tha t the "tension " (7 ) 
does not chang e with extensio n of are a (A)  and doe s no t depen d on the size or form 
of the liqui d surface , bu t doe s depen d on the substance . It follow s tha t an interfac e 
of are a A  and tensio n 7 require s wor k 7/ I to form it (at constan t temperatur e and 
pressure ) and thi s wor k mus t someho w be store d by the molecules , for it is recov -
erabl e and is therefor e surfac e free  energy . For pur e liquid s the surfac e free energ y 
per uni t are a (measure d nowaday s in mJ m~ 2) in numericall y equa l to its surfac e 
tensio n (mN m" 1). (Incidently , ther e is also surfac e enthalp y and entropy. ) Al l the 
phenomen a of capillarit y can be perfectl y explaine d by the surfac e tensio n mode l — 
provide d the syste m is macroscopic . The mode l mus t fail eventuall y with exceedingl y 
small  bodie s — actuall y for any whic h are smal l compare d with "th e rang e of actio n 
of intermolecula r forces" . Th e apparen t surfac e tensio n the n become s a functio n 
of size . However , the bodie s mus t certainl y be sub-microscopi c for tha t regim e to 
be encountered . For example , Israelachvil i and Fishe r (1979 ) validate d the classica l 
Kelvi n equatio n for the influenc e of curvatur e on vapou r pressur e dow n to a mea n 
radiu s of 4 nm. 

Surfac e energie s may seem smal l quantities , bu t the y do provid e all the drivin g 
force for a whol e se t of processes , suc h as thos e liste d below . As man y of thes e 
involv e solids  (as in capillar y rise ) the questio n of the surfac e free energ y of solid s 
need s consideration . Th e rigidit y of solid s preclude s the direc t measuremen t of a 
surfac e tension . The fact tha t wor k is require d to cleav e a crysta l doe s no t necessar -
ily mea n tha t all the wor k expende d get s store d in the new surface ; som e of it mus t 
go into elasti c or plasti c deformatio n and som e may go into electrostati c charging . 
However , ther e are a few favourabl e crystals , such as muscovit e (mica) , on whic h 
the cleavag e experimen t can be performe d in a practicall y reversibl e manne r and 
the prope r correction s can be applie d for elasti c deformation . It turn s ou t tha t the 
surfac e free energ y term is large . Othe r evidenc e indicate s tha t har d solid s generall y 
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TABLE 1 

A short list of some surface tensions of pure liquids, interfacial tensions and approximate surface free 
energies of solids at 20°C (in mN m_1 or mJ m~2) 

Pure liquids 
diethyl ether 
n-hexane 
ethanol 
benzene 
glycerol 
water 
mercury 

17.0 
18.4 
22.3 
28.9 
63.4 
72.7 

465 

Interfacial 

water/ether 
water/hexane 
water/mercury 

10.7 
56.1 

375 

Solids 

paraffin wax 
polyethylene 
NaCl (halite) 
mica (cleavage) 
CaF2 (fluorite) 
MgO (periclase) 
C (diamond) 

45 
55 

400 
300 
500 

1200 
4-9 xl03(theor.) 

have highe r surfac e energie s tha n soft ones . Molecula r theor y show s tha t differen t 
crysta l face s are likel y to hav e differen t surfac e energie s pe r uni t area . 

One piec e of evidenc e fo r surfac e energ y of solid s is th e spontaneous  growt h of 
large r crystal s a t the expens e of smaller , eithe r throug h the vapou r (sublimation ) or 
throug h a  saturate d solution . Attempt s hav e bee n mad e to determin e th e surfac e 
energie s of crystal s from difference s of vapou r pressur e o r solubilit y bu t they hav e 
generall y faile d becaus e of the experimenta l difficult y of obtainin g strictl y compara -
ble , stable , crystal s of truly microscopi c sizes . 

Finally , th e familia r phenomen a of rise (wit h wate r in  clean  glass ) o r fall (mer -
cury ) of liquid s in capillar y tube s can be regarde d as proo f enoug h of the realit y of 
surfac e free energ y of solids . Wate r can be mad e to stan d leve l by coatin g the glas s 
with an invisibl e film of silicon e o r to fall by a  thin coatin g of paraffi n wax , thu s 
demonstratin g th e role of the solid as wel l as th e liquid . Capillarit y can be satisfac -
torily explaine d by presume d change s in th e ne t sum of ηΑ  term s —  althoug h th e 
individua l 7S and and 7 si quantitie s canno t be evaluate d (se e below) . 

Severa l line s of evidenc e indicat e tha t the surfac e free energie s of variou s solids , 
like thos e of liquids , ca n be very different . I t is ofte n convenien t to differentiat e 
(loosely ) betwee n "low energ y solids " an d "hig h energ y solids" . In molecula r term s 
the forme r ar e mostl y soft solid s held togethe r by Van de r Waal s force s whil e th e 
latte r ar e ionic , covalen t o r metalli c crystals . Som e approximat e publishe d value s 
are include d in Tkbl e 1 (the dat a shoul d no t be take n as precise) . 

The concep t of surfac e energ y provide s a  satisfactor y basi s fo r explainin g a  wid e 
rang e of "capillar y phenomena" , many  of  which  are  pertinent  to  the  flotation  process. 
For example : 

(1) The shape s of liqui d drops , bubbles , o r menisc i a t equilibrium , eithe r with or 
withou t deformatio n by gravity . 

(2) Th e interna l pressur e differenc e acros s curve d interfaces , as give n by th e 
Laplac e equation . 

(3) The vapou r pressur e ove r curve d interface s of droplet s o r smal l particles , as 
given by the Kelvi n equation . 
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(4) Th e growt h of particle s (or bubbles ) at the expens e of smalle r ones , eithe r 
throug h the vapou r phas e or via a solven t (as in the "Ostwal d ripening " of precipi -
tates) . Thermodynami c activit y is relate d to curvatur e by an equatio n simila r to tha t 
of Kelvin . 

(5) Th e creepag e or retractio n of a film  of liqui d ove r anothe r liqui d or solid . 
(6) Th e establishmen t of an equilibriu m angl e of contac t of a liqui d on a soli d 

substrat e — as governe d by Young' s equatio n (se e below) . 
(7) Th e accumulatio n of one or mor e component s at an interfac e —  adsorption . 
In all thes e physica l processes , the syste m move s toward s an equilibriu m whic h 

correspond s to a ne t minimu m of surfac e energy , Σ  ηΑ,  plu s gravitationa l energ y 
wher e significant . In case s (l)-(6 ) only area s change ; in (7) A  remain s constan t 
whil e 7 decrease s durin g adsorption . Case s (l)-(4 ) do no t cal l for furthe r commen t 
here ; bu t (5) , (6) and (7) are highl y relevan t to the them e of thi s boo k and meri t 
close r attention . Th e importan t flotation  proces s depend s on them . 

Creepage  of  liquids:  wetting  and  de-wetting 

Liquid-on4iquid 
If a smal l quantit y of a certai n liqui d (a)  is place d on the surfac e of anothe r (/?) 

in whic h it is insoluble , will it sprea d spontaneously ? Wit h pur e liquid s experimen t 
show s thre e type s of behaviou r —  complet e spreading , or immediat e shrinkag e 
into a drop , or initia l spreadin g followe d by shrinkag e int o severa l droplets . No 
chemica l chang e is involved . Th e movement s ar e drive n by the relativ e value s of 
the surfac e tension s of the two liquids , ηα and ηβ and thei r interfacia l tension , j a ß. 
Spontaneou s spreadin g occur s if ther e is a ne t decreas e of Σ  ηΑ  whic h mean s tha t 
(7a +  laß  —  Iß)  <  0 (see Figur e 2A) . Conversely , shrinkag e is the spontaneou s 
proces s if the inequalit y sign is reversed . Thi s simpl e principl e is readil y verifie d by 
measurin g the surfac e and interfacia l tension s of the phases . 

The thir d type of behaviou r mentione d occur s whe n the spreadin g liqui d affect s 
the surfac e tensio n of the substrat e considerably . A classi c exampl e is benzen e on 
water . Initiall y j a =  28.9 , ηβ =  72.8 , ηαβ =  35.0 ; bu t afte r mutua l saturatio n in 
a close d vessel , ηα become s 28.8 , j ß fall s to 62.2 , whil e j aß of cours e is the sam e 
bein g an equilibriu m value . The shar p fall in the surfac e tensio n of the wate r is due 
to an invisibl e film  of adsorbe d benzen e vapour . Thi s type of behaviou r is eve n mor e 
marke d with slightl y pola r liquid s such as olei c acid . Afte r suc h liquid s hav e rapidl y 
sprea d ou t as a visibl e layer , they quickl y produc e a serie s of micro-droplets , whic h 
actuall y are separate d by a monolayer  of sprea d oil . The droplet s are said to exer t a 
"film pressure" , π , define d simpl y as the lowerin g of the surfac e tensio n of the wate r 
produce d by the film.  In fact , a film  can pus h smal l floating  objects ; π act s like a two -
dimensiona l pressure . An attenuate d unsaturate d film  exert s a lesse r pressure . Th e 
study of force-are a graph s of sprea d monolayer s form s a specia l branc h of surfac e 
chemistry , bu t no t one of immediat e importanc e for the presen t subject , excep t for 
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Fig. 2. Spreading or retraction of liquids is determined by the relative values of the interfacial energy 
terms ( 7a, 7/3> Ίαβ)· A. Non-equilibrium: will a smear of liquid a spread or retract on liquid βΊ Β. 
Equilibrium of a non-spreading drop on a liquid. C. Equilibrium of a non-spreading drop on a planar 
solid. 

foam s and frother-collecto r interaction . 
A floating  dro p of oil whic h has com e to equilibriu m illustrate s classica l cap -

illarit y theory ; at its peripher y the thre e surfac e tension s balanc e in a triangl e of 
force s (Figur e 2B) . Th e angle s betwee n the phase s adop t uniqu e value s tha t give 
this balanc e (otherwise , of course , the contac t line woul d move) . Meanwhile , the 
orientatio n of the contac t regio n to the vertica l mus t also satisf y hydrostatic s and 
balanc e the weigh t of the drop ; and if the dro p is larg e its boundin g surface s wil l 
depar t from spherica l form . It is a nice calculationa l problem ! Bu t not e tha t the 
balanc e of the tension s is not itsel f directl y affecte d by gravity . 

This independen t workin g of surfac e force s and gravitationa l forces , as Gibb s 
prove d mor e tha n a centur y ago , is a direc t consequenc e of the basi c assumptio n 
tha t interface s are of negligibl e thicknes s —  negligible , tha t is, compare d with the 
size of the bodie s bein g studied . 

Incidentally , Gibb s did also envisag e the possibilit y tha t a correctio n migh t be 
neede d for "lin e tension" , as aroun d the peripher y of a floating  drop . Man y ex-
perimenter s hav e trie d to detec t and measur e line tension . No t surprisingly , result s 
have bee n clos e to the limit s of experimenta l erro r and mutuall y discordant ; for 
if interface s ar e exceedingl y thin , the amoun t of matte r speciall y affecte d at the 
3-phas e line is, of course , order s of magnitud e smalle r tha n tha t presen t in the two -
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dimensiona l areas . A line tensio n wil l hav e a significan t effec t only in system s with 
a very smal l radiu s of curvature ; and tha t probabl y mean s particle s so smal l tha t 
the classica l assumptio n of constanc y of surface  tensio n also being s to fai l anyway , 
becaus e of interactio n betwee n adjoinin g interfaces . Th e proble m of thicknes s of 
interface s mus t be reconsidere d later . 

The spreadin g behaviou r of liquid s is greatl y complicate d if one or bot h of the m 
is a  solution,  becaus e ther e can be simultaneou s change s of th e thre e tensions , 
with partia l dissolutio n of som e component s unti l equilibriu m is reached . The n the 
principle s outline d abov e will apply . 

Liquid-on-solid 
Spreadin g or retractio n of a liqui d ove r a soli d depend s on the sam e principle s 

as for liquid-on-liquid , thoug h with certai n reservations . Firstly , jß  and jap canno t 
be identifie d wit h measurabl e tensions , bu t mus t be rea d as surfac e free energies . 
Secondly , the proble m is simplifie d only if the soli d surfac e can be assume d to be 
ideall y smoot h and unifor m in molecula r nature ; if it is not , ther e may be barrier s to 
the movemen t of a meniscu s (see below) . Thirdly , the liqui d is assume d to be bot h 
pur e and a non-solven t for the solid . 

As with liqui d substrates , thre e type s of behaviou r may be foun d wit h differen t 
materials . Ther e may be complet e spreading , as with wate r on perfectl y clea n glass . 
Or ther e may be non-spreading , the liqui d shrinkin g int o one dro p (e.g . mercur y 
on glass , wate r on paraffi n wax) . Or ther e may be initia l spreading , followe d by 
liberatio n of droplet s with an invisibl e monolaye r betwee n the m — as happen s with 
certai n pola r oils on metal s or pola r solids . 

In an idea l syste m of the kind define d above , a retractin g dro p shrink s in are a 
unti l it reache s an equilibriu m form . Its perimete r can be see n to mee t the soli d at 
a certai n angle , the angl e of contact , Θ,  measure d in the liqui d phas e at the 3-phas e 
line (Figur e 2C) . The equilibriu m angl e correspond s agai n to the ne t minimu m of 
surfac e free energies , Σ 7/Ι , for whic h Thoma s Youn g in 1805 gav e the equatio n 
name d afte r him , namely : 

7sv = 7SL + 7LV COS Θ 

wher e the subscript s s, L and v stan d for the solid , liqui d and vapou r phases , 
respectively . As before , the 7 value s mus t be thos e for mutuall y equilibrate d phases . 
The form of the bulk  of the dro p is governe d by the minimu m of surfac e plu s 
gravitationa l energy , unaffecte d by Θ. 

Regrettably , a grea t dea l of nonsens e has bee n writte n abou t Young' s equation . 
Claim s tha t Θ  is affecte d by gravit y or by dro p size are mistaken ; in an idea l system , 
Θ is a uniqu e consequenc e of the material s of the phases . Bu t ther e ar e plent y of 
case s wher e variatio n is  note d for one reaso n or another . In practice , a meniscu s on 
a solid almos t alway s show s considerabl e hysteresis  of contac t angle , the angl e whe n 
the liqui d is advancing , 0A, bein g large r tha n whe n receding , 0R. Neithe r of thes e 
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angle s can be take n to be the equilibriu m angl e require d for Young' s equation , nor 
relate d to it in any simpl e way . 

Severa l factor s are liabl e to caus e hysteresi s of movemen t of a contac t meniscus : 
(a) roughness , whethe r on an obviou s or microscopi c scale ; 
(b) penetratio n of the liqui d into the solid (e.g . wate r into nylon) ; 
(c) chemica l heterogeneit y of the soli d (e.g . a calendere d plasti c sheet , or —  for 

the presen t contex t — a fracture d minera l crystal) ; 
(d) impuritie s in the liquid , on its surface , or on the surfac e of the soli d (e.g . a 

city raindro p on a car' s windscreen!) ; it is surprisingl y difficul t to effectivel y exclud e 
impuritie s in experiment s with wate r and solid s of hig h surfac e energy , eve n in a 
"clean-room " laboratory . 

Often , severa l of the factor s liste d abov e operat e simultaneously . Indeed , per -
fect reversibilit y of movemen t is very exceptional . Experimenter s measurin g contac t 
angle s shoul d no t fool themselves , bu t shoul d inspec t the contac t line throug h a low-
powe r binocula r microscop e and observ e its form and movement . Mos t commonl y 
the contac t line wil l be foun d to be irregula r and to chang e shap e from plac e to 
plac e as the liqui d advance s and recedes . Any macroscopi c measure s of Θ&  and #R 
mus t the n be treate d with reserve , at leas t unti l the reason s for the hysteresi s hav e 
been identified . 

In the famou s frot h flotation  process , use is mad e of difference s betwee n contac t 
angle s on differen t minerals . Th e propert y of "flotability " depend s on havin g a 
substantia l contac t angl e at an air/water/minera l interface . Generally , the large r the 
contac t angle , the mor e readil y is the minera l floated,  whil e no flotation  occur s with 
zero contac t angle . 

A few mineral s posses s natura l flotability  (e.g . sulphur , graphite , talc ) wherea s 
the majorit y hav e zero contac t angle ; henc e the forme r can be easil y separate d from 
the latter . Mor e often , however , the flotation  proces s depend s on applyin g chemica l 
reagent s to differentiall y chang e contac t angles , eithe r upward s or downwards , with 
"collectors " or "depressants " respectively . Experimen t show s tha t a coatin g of the 
orde r of thicknes s of a singl e monolaye r of certai n reagent s is sometime s sufficien t 
to generat e a substantia l contac t angle . Her e is one indicatio n of the shortnes s of 
rang e of the surfac e force s involved . 

Furthe r detail s of stati c and dynami c contac t angl e phenomen a can be left to 
Chapte r 5. Ou r nex t basi c questio n is how it is possibl e to modif y surface s by very 
smal l amount s of solubl e substances . The phenomenon , of course , is adsorption  and 
it is so widesprea d and importan t tha t it coul d wel l be calle d the crux of surfac e 
chemistry . Her e again , ther e are two approache s — the classica l (macroscopic ) and 
the moder n (molecular) . 
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Adsorption 

The macroscopi c view of adsorptio n is the chang e of chemica l conten t of phase s 
at an interfac e —  mos t commonl y the accumulatio n of one component , eithe r from 
the gas phas e or from solution . Th e effec t is detecte d as a chang e in concentratio n 
of tha t componen t in the bul k phase , and is therefor e mos t noticeabl e wit h soli d 
adsorbent s of high specifi c surfac e are a (e.g . porou s charcoal , or finely  paniculat e 
clays) . If on e componen t of a solutio n is adsorbed , othe r component s sho w an 
apparen t increas e of concentratio n and are said to be negativel y adsorbed , thoug h 
only relatively . 

Som e case s of adsorptio n are purel y physica l in nature , and akin to condensation ; 
other s involv e chemica l reaction . It is important , thoug h no t alway s easy , to identif y 
particula r cases , becaus e the controllin g laws are quit e different . 

Physisorption 
For example , the uptak e of non-reactiv e vapour s by charcoa l is clearl y physical , as 

indicate d by the followin g criteria . An equilibriu m is quickl y reached . Th e vapour s 
can be recovere d unchange d by pumping , the proces s bein g perfectl y reversibl e and 
repeatable . The amoun t of vapou r adsorbe d increase s with its partia l pressure , bu t 
decrease s with rise of temperature . Correspondingly , adsorptio n is exothermic , with 
a hea t of the sam e orde r as the laten t hea t of condensation . 

Anothe r clas s of physisorptio n proces s occur s at the surfac e of solutions . Dilut e 
aqueou s solution s of alcohol s hav e bee n muc h studied . Adsorptio n is indicate d by 
a marke d reductio n of the surfac e tensio n and can be verifie d by analyzin g th e 
foam produce d by passin g air throug h the solution . (Suc h solution s foam copiously , 
wherea s pur e liquid s do not. ) Obviously , accumulatio n of an alcoho l at an air/wate r 
interfac e is purel y physical . 

As earl y as 1878 Gibb s deduce d the thermodynami c relationshi p betwee n th e 
amoun t of adsorption , Γ, per uni t area , and the reductio n of surfac e tension , j c. In 
its approximat e form , the Gibb s adsorptio n equatio n reads : 

r = ZITIE-
RT  de 

Consequently , Γ can be evaluate d from measurement s of j c. Th e meanin g of Γ is 
exces s mas s of solute , per uni t are a of interface ; tha t is, in exces s ove r wha t woul d 
be foun d ther e if the two phase s wer e unifor m in compositio n righ t up to a plana r 
junction . Nothin g is said abou t the thicknes s of the interface . Th e theor y has bee n 
checke d in moder n time s by experiment . However , the rigorou s thermodynami c 
theor y for the surface s of mixture s is fraugh t with difficulties , especiall y whe n elec -
trolyte s are involved . Simpl e inorgani c salt s (e.g . NaCl ) raise  the surfac e tensio n of 
water ; they are therefor e negativel y adsorbed , the interfacia l regio n havin g a sligh t 
exces s of water . In contrast , an importan t clas s of organi c electrolytes , exemplifie d 
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by the soaps, are very strongly positively adsorbed, lowering the surface tension 
remarkably. These are the so-called surface-active electrolytes. Such striking differ-
ences must be considered later from the molecular point of view, while emphasizing 
here that the thermodynamics applies to all cases. 

In broad terms, the adsorption of alcohols, etc., can be thought of as being 
"driven" by the resulting reduction of surface free energy. The same principle must 
apply to the physical adsorption of vapours on charcoal, although the surface free 
energy of the solid, before and after adsorption, cannot be measured. Nevertheless, 
the reduction can be deduced from measurements of the adsorption, employing the 
Gibbs adsorption equation in a reversed, integrated form, namely (Bangham, 1937): 

(lo-<y p)=RT  ί ΡΤά(\ηρ) 
Jo 

By analogy with the solid/gas interface, the l.h.s. is said to be the "surface pressure" 
of the adsorbed gas, and is often written as π, defined as (70 - 7^). 

The r.h.s. can be evaluated from measurements of the adsorption, Γ, of vapours 
from pressure zero up to p. The result is an absolute measure of the intensity of 
adsorption. Unfortunately, this approach does not provide a rigorous method of 
evaluating 70 itself, without introducing dubious non-thermodynamic assumptions, 
for example, about the surface energy of the solid at saturation with the vapour. 

The chief use of measurements of physical adsorption of gases in mineral pro-
cessing research is for determining the specific surface area of finely-divided solids, 
such as ground or porous minerals or clays. The adsorption of nitrogen at the 
temperature of liquid nitrogen is commonly used; alternatively, the use of krypton 
gives advantages for low specific surface areas. Interpretation of the data depends 
on molecular theories of adsorption, such as the famous Brunaer-Emmett-Teller 
(BET) theory (1938). 

Chemisorption 
At the other extreme, there are many examples of adsorption where a chemical 

reaction is obviously involved. In Langmuir's classic researches with metal filaments 
(1916), he discovered that many metals, if truly "clean", take up various gases so 
powerfully that the gases cannot be recovered by pumping. For example, oxygen is 
held so strongly by tungsten that it cannot be removed except at a high temperature, 
when it comes off as WO3. Many other gases, including nitrogen, hydrogen and 
carbon monoxide, are similarly "chemisorbed" by metals. Hydrogenation and other 
catalytic processes on nickel or platinum, etc., depend on chemisorption. The heat 
of chemisorption is large and catalytic reactions often require an activation energy. 
These surface chemical reactions may be quite different from common reactions in 
bulk. 

An example of this last statement in mineral chemistry is provided by the oxides 
in contact with water vapour. Although a few oxide minerals do undergo slow three-
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dimensiona l reactio n with wate r [e.g . MgO 4- H2O -» Mg(OH)2] , other s reac t only 
on the surface , and , indeed , do no t posses s thermodynamicall y stabl e hydroxide s 
— e.g . Si0 2, Fe 203. Th e latte r slowl y chemisor b wate r only on expose d surfac e 
groups . Tha t it is chemicall y boun d is show n by its non-remova l by pumpin g and by 
the developmen t of characteristi c band s in the infra-re d spectrum , du e to SiO H or 
FeO H groups . 

A very differen t clas s of surfac e reactio n was discovere d by two agricultura l 
chemists , Spenc e and Way (1845-1850 ) and originall y calle d "bas e exchange" . The y 
foun d tha t whe n base s suc h as ammoniu m are abstracte d from solutio n by soil s 
or clay s an equivalen t quantit y of calciu m is release d int o solution . If a solutio n 
of ammoniu m sulphat e is shake n wit h a certai n quantit y of soil , a cation-exchang e 
equilibriu m is soo n set up , whic h approximatel y follow s the law of mas s action . Th e 
anio n (sulphate ) doe s no t tak e part . 

Analogou s surfac e ion-exchang e reaction s accompan y th e adsorptio n of dye s 
by salt-typ e solid s suc h as bariu m sulphate . Similarly , the adsorptio n of anion s 
by oxide s is generall y accompanie d by releas e of hydroxy l ions , and it therefor e 
become s responsiv e to thei r concentratio n [OH~] , and thu s to pH . 

A simpl e tes t for a possibl e chemica l surfac e reactio n is to see whethe r th e 
adsorbe d substanc e can be remove d by washin g with pur e solvent ; if not , it may be 
possibl e to displac e it by addin g the likel y solubl e produc t of the reaction , which , of 
course , may be detecte d by analysis . 

A peculia r proble m arise s with mineral s whic h are slightl y solubl e and capabl e of 
reactin g to precipitat e a less solubl e produc t whe n in contac t wit h a give n reagent . 
For example , sodiu m oleat e (a commo n soap , use d as a flotation  collector ) wil l cer -
tainl y react , give n time , with calcit e (CaC0 3) to precipitat e calciu m oleate , whic h 
has a low solubilit y product . The uptak e of oleat e ion s is simpl y governe d by mas s 
action . However , som e author s maintai n tha t flotation  can be obtaine d wit h quan -
titie s of oleat e barel y sufficien t to produc e a monolaye r on the calcite , and thi s is 
suppose d to be adsorbe d befor e bul k calciu m oleat e precipitates . If so , her e is a 
surfac e reaction , no t physica l adsorption , and no doub t an equivalen t quantit y of 
carbonat e ion is release d into solution . 

The adsorptio n of polymers * and othe r substance s of comple x structur e and high 
molecula r weigh t exhibit s othe r peculiarities , notably , slownes s of equilibratio n and 
reluctanc e to desorb . The reaso n for bot h is the multiplicit y of point s of attachmen t 
of the macromolecule s to the surface . It is no t uncommo n for macromolecule s to 

* Editors'note: Since 1979 there has been a marked surge of interest in polymer adsorption and its effect 
on colloid stability, a little of which is described in Chapter 3. The interested reader is referred to the 
literature for a detailed treatment, particularly the following papers: 
a J.M.H.M. Scheutjens and GJ. Fleer, J. Phys. Chem., 83 (1979): 1619. 
b M.A. Cohen Stuart, T. Cosgrove and B. Vincent, Adv. Coll. Int. Sei., 24 (1986): 143. 
c GJ. Fleer and J.M.H.M. Scheutjens, Croatica Chem. Acta, 60 (1987): 477. 
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be attache d by differen t grouping s to differen t molecula r "sites" , som e perhap s by 
physica l and other s by chemica l interaction . 

Surfaces  as  molecular  assemblages 

It is remarkabl e how far classica l physic s was abl e to trea t surface s withou t any 
knowledg e of the size and shap e of molecule s and the natur e of thei r interactions ; 
but whe n thi s informatio n did becom e available , littl e by little , it vastl y enlarge d 
understandin g of surfac e phenomena . 

Historical 
The earl y founder s of capillarit y theor y — includin g Newton , Hawksbee , Segner , 

Young , Poisson , Laplac e — wer e awar e tha t surfac e tension , wetting , capillar y rise , 
and contac t angle s are a consequenc e of the cohesiv e force s whic h hol d togethe r 
the "ultimat e particle s of matter " on the liqui d or soli d state . Indeed , it is eviden t 
from a simpl e inspectio n of physica l constant s tha t surfac e tensio n value s of liquid s 
correlat e rathe r wel l with the "cohesiv e energ y density" , irrespectiv e of the natur e 
of the substances . For example , to tak e fou r very dissimila r liquid s —  ethy l ether , 
ethanol , water , mercur y —  the laten t heat s of vaporizatio n pe r uni t volum e ar e 
respectivel y 0.31 , 0.67,2.4 2 and 4.09 (kJ cm 3), whil e the surfac e tension s run roughl y 
parallel , namely , 17, 22, 72 and 434 (mN m" 1). Th e intermolecula r force s mus t be 
of very shor t range . Attractio n energ y mus t predominat e (to accoun t for the laten t 
hea t of vaporisation) , bu t ther e mus t be a "steep " repulsio n at shor t distances , to 
accoun t for the resistanc e to compression . If molecule s can be treate d as mutuall y 
attracte d har d spheres , thei r interactio n energy , Φ, migh t be suppose d to follo w a 
2-ter m powe r law of the kind used by Mie (1903 ) and others , namely : 

Φ =Aa~ n -Ba~ m 

wher e a is the intermolecula r distance , n and m  are mor e or less universa l constan t 
[12 and 6, respectively , accordin g to Lennard-Jone s (1930) ] andy l and B  are specifi c 
coefficient s for particula r substances . Suc h a formul a shoul d be abl e to accoun t for 
a rang e of bulk propertie s such as compressibility , non-idealit y of compresse d gases , 
etc . It shoul d also accoun t for the cohesiv e energ y of liquid s (and henc e thei r surfac e 
tension ) and the wor k of adhesio n of liqui d to soli d and henc e contac t phenomena . 
(Thi s las t require s a theor y to calculat e interaction s of unlik e molecule s from the 
constant s of the individua l substances. ) 

Theoretica l attempt s alon g the abov e line s hav e bee n mad e sinc e abou t 1900 , 
with fair success , and they are stil l proceeding . An interestin g resum e of thi s ap -
proac h was give n by Padda y [2] in 1969 . A majo r development , sinc e tha t articl e was 
written , has bee n the use of increasingl y powerfu l compute r method s to evaluat e 
multi-molecula r interactions , usin g eithe r the "molecula r dynamics " or the "Mont e 
Carlo " technique s to arriv e at equilibriu m structure s and energies . Curren t theor y 
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gives a goo d accoun t of the surfac e energ y of simpl e liquid s such as argon , derivin g 
interactio n energ y constant s from bul k properties . Calculation s of the adsorptio n 
energ y of an ato m adsorbe d on a give n site of a crysta l face ar e also feasible , pro -
vide d interaction s of the ato m with the unhk e atom s in the substrat e can be correctl y 
summed . 

As soo n as molecule s of mor e complicate d form tha n quasi-spherica l ar e consid -
ered , the proble m of orientation,  as wel l as packing , of surfac e molecule s become s 
important . Thi s lead s to the questio n of interaction s whic h are neithe r centra l (e.g . 
dipoles ) no r non-specifi c (e.g . hydroge n bonding) . Clearly , the genera l proble m (for 
substance s mor e interestin g tha n liqui d argon! ) is excessivel y complicate d for ab 
initio  calculations . Nevertheless , chemist s hav e long use d descriptiv e model s whic h 
help to explai n man y importan t surfac e phenomen a in a qualitativ e way . The y use 
two powerfu l guidin g principles : 

(1) Firstly , the grea t rang e of cohesiv e energ y densitie s of variou s liquid s and 
solid s can be ascribe d to the well-know n spectru m of intermolecula r forces . Al -
thoug h this is a continuou s series , the broa d classes , in orde r of increasin g strength , 
are (in the simples t terms) : (a) non-polar , (b) dipolar , (c) hydroge n bonding , (d) 
ionic , and (e) metallic . 

(2) Secondly , the key to solubilit y is "like-dissolves-like" , in term s of thes e classes ; 
ther e is only limite d acceptanc e of neighbourin g classes . 

The solubilit y principl e is, of course , familia r from the behaviou r of commo n 
liquid s (e.g . hydrocarbon s are mutuall y miscible , slightl y solubl e in ethanol , prac -
ticall y insolubl e in water , and absolutel y insolubl e in mercury) . Th e basi s for th e 
rule of thum b is the intensit y of the intermolecula r force s (A-A,  A-B).  In grou p 
(a) only the wea k Van de r Waal s (or dispersion ) force s operate . Thes e force s ar e 
also presen t in the othe r group s bu t are ther e overshadowe d by the stronge r force s 
betwee n dipoles , ion s or metalli c bonding . Consequently , a non-pola r molecul e is 
literall y "squeeze d out " of a pola r medium . ("Saltin g out " of slightl y solubl e organi c 
substance s from wate r work s on thi s principle. ) Conversely , a dipola r substanc e 
gets mino r benefi t from its dipol e whe n in a non-pola r mediu m —  henc e the low 
solubilit y of wate r in paraffins. * 

Now the solubilit y principl e also applie s to the surfac e of solutions , becaus e 
the forc e field  ther e is weake r tha n in the interior . It is one-sided ! Tha t is why 
fluorocarbons  tend to adsor b on the air/hydrocarbo n surfac e and —  to mentio n an 

* Editors'note: In recent times, colloid chemists and physicists have applied these theories of the liquid 
state to colloidal dispersions. Various choices of pair (or interaction) potential may be made (e.g. 
"hard" or "soft"), depending on the system one wishes to describe. Thermodynamic properties and 
phase transitions can be predicted. 
d A. Vrij et al., Faraday Discussions on the Chemical Society Number 65, Colloid Stability, 1978. 
e R.J. Hunter (Editor), Foundations of Colloid Science, Volume II, Chapter 14, Clarendon Press, 

Oxford, 1989. 
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extrem e exampl e —  why dissolve d carbo n and sulphu r are adsorbe d at the surfac e 
of molte n steel ! 

Remarkably , the sam e solubilit y principl e applie s to different  parts  withi n on e 
molecule , if thes e componen t part s separatel y woul d fall int o differen t forc e groups . 
The consequence s ar e vitall y importan t for surfac e chemistry . The y include : (1) 
oriente d adsorptio n at interfaces , (2) hydrophobi c interactions , (3) micellization , an 
extrem e form of (2) , and (4) selectiv e adsorptio n of group s on heterogeneou s sites . 

As interface s are junction s of phase s of differen t molecula r typ e or cohesiv e en-
ergy density , molecule s havin g dua l characte r are likel y to be retaine d at the inter -
face and oriente d so tha t thei r moietie s are in the appropriat e phase . Fo r example , 
at an oil/wate r interfac e an alcoho l molecul e is turne d wit h its —OH grou p in the 
aqueou s phas e and its alky l grou p in the oil . At an air/wate r interfac e an alcoho l is 
adsorbe d with its alky l grou p away from the water . Thes e dual-natur e molecule s are 
said to be "surfac e active" . Surfac e activit y can be wea k (e.g . methanol ) or stron g 
(e.g . hexanol ) as reflecte d in the lowerin g of surfac e tensio n pe r uni t of concen -
tratio n (a linea r relationshi p hold s at very low concentrations) . If a compoun d is 
practicall y insoluble , it may stil l be activ e as a surface-spreadin g insolubl e mono -
laye r (e.g . cety l alcoho l on water) . 

Surface  activity  in  water 

Surfac e activit y can be foun d wit h all manne r of material s and interfaces ; bu t 
particula r interes t attache s to aqueou s solutions , bot h from th e scientifi c and tech -
nologica l point s of view . Water  is truly  special!  No t only is it the mos t commo n liqui d 
and the basi s of all life , it is also one of the mos t peculiar . Earl y physica l chemist s 
recognize d its "anomalous " propertie s whic h they correctl y ascribe d to an "associ -
ated structure" . In solid ice eac h H2O molecul e participate s in fou r hydroge n bond s 
in tetrahedra l configuration , two as H-dono r and two as acceptor . Tha t wel l know n 
structure , of course , explain s its low densit y and hig h laten t hea t of vaporization . 
The hea t of fusio n of ice is relativel y smal l becaus e a goo d dea l of structur e remain s 
in liqui d wate r nea r 0°C (as show n by its X-ra y diffractio n pattern ) bu t diminishe s as 
the temperatur e is raised . (Fo r a readabl e accoun t of moder n ideas , see "Water " by 
E Frank s [3]. ) 

Solut e molecule s pertur b the structur e of wate r in variou s ways , no t yet under -
stoo d in detail . Certainly , ion s —  and particularl y smal l cation s —  attrac t shell s 
of oriente d wate r molecule s aroun d the m ("hydration") . Non-pola r molecule s (or 
non-pola r portion s of dual-typ e molecules , such as the CH3CH2 - grou p in ethanol ) 
impos e structura l change s in the wate r aroun d them , perhap s simpl y becaus e the y 
are non-participan t foreigner s in a speciall y structure d medium . Wor k is require d 
to inser t suc h foreigners . Therefor e the y appea r to be expelle d from an aqueou s 
mediu m and henc e are designate d "hydrophobic " (water-hating) , in contras t to po -
lar groups , whic h are clearl y hydrophili c (water-loving) . 
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Becaus e molecula r group s act almos t independentl y on the wate r clos e to them , 
it is possibl e to draw up list s of group s in the orde r of hydrophobic-to-hydrophili c 
character . For example , in the followin g shor t list : 

-CF 3 > -CH 3 > -CH=CH - > -C.C 1 > -COC - > -NH 2 > -CO H > 
-COO H > -COC T 

the fluorocarbon  grou p is the mos t hydrophobi c and th e carboxylat e ion grou p 
the mos t hydrophilic . Estimate s of the free energ y of immersio n of variou s group s 
in wate r hav e bee n mad e from thermodynami c data. * Qualitatively , th e relativ e 
solubilit y of a serie s of structurall y simila r compounds , suc h as Ph-X , indicate s the 
"hydrophilicity " of the radica l -X . For example , toluen e (PI1-CH3 ) is solubl e in cold 
wate r to the exten t of abou t 0.05% ; anilin e (Ph-NH 2) 3.4% ; pheno l (PhOH ) 6.7% , 
whil e abov e 60°C it is completel y miscible , becaus e the wate r structur e is loosene d 
as temperatur e rises . Thus , the hydrophili c -O H grou p can be said to solubiliz e the 
hydrophobi c pheny l group . 

Becaus e pheno l has thi s dua l characte r ("amphipathic " or "amphiphilic" ) it is 
also surfac e activ e at an air/wate r interface . Th e surfac e tensio n is lowere d from 
72 to 42 (mN m" 1) by additio n of 5.6% of pheno l to the aqueou s phase . Thi s 
suggest s tha t the surfac e of the solutio n is compose d largel y of pheno l molecule s — 
a fac t whic h can be deduce d quantitativel y by applicatio n of the Gibb s adsorptio n 
equation . 

Solubl e compound s tha t ar e highly  surfac e activ e ar e know n as surfactants.  To 
qualif y as a surfactant , a substanc e must , firstly , contai n substantia l hydrophili c and 
hydrophobi c moieties , spaciall y separate d for orientatio n at an interface . Secondly , 
ther e mus t be a suitabl e balanc e betwee n thes e dissimila r group s to provid e ade -
quat e solubilit y in the give n medium . Hence , ther e are water-solubl e and oil-solubl e 
surfactants . 

The oldes t commercia l surfactant s were , of course , the fatty-aci d soap s suc h as 
sodiu m stearate , (CH3)(CH2)i6COO~Na +, wherea s the commones t moder n sur -
factan t is an alky l benzen e sulphonate , R.C 6H4.SC>3~Na +. Thes e are bot h anioni c 
surfactants . Th e simples t cationi c surfactant s encountere d in minera l processin g 
are alkylamin e salts , suc h as dodecylamin e hydrochloride , Q2H25NH 3 Cl~ . In or-
der to obtai n a powerfu l surfactan t wit h non-ionic  character , it is necessar y to 
have severa l pola r group s to balanc e on e substantia l hydrophobi c uni t —  e.g . 

* One well-known classification system is the HLB (hydrophilic-lipophilic-balance) scale devised for 
emulsifying agents by Griffin (1949). However, this is empirical, not fundamental.** 

**Editors' note: It has subsequently been demonstrated that the HLB is directly linked to the packing 
ratio proposed by Ninham and co-workers [f, g] so that there is now a firmer theoretical foundation for 
this most used scale. 

f P.J. Becher, Disp. Sei. Tech. 5 (1984): 81. 
g J.N. Israelachvili, D.J. Mitchell and B.W. Ninham, J. Chem. Soc. Faraday Irans. 2, 72 (1976): 1525. 
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R(CH 2OCH2)nCH 2OH , a derivativ e of polyethylen e oxide . If R is a long alky l chai n 
and n  a rathe r smal l number , the compoun d wil l be oil-soluble , thoug h stil l surfac e 
active . For reason s of cost , only a few of the hundred s of syntheti c surfactant s tha t 
have bee n describe d are in commercia l use , bu t the quantitie s consume d world-wid e 
for innumerabl e application s are enormous . Surfactant s hav e a key rol e in flotation, 
firstly  to establis h suitabl e contac t angle s and secondl y to provid e a foam . 

The propert y of foamin g is commo n to all surfactan t solutions , thoug h the per -
sistenc e of thei r foam s varie s greatly . (Of course , pur e liquid s do no t foam at all. ) 
Liqui d films  forme d from surfactan t solution s posses s tru e elasticit y — tha t is, thei r 
tensio n increase s with extension , at leas t transiently . Th e reaso n is the tim e require d 
for adsorptio n to restor e surfac e laye r whe n it is deplete d by stretching . Laggin g 
adsorptio n mean s a temporar y loca l rise of surfac e tensio n (th e so-calle d dynami c 
surfac e tension ) whic h automaticall y oppose s thinnin g of the lamell a at tha t plac e 
becaus e the temporar y gradien t of surfac e tensio n cause s flow  of liqui d toward s the 
thinnin g plac e ("surfac e transport") . Clearly , very dilut e solution s of highl y surface -
activ e solute s are goo d candidate s for thi s transien t typ e of foaming . (Long-live d 
foam s hav e anothe r mechanism. ) In the frot h flotation  proces s a short-live d foam 
is require d simpl y to carr y off the floated  particles . Fo r man y year s natura l pin e oil 
was used , containin g a mixtur e of terpen e alcohols . Syntheti c non-ioni c surfactant s 
tend to be preferre d nowaday s (e.g . methy l iso-buty l carbinol) . 

It shoul d no t be forgotte n tha t man y macro-molecula r substances , natura l and 
synthetic , are markedl y surfac e active . Protein s are a prim e example . The y are am-
photeri c and thei r polypeptid e backbon e carrie s a variet y of amino-aci d units , som e 
of whic h carr y pola r and othe r non-pola r groups . Consequently , protein s ar e ad -
sorbe d at air/wate r or oil/wate r interfaces . The y are also adsorbe d by mos t solids . 
This versatilit y is due to two factor s —  firstly,  the variet y of functiona l group s (whic h 
can "seek " appropriat e site s for adsorption) , and secondly , the very multiplicit y of 
attachmen t point s tha t any long , flexible,  macromolecul e can provide . It is partic -
ularl y remarkabl e tha t water-solubl e protein s suc h as gelati n form monomolecula r 
coating s on solid s as differen t as calciu m carbonate , asbestos , (bot h polar) , graphite , 
and pur e paraffi n oil . Physica l adsorptio n on to inert , non-pola r substrate s is as-
cribe d to a specia l effec t know n as "hydrophobi c association" , whic h ha s man y 
facets . 

Hydrophobic  association 

Beside s proteins , surfactant s of all type s — anionic , cationic , amphoteri c or non -
ioni c —  are foun d to adsor b on to inert , non-pola r substrates . Of course , thi s is 
physica l and easil y reversibl e adsorption ; the surfactan t can be readil y washe d off. 
The "drivin g force " is evidentl y th e tendenc y of hydrophobi c unit s to "escape " 
from wate r by mutua l association . A mor e rational-soundin g explanatio n is tha t 
by associatio n of two hydrophobi c bodie s som e of the wate r whic h was originall y 
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disturbe d in structur e by proximit y wit h the hydrophobi c material s is release d to 
join the normally-structure d medium . (Correspondingly , ther e exist s an attractiv e 
force betwee n two hydrophobi c bodie s in clos e proximity. ) 

Self-associatio n als o cause s lon g hydrocarbo n chain s to coi l up whe n in water , 
and the sam e effec t is reflecte d in the associatio n of surfactan t molecule s in solutio n 
— the wel l know n phenomeno n of micellization.  Man y physico-chemica l propertie s 
of dilut e solution s of soaps , etc . show remarkabl y shar p alteration s at a certai n 
concentration , know n as the critica l micell e concentratio n (c.m.c) . Ther e is a brea k 
poin t in the curve s for osmoti c coefficient , surfac e tension , electrica l conductivity , 
light-scattering , etc. , indicatin g the presenc e of aggregate s of aroun d 100 surfactan t 
molecules . Increasin g the concentratio n abov e the c.m.c . increase s the numbe r of 
micelles , with very littl e increas e in the number s of singl e molecule s in equilibrium . 

Micellizatio n is analogou s to the coalescenc e of smal l drop s of oil int o large r 
drops , bein g attende d by a decreas e of oil/wate r interfacia l area . But , unlik e co-
alescence , micellizatio n stop s at a certai n aggregat e size becaus e the hydrophobi c 
section s (know n as "tails " by surfac e chemists ) in surfactant s carr y pola r group s 
("heads" ) at thei r ends . Th e simples t micell e is therefor e a cluste r of tail s sur -
rounde d by a shel l of heads. * 

Becaus e the interio r of a micell e is like a micro-drople t of oil , solution s of sur -
factant s abov e thei r c.m.c . hav e the propert y of solubilizin g non-pola r substances . 
Mixe d micelle s can be formed . Ther e is som e evidence , also , tha t mixe d specie s may 
be adsorbe d togethe r on to soli d substrate s —  for example , soap s + fatt y acids . In 
biologica l system s hydrophobi c associatio n is an importan t facto r in the behaviou r 
of protein s and lipid s and in thei r respons e to othe r "amphipathic " molecule s suc h 
as hormones , anaesthetics , surfactant s and drugs . Cel l membranes , consistin g struc -
turall y of back-to-bac k lipi d bilayers , are the site , pa r excellence , of hydrophobi c 
interactions , accompanied , of cours e by powerfu l pola r interactions . (Fo r deepe r 
study , rea d Tknford' s monograp h [4]. ) 

The abov e principle s appl y also to th e simple r interactio n of surfactant s wit h 
minerals . Hydrophobi c interaction s ar e generall y secondar y to ioni c or dipola r 
forces ; bu t if an ioni c surfactan t is attracte d to a minera l by its hea d grou p the 
latera l hydrophobi c interaction s betwee n the chain s enhanc e the adsorption . Th e 
longe r the chains , the stronge r the adsorption . Thi s process , sometime s calle d hemi -
micellization , occur s mor e easil y —  tha t is , at a lowe r concentratio n of the sur -
factan t —  tha n doe s ordinar y micellizatio n in solution . Th e hemi-micell e structur e 

* Editors' note: Ninham and co-workers [h] have revived and refined an idea first proposed by Hartley 
in 1941, based on the idea of an orientated wedge. The packing ratio V/la<) compares the volume, v, of 
the hydrocarbon chain of a surfactant to the chain length, /, and the head group area, a$. The value of 
V/l ÜQ dictates whether one obtains spherical micelles, cylindrical micelles, vesicles, etc., and has now 
led to the development of molecularly tailored membranes. 
h DJ. Mitchell and B.W. Ninham, J. Chem. Soc. Faraday Trans. 2, 77 (1981): 601. 
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form s a monolaye r with tail s presente d to the aqueou s solution . Thi s is the mecha -
nism by whic h hydrophili c solid s can be converte d int o hydrophobic , as require d in 
the flotation  proces s (e.g . the use of alkylamine s as "collectors " for silicates) . If the 
surfactan t concentratio n is raise d abov e tha t neede d to complet e the hemi-micelle , 
a secon d laye r begin s to deposi t by hydrophobi c association , and thi s laye r has head s 
outside . Thus , the contac t angl e passe s throug h a maximu m and eventuall y fall s to 
zero nea r the c.m.c . 

Adsorption  of  water-soluble  polymers,  etc. 

Tb be solubl e in water , macro-molecula r substance s mus t carr y a sufficien t pro -
portio n of pola r groups . For example , natura l gum s are carbohydrates , wit h plent y 
of hydroxy l and carboxy l groups . Thei r dissolutio n is improve d by rise of pH whic h 
convert s —  COO H group s int o th e ioni c —  COO"Na + form . Similarly , syntheti c 
polyacryli c acid is cause d to expan d and dissolv e by conversio n int o sodiu m poly -
acrylate , and the specifi c viscosit y of the solutio n increase s dramaticall y becaus e of 
the dilatio n of the chains . It is a typica l "polyelectrolyte" . 

The adsorptio n of suc h compound s by surface s is determine d primaril y by elec -
trostatics . Polyacrylate , for example , woul d be attracte d strongl y to cationi c site s and 
repelle d from anioni c sites . Les s powerfu l interaction s can occu r throug h hydroge n 
bonding . Th e adsorptio n of polyethylen e oxid e on to silic a and of polyviny l alcoho l 
on to clay s has bee n studied . As mentione d earlier , adsorptio n of macromolecula r 
substance s can be very strong , despit e wea k monome r attachment , becaus e of mul -
tiple poin t bonding . Quit e ofte n polyme r adsorptio n appear s irreversible , in tha t 
the substanc e is difficul t to was h off; bu t a chang e of conditions , suc h as pH , may 
displac e the substanc e quit e readil y by a proces s of "unzipping" . Generall y a lin-
ear polyme r wil l be attache d by only a proportio n of its functiona l groups ; shor t 
section s of the chai n may be attache d ("trains" ) whil e othe r section s loo p ou t int o 
the solutio n ("loops") . Ther e is a dynami c equilibriu m betwee n attache d and free 
sections . Th e relevanc e of thi s molecula r pictur e to the proces s of flocculation  by 
"bridging " adsorptio n wil l be considere d mor e fully elsewher e in this boo k (Chapte r 
3), as wil l the theor y of adsorptio n of polymer s (Chapte r 2) . Finally , it shoul d be 
mentione d tha t the coatin g of solid s with adsorbe d hydrophili c macromolecula r sub -
stance s (suc h as gelati n or dextrin ) guarantee s overal l hydrophili c character . Thi s is 
importan t in flotation  contro l and in the stabilizatio n of variou s colloids . 

Electrical  effects  at  interfaces 

Severa l differen t electrica l effect s tur n up at the contac t of two phases ; amongs t 
them , stati c electri c charges , Galvan i cel l potentials , and Ferm i potential s of met -
als and semi-conductor s are well-known . Nevertheless , it is curiou s tha t ther e ar e 
conceptua l difficultie s in defining , and consequentl y in measuring , meaningfu l dif-
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ference s of potentia l acros s an interfac e compose d of differen t substances . (Th e 
literatur e is a nightmare , bes t ignored! ) 

As water  is a moderat e conducto r of electricity , no difference s of potentia l can 
persis t on a macroscopi c scal e in the absenc e of applie d current . Ther e is a grea t 
dea l of evidence , however , for the existenc e of gradient s of electrica l potentia l nea r 
interfaces , on  a molecular  scale,  and the phenomen a hav e an importan t bearin g on 
minera l processin g science . 

The cleares t indication s are provide d by the electrokineti c effects . Ther e are fou r 
of the m — electrophoresis , streamin g potential , electro-osmosi s and sedimentatio n 
potential . The y are physicall y equivalen t manifestation s of sligh t charg e separation s 
betwee n the two side s of an interface . Electro-osmosi s was the firs t on e discovered . 
Reus s (1808 ) observe d tha t whe n an electri c curren t was passe d throug h a U-tub e 
packe d with quart z san d in wate r the wate r ros e on the cathod e sid e (an d fel l on 
the other) . It seeme d as thoug h the quart z wer e negativel y charge d wit h respec t to 
the water . An alternativ e experiment , leadin g to the sam e conclusion , is to forc e 
the wate r throug h the packe d bed and measur e the (small ) potentia l differenc e thu s 
generate d betwee n the two end s of the bed . Thi s is the streamin g potentia l effect . 

In electrophoresi s microscopi c particle s suspende d in an aqueou s mediu m ar e 
foun d to migrat e if an electri c field is applied . Th e electrophoreti c velocit y is di-
rectl y proportiona l to the applie d field strength . (Th e convers e of electrophoresi s is 
the Dor n (1880 ) effect ; sedimentin g particle s generat e a vertica l potentia l gradient. ) 
It seem s tha t the particle s carr y an electri c charge . It may be positiv e or negative , 
dependin g on the surfac e chemistr y of the materials . Obviously , the particle s canno t 
be carryin g a ne t electrostati c charg e in the macroscopi c sense ; if they ar e filtered 
off, ther e is no detectabl e charg e on the filter-paper ! Neithe r is any potentia l dif -
ferenc e measurabl e with a prob e micro-electrod e move d toward s an interface . Th e 
charg e separatio n is confine d to sub-microscopi c distance s (a t least , it is in water) . 

The concep t of the electrical  double  layer  is ascribe d to Helmholt z (1879) . With -
out specifyin g the chemistr y (whic h depend s on the materials),  it is postulate d tha t 
the soli d acquire s a certai n surfac e charg e densit y (σ ) of on e sign whil e the ad-
joinin g liqui d gain s an equa l charg e of opposit e sign . Th e forme r is fixed  to the 
solid wherea s the charge d liqui d is mobil e unde r the influenc e of applie d potentia l 
gradien t or hydrodynami c shearin g —  henc e the electro-kineti c effects . Helmholt z 
assume d tha t the two sheet s of charg e wer e like the plate s of a plana r condenser , 
but very close . The spacing , £, migh t be one molecula r diameter . However , late r cal -
culations , independentl y by Gou y and Chapma n (1910) , recognize d tha t the charge s 
are ions ; and free ion s ten d to diffus e throug h therma l agitatio n and form a clou d 
rathe r tha n a plana r sheet . The y canno t escap e entirel y becaus e thei r displacemen t 
away from the fixed charge s generate s a restorin g potential . Th e Gouy-Chapma n 
theor y describe s the distributio n of ion s in a diffus e layer , on the basi s of variou s 
simplifyin g assumptions . A late r refinemen t of the theor y (by Stern , 1924 ) allowe d 
for the possibilit y tha t som e of the "free " ions ("counterions" ) migh t be held to the 
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surfac e by specifi c adsorptio n forces . Tha t woul d reduc e the surfac e charg e in bot h 
layers . 

Incidently , the theor y of diffus e doubl e layer s show s tha t the fixed  charg e density , 
σ, is mainl y balance d by counterion s of opposit e sign , bu t partl y by repulsio n of 
"co-ions " in the electrolyt e —  tha t is, a defici t of ion s of the sam e sign as the fixed 
charge . Experimentall y thi s appear s as negativ e adsorptio n of externa l electrolyte . 

Ther e is an impressiv e and quit e fascinatin g bod y of theor y abou t how to ge t 
at the parameter s of rea l doubl e layer s by experimenta l measurement s on on e or 
othe r of the electrokineti c effects . Th e parameter s envisage d by Helmholt z ar e σ, 
δ and the potentia l differenc e betwee n the two lot s of charge , denote d £, the zet a 
potential . Actually , only zeta come s into the equation s of the electro-kineti c effects . 
As the counterion s ar e in a diffus e cloud , the positio n of the nomina l charg e is 
assume d to be aroun d the centr e of charg e of the mobil e layer . Ther e is no mean s 
of gettin g at σ and δ  independently , excep t by assumin g the Gouy-Chapma n theor y 
and concedin g som e othe r assumptions . 

In colloi d chemistr y it has becom e traditional  to glos s ove r the complication s and 
use approximat e formula e to arriv e at a nomina l zeta potential . Thi s is nea r enoug h 
for chemica l considerations . For example , from a measure d electrophoreti c velocity , 
Uy expresse d in μτα  s" 1 pe r V cm" 1, zet a in mV is give n by ζ « 12, 8 U  (a t 25°C) . 
(Thi s formul a come s from the theor y of Smoluchowsk i (1914) , with the assumption s 
tha t the dielectri c constan t and viscosit y of the wate r in the diffus e doubl e laye r hav e 
the value s for norma l water. ) 

Experimenta l result s usuall y fall in the rang e 0 to ±10 0 mV. Th e valu e depend s 
on the chemistr y and on the compositio n of the aqueou s solution . Th e zet a potentia l 
is interprete d as the p.d . betwee n the fixed  shee t of charg e and the "centre " of the 
counterio n cloud . Calculatio n of the surfac e charg e densit y show s tha t it is "low " — 
meanin g the fixed  ions are a long way apart , far from close-packed . Th e calculate d 
"thickness " of the diffus e laye r is greates t in pur e wate r —  abou t 0.1 μτα  — and is 
inversel y proportiona l to the ioni c strength ; in 0.1 N solutio n of 1:1 electrolyt e it is 
only 1 nm , i.e . a few molecula r diameters . 

Despit e the reservation s attache d to the interpretatio n of zet a potentials , thei r 
experimenta l value s do provid e valuabl e informatio n abou t the surfac e chemistr y of 
solid s and liquid s in contac t wit h water . (A full accoun t can be foun d in Hunter' s 
monograp h [5]. ) Eve n "inert " solid s suc h as diamon d exhibi t significan t zet a po -
tential s whic h vary with the compositio n of the aqueou s phase . In minera l process -
ing research , zet a potential s give a clue to the chemistr y and the effec t of adde d 
reagents . Fo r example , a sampl e of graphit e show s a smal l negativ e potential ; it 
carrie s a few acidi c groups . On additio n of low concentration s of a cationi c sur -
factan t the potentia l fall s to zer o (becaus e the group s are neutralized ) and the n 
at slightl y highe r concentration s the potentia l goe s positiv e ("reversa l of charge") . 
The first  ste p involve s electrostati c attractio n of th e surfactant , whil e the secon d 
indicate s hydrophobi c adsorption . Similarly , non-ioni c polymer s suc h as polyviny l 
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alcoho l alway s reduce  the zet a potentia l toward s zer o whe n the y are adsorbed ; thi s 
is a hydrodynami c effect , the polyme r chain s obstructin g flow  of the diffus e doubl e 
layer . 

The chemistr y of the chargin g proces s can generall y be identifie d by precis e 
chemica l (or radiochemical ) analysis . Ther e are two principa l mechanism s for charg -
ing of non-conductor s —  releas e of ions from the substrate , or adsorptio n of ion s 
from the solutio n side . An importan t cas e is chargin g by dissociatio n of surfac e 
group s as acid s or bases . For example , alumina , AI2O3 . is know n to reac t with wate r 
to form surfac e -AlO H groups ; and , bein g amphoteric , thes e can ioniz e eithe r as 
-AlO " + H + (nominal ) or as -Al + + OH" , accordin g to the pH . Carefu l micro -
titratio n give s the amoun t of acid or bas e boun d by the solid . (Thi s is no t necessaril y 
equa l to <$.) Anothe r typ e of ionizin g soli d is the sparingl y solubl e salt . Th e classi c 
exampl e is silve r iodide , Agl . Its solubilit y produc t is abou t 10" 16 (mo l l" 1)2. On e 
migh t suppos e tha t in pur e wate r it woul d releas e equa l concentration s of Ag + 

and I " ion s (= 10" 8) and so be uncharged ; bu t experimen t show s it to be nega -
tively charged . Evidently , iodid e is mor e strongl y held on  the  surface  tha n Ag +. Th e 
"poin t of zer o charge " is aroun d 10~ 6 of Ag + (10" 10 of I") . (Foreig n ion s can also 
influenc e the zet a potential , bu t mor e feebly. ) 

The counterion s in an electrica l doubl e laye r ar e kineticall y "free"  and so can 
exchang e with ions of the sam e sign from the solution , on an equivalen t basis . Thu s 
every doubl e laye r has a certai n ion-exchang e capacity . Similarly , the counterion s 
can migrat e (paralle l with the surface ) whe n an electri c field is applied . Thi s is 
the phenomeno n of surfac e conductivity . (Th e migratio n throug h a porou s bed 
also drag s wate r wit h it —  i.e . electro-osmosis. ) Finally , althoug h th e thicknes s of 
doubl e layer s is sub-microscopi c (so ther e is no possibilit y of measurin g the potentia l 
gradien t with a micro-electrode) , in a concentrate d suspensio n of particle s ther e is  a 
perceptibl e effec t on electrod e potential s — the so-calle d suspensio n effect . A glas s 
electrode , for example , register s an erroneou s pH . 

Interaction  of  double  layers 

As alread y mentioned , colloi d chemist s long ago suspecte d tha t particle s in stabl e 
hydrophobi c colloid s (e.g . Ag l sols ) depen d on electrica l repulsio n betwee n thei r 
surfac e "charges" . Th e Gouy-Chapma n theor y showe d tha t the charge s are actuall y 
electrica l doubl e layer s and the diffus e part s exten d for considerabl e distance s (on 
a molecula r scale ) in to the solution . Repulsio n betwee n particle s therefor e come s 
abou t by interactio n of diffus e doubl e layers . If the doubl e layer s are destroye d by 
counteractin g the chargin g mechanism , or the diffus e layer s are collapse d by raisin g 
the ioni c strength , the colloi d is coagulated . Th e mode l seem s reasonable ; bu t wha t 
is the evidence ? 

The repulsio n effec t can be convincingl y demonstrate d by a simpl e experimen t 
due to von Buzag h (1929) . If a dilut e suspensio n of finel y groun d quart z in pur e 
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wate r is examine d on a quart z slid e unde r a microscop e (say x 300) , the particle s 
whic h hav e settle d on to the slid e are see n to be in perpetua l Brownia n motion , 
both translationa l and rotational , despit e gravity ; if, now , the pH is lowere d to 2 
(or if any "indifferent " electrolyt e is adde d in sufficien t concentration ) the motio n 
cease s and the particle s adher e to the slide . Th e dancin g particle s wer e obviousl y 
kep t awa y from the slid e by repulsio n betwee n thei r negativ e doubl e layers . Th e 
attractio n betwee n oppositely  charge d doubl e layer s can be demonstrate d by mixin g 
suspension s of finely-ground  ion-exchang e resin s of strong-aci d (-ve ) an d strong -
base (+ve ) typ e in water ; they immediatel y coagulat e int o voluminou s floes  whic h 
can be see n unde r a microscop e to consis t of alternat e catio n and anio n exchangers . 
(Identificatio n is facilitate d by dyein g one of the resins. ) 

Anothe r line of evidenc e is provide d by the stabilit y (strictl y metastabilit y ) of 
soap films  at equilibrium . Dynami c surfac e tensio n account s only for transien t film 
elasticity ; bu t horizonta l soa p films  can be preserve d for day s and soo n adop t an 
equilibriu m thicknes s at whic h the Laplac e suctio n is counterbalance d by double -
laye r repulsio n betwee n the two opposin g adsorbe d layer s of soap . Th e thicknes s 
range s from abou t 150 nm in 10" 4 N dow n to abou t 10 nm in 10" x N  KC1. 

An analogou s syste m for stud y is the equilibriu m "wettin g films"  forme d by a 
dilut e aqueou s solutio n on a smooth , hydrophilic , soli d suc h as polishe d quartz . 
Such films  wer e first  investigate d by Derjagui n and Kusako v (1936) . Her e agai n 
capillar y suctio n is balance d by double-laye r repulsion . 

Attempt s to calculate  the force s of repulsio n betwee n over-lappin g doubl e layer s 
bega n aroun d 1938 . Langmui r obtaine d an approximat e formula , valid , for example , 
for thic k wettin g films. A  mor e genera l solutio n to the proble m was arrive d at 
durin g Worl d War 2 — independently , and unknow n to eac h othe r — by Derjagui n 
and Landa u in Mosco w and by Verwe y and Overbee k in Th e Netherlands . Thei r 
calculation s confirme d tha t the interactio n force s can be substantia l and also showe d 
how they depen d quantitativel y on surfac e potential , ioni c strengt h and distanc e 
betwee n the surfaces . Whe n combine d wit h force s of othe r origi n (se e below) , the 
theor y of double-laye r interactio n accounte d very satisfactoril y for the phenomeno n 
of stabilit y and coagulatio n of hydrophobi c colloid s in water . Thi s is the famou s 
DLV O theor y of colloi d stability . 

The precis e measurement  of force s of repulsio n betwee n like surface s in wate r 
and as a functio n of the separatio n betwee n the m has bee n one of the outstandin g 
achievement s of moder n experimenta l colloi d science . Th e first  successfu l solutio n 
to thi s difficul t proble m was reporte d by Israelachvil i and Adam s (1977 ) workin g in 
Canberr a and usin g smoot h mic a plate s as the experimenta l bodies . Thi s researc h 
was a natura l seque l to severa l previou s studie s of the mor e genera l force s tha t exis t 
betwee n bodie s in  vacuo  — namely , the macroscopi c dispersio n force s (se e below) . 
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Other  surface  forces 

Double-laye r interactio n is bu t on e exampl e of wha t Russia n surfac e scientist s 
have calle d "surfac e force s of the secon d kind" , to distinguis h the m from ordinar y 
capillar y forces . Interaction s can aris e becaus e interface s ofte n hav e appreciabl e 
thicknes s and two such interface s canno t ge t too clos e withou t disturbin g on e an-
other . If the forc e is a mutua l repulsion , as with simila r doubl e layers , it is referre d 
to as a "disjoinin g pressure " (cf. von Buzagh' s experiment , above) . Attractio n be -
twee n interface s is also commo n (e.g . in a temporar y film  ove r a hydrophobi c solid ) 
— a "negativ e disjoinin g pressure" . Thes e force s are sometime s calle d "lon g range" , 
in contras t to simpl e intermolecula r forces , thoug h ther e is no shar p distinctio n in 
range . 

TWo importan t source s of long-rang e force s are wel l substantiated . Firstly , as was 
realise d in the 1930's , the attractiv e forc e betwee n atom s and molecule s du e to 
electromagneti c fluctuations  [the "dispersio n force " of F. Londo n (1930) ] is approx -
imatel y additiv e for multi-atomi c bodies . Hence , a singl e molecul e can be adsorbe d 
on to a smoot h soli d by multipl e attractio n to all the relativel y nea r atom s in the 
surfac e of the solid . The attractio n is no t only magnified , it falls off less sharpl y with 
distance . Thi s is eve n mor e so with two macroscopi c bodies . Hamake r (1937 ) ob -
taine d formula e for the attractio n betwee n paralle l plate s or spheres , in vacuu m or 
in a liqui d medium . Thes e long rang e dispersio n force s are the reaso n why colloid s 
coagulat e and dus t particle s stic k to on e anothe r or to clea n smoot h solids . The y 
are the universa l attraction s incorporate d in the complet e DLV O theory . Nowaday s 
the dispersio n forc e betwee n multimolecula r bodie s (e.g . plates , particles , droplets ) 
is calculate d by a sophisticate d theor y develope d by Lifshit z (1967 , 1970) , whic h 
employ s spectroscopi c and dielectri c propertie s of the macroscopi c bodies , rathe r 
than atomi c or molecula r properties . The theor y of thes e universa l force s has bee n 
impressivel y verifie d by direc t measurements . 

The othe r typ e of long-rang e forc e arise s from the altere d structur e of the liqui d 
mediu m in the vicinit y of an interface . Th e effec t is particularl y significan t wit h 
pola r liquids . Thei r natura l "structure " may be influence d to a considerabl e depth . 
Whe n two suc h region s approac h on e anothe r and begi n to overla p a disjoinin g 
pressur e develops . Wit h hydrophili c solid s it is a repulsion . For example , silic a sols 
are stil l rathe r stabl e at pH 2, althoug h thi s is the poin t of zer o charge . Perhap s 
the surfac e -SiO H group s can be regarde d as hydrated , influencin g wate r structur e 
for severa l molecula r diameters . A differen t typ e of structura l alteratio n occur s nea r 
hydrophobi c surfaces , for thes e apparentl y attrac t on e another . Thes e structura l 
component s of disjoinin g pressure s are superimpose d on the dispersio n and double -
laye r components . Th e latte r has the longes t range , as Blak e (1972 ) proved ; he 
foun d tha t the thicknes s of equilibriu m wettin g films  on quart z agree s with double -
laye r theor y and is independen t of whethe r the quart z is clea n (an d thu s hydrophilic ) 
or surface-methylate d (an d so hydrophobic) . If the doubl e laye r is eliminated , the 
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wettin g film ruptures  on the hydrophobi c surface . 
At presen t ther e is no theor y for calculatin g the structura l componen t of disjoin -

ing pressur e in water . Bu t the variou s long-rang e surfac e force s are clearl y relevan t 
to processin g of finely-divided  minerals , for the y ente r int o flocculation, flotation, 
slim e coating , dispersion , filtration,  sedimen t packin g and flow  propertie s of slurrie s 
(whic h may switc h from Newtonia n to thixotropi c or dilatan t accordin g to the char -
acte r of the surfac e forces) . Th e theor y of thes e force s is considere d in mor e detai l 
elsewher e in this boo k and ther e are two recen t monograph s on the subjec t [6, 7] . 

Minera l surface s 

Paniculate  minerals 

The term "minera l processing " is mainl y associate d wit h technique s for extract -
ing valuabl e mino r component s from mine d rock s — for example , a few percen t of 
galena , PbS , from an ore containin g also smal l amount s of sphalerite , ZnS , pyrite , 
FeS2 , etc. , embedde d in a majo r proportio n of a silicat e "gangue" . Nowaday s pro -
cessin g of one kind or anothe r is also applie d to a variet y of "industria l minerals" , 
even suc h bul k material s as coa l and clays . Th e presen t boo k doe s no t dea l with 
mechanica l or physica l method s of separatio n (e.g . jigging , heav y media , magnetic , 
electrostati c or optica l sorting) . It is concerne d primaril y with wha t has bee n aptl y 
name d "fin e particl e technology" . 

Ther e are thre e area s wher e colloid-chemica l effect s com e into play : 
(1) Th e separatio n of very smal l grain s of mixe d mineral s whic h hav e resulte d 

from fine  grindin g of an or e (generall y by crushin g and ball-milling ) in orde r to 
"liberate " the individua l minera l species . 

(2) Th e "beneficiation " of mineral s whic h occu r naturall y in micro-particl e form , 
notabl y the mor e valuabl e clays . 

(3) The contro l of wast e slurries , muds , etc. , whic h mus t no t be allowe d to pollut e 
the environment . 

All thre e depen d on surfac e properties . As a genera l principle , surfac e effect s 
becom e increasingl y prominent , in compariso n with bod y force s suc h as weigh t and 
inertia , as particl e size decreases . Of cours e ther e is no shar p switch-ove r from 
body to surfac e control . Coa l grain s as larg e as 1 mm can be floated  by surfac e 
tension . Th e sedimen t volum e of quart z silt s up to 10 μη ι size is influence d by 
electrica l doubl e laye r forces ; the Theologica l propertie s of eve n coarse r sediment s 
are affecte d by surfactants , and the pumpin g of slurrie s can be facilitate d by contro l 
reagents . 

Becaus e very smal l particle s stic k to on e anothe r throug h dispersio n force s and 
electrostati c charging , littl e processin g can be don e wit h dry  powders ; wate r is the 
only economi c dispersio n medium . Consequently , the basi c questio n is the natur e 
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of the water/minera l interface . Thi s is a rathe r imperfectl y explore d are a of surface -
physical-chemistry . 

The majo r poin t to be emphasize d is tha t no  minerals,  howeve r iner t the y may 
seem , are  totally  without  chemical  interaction  with  water.  It may be confine d to th e 
outermos t atomi c layer , it may involv e considerabl e dissolution , or it may trans -
form th e whol e particle . (Fo r example , ther e ar e som e obviousl y reactiv e min -
era l specie s in certai n igneou s rocks , e.g . periclase , MgO , whic h slowl y convert s to 
brucit e [Mg(OH) 2].) 

Classification  of  minerals  by  crystal-chemical  type 

The bul k of the earth' s crus t consist s of small , poorly-developed , intermingle d 
crystals , quit e unlik e the beautifu l specimen s see n in museum s —  thos e ar e th e 
rarities . Nevertheless , X-ra y diffractio n show s recognizabl e crystallin e species , no t 
only in obviousl y crystallin e rock s like granite , bu t eve n in amorphous-lookin g solid s 
such as flint,  china-cla y and fuller' s earth . (A few are only proto-crystallin e e.g . coal. ) 
From X-ra y analysi s of well-forme d specimens , crystallographer s hav e determine d 
the precis e lattic e structur e of all the importan t minerals . Thi s structur e refer s to 
the ideal  crystal . 

Mineralogist s hav e identifie d thousand s of distinc t minerals . Fortunately , the task 
of elucidatin g thei r inaction s with wate r doe s no t requir e completel y new researche s 
for ever y species , as broa d principle s can be applie d to relate d group s of minerals . 
For a simplifie d introduction , six chemical  classe s can be distinguishe d (se e Tkbl e 2) . 

Minerals  in  water 

Althoug h the researc h literatur e of minera l processin g contain s man y paper s 
touchin g on the aqueou s surfac e chemistr y of industriall y importan t minerals , few 
(if any ) of the m can be said to be thoroughl y investigated . Ther e are severa l obsta -
cles . Firstly , approac h to equilibriu m is ofte n very slow — not tha t full equilibriu m 

TABLE 2 

Classification of minerals by chemical type 

Class Examples of minerals (idealized formulae) 
A. Elements gold (Au); sulphur (S); diamond (C); graphite (C) 
B. Sulphides galena (PbS); sphalerite (ZnS); pyrite (FeS2); chalcopyrite (CuFeS2) 
C. Oxides, simple quartz (Si02); corundum (A1203); hematite (Fe2C>3) 
D. Oxides, mixed ilmenite (FeTiOs); spinel (MgA^Ô  
E. Silicates and alumino- zircon (ZrSi04); orthoclase (KAlSi308); talc [Mg3Si4O10(OH)2]; 

silicates kaolinite [Al2Si205(OH)4] 
F. Salts, sparingly soluble apatite [Ca5(P04)3(OH,F,Cl)];scheelite (CaW04) 
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is achieve d in plan t practice . Secondly , ther e are ofte n impuritie s whic h complicat e 
the chemistry . Thirdly , low specifi c surfac e are a of sample s and , often , low concen -
tration s of som e of the dissolve d specie s mak e analysi s difficult . Yet it is clea r tha t 
som e understandin g of the basi c water/minera l interaction s is an essentia l prelimi -
nary to any rationa l contro l process . It shoul d be acknowledge d tha t in the pas t a 
good dea l of reasonabl y successfu l processin g has bee n achieve d on the basi s of only 
a crud e mode l of the chemistry , supporte d by a grea t dea l of ad  hoc,  trial-and-error , 
test-work . Tha t approac h is now failin g with the mor e difficul t task s bein g posed . 

The rational e for fundamenta l stud y of a particula r minera l in wate r run s as 
follows . 

(1) Examin e the crystallographers ' lattic e structur e for the idea l minera l and 
assum e expose d face s of the rea l minera l hav e the sam e structure s as in the model . 

(2) If thermodynami c dat a are availabl e for all the relevan t water-solubl e species , 
comput e the "speciatio n diagram" , showin g thei r theoretica l concentration s in equi -
libriu m wit h the crystallin e minera l (takin g account , of course , of ambien t pH , 
temperature , etc.) . 

(3) Conside r how appropriat e chemica l reagent s migh t interac t wit h the variou s 
substances . 

(4) Now perfor m chemica l analyses , zeta-potentia l and contac t angl e measure -
ment s (rememberin g kineti c factors ) and try to reconcil e the experimenta l result s 
with the foregoin g considerations . Small-scal e flotation  test s on "value " and gangu e 
mineral s shoul d now follow . 

Tb illustrat e the chie f principles , som e of the factor s tha t gover n the surfac e 
chemistr y of the minera l classe s (A) to (F) can be briefl y summarized . 

(A)  Elements.  Her e the atom s are boun d togethe r by powerfu l covalen t or metalli c 
bonds ; consequently , the elementar y solid s are virtuall y insolubl e as such and theo -
reticall y unreactiv e with water . Yet all show zeta-potential s tha t chang e with pH . At 
one time , it was though t tha t OH " ions are adsorbe d by iner t surfaces . A mor e likel y 
explanatio n is the presenc e of oxidize d site s on the edge s of crystals ; som e of the m 
act as acid s or bases . Eve n gold is know n to chemisor b oxygen . Broke n carbon -
carbo n bond s on face s of diamon d or edge s of graphit e sheet s ar e presumabl y re -
active . Certainl y coal , whic h is quasi-graphitic , is subjec t to progressiv e oxidatio n in 
air , with formatio n of -COO H and othe r groups . Impurit y specie s coul d also play a 
part . Spectroscopi c method s hav e reveale d variou s group s eve n on the surfac e of di-
amond . However , no elementar y minera l has had its surfac e chemistr y exhaustivel y 
examined . 

(B)  Sulphides  show certai n similaritie s to the elements . Thei r solubilit y is so low 
(e.g . PbS ) tha t the mineral s migh t be assume d inert ; bu t they are not . Al l the sul -
phide s are reactiv e with oxyge n —  som e slowl y (e.g . sphalerite) , som e faste r (e.g . 
pyrite) . Th e oxidatio n product s are appreciabl y soluble , so tha t a groun d sulphid e 
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minera l in aerate d wate r soo n yields , for example , meta l ion s (e.g . Pb^ ) or thei r hy-
drate d oxide s (e.g . Fe2Ü 3 from pyrite ) and anion s such as thiosulphat e and sulphate . 
As man y sulphide s are electroni c semi-conductors , thei r oxidatio n processe s tak e on 
the characte r of electrolyti c corrosio n reactions ; certai n area s oxidiz e preferentiall y 
whil e other s are cathodic , as in the rustin g of iron . Severa l researc h school s hav e 
place d grea t emphasi s on the n-  and p-  semi-conducto r characte r of variou s sam -
ples of sulphid e minera l and its relatio n to surfac e reaction s with flotation  reagent s 
such as xanthate . 

Oxidatio n processe s of sulphid e mineral s can be manipulate d by controllin g the 
redo x potentia l (Eh ) of the pul p durin g processing . 

(C)  Oxides,  simple.  Quart z is probabl y the mos t researche d mineral , and on e of 
the leas t impure . Its hardnes s (No . 7) relate s to its three-dimensiona l networ k of 
alternatin g Si4+ and 0 2~ ion s in 2,4 coordination . Th e Si- O bon d is said to hav e 
abou t 50% covalen t characte r and is certainl y strong . Neithe r of the nomina l ion s 
can exis t as suc h in water , yet quart z has an appreciabl e solubilit y amountin g to 
abou t 10 mg Γ 1 at 25°C , resultin g from th e reversibl e reactio n S1O2 + 2H2 O = 
Si(OH) 4 aq. As the orthosilici c acid is a wea k acid , rise of pH displace s the reactio n 
to the righ t as silicat e ion s are forme d and so increase s the solubility . Equilibriu m 
can be reache d only at temperature s abov e abou t 90°C . 

The surface  of quart z also combine s wit h water , whic h can be remove d by heat -
ing abov e abou t 400° . Infra-re d spectroscop y show s tha t siloxan e groups , -SiOSi- , 
are converte d by wate r int o silano l groups , -SiOH , whic h are weakl y acidic . Thi s 
is why quart z in wate r show s a negativ e zet a potential , reachin g abou t -120 mV in 
very dilut e alkal i and fallin g to nearl y zer o at abou t pH 2. Th e hydroxylate d quart z 
is strongl y hydrophilic , showin g zer o contac t angl e and a thic k equilibriu m wet -
ting film  due to the electrica l doubl e layer ; bu t whe n the surfac e is dehydroxylate d 
by stron g heatin g it become s definitel y hydrophobic , probabl y becaus e th e silox -
ane group s hav e ether-lik e propertie s and are wea k acceptor s of protons , wherea s 
silanol s participat e in hydrogen-bonding . 

The mos t remarkabl e featur e of the reversibl e silica-wate r reactio n is its ex-
trem e slowness ; apparentl y a larg e activatio n energ y is require d unles s hydroge n 
or hydroxy l ions are provide d to act as catalysts . At ambien t temperatures , neithe r 
the dissolutio n no r the recrystallizatio n procee d at a convenien t rate . Roc k crys -
tal has bee n forme d unde r hydrotherma l condition s (an d syntheti c quart z crystal s 
are grow n in autoclaves) . Conversely , if silic a is precipitate d by neutralizin g dilut e 
sodiu m silicat e solutio n it form s a colloida l sol whos e particle s are so smal l tha t the 
equilibriu m concentratio n of dissolve d silici c acid is 100 mg Γ 1 —  i.e . ten time s tha t 
of quart z —  bu t no quart z forms . In fact , hydrate d polysilici c acid in the form of 
opa l or diatomaceou s eart h has survive d withou t crystallizin g for geologica l ages ! 

The oxide s of mos t divalen t and trivalen t metal s are amphoteri c and thei r sur -
faces afte r hydroxylatio n show a positiv e charg e at low pH and a negativ e at high 
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pH, with a point-of-zero-charg e (pz c or zpc ) somewher e betwee n — for exampl e at 
pH 9 for AI2O3 . Any dissolutio n is in the form of the hydroxide , dissociate d int o its 
constituen t ion s (e.g . Mg 2+ + 20H") . Apparentl y corundu m (AI2O3 ) hydroxylate s 
only on its expose d atoms , despit e the thermodynami c preferenc e in thi s cas e (th e 
opposit e to quartz ) for the formatio n of gibbsite , Al(OH)3 . Surfac e hydroxylatio n 
may be slow to reac h equilibriu m on cassiterite , Sn0 2, whil e redo x reaction s — 
especiall y Fe 2+/Fe 3+ —  depen d on the Eh of the medium . 

It is obviou s tha t mor e thoroug h studie s are stil l neede d for the majorit y of oxid e 
materials . 

(D)  Oxides,  double.  The principl e her e is the sam e as in (C)>  bu t now ther e are two 
cation s with differen t characteristics . Dissolutio n ("leaching" ) is likel y to chang e 
the propertie s of the remainin g surface , so the zet a potentia l probabl y drift s wit h 
repeate d washin g of the sample . 

(E)  Silicates  and  alumino-silicates  ar e by far the mos t abundan t minerals . The y are 
also the joy of mineralogist s and crystallographer s on accoun t of thei r wonderfu l 
variet y and complexity ! Furthermore , the variet y is multiplie d enormousl y by iso -
morphou s substitutio n wit h varyin g proportion s of mino r elements . In fact , few 
silicat e mineral s confor m to thei r idealize d textboo k formulae . Perhap s thi s is on e 
reaso n why few silicate s hav e bee n studie d by surfac e chemists . However , the basi c 
principle s are clea r and can be summarize d briefly . 

The orthosilicates,  suc h as forsterite , Mg2SiC>4 , are structurall y like simpl e salt -
type crystals , with an ioni c lattice ; bu t the SiOj " ion canno t dissolv e as such , only 
by hydrolysis . Th e ultimat e product s of leachin g of forsterit e woul d be dissolve d 
magnesiu m hydroxid e and silici c acid . (O n the way , the y migh t form th e hydrou s 
"clay " sepiolite , whic h form s lon g flat  needle s only 0.1 μπι  thick. ) Othe r orthosili -
cates , however , are highl y resistan t to leachin g and provid e semi-preciou s gem s (e.g . 
zircon) . Presumabl y surfac e layer s are hydroxylated . 

All othe r silicate s contai n linke d structure s formin g rings , chains , sheet s or three -
dimensiona l network s in whic h O-atom s join Si- or Al-atom s or both . Th e diversit y 
of the crysta l chemistr y give s rise to the wel l know n diversit y of morpholog y — 
for example , the needle s of chrysotil e asbesto s (whic h are actuall y bundle s of sub -
microscopi c hollo w rolle d sheets) ; the larg e sheet s of muscovit e mica , the micro -
platelet s of kaolinit e (chin a clay ) or the swellin g clay montmorillonite ; th e sub -
microscopi c needle s of palygorskit e clay ; the large , strong , crystal s of felspar s and 
the molecularl y porou s and cation-exchangeabl e hydrate d alumino-silicate s of the 
zeolites . 

TWo propertie s the y all hav e in common ; firstly,  they canno t dissolv e "congru -
ently" , only by hydrolyti c decompositio n (ther e is no tru e reversibl e solubilit y at 
room temperature) , and secondly , almos t invariabl y certai n cation s wil l be leache d 
out of the surfac e layer s befor e other s —  ofte n alkal i meta l ions , the n alkalin e 



30 JA. Kitchener 

earths . As hydrolyti c reaction s ar e responsibl e for any dissolution , th e kinetic s 
and the product s ar e likel y to be dependen t on pH . Fo r example , in dilut e acid s 
Mg can be leache d ou t of th e needle s of chrysotil e asbesto s [idealize d formul a 
Mg3(Si 205)(OH) 4], leavin g a "pseudomorph " of hydrate d silica . Thi s is an extrem e 
exampl e wher e the proces s can go all the way throug h the needle s withi n a reason -
able time . Bu t the principl e is the sam e for har d silicate s tha t see m to be resistant ; 
the differenc e is only kinetic . For example , the felspa r crystal s [idealize d formul a (K, 
Na)(AlSi 3C>8)] , in granit e are wel l know n to be unstabl e to weathering . The y lose 
thei r alkali s and leav e variou s product s such as the clay kaolinite , Al 4Si4Oi0)(OH)8 . 
But kaolinit e itsel f is neve r in reversibl e equilibriu m wit h wate r at ordinar y tem -
peratures . Probabl y the paire d alumina-silic a sheet s ar e resistan t to attac k on the 
basa l plane s (kinetics! ) and only expose d edge s are nibble d away . In acid s alumin a is 
preferentiall y leache d out ; in concentrate d alkal i solubl e aluminat e and silicat e are 
formed . 

The zeta-potentia l of alumino-silicat e particles , suc h as kaolinite , is a weighte d 
mea n of the variou s expose d face s and it obviousl y depend s on the pre-treatmen t 
of the sample . Ther e is a long-standin g theor y (now almos t a dogma! ) that , in pur e 
water , the edge s of kaolinit e are positivel y charge d and the face s negatively . Thi s de -
rives from two observations . Firstly , Thiesse n (1942 ) publishe d electro n micrograph s 
showin g particle s of colloida l gold deposite d preferentiall y on the edges  of kaolinit e 
plates . Gol d sols are negativel y charged , whil e kaoli n in wate r is also negativ e on 
average . So the edge s may  be positive , accountin g for + — coagulation . However , 
gold sol s ar e stabilize d by trace s of aurichlorid e ion s and ar e exceedingl y sensi -
tive to coagulatio n by low concentration s of aluminiu m salts . Secondly , Schofiel d 
and Samso n (1954 ) foun d tha t the sodiu m form of kaolinit e is coagulate d in pur e 
wate r (thoug h disperse d by a smal l rise of pH) . Thi s was explaine d as face(-)-to -
edge(+ ) attraction . Th e supportin g evidenc e for positiv e site s is tha t thes e clay s 
have a larg e cation - and a smal l anion -exchange  capacit y (e.g . adsorbin g sulphat e 
or phosphate ) and this latte r capacit y increase s with fall of pH — jus t like alumina . 
Wha t is no t mad e clea r in the literatur e is tha t all thes e effect s depen d on havin g 
the clay "cleane d up " befor e use , to remov e the coagulatin g effec t of Ca , etc. , on 
the oute r surface . Generall y prolonge d dialysis , electrodialysi s or ion-exchang e resi n 
treatmen t is used , and it commonl y involve s exposur e to acid conditions . Ther e is 
evidenc e tha t Al is leache d out . On washin g to pH 7 dilut e Al-salt s begi n to hydrol -
yse and deposi t polymeri c hydroxy-ion s — perhap s mos t thickl y aroun d the leache d 
edges , for colloida l alumin a is know n to deposi t on to hydrate d silica . Th e "alumina " 
sites may be artefact s rathe r tha n intrinsi c to the crystal . 

This brie f cas e stud y indicate s tha t ther e is no procedur e for cleanin g the surfac e 
of kaolinit e (or any othe r alumino-silicate ) to obtai n a perfect , pristine , surfac e for 
study . Th e surfac e depend s on its pre-history . Eve n wit h thi s simpl e minera l ou r 
presen t knowledg e is inadequate . 
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(F)  Sparingly-soluble  salts.  Mineral s with ioni c lattices , suc h as barite , Ba2+SC>4~ , 
have an intrinsi c solubilit y produc t (e.g . [Ba2+][SC>4~ ] « 10~ 10) and thei r lattic e 
ions wil l generall y be "potential-determining " for zet a potential . Anio n and catio n 
are unlikel y to be equall y strongl y absorbe d (cf. th e exampl e of Ag l mentione d 
earlier ) and eithe r or bot h may be subjec t to hydrolysi s (e.g . CO3 " —► HCO3 ) 
dependin g on the pH . Hydrolysi s thu s shift s the ratio  of the potential-determinin g 
ions and henc e shift s th e zet a potentia l indirectly . Whethe r pH als o affect s th e 
surfac e charg e directl y by hydrolysi s of surfac e group s (e.g . replacemen t of som e 
surfac e CO^ " group s on calcit e by HCO^ ) is problematical . 

The first  step in investigatin g one of thes e mineral s is to establis h the equilibriu m 
concentratio n diagra m of all relevan t specie s in solutio n — as has bee n don e in de -
tail for calcite , fluorite,  apatite , etc . The n it is possibl e to conside r wha t reaction s are 
to be expecte d with simpl e reagent s tha t may be presen t or added . Fo r example , it 
is readil y show n from the thermodynami c dat a tha t smal l concentration s of sodiu m 
carbonat e shoul d conver t fluorite  to calcit e or barit e to witherit e (BaCC>3) . (Thi s is 
simpl e classica l physica l chemistry. ) Zeta-potentia l measurement s do indee d show 
the expecte d change s in surfac e properties . Of cours e the form tha t the produc t 
take s is no t revealed . 

Cautio n is neede d in usin g thermodynami c dat a in thi s way . Th e literatur e dat a 
may no t be reliabl e and constant s tha t appl y to well-crystallize d solid s may be inap -
propriat e for colloida l or ill-forme d substance s or surfac e compounds . Furthermore , 
full equilibriu m betwee n sparingl y solubl e salt s and aqueou s solution s may nee d 
long time s —  typicall y hour s or days . Therefore , kineti c studie s of surfac e proper -
ties are needed . Practica l processin g of mineral s generall y provide s "conditionin g 
time " of only second s or minutes ; the directio n and the rat e of reaction s need s to be 
established . 

. . . but  REAL  minerals  are  non-ideal,  imperfect 

In orde r to elucidat e the principle s governin g the surfac e chemistr y of particula r 
minerals , researcher s choos e to wor k with pure , synthetic , crystal s or , failin g that , 
with selecte d piece s of the bes t obtainabl e minera l specimen s — ofte n misleadingl y 
describe d by the supplier s as "pure" . It need s to be emphasize d tha t few natura l 
mineral s hav e thei r textboo k compositio n and tha t mos t are significantl y non-idea l 
in one or mor e of the followin g ways . 

Elemental  analysis 
Perusa l of any moder n textboo k of mineralog y whic h include s analytica l dat a (for 

example , tha t of Deer , Howi e and Zussma n [8]) reveal s considerabl e departure s 
from the idea l formul a for man y minerals ; and ofte n ther e ar e wid e divergencie s 
of analysi s for specimen s from differen t places . Ther e ar e two reason s for suc h 
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divergencie s —  (a) isomorphou s substitutio n in the lattice , or (b ) the presenc e of 
smal l inclusion s of a foreig n minera l withi n the specimen s analyzed . 

(a) Isomorphou s replacemen t is limite d by elementa l abundanc e and by atomi c 
(ionic ) radius . A pai r whic h hav e simila r charge , radiu s and abundanc e are Fe 2+ 

and Mg 2+; the y commonl y substitut e for on e anothe r (an d ther e eve n appear s 
to be a continuou s serie s of soli d solution s from magnesite , MgC0 3, to siderite , 
FeC0 3). Othe r pair s are OH-/F" , K +/Rb +, Sr 2+/Ca 2+ and Cr 3+/Fe 3+. Fo r charg e 
balance , Mg 2+ + Si 4+ can replac e 2A1 3+; similarly , Na + +  Si 4+ for Ca 2+ + Al 3+. 
The moder n techniqu e of electro n prob e micro-analysi s can sho w up analytica l 
difference s no t only betwee n differen t grain s in a nominall y homogeneou s sampl e 
but also acros s a singl e grain . 

(b) Inclusion s are also commo n and difficul t to avoi d unles s the ore happen s to 
be coarsel y crystallin e and amenabl e to clea n "liberation " by crushin g and physica l 
separation . Intergrowth s and microscopi c "ex-solution " speck s (forme d from th e 
solid durin g cooling ) are common , for exampl e in sulphid e minerals . On a coarse r 
scale , the composit e particle s know s as "middlings " are commo n in practica l minera l 
processing , becaus e liberatio n by comminutio n is ofte n imperfect . Tha t may no t 
matte r on the plan t (wher e a secon d stag e of grindin g on the first  concentrat e may 
be economic) ; bu t for surface-chemica l studie s suc h a concentrat e is likel y to be 
unsuitable . 

A few percen t of an impurit y minera l may no t see m important . Researc h report s 
sometime s lightl y pass it off ".. . the minera l analyze d 98.2 % pur e . . . ", eve n failin g 
to identif y the impurities . Bu t impuritie s ofte n concentrat e on the surface s of grains . 
The followin g example s sho w how disastrou s thi s pitfal l can be . Bot h ar e take n 
from researc h students ' studie s of asbesto s minerals . Studen t A mad e painstakin g 
analyses , usin g sensitiv e methods , of the slow leachin g of crushe d chrysotil e and 
then propose d an elaborat e theor y abou t incongruen t dissolutio n of this magnesiu m 
silicate . Wha t was overlooke d was tha t the chrysotil e had a smal l exces s of magne -
sium , probabl y presen t as needle s of brucite , Mg(OH)2 , whic h release s Mg 2+ and 
OH " faste r tha n doe s chrysotile . Repeate d leachin g of the specime n migh t hav e 
expose d thi s error . Similarly , Studen t B studie d the releas e of Fe 2+ in acid leach -
ing of amosite , an iron-magnesiu m silicate , bu t overlooke d the presenc e of a smal l 
amoun t of ankerite , a ferruginou s kin d of dolomit e (Ca , Mg , Fe  carbonate) . Of 
cours e he ough t to hav e detecte d site s of effervescence , bu t didn' t thin k to mak e 
close visua l examination ! Needles s to say , eithe r of thes e researche s woul d hav e 
bee n seriousl y misleadin g if published , becaus e the vita l impurit y woul d no t hav e 
bee n eve n mentioned . 

Non-uniform  surface  properties 
The surfac e chemistr y of mineral s is generall y investigate d with materia l of smal l 

particl e size , for convenienc e of samplin g and analysi s as wel l as availability . Perhap s 
this is the reaso n why researcher s ofte n fail to tak e accoun t of the well-know n fac t 
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tha t crystal s do no t hav e absolutel y unifor m surfac e properties . Thi s applie s partic -
ularl y to the chemical  reactivity  of minera l grains , thoug h it is tru e to som e exten t 
for othe r propertie s and virtuall y all crystals . Quit e apar t from difference s of crys -
tal face s (obviou s for needle s and plat y crystals) , eve n well-forme d crystal s posses s 
dislocations , steps , re-entran t corners , etc : and crysta l growt h and dissolutio n centr e 
aroun d suc h features , no t on perfec t planes . Feature s of the surfac e topograph y are 
reveale d by electro n microscopy , especiall y wit h the technique s of shadowin g and 
"decoration " with very smal l colloida l particle s of high electro n density , suc h as gold 
sols (whic h ten d to collec t alon g steps) . Moder n surfac e analysi s technique s ofte n 
revea l unexpecte d coating s —  e.g . graphit e materia l on certai n sulphid e minera l 
grains . 

In mineral s ther e are additiona l reason s for heterogeneit y —  notably , strain s of 
geologica l origin ; foreig n or ex-solutio n substance s concentrate d at grai n boundarie s 
(and thu s likel y to be prominen t whe n the or e is crushed) ; "active " ("disturbed" ) 
solid produce d by grinding . Ther e is a grea t dea l of evidenc e for th e view tha t 
fine  grindin g produce s unstabl e fragment s havin g mor e rapi d dissolutio n or reactio n 
and highe r thermodynami c activit y (thu s solubility ) tha n stabl e crystals . Eve n coars e 
groun d grain s may contai n incipien t fractur e lines . 

In short , ther e are soun d reason s for expecting  minera l particle s to sho w differ -
ence s of reactivit y from grai n to grai n and from plac e to plac e on singl e grains . 
But it is difficul t to tes t the hypothesis . Th e eminen t Russia n expert , I.N . Plaksin , 
publishe d autoradiograph s of minera l grain s treate d wit h variou s reagent s labelle d 
with radio-isotopes ; the result s alway s showe d "patchy " depositio n of the reagent . 
The presen t write r obtaine d simila r result s wit h S2~ on anglesit e (PbS0 4), Pb 2+ 

exchang e on anglesite , and CO| " exchang e on Icelan d spa r (calcite) . Thes e exam -
ples all refe r to multi-molecula r deposit s ove r smal l areas . Ther e appear s to be no 
precis e autoradiographi c wor k on surface s wher e only a monolaye r or bilaye r is 
expecte d (e.g . dodecylamin e on quartz?) . 

Possibl e evidenc e for non-uniformit y of sorptio n of flotation  collector s migh t 
com e from a stud y of the kineti c flotability  of nominall y pur e and unifor m size 
minera l fractions . It is know n tha t first-order  kinetic s do no t fit  perfectly , som e of 
the sampl e floating  mor e easil y tha n othe r parts . Bu t thi s differenc e migh t be du e 
to difference s of shape . It woul d be interestin g to collec t the fast , medium , and slow 
floating  fraction s and analyz e the m for amoun t of sorbe d collector . I am no t awar e 
of any such experiments . 

In the absenc e of topochemica l information , researcher s divid e the amoun t of 
reagen t adsorbe d by the minera l by its BE T surfac e are a and repor t the uptak e as 
"statistica l monolayers" ; bu t of cours e the actua l deposi t coul d equall y wel l consis t 
of multimolecula r patche s separate d by bar e areas . Similarly , the observatio n tha t 
quart z wil l float  with less tha n one statistica l monolaye r coul d mea n tha t som e area s 
take up mor e tha n averag e and the particle s float  on thes e areas . Th e questio n 
migh t be settle d by skilfu l measurement s of contac t angle s on coars e quart z grain s 
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unde r a binocula r microscope , with a capillar y air suppl y move d aroun d the particl e 
on a micro-manipulator . (Th e quart z woul d hav e to be wel l cleane d wit h alkal i 
beforehand , super-pur e condition s woul d be essential , and the reagen t woul d hav e 
to be a strongly-bonde d one ; no t an easy experiment , bu t it coul d be conclusive.) * 

Problems  with  mineral  mixtures 

As the objectiv e of mos t minera l processin g scheme s is to separat e minera l 
specie s from particulat e mixtures , the logica l strateg y is to stud y the surfac e chem -
istry of the variou s mineral s separatel y and the n devis e condition s and reagent s to 
get a differentia l response . Th e pla n is nex t trie d ou t on syntheti c mixture s and 
finally  on the actua l ore . Complication s ofte n occu r throug h interferenc e betwee n 
the differen t mineral s present . 

It migh t be suppose d tha t the mineral s in  an  ore  woul d be mutuall y in equilib -
rium , havin g remaine d in clos e proximit y for million s of years . Bu t fine-grinding 
of an ore in wate r may set off new processe s throug h dissolution , hydrolysis , ad-
sorption , oxidatio n or colloida l interaction . Th e activ e surface s of freshl y crushe d 
crystal s may adsor b ion s from slightl y solubl e constituents ; for example , a trac e of 
Pb2+ comin g from oxidizin g galen a may be sufficien t to "activate " silicat e toward s 
flotation  reagents . A trac e of hydrolyzin g Fe 3+ ions , comin g from stee l grindin g 
balls , has bee n know n to depres s the zet a potentia l of quart z and colloida l ferri c 
oxid e readil y deposit s ont o sulphid e minera l grains . Or suppos e ther e are two cal -
cium mineral s in the ore , say calcit e and fluorite,  wha t wil l determin e the leve l of 
dissolve d Ca 2+ ? In addition , the plan t wate r is likel y to contai n solutes , especiall y as 
it is generall y recycled . 

Colloida l interaction s involvin g the "slimes " fractio n of groun d mineral s (i.e . < 10 
μπι ) are wel l known . Tb get the slime s (includin g natura l clays ) colloidall y disperse d 
require s carefu l attentio n to the pH and ioni c conten t of the suspensio n ("pulp") . 
The aim is to ge t a hig h zet a potentia l (usuall y negative ) and a low conten t of 
divalen t and trivalen t cations . For clay dispersa l sodiu m silicat e or tripolyphosphat e 
may be added . If the condition s are no t favourabl e for dispersio n of the slimes , 
not only wil l the y coagulat e bu t the y wil l also deposi t on to large r grain s by a 
proces s know n in the industr y as "slim e coating" . (Derjagui n has propose d the term 
"adagulation " for depositio n of colloida l particle s on to large r soli d substrates. ) 

* Editors' note: Optical grade, carefully sized angular quartz particles whose surfaces were methylated 
to various known surface coverages have been studied by Ralston and co-workers. The particles showed 
the same maximum adsorption density independent of particle size. Similarly, at a specific adsorption 
density, contact angles measured on an assembly of such particles were the same as on flat plates. When 
a tightly sized particle size fraction was floated, the largest particles floated most quickly, as is described 
in detail in the literature. 

i R. Crawford, L.K. Koopal and J. Ralston, Colloids and Surfaces, 27 (1987): 57. 
j R. Crawford and J. Ralston, Int. J. Min. Proc, 23 (1988): 1. 
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Adagulatio n is no t specifi c for particula r pair s of materials , thoug h it is particularl y 
marke d whe n the pai r carr y opposit e sign of zet a potentia l —  for example , calcit e 
and quart z in a narro w rang e of condition s of pH and calciu m ion concentration . 
It can occu r whereve r double-laye r repulsio n is too low to maintai n a forc e barrie r 
agains t Brownia n motion . For example , galen a slime s can deposi t on galen a crystals . 
Of cours e slim e coatin g is detrimenta l to goo d separatio n in flotation  becaus e the 
difference s betwee n the surfac e propertie s are screene d by foreig n particle s on the 
surfaces . 

In conventiona l flotation  processe s th e slime s ar e treate d as a nuisanc e to be 
remove d (for example , in a hydrocyclone ) befor e the coarse r grain s are separate d 
by flotation.  Fo r economi c reason s in futur e it may becom e necessar y to wor k 
out separatio n processe s tha t wil l operat e in the slime s rang e —  suc h as selectiv e 
flocculation  — and the n the chemica l condition s require d to dispers e th e slime s 
jus t sufficientl y wil l becom e critical . Her e agai n experimen t show s tha t procedure s 
whic h look promisin g with syntheti c mixture s are liabl e to fail on actua l plan t slimes , 
possibl y becaus e of "smearing " durin g comminutio n or possibl y mutua l interferenc e 
of the chemicall y activ e materia l produce d durin g grinding , or solubl e or colloida l 
materia l in the plan t water . A particularl y difficul t proble m for the researche r arise s 
if sample s take n at the plan t underg o change s on storag e befor e laborator y researc h 
can be don e on them ! 

It is clea r tha t no genera l guideline s can be laid dow n in thi s are a of colloid -
chemistry-applied-to-minera l processin g beyon d remarkin g tha t ever y cas e has to 
be investigate d ab  initio.  Clearly , ther e is stil l a larg e are a of technolog y awaitin g 
development . 
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Chapter  2 

Adsorptio n 

LUUKK.KOOPA L 

Introductio n 

Adsorptio n at the minera l solutio n interfac e is of majo r importanc e for the be-
haviou r of minera l particle s in solution . Adsorptio n of simpl e ion s wil l determin e 
the charg e of the particle s and therefor e affec t th e colloi d stabilit y an d th e ad -
sorptio n of othe r charge d component s at the particles . Adsorptio n of surfactant s is 
used in minera l technolog y to contro l the dispersio n stabilit y and/o r the wettin g be -
haviou r of the particles . Polyme r adsorptio n may caus e destabilisatio n of a minera l 
dispersio n at low concentration s or enhanc e stabilisatio n at high concentrations . 

It is the purpos e of this chapte r to discus s the principle s of adsorptio n with em-
phasi s on modellin g aspects . In the availabl e spac e it is impossibl e to give a complet e 
revie w on the adsorptio n of ions , surfactant s and polymers . We star t with a summar y 
of the mos t importan t thermodynami c relation s and a brie f descriptio n of perfec t 
and regula r behavior . In the secon d par t som e headline s of the adsorptio n of inor -
gani c ions , organi c molecules , surfactant s and polymer s wil l be presented . Wit h the 
organi c molecule s a distinctio n wil l be mad e betwee n rigi d and flexible  molecules . 
A serie s of review s considerin g the adsorptio n of variou s component s at the solid / 
liqui d interfac e can be foun d in "Adsorptio n from solutio n at the solid/liqui d inter -
face " [1] . "Surfactan t Scienc e Series " volum e 27 is devote d to "Reagent s in minera l 
technology " [2] . The solid/ga s interfac e wil l no t be considered . A treatmen t of the 
use of gas adsorptio n for the characterizatio n of solid s has bee n give n by e.g. Greg g 
and Sing [3] . 

Thermodynamic s of adsorptio n from solutio n 

In this sectio n a brie f accoun t of the equilibriu m thermodynamic s is presente d in 
the form of a summar y of the mor e importan t thermodynami c relation s for the bul k 
phase s and the interfacia l region . Equilibriu m thermodynamic s is a helpfu l too l in 
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statin g the restriction s impose d on any mode l of a syste m or an interfac e and can 
help to deriv e relation s betwee n variable s whic h otherwis e are difficul t to formu -
late [4] . A textbook , coverin g the thermodynamic s of interphases , is tha t of Defa y 
etal . [5] . 

Characteristic  functions  for  a bulk  phase 

We star t with the assumptio n tha t any bul k phas e wil l hav e a wel l define d valu e 
for the interna l energ y Uy the entrop y 5 , the volum e Vy th e numbe r of mole s n; 
of componen t /, the temperatur e T,  th e pressur e p and the chemica l potentia l μ/ 
of componen t i.  Accordin g to the first  and secon d law of thermodynamic s [4] a 
variatio n of U,  the interna l energ y of a bul k phase , a , is give n by: 

dU  =  TdS  -pdV  +  Σ Μ άηί C 1) 
I 

The conditio n for equilibriu m in an isolate d syste m is tha t the interna l energ y has 
its minimu m valu e for a give n valu e of the entropy . Thi s may be expresse d as : 

(dCOs = 0 (2 ) 

Equilibriu m withi n an isolate d phas e a  is establishe d by allowin g the interchang e of 
entropy , volum e and matte r betwee n differen t region s in a  to satisf y equatio n (2) . 
At equilibriu m the intensiv e variable s T,p  an d μ/ are unifor m throughou t the entir e 
phase . 

By integratio n of equatio n (1) at constan t intensiv e variable s we obtai n the char -
acteristi c energ y functio n U: 

U^TS-pV  +  Y^IW  ( 3) 

As equatio n (3) is an equatio n of state , it is possibl e to defin e othe r energ y func -
tion s for a bul k phas e by combinin g the stat e variabl e U  wit h othe r stat e variables . 
Usuall y thes e function s includ e the enthalp y H: 

H = U +pV  =  TS  + ]T////! / (4 ) 
i 

ύΗ = TdS  +  Vdp  +  J2  μίάηί ( 5) 
i 

the Helmholt z energ y F: 

F = U-TS  =  -pV  +  5^μ//ΐ / (6 ) 
i 

dF  =  -SdT  -pdV  +  Σμidni  (7 ) 
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and the Gibb s energ y G: 

G = U -TS  +pV  =H-TS  =  $ 3 μ/π / (8 ) 
I 

dG = - 5 d J 4- Fd > = ] Γ μ/dn, · (9 ) 
/ 

From any of thes e function s so calle d Maxwel l relation s can be obtaine d by 
notin g tha t the orde r of obtainin g secon d derivative s of U,  H,  F  and G  is arbitrary . 
Importan t example s are : 

dp  \dttiJ  ~  V  dp  J Tn. "  dm  \dp)  \dniJ T)Pnj 

dT\dnJ  \dTj p/t. dmKdTj  \dni) TyP)nj
 l K) 

wher e nj  indicate s nj  φ  η/ . Derivative s of the form : 

r
<  -  (

9
i)

 (12
> 

\oni/Tj>/ij 
wher e Y  is any extensiv e quantity , are know n as partia l mola r quantities . Accordin g 
to equatio n (12) at constan t temperatur e and pressure , Y follow s from : 

Y =  Y jn iY i (13 ) 

The  Gibbs-Duhem  equation  and  the  chemical  potential  in  a bulk  phase 

An importan t thermodynami c relatio n for an ope n syste m is the Gibbs-Duhe m 
equation . Thi s equatio n can be obtaine d by differentiatio n of equatio n (3) and 
combinatio n of the resul t with (1) : 

SaT  - Vdp  +  Υ^Πίάμί  =  0 (14 ) 
i 

Accordin g to equatio n (14) at give n temperatur e and pressur e the chemica l po -
tentia l of eac h componen t is a functio n only of the phas e composition . Thi s can be 
expresse d as: 

μΐ =μ ? +RT\nfixi  (15 ) 

wher e μ°  is the chemica l potentia l of the pur e componen t at the sam e temperatur e 
and pressure , R  the gas constant , and x; and fi  ar e the mol e fractio n an d activit y 
coefficien t of /, respectively . Th e separatio n betwee n x; and ft  as mad e in equatio n 
(15) is arbitrar y bu t very commo n in the discussio n of thermodynamic s of solution s 

file:///dttiJ
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and mixture s [4, 5] . In literatur e deviation s from idealit y ar e ofte n expresse d as 
exces s mola r quantitie s takin g the so calle d perfec t behavio r at the sam e condition s 
of temperature , pressur e and compositio n as referenc e state . For a discussio n of the 
calculatio n of ft  from experimenta l result s the reade r is referre d to [6] , wher e also 
variou s expression s for ln/ j can be found . 

Perfect  solutions 

As referenc e syste m for idea l behaviou r we will use the concep t of the perfec t (p) 
solution , define d as one in whic h all component s satisf y [4, 5] : 

μ? =/i f +RT\nxi  (16 ) 

As standar d stat e the pur e componen t is chosen . The concep t of perfec t behavio r 
is base d on a lattic e mode l for the solution . Th e partia l mola r volumes , the partia l 
mola r energie s (or enthalpies ) and the therma l par t of the partia l mola r entropie s in 
a perfec t solutio n are assume d to be independen t of the compositio n and equa l to 
thei r mola r equivalents . Compariso n of equation s (15 ) and (16 ) show s tha t In/} , can 
be obtaine d as : 

■n i  =  &£&  (Π ) 

Pur e component s show perfec t behavior , henc e for x; = lalso/ j =  1. 
For any extensiv e quantit y Y  the chang e AmY on mixin g the pur e component s to 

form n mole s of mixtur e is give n by: 

A mY  =  Σ
η
Μ-Σ

η
ί
γ
°  (

18
) 

I I 

wher e Y?  is the mola r quantit y of the pur e component . Th e chang e in Gibb s energ y 
on mixin g AmG is give n by equation s (18) , (15) and (8) as: 

AmG = Y^n iRT\nf ixi (19 ) 
I 

In the cas e of a perfec t solutio n by definitio n AmV =  0, AmH =  0 and ft  = 1, 
hence : 

AmGp ^Y^rtiRTlnxi  (20 ) 
i 

In general , at constan t temperatur e AmG =  AmH —  TmS so tha t accordin g to 
equatio n (20 ) we obtai n for the entrop y of mixin g of a perfec t mixture : 

Am5p = - ^ n / ^ l n x / (21 ) 

Equation s (19)-(21 ) play a centra l rol e in the thermodynamic s of solution s and 
mixtures . 
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Open  system  with  an  interface 

So far we hav e only considere d a bul k phase . In treatin g a syste m consistin g of 
two phase s a  and ß  meetin g at a plana r interfac e of are a A,  it shoul d be realize d 
tha t to brin g molecule s from the interio r of the phas e int o the surface , wor k mus t 
be don e agains t the cohesiv e force s in the Hquid . Th e interna l energ y chang e aU 
in extendin g the surfac e are a by an amoun t dL4 is define d as the surfac e tension , 7 , 
provide d 5, V  and n of the syste m are kep t constant : 

dAJsVn: 
(22) 

For a syste m containin g two phase s meetin g at a plan e interface , equatio n (1) 
therefor e has to be extende d to includ e the wor k term for the interface : 

aU = TdS  -pdV  +  7dL4 + ]T/i;d/i / (23) 

Combinatio n of equatio n (23 ) with the energ y function s define d in equation s (4) , 
(6) and (8) allow s us to redefin e 7 as : 

9 n n. SJW Τ,ν,η; 
= ( - ) (24) 

The las t expressio n provide s the mos t convenien t definitio n of 7 for pur e systems . 
Becaus e of the finite  rang e of actio n of the intermolecula r force s an interphas e 

shoul d in genera l be regarde d as a regio n of finite  thicknes s acros s whic h the energy , 
densit y and othe r thermodynami c propertie s chang e gradually , see Figur e 1. Nev -
ertheles s a generall y adopte d approac h [5, 7] is to introduc e an imaginar y dividin g 
surfac e (plane ) betwee n the two bul k phase s and to acknowledg e the presenc e of 

vapour 

surface layer 

liquid 

vapour 

Gibbs surface 

liquid 

® ® Θ 

Fig. 1. Schematic representation of a surface of a pure liquid, a. Surface layer; b. variation of the density 
through the surface region; c. the Gibbs model of the interphase. 
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the interfacia l regio n by definin g surfac e exces s quantities . A t the dividin g surface , 
also calle d th e Gibb s plane , it is assume d tha t ther e is a  discontinuit y in density , 
mass , energy , entropy , forc e and molecula r composition . Thi s approac h is calle d th e 
Gibb s convention . 

Any choic e of the Gibb s plan e define s two volumes , V a o f phas e a  an d  V ß of 
phas e ß,  such that : 

V =  V a +  V ß (25 ) 

Va an d V ß exten d up to the dividin g plane,  makin g the volum e of the interfacia l 
regio n V& =  0. Any othe r extensiv e property , Y, of the syste m is suppose d to hav e 
a certai n valu e in eac h of the bul k phase s u p to th e dividin g plane , plu s a  surfac e 
exces s amoun t define d as: 

Ys =  Y  -Y a -Y ß (26 ) 

or mor e explicitly : 

Ys =  Y-  V aya -  V ßyß (27 ) 

wher e ya a n d ^ are the densitie s Y a /V a an d Y ß /V ß in the homogeneou s phase s 
a and /?, respectively . Usin g thes e concept s any variatio n in interna l energ y fo r the 
whol e syste m can now be subdivide d in a variatio n in interna l energ y of phas e a: 

dUa =  TdS a -pdV a 4- ̂ μ / d n f (28 ) 
i 

of phas e ß: 

dUß =  TdS ß -pdV ß +  YJμidn ß
i (29 ) 

and the surfac e exces s energy : 

dUs =  TdS s +  7&4 4- ̂  μ,-d/i j (30 ) 
i 

Equatio n (30 ) is obtaine d by subtractin g equation s (28 ) an d (29) from equatio n 
(23) fo r th e syste m as a  whole . Th e conditio n fo r interna l equilibriu m [equatio n 
(2)] ensure s tha t T a =  T ß =  Γ  =  Γ , μ?  =  μξ  =  μ { and/? a =  ρ β =  p.  Th e 
latte r relatio n implie s a  plana r interface . Fo r curve d interface s pa an d ρβ diffe r by 
an amoun t equa l to the Laplac e pressur e [5] . 

Integratio n of equatio n (30 ) a t constan t intensiv e variable s lead s to th e charac -
teristi c function : 
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Similarl y as for the bul k phas e othe r surfac e exces s function s can also be de -
fined  [8]. Th e surfac e exces s enthalp y is obtaine d by realizin g tha t wit h the Gibb s 
conventio n for an interfac e thcpV  ter m shoul d be replace d by a jA  term : 

Hs
 = υ*  _  ηΑ = TS* +  γ^μίη\ (32 ) 

I 

dHs =  TdS s - Λάη  +  ] Γ μιύη]  (33 ) 
I 

The surfac e exces s Helmholt z energ y is define d in the conventiona l way : 

p =  U S- TS*  =  ΊΑ  +  Σ  W*\  C 34) 
I 

dF s =  -S sdT  +  jdA  +  Σ  ßM  (35 ) 
i 

The latte r relatio n is especiall y usefu l for processe s at constants . Th e surfac e exces s 
Gibb s energ y can be define d as : 

Gs =  Us - TS S - ΊΑ =  Fs - ΊΑ =  Σ& η* ( 36) 
I 

dGs =  -S sdT -  Adj  +  Σ  W dn/ ( 37) 
/ 

Equatio n (37 ) is wel l suite d to describ e processe s at constan t 7 . Th e abov e se t 
of definition s has the advantag e tha t the expressio n for the surfac e exces s Gibb s 
energ y is analogou s to the correspondin g expressio n for the bul k phases , equatio n 
(8). Fro m equatio n (34) it can be deduce d tha t the surfac e tensio n can be identifie d 
with : 

7  =  2
 = /S

 ~  Σ  W
T

i  (
38

) 
i 

This equatio n show s tha t 7 is no t simpl y an exces s energ y pe r uni t area . Onl y for 
pur e liquid s for whic h Γ/ = 0, 7 equal s the surfac e exces s Helmholt z energ y per uni t 
area . 

The  Gibbs  equation 

Differentiatio n of equatio n (31) yield s in combinatio n with (30) : 

SsdT  +>4d 7 +  Υ^η\ύμι  =  0 (39 ) 
i 

Equatio n (39 ) is the surfac e analogu e of the Gibbs-Duhe m relatio n (14) . Definin g 
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Fig. 2. Gibbs dividing plane and surface excess amounts of solvent (1) and solute (i). The position of 
the Gibbs plane is chosen such that the surface excess of solvent is zero (T\ = 0). The surface excess of 
solute with the dividing surface defined by Γι =0 is indicated by the lightly shaded area. 

surfac e exces s quantitie s per uni t area , i.e. : 

we may writ e equatio n (39) as: 

(40) 

(41) 

wher e Γ; =  n\jA  is the "adsorption " of i.  Equatio n (41 ) is know n as the Gibb s 
equation , it play s a centra l rol e in the descriptio n of surfac e phenomena . At constan t 
temperatur e and pressur e equatio n (41 ) relate s the chang e in surfac e tensio n as a 
consequenc e of a variatio n in μ/ to the adsorptio n of /. 

Abov e it has bee n assume d tha t the Gibb s plan e was fixed  in orde r to defin e 
Va an d Vß an d the exces s quantities . Howeve r its location , whic h determine s the 
magnitud e of the exces s quantitie s such as ss and Γ/, was not discussed . The situatio n 
is illustrate d in Figur e 2, wher e the concentratio n profil e in the interfacia l regio n 
is show n for two components , 1 and 2. Th e Gibb s plan e is fixed  by assumin g tha t 
Γχ = 0, this lead s to a larg e positiv e valu e for Γ2 (th e lightl y shade d area) . Clearl y 
the surfac e exces s of componen t 2 depend s on the choic e we mad e for Γχ. 

In orde r to omi t thi s proble m it shoul d be realize d tha t the chemica l potential s 
in equatio n (41 ) are no t independen t of one another . On e variable , say μΪ9 can be 
eliminate d with the aid of the Gibbs-Duhe m equation s for the bul k phases . In doin g 
this , one obtains : 

άμχ = 
(S a/v a)-(sP/vP) 

a r - Σ άμι (42) 
1=2 

wher e c/ denote s the concentration . Substitutio n of thi s expressio n in the Gibb s 
equatio n gives : 

d 7 =  - j ^ d r - ^ r f V i (43) 
1=2 
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wher e s^  is the relativ e surfac e exces s entrop y pe r uni t are a and Iy ' th e relativ e 
adsorptio n of componen t i, respectivel y define d as : 

,<■>-i- -  Γ , ( < * · " " " > - f ^ l (44 ) 

The relativ e surfac e exces s quantitie s are independen t of the choic e of the Gibb s 
plane . Thi s can be show n by writin g equatio n (43 ) for constan t T  and μ/, leadin g to : 

Sinc e the quantit y (δ^/θμ^τ,μ-  i s independen t of th e choic e of the dividin g 

plane , it follow s tha t also Γ* ' mus t be independent . It is commo n practic e to fix  the 
positio n of the Gibb s plan e by takin g Γχ = 0. However , whe n anothe r choic e of the 
locatio n of the dividin g plan e is mor e convenien t this may also be done . 

The Gibb s adsorptio n equatio n can be applie d to all type s of interfaces . It pro -
vide s a relatio n betwee n 7 , Γ* ' and μ; orx/ . If we kno w the relatio n betwee n two of 
thes e variables , the thir d variabl e can be calculated . Schematicall y thi s is show n in 
Figur e 3. Th e relatio n betwee n 7 and Γ ^ is calle d the two dimensiona l or 2D equa -
tion of state . Suc h a 2D equatio n of stat e contain s only surfac e exces s properties . 
The relatio n betwee n Γ ^ and x/ is the adsorptio n isotherm . 

For fluid  interface s 7 can be measure d as a functio n of the compositio n of a 
solutio n in whic h the mol e fractio n or concentratio n of / is varied , whereafte r Γ^ ' 
can be calculated . Experimenta l measuremen t of Γ; (exp ) is ofte n difficul t becaus e 
of the rathe r smal l interfacia l area . Fo r soli d interface s in contac t with a gas phas e 
or a solutio n phas e 7 is no t directl y measurable , bu t in thi s cas e the adsorptio n 
of componen t i can ofte n be obtained . In mos t case s Γ ^ can be identifie d wit h 

... 2D equation of state TTor γ - Γ: 

Fig. 3. Central role of the Gibbs equation (43). 
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Γ; (exp) , and from the adsorptio n isother m the chang e in 7 du e to adsorptio n can 
be calculate d accordin g to : 

Π  =  7 °  "  7  =  "( 7  "  7o )  =  E  L·
 Γ

/
υ d

^  (
4?

) 
1=2 i 

wher e Π is calle d the surfac e pressur e or spreadin g pressure . Fo r the simpl e cas e of 
adsorptio n of one componen t from the gas phas e the summatio n contain s only on e 
term and Γ,· ' shoul d be replace d by Γ^ ' with Ts = 0, wher e s denote s the solid . For 
fluid  interface s the relatio n betwee n 7 or Π and Γ,· ' is directl y measurabl e wit h a 
so calle d Langmui r troug h [9, 10] , provide d tha t the surfac e activ e materia l sprea d 
in the interfac e is insolubl e in the fluid  phase(s) . Reference s an d review s of th e 
classica l wor k on insolubl e monolayer s on fluid  interface s can be foun d in the boo k 
of Davie s and Ridea l [9] and the monograp h of Gaine s Jr . [10] . 

Adsorptio n from solutio n in a monolaye r 

Chemical  potential  in  a perfect  monolayer 

For the descriptio n of physico-chemica l equilibriu m betwee n a bul k phas e and 
an adjacen t interphas e it is convenien t to hav e an expressio n availabl e relatin g the 
surfac e exces s quantitie s of i to the chemica l potentia l of / in the interphase . In 
orde r to obtai n such an expressio n the easies t cas e to conside r is tha t of a perfec t 
monolaye r in contac t with a perfec t solutio n [5,11,12] . Treatin g the interfacia l laye r 
as a monolaye r is a commo n practic e to simplif y the situation . Th e monolaye r is 
locate d in betwee n the two bulk phases . The Gibb s dividin g plan e is place d betwee n 
the surfac e laye r and one of the bulk phases . In the monolaye r a partia l mola r are a 
ai of specie s / can be define d as: 

(48) 

For a perfec t monolaye r at is equa l to the are a occupie d by one mol e of 1, af9 whic h 
is independen t of the surfac e composition . It the n follow s that : 

Σ,
η

'
α

ΐ=
Α

 (
49

> 

Σ
Γ

< <
 =  1

 (
5

° ) 

Usin g thes e definition s the surfac e mol e fractio n xf  of componen t i can be define d 
by: 
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=

w .

 <51 ) 

I 
For a  perfec t monolaye r all molecule s are of the sam e size and equatio n (51 ) can be 
simplifie d to : 

A  =  Γ "  (52 ) 
*■ m 

wher e r m is the tota l numbe r of mole s per uni t area . 
The chemica l potential  in the monolaye r can be obtaine d by considerin g the G s 

function . Accordin g to equatio n (37) we may write : 

= μϊ  (53 ) 

Differentiatio n of Gs as define d in (36) lead s to : 

'dG*\  fdU
s
\ „fdS s\ (dA\ 

(54) V dn\  I  V  dn\  I  V  dn\  I  Xdnj  I 
\ l / Τ,Ί,Π: \ l / Τ,Ί,Π: \ l / Τ,Ύ,Π: \ l / T,7/l: 

For a  perfec t monolaye r (δυ &/θη^) Τ)Ί)η. =  U[*  an d  φ&Ι8η\) ΤιΊ/ί. =  Sf s -  R 
Inx*, wher e [//* and 5?s are mola r quantitie s of pur e /. Substitutio n of thes e relation s 
in equatio n (54) and takin g into accoun t (53) and (48 ) we find: 

μ** =  U? s - TSf s 4- RT  lnxf -  ^af  (55 ) 

wher e th e superscrip t (p ) indicate s perfec t behavior . Fo r a  monolaye r of pur e / , 
Xi  =  1 and : 

^ ,ρ = ^os _ r5os _ 7o ô ( 5 6) 

At equilibriu m this expressio n for μ\  can be equate d to tha t for the pur e bul k phase , 
μ° , so tha t we have : 

U[*  -  TSf s =  μ? +  7 X  (57 ) 

Substitutio n of this relatio n in equatio n (55 ) lead s to the sough t expression : 

μ\* =  μ ? +  RT  tax?  -  ( 7P - 7? K  (58 ) 

Not e tha t (58) is the surfac e analogu e of the relation : 

W =  μ?(Ρ?)  +  RT  tax/ +  (p - μ ^ ) ^ (59 ) 

for a  bul k solutio n whos e pressur e p  differ s from tha t of th e vapou r pressur e of 
pur e i. 
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Chemical  potential  in  a real  monolayer 

With the mode l of a perfec t monolaye r as the standar d of referenc e for th e 
adsorbe d phase , and tha t of a perfec t solutio n for the liqui d phas e we can now tur n 
to rea l systems . For a rea l monolayer , at the sam e valu e of xf,  componen t i has a 
chemica l potentia l μ\  and an interfacia l tensio n 7 . Analogou s to th e situatio n in 
bulk solutio n [see equatio n (15) ] we defin e the chemica l potentia l of i in the rea l 
monolaye r as [12,13] : 

μ]  =  μ?  +  RT  Intfx ? - (7 - 7 > / (60 ) 

This implie s tha t the activit y coefficient/ ? is define d as [13] : 

, (μί - μ ·, ρ) + β,·(7 - 7P) 
In/? =  z-i — t-i-l  ί ϋ '-!■  (61 ) RT 
Agai n a monolaye r of pur e i is use d as standar d state , so tha t for x* =  1 also 

fl =  1. Fo r a discussio n of th e definitio n of f[  an d way s to calculat e f*  from 
experimenta l result s we refe r to the wor k of Everet t et al . [12,13] . It is also possibl e 
to deriv e expression s for f*  by assumin g a mode l for th e non-idea l monolayer . 
Lattic e model s are mos t popula r for thi s purpos e [4, 13-15] . We retur n to thi s in a 
late r section . 

Monolayer  adsorption  from  a mixture 

For the adsorptio n from a multicomponen t mixtur e of molecule s of the sam e size 
the followin g exchang e reactio n can be considered : 

(1) · +  ι ^ 1 +  (0 ' (62 ) 

wher e 1 is the solven t and / the componen t we study . Th e superscrip t s denote s the 
surfac e layer . The conditio n for equilibriu m is tha t μ]  = μ/ or : 

μ\ +  μι  =  μι +  μ\  (63 ) 

Insertio n of the expression s for the chemica l potential s lead s to : 

*-(f)(1 ) 

where : 

Kfx is the thermodynami c equilibriu m constan t of equatio n (62) , it is a measur e of 
the preferenc e of/ for the adsorbe d laye r with respec t to componen t 1. As indicated , 
Kfx is relate d to the surfac e tension s 7f and 7° . For adsorptio n from a mixtur e at a 
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L/L or a L/ G interfac e 7 ° an d 7? ar e directl y measurable . Fo r S/L interface s 7? is 
relate d to the hea t of immersio n of the solid in pur e i [16,17] . In principl e (7 ° - 7? ) 
can also be obtaine d from wettin g studie s [16] . In practic e Kf x can simpl y be use d as 
the adsorptio n or affinit y constant . 

Equatio n (64 ) can be used to defin e th e selectivit y coefficient^ : 

(66) 

The selectivit y coefficien t is experimentall y accessible . A  plo t of K^  versu s x; 
show s th e deviation s from perfec t behaviour . 

It shoul d be note d tha t for adsorptio n from non-dilut e solution s th e individua l 
adsorptio n x* shoul d no t be confuse d wit h th e experimentall y obtaine d adsorption , 
n°Axi/A,  wher e n°  is the tota l numbe r of mole s of solution , an d Axi  is th e chang e 
in mol e fractio n of / upo n adsorption . Th e relatio n betwee n η°Αχι/Α  an d x* is : 

n°Ax-
-—L=T m(xJ- Xi) (67 ) 

For adsorptio n from dilut e solutions , i.e . Kf x >  1  an d x; <C  xf  th e individua l 
adsorptio n rmx* correspond s with n°Axi/A. 

Perfect  behaviour 

In th e case of perfec t behaviou r an d a stron g preferenc e of componen t / for th e 
adsorbe d laye r as compare d to th e othe r component s equatio n (64 ) become s th e 
well know n Langmui r [18] equation : 

(1) _  TmXjKfr 
Γ
'·  - ( Ϊ Τ ^ )

 (68) 

The correspondin g equatio n for th e surfac e pressur e can be obtaine d by combin -
ing th e Gibb s equatio n (43) with (68) . Th e resul t is: 

Π =  RTT m ln( l +  XiKf x) (69 ) 

This relatio n is know n as th e Von Szyszkowsk i [19 ] equation . It relate s th e surfac e 
pressur e to the affinit y constan t and th e mol e fractio n of i in solution . An alternativ e 
formulatio n of equatio n (69 ) is foun d by realizin g that , accordin g to equatio n (68) 
ln( l + XiKf{)  =  -ln(l-x\).  Substitutio n in (69 ) gives : 

Π =  -RTT m ln( l -  xf)  (70 ) 

This is a  2D equatio n of stat e whic h ca n be use d to describ e th e behaviou r of 
(insoluble ) perfec t monolayer s [9,10] . Bot h th e Langmui r an d the Von Szyszkowsk i 
equatio n represen t highl y idealize d situations , nevertheles s the y ar e ofte n use d in 
practice . 
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Regular  behaviour 

In the precedin g section s eithe r non-idealit y in genera l or perfec t behaviou r has 
bee n assumed . In orde r to describ e the propertie s of a non-idea l liqui d mixtur e 
quantitativel y Hildebran d [20] introduce d the regula r solutio n as on e in which : (1) 
the component s mix withou t volum e change , and (2) the entrop y of mixin g is give n 
by tha t correspondin g to an idea l solution . Th e implicatio n of thes e condition s 
are: (a ) the force s of interactio n betwee n the variou s pair s of molecule s ar e no t 
too different , (b ) the differen t molecule s ar e abou t th e sam e size , and (c) th e 
arrangemen t of the molecule s is completel y random . Base d on thes e assumption s 
severa l model s hav e bee n develope d for liqui d mixture s or solution s [6] . As non -
idealit y ofte n play s a crucia l rol e in adsorptio n phenomena , we wil l appl y a simpl e 
lattic e mode l to deriv e expression s for the activit y coefficient s in the case of regula r 
behaviour . 

In a lattic e theor y al l the molecule s ar e situate d on lattic e point s whic h ar e 
equidistan t from on e another . Molecula r vibration s and rotation s abou t th e equi -
libriu m positio n of a molecul e are no t affecte d by the mixin g process . Fo r a give n 
temperatur e the lattic e spacing s for the pur e component s and for the mixtur e ar e 
the same , independen t of composition . Th e potentia l energ y of the mixtur e is ob-
taine d by assumin g tha t only neares t neighbou r interaction s nee d to be considere d 
and tha t the pairwis e interaction s ar e simpl y additive . As a consequenc e of th e 
rando m mixin g assumptio n the numbe r of neares t neighbou r contact s i-j  betwee n 
a molecul e / and a molecul e j is simpl y proportiona l to the produc t of thei r mol e 
fraction s x;xy 

On the basi s of thes e assumption s the chang e in Gibb s (or Helmholtz ) energ y 
AmG o n mixin g a set of pur e component s to form n  mole s of mixtur e can be foun d 
as [4,6] : 

^ =  £ L  tax; +  0.5 £ Xijmxj  j (71 ) 

wher e AmG is define d in equatio n (18 ) and %,y is the so-calle d Flory-Huggin s inter -
actio n parameter : 

Xii =
 (IST )

 {£ii
"

 0
·

5 ( ε
*

+ £ j j ) } (72 ) 

with Z th e numbe r of neares t neighbour s to a give n lattic e site , ΛΓΑ Avogadro' s 
number , and ε// , Sjj  and Sij  the pair-wis e interactio n potentials . Th e summation s 
over i and ; in equatio n (71) bot h includ e all component s and the facto r 0.5 correct s 
for countin g the interaction s double . Not e tha t accordin g to its definitio n χα  = 
Xjj  =  0. Whe n %,y = 0  for al l / and j th e mixtur e is perfec t an d equatio n (71 ) 
reduce s to equatio n (20) . Sinc e £/,·, en  and Sjj ar e in genera l of negativ e sign , positiv e 
value s of x,y resul t if like contact s are preferre d ove r unlik e contacts . 
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Differentiatio n of AmG wit h respec t to dn; at constan t T,p  and ny give s μ/ -  μ° . 
For a two componen t mixtur e we find: 

μΐ =  μ? + ΑΓ tax,· +  ΑΓχ#( 1 -  x;) 2 (73 ) 

The correspondin g expressio n for the activit y coefficien t equal s accordin g to equa -
tion (17) : 

\nfi=Xij{\-Xi) 2 (74 ) 

The latte r resul t is equivalen t to wha t is know n in the chemica l engineerin g litera -
ture as the two-suffi x Margule s equatio n [6] . I t can be show n [6] that , accordin g to 

equatio n (74) , in a mixtur e an incipien t instabilit y occur s for χ^  =  2 atx / =  0.5 . For 
Xij  >  2 mixture s are unstable , at sufficientl y hig h mol e fraction s a  phas e separatio n 
in two stabl e phase s occurs . 

Tb discus s adsorptio n in a  monolaye r we also nee d an expressio n for/? . To find 
this expressio n i t is  necessar y t o  subdivid e the phase s on eac h sid e o f the surfac e 
plan e in paralle l layer s one molecula r diamete r thick . Usuall y the monolaye r with 
the adsorbe d molecule s is  note d a s laye r 1 , and laye r 2  is th e  first  laye r in  th e 

bulk solution . On the othe r side of the surfac e plan e we find  the soli d phas e (laye r 
0). I n  genera l the mol e fraction s fo r any componen t i  in  th e  layer s adjacen t t o 

the monolaye r diffe r from tha t o f the monolaye r itself . Henc e fo r an  appropriat e 
calculatio n o f the potentia l interaction s "sit e fractions " shoul d b e used . Th e sit e 
fractio n of i in a  lattic e laye r z can be define d as a  weighte d averag e of x; ove r the 
layer s z -  l, z  and z +  1 : 

(x;(z) ) =  λχΧ/(ζ -  1) +  λοτ/(ζ ) +  λΧχ/(ζ +  1) (75 ) 

wher e λο is the fractio n of neares t neighbour s in laye r z and λχ tha t in eac h of the 
two neighbourin g layers . Obviously , λο +  2\\  =  1. For a  monolaye r adjacen t to a 

solid we hav e fo r componen t i  (i  ^  s),  x/(0 ) =  0, JC/(1) =  x j and x/(2 ) =  x/ . S o 

tha t (x/(l) ) =  (xf)  =  Xtfc*  +  \\Xi.  Th e derivatio n of the activit y coefficient/ ? o f 

componen t /  in  the monolaye r is analogou s t o  tha t for the bul k solutio n provide d 
tha t the interaction s are counte d on the basi s of site fractions . Fo r a two componen t 
mixtur e the resultin g expressio n for/ ? is: 

In/? =  Xij(l -  (xj)) 2 (76 ) 

For the chemica l potentia l of componen t i we find: 

μ\ =  μ? +  RT  lnx? +  RT Xij(l -  (x})f  -  (7 -  7? ) < (77 ) 

For a  binar y syste m the adsorptio n isother m for componen t 2  is obtaine d by com -
binin g equation s (64) , (74) and (76) . The resul t is: 

7 ^ =  r V * 2 i θφ{2χ 2ι(& > -  *2) } (78 ) 
1 — ΧΊ Y—Xl 
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Fig. 4. Theoretical adsorption isotherms according to the FFG equation (80) or (114) for a series of X21 
(or χ) values as indicated with the curves. For X21 = 0 the Langmuir isotherm results. In practice values 
°f X21 > 2 will only occur for solute molecules larger than the solvent molecules. In that case equation 
(114) applies. 

Som e illustration s of equatio n (78) can be foun d in [13] . 
The expressio n for the selectivit y coefficien t X^i *n the cas e of regula r behaviou r 

is obtaine d throug h equation s (66)  and (78) : 

1η 2̂*1 = 1 η ^2
ρ
1+ 2 χ1 2( ( ^ ) - χ2) (79) 

For adsorptio n from dilut e solution s (i.e . Κ%χ  >  1  and x2 ·€.  x\)  and a hexago -
nal lattic e (λο = 0.5) , equatio n (78 ) reduce s to the Frumkin-Fowler-Guggenhei m 
(FFG ) [21,22 ] equation : 

1 
= x2K\x exp(x2i*I ) (80) 

For positiv e value s of χ2\ lik e contact s are preferre d ove r unlik e contact s and 
the adsorptio n wil l be cooperative . In Figur e 4 the adsorptio n accordin g to the FF G 
equatio n is show n for a serie s of %2i values . Remembe r tha t in solutio n incipien t 
instabilit y occur s for X21  =  2 and two stabl e liqui d phase s are forme d for %2i > 2. 
Evidentl y equatio n (80) can only be used up to the mol e fractio n for whic h the phas e 
separatio n occurs . In the monolaye r incipien t instabilit y occur s for %2i = 4 and a 
phas e separatio n or "2D condensation " for χ 2ι >  4  [23 , 24] . Figur e 4 illustrate s 
this . Th e associatio n of the molecule s in the monolaye r increase s wit h increasin g 
X21 and the condensatio n ste p become s larger . It shoul d be note d tha t value s of χ2ι 
considerabl y highe r tha n abou t 2 wil l only occu r for solut e molecule s muc h large r 
than the solven t molecules . 

Equatio n (80 ) applie s for solution s so dilut e tha t dμ ; =  RTd  lnx/ . Combinatio n 
of the Gibb s equatio n (43) with (80) and subsequen t integratio n lead s to : 

Π =  -RTT r { l n ( l - 4 ) - 0.5X2 1 (4) 2} (81) 
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This is th e 2D equatio n of stat e correspondin g wit h th e FF G equation . I t ca n 
be use d to describ e (insoluble ) non-idea l monolayers . Equation s (80 ) an d (81 ) 
are considerabl y mor e realisti c tha n respectivel y th e Langmui r (69 ) an d th e Von 
Szyszkowsk i equatio n (70) . 

For a  discussio n of th e regula r behaviou r theory , its applicatio n to experimenta l 
result s an d possibl e improvement s we refe r to Prausnit z e t al . [6] . Fo r ternar y or 
highe r orde r componen t system s expression s fo r th e isother m o r th e selectivit y 
coefficien t can be obtaine d in a simila r way [25] . 

Ion adsorptio n 

The  electrical  double  layer 

In aqueou s solution s adsorbent s ar e ofte n charge d becaus e ther e ar e almos t al -
ways ioni c specie s presen t with a  stron g preferenc e fo r th e surface . Alternatively , 
adsorbent s ma y becom e charge d by dissociatio n of surfac e groups , i.e . by pref -
erentia l desorptio n of an ioni c species . We wil l cal l thes e ion s "surfac e charg e 
determining" . Th e adsorptio n of surfac e charg e determinin g ion s is followe d by a 
positiv e adsorptio n of counter-ion s an d negativ e adsorptio n or exclusio n of co-ion s 
in th e immediat e vicinit y of the surfac e in orde r to satisf y th e requirement s of elec -
troneutrality . Th e charge d interfac e plu s th e solutio n regio n in whic h th e surfac e 
charg e is counterbalance d is calle d "th e electri c doubl e layer" . Th e charge s in so -
lutio n ar e mobile , contrar y to thos e on th e surfac e whic h ar e generall y assume d to 
be localized . Du e to th e opposin g action s of energ y (Coulombic ) an d entrop y th e 
counter-ion s an d co-ion s ar e distribute d in a  "diffus e layer" . Th e situatio n is very 
simila r to tha t in electrolyt e solution s as describe d in th e Debye-Hücke l theor y [26] . 
The mai n differenc e is tha t nea r a  surfac e th e potential s ca n be muc h highe r tha n 
aroun d simpl e ions . Som e doubl e laye r model s to describ e th e situatio n ar e treate d 
below . 

Diffuse  double  layer 

The distribution s of ions of type i  in th e field of th e surfac e ca n be describe d 
by a  Boltzman n distributio n fo r al l ion types . If it is assume d tha t th e ion s ar e 
poin t charge s whic h only interac t throug h Coulombi c force s thi s distributio n can be 
expresse d as : 

m(z)  =  n((oo)ex p {~ nF
Rj{Z)} ( 82) 

wher e w/(z ) is th e numbe r of ions / pe r uni t volum e a t distanc e z  from th e surface , 
Ti  th e charg e numbe r of th e ions , includin g thei r sign , F  Faraday' s constant , an d 
ψ(ζ)  th e potential  in th e doubl e layer . Th e referenc e poin t for th e potential s is th e 
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bulk solutio n wher e φ(οο)  =  0  and the concentratio n of eac h typ e of ion is its 
bulk concentration . For the subtletie s of potential s we refe r to [27] . Equatio n (82 ) 
is in agreemen t with the statemen t tha t counter-ion s are attracte d and co-ion s ar e 
repelled . 

The spac e charg e densit y p(z)  is obtaine d by: 

P(
z
) =  Σ η*( ζ)τ*β

 (
83

) 
i 

wher e e is the elementar y charge . Th e additiona l relatio n betwee n ψ(ζ)  and p(z)  is 
given by the Poisso n equation : 

VV(* ) = - = ^ - (84 ) 
ε0εΤ(ζ) 

wher e ε0 is the permittivit y of vacuu m and ετ(ζ)  th e relativ e dielectri c constan t at 
distanc e z from the surface . Th e classica l solutio n of thes e equation s has bee n give n 
by Gou y [28] and Chapma n [29] and can be foun d in man y textbooks , see e.g . [30 , 
31]. Startin g point s of the theor y are tha t the surfac e charg e densit y σ5, and th e 
surfac e potential  V>s =  Ψ(ζ  =  0) ar e average , smeare d out , quantities , tha t th e 
surfac e is plana r and tha t εΓ is independen t of the field  strength . Accordin g to the 
Gouy-Chapma n (GC ) theor y for a symmetrica l indifferen t electrolyte , the charg e 
densit y of the diffus e layer , σά, is: 

-σά =  (8ΚΤε 0εΤη8)
0 5 sinh ( ~ ) (85 ) 

wher e τ =  r+  =  —r_ and ns =  w+(oo ) =  n_(oo) . It shoul d be realize d tha t 
becaus e of electroneutralit y of the doubl e laye r as a whol e σ&  = —  σδ. 

The GC theor y also allow s us to calculat e the ioni c component s of charg e of a 
diffus e layer , i.e. the surfac e exces s amount s of the cation s and anion s to compensat e 
the surfac e charg e [32, 33] : 

Γ+
'
α =

 V  τφ  ) 

and : 

f2RTe oetnA 0 

ex 

.5 . 

-rFip s 
2RT 

exp \2RT  ) 

(86) 

(87) 

Differentiatio n of as wit h respec t to φ% provide s th e relatio n for th e differentia l 
capacitanc e of the diffus e layer : 

C d = £ o £ r K C O S h ( ^ ^) (88) 

wher e κ is define d by: 
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"
2

 -  [T^fj  ψ
τ
'  <* > 

K has the dimensio n of a reciproca l lengt h and κ" 1 is calle d the "Deby e length " or 
the "doubl e laye r thickness" . Fo r aqueou s solution s of symmetrica l electrolyte s at 
room temperatur e equatio n (89) gives : 

K = (10cr 2)0 5 (nnr 1; c in mol e dm" 3) (90 ) 

For the potential-distanc e relatio n the GC theor y result s in: 

tonh
 (^ )

 =  tanh
 (l5r )  ^ - ^

 (91 ) 

For smal l potential s (Debye-Hücke l or D H model) , tha t is for (rF^ s/4RT)  <  1, 
the approximatio n tanh x =  x can be used and (91 ) reduce s to : 

φ(ζ)  =  rßsexp(-Kz)  (92 ) 

This equatio n show s tha t at z =  κΓ 1, ψ(ζ)  =  ips/e,  illustratin g why κ~ ι is calle d the 
doubl e laye r thickness . Not e tha t for smal l ψ5 equatio n (85 ) reduce s to : 

σ5 =  ε0ετκψζ  (93 ) 

This agai n show s the physica l meanin g of κΓ 1, i.e . as the plat e distanc e of a con -
denser . An interestin g implicatio n of equatio n (85 ) or (93 ) is that , if we assum e 
ips to be constant , the n as become s a functio n of the ioni c strength . Conversely , if 
σδ is assume d to be constant , ψ & is a functio n of κ,.  Fo r a constan t surfac e charg e 
the effec t of the electrolyt e concentratio n on ψ(ζ)  is show n in Figur e 5a. Figur e 5b 
show s the constan t surfac e potentia l case (realiz e tha t as =  ε0ετ(άψ/άζ) ζ=ο)· 

Stern-Gouy-Chapman  double  layer 

The limitation s of the GC theor y ar e primaril y du e to th e inexactnes s of th e 
initia l assumption s [31 , 33] . Th e poin t charg e assumptio n for the ion s in solutio n 
is mos t likel y to be unsatisfactor y for th e ion s in the first  molecula r laye r nea r 
the surface , wher e the distanc e of closes t approac h is limite d by the size of th e 
ions . Takin g int o accoun t a charg e free laye r betwee n the surfac e and the diffus e 
laye r with a thicknes s of the orde r of an ion radiu s largel y eliminate s thi s problem . 
This improvemen t was first  introduce d by Ster n [34] . Th e concep t of thi s charg e 
free laye r is frequentl y use d and the laye r is generall y calle d the Ster n layer . Th e 
boundar y of the Ster n laye r and the diffus e laye r is calle d the Ster n plane . 

Ster n also pointe d ou t tha t counter-ion s may no t only interac t wit h the surfac e 
by electrica l forces , bu t also by "chemical " or "specific " (i.e . non Coulombi c forces) . 
"Specific " adsorptio n wil l lead to a bette r screenin g of the surfac e charg e tha n 
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z / nm χζ 

Fig. 5. Potential decay in the diffuse layer as a function of the distance from the surface, see equa-
tion (91). a. At constant surface charge (as = 4.3 mC m~2), for three values of the salt concentra-
tion (1-1 electrolyte). The value of the surface potential at each salt concentration is calculated with 
equation (85). b. At constant surface potential, for two values of φΛ. The dashed curves represent equa-
tion (92). For ψΛ = 25 mV the results obtained with both equations cannot be discriminated. Note that 
KX depends on the ionic strength. 

throug h diffus e ion s only and henc e to highe r surfac e charges . In the mos t simpl e 
mode l the Ster n plan e is also the adsorptio n plan e for th e specificall y adsorbin g 
ions . 

In the case of specifi c adsorptio n of counter-ion s the surfac e charg e is compen -
sate d by the sum of charge s at the Ster n plane , σ1? and in the diffus e layer , σα,: 

as =  -(σ χ +  σά) (94 ) 

The presenc e of the Ster n laye r has considerabl e consequence s for the potentia l 
distribution . Acros s the Ster n laye r the potentia l drop s linearl y from φ8 to ψ&,  the 
potentia l of the Ster n plane . Ofte n ψ&  is considerabl y lowe r the n ψ &>  especiall y in 
the case of specifi c adsorption . Awa y from the Ster n plan e the diffus e laye r extends , 
this implie s tha t in the Stern-Gouy-Chapma n (SGC ) mode l ψ5 has to be replace d 
by ψά and as by -σά in equation s (85)-(93) . A sketc h of the potentia l distributio n 
accordin g to the SG C mode l is show n in Figur e 6. 

With the SGC mode l we may writ e for the surfac e potential : 

Ψ*  = (V>s - VM) + Φά (95) 

Dividin g by as at constan t κ gives : 
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Ψι Ψ*  - Ψά 

£) ( 

-0~d 

or: 

— = —  + —  (1 
Kt C\  K& 

R) 

(96) 

(97) 

wher e Kt =  σ 8/ψ8 and K&  = —σ^/ψά  a re th e integra l capacitance s of the tota l 
doubl e laye r and the diffus e layer , respectively , C\  is the Ster n laye r capacitance , 
and R —  σχ/σ δ is a measur e of the specifi c adsorption . Fo r non-metalli c surface s 
it is mostl y assume d tha t C\  is a constan t independen t of as and κ,.  In tha t cas e we 
may write : 

e0Si 
Ci = 

di 
(98) 

wher e εχ is the relativ e dielectri c constan t of the Ster n laye r and d\  its thickness . 
The valu e of S\  is affecte d by the natur e of the surface . As a rul e of the thum b we 
may say tha t for hydrophili c surface s S\  is of the sam e orde r of magnitud e as £r, 
wherea s for hydrophobi c surface s e\  is considerabl y smalle r tha n ετ in the solutio n 
[35]. Kt  follow s from the GC  theory . Fro m equatio n (97 ) it can be inferre d tha t Kt 
is dominate d by the smalles t of the two capacitances . At low electrolyt e concentra -
tions , wher e bot h Kd and R  are small , Kt is dominate d by the las t contribution . Fo r 
high electrolyt e concentratio n C\  is likel y to dominat e Kt. 

Stern' s approac h has bee n refine d by locatin g th e specificall y adsorbe d ion s 
in a plan e insid e th e Ster n layer . Thi s extensio n is know n as th e "Helmholtz -
Grahame " or "tripl e layer " (TL ) mode l [32 , 36] . In the TL mode l the so calle d 
inne r Helmholt z plan e is the locatio n for (dehydrated ) specificall y adsorbe d ions , 

I ) — ion in the Stern plane 

Ψ.-

Fig. 6. Schematic representation of the potential distribution according to the Stern-Gouy-Chapman 
model. 
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the oute r Helmholt z plan e coincide s wit h the Ster n plane . Fo r perfectl y flat  inter -
faces , suc h as the mercury/solutio n interfac e thi s detaile d treatmen t has bee n quit e 
successfu l [33 , 37, 38] . For ordinar y soli d surface s wit h a certai n surfac e roughnes s 
or with surfac e group s protrudin g in the solution , suc h a refinemen t can hardl y be 
justifie d and the SG C mode l in its simpl e form is recommended . 

Adsorption  of  surface  charge  determining  ions 

Modellin g the chargin g of soli d surface s has receive d muc h attentio n in litera -
ture . An integrate d approac h base d on earlie r wor k has bee n reviewe d and refor -
mulate d by Heal y and Whit e [39] and by Jame s and Park s [40] . In thes e models , 
generall y know n as site bindin g models , the surfac e charg e is attribute d to the ion -
izatio n of discret e surfac e group s or conversel y to desorptio n of charg e determinin g 
ions from discret e surfac e sites . In additio n to the chargin g of the surfac e specifi c 
adsorptio n may occur . Thi s specifi c adsorptio n is also calle d surfac e complexation : 
complexe s are forme d betwee n the charge d surfac e site s and the majo r electrolyt e 
ions . 

For the descriptio n of the adsorptio n of the charg e determinin g ion s the mono -
laye r mode l as derive d abov e can be used . Th e activit y coefficient , 7± , for the ion s 
in the bul k solutio n can be foun d from th e Debye-Hücke l theor y or on e of its 
extension s suc h as the Davie s equatio n [41] . At constan t backgroun d electrolyt e 
concentratio n thes e activit y coefficient s can be take n as constants . 

Furthermor e it shoul d be realize d tha t the probabilit y of finding  an ion in the 
vicinit y of the surfac e is affecte d by the electrica l field  of the particles . Thi s effec t 
can be accounte d for by a Boltzman n factor , exp{-r/ i^(z)/ i?r} : 

Xi(z)  = x / ( oo ) e x p | ^ | Ä J ( 9 9) 

wher e x/(z ) is the mol e fractio n of i at a distanc e z from th e surface . Equatio n 
(99) implie s tha t interaction s othe r tha n Coulombi c ar e neglecte d and tha t th e 
potential  is equipotentia l in plane s paralle l to the surface , i.e . ψ(ζ)  is a "smeare d 
out " potential . Fo r z =  0  the potentia l is equa l to ψ&. Substitutio n of x/(0 ) for 
Xi  in equatio n (68 ) lead s to a simpl e expressio n for the isother m of th e charg e 
determinin g ions . 

The descriptio n of specifi c adsorptio n of the backgroun d electrolyt e ion s is in 
principl e simila r to tha t of the protons . For specifi c adsorptio n at the Ster n plan e ψ& 
is the leadin g potentia l instea d of ψ$. 

Monofunctional  surface  groups 
For non-amphoteri c surface s containin g group s whic h can associat e with a proto n 

accordin g to : 

S" + H + ^ SH (100 ) 
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the proto n adsorptio n isother m equatio n base d on equation s (100) , (68)  and (99 ) 
reads : 

wher e #H is the fractio n of SH groups , Ku  the equilibriu m constant , tfH = *H7± is 
the proto n activity , and φΒ is the potentia l at the surfac e plane . Equatio n (101 ) can 
also be obtaine d by applicatio n of the mas s actio n law to equatio n (100 ) and usin g 
JCH(0) as the relevan t mol e fractio n of protons . Th e surfac e charg e densit y equals : 

σ8 =  -F[S~]  =  -FN S(1 -  0H) (102 ) 

wher e Ns is the tota l site densit y (=[S" ] + [SH] ) and (1 - ÖH) the degre e of dis -
sociation . Not e tha t also the surfac e charg e is considere d as smeare d out , discret e 
charg e effect s ar e neglected . Equatio n (101 ) describe s in principl e the proto n ad-
sorption , however , ^s is in genera l no t know n and difficul t to obtai n experimentally . 
Sometime s the electrokineti c or ("-potentia l [42] is substitute d for ψ & bu t thi s is a 
rathe r poo r approximation . Alternativel y a doubl e laye r model , suc h as the SG C 
model , can be use d to provid e a relatio n betwee n σ8 and ψ8. In genera l we may 
write : 

wher e Kt is the (integral ) electrostati c capacitanc e of the doubl e laye r give n by the 
doubl e laye r model . In genera l Kt wil l be a functio n of σ5 or 0H. Substitutio n of 
the expressio n for ψ8 in equatio n (101 ) provide s an alternativ e form of the isother m 
equation : 

ΘΗ „  iF 2N s(l-e H)\ 

T -^ = iWxp |  KtRT |  (104 ) 

From equatio n (104 ) it follow s tha t bot h Ns and Kt ar e importan t variable s for 
the descriptio n of the adsorption . Som e example s of the dissociatio n behavio r of a 
surfac e grou p accordin g to equatio n (104 ) in combinatio n with the SG C model , for 
whic h Kt is give n by equatio n (97) , are show n in Figur e 7. Figur e 7a show s the effec t 
of N S9 Figur e 7b tha t of the sal t concentratio n cs and Figur e 7c tha t of the Ster n 
laye r capacitanc e C\9 on the dissociatio n behaviour . 

Equatio n (104 ) can be used to describ e the behaviou r of charge d late x particles . 
Jame s et al. [43] have used equatio n (104 ) in combinatio n with the TL mode l for the 
descriptio n of conductometri c and potentiometri c titration s of carboxylat e latices . 

Amphotenc  surfaces 
For the adsorptio n of surfac e charg e determinin g ion s on the muc h mor e im-

portan t amphoteri c surface s a simila r reasonin g can be used . However , in thi s cas e 
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normall y at leas t two type s of surfac e group s shoul d be considered , namel y positiv e 
and negativ e groups . Heal y and Whit e [39] hav e discusse d severa l possibilities . In 
orde r to find  an expressio n for ψ & an extr a assumptio n wit h respec t to the topolog y 
of the surfac e group s is required . Fo r a regula r mixtur e or a rando m arrangemen t 
of the differen t group s the surfac e potentia l can be interprete d as the smeared-ou t 

log KH= 4.0 
Ns = 0.10sites/nm2 
Coin M 

6pH β 

log KH= 4.0 
Nc = 1.00sites/nm2 

( C ) log KH = 4.0 
Ns = LOOsites/nm2, 
Cs = 0.1 M 
Ci in F/m2 

Fig. 7. Surface charge density as a function of pH for a surface with one type of acid surface groups 
and a SGC double layer. The effect of the site density Ns and the saltconcentration cs (a and b) and the 
effect of the Sternlayer capacitance C\ (c) on the dissociation behaviour. 
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potentia l of the entir e surface , wherea s for a patchwis e arrangemen t of the sur -
face group s ψΒ is the loca l or patc h potentia l [35] . In mos t paper s ψ & is take n as a 
potentia l for the entir e surface . 

Whe n the two group s are chemicall y independent , for eac h of th e two group s 
an equatio n simila r to (104 ) can be derived . Hardin g and Heal y [44 , 45] hav e use d 
this typ e of modellin g to analys e the doubl e laye r propertie s of amphoteri c late x 
colloids . 

Oxide  surfaces 

Anothe r type of amphoteri c surfac e is encountere d wit h the minera l oxides . Th e 
oxid e surface s hav e bee n studie d extensively . In mos t model s for oxide s the proto n 
associatio n is describe d by two interdependen t reactions : 

SO " + H + ^ SO H (105 ) 

SOH + H + ^ SOH ^ (106 ) 

each characterize d by its own pKu  valu e and equilibriu m relation . Th e thu s obtaine d 
"two-pi£ " mode l is a simplificatio n of realit y (se e Figur e 9) , bu t combinatio n of the 
equilibriu m relation s base d on equation s (105 ) and (106 ) with doubl e laye r model s 
have led to successfu l description s of the proto n adsorption/desorptio n isother m for 
many oxides . A revie w of thes e model s has bee n presente d by Westal l and Hoh l 
[46]. 

Schindle r and Stum m and coworker s [47-52 ] prefe r a constan t capacitanc e (CC ) 
mode l to describ e the doubl e laye r properties . In thi s mode l the doubl e laye r is 
treate d as a plat e condenso r with a constan t capacitance . Thi s is a reasonabl e ap -
proximatio n at high ioni c strengt h and stron g specifi c adsorptio n of the backgroun d 
electrolyte . Unde r thes e condition s K&  is larg e and R  is larg e so tha t th e Ster n 
laye r capacitanc e dominate s the tota l capacitanc e [see equatio n (97)] . At low ioni c 
strengt h and absenc e of specifi c adsorptio n a constan t capacitanc e is howeve r a 
rathe r poo r approximation . 

Huan g et al . [52 , 53] and Dzomba k et al . [54 , 55] hav e mad e tabulation s of 
result s obtaine d with the GC model . Th e differen t oxide s are characterize d via Ns 
and AipK,  wher e ΔρϋΓ is the differenc e betwee n the pKn  value s correspondin g with 
equation s (105 ) and (106) . A disadvantag e of thi s typ e of modellin g is tha t th e 
solutio n side of the doubl e laye r is fully independen t of the typ e of oxide . 

Schindler , Stum m and Huan g appl y mostl y a graphica l metho d to determin e 
the intrinsi c affinit y constants . It shoul d be note d tha t in thi s cas e th e implici t 
assumptio n is mad e tha t the ApK  valu e is larg e [56] . Thi s is by no mean s eviden t 
[56-58] . 

Combinatio n of the two-pü f mode l with the TL mode l is also popula r [40 , 56, 59 -
64]. In Figur e 8 compariso n is mad e betwee n experimenta l and calculate d result s 
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Fig. 8. Surface charge of T1O2 as a function of pH and KNO3 concentration. Comparison between 
experimental results [61] and predictions made with the two-p# TL model and allowing for specific 
adsorption of electrolyte ions. (From [56].) a. Results obtained by James and Parks [40]. Parameter 
values: pK = -2.7; pK(SO~) = 9.1; ρϋΓ(ΚΟΗ) = -7.2; pAT(HN03) = 4.2; Cx = 1.10 F m~2; 
Ns = 12.2 sites nm"2; outer Helmholtz layer capacitance, Ci — 0.20 F m~2. b. Results obtained 
by Westall and Hohl [46]. Parameter values: pK = -5.15; pK(SO~) = 6.61; p£(KOH) = -5.15; 
p£(HN03) = 6.61; Cx = 0.70 F m~2; Ns = 12.2 sites nm"2; C2 = 0.20 F m~2. 

as obtaine d for rutile . Th e experimenta l dat a ar e obtaine d by Yate s [60 , 61] . Th e 
theoretica l description s as show n hav e bee n give n by Jame s and Park s [40] and by 
Westal l and Hoh l [46] . Unfortunatel y th e parameter s use d for the calculation s ar e 
rathe r differen t (se e Figur e 8) , bu t in bot h case s the fit  is reasonabl y good . 

It is impossibl e to obtai n a uniqu e set of paramete r value s for the rathe r comple x 
"two-p] £ TL model" , also whe n informatio n is availabl e on the C~(pH ) relatio n [56] . 
This obscure s the physica l interpretatio n of the parameters . Consequently , the TL 
mode l shoul d be use d with hesitation , unles s mos t of the parameter s hav e bee n 
obtaine d in an independen t way . 

It shoul d be remarke d tha t in man y studie s with the TL mode l an a prior i valu e 
of 200 mF m~ 2 is assume d for the oute r Helmholt z capacity . Thi s valu e is derive d 
from studie s of the hydrophobi c Hg - and Agl-solutio n interface s [61, 63 , 65] . Usin g 
the sam e valu e for hydrophili c surfaces , suc h as oxides , is by no mean s evident . 
The natur e of the surfac e affect s th e wate r structur e adjacen t to the surfac e and 
thereb y the electrostati c capacitanc e (s) of the Ster n layer . In modellin g the Agl -
electrolyt e interfac e a low Ster n laye r capacitanc e is require d in orde r to predic t the 
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relativel y low value s of the surfac e charg e [66].  Oxide s howeve r buil d up a muc h 
highe r surfac e charg e and a high Ster n laye r capacitanc e is require d [67] . A low 
valu e of the oute r Helmholt z laye r capacitanc e prevent s effectiv e screenin g of th e 
charge . In orde r to overcom e thi s proble m and to predic t th e experimenta l result s 
with a thu s use d TL model , a stron g specifi c adsorptio n at th e inne r Helmholt z 
plan e and a high inne r Helmholt z laye r capacitanc e are required . Th e latte r is in 
contradictio n with the low oute r Helmholt z capacity , and the specifi c adsorptio n is 
easil y overestimated . 

In view of the difficultie s encountere d wit h the TL model , Van Riemsdij k et al . 
[67, 68] prefe r to use the SG C mode l for the calculatio n of Kt. Neglectin g specifi c 
adsorption , the two-pÄ ' SG C mode l can describ e the σ5(ρΗ ) curve s for oxide s 
with thre e adjustabl e parameter s (N S9 ΔρΚ,  C x). Fo r th e tota l sit e density , Ns, a 
reasonabl e estimat e can be foun d from crystallographi c dat a [61, 69]. For rutil e and 
hematit e an equall y goo d fit  betwee n experimenta l and predicte d result s is obtaine d 
as with the considerabl y mor e complicate d two-pK  TL model . 

An alternativ e and mor e simpl e descriptio n of the oxid e surface s has bee n sug -
geste d by Van Riemsdij k et al . [67 , 68,  70-72] . In thi s mode l the chargin g of the 
amphoteri c surfac e is describe d as (see Figur e 9) : 

SOH 1/2_ + H + ^ SOH2 /2+ (107 ) 

i.e. only on e adsorptio n ste p is considered . Th e mode l is therefor e calle d a "one -
piT ' model . 

The adsorptio n isother m equatio n correspondin g to equatio n (107 ) is: 

<9H f  -0.5F 2NJ1  -  Θ Η)} 
= Kuan  exp - ^ - ^  (108 ) 1-Θ Η

 r K tRT 

Tl/2+ 
wher e 0H is the fractio n of SOH 2 groups , Ku  the equilibriu m constant , and use is 
mad e of the fact that : 

as =  NsF(0 H -  0.5 ) (109 ) 

' ] 0H ]i2~ ' >0H f j 

- % H2 V - % H 2 1° S|0H 

_sMJ0H2 ]'2+ 0̂ H2 li ς ί ημ* 
"MWo V -^ίθΗ2. \U S0H2 

! z i z ! 
Fig. 9. Schematic representation of the surface configuration at the pristine point of zero charge for the 
one-pK model (a) showing only two kinds of surface groups, and an analogous picture for the two-pK 
model (b and c) showing three different kinds of surface groups (from [68]). 
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Fig. 10. Surface charge of Ti02 as a function of ΔρΗ [=pH - pH(pzc)] and KNO3 concentration. 
Comparison between experimental results [61] and predictions made with the one-ρΓ̂ SGC model in 
the absence of specific adsorption. (From [67].) 

Not e tha t Ns is differen t by a facto r 2 from Ns use d in the two-ipK  model s (see Figur e 
9). In orde r to obtai n Kt the sam e doubl e laye r model s can be use d as befor e [67 , 
68]. In mos t studie s the SG C mode l has bee n used . Figur e 10 show s a compariso n 
of the result s obtaine d for rutile . The curve s are the prediction s by the one-pK  SG C 
model , the point s show the experimenta l results . Figur e 10 can be compare d wit h 
Figur e 8. Whe n the tota l site densit y is known , only on e adjustabl e paramete r (Q ) 
is require d to obtai n this result . Nevertheles s the fit  is as goo d as tha t obtaine d with 
the two-p K TL model . A slightl y bette r fit  can be obtaine d by incorporatin g specifi c 
adsorptio n [67] . 

Gibb and Koopa l [73] hav e used the one-pK  SG C mode l for the descriptio n of 
rutile , hematit e and mixture s of thes e two oxides . Fo r a precis e fit  of the result s 
specifi c adsorptio n of the backgroun d electrolyt e ion s is required . Th e mixture s 
coul d be describe d by weighte d summatio n of the σ8 (pH ) curve s of the individua l 
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oxides . Hiemstr a et al . [72] hav e applie d th e one-pi C SG C mode l to aluminiu m 
oxides . 

In genera l th e descriptio n of th e chargin g behaviou r of oxide s wit h eithe r a 
two- or a one-pÄ ' mode l is a simplification . Recently , Hiemstr a et al . [57 , 58] hav e 
presente d a fundamentall y bette r descriptio n of the chargin g by considerin g the fac t 
tha t ordinar y oxid e surface s contai n variou s type s of surfac e groups . Base d on the 
behaviou r of the meta l hydroxide s in solutio n a metho d is propose d to estimat e the 
intrinsi c affinit y constant s for the variou s hydrox y and oxy group s on oxid e surfaces . 
The reactio n of a proto n with a particula r surfac e grou p and the effectiv e charg e of 
the grou p depen d on the number , n,  of meta l cation s coordinate d wit h the surfac e 
oxyge n and on the "forma l bon d valence " [74] of the Me rt-0(H ) bond . Accordin g 
to thi s treatmen t the simpl e one-pK  mode l as give n by equatio n (107 ) provide s an 
accurat e approximatio n for the proto n adsorptio n on gibbsite . Fo r the adsorptio n 
on rutile , goethite , hematit e and amorphou s iro n oxid e the simpl e one-ρί Γ mode l 
is a reasonabl e approximatio n and considerabl y mor e satisfactor y tha n the two-pi ^ 
model . Fo r silic a the two-p^ T mode l is appropriat e althoug h the reactio n leadin g 
to a positiv e surfac e hardl y occur s in practice . A difficult y wit h regar d to practica l 
applicatio n of the treatmen t by Hiemstr a is tha t the fraction s of eac h type of surfac e 
grou p presen t shoul d be known , bu t thi s doe s no t invalidat e the insigh t gaine d in 
the principle s of the chargin g mechanis m of oxides . 

Finall y it shoul d be remarke d tha t the site bindin g model s predic t tha t the surfac e 
potential s of oxide s behav e in genera l non-Nernstia n [59 , 56, 73] . Pseud o Nernstia n 
behaviou r has bee n observe d for hematit e [75] and rutheniu m oxid e [76] , wherea s 
for 7-AI2O 3 non-Nernstia n behaviou r has bee n reporte d [77] . Fokkin k et al. [78, 79] 
argu e tha t the similarit y of the surfac e charge-p H curve s for a serie s of crystallin e 
oxide s (T1O2 , RuC>2 , a-Fe2C> 3 and AI2O3 ) strongl y suggest s (pseudo ) Nernstia n 
behaviou r for thes e oxides . Pseud o Nernstia n behaviou r of V>s(pH) is in agreemen t 
with prediction s of the one-pÄ ' SGC mode l for high value s Ns and pH value s aroun d 
the poin t of zer o charg e (pzc ) [73] . The two-pi C TL mode l with larg e ApK  values , as 
worke d ou t by Davi s et al. [63] and Jame s and Park s [40] for variou s oxides , predict s 
non-Nernstia n behaviour . Thi s is an extr a argumen t in favo r of the one-pi C SG C 
models . 

Specific  adsorption  of  (polyvalent)  ions 

In man y system s relate d to minera l flotation  polyvalen t ion s such as phosphate , 
sulfat e and meta l ion s adsor b specifically . Th e descriptio n of the adsorptio n of 
polyvalen t ion s on a charge d surfac e is considerabl y mor e comple x tha n tha t of 
proton s or simpl e monovalen t ions . 

The first  complicatio n rise s becaus e of the speciatio n in bul k solution . Som e 
polyvalen t ion s reac t with a proton , other s hydrolys e at hig h pH values . Secondly , 
whe n the polyvalen t ions reac t with the sam e surfac e site s as the charg e determinin g 
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ions , competitio n occur s and the stoichiometr y of the bindin g reactio n is important . 
A divalen t ion may reac t with one or two monovalen t surfac e groups . Alternatively , 
it can be assume d tha t th e surfac e site s for th e polyvalen t ion s ar e completel y 
independen t of th e site s for th e charg e determinin g ions . In tha t cas e ther e is 
no competition , bu t the electrostati c interaction s ar e stil l present . Finally , surfac e 
heterogeneit y may complicat e the situatio n [35, 68],  Al l thes e aspect s mak e a uniqu e 
descriptio n of polyvalen t ion adsorptio n difficul t if no t impossible . 

Independen t of competitio n or stoichiometr y of the reaction , adsorptio n of poly -
valen t ion s wil l affec t the electri c field  aroun d a particle . Thi s in tur n affect s th e 
adsorptio n of the primar y charg e determinin g ions . For instance , meta l ion adsorp -
tion wil l in genera l enhanc e the desorptio n of proton s (or uptak e of hydroxy l ions) . 
Consequentl y a proton/meta l ion "exchang e ratio " wil l resul t whic h is only partl y 
due to the stoichiometr y of the reaction . 

Mos t studie s of meta l ion adsorptio n rely on a specifi c stoichiometri c reactio n 
or combination s of stoichiometri c reaction s wit h surfac e hydroxyl s (surfac e com -
plexation) . Schindle r [48 , 80, 81] and Stum m et al . [49-51 ] trea t the electri c doubl e 
laye r as a plat e condenso r with a constan t capacitance . For thi s typ e of modellin g a 
capacitanc e valu e and a meta l ion affinit y constan t are require d at eac h valu e of the 
ioni c strength . Huan g et al. [82] and Dzomba k [54, 55] tabulat e ion affinit y constant s 
on the basi s of the two-p ^ GC model . Lecki e and coworker s [83-87 ] mode l catio n 
and anio n adsorptio n with the two-pÄ ' TL model . The y mak e a distinctio n betwee n 
strongl y and weakl y adsorbin g ions . 

Van Riemsdij k et al . [68] wer e the first  to sho w tha t electrostati c effect s coul d 
explai n non-stoichiometri c exchang e ratios . In thei r treatmen t of meta l ion adsorp -
tion on oxide s a one-to-on e reactio n of the meta l ion specie s with the proto n site s 
was assumed . Prediction s with the one-pÄ ' SCG mode l and the two-p ^ SG C mode l 
wer e bot h in a goo d agreemen t with experimentall y observe d proton/meta l ratio' s 
(1.6 to 1.9) and meta l ion adsorptio n isotherm s at a serie s of pH value s for rutile , 
hematit e and amorphou s iron oxide . Wit h this typ e of modellin g meta l ion bindin g 
at variou s pH value s and electrolyt e level s can be describe d by usin g only on e ad-
ditiona l constan t representin g the (intrinsic ) metal-surfac e interaction . In contras t 
with Benjami n and Lecki e [88] , Van Riemsdij k et al . [68] conclud e tha t incorpo -
ratio n of surfac e heterogeneit y is no t require d for a descriptio n of the cadmiu m 
adsorptio n on amorphou s iron oxide . 

Bowde n et al . [89] and Fokkin k et al . [79 , 90] in thei r treatmen t of meta l ion 
adsorptio n on oxide s use a se t of meta l ion adsorptio n site s whic h is completel y 
independen t of the adsorptio n site s for the protons . In thes e treatment s the precis e 
natur e of the metal-surfac e comple x doe s no t hav e to be specified . Fokkin k et al . 
[79] show tha t the SGC mode l in combinatio n with the Nerns t equation , relatin g ψΒ 
to the pH (approximatel y correc t aroun d the pzc) , can describ e the proton/meta l 
ion exchang e ratio s for a whol e serie s of oxide s on a purel y electrostati c basis . 
Nevertheless , the use of an independen t se t of meta l adsorptio n site s seem s no t 
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entirel y reahsti c as inorgani c specie s wil l mos t probabl y form som e sor t of comple x 
with the underlyin g surfac e group s [91, 92] . 

A relativel y simpl e way to obtai n informatio n on a system , omittin g th e use 
of doubl e laye r models , is the combinatio n of electrokineti c measurement s wit h 
adsorptio n isotherm s and complexatio n or solubilit y diagrams . Th e electrokineti c 
measurement s can provid e an impressio n of the electrostati c potentia l of the parti -
cles in the presenc e of the polyvalen t ions at variou s pH values , or of the ("-potentia l 
as a functio n of the concentratio n of polyvalen t ions at constan t pH , see for instanc e 
[93-95] . Fo r the interpretatio n of the result s stil l an assumptio n ha s to be mad e 
abou t the stoichiometr y of the adsorptio n reaction(s) . An extr a proble m migh t be 
the conversio n of mobilitie s into ^-potential s [42] . 

In genera l the adsorptio n of polyvalen t ion s is foun d to be strongl y pH depen -
dent . A rapi d increas e in uptak e of the polyvalen t ions usuall y occur s ove r a narro w 
pH rang e [51 , 93, 96, 97] . The affinit y of a surfac e for differen t meta l ion s is ofte n 
studie d by comparin g the meta l ion uptak e as a functio n of pH at a give n initia l 
meta l ion concentration . 

A serie s of review s on ion adsorptio n can be foun d in "Adsorptio n of inorganic s 
at solid/liqui d interfaces" . Schindle r [79] , Jame s [64] and More l et al . [98] conside r 
genera l aspect s of surfac e complexation . Hingsto n [99] review s anio n adsorption , 
Kinniburg h and Jackso n [100 ] catio n adsorption . Huan g [53] concentrate s on ex-
perimenta l aspect s and the two-pK  GC model . Adsorptio n versu s precipitatio n is 
describe d by Core y [101] . The latte r subjec t has bee n worke d ou t in mor e detai l by 
Farle y et al. [102] . Som e aspect s of meta l ion complexatio n in relatio n to meta l ion 
solubilit y hav e bee n discusse d by McBrid e [92] . The emphasi s in the latte r revie w 
is on spectroscopi c evidenc e for meta l ion complexation . A genera l revie w of the 
adsorptio n of ions in soi l system s can be foun d in Sposito' s boo k [97] . 

Adsorptio n of organi c molecule s 

The descriptio n of the adsorptio n of smal l inorgani c ion s as give n in the previou s 
sectio n is base d on an extensio n of the Langmui r equatio n wit h electrostati c inter -
actions . For organi c molecules , with (strong ) non Coulombi c interaction s and ofte n 
a size differenc e with the solven t molecules , a simpl e Langmui r typ e isother m is no 
longe r appropriate . Specifi c latera l interaction s and size difference s shoul d be con -
sidere d explicitly . A distinctio n has to be mad e betwee n small , fairl y rigid molecule s 
and flexible  chains . Th e differenc e betwee n th e two group s lies in th e fac t tha t 
adsorbe d rigi d organi c molecule s are only restricte d in thei r orientation , wherea s 
flexible  molecule s adap t thei r entir e conformatio n upo n adsorption . Consequently , 
the expressio n for the standar d Gibb s energ y of adsorptio n of the flexible  molecule s 
is muc h mor e complicate d tha n tha t of rigid molecules . We wil l therefor e trea t the 
adsorptio n of thes e two type s of molecule s separately . 
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Rigid  organic  molecules 

The regula r behaviou r mode l for adsorptio n of equa l size d molecule s can easil y 
be extende d to organi c molecule s adsorbin g in a give n orientation . Th e size of 
the organi c molecule s is measure d relativ e to tha t of the solven t molecule s by a 
paramete r r . In the idea l situatio n r is the rati o of mola r volume s of solut e and 
solvent . Th e "monolayer " assumptio n now applie s to the organi c molecules . In 
the monolaye r a unifor m densit y of the component s is assumed . Base d on suc h 
assumption s severa l author s hav e extende d the regula r behaviou r mode l (se e e.g . 
[6]). Th e mai n modificatio n is relate d to the entrop y of mixing . Th e chang e in 
entrop y on mixin g the pur e component s to form n  mole s of mixtur e is no longe r 
given by equatio n (21) , bu t as [103,104] : 

AmS = - Ä j > / l n # (111 ) 

wher e φ*  is the volum e fractio n of / in bul k solution : 

Φ)  =  ^ P -  (112 ) 

i 

Equatio n (111 ) is derive d for chai n molecule s wher e r,· is the numbe r of segment s 
in the chain . On the basi s of equatio n (111 ) the chang e in Gibb s energ y AmG on 
mixin g can be approximate d by equatio n (71) , afte r substitutio n of <$  for x/ and <$ 
forxj.  Startin g from AmG expression s for the chemica l potential s can be derive d and 
from thes e and the adsorptio n equilibriu m equation , the isother m can be obtained . 
The genera l resul t for adsorptio n of a solut e from a dilut e solutio n (φ\  <C φ\)  is: 

^2 =  $*«exp(rx 2 1# ) (113 ) 
(1  "  Φ\ϊ 

wher e φ\  is the volum e fractio n of the organi c componen t in the adsorbe d layer , 
</>2 tha t in bul k solution , Km the effectiv e affinit y constant , χ21 ^ e effectiv e Flory -
Huggin s parameter , and r2 = r. Th e magnitud e of Km depend s on the orientatio n of 
the adsorbe d molecule s and the numbe r of solven t molecules , ra,  replace d from the 
surfac e upo n adsorption . Th e entrop y loss due to the restricte d orientatio n of the 
molecule s in the adsorbe d laye r is smal l and also include d inK m. Equatio n (113 ) is 
very simila r to equatio n (80) for regula r behaviour , apar t from the volum e fractions ; 
the mai n differenc e is the exponen t r on the LH S of (113 ) and the fac t tha t χ21 
(RH S of 113) is multiplie d by r. For φ\  <  1  the facto r (1 - φ\Υ~ ι ca n be expande d 
in an exponentia l series ; retainin g the first term only , equatio n (113 ) becomes : 

^ = ^ me x p ( x ^ s
2) (114 ) 

1-φ 
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wher e χ  =  τ(χ 2\ —  1) + 1. Equatio n (114 ) is equivalen t to th e FF G equatio n 
(80) . However , the interactio n paramete r χ  in (114 ) is a functio n of the chemica l 
interaction s and the size of the molecules . Th e correspondenc e of equation s (114 ) 
and (80 ) illustrate s tha t neglectin g the size of the molecule s ofte n doe s no t lea d 
to seriou s errors , if bot h the affinit y and the latera l interactio n paramete r are see n 
as adjustabl e parameters . By considerin g Km an d χ  as adjustabl e parameter s th e 
forma l expressio n for the selectivit y coefficient , whic h follow s from equatio n (114) , 
is also equivalen t to tha t for regula r behaviour , equatio n (79) . By usin g equatio n 
(114 ) it shoul d be realize d the latera l interactio n paramete r in the adsorbe d laye r is 
differen t from tha t in the bulk solution . Thi s differenc e is in the first  plac e due to the 
simplifie d treatment . Pseudo-perfec t behaviou r wil l occu r if χ =  0. A discussio n of 
equation s (113 ) and (114 ) in relatio n to the rul e of TYaub e has bee n give n in [105] . 
Figur e 4 present s an illustratio n of equatio n (114) . In th e cas e of stron g latera l 
attractio n χ may becom e considerabl y large r tha n χ2ΐ · 

Kronber g et al. [106-108 ] and Koopa l et al. [105,109 ] hav e presente d adsorptio n 
model s for smal l (flexible ) chai n molecule s whic h adsor b wit h a give n numbe r of 
segment s in direc t contac t with the surfac e and form a (nearly ) homogeneou s sur -
face layer . Th e derive d isother m equation s are equivalen t to equatio n (113 ) if the 
conformationa l entrop y loss is incorporate d inK m [109] . 

For molecule s of arbitrar y size and shape , AmS is somewher e in betwee n equa -
tion (21 ) and equatio n (111 ) [110] . Prausnit z et al . [6, 111 , 112] hav e show n tha t 
equatio n (111 ) can be use d for arbitrar y shape d molecule s too , if r is see n as a pa-
ramete r dependin g on bot h the size and the shap e of the molecules . For long chain s 
r equal s the numbe r of segment s and for larg e bulk y (spherical , cubic ) molecule s r 
tend s to unity . 

Rigid  organic  ions 

lb describ e the adsorptio n of rigi d charge d organi c molecules , equatio n (113 ) 
can easil y be adapte d by addin g a Boltzman n factor , exp(—  ̂ Fip^/RT),  expressin g 
the Coulombi c interactions : 

( ^ - ^ « ■ ■ { ^ « - ( T F O }  <
1 1 5

> 

wher e φα is the potentia l at the locatio n of the charg e centr e of the organi c ion . 
The magnitud e of φα is determine d by the surfac e charg e and the charg e due to the 
adsorbe d organi c ions . 

In genera l the charg e centr e of the organi c ion is a smal l distanc e awa y from 
the surface . For compac t molecule s ψα can therefor e be approximate d reasonabl y 
well by the (-potential . Th e use of (-potentia l measurement s as a functio n of the 
concentratio n of organi c componen t in combinatio n with adsorptio n measurement s 
has ofte n led to considerabl e insigh t in the adsorptio n behaviou r [42,113-116] . 
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An alternativ e way is to use a doubl e laye r mode l to obtai n furthe r insight . Som e 
genera l solution s for the situatio n tha t ψα is relativel y low (< |50 | mV ; DH model ) 
have bee n worke d ou t by Koopa l and Keltjen s [117] . Extensio n of equatio n (114 ) 
with a Boltzman n facto r expressin g the Coulombi c interaction s leads , in the Umi t 
of low potentials , agai n to equation s of the FF G typ e if pH and ioni c strengt h 
are kep t constan t [117] . Th e advantag e of suc h a simplifie d treatmen t is tha t th e 
essentia l factor s whic h gover n the adsorptio n are clearl y illustrated . Fo r instance , 
for an organi c electrolyt e adsorbin g on an oppositel y charge d surfac e an increas e in 
electrolyt e strengt h decrease s the affinit y wit h the surfac e and the latera l repulsio n 
betwee n the adsorbe d ions . As a consequenc e the initia l slop e of the isother m wil l 
becom e weaker , bu t the pseud o saturatio n valu e wil l increas e upo n sal t addition . 

Flexible  chain molecules 

The mai n clas s of trul y flexible  organi c chai n molecule s ar e the polymers . Th e 
specifi c effect s du e to the chai n natur e of polyme r molecule s hav e bee n emphasize d 
alread y long ago , bot h for thei r behaviou r in solutio n [103 ] and nea r an interfac e 
[118-121] . For an extensiv e revie w of the polyme r adsorptio n theorie s we refe r to 
the literatur e [122 , 123] . In the presen t tex t the polyme r adsorptio n theor y devel -
oped by Scheutjen s an d Flee r [120 ] wil l be explaine d briefly . Thi s theor y is very 
"flexible " and can easil y be extende d to copolyme r [124-127] , polyelectrolyt e [128 -
131] and surfactan t [124,132,133 ] adsorption . 

The  self  consistent  field  lattice  theory  for  adsorption 

In the self consisten t field  lattic e theor y for adsorptio n (SCFA ) of chai n molecule s 
develope d by Scheutjen s and Flee r [120] , each molecul e is see n as a sequenc e of seg-
ment s equa l in size to a solven t molecule . Th e molecule s are place d in a lattic e to 

i= 1 2 3 U 5 . M . · M 

Fig. 11. Schematic illustration of the lattice model. Indicated are two possible conformations for a 
heptamer, one in the adsorbed state (4), one in solution (B). The solvent molecules, filling all other 
sites, are not indicated. 
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facilitat e the countin g of the conformations , see Figur e 11. Th e lattic e is divide d in 
layer s (z) paralle l to the surfac e whic h are numbere d z =  1,. . . ,M , wher e z =  1 
correspond s to the laye r adjacen t to the surfac e and z =  M  is a laye r in the bul k 
solution . 

The variou s segmenta l interaction s (i.e . wit h othe r segment s or wit h solven t 
molecules ) ar e accounte d for on th e basi s of th e regula r behaviou r model , the y 
resul t for eac h laye r in a set of Boltzman n factors , on e for eac h segmen t type . Th e 
chai n conformation s in the adsorbe d laye r can be describe d as step-weighte d walk s 
in the lattice . All possibl e conformation s in equilibriu m wit h the bul k solutio n ar e 
evaluate d usin g a self consisten t field  method , viz . by minimizin g the Gibb s energ y 
of the system . Thi s result s for eac h typ e of segmen t in its equilibriu m segmen t 
densit y profil e nea r th e surface . Base d on thes e segmen t densit y profile s othe r 
adsorbe d laye r propertie s can be calculated . Belo w the basi c principle s of the SCF A 
theor y wil l be illustrate d for the simpl e case of a binar y mixtur e of solven t molecule s 
(monomers ) and polymers . 

Segmental  weighting  factors 
The SCF A treatmen t start s with the derivatio n of an expressio n for the segmenta l 

weightin g facto r G/(z) , or the probabilit y of finding a  free segmen t i in laye r z with 
respec t to finding a  segmen t / in bul k solution . G/(z ) is relate d to th e selectivit y 
constan t expresse d in equatio n (79) . In the presen t situatio n a selectivit y coefficien t 
for eac h laye r z is required . Th e selectivit y coefficien t Κ^{ζ)  of the exchang e of a 
solven t molecul e 1 for a free segmen t / in laye r z is define d as : 

ΚΛ(Ζ) " A fr\Ab V1 1 6) 

As we wor k with chai n molecule s volum e fraction s ar e use d instea d of site frac -
tions , φ\  denote s a fractio n in bul k solution , φι(ζ)  the fractio n of i in laye r z. Th e 
weightin g facto r for segmen t i can now be expresse d as : 

/ ( } =
 ~ft~

 =
 ~ψ~

 il
^

 (117 ) 

Substitutio n of the expressio n for K-[  [see equatio n (79) ] give s G/(l) . Fo r an arbi -
trary chose n laye r z we find: 

G/(z ) =
 ^f

K
^

z)  exp
 {

2χη
 (

{φί(ζ))
 ~  $) }

 (118 ) 

The quotien t φι(ζ)/φ\  is relate d to the entrop y of mixing ; it expresse s th e fac t 
tha t all lattic e sites , hav e to be filled.  If it is assume d tha t the interaction s with the 
surfac e exten d to the first  laye r only Kfx(z)  =  Ä £ ( 1) for the first  layer , and Kfx(z)  = 1 
forz φ  1. 
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Conformation  probability  and  amount  adsorbed 
Base d on the expressio n for the segmenta l weightin g facto r Gi(z),  the probabilit y 

Pc of finding a  chai n in a certai n conformatio n c  can be describe d as a step-weighte d 
walk in the lattice . A conformatio n is define d as the sequenc e of lattic e layer s 
tha t ar e visite d durin g the walk . Eac h ste p in the wal k is weighte d by a segmenta l 
weightin g facto r Gi(z)  and a "bond " weightin g facto r \z-z expressin g whethe r the 
next segmen t is in the sam e laye r (λ 0) or crosse s to on e of the neighbourin g layer s 
(λ_ ι =  λ+ ι =  λχ) . Unde r thes e condition s Pc can be writte n for a two componen t 
syste m as: 

Pc = vcJ[Gi(z) ri>cV  (119 ) 
z 

wher e G/(z ) is give n by equatio n (118) , r/jC(z) is the numbe r of segment s i tha t con -
formatio n c  has in laye r z, and ω€ expresse s the multipl e produc t of bon d weightin g 
factor s of conformatio n c: 

coc = A ^ - 1- * (120 ) 

In equatio n (120 ) q is the numbe r of bond s paralle l to the surface , and (r  — 1 —  q) 
the numbe r of bond s perpendicula r to the surface . 

The relativ e weigh t of all possibl e conformation s c can now be evaluate d provide d 
φί(ζ)  is know n for al l z. In tur n th e volum e fractio n profil e is the resul t of al l 
possibl e chai n conformations . Th e volum e fraction s φι{ζ)  of whic h the concentratio n 
profil e is mad e up are therefor e implici t functions , whic h hav e to be determine d self 
consistentl y by minimizin g the Gibb s energy . In genera l 0/(z ) is the resul t of all 
conformation s c whic h hav e at leas t one segmen t in z: 

φί(ζ)  =  4 >)Y^
r
iM Pc (121) 

c r 

wher e ric(z)/r  is the fractio n of segment s i tha t a chai n in conformatio n c has in 
z, φ\  enter s becaus e Pc is expresse d relativ e to the bul k solutio n behaviour . Th e 
amoun t adsorbed , expresse d as exces s surfac e coverage , 0ex, simpl y follow s from 
<f>i(z): 

* "  =  ] [ > · ( * ) - # }  (122 ) 
z 

Define d in this way , 0ex is expresse d in equivalen t monolayers . 
Equation s (118)-(121 ) form a se t of implici t function s whic h can be solve d to 

find  φί(ζ)  for eac h layer , usin g the matri x metho d give n in [120,134,135] . Onc e the 
segmen t densitie s are known , othe r properties , suc h as the equilibriu m probabilit y 
of eac h conformatio n and the amoun t adsorbe d can be calculated . Th e adsorptio n 
isother m is obtaine d by doin g thes e calculation s for a serie s of value s of <$. 
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The presen t treatmen t can easil y be extende d to adsorptio n from mult i com -
ponen t solution s [124-127 , 132 , 133] . Th e SCF A theor y is no t restricte d to th e 
rigid surfaces , also fluid  interface s [136 ] and soli d surface s with grafte d chain s [137 ] 
can be considered . Recentl y it has bee n show n how the theor y can be modifie d 
to describ e the behaviou r of amphiphili c molecule s in associatio n colloid s suc h as 
membrane s [138,139 ] or micelle s [124,140] . 

For polyelectrolyte s or charge d surfactant s the Coulombi c interaction s hav e to be 
take n int o account . Thi s present s a specia l proble m becaus e thes e interaction s ex-
tend ove r relativel y long distances . Solution s for thi s proble m hav e bee n presente d 
by Van de Sche e et al. [128,129 ] and Ever s et al. [130 ] by considerin g the indifferen t 
electrolyt e as poin t charge s and by Böhme r et al. [131 ] usin g a full lattic e treatment . 
In the nex t section s som e example s of result s obtaine d with the SCF A theor y wil l be 
given for the variou s type s of molecule s and a brie f compariso n wil l be mad e with 
experimenta l results . 

Polymers 

Polyme r adsorptio n is used extensivel y to modif y propertie s of interphases . Suc h 
modification s may lead to stabilizatio n or destabilizatio n of colloida l dispersions . 
The SCF A theor y has give n a clea r insigh t in bot h the adsorptio n [120 ] and th e 
stabilit y [141 ] aspects . Fo r an extensiv e treatmen t of the theor y and its result s 
we refe r to the origina l literatur e and to thre e revie w article s whic h als o cove r 
experimenta l result s [122 , 123 , 142] . A brie f selectio n of th e results , chose n to 
illustrat e som e prominen t features , wil l be give n here . 

A serie s of adsorptio n isotherm s of homopolymer s as a functio n of the chai n 
lengt h are give n in Figur e 12 for a theta  or pseudo-idea l solven t (%2i = 0-5) and 
for a perfec t or atherma l (χ 2ι =  0) solvent , considerin g a dilut e concentratio n 
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Fig. 12. Polymer adsorption isotherms in a dilute concentration region according to the SCFA theory. 
Full curves: χ2ι = 0.5; dashed curves: χ2ι = 0; \χνΚ\χ{Χ) = Xs = 1. (From [120].) 
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regio n (0 <  φ\  <  10" 3) Th e adsorbe d amoun t is expresse d as numbe r of seg -
ment s adsorbe d pe r surfac e site . Figur e 12 show s tha t for the selecte d valu e of K^i 
(correspondin g to an exchang e Gibb s energ y of one RT ) monomer s hardl y adsorb , 
oligomer s hav e Langmui r typ e isotherm s and polymer s sho w a very hig h affinit y 
for the surface . In poo r solvent s (χ 2ι =  0.5 ) the pseud o saturatio n valu e increase s 
strongl y with molecula r weight , wherea s in a perfec t solven t (χ 2ι =  0) the molecula r 
weigh t dependenc e is relativel y small . All thes e trend s are in goo d agreemen t with 
experimenta l findings  on wel l define d monodispers e polyme r systems . 

In relatio n to colloida l stabilit y the segmen t densit y distributio n in the adsorbe d 
laye r is important . Figur e 13 show s a segmen t densit y profil e for very lon g chain s 
adsorbe d from a dilut e solution . Th e contributio n of the loop s and tail s to the tota l 
segmen t densit y are indicated . Th e segmen t densit y of the loop s decay s exponen -
tially wit h the distanc e to the surface . Clos e to the surfac e th e segmen t densit y is 
dominate d by the loo p segments , bu t at larg e distance s tai l segment s dominate . Th e 
volum e fractio n of segment s in the tai l regio n is small , bu t of the sam e orde r of 
magnitud e as tha t withi n a free coi l in solution . 

The theoretica l prediction s on the segmen t concentratio n profil e ar e difficul t to 
chec k experimentally . Recently , small-angl e neutro n scatterin g studie s [143 , 144] 
have bee n applie d to particle s with an adsorbe d polyme r layer . A reasonabl e agree -
men t is found , bu t the segmen t densit y in the oute r regio n is too smal l to be seen . An 
indirec t way to obtai n informatio n abou t the tai l regio n are hydrodynami c measure -
ment s [145,146] . Computation s base d on the SCF A theor y in combinatio n with the 
Navier-Stoke s equatio n hav e demonstrate d tha t the hydrodynami c laye r thicknes s 
is determine d by the tail s [146-148] . Laye r thicknesse s measure d by hydrodynami c 
technique s tur n ou t to be muc h greater  tha n the thicknes s calculate d on the basi s of 
the small-angl e neutro n scatterin g result s [145] . 

The contributio n of tail s to th e adsorbe d laye r profile s is smalle r for shorte r 

Fig. 13. The volume fraction φ(ζ) (full line) and its contributions due to loops (broken line) and tails 
(dotted line) on a logarithmic scale as a function of the distance z from the surface (SCFA theory). The 
loop contribution decreases exponentially with z (χ2ΐ = χ; φ\ = φ* and InK^l) = *s. (From [120].) 



Adsorption 75 

τ 1 1 1 1 1 1 r 

1 10 10"2 10"3 10"4 10 10"2 10"3 10"* 
r r 

Fig. 14. Predicted chain length dependence of the adsorbed amount (upper curve) and its contributions 
due to trains, loops and tails; a. for a good (χ2ΐ = χ = 0) solvent; b. for a 0-solvent (χ2ΐ = χ = 0.5); 
In#£(1) = Xs = 1; Φ\ = 10-3 (from [142]). 

chain s and for perfec t (χ2\ =  0) solvents . Figur e 14 show s the chai n lengt h depen -
denc e of the adsorbe d amoun t separate d in the contribution s of trains , loop s and 
tails for two solven t qualities . For no t too shor t chain s the numbe r of trai n segment s 
is independen t of the chai n length . The contributio n of the loop s is rathe r differen t 
for the two solvents . In a poo r solven t the loo p contributio n is muc h large r tha n in a 
good solven t and it steadil y increase s with increasin g chai n length . In bot h solvent s 
the numbe r of tai l segment s graduall y increase s with r. Realizin g tha t eac h adsorbe d 
molecul e has only two tails , thi s resul t is equivalen t to a considerabl e increas e in 
tail lengt h with increasin g molecula r weight . As mentione d before , thes e lon g tail s 
largel y determin e the hydrodynami c laye r thickness . Secondly , the lon g tail s ar e of 
importanc e wit h respec t to colloida l stability . Fo r no t fully covere d particle s th e 
tails may form bridge s betwee n particle s and induc e flocculation  (bridgin g attrac -
tion or flocculation),  wherea s for highl y covere d particle s the tail s caus e a steri c 
stabilization . 

In genera l it is believe d tha t upo n interactio n betwee n particle s covere d with a 
polyme r laye r a restricte d or loca l equilibriu m situatio n applie s [141,142] . The tim e 
scale of a collisio n betwee n two particle s covere d with polyme r is too smal l to allo w 
the polyme r to desorb . Th e polyme r is trappe d in the gap betwee n the particle s 
and only the solven t can leav e the gap . If, for instance , complet e equilibriu m is 
maintaine d durin g the collision , the polyme r wil l leav e the gap betwee n th e two 
approachin g particles . Unde r thes e condition s the theor y predict s only attraction , 
see Figur e 15, and a homopolyme r canno t stabiliz e the colloida l syste m [141] . Thi s 
is in marke d contras t with experimenta l observations . 
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Fig. 15. Interaction free energy per surface site between two plates with adsorbing polymer as predicted 
with the SCFA theory. The dashed curve is for complete equilibrium and φ  ̂ = 10~6. The solid curves 
apply to restricted equilibrium where the amounts of polymer is fixed at its value and plate separation 
of 80 lattice layers. The amounts are 3, 3.5 and 5 monolayers, corresponding to equilibrium (at M > 80) 
with a solution of φ\ = 10"12, 10"6 and 10~2, respectively, r = 1000, X2i = 0.5, l n A ^ l) = Xs = 1. 
(From [142].) 
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Fig. 16. Interaction energy per nm2 between two mica surfaces covered with polystyrene in cyclopentane 
at different amounts adsorbed, compare Figure 15 (data from [156], fig. 5). 
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Unde r condition s of a restricte d equilibrium , with a constan t amoun t of polyme r 
in loca l equilibriu m betwee n the two phases , the free energ y of interactio n can also 
be calculate d [141,149] . In very dilut e solution s an attractiv e potentia l is predicted , 
whic h is dee p enoug h to caus e flocculation,  see Figur e 15. Th e lon g danglin g tail s 
are adsorbin g on the opposin g surfac e to form bridges . For hig h adsorptio n value s 
a stron g repulsiv e interactio n is dominant , especiall y in goo d solvents . Thi s is du e 
to entropi c restriction s of the dens e polyme r layer s on bot h particle s (steri c stabi -
lization) . Thes e trend s in stabilit y are confirme d by experimenta l result s [150-152] . 
Experimenta l result s whic h can be compare d directl y wit h the theoretica l interac -
tion curve s hav e bee n provide d mainl y by Klei n et al . [153-156 ] and Marr a et al . 
[see 157] for mic a surface s and by Sonnta g et al . [158 ] for quart z surface s covere d 
with variou s polymers . In genera l a goo d agreemen t is found . In Figur e 16 som e of 
the result s as obtaine d by Klei n [156 ] are replotted . 

It shoul d be realize d tha t in a flocculation  proces s kineti c effect s may play an 
importan t rol e and such effect s ar e of cours e no t include d in the SCF A treatment . 
As kineti c effect s are strongl y dependen t on the concentratio n and the size of the 
particle s thes e factor s wil l be importan t togethe r with the hydrodynami c situation . 
Recently , Pelsser s et al . [159 , 160] hav e treate d th e kinetic s of polyme r induce d 
flocculation  in mor e detail . 

Man y colloida l system s are stabilize d by chemicall y attache d chains . In thi s cas e 
the SCF A theor y predict s tha t the structur e of the adsorbe d laye r depend s on the 
solven t qualit y and whethe r or no t the segment s adsorb . Especiall y a non-adsorbin g 
grafte d polyme r in a goo d solven t extend s far in the solutio n [137 ] and is an effectiv e 
stabilize r [161] . 

Recently , also theoretica l wor k has bee n don e on the adsorptio n rando m [125 ] 
and of bloc k copolymer s [124,126,127] . Throug h thei r chemica l structure , AB bloc k 
copolymer s offe r th e possibilit y to adher e strongl y with thei r solvophobi c bloc k to 
the surface , wherea s the solvophili c bloc k protrude s far in the solution , resemblin g 
grafte d chains . For high adsorbe d amount s the segmen t densit y profil e of the less -
adsorbin g or non-adsorbin g bloc k is highl y dependen t on the solven t quality . AB A 
tribloc k copolymer s with adsorbin g A segment s form , at hig h adsorbe d amounts , 
danglin g tail s with "sticky " ends . Experimenta l result s on the interactio n betwee n 
mica surface s covere d with di- and tribloc k copolymer s are give n by Pate l et al. [162 ] 
and Marr a and Hai r [163] . 

Pofydisperse  polymers 

Mos t polymer s use d in practica l system s ar e polydispers e wit h a wid e molecu -
lar weigh t distribution . Thi s polydispersit y has considerabl e consequence s for th e 
adsorptio n behaviou r [164-166] . The reaso n is tha t polydispers e polyme r solution s 
are essentiall y a mult i componen t mixtur e from whic h preferentia l adsorptio n of 
certai n specie s may occur . As show n in Figur e 12, the affinit y for the surfac e and the 
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adsorbe d amoun t increas e with increasin g chai n length , especiall y in poo r solvents . 
Consequently , from a polydispers e polyme r sampl e preferentia l adsorptio n of the 
high molecula r weigh t specie s ove r the lowe r molecula r weigh t specie s occurs . Fur -
the r theoretica l and experimenta l evidenc e for preferentia l adsorptio n can be foun d 
elsewher e [122 , 123 , 167] . Preferentia l adsorptio n has importan t consequence s for 
the shap e of the isother m [165-168] , If an adsorptio n isother m is measure d by in-
creasin g the polyme r concentratio n at a fixed  area-to-volum e ratio , A/V,  th e tota l 
amoun t of high molecula r weigh t polyme r in the syste m become s large r if the con -
centratio n increases . Th e highes t molecula r weigh t specie s prefe r to be adsorbe d 
and the large r the polyme r concentratio n is, "th e mor e selectiv e the surfac e can be" . 
As a resul t the adsorbe d amoun t increase s wit h increasin g concentratio n and , un-
like monodispers e polymers , polydispers e polymer s show a rounde d isother m whic h 
graduall y increase s with polyme r concentration . Rounde d isotherm s are commonl y 
foun d in practice . 

An othe r consequenc e of preferentia l adsorptio n is tha t a measure d isother m wil l 
depen d on the A/V  rati o [166] . Thi s effec t is show n in Figur e 17. The smalle r the 
A/V  ratio , "th e mor e selectiv e the surfac e can be " and the highe r is the amoun t 
adsorbed . Th e variou s isotherm s coincid e in a maste r isother m if the amoun t ad-
sorbe d is plotte d as a functio n of cvV/A.  Othe r example s of thi s behaviou r hav e 
bee n reporte d by Cohe n Stuar t et al. [165 ] and by Hlad y et al . [168] . 

A thir d rathe r importan t implicatio n of preferentia l adsorptio n from a polydis -
pers e mixtur e is tha t adsorptio n isotherm s are mor e rounde d tha n "desorption " 
isotherm s obtaine d by dilutio n with solvent . Thi s is due to the fac t tha t the solutio n 
compositio n is differen t for the adsorptio n and desorptio n experiment . In the des -
orptio n experimen t the shor t chain s in solutio n are dilute d and the long chain s on 
the surfac e only desor b to a very smal l exten t followin g the isother m of a monodis -
pers e polyme r with essentiall y a horizonta l plateau . Appreciabl e desorptio n only 
occur s if the solutio n become s extremel y dilute , ie . in the orde r of on e molecul e 
per dm 3 [122,123] . In practice , it is therefor e impossibl e to desor b polymer s fully by 
simpl e dilution . Dilutio n experiment s and the hysteresi s loo p in the adsorptio n "des -
orption " isother m can therefor e no t be used to conclud e tha t polyme r adsorptio n is 
irreversible . 

Remova l of polymer s from a surfac e by displacemen t is quit e wel l possible . Pref -
erentia l adsorptio n of high molecula r weigh t specie s is essentiall y achieve d by the 
displacemen t of the mor e rapidl y adsorbin g smalle r polyme r chains . Low molec -
ular weigh t specie s whic h strongl y adsor b can be use d as effectiv e "displacers " of 
adsorbe d polymer s [169] . Displacemen t experiment s provid e an elegan t way to mea -
sure the segmenta l adsorptio n energ y of polymer s [169,170] . 

Finall y it shoul d be realize d tha t preferentia l adsorptio n of high molecula r weigh t 
specie s from a polydispers e sampl e may strongl y affec t the hydrodynami c thicknes s 
of the adsorbe d laye r and thu s the colloida l stability . By selectio n of the A/V  rati o 
it is possibl e to "adjust " the laye r thicknes s of the adsorbe d polyme r laye r [145] . 
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Fig. 17. Effect of the area to volume ratio on the shape of the adsorption isotherm as measured for the 
Agl-PVA (a) and Sterling MT-ox carbon-PVA systems (b). The A/V ratio is indicated. In (c) the data 
are replotted as a function of Γ* = CpA/V. This leads to a mastercurve for each system and indicates 
that the differences in (a) and in (b) are due to polydispersity effects. (From [166].) 

In relatio n to polyme r adsorptio n and colloida l stabilit y electrophoresi s can provid e 
good insight s in bot h the electrostati c potentia l of the particle s and the adsorbe d 
laye r thicknes s [145] . 

Pofyelectrofytes 

The adsorptio n of polyelectrolyte s is of considerabl e practica l and theoretica l 
interes t simila r to tha t of uncharge d polymers . Polyelectrolyte s ar e use d bot h as 
flocculants  and stabilizers . Th e adsorptio n of flexible  polyelectrolyte s has muc h in 
commo n with adsorptio n of uncharge d polymers , bu t also distinc t difference s exist , 
whic h resul t from the occurrenc e of the long rang e electrostati c interactions . 

Theoretica l wor k on polyelectrolyt e adsorptio n has starte d from any of the mod -
els for adsorptio n of uncharge d polyme r by incorporatin g th e electrostati c fre e 
energ y in the partitio n functio n [171,128-131] . Essentia l in suc h a type of extensio n 
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is to allo w the segmen t densit y profil e to adjus t itsel f to all the interactions . Thi s has 
bee n achieve d by extendin g the polyme r adsorptio n theor y of Ro e [128 , 129] and 
the SCF A theor y [128 , 130,131] . In the SCF A theor y the electrostatic  interactions , 
whic h a segmen t experience s du e to the presenc e of the othe r (charged ) segment s 
and the (charged ) surface , hav e to be incorporate d in the segmenta l weightin g fac-
tor . Thi s is don e by multiplyin g the appropriat e segmenta l weightin g facto r for the 
uncharge d molecul e with the Boltzman n facto r expressin g the Coulombi c interac -
tions : 

G p - ' ( z ) = e x p { - ' * y Z> } (123 ) 

wher e a/(z ) is the degre e of dissociatio n in laye r z, and ψ(ζ)  is the electrostati c 
potentia l in laye r z relativ e to the potentia l in bul k solution . Th e lon g rang e effec t 
of the electrostati c interaction s is include d throug h the fact tha t ψ(ζ)  is determine d 
by the charg e densit y in eac h layer . Bot h Van der Sche e and Ever s hav e evaluate d 
ψ(ζ)  by assumin g tha t the sal t ion s are poin t charges , wherea s th e polyelectrolyt e 
segment s and the solven t molecule s ar e assigne d the size of a lattic e site . Th e 
charg e of the polyelectrolyt e segment s is locate d on plane s throug h the center s of 
the lattic e layers . Van de r Sche e only consider s stron g polyelectrolytes , Ever s has 
extende d the treatmen t to wea k polyelectrolytes . Very recently , Böhme r et al . [131 ] 
have extende d the SCF A theor y in such a way tha t no t only the segment s and the 
solven t molecule s occup y lattic e sites , bu t als o th e sal t ions . Th e result s of thi s 
treatmen t are simila r to the result s obtaine d by Ever s et al . [130] . Böhme r has also 
considere d the interactio n betwee n two plate s covere d with polyelectrolyte . 

A selectio n of the theoretica l result s is presente d below . Fo r a mor e complet e 
descriptio n the reade r shoul d consul t the cite d literature . A brie f revie w on poly -
electrolyt e adsorptio n discussin g bot h theor y and experimenta l result s has bee n 
given by Cohe n Stuar t [172] . 

An importan t featur e of polyelectrolyt e adsorption , as compare d to homopoly -
mer adsorption , is the muc h smalle r adsorption . Figur e 18 summarize s som e result s 
of Van de r Sche e et al. [128 , 129] , Adsorptio n isotherm s are show n for stron g acid 
polyelectrolyte s (<*2 = 1) and neutra l polymer s (« 2 = 0) . Th e "chemical " inter -
actio n parameter s (X21 and Κξχ)  are assume d to be th e sam e for bot h polymers . 
The polyelectrolyt e isotherm s appl y to adsorptio n on an uncharge d surfac e (σδ = 0) 
at high ioni c strengt h and to adsorptio n on a surfac e wit h a hig h positiv e charg e 
(<rs = 40 mC m~ 2) at an intermediat e valu e of the ioni c strength . In bot h case s 
the polyelectrolyt e adsorptio n is muc h smalle r tha n tha t of the uncharge d polymer . 
The charge s on the polyelectrolyt e group s let wate r behav e as a very goo d solvent . 
Even at 1 M salt , wher e the screenin g of the charge s is considerably , th e residua l 
repulsio n betwee n the polyelectrolyt e group s is larg e enoug h to let wate r penetrat e 
betwee n the groups . 

The differenc e in behaviou r of a polyelectrolyt e and a neutra l polyme r is illus -
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trate d in mor e detai l in Figur e 19, wher e the segmen t densit y profile s in the platea u 
of the adsorptio n isotherm s are shown . Not e tha t the volum e fractio n is give n on 
a logarithmi c scale . At low ioni c strengt h (0.0 1 M) a clea r minimu m occur s in the 
segmen t profile , cause d by the repulsio n of the free polyelectrolyt e chain s by the 
adsorbe d molecules . Th e surfac e charg e is overcompensate d by the adsorbe d seg -
ments . Th e minimu m is very pronounce d on the logarithmi c scale , bu t woul d be 
hardl y noticeabl e on a linea r ip2(z)  scale . It is obviou s from Figur e 19 tha t at low 
ioni c strengt h adsorbe d segment s are only presen t in the first  layer s nea r the surface , 
i.e. a rathe r flat  adsorption . Thi s flat  conformatio n also lead s to a  very wea k molec -
ular weigh t dependenc e of the adsorption . Fo r entirel y flat  adsorption , the amoun t 
adsorbe d is independen t of the chai n length . Th e adsorptio n is promote d by eithe r 
stron g electrostati c or chemica l attractio n betwee n the polyme r and the surface . At 
high ioni c strengt h value s the minimu m in the segmen t densit y profil e diminishe s or 
disappears . The deca y is smoot h and simila r to tha t of the neutra l polymer , pointin g 
to the occurrenc e of loop s and tails . In this cas e the molecula r weigh t dependenc e 
of the adsorptio n is mor e pronounce d tha n at low ioni c strength . 

The adsorptio n of wea k polyelectrolyte s strongl y depend s on the degre e of disso -
ciatio n and henc e on the pH valu e [130] . Th e chang e from hig h adsorptio n value s 
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Fig. 18. Comparison of adsorption isotherms of strong polyelectrolytes (a,· = a. - 1) and neutral 
polymers (a; = a = 0) on a surface of low ( ln^^l) = %s = 0.5) and high (InK^Q) = Xs = 4) affinity. 
The adsorption is expressed as 0ex (=rex, number of equivalent monolayers). The polyelectrolyte 
isotherms apply to an uncharged surface (<JS = σ0 = 0) at high saltconcentrations (cs = 1 M), and to 
a highly charged surface of opposite charged sign (σδ = σ0 - 0.25 electron charges per nm2 or 40 mC 
m~2) at low salt concentration (cs = 0.01 M). Hexagonal lattice, lattice step length 1 nm, r = 500 and 
X2l = 0.5. (Data from [120,129].) 
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for α2(ζ ) =  0 to low adsorptio n value s for a2(z)  =  1  occur s aroun d pH = pXd , 
wher e Kd  is the dissociatio n constan t of the charge d groups . Th e situatio n is com -
plicate d by the fac t tha t the dissociatio n is influence d by the loca l environment . 
An interestin g observatio n is that , for an oppositel y charge d surface , th e adsorbe d 
amoun t passe s throug h a maximu m at abou t pH = piQ - 1  [130 , 131] . At thi s 
poin t the degre e of dissociatio n of the segment s in the firs t laye r adapt s itsel f to 
neutraliz e the surfac e charge , leadin g to a maximu m electrostati c attraction . Fo r 
highe r pH value s the repulsio n betwee n the segment s increases , for lowe r pH value s 
the electrostati c attractio n decreases . Th e effec t is enhance d by takin g int o accoun t 
competitio n betwee n negativ e sal t ions and polyelectrolyt e segment s [131] . 

Experimentall y the adsorptio n behaviou r of polystyren e sulphonat e and polyly -
sine (see [172] ) on variou s surface s is wel l studied . Th e trend s obtaine d ar e in goo d 
agreemen t with the predictions . An unexplaine d featur e is the gradua l increas e in 
adsorptio n with polyelectrolyt e concentratio n as foun d for polystyren e sulphonat e 
adsorbe d on silic a and polyoxymethylene . In a recen t stud y by Blaakmee r et al . 
[173] on the adsorptio n of wea k polyelectrolyte s a compariso n is mad e betwee n 
experimenta l result s and prediction s obtaine d with the SCF A theor y as extende d by 
Böhme r [131] . Apar t from his own result s Blaakmee r also discusse s recen t wor k of 
othe r author s with respec t to the theoretica l predictions . 

Colloi d stabilit y in relatio n to polyelectrolyt e adsorptio n ha s bee n studie d by 
Böhme r et al . [131] . Böhme r predict s tha t th e interactio n betwee n two charge d 
surface s in the presenc e of adsorbin g polyelectrolyt e resemble s tha t of two neutra l 
surface s in the presenc e of neutra l polymer , see Figur e 20 , provide d the affinit y 
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z 

Fig. 19. Logarithm of the segment density φ2(ζ) as a function of the distance to the surface in the 
plateau region (<f>\ = 10~3) for the four isotherms shown in Figure 18 (data from [129]). 
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Fig. 20. The interaction free energy per surface site between two plates covered with polyelectrolyte (a) 
or an equal amount of neutral polymer (b). The amounts adsorbed are indicated. The curves apply to 
restricted equilibrium, where the amount of polyelectrolyte or polymer is fixed at its value of large plate 
separation (60 lattice layers). For Figure 20a the surface charge is 50 mC m~2, zQ = 0.6 nm, p#d of the 
polyelectrolyte equals 5, and the saltconcentration is 0.1 M 1-1 electrolyte. For both polymers r = 500, 
φ\ = 10- 4, lntf^l) = 1 and the electrolyte solution is a theta solvent. (From [131].) 

of the segment s for the surfac e is no t too high . Fo r the calculation s it has bee n 
assume d tha t the amoun t of polyme r is independen t of the surfac e separatio n (loca l 
equilibrium) . In Figur e 20a the interactio n curve s are give n for two charge d surface s 
(σ8 =  50 mC m~ 2) in the presenc e of an adsorbin g wea k polyaci d at thre e pH 
value s and a ioni c strengt h of 0.1 M. The amoun t of polyaci d betwee n the plate s is 
indicate d in the figure.  Th e p£d of the polyaci d is 5. At pH = 7 the polyelectrolyt e 
is almos t fully dissociated . At pH = 3 the adsorbe d polyaci d is weakl y negativ e du e 
to the enhance d dissociatio n in the first  laye r (induce d by the electrostati c field  of 
the surface) . In all case s the positiv e surfac e charg e is effectivel y neutralize d by the 
polyelectrolyt e and the electrostati c potential  in laye r 1 is negative . Fo r no t too high 
surfac e charge s this is generall y the case . 

Figur e 20b show s the interactio n curve s for two uncharge d surface s (σ8 =  0 
mC m~ 2) covere d wit h a neutra l polyme r (a2(z)  =  0) . Th e difference s betwee n 
Figur e 20a and b are relativel y small . For the lowes t amoun t of polyme r betwee n 
the plate s a repulsio n is observe d at larg e plat e separations . Compariso n of Fig -
ure 20a and b show s tha t thi s repulsio n is due to electrostati c interaction s betwee n 
the charge d polyelectrolyt e segment s on eac h of the particles . At smal l separatio n 
distance s bridgin g attractio n occur s for bot h the neutra l polyme r and the polyelec -
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trolyte . For the uncharge d polyme r thi s bridgin g attractio n set s in at a large r plat e 
separation . Very clos e to the surfac e (z « 1) a stron g steri c repulsio n appears . For 
op = 2.3 3 and 3.44 the behaviou r is very simila r in bot h cases : bridgin g attractio n 
startin g at relativel y larg e plat e distance s and steri c repulsio n at shor t distances . For 
the polyaci d and no t too low amount s adsorbe d th e bridgin g attractio n is slightl y 
stronge r tha n th e electrostati c repulsion , wherea s for th e very smal l amoun t ad-
sorbe d the electrostati c repulsio n dominates . For othe r value s of the ioni c strengt h 
the pictur e remain s abou t th e same . Fo r a strongl y adherin g highl y dissociate d 
polyelectrolyt e the effec t of the electrostati c repulsio n become s mor e pronounce d 
at low sal t levels . 

Interactio n curve s obtaine d by direc t forc e measurement s for the mica-polylysin e 
syste m [174 ] and the mica-poly(2-vinylpyridine ) syste m [175 ] resembl e the trend s 
show n above . 

Surfactants 

Surfactant s are frequentl y use d to contro l the colloi d stabilit y and/o r the wettin g 
behaviou r of soli d dispersions . Application s are in detergency , pigment , pesticid e 
and pharmaceutica l formulations , minera l separatio n processes , printing , enhance d 
oil recovery , etc . As a consequenc e of such ubiquitou s use ther e is a vas t amoun t of 
literatur e on surfactant s and surfactan t adsorption . Genera l review s on surfactants , 
includin g surfactan t adsorption , can be foun d in the Surfactan t Scienc e Serie s [176] . 
A recen t textboo k on surfactants , with contribution s of variou s authors , has bee n 
edite d by Tkdro s [177] . Surfactan t adsorptio n has recentl y bee n reviewe d by Cluni e 
and Ingra m (non-ionics ) [178 ] and by Houg h and Rendal l (ionics ) [115] . Surfactan t 
adsorptio n in relatio n to flotation  has bee n treate d by Dobia s [179] , Moudgi l et 
al. [116 ] and Clar k and Wilso n [180] . Som e aspect s of modellin g of surfactan t 
adsorptio n includin g the SCF A treatmen t of surfactant s wil l be give n below . 

The adsorptio n of surfactant s is mostl y treate d by neglectin g the conformationa l 
change s whic h the molecule s underg o upo n adsorption . Popula r description s of the 
adsorptio n of ioni c surfactant s ofte n rely on FF G typ e equation s extende d wit h 
Coulombi c interaction s or on the even mor e simpl e Stern-Langmui r equatio n [116] . 
An overvie w of thes e model s can be foun d in [105] . In the FF G typ e equation s the 
"chemical " latera l interaction s are accounte d for on the basi s of a "Bragg-Williams " 
or mea n field  approximation . Wilso n et al. [180 ] hav e considere d surfactan t adsorp -
tion on the basi s of the "quasi-chemical " approach , bu t thes e author s neglec t size 
effects . Case s et al . [181 , 182] introduc e surfac e heterogeneit y in thei r adsorptio n 
models . For the "local " isother m equation , tha t is to say the isother m equatio n for 
a grou p of "equal-energy " sites , Case s assume s a ste p functio n correspondin g with 
2D condensation . Suc h a ste p functio n is a reasonabl e approximatio n for the loca l 
isother m in the case of very stron g latera l attraction . Scamehor n et al . [183 ] and 
Harwel l et al. [184 ] hav e extende d the approac h of Case s by considerin g the forma -
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tion of "ad-micelles " on the surface . Fuerstena u [185 ] and Gu et al . [186,187 ] hav e 
develope d model s base d on "hemi-micelle " formation . Hemi-micelle s [185,188 ] are 
2D surfactan t aggregates , wherea s ad-micelle s [184 ] ar e aggregate d bilaye r struc -
tures . A three-stag e adsorptio n mode l for non-ioni c surfactant s has bee n develope d 
by Klimenk o [189,190 ] and is reviewe d in [178] . In all thes e model s the flexibility  of 
the molecule s is no t treate d (exphcitly) . Kronber g [106-108 ] has derive d a relativel y 
simpl e equatio n for the adsorptio n of non-ioni c surfactant s by treatin g the surfac -
tan t as a simpl e polyme r and the adsorbe d laye r as a homogeneou s mixtur e of sur -
factan t and solvent . Th e loss of conformationa l entrop y is howeve r no t include d in 
this treatment . 

Koopa l et al. [109 ] hav e mad e a naiv e attemp t to accoun t for the conformationa l 
change s upo n adsorptio n by usin g a simplificatio n of the SCF A theory . Bot h ioni c 
and non-ioni c surfactant s hav e bee n considered . Fo r th e adsorptio n from dilut e 
solution s (i.e . stron g adsorptio n belo w the CMC) , the genera l equatio n for th e 
surfactan t isother m can be writte n as: 

θ2 = φ\ψ(\-φ\) τ(Κ2λ)
ηιζχν 

In the derivatio n of equatio n (124 ) it is assume d tha t eac h surfactan t molecul e 
consist s of r segment s (abou t equa l in size to a wate r molecule ) of whic h m  (1 < 
m < r)  ar e adsorbe d in direc t contac t wit h the surface . In equatio n (124 ) θ2 is 
the adsorbe d amount , whic h is equa l to Γφ 2/ιη,  φ\  is the bul k volum e fractio n of 
surfactant , W  a facto r relate d to the conformationa l entrop y loss upo n adsorption , 
φ2 the volum e fractio n surfactan t in the nearl y homogeneou s adsorbe d layer , K2\ 
the effectiv e affinit y constan t for a segmen t in direc t contac t with the surface , χ21 th e 
averag e Flory-Huggin s interactio n parameter , and ψ(ί)  the electrostati c potentia l at 
the locatio n (t)  of the charge d headgroups . Th e parameters , Κ2χ, χ21 an d ψ(ί), 
depen d on the orientatio n of the surfactan t molecule s in the adsorbe d layer , bu t no t 
on the chai n conformatio n as long as m  is a constant . Th e conformationa l entrop y 
loss , -k  In Wy can be approximate d by assumin g tha t only the m  segment s in direc t 
contac t with the surfac e contribut e to W.  In tha t cas e the expressio n for W  read s 
[109] : 

W  =  λ ^ λ χ (125 ) 

indicatin g tha t W  is also constan t for a fixed  valu e of m. An analytica l expressio n 
for the electrostati c potentia l can only be give n for low potentials , i.e . in the Debye -
Hücke l limi t (V>(0 < |50 | mV) . For dilut e solution s and the headgrou p locate d in 
lattic e laye r t the genera l expressio n for ψ(ί)  equal s [105] : 

2* a *-p m (124 ) 

V>(0 = - ^ - [exp{-«z 0(i - 1)} ] +  -p^-  [ 1 + exp{-2/cz 0(i - 1)} ] (126 ) 



86 LuukK. Koopal 

wher e σ5 is the surfac e charg e density , a2(t)  is the charg e densit y du e to surfactan t 
in laye r f, and z0 is the lattic e laye r distance . Fo r adsorptio n of the headgroup s in 
laye r 1, equatio n (126 ) reduce s to : 

m =  σ* + **&> (127 ) 

The charg e densit y σ2(1) can be replace d by τ2Ρφ\/ιηα.  Equation s (124-127 ) ar e 
wel l suite d to give a semi-quantitativ e insigh t in factor s whic h determin e the adsorp -
tion behaviour . 

In the cas e of non-ioni c surfactants , equatio n (124 ) can be use d wit h r  =  0. 
Koopa l et al. [109 ] hav e show n tha t (for dilut e solutions ) the thu s obtained  equatio n 
is very simila r to the adsorptio n isother m equatio n for non-ionic s as formulate d by 
Kronber g [106] . 

Equatio n (124 ) doe s no t appl y to "bilayer " adsorption . However , with som e fur-
the r approximatio n (124 ) can be use d for th e descriptio n of the adsorptio n of a 
ioni c surfactan t in a "bilayer" , onc e the "monolayer " is formed . Roughl y speakin g 
this poin t is reache d whe n the surfac e charg e is jus t compensate d by the adsorbe d 
surfactan t charge . Thi s isoelectri c poin t correspond s wit h th e intersectio n poin t 
of surfactan t isotherm s measure d at differen t sal t concentration s [191] . Wit h "bi -
layer " formatio n the affinit y of the surfactan t for the surfac e wit h the adsorbe d 
"monolayer " is merel y due to latera l interactions , so tha t K2\ =  1. Moreover , th e 
conformationa l entrop y loss of surfactant s adsorbe d in the bilaye r mod e is smal l so 
tha t W =  1 is a reasonabl e approximation . Th e expressio n for ψ(ί)  is very simila r 
to tha t of equatio n (126 ) if it is assume d tha t the headgrou p is adsorbin g in laye r 
t at som e distanc e of the surface . Th e only differenc e is tha t as has to be replace d 
by σ8 + 02(1) , wher e σ2(1)  represent s the charg e presen t in the first  laye r du e to 
"monolayer " adsorption . Th e tota l surfactan t adsorptio n is foun d by addin g th e 
"monolayer " and the "bilayer " adsorptio n together . Thi s two-ste p treatmen t shoul d 
be see n as a first  orde r approximation . Th e mode l of Harwel l et al . [184 ] for ad -
micell e adsorptio n is rathe r mor e complicate d bu t no t necessaril y better , becaus e it 
treat s the electrostati c interaction s with an unrealisti c amoun t of detai l and neglect s 
the specifi c chai n natur e of the molecules . 

The disadvantag e of al l treatment s mentione d so far is tha t man y simplifyin g 
assumption s hav e to be mad e with respec t to the segmen t densit y distribution s in 
the adsorbe d layer . In orde r to overcom e thes e simplifications , th e SCF A theor y 
offers , at the moment , the mos t promisin g alternative . In orde r to be abl e to use the 
SCFA theor y for the descriptio n of surfactan t adsorptio n an extensio n of the theor y 
is require d whic h describe s micellization . Suc h an extensio n has bee n derive d by 
Leermaker s et al . [124 , 140] . The descriptio n of micellizatio n is importan t becaus e 
abov e the CM C (critica l micell e concentration ) the volum e fractio n of free surfac -
tan t hardl y increase s upo n an increas e of the tota l volum e fractio n of surfactan t in 
the solution . Consequently , the chemica l potential  of the free surfactan t wil l hardl y 



Adsorption 87 

increas e abov e the CM C and thi s in tur n wil l lea d to a (pseudo ) saturatio n valu e 
of the adsorption . Theoretica l model s whic h do no t includ e micellizatio n ar e nec -
essaril y restricte d to very dilut e solutions , i.e . surfactan t concentration s belo w the 
CMC . 

Result s for surfactant s as obtaine d wit h th e extende d SCF A theor y ar e lim -
ited to block-typ e non-ioni c surfactant s [132 , 133] and simpl e ioni c surfactant s 
[197, 198] . Som e result s abou t micellizatio n and adsorptio n of a serie s of alkyl -
polyoxyethylene s are reproduce d in Figure s (21-24) . Th e alkyl-polyoxyethylene s are 
note d as an A^B* , wher e A represent s an aliphati c segmen t and B an ethyleneoxid e 
segment . Th e Rory-Hugging s interactio n paramete r %Aw betwee n A and solven t 
(water ) is set equa l to 2, reflectin g the poo r solubilit y of A in w. Fo r %BW a valu e of 
0.4 is assume d in accordanc e with measurement s of Van den Boomgaar d [192 ] and 
Amu [193] . For χΑΒ a valu e of 2 is chosen ; thi s high valu e promotes  the separatio n 
betwee n segment s A and B. 

Prediction s with respec t to the CM C for spherica l micelle s ΑχοΒ * as a functio n 
of the B (= EO ) bloc k lengt h are show n in Figur e 21 [133] . Als o indicate d are th e 
critica l concentratio n for the formatio n of flat  membrane s and the concentratio n 
wher e (bulk ) phas e separatio n occurs . Accordin g to Figur e 21 the CM C increase s 
linearl y with the numbe r of B segments . Thi s agree s wit h experimenta l result s [192 , 
193] and support s the chose n value s for th e %,y parameters . It is predicte d tha t 
spherica l micelle s are forme d at lowe r concentration s (an d henc e at lowe r chemica l 
potentials ) tha n flat  membranes . Fo r the give n typ e of surfactan t als o thi s is in 
agreemen t with practice . 

Figur e 22 show s the calculate d densit y profile s of segment s A and B in micelle s 
of Ai 0B6 and Ai 0B40. Th e hydrophobi c cor e of the Ai 0B6 micelle s is muc h bigge r 
than tha t of the A10B4 0 micelles . Steri c hindranc e betwee n the B block s prevent s the 
formatio n of larg e micelle s of A10B40 . 

10 V A 

Fig. 21. Theoretical predictions of the equilibrium volume fractions of ΑχοΒη molecules for phase 
separation, membrane (flat) formation and micelle (spherical) formation as a function of the B block 
length. Interaction parameters XAW = 2, XAB = 2, XBW = 0.4. (From [133].) 
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Fig. 22. Predicted volume fraction profiles for A^B̂  (a) and A10B40 (b) micelles. The volume fractions 
for segments of type A and B are indicated. The overall concentration φ/r of surfactant is 5 x 10~4. 
Interaction parameters: see Figure 21. (From [133].) 
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Fig. 23. Calculated adsorption isotherms for a homologous series of amphiphilic chain molecules AioBn 
on a hydrophilic surface. The CMC values are indicated with an asterisk. Interaction parameters: 
XAW = 2, XAB = 2, XBW = 0.4, ln*Pw(l) = 0, In*£w(l) = 1.6. (From [133].) 

Predicte d adsorptio n isotherm s of a homologou s serie s ΑχοΒ * on a hydrophili c 
surfac e are show n in Figur e 23 [132,133] . The asteris k mark s the CMC . The inter -
actio n parameter s are the sam e as above , for the affinit y constan t pe r B segmen t 
a valu e of 5 is used , correspondin g wit h a standar d Gibb s energ y of adsorptio n 
(an exchang e quantity ) of 1.6RT.  For the A segment s the standar d Gibb s energ y 
of adsorptio n is assume d to be zero . For shor t B block s the isotherm s reac h high 
adsorptio n values , long B block s lead to a low adsorption . Conversely , the initia l 
slop e of the isother m is the steepe r the large r the B block , indicatin g a relativel y flat 
adsorption . Chain s with man y B segment s hav e a high adsorptio n energ y in the limi t 
of isolate d adsorbe d chains . 

The cooperativit y in adsorptio n alread y begin s at extremel y low concentrations . 
The A segment s associat e to reduc e the numbe r of AW contacts . Th e associatio n 
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is mor e pronounce d if the A/ B ratio  increases . Steri c hindranc e betwee n the B 
block s prevent s associatio n similarl y as in th e micelles . Fo r A/ B ratio s of abou t 
one the isother m show s a phas e transitio n regio n or "2D " condensatio n step . (Th e 
smal l irregularitie s in the adsorptio n isotherm s ar e cause d by lattic e artifacts. ) At 
the condensatio n ste p a "bilayer " is formed . Steri c hindranc e betwee n the B block s 
prevent s "bilayer " formatio n for A/B ratio's  muc h smalle r tha n one . Th e genera l 
trend s observe d in Figur e 23 correspon d wel l with experimenta l result s [194-195] . 
In practice , bilaye r formatio n may occu r in loca l aggregate s if the A/B rati o is muc h 
smalle r tha n one . A proble m wit h a compariso n wit h experimenta l result s is tha t 
mos t non-ioni c surfactant s are polydisperse , so tha t no shar p CM C and/o r 2D phas e 
transition s are observed . 

Segmen t densit y distribution s in th e adsorbe d laye r jus t befor e th e CM C is 
reache d ar e show n in Figur e 24 for Ai0B6 and A10B40 . Th e densit y distributio n 
of the B segment s of Ai 0B6 clearl y show s the "bilayer " formation . Fo r AioB 40 no 
maximu m in the volum e fractio n of B segment s is foun d at the solutio n side of the 
interfacia l region . Not e tha t the adsorbe d laye r thicknes s is considerabl y smalle r 
than twic e (ΑχοΒ 6) or onc e (A10B40 ) the extende d chai n length . 

For a hydrophobi c surface , for whic h it is assume d tha t only the aliphati c seg -
ment s adsorb , a comparabl e se t of prediction s has bee n mad e [133] . Als o in thi s 
case a goo d agreemen t with experimenta l result s is observe d [108,196] . Agai n asso -
ciatio n of the hydrophobi c segment s determine s the shap e of th e isotherm . In thi s 
case no bilaye r formatio n occurs . 

Prediction s for the adsorptio n of ioni c surfactant s on charge d interfaces , usin g 
the SCF A theory , are in progres s [197] . The first  result s on micellizatio n are promis -
ing [198] . Preliminar y result s on adsorptio n sho w tha t th e ioni c strengt h and th e 
surfac e charg e are importan t parameter s (as predicte d by the simpl e theories) . Cal -
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Fig. 24. Volume fraction profiles of AIOBO (a) and A10B40 (b) in the adsorbed layer at the plateau of 
the isotherm on a hydrophilic surface. The volume fractions of the segments A and B are indicated. See 
Figure 23 for the interaction parameters. (From ref. [133].) 
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culation s show tha t at coverage s of a few percen t stron g associatio n of the molecule s 
starts , wherea s "bilayer " formatio n wil l occu r at abou t 0.1 of th e CMC , whe n the 
headgroup s and the surfac e are oppositel y charged . Th e headgroup s at the solutio n 
side of the "bilayer " ar e no t locate d in on e plan e bu t distribute d ove r a numbe r 
of lattic e layer s (compar e also Figur e 24) to minimiz e the electrostatic  repulsion . 
Interestin g aspect s whic h hav e to be studie d are the difference s betwee n adsorptio n 
on fixed  and variabl y charge d surfaces . 

So far no prediction s hav e bee n mad e usin g the SCF A theor y wit h respec t to 
surfactan t induce d colloida l stability . However , it wil l be clea r tha t furthe r progres s 
can be made . Necessarily , result s obtaine d wit h lattic e theories , suc h as the SCFA , 
have the drawbac k tha t lattic e artifact s may obscur e som e results . Othe r hig h leve l 
theoretica l development s are therefor e mos t welcome . Th e presen t advantag e of the 
SCFA theor y over , for instance , molecula r dynamic s or Mont e Carl o studie s is tha t 
complicate d system s can be considere d at the expens e of relativel y littl e compute r 
time . 

Reference s 

1 G.D. Parfitt and C.H. Rochester (Editors), Adsorption from solution at the solid/liquid interface, 
Academic Press, London, 1983. 

2 P. Somasundaran and B.M. Moudgil (Editors), Reagents in mineral technology, Surfactant Science 
Series, Vol. 27, Marcel Dekker, New York, N.Y., 1988. 

3 S.J. Gregg and K.S.W. Sing, Adsorption surface area and porosity, 2nd edition, Academic Press, 
London, 1982. 

4 E.A Guggenheim, Thermodynamics, 5th edition, North Holland Publishers, Amsterdam, 1967. 
5 R. Defay, I. Prigogine, A. Bellemans and D.H. Everett, Surface tension and adsorption, Longmans, 

London, 1966. 
6 J.M. Prausnitz, R.N. Lichtenthaler and E. De Azevedo, Molecular thermodynamics of fluid-phase 

equilibria, 2nd edition, Prentice-Hall, Englewood Cliffs, N.J., 1986. 
7 J.W. Gibbs, The scientific papers of J. Willard Gibbs, Vol. 1, pp. 55-371, Dover, New York, N.Y., 

1961. 
8 D.H. Everett, Pure Appl. Chem., 31 (1972): 579. 
9 J.T. Davies and E.K. Rideal, Interfacial phenomena, 2nd edition, Academic Press, New York, 

N.Y., 1963. 
10 G.L. Gaines jr., Insoluble monolayers at liquid-gas-interfaces, Interscience, New York, N.Y., 

1966. 
11 D.H. Everett, Trans. Faraday Soc, 60 (1964): 1803. 
12 D.H. Everett, in: D.H. Everett (Editor), Colloid Science, Specialist Periodical Reports, Vol. 1, The 

Chemical Society, London, 1973, Chapter 2. 
13 D.H. Everett, Trans. Faraday Soc, 61 (1965): 2478. 
14 J.E. Lane, in: G.D. Parfitt and C.H. Rochester (Editors), Adsorption from solution at the solid/ 

liquid interface, Academic Press, London, 1983, Chapter 2. 
15 S.G. Ash, D.H. Everett and G.H. Findenegg, Trans Faraday Soc, 66, (1970): 708. 
16 D.H. Everett and R.T Podoll, in: D.H. Everett (Editor),, Colloid Science, Specialist Periodical 

Reports, The Chemical Society, London, Vol. 3,1979, Chapter 2. 



Adsorption 91 

17 S. Sircar, J. Novosad and A.L. Myers, Ind. Eng. Chem. Fundam., 11 (1972): 249. 
18 I. Langmuir, Am. Chem. Soc, 39 (1917): 1848. 
19 B. Von Szyszkowski, Z. Phys. Chem., 64 (1908): 385. 
20 J.H. Hildebrand, J.M. Prausnitz and R.L. Scott, Regular and related solutions, Van Nostrand 

Reinhold, New York, N.Y., 1970. 
21 A.N. Frumkin, Z. Phys. Chem., 116 (1925): 466. 
22 R.H. Fowler and E.A. Guggenheim, Statistical thermodynamics, Cambridge University Press, 

Cambridge, 1956, p. 426. 
23 B.B. Damaskin, O.A. Petrii and V.V. Batrakof, Adsorption of organic compounds on electrodes 

(translated from Russian by E.B. Uvarov; R. Parsons, Editor), Plenum Press, New York, N.Y., 
1971. 

24 W.A. Steele, The interactions of gases with solid surfaces, Pergamon Press, Oxford (1974). 
25 C. Minka and A.L. Myers, AIChE J., 19 (1973): 453. 
26 P. Debye and E. Hückel, Physik Z., 24 (1923): 305. 
27 S. Trasatti, in: J.O'M. Bockris, B.E. Conway and E. Yeager, (Editors), Comprehensive treatise of 

electrochemistry, Vol. 1: The double layer, Plenum Press, New York, N.Y., 1980, Chapter 2. 
28 G. Gouy, J. Phys., 9 (1910): 457. 
29 D.L. Chapman, Phil. Mag., 25 (1913): 475. 
30 P.C. Hiemenz, Principles of colloid and surface chemistry, 2nd edition, Marcel Dekker, New York, 

N.Y., 1986. 
31 R.J. Hunter, Foundations of colloid science, Clarendon Press, Oxford, 1987. 
32 D.C. Grahame, Chem. Rev., 44 (1947): 441. 
33 R. Reeves, in: J.O'M. Bockris, B.E. Conway, E. Yeager (Editors), Comprehensive treatise of 

electrochemistry, Vol. 1: The double layer, Plenum Press, New York, N.Y., 1980, Chapter 3. 
34 O. Stern, Z Elektrochem., 30 (1924): 508. 
35 L.K. Koopal and W.H. Van Riemsdijk, J. Colloid Interface Sei., 128 (1989): 188. 
36 J.O'M. Bockris, M.A. Devanathan and K. Müller, Proc. R. Soc. London, Ser. A., 274 (1963): 55. 
37 M.A. Habib and J. O'M Bockris, in: J.O'M. Bockris, B.E. Conway and E. Yeager (Editors), 

Comprehensive treatise of electrochemistry, Vol. 1: The double layer, Plenum Press, New York, 
N.Y., 1980, Chapter 4. 

38 M.J. Sparnaay, The electrical double layer, Pergamon Press, Oxford, 1972. 
39 T.W. Healy and L.R. White, Adv. Colloid Interface Sei., 9 (1978): 303. 
40 R.O. James and G.A. Parks, in: E. Matijevic (Editor), Surface and Colloid Science, Vol. 12, 

Plenum Press, New York, N.Y., 1982, Chapter 2. 
41 C.W. Davies, Ion association, Butterworths, London, 1962. 
42 R.J. Hunter, Zeta potential in colloid science, principles and applications, Academic Press, Lon-

don, 1981. 
43 R.O. James, J.A. Davis and J.O.Leckie, J. Colloid Interface Sei., 65 (1978): 331. 
44 I.H. Harding and T.W. Healy, J. Colloid Interface Sei., 89 (1982): 185. 
45 I.H. Harding and T.W. Healy, J. Colloid Interface Sei., 107 (1985): 382. 
46 J. Westall and H. Hohl, Adv. Colloid Interface Sei., 12 (1980): 265. 
47 P.W. Schindler and H. Gamsjäger, Kolloid Z. Z. Polym., 250 (1972): 759. 
48 P. W. Schindler, in: H. Sigel (Editor), Metal ions in biological systems, Vol. 18: Circulation of metal 

ions in the environment, Marcel Dekker, New York, N.Y., 1984, Chapter 7. 
49 H. Hohl and W. Stumm, J. Colloid Interface Sei., 55 (1976): 281. 
50 W. Stumm, H. Hohl and F. Dalang, Croat. Chem. Acta, 48 (1976): 491. 
51 P.W. Schindler and W. Stumm, in: W. Stumm (Editor), Aquatic surface chemistry, J. Wiley, New 

York, N.Y., 1987, Chapter 4. 
52 C.P. Huang and W. Stumm, J. Colloid Interface Sei., 43 (1973): 409. 



92 LuukK. Koopal 

53 C.P. Huang, in: M.A. Anderson and A.J. Rubin (Editors), Adsorption of inorganics at solid/liquid 
interfaces, Ann Arbor Science, Ann Arbor, Mich., 1981, Chapter 5. 

54 D.A. Dzombak, Towards a uniform model for the sorption of inorganic ions on hydrous oxides, 
Ph.D. Thesis, Massachusetts Institute of Technology, Cambridge, 1986. 

55 D.A. Dzombak and EM.M. Morel, Surface complexation modeling hydrous ferric oxide, Wiley, 
New York, N.Y., 1990. 

56 L.K. Koopal, W.H Van Riemsdijk. and M.G. Roffey, J. Colloid Interface Sei., 118 (1987): 117. 
57 T. Hiemstra, W.H. Van Riemsdijk and G.H. Bolt, J. Colloid Interface Sei., 133 (1989): 91. 
58 T. Hiemstra, J.C.M. De Wit and W.H. Van Riemsdijk, J. Colloid Interface Sei., 133 (1989): 105. 
59 S. Levine and A.L. Smith, Disc. Faraday Soc, 52 (1971): 290. 
60 D.E. Yates, S. Levine and T.W. Healy, Trans. Faraday Soc, 70 (1974): 1807. 
61 D.E. Yates, The structure of the oxide/aqueous electrolyte Interface, Ph.D. Thesis, University of 

Melbourne, Melbourne, 1975. 
62 D. Chan, J.W. Perram, L.R. White and T.W. Healy, J. Chem. Soc. Faraday Trans., 1, 71, (1975): 

1046. 
63 J.A. Davis, R.O. James and J.O. Leckie, J. Colloid Interface Sei., 63 (1978): 480. 
64 R.O. James, in: M.A. Anderson and A.J. Rubin (Editors), Adsorption of inorganics at solid/liquid 

interfaces, Ann Arbor Science, Ann Arbor, Mich., 1981, Chapter 6. 
65 J. Lyklema, Kolloid Z. Z. Polym., 175 (1961): 129. 
66 B.H. Bijsterbosch and J. Lyklema, Adv. Colloid Interface Sei., 9 (1978): 147. 
67 W.H. Van Riemsdijk, G.H. Bolt, L.K. Koopal and J. Blaakmeer, J. Colloid Interface Sei., 109 

(1986): 219. 
68 W.H. Van Riemsdijk, J.C.M. De Wit, L.K. Koopal and G.H. Bolt, J. Colloid Interface Sei., 116 

(1987): 511. 
69 P. Jones and J.A. Hockey, Trans Faraday Soc, 67 (1971): 2679. 
70 G.H. Bolt and W.H. Van Riemsdijk, in: G.H. Bolt (Editor), Soil chemistry, B: Physico-chemical 

models, 2nd edition, p. 459. Elsevier, Amsterdam, 1982. 
71 W.H. Van Riemsdijk, L.K Koopal and J.C.M. De Wit, Neth. J. Agric Sei., 35 (1987): 241. 
72 T. Hiemstra, W.H. Van Riemsdijk and M.G.M.Bruggenwert, Neth. J. Agric. Sei., 35 (1987): 281. 
73 A.W.M. Gibb and L.K. Koopal, J. Colloid Interface Sei., 134 (1990): 122. 
74 L. Pauling, J. Am. Chem. Soc, 51 (1929): 1010. 
75 N.H.G. Penners, L.K Koopal and J. Lyklema, Colloids Surf., 21 (1986): 457. 
76 S. Ardizonne, P. Siviglia and Trasatti, S., J. Electroanal. Chem., 122 (1981): 395; P. Siviglia, A. 

Daghetti and S. Trasatti, Colloids Surf., 7 (1983): 15. 
77 L. Bousse, N.F. De Rooij and P. Bergveld, Surf. Sei., 135 (1983): 479. 
78 L.G.J. Fokkink, A. De Keizer, J.M. Kleijn and J. Lyklema, J. Electroanal. Chem., 208 (1986): 401. 
79 L.G J. Fokkink, A. De Keizer and J. Lyklema, J. Colloid Interface Sei., 118 (1987): 454. 
80 P.W Schindler, in: M.A. Anderson and A.J. Rubin (Editors), Adsorption of inorganics at solid/ 

liquid interfaces, Ann Arbor Science, Ann Arbor, Mich., 1981, Chapter 1. 
81 P.W. Schindler, B. Fürst, R. Dick and P.U. Wolf, J. Colloid Interface Sei., 55 (1976): 469. 
82 C.P. Huang, Y.S. Hsieh, S.W. Park, M. Ozden, A.R. Bowers and H.A. Elliot, in: J.W Patterson 

and R. Passino (Editors), Metals speciation, separation and recovery, Lewis Publishers, Michigan, 
1987, p. 437. 

83 J.A. Davis and J.O. Leckie, J. Colloid Interface Sei., 67 (1978): 90. 
84 J.A. Davis and J.O. Leckie, J. Colloid Interface Sei., 74 (1980): 32. 
85 KF. Hayes and J.O. Leckie, in: J.A Davis and K.F. Hayes (Editors), Geochemical processes at 

mineral surfaces, Am. Chem. Soc, Washington, D.C., 1986, p. 114. 
86 KF. Hayes and J.O. Leckie, J. Colloid Interface Sei., 115 (1987): 564. 
87 KF. Hayes, C. Papelis and J.O. Leckie, J. Colloid Interface Sei., 125 (1988): 717. 



Adsorption 93 

88 M.M. Benjamin, J.O. Leckie, J. Colloid Interface Sei., 79 (1981): 209. 
89 J.W. Bowden, A.H. Posner and J.P. Quirk, Austr. J. Soil Res., 15 (1977): 121. 
90 L.G.J. Fokkink, A. De Keizer and J. Lyklema, J. Colloid Interface, Sei., 135 (1990): 118. 
91 H. Motschi, Colloids Surf., 9 (1984): 333; H. Motschi, in: W. Stumm (Editor), Aquatic surface 

chemistry, J. Wiley, New York, N.Y., 1987, Chapter 5. 
92 M.B. McBride, Advances in Soil Science, Vol. 10, Springer Verlag, New York, N.Y., 1989, p. 1. 
93 R.O. James and T.W Healy, J. Colloid Interface Sei., 40 (1972): 53. 
94 M.C. Fuerstenau and K.E. Han, in: P. Somasundaran and B.M. Moudgil (Editors), Reagents in 

mineral technology, Surfactant Science Series, Vol. 27, Marcel Dekker, New York, N.Y., 1988, 
Chapter 13. 

95 D.D. Hansmann and M.A. Anderson, Environ. Sei. Technol., 19 (1985): 544. 
96 R.O. James and T.W. Healy, J. Colloid Interface Sei., 40 (1972): 42, 65. 
97 G. Sposito, The surface chemistry of soils, Oxford University Press, New York, N.Y., 1984. 
98 EM.M. Morel, J.C. Westall and J.G. Yeasted, in: M.A. Anderson and A.J. Rubin (Editors), Ad-

sorption of inorganics at solid/liquid Interfaces, Ann Arbor Science, Ann Arbor, Mich., 1981, 
Chapter 7. 

99 F.J. Hingston, in: M.A. Anderson and A.J. Rubin (Editors), Adsorption of inorganics at solid/ 
liquid Interfaces, Ann Arbor Science, Ann Arbor, Mich., 1981, Chapter 2. 

100 D.G. Kinniburgh and M.L. Jackson, in: M.A. Anderson and A.J. Rubin (Editors), Adsorption of 
inorganics at solid/liquid Interfaces, Ann Arbor Science, Ann Arbor, Mich., 1981, Chapter 3. 

101 R.B. Corey in M.A. Anderson and A.J. Rubin (Editors), Adsorption of inorganics at solid/liquid 
Interfaces, Ann Arbor Science, Ann Arbor, Mich., 1981, Chapter 4. 

102 K.J. Farley, D.A. Dzombak and F.M.M. J. Morel, Colloid Interface Sei., 106 (1985): 226. 
103 P.J. Flory, Principles of polymer chemistry, Cornell University Press, Ithaca, N.Y., London, 1953. 
104 M.L. Huggins, Ann. N.Y. Acad. Sei., 43 (1942): 1. 
105 L.K. Koopal and J. Ralston, J. Colloid Interface Sei., 112 (1986): 362. 
106 B. Kronberg, J. Colloid Interface Sei., 96 (1983): 55. 
107 B. Kronberg and P. Stenius, J. Colloid Interface Sei., 102 (1984): 410. 
108 B. Kronberg, P. Stenius and Y. Thorssell, Colloids Surf., 12 (1984): 113. 
109 L.K. Koopal, G.T. Wilkinson and J. Ralston, J. Colloid Interface Sei., 126 (1988): 493. 
110 J.H. Hildebrand, J. Chem. Phys., 15 (1947): 225. 
111 R.N. Lichtenthaler, D.S. Abrams and J. Prausnitz, Can. J. Chem., 51 (1973): 3071. 
112 M.D. Donohue and J. Prausnitz, Can. J. Chem., 53 (1975): 1586. 
113 P. Somasundaran, T.W. Healy and D.W. Fuerstenau, J. Phys. Chem., 68 (1964): 3562. 
114 K. Osseo-Asare and D.W. Fuerstenau, Croat. Chem. Acta, 45 (1973): 149. 
115 D.B. Hough and H.M. Rendall, in: G.D. Parfitt and C.H. Rochester (Editors), Adsorption from 

solution at the solid/liquid interface, Academic Press, London, 1983, Chapter 6. 
116 B.M. Moudgil, H. Soto and P. SomasundaraN, in: P. Somasundaran and B.M. Moudgil (Editors), 

Reagents in mineral technology, Surfactant Science Series, Vol. 27, Marcel Dekker, New York, 
N.Y., 1988, Chapter 3. 

117 L.K. Koopal and L. Keltjens, Colloids Surf., 17 (1986): 371. 
118 A. Silberberg, J. Colloid Interface Sei., 38, (1972): 217; J. Chem. Phys., 48 (1968): 2835; J. Chem. 

Phys., 46 (1967): 1105. 
119 C.A.J. Hoeve, J. Polym. Sei., Polym. Symp., 61 (1977): 389; J. Polym. Sei. (C), 34 (1971): 1; J. 

Polym. Sei. (C), 30 (1970): 361; J. Chem. Phys., 44 (1966): 1505. 
120 J.M.H.M. Scheutjens and G.J. Fleer, J. Phys. Chem., 83 (1979): 1619; J. Phys. Chem., 84 (1980): 

178; Adv. Colloid Interface Sei., 16 (1982): 341. 
121 R.J. Roe, J. Chem. Phys., 60 (1974): 4192. 
122 G J. Fleer and J. Lyklema, in: G.D. Parfitt and C.H. Rochester (Editors), Adsorption from solution 



94 LuukK. Koopal 

at the solid/liquid interface, Academic Press, London, 1983, Chapter 4. 
123 GJ. Fleer, in: P. Somasundaran and B.M. Moudgil (Editors), Reagents in mineral technology, 

Surfactant Science Series, Vol. 27, Marcel Dekker, New York, N.Y., 1988, Chapter 4. 
124 B. Van Lent and J.M.H.M. Scheutjens, Macromolecules, 22 (1989): 1931. 
125 B. Van Lent and J.M.H.M. Scheutjens, J. Phys. Chem., 94 (1990): 5033. 
126 O.A. Evers, J.M.H.M. Scheutjens and GJ. Fleer, Macromolecules, (1991), in press. 
127 O.A. Evers, J.M.H.M. Scheutjens and GJ. Fleer, J. Chem. Soc. Faraday Irans. 1, 86 (1990): 1355.. 
128 H.A Van der Schee and J. Lyklema, J. Phys. Chem., 88 (1984): 6661. 
129 J. Papenhuijzen, H.A. Van der Schee and GJ. Fleer, J. Colloid Interface Sei., 104 (1985): 540. 
130 O.A. Evers, GJ. Fleer, J.M.H.M. Scheutjens and J. Lyklema, J. Colloid Interface Sei., I ll (1986): 

446. 
131 M.R. Böhmer, O.A. Evers and J.M.H.M. Scheutjens, Macromolecules, 23 (1990): 2288.. 
132 L.K. Koopal and M.R. Böhmer, in: A. Mersmann and S.E. Scholl (Editors), Fundamentals of 

Adsorption, Vol. Ill, Engineering Foundation, Am. Inst. Chem. Eng., New York, N.Y., 1991, p. 
435. 

133 M.R. Böhmer and L.K. Koopal, Langmuir, 6 (1990): 1478. 
134 E.A DiMarzio, J. Chem. Phys., 42 (1965): 2101. 
135 RJ. Rubin, J. Chem. Phys., 43 (1965): 2392. 
136 J.M.H.M. Scheutjens, F.A.M. Leermakers, N.AM. Besseling and J. Lyklema, in: K.L. Mittal (Edi-

tor), Surfactants in solution, Modern applications, Plenum Press, New York, N.Y., Vol. 7,1990, p. 
25. 

137 T. Cosgrove, T. Heath, B. Van Lent, F. Leermakers and J. Scheutjens, Macromolecules, 20 (1987): 
1692. 

138 F.A.M. Leermakers, J.M.H.M. Scheutjens and J. Lyklema, Biophys. Chem., 19 (1983): 352. 
139 F.A.M. Leermakers and J.M.H.M. Scheutjens, J. Chem. Phys., 88 (1988): 3264; J. Chem. Phys., 89 

(1988): 6912. 
140 F.A.M. Leermakers, P.P.A.M. Van der Schoot, J.M.H.M. Scheutjens and J. Lyklema, in: K.L. 

Mittal (Editor), Surfactants in solution, Modern applications, Plenum Press, New York, N.Y., Vol. 
7,1990, p. 43. 

141 J.M.H.M. Scheutjens and GJ. Fleer, Macromolecules, 18 (1985): 1882. 
142 GJ. Fleer, J.M.H.M. Scheutjens and M.A. Cohen Stuart, Colloids Surf., 31 (1988): 1. 
143 K.G. Barnet, T. Cosgrove, T.L. Crowley, Th.F. Tadros and B. Vincent, in: Th.F. Tadros (Editor), 

The effect of polymers on dispersion properties, Academic Press, London, 1982, p. 183. 
144 T. Cosgrove, T.G. Heath, K. Ryan and B. Van Lent, Polym. Comm., 28 (1987): 64. 
145 L.K. Koopal, V Hlady and J. Lyklema, J. Colloid Interface Sei., 121 (1988): 49. 
146 T. Cosgrove, B. Vincent, T.L. Crowley and Cohen M.A. Stuart, in: Polymer adsorption and disper-

sion stability, ACS Symp., Ser. 240 (1983): 147. 
147 M.A. Cohen Stuart, F.H.W.H. Waajen, T. Cosgrove, B. Vincent and T.L. Crowley, Macromolecules, 

17 (1984): 1825. 
148 J.L. Anderson and J.O. Kim, J. Chem. Phys., 86 (1987): 5163. 
149 G J. Fleer and J.M.H.M. Scheutjens, Croat. Chem. Acta, 60 (1987): 477. 
150 J.A. Kitchener, Brit. Polym. J., 4 (1972): 217. 
151 B. Vincent, Adv. Colloid Interface Sei., 4 (1974): 193. 
152 D.H. Napper, in: Colloidal dispersions, Spec. Publ. R. Chem. Soc, Vol. 43,1982, p. 99. 
153 J. Klein, Adv. Colloid Interface Sei., 16 (1982): 101. 
154 J. Israelachvili, M. Tirrell, J. Klein and Y. Almog, Macromolecules, 17 (1984): 204. 
155 J. Klein and P.F. Luckham, Nature (London), 308 (1984): 836. 
156 Y. Almog and J. Klein, J. Colloid Interface Sei., 106 (1985): 33. 
157 J. Marra and H. Christenson, J. Phys. Chem., 93 (1989): 7180. 



Adsorption 95 

158 Th. Götze and H. Sonntag, Colloids Surf., 31 (1988): 181. 
159 E.G.M. Pelssers, M.A. Cohen Stuart and GJ. Fleer, Colloids Surf., 38 (1989): 15. 
160 E.G.M. Pelssers, M.A. Cohen Stuart and G.J. Fleer, J. Chem. Soc. Faraday Trans. 1, 86 (1990): 

1355. 
161 B. Van Lent, R. Israels, J.M.H.M. Scheutjens and G.F. Fleer, J. Colloid Interface Sei., 137 (1990): 

380. 
162 S. Patel, M. Tirrell and G. Hadziioannou, Colloids Surf., 31 (1988): 157. 
163 Marra, J. and M.L Hair, Colloids Surf., 34 (1989): 215. 
164 R.E. Felter and L.N. Ray, J. Colloid Interface Sei., 32 (1970): 349. 
165 M.A. Cohen Stuart, J.M.H.M. Scheutjens and GJ. Fleer, J. Polym. Sei., Polym. Phys. Ed., 12 

(1980): 559. 
166 L.K. Koopal, J. Colloid Interface Sei., 83 (1981): 116. 
167 J.M.H.M. Scheutjens and GJ. Fleer, in: Th.F. Tadros (Editor), The effect of polymers on the 

dispersion properties, Academic Press, London, 1982, p. 145. 
168 V. Hlady, J. Lyklema and GJ. Fleer, J. Colloid Interface Sei., 87 (1982): 395. 
169 M.A. Cohen Stuart, GJ. Fleer and J.M.H.M. Scheutjens, J. Colloid Interface Sei., 97 (1984): 515; 

idem, 97 (1984): 526. 
170 G.P Van der Beek, M.A. Cohen Stuart, GJ. Fleer and J.E. Hofman, Langmuir, 5 (1989)1180. 
171 F.Th. Hesselink, J. Electroanal. Chem., 37 (1977): 317; J. Colloid Interface Sei., 60 (1977): 448. 
172 M.A. Cohen Stuart, J. Phys. France, 49 (1988): 1001. 
173 J. Blaakmeer, M.R. Böhmer, M.A. Cohen Stuart and GJ. Fleer, Macromolecules, 23 (1990): 2301. 
174 T. Afshar-Rad, A.I. Bailey, P.F. Luckham, W. MacNaughtan, and D. Chapman, Colloids Surf., 31 

(1988): 125. 
175 J. Marra and M.L. Hair, J. Phys. Chem., 92 (1988): 6044. 
176 MJ. Schick and EM. Fowkes (Consulting Editors), Surfactant Science Series, Marcel Dekker, 

New York and Basel. 
177 Th.F. Tadros (Editor), Surfactants, Academic Press, London, 1984. 
178 J.S. Clunie and B.T. Ingram, in: G.D. Parfitt and C.H. Rochester (Editors), Adsorption from 

solution at the solid/liquid interface, Academic Press, London, 1983, Chapter 3. 
179 B. Dobias, in: C.K. J0rgensen (Editor), Structure and bonding, Springer, Berlin-Heidelberg, 1984, 

p. 92. 
180 A.N. Clarke and DJ. Wilson, Foam flotation: theory and applications, Marcel Dekker, New York, 

N.Y., 1983, Chapter 4. 
181 J.M. Cases, Bull. Min£ral., 102 (1979): 684. 
182 J.M. Cases, G. Goujon and S. Smani, AIChE. Symp. Ser., 71 (1975): 100. 
183 J.F. Scamehorn, R.S. Schechter and W.H. Wade, J. Colloid Interface Sei., 85 (1982): 463. 
184 J.H. Harwell, J.C. Hoskins, R.S. Schechter and W.H. Wade, Langmuir, 1 (1985): 251. 
185 S. Chander, D.W. Fuerstenau and D. Stigter, in: R.H. Ottewill, C.H. Rochester and A.L. Smith 

(Editors), Adsorption from solution, Academic Press, London, 1983, p. 197. 
186 T. Gu, Y. Gao and L. He, J. Chem. Soc. Faraday Trans. 1, 84 (1988): 4471. 
187 B-Y. Zhu and T. Gu, J. Chem. Soc. Faraday Trans. 1, 85 (1989): 3813; B-Y. Zhu, TGu. and X. 

Zhao, J. Chem. Soc. Faraday Trans. 1, 85 (1989): 3819. 
188 A.M. Gaudin and D.W. Fuerstenau, Trans. AIME, 202 (1955): 958. 
189 N.A. Klimenko, Kolloidn. Zh., 40 (1978): 1105. 
190 N.A. Klimenko, Kolloidn. Zh., 41 (1979): 781. 
191 A. de Keizer, M.R. Böhmer, T. Mehrian and L.K Koopal, Colloids Surf., 51 (1990): 339. 
192 A. Van den Boomgaard, The effect of electrolytes on emulsions stabilized by nonionic surfactants, 

Ph.D. Thesis, Wageningen Agricultural University, Wageningen, The Netherlands, 1985. 
193 T.C. Amu, Polymer, 23 (1982): 1775. 



96 LuukK. Koopal 

194 P. Levitz, H. Van Damme and D. Keravis, J. Phys. Chem., 88 (1984): 2228. 
195 P. Levitz and H. Van Damme, J. Phys. Chem., 90 (1986): 1302. 
196 B. Kronberg, P. Stenius and G. Ingeborn, J. Colloid Interface Sei., 102 (1984): 418. 
197 M.R. Böhmer and L.K. Koopal, Langmuir (to be published). 
198 M.R. Böhmer, L.K. Koopal and J. Lyklema, J. Phys. Chem., accepted (1991). 



97 

Chapter  3 

Interparticulat e  force s 

R.M. PASHLE Y 

Introductio n 

Onc e it was recognise d (by Graha m in th e mid 19t h century ) tha t a  non -
molecula r (crystalloid) , colloida l solutio n coul d be forme d by dispersio n of on e 
phas e in another , it was also immediatel y obviou s tha t the solutio n coul d be de -
stroye d by alterin g condition s so as to caus e coagulation . Thi s phase-chang e can , in 
general , be easil y describe d in term s of attractiv e and repulsiv e contribution s to the 
interactio n betwee n particle s of the disperse d phase . The sam e descriptio n also , of 
course , applie s to intermolecula r forces , wher e attractiv e force s caus e condensatio n 
to mor e condense d state s of matter . 

The mos t importan t property , then , of the colloida l stat e mus t be this interactio n 
potentia l and ove r the las t 100 year s the searc h for a detaile d understandin g of thi s 
interactio n has bee n vigorousl y sought . 

In 1892 Linde r and Picto n [1] demonstrate d tha t in aqueou s solutions , colloida l 
particle s of one type mov e to one electrod e unde r the influenc e of an applie d elec -
tric field.  The charge d natur e of the particle s thu s gave the first  explanatio n of how 
the colloida l solutio n coul d be stabilise d agains t the effec t of the ubiquitous , attrac -
tive Van de r Waal s forces . Th e 1882 observation s by Schulz e [2] on the enhance d 
coagulatin g power s of multivalen t electrolyte s also supporte d the concep t tha t it is 
the electrica l natur e of thes e colloid s tha t determine s thei r stability . Thes e idea s 
led Hard y [3] and Freundlic h [4] to postulat e tha t colloid s are coagulate d at thei r 
iso-electri c point . Thi s was late r (1912-1915 ) refine d by Elfis [5] and Powi s [6] who 
introduce d the concep t of a critica l zet a (£ ) potential , whic h is the magnitud e of 
the electrostati c potentia l at the colloi d surfac e (measure d by an electrophoreti c 
process ) belo w whic h the colloi d is precipitated . Th e valu e ζ critica l was foun d to 
be typicall y abou t 30 mV for a "lyophobic " colloid . As earl y as 1932 Kallman n and 
Willstätte r [7] suggeste d tha t the tota l interactio n betwee n colloi d particle s coul d 
be obtaine d on the basi s of electrostati c double-laye r and dispersio n (VDW ) forces . 
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EarUer , Gou y [8] and Chapma n [9] had develope d a theor y of the ion distributio n in 
solutio n nex t to a charge d surface . 

At thi s poin t it is perhap s wort h digressin g to loo k at a proble m in terminolog y 
for th e two mai n categorie s of colloids : lyophobi c and lyophilic . As wil l becom e 
clea r late r in thi s chapte r the difference s betwee n thes e two type s of colloid s hav e 
now becom e less obviou s bu t for the momen t we wil l stic k to the origina l definition s 
whic h are base d on experimenta l observations . Thus , a lyophobi c colloida l syste m 
refer s to on e in whic h wor k has to be don e to produc e th e dispersio n (e.g . an 
aqueou s silic a sol) , wherea s a lyophili c colloi d form s a solutio n spontaneousl y (e.g . 
surfactant s and som e proteins) . The proble m with this nomenclatur e arise s whe n we 
examin e the natur e of the colloi d surfac e in eac h case , as we wil l see later . 

In 1938 Irvin g Langmui r [10] mad e a majo r ste p forwar d in the understandin g 
of colloida l stabilit y by derivin g an approximat e analyti c equatio n for the repulsiv e 
pressur e develope d in the diffus e electrica l double-laye r betwee n two charged , flat 
surfaces . Schofiel d [11] the n use d thi s resul t to explai n the wate r wettin g films  on 
mica and glas s measure d earlie r by Derjagui n an d Kussako v [12] . Thes e forces , 
whic h wer e clearl y responsibl e for determinin g the thicknes s of wettin g films,  mus t 
also give rise to a repulsiv e forc e betwee n identica l colloi d particle s preventin g 
coagulation . 

DLV O theoi y 

A comprehensiv e theor y of the interactio n potentia l betwee n colloida l particle s 
was put togethe r by Derjagui n and Landa u [13] and Verwe y and Overbee k [14] dur -
ing the secon d worl d war . Thi s 'DLV O theory ' combine d the electrostati c repulsiv e 
force s wit h the attractiv e Van der Waal s force s betwee n spherica l particles , whic h 
had bee n develope d in the 1930' s by Londo n [15] , Bradle y [16] , de Boe r [17] and 
Hamake r [18] . In 1937 Hamake r had also analyse d colloida l interaction s usin g thes e 
force s [19] . 

Let us now loo k at thi s theor y in mor e detail . It turn s ou t tha t althoug h cal -
culatio n of the Van der Waal s forc e betwee n spherica l particle s is mathematicall y 
comple x the resultin g equatio n (accurat e for mos t purposes ) is simpl e and has the 
form : 

VA = ~ Al2lJ2d  (r>d) (1) 

wher e V^  is the interactio n energ y betwee n spheres , r is th e radiu s of eithe r of 
two equa l sphere s and d  is the distanc e of closes t approac h betwee n the sphere s 
(see Figur e 1) . The comple x par t of the calculatio n is involve d in determinin g th e 
Hamake r constan t Am  fro m the dielectri c propertie s of the medi a 1 and 2 [20] . 
However , table s of thes e value s for mos t system s of interes t ar e availabl e [20] and 
for mos t purpose s in colloi d scienc e it is reasonabl e to mak e the assumptio n tha t 
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Fig. 1. Interaction between two identical colloid spheres. 

the Hamake r constan t is no t a functio n of distance . Thus , for example , the Hamake r 
constan t for the commo n quartz/water/quart z syste m is 1.0 x 10" 20 J, whic h allow s 
a fairl y accurat e calculatio n of the Van de r Waal s attractio n betwee n two colloida l 
size quart z particle s in water . 

For any give n colloida l system , the Van der Waal s forc e is essentiall y independen t 
of almos t any change s we may wish to mak e to the solutio n (e.g . by additio n of 
electrolyte) . Eve n the adsorptio n of a surfactan t monolaye r ont o the particl e surfac e 
will hav e only a sligh t effec t on the Van der Waal s attractio n [21] . Thi s suggest s tha t 
in orde r to chang e the stabilit y of a colloida l solutio n we wil l hav e mos t effec t by 
alterin g the electrostati c double-laye r force s in the system , whic h is indee d the case . 
Onc e again , the mathematica l problem s involve d in calculatin g th e double-laye r 
force betwee n colloida l particle s are rathe r seriou s and numerica l approximatio n 
method s hav e usuall y bee n applied . It is possibl e to obtai n an approximate , analyti c 
equatio n whic h show s all the mai n feature s of the exac t solutio n and so we wil l 
deriv e this resul t here . 

The basi c equation s for th e electrostatic s nex t to a surfac e ar e derive d from 
Maxwell' s equations , whic h can be simplifie d for the cas e of a potentia l deca y away 
from a flat,  charge d wal l (se e Figur e 2) . Th e deca y in electrostati c potentia l awa y 
from a surfac e is containe d in the fundamenta l equatio n (S.I . units) : 

ax*  ~  ε 0ετ
 W 

wher e ψ(χ)  and p(x)  ar e the electrostati c potentia l and charg e densit y at distanc e 
x awa y from th e charge d surface , ε0 is the permittivit y of free spac e and er th e 
dielectri c constan t of the medium . In orde r to determin e p(x)  we can appl y th e 
Boltzman n distributio n equatio n to any ion contributin g to the tota l charg e densit y 
at x.  Thus , for an ion i of charg e Zi\q e\ (wher e \qe\ is the positiv e valu e of th e 
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Fig. 2. Electrostatic potential decay away from a flat surface immersed in electrolyte solution.. 

electroni c charge ) and bul k concentratio n pi(B)  the concentratio n at a distanc e x 
from the surfac e mus t be give n by: 

Zi\q e\iJ>(x) 
Pi(x)  = pi(B)exp f_WW J (3) 

It therefor e follow s tha t the tota l charg e densit y atx : 

p(x)  = E/Z;|4e|M* ) 

=  E iZ,| i,| ft. Wexp{-5!iÄ } (4) 

hence , substitutio n in equatio n (2) give s the importan t Poisson-Boltzman n (P-B ) 
equatio n use d in the Gouy-Chapma n theor y of the diffus e electrica l doubl e layer : 

ά2ψ(χ) 

dx2 
1*1 

L^or̂ 
Y,iZipi(B)  ex p |  —  1 (5) 

This equatio n can be substantiall y simplifie d by placin g the restrictio n of only 
using symmetrica l electrolyte s (e.g . 1:1,2:2 ) and introducin g the Deby e length : 

« 1% 
. -1 _ SoSrkT 

2\q e\^p(B) 
(6) 

wher e Z is the valenc y of the symmetrica l electrolyt e and p(B)  the bul k concentra -
tion of the electrolyte . Thus , equatio n (5) becomes : 

H F
 = sinhy (7) 
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•ψ = o- ψ = 0 

(a) non interacting 

Fig. 3. Electrostatic potential profiles for two interacting flat surfaces. 

(b) interacting 
(with superposition) 

wher e the scale d distanc e X  =  κχ,  and y is the dimensionles s potentia l give n by 
Z\q e\iP(x)/kT. 

Doubl e integratio n of equatio n (7) wit h th e boundar y condition s x  —> oo , 
dy/dX  —► 0, y —> 0 and y =y 0ztX  =  0 gives the exact , analyti c result : 

y =  21ι ν 
1 + 7exp(-A r) 

l - 7e x p ( - * ) J 
(8) 

where : 

7 = 
[exp(y 0/2)-l ] 

[exp(y 0/2) + l] 

This equatio n allow s us to calculat e exactl y the deca y in electrostati c potentia l 
away from a flat,  charge d surfac e of potentia l φ0. Thi s deca y in potentia l is show n 
schematicall y in Figur e 3 for two facing , charge d surfaces . In cas e 3a, the surface s 
do not "see " eac h othe r and are not interacting , wherea s in case 3b the diffus e layer s 
overla p and an interactio n occurs . 

If we now mak e the superpositio n approximation , tha t the resultin g potentia l (in 
case b) is simpl y the sum of the potential s due to eac h surfac e whe n the othe r is no t 
presen t we can easil y calculat e the potentia l at the mid-plan e betwee n the surface s 
(ψιη  ory m). I t turn s ou t tha t thi s assumptio n is reasonabl e for low potential s (<2 5 
mV ) and henc e thi s procedur e produce s an equatio n know n as the "wea k overla p 
approximation" . Sinc e we ar e only usin g equatio n (8) at larg e separation s (i.e . 
wher e the potential s are low) we can expan d and simplif y the equatio n (ίοτΧ  >  1) 
to obtain : 

y ~ 47 exp(— X) (9) 
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and hence : 

y m~8 7exp(^- —  J  (10 ) 

wher e D  is the separatio n distanc e betwee n the surfaces . Havin g obtaine d ym = 
f(D)  it is a relativel y simpl e proble m to relat e ym to the repulsiv e pressur e betwee n 
the surfaces . Thi s is becaus e at the mid-poin t betwee n the surfac e ther e is no electri c 
field  and so we only nee d conside r the osmoti c pressur e at thi s plane . Th e osmoti c 
pressur e is give n simpl y by: 

Pos =  nkT  (11 ) 

wher e n is the solut e concentration . Sinc e we kno w φιη (throug h ym) we can easil y 
calculat e the tota l solut e (counterion s and co-ions ) concentratio n at the mid-plan e 
and henc e th e osmoti c pressur e relativ e to the bul k concentration . Th e osmoti c 
pressur e differenc e betwee n the mid-plan e and the bul k solutio n is equa l to the re-
pulsiv e pressur e (P) betwee n the surface s and is give n (for symmetrica l electrolytes ) 
by: 

P =  2p(B)kT{cosh(y m) -  1} (12 ) 

Now , this resul t can also be simplifie d sinc e y f f i< l an d the cos h functio n can 
then be approximate d to give : 

P =  P{B)kTy 2
m (13 ) 

Then , substitutio n of ym gives : 

P =  64p(B)kTf 2 exp(-KZ) ) (14 ) 

whic h show s tha t the repulsiv e pressur e decay s exponentiall y wit h distanc e with a 
deca y lengt h equa l to the Deby e length . We can now integrat e the pressur e to obtai n 
the correspondin g interactio n energ y VR betwee n the surfaces : 

VR =  - /  PUD 
Joo 

L K 
72exp(-KD ) (15 ) 

Equatio n (15 ) is know n as the weak-overla p approximatio n and is accurat e for any 
surfac e potentia l bu t only at larg e separation s wher e the interactio n is weak . 

For the commo n cas e of colloida l particle s of radiu s (r ) muc h large r tha n th e 
rang e of the doubl e laye r forc e (i.e . κτ  > 1) we can use the Derjagui n approxima -
tion [22] to obtai n the equivalen t interactio n energ y betwee n two spheres : 

Vs = 
64nrp(B)kTy 

K2 exp(-nH)  (16 ) 
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wher e H  is the distanc e of closes t approac h betwee n the spheres . 
The repulsiv e and attractiv e term s in equation s (1) and (16 ) can now be com -

bine d to give the tota l interactio n potential  betwee n two colloida l particles . Severa l 
typica l case s are show n in Figur e 4. Th e solutio n is (meta- ) stabl e if the repulsiv e 
barrie r is abov e abou t 10 kT. In all case s at short-range , the Van de r Waal s attrac -
tive forc e wil l dominat e and pul l the particle s (if smooth ) int o an almos t infinitel y 
dee p primar y minimum . However , it is also possibl e to obtai n a secondar y mini -
mum (see Figur e 4b) from whic h re-dispersa l shoul d be possibl e (e.g . by dilutin g the 
electrolyt e solution) . 

The uniqu e cas e in Figur e 4c was use d by Verwe y and Overbee k [14] to theo -
reticall y deriv e the experimenta l Schulze-Hard y rule , wher e the critica l coagulatio n 
concentratio n (c.c.c. ) was foun d to be inversel y proportiona l to the sixt h powe r of 
the valenc y of the counterion . Th e combinatio n of equation s (1) and (16 ) with the 
additiona l condition s tha t 7 = 1 and dV/dH  =  0 at H  =  0 at the critica l coagula -
tion conditio n doe s indee d give a valu e of the c.c.c . proportiona l to 1/Z 6. However , 
to obtai n thi s resul t the surface s wer e assume d to hav e a very hig h potentia l (i.e . 

Vs 

Vs 

Vs 
(c) 

Fig. 4. Interaction energy (V$) curves for two spherical colloids separated by distance D. The strength 
of the electrostatic repulsion decreases from (a) to (c). 
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7 =  1) whic h is quit e contrar y to widesprea d observatio n tha t coagulatio n occur s 
unde r low potentia l conditions . If a simila r procedur e is followe d for the mor e real -
istic low potential  (i.e . linea r approximation ) cas e it is foun d tha t the predicte d c.c.c . 
a( l /Z 2) . 

The problem s with this type of approac h to coagulatio n aris e mainl y becaus e it is 
implicitl y assume d tha t coagulatio n is cause d by a decreas e in Deby e lengt h or rang e 
of the double-laye r forc e by addin g electrolyte . Th e fact is tha t for mos t colloid s the 
surfac e potentia l ψ0 is substantiall y altere d by the electrolyt e bot h by specifi c ion 
adsorptio n and by screenin g effects . Indeed , the low potentia l approximatio n lead s 
to an equatio n of the form : c.c.c . α(ψΙ/Ζ 2), whic h has a stron g surfac e potentia l 
dependence , as expected . Close r examinatio n of a wid e rang e of colloida l system s 
also show s up man y exception s to the Schulze-Hard y rule . In addition , coagulatio n 
data obtaine d in trivalen t ion electrolyte s mus t be treate d wit h cautio n becaus e of 
the extensiv e hydrolysi s whic h occur s and whic h can give rise to significan t adsorp -
tion . As we shal l see later , a complet e double-laye r mode l includin g ion-adsorption / 
regulatio n and screenin g effect s mus t be use d to accuratel y describ e electrostati c 
interactions . 

Structura l force s 

Although , man y colloida l system s ar e clearl y stabilise d by electrostati c force s 
(and hav e therefor e bee n labelle d "electrocratic " by Freundlic h [4]) , ther e is a larg e 
body of observation s whic h do no t fit  into the DLV O schem e of colloi d stability . On e 
commo n exampl e is the repeptizatio n process , whic h shoul d no t occur , accordin g to 
theory , afte r coagulatio n int o a primar y minimum , althoug h secondar y minimu m 
repeptizatio n is possible . Drie d clay mineral s [23] and multibilaye r phospholipid s 
[24] ofte n spontaneousl y swel l in water , whic h also shoul d no t be possibl e accordin g 
to this theory . Th e commo n silic a sol doe s no t coagulat e at the isoelectri c poin t or 
unde r condition s of high sal t [25] . In addition , the coagulatio n behaviou r of highl y 
charge d amphoteri c late x particle s (whic h are well-define d in term s of monodisper -
sity and sphericity ) in variou s electrolyt e solution s canno t be explaine d by DLV O 
theor y alon e [26] . 

The dramati c preventio n of bubbl e coalescenc e by the additio n of electrolyte s 
[27] is anothe r goo d exampl e of a simpl e observatio n in complet e contradictio n of 
DLV O theory . Thi s proces s is importan t in frot h flotation  bu t is no t at al l under -
stood . 

One of the mos t elegan t demonstration s of the inadequac y of thi s theor y was 
presente d by Laskowsk i and Kitchene r [28] . The y demonstrate d tha t the conversio n 
of water-wetting , clea n hydrophili c silic a to non-wetting , methylate d silic a coul d no t 
be explaine d by DLV O force s becaus e bot h double-laye r and Van der Waal s force s 
remaine d unaltere d afte r the methylatio n process . Tha t is, in bot h case s the theor y 
predict s tha t a stabl e wettin g film  shoul d be formed , whic h is no t observed . 
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Observation s of thi s natur e hav e bee n mad e ove r a t leas t th e las t fifty  year s 
and ther e hav e bee n two mai n explanation s proposed . On e of thes e is derive d 
from the universa l proble m in surfac e chemistr y of contamination . In man y system s 
the surfac e are a is low and the adsorptio n of som e othe r unknow n materia l may 
completel y alte r the surfac e interactio n forces . However , thi s is no t likel y in very 
high surfac e are a system s suc h as in swellin g clays . A relate d proble m is tha t of the 
colloi d surfac e reactin g with the dispersio n fluid,  as in the case of the propose d gel -
laye r formatio n on silic a [29] . Of course , the polywate r episod e itsel f was cause d by 
dissolutio n of silic a and othe r material s from the surfac e of the capillarie s in whic h 
this so-calle d new stat e of wate r was forme d [30] . 

The othe r explanatio n is base d on the reasonabl e suppositio n tha t the presenc e 
of a surfac e may alte r the natur e of the fluid  in the region s clos e to the surface . 
Such an effec t wil l give rise to solvatio n force s betwee n colloid s whic h ar e no t 
describe d in the DLV O model . Thi s ide a goe s bac k to at leas t 1876 , whe n Clerk -
Maxwel l suggeste d [31] tha t the orderin g of wate r molecule s in thi n films  migh t 
exten d severa l molecula r diameters . Thi s ide a was also take n up by Hard y [32] , bu t 
he anticipate d tha t suc h effect s migh t exten d hundred s of microns , whic h is muc h 
furthe r tha n wor k in recen t year s has indicated . Kruy t and Bungenber g de Jon g [33] 
used the idea of solvatio n force s directl y in a colloida l syste m to explai n the stabilit y 
of biocolloids . 

Althoug h indirec t experimenta l evidenc e for thes e type s of interparticl e force s 
has bee n amasse d ove r at leas t the las t eight y years , it is only in the las t ten year s 
tha t theorie s of liqui d structur e hav e bee n develope d and direc t surfac e forc e mea -
surement s mad e of sufficien t accurac y to tes t thes e theories . Th e autho r of thi s 
articl e has bee n involve d in som e of the experimenta l development s in thi s area , 
especiall y with the Surfac e Force s Apparatu s (SFA ) develope d by Israelachvil i and 
colleague s at the Australia n Nationa l Universit y in Canberra . Th e wide-rangin g 
result s on surfac e force s in aqueou s solution s obtaine d in recen t year s usin g thi s 
techniqu e are of direct , fundamenta l relevanc e to interparticulat e force s and colloi d 
stabilit y and som e of thes e result s are presente d here . 

A diagra m of the SFA is show n in Figur e 5. In thi s techniqu e multiple-bea m 
interferometr y is used to measur e the distanc e betwee n two , curved , macroscopi c 
crystal s of muscovit e mica [34] dow n to an accurac y of abou t ±0.0 2 nm (for very thin 
films). 

The tota l interactio n forc e betwee n thes e molecularl y smoot h crystal s is mea -
sure d usin g a sprin g device , wher e the deformatio n of the sprin g give s the forc e 
down to a sensitivit y of abou t 1 μΝ . Usin g thi s instrumen t it is possibl e to mea -
sure surfac e force s betwee n molecularl y smoot h mic a surface s in a wid e rang e of 
electrolyte , surfactan t and polyme r solution s as wel l as in non-aqueou s liquids . In 
addition , the mic a crystal s can be coate d to give hydrophobi c [35] and lipi d [36] 
bilaye r surface s and , mor e recently , metalli c surface s [37] . Th e techniqu e has also 
bee n successfull y use d with thin sapphir e crystal s [38] . Th e surfac e force s measure d 
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Fig. 5. Surface force apparatus (SFA) for directly measuring the total interaction forces between curved 
sheets of molecularly smooth muscovite mica. 

in thes e variou s system s can be directl y relate d to particle-particl e interaction s 
unde r simila r surfac e and solutio n conditions . 

Earl y wor k usin g the SFA techniqu e was aime d at testin g the validit y of th e 
DLV O theory . On e of the mos t remarkabl e result s was obtaine d for mic a crystal s 
interactin g in pur e wate r [39] whic h is show n in Figur e 6. Becaus e of the accurac y of 
the result s it was necessar y to use an exac t numerica l solutio n [40] to the Poisson -
Boltzman n equatio n and the theoretica l curve s are show n as solid lines . The limitin g 
boundar y conditio n of constan t surfac e charg e [41] was use d in thi s case . Th e long 
Deby e lengt h was as expecte d for pur e wate r equilibrate d with atmospheri c carbo n 
dioxid e and , in addition , the forc e maxim a at abou t 2.4 nm du e to the short-rang e 
Van de r Waal s attractio n was also observed . Th e agreemen t wit h DLV O theor y 
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Fig. 6. Total force F between mica surfaces of mean radius R separated by distance D in distilled water. 
The parameter FIR is equal to 2πΕ, where E is the corresponding interaction energy per unit area 
between flat surfaces. The solid line is calculated from an exact numerical solution to the Poisson-
Boltzmann equation (see text). The long Debye length is consistent with the low electrolyte concentra-
tion in distilled water. The surfaces jump into contact from a separation of about 3.4 nm because of Van 
der Waals attractive forces which, as predicted by DLVO theory, dominate at short-range. The surfaces 
are seen to jump because of the spring device used to measure forces (see Figure 5). AID = 0 the mica 
crystals are held in an adhesive primary minimum. These results are in excellant agreement with both 
electrostatic double-layer and Van der Waals forces. 

unde r thes e condition s is very close . It shoul d be pointe d ou t her e tha t becaus e of 
the sprin g device , use d to measur e forces , no measurement s can be mad e beyon d 
the forc e maximu m from whic h the surface s jum p togethe r into an adhesiv e primar y 
minimum . 

The separation s from whic h the mic a surface s jum p int o contac t and the force s 
measure d aroun d a secondar y minimu m can be use d to obtai n the attractiv e Van der 
Waal s forc e law. Result s from a serie s of thes e experiment s [42] are show n in Figur e 
7 for mic a surface s in aqueou s electrolyt e solutions . At separation s belo w abou t 7 
nm the force-la w follow s the non-retarde d Hamake r equatio n F/R  =  A/6D 2, wit h 
a Hamake r constant s = 2.2 x 10" 20 J. Th e mor e complicate d Liftshit z theoretica l 
calculatio n usin g spectra l dat a for mic a and wate r [20] is also show n for comparison . 
At separation s greate r tha n abou t 7 nm the forc e decay s mor e rapidly , as expecte d 
from the onse t of retardatio n effects . 

Thes e result s clearl y demonstrat e tha t the DLV O mode l represent s an accurat e 
pictur e of surfac e interactions . However , it turn s ou t tha t thi s complete  agreemen t 
is mor e the exceptio n tha n the rule ! Thi s is wel l illustrate d by Figur e 8, whic h 
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Fig. 7. Measured attractive forces between mica surfaces immersed in a range of aqueous electrolyte 
solutions. The open circles were obtained using a DLVO fit to the observed forces near the force 
maximum, whereas the filled circles were from systems with a secondary minimum. 
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Fig. 8. The interaction energy E per unit area between flat mica surfaces (calculated from the measured 
FIR values ) is shown as a function of separation distance D for a range of K+ salts in aqueous 
solution. As the concentration increases the observed Debye length decreases in accordance with Gouy-
Chapman theory. However, above a certain concentration the short-range jump into a primary minimum 
is replaced by a strong repulsive force, identified as a solvation or hydration force. 
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show s the effec t on the interactio n of addin g KCI/KNO 3 electrolyt e at increasin g 
concentrations . Althoug h the deca y lengt h of the force s is precisel y give n by the 
calculate d Deby e length , the short-rang e force s at the highe r concentration s ar e 
quit e unlik e thos e expecte d from DLV O theory . Instea d of a jum p to primar y 
minimu m no such minimu m was observe d and an additiona l short-rang e repulsio n 
arises . In orde r to understan d thes e result s it is importan t to realis e tha t the surfac e 
of the mic a crystal s is an almos t idea l ion-exchang e surfac e an d on immersio n 
in wate r almos t al l of th e origina l K+ ion s presen t on the cleave d surfac e ar e 
replace d by hydroniu m ions . On increasin g the K+ ion concentratio n thi s exchang e 
is reverse d and the mic a re-adsorb s thes e ions . Th e short-rang e repulsiv e forc e is 
clearl y relate d to the adsorptio n of thes e ions . Furthe r stud y of a wid e rang e of 
othe r cation s [43] confirm s thi s and , in addition , strongl y support s the ide a tha t the 
short-rang e repulsio n was due to the wor k require d to de-hydrat e thes e adsorbe d 
ions on forcin g the mica surface s together . Th e strengt h and rang e of the additiona l 
force was foun d to follo w the trend : 

La3+ > Mg 2+ > Ca 2+ > Li + ~ Na + > K+ > Cs + > H 30 + 

whic h is generall y consisten t with tha t expecte d for the degre e of hydratio n of thes e 
ions . The one exceptio n to this hydratio n by adsorptio n proces s (sometime s referre d 
to as secondar y hydration ) is the H^O * ion , whic h is the reaso n why DLV O force s 
wer e observe d in pur e wate r and no short-rang e repulsiv e force s ar e observe d for 
mica in acid solution s [39] . The explanatio n for thi s exceptio n mus t be relate d to 
som e kind of specifi c bondin g of the H + ion to the negativel y charge d oxyge n ring 
on the surfac e of mica . Thi s bindin g mus t be of sufficien t strengt h to remov e the 
hydratio n propertie s of the ion . It is possibl e tha t the proto n may actuall y penetrat e 
the mic a lattic e and henc e no t be presen t on the surfac e at all . Furthe r suppor t for 
this come s from the observatio n tha t the proto n has a significantl y stronge r bindin g 
energ y to mica tha n any of the othe r cation s studie d [43] . 

Close r examinatio n of the short-rang e force s in thi s syste m hav e led to the dis -
cover y of som e remarkabl e solven t structura l effects . Figur e 9 show s the measure d 
force s in KC1 solutio n jus t at the poin t wher e significan t hydratio n force s aris e [44] . 
From this dat a it is clea r tha t the short-rang e hydratio n repulsio n is actuall y oscilla -
tory with a periodicit y clos e to the size of a wate r molecule . Tha t suc h oscillation s 
in the forc e shoul d exis t for interaction s in very thi n films  was predicte d theoret -
ically from Mont e Carl o and molecula r dynamic s simulation s [45] . Stabl e state s 
exis t only at integra l number s of solven t molecule s wher e the packin g is the mos t 
favourable . Thi s oscillator y forc e has bee n identifie d as the sam e as tha t observe d 
in the so-calle d crystallin e swellin g of clay s [46] . The fact tha t a commo n clay min -
era l Na-montmorillonit e can be prevente d from swellin g by the additio n of calciu m 
salt s is use d in man y industria l processe s suc h as in agricultur e and oi l recovery . 
The swellin g of thes e paralle l aluminosilicat e layer s is prevente d beyon d abou t 0.9 
nm [47] on additio n of Ca 2+. Th e mos t likel y caus e of thes e specifi c distances , also 
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Fig. 9. Semi-schematic representation of the interaction law between mica surfaces in 0.15 M CaCl2 
solution. This figure was constructed from a combination of experimental and theoretical (dotted line) 
results on this system. The overall minimum at a separation of about 0.75 nm is apparently caused by 
an ion-ion correlation effect. The oscillatory structure is produced by molecular layering of water. This 
minimum is closely related to the well known effect of Ca2+ ions on swelling clays. 

observe d in othe r clay system s [47] , is the packin g of the wate r layers . However , the 
remainin g questio n as to why a particula r oscillatio n shoul d be strongl y adhesiv e has 
only bee n addresse d very recentl y [48] . 

In summary , it has bee n establishe d tha t thes e force s deca y with separatio n and 
oscillat e abou t whateve r backgroun d forc e is presen t — e.g. hydratio n force , double -
laye r or Van der Waal s force . Unde r certai n conditions , however , it is possibl e to 
obtai n a double-laye r forc e whic h is strongl y attractiv e only ove r a fairl y narro w dis -
tanc e region . Suc h a situatio n has bee n show n to aris e for divalen t counterions , such 
as Ca 2+, in highl y charge d clay swellin g system s [48] . Thi s attractio n arise s becaus e 
of ion-io n correlatio n effect s whic h ar e no t include d in the Poisson-Boltzman n 
equation . A schemati c diagra m of the resultan t tota l forc e is show n in Figur e 8. In 
this case the clay minera l woul d swel l only to a wate r separatio n of abou t 0.75 nm . 
Direc t experimenta l suppor t for thi s mode l has recentl y bee n obtaine d usin g the 
SFA techniqu e [47] . 

Althoug h thes e oscillation s or structura l solvatio n force s ar e of fundamenta l 
importanc e to the understandin g of clay swellin g in aqueou s and organi c solvents , 
mos t othe r colloida l solution s do no t contai n molecularl y smoot h particle s and it 
has bee n show n tha t unde r thes e condition s the oscillator y structur e is smoothe d 
out . Thus , for a roug h hydrate d surfac e suc h as polishe d silic a [49] and lipid bilayer s 
[24], only the backgroun d monotoni c hydratio n forc e has bee n observed . 
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Combinatio n of a short-rang e repulsiv e hydratio n forc e wit h a Van de r Waal s 
attractio n can produc e an adhesiv e minimu m (calle d a hydratio n minimum ) whic h 
is muc h weake r tha n a primar y minimum . Alteratio n of solutio n condition s can 
then caus e repeptizatio n (as is ofte n observed ) of the colloi d coagulate d int o thi s 
minimum , whic h woul d be impossibl e from a primar y minimum . 

Sinc e a hydrate d surfac e give s rise to short-rang e repulsiv e force s it is perhap s 
not surprisin g tha t a hydrophobi c surfac e give s an additiona l attractiv e forc e and 
this has indee d bee n observe d [35 , 50] . The force s measure d betwee n mic a surface s 
coate d wit h a hydrophobi c monolaye r ar e show n in Figur e 10. Thes e force s ar e 
muc h stronge r tha n thos e expecte d for Van der Waal s force s and at separation s less 
than abou t 10 nm, deca y exponentiall y with distance . Th e strengt h of the attractio n 
appear s to be relate d to the degre e of hydrophobicit y of the surface s and ther e is 
evidenc e tha t the attractio n has a wea k tai l extendin g ou t to mor e tha n 50 nm for 
the mos t hydrophobi c surfaces . However , it is possibl e tha t thi s longe r rang e forc e 
may originat e in som e residua l mosai c of charg e imbalanc e on eac h surface . 

Onc e thes e surface s hav e bee n pulle d int o adhesiv e contac t by thi s forc e it is 
interestin g to not e tha t on forcin g the m apar t agai n in wate r a cavitatio n proces s oc-
curs , producin g a bridgin g vapou r meniscu s betwee n the surfaces . Thi s phenomen a 

0 5 10 15 
D (nm) 

Fig. 10. A comparison of the magnitude of the hydrophobic interaction measured in three different 
systems and the non-retarded Van der Waals (VDW) force. The shaded limits of the VDW force were 
calculated using Hamaker constants of 2.2 x 10~20 J (as for mica|water|mica) and 5 x 10~21 J (as for 
hydrocarbon|water|hydrocarbon ). The lines are for three cationic surfactants adsorbed as monolayers 
on mica. 
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has bee n predicte d [51] for surface s with a wate r contac t angl e greate r tha n 90°. It is 
wort h pointin g ou t her e tha t eve n thoug h thi s attractiv e forc e is muc h stronge r tha n 
the Van der Waal s forc e for thes e system s a "hydrophobi c colloid " solutio n woul d 
stil l be stabl e for any significan t surfac e potentia l (e.g . >5 0 mV ) in dilut e electrolyte . 
However , as the Deby e lengt h of the solutio n approache s the deca y lengt h of the 
hydrophobi c attraction , coagulatio n woul d be expected . 

The precis e caus e and mechanis m for the interactio n betwee n hydrophobi c sur -
faces is clearl y comple x and has no t bee n fully elucidated . Thi s phenomeno n is of 
centra l importanc e in biologica l system s as wel l as industria l surfac e chemistr y pro -
cesses , such as frot h flotation.  In the latte r case , the attachmen t of a hydrophobi c 
particl e to an air bubbl e mus t involv e electrostatic , Van de r Waals , hydrophobi c and 
hydrodynami c forces . Bot h the air bubbl e and particl e surface s are usuall y charge d 
and may be considere d to be hydrophobic . Th e air bubbl e apparentl y has a nat -
ura l negativ e charg e [52] in pur e wate r bu t wil l tak e up a charg e determine d by 
adsorptio n of surfactant s presen t in the flotation  cell . Th e exten t of thi s adsorptio n 
will also determin e the hydratio n statu s of the bubbl e surface . Optimu m bubbl e 
captur e woul d be expecte d for a lowl y charge d or oppositel y charge d system , with 
both particl e and bubbl e hydrophobic . A stron g enhancemen t for captur e woul d 
only be expecte d for particle s with a wate r contac t angl e greater  tha n 90° , wher e 
spontaneou s cavitatio n has bee n observed . Suc h a high angl e is bot h unusua l and 
unnecessar y for efficien t flotation. 

Hydrodynami c force s involve d in particl e captur e depen d largel y on the size , 
shap e and densit y of th e particl e and th e viscosit y of the solution . Recen t SFA 
studie s hav e convincingl y laid to res t the suggestio n tha t the viscosit y of wate r may 
be highe r tha n bul k nea r to the particl e surface . Viscosit y measurement s [53] dow n 
to wate r films  as thin as 5 nm or less hav e produce d bul k value s eve n in the presenc e 
of solvatio n effects . 

As a final  example , the SFA techniqu e has also bee n use d to investigat e "steric " 
force s betwee n surface s in polyme r solutions . Lon g and short-chai n polymer s ar e 
often use d to stabiliz e colloid s (e.g . in paint s and inks ) by adsorptio n of a relativel y 
thick laye r whic h has the effec t of preventin g clos e approac h and henc e adhesio n of 
the particles . Klei n and Luckha m [54] measure d force s betwee n mic a surface s in a 
rang e of aqueou s polyethylen e oxid e solutions . Th e repulsiv e force s the y observe d 
extende d to abou t 80 nm, way beyon d the effectiv e rang e of Van der Waal s forces . 
The solvatio n of the polyme r chain s and thei r attachmen t to the particl e surfac e 
give rise to the repulsiv e force s and henc e stability . Thes e force s coul d therefor e be 
classe d as solvatio n forces . 

The effec t the adsorbin g polyme r has on colloi d stabilit y depend s also on surfac e 
coverag e [55] . Thus , at intermediat e to low coverag e significan t bridgin g can occu r 
betwee n particle s whic h produce s polyme r flocculation.  At high coverag e thi s is no t 
possibl e and if the chain s are solvate d the polymer-coate d particl e wil l be stabl e 
even in concentrate d electrolyt e solution . 
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Additio n of non-adsorbin g polyme r to the colloida l solutio n can give ris e to 
attractiv e force s due to depletio n laye r effect s [56] . Thes e force s aris e onc e the gap 
betwee n the interactin g surface s become s deplete d of polyme r compare d wit h the 
bulk density , tha t is whe n the separatio n distanc e approache s the radiu s of gyratio n 
of the polymer . 

Conclusion s 

The result s of surfac e forc e measurement s ove r the las t ten year s indicat e tha t 
the interactio n betwee n mos t colloida l particle s is wel l describe d by the classica l 
theor y of Poisson-Boltzman n electrostatic s and non-retarde d Hamake r force s a t 
separation s greate r tha n abou t 5-10 nm . Interaction s at shorte r distance s wil l ofte n 
be dominate d by the solvatio n propertie s of the colloi d surface . In som e case s (e.g . 
for highl y charge d surface s with divalen t counterions ) it has also becom e clea r tha t a 
mor e sophisticate d electrostati c theor y includin g ion size and ion correlatio n effect s 
is necessar y to adequatel y describ e short-rang e electrostati c forces . 

Finally , it is interestin g to not e tha t th e classi c definition s of lyophobi c and 
lyophili c colloid s are no t base d on the natur e of thei r surfaces , onc e formed . How -
ever , it is quit e clea r from thi s recen t experimenta l wor k tha t it is the natur e of thi s 
surfac e whic h is of the utmos t importanc e with regar d to colloi d stability . 
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Chapter  4 

Dispersion s  stabilit y  an d  dispersin g  agent s 

JANUS Z S. LASKOWSK I and ROBER T J. PUG H 

Introductio n 

Rotatio n proces s require s the use of variou s reagent s rangin g from collectors , 
throug h differen t group s of modifier s to frothers . Perhap s the mos t important , the 
collectors , are designe d to adsor b selectivel y ont o mineral s and rende r the m hy-
drophobi a Sinc e the treate d mineral s are quit e commonl y very simila r to eac h othe r 
from the crystallochemica l poin t of view , thei r separatio n requires , in additio n to 
collectors , the use of modifier s whic h enhanc e the selectivit y of the collectors . 

The grou p of flotation  modifier s include s a wid e variet y of bot h inorgani c and 
organi c reagents . The y are referre d to as activator s and depressants , dispersant s and 
aggregatin g chemical s (coagulant s and flocculants),  pH regulators , etc . 

The dispersant s ar e use d in the minera l processin g field  to preven t fine  par -
ticle aggregation ; in flotation  systems , thi s is quit e commonl y an aggregatio n of 
slime s (ver y fine  particles ) ont o coars e particles . Thi s so-calle d slim e coatin g is in 
many flotation  operation s responsibl e for poo r floatability  of valuabl e minera l con -
stituents . Remova l of slime s from the surface s of valuabl e coarse r particle s require s 
the use of dispersin g agents . Thus , it is obviou s tha t thes e agent s increas e flotation 
recovery , bu t may also increas e separatio n selectivity . In the system s wher e selec -
tive flocculation  is applied , dispersant s are used to preven t initia l heterocoagulatio n 
and by doin g this to furnis h the condition s for subsequen t selectiv e flocculation  [1]. 
Dispersant s hav e also recentl y foun d importan t application s as viscosit y reducin g 
agent s in wet grindin g [2] and in preparatio n of coal/wate r fuel s [3] . 

Depressant s are also use d to increas e flotation  selectivit y by inhibitin g flotation 
of unwante d minera l species . Sinc e dispersio n is associate d wit h an increas e in 
hydrophili c character , it is ofte n impossibl e to distinguis h betwee n dispersio n and 
depression , and som e chemical s are utilize d in flotation  processe s as bot h depres -
sant s and dispersants . Tb clarif y such terminologica l ambiguities , it wil l be necessar y 
to go bac k to basi c principles . 
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Dispersing/depressin g agent s in minera l processin g 

The functio n of a depressan t is the opposit e of tha t of a collector ; it inhibit s flota-
tion of a give n mineral . Thi s can be achieve d eithe r by (a)  preventin g collecto r from 
adsorbin g ont o a give n mineral , or by (b) makin g the minera l surfac e hydrophilic . 
Ther e are , therefore , variou s depressant s with quit e differen t mode s of action . 

Simpl e inorgani c chemical s suc h as pH regulators , or strongl y reducin g com -
pound s such as , for example , Na 2S, can be categorize d in the forme r grou p of flota-
tion depressants . The y can preven t the collecto r from adsorbing . Th e latte r grou p 
include s mostl y polymeri c hydrophili c compound s whic h form strongl y hydrophili c 
protectiv e layer s on minera l surfaces . Thi s usuall y also lead s to a displacemen t of a 
collecto r from minera l surface , bu t example s of a quit e differen t mechanis m are also 
known . For instance , Somasundara n [4] foun d tha t the oleat e flotation  of calcit e was 
depresse d with starc h bu t not by the classica l competitiv e adsorptio n mechanism . In 
the presenc e of starch , oleat e adsorptio n was foun d to be enhanced , and vice vers a 
starc h adsorbe d bette r ont o calcit e in the presenc e of oleate . Apparently , wha t was 
importan t her e was the formatio n of a strongl y hydrophili c laye r on calcite , whic h 
mad e flotation  impossible . 

Analysi s of the stabilizatio n process , whic h wil l be discusse d in detai l in th e 
next section , reveal s tha t ther e are basicall y two possibilitie s to preven t fine  soli d 
particle s suspende d in a liqui d from aggregating . Thi s can be accomplishe d eithe r 
by (a) increasin g coulumbi c repulsiv e force s (electrostati c stabilization) , or by (b) 
constructin g a physica l barrie r aroun d interactin g particle s whic h wil l preven t the m 
from approachin g on e anothe r to a distanc e wher e ther e is a significan t attractiv e 
force (steri c stabilization ) [5]. Accordin g to som e researcher s [6] , the rea l resistanc e 
to squeezin g ou t the intervenin g laye r is the difficult y of removin g solven t from the 
adsorbe d lyophili c stabilizer . Simpl e monomeri c compounds , mostl y inorganic , are 
used to increas e electrostati c repulsiv e force s betwee n interactin g soli d particles , 
whil e polymeri c compound s (bot h inorgani c and organic ) ar e utilize d to impos e 
also steri c effec t on the syste m [7] . Thus , the polymeri c substances , whic h adsor b 
onto minera l particle s and form hydrophili c protectiv e layers , use d as flotation 
depressants , are exactl y the sam e as thos e agent s classifie d int o the secon d grou p of 
dispersin g agents . The sam e modifyin g agents , such as pH regulator s for example , 
can also be use d as depressant s or as dispersants . Thi s result s from the fac t tha t 
H + and OH ~ are potentia l determinin g ions for man y minera l systems , and so they 
act primaril y by controllin g the surfac e charg e of minera l particles . In thi s way they 
affec t bot h interparticl e interaction s and collecto r adsorption . Sodiu m sulphide , a 
well know n depressin g agen t in xanthat e flotation  of sulphides , make s the minera l 
surfac e mor e negativel y charged , and so it is also affectin g the stabilit y of minera l 
dispersions . 

The classificatio n of bot h depressin g and dispersin g agents , and the compariso n 
of variou s groups , show s tha t the secon d grou p of dispersin g agent s and the secon d 
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grou p of depressant s includ e simila r compounds . Th e first  group s may be different , 
and we wil l no t discus s the similaritie s and difference s betwee n the m any furthe r 
here . 

Classificatio n of dispersin g agent s 

A classificatio n of dispersin g agents , whic h follows , is base d on the classificatio n 
offere d earlie r [7] and on tha t by Lovel l [8], 

Dispersin g agent s use d in the minera l processin g field  can be broadl y classifie d 
into inorgani c compounds , polymeri c dispersant s derive d from natura l sources , and 
syntheti c polymeri c dispersants . 

Inorganic  dispersants 

Probabl y bes t know n are sodiu m silicat e (wate r glass ) and sodiu m phosphat e 
salts . 

The compositio n of sodiu m silicat e can be expresse d by the genera l formul a 
of mNa 2OiSi0 2. Th e ratio  n/m , referre d to as the modulu s of sodiu m silicate , is 
quote d by Leja [9] afte r Vai l to vary from 1.6 to 3.75 . Klasse n and Mokrouso v [10] 
stat e tha t sodiu m silicat e whos e modula e vary from 2.2 to 3.0 are frequentl y use d in 
flotation. 

Sodiu m silicat e undergoe s hydrolysi s in aqueou s solutio n whic h result s in th e 
productio n of hydroxylate d species : Si(OH) 4, [SiO(OH) 3], [Si0 2(OH) 4]4-, bu t also 
dimeri c [Si 203(OH) 4]

2~, trimeri c [Si40 8(OH) 4] and probabl y othe r polymeri c species . 
Peskov , as quote d by Klasse n and Mokrouso v [10] , postulate d tha t aqueou s solu -
tion s of sodiu m silicat e may also contai n highl y charge d colloida l species . 

Polymerizatio n of sodiu m silicat e solution s with polyvalen t cation s improve s the 
dispersin g abilit y of the product . Yan g [11] describe d the preparatio n of a very stabl e 
dispersin g agen t in whic h Na 2Si0 3, Fe(N0 3)3.9H 20 and H 2S0 4 ar e reacte d at the 
ratio  of 5:1:1 . 

Sodiu m polyphosphate s ar e anothe r importan t grou p of inorgani c dispersants . 
Both linea r polyphosphate s and cycli c metaphosphate s are used . 

Linea r polyphosphate s form anion s of the genera l formul a [Pn0 3r t+i]^ +2)" . An 
orthophosphat e ion , a dipolyphosphat e ion P2C>7~ (pyrophosphate ) and tripoly -
phosphat e ion , P 30 ^ , show n below , belon g to this group . 

o~ o " o~ 

-o'lNo'lN^iN r 
0 0 0 
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The cycli c compound s includ e tetrametaphosphate , Na4?40i2 , and hexameta -
phosphate , NaöPoOig . The hexametaphosphat e formul a is show n below : 

Ό 

o ,p 
\ / 

Λ/ ρ\ 0 0 Ό U\ / \  // 
A 

0 

M 
/ \ _ -</ 

- o ^ o 

V 0 

k° 
/  V 0 

+ 6Na + 

Polymeric  dispersants 

Pofymenc  dispersants  denvedfrom  natural  sources 

(a)  Polysaccharides,  Starch  and  starch  derivatives.  Starc h contain s a water-solubl e 
straigh t chai n fraction , amylose , and a water-insolubl e branche d fraction , amy -
lopectin . Th e basi c structura l uni t for polysaccharide s is D-glucose , whos e chemica l 
structur e is show n schematicall y in Figur e la . As indicate d in Figur e lb , thes e ba-
sic unit s can be connecte d throug h a-1. 6 linkages , or a-1. 4 linkages . Whil e a-1. 6 
linkage s are presen t in the linea r amylose , bot h a-1. 4 and a-1. 6 linkage s appea r 
in amylopecti n with branchin g occurrin g approximatel y ever y 25 glucos e unit s [13 -
15]. Th e averag e numbe r of glucos e unit s pe r polysaccharid e molecul e is calle d the 
degre e of polymerization , DP. 

In an aqueou s solution , amylos e behave s as a rando m coi l or heli x wit h six 
glucos e residue s pe r turn . Th e heli x is hydrophobi c in the interior , and hydrophih c 
on the exterior . Branche d polymers , such as amylopectin , do no t see m to hav e such 
a structure . 

Unmodifie d cor n starc h is negativel y charge d [16] . Electrophoreti c studie s with 
potat o starc h in basi c solution s hav e show n migratio n of starc h toward s cathode , 
indicatin g negativ e charg e [17] . Thi s can be due to the ionizatio n of starc h hydroxyl s 
(pK abou t 12) as wel l as to som e impuritie s [18] . Modification , whic h can tak e 
plac e at the hydroxy l group s throug h oxidation , esterification , or ethe r formatio n 
can significantl y chang e the propertie s of the origina l material . Hydroxy l group s on 
C-6 are the mos t reactiv e [19] . 

Dextrin  is derive d from starc h by therma l degradatio n unde r acidi c conditions . 
Dependin g on the degre e of conversion , dextri n may exhibi t varyin g solubilit y in wa-
ter . Whit e dextrins , whic h are only slightl y converte d and hav e limite d solubilit y in 
water , are produce d at low temperatur e (80-120°C) . Th e yello w or canar y dextrin s 
are the product s of longe r conversio n time s (6-1 8 h) at highe r temperature s (150 -
180°C and with lowe r concentration s of acid) . Canar y dextrin s hav e a highe r degre e 
of conversio n and are 90-100 % solubl e in cold wate r [20] . Bot h starc h and dextri n 
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form colloida l system s in water . Th e mai n differenc e betwee n the m is tha t dextri n is 
a highl y branche d smalle r molecule , with its molecula r weigh t rangin g from 800 to 
79,00 0 [21 , 22] , wherea s starc h is mad e up of muc h large r molecule s of bot h linea r 
and branche d components . Dextrin s can also be produce d from starc h by the actio n 
of enzyme s (amylases , and cycli c Schardinge r dextrins) . 

Heatin g starc h to the rang e of 170-195° C withou t additio n of acid s lead s to 
Britis h gums . Bot h dextrin s and Britis h gum s hav e highl y branche d structure s and 
low molecula r weight s [15] . 

Also galactomannans  belon g to th e group s of branche d polysaccharides . Th e 
mos t importan t specie s containin g galactomannan s is guargum  [23] . Differen t steri c 
configuratio n of neighbourin g OH group s in gua r and starch , as depicte d below , was 
claime d to hav e a pronounce d effec t on muc h highe r reactivit y of gua r [24] . 

OH 
Galactomannan Starch 

Acidic  polysaccharides,  such as gum tragacant h (GT) , whic h is base d on polygalac -
turoni c acid (PGUA) , hav e also bee n describe d as efficien t stabilizer s [25 , 26] . Th e 
chemica l structure s of PGU A and GT are show n in Figur e 2a and b. 

Cellulos e constitute s the fibrous  tissu e of all plants , its long chai n polyme r is buil t 
from glucos e unit s bonde d by /5-1. 4 link . Of cellulos e derivative s the mos t widel y 
used is carhoxymethyl  cellulose.  Its glucos e uni t is show n below . Th e presenc e of 
a carboxyli c grou p make s it an anioni c polymer , whic h is fully ionize d in alkalin e 
solutions . 

(b)  Polyphenols.  Tannin  extracts,  quebracho  and wattle  bark,  as wel l as lignin,  are 
classifie d in this group . An excellen t revie w of the method s of thei r production , and 
thei r propertie s can be foun d in Leja' s classi c [9]. 

Woo d consist s of abou t 50% cellulos e fibers,  abou t 30% ligni n and 20 % carbohy -
drates . Tanni n extract s obtaine d from two type s of tree s ar e well-know n modifyin g 
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(a) OH 
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JH 
Dextrose molecule (Oi- D - (+) - glucopyranose 

(b) CH2OH 

branch point, (1-6) linkage 

H OH H OH H OH 

Glycosydic linkages connecting glucose units 

> A- 0'0" " 

Φ  ^ 
?  -

Dextrin 

Fig. 1. Starches and dextrins are polymers of dextrose monomeric units linked through 1-4 glycosidic 
joints in straight chain polymolecules, and 1-6 joints in branch chain polymolecules. 

agents : quebrach o and wattl e bark . Th e chemica l compositio n of quebracho  is show n 
below : 

n = 1 - 2 00 

MW = 2 0 0 - 50 000 

Lignin,  whic h bind s togethe r the cellulos e fibers  of wood , represent s an extremel y 
comple x mixtur e of monomeri c cycli c specie s with polymer s whic h are bot h two - and 
three-dimensional . A  dioxypheny l propy l unit , whic h Lej a quote s as an importan t 
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repeatin g uni t of mos t ligni n components , is depicte d below : 

- 0^ O ^ C H2 ~ C H2 

—o 

Lignin  sulphonates  hav e foun d broa d application s as dispersin g agents . 
Humic  acids  and thei r sodiu m salt s wil l also be classifie d in thi s grou p (humi c 

acid s are now commerciall y availabl e [27]) . Thes e are highl y reactive , amorphous , 
predominantl y aromati c comple x anioni c polyelectrolyte s wit h carboxyli c and phe -
noli c group s [28] . Accordin g to Jense n et al . [29] , coa l oxidatio n involve s two si-
multaneou s bu t unrelate d reaction s whic h resul t in the developmen t of acidit y and 
skeleta l breakdow n (degradation) . Th e latte r lead s to the alkal i solubilit y of coa l 
with the dissolve d produc t bein g humi c acids . By the way , one of the method s use d 

(a) 
COOH OH COOH 

Y OH \J Κ ήπ Ν 

Λζ2  ψγ\ 
COOH 

OH 

LJf T 

OH COOH 

(b) 
Esterified carboxyl group (hydrophobic) 

COOH 

Fig. 2. Chemical structure of polygalacturonic acid (a) and gum tragacanth (from Yokohama et al. [25] 
with permission). 
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to determin e coa l oxidatio n consist s in the boilin g of a coa l sampl e in NaO H solu -
tion , followe d by the colorimetri c determinatio n of the humi c acid s in the pregnan t 
solutio n [30] . Humi c acids , also referre d to as humi c substances , appea r widel y in all 
natura l water s [31] and impar t brow n or yello w coloratio n to them . Dependin g on 
the source , humi c acid s may widel y differ . The y form complexe s with metalli c ions , 
clays and othe r aluminosilicat e mineral s [32, 33] . 

Synthetic  pofymenc  dispersants 

Pofygycol  ethers.  Any organi c compoun d containin g reactiv e hydrogen , as in alcohol s 
(ROH) , carboxyli c acid s (RCOOH) , alky l phenol s (RC 6H4OH) , etc. , can reac t with 
alky l oxide s (C^H^O ) givin g polyox y derivative s as in the followin g example : 

ROH + nCH2 —CH2—ROC2H4OC2H4- -OH 

O 

Sinc e the wate r molecule s are affixe d to the ethe r oxyge n by hydroge n bonding , 
the oxyethylen e chai n impart s hydrophili c propertie s to the molecul e and thu s the 
surfac e activit y and solubilit y depen d finally  on the numbe r of ethox y unit s in the 
molecul e and the numbe r of carbo n atom s in R. In othe r words , the hydrophile -
lipophil e balanc e (HLB ) of the molecul e can the n be controlle d by a numbe r of 
ethoxy-unit s and by a numbe r of carbo n atom s in the side chai n R. 

Condensatio n product s of propylen e and ethylen e oxide s wit h methy l alcoho l 
(or othe r alcohols ) form an importan t grou p of the flotation  frother s (fo r exam -
ple , Dowfrothers) . Polyoxyethylen e nonylphenols , show n schematicall y below , hav e 
emulsifyin g and dispersin g abilities . 

The grou p of syntheti c polymeri c dispersant s als o include s variou s pofyelec-
trotytes,  suc h as low molecula r weigh t polyacrylate s (e.g . Cataflo t manufacture d by 
Pierrefitte-Aub y Co ) [34] , low molecula r weigh t copolymer s of the polyacrylat e type 
(e.g . Dispex  manufacture d by Allie d Colloid s Ltd.)  [35] , etc . Man y reagent s of thi s 
and the simila r type hav e recentl y bee n offere d unde r variou s trad e name s [2] ; thei r 
chemica l composition s wer e not , however , disclosed . 

It is worth y of mentio n tha t all wate r solubl e polymer s can eithe r be use d as 
flocculants  or dispersants . Whil e the forme r are linea r and are characterize d by high 
molecula r weigh t (aroun d and abov e 106), the latte r ar e of low molecula r weigh t 
(in the rang e of 104) and may be of branche d structure . On e must , however , bea r 
in min d tha t all polymer s unde r certai n conditions , irrespectiv e of thei r molecula r 
weight , and especiall y at high concentration s may caus e dispersio n [36 , 37] . 
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Particl e interaction s in disperse d system s 

In mos t minera l processin g operation s such as flotation,  wet grinding , dewatering , 
and pumpin g in general , the slurr y contain s a mixtur e of differen t particle s and is 
subjec t to turbulenc e and shea r forces . Th e degre e of turbulenc e can vary accordin g 
to the typ e of operatio n and ofte n depend s on the desig n of the equipment . Fo r 
example , in a flotation  cel l the flow  condition s depen d on the typ e of impeller , 
the geometr y of the insert s and the volum e of the vessel . Typica l impelle r rotatio n 
speed s are in the orde r of 3 s" 1 and althoug h the primar y functio n of the stirrin g 
is to generat e air bubble s and produc e bubble-particle s collisions , it also serve s to 
whir l up and re-dispers e the large r particle s and floes  from the bas e of the tank . In 
addition , it help s to redistribut e the reagen t throughou t the pulp . 

Anothe r importan t aspec t to conside r is the wid e particl e size rang e involved . 
Generally , in the Minera l Processin g Industry , particle s are classifie d int o coarse , 
and fine  fractions . Th e so-calle d 1-1 0 μτη  slim e fraction , however , is no t trul y 
colloidal . Unde r thes e circumstance s it is importan t to conside r th e influenc e of 
particl e size on the interparticl e interaction s particularl y wit h respec t to Brownian , 
hydrodynamic , gravitationa l or inertia l effect s resultin g from fluid  shear . 

Warre n [38] emphasize d the fact tha t surfac e force s suc h as Van de r Waals , elec -
trostati c and Brownia n motio n can only dominat e ove r gravitationa l and inertia l 
force s for particle s in the 0.1 μτα  size range . For large r particle s in the 1-10 μι η size 
range , the inertia l and gravitationa l force s are mor e dominan t unde r non-quiescen t 
flow  condition s and the fluid  can confe r enormou s energie s to the particles . Unde r 

Electrostatic repulsion Buoyancy 

Fig. 3. Forces acting on and between the particles in a suspension in laminar flow (from Warren [38] 
with permission). 
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thes e latte r conditions , the mechanica l force s can caus e coagulatio n by overcomin g 
the repulsiv e energ y barrier s betwee n particles , or the y may aid dispersio n by forc -
ing particle s apart . In Figur e 3, the force s actin g on particle s unde r lamina r flow 
condition s are illustrated . 

Sinc e it is ofte n necessar y to hav e precis e contro l of the stat e of the dispersion s 
for the whol e rang e of particl e size s to preven t los s in recover y or reductio n in 
grade , all thes e force s mus t be take n int o consideration . Generally , the suspensio n 
contain s dissimila r particle s and the overal l behaviou r can successfull y be controlle d 
by additio n of a dispersin g agent . Simpl e chemica l dispersant s produc e a stron g 
electrostati c repulsiv e forc e betwee n interactin g particles . In addition , particle s may 
also be stabilize d by the adsorptio n of a hydrophili c polyme r (steri c stabilization) . 
Finally , in man y case s stabilizatio n can be achieve d by a combinatio n of bot h steri c 
and electrostati c stabilization . Thes e thre e case s are considere d in Figur e 4. 

To begi n with , we wil l discus s the principle s governin g electrostati c stabilizatio n 
but it is also importan t to conside r the effec t of hydrodynami c condition s (interac -
tion s unde r condition s of Brownia n diffusio n and fluid  shear) . 

Particle  interactions  underperihinetic  conditions  (DLVO  theory) 

Over the pas t sixty year s or so mos t colloida l stabilit y theor y has bee n base d on 
perikineti c phenomenon , wher e the liqui d is assume d to be stationar y and collision s 
occu r from Brownia n translationa l motion . Essentiall y Brownia n motio n is therma l 
in origi n and follow s rando m statistics . Also , for particle s in the 0.1 μτα  size range , 
inertia l and gravitationa l effect s can be neglected . DLV O theor y [39] , whic h serve s 
as the mai n framewor k for electrostati c stabilit y studies , deal s wit h the pairwis e 
interactio n of particle s by the summatio n of the potentia l energ y of electrostati c 
repulsio n (KE) and the Van der Waal s attractio n (V A): 

VT =  VE + VA (1 ) 

a) b) c) 

Fig. 4. The stabilization of mineral particles by: (a) electrostatic charge achieved by change in pH or the 
adsorption of charged ions from solution; (b) steric stabilization achieved by adsorption of an uncharged 
polymer; (c) a combination of steric and electrostatic stabilization achieved by adsorption of a charged 
polymer. 
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A usefu l practica l form of expressin g VA  and VE  to allo w for dissimila r particle s 
(with surfac e potential s ψ\  and ψ2) wit h unequa l size s (radi i a\  and a2) ha s bee n 
formulate d by Hogg , Heal y and Fuerstena u [40] and take s the form : 

VE =FX  S- \ΐφιφ 2\η 

and : 

VA =  -F  — 
6H0 

wher e A  is the ne t Hamaker-Londo n constan t for materia l 1 and 2 in mediu m 3 
and is give n by A  =  A\2 +  ^33 —  ^13 —  ^23 , F  is the form factor , αχα 2/(αι  +  a2), 
K is the Debye-Hücke l reciproca l lengt h paramete r whic h is relate d to the ioni c 
strengt h of the medium , ε is the di-electri c constan t of the liquid , and H0 is the 
interparticl e separatio n distance . In the cas e of monodisperse d particles , a\  =  a2 
and for a syste m with only one type of particle , φχ  = ψ2. 

In usin g equation s (2) and (3) , it is usuall y assume d tha t the surfac e potential s 
ψι  and ψ2 ar e relativel y low and can be replace d by the zet a potentia l of th e 
minera l particles . Also , two limitin g case s are implied : (a) completel y relaxe d doubl e 
layers , and (b) tota l unrelaxe d doubl e layer s as the particle s approach . Th e first 
correspond s to constan t potential  of the interactin g surface s and the secon d to 
constan t charg e density . Recen t experiment s sugges t tha t for man y case s the rea l 
situatio n is somewher e intermediat e in betwee n thes e two extremes . 

From equatio n (1) , the tota l potential  energ y of interactio n (VT) give s a potentia l 
energ y agains t interparticl e separation , and the curv e whe n plotte d agains t distanc e 
exhibit s severa l characteristi c feature s whic h can be used to describ e the stabiht y of 
the system . Essentially , a "primar y minimum " exist s at clos e distance s of separatio n 
and a "primar y maximum " heigh t (VMAK) whic h act s as a barrier . Thi s maximu m 
mus t be surmounte d befor e the particle s fal l int o th e "primar y minimum " and 
mak e contac t (coagulate) . If we conside r two particle s colliding , the n the amoun t of 
energ y involve d wil l be abou t 10" 20 J (&k BT)  wher e kB is the Boltzmann' s constan t 
and T  the temperature . In principle , whe n FMAX is sufficientl y hig h in term s of k^T 
(i.e . at leas t 5&βΓ) , the particle s wil l no t be abl e to surmoun t th e barrie r and the 
dispersio n wil l be stable . 

At large r interparticl e separatio n distances , a secondar y ne t attractio n or "sec -
ondar y minimum " (K MIN) may also be predicte d from th e potentia l interparticl e 
distanc e plot , whic h become s dee p enoug h wit h particle s large r tha n a few mi-
cron s to caus e interparticl e association . In Figur e 5, the tota l potentia l energ y of 
interactio n versu s interparticl e distanc e curve s sho w fou r classe s of shape s wit h 
large variation s in stability . In the first  case (curv e A),  the particle s experienc e no 
repulsiv e force s and fall directl y int o the dee p "primar y minimum" . Unde r thes e 
circumstance s "fas t coagulation " occur s and the syste m is completel y unstable . In 

1 + exp(—KH0) 
.1 - exp(-K/f0) + (^ 2 + ^ ) l n [ l εχρ(-2κΗ 0)]\  (2 ) 
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case B,  coagulatio n in the primar y minimu m may be prevente d by a fairl y hig h FMAX 
energ y barrier , bu t "wea k coagulation " may occu r in the secondar y minimum . Thi s 
"secondar y minimum " effec t is mor e pronounce d wit h particle s of larg e radi i and 
for flat  particle s tha n wit h spherica l ones . It is interestin g to not e tha t whil e th e 
potentia l energ y agains t coagulatio n (FMAX) rise s approximatel y proportionat e to 
the increas e of particl e radius , the dept h of KMIN is also increasin g wit h the radius . 
This fact suggest s tha t large r size d particles , whic h are prevente d from reachin g the 
primar y minimum , are likel y to deposi t in the "secondar y minimum" . Particle s held 
in the secondar y minimu m (whic h is no t deep ) ar e separate d by a thi n disjoinin g 
film  and may diffus e ou t agai n producin g a disperse d system , wherea s the primar y 
minimu m is too dee p to allow the trappe d particle s to escape . An interestin g featur e 
of the secondar y minimu m instability , whic h has bee n reporte d to hav e bee n iden -
tified in severa l experimenta l systems , is tha t the particle s may underg o rotationa l 
and Brownia n motion . In Figur e 5, curv e C, the FMAX valu e is sufficientl y hig h 

> o GC LU 

o Q_ 

INTERPARTICLE 
* DISTANCE 

Fig. 5. Total potential energy versus interparticle distance curves between two particles showing four 
different types of interactions. A = fast coagulation into primary minimum; B = weak secondary 
minimum coagulation; C = no primary coagulation due to high FMAX energy barrier; D = spontaneous 
dispersion of particles ( indicates particle contact). From Tabor [41] with permission. 
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to preven t coagulation , and finally  curv e D  represent s only stron g repulsiv e force s 
producin g a disperse d system . 

Generally , the primar y minimu m stabilit y wil l be reduce d by lowerin g Vy^x  (by 
reducin g the electrostati c repulsio n term) . In practice , thi s may be achieve d eithe r 
by increasin g the ioni c strengt h of the solutio n whic h decrease s κΓ 1 (th e doubl e 
laye r thickness ) and "screens " ou t the surfac e charge , or by decreasin g the surfac e 
potential , ψ  of the particles . 

The  rate  of  coagulation  (Smoluchowski/Müller  theory) 

Smoluchowsk i originall y formulate d th e theor y of fas t coagulatio n (assumin g no 
^τ , VA  or PR ) f° r monodisperse d spherica l particle s formin g doublet s and th e 
equation s wer e late r elaborate d by Mülle r [43] . Smoluchowsk i [42] showe d tha t 
the rapi d rat e of disappearanc e of primar y particle s —  (dN/dt) f in the initia l stag e 
of the fast perikineti c coagulatio n proces s coul d be expresse d simila r to tha t of a 
bimolecula r reactio n by: 

fdN 
v. . Λ\τ2 

-u-j,-*^ ·
 <4 ) 

wher e N0 is the numbe r of primar y singl e particle s per uni t volum e initiall y present , 
and kl

v is the fast perikineti c rat e constant . For rapi d coagulatio n (in the absenc e of 
an energ y barrier ) then : 

*J =  SwDR  (5 ) 

wher e R is the collisio n diamete r or distanc e betwee n the centre s of the two particle s 
at whic h a lastin g contac t is formed . In the case of particle s of radi i ayR =  2a.  Th e 
diffusio n coefficien t for singl e particles , D  =  k^T/6πηα.  Hence , th e rat e of fas t 
perikineti c coagulatio n of the monodisperse d particle s may be expresse d by: 

_  m)'.  ^Ϊ Μ  (6 ) 

However , in the earl y derivatio n of thes e equation s no accoun t was take n of 
the effect s of hydrodynami c interactions , F R or VA betwee n particles . Subsequen t 
analysi s of the proble m showe d tha t if diffusio n in the presenc e of a potentia l energ y 
barrie r is considere d (slo w coagulation ) the n DLV O theor y mus t be take n int o 
consideratio n and a perikineti c collisio n facto r (a p) , whic h quantifie s the fractio n of 
collision s leadin g to agglomeration , and a perikineti c slow rat e constant , k*  may be 
introduced , wher e k^  = α ρ χ  k^.  Unde r thes e condition s the rat e of slow perikineti c 
coagulation , -(dN/dt) s

p ca n be expresse d by: 
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and the ap valu e can be relate d to a perikineti c stabilit y facto r (W p) by: 

aP ~ 77Γ  ( 8) 
Wx p 

In addition , from DLV O theor y it was show n tha t Wp(i,2 ) the perikineti c stabilit y 
facto r betwee n particle s 1 and 2, coul d be relate d to the interparticl e potential , V\2 
by the equation : 

* w 
f°°  V 12 dr 

, 2 ) = 2 ä / e x p - ^ - (9 ) 

wher e r is the distanc e betwee n the centre s of the two particles , i.e . r =  a\+a 2+H 0 
and ä =  (αχ  +  ß 2)/2 . 

Equatio n (9) can be presente d in an approximat e form by: 

wher e FMAX (se e pag e ?? and Figur e 5) is define d as the maximu m heigh t of the 
potentia l energ y barrier . 

Thes e equation s hav e bee n use d by Pug h and Kitchene r [45] to comput e a serie s 
of stabilit y curve s relatin g JPp(i,2 ) to the radi i a\  and a2, and the surfac e potential s 
ψι>  ψ2 of two specie s for variou s value s of the Hamake r constant s and the Debye -
Hücke l reciproca l lengt h parameter , κ.  Plot s wer e compute d for bot h constan t 
charg e and constan t potential  conditions . In addition , a roug h guid e to secondar y 
minimu m coul d be evaluate d from th e curves . Thes e plot s give a usefu l genera l 
guid e to the stabilit y of electrostaticall y charge d colloida l dispersions . 

Ove r the pas t 35 year s the DLV O theor y has bee n generall y successfu l in de -
scribin g stabilit y of colloida l particle s unde r perikineti c conditions . However , it is 
importan t to not e the followin g restrictions . 

(1) The theor y only applie s to monodisperse d electrostaticall y charge d sols whic h 
collid e to form doublets , a quantitativ e theor y of polydisperse d slurrie s is far too 
comple x to be derive d at present . Eve n wit h mode l colloids , the Smoluchowsk i 
approac h applie s only to the earl y stages , i.e . the interactio n betwee n two particles , 
but in high solid pulp s severa l interaction s may occu r simultaneously . Als o accordin g 
to Verwe y and Overbee k [46] orthokineti c collision s wit h particle s become s mor e 
importan t as the earl y aggregate s grow ove r 1  μνα  in size . Th e perikineti c stag e is 
henc e only a mino r proces s in the coagulatio n of moderatel y concentrate d slurries ; 
the majo r proces s is the orthokineti c stag e wher e sweepin g up of the smal l particle s 
by hydrodynami c collision s with smalle r one s occurs . 

(2) Van der Waal s and doubl e laye r interaction s are only considered . "Structural " 
hydratio n and hydrophobi c interaction s are no t included . Ther e is no genera l theor y 
to dea l with thes e additiona l forces , becaus e suc h force s ofte n depen d on specifi c 
feature s of the surface . 
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(3) Th e theor y only applie s to colloid s with smooth , wel l characterize d surfaces . 
It is sometime s difficul t to appl y thi s knowledg e to mineral s wit h roug h and dirt y 
surfaces . 

Althoug h DLV O theor y can ofte n be use d to predic t primar y minimu m coagula -
tion for mode l colloida l systems , the theor y has bee n foun d to be less successfu l 
in explainin g secondar y minimu m effects . Fo r example , in DLV O theor y a de -
creas e in electrolyt e concentratio n increase s κ" 1 an d decrease s the dept h of th e 
secondar y minimu m or remove s it altogether . Also , in man y concentrate d colloida l 
mode l system s containin g monodisperse d spherica l particles , a decreas e in elec -
trolyt e concentratio n has bee n show n to produc e a stabilize d ordere d phase . Thi s 
can be explaine d by an increas e in the rang e of the electrostati c repulsiv e force s 
and as the concentratio n of the particle s is increased , a situatio n is reache d whe n 
the particle s maintai n repulsiv e contact s ove r a long perio d of time . Suc h colloida l 
order-disordere d transition s canno t be explaine d by DLV O theory . In concentrate d 
suspension s all particle s interac t simultaneousl y with severa l neighbourin g particle s 
and to som e exten t the simple r type s of mode l system s can be treate d successfull y 
by statistica l thermodynamics . 

The essentia l structura l feature s of an electrostaticall y stabilize d aqueou s disper -
sion of charge d monodispersed , spherica l colloida l particle s are show n schematicall y 
in Figur e 6. Thi s show s tha t at intermediat e electrolyt e concentration s (10" 3 M) and 
low volum e fraction , the sol undergoe s rando m Brownia n motio n wit h constan t re -
pulsio n as the particle s collide . If the electrolyt e concentratio n is reduce d (10~ 5 M) , 
the rang e of the electrostati c repulsio n (as indicate d by the circula r dashe d line ) 
become s extende d producin g a large r effectiv e "charge d particl e diameter " beyon d 
the tru e diameter . Thi s can restric t the movemen t of particle s so they form an or-
dere d structure . Th e degre e of orde r depend s on particl e size , polydispersit y and 
can lead to a liqui d typ e stat e or crystallization . Mos t of thes e studie s hav e bee n 
mad e with mode l polyme r colloids . Fro m structur e analysi s by smal l angl e neutro n 
scatterin g it has bee n show n tha t the dispersion s of spherica l particle s can exis t in 
state s whic h are analogou s in structur e to the molecula r state s of vapours , liquids , 
crystal s and gase s [47] . Althoug h such structure s canno t occu r in concentrate d min -
era l suspension s sinc e the particle s are nonspherica l with a wid e distributio n in size , 
the electrica l doubl e laye r wil l stil l play an importan t rol e in definin g the stabilit y 
and rheology . 

Particle  interactions  under  orthokinetic  conditions 

Gentl e stirrin g cause s coagulatio n du e to the liqui d velocit y gradien t whic h in-
duce s differen t interparticl e velocitie s leadin g to collisions . Earl y theoretica l studie s 
deal t wit h unidirectiona l flow  at a constan t velocit y gradient . Thi s is difficul t to 
achiev e in practic e bu t the annula r gap betwee n coaxia l rotatin g cylinder s (couvette ) 
are usuall y take n as the neares t conditions . In recen t year s man y attempt s hav e bee n 



130 Janusz S. Laskowski and Robert J. Pugh 

mad e to exten d th e simplifie d theorie s dealin g with unifor m shea r fields  to velocit y 
gradient s unde r turbulen t flow  condition s whic h are mor e realisti c in practice . 

Smoluchowsk i [42] studie d simpl e orthokineti c coagulatio n (i n a  lamina r flow) 
for monodisperse d particle s and formulate d the fast coagulatio n rat e as : 

(W\ f _ 

at Jo" 

32 
Dva

3N? (11) 

wher e D v is th e mea n velocit y gradient , an d in th e cas e of a  slow orthokineti c 
coagulation : 

dNV  _ 

dt ) 0 ~ 
y )  a^flX

2 
(12) 

wher e a 0 is the collisio n facto r unde r orthokineti c conditions . 
From equation s (6 ) an d (12) , an d assumin g th e collisio n factor s ar e equal , 

a0 =  a p, i.e. , th e rati o of th e collisio n rate s by orthokineti c agglomeratio n an d 
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the collisio n rate s of perikineti c coagulatio n are abou t the sam e then : 

(disr/di) p k BT η c ; 

Also providin g tha t the volum e of soli d remain s constan t durin g the coagulatio n 
process , and tha t it can be define d by φ = (4π/3)α 3Ν0, the n equatio n (12 ) can be 
re-expresse d as : 

-(if)  =-WV* o  (14 ) 
V dr j 0 7Γ 

If we assum e additivit y of the separat e mechanisms , the tota l rat e of coagulatio n 
of particle s of any size may be expresse d by: 

fdNV  MBTKT2̂ 8φΌ νΝ0 
Vdiy o +p

 p 3η  π 
(15) 

Usuall y at low mea n velocit y gradient s for particle s with d > 1  /im , the first  term 
become s negligible . For particle s with d <  1  /im , the secon d ter m become s less 
importan t tha n the first  term . 

Thes e fairl y simplifie d model s essentiall y appl y to monodisperse d particles . Fo r 
polydisperse d systems , the particl e size and distributio n of particl e size s can hav e a 
comple x influenc e on the kinetics . Th e rate s at whic h heterodisperse d system s co-
agulat e has bee n summarize d by Stum m and Morga n [47] for the variou s transpor t 
mechanism s (i.e . Brownia n diffusion , fluid  shea r and differentia l settling) . 

Furthe r theoretica l development s to orthokineti c coagulatio n theor y hav e bee n 
mad e by Curti s and Hockin g [48] who improve d on the Smoluchowsk i contribu -
tion to shea r induce d coagulatio n of interactin g uncharge d spherica l particle s by 
introducin g the Van der Waal s attractio n term . Late r Batchele r and Gree n [49] im-
prove d the hydrodynami c solution s for binar y interactions . Mor e recen t advance s 
wer e mad e by Van de Ven and Maso n [50-52 ] in whic h DLV O theor y was in-
cluded , however , thes e calculation s are restricte d to lamina r shea r flow.  Zeichne r 
and Schowalte r [53] presen t a mor e genera l approac h and conside r non-equationa l 
trajectorie s with uniaxia l extensiona l as wel l as lamina r shea r flow. 

Unde r lamina r shea r flow  condition s severa l researcher s foun d tha t a suspensio n 
containin g larg e particle s (« 1 /im ) coul d becom e unstabl e at very low shea r rat e 
due to agglomeratio n in the DLV O secondar y energ y minimum , and , yet , stabl e at 
intermediat e shea r rate s du e to the larg e hydrodynami c force s whic h are sufficien t 
to pus h the particle s ou t of the shallo w secondar y minimum . At hig h shea r rates , 
the syste m become s agai n unstabl e becaus e the hydrodynami c force s are the n larg e 
enoug h to overcom e KMAX, the primar y energ y barrier , and to allo w the particle s to 
coagulat e into the primar y minimum . Stabilit y shea r domain s plot s relatin g stabilit y 
to surfac e potential  and ioni c strengt h for monodisperse d particle s ar e show n in 
Figure s 7 and 8, respectively . Essentiall y the stabilit y diagram s defin e th e stat e of 
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Fig. 7. The effect of surface potential and shear rate on stability. The system is unstable at low and 
high shear rates but remains stable at intermediate values [from Van de Ven and Mason [51] with 
permission). 

the dispersio n as a functio n of dimensionles s group s characterizin g th e relativ e 
strengt h of the interparticl e and viscou s forces . 

Turbulent  flow  conditions 

For turbulen t condition s the situatio n become s extremel y complex . Theorie s of 
coagulatio n hav e bee n derive d by Cam p and Stei n [54] , Saffma n and TUrne r [55] and 
Levic h and Probstei n [56] . Generally , assumin g homogeneou s isotropi c turbulence , 
two differen t mechanism s hav e bee n considere d whic h depen d on the particl e size , 
relativ e to the microscal e lengt h of turbulenc e (λ 0) where : 

(16) 

wher e v  =  η/ρ  is the kinemati c viscosity , and ε  is th e averag e rat e of energ y 
dissipatio n pe r uni t mas s of suspension . Typicall y λ0 has a magnitud e of 25 μτη  in 
stirre d tanks . 

For smal l particle s (relativ e to λ 0), assumin g tha t ther e is no energ y barrie r 
to preven t coagulation , the n from a simplifie d interpretatio n of the Smoluchowsk i 
orthokineti c kinetics , the rat e of coagulatio n unde r turbulen t flow  condition s can be 
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given by: 

~d7 
oc 

o/t 

e\Vl 

- J  (ai  +  a2)
3N1N2 

(17) 

wher e N\  and ΛΓ2 are the concentration s of particle s of radi i a\  and a2, respectively , 
and assumin g no brea k up of the floes  occurs . 

For large r particle s (a  >  λ 0) : 

^λ  o c O O V  +  a 2)^N xN 2 
dt 

(18) 
o/t 

Chia an d Somasundara n [57] hav e studie d th e coagulatio n of fine  anatas e an d 
coars e oleat e coate d calcit e minera l particle s unde r intens e agitatio n usin g thes e 
equations . Unfortunately , the theorie s wer e difficul t to verify , sinc e in man y system s 
the large r aggregate s brea k up abov e a  critica l size an d it is necessar y to introduc e 
so-calle d break-u p models . In laborator y experiments , thi s effec t can b e see n from 
particl e size measurement s wher e a  maximu m size coagul a is produced . 

The influenc e of intens e agitatio n o n th e stat e of a  dispersio n ha s also bee n 
studie d in theor y an d practic e by Tom i an d Bagste r [58 , 59] . Som e qualitativ e pre -
diction s wer e mad e of th e size of th e aggregate s produce d unde r hydrodynami c 
force s in industria l equipmen t and thes e prediction s wer e teste d wit h a  flocculated 
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Fig. 8. The effect of ionic strength and shear rate on stability. The system is unstable at low and 
high shear rates but remains stable at intermediate values (from Van de Ven and Mason [51] with 
permission). 
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galen a suspension . It was show n tha t the aggregate s buil d up to a maximu m size and 
thereafte r a slow proces s of irreversibl e degradatio n occurs . 

Stenc  stabilization 

In additio n to low molecula r weigh t inorgani c dispersin g agent s whic h operat e by 
stabilizin g electrostaticall y the particles , polymer s are ofte n use d to stabiliz e steri -
cally the minera l particles . In fact , high molecula r weigh t polymer s suc h as protein s 
and gum s hav e a long histor y as stabilizin g agents . Steri c stabilizatio n betwee n ad-
sorbe d polyme r layer s was first  discusse d by Helle r and Pug h [60] , althoug h steri c 
hindranc e was also considere d by Koelma n and Overbee k [61] in 1954 . Th e pres -
ence of an exces s of non-adsorbe d polyme r can caus e depletio n stabilizatio n bu t this 
is no t considere d in the presen t text . 

Althoug h the theoretica l aspect s of the mechanis m of steri c stabilizatio n by ad-
sorbin g polyme r is stil l no t wel l understoo d today , it is clea r tha t an additiona l 
repulsiv e term , Vs, mus t be introduce d int o equatio n (1) to accoun t for th e repul -
sive componen t cause d by the overla p of the adsorbe d polyme r oute r segment s as 
they begi n to overlap . Hence , the tota l interactio n equatio n (1) mus t be modifie d to : 

VT =  VE +  VA +  Vs (19 ) 

wher e V$  is a shor t rang e structura l ter m and rise s rapidl y at shor t interparticl e 
distances . Severa l theoretica l approache s hav e bee n mad e to describ e steri c stabi -
lization . Thes e hav e bee n reviewe d by Sat o and Ruc h [62] and generall y fall int o 
two mai n groups : (a) entropi c stabilizatio n theories , and (b) osmoti c stabilizatio n 
theories . In the entropi c theories , the layer s of adsorbe d polymer s do no t penetrat e 
whe n the particle s collid e bu t the compressio n effect s caus e a decreas e in entropy . 
This result s in an increas e in Gibb s free energ y causin g interparticl e repulsion . 

Accordin g to the osmoti c theories , the polyme r chain s can penetrat e on collisio n 
causin g an increas e in Gibb s free energ y due to the reductio n of polyme r chain s in 
contac t with the dispersio n mediu m whic h increase s the enthalpy . Als o the configu -
rationa l entrop y of the adsorbe d polyme r is reduced . 

Both type s of approache s are comple x and controversia l and verificatio n of thes e 
theorie s is extremel y sparse . Experimenta l studie s of steri c interaction s hav e so far 
bee n restricte d to homopolymer s adsorbe d on mica . A numbe r of surfac e forc e mea -
surement s hav e bee n reporte d bu t thes e experiment s only give dat a whic h represen t 
the very slow approac h of the two mica sheets . Mos t of the theorie s of steri c inter -
action s are equilibriu m theorie s bu t in practic e it appear s unlikel y tha t two rapidl y 
approachin g minera l particle s unde r therma l motio n or shea r wil l no t respon d to the 
equilibriu m conditions . Steri c force s are time-dependen t and rate-dependen t du e to 
the rheologica l behaviou r of adsorbe d polymers . Also , in the cas e of ioni c polymer s 
the adsorbe d layer s can also effec t VE and VA in additio n to Vs. 
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For a highl y solvate d macromolecula r film,  the refractiv e inde x and henc e th e 
effectiv e London-Hamake r constan t wil l be clos e to the valu e of water . Unde r thes e 
circumstance s the laye r wil l contribut e only wea k interparticl e attractiv e force s (V A) 
whe n the layer s touc h and we can assum e tha t the layer s are no t easil y compressed . 
For extende d hydrate d polyme r chain s whic h may be compresse d it is necessar y to 
predic t the configuratio n change s to calculat e the elasti c forc e (or osmoti c pressur e 
to remov e solven t from the coating ) and this is extremel y difficult . 

Unfortunately , man y of thes e model s for th e treatmen t of steri c repulsio n ar e 
rathe r too sophisticate d and uncertai n to appl y to disperse d minera l systems . How -
ever , for practica l purpose s an estimat e can be mad e of th e thicknes s of the ad -
sorbe d laye r require d for steri c stabilizatio n of a spherica l particl e providin g no 
compressio n occur s and if we selec t a mode l wher e ther e is only Van de r Waal s 
attraction , and the repulsio n become s infinit e as soo n as the adsorbe d layer s com e 
into contac t ("non-penetration " of adsorbe d polyme r layers) . Unde r thes e circum -
stance s the approachin g particle s wil l be held in an energ y minimum , the dept h of 
which , VM, depend s on the thicknes s of the adsorbe d layer . 

If we tak e V^ 1 to represen t the tota l energ y of attractio n betwee n two equal -
sized spherica l particle s of the sam e minera l (1) in wate r (2) (whe n the polyme r lay-
ers coatin g the two approachin g particle s touch) , the n thi s valu e shoul d be greate r 
than kBT,  th e averag e kineti c energ y per particl e in orde r tha t stickin g wil l occu r on 
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Fig. 9. Systematic representation of the potential energy of interaction versus interparticle distance 
curves for two approaching mineral particles with a film thickness of adsorbed dispersant of 7/™m/2. In 
order for sticking to occur KMIN > kßT. Two situations are considered with a thin and a thick adsorbed 
film. 
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contac t (Figur e 9) . If the valu e is less tha n kBT  the particle s wil l no t stic k bu t wil l 
redisperse . 

The energ y of attractio n at shor t interparticl e distance s may be represente d by: 

v
™  =  -iw 0

xf  (20 ) 

wher e a is the particl e radius, / is the retardatio n factor , and H0 is the interparticl e 
distance . 

The shortes t interparticl e distanc e of separation , i f ™m, for the particle s to remai n 
stabl e whe n the particle s are touchin g (assumin g V™  «  -k BT a t this point ) can be 
given by: 

12k BT J v } 

The requiremen t for stabilit y is tha t a particl e mus t hav e a minimu m film  thicknes s 
of adsorbe d dispersan t ofH™ m/2.  Th e retardatio n effect s on the Londo n force s (/ ) 
may be calculate d from the equation s derive d by Schenke l and Kitchene r [63] so 
tha t equatio n (21) may be re-expresse d as : 

Hmm  = ^™_  (  1  \  for 0 < <  2 (22 ) 
12k BT \l  +  1.71p 0J

 r v } 

and : 

wherey4i2 i is the Hamake r constan t of the minera l (2) in wate r (l),p 0 =  2πΗ 0/λΛ, 
and Aa is the wavelengt h correspondin g to th e intrinsi c electroni c oscillatio n of 
atom s («100 0 Ä for the mineral s in water) . Usin g thes e equation s th e minimu m 
film  thicknes s of the dispersan t (to establis h stability ) can be relate d to the particl e 
radiu s for minera l particle s disperse d in wate r (see Figur e 10) . 

Hydration  forces 

The DLV O theor y was develope d from two type s of interaction s —  electrica l 
doubl e laye r repulsio n and Van der Waal s attraction . Mor e recently , discrepancie s 
in DLV O theor y hav e bee n explaine d by additiona l force s whic h ar e though t to be 
of a "structural " natur e and aris e from the re-arrangemen t of wate r molecule s nea r 
the interface . Th e structura l force s are know n to be importan t at clos e distance s 
and produc e eithe r repulsio n in the liquid s tha t ar e abl e to we t th e substrate , 
or attractio n whe n the soli d is poorl y wette d by the liqui d [64] . Th e hydrophobi c 
structur e force s can caus e a very stron g attractio n [65] . Th e developmen t of a theor y 
for structura l force s is toda y only in the initia l stage s [66, 67] . 
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Estimate s of the rang e of thes e force s hav e varie d from a  few molecula r diame -
ters to muc h large r distances . Wit h high molecula r weigh t hydrate d dispersant s such 
as starc h and tannin s the hydratio n forc e appear s to be combine d wit h the steri c 
repulsio n force . Thi s may be explaine d by the simpl e fact tha t a steri c stabilise r re -
quire s the polyme r to hav e som e degre e of hydration . At first  sight , thi s suggest s tha t 
steri c stabilizatio n by polymeri c surfactant s automaticall y involve s hydratio n forces . 
However , recen t studie s hav e show n tha t a low molecula r weigh t polyethylen e ox-
ide can stabiliz e and ac t as depressan t and dispersan t for colloida l tal c particle s 
[68]. Wit h suc h a short-chai n nonioni c surfactant , steri c stabilizatio n appear s un -
likely . Sinc e the efficienc y of steri c stabilizer s generall y decrease s wit h decreas e in 
chai n lengt h and increas e in flexibility,  it seem s likel y tha t man y low molecula r 
weigh t nonioni c hydrophili c polymer s stabiliz e colloida l system s by hydratio n force s 
to som e extent . Wit h hig h molecula r weigh t polyethylen e oxid e (PEO ) polymer s 
probabl y a combinatio n of steri c and hydratio n force s arise . Particle s stabilize d by 
PE O typ e molecule s can be destabilize d if the solvenc y of wate r for the PE O chai n 
is reduced , for exampl e by addin g larg e amount s of electrolyte , or by increasin g the 
temperature . 

Generally , repulsiv e hydratio n force s occu r wheneve r molecule s ar e strongl y hy-
drate d or wate r is strongl y boun d to hydrophili c group s suc h as -OH , -PO^" , 
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Fig. 10. Steric stabilization of mineral particles with adsorbed dispersant film. The minimum thickness 
of the film (7/™,n/2) to achieve stability versus the radius of the particle, a: Fused quartz particles in 
water with Am - 0.8 x 10~20 J; b: A1203 in water with Λγιι = 4x 10~20 J; c: clay particles in water 
with 1̂2i = 2x 10"20J. 



138 Janusz S. Laskowski and Robert J. Pugh 

-N(CH3)3 , etc. , and thei r strengt h depend s on the energ y neede d to disrup t th e 
ordere d wate r structur e and ultimatel y dehydrat e th e end group s of the adsorbe d 
molecules . Th e effectivenes s to induc e hydratio n effect s depend s on suc h factor s 
as the size of the hea d group , the numbe r of hea d group s and thei r mobihty . In 
the case of macromolecula r depressan t films  such as starches , tannins , polyphenols , 
dyes , etc. , wher e the molecule s are associate d with multitude s of hydrophili c groups , 
it may be suggeste d tha t the stron g ion-dipol e effect s may impos e a structur e on 
the neighbourin g water . Th e exten t tha t thes e force s propagat e int o solutio n woul d 
depen d upo n the conformatio n and typ e of adsorbe d polymer . 

Anothe r exampl e wher e hydratio n forc e arise s is wher e high concentration s (> 1 
mM ) of hydrate d cationi c counterion s are adsorbe d on mineral s (i.e . clay surfaces) . 
This has bee n demonstrate d by the surfac e forc e apparatu s [69] . Two mica surface s 
in concentrate d electrolyt e solutio n are graduall y pushe d together . At clos e dis -
tance s dehydratio n of the cation s mus t occur , leadin g to an increas e in free energ y 
and repulsion . Th e valu e of the repulsiv e forc e increase s with the hydratio n of the 
adsorbe d catio n followin g the lyotropi c serie s Li + « N a + > K + >  Cs + and hav e 
bee n show n to be exponentia l wit h a deca y lengt h of abou t 1 nm . At low ioni c 
strengt h no hydratio n forc e was foun d and the repulsio n followe d DLV O theory . 

Dispersin g agent s at solid/liqui d interface s 

Inorganic  dispersants 

Accordin g to Leja [9], wate r glas s (sodiu m silicate ) and polyphosphate s are use d 
primaril y to contro l the charg e densit y at the solid/liqui d interface . Thi s make s the m 
typica l dispersin g agents ; at highe r concentrations , the y are also use d as flotation 
depressants . 

Man y author s believ e tha t polysilici c acid belong s to the mos t activ e specie s in 
sodiu m silicat e aqueou s solutions . Sinc e the polymerizatio n involve s bot h H3S1O 4 
ion and Si(OH) 4 molecul e it depend s on pH , bu t it is also accelerate d by polyvalen t 
cations , and an increase d temperatur e speed s up the polymerizatio n proces s [70] . 

Synergisti c effect s of polyvalen t cation s and sodiu m silicat e wer e extensivel y in-
vestigate d by Russia n authors . Fatt y acid adsorptio n on suc h mineral s as fluorite, 
barite , calcite , etc. , was foun d to decreas e in the presenc e of sodiu m silicate . Sodiu m 
silicat e activit y was foun d to be extremel y sensitiv e to the presenc e of polyvalen t 
cations . Klasse n and Mokrouso v [10] reviewe d thes e work s and conclude d tha t 
the formatio n of polysilici c acid seeme d to be responsibl e for increase d activit y of 
sodiu m silicate . 

Polysilici c acid (a wea k acid ) is partl y ionize d in aqueou s solutions . Its adsorp -
tion mus t lead to an increase d negativ e charg e of the soli d and , consequently , mus t 
stabiliz e minera l system s agains t aggregation . Th e result s of direc t sedimentatio n 



Dispersions stability and dispersing agents 139 

experiment s whic h suppor t suc h a conclusio n can be foun d in technica l literatur e 
[10]. Parsonag e et al . [71] are of the opinio n tha t polymeri c sodiu m silicat e adsorb s 
by multipl e wea k bond s to form hydrate d layer s at the minera l surface . In conse -
quence , dispersio n is du e to bot h an increase d negativ e zet a potentia l value s and 
hydrate d layers . 

Generally , it may be expecte d tha t goo d complexin g agent s wil l exhibi t hig h 
adsorption . Sinc e polyphosphate s hav e stron g affinit y for the surfac e and can adsor b 
eithe r electrostaticall y or by hydroge n bonding , or by formin g stron g covalen t bond s 
with a numbe r of metalli c cations , thes e are very powerfu l dispersin g agent s [72] . 

In a very extensiv e comparativ e stud y of variou s dispersin g agent s for cassiterit e 
suspensions , aminopolyphosphate s and polyphosphate s wer e foun d to the mos t ef-
fectiv e [73] . 

Changge n and Yongxi n [74] conclude d tha t whil e the zeta potentia l of the studie d 
mineral s (scheelite , calcite , fluorite)  was becomin g muc h mor e negativ e in the pres -
ence of polyphosphates , they wer e no t abl e to detec t any adsorptio n of polyphos -
phat e anion s on the minera l surfaces . Th e adsorptio n of sodiu m oleate , whic h was 
used as a collecto r in the flotation  of the mineral s the y studied , was muc h lowe r 
whe n thes e mineral s had bee n first  contacte d with polyphosphates . Base d on thes e 
observation , the quote d author s [74] postulate d tha t phosphate s form complexe s 
with calciu m and selectivel y dissolv e calciu m ion s from th e minera l surface . Thus , 
this mechanis m impart s a negativ e charg e to the particle s via decreasin g the numbe r 
of positivel y charge d activ e center s on the minera l surface . 

A mixtur e of sodiu m salt s of cycli c hexametaphosphori c acid and linea r dimeri c 
pyrophosphori c acid (H4P2O7 ) is a commerciall y produce d dispersan t unde r th e 
trad e nam e Calgon . 

Organic  polymeric  dispersants 

Wher e a smal l bu t finite  adsorptio n affinit y exist s for a monomeri c substance , 
adsorptio n is greatl y enhance d on goin g to an analogou s polymeri c compound . Th e 
reaso n is simpl y tha t the mea n translationa l energ y of all molecules , larg e or small , 
remain s at 3/2(k#T) 9 wherea s the adsorptio n energ y increase s proportionall y to 
the numbe r of links , thu s the probabilit y of adsorptio n rise s steepl y wit h molecu -
lar weight . To illustrat e thi s point , Kitchene r uses , as an example , polyphosphat e 
effectivenes s in impartin g a stron g negativ e charg e to oxide s [75] . 

Sinc e in thi s chapte r we are dealin g wit h dispersants , on e has to bea r in min d 
tha t a too lon g hydrocarbo n chai n of an organi c polyme r may eventuall y lea d to 
flocculation  [34, 76] . In accordanc e wit h thi s principle , polysaccharide s of lowe r 
molecula r weight , suc h as dextrins , are commonl y use d as dispersants , wherea s 
starche s are also used as flocculants. 

The mechanis m of interactio n of polysaccharide s with minera l surface s was stud -
ied extensivel y by Iwasak i and his co-worker s [17 , 77-80) . Sinc e electrophoreti c 
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Fig. 11. Adsorption of corn starch on hematite (H) and quartz (Q) (from Balajee and Iwasaki [17] with 
permission). 

test s reveale d tha t in alkalin e solution s potat o starc h migrate d toward s the cath -
ode , indicatin g its negativ e charge , Balaje e and Iwasak i [17] postulate d tha t starc h 
is mor e strongl y adsorbe d on less electronegativ e hematit e tha n on quartz . Thei r 
experimenta l adsorptio n result s are show n in Figur e 11. 

It is obviou s tha t coulombi c repulsiv e force s actin g betwee n the minera l surfac e 
and starc h molecule s hinde r adsorption , bu t the adsorptio n is obviousl y cause d 
by nonioni c interactions . In thi s and othe r case s of starc h adsorption , hydroge n 
bondin g is silentl y believe d to be primaril y responsibl e for adsorption . 

Klasse n in his monograp h on coa l flotation  [81] , reviewe d variou s experimenta l 
data on the adsorptio n of dextri n and of starche s on coa l and conclude d tha t bot h 
mak e the coa l surfac e very hydrophilic . Flotatio n of coa l was show n to be depresse d 
in the presenc e of dextri n and starch . Klasse n pointe d ou t tha t branche d polysac -
charide s wer e superio r depressants . In line with thes e findings,  Wie and Fuerstena u 
[82] showe d tha t dextri n depresse s the floatability  of molybdenite . J. Mille r and 
his co-worker s [22 , 83] obtaine d simila r result s for othe r hydrophobi c minerals . All 
thes e dat a led to the hydrophobi c bondin g theory . 

Our test s with carboxymethy l cellulos e [84] clearl y indicated , however , tha t whil e 
carboxymethy l cellulos e adsorbe d strongl y ont o high qualit y Ceylo n graphite , it did 
not adsor b on the sam e graphit e whic h was furthe r purifie d by leachin g with acids . 
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Fig. 12. Adsorption isotherm of carboxymethyl cellulose on original high quality graphite and graphite 
purified further by leaching, pH 5.5, 25°C; 800 and 700 stand for molecular weight of carboxymethyl 
cellulose of 80,000 and 700,000, respectively (from Solari et al. [84]). 

Obviousl y this treatmen t remove d adsorptio n center s suc h as Fe , Ca and Mg from 
the graphit e surface , and thi s completel y altere d the adsorptio n isother m from a 
high affinit y typ e to a low affinit y type (Figur e 12) . 

Followin g thes e results , Liu and Laskowsk i [85-87 ] reinvestigate d the mod e of 
adsorptio n of dextri n ont o minera l surfaces . In thes e tests , pur e quart z was used as a 
mode l of a hydrophili c solid , methylate d quart z [SS]  was used as a mode l hydropho -
bic surface ; in som e test s bot h wer e also activate d by treatmen t with lead . Dextri n of 
low molecula r weight , the sam e tha t was use d by Wie and Fuerstena u [82] , did no t 
adsor b ont o eithe r hydrophili c quart z or methylate d hydrophobi c quartz . Dextrin , 
however , did adsor b quit e strongl y ont o bot h hydrophili c and methylate d hydropho -
bic quart z activate d with lead (Figur e 13) [86] . 

The result s of Figur e 14 [85] revea l the effec t of pH on the interactio n betwee n 
dextri n and Pb(N0 3)2 in aqueou s solution . As seen , in the pH rang e from 10 to 
11 bot h dextri n and lead interact , co-precipitate , and disappea r from the solution . 
As show n in Figur e 13, dextri n is strongl y adsorbe d ont o lead-coate d quart z exactl y 
over the sam e pH range . 
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Fig. 13. Effect of pH on adsorption of dextrin on pure hydrophilic quartz (Q), quartz made hydrophobic 
by methylation (MQ), lead-coated hydrophilic quartz (PbQ) and hydrophobic methylated lead-coated 
quartz (MPbQ), initial concentration of dextrin was 50 ppm (from Liu and Laskowski [86]. 

Thes e result s are furthe r corroborate d by adsorptio n isotherm s show n in Figur e 
15 [86].  As it is seen , low affinit y typ e isotherm s wer e obtaine d for hydrophili c 
and hydrophobi c quart z sample s whic h did no t contai n any metalli c adsorptio n 
centers . Hig h affinit y typ e adsorptio n isotherm s obtaine d for the sample s containin g 
lead indicat e stron g chemica l in natur e interactio n betwee n the lead coate d surfac e 
and dextri n in the pH rang e from 9 to 11 . Base d on the infrare d spectra , it was 
postulate d tha t the interactio n betwee n Pb(OH) 2 and dextri n take s plac e accordin g 
to the reactio n [85, 86] : 

c —OH 
/ 

—  c-o s 
+ H O-

C—OH 
/ 

c—o -
/ 

>Pb> 4- H30 + (24) 

In lin e with thi s mode l it was show n tha t it was possibl e to separat e galen a from 
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pH 
Fig. 14. Effect of pH on the residual concentration of dextrin and lead, after centrifuging at 8000 rpm 
for 3 min. Residual concentration of dextrin: 1 - dextrin solution; 2 - dextrin-Pb(NC>3)2 solution. 
Residual concentration of lead: 3 = Pb(NC>3)2 solution; 4 = PB(NC>3)2-dextrin solution (from Liu and 
Laskowski [85]). 

chalcopyrit e in the flotation  with xanthat e and dextri n whe n the pH was accordingl y 
adjuste d [87] . 

Thes e findings  will requir e a lot of additiona l wor k to clarif y all the interrelate d 
question s befor e a comprehensiv e adsorptio n model , whic h wil l tak e int o accoun t 
all experimenta l facts , is pu t forward . It is to be pointe d out , however , tha t ther e 
is no doub t tha t the primar y reaso n for dextri n adsorptio n ont o quart z is the pres -
ence of metalli c adsorptio n center s (Figure s 13 and 15) , bu t th e surfac e whic h 
was hydrophobi c and containe d lead , adsorbe d mor e dextri n tha n th e hydrophili c 
lead-coate d quartz . Thi s suggest s tha t whil e the surfac e hydrophobicit y is no t the 
primar y facto r in dextri n adsorptio n ont o solids , it stil l contribute s to the behaviou r 
of dextri n at suc h an interface . Hydrophobicit y of the matri x on whic h lea d ad -
sorptio n center s res t seem s to enhanc e furthe r dextri n adsorptio n by the synergisti c 
effec t betwee n the dextrin-minera l surfac e chemica l interactio n and som e typ e of 
hydrophobi c bonding . 

It is wort h pointin g ou t tha t accordin g to Rubi o and Kitchene r [89] and Rubi o 
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[90], a  combinatio n of hydroge n bondin g and hydrophobi c interactio n are responsi -
ble fo r the adsorptio n of polyethylen e oxid e on minera l surfaces . Th e ethe r group s 
whic h provid e aqueou s solubilit y of the PE O and presumabl y operat e as hydrogen -
bon d acceptor s to wate r molecule s are also capabl e of actin g as link s to hydrophili c 
substrates . Th e CH2CH 2 group s in PE O ar e sufficientl y hydrophobi c to lead to 
physica l adsorption . A s a  resul t PE O adsorb s ont o thos e mineral s whic h may be 
referre d to as hydrophobic . In line with this concep t PE O was foun d to adsor b ont o 
anthracite , bu t no t ont o strongl y oxidize d anthracit e [91] . 

Parsonag e an d Marsde n [73 ] pointe d ou t tha t alcoholi c -O H group s d o no t 
confe r dispersan t propertie s on a  molecule , however , if hydroxybenzen e ha s -O H 
group s on adjacen t carbo n atom s (catecho l an d pyrogallol) . Thes e group s dissoci -
ate whe n adsorbin g on positiv e site s increasin g th e solid ne t negativ e charge . Th e 
effectivenes s of hydroxybenzene s as dispersant s fo r cassiterit e was furthe r greatl y 
increase d by introducin g carboxy l group s into thei r molecules . A simila r mechanis m 
was earlie r postulate d by Baldau f and Schuber t [92] . 

Lin and Burdic k [24] conclude d tha t galactomanna n with two neighbourin g -O H 
group s in a  dextros e uni t in cis-configuratio n shoul d hav e bette r abilit y to associat e 
with adsorptio n site s on th e minera l surfac e tha n starc h o r dextrin . Thei r flotation 
result s obtaine d wit h potas h or e seem to confir m tha t galactomanna n exhibite d 
bette r dispersin g propertie s tha n dextrin . 

0 40 80 120 160 200 
EQUILIBRIUM CONCENTRATION DEXTRIN, ppm 

Fig. 15. Adsorption isotherm of dextrin on different quartz samples (symbols as in Figure 13; from Liu 
and Laskowski [86]). 
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It is obviou s tha t larg e polysaccharid e molecule s wit h thei r grea t numbe r of 
hydrophili c group s interactin g strongl y with wate r wil l also impos e steri c effect s on 
the dispers e system . Suc h effect s wer e foun d whe n gum arabi c was use d to stabiliz e 
suspension s of calcite , dolomit e and apatit e [71] . 

In the stud y on the effec t of gum tragacant h (an acidi c polysaccharid e base d on 
galacturoni c acid ) on the stabilit y of the polystyren e late x dispers e system , pH was 
discovere d to hav e littl e effec t on the adsorptio n isother m of the gum , bu t influ -
ence d significantl y the stabilit y [93] . Gum tragacant h turne d ou t to be an effectiv e 
stabilize r at low concentration s and at low pH values . As the pH was lowered , the 
thicknes s of the adsorbe d laye r increase d significantl y du e to the chang e of confor -
matio n at the surfac e resultin g from the formatio n of loop s and tails . Suc h thic k 
adsorbe d layer s on the late x particle s provide d stron g steri c repulsiv e forces . 

Schulz e et al . [94] maintai n tha t tannin s becom e chemisorbe d on th e calciu m 
mineral s throug h Ca 2+ ions , eithe r in the surfac e of the minera l lattic e or as Ca 2+ 

adsorbe d on it from the solution . Pur e quart z canno t be floated  with oleate , bu t in 
the presenc e of Ca 2+ ion s floats  very wel l at pH 12. Additio n of quebrach o depresse s 
such a flotation  very efficientl y and confirm s tha t quebrach o is mainl y adsorbe d by 
"calciu m bridging " [95] . 

Solubl e ligni n derivative s are commonl y use d as chea p dispersin g agents . In the 
extensiv e stud y on the effec t of sodiu m lignosulphonat e on dispersio n of T1O2 sus -
pensio n it was establishe d tha t adsorptio n of the ligni n on rutil e increase d the stabil -
ity of the suspensio n [96] . The bes t lignosulphonat e dispersant s for T1O2 wer e thos e 
with molecula r weigh t from 10,00 0 to 40,000 . The result s also indicate d tha t the dis -
persio n powe r correlate d approximatel y with the sulphu r content . Strongl y anioni c 
lignosulphonate s wer e also show n to adsor b ont o negativel y charge d polystyren e la-
tex particles , bu t the ligni n with the lowes t degre e of sulphonatio n gav e the highes t 
adsorptio n [97 , 98] . The zet a potentia l of the late x particle s stabilize d wit h ligno -
sulphonat e was foun d to be very sensitiv e to concentration s of Ca 2+ ion s and thi s 
was mirrore d by the dependenc e of the stabilit y of the lignin-stabilize d late x on con -
centratio n of Ca 2+ ions . Thi s demonstrate s tha t electrostati c effect s play a very im-
portan t rol e in the stabilizatio n mechanis m with lignosulphonates . Lignosulphonat e 
was also foun d to be an efficien t stabilize r of barit e suspension s [99] , 

O'Meli a [100 ] maintain s tha t the surfac e propertie s and stabilit y of colloida l sus -
pension s in natura l water s are affecte d by naturall y occurrin g organi c substance s 
(humi c acids ) dissolve d in thes e waters . His revie w indicate s tha t severa l author s 
note d tha t all solid s becom e moderatel y electro-negativ e in natura l seawate r and 
this seem s to be due to the adsorbe d organi c matter . Thes e observation s also in-
dicat e tha t colloid s in river s can be stabilize d by dissolve d organi c matter , bu t ar e 
destabilize d by magnesiu m and calciu m ion s throug h specifi c chemica l and elec -
trostati c interaction s wit h thes e ions . Whil e humi c substance s stabiliz e hematit e 
suspensions , calciu m ion s enhanc e coagulatio n of suc h system s [101] . Humi c sub -
stance s adsor b on alumin a and kaolinit e and impar t negativ e charg e to the particles . 
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Fig. 16. Model for adsorption of nonionic polyoxy-surfactant onto hydrophobic (A) and hydrophilic (B) 
surfaces, and corresponding adsorption isotherms (from Clunie and Ingram [107] with permission). 

Calciu m enhance s th e adsorptio n of organi c matte r ont o alumin a a t high pH , an d 
reduce s it s adsorptio n a t pH less tha n 7-8 . Humi c acid s wer e also show n to adsor b 
onto hydrophobi c solids , suc h as graphite , an d to rende r the m hydrophili c [102] . 
Measure d stabilit y factor s indicate d variatio n in particl e stabilit y amon g Swis s lakes . 
The lake s with dissolve d organi c conten t less tha n 2  mg 1"1 exhibi t substantia l co-
agulation , wherea s colloida l system s wer e foun d to be quit e stabl e in the lake s with 
dissolve d organi c conten t in the 3- 5 mg Γ 1 rang e [100] . 

All thes e result s indicat e tha t humi c substance s ar e quit e efficien t stabilizers ; 
they see m to increas e stabilit y throug h bot h electrostati c an d steri c effects . Th e 
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use of humi c substance s as stabilizer s may , however , be quit e complicate d for the 
followin g reasons . Accordin g to Jense n et al . [29] , the molecula r weigh t of humi c 
acid s obtaine d by oxidizin g coa l may rang e from less tha n 600 to mor e tha n 10,000 . 
Humi c matte r is also leache d and extracte d from brow n coal , pi t [103] , soil , natura l 
waters , etc . Man y functiona l groups , such as carboxylic , phenoli c and alcoholi c -O H 
as wel l as amin o acids , hav e bee n identifie d in suc h matte r [33 , 104] . Th e numbe r 
of product s identifie d in humi c matte r followin g chemica l degradatio n procedure s 
amounte d to 100 or mor e [105] . It is obviou s the n tha t the chemica l compositio n of 
thes e substance s varie s enormousl y and tha t the use of suc h an ill-define d stabilize r 
can lead to quit e unexpecte d results . 

Polyox y surfactant s ar e anothe r grou p of commo n dispersants . Ottewil l [106 ] 
studie d the effec t of suc h component s on the stabilit y of silve r iodid e colloid . H e 
observe d tha t wit h an increas e in concentratio n of polyox y surfactant , th e par t 
playe d by steri c stabilizatio n increase d substantiall y makin g the electrostati c stabi -
lizing facto r a less importan t parameter . Figur e 16 summarize s afte r Cluni e and 
Ingra m [107 ] the mod e of adsorptio n of polyox y nonioni c surfactant s ont o hy-
drophobi c and hydrophili c solids . Du e to variou s orientation s and packin g at the 
solid/solutio n interface , suc h molecule s can adsor b on bot h hydrophobi c and hy-
drophili c substrates . In bot h case s th e soli d surfac e become s covere d wit h th e 
oriente d laye r of molecule s with thei r pola r head s facin g th e aqueou s phase . As 
show n by Scale s et al . [108] , who measure d th e wettabilit y of th e hydrophobi c 
methylate d quart z and hydrophili c quart z surface s in the solution s of nony l polyox y 
phenols , at the concentratio n exceedin g the critica l micell e concentratio n of th e 

IOO 

Fig. 17. Calculated equilibrium contact angles on hydrophilic silica and methylated hydrophobic silica 
versus normalized equilibrium concentration of nonyl polyoxyphenols with 5, 9 and 30 ethoxy units per 
molecule (from Scales et al. [108] with permission). 
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surfactan t bot h surface s becom e completel y hydrophili c (Figur e 17) . Thes e exper -
imenta l result s agre e reasonabl y wel l with OttewilP s concep t tha t steri c stabilizin g 
effect s ar e predominan t in the mechanis m by whic h polyox y surfactant s stabiliz e 
dispers e systems . 

Stabilit y measurement s of disperse d system s 

The assessmen t of th e dispersibilit y or stabilit y of a suspensio n is on e of the 
mos t difficul t experimenta l aspect s of dispersio n science . Tb begin , it is importan t to 
distinguis h betwee n dispersibilit y whic h is the resistanc e to brea k apar t or separat e 
aggregate s (by chemica l and mechanica l methods ) and stabilit y whic h is a measur e 
of the rat e of reaggregation . In the cas e of dilut e suspension s the dispersio n and 
stabilit y behaviou r may occu r on differen t tim e scale s so tha t the y can be treate d 
as separat e processes . However , in concentrate d suspension s assumin g ther e is no 
stabilit y barrier , the two processe s may superimpos e sinc e the dispersio n ste p is 
rapidl y reverse d by coagulation . Thi s may be illustrate d from th e Smoluchowsk i 
theor y whic h describe s the rat e of fast coagulatio n [see equatio n (6)] . On integratio n 
the hal f life t\/2  (th e tim e require d to hal f the numbe r of particle s in the system ) 
may be expresse d by: 

ίι/2 =  3η/4ΐ€ ΒΤΝ 0 « 2 X  10 n/No (sec ) (25 ) 

For a dilut e suspensio n (N 0 =  10 7 particle s cm" 3) in water , at roo m tempera-
ture ίχ/2 woul d be severa l hours , wherea s for a concentrate d suspensio n «5% , 
(N0 = 1014 particle s cm" 3) ίχ/2 woul d be reduce d to millisecond s and the proces s 
is reverse d extremel y rapidly . Colloi d stabilit y in concentrate d dispersion s canno t 
easil y be followe d by experimentall y measurin g the chang e in turbidit y in ligh t scat -
terin g as in dilut e suspensions , and it is necessar y to stud y rheolog y or neutro n 
scattering , or takin g a mor e simplifie d approac h by measurin g the sedimentatio n 
volume . Unfortunately , man y of the technique s use d to measur e stability , suc h as 
rheolog y and microscopy , ten d to distur b the system . A genera l guid e of the simple r 
method s of stabilit y measurement s wil l be give n below . 

Optical  microscopy 

This usuall y involve s countin g the numbe r of particle s ove r a projecte d are a us-
ing an eyepiec e graticule . Th e numbe r particl e size distributio n can be converte d 
into a weigh t size distributio n bu t a sufficientl y larg e numbe r of particle s mus t be 
counte d to hav e statistica l significance . Fo r man y dilut e suspensions , on e can also 
study the interparticl e collision s as they occu r and observ e interparticl e repulsio n 
or attractio n and floe  formatio n or disruption . Afte r certai n tim e interval s the co-
agulatio n proces s can be stoppe d by addin g arabi c or gelati n solution . Th e particle s 
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may the n be accuratel y counted . Severa l instrumentatio n technique s hav e now bee n 
develope d so the countin g metho d ar e no longe r tediou s or tim e consuming . Fo r 
very smal l particle s the electro n microscop e is usefu l (< l - 2 μπι)  bu t the sampl e 
preparatio n method s are mor e specialized . 

Scattering  methods 

Particle-size-distributio n analysi s by photon-correlatio n spectroscop y is a usefu l 
metho d for studyin g the stabilit y bu t is restricte d to dilut e solution s of smal l par -
ticles . New lase r diffractio n instrument s suc h as the Maste r Size r (Malver n Instru -
ments ) can now dea l with muc h greate r size range s (fro m 0.1 to 600 μτα,  covere d 
by two overlappin g range s from 0.1 to 80 μτη.  and 1.2 to 600 μτη).  Th e techniqu e is 
base d on lase r diffractio n wher e smal l and larg e particle s diffrac t ligh t at larg e and 
smal l angles , respectively . Measuremen t of the scattere d ligh t is carrie d ou t ove r a 
wide rang e of angle s in the nea r forwar d direction . Th e instrumen t is suitabl e for 
on-lin e use and can be utilize d for determinin g the particl e size in aqueou s and 
non-aqueou s suspensions . 

Electronic  counting  techniques 

Severa l instrument s hav e bee n devise d to coun t the chang e in electrica l resis -
tanc e tha t occur s whe n a non-conductin g particl e disperse d in an electrolyt e flows 
throug h a smal l orifice , i.e . Coulte r Counte r (Coulte r Electronics ) or Elzon e Particl e 
Size r (Particl e Dat a Inc. , U.S.A.) . Th e instrument s usuall y measur e only in dilut e 
dispersions . Particl e size s in the 1-40 0 μτα  rang e can be easil y measure d accurately , 
however , and the sensitivit y of the apparatu s can be altere d sinc e it depend s on the 
rati o of the particl e radiu s to the orific e radius . Th e metho d is usefu l for countin g a 
larg e numbe r of particle s and can be use d for stabilit y measurement s by providin g 
count s on singlets , doublets , triplets , etc. , relate d to coagulatio n kinetics . Unfortu -
nately , the instrumen t is no t accurat e for floe  size s or volume s and treat s aggregate s 
as solid sphere s compose d of primar y particle s with no wate r included . Als o loos e 
floes  may be sheare d by the velocit y gradient s in the flow  as they pas s throug h the 
orifice . 

Electrokinetics 

The zet a potential  (ζ)  is the potentia l dro p acros s the mobil e par t of the doubl e 
laye r (dl ) tha t surround s a colloida l particl e and is responsibl e for th e electroki -
neti c behaviou r of the particl e unde r an electri c field . Fro m doubl e laye r theory , 
the ("-potentia l may be equate d to the Ster n laye r potentia l φδ and enable s a basi c 
understandin g of type s of ions and specie s whic h determin e the structur e of the dou -
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ble layer . Thi s type of informatio n is importan t wit h regar d to suspensio n stability , 
rheolog y and sedimen t characteristics . 

For solid s for whic h H + and OH ~ ion s are potentia l determining , the pH valu e 
at whic h the charg e on the surfac e is zer o is calle d the zer o poin t of charg e (pH zpc). 
This valu e is determine d by titratio n wit h potential-determinin g ions . Condition s 
unde r whic h the ("-potentia l is zer o is calle d the iso-electri c poin t (pHi ep). For oxid e 
mineral s whe n the zet a potentia l measurement s ar e carrie d ou t in the presenc e of 
non-specifi c adsorbin g ions , pHi ep ~ pH .  However , in the presenc e of specificall y 
adsorbin g specie s such as polyvalen t or surfac e activ e dispersan t species , the pH zpc 
may no t be identica l to the pH iep. Hence , the differenc e betwee n thes e two value s 
can sometime s be usefu l for understandin g the adsorptio n mechanism . 

For oxid e system s the zet a potentia l versu s pH curve s (assumin g OH ~ and H + 

are potentia l determinin g ions ) ar e fairl y reproducibl e wit h wel l define d pH iep. 
Thes e value s ar e characteristi c of the oxid e typ e and generall y reflec t the varyin g 
degre e of basicit y or acidit y of th e hydrate d surface . Difference s in pHi ep for a 
certai n typ e of oxid e minera l can be explaine d by differenc e in degre e of purity , 
hydration , cleavage , crystallinit y etc . For othe r mineral s suc h as sulphides , a wid e 
spectru m of value s hav e bee n reporte d whic h can be explaine d by considerin g th e 
complicatin g effect s associate d with the oxidatio n kinetic s of the surfac e [109] . For 
salt typ e minerals , the situatio n is perplexin g du e to the effec t of bot h the pH and 
the concentratio n of all potential  determinin g ions release d by dissolutio n from the 
lattic e and complexe d in solution . 

Zet a potential  measuremen t can be mad e usin g instrument s base d on the fol-
lowin g principles : (a) electrophoresis  — the movemen t of the charge d particl e unde r 
an applie d field  relativ e to the surroundin g liquid ; (b) electro-osmosis  —  the move -
men t of the liqui d relativ e to a charge d surfac e (capillar y or plug) ; (c) streaming 
potential  — the electri c field  create d whe n a liqui d flows  alon g a stationar y charge d 
surface ; and (d) sedimentation  potential  — the electri c field  create d whe n charge d 
particle s mov e relativ e to a stationar y liqui d [110 , 111] . Severa l type s of commercia l 
instrument s are availabl e to determin e the zet a potential , i.e . Zet a Sizer , (Malver n 
Instruments) , Zetameter s (Zetamete r Inc. , Penkem , Ran k Bros.) , etc . Fo r large r 
particle s the zet a potentia l may be determine d by streamin g potentia l technique . 
Mos t ("-potentia l measurement s toda y are carrie d ou t on smal l particle s in dilut e 
suspension s usin g the electrophoresi s technique . For concentrate d suspensions , in-
strument s hav e bee n develope d to use electri c and ultrasoni c impulse s to determin e 
zeta potentia l value s [112] . 

Earlie r measurement s on concentrate d dispersion s wer e mad e usin g boundar y 
methods , electrophoresi s mas s transfe r and instrument s buil t to determin e the mas s 
of particle s deposite d on an electrode . However , thes e type s of instrument s hav e 
begu n to be replace d by acousti c techniques . Th e origina l principl e of the acousti c 
method , tha t soun d wave s passin g throug h a suspensio n of charge d particle s coul d 
generat e a forc e causin g an electri c field  du e to a differenc e in relativ e motio n of 
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the two phases , was originall y propose d by Deby e [113] . Th e sinusoidal-colloidal -
vibratio n potentia l is measure d betwee n electrode s and the acousti c mobilit y valu e 
can be calculate d providin g the densit y and volum e fractio n are know n and from the 
acousti c mobilit y data , zet a potentia l value s can be determined . Severa l new instru -
ment s hav e recentl y bee n introduce d wher e it is possibl e to measur e bot h surfac e 
charg e (by titration ) and the zet a potentia l by acoustophoreti c measurement s on 
concentrate d dispersions . Thi s enable s bot h the pHi ep and pH zpc to be determine d 
on the sam e sample . In case s wher e the two value s differ , it become s possibl e to 
understan d the rol e of the potentia l determinin g ion , indifferen t ion and chemi -
cally adsorbe d ion on the stabilit y of the system . Th e principle s of the techniqu e 
have bee n recentl y reviewe d by Babchi n et al. [114 ] wher e acoustophoreti c mobilit y 
result s are compare d to electrophoreti c mobilit y dat a for severa l disperse d systems . 

Rheology 

Rheologica l measurement s hav e bee n widel y used to characteriz e the dispersibil -
ity and stabilit y of minera l system s althoug h the exac t interpretatio n of the observe d 
phenomeno n for heterodisperse d non-spherica l particle s in concentrate d system s is 
difficult . In fact , mos t of the fundamenta l studie s hav e bee n carrie d ou t with larg e 
suspension s of sphere s at a low solid concentration . Thes e idealisti c paniculat e sus -
pension s usuall y show Newtonia n flow  behaviou r wher e the shea r (r ) is linearl y 
dependen t on the shea r rat e (D)  and thei r rati o is constan t ove r the whol e shea r 
rate rang e givin g a valu e of the coefficien t of viscosit y (η): 

T =  T)D  (26 ) 

Unfortunately , in the minera l processin g industr y man y differen t type s of less 
expensiv e viscometer s are used , such as the capillar y flow  type or the coaxia l cylin -
drica l type (th e Brookfiel d whic h consist s of a motor-drive n bob and a dynamomete r 
to measur e the torque) . Thi s has led to a tendenc y to characteriz e suspension s by 
determinin g a simpl e rat e of flow  at a give n shea r rat e givin g only an apparen t 
viscosity : 

V, =  £ (27 ) 

This valu e implie s tha t the flow  curv e is linea r passin g throug h the origi n and tha t 
the suspensio n exhibit s Newtonia n behaviour . However , man y minera l suspension s 
show non-Newtonia n plasti c or pseudoplasti c rheologica l behaviou r in whic h th e 
apparen t viscosit y of the suspensio n and shea r stres s ar e dependen t on the shea r 
rate . Fo r suc h case s Bingham' s equatio n can ofte n be use d to describ e th e flow 
behaviour : 

T = τΒ + ηνχ · D (28) 
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Fig. 18. Rheological properties of calcite suspensions (10% w/w) with different degrees of aggregation 
(from Friend and Kitchener [115] with permission). 

wher e TB is the Bingha m yiel d valu e and ην\ is the plasti c viscosit y or the Herschel -
Bulkle y equation : 

T = r0+AD h (29 ) 

wher e A and b are constants . 
Frien d and Kitchene r [115 ] carrie d ou t rheologica l measurement s usin g a Weis -

senber g rheogoniomete r with calcite : (a) disperse d to a stabl e slurry , (b) afte r ioni c 
coagulatio n with electrolyte , and (c) afte r flocculation  with a high molecula r weigh t 
polyelectrolyte . Th e rheologica l plot s of shea r stres s as a functio n of shea r demon -
strate d the widel y differen t rheologica l behaviou r of the thre e system s and is show n 
in Figur e 18 (for mor e informatio n see [116]) . 

By definition , the gradien t of thi s curv e at any poin t is the apparen t viscosit y of 
the suspensio n at the relevan t shea r rate . It can be see n tha t the stabl e suspensio n 
exhibit s Newtonia n behaviour , the coagulate d suspensio n show s reversibl e plasti c 
behaviou r (decreasin g viscosit y up to a constan t valu e as the shea r rat e increases ) 
and the flocculated  suspensio n show s irreversibl e pseudo-plasti c behaviou r wit h 
initia l viscoelasticity . The hysteresi s in the latte r case result s from irreversibl e break -
down of the large r floes.  However , the averag e floe  size remainin g afte r period s of 
intens e shea r is stil l greate r tha n in the cas e of the coagulate d suspensions . Thi s 
indicate s tha t the floes  are strongl y held togethe r and canno t be easil y ruptured . 
Figur e 19 illustrate s the differen t degree s of aggregatio n presen t in (a) a stabl e 
suspension , (b) an ionicall y coagulate d suspension , and (c) a flocculated  suspensio n 
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Fig. 19. Finely divided ferric oxide with different degrees of aggregation, (a) Dispersed with non-ionic 
surfactant (large energy barrier); (b) coagulated by addition of electrolyte (no energy barrier); (c) 
flocculated with a polymeric flocculant. The floes are much larger than the coagula (from Friend and 
Kitchener [115] with permission). 

of hematite . Thes e floes  are muc h large r for the suspensio n flocculated  with polyme r 
(for mor e informatio n on rheolog y of sedimentin g suspension s see [118]) . 

Sedimentation  rate and  sedimentation  bed  volume 

Usefu l informatio n on dispersio n stabilit y can be obtaine d by simpl y allowin g the 
suspensio n to settl e and by observin g the boundary . As mos t minera l slurrie s contai n 
submicro n particle s as wel l as larg e particles , a grade d turbidit y can be expecte d as 
the particle s sedimen t separatel y at differen t rates . For a coagulatin g suspension , a 
shar p uppe r boundar y with a clea r supernatan t can ofte n be seen . The measuremen t 
of the rat e of fall of the boundar y can also be informative . Fro m Stoke s law the 
velocit y of an isolate d spherica l sedimentin g particl e (V s) can be relate d to the 
secon d powe r of the diamete r by the equation : 

^s = ^ ( p . - Pi)a 2 (30 ) 

wher e η  is the viscosit y of the liqui d and ps and p\  are the densitie s of the soli d and 
liquid . 

Sedimentatio n balance s or Andrease n pipette s can be use d to follo w the sedi -
mentatio n process . Photosedimentatio n measurement s are less tediou s to carr y ou t 
(Figur e 20) . The metho d is only valid for dilut e suspension s <0.2 % volum e as for 
highe r solid s conten t > 1 % hindere d settlin g occur s and the behaviou r of the disper -
sion wil l depen d on the structur e as wel l as the particl e size and density . Moder n 
sedigraph s incorporat e a finely  collimate d bea m of low energ y X-ray s and a detecto r 
to determin e the distributio n of particl e size s in a cel l containin g a sedimentatio n 
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Fig. 20. Particle size distribution on a sedigraph analyzer of a calcite suspension. A — after flocculation 
with polyacrylate; B = non-flocculated suspension; C = dispersed using ultrasonics (from Foissy et al. 
[117]). 

Fig. 21. Hindered settling of dolomite suspensions at 20 wt.% solids. pH values are indicated on the 
curves (from Sadowski and Laskowski [120]). 

liqui d (Sedigrap h 5100) . Th e X-ra y sourc e and detecto r assembl y are stationary , 
and the cel l containin g the sampl e move s verticall y betwee n them . Th e X-ra y pulse s 
passe s throug h the cel l and determine s the distributio n of particl e mas s at variou s 
point s in the cel l from the numbe r of pulse s reachin g the detector . Th e instrumen t 
cover s particl e size s from 0.1 to 300 μπι  and give s the distributio n and the percen t 
mass at give n particl e diameters . 

75 4-

O 

5 25-U -



Dispersions stability and dispersing agents 155 

Laskowsk i e t al. [119 , 120] , measure d hindere d settlin g rate s of severa l minera l 
slurrie s an d relate d th e result s to th e stabilit y of the systems . Fo r unstabl e suspen -
sions , aggregatio n of th e particle s is promote d durin g th e sedimentatio n proces s 
due to the wea k shea r forces . I t was foun d tha t the mea n Stoke s diameter , d9 of the 
slurr y particle s o r aggregate s depende d on th e suspensio n pH . Th e valu e of d  wa s 
designate d the apparen t mea n diamete r and coul d be relate d directl y to the stabilit y 
of th e suspension . Th e hindere d settlin g techniqu e was therefor e foun d t o b e an 
extremel y usefu l metho d to stud y aggregat e stabilit y of quartz , dolomite , magnesit e 
and calcit e suspension s an d also fo r determinin g th e pH iep of th e minera l syste m 
wher e the coagulatio n is maximu m (Figure s 21 and 22) . 

In concentrate d suspension s hindere d settlin g occur s and severa l equation s hav e 
bee n propose d to describ e th e process . Usuall y th e hindranc e is considere d to b e 
dependan t on th e solid s volum e fraction . Thre e differen t method s wer e use d by 
Dollimor e and Horridg e [121 ] to determin e th e limitin g settlin g rat e a t zer o solid s 
concentration . Th e valu e was obtaine d by extrapolatio n of the directl y determine d 
settlin g rat e (Q)  to zer o solid s concentratio n by assumin g tha t th e modifie d rat e 
equal s th e Stake' s settlin g rat e V s. Fro m th e limitin g settlin g rate s th e particl e 
radiu s was calculate d from equatio n (30 ) whic h was assume d to correspon d to th e 
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Fig. 22. Mean apparent equivalent Stokes radii calculated from hindered settling experiments performed 
at various pH values (from Sadowski and Laskowski [120]). 
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radiu s of an undisturbe d floe  consistin g of primar y particles . In th e first  metho d Vs 
was determine d by plottin g log  Q  versu s th e solid concentratio n C , wher e Q  is th e 
rate of fall of th e interface . In th e secon d metho d a  modificatio n of th e Steinou r 
equatio n was used : 

Q = VS€
2W-B(l-€) (31) 

wher e e  is th e liqui d volum e fractio n an d  B  is th e slop e of th e plo t of log Q/e 2 

versu s 6. The Stokes ' sedimentatio n rat e Vs  was obtaine d by extrapolatin g to e  =  1. 
Finall y th e floe  size was calculate d from th e empirica l equatio n of Richardso n an d 
Zak i [122] : 

Q =  V*<? (32) 

wher e n  is th e slop e of log  Q  agains t lo g  e.  V s is obtaine d a t e  =  1. Le Bel l 
[123] use d thes e method s to stud y th e hindere d settlin g rate s of kaoli n in sodiu m 
chlorid e solutio n with lignosulphonat e dispersants . Al l case s yielde d straigh t line 
plot s and th e limitin g settlin g rate s V s wer e obtaine d by extrapolatin g to zero solid s 
concentration . All thre e method s gave the sam e V s valu e an d a typica l se t of result s 
is show n in Figur e 23. Fro m such dat a th e efficienc y of the dispersan t throughou t a 
rang e of concentration s can be evaluated . 

In additio n to the sedimentatio n rate , the sedimentatio n volum e also give s usefu l 
informatio n concernin g the degre e of aggregatio n of the system . Th e arrangement s 
in whic h th e particle s pac k in concentrate d suspension s give an indicatio n of th e 
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Fig. 23. Plot of log Q (where Q is the hindered settling rate as determined from measurements of the 
interface) versus the % solids at a range of lignosulphonate dispersant concentrations: 0 = 0, ■ = 1, A 
= 2, D = 5, · =10 and Δ = 30 mg l"1 (in 0.1 M NaCl at pH 6; from Le Bell [123] with permission). 
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interparticl e bindin g force s and are a usefu l criteri a to stability . Fo r wel l disperse d 
system s the repulsiv e forc e dominate s and keep s the particle s apar t by mean s of a 
fluid  laye r suc h tha t the y can slid e unde r thei r own weigh t withou t adhesio n and 
assembl e int o a clos e packe d arra y with low sedimentatio n volum e (SV) . Unde r 
coagulatio n condition s the particle s adher e on contac t and rando m aggregate s form 
afte r collisio n sinc e the interparticl e fluid  laye r is considerabl y reduce d and the y 
canno t slid e agains t eac h other . Thi s lead s to a disordere d arra y with a highe r void 
space . 

T\vo othe r situation s are also feasible : First , in case s wher e positivel y charge d 
particle s are in the presenc e of negativel y charge d particle s leadin g to heterocoag -
ulation , and finally  in case s wher e polymeri c solutio n specie s (organi c or inorganic ) 
are presen t at low concentratio n leadin g to flocculation.  Th e latte r situatio n can 
lead to flufly floes  givin g high SV values . In addition , it is possibl e for the superim -
positio n of the variou s state s to occur . In Figur e 24 the variou s state s of the colloida l 
dispersion s are relate d to the sedimentatio n volumes . 

Pugh and Bergströ m [124 ] studie d the sedimentatio n behaviou r of α-Αΐ2θ 3 and 
SiC dispersion s coagulate d by hydrolyzin g Mg(II ) ion s and man y of the abov e fea-
ture s wer e observed . Simila r sedimentatio n behaviou r has also bee n observe d from 
concentrate d silic a suspension s coagulate d by Ca(II ) electrolyt e solutio n [125] . To 
interpre t the electrokineti c and stabilit y dat a in som e detai l it was necessar y to 
revie w the solutio n equilibri a of the catio n and the curren t model s dealin g with 
specifi c adsorptio n and precipitation . 

An estimat e of the floe  size s from sedimentatio n volume s require s knowledg e 
of the effectiv e densit y of the floe.  Th e densit y can be calculate d providin g th e 
ratio  of wate r to solid s in the floe  is known . Michael s and Bolge r [126 ] relate d the 
sedimen t volum e to the initia l volum e of the suspension , the rati o of floe  to soli d 
volum e ratio , the soli d volum e concentratio n and a volum e of a so-calle d zon e of 
non-unifor m lowe r density . 
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Fig. 24. States of colloidal dispersions (upper sketch) and settled volumes (lower sketch), (a) Stable dis-
persion, (b) coagulation, (c) heterocoagulation, (d) flocculation (from Ottewill [125] with permission). 
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Fig. 25. Effect of clays and dispersant (phosphates) on wettability of coal surface in aqueous solution 
(from Jowett et al. [128] with permission). 

Also , the Theologica l propertie s of the sediment s forme d from coagulate d sus -
pension s diffe r from thos e forme d from stabilize d suspension s and thi s give s som e 
measur e of the dispersibility . Fo r example , sediment s forme d from wel l disperse d 
and stabl e quart z particles , are dense , wel l packe d and dilatan t (capabl e of flow 
unde r wea k field).  Sediment s forme d from rapidl y coagulate d slurrie s sho w plas -
tic flow-initial  shearin g stres s with a yiel d poin t (showin g characteristic s of a floe 
structure) . It is important , however , tha t the measurement s are mad e afte r a critica l 
settlin g tim e to ensur e tha t the equilibriu m sedimen t structur e has bee n reached . 

Recen t studie s base d on fracta l geometr y hav e bee n use d to describ e the concen -
tratio n of the sedimen t forme d by the settlin g of colloida l aggregate s [127] . It was 
predicte d from thi s stud y tha t the sedimen t concentratio n depende d on the size of 
the settlin g particle s in additio n to the interparticl e adhesiv e forces . 

Industria l application s 

The mos t instructiv e exampl e whic h illustrate s industria l application s of disper -
sant s in flotation  processe s was provide d by Jowet t and his co-worker s [128] . Thes e 
researcher s showe d tha t hydrophobi c coa l particle s becom e completel y hydrophili c 
in the presenc e of clay s whic h form a "slim e coating " on coa l surface s (Figur e 25) . 
Coa l hydrophobicit y could , however , be restore d by simpl y addin g a dispersant , 
sodiu m hydroge n phosphate . Bot h the coa l and clay particle s wer e foun d to acquir e 
mor e negativ e zeta potentia l value s in 50-10 0 mg Γ 1 sodiu m hydroge n phosphat e 
solution s (Figur e 26) . Thi s is the n a clea r exampl e of electrostati c stabilization ; the 
specifi c adsorptio n of phosphat e anion s increase s the negativ e charg e of the coa l 
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Fig. 26. Effect of sodium hydrogen phosphate on the zeta potential of coal and clay particles (from 
Jowett et al. [128] with permission). 

and clay particles , bringin g abou t stron g coulombi c repulsio n whic h keep s clay par -
ticle s apar t from the coa l surfac e thereb y restorin g the natura l floatability  of coal . 

This exampl e illustrate s very wel l the slim e coatin g phenomeno n whic h is usuall y 
observe d in the presenc e of colloida l minerals , tha t is the mineral s whic h occu r ei-
the r naturall y as sub-micro n particle s (clays ) or as artificia l minera l slime s resultin g 
from fine  grindin g [129] . Sinc e de-slimin g befor e separatio n can only very rarel y be 
applied , the use of dispersin g agent s to preven t slim e coatin g is quit e common . 

Usefu l informatio n on the rol e of an optimu m dispersio n in flotation  can be 
foun d in Yang' s publication s [11] . His pape r also bring s interestin g informatio n on 
how the sodiu m silicat e dispersin g capabilit y can be enhance d by the incorporatio n 
of polyvalen t metalli c cations . 

As specifie d by Yara r and Kitchene r [1] , on e of the condition s necessar y to 
achiev e selectiv e flocculation  is initia l complet e dispersio n of all suspende d minera l 
constituents . Adjustmen t of the pH and the use of dispersant s serve s thi s purpose . 
This is clearl y see n in the Tilde n Min e selectiv e flocculation/flotation flowsheet 
[130] . Hematit e and silic a particle s are separate d in thi s plan t followin g very fine 
grindin g of the ore . Th e pul p is disperse d by adjustin g pH to abou t 11 and by usin g 
dispersants , eithe r sodiu m silicat e or sodiu m polyphosphates . Introductio n of starc h 
unde r suc h condition s lead s to its selectiv e adsorptio n ont o hematit e (Figur e 11) , 
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resultin g in hematit e flocculation.  The fine  quart z particle s are left suspende d and 
are remove d in the thickene r overflow . 

As it is seen from Figur e 18, particl e aggregatio n alter s the Theologica l propertie s 
of a dispers e system . Whil e a stable , wel l disperse d syste m may displa y Newtonia n 
behaviour , aggregate d suspension s exhibi t pseudo-plasti c behaviour . Sinc e in a wet 
grindin g in tumblin g mills , the basi c mechanis m involve s an impac t breakag e of 
particle s by fallin g ball s (or rods) , the proces s shoul d be affecte d by pul p viscosity . 
As Kumpe l [2, 131-133 ] maintains , from a maximu m throughpu t basis , tumblin g 
medi a mill s nee d to operat e on a slurr y basi s tha t is as thic k as possible , ye t stil l 
offer s a low enoug h viscosit y to kee p grindin g in a first-order  manner . Th e use of 
dispersin g agents , referre d to as grindin g aids , improve s mil l throughpu t and th e 
yield of fines  in the grindin g product . Th e dispersin g aid s whic h reduc e the yiel d 
stres s of a slurry , or maintai n pseudo-plasti c behaviou r withou t a yiel d stress , wer e 
foun d to be the bes t [2] . Low molecular-weigh t water-solubl e polymers , sodiu m 
silicate , sodiu m tripolyphosphat e and hydroxide s to maintai n hig h pH , wer e al l 
liste d amon g thos e whic h provid e encouragin g results . 

The coal-wate r fue l technolog y is anothe r are a in whic h dispersin g agent s find 
broa d applications . Coal-wate r slurrie s (CWS) , also referre d to as coal-wate r fuel s 
(CWF) , are concentrate d suspension s of finely  groun d coa l in wate r [3] . CWS typi -
cally contain s 60 to 75% coa l by weigh t (usuall y 80-90 % belo w 100 μπι) , 0.5 to 1.5% 
chemica l additive s and water . The additive s include : a viscosit y reducin g dispersant , 
a defoame r and a stabilizer . 

Coal-wate r fuel s hav e the advantag e ove r pulverize d coa l in tha t the y can be 
handle d in an environmentall y acceptabl e manne r simila r to heav y fuel oils . Becaus e 
wate r — whic h mus t be evaporate d durin g combustio n — lower s the calorifi c valu e 
of CWS , coal-wate r fuel s are require d to contai n at leas t 70% coal , to no t excee d 
viscosit y in the rang e of 1 Pa. s and be stabl e toward s sedimentation . 

Sinc e thes e are highl y concentrate d dispers e systems , it would , perhaps , be advis -
able to loo k at the effec t of aggregatio n in suc h syste m on the system' s propertie s 
(Figur e 27) . 

Aggregatio n increase s the size of the sedimentin g uni t bu t decrease s the effectiv e 
particl e densit y due to the immobilizatio n of the liqui d withi n aggregate . Fo r smal l 
aggregate s in a dilut e syste m the first  effec t is dominant , increasin g bot h the sedi -
mentatio n rat e and the volum e of the settle d bed . Fo r mor e extensiv e aggregatio n 
in a concentrate d system , the lowe r densit y and decrease d effectiv e void volum e be-
com e dominant , thu s increasin g stabilit y toward s sedimentation . On the othe r hand , 
whe n interparticl e repulsio n is high , stabilit y of a relativel y coars e syste m towar d 
sedimentatio n wil l be poo r with no mas s subsidence , bu t wit h individua l particle s 
sedimentin g at rate s dependin g upo n thei r size thu s resultin g in a compacte d bed . 
The viscosit y wil l be low , bu t the settle d bed wil l be har d packe d and difficul t to 
resuspend . Becaus e of this , wate r was foun d to be the preferre d additiv e for coal-oi l 
mixture s becaus e it produce s weakl y aggregate d soft sediment s [134] . 
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Fig. 27. Relationship between surface charge and the properties of concentrated suspensions (from 
Atlas et al. [150] with permission). 

Coa l surfac e wettabilit y was show n to hav e a profoun d influenc e on coal-wate r 
slurr y properties . Majo r factor s affectin g coa l surfac e wettabilit y wer e identifie d as 
follow s [135,136] : 

(a) the hydrocarbo n skeleto n (relate d to the ran k of coal) ; 
(b) the numbe r and type of pola r group s (mostl y oxyge n functiona l groups : phe -

noli c and carboxylic) ; 
(c) the conten t of inorgani c impurities . 
Whil e the hydrocarbo n matri x impart s hydrophobicit y to coa l particles , the pola r 

group s and inorgani c impuritie s mak e the coa l surfac e hydrophilic . Thi s situatio n 
is furthe r complicate d by the heterogeneit y of coa l organi c matte r whic h is com -
pose d of maceral s of quit e differen t chemica l compositio n and propertie s [137] . Th e 
maceral s may exhibi t distinc t surfac e propertie s [138] . 

It has bee n wel l establishe d tha t coa l wettabilit y depend s on coa l rank . Figur e 
28 show s contac t angl e plotte d versu s coa l volatil e matte r conten t whic h is use d 
as a mai n coa l classificatio n paramete r in all classificatio n systems . As indicate d by 
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Fig. 28. Effect of coal rank on coal surface wettability (from Klassen [81]). 
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Fig. 29. Oxygen functional groups in coal of different rank (from Ihnatowicz [139] with permission). 
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Klasse n [81] , coa l wettabilit y reflect s varyin g coa l chemica l composition , for exam -
ple its varyin g C/H ratio . Coa l wettabilit y is bette r understoo d if the relationshi p 
Θ = / (coa l rank ) is compare d with the relationshi p oxyge n conten t = / (coa l rank ) 
(Figur e 29) [139] . As it is seen , low ran k coal s contai n a lo t of oxygen , also in the 
form of phenoli c and carboxyli c groups , and thes e coal s ar e no t hydrophobic . Hy-
drophobicit y increase s for bituminou s coal s in whic h oxyge n conten t is muc h lower ; 
very hydrophobi c metallurgica l coal s do no t contai n practicall y any phenoli c and 
carboxyli c oxygen . Thi s correlate s very wel l with the result s publishe d by Rosen -
bau m et al. [136] , who foun d tha t no t tota l oxyge n content , bu t rathe r phenoli c and 
carboxyh c oxyge n conten t is interrelate d wit h coa l wettability . Additiona l evidenc e 
for thi s type of conclusio n provide s the electrokineti c measurement s whic h for var -
ious coal s wer e summarize d as show n in Figur e 30 [140] . As seen , deviatio n from 
linearit y of the zet a potential-p H curve s for lowe r ran k coal s can be attribute d to 
acidi c oxyge n functiona l groups . 

Kaji et al . [141 ] confirme d th e relationshi p betwee n coa l wettabilit y and coa l 
oxyge n content . Furthe r test s [142 ] corroborate d tha t the mai n facto r in determinin g 
coal surfac e wettabilit y is the conten t of coa l phenoli c and carboxyli c groups . 

As see n from Figur e 28, low volatil e bituminou s coal s are the mos t hydrophobic . 
If it is furthe r assume d tha t the surfac e of coa l is buil t up wit h micro-bricks , bein g 
eithe r paraffini c or aromati c hydrocarbons , pola r group s and inorgani c impurities , 
then it is also necessar y to tak e into accoun t the increasin g rati o of C to H with rank , 
tha t is increasin g coa l aromaticit y [81] . Th e shar p increas e of thi s ratio  is especiall y 
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Fig. 30. Generalized zeta-potential versus pH diagram for coals of various rank (from Laskowski and 
Parfitt [140]). 
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Fig. 31. Apparent viscosity of coal-water slurries prepared with the use of the same stabilizer (0.5%) 
and three different coal samples: Coal 1, Coal 2 and Coal 3 (from Schwartz [145] with permission). 

significan t for very high ran k coals . Numerica l evaluation s confir m suc h assumption s 
[143,144] . 

Coa l surfac e wettabilit y affect s the "slurryability " whic h is characterize d by the 
coa l concentratio n at whic h the CW S viscosit y increase s sharply . Figur e 31 show s 
the slurryabilit y of the thre e coa l sample s teste d by Schwart z [145] . Th e C/O and 
C/H ratio s in the thre e sample s are give n in the tabl e below : 

Ratio of element s Coa l 1 Coa l 2 Coa l 3 

C/O 
C/H 

4.6 
13.6 

12.7 
15.8 

20.8 
18.5 

Coa l 1 was wette d completel y by wate r and by the aqueou s solutio n of stabilizer , 
whil e the contac t angl e measure d for wate r sessil e droplet s on Coa l 2 and Coa l 3 
was abou t 90 degrees ; thes e angle s decrease d to abou t 40 degree s for Coa l 2 and 
almos t to 20 degree s for Coa l 3 in the aqueou s solutio n of stabilizer , a nonioni c 
ethylen e oxide/propylen e oxid e bloc k copolymer . As see n from Figur e 31, for Coa l 
1 the limi t (coa l percen t conten t in CW S givin g a slurr y viscosit y of 100 0 mPA.s ) 
is reache d at 64% solids , wherea s for Coa l 2 and Coa l 3 soli d concentration s for 
the sam e viscosit y is muc h highe r (70 to 74%) . Thes e result s agre e very wel l with 
the findings  by Japanes e researcher s [142 ] who showe d a very goo d correlatio n 
betwee n the CWS viscosit y and coa l oxidation . It is eviden t from thes e result s tha t 
coa l surfac e propertie s affec t CW S rheolog y and stability . Wate r wet s hydrophili c 
coal s and wil l penetrat e the capillarie s in coal ; thi s wil l reduc e free wate r and wil l 
resul t in increase d slurr y viscosity . On the othe r hand , the formatio n of hydratio n 
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layer s aroun d coa l particle s stabilize s the suspensio n agains t aggregation , reduce s 
the degre e of aggregatio n and thu s viscosity . However , the hydratio n layer s wil l also 
increas e the effectiv e particl e volum e and thus , in concentrate d suspension s (coal -
wate r slurry) , will give highe r viscosity . Thes e variou s trends , dependin g on the coal , 
may lead to quit e a differen t rheolog y and stabilit y [146] . As reporte d by Tkwee l et 
al. [147 ] the oxidatio n of coa l initiall y provide d lowe r apparen t viscosity , probabl y 
due to an increase d hydratio n of coa l particles , bu t this was followe d by an increas e 
in apparen t viscosit y for longe r oxidatio n time s whic h is likel y to resul t from th e 
increase d effectiv e volum e of the coa l particles . 

The use of highe r ran k coal s and appropriat e stabilizer s seem s to lea d to bette r 
rheologica l characteristic s of CWS . Sinc e coa l has to be cleane d prio r to the prepa -
ratio n of CWS , the effec t of the inorgani c impurit y reductio n has also bee n studie d 
[148] . In agreemen t with wha t has alread y bee n conclude d on the effec t or rank , 
coal cleanin g permit s highe r solid loading . 

Som e author s clai m [149 ] tha t coa l cleanin g may hav e bot h beneficia l and ad-
vers e effect s on the performanc e of coa l wate r slurries . Whil e remova l of inorgani c 
impuritie s and sulphu r from finely  groun d coa l prio r to the CW S productio n has 
a positiv e effec t on the performance , the final  effec t als o depend s on coa l clean -
ing technique . Us e of oi l agglomeratio n or flotation  to clea n fine  coa l result s in 
a mor e hydrophobi c final  produc t whic h wil l requir e mor e expensiv e nonioni c dis -
persant s (ove r less costl y anioni c dispersants , suc h as , for example , ammoniu m 
ligno-sulphonate , whic h can be used to prepar e CWS from unbeneficiate d coal) . 
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An interestin g observatio n was mad e by Atla s et al . [150] , wh o foun d a clea r 
correlatio n betwee n apparen t viscosit y of CW S and electrophoreti c mobilitie s of 
coal s stabilize d with differen t additive s if the electrophoreti c mobilit y was measure d 
at 50 % coa l conten t (Figur e 32) . Apparently , the zet a potentia l of coa l particle s in 
coa l wate r slurrie s is affecte d by a high solid concentration , and possibl y also by the 
doubl e laye r overlap . 

Becaus e of the high soli d content , coa l particl e size distributio n play s a primar y 
role and bi-moda l particl e size distribution s ar e know n to be essentia l to achiev e 
high loadin g [151] . Th e use of stabilizer s and viscosit y reducer s is absolutel y nec -
essary . However , sinc e coa l —  as discusse d abov e —  is extremel y heterogenous , 
it is very unlikel y tha t a universa l chemica l additiv e wil l be foun d whic h is abl e 
to dispers e coa l from variou s source s and produc e a suspensio n wit h the desirabl e 
propertie s [152] . 

Man y author s find  tha t poly-ox y typ e non-ioni c surfactant s ar e mor e promisin g 
than ioni c surfactants . Th e adsorptio n of a non-ioni c poly-ox y surfactan t on coa l 
particle s is comple x and is determine d by the interactio n of alky l group s with coa l 
hydrophobi c spots , and also by hydroge n bondin g of ethox y (o r propoxy ) group s 
with coa l pola r sites . In the quote d paper , Tkdro s [152 ] compare d two non-ioni c 
agent s with 54 and 88  EO unit s and showe d tha t for a particula r coa l muc h highe r 
loadin g coul d be achieve d with the use of the agen t containin g 88  EO units . 

Anothe r grou p frequentl y teste d are non-ioni c polymer s whic h are use d bot h to 
stabiliz e the suspensio n and also to provid e som e degre e of structurin g to preven t 
the formatio n of har d sediments . Th e use of non-ioni c surfactant s and non-ioni c 
polymer s togethe r may also lead to goo d results . Polysaccharide s (xantha m gum) , 
cellulos e esters , ligno-sulphonate s (ammoniu m lignosulphonates) , polycarboxylate s 
and polyethoxysulphonate s are commonl y tested . 

CWS stabilize d by non-ioni c additive s ar e no t sensitiv e to the concentratio n 
of the electrolyte , in contras t to thos e stabilize d by ioni c surfactants . However , 
sinc e the solvenc y of non-ioni c surfactant s depend s on temperature , the coal-wate r 
slurrie s obtaine d wit h the use of non-ioni c additive s may exhibi t propertie s very 
much dependen t on temperature . 

Botsari s and Glazma n [146 ] quot e afte r othe r author s tha t promisin g result s hav e 
also bee n reporte d with additive s consistin g of alkal i or ammoniu m sal t of naphtha -
lene sulfoni c acid formaldehyd e condensat e and a water-solubl e polyme r selecte d 
from grou p gum karaya , mixture s of gum karay a and polyacrylamide , sodiu m algi -
nate , gua r gum , locus t bea n gum and carboxymethylhydroxypropy l gua r gum . 
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Stati c  an d  dynami c  contac t  angle s 

J. RALSTO N and G. NEWCOMB E 

Introductio n 

The contac t angl e has bee n extensivel y use d and misuse d in minera l processin g 
theor y and practice . Th e thermodynami c origi n of contac t angl e and its link to 
surfac e energetic s first  appeare d in the wor k by Thoma s Youn g in 180 5 [1] . Th e 
subjec t was extende d in the luci d treatmen t of the thermodynamic s of wettin g by 
Gibb s in 1878 [2] . Wher e necessary , referenc e wil l be mad e to the wor k of Gibb s 
withou t rederivin g all of his essentia l equations . Numerou s review s of bot h stati c 
and dynami c contac t angle s hav e appeare d ove r the pas t two decade s or so [3, 
4] and moder n theorie s of interfacia l force s hav e provide d revealin g insight s int o 
wettabilit y [5] . Furthermor e recen t advance s hav e bee n mad e in the measuremen t 
of contac t angle s on particle s [6, 7] , so tha t ou r knowledg e bas e bot h in theor y and 
experimen t is expandin g rapidly . 

For a bubbl e or an oil drople t to actuall y adher e to a minera l particl e so tha t 
the latte r can be recovered , a finite  contac t angl e mus t exis t at the three-phas e line 
of contact . Contac t angl e is no t the sole criterio n responsibl e for minera l recovery , 
but is rathe r on e of the  importan t contributin g factors . Th e purpos e of thi s chapte r 
is to examin e the fundamenta l feature s of bot h stati c and dynami c contac t angle s 
whic h are of centra l importanc e to minera l processing . Th e relationshi p betwee n 
particl e size and contac t angl e is deal t with in Chapte r 6, wherea s the principle s of 
surfactan t adsorptio n are describe d in Chapte r 2 with application s appearin g in the 
secon d half of this volum e (e.g . Chapter s 7 and 11) . 

Stati c contac t angle s 

Ideal  surfaces 

A bubbl e or drople t minimize s its free energ y by adoptin g a spherica l shap e in 
the absenc e of gravity . Whe n the bubbl e or drople t contact s eithe r a solid or a liqui d 
substrate , it will stil l minimiz e its free energy , as originall y note d by Gibb s [2] . 
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Essentiall y the sum : 

7LV>4LV + TsvA v + TSLAL 

mus t be minimize d wher e 7 is a surfac e or interfacia l tension , A is an are a and LV, 
SV and SL denot e the respectiv e interface s betwee n th e liquid , vapou r and soli d 
phases . 

If, say , a dro p is place d on a soli d surfac e it may sprea d to form a thi n liqui d 
film  or it may remai n as a discret e droplet . In the first  instanc e the behaviou r may 
be describe d as complet e wettin g whils t the latte r correspond s to partia l wetting . 
Simila r behaviou r is exhibite d by a bubbl e contactin g a substrate . 

Ther e will certainl y be som e interactio n betwee n the fluid  and the soli d substrat e 
upo n whic h it rests , even if this is due only to Van der Waal s force s [5] . Som e typ e 
of surfac e interaction , such as adsorptio n or ionizatio n of surfac e group s is likel y in 
many cases . 

As show n in Figur e 1, the contac t angl e is the angl e containe d betwee n plane s 
tangen t to the surface s of the soli d and the liqui d at the wettin g perimeter . In 
the exampl e shown , Θ  is measure d throug h the vapou r phase . Thi s is of primar y 
importanc e in minera l flotation,  for we are concerne d as to whethe r or no t a bubbl e 
will cling to a soli d surface . Th e wettin g perimete r is frequentl y referre d to as the 
three-phas e line of contac t (tplc ) bu t reall y is a smal l zon e wher e the thre e phase s 
merg e [8] . One need s to distinguish , in practice , betwee n situation s wher e the fluid 
is tendin g to advanc e ove r or retrea t from the surfac e in question . Th e limitin g 
stati c angle s determine d for thes e two case s correspon d to the advancin g (0 A) and 
recedin g (0 R) contac t angles . As note d by Hu h and Scrive n [9] and by Blak e [10] , it 
woul d be mor e logica l to use the term s "advanced " and "recessed " to describ e the 
stati c case , howeve r commo n practic e dictate s otherwise . 

Fig. 1. (a) Sessile bubble with axial symmetry on a solid surface immersed in a liquid in a constant 
temperature chamber. 5* = solid, L — liquid, V = vapour, (b) Changes at the three-phase contact line 
for slight changes in the solid (S^-vapour (V) area of contact for the sessile bubble in (a). 
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In general , #A > 0R, any differenc e normall y bein g ascribe d to hysteresis , a topi c 
whic h is deal t with in the sectio n on "Non-idea l surfaces" , below . 

Young's  equation 
Conside r an axiall y symmetri c bubbl e (Figur e 1) restin g on a plana r soli d sub -

strate , in an aqueou s environmen t at constan t temperatur e and bubbl e volume . We 
can readil y calculat e the chang e in Helmholt z free energy , F , for the situatio n wher e 
the bubbl e increase s its are a infinitesimall y at constan t volume . Th e argumen t fol-
lows tha t of Gibb s [2] . Change s in the respectiv e interfacia l area s occu r ("dL4") , as 
the radiu s of the bubbl e perimete r at the SL interfac e increase s from r to r + dr : 

SL interface : dL4sL = 27rrd r (1 ) 

LV interface : dL4 LV = ( — + —  ) dV  +  27rrd r cos Θ  (2 ) 

wher e R\  and R2  are the principa l radi i of curvatur e of the bubble . Th e first  term 
is derive d from the Young-Laplac e equatio n whils t the secon d ter m is the oute r 
surfac e are a of the wedg e show n in Figur e 1. Sinc e th e volum e of the bubbl e is 
constant , dV  is constan t (dV  = 0) and : 

dL4LV = 27ird r cos Θ  = dL4sL cos Θ  (3 ) 

Therefore : 

ÜF  =  7sv(-<L4sv ) + 7SL(<L4SL) + 7LV^4LV 

and , since : 

-cL4s v =  dAsh 

di7 = (7LV COS Θ  + 7SL - 7sv)dL4s L 

Unde r condition s of mechanica l equilibrium , dF/dL4 SL = 0, hence : 

x) 7SL - 7s v /A. 
cost / = —  (4 ) 

7LV 
This is an energy-balanc e statemen t of Young' s equation , commonl y derive d throug h 
force-balanc e arguments . 

If the SL and SV interface s mee t at a shar p edg e and ther e is no commo n tangen t 
at the wettin g line , the three-phas e equilibriu m conditio n is give n by: 

7LV COS a <  7SL - 7sv (5 ) 

7LVcos/ 3 < 7sv - 7 S L (6) 
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reducin g to equatio n (4) whe n a  +  ß =  180° , wher e a  and ß  ar e the angle s occupie d 
by the liqui d and vapou r phases . 

Equatio n (4) suppose s tha t 7sv represent s the surfac e tensio n of a soli d in equi -
libriu m wit h adsorbe d vapour , i.e . the surfac e tensio n of th e pure , dry solid , 7So, 
has bee n reduce d by adsorption . Th e reductio n of surfac e tensio n by the adsorbat e 
molecule s is give n by: 

TTe = 7S° - 7SV (7) 

wher e we is commonl y referre d to as the equilibriu m spreadin g pressure . On e migh t 
therefor e expec t bubbl e (or drop ) shap e to be sensitiv e to the magnitud e of πβ. 

Severa l furthe r condition s appl y to Young' s equation . Th e soli d shoul d no t be 
deformable , for ther e mus t be a stead y stat e of strai n at the surfac e of the soli d 
and withi n its bul k [11] . Recen t work , however , has bee n directe d at the wettin g of 
deformabl e solid s [12] . Secondly , considerabl e car e need s to be exercise d in dealin g 
with 7 . Th e latte r is define d as : 

_  fdF\  _  fdG\ 
7

"  U W T , V ) N /~ ν^λ,Ρ,Ν ;
 () 

wher e F  is the Helmholt z and G  the Gibb s free energy . Ni  refer s to the numbe r of 
mol e of specie s i.  In our example , V  is constan t so tha t 7 is define d in term s of the 
Helmholt z free energy . 

Suppos e we conside r the wor k don e in extendin g the surfac e of a on e componen t 
isotropi c soli d by an amoun t A [13] . Then : 

dvv = 7SodL4 (9 ) 

and : 

aw = d(AF G) (10 ) 

wher e FQ is the specifi c exces s Helmholt z free energ y (th e subscrip t G is consisten t 

with the notio n of a Gibb s exces s quantity) . 
Hence : 

7sod/ l =  U(AFQ) 

and : 

ffi *  -
 F

°
+ A

 (.11)  <" > 

Clearl y 750 =  FQ only whe n dFG/dL4 = 0. Thi s is tru e for a on e componen t liqui d 
but is no t generall y tru e for a freshl y forme d pur e soli d surface , sinc e the atom s are 
not in thei r equilibriu m positions . 
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7so and FQ may be equa l for an equilibriu m soli d surface , a situatio n unlikel y to 
be eve r encountere d in minera l processing . 7s<> is referre d to as the surfac e tensio n 
or, rather  loosely,  as a "surfac e energy" . For a soli d surface , Gibb s [2] did no t eve n 
give a nam e to 750! 

Furthermore , for any interface , 7 and F*  are certainl y no t equa l whe n adsorptio n 
occurs . Her e F*  may be the specifi c exces s Helmholt z surfac e free energy , FQ 
(Gibb s model ) or the specifi c tota l surfac e free energy , Fs  (surfac e phas e model) . In 
eithe r case [13] : 

F* =  7 + Σ/μ/Γ, - (12 ) 

and F*  jt  7 sinc e Γ; is neve r zero . Γ/ is of cours e the adsorptio n densit y in mo l m~ 2 

of specie s i. 
From Figur e 1 and equatio n (4) if the magnitud e of th e contac t angl e is de -

creased , bette r flotation  migh t be anticipate d as stronge r bubble-soli d adhesio n is 
expected . Th e Youn g equatio n doe s no t provid e direc t informatio n as to wha t sur -
face tensio n change s migh t be expecte d for the interfaces . Th e latte r informatio n 
can only be obtaine d throug h the Gibb s adsorptio n equation . 

Recal l Figur e 1 and let us suppos e tha t a non-volatil e flotation  collecto r C is 
presen t and tha t the vapou r phas e is nitroge n saturate d with wate r vapour . Assum e 
tha t the nitroge n is insolubl e in the water . Th e Gibb s adsorptio n equatio n (14 ) link s 
change s in interfacia l tensio n to adsorptio n density . At constan t temperatur e and 
pressure : 

- d 7 =  Σ/μ/Γ, - (13 ) 

For the solid-liqui d interface : 

d7sL = -rg )SLdjx c (14 ) 

wher e Γ Ϊ ; 0 = 0an d I Q denote s the surfac e exces s concentratio n of C. 
At the solid-vapou r interfac e 

- d 7 sv =  ifYd/i c + Γ^ 0αμ Η 2ο + rgd/ i N2 (15 ) 

At equilibrium , the chemica l potentia l of collecto r and wate r mus t be the sam e 
throughou t the system . Recallin g the Gibbs-Duhe m equatio n for the bul k aqueou s 
and vapou r phase s at constan t temperatur e and pressure : 

aqueou s phase : xcdßc  +  * H2C ^ H2O = 0 (16 ) 

vapou r phase : Ρ Η2Ο ^ Η2Ο +  Ρχ 2ύμχ 2 =  0 (17 ) 

wher e x/ and P/ represen t the mol e fractio n and partia l pressur e of specie s /, respec -
tively . 

Substitutio n of equation s (16) and (17 ) into (15 ) yields : 
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-d7s v = 
^sv xc ^s v f c ^ o s v xc ~  "  ^ o - - ΪΓ ~ XN2 

*H20 *Η2Ο^Ν2 
d/i c (18 ) 

Sinc e the concentratio n of collecto r is rathe r low and PH2O <C ^N2> thenxoPH 2o/*H 2c>PN 
1, an d choosin g Γ ^ 0 =  0, then : 

d 7 sv =  -rg ) S Vd/i C (19 ) 

Subtractin g equatio n (19 ) from (14 ) yields : 

d(7SL - 7sv ) =  (rg )SV -  rg )SL) d/i c (20 ) 

Compariso n with equatio n (4) shows : 

d7Lvcosf l _  (1)SV (i)S L  nn 
άμο  "  C C ( 2 1) 

Thu s for th e contac t angl e to decreas e with increasin g collecto r concentratio n 
(i.e . for th e bubbl e to sprea d an d displac e th e aqueou s phase ) an d d cos θ/άμο  t o 
be positive : 

r(l)SV > r(l)SL 

i.e. th e adsorptio n densit y a t th e solid-vapou r interfac e mus t excee d tha t a t th e 
solid-liqui d interface . Thi s finding  wa s first  note d by de Bruy n e t al . [15] an d con -
firmed  experimentall y by Smolder s [16] , bu t ha s essentiall y laid dorman t as far as 
flotation  researc h an d practic e ar e concerned . 

From tim e to tim e the validit y of Young' s equatio n has bee n questioned , prompt -
ed by th e difficult y in providin g experimenta l justification . Th e argument s hav e 
principall y centre d on th e distinctio n betwee n microscopi c an d macroscopi c con -
tact angle s [17] . Whit e [6 ] ha s shown , however , tha t ther e is a  clea r differen -
tiatio n betwee n thes e tw o angle s an d tha t it is th e macroscopi c contac t angl e 
whic h obey s Young' s equation . I t is pertinen t to invok e a  physica l descriptio n of 
the contac t zone . Recal l Figur e 1  for th e momen t an d imagin e tha t th e contac t 
angl e Θ  is obtuse . A t th e SV interfac e a  nomina l monolaye r coverag e of wate r 
molecule s wil l be presen t on th e solid surfac e (togethe r wit h collecto r molecule s 
if th e latte r ha s bee n added) , establishin g a  π 6. Th e gradien t of th e LV interfac e 
will graduall y increas e from zer o as we mov e toward s th e bul k liqui d phase , un -
til a  liqui d thicknes s is reache d wher e an y solid-liquid-vapou r interactio n energ y 
is negligibl e compare d wit h 7LV· Th e contac t angl e a t thi s thicknes s equal s tha t 
expecte d from Young' s equatio n if th e interactio n energ y is only du e to disper -
sion forces , whic h wil l occu r whe n th e liqui d film  ha s exceede d abou t 1  nm in 
thickness . 

In minera l flotation  we ar e intensel y intereste d in th e manne r in whic h a  particl e 
is attache d to a  bubble . Thi s topi c is addresse d in som e detai l in Chapte r 6. Fo r 
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the present , we can conside r a rathe r simplifie d cas e becaus e it demonstrate s how 
Young' s equatio n is a natura l outcom e of particl e bubbl e adhesion . 

The situatio n is depicte d in Figur e 2. A spherical , soli d particl e is locate d at 
the interfac e betwee n two fluid  phases . All phase s are assume d to hav e the sam e 
density . Fo r the particl e to hav e achieve d a stabl e equilibriu m position , the tota l 
surfac e free energ y mus t be minimized . Le t h be the distanc e of penetratio n of the 
particl e in phas e a.  Th e syste m is considere d to be at constan t volume . 

The are a of the solid-flui d a  interfac e is 2wr 2 whils t the solid-flui d ß  interfac e is 
47ΓΓ2 — 27rr/i . The are a of the aß  interfac e occupie d by the soli d is n(2rh  — h2). 

For equilibrium : 

dF = 7sa(27r r dA) +  isJ-2wdh)  -  jaßK(2r  -  2h)dh  =  0 (22) 

or: 

7Sa - TŜ  = ί 1 - - j laß = laß COS0 (23) 

i.e. Young' s equatio n (4) is recovered . Thu s a particl e wil l be stabl e at th e aß 
interfac e if Θ  is finite  and wil l occup y a positio n whic h satisfie s Young' s equatio n and 
wher e Θ  is the equilibriu m contac t angle . 

Som e furthe r insigh t into Young' s equatio n may be gleane d from calorimetry . If a 
dry, powdere d soli d is immerse d in a liquid , hea t wil l be evolve d durin g the wettin g 
process , i.e. an exothermi c proces s take s plac e wher e the hea t of immersion , AH imm 
is give n by: 

PHASE ß PHASE a 

Asa 

Fig. 2. Location of a solid, spherical particle at an interface between two fluid phases a and ß. The 
system is gravity free. All phases are assumed to have the same density. 
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AH [mm — Hi SL H s° 
(24) 

Her e H$ L is the enthalp y of th e soli d in contac t wit h th e liqui d (th e <4wet" 
solid ) and i/f0 is the enthalp y of the dry soli d [refe r equatio n (7)] . Fro m basi c 
thermodynamic s [13] : 

(25) Hs = 7 -
H S 

and thus : 

AH mm = 
[—(£0 1 

-

From equatio n (4) , for a dry solid : 

7LV COS Θ = : 7s° - 7SL 

7s° -
■'(?) ] 

(26) 

thus : 

-Aflt a 

and : 

-ΔΗ» 

= 7LV cos Θ - T—(tiy  co s Θ) 

„ d7i v d  cos 0 
= 7LV COS0 - Tcos0——  TTLV-d J d J 

(27) 

Equatio n (27 ) show s directl y the thermodynami c significanc e of contac t angle . 
Provide d tha t AH imm, dfiy/dT  an d dcosö/d r can be determine d wit h sufficien t 
precisio n and accuracy , it is possibl e to obtai n cos 0 and Θ  [18] . Althoug h thi s 
thermodynami c techniqu e is littl e used in minera l processin g researc h it is of con -
siderabl e importanc e to selectiv e oil agglomeratio n techniques . 

Wetting 
From equatio n (4) and Figur e 1, whe n the air bubbl e completel y spread s over , or 

totall y wets , the solid surface , Θ  is zero and equatio n (4) becomes : 

7LV = Tsv - 7SL (28) 

whic h immediatel y beg s a questio n concernin g the absenc e of the three-phas e wet -
ting line . Th e validit y of thi s equatio n has bee n demonstrate d experimentall y by 
Johnso n and Dettr e [3] and give n a firm  thermodynami c basi s by Melros e [11] and 
Rowlinso n and Wido m [19] . The argumen t and physica l pictur e is very simila r to 
tha t advance d by Whit e [8] in distinguishin g betwee n microscopi c and macroscopi c 
contac t angles , as discusse d in the sectio n on "Non-idea l surfaces" , below . 

Recallin g equatio n (7) , equatio n (28 ) may be expresse d as : 

7LV = 7s - ^e - 7SL (29) 
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Wher e a liqui d (or indee d any fluid)  spread s ove r a soli d surface , πβ wil l increase , 
reducin g 7sv unti l it equal s 7LV + 7SL· Thi s wil l occu r whe n the thicknes s of the 
adsorbe d film  reache s the poin t wher e it exhibit s the propertie s of a bul k liqui d 
with separat e and distinc t 7Lv and 7SL values , i.e . it is a duple x film.  Onl y whe n 
equatio n (28 ) is applicabl e wil l the adsorbe d film  adop t the propertie s of the bul k 
liquid . A disjoinin g pressur e (Chapter s 3 and 6) wil l exis t withi n the thi n aqueou s 
film  betwee n an air bubbl e and a soli d particl e as the two approac h in water . Thi s 
disjoinin g pressur e act s norma l to the plan e of the film,  varie s wit h film  thicknes s 
and can preven t thinning . If Θ  is finite,  the disjoinin g pressur e will , at som e point , 
becom e negativ e and thu s a drainin g film,  upo n reachin g a certai n thicknes s wil l 
spontaneousl y rupture . A stabl e contac t angl e wil l be formed , with a freshl y expose d 
SV interfac e forme d unde r the "spread " air bubble . Thi s situatio n (Θ  finite)  consti -
tute s a case of partia l wettin g of the soli d by the air (or liquid , dependin g on how 
one define s Θ). 

A probe , inserte d throug h the LV interface , woul d no t see a "dry " soli d sur -
face , bu t rathe r on e containin g microdroplet s of aqueou s phas e in equilibriu m 
with multilayer s of wate r molecules . If collecto r molecule s ar e presen t the y wil l 
also be distribute d a t th e SV interfac e an d a t a greate r densit y tha n for th e 
SL interfac e [recal l equatio n (21)] . Th e adsorptio n an d orientatio n of collecto r 
molecule s at the SV and SL interfaces , thei r influenc e on the contac t angl e dur -
ing movemen t etc . are subject s of intens e researc h interes t (e.g . [4, 20] ) and it is 
not possibl e to give an accurat e globa l description . Orientatio n change s at the SV 
and SL interface s ar e certainl y expecte d on theoretica l and experimenta l ground s 
[20, 21] . Patchwis e collecto r adsorptio n is anticipate d from th e earl y autoradio -
graphi c wor k of Plaksi n [22] . As the technique s of scannin g tunnellin g microscopy , 
atomi c forc e microscopy , in-sit u Fourie r Transfor m Infrare d Spectroscopy , neu -
tron scatterin g and the like becom e mor e widel y applie d in minera l flotation  re -
search , considerabl e advance s in ou r understandin g of collecto r adsorptio n wil l 
take place . 

For rathe r smal l systems , an additiona l proble m may exist , i.e . the three-phas e 
wettin g line may be in a stat e of tension , as first  propose d by Gibb s [2] . Unde r 
such circumstances , for the air bubbl e depicte d in Figur e 1, equatio n (4) shoul d be 
expresse d as: 

KJ 
7LV COS Θ =  7SL - 7sv (30 ) 

wher e κ is the line tensio n and r is the radiu s of curvatur e of the wettin g line in the 
plan e of the solid , κ  may be positiv e or negativ e and is apparentl y of orde r 10~ 10-
10" π Ν or so (e.g . [23]) . Thu s correction s to Young' s equatio n are only likel y to be 
significan t wher e r is less tha n 100 nm, with κ/r  <  1 mN m" 1. Thu s line tensio n is 
likely to be significan t whe n phenomen a suc h as drople t coalescence , heterogeneou s 
nucleation , the stabilit y of free liqui d films  and condensatio n in porou s solid s ar e 
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involve d [10 , 23] . It may  be importan t in bubble-particl e adhesio n in flotation, 
howeve r evidenc e to dat e suggest s tha t thi s is unlikel y (Chapte r 6) . 

For the majorit y of case s in minera l processing , Young' s equatio n is perfectl y 
acceptabl e for describin g wettin g equilibria . Howeve r othe r term s ar e frequentl y 
invoke d in the colloi d and surfac e chemistr y hterature , e.g . spreadin g coefficient , 
work of adhesion . It is no t the purpos e of the presen t chapte r to defin e thes e term s 
in detail , rathe r the intereste d reade r shoul d consul t the extensiv e Hteratur e on the 
subjec t [13,14 , 24] . 

The  influence  of  surface  charge  on  contact  angle 
Electrica l doubl e laye r effect s hav e a significan t influenc e on wettin g behaviour , 

a contributio n whic h is frequentl y overlooked , despit e th e pioneerin g effort s of 
Frumki n and other s [25] . For silve r iodid e and surfac e modifie d silicas , the influenc e 
of surfac e charg e on the solid-liquid-vapou r contac t angle , Θ,  measure d throug h 
the aqueou s phase , has bee n determine d by Billet t et al . [26] and Laskowsk i and 
Kitchene r [28] , respectively . Thes e studie s indicat e tha t Θ  is a maximu m at the poin t 
of zer o charg e (p.z.c. ) of the soli d and is strongl y dependen t on pX (i.e . pAg or p i 
for Agl , pH for quartz) . Apar t from thes e studies , the bul k of reporte d Θ  value s do 
not specif y the exac t experimenta l condition s (i.e . pX , concentratio n of supportin g 
electrolyte ) unde r whic h they wer e obtaine d [24] . 

In the case of the mercury-aqueou s electrolyt e system , the influenc e of electro -
stati c effect s has bee n examined . Her e the dependenc e of Θ  on electrica l parameter s 
is obvious , for th e specifi c interfacia l energ y of th e mercury-solutio n interface , 
7Hg-so b is itsel f a functio n of charg e and potential , as show n throug h the Lippman n 
equation : 

wher e E is the applie d potential , σ0 is the charg e pe r uni t are a at the mercury -
solutio n interfac e and μ5 is the chemica l potentia l of the supportin g electrolyte . 

From equation s (4) and (31) , the dependence  of cos 0 (Θ  measure d throug h 
vapou r phase ) on σ0 is give n as: 

/ a 0d £ - 7 Hg - v 
cos<9 = ^ (32 ) 

7sol-V 

a relationshi p whic h has bee n validate d experimentall y by Nakamur a et al. [28] . 
In the cas e of a solid substrate , charge d throug h adsorptio n of potentia l deter -

minin g ions (i.e . a reversibl e electrod e interface) , the dependenc e of the interfacia l 
energy , 7SL on the electrica l parameter s is less obvious . 

Applicatio n of equatio n (31 ) to thi s grou p of system s is of littl e help , becaus e 
7SL canno t be measure d in practic e and one mus t consequentl y see k an alternativ e 



Static and dynamic contact angles 183 

route . As a first  approximation , the presenc e of a doubl e laye r may be considere d 
to only affec t 7SL· It shoul d be recognize d tha t charg e presen t at the solid-solutio n 
interfac e may hav e som e influenc e on the equilibriu m spreadin g pressure , 7re, and 
thus on 7sv · However , ther e is no har d evidenc e availabl e for th e influenc e of 
electrica l doubl e layer s on 7re for thes e ionizabl e solids . Indeed , the definitio n of pX , 
say, in suc h ultra-thi n films  of liqui d adsorbe d at the SV interfac e is troublesome . 
In thi s respec t it is noteworth y tha t Ge e [29] has show n tha t the adsorptio n of 
wate r molecule s at the modifie d silica-wate r vapou r interface , as a functio n of 
the relativ e vapou r pressur e of water , may be adequatel y describe d by Van de r 
Waal s contribution s alone . Ou r argument s her e are develope d for the solid-vapour -
aqueou s solutio n system , howeve r a paralle l analysi s may equall y wel l be develope d 
for the solid-oil-aqueou s solutio n case . 

The chang e in 7SL is cause d by adsorptio n of potential  determinin g ion s and 
diffus e adsorptio n of counterion s in the simples t cas e (we can neglec t any specifi c 
adsorptio n for the present) . In principle , the chang e in 7SL can be determine d from 
the Gibb s equatio n (14) . 

However , close r consideratio n of the formatio n of electrica l doubl e layer s in con -
tact angl e system s lead s to a mor e informativ e approac h to Θ  (pX ) relationship s at 
reversibl e solid-electrolyt e interface s [30] . Electrica l doubl e layer s are forme d spon -
taneousl y in thes e system s and the free energ y of thei r formatio n is therefor e alway s 
negativ e [31] . At reversibl e interfaces , doubl e layer s are forme d by the adsorptio n 
of potentia l determinin g ions from the bul k solution , accompanie d by a rearrange -
men t of compensatin g charg e in the diffus e layer . If, in a three-phas e contac t angl e 
system , the compositio n of the liqui d phas e is such tha t a solubl e laye r is presen t at 
the SL phas e boundary , i.e . if pX φ  ρ.ζ.α , the syste m is abl e to minimiz e its free 
energ y by increasin g the are a of the SL interface . At a fixed  bubbl e volum e wher e Θ 
is measure d throug h the vapou r phase , this mus t automaticall y caus e an increas e in 
Θ.  Thi s lead s to the phenomenologica l conclusio n tha t for reversibl y charge d solid s 
Θ is a minimum  at the p.zx . (i.e . the air bubbl e cling s mos t tightl y to the surface) . 
Or, in othe r words , the presenc e of surfac e charg e render s a soli d mor e hydrophilic . 
Θ measure d throug h the solutio n phas e wil l of cours e be a  maximum  at the p.z.c . 
This conclusio n is of significanc e for minera l flotation  practice . In collectorles s flota-
tion , the separatio n efficienc y coul d be improve d in som e case s by pX control . Thi s 
has no t alway s bee n realized , bu t migh t wel l explai n som e pH trend s observe d in 
flotation  studie s (e.g . [32, 33]) . 

In the presenc e of surfac e charge , the free energ y of the SL interfac e can be 
formall y writte n as: 

7SL = 7SL + AF d,. (33 ) 

wher e 7SL is the tota l free energ y per m2 of SL interface , 7£L is the "chemical " con -
tributio n to tha t energ y (an d equal s 7SL at the p.z.c) , and AF d\ is the free energ y 
of doubl e laye r formation . Thi s dissectio n of 7SL int o chemica l and electrica l con -



184 /. Rahton and G. Newcombe 

tribution s is formall y equivalen t to tha t performe d for the electrochemica l potentia l 
of a charge d species . Substitutin g equatio n (33 ) in Young' s equatio n yields , for the 
case wher e Θ  is measure d throug h the vapou r phase , 0y: 

cos0y(pX)  =  - L î  — - =  — - - cosöv(p.z.c ) (34a ) 
7LV 7LV 

Sinc e AF^\  <  0, therefor e 0v(pX ) > #v(P-z.c. ) in all cases . Wher e Θ  is measure d 
throug h the solutio n phase , 6 so\: 

cos 0sol(pX ) = cos ösol(p.z.c. ) - Δ**· 1®**  (34b ) 
7LV 

Accordin g to Verwe y and Overbee k [31] , the free energ y of singl e doubl e laye r 
formatio n is give n by: 

AFd.i. = - /  °  σ0ύψ  (35 ) 
Jo 

wher e ψ0 is the electrica l potentia l of th e SL interface . Equatio n (35 ) is vah d 
for Nernstia n surfaces , i.e . surface s for whic h V>o(pX ) follow s the Nerns t equatio n 
(31) . For non-Nernstia n surfaces , configurationa l contribution s can be include d in 
equatio n (35) : 

AF d,. = - /  °  σ0 άφ  + AF conf (pX ) (36 ) 
Jo 

wher e AFcon f is the pX dependen t configurationa l entrop y contributio n to the dou -
ble laye r free energy , bu t are no t considere d furthe r her e [34] . 

The AFd.i . contributio n in equatio n (34 ) can be calculate d from doubl e laye r 
theory . For Nernstia n surface s thi s can be achieve d by computin g σ0(ψ0) from th e 
Poisson-Boltzman n (P-B ) equatio n and carryin g ou t the integratio n in equatio n 
(35) . 

For a flat  diffus e doubl e laye r presen t at a Nernstia n solid-solutio n interfac e the 
free energ y of doubl e laye r formatio n is give n by (14) : 

Sn°kT ( ζβφ{ 

^*·
1

--—r* -̂
1

;
 (37 ) 

wher e n0 is the concentratio n of the symmetri c z \z  electrolyte , k th e Boltzman n 
constant , κ the reciproca l doubl e laye r thickness , and e the elementar y charge . 

Theoretica l 0soi(p,X ) relation s for solid s with differen t intrinsi c hydrophobicitie s 
[i.e. 0soi(p.z.c. ) values ] calculate d from equation s (34b ) and (37 ) are give n in Figur e 
3. It follow s tha t for rathe r hydrophobi c solids , 0SO\ essentiall y decrease s to zer o ove r 
a narro w pX rang e of one to two units , a predictio n whic h is supporte d by mea -
surement s on the trimethylchlorosilan e (TMS ) modifie d silic a syste m by Laskowsk i 
and Kitchene r [27] . A decreas e in θ ΒΟ\ wit h increasin g indifferen t electrolyt e con -
centratio n unde r otherwis e identica l condition s is theoreticall y expecte d (Figur e 
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Fig. 3. Macroscopic water contact angle 0SO| as a function of surface potential in the presence of a 
diffuse double layer for different intrinsic hydrophobicities. Electrolyte: 10~2 M (1-1), temperature: 
298 K. (From Fokkink and Ralston [30], with permission.) 

4) and is indee d observe d for the wettin g of TM S treate d quart z as indicate d in 
the figure. 

For a quantitativ e treatmen t of 0(pX) , a mor e realisti c descriptio n of the doubl e 
laye r is required . If, for a practica l system , σ0(ψ0) can be describe d by an appro -
priat e model , the doubl e laye r contributio n in equatio n (34 ) follow s from theory . In 
mos t practica l systems , however , a suitabl e mode l is no t readil y available . In thes e 
case s AFd.\.  can be obtaine d by numerica l integratio n of experimenta l σ0(ρΧ ) data . 
The vexin g proble m of pX to φ0 conversio n (i.e . the "Nernst " analogue ) remain s 
in mos t instances . For silve r iodide-solutio n interface s it is fundamentall y soun d to 
appl y the Nerns t equatio n (14 ) and thu s one has a very suitabl e syste m with whic h 
to tes t this simpl e approach . 

Billet t et al . [26] measure d 0soi(pAg ) on smooth , well-characterize d Ag l films. 
Thes e dat a are reproduce d in Figur e 5. Fo r thi s system , the electrostati c contri -
bution s to Θ  can be accounte d for throug h equation s (34b ) and (35) . AF^i  ma y 
be obtaine d by numerica l integratio n of a0(pAg ) in 10" 4 M indifferen t electrolyt e 
(35) . 7LV and pAg ° wer e take n as 73 mN m" 1 and 5.6 , respectively . Th e calculate d 
dependenc e of Θ  on pAg is also give n in Figur e 3. Althoug h Billet t et al. [26] did no t 
maintai n a constan t indifferen t electrolyt e leve l in thei r experiments , the agreemen t 
betwee n experimen t and theor y is quit e satisfactory . 
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Fig. 4. Influence of indifferent (1-1) electrolyte concentration on Θ at different surface potentials (ΔρΧ) 
in the presence of a diffuse double layer. Experimental points refer to advancing water contact angles 
measured on TMS-quartz in KNO3 at pH 11. Temperature: 298 K. (From Fokkink and Ralston [30], 
with permission.) 
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Fig. 5. pAg dependence of the contact angle 0SOj on smooth Agl film. Experimental points taken from 
[26], broken line calculated from double layer data, equation (34b). (From Fokkink and Ralston [30], 
with permission.) 
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Thu s in any consideratio n of contac t angl e in minera l processin g on e shoul d 
recogniz e that : 

(a) electrostati c contribution s in wettin g phenomen a are significan t an d may be 
accounte d for by doubl e laye r thermodynamics ; and 

(b) contac t angl e measurement s shoul d be reporte d unde r well-define d condi -
tions , i.e . θγ  or 0soi, pX , electrolyt e concentration . 

Theoretical  approaches  to interfacial  tension  and  contact  angle 
Virtuall y sinc e Rayleigh' s tim e [36] ther e has bee n a stron g interes t in calculatin g 

the specifi c interfacia l energie s 7SL, 7SV and 7LV sinc e a knowledg e of thes e wil l 
enabl e the contac t angl e Θ  to be calculated , throug h equatio n (4) , as wel l as othe r 
wettin g parameter s such as wor k of adhesion . 

The mos t comprehensiv e pioneerin g wor k in this field  was performe d by Fowke s 
[37], catalyze d by the prio r effort s of Girifalc o and Goo d [38] . Fowke s maintain s 
tha t whe n two immiscibl e liquid s are in contact , the dominan t interactio n is due to 
the Van de r Waal s dispersio n interaction . In the specifi c cas e of a hydrocarbo n in 
contac t with a liquid , Fowke s regard s thi s dispersio n contributio n as the only im-
portan t interaction . 7HV> the surfac e tensio n of the pur e hydrocarbo n is reduce d by 
the interactio n tha t the surfac e hydrocarbo n molecule s hav e with the adjacen t liqui d 
atom s and , similarly , thi s secon d liqui d wil l hav e its surfac e tensio n reduced . Ac -
cordin g to the Berthelo t principle , the interactio n constan t for two differen t phase s 
is give n by the geometri c mea n of the interactio n constan t for the individua l phases . 
By analogy , then , the interfacia l tension , 7HgH> betwee n a simpl e hydrocarbo n and 
mercur y is give n by: 

„M +1 „- 2 («)
y

'  (3S ) 

wher e 7 M is the surfac e tensio n of mercury , 7 H the surfac e tensio n of the hydro -
carbo n and 7^ , 7 ^ ar e the respectiv e dispersio n only contribution s to the surfac e 
tensions . Fowke s assume s tha t for the hydrocarbon-vapou r interface : 

7H = 7H (39 ) 

i.e. the dispersio n contributio n is completel y dominant . In thi s instance , equatio n 
(38) contain s only one unknow n quantit y and by comparin g the measure d interfacia l 
tension s of a serie s of hydrocarbon s agains t mercury , it is possibl e to estimat e the 
dispersio n component , 7^ , of mercury . Fowke s determine s this to be 200± 7 mJ m" 2 

at 293 K agains t an experimenta l valu e of 484 mJ m~ 2 for 7 M. Th e differenc e was 
ascribe d to metalli c bondin g in liqui d mercury . If thi s sam e argumen t is applie d to 
the water-hydrocarbo n interface , a valu e for 7 ^ 0 of 21.8 mJ m~ 2 is obtaine d at 293 
K. Turnin g to the mercury-wate r interfac e and assumin g tha t only the dispersio n 
contributio n is significant , equatio n (38) becomes , at 293 K: 
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Vi 
7HgH2o = 7Hg + 7H2O - 2  (ln g)ln2o) 

= 484 + 72. 8 - 2(20 0 x 21.8) 1/2 = 424. 8 mJ m" 2 

whic h compare s favourabl y with the experimenta l valu e of 426 mJ m" 2, indicatin g 
tha t ther e is a negligibl e contributio n from the wate r molecule' s permanen t dipol e 
moment . Whils t thi s is an importan t finding,  only in selecte d circumstance s is it 
valid to conside r only the dispersio n contributio n from water . Th e surfac e tensio n of 
wate r is 72.8 mJ m~ 2 at 273 K, som e 50 mJ m" 2 of whic h canno t be accounte d for 
by dispersio n theor y and whic h is attribute d to hydroge n bonding . Th e formatio n of 
a hydroge n bon d is a shor t range , coulombi c interactio n cause d by the asymmetri -
cal distributio n of electro n densit y aroun d the wate r molecule . In suc h cases , thi s 
interactio n determine s the structur e of the fluid.  Whe n a free air-wate r interfac e is 
forme d and the hydroge n bondin g structur e readjust s to the change , one shoul d no t 
expec t simpl e alkan e molecule s to markedl y influenc e thi s structure . Thu s simpl e 
alkane s (e.g . pentane , heptane , etc. ) sprea d happil y on wate r [39] . 

For a liqui d drople t restin g on a soli d surfac e in air and wher e Θ  is measure d 
throug h the liqui d phase , from equatio n (4) : 

COS0 = 7sv - 7SL 

7LV 

and , introducin g 7re from equatio n (7) : 

cos ö = 7s ~ ^e - 7SL 
7LV 

(40) 

(41) 

The presenc e of the πβ ter m in equatio n (41 ) normall y make s the theoretica l 
calculatio n of Θ  intractable . For low surfac e energie s 7re is zero , i.e . the vapou r of a 
high surfac e energ y liqui d wil l not adsor b on to a low energ y soli d becaus e this wil l 
not lowe r the surfac e energ y of the system . Example s of suc h solid s includ e paraffin , 
polythen e and poly(tetrafluoroethylene) ; the latte r is commonl y know n as "Tbflon" . 

Assumin g tha t only the dispersio n forc e contributio n is important , combinin g 
equatio n (41 ) and an analogu e of equatio n (38 ) for low energ y surface s yields : 

7s° 
COS0 = 

7s° +  7LV -  2  (isVv ) 
Vi 

7LV 

= - 1 + 2 
M 

Vi 

7LV 

Vi 

(42) 

(43) 

This approac h was initiall y used by Fowke s [37] , who demonstrate d tha t a plo t of 
the measure d contac t angl e versu s (7LV) /7LV for a rang e of liquid s on low energ y 
surface s did obe y equatio n (43) , allowin g 7 ! for the soli d to be estimated . Zisma n 
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and co-workers [40] found that for a given substance and a series of related liquids 
(e.g. w-alkanes, siloxanes or dialkyl ethers), cos Θ shows a reasonably linear depen-
dence on 7LV- The point where cos Θ = 1 corresponds to the critical surface tension 
of wetting, 7c. In practice, the measurement of 7c requires that one uses a range of 
liquids of varying surface tension and with 7Ly > 7c· This has tempted investigators 
to use a series of aqueous surfactant solutions of varying concentrations or mixtures 
of, say, alcohol in water. The latter approach has been used to achieve selectivity in 
flotation separations [41]. Preferential adsorption of one or other component can 
lead to quite spurious 7c data. 

The macroscopic approach may also be focussed on wetting behaviour [5]. Let us 
consider that we have a solid-vapour-liquid system at constant volume and denote 
the total free energy per unit area of the planar, parallel interfaces as FSvL(d), 
where d is the thickness of the vapour film. When the solid-vapour and liquid-
vapour interfaces are separated by an infinite thickness of vapour, then: 

isvL(oo) = 7sv + 7LV (44) 

where 7sv and 7LV are the solid-vapour and liquid-vapour interfacial tensions, 
respectively. The interaction free energy per unit area is given by: 

£SVL()̂ = Fsvh(d) - FsviXoo) = FSvL(d) - 7sv - 7LV (45) 

If d is reduced to zero, the total free energy must be that of the solid-liquid 
interface, i.e.: 

^SVL(O) = 7SL (46) 

Combination of equations (45) and (46) yields: 

7SL = 7s v + 7LV + £SVL(0) (47) 

Here £SVL(0) represents the work of adhesion between the solid and the liquid. 
£SVL(0) is of course opposite in sign to the conventionally defined reversible work 
of adhesion [42]. 

If ^SVL(O) < 0> 7SL < 7sv + 7LV a nd the liquid will form a finite contact angle 
given by Young's equation, viz: 

7sv - 7SL ,Λ~ 
cos0 = - — (40) 

7LV 

and hence: 
ü Λ £SVL(0) / /<OX cos0 = - 1 — (48) 

7LV 
When two semi-infinite blocks of solid and liquid, both of unit area, are brought 

from infinity until they are almost touching at some critical separation dc> Lifshitz 
theory [5] shows that the interaction energy per unit area is given by: 



190 /. Ralston and G. Newcombe 

Es
"-<° >  -  i l l  <

49
> 

wher e >4SVL is the Hamake r constan t for the syste m solid-vapour-Uqui d (recal l 
Chapte r 3). dc  is typicall y 0.15 to 0.2 nm and is invoke d sinc e the two block s canno t 
approac h to d = 0 due to the finite  size of thei r constituen t atoms . 

For two identica l liqui d interface s separate d by vapour , by a simila r argumen t 
leadin g to equatio n (47 ) wher e £LVL is n ow equa l in magnitude , bu t opposit e in 
sign , to the wor k of cohesio n [42] : 

7LV = - - £ L V L ( 0) (50) 

Introducin g a new cut-of f distanc e dl
c we obtain : 

7LV - 2 4 ^ ( 5 1) 

so tha t the contac t angle , 0, from equation s (48) , (49) and (51 ) is: 

Z4SVL idr\  2^SVL 
cos 0 = — ^ —  - 1 « — 2 l ! i - i (52 ) 

^4LVL \dcj ^LVL 
if dl

c =  dc to a goo d approximation . Of cours e on e may determin e the valu e of 
d[

c from equatio n (51 ) and experimenta l value s of 7Lv- Th e reade r shoul d not e the 
similaritie s betwee n equatio n (43 ) and (52) . Thi s macroscopi c approac h has bee n 
foun d to yield goo d agreemen t betwee n theor y and experimen t for contac t angle s of 
alkane s on poly(tetrafluoroethylene) , bu t has certainl y no t bee n universall y adopte d 
at thi s stage . Th e use of dc as an adjustabl e "cu t off" doe s no t alway s wor k and 
alternativ e approache s are ofte n very difficul t to appl y or the necessar y experimenta l 
spectra l dat a are unavailable . 

The somewha t empirica l bu t nevertheles s usefu l approac h of Fowke s and th e 
fundamental , macroscopi c approac h of Lifshit z can bot h be brough t to bea r on 
contac t angle s and wettabilit y in minera l processing . Numerou s problem s and an 
absenc e of dat a wil l ensur e an activ e researc h field  for man y years . 

Non-ideal  surfaces 

Tb this poin t only ideal , smoot h surface s hav e bee n considered . In practice , solid 
surface s are almos t alway s roug h and heterogeneou s so tha t it is necessar y to con -
side r how thes e impac t on the approac h take n to date . In brief , roughnes s can eithe r 
enhanc e or decreas e wettabilit y whils t chemica l surfac e heterogeneit y produce s a 
composit e contac t angl e whic h reflect s the contributio n from the variou s chemica l 
"patches" . Hysteresis , the discrepanc y betwee n advancin g and recedin g contac t an-
gles (recal l previou s section ) is a reflectio n of bot h roughnes s and heterogeneity . 
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Not e tha t hysteresi s is use d to describ e difference s in stati c state s and not  kineti c 
effects . Th e latte r ar e describe d in the nex t sectio n on "Dynami c contac t angles" , 
below . Le t us see if thes e effect s can be quantified , notin g only the majo r points , for 
excellen t review s are availabl e in the literatur e [3, 4] . 

For a drople t of liquid , restin g on a soli d in contac t with a vapou r and formin g a 
finite  contac t angl e 0, equatio n (40) applies : 

7sv - 7SL / / Im 
cos 0 = (40 ) 

7LV 
Wenze l [43] argue d tha t the validit y of thi s expressio n depend s upo n the surfac e 

bein g smooth . If this is not the case , the surfac e are a of the soli d is r(7s v —  7SL) and 
the apparen t contac t angl e is give n by the Wenze l equation : 

m , K7s v ~ 7SL) , ~ 
cos0 r = (52 ) 

7LV 

where : 

actua l surfac e are a 
r = :  :  ( 53) 

geometri c surfac e are a 
and 0r is the contac t angl e observe d on a surfac e of roughnes s r. Shuttlewort h and 
Baile y (1948 ) amon g other s also derive d equatio n (52) . 

Cassi e and Baxte r [45] , usin g simila r reasonin g to Wenzel , derive d an expressio n 
to describ e the behaviou r of contac t angle s on chemically  heterogeneous  and porous 
surfaces . The y considere d tha t a heterogeneou s surfac e of uni t are a consiste d of 
two domains , the first  havin g an are a fractio n fa  with a contac t angl e of 0X and the 
secon d havin g an are a fractio n f2 with a contac t angl e of 02, where : 

fi +h  =  1 (54 ) 
The Gibb s free energ y gaine d per uni t are a whe n a liqui d drople t spread s acros s the 
surfac e is thus : 

AG = fa  (7s lV - 7SXL) +/ 2 (7s 2v - 7S2L) 

wher e 7sxv and 7SIL refe r to the first  domai n and 7s2v and 7S2L refe r to the second . 
In combinatio n with equatio n (40) and followin g simila r reasonin g to tha t leadin g to 
equatio n (4) , the Cassi e equatio n is derived : 

cos 0C =  fa  cos 0i +  f2 cos 02 (55 ) 

wher e 0c represent s the composit e (advancin g or  receding ) contac t angle . In case s 
wher e the secon d regio n is air , for exampl e wher e a porou s mediu m is involved , 
7s2v is zer o and 7S2L become s 7LV, therefor e equatio n (55 ) reduce s to : 

cos 0C = / i cos 0i - fa  (56 ) 
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Israelachvil i and Ge e [46] hav e recentl y investigate d the validit y of th e Cassi e 
equatio n on a chemicall y heterogeneou s surface . If a surfac e contain s a mixtur e 
of hydrophobi c and hydrophili c group s the applicatio n of the Cassi e equatio n on 
a molecula r leve l may no t be vali d in the ligh t of curren t theories  dealin g wit h 
intermolecula r and surfac e forces . Th e Cassi e equatio n can easil y be derive d by 
averagin g energie s of cohesion . However , in considerin g th e theorie s of Van de r 
Waal s and electrostati c forces , it is not cohesiv e energ y tha t shoul d be average d bu t 
rathe r the polarizability , dipol e moment s or surfac e charge s of the surface . Usin g 
this approach , Israelachvil i and Ge e derive d a new relationshi p betwee n #c and the 
contac t angle s of atomi c or molecularl y size d patche s on th e surface . Fo r a two 
componen t surface : / i i i u v y i t v i ti D U I I U W· 

(1 + cos0 c)2 = / i ( l +  cos6>!) 2 +/ 2( l +  cos0 2)2 (57) 

Crawford , Koopa l and Ralsto n [47] hav e recentl y measure d advancin g and reced -
ing contac t angle s on smoot h quart z surface s of know n are a fraction s of trimethylsi -
lyl and silano l groups . Thei r result s for advancin g contac t angle s measure d on 

0.2 0.4 0.6 0.8 
Surface Fraction (f1) 

1.0 

Fig. 6. Theoretical advancing water contact angle as a function of surface coverage of trimethylsilyl 
groups on quartz surfaces. Dotted line corresponds to the Cassie equation (55), solid line to Israelachvili 
and Gee, equation (57). (Experimental advancing water contact angle data are taken from Crawford et 
al. [47], with permission: · refer to smooth quartz plates; o to packed beds using the dynamic Washburn 
technique.) 
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smoot h plate s and packe d powde r bed s are show n in Figur e 6 and ar e compare d 
with Cassi e equatio n prediction s [equatio n (55) ] and thos e of equatio n (57) . Th e 
data of Crawfor d e t al . adher e mor e closel y to equatio n (55 ) tha n to (57) . Th e 
Cassi e equatio n alway s predict s large r value s tha n tha t of equatio n (57) , howeve r it 
is impossibl e at this poin t to say with any certaint y whic h approac h is mor e correct , 
particularl y sinc e the dispositio n of surfac e group s is presentl y undefined , i.e . ar e 
they in macroscopi c or molecula r patches ? New surfac e analytica l technique s can be 
focusse d on this problem . 

Johnso n and Dettr e [48] examine d the proble m of surfac e roughnes s by consid -
erin g an idealise d rough  surface , symmetrica l abou t the z-axi s with a cross-sectiona l 
shap e and a correspondin g sinusoida l wav e form whic h coul d therefor e be mathe-
maticall y described . Th e radiu s of the dro p was large r tha n th e distanc e betwee n 
successiv e peak s and gravit y was neglected . Thei r analysis , base d upo n WenzeP s 
approac h and usin g an overal l free energ y minimisatio n approach , reveale d th e 
existenc e of a larg e numbe r of metastabl e states . Thes e metastabl e state s displa y 
a rang e of apparen t contac t angles , thu s providin g a theoretica l basi s for contac t 
angl e hysteresis , i.e . as a liqui d advance s or retreat s ove r a soli d surface , variou s 
apparen t (measure d agains t som e define d referenc e line ) angle s ar e seen . Th e mi-
croscopi c contac t angl e is stil l the sam e as tha t obtaine d for a molecularl y smoot h 
surface , howeve r the apparen t angl e depend s on the angl e of the tru e surfac e to 
the referenc e line at the three-phas e fine  of contact . Th e equivalenc e of thi s mi-
croscopi c angl e on a roug h surfac e with tha t determine d on a smoot h surfac e was 
confirme d by Olive r et al . [49] from a scannin g electro n microscop e stud y of mer -
cury droplet s clingin g to a finely  groove d nitrocellulos e surface . Importantly , Olive r 
et al . also showe d tha t the three-phas e line of contac t coul d "stick " at edges , an 
effec t predicte d theoreticall y by Hu h and Maso n [50] . 

For the case of porous , composit e surfaces , Olive r et al. [49] derived , for the cas e 
of a spherica l dro p restin g on a serie s of concentri c grooves : 

cos0 r = —  cos (9 (58 ) 
2r 2r  v ' 

wher e L\  and L 2 are the arc length s of the solid-liqui d and liquid-vapou r interface s 
and 2r is the diamete r of contac t of the drople t on the solid . For drop s muc h large r 
than the wavelengt h of the roughness , equatio n (58 ) reduce s to equatio n (56) , i.e . 
Olive r et al . argu e tha t the Cassi e equatio n is a specia l cas e of equatio n (58) . Th e 
problem s allude d to in connectio n with equatio n (57 ) stil l remain , however . 

Why are thes e effect s importan t to minera l processing ? In the ac t of attachmen t 
of an air bubbl e or an oil drople t to a minera l particl e immerse d in water , th e 
wate r mus t retrea t ove r the previousl y wette d minera l surface . Thi s coul d lea d 
to hysteresi s in a manne r alread y describe d above . Roug h surface s may resul t in 
sluggis h liqui d retrea t ove r the surface , inhibitin g movemen t at edge s and thu s 
limitin g the tim e available , unde r flotation  conditions , for the formatio n of a wettin g 
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perimete r and a stabl e bubbl e or droplet-particl e union . Howeve r the three-phas e 
line of contac t may be stabilize d at edges , resistin g the advancemen t of the liqui d 
fron t and thu s stabilizin g bubble-particl e contact . Finally , on the composit e surface s 
invariabl y encountere d in minera l processing , patche s of isolate d wate r may be left 
in the wak e of the retreatin g water , indicatin g a reductio n in hydrophobicity . Thi s 
latte r effec t is certainl y observe d in wettabilit y investigation s of packe d bed s of 
particle s [51] . 

Certainl y non-idea l surface s complicat e ou r interpretatio n of contac t angle s bu t 
do no t diminis h thei r importanc e to minera l processing . We mus t nex t decid e how 
bes t to measur e them . 

Measurement  of  contact  angles 

A succinc t revie w of the majo r technique s use d for measurin g contac t angle s on 
flat  plate s and powder s is now given . The reade r is referre d to an extensiv e literatur e 
on the subjec t for specifi c detail s (e.g . [14, 24]) . 

Flatplates 
(a)  Drop  profile.  The measuremen t of contac t angle s is dependen t upo n the na -
ture of the substrat e unde r consideration . If the soli d surfac e is a flat  plat e the n 
the mos t widel y used and mos t contemporar y techniqu e is a direc t measuremen t 
of th e angl e by viewin g th e dro p profile . Th e angl e forme d by a sessil e dro p 
or, alternatively , an adherin g gas bubbl e can be determine d to an accurac y of 
±2 ° for contac t angle s greater  tha n abou t 20° [14] . Zisma n and co-worker s [40] 
wer e mainl y responsibl e for popularisin g th e metho d throug h th e use of a go -
niomete r eyepiece . Leja and Polin g [52] photographe d sessil e (hanging ) bubble s 
at sligh t angle s so tha t a reflectio n occur s wit h th e surfac e of th e solid , thu s 
the contac t angl e is hal f th e angl e subtende d by th e direc t and reflecte d im-
ages . A bubbl e may be brough t int o contac t wit h a plat e wit h th e use of a mi-
cromete r syring e and the n eithe r a goniomete r eyepiec e may be use d to mea -
sure the contac t angl e directl y or the bubbl e may be photographe d an d the an -
gle measure d wit h a protractor . Thi s techniqu e readil y lend s itsel f to the mea -
suremen t of advancin g or recedin g angle s —  the bubbl e size can be increase d or 
reduce d accordingly . 

In case s wher e droplet s are used and the equilibriu m spreadin g pressure , πβ is ap -
preciable , the observe d contac t angl e may depen d upo n whethe r or no t equilibriu m 
with respec t to adsorptio n has bee n reached . 

(b)  Drop  dimensions.  Contac t angl e may be obtaine d throug h the measuremen t of 
the dro p dimension s whe n a sessil e dro p rest s on a surface . Bashfort h and Adam s 
[53] use d the Laplac e equatio n to describ e the drople t shap e from a theoretica l 
perspective . Smolder s and Duyvi s [54] selecte d a numbe r of coordinat e point s and 
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applie d a curv e fitting  technique , enablin g the simultaneou s determinatio n of j\y 
andÖ . 

Fishe r [55] develope d a relationshi p betwee n contac t angle , radiu s and volum e 
in orde r to measur e smal l contac t angle s for sessil e drops . An analytica l balanc e 
was use d to determin e mas s and,  wit h a know n />, volume , whils t the radiu s was 
determine d from a photograp h of the drop . 

(c)  Wilhelmy  plate.  Macroscopi c contac t angle s do no t necessaril y hav e to be mea -
sure d from angle s forme d wit h bubble s or droplets . Whe n a smooth , vertica l plat e 
is brough t in contac t with a liquid , if the contac t angl e is less tha n 90° a downwar d 
force , W?,  is exerte d on the plate , viz (e.g . [56]) : 

Wp = /?7LV cos Θ (59) 

wher e p is the perimete r of the line of contact . If the dept h of immersio n is no t 
equa l to zer o the n a volum e V  of liqui d wil l be displaced . Consequently , the effec t 
of buoyanc y mus t be take n into accoun t whe n considerin g the forc e exerted : 

Wp  = /?7LV COS Θ - VApg  (60 ) 

Thus , if the surfac e tensio n is known , the contac t angl e can readil y be calculated . 
The plat e shoul d be smooth , otherwis e a contac t angl e less tha n the tru e contac t 

angl e wil l be obtained . Indeed , if the plat e is sufficientl y roughene d a contac t angl e 
of zer o wil l be obtaine d which , in turn , provide s a usefu l metho d for determinin g 
surfac e tension . 

This technique , used in conjunctio n with an electroni c balance , lend s itsel f to the 
measuremen t of contac t angle s wit h tim e [57] . Processe s suc h as adsorptio n and 
temperatur e effect s can be observed . 

Furthermore , bot h advancin g and recedin g contac t angle s can be measured . Ad-
vancin g angle s are obtaine d by slowl y bringin g the plat e and liqui d surfac e together , 
wherea s the recedin g angle s are obtaine d by immersin g the plat e in the liqui d and 
then withdrawin g it a little . 

(d)  Capillary  rise.  The Wilhelm y plat e techniqu e may be modifie d so as to measur e 
the capillar y rise at a vertica l plate . Thi s metho d has bee n reporte d to be capabl e 
of increasin g precisio n to 0.1° . Whe n a liqui d come s in contac t wit h a vertica l plat e 
it wil l ris e up and th e heigh t whic h it attain s can readil y be determine d by the 
applicatio n of the Laplac e equation , yielding : 

sin 0 = l - ^ (61 ) 

The edg e of the meniscu s unde r appropriat e illuminatio n is usuall y quit e sharp , 
hence , with the use of a travellin g microscope , the heigh t can be determine d to a 
high degre e of accurac y and precision . 
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Powders 
The measuremen t of contac t angle s on powder s is difficul t and frequentl y highl y 

unreliable . Numerou s qualitativ e technique s are used with the majorit y of the quan -
titativ e method s dealin g with compresse d powder s or the dynami c technique s pop -
ularise d by Washbur n [58] , develope d theoreticall y by Levin e et al . [59] and Goo d 
and Lin [60] and carefull y validate d for narro w capillarie s by Fishe r and Lar k [61] . 
Thes e dynami c technique s are alway s plague d by problem s such as depletio n of sur -
factan t molecule s at a movin g wettin g front , lack of knowledg e of the powde r bed 
geometry , possibl e lack of attainmen t of thin film  equilibri a if "wetting " liquid s are 
used to calibrat e a particula r powde r bed,  etc . 

Non-equilibriu m effects , whic h seriousl y complicat e the analysi s of dynami c wet -
ting measurements , are overcom e in stati c measurement s suc h as the metho d orig -
inally propose d by Bartel l and co-worker s [62] . Th e theor y underlyin g thi s metho d 
has bee n revive d and elegantl y extende d by Whit e [63] . Th e pressur e require d to 
preven t movemen t of liqui d throug h a packe d bed of particles , oppose s the sum of 
the Laplac e pressure , ΔΡ , and the hydrostati c head . Th e Laplac e pressur e is define d 
by: 

AP = 2 7 L V C O S* (62 ) 
J*eff 

wher e 7LV is the liquid-vapou r surfac e tension , Θ  is the contac t angl e of the liqui d 
agains t the solid , measure d throug h the liqui d phase , and reff is the effectiv e capillar y 
radius . 

The Whit e derivatio n is a macroscopi c thermodynami c argumen t wher e 7LV and 
cos Θ  ente r equatio n (1) only afte r the Young-Dupr e equatio n has bee n invoked . 
Mos t importantly , reff, inadequatel y describe d in the Bartel l approach , is cogentl y 
define d by Whit e as: 

2 ( 1 - 0 ) 

wher e φ  is the volum e fractio n of solid in the packe d bed,  p is the densit y of the solid 
material , and A  is the specifi c surfac e are a pe r gram of solid . Combinin g equation s 
(62) and (63) yield s the Laplace-Whit e equation , whic h is a stric t expressio n for AP 
in porou s media , viz: 

7LV COS θφΑρ 

^V^ r

 (64 ) 

A capillar y metho d for testin g the Whit e approac h has bee n reporte d by Dunsta n 
and Whit e [64] . Broa d agreemen t betwee n theor y and experimen t was obtaine d for 
cleane d and chemicall y treate d smoot h glas s Ballotini . 

The metho d has bee n extensivel y develope d by Diggin s et al . [65] and has bee n 
show n to give reliabl e contac t angl e determination s on angular , chemicall y treate d 
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quart z particle s suc h as thos e encountere d in minera l processing . Moreove r th e 
Cassi e equatio n [equatio n (55) ] was , for the first  time , validate d for packe d bed s of 
mixture s of hydrophobi c and hydrophili c particles . 

Dynami c contac t angle s 

Whe n th e thi n liqui d film  between , say , an ai r bubbl e and soli d surfac e has 
draine d and ruptured , a three-phas e contac t line (tpcl ) is formed . A simila r even t 
occur s if an oi l drople t is involved . If flotation  is to occur , a particle/ai r bubbl e 
contac t are a sufficientl y larg e to ensur e aggregat e stabilit y mus t form in the contac t 
time available . Th e kinetic s of movemen t of the tpc l ove r the soli d may therefor e 
determin e whethe r or no t the particl e wil l adher e to the bubbl e afte r film  rupture . 
The kinetic s of movemen t of the tpcl , wha t influence s the movemen t and the contac t 
angle s forme d as a resul t of thi s movemen t ar e of centra l importanc e to minera l 
processing . 

The contac t angle s forme d durin g the movemen t of the tpcl , i.e . the dynami c 
contac t angles , are strongl y dependen t on bot h the velocit y and directio n of th e 
contac t line . In the cas e wher e a liqui d displace s air , as the velocit y of th e tpc l 
increases , the dynami c contac t angl e increases . If th e velocit y is hig h enoug h a 
dynami c contac t angl e of 180° lead s to the entrainmen t of a film  of air at the soli d 
surface , as show n in Figur e 7. Th e recover y of crud e oi l from capillarie s in oi l 
bearin g roc k ofte n involve s flooding  the capillarie s wit h gas . If the oil is displace d 
by air the dynami c contac t angl e at the air/oil/soli d contac t line wil l decreas e with 
increasin g velocity . At a critica l velocit y the dynami c contac t angl e wil l be zer o and 
a laye r of oil will be entraine d at the solid surface , decreasin g the recovery . 

The tpc l movemen t illustrate d is an exampl e of force d movement . An externa l 
force is require d to mov e the liquid/ga s interfac e ove r the soli d surface . Spon -
taneou s movemen t of the tpc l occur s whe n the syste m is relaxin g from a non -
equilibriu m to an equilibriu m state**. An air bubbl e expandin g ove r a hydrophobi c 
surfac e is an exampl e (see Figur e 8) , as is the spreadin g of a dro p of liqui d on a 
solid . Conside r that , as before , the processe s occu r at constan t volume . 

Fig. 7. Variation of contact angle with increasing tplc velocity (left to right) for liquid displacing air on 
a solid surface. Eventually, entrainment occurs in this case of forced spreading. 



198 /. Rahton and G. Newcombe 

a 1 

S 

1
b 

1
c
 1 1

d 

^SV ^SL 

Fig. 8. Spontaneous expansion of a bubble, immersed in a liquid, on a solid surface, (a) shows film 
thinning prior to rupture, (b) and (c) correspond to dynamic spreading, (d) to the final static state. 

Spontaneou s spreadin g occur s whe n th e Helmholt z free energ y change , AF, 
given by: 

AF  =  7LVA/4LV +  7svA/ls v +  7SLA/1SL (65 ) 

is negative ; 7LV, 7SV an d 7SL ar e of cours e th e interfacia l tension s for th e liquid -
vapour , solid-vapou r and solid-liqui d interfaces , respectively , an d A/1LV, AA Sy an d 
A/4SL ar e th e change s in are a of thos e interface s cause d by the spontaneous  spread -
ing. In th e case of an ai r bubbl e spreadin g on a solid surface , illustrate d in Figur e 8, 
AA$v  is positiv e an d equa l to th e decreas e in A$L an d AA Ly is determine d by th e 
geometr y of the bubbl e an d th e equilibriu m contac t angle . Clearly , for spontaneou s 
spreadin g to occur , F  (sprea d state ) < F (unsprea d state) . 

The hydrodynamic s of tpc l motio n ar e obviousl y very importan t bu t difficultie s 
aris e whe n flow  at th e soli d surfac e is considered . Accordin g to th e classica l "n o 
slip " boundar y conditio n of fluid  mechanic s ther e is no relativ e motio n betwee n th e 
liqui d an d th e solid a t th e solid surface . Applicatio n of thi s conditio n lead s to th e 
unlikel y resul t tha t shea r stres s an d pressur e fields  increas e withou t boun d as th e 
contac t line is approached , in othe r word s th e contac t line shoul d no t mov e at al l 
[66]. By assumin g th e surfac e is pre-wette d by a thin film  of th e liquid , or allowin g 
for slip in th e immediat e vicinit y of th e contac t line , this proble m ca n be overcom e 
but an assumptio n mus t be mad e abou t the correc t form of the slip conditio n [4,67] . 

The rol e of surfac e force s in controllin g motio n of th e tpc l is of particula r sig-
nificance . Recallin g equatio n (40) , for a  liqui d drople t restin g on a soli d surfac e in 
air: 

7sv - 7SL /An. 
cos0 s =  (40 ) 

7LV 

and : 

7sv =  7SL +  7LV COS 0S (66 ) 

wher e 0S is th e stati c contac t angl e (Figur e 8d) . 
Conside r th e case wher e th e thin film  betwee n an ai r bubbl e an d a solid surfac e 

has rupture d an d the tpc l has jus t begu n to mov e (Figure s 8b an d c). 
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0i, the initia l dynami c contac t angle , generall y specifie d as 0d, is muc h smalle r 
than 0S. If we assum e tha t the interfacia l tension s remai n constant , whic h woul d 
be expecte d in the absenc e of solubl e surfactants , immediatel y afte r ruptur e 7sv < 
TSL + 7LV COS 0d and ther e is an imbalanc e of force s actin g on the tpcl . Th e move -
men t of the three-phas e boundar y is considere d to be cause d by this imbalanc e and 
the drivin g forc e of the motion , Z)p, is give n as : 

£>F = (7L + 7LV COS 0d) - (7SL + 7LV COS 0S) = 7LV(COS 0d - cos 0S) (67) 

The drivin g forc e is therefor e dependen t on the differenc e betwee n the cosines 
of the dynami c and equilibriu m contac t angle s and is ofte n writte n as 0LvAcos . 
The forc e decrease s as 0d increase s and approache s zer o as 0d —» 0S. Inertia l and 
frictiona l force s oppos e the motio n of the tpc l bu t term s describin g thes e factor s 
contai n unknown s such as the surfac e viscosit y and the velocit y of the fluid  norma l 
to the soli d surfac e [4] . 

In the analysi s of the kinetic s of movemen t of the tpc l ther e ar e two stron g 
school s of thought : 

(a) Th e dynami c contac t angle s forme d at the tpc l durin g displacemen t are an 
indicatio n of the wor k neede d to overcom e an energ y barrie r to th e movemen t 
at a molecula r level . Thi s is the "surfac e chemical " schoo l wher e all observation s 
are attribute d to the influenc e of interfacia l forces . Hydrodynami c contribution s 
are generall y ignored . Th e relationshi p betwee n 0d and V  is due to the interactio n 
betwee n molecule s of the liqui d and adsorptio n site s on the soli d surfac e [10 , 68, 
69]. 

(b) Th e apparen t dynami c contac t angle s observe d at the tpc l are determine d by 
the hydrodynamic s of the syste m only , and surfac e force s are disregarde d [10 , 70] . 

(a) and (b) hav e bee n combine d by a numbe r of author s who propos e tha t the 
surfac e chemica l approac h hold s in certai n circumstance s bu t the hydrodynamic s of 
the syste m dominate s at othe r time s [71, 72] . 

Overall , ther e is a plethor a of theorie s in this field,  mirrore d in the vas t numbe r of 
publishe d papers . Experimenta l dat a generall y agree s wel l with theor y for a partic -
ular set of experimenta l conditions , bu t agreemen t is rarel y see n betwee n differen t 
systems . Par t of the proble m at leas t is due to the fact tha t poorl y characterize d ex-
perimenta l system s hav e bee n used , e.g . tim e dependen t adsorptio n processe s occu r 
in the presenc e of solubl e surfactants . Th e subjec t warrant s intens e stud y on wel l 
characterize d system s [73] . 

Summar y 

In thi s chapte r we hav e explore d the thermodynami c origin s of the contac t an -
gle and linke d the m to collecto r adsorptio n and electrica l doubl e laye r effects . We 
have demonstrate d tha t contac t angl e has a rigorou s theoretica l basis . Roug h and 
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composit e surfaces , typica l of thos e encountere d in minera l processing , forc e us to 
modif y ou r "idea l surface " approac h to contac t angle , bu t do no t diminis h its impor -
tance . Stati c and dynami c contac t angle s can bot h be measured . Ou r understandin g 
of contac t angl e is extensive , bu t far from complete , and as new approache s and 
technique s focu s on collecto r adsorptio n mechanisms , surfactan t reorientatio n ef-
fects , improve d model s of dynami c contac t angle s and the like , extensiv e benefit s to 
minera l processin g are anticipated . 
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Th e  influenc e  o f  particl e  siz e  an d  contac t  angl e  i n 

flotation 

J. RALSTO N 

Introductio n 

Whe n an ore is groun d so as to liberate , eithe r fully or partially , desire d min -
era l particle s from the surroundin g matri x or gangue , a distributio n of particl e size s 
inevitabl y results . Nowadays , particl e size is ofte n measure d and controlle d in flota-
tion concentrators . For example , hydrocyclone s may be use d to remov e fine  particle s 
or to sen d coars e particle s bac k to the grindin g circui t and on-strea m particl e size 
analysi s is common . Th e finest  particle s posses s the larges t specific  surfac e are a (m 2 

kg -1) . Th e term "fine particle" , expresse d as a particl e diameter , describe s a particl e 
whic h is a lot large r for coa l flotation  (e.g . 100 to 200 /im ) tha n for sulphid e or oxid e 
flotation  (circ a 5  μνα  or less) . Fine s are ofte n a metallurgist' s curse , bein g difficul t to 
float,  showin g a tendenc y to "slime " or coa t coars e materia l and consuming , per uni t 
mass , muc h large r quantitie s of collecto r compare d wit h intermediat e and coars e 
particles . Th e forme r are generall y the mos t readil y floatable,  althoug h middling s 
(composite s of two or mor e minerals ) can stil l respon d poorl y to flotation,  whils t 
coars e particle s are ofte n los t du e to turbulen t force s breakin g bubble-particl e 
contac t in the flotation  cell . Thu s a flotation  concentrato r wil l typicall y exhibi t an 
"elephant " shape d flotation  curve , with a marke d decreas e in recover y for bot h fine 
and coars e particles . Par t of our task in this presen t chapte r is to try and understan d 
why particle s of differen t size s respon d poorl y or wel l in flotation. 

We shoul d not e tha t the influenc e of particl e size on flotation  was recognise d 
in the landmar k pape r by Gaudi n et al . [1] . Similarl y th e principle s of selectiv e 
adsorptio n and thei r fink  to contac t angl e hav e bee n develope d ove r man y year s and 
are discusse d in chapter s 2 and 5. 

The diagnosti c valu e of size by size recover y curve s has now permeate d flota-
tion researc h and practic e to som e degre e [2] , demonstrabl y leadin g to improve d 
metallurgica l performanc e [3, 4] . In contrast , question s dealin g with the degre e of 
hydrophobicit y require d to float a  particl e of a give n size unde r specifi c condi -
tion s hav e generall y remaine d unanswered , despit e thei r immens e importance . Only 
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rarely has there been any real attempt to marry contact angle to particle size and 
then use this liaison to investigate flotation performance [2, 5, 6]. 

The origins of this difficulty he in elucidating the underlying colloid science, a 
task which is the subject of this present chapter. 

It is instructive to recall that flotation is essentially a dynamic process where 
kinetics and energetics are inextricably mixed. Focussing on the kinetic aspects of 
flotation for a moment allows us to obtain a perspective view of the link between 
particle size and contact angle before teasing out the threads of the relationship 
further. 

Kineti c consideration s in bubble-particl e interactio n 

For batchwise flotation processes, such as those which take place in the Hal-
limond T\ibe, Fuerstenau cell, Denver and Agitair cells etc., the rate of removal of 
particles may be described by a first order rate equation, viz.: 

dC 
— = -kC (1) 

where C is the particle concentration in mass per unit volume and k is a "rate 
constant". The reference volume (VT) requires some consideration — it may be 
taken as the total pulp volume, the volume of water alone, the volume of water 
plus air, etc. This reference volume needs to be kept constant for a particular 
investigation. 

From equation (1): 

rc=a 
/ - d C =  /  -kdt 

JC=CK C Λ=Ο -Co 

and: 

C = C0e-kt (2) 

The recovery, R may be conveniently defined in a number of ways, noting the 
number, mass and concentration of particles at various times in the reference vol-
ume Vr: 

Time Number of particles, N Mass, M Concentration, C 

0 
t 
00 

Thus: 

R = Mo_ 

No 
N 
Noo 

-M No- -N _ Q j 

Mo 
M 
Moo 

-C 

Co 
C 
C OO 

MQ NO CO 
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dR 

~dt 

and : 

R = 

= fe(l 

\-e 

-R) 

-kt 

(3) 

(4) 

Afte r prolonge d flotation,  som e materia l may remai n in the pulp , i.e . is unfloat -
able and may be represente d by C^ . Thu s C  is replace d by C - C^ , and C0 is 
replace d by C0 - C^ , hence : 

R=R OQ(l-e- kt). (5 ) 

As the bubbl e rise s in the cel l it collect s particle s with a collectio n efficienc y E 
and carrie s them ou t of the cell . 

The concentratio n of particle s at any tim e t is N/V r wher e N  is the tota l numbe r 
of particle s in the cel l whos e referenc e volum e is Vr. 

For larg e bubbles , of 1 mm diamete r or so , as are ofte n foun d in flotation,  and 
not overl y larg e particles , in an agitate d pul p the tota l numbe r of particle s remove d 
by a bubbl e as air rise s throug h the liqui d in the cell , of dept h h is: 

i^dlh\ 

wher e dh is the bubbl e diameter . 
E,  the flotation  probabilit y or collectio n efficienc y is give n by E  =  ECE&ES wher e 

Ec is the collisio n efficiency , ΕΆ is the attachmen t efficienc y and Es is the stabilit y 
efficienc y of the bubble/particl e aggregate . Thi s dissectio n of collectio n efficienc y is 
both instructiv e and common , servin g to focu s the reader' s attentio n on the thre e 
zone s of bubble-particl e interactio n originall y propose d by Derjagui n and Dukhi n 
[6]. 

If the gas volumetri c flow  rate is G&, the numbe r of bubble s forme d pe r uni t tim e 
isG f r/(^ b

3/6) . 
The rat e of remova l of particle s from the cel l is: 

UN  -6G {T τά\Η  „  3G {TEh^ 
— =  ^-  xE ——  x  C =  — C 
at πάζ  4  2  d h 

Sinc e C =  N/V r, then : 

UC  _ 3GfrEh 

"di" " ~ 2 d bVT 

or, expressin g C  in term s of recovery , R: 

(6) 

dR 3G bEh 



206 J.  Rahton 

Comparin g equatio n (7) with (3) and (4) : 

/ ^G flEcE2iEsh\ 

*
 = 1

-
C X P

r  2d hV r )
 (8) 

3Gfr EcEaEsh 
k —  (9 ) 

2d bVr
 K } 

The rat e constan t k  is directl y analogou s to tha t obtaine d in chemica l reactio n 
kinetics . Its valu e wil l be partl y determine d by the slow step(s ) in bubble-particl e 
collision , attachmen t and detachmen t processes , as wel l as by physica l variable s such 
as Gfr.* 

Equatio n (4) has bee n show n to appl y to a syste m of monodispers e polystyren e 
latex particles , for example , floating  unde r batchwis e condition s (e.g . [7, 67]) . A plo t 
of ln( l —  R)  versu s t yield s the rat e constan t k.  Fo r system s whic h are polydispers e 
in particl e size and/o r in whic h particle s of differen t hydrophobicitie s ar e present , 
the recover y the n become s the sum of a serie s of exponentia l term s and the plo t of 
ln( l —  R)  versu s t wil l show curvature , reflectin g the differen t contribution s from the 
variou s particle s in the pul p to the recovery . 

In the metallurgica l literatur e R  versu s t dat a ar e analyse d by assumin g tha t 
the pul p consist s of "fast " and "slow " floating  components , allowin g the respectiv e 
rate constant s (k{  and ks) and fraction s (ft and / s) to be determine d (e.g . [2, 8]) . 
Althoug h thi s is a gros s simplificatio n of the rea l multi-componen t situation , muc h 
valuabl e informatio n may be gleane d from suc h a simplifie d analysis . In fact th e 
latte r is frequentl y use d to examin e the flotation  behaviou r of particle s of a specifi c 
size rang e in flotation  circuits , wher e the behaviou r of an individua l flotation  cel l or 
ban k of cell s may be approximate d to a batchwis e proces s [8] . 

Derjagui n and Dukhi n wer e the first  to distinguis h thre e zone s of approac h of 
a bubbl e and a particl e on the basi s of the differen t kind s of forc e occurrin g in 
them (Figur e 1). Thi s mode l is a very usefu l on e and serve s to stres s the significan t 
contribution s to collectio n efficiency . It shoul d no t be take n to mean , however , 
tha t ther e are wel l define d boundarie s betwee n eac h zone ; rathe r the y grad e int o 
one another , the importanc e of the variou s contributin g effect s in eac h zon e bein g 
mor e accuratel y identifie d as furthe r experimenta l result s becom e availabl e in the 
literature . 

Zon e 1 is a regio n far from the bubbl e surfac e wher e hydrodynami c force s ar e 
dominant , controllin g Ec in equatio n (9) . Hydrodynami c dra g force s ac t to swee p 
the particl e aroun d the bubble , viscou s force s ten d to retar d thi s relativ e motio n 
betwee n the two whils t particl e inertia l and gravit y force s forc e the particl e toward s 
the bubble . It is no t our presen t purpos e to focu s on collisio n theory , howeve r som e 
passin g commen t at leas t mus t be mad e on a topi c whic h is adequatel y deal t with 

* For a constant Gfr and constant bubble size distribution, d  ̂will be an appropriate average. 



The influence of particle size and contact angle in flotation 207 

particle 

zone 3 
zone 2 
zone 1 

Fig. 1. Hydrodynamic (i), diifusiophoretic (2) and interparticle (3) force zones of interaction between a 
bubble and a particle (from Derjaguin and Dukhin [6], with permission). 

elsewher e (e.g . [9]) . It shoul d be note d tha t as the particula r mode l of collisio n 
efficienc y varies , the dependenc e of dR/dt  on bubbl e diamete r change s [67] . 

Broadl y speaking , all model s of collisio n efficienc y predic t tha t Ec decrease s with 
particl e size at constan t bubbl e size dow n to a diamete r of circ a 0.5 //m . At thi s 
value , Brownia n diffusio n take s ove r as the predominan t captur e mechanism , the 
collisio n efficienc y increasin g wit h decreasin g size as th e tiny particle s (virtuall y 
"solut e molecules" ) mov e toward s the surfac e of a spherica l bubble . Sutherlan d [10] 
mad e the first  significan t contributio n to the treatmen t of collisio n efficiency . Hi s 
hydrodynami c treatmen t of the proces s of particl e and bubbl e approac h in zon e 1 
was carrie d ou t withou t any consideratio n of particl e inertia , bubbl e deformatio n or 
film  thinning , deficiencie s whic h wer e in par t recognise d by Sutherlan d and War k 
[11]. 

The Sutherlan d theory , base d on potentia l theor y or streamlin e flow  and cor -
recte d by Dobb y and Finc h [12] show s tha t the concentration , C, of minera l floated 
at a tim e t is relate d to its initia l concentration , Co, by the recovery , R  as : 

(10) 

wher e RB and Rp are the bubbl e and particl e radii , Vt is the bubble-particl e relativ e 
velocity , λ is the inductio n time , ΛΓΒ is the numbe r of bubble s pe r uni t volume , 
and φ  is the fractio n of particle s retaine d in the frot h followin g bubble-particl e 
attachment . Th e reade r shoul d not e the relationshi p betwee n equation s (4) , (8) and 
(10) . Despit e the deficiencie s of the Sutherlan d model , addresse d in detai l in the 
literatur e (e.g . [13-16]) , his "firs t approximatio n theory " yield s result s whic h are in 
fair agreemen t with experimenta l determination s of particl e trajectories , touchin g 
angle s and collisio n efficiencies , obtaine d from mode l experiment s performe d in a 
vertica l flow  tub e with individua l particle s and a singl e bubble , as note d by Schulz e 
[9]. For mor e detaile d treatment s of the hydrodynami c aspect s of bubble-particl e 

* - - - l - e x p - , 
3r<j>R BRpVtNB \ 

cosh 23KtÄ/2Ä Bj 
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collisio n the reade r is referre d elsewhere , particularl y to the overvie w of Schulz e [9, 
68], the excellen t blen d of theor y and experimen t by Anfrun s an d Kitchene r [15] 
and the combinatio n collisio n and attachmen t mode l of Dobb y and Finc h [13] . Th e 
inabilit y of collisio n theor y to adequatel y describ e the collectio n proces s betwee n 
bubble s and smoot h and angula r particle s is vividl y demonstrate d by Anfrun s and 
Kitchene r [15] . Thei r experiment s —  still  the  only  measurements  of  absolute  rate  of 
capture  — gav e result s in goo d agreemen t wit h collisio n theory , assumin g ever y 
collisio n resulte d in captur e of thei r very hydrophobi c particles . 

Derjagui n and Dukhi n [6] identifie d zon e 2 as tha t regio n wher e diffusio n effect s 
are important . A stron g electri c field  exist s in thi s zone , for the liqui d flow  aroun d 
the movin g bubbl e give s rise to a tangentia l strea m at its surfac e whic h destroy s 
the equilibriu m distributio n of adsorbe d ion s there . Surfactan t is continuall y swep t 
from the uppe r to the lowe r surfac e of the bubble . Transpor t of ioni c surfactan t 
to the movin g bubbl e surfac e therefor e take s place , leadin g to the* establishmen t 
of a concentratio n gradient . A stron g electri c field  of orde r 300 0 V cm" 1 is estab -
lishe d whe n the catio n and anio n diffusio n coefficient s differ , as they generall y do . 
Henc e charge d particle s enterin g zon e 2 wil l experienc e an electrophoreti c forc e in 
precisel y the sam e way as in an electrophoresi s cel l [17] and woul d be eithe r at -
tracte d towards , or repelle d from the bubbl e surface . Derjagui n and Dukhi n coine d 
the ter m "diffusiophoresis " for thi s phenomeno n i.e . the "diffusiophoreti c force " 
therefor e act s on the particl e as an additiona l force . 

Tb dat e however , ther e is absolutel y no unequivoca l experimenta l evidenc e con -
firming  the presenc e or absenc e of diffusiophoresi s in flotatio n asid e from som e 
very preliminar y wor k [18] . Apar t from notin g its possibl e contributio n to collision 
efficienc y it is no t pursue d furthe r here . 

In zon e 3, interparticl e force s of the typ e describe d in Chapte r 3 predominat e 
once the thi n film  betwee n the bubbl e and the particl e is reduce d muc h belo w a 
few hundre d nanometer . Thes e interparticl e force s can accelerate,  retard  or eve n 
prevent  the thinnin g of the liqui d film  betwee n the particl e and th e bubble . Fro m 
a thermodynami c poin t of view , the free energ y of a liqui d film  differ s from th e 
bulk phas e from whic h it is formed . Thi s exces s free energ y was originall y calle d the 
"wedgin g apart " or "disjoining " pressur e by Derjagui n [19] and represent s the dif -
ferenc e betwee n the pressur e withi n the film,/? f and tha t in the bul k liqui d adjacen t 
to the soli d surface , pl. Not e tha t for a bubbl e pushe d agains t a flat  soli d surface , 
immerse d in water, pb, the pressur e withi n the bubble , is equa l top*.  Derjagui n and 
Titievskay a [20] and Scheludk o and Exerow a [21] performe d experimenta l measure -
ment s of disjoinin g pressures , providin g bot h the first  rea l verificatio n of the DLV O 
theor y as wel l as the first  accurat e experimenta l estimate s of the Hamake r constant , 
respectively . Th e disjoinin g pressur e (π ) depend s on the film  thickness , Λ, and : 

T(h)=p
{
-p

l (11 ) 

For mechanica l equilibriu m in a stabl e film  π(Λ) > 0 and άπ/dh  <  0. 
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If the liqui d film  is stabl e at all thicknesse s the liqui d is said to completel y wet 
the solid . This occurs , for example , whe n an air bubbl e approache s a clea n silic a 
surfac e immerse d in wate r —  in this instanc e the Hamake r constan t is negativ e 
and the correspondin g Van der Waal s forc e is repulsiv e for the silica/water/ai r 
triple laye r [22] . For an unstabl e film  the thin film  mus t drai n then ruptur e and 
the resultin g thre e phas e line of contac t (tplc , vapour-water-solid ) mus t expan d 
to form a wettin g perimete r befor e the particl e can adher e to the bubble . Eac h of 
thes e event s will have a characteristi c time associate d with them , the sum of whic h 
must be less than the contac t time betwee n the bubbl e and the particl e if flotation 
is to occur . The contac t time is generall y of the orde r of 10" 2 second s or less . The 
inductio n time , λ [see equatio n (10) ] is normall y [9] take n as the time require d for 
bubble-particl e adhesio n to occur , onc e the two are brough t into contact , i.e . it is 
the sum of the thin film  drainage/ruptur e and tplc spreadin g time s (ifiim + ftpic) and 
is synonymou s with the attachmen t time . Occasionall y λ is restricte d to encompas s 
only the first  of thes e processes . 

The thermodynami c and kineti c propertie s of thin liqui d films  are describe d in 
review s by Buscal l and Ottewil l [23] , Aveyar d and Vincen t [24] and Ralsto n [25] 
as wel l as in the book s by Sonnta g and Streng e [16] , Hunte r [27] and Ivano v [69] . 
Severa l of the salien t findings  with respec t to minera l processin g are summarise d 
here . The reade r shoul d refer to Chapte r 3 and reference s therei n for a descriptio n 
of the role of interparticulat e forces . 

The mechanism(s ) of thin film  drainag e have receive d a grea t dea l of attention , 
with particula r emphasi s bein g place d on symmetri c films  [26] . At larg e distances , 
film  drainag e betwee n surface s obey s the Reynold' s equation . Reynold s [28] used 
the basi c hydrodynami c equation s of Navie r and Stoke s to analys e the flow  betwee n 
two paralle l flat  plates . For the case of a circula r disc of radiu s r approachin g 
a stationary , flat  surface , wher e radia l flow  from the centr e is assume d and the 
velocit y at each interfac e is take n to be zero , the force F  pressin g on the disc is given 

wher e η  is the liqui d viscosity . Further : 

d{l//t 2} _  4P 

dt "  3η  r2 

wher e P  =  F/A  and A  is the disc area (i.e . 7rr2). As an integrate d form : 

4P 1 1 

3 ^ ( ' ' - ' 0 ) = ^ - ^ ( 1 4) 

This treatmen t of Reynold s for zero velocit y at eac h interfac e was extende d by 
Scheludk o and Platikano v [29] to the case of one surfac e bein g a free liquid . With 

(13) 
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thes e new boundar y conditions , equatio n (13 ) becomes : 

d{l/h 2} 16P 
(15) 

at 3η  r2 

For a bubbl e bein g pushe d agains t a flat  plat e in a liquid , an experimenta l syste m 
frequentl y use d in flotation  relate d studies , from equation s (11) and (15) : 

d{l//t 2} 
= constan t df 

and the integrate d form becomes : 

\p l ~  *(*) ] (16 ) 

1 -  1  I  = constan t \pl - π(/ι)\  (t  - t0) (17 ) 
*0> 

Thus , from a plo t of (l/Λ 2) —  (l/^o ) agains t time , whethe r or no t the disjoinin g 
pressur e is attractiv e or repulsiv e may be readil y detected . Unde r condition s wher e 
true Reynold s flow  occur s [7Γ(Λ) = 0] the plo t wil l be linear , as expecte d for thic k 
films  wher e h  —> oo and π(/ι ) —► 0. Variou s optica l method s (e.g . interferometry ) 
may be used for followin g film  drainag e [26] . 

Cha n and Hor n [30] measure d the drainag e rate s for non pola r liqui d films  con -
straine d betwee n two molecularl y smoot h mic a surfaces . Th e liquid s studie d wer e 
octamethylcyclotetrasiloxane , n-tetradecan e and n-hexadecane , al l thre e of whic h 
exhibi t Newtonia n behaviour . For film  thicknesse s dow n to 50 nm the drainag e rate s 
adhere d to Reynolds ' equation . Belo w 50 nm the drainag e rat e was retarded , an 
observatio n whic h Cha n and Hor n accounte d for by assumin g tha t the liqui d withi n 
severa l molecula r layer s of eac h mica surfac e doe s no t underg o shear . In such ultr a 
thin films,  the continuu m theor y advance d by Reynold s disintegrate s and drainag e 
take s plac e in a stepwis e fashion , the ste p size mirrorin g the molecula r laye r thick -
ness in the liquid . Thi s behaviou r is reminiscen t of the oscillator y short-rang e force s 
due to solven t structura l effect s whic h hav e bee n detecte d in accurat e force-distanc e 
measurements , as discusse d in Chapte r 3. 

Whe n a bubbl e is presse d agains t a soli d surface , throug h water , the intervenin g 
film  is generall y no t plan e parallel . Rathe r the edg e of the film  thin s quickl y and 
a small , thicke r dimpl e is trappe d in the centre . Thi s is essentiall y a kineti c phe -
nomenon , cause d by the flow  bein g greates t at the very edg e of the film  in the initia l 
stage s of drainage . Th e existenc e of thi s dimpl e has bee n detecte d by Scheludk o 
[31], Prokhoro v [32] and others . Hydrodynami c theorie s attemptin g to describ e the 
profil e and evolutio n of the dimpl e hav e bee n propose d by Franke l and Mysel s [33] 
and Hartland  and Robinso n [34] , with rathe r limite d succes s in describin g experi -
menta l dat a [35] . 

Experimenta l evidenc e relatin g to film  drainag e in system s wher e solubl e surfac -
tant s are presen t is rathe r equivocal . Adsorptio n and desorptio n processe s couple d 
with possibl e molecula r reorientatio n mak e any theoretica l interpretatio n difficult . 
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Unfortunatel y thes e are the very system s whic h are of primar y interes t to minera l 
processing . Furthermor e additiona l complication s ensu e whe n on e consider s a par -
ticle approachin g a bubbl e in flotation.  Th e natur e of the bubbl e surfac e (i.e . the 
boundar y condition ) wil l influenc e the evolutio n of the thin film  betwee n bubbl e and 
particle . If the bubbl e surfac e is mobile , as will be the case in the absenc e of surfac -
tant , the particl e shoul d slide  ove r the bubble . If surfactan t is present , as commonl y 
occur s in practice , and the bubbl e surfac e is immobilized , the particl e shoul d roll 
over the bubbl e [36] . Thi s make s any solutio n of the Navie r Stoke s equatio n for film 
drainag e extraordinaril y difficult , if no t intractable , particularl y in the cas e of the 
angula r particle s tha t are normall y presen t in flotation.  It is wort h recallin g at thi s 
poin t the observation s tha t smoot h sphere s float  mor e slowl y tha n angula r particle s 
unde r otherwis e identica l condition s [15 , 37] presumabl y becaus e the asperitie s on 
the angula r particle s lead to increase d film  drainag e rate s and/o r rupture . 

The kinetic s of movemen t of the thre e phas e line of contac t (tplc ) ar e of cen -
tra l importanc e in man y processes , apar t from flotation.  Durin g the movemen t 
of the tpl c a dynami c contac t angl e is established , as discusse d in Chapte r 5. Ir-
respectiv e of whethe r the "surfac e chemical" , "hydrodynamic " or mixe d "surfac e 
chemical/hydrodynamic " approache s are used , ther e is as ye t no genera l theor y 
whic h adequatel y describe s tpl c kinetics . On e canno t generall y calculat e ab initi o 
wha t the spreadin g velocit y of the tpl c wil l be whe n an air bubbl e spread s ove r 
a minera l surfac e immerse d in wate r in the presenc e of a surfactant . Par t of the 
proble m at leas t is due to the fact tha t poorl y characterize d experimenta l system s 
have bee n use d wher e any generalizatio n has bee n obscure d by the sam e tim e de -
penden t adsorption/desorption/molecula r reorientatio n processe s whic h plagu e thin 
film  drainag e rat e studies . 

It shoul d be note d tha t at presen t only the crudes t estimate s of t^\ m and t ip\c 
can be mad e [68],  Henc e variou s experimenta l method s for determinin g λ ar e 
frequentl y resorte d to . Ye and Mille r [38] hav e recentl y develope d a potentiall y 
valuabl e approac h to the calculatio n of inductio n times , base d essentiall y on bubbl e 
deformatio n and restoration . 

Thes e experimenta l method s for determinin g inductio n time s are generall y base d 
on eithe r pressin g a bubbl e agains t a smoot h minera l surfac e or agains t a bed of 
particles . Th e disadvantage s of all curren t method s for determinin g λ include : (1) 
insufficien t understandin g of the proces s of bubbl e deformatio n and energ y dissi -
patio n durin g bubble/particl e collision ; (2) insufficien t informatio n concernin g the 
behaviou r of the attractiv e hydrophobi c force s durin g the bubble/particl e interac -
tion (e.g . how the thin film  of liqui d evolve s with time , durin g the tim e a particl e 
slide s or roll s aroun d a bubble ; it may wel l be incorrec t to assum e tha t bubble -
particl e interactio n cease s whe n the particl e passe s the bubbl e equato r [9, 13]) ; 
(3) dat a on t^m9 e.g . influenc e of surfactan t typ e and concentratio n on thin-fil m 
drainag e mechanism s and rate ; and (4) dat a on itpic as a functio n of hydrophobicity , 
surfac e roughnes s and surfactan t type . 
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The mos t appropriat e metho d for determinin g inductio n time s is probabl y 
throug h direc t observatio n of bubble/particl e interaction s in a flotation  cel l un -
der well-define d conditions . Th e necessar y theor y can the n be developed . Fo r the 
presen t the Sutherlan d approac h [equatio n (10) ] serve s as a usefu l approximatio n 
in determinin g λ from experimenta l flotation  dat a of the typ e normall y generated . 
Such λ value s probabl y contai n the informatio n describe d in (1) to (4) abov e at leas t 
and can be considere d as a reflectio n of attachmen t efficiency , £ a, for the present . 

Kineti c effect s certainl y hav e a stron g influenc e on bubble-particl e collisio n and 
attachmen t efficiencies . Once  attachment  has  occurred,  the interpla y betwee n parti -
cle size and contac t angl e and the consequen t stabilit y of the bubble-particl e aggre -
gate in the environmen t of the flotation  cel l become s of paramoun t importanc e and 
is the nex t subjec t of this chapter . 

Bubble-particl e aggregat e stabilit y 

Flotation  limits  for  coarse  particles 

The essentia l proble m in understandin g bubble-particl e aggregat e stabilit y is to 
determin e whethe r or no t the adhesiv e force , actin g on the thre e phas e contac t 
line , is larg e enoug h to preven t the destructio n of the aggregat e unde r the dynamic 
condition s whic h exis t in flotation. 

It is importan t tha t the reade r understand s the physic s of the proble m befor e 
movin g on to a mathematica l description . Le t us conside r a smoot h spherica l par -
ticle locate d at a fluid  interface . Onc e the equilibriu m wettin g perimete r has bee n 
establishe d followin g spreadin g of the thre e phas e contac t line , the stati c buoyanc y 
of thi s volum e of the particl e wil l ac t agains t the gravitationa l forc e (Figur e 2) . 
The hydrostati c pressur e of the liqui d colum n of heigh t Ζ υ act s agains t the capil -
lary pressure . The "othe r detachin g forces " requir e furthe r discussio n —  sinc e they 

Fig. 2. Location of a smooth spherical particle at a fluid interface (from Schulze [9], with permission). 
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aris e from the particl e motio n relativ e to the bubble , velocit y dependen t dra g force s 
will oppos e the detachmen t of the particl e from the bubble . An analysi s of thes e 
force s is extremel y comple x and has no t bee n reporte d to date . Therefor e any forc e 
balanc e wil l necessaril y be quasistatic . 

The ne t adhesiv e force , i^d , is therefor e equa l to th e sum of the attachmen t 
forces , Fä9 minu s the detachmen t forces , Fd, i.e. : 

Fad = Fa - d̂ 

An equilibriu m positio n is achieve d if F ad is zero . Th e particl e wil l no t remai n 
attache d to the bubbl e if F^  is negativ e bu t wil l repor t to the liqui d phase . 

The mathematica l descriptio n of the variou s force s whic h dictat e the equilibriu m 
positio n of particle s at liquid-vapou r or liquid-liqui d interface s has followe d an 
evolutionar y trail . Analogou s processe s of interest , for example , includ e pigmen t 
"flushing" , wher e a solid particl e is induce d to transfe r from on e liqui d phas e to an-
othe r by appropriate  surfac e modificatio n wit h surfactant s [39] and the stabilizatio n 
of emulsio n droplet s by solid particle s [40] . A very simpl e thermodynami c descrip -
tion of the equilibriu m positio n of a particl e at a liquid-liqui d interfac e is give n in 
Chapte r 5. 

The actua l proble m of the balanc e of force s operatin g on a particl e at a liquid -
air interfac e has its historica l origin s in the wor k of War k [41] and Kabano v and 
Frumki n [42] , who considere d the cas e of a gas bubbl e attache d to a plan e soli d 
surfac e of infinit e exten t and use d thi s as a mode l for bubble-particl e adhesio n in 
flotation.  Sinc e this earl y wor k ther e hav e bee n notabl e contribution s from Morri s 
[43], Nut t [44] , Scheludk o [45] and others . It was Prince n [46] who propose d th e 
first  extensiv e and generalize d treatmen t of the force s actin g on a particl e at fluid 
interfaces . Thi s theor y was develope d furthe r by Schulz e in 1977 [47] and expande d 
in 1984 [9] . 

It is now pertinen t to conside r th e cas e of a spherica l particl e at liquid-ai r 
interface , followin g the wor k of Prince n [46] and Schulz e [9, 47] . The forc e balanc e 
will be used and the n linke d to the energ y balance . We assum e tha t the syste m is in a 
quasistati c stat e and tha t the contac t angl e correspond s to tha t obtaine d for a stati c 
system . In Chapte r 5 it was pointe d ou t tha t the dynami c contac t angl e can depar t 
significantl y from the stati c value , dependin g in par t on the velocit y of the thre e 
phas e line of contact . If the particl e oscillate s aroun d its equilibriu m position , the 
tplc woul d be expecte d to mov e to som e extent . Henc e a full analysi s woul d nee d to 
accoun t for the velocit y dependen t dra g force s mentione d abov e and link thes e to 
contac t angl e dynamics . Thi s is not a tractabl e proble m at presen t so tha t a simple r 
approac h is necessary . 

Let us suppos e tha t a spherica l particl e of radiu s i?p is attache d to a bubbl e of 
radiu s Rb wher e Rb is muc h greate r thani? p, as show n in Figur e 2. The force s actin g 
upo n the particl e are the : 
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(1) Capillar y force , F c, actin g in the vertica l directio n alon g the thre e phas e Une 
of contact : 

Fc = 27iTo 7 sin Φ0 = -27ri? p7sinu>[sin(u ; +  Θ)]  (18 ) 

wher e 7 is the liquid-vapou r surfac e tension . 
(2) Stati c buoyanc y of the fractiona l volum e of the immerse d particle , F b: 

Fh =  πΚ$ρ£[(1  - cosu;) 2(2 + cosu;) ] (19 ) 

(3) Hydrostati c pressure , Fh , of the liqui d colum n of heigh t ZQ on the contac t 
area : 

Fh = -TrrfogZ o =  -wR 2
p(sm 2u)P]gZ0 (20 ) 

(4) Capillar y pressure , F p, in the gas bubbl e whic h act s on the contac t are a π^ : 

Fp =  ΡΊπτΙ 

whic h is give n approximatel y as: 

Fp «  wR 2
p sin 2 ω (^-  -  2R hP]g^  (21 ) 

for a spherica l bubble . 
(5) Gravitationa l force , Fg: 

Fg =  -*R 3ppg (22 ) 

wher e pp is the particl e density . 
(6) Extr a detachin g forces , F d, whic h are denote d approximatel y and generall y as 

the particl e mas s multiplie d by a generalize d acceleratio n bm in the flotation  cell : 

Fd «  -*R 3ppbm (23 ) 

It is wort h remarkin g tha t it is bubble-particl e aggregate s whic h ar e actuall y 
accelerate d in the flotation  device , thu s pv is in fac t an approximatio n (Ap  = 

Pv ~  Pft)-
At equilibrium , the sum of thes e forces , Y^F y mus t equa l zero . 
Followin g Schulz e [9, 47] it is possibl e to mak e thes e equation s dimensionles s by 

notin g tha t Z 0 =  -h  -  R  cosu ; and dividin g by 2/37rR^gp fl = / . 
The dimensionles s forc e sum X^F * is: 

V^F * = 1 + — - sin 2a; - cos 3 ω γ-=  ύχνω  sin(u ; +  θ) 
2ivp flzÄp 

_ 2pp _  2p pbm _  3/? sin2 a; 

Λ /> # RvPi 
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with the capillar y constan t a  =  p\g/j  and the bubble-capillar y pressur e constan t 

b=7/(Rhg)-RbPi· 

The Laplac e equatio n describe s the shap e of the meniscu s profil e and enable s h 

to be determine d by numerica l integration . Thi s can be performe d wit h littl e erro r 
for the cas e wher e R\>  >  R v and the numerica l solutio n for unbounde d menisc i is 

used . i.e . wher e the menisc i are no t bounde d by a  solid wal l o r otherwis e affecte d 
[48, 49] . 

The energ y o f detachment , E& eU correspond s t o  th e wor k don e in  forcin g a 

particl e to mov e from its equilibriu m position , he({(u)  a t the liquid-vapou r interfac e 
to som e critica l point , hcrit(u)y wher e detachmen t occur s and the particl e move s int o 
the liqui d phase . Th e sum of the variou s forces , Σ  F,  is relate d to Edet by: 

£det = /  ΣΡάΗ(ω)  (25 ) 
Jheq (ω) r»eq 

Equatio n (25 ) may be solve d by substitutin g (24 ) and carryin g ou t a  numerica l 
integration . The procedur e is lengthy , and suitabl e dat a are tabulate d by Schulz e [9] . 
The detachmen t proces s take s plac e whe n the kineti c energ y of the particl e equal s 
£det · Th e kineti c energ y of the particl e is give n by 2/3nR*p pV?,  wher e V t is th e 

relativ e (turbulent ) velocit y of the particle , acquire d du e to stresse s on the bubble -
particl e aggregat e in the turbulen t field  of the flotation  cell , as the aggregat e collide s 
with othe r bubble s or aggregate s or due to othe r mode s of excitation . Vt correspond s 
to the velocit y of gas bubble s in the flotation  cel l [9, 45] . 

The maximu m floatable  particl e diamete r base d on the kineti c theory , Anax,K > is 

therefor e give n as: 

Anax.K = 2 
rhcnt(") 

2*Pr>Vt2 
/•"critl") (1 

t Jheq(w) l* 

[ 2p v ,  3h  2 3  n 
X 1  —  cos ω  +  si n  ω  z— -z sinu;sin(ü ; +  Θ) 

-7T(Äpsin α;)2 (^-  -  2R BPf[g\ i  ah 

V3 

(26) 

Equatio n (26 ) may also be solve d by numerica l integratio n or by plottin g eac h of 
the kineti c and detachmen t energie s as a  functio n of Rp a t constan t η  and p p and 
specifie d V t. In  the absenc e of kineti c effect s whic h exis t unde r norma l turbulen t 
flotation  conditions , the maximu m particl e size whic h can be floated  is essentiall y 
due t o  a  balanc e of capillar y and gravitationa l forces . Fo r spherica l particle s be-
twee n approximatel y 300 to 500 μτα  and bubble s of abou t 1 x  10" 3 m in diamete r 
hydrostati c and capillar y pressur e term s may be neglecte d [9] and the maximu m size 
of particle s whic h can be floated  is give n by: 
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3 
Anax,G = 2 — ~ 

7 sin ω* sin {a;* + 0} 

where the subscript G signifies gravitational limit, ω* = 180° - 1/20 for Θ < 90° and 
refers to the location of the particle at the water-vapour interface, Ap is the density 
difference between the particle and fluid, and g is the gravitational constant. 

Scheludko et al. [45] derived an equivalent expression for spheres located at a 
water-vapour interface, assuming the volume of contact above the wetting perime-
ter was small in comparison with the total volume of the sphere (for Θ < 40°): 

Vz 
Anax,G = 2 I — ) 

\2ApgJ  2 

Huh and Mason [50] have presented a more general analysis of the Scheludko 
result. Whilst these equations are instructive, they cannot reasonably be expected to 
describe the dependence of particle size on contact angle which occurs under the 
turbulent conditions in a flotation cell. Rather they correspond to the conditions 
experienced when a captive bubble, constrained at the end of a capillary, is gently 
brought to bear against a given particle. Under such quiescent conditions, the bub-
ble may or may not lift the particle, depending on whether or not the conditions in 
equations (27) and (28) are satisfied. 

Flotation limits for fine particles 

The only theoretical study to date dealing with the limit of floatability of fine 
particles was proposed by Scheludko et al. [45]. The limit is the critical work of 
expansion required to initiate a primary hole or three phase contact line, a require-
ment which is met by the kinetic energy of the particles. The matching of these two 
quantities enables a minimum particle diameter, Αηίη,κ for flotation to be obtained: 

V3 

Anin.K = 2 
3K2 

Vt
2Apj{l-cos0} 

(29) 

where κ is the line tension, opposing expansion of the three phase contact. It was 
Gibbs [51] who first identified the importance of line tension, using as example the 
line of intersection of the three surfaces of discontinuity which exist when two gas 
bubbles adhere together. Molecules which are present in a line have a free energy 
which is different from those at a surface — in fact there is an excess linear free 
energy and a linear tension in an analogous fashion to that of excess surface free 
energy and surface tension. 

In fact, as shown by Pethica [52]: 

(OF dF\ 
i G») 

/ T,V,W 

file:///2ApgJ
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wher e F  is the Helmholt z free energy , L is the contac t line , and W  is the thermody -
nami c work . The Young-Dupr e equatio n becomes : 

7s/v - 7S/L = TL/V cos Θ ± -  (31 ) 

The line tensio n is importan t only for smal l contac t radi i [52 , 53] and can oppos e or 
reinforc e 7L/V COS Θ.  It counteract s the formatio n of the thre e phas e contac t line in 
Scheludko' s theory , the latte r neglectin g thin film drainag e and othe r hydrodynami c 
effects . 

Experimental  verification  of  flotation  limits 

The force s whic h operat e on a spher e as it is pulle d ou t of a liqui d hav e bee n 
determine d by Schulz e [47] and are in goo d agreemen t with theoretica l predictions . 

Attempt s to relat e theoretica l and practica l flotation  limit s hav e by and larg e led 
to only broa d qualitativ e agreemen t [54] . Certainl y no successfu l studie s hav e bee n 
reporte d wher e particl e size and contac t angl e hav e bee n systematicall y varie d unti l 
the recen t wor k of Crawfor d and Ralsto n [5]. Previou s attempt s to link particl e size 
and contac t angl e hav e bee n unsuccessfu l becaus e wher e wate r solubl e collector s 
are present , bubbl e size , electrica l doubl e laye r properties , surfac e tension , th e 
kineti c aspect s of collecto r adsorptio n and othe r variable s may vary whic h has mad e 
it a very difficul t tas k to develo p firm  experimenta l dat a wit h whic h to compar e 
theoretica l predictions . 

In orde r to circumven t thes e difficulties , a mode l syste m of angula r quart z par -
ticle s was therefor e develope d whos e surface s wer e tailore d to varying , bu t known 
surfac e coverage s by a methylatio n reactio n usin g trimethylchlorosilan e [55] , follow -
ing earlie r wor k by Laskowsk i and Kitchene r [70] . Tftmethylsily l group s are firmly 
attache d to the quart z surfac e and do no t desorb , neithe r are the electrica l doubl e 
laye r or Van de r Waal s force s detectabl y influence d by the ultra-thi n trimethylsily l 
adsorptio n layer . Advancin g wate r contac t angle s measure d on thes e particle s by 
both dynami c and equilibriu m technique s are in goo d agreemen t with angle s mea -
sure d on similarl y treate d quart z plate s as wel l as with Cassi e equatio n prediction s 
[56, 57] . 

The result s of batchwis e flotation  experiment s conducte d with thes e particle s in a 
Hallimon d tube , in the absenc e of frother , unde r condition s of know n bubbl e size , 
bubbl e density , pul p density , pH and ioni c strengt h are show n in Figure s 3 and 4. 

The majo r feature s are : 
(a) Ther e is a critica l advancin g wate r contac t for eac h particl e belo w whic h 

flotation  doe s no t occu r unde r the prevailin g experimenta l condition s (Figur e 3) . 
(b) For the fine  (e.g . 15 μτα)  particles , flotation  recover y increase s only weakl y at 

contac t angle s abov e the threshol d valu e and doe s no t plateau,  in marke d contras t 
to the intermediat e and coars e particle s (Figur e 3c) . 
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(c) A flotation  domai n is clearl y evident , withi n whic h flotation  occurs , outsid e of 
whic h ther e is no flotation.  Bot h coars e and fine  particle s requir e a large r advancin g 
wate r contac t angl e to float  tha n do the intermediat e particle s (Figur e 4a) . 

(d) Ther e is a particula r particl e size (circ a 38 μτα)  at whic h a minimu m ad -
vancin g wate r contac t angl e is require d to initiat e flotation  unde r the experimenta l 
condition s examine d (Figur e 4a) . 

The experimenta l result s obtaine d from th e stud y by Crawfor d and Ralsto n [5] 
are show n in Figur e 4 and are plotte d on two scale s for compariso n purposes . Th e 
dependenc e of Dm!kX}G on Θ  obtaine d from equatio n (27 ) predict s the flotation  of 
muc h large r particles , for a give n 0, tha n is observe d experimentally . 

The dependenc e of Anax,K on Θ  from equatio n (26 ) is show n for Vt =  20 x 10~ 2 

ms" 1 and 30 x 10~ 2 ms _1, correspondin g to the predominan t rang e of bubbl e size s 
and velocitie s observed . pp was take n as 2,60 0 kgm m" 3 and 7 was measure d as 
72.0 x 10" 3 N m _1. Fo r the experimenta l system , the measure d advancin g wate r 

0 36° 52° 65° 
advancing water contact angle 

0 36° 52° 65° 77° 88° 
advancing water contact angle 

0 36° 52° 65° 77° 
advancing water contact angle 

Fig. 3. Flotation recovery as a function of advancing water-contact angle for 121 μπι, 37 μηι and 
15 μηι methylated quartz particles; pH = 5.6, / = 10~3 M KNO3. These three curves show critical 
contact angles below which flotation does not occur under the particular experimental conditions (from 
Crawford and Ralston [5], with permission). 
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Fig. 4. Experimental threshold values (mean particle size and advancing water contact angle) showing 
flotation domain compared with theoretical predictions. Vertical scale is altered in (a) and (b) for 
comparison purposes; pH = 5.6, / = 10~3 M KNO3. (a) Line a corresponds to equation (26) with 
Vt = 20 x 10~2 m s- 1; line b to Vt = 30 x 10~2 m s_1 (b) Line a corresponds to static conditions 
[Anax,G> equation (27)]; lines b, c to equation (26) with Vt = 20, respectively 30 x 10~2 m s- 1; line d, 
with symbols, refers to experimental data; line e to equation (29) with κ = 5.6 x 10~10 N, Vt = 20 x 10~2 
m s"1; line/ to equation (29) with « = 2.8 x 10~10 N, Vt = 30 x 10~2 m s_ 1. Vt is bubble velocity, κ 
is line tension (see text). From Crawford and Ralston [5], with permission. 

contac t angl e has bee n used ; clearl y the liqui d advance s as the particl e is ejecte d 
from the water/ai r interface . For particle s betwee n 45 and 125 μτη  in diamete r ther e 
is reasonabl y goo d agreemen t betwee n the experimenta l result s and thos e predicte d 
from equatio n (26) . Withi n the accurac y of the experiment , the flotation  respons e 
of methylated , angula r quart z particles , whos e advancin g wate r contac t angle s hav e 
bee n measure d independently , agree s wit h tha t predicte d by Schulz e for smoot h 
spheres . Microscopi c event s associate d wit h surfac e roughnes s and particl e shap e 
(e.g . [50 , 58] ) are evidentl y of insufficien t magnitud e to detectabl y influenc e th e 
-Dmax>K- versu s —Θ  threshol d behaviou r unde r turbulen t flotation  conditions . 

Thes e result s indicat e tha t the flotation  behaviou r of coarse , angula r quart z par -
ticles , typica l of thos e encountere d in flotation  pulps , can be predicte d reasonabl y 
wel l by equatio n (26) , despit e its inheren t approximations . 

The variatio n of Ζ),ηίη)κ as a functio n of Θ  is give n throug h equatio n (29) . Th e 
valu e and importanc e of the line tensio n κ is very uncertain . Experimenta l dat a are 
both scarc e and of doubtfu l reliability , so tha t calculation s involvin g line tensio n 
are hazardous . Usin g the extrem e κ  value s of 2.8 and 5.6 x 10" 10 N determine d by 
Scheludk o et al. [45] , value s of Z)min K wer e compute d with VT at 20 and 30 x 10~ 2 

m s" 1. Th e densit y differenc e Ap  was take n as 1600 kg m" 3 and 7 was measure d 
as 72. 0 x 10~ 3 N m" 1. Recedin g wate r contac t angle s (th e liqui d fron t recede s 
as the three-phas e contac t expands ) determine d from th e Cassi e equatio n wer e 
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used in thi s calculation , becaus e recedin g angle s coul d no t be measure d on th e 
methylate d particle s usin g the dynami c contac t angl e techniqu e [56] . Nevertheles s 
the goo d agreemen t betwee n measure d advancin g angle s on similarl y treate d plate s 
and particle s and thos e predicte d by the Cassi e equatio n suggest s tha t thi s is a 
reasonabl e approximation . The result s of thes e calculation s are show n in Figur e 4. 

Ther e is a qualitativ e agreemen t betwee n the prediction s of equatio n (29 ) and 
the experimenta l data , i.e . for a smalle r particl e wit h less kineti c energy , a large r 
contac t angl e is require d for it to float.  Fo r th e experimenta l dat a and theor y 
to be reconciled , however , the valu e of κ  woul d nee d to be at leas t an orde r of 
magnitud e large r tha n thos e determine d to date , κ  shoul d also depen d on contac t 
angl e as wel l as on the geometr y of the three-phas e contac t line [9, 60] . A muc h 
cleare r interpretatio n of κ  is require d befor e it can be use d in calculation s with any 
confidence . Th e evidenc e to dat e indicate s tha t the concep t of line tension , in its 
presen t form , is inapplicabl e to flotation  studies . 

It is significan t to not e tha t the kineti c theorie s of flotation  limit s for coars e and 
fine  particle s togethe r predic t bot h the existenc e of a flotation  domai n and a min -
imum contac t angle , optimu m particl e size for flotation  unde r specifie d conditions , 
i.e. the interactio n of the Z)maX)K and D min)K curves . It is clearl y eviden t in figure 6 
of the pape r by Scheludk o et al . [45] as wel l as in figures  5-1 2 of the monograp h 
by Schulz e [9] . Bot h feature s hav e bee n observe d in the stud y by Crawfor d and 
Ralsto n [5], as is clearl y eviden t in Figur e 4. The precis e reason s for the changeove r 
in mechanis m from coarse - to fine-particle  behaviou r remai n obscure . It is proba -
ble tha t for the finer  particle s the hydrodynami c resistanc e of the thi n liqui d film 
betwee n the particl e and bubbl e and/o r som e sluggishnes s in the rat e of formatio n 
of the wettin g perimete r may wel l contribut e to the divergenc e betwee n theoretica l 
prediction s and the result s of the experimenta l investigation . 

In this chapte r we hav e thu s far identifie d the importanc e of the collision , attach -
men t and stabilit y efficiencies . Particula r attentio n has bee n pai d to the stabilit y of 
the bubble-coars e particl e aggregate , once  formed,  as wel l as to the flotation  limit s 
of fine  particles . It is now pertinen t to recal l our earlie r kineti c analysi s in orde r to 
see how rat e constan t depend s on particl e size and contac t angle . 

Kinetics  revisited 

Theoretica l studie s of rat e constan t and its dependenc e on particl e size [14 , 16] 
often sugges t that : 

k(xd n
v 

wher e dp is the particl e diamete r and 1.5 <  n  <  2 , wherea s th e earlie r wor k 
of Sutherlan d [10] predict s n  =  1  as is recalle d in equatio n (10) . Som e flotation 
experiment s performe d wit h spherica l particle s [61] suppor t a valu e for n  fallin g 
betwee n 1.5 and 2, wherea s for oil droplet s value s ar e reporte d as unit y [62] , 1.2 
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and 1.8 [64] . On the othe r hand , the dat a from a larg e numbe r of batch  flotation 
test s indicate s tha t n  is unit y [2] . It is wel l know n tha t the mechanis m of bubble / 
particl e attachmen t differ s markedl y for angula r particle s compare d wit h smoot h 
sphere s [15 , 37] , as doe s the coalescenc e of oil droplet s disperse d in wate r in the 
presenc e and absenc e of solid crystal s at the oil/wate r interfac e [65] . Thes e differen t 
attachmen t mechanism s may wel l accoun t for the variou s set s of n values . 

In the stud y by Crawfor d and Ralsto n [5] , the dependence  of logfcf versu s logd p 
for thre e differen t particl e size s at advancin g wate r contac t angle s from 50° to 88° is 
show n in Figur e 5. Thi s typ e of plo t is commonl y use d in the literatur e in orde r to 
extrac t a valu e of n.  Ther e are deficiencie s apparen t in this metho d however . Withi n 
experimenta l error , n = 1.0 ± 0.1 ove r the rang e of Θ,  and particl e size s examine d 
in Figur e 5. Althoug h smalle r particl e size s wer e no t deal t with , evidenc e to dat e 
suggest s tha t thi s tren d wil l persis t dow n to particle s smalle r tha n on e micro n in 
diamete r [62 , 64] . At som e poin t of cours e (< 1 μπι  or so) , a diffusio n rathe r tha n 
a collisio n mechanis m migh t be anticipate d to contro l bubble/"particle " collection . 
The behaviou r of the angular , hydrophobize d quart z particle s use d is in agreemen t 
with th e result s of batc h flotation  studie s performe d wit h particle s produce d by 
crushin g and grindin g rathe r tha n wit h smoot h spheres . A valu e of unit y for n  is 
consisten t with Sutherland' s mode l [10]; however , the Crawfor d and Ralsto n dat a [5] 

mean particle size(pm) 

Fig. 5. Logio (fast rate constant) as a function of logio (particle diameter) at various advancing water 
contact angles; pH = 5.6, / = 10"3 M KNO3. · = 88°, n = 1.0 ± 0.2; O = 60°, n = 1.1 ± 0.1; Ü = 
50°, n = 1.0 ± 0.1. (N.B.: 88° predicted from Cassie equation; see Crawford et al. [56].) From Crawford 
and Ralston [5], with permission. 
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are no t sufficientl y accurat e to revea l the possibl e influenc e of λ on the rat e constan t 
in the exponentia l term in equatio n (10) . Assumin g for th e presen t argumen t tha t 
this equatio n is valid , with all variable s such as R\>,  Vu etc . constant , the first  orde r 
rate constant/ : = constant Rpf(X) ; thu s log/ : = log/: ' +  \og[R pf(\)],  wher e A:' is a 
constant . For the dependenc e of A: on Rv to be strictl y linea r in Figur e 5, / (λ ) woul d 
need to be constan t at a give n contac t angle , λ mirror s attachmen t efficiency , and 
sinc e it is wel l know n tha t the attachmen t efficienc y of sphere s and angula r particle s 
is different , th e reporte d variation s in "n"  value s probabl y reflec t difference s in the 
dependenc e of λ with particl e size for sphere s and angula r particles . Thus , whe n 
experimenta l k  value s are plotte d agains t Rp it is reall y Rpf(X)  in equatio n (10 ) 
whic h shoul d be the variable , not Rv alone . 

Applications  and  summary 

The existenc e of a flotation  domai n is of practica l significanc e (Figur e 4) . As -
sum e tha t valu e particle s of, say , abou t 1 to 100 μτη  diamete r produce d from th e 
millin g circui t are presente d to the flotation  cells . At the "starvation " collecto r ad-
dition s whic h are typica l of operatin g condition s in man y flotation  concentrators , 
the valu e particle s shoul d all adsor b the sam e collecto r concentration s per  unit  area 
and posses s the sam e contac t angl e (disproportionat e collecto r consumptio n pe r 
uni t are a with varyin g particl e size is no t considere d her e and is not  observe d in 
gas adsorptio n studies) . Thi s coul d correspon d to a contac t angl e of 25° in Figur e 4. 
At constan t collecto r addition , with all othe r variable s constant , particle s withi n the 
flotation  domai n possessin g contac t angle s equa l to or less tha n 25° wil l float,  whils t 
coarse r and finer  particle s wil l consum e collecto r and wil l no t float.  Spli t condition -
ing and the separat e treatmen t of fine,  medium , and coars e particle s are therefor e 
desirabl e practices . A cautionar y not e at thi s junctur e is necessary . Th e flotation 
domai n in Figur e 4 is no t a universa l one . It wil l alte r as the turbulen t condition s 
chang e [equatio n (26) , Vt] and as the particl e densit y alter s [equatio n (26) , pv] as 
well as with dv and 0. Eac h syste m wil l posses s its own uniqu e domain . Importantly , 
if the turbulenc e in the flotation  cell s is increased , the recover y of coarse r particle s 
may decreas e sharply . Curv e b or c in Figur e 4b will shif t to the right . 

Fine particle s wil l probabl y be recovere d mor e efficientl y unde r condition s wher e 
contac t tim e is maximize d and relativel y low Vt is encountered , as occur s in colum n 
flotation.  Coars e particl e recover y is also favoure d by a low Vt. It remain s to be 
prove n whethe r or no t high degree s of turbulenc e actuall y enhanc e the attachmen t 
efficienc y of fine  particle s (e.g . by reducin g ί^  o r ftpic) or if the observe d increase d 
recoverie s are due to particle/particl e coagulatio n and a consequen t increase d colli -
sion efficienc y of the coarse r aggregates . 

The overal l collectio n proces s in minera l flotation  can only be properl y describe d 
whe n the collision , attachmen t and stabilit y efficiencie s are understood . It is a futil e 
exercis e to assum e tha t one or othe r efficienc y is importan t to the exclusio n of the 
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others , a mistak e all too commonl y mad e in the literature . 
In this chapte r the importan t relationshi p betwee n particl e size and contac t angl e 

in minera l flotation  has bee n develope d throug h a stud y of the underlyin g colloi d 
science . Th e pictur e is far from complet e and we are stil l a lon g way from the ab 
initio  calculatio n (or estimation ) of rat e constant s for eithe r laborator y or plan t 
studies . Perhap s the reade r wil l be stimulate d to prob e further . 
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A n  introduction :  physicochemica l  method s  o f 

separatio n 

JANUS Z S. LASKOWSK I 

Introductio n 

Minera l processin g has traditionall y bee n define d as the ar t of extractin g th e 
usefu l minera l constituent s from ores , in the form of concentrates , withou t changin g 
the identit y of the minerals . Today , however , thi s traditiona l definitio n mus t be 
treate d with som e flexibility  as decreasin g particl e size s and consequentl y increasin g 
difficultie s wit h selectiv e separatio n cal l for a kin d of "activation " whic h in som e 
case s may quit e profoundl y chang e the treate d mineral . In suc h case s the activatio n 
is only a pretreatmen t stag e whic h is alway s followe d by physica l separation . 

Ore deposit s ar e heterogeneou s mixture s of solidifie d phase s wit h som e dis -
seminate d valuabl e minerals . Sinc e mineral  processing  separation  methods  are base d 
on difference s in physica l propertie s of minera l grains , suc h as density , magneti c 
susceptibility , electrica l conductivity , etc. , sufficien t liberation  is the prerequisit e to 
selectiv e separation . Fin e disseminatio n of valuabl e constituent s in the ore s of pro -
gressivel y lowe r conten t of "valuables " require s very fine  grinding . Thi s lead s to very 
fine  size s of the minera l particle s in the feed s to the minera l processin g plants . Both , 
the fine  size of the valuabl e minera l constituent s whic h are to be separated , as wel l 
as the hig h conten t of gangu e slime s tha t interfer e wit h the separatio n processes , 
presen t difficul t problem s in the minera l processin g circuits . 

Thre e classe s of minera l fines  can be distinguishe d in minera l processin g opera -
tion s [1] : 

(A) Naturally-occurrin g clay minerals , such as kaolinite , illite , montmorillonite , 
whic h are intrinsicall y compose d of very smal l particle s (mainl y belo w 2 μιη) . 

(B) Th e fines  produce d durin g th e crushin g and grindin g of ore s in minera l 
beneficiatio n operations . 

(C) Th e residue s of the leachin g of crushe d ore s in hydrometallurgica l processes . 
Such slime s consis t partl y of insolubl e minera l particle s and partl y of precipitate s 
(product s of chemica l reactions) . 

In the past , the minera l industr y has no t bee n too seriousl y hindere d by the awk -
ward colloida l minerals . Wher e wate r and spac e wer e readil y available , slime s wer e 
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simpl y dumpe d in settlin g lagoon s and lowe r recoverie s coul d stil l be profitable . 
Fallin g grade s of ore bodie s bring , however , new technologica l problem s and mak e 
the wastag e of value s in slime s less justifiable . New mor e stringen t environmenta l 
regulation s mak e easy-goin g solutions , whic h do no t protec t streams , lan d no r air 
from pollution , less acceptabl e throughou t the world . 

The histor y of developmen t in the are a of minera l processin g is th e histor y 
of dealin g with decreasin g size s of minera l particles . Al l importan t breakthrough s 
involve d decreasin g the size limit s of the handle d particles . 

Sinc e the size of particle s currentl y processe d is rapidl y approachin g colloida l 
range , minera l processin g is becomin g mor e and mor e an applied  colloid  chemistry. 
The simpl e example s belo w illustrat e this point . 

Sinc e the bulk propertie s such as densit y (or magneti c susceptibility ) ar e propor -
tiona l to volume , and the surfac e effect s ar e proportiona l to surfac e area , the rati o 
of the surfac e force s to the bul k force s for sphere s can be said to be proportiona l 
to 6d~ l, wher e d is the diamete r of the sphere . As d decreases , thi s rati o increases , 
and at a give n size , the surfac e effect s predominat e ove r bul k effects . Fo r suc h fine 
particl e system s (suspension) , the characteristic s of the suspension , such as aggrega -
tion stabilit y and the resultin g settlin g rate , rheology , etc. , depend  no longe r on the 
particl e bulk properties , bu t on the particl e surfac e properties . 

A decreas e in size sharpl y increase s the numbe r of particle s pe r volume . Fo r 
example , in the case of 1 cm cubes , ther e wil l be one particl e pe r cubi c centimeter . 
If the size of cub e is mad e finer  unde r the assumptio n tha t the distanc e betwee n 
the cube s in the suspensio n is equa l to thei r size , ther e wil l be 25 2 cube s in cubi c 
centimete r of the suspensio n if thei r size is 1 mm . For the cube s 1  μτα  in size , thei r 
numbe r in the uni t volum e of the suspensio n wil l increas e to 255. Suc h an increasin g 
numbe r of particle s accompanie d by a sudde n decreas e in gravit y and othe r bul k 
force s tha t act on particles , mak e all the separatio n processe s radicall y different . 

It is, therefore , obviou s tha t the effectivenes s of conventiona l minera l benefici -
atio n technique s become s unacceptabl y low for the separatio n of value s from th e 
fines  obtaine d by excessiv e comminutio n of ores . Hence , if the increasin g minera l 
deman d is to be met , technique s tha t enabl e the recover y of valuabl e mineral s from 
finely  comminute d ore s are urgentl y needed . Thi s can be achieve d eithe r by modi -
fying  the establishe d processes , so tha t they can cop e with wide r size distributio n in 
the feed , or by developin g new processes . Tb plac e thes e new emergin g processe s 
in thei r prope r perspective , it seem s importan t to classif y the m accordin g to the 
principle s commo n to the methods . 

Genera l classificatio n of separatio n method s 

The ground s for the separatio n of particle s are difference s in the propertie s of 
variou s mineral s such as density , magneti c susceptibility , electrica l conductivity , dif-
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Fig. 1. Classification of mineral processing separation methods. 

ference s in friction , radioactivit y or colour , and surfac e properties . Generalizatio n 
of the basi c phenomen a involve d in minera l separatio n technique s lead s to classifi -
catio n as show n in Figur e 1. 

Mos t numerou s are the gravity  concentration  methods.  Thes e ar e very effectiv e 
in dealin g with coars e particle s (wit h size s tha t fall in the rang e 10 3-10 5 /im) . Th e 
size of particle s tha t can be separate d wit h magneti c and electri c method s fal l in 
the rang e of 10 2-10 3 μιη . Wit h flotation  methods  (whic h are classifie d her e as a par t 
of physicochemica l methods) , the size of minera l grain s separate d ar e usuall y in 
the rang e of 10 x-10 2 μπι . Anothe r grou p of physicochemica l separatio n methods , 
the colloidal  methods,  can practicall y dea l with all very fine  particle s eve n as fine  as 
muc h belo w 1 //m . 

Physicochemical  separation  methods 

Figur e 2 show s the classificatio n of the physicochemica l separatio n method s [2] . 
The classificatio n has bee n adapte d to minera l system s and ignore s entirel y suc h 
processe s as ion and precipitat e flotation  [3,4] , whic h are of muc h mor e interes t for 
chemica l and hydrometallurgica l rathe r tha n minera l processin g purposes . 

The mai n subdivisio n categorize s th e physicochemica l method s of separatio n 
into flotation  and colloidal  methods.  Bot h are base d on difference s in the surfac e 
propertie s of the mineral s separated , but , in the cas e of flotation,  the disperse d 
air is blow n in the form of fine  bubble s whic h "pic k up " the hydrophobi c minera l 
particle s and carr y the m up to the frot h laye r wit h the hydrophili c particle s lef t 
behin d in the pulp . In the colloida l methods , separatio n can be achieve d by selective 
aggregation  (coagulation , flocculation,  agglomeration ) of on e of the minera l specie s 
into aggregate s whil e leavin g the othe r mineral s in a disperse d state . Th e aggregate s 
can the n be separate d from the disperse d materia l by sedimentation , sieving , or 
othe r suitabl e techniques . 
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Fig. 2. Physicochemical separation methods. 
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Fig. 3. Separation of hydrophobic from hydrophilic particles in flotation. 

Flotation 

Frot h flotation,  as the proces s is referre d to , is a kind of a carrie r proces s in whic h 
air bubble s functio n as the carrie r (Figur e 3) . Sinc e the bubble s can only differen -
tiat e betwee n hydrophobi c and hydrophili c particles , the selectivit y of separatio n 
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Fig. 4. Schematic energy versus distance profiles for wetting films on solids. 

criticall y depend s on difference s in th e wettability  betwee n th e separate d minera l 
particles . 

In a  flotatio n process , minera l particle s collid e with bubbles . Th e particle s ar e 
classifie d as floatable  if they attac h to ai r bubble s an d ar e lifted by the m to a  frot h 
layer . 

Figur e 4  show s th e soli d particl e an d bubbl e befor e an d afte r attachment . A 
classica l conditio n fo r particle/bubbl e contac t to be possibl e (o n a  unit-are a basis ; 
temperature , pressur e and chemica l compositio n all constant ) is tha t the free energ y 
chang e (AG)  durin g the attachmen t proces s (as show n i' i Figur e 4) is negative . 

AG =  G2-G1=G S
2- G\  =  7s v -  7SL -  7LV <  0  (1 ) 

wher e G\  and G 2 are Gibb s free energie s of the syste m befor e the attachmen t (stat e 
1) an d afte r th e attachmen t (stat e 2) , respectively . G\  an d G 2 ar e correspondin g 
surfac e free energie s whic h may be equate d to  G\  an d G 2, respectively , as only th e 
surfac e portio n of the free energ y of the syste m change s durin g this process ; 7SV,7SL 
and 7LV ar e th e solid/vapour , solid/liqui d an d liquid/vapou r interfacia l tensions , 
respectively . 

By introducin g Young' s equation , equatio n (1) can be converte d to a  mor e usefu l 
form : 

AG =  7 L V(cos0 - l ) (2 ) 

wher e Θ  denote s contac t angle . Obviousl y AG  =  0  fo r Θ  = 0 ° an d AG  <  0  for 
Θ >  0° . 
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This wel l know n equatio n (2) has bee n calle d th e thermodynamic  criterion  of 
flotation.  Its only stric t interpretatio n is as follows : the mor e negativ e the valu e of 
AG 9 the greate r is the probabilit y of particl e dewettin g [5,6] . 

The attachmen t proces s depicte d in Figur e 4 entirel y neglect s collisio n probabil -
ity and the intermediat e attachmen t stage s whic h involv e thinnin g and ruptur e of 
the disjoinin g film separatin g a particl e and a bubble ; thi s film mus t ruptur e durin g a 
shor t tim e of contac t if the collisio n is to lead to the particle-to-bubbl e attachment . 
Sinc e thi s proces s doe s no t directl y depen d on particl e wettability , equatio n (2) is 
not relate d to the rat e of the proces s (as , by the way , all thermodynami c formulae) . 
For the flotation  to be possible , the contac t angl e Θ  mus t be large r tha n zero ; for the 
high rat e of flotation  favourabl e hydrodynami c and kineti c condition s mus t exis t as 
wel l [5-7] . 

As show n in equatio n (2) , wettabilit y expresse d by the valu e of the contac t angl e 
is an importan t minera l surfac e propert y for flotation.  Som e mineral s exhibi t high 
native  floatability,  whic h simpl y mean s tha t the y are floatable  eve n withou t flota-
tion reagents . Othe r minerals , whic h by natur e ar e hydrophilic,  can be rendere d 
Hydrophobie  with the use of flotation  reagents,  namel y flotation  collectors . 

The fundamenta l for flotation  term s "hydrophobicity"  and "hydrophilicity"  wil l 
be discusse d in the sectio n belo w followin g Laskowsk i and Kitchener' s [8] line 
of reasoning . Th e classica l boundar y conditio n for th e hydrophilic-hydrophobi c 
transitio n is equalit y of WAf th e wor k of adhesio n of liqui d to solid , and Wc,  th e 
work of cohesio n of the liquid : 

WA =  Tsv + 7LV - 7SL (3 ) 

Wc =  2 7LV (4 ) 

By introducin g Young' s equation , equatio n (3) can be converte d to : 

^A = 7LV(1 + COS0) (5) 

Then : 

WA 7LV(1 + COS0) 

Wc 27LV 

whic h gives : 

(6) 

cos * = 2 ^ - 1 (7 ) 

The conditio n of hydrophobicit y follow s from equatio n (7) : only for WA <  W c, 

Figur e 5 depict s a sessil e liqui d drople t restin g on a flat  solid surface ; the value s 
of the wor k of cohesio n of the liquid , and the wor k of adhesio n of the liqui d to the 
solid determin e the contac t angl e at the solid/liqiud/ga s interface . 
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, COHESION 

Gas 

Θ L i q u id /̂  ADHESION 

Fig. 5. Illustration of the effect of the work of cohesion of liquid and the work of adhension of liquid to 
solid on the solid wettability. 

Accordin g to Fowke s [9] ther e are thre e mai n contribution s to the wor k of adhe -
sion of wate r to solid : 

W A =  Wi  +  W\  + Wl  (8 ) 

wher e w£  is th e contributio n from dispersio n forces , W^  is th e contributio n from 
the hydroge n bondin g of wate r to solid surfac e group s (hydroxy l and similar) , an d 
W£  is the contributio n from the electrica l charg e a t the interface . 

Accordin g to Fowke s [10]'W ^ can be calculate d from : 

<  =  2(τΑ 2ο·τ|)
1/2

 (9 ) 

wher e 7^ 2o ~  22 erg cm" 2. 
Laskowsk i an d Kitchene r [8 ] indicate d tha t fo r no substanc e (excep t fluorocar-

bons ) is w£  as larg e as the exceptionall y high wor k of cohesio n of wate r (WQ =  145 
erg cm" 2). Therefor e because : 

cos Θ =  2 <  ^ ^ ^  ± - \ -  1  (10 ) 

for W\  «  0 and W^  «  0, 

wi 
cos Θ  =  2 - ^ - 1 (11 ) 

Wc 
It follow s from equatio n (11 ) tha t th e soli d is alway s hydrophobic , Θ  >  0° , 

wheneve r W A «  W^. 
The mai n conclusio n is obvious , all  solids  would  be  hydrophilic  if  they  did  not  carry 

polar  or  ionic  groups  [8] . Thi s is perfectl y in line with Gaudi n [11] who pointe d ou t 
tha t all hydrophobi c solid s presen t non-pola r molecula r group s wherea s hydrophili c 
solid s hav e ioni c or dipola r group s capabl e of undergoin g hydration . 

Equatio n (10 ) also explain s th e effec t of the electrica l charg e of the soli d on it s 

wettability . Accordin g to this equation , contac t angl e shoul d reac h maximu m values , 
0 - + 0 m a xw h e n ^ - > O . 
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Frumki n and co-worker s [12] and Smolder s [13] confirme d experimentall y tha t 
the contac t angl e at the mercur y /solutio n interfac e reache s maximu m value s at the 
electrod e potentia l at whic h the electrod e surfac e charg e is zero . 

Elegan t confirmatio n of thi s relationshi p for a reversibl e syste m (Agl/aqueou s 
solutio n interface ) was offere d by Ottewil l et al . [14] . 

The surfac e charg e for Agl/H^ O is give n by: 

σ = (r Ag+ - r x-) F (12 ) 

wher e Γ stand s for adsorptio n of Ag + and I " ions , respectively , and F is Faraday' s 
constant . 

Sinc e for such syste m the surfac e potential , ψ0, is give n by the equation : 

. RT a^[+ 
Ψο = —  In -Q— (13 ) 

wher e au+  and a^+  are the activitie s of Ag + ion s in solution , and in solutio n at the 
poin t of zero charge , respectively . 
From this equation : 

RT 
άψ0 = 23— dpAg + (14 ) 

r 

and from Lippmann' s equation : 

d 7 = -ad^ o (15 ) 

The substitutio n of equation s (12) and (14 ) into (15 ) gives : 

d 7 =  - 2 . 3 * Γ ( ΐ ν "  ri-)dpAg + (16 ) 

Thus , the curv e 7 =  /(ψο)  =  /(pAg+ ) indicate s capillar y maximu m at : 

^J-r  =  -2.3Ä7XI V  -  IV ) =  0  (17 ) 

tha t is at Τ^+  =  Tj - whic h is the p.z.c . 
Ottewil l et al' s experimenta l result s [14] , whic h illustrat e the effec t of electrica l 

charg e on the wettabilit y of the Ag l surfac e in aqueou s solution , ar e show n in 
Figur e 6. Sinc e the p.z.c . for thi s syste m is aroun d pAg + « 5.5 , the agreemen t with 
experimen t is very good . 

A slightl y differen t approac h was offere d by Fokkin k and Ralsto n [15] who pu t 
tha t in the presenc e of surfac e charge , the free energ y of solid/liqui d interfac e can 
formall y be writte n as : 

7SL = 7S°L + AG dX (18 ) 
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Fig. 6. Contact angle against pAg for measurements on silver iodide thin films: Δ = advancing liquid 
meniscus, O = receding liquid meniscus; broken line indicates position of maximum Θ (from Ottewill et 
al. [14] with permission). y6pt 

wher e 7SL is the tota l free energ y per uni t area , 7gL is the "chemical " contributio n 
to the tota l energ y (and equal s 7SL at p.zx. ) and AG d\ is the free energ y of doubl e 
laye r formation . Since : 

AG dl. M (19) 

wher e ψ0 is the surfac e potentia l at the solid/liqui d interface , for the surfac e for 
whic h ψ0 =  /(PDI ) the use of equation s 14-1 6 lead s to th e sam e conclusions , 
namel y tha t the contac t angl e vary with φ0 (tha t is with the potentia l determinin g 
ions concentration) . 

Direc t contac t angl e measurement s showin g the relationshi p betwee n ionizatio n 
of the solid ioni c group s and the surfac e wettabilit y can be foun d in the recen t pape r 
by Holmes-Farle y et al. [16] . 

Only one par t of the theor y interrelatin g wettabilit y and floatability  is clear : the 
contac t angl e mus t be large r tha n zer o for the particl e to be abl e to attac h to a 
bubbl e [equatio n (2)] . 
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As see n from Figur e 4, the disjoinin g film  betwee n particl e and bubbl e is com -
pletel y stabl e whe n Θ  = 0 (curved) . Sinc e wor k is require d to reduc e the thicknes s 
of a stabl e film,  the syste m react s as if an additiona l forc e was keepin g the interface s 
apart ; this additiona l forc e was terme d by Derjagui n the disjoining  pressure: 

'*
=

-  («-)„ „
 (2o ) 

The disjoinin g pressur e is the n positiv e for curv e A  (repulsio n betwee n inter -
faces) ; a negativ e disjoinin g pressur e correspond s to attraction . Curv e B  show s the 
case of a completel y unstabl e film  which , whe n formed , wil l spontaneousl y rupture . 
A negativ e disjoinin g pressur e mus t the n exis t in film  C  at a critica l rang e of thick -
nesses . B  and C curve s are bot h characterize d by contac t angle s Θ  > 0. However , 
whil e eac h particle-bubbl e collisio n wil l lead to attachmen t in case B,  thi s may no t 
be so in case C. Flotation  rates  for  these  two  cases  will  then  be  quite  different 

Laskowsk i and Iskr a [17] use d quart z particle s and fuse d silic a plates , bot h 
rendere d hydrophobi c by methylation , to stud y th e relationshi p betwee n flota-
tion , contac t angl e and inductio n tim e (define d as th e tim e of particle-bubbl e 
contac t require d for successfu l attachment) . Experiment s carrie d ou t at a con -
stan t pH , bu t varyin g ioni c strengt h of th e solution , reveale d onl y a goo d cor -
relatio n betwee n flotation  and inductio n time , no correlatio n wit h contac t angl e 
was observe d unde r suc h circumstances . Thes e findings  hav e recentl y bee n fully 
corroborate d [18] . Th e sam e mode l syste m wit h varyin g degre e of hydrophobic -
ity, fuse d silic a rod s and plates , and quart z particles , al l rendere d hydrophobi c 
by methylatio n unde r th e sam e carefull y controlle d conditions , was utilize d in 
the measurement s of contac t angle , energ y barrier , inductio n tim e and flotation 
rate . Th e result s fully confirme d tha t the energ y barrie r is a primar y obstacl e for 
particle-to-bubbl e attachment . For hydrophobi c particle s (Θ  > 0) , ther e exist s a wel l 
pronounce d correlatio n betwee n the energ y barrier , inductio n tim e and flotation 
rate constant . 

It is noteworth y tha t Blak e and Kitchene r [19] observe d tha t thic k equilibriu m 
films  wer e forme d no t only on clean , hydrophili c silica , bu t als o on methylated , 
hydrophobi c silica , whe n electrica l doubl e layer s develope d at bot h interface s [8] . 
The film  stabilit y ove r the measure d rang e of thicknesse s (60-20 0 nm ) was in bot h 
case s du e to electrica l doubl e layer s repulsion . However , whil e the film  on th e 
hydrophili c surfac e was permanentl y stable , the film  on the hydrophobi c surfac e 
was clearl y metastabl e at smalle r thicknesses . Instabilit y of wate r films  of a certai n 
thicknes s on hydrophobi c solid s is fundamentall y du e to a deficienc y of hydroge n 
bondin g in thes e films  as compare d with bulk wate r [8] . 

It is to be pointe d ou t tha t in flotation  processe s the natura l difference s in wet -
tabilit y betwee n valuable  and gangue  mineral s are generall y no t sufficien t for thei r 
selectiv e separation ; to aid separatio n selectivity , variou s flotation  reagents  ar e uti -
lized . Thes e includ e collectors , modifier s (activators , depressants , dispersants , pH 
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regulators , etc. ) and frothers . Adsorption  of a collector , amphipati c compoun d (th e 
compoun d of dua l characte r usuall y with a long non-pola r hydrocarbo n chai n and 
a pola r group ) ont o a hydrophili c soli d surface , take s plac e throug h interaction s 
of the pola r group s with the soli d surface . Thi s leave s the hydrophobi c radical s di-
recte d toward s the aqueou s phase . Suc h an oriente d adsorptio n laye r replace s the 
hydrophili c soli d surfac e (whic h interacte d activel y with adjacen t wate r molecule s 
throug h electrica l force s and hydroge n bonding) , wit h the surfac e whic h can in-
terac t with wate r throug h dispersio n force s only . As a result , the surfac e become s 
hydrophobic . Al l othe r reagent s use d alon g with a collecto r modif y the syste m so 
tha t the difference s in the flotation  rate s becom e larg e enoug h for th e selectiv e 
separatio n of the valuabl e from gangu e minerals . 

Flotation  methods 
Rotatio n collector s are usuall y classifie d as anionic , cationi c and non-ionic . Th e 

first  two group s are mor e or less solubl e in wate r and act throug h selectiv e adsorp -
tion ont o mineral s from the pulp . Th e selectivit y of collecto r adsorption , whic h in 
practic e is furthe r enhance d by modifyin g agents , is a critica l facto r whic h deter -
mine s to a larg e exten t the overal l selectivit y of the process . 

Ioni c surfactants , anioni c and cationic , can eithe r be wea k or stron g electrolytes . 
It is importan t to bea r in mind , therefore , tha t — as it has recentl y bee n pointe d ou t 
[20-22 ] — the solutio n chemistr y and propertie s of the wea k and stron g electrolyt e 
type collector s can be quit e different . 

Insolubl e in water , nonpola r hydrocarbo n "oils " are als o use d in flotation  as 
collector s [23-25] . Sinc e upo n conditionin g with the pul p they are emulsified , th e 
proces s is terme d emulsio n flotation.  Emulsificatio n of such nonpola r reagent s prio r 
to flotation  aid s the proces s significantl y [26] . Sinc e hydrocarbo n droplet s ar e hy-
drophobic , they can attach , in the sam e way as bubbles , only ont o particle s with 
som e degre e of hydrophobicity . In thi s case , the selectivit y of the proces s depend s 
on the selectivit y of oil droplets ' attachment . Sinc e the droplet s can only differ -
entiat e betwee n hydrophobi c and hydrophili c particle s [27] , the proces s depend s 
criticall y on difference s in the initia l wettabilit y of the separate d minerals . 

Emulsion  flotation  is usuall y applie d in the processin g of mineral s tha t exhibi t 
nativ e floatability,  such as coals , sulphur , molybdenite , tal c and graphit e [23 , 28] 
(thes e aspect s are furthe r discusse d in Chapte r 12) . 

As a resul t of unfavourabl e hydrodynamic  conditions,  the efficienc y of capturin g 
fine  particle s by bubble s is very low. Frot h flotation  is therefor e no t very efficien t 
in treatin g very fine  particles ; particle s belo w let' s say , 10 micrometers . Bette r un-
derstandin g of particle-to-bubbl e hydrodynamic s [29] , resultin g in the use of finer 
bubbles , can furthe r decreas e the size limit s (see Chapte r 13) . Nevertheless , the bes t 
mean s of extendin g frot h flotation  to lowe r size range s is by the use of technique s 
tha t permi t selectiv e aggregatio n of fines. 

As show n by Gaudi n and Malozemof f [30] , near-colloida l minera l particle s are 
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bes t floated  if they ar e first  selectively  aggregated  leavin g th e gangu e particle s in 
a disperse d state . I t ha s bee n know n sinc e Rehbinder' s earl y wor k [31 ] tha t fine 
minera l particle s rendere d hydrophobi c by collector s ten d t o form large r aggre -
gates . Hydrophobi c bu t electricall y charge d fine  particle s ca n also form stabl e sus -
pensions . Laskowsk i an d Kitchene r [8 ] observe d tha t silic a mad e hydrophobi c by 
methylatio n retain s it s high negativ e zet a potentia l an d ma y form quit e a  stabl e 
suspension . Accordin g to Warre n [32 , 33] , charge d bu t hydrophobi c fine  particles , 
stabl e on standing , ca n be aggregate d by high intensit y shearing . Th e proces s is 
referre d t o as shear  fiocculation  (fo r furthe r detail s se e Chapte r 10) . Thi s pro -
cess require s mechanica l energ y to overcom e energ y barriers , arisin g from th e high 
electrica l charge . 

Aggregatio n of fine  hydrophobi c particle s by an emulsifie d hydrocarbo n is muc h 
mor e efficien t an d is utilize d in  agglomerate  flotation.  In th e  carrier  flotation,  fine 
valuabl e particle s ar e aggregate d ont o th e large r hydrophobi c particle s whic h ar e 
then floated  up (Figur e 7) . Th e rat e of attachmen t of fine  particle s to large r one s 
is hydrodynamicall y muc h mor e favourable ; it was experimentall y observe d tha t th e 
rate of aggregatio n of smal l ont o larg e particle s was muc h highe r as compare d to 
the rat e of aggregatio n of fine  particle s amon g themselve s [34 , 35] . 

□ Hydrophobie carriers 

Fig. 7. Separation of hydrophobic from hydrophilic particles in carrier flotation. 
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From the physicochemica l poin t of view , agglomerate  flotation  is a  kind of emul -
sion flotation.  In  this process , the flotation  stag e is precede d by agglomeratio n of 

fine  particle s mad e hydrophobi c with use of an ioni c collector . Th e conditionin g of 
pulp a t high soli d conten t (50-70% ) wit h a n  ioni c collector-fue l oi l combinatio n 
prio r t o  flotation  [36-39 ] is a  critica l ste p tha t determine s recover y and grade . As 
prove d by Karjalaht i [39] , the emulsificatio n of non-pola r oi l prio r to the condition -
ing wit h pul p improve s significantl y th e proces s and substantiall y reduce s energ y 
requirement s in the conditionin g stage . 

In th e  earner  flotation,  whic h was use d industriall y fo r som e year s t o  remov e 
fine  iron and titaniu m oxid e minera l impuritie s (a few micron s in size ) from kaoli n 
clays , coars e calcit e particle s wer e use d [40] . Sinc e fatt y acid s employe d a s a  col -
lecto r render s hydrophobi c bot h calcite , and iro n and titaniu m oxides , and sinc e 
calcit e particle s wer e abou t 5 0  μτα  in  size , th e conditionin g o f kaoli n wit h th e 

carrie r led to the aggregatio n of fine  hydrophobi c impuritie s on a  larg e hydropho -
bic carrier . Th e basi s of the proces s is not completel y clea r and is stil l a  subjec t 
of researc h project s [41] . Th e possibl e "autogenous " carrie r flotation,  in  whic h 
coars e valuabl e particle s ar e use d a s a  carrie r fo r fine  particle s o f the sam e min -
era l [42] is a n  interestin g modification ; by  the way , thi s is probabl y quit e a n  im-
portan t mechanis m by whic h fine  particle s repor t t o  the concentrat e in  any frot h 
flotation  process . 
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Fig. 8. (a) Schematic representation of a rougher-scavenger-cleaner counter-current flotation circuit. 
(b) Zones inside flotation mechanical cell. 
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Fig. 9. Delineation of flotation column zones and mineral upgrading profiles (from McKay et al. [45] 
with permission). 

In principle , an industria l flotation  machin e act s as a continuou s counter-current 
upgrading  device.  The cleaner  cells  hav e the greates t concentratio n of valuabl e miner -
als, the rougher  cells  the next , and the scavengers  the least . Th e flow  of concentrate s 
and tailing s are in opposit e direction s as show n in Figur e 8a. As see n from Figur e 
8b, however , the counter-curren t principle , clearl y see n in the ban k of cells , may 
deviat e quit e far from thi s principl e in eac h of the mechanical  cells.  Hig h inten -
sity shearin g force s in such cell s do no t promot e flotation  of aggregate s and large r 
particles . Therefore , the theoretica l possibilit y of usin g flocculants  in flotation,  de-
scribe d man y year s ago by Uson i et al . [43] , has no t ye t foun d industria l applica -
tions . Thi s was however , foun d by Osborn e [44] to be quit e possibl e in flotation 
columns.  In thi s typ e of strictl y counter-curren t upgradin g devic e (Figur e 9) [45] , 
in whic h a very gentl e mixin g is provide d by a strea m of risin g bubbles , condition s 
are very favourabl e for the flotation  of floes.  The only conditio n whic h must , how -
ever , be satisfie d (as in all flotation  processes ) is tha t the floes  mus t be hydropho -
bia Combinatio n of polyethylen e oxid e flocculant,  whic h accordin g to Rubi o and 
Kitchene r [46-48 ] can be used in selectiv e hydrophobi c flocculation,  is an obviou s 
solution . 

The first  promisin g result s of floe-flotation  have alread y bee n publishe d [49] . 

Colloid  methods 
It is accepte d tha t at a give n concentratio n of potential-determinin g ions , a pos -

itive or negativ e charg e is create d at a solid/solutio n interface . Wherea s for man y 
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mineral s it is difficul t to indicat e unequivocall y the potentia l determinin g ion s (e.g . 
sulphides) , H + and OH " ion s hav e bee n identifie d to be potentia l determinin g for 
oxides . Differen t electrica l charge s tha t are create d on the surfac e of thes e mineral s 
at a give n pH can the n be exploite d in the electrophoresis , or selectiv e coagulation , 
to separat e the mixture s of variou s oxides . 

The possibilit y of selective  coagulation  in colloida l minera l suspension s was in-
vestigate d by Pug h and Kitchene r [50-52] . The proces s is base d on the Derjaguin -
Landau-Verwey-Overbee k (DLVO ) theor y of colloi d stabilit y [53-56] , whic h take s 
electrica l and van de r Waal s force s int o accoun t to explai n the coagulatio n process . 
Recen t wor k by Yoo n et al . [57] shed s new ligh t on the questio n of the effec t of 
surfac e wettabilit y of soli d particle s on thei r coagulation . Thes e researcher s hav e 
show n tha t whil e the weakl y hydrophobi c fine  particle s coagulat e in accordanc e with 
the DLV O theory , the hydrophobi c fine  particle s coagulat e eve n at relativel y high 
valu e of zeta potentia l (thi s subjec t is furthe r discusse d in Chapte r 8) . 

Aggregatio n of fine  particle s can be achieve d no t only by neutralizin g the electri -
cal charg e of the interactin g particle s {coagulation),  bu t also by bridgin g the parti -
cles with polymolecule s (flocculation)  [58] . The latte r proces s may lead to a selectiv e 
flocculation  of fine  particle s if the bridgin g polyme r and th e physicochemica l con -
dition s are properl y selecte d {selective  flocculation).  The first  origina l studie s on 
selectiv e flocculation  hav e com e mostl y from Kitchener' s laborator y [56-61] ; in thi s 
respec t the contributio n by Uson i et al. [43] is also noteworthy . Th e essential s of the 
proces s wer e graphicall y visualize d by Collin s and Rea d [62] (see Chapte r 9) . 

Perhap s the mos t colloida l amon g the colloida l separatio n method s are carrier 
separation  methods.  In the carrie r flotation,  hydrophobi c flocculation  of fine  hy-
drophobi c particle s ont o muc h large r carrie r particles , whic h are also hydrophobic , 
is followe d by the flotation  remova l of the aggregates . It is easy to visualiz e tha t 
othe r carrie r propertie s can also be utilize d in the carrie r separatio n techniques . 
The mos t obviou s is the use of ferromagneti c carrier , suc h as magnetite , followe d 
by the magneti c separatio n of the loade d carrie r particle s [2] . A larg e numbe r of 
variou s phenomen a can be exploite d to aggregat e selectivel y the particle s whic h 
are to be remove d from the syste m with magnetite . Perhap s the mos t interestin g 
in this are a is the selectiv e coatin g of the minera l with colloidal , chemicall y precip -
itate d magnetite , followe d by magneti c separation . Dramati c increas e in magneti c 
respons e was reveale d eve n for less tha n 1% amount s of magnetit e [63 , 64] (Thes e 
technique s are discusse d in Chapte r 11) . 

Finally , it shoul d be emphasize d tha t the practica l exploitatio n of the separatio n 
method s mentione d abov e generall y require s an extensiv e progra m of chemica l 
researc h and testin g to arriv e at suitabl e surfac e condition s for the separatio n stage . 
Ever y minera l syste m demand s its own , thoroughgoing , investigation . 
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Selectiv e  coagulatio n  o f  colloida l  minera l  particle s 

RJ . PUG H 

Introductio n 

Selectiv e coagulatio n usuall y occur s in an initiall y disperse d mixe d colloida l sys-
tem , wher e difference s in the slow rate s of coagulatio n of the variou s specie s are of 
a sufficien t magnitud e tha t one specie s may separat e out , leavin g the othe r specie s 
in suspensio n afte r a certai n tim e period . Tb avoi d rapi d mutua l coagulatio n of the 
components , it is essentia l tha t all specie s carr y the sam e sign of charge . Th e sepa -
ratio n proces s can be controlle d by carefu l adjustmen t of the surfac e potential , so 
tha t one of the component s is reduce d to the poin t wher e slow coagulatio n begins , 
yet heterocoagulatio n or mutua l coagulatio n is avoided . 

In a binar y colloida l syste m consistin g of component s 1 and 2, the n ther e exis t 
thre e distinc t interactio n rates , namel y 1-1 , 1-2 and 2-2 , to be considered . Separa -
tion s may be achieve d if the rat e of coagulatio n of 1-1 is greate r from tha t of 1-2 
and 2- 2 by a facto r of 100 thoug h possibl y no t if they diffe r by only 10. It is therefor e 
not a necessar y requiremen t tha t one specie s remain s indefinitel y stable . 

From DLV O theory , the collisio n frequenc y of a  fast  coagulatio n proces s re -
sultin g from suc h interactions , wil l be dependen t on the differen t initia l particl e 
concentration s and sizes . In the slow  coagulatio n process , however , the potentia l 
energ y barrie r make s a majo r contributio n to the stabilit y of the system . The magni -
tude of thi s barrie r depend s on the size of the particle s and the surfac e potentials . 
The resistanc e of a sol to coagulatio n has bee n define d in term s of the stabilit y fac-
tor W,  whic h is the ratio  of the initia l rat e of coagulatio n to tha t whic h woul d occu r 
if the proces s was only diffusio n controlle d (in the absenc e of an energ y barrier) . 

Sinc e the first  part s of the presen t pape r are concerne d with the selectiv e coag -
ulatio n of differen t type s of colloida l particle s accordin g to the broa d prediction s 
of DLV O theory , it is importan t to mentio n certai n restriction s to the theor y whe n 
applie d to colloida l minera l mixtures . It mus t first  be noted , tha t the origina l DLV O 
theor y is limite d to the coagulatio n and dispersio n of particle s of identica l size and 
natur e and for symmetrica l doubl e laye r interaction s in the electrolyt e solution . It 
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has subsequentl y bee n show n tha t the principle s of "heterocoagulation" , whic h de -
scribe s the coagulatio n of particle s of dissimila r nature , may be develope d on the 
basi s of the DLV O theor y bu t ther e are severa l difficultie s to be considered , befor e 
such a theor y can be applie d to a practica l system . For example , the theor y applie s 
to spherica l colloida l particle s of unifor m size , wherea s mos t practica l dispersion s 
consis t of non-spherica l particle s havin g a wid e size distribution . However , man y 
particle s are approximatel y isometri c and the effec t of flattening  of the side s wil l be 
analogou s to tha t of heterodispersit y whic h can be deal t with , schematicall y at least , 
in the theory . 

Also , it mus t be realize d tha t DLV O theor y has neve r bee n precisel y confirme d 
by experimen t for any colloida l model ; nevertheless , attempt s to chec k it hav e bee n 
met with partia l success , and ther e has bee n no goo d reaso n to doub t its validity . 
The theor y and experiment s mus t also be limite d to particle s of the orde r of 1  μτη 
or less , becaus e with large r particles , sedimentatio n woul d hav e to be counteracte d 
by an upflo w and inerti a factor s the n becom e important . It is know n tha t orthoki -
neti c coagulatio n dominate s ove r perikineti c coagulatio n wit h particle s abov e 1  μτη. 
Finally , it mus t be recognize d tha t so-calle d hydrophobi c and hydratio n interaction s 
canno t yet be include d in DLV O theory . Thes e additiona l interaction s are referre d 
to as "structura l forces " and may explai n man y discrepancie s in the theory . It is now 
know n tha t hydratio n force s can hav e an importan t contributio n at clos e distances , 
givin g rise to a stron g repulsion . An additiona l hydrophobi c term can also explai n a 
stron g attraction . 

DLV O theor y applie d to selectiv e coagulatio n 

Accordin g to classica l DLV O theory , the tota l potentia l energ y of the interactio n 
(VT) betwee n two particle s is define d by: 

VT =  VE + VA (1 ) 

wher e VE is the electrostati c doubl e laye r repulsiv e potentia l and VA th e Van de r 
Waal s attraction . Hog g et al . [4] hav e considere d th e cas e for spherica l particle s 
radiu s a\  and a2 wit h low surfac e potential s ψχ  and 2̂> (eip/kT  <C 1) and thi n 
doubl e layer s (ακ  >  1) . In suc h case s the relatio n betwee n VE an d VA and the 
distanc e H0 betwee n the surface s can be describe d by the followin g equations : 

VE = +-j-Xf(1>uih,K,H 0) (2 ) 

"*—'*£
 (3

> 

wher e F  is the form or size facto r αχα 2/(αι  +  aj).  Th e ne t Hamaker-Londo n con -
stant,^ , for material s 1 and 2 in mediu m 3, is give n by A =  Αγι  +  A&  —  Αγ$  -Αν?; 
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ε is the dielectri c constan t of the mediu m and κ  is the Debye-Hücke l reciproca l 
lengt h parameter . 

The repulsio n functio n for the case of constan t potential s may be expresse d as : 

"1 + exp(-K//o) l 
/(ψι,ψ 2,κ,Η 0) =  2φιφ 21η 

1 —  exp(— κΗ0)\ 

+ (Φϊ  +  Φ\) ta t 1 " exp(-2/d? 0)] (4) 

It has bee n show n by Wies e and Heal y [5] tha t the comparabl e formul a for the 
case of constan t surfac e charg e is identica l excep t for a negativ e sign betwee n the 
two term s on the right-han d side and φ\  and φ2 mus t be take n as the potential s on 
particle s at infinit e separation . Thes e worker s also too k accoun t of the retardatio n 
effec t on the Londo n forces ; as is necessar y whe n considerin g the possibilit y of co-
agulatio n into the secondar y minimum . Fro m Schenke l and Kitchene r [6] , -A/6H 0 
in equatio n (3) may be modifie d to : 

-A 

6H~o 
ίοτ0<ρ ο<2 (5) 

. l + 1.77p 0 

where/? o =  2πΗ 0/λ (λ bein g the wavelengt h correspondin g to the intrinsi c elec -
troni c oscillation s of the atoms) , and for large r H0 value s then : 

-2/ 1 2.45 2.1 7 0.59 

60po lSOpl 420pl\ 
for 0.5 <  p0 <  oo (6) 

Finally , Wies e and Heal y [5] foun d it was possibl e to expres s the stabilit y or 
coagulatio n into the primar y minimu m or secondar y minimu m for a monodispersed , 
singl e componen t sol by graph s showin g a serie s of zones . Thes e theoretica l plot s 
wer e compare d wit h experimenta l data . As criteri a of stability , the y selecte d an 
energ y barrie r of 5 or 10 x k^T  and a secondar y minimu m troug h of 1.5 or 5 x  k^T 
wher e kB is the Boltzma n constan t and T  is the temperature . 

In orde r to exten d the theor y to the proble m of selectiv e coagulation , it is neces -
sary to carr y the calculation s a stag e further . Wha t is required , is dat a for the rates 
of coagulation  of the variou s combination s of particle s presen t in the mixe d suspen -
sion . Sinc e the rate s are function s of the concentration s of the particle s concerne d 
and thei r size , it is no t sufficien t to adop t simpl e energ y criteri a to distinguis h rate s 
in a mixture . 

From DLV O theory , the coagulatio n time , ti/2, is relate d to the stabilit y coeffi -
cien t (W)  whic h provid e a quantitativ e measur e of the stabilit y of the dispersion s 
and the initia l concentratio n (N 0) of particle s by the equation : 

3ηΨ 
h/2 = CO 4kBTN 0 
This equatio n applie s for a singl e type of particl e and mus t be modifie d to allow 

for appropriat e value s of W  and ΛΓ0(ΐ) and Ν0(2) for collisio n of unlik e particles . If 
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the colloid s ar e no t monodisperse , a rang e of coagulatio n time s wil l be obtaine d 
for th e variou s possibl e combination s of sizes . Fo r eac h combination , W\ 2 mus t 
be calculate d by an extensio n of the Fuch s theor y for sphere s of unequa l size (cf. 
Overbee k [7]) . Followin g Hog g et al . [4] : 

Γ°°  (  V12 \ dR 

wher e R  =  (a\  +  a2 +  H0). Her e V\2 is the interactio n energ y betwee n particle s 1 
and 2 and ä  is the mea n of a\  and a2. F° r the purpose s of an explorator y surve y of 
the rang e of W X2 value s likel y to be encountered , the crud e approximation : 

^
2

*^
exp

Ui V
 (9 ) 

can be used , wher e V max is the maximu m heigh t of th e potentia l energ y barrie r 
(itsel f proportiona l to the size factor) . Thi s equatio n describe s essentiall y only the 
early stage s of the proces s wher e collision s of singl e particle s ar e involve d and 
become s inapplicabl e onc e thi s stag e is complete . In fact , no detaile d theor y is 
availabl e to describ e the kinetic s of particle s undergoin g multipl e collision s (eve n 
for initiall y mono-dispers e spheres) . Thi s definition , however , doe s give a basi s for 
the predictio n of relativ e coagulatio n rate s in mixe d colloida l suspensio n of differen t 
particl e size and surfac e potential . 

Usin g thes e equations , Pug h and Kitchene r [8] compute d a serie s of stabilit y 
curve s relatin g W\ 2 to the radi i a\9 a2 and th e surfac e potential s ψχ,  ψ2 of two 
sphere s for variou s value s of the Hamake r constant,^ , and the Debye-Hücke l recip -
roca l lengt h parameter  κ,.  It was necessar y to conside r two cases : thos e of constan t 
surfac e charg e on the particl e surfac e durin g the interactio n and of constan t sur -
face potential . In practic e the actua l interactio n mus t lie somewher e intermediat e 
betwee n the two , dependin g on the rate s of exchang e of the potential-determin -
ing ions . Generally , the result s predic t tha t a wid e rang e of coagulatio n rate s are 
possible , and by chemica l contro l of the surfac e potentia l it shoul d be possibl e to 
separat e two differen t colloida l species . 

The broa d feature s of thes e result s are show n in Figure s 1-4 wher e log W  is 
show n plotte d agains t the "siz e factor " \a\a 2j{a\  +  a2)] for chose n value s of φι, 
ψ2, κ  and A.  Th e sprea d of value s resultin g from change s of a,  compatibl e with a 
given valu e of the form factor , is small ; providin g the size range s are no t enormous , 
they lie withi n a narro w band . The ordinat e in all figures  is the logarith m of the size 
factor , a\a 2f{a\  +  a2), the value s of whic h are marke d on the left side . Example s 
of variou s size combination s for a\  and a2 (expresse d in microns ) are marke d on 
the r.h.s . It wil l be see n tha t th e graph s cove r al l combination s of particl e size 
from 0.01 to 2 /im . Th e result s in Figure s 1-4 ar e base d onl y on th e heigh t of 
the potentia l energ y barrie r and ar e therefor e for coagulatio n int o the primar y 
minimum ; retardatio n of the London-Va n de r Waal s force s is the n negligible . 
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Retardatio n can also be allowe d for in Figur e 5. Thi s figure  show s tha t coag -
ulatio n int o the secondar y minimu m become s significant , i.e. , dept h >5k^T  (wit h 
A =  3 x 10" 20 J, a mediu m value ) only at high ioni c strengths . It shoul d be notice d 
tha t wherea s Figure s 1-4 show stabilit y increasin g to the righ t (as log W  increases) , 
Figur e 5 show s the dept h of the secondar y minimu m (V mm) increasin g to the right . 
Thu s all system s to the righ t of, say , 5k^,T  wil l be subjec t to rapi d coagulatio n int o 
the secondar y minimum , despit e the fac t tha t som e of the m (e.g. , 50, 50 mV ) are 
indicate d by Figur e 3 to exhibi t high stabilit y agains t coagulatio n int o the primar y 
minimum . Thi s situatio n become s mor e significan t as the size facto r increases , as 
an increasin g dept h of secondar y minimu m accompanie s a risin g heigh t of primar y 
maximum . Therefore , the dat a summarize d in Figure s 1-4 mus t be use d wit h the 
reservatio n tha t the secondar y minimu m mus t first  be prove d absen t by examinatio n 
of dat a suc h as thos e in Figur e 5 befor e stabilit y difference s of Figure s 1-4 ar e 
considered . 

4 0 

5 5 

5 0 

6 5 

o 

6 OH 

Fig. 1. Stability curves: constant potential; A = 3 x 10~20 J, « = 106 cm"1 (from Pugh and Kitchener 
[8])· 
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Compariso n of Figur e 1 (constan t potential ) an d Figur e 2 (constan t charge ) 
show s som e grea t difference s betwee n the position s of correspondin g lines . Constan t 
charg e predicts , of course , greater  stability . Th e differenc e is particularl y marke d for 
heterocoagulatio n of particle s of differen t potential , one high and on e low . For larg e 
distance s of separation , bot h theorie s indicat e electrica l repulsion , bu t the constan t 
potential  theor y predict s a transitio n to attractio n at shor t distances . Thi s is becaus e 
a reversa l of sign of charg e is required , in orde r to maintai n constan t potentia l on 
the lowe r potential  surfac e as it come s withi n the influenc e of the highe r potentia l 
surface . Thi s switch-ove r has the effec t of considerabl y reducin g the heigh t of the 
potentia l barrie r (K max), as compare d with the case of constan t charge . 

Implication  of  theory 

Conside r a slurr y containin g abou t 2 x 1011 particle s pe r cm 3 the n the tim e for 
half coagulatio n in the absenc e of a potentia l barrie r woul d be of the orde r of 1 s. 

L o gl 0W 

Fig. 2. Stability curves: constant charge; A = 3 x 10"20 J, « = 105, 106, 107 cm"1 (from Pugh and 
Kitchener [8]). 
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At a concentratio n of 1010 particle s pe r cm 3 the n the half-lif e woul d be abou t 20 
s. However , any practica l proces s woul d requir e a longe r standin g perio d tha n thi s 
durin g whic h the coagulate d component s coul d settl e out . A suitabl e perio d migh t 
he in the rang e 1-10 hours . Therefore , the stabl e component s woul d nee d half-time s 
considerabl y longe r tha n 1-10 hour s — this implie s stabilit y factor s (W)  large r tha n 
4000-40.000 ; for example , W  =  10 5 migh t be take n as typica l of a practicall y 
stabl e suspension , whic h woul d be readil y separabl e from a rapidl y coagulatin g 1% 
impurity . 

Figure s 1-4 show tha t difference s of 105 in stabilit y value s are wel l withi n expec -
tatio n accordin g to the theory . Indeed , W  value s up to 1030 are predicte d for 0.1 
μτη  particle s bearin g a moderatel y high potential . It is eviden t from the curve s tha t 
separation s coul d be base d on any of the followin g factor s (or suitabl e combination s 
of them) . 

(a) Differenc e of A  value , wit h give n size and potentia l (se e Figur e 4) . Fo r 

Fig. 3. Stability curves: constant potential; A = 3 x 10~20 J, n = 105, 106, 107 c m-1 (from Pugh and 
Kitchener [8]). 
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example , with κ -  10 6, a = 0.1 /im , a differenc e of a facto r of 3 in ne t valu e woul d 
be adequat e to distinguis h two coagulatio n rates . Thi s typ e of separatio n proces s 
could be particularl y importan t whe n dealin g with differen t material s wher e ther e is 
an orde r of magnitud e differenc e in Hamake r constant . Fo r example s A ~  S0k BT 
for gold and ~  kBT for polystyren e latex . 

(b) Difference s of potential , or charge , with give n A and a.  Figur e 2 suggests , for 
example , tha t very adequat e difference s of rat e woul d resul t from havin g ψχ  = 10 
mV, φ2 =  30 mV (A  =  3 X 10" 20 J, κ = 106, a = 0.1 μτα) 

(c) Difference s of size , with give n A and ψ.  Consider , for example , the line for 20, 
20 mV in Figur e 1. The log W  value s for particl e combination s 0.01 + 0.01 , 0.01 + 
0.1, 0.1 + 0.1, 0.1 + 1.0 and 1.0 + 1.0 (μιη ) are , respectively , 0.4 , 0.5 , 3, 5.5 and 35. 
A chec k agains t Figur e 5 show s tha t witha l = 3 x 10~ 20 J and κ =  106 ther e woul d 
be no dange r of coagulatio n of the large r particle s int o the secondar y minimum . 
Consequently , it shoul d be possibl e to fractionat e heterodispers e lyophobi c colloid s 
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Fig. 4. Stability curves: constant potential (30, 30 mV); A = 1, 3, 6, 9 x 10"20 J, « = 106 cm-1 (from 
Pugh and Kitchener [8]). 
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by cautiousl y lowerin g th e surfac e potentia l with potential-determinin g electrolyte , 
whil e keepin g the ioni c strengt h belo w 10" 3 M of 1: 1 electrolyte . 

Tb summarize , from numerica l calculation s carrie d ou t wit h a  rang e of value s of 
0i> 2̂> V>i> Ψι>  κ andv4 , as presente d in Figur e 1-4 , two importan t point s emerge : 

(1) W\2  varie s ove r an enormou s rang e of values . 
(2) The change s of W\2  arisin g from differen t size combination s resul t principall y 

from change s in th e exponentia l ter m (i.e . th e pre-exponentia l ter m is relativel y 
insensitiv e to size combinations) . 

It woul d ther e appea r possibl e to separat e a  give n mixtur e providing : 
(1) Th e particl e size distribution s of the mai n component s ar e know n o r can be 

determined . 
(2) Approximat e value s of th e Hamake r constant s fo r th e variou s component s 

are known . 
(3) The rang e of zeta potential s obtainabl e with appropriat e potential-determin -

ing electrolyte s can be determine d and explored . 

Fig. 5. Depth of the secondary minmum: constant potential; A = 3 x 10~20 J, κ = 106,107 c m-1 (from 
Pugh and Kitchener [8]). 
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Then , by employin g the approximat e equation s outline d above , th e range s of 
W  value s for the variou s combination s of size s and type s of particle s coul d be 
determined . Fro m the results , condition s for obtainin g larg e enoug h difference s of 
rate of coagulatio n coul d be predicted . 

Selectiv e coagulatio n in binar y minera l mixture s 

In orde r to achiev e a clear-cu t selectiv e coagulatio n with an experimenta l system , 
it is desirabl e to choos e two component s havin g spherica l or , at leas t spheroidal , 
particle s of narro w size range , whic h shoul d be belo w 1 /xm in radiu s to avoi d the 
complication s of "secondar y minimu m instability" . Selectiv e coagulatio n woul d be 
operate d by exploitin g the difference s in the coagulatio n rate s of the two compo -
nent s followin g adjustmen t of the pH and/o r strengt h medium . Clearly , condition s 
mus t be chose n wher e the two colloid s carr y the sam e sign of surfac e charg e and, 
from the propose d theor y of selectiv e coagulation , a larg e differenc e in the surfac e 
potential s of the two component s is require d (on e componen t preferabl y havin g a 
low value , whil e the othe r componen t retain s a relativel y high value) . 

The procedur e was experimentall y teste d with binar y mixture s of colloida l oxides ; 
quartz/rutil e [1] and quartz/hematit e [2] wher e H + an d OH " ar e th e potentia l 
determinin g ions whic h contro l the size and sign of the charg e at the mineral/wate r 
interface . Th e quart z and hematit e wer e naturall y occurrin g mineral s groun d and 
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Fig. 6. Zeta potential of the quartz ( ■ ), rutile (A) and hematite ( ·) versus pH (from Pugh and 
Kitchener [1, 2]). 
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fractionate d to a size rang e of betwee n 0.05 and 0.2 μτα  radius.  The rutil e use d in the 
experiment s was a  syntheti c sampl e (supplie d by Tioxid e Ltd. , U.K. ) with a  diamete r 
of abou t 0.2 /xm. Th e zeta potential  versu s pH curve s fo r the thre e mineral s is show n 
in Figur e 6. By carefu l adjustmen t of pH and electrolyt e concentratio n it was foun d 
tha t selectiv e coagulatio n coul d be achieve d in the binar y mixture s of minerals . 

Quartz/rutile 

For th e quart z an d rutil e system s Figur e 7 A, B  show th e region s of stabilit y fo r 
the two separat e component s respectively , throughou t the p H rang e and Figur e 7C 
show s thos e fo r the mixe d suspensions . All the suspension s had 2.2 wt.% solid s — in 
the cas e of mixtures , 1.1% of each . N o additio n of electrolyt e wa s mad e in this 
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Fig. 7. Stability regions for (A) quartz, (B) rutile and (C) quartz + rutile mixture, without additional 
electrolyte; stability is measured by wt.% solids remaining in suspension after 30 min. (from Pugh and 
Kitchener [1]). 
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TABLE 1 

Supernatant and sedimentation analysis in the selective coagulation regions (in Figures 7 and 8) for the 
Si02/Ti02 system [1] 

Fig no. pH Electrolyte Supernatant Sediment 
concentration liquid analysis analysis 
(NaCl) M (%) (%) 

7C 
8C 
sc 
8C 

5.6 
9.5 
9.5 
9.5 

_ 
0.020 
0.023 
0.0265 

Si02 
08 
95 
89 
87 

Ti02 
2 
5 

11 
13 

S i02 
7 
4 

13 
1 

Ti02 
93 
96 
87 
90 

serie s of experiments . A regio n of selectiv e coagulatio n of the mixture s was antici -
pate d (an d found ) at abou t pH 5.6, sinc e at this poin t the quart z sol remaine d stabl e 
whil e the rutil e was observe d to underg o rapi d coagulation . Fro m the electrophore -
sis measurement s bot h component s carrie d a negativ e surfac e potentia l at thi s pH . 
Chemica l analysi s of the supernatant  liqui d and sedimen t confirme d selectiv e coag -
ulatio n occurre d (Tabl e 1). 

An additiona l serie s of investigation s in the pH rang e 7-1 0 wer e carrie d out , 
in whic h bot h quart z and rutil e remaine d stabl e unti l electrolyt e was adde d to 
brin g abou t coagulation . Figur e 8A, B show the stabilit y region s of the individua l 
component s on additio n of increasin g amount s of sodiu m chloride . A stud y of the 
coagulatio n characteristic s of the mixtur e was mad e by addin g electrolyt e at pH 9.5 
(Figur e 8C) . Th e result s indicat e tha t selectiv e coagulatio n shoul d occu r betwee n 
0.015 and 0.05 0 M NaCl . In this regio n the quart z remain s stabl e and the rutil e un-
dergoe s coagulation , bot h component s agai n retainin g a negativ e surfac e potential . 
Finally , chemica l analysi s of the supernatan t liqui d and sedimen t at thre e differ -
ent point s confirme d successfu l separation s by coagulatio n of the rutile , leavin g the 
quart z substantiall y in suspensio n (Tabl e 1). 

Quartz  /hematite 

A simila r serie s of experiment s with quart z and fractione d finely  groun d natura l 
hematit e wer e also reporte d [2] . Fro m Figur e 6 it may be observe d tha t hematit e 
has a pHiep of abou t 6. On e woul d therefor e expec t from DLV O theor y tha t th e 
requirement s for selectiv e coagulatio n of hematit e from quart z to occu r in slightl y 
alkalin e condition s providin g only low concentration s of electrolyt e ar e presen t in 
solution . In this regio n it may be anticipate d tha t quart z wil l retai n a high negativ e 
surfac e potentia l (an d remai n stable ) whil e tha t hematit e may be reduce d to a 
low negativ e valu e and , therefore , thes e sols may coagulate . Thes e prediction s ar e 
confirme d by a detaile d investigatio n of the coagulatio n behaviou r of th e mixe d 
suspension . 
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Fig. 8. Stability regions for (A) quartz, (B) rutile and (C) quartz + rutile mixtures in the pH range 7-10; 
conditions as in Figure 7 (from Pugh and Kitchener [1]). 

Figur e 9A show s the region s of stabilit y for the two separat e component s through -
out the pH rang e and Figur e 9B show s tha t for the mixe d suspension . Again , all the 
suspension s had 2.2 wt.% solid s — in the cas e of mixtures , 1.1% of each . No addi -
tion of electrolyt e was mad e in this serie s of experiments . Fro m Figur e 9A it can be 
seen tha t the quart z suspensio n becam e unstabl e at abou t the pH iep («2) . At high 
pH instabilit y was observe d du e to the presenc e of high concentration s of sodiu m 
hydroxid e havin g the effec t of reducin g th e doubl e laye r thickness . A simila r be -
haviou r patter n was observe d for hematit e instability , abou t the pH iep («6 ) and also 
at low and high pH value s due to the presenc e of stron g acid and alkali , respectively . 
A regio n of selectiv e coagulatio n of the mixtur e was predicte d (an d found ) at pH 7 -
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7.5 (Figur e 9B) , sinc e in thi s regio n the quart z remaine d relativel y stabl e (havin g 
a negativ e surfac e potentia l of abou t 60 mV ) whil e the hematit e was observe d to 
underg o coagulation , havin g a negativ e surfac e potentia l of abou t 30-3 5 mV. 

An additiona l serie s of investigation s wer e mad e at pH 9, in whic h bot h compo -
nent s remaine d stabl e unti l indifferen t electrolyt e was adde d to brin g abou t coagu -
lation . The result s are presente d in Figur e 10. In Figur e 10A the stabilit y region s of 
the individua l component s are show n on additio n of increasin g amount s of sodiu m 
chlorid e and Figur e 10B the mixture . In the mixtur e the hematit e was observe d to 
star t to coagulat e in 0.01-0.01 5 M NaCl . In 0.15 M NaC l at pH 9 the quart z was 
stable , havin g a zeta potential  of abou t 70 mV Coagulatio n of the quart z suspensio n 
bega n to occu r whe n the electrolyt e concentratio n was increase d to abou t 0.1 M. 
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Fig. 10. The stability regions over a range of NaCl concentrations of: (A) the hematite suspension (o) 
and the quartz suspension ( · ); (B) the hematite/quartz mixed suspension at pH 9. Conditions as in 
Figure 7 (from Pugh [2]). 

This stud y of the coagulatio n characteristic s of the syste m indicate d tha t selectiv e 
coagulatio n shoul d occu r betwee n 0.01 5 and abou t 0.1 M NaCl . In thi s regio n the 
quart z remaine d stabl e and the hematit e coagulate d whil e bot h component s agai n 
retaine d a negativ e surfac e potential . Analysi s of sedimen t and supernatan t in the 
selectiv e coagulatio n region s are show n in Tkbl e 2. 

Latex/minera l mixture s 

The colloida l stabilit y of differen t type s of mixe d colloida l material s suc h as late x 
and minera l has becom e particularl y interestin g in recen t years , sinc e they can be 
utilize d as model s to stud y industria l processe s suc h as the impregnatio n of fab -
rics or the preparatio n of filled  and pigmente d polymers . Recently , the interactio n 
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TABLE 2 

Supernatant and sediment analysis in the selective coagulation regions (in Figures 9 and 10) for the 
Si02/Fe203 system [2] 

Fig no. pH Electrolyte 
concentration 
(NaCl) M 

Supernatant 
liquid analysis 
(%) 

Sediment 
analysis 

9B 
10B 
10B 
10B 

7 
9 
9 
9 

_ 
0.022 
0.033 
0.05 

Si02 
98 
99 
99 
98 

Fe203 
2 
1 
1 
2 

S i02 
16 
8 
8 
9 

F e203 
84 
92 
92 
91 

betwee n particle s of spherica l hematit e and polyme r late x (polytetrafluoroethylene , 
PTFE ) of comparabl e size hav e bee n studie d by Visc a et al . [3] . Th e stabilit y of 
the dispersion s was measure d as a functio n of pH and ioni c strength , ove r a wid e 
rang e of surfac e potentials , wher e condition s of selectiv e coagulatio n and hetero -
coagulatio n coul d be predicted . Th e colloida l hematit e (narro w size distributio n 
with averag e diameter s abou t 0.05 μτα)  wer e prepare d by precipitatio n from ferri c 
chlorid e solutio n as previousl y describe d [9] , The particle s wer e carefull y washe d 
to remov e impuritie s and the size distributio n determine d by electro n microscope . 
The PTF E particle s wer e extensivel y dialyze d and purifie d with mixe d ion-exchang e 
resin s to remov e surfactant . Th e electrokineti c propertie s of the two type s of par -
ticle s (as a functio n of pH ) are show n in Figur e 11 . Th e pH iep of the hematit e was 
found to be abou t pH 6 wherea s the PTF E was show n to hav e a negativ e charg e 
over the pH rang e of interest . 
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pH 

Fig. 11. Zeta potential versus pH for PTFE latex (in 10"3 M KNO3) and hematite (in «10~3 M KNO3) 
(from Visca et al. [3]). 
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The relativ e stabilit y of the a-Fe 2C>3, PTF E late x and mixe d dispersion s was 
assesse d by determinin g the concentratio n of particle s remainin g in the supernatan t 
solutio n at differen t ioni c strength s and pH values , afte r a pre-determine d tim e 
followin g the dispersio n of the components . Th e interactio n of the mixe d system s 
was studie d ove r the neutra l and alkalin e pH rang e wher e bot h particle s wer e 
negativel y charged . Simpl y by mino r adjustmen t of the pH , two differen t situation s 
wer e created ; in the first  case the magnitud e of the surfac e potentia l on the two 
differen t type s of particle s was comparabl e wherea s in a secon d cas e a significan t 
differen t in potentia l on the two type s of particle s was obtained . At pH < 6  the 
particle s had opposit e charg e and heterocoagulatio n occurred . 

The result s of the investigatio n are presente d in Tabl e 3. Tabl e 3A show s the ex-
periment s carrie d ou t with equa l amount s of a-Fe 203 and PTF E late x (tota l particl e 
concentratio n 1.2 x 1012 cm" 3) at pH 9.4 at a rang e of electrolyt e concentrations . 
The result s confir m tha t fairl y goo d selectiv e coagulatio n coul d be achieve d by 
slow coagulatio n of the dispersio n (abou t 20 hours ) in mediu m strengt h electrolyt e 
concentration s (3.6 x 10" 2 and 5 x 10~ 2 M) . At highe r electrolyt e concentration s 
(7 x 10~ 2 and 1 x 10" l M) , bot h component s in the dispersio n coagulated . Th e 
suspension s appear  to remai n fairl y stabl e at lowe r electrolyt e concentration s for 
shorte r tim e periods . At pH value s withi n the neutra l rang e (Tabl e 3B , C) with dif -
ference s in a-Fe20 3/PTF E rati o it was also foun d difficul t to selectivel y coagulat e 
thes e mixtures . 

In an attemp t to explai n thes e experimenta l results , theoretica l interactio n energ y 
curve s for PTFE/PTFE , a-Fe 203/a-Fe 203 and PTFE/a-Fe 203 in wate r wer e cal -
culated . Unfortunately , the coagulatio n kinetic s of the system s wer e no t considere d 
by the author s and no attemp t was mad e to calculat e the  rates  of coagulatio n for 
the variou s combination s of particle s in the mixture . Sinc e the rate s ar e function s 
of the concentratio n of particle s and size , it is no t sufficien t to adop t interactio n 
potentia l criteri a to distinguis h rat e in a mixture . However , the author s showe d 
majo r difference s in the characteristi c interactio n energ y curve s for the two type s 
of particles , du e to difference s in surfac e potentia l and value s of the Hamake r 
constant . 

Clay mixture s 

In mixture s of colloida l clay s with differen t charg e or particl e size , ther e exis t 
the possibilitie s of selectiv e coagulatio n occurrin g in dilut e electrolyt e solution . 
From the theoretica l curve s presente d in the sectio n on "DVL O theor y applie d 
to selectiv e coagulation" , it woul d appea r tha t for clay s wit h the sam e sign bu t 
differen t magnitud e surfac e charge , selectiv e coagulatio n woul d mor e likel y occu r in 
large r particl e size systems . However , with hydrophili c colloid s such as clays , wate r 
"structures " nea r the surfac e may reduc e the rang e of the Van der Waal s force s and 
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will additionall y produc e repulsiv e hydratio n force s a t clos e distances . Thes e hav e 
not bee n considere d in DLV O theory . 

Frey and Lagal y [10] carrie d ou t detaile d experiment s usin g mode l clay colloid s 
consistin g of sodiu m smectite s whic h ar e compose d of negativel y charge d silicat e 
layer s abou t 1  nm  thick . Experiment s wer e carrie d ou t with hig h charge d an d low 
charge d system s and the type of coagulatio n whic h occurre d (assumin g predominan t 
face-fac e interactions ) was determine d from crysta l analysi s of the sediment . Fo r 
example , fo r tw o component s consistin g of A  an d B , the n in case s of selectiv e 
coagulation , th e coagulat e wil l consist s of a  mixture  of  separate  "crystallites"  (i.e . 
crystallite s of laye r A  an d crystallite s of laye r B) . If plate s A  an d B  coagulat e 
togethe r (wit h no selectivit y occurring ) the n they wil l aggregat e in the same  crystal 
(producin g mixe d laye r crystals) . Hence , the laye r sequenc e of A and B in the crysta l 
can be regular , zona l o r rando m (see Figur e 12) . A  convenien t metho d fo r analysi s 
of th e crystallit e structur e (t o determin e th e exten t of selectiv e coagulation ) wa s 
carrie d ou t by exchangin g Na + fo r alky l ammoniu m ion s and determinin g the basa l 
spacin g of the crystal s by X-ra y analysis . 

In th e experimenta l studies , bot h lo w an d high charge d smectite s (montmoril -
lonit e and beidellite ) wer e chose n as models . For thes e system s the interlaye r catio n 
densit y of the colloid s was not constan t throughou t the individua l crystal s and varie s 
betwee n 16.1 an d 24.5 /xC cm" 2 (averag e 19.2 μ θ cm" 2) fo r montmorillonit e an d 
betwee n 20. 1 and 34.7 μθ  cm" 2 (averag e 25.9 /xC cm" 2) fo r beidellit e (Figur e 13A , 
B). Also two particl e fraction s <0. 1 μτα  and 0.1- 2 μη ι wer e chosen . 

Critica l coagulatio n concentration s (CCC) , correspondin g t o th e lowes t elec -
trolyt e concentration s to caus e face-fac e coagulatio n of the separat e smectit e sys-

mixed- layer formation 
regular zonal random 

Fig. 12. Disintegration of sodium smectite crystals in water, formation of colloidal suspensions and 
reaggregation to crystals (surface charges and interlayer cations not entirely shown) (from Frey and 
Lagaly [10]). 
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tern and for mixture s was determined . To preven t edge-face-coagulatio n occurrin g 
in thes e systems , it was necessar y to add sodiu m diphosphat e (whic h specificall y 
adsorb s on positivel y charge d edges ) and increase s the negativ e charg e on the sites . 
Thu s the CCC for edg e to face aggregatio n was increase d and becam e simila r or ex-
ceede d the concentratio n require d for face-to-fac e aggregation . Th e CC C in diphos -
phat e solutio n was therefor e take n as the approximat e concentratio n of face-to-fac e 

TABLE 4 

Critical coagulation concentrations (CCC) of sodium chloride in sodium smectite suspensions (0.25 
smectite l"1, pH 6-7) [10] 

Smectite C/2a Fraction CCC (moles Na+ l"1 
(μπι) in 0.01 M Na4P207 solutions) 

Beidellite 

Montmorillonite (Cyprus) 
Montmorillonite (Wyoming) 

13.0 
12.8 
11.3 
9.6 
9.6 

0.1-2 
<0.1 

0.1-2 
0.1-2 

<0.1 

0.25-0.29 
0.26-0.29 
0.33-0.38 
0.37-0.44 
0.36-0.44 

' C/2: average surface charge density ( Ĉ cm-2) 
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TABLE 5 

Average cation densities ζ of pure and coagulated smectites [10] 

Fraction 
(μπι) 

0.1-2 

<0.1 

Starting materials 

Smectite 

Beidellite 
Montmorillonite 
Beidellite 
Montmorillonite 

ζ (μϋ cm" 

25.9 
19.2 
25.6 
19.2 

-2) 

After coagulation with NaCl 

Coagulum 
High-charged crystals 
Low-charged crystals 

Mixed-layer crystals 

C (μθ cm"2) 

25.5 
«19 

22.0 

coagulation . The result s of the coagulatio n experiment s are show n in Tkbl e 4. 
For the beidellite , bot h particl e size fraction s show approximatel y the sam e CC C 

wherea s th e montmorillonit e sample s appea r t o b e mor e stable . Coagulatio n of 
beidellite-montmorillonit e mixe d suspension s wer e carrie d ou t unde r a  rang e of 
experimenta l condition s (smectit e concentration , pH , very slow and fast addition s of 
NaCl , etc. ) and the followin g conclusion s wer e drawn : 

(1) Th e particl e size of the colloi d had the predominan t influenc e o n the type of 
coagulatio n whic h occurred . 

(2) Large r particle s (>0. 1 μιη ) wer e selectivel y coagulated . Eve n roug h inspec -
tion s of the X-ra y diagram s revea l tha t th e coagulu m consis t of crystal s of higher -
charge d layer s an d crystal s of lower-charge d layers . Th e charg e distributio n his -
togram s (Figur e 13C , D ) indicat e tha t th e high-charge d crystal s hav e a  simila r bu t 
by no mean s identica l laye r sequenc e in compariso n wit h pur e beidellit e (se e Ta -
ble 5) . With the appropriate  choic e of concentrations , beidellite-lik e plate s coul d be 
selectivel y coagulated , whil e th e montmorillonite-lik e plate s remaine d in colloida l 
suspension . 

(3) Smal l particle s (<0. 1 μιη ) wer e coagulate d to mixed-laye r crystals ; the charg e 
distributio n curv e (Figur e 13D ) clearl y showe d tha t high - an d low-charge d layer s 
are aggregate d in th e sam e crystals . However , th e mixin g of th e layer s wa s no t 
completel y random . 

Thes e experiment s show clearl y tha t th e low-charge d plate s segregat e predomi -
nantl y from higher-charge d ones , providin g the particl e size exceed s a  critica l value . 
Selectiv e coagulatio n coul d no t be achieve d with smal l plates . 

Natura l wate r system s 

The transpor t of mixture s of colloida l clay particle s from freshwate r to estuarie s 
(wher e a  salinit y transitio n occurs ) may b e accompanie d by a  chang e in stability . 
This may be cause d by th e chang e in doubl e laye r thickness . Fo r fresh wate r κ~ ι 

is typicall y in th e rang e of 5  to 20 nm. In seawate r κ~ ι is of the orde r of 0.4 nm 
whic h is of a magnitud e simila r to th e radiu s of the hydrate d ion . Th e doubl e laye r 



264 R.l  Pugh 

in seawate r may therefor e be considere d to be non-diffused . Clay mineral s are the 
mos t commo n colloid s in natura l wate r system s and in low salinit y wate r (fresh) , a 
stron g negativ e repulsio n usuall y dominate s producin g stabl e suspensions . However , 
on increasin g κ, the doubl e laye r is reduce d producin g floes  whos e size and settlin g 
rate may be severa l order s of magnitud e highe r tha n th e individua l particles . In 
addition , mos t clay mineral s hav e a relativel y high surfac e are a per uni t mas s so tha t 
interparticl e force s whic h contro l perikineti c coagulatio n are at leas t as importan t 
as hydrodynami c force s unde r mild turbulen t flow  conditions . 

In natura l wate r system s containin g differen t type s of clay mixture s (al l predomi -
nantl y havin g the sam e sign of charge) , the n it may be anticipate d tha t ther e woul d 
be extensiv e possibilitie s of selectiv e coagulatio n occurrin g naturall y as the clay sus -
pension s are graduall y transporte d to the mout h of the estuary . Evidenc e for th e 
occurrenc e of selectiv e coagulatio n can ofte n be obtaine d from analysi s of the estu -
ary sediment . A detaile d investigatio n dealin g with the stabilit y of clay colloid s alon g 
the 35 mil e lengt h of the Pamlic o Estuar y (flowin g from Washington , D.C. , USA) , 
was carrie d ou t by Edzwal d et al. [11] . The salinit y of the wate r was reporte d to vary 
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Fig. 14 (left). Coagulation kinetics of kaolinite in buffered NaCl solutions at three ionic strengths. 
Volume of colloidal particles per volume of suspension 8.81 x 10~5, root-mean-square velocity gradient 
52.4 s_1 (from Edzwald et al. [11] with permission). 

Fig. 15 (right). Coagulation kinetics of kaolinite in synthetic estuarine solutions at three ionic strengths. 
Volume of colloidal particles per volume of suspension 8.67 x 10~5, root-mean-square velocity gradient 
52.3 s-1 (from Edzwald et al. [11] with permission). 
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TABLE 6 

Stability constants for clays in buffered sodium chloride and synthetic estuarine solutions [11] 

Ionic strength Montmorillonite Kaolinite Illite 

Stability value (buffered NaCl solution) 
0.036 M 0.0075 ± 0.009 0.0245 ± 0.007 0.0128 ± 0.003 
0.087 M 0.089 ± 0.006 0.0308 ± 0.004 0.0275 ± 0.005 
0.3 M 0.125 ± 0.005 0.0724 ± 0.007 0.0455 ± 0.055 

Stability values (synthetic estuarine solution) 
0.036 M 0.0943 ± 0.003 0.0445 ± 0.002 0.0180 ± 0.003 
0.087 M 0.113 ± 0.019 0.0915 ± 0.006 0.0701 ± 0.007 
0.343 M 0.148 db 0.006 0.138 ± 0.009 0.0740 ± 0.009 

from <0. 5 pp t (part s pe r thousand ) to 16 pp t at the mouth . Fro m thi s stud y it was 
generall y conclude d tha t kaolinit e (a relativel y unstabl e clay ) was easil y coagulate d 
and deposite d in the upstrea m sediment , wherea s illit e (a mor e stabl e clay ) was 
coagulate d and deposite d neare r the mouth . Ther e was also a considerabl e amoun t 
of evidenc e tha t selectiv e coagulatio n occurre d naturally , alon g the lengt h of th e 
estuar y givin g separat e fractions . 

Initially , detaile d experiment s wer e carrie d ou t in the laborator y to determin e co-
agulatio n rate s for mode l clay in sodiu m chlorid e solutio n (pH adjuste d to 7.8-8.2 ) 
buffere d at thre e ioni c strengt h value s and in syntheti c estuar y electrolyte . Coagula -
tion was carrie d ou t unde r mild shea r condition s and typica l coagulatio n plot s at the 
thre e ioni c strength s are show n in Figure s 14 and 15. Followin g Smoluchowski' s the -
ory of orthokineti c coagulation , the chang e in particl e numbe r concentratio n wit h 
time coul d be relate d to the stabilit y constan t for the systems . Th e chang e in clay 
particl e number s ove r tim e was observe d by usin g microscopi c countin g and coulte r 
counte r techniques . Value s of the stabilit y constan t wer e evaluate d from the slope s 
(Figure s 14,15 ) and are summarize d (Tabl e 6) . 

From thes e results , it can be see n tha t the stabilit y constan t increase s with in-
creas e in ioni c strengt h for bot h system s (complet e destabilizatio n woul d be char -
acterize d by a valu e of unity) . Compariso n of sodiu m chlorid e solutio n wit h the 
estuar y solutio n indicate s highe r stabilit y constan t value s wit h the estuar y water , 
at abou t th e sam e ioni c strength . Thi s can be expecte d sinc e th e estuar y wa-
ter is know n to contai n divalen t cations . In addition , it was foun d from the ex-
periment s tha t th e clay s generall y followe d th e orde r of stability ; (stable ) illit e 
> kaolinit e > montmorillonit e (unstable) . Tb find  evidenc e for selectiv e coagulatio n 
in the Palmlic o River , samplin g of the sedimen t was carrie d ou t and the result s com -
pare d with the laborator y experiments . Analysi s of the sedimen t compositio n (< 2 
μτη  size fraction ) was carrie d ou t by X-ra y crystallography . Sedimen t sample s wer e 
take n at a rang e of salinit y level s from estuar y fresh wate r to point s in the uppe r and 
lowe r estuary . 
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In Figur e 16 the chang e in salinit y of the surfac e wate r versu s distanc e down -
strea m is show n and in Figur e 17, the relationshi p betwee n the clay sedimen t com -
positio n and the locatio n of the downstrea m samplin g points . Thes e result s sugges t 
tha t the kaolinit e selectivel y coagulate s in the uppe r estuary , wher e the salinit y is 
lowes t and very littl e was foun d to be presen t in the downstrea m sediments . How -
ever , very littl e illit e was foun d in the uppe r estuar y wher e it appeare d to remai n sta -
ble bu t coagulate d downstrea m at highe r salinit y levels . Montmorillonit e was foun d 
to be presen t in mino r amount s alon g the entir e lengt h of the estuar y indicatin g an 
intermediat e stabilit y leve l for thi s clay . Generally , it was conclude d tha t the result s 
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Fig. 16. Salinity of the surface waters of the Pamlico River Estuary (from Edzwald et al. [11] with 
permission). 
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Fig. 17. Clay mineral composition of the Pamlico sediments downstream, kaolinite ( ·) and illite (A) 
(from Edzwald et al. [11] with permission). 
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of the samplin g stud y wer e in genera l agreemen t wit h the laborator y experiment s 
in whic h the individua l component s wer e coagulated . Thi s suggeste d tha t selectiv e 
coagulatio n of the clay colloid s was occurrin g alon g the lengt h of the estuary , du e 
to the chang e in ioni c strength . Unfortunatel y no zet a potentia l measurement s or 
particl e size measurement s wer e carrie d out . 

Othe r example s of selectiv e coagulatio n in marin e environment s hav e also bee n 
reported . Parha m [12] also foun d tha t the landwar d accumulatio n of kaolinit e rel -
ative to illit e and smectit e occur s durin g the transpor t of clay s from fres h to salin e 
waters . Thoma s and Murra y [13] explaine d the distributio n of clay mineral s in the 
Portlan d Cree k are a of the Mississipp i bay by selectiv e coagulation . Th e amoun t 
of kaolinit e foun d in the are a increase d wes t to eas t and the smectit e eas t to west . 
Selectiv e coagulatio n of clay s in natura l wate r system s has also bee n discusse d by 
Gibb s [14] . 

The coagulatio n and depositio n of suspende d solid s can hav e a significan t effec t 
on wate r quality , especiall y with regar d to the biologica l oxyge n demand . Als o siltin g 
and the formatio n of delta s and the coagulatio n of secondar y treatmen t waste s from 
sewag e plant s are also importan t problem s to consider . Selectiv e coagulatio n stud -
ies of the colloida l constituent s in natura l wate r offer s opportunit y to contro l such 
phenomena . Unfortunatel y with clay systems , only simplifie d theorie s can be use d 
to predic t the stabilit y rate s whic h do no t incorporat e the effect s of edg e to face 
coagulatio n or stabilizatio n by adsorptio n of trac e amount s of hydrolyze d cations . 

Differen t size d particle s 

It has bee n show n tha t selectiv e coagulatio n may be achieve d in hetero-disperse d 
colloida l system s base d on a differenc e in particl e size . Fo r example , Her [15] 
showe d tha t large r particle s of colloida l silic a coul d be selectivel y coagulate d from 
the smal l fractio n by carefu l contro l of the coagulatio n conditio n usin g calciu m ions . 
Particle s of 4 to 130 nm averag e diamete r wer e studie d at the pH rang e 8.1 to 9.5 . 
Also Fren s [16] reporte d tha t smalle r particle s of gold sols wer e mor e stabl e agains t 
coagulatio n with electrolyte , compare d to large r particles . In the latte r case , how -
ever , difference s in Hamake r constan t wer e used to explai n the results . 

Selectiv e coagulatio n of minera l slime s in magneti c separatio n processe s 

The contro l of the balanc e of magneti c force s wit h electrostati c and Van de r 
Waal s interaction s can also be applied , as an effectiv e coagulation/separatio n tech -
niqu e for minera l fines.  In a homogeneou s magneti c field  the tota l interactio n 
potentia l betwee n the surface s of colloida l particle s may be modifie d (to a first 
approximation ) to includ e the magneti c interactio n Vu: 

VT =  VE + VA + VM (10) 
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In stron g magneti c fields  the valu e of Vj  (separatin g the primar y minimu m and 
secondar y minimum ) can be reduced , and coagulatio n may occur , eve n in case s 
wher e the particle s hav e an electrostati c repulsiv e potential . 

Calculation s of VT and coagulatio n rate s sugges t tha t particle s suc h as hematit e 
can flocculate  in magneti c fields  of abou t 0.1 T (backgroun d magneti c induction ) for 
1 μτα  particle s and abou t 3 T for 10 /im particle s of minera l slurr y with abou t 10% 
v/v [17] . Hence , althoug h the magneti c field  can suppres s VT for a broad  rang e of 
particl e sizes , for large r particle s (>5 0 μτα)  a field greater  tha n 10 Twil l be require d 
to induc e fairly rapi d magneti c coagulation . However , sinc e minera l slime s generall y 
contai n particle s <4 0 μπ ι (wit h an averag e size of abou t 10 μιη ) the n high gradien t 
magneti c fields  in moder n separator s may easil y rende r the dispersion s unstable . In 
such cases , the surfac e force s (includin g magneti c forces ) wil l hav e an importan t 
influenc e on the probabilit y of captur e of a magneti c particl e on a matrix , the sta -
bility of the build-u p profil e on the matri x and also possibl y the coagulatio n of the 
particle s in suspension . In the case of low magneti c fields,  the n electrostati c repul -
sion may predominat e and preven t capture . However , in the cas e of high magneti c 
fields  wit h low electrostati c repulsion , althoug h the tota l interactio n wil l be positiv e 
and coagulatio n may occur , it is also importan t to conside r the hydrodynami c shea r 
stres s nea r the surfac e of the matri x whic h may strip-οί ϊ th e particle s unde r high 
shea r flow. 

In theory , if we conside r two colloida l mineral s with differen t pHi ep values , the n it 
shoul d be possibl e to increas e the efficienc y of the metallurgica l separatio n proces s 

pH of slurry 

Fig. 18. The dependence of LTjOg recovery on the pH of the slurry in magnetic separation on a woven 
wire-mesh matrix at a range of induction strengths (Γ) and flow rates (V) (from Svoboda et al. [18] with 
permission). 
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by adjustmen t of the pH (so tha t bot h component s hav e significan t differenc e in like 
charge ) befor e passin g throug h the high grad e magneti c separator . An interestin g 
exampl e of wha t appear s to be selectiv e coagulatio n occurrin g unde r a magneti c 
field,  has recentl y bee n reporte d in the separatio n of uranium/gol d tailing s from 
gangu e in Witwatersrand , Sout h Afric a [18] . In thi s plan t it was foun d tha t th e 
highes t performanc e of the separato r occurre d at a pH valu e at whic h the valuabl e 
and gangu e mineral s wer e the sam e sign , bu t no t far remove d from the pHi ep of the 
valuabl e mineral . 

THals wer e carrie d ou t with uranium/gol d tailin g consistin g of cyanid e leachin g 
residue s of comple x ore s containin g quartz , chlorite , mica , pyrophyllit e wit h the 
valuabl e mineral s presen t in a variet y of forms . Th e experiment s wer e carrie d ou t 
over a rang e of pH value s (from pH 1.3 to 13) simpl y by addition  of HC1 and NaOH . 
The result s show n in Figur e 18 relat e the dependence  of uraniu m recover y to the 
pH for a mes h matri x for variou s value s of the magneti c inductio n and flow  rates . 
The maximu m recover y was achieve d betwee n pH 1.2 and 1.8 and the recover y 
decrease s with increas e in pH . Th e differenc e betwee n the maximu m recover y and 
the recover y correspondin g to the natura l pH of the tailin g (pH « 9) was abou t 
8% for a mes h matri x and 5% for a bal l matri x irrespectiv e of the magnitud e of the 
magneti c field  and the flow  rate . In Figur e 19 the influenc e of pH on the grad e of 
the magneti c concentrat e is shown . Th e maximu m grad e was achieve d at abou t pH 
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Fig. 19. The depencence of slurry pH on the grade of the U3O8 of the magnetic concentrate for a 
mesh matrix at a range of induction strengths (Γ) and flow rates (V) (from Svoboda et al. [18] with 
permission). 
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Fig. 20. The dependence on U3O8 grade on pH of the slurry of non-magnetic fraction for a mesh matrix 
at a range of induction strengths (Γ) and flow rates (V) (from Svoboda et al. [18] with permission). 

1.2 and decrease d with increas e in pH , althoug h a secondar y minimu m appeare d to 
occu r at pH 10. The differenc e betwee n the maximu m grad e (pH 1.2) and tha t at pH 
9 is abou t 20% for bot h type s of matrice s at a rang e of flow  rate s and magneti c field 
strengths . As expected , the opposit e ten d is observe d for the non-magneti c fractio n 
(Figur e 20) ; the lowes t grad e occurrin g at pH 1.2 and increase s by abou t 20% at the 
alkalin e pH values . 

In Figur e 21 the zeta potential/p H plot s for the minera l particle s is shown . Th e 
uraniu m rich ore show s a simila r curv e to the uraninit e ore wher e the pHi ep lies in 
the pH rang e 3.0 to 3.2 . In the cas e of the uranium-poo r ore , the curv e is simila r 
to tha t of the quart z with the pHi ep lying betwee n 2 and 2.3 . Generally , the quart z 
fractio n was associate d with a low uraniu m conten t wherea s the iron/quart z frac -
tion s (wit h slightl y highe r pHi ep) wer e usuall y enriche d wit h the valuabl e uraniu m 
minerals . In the pH regio n 1.2 to 1.8 (<1.8 ) bot h particl e fraction s wer e positivel y 
charge d bu t differen t in stability , especiall y in the presenc e of the magneti c field 
wer e reported . Th e gangu e fractio n did no t respons e to the magneti c field  to any 
grea t extent . However , on increasin g the pH to 2-4 , heterocoagulatio n was though t 
to occu r causin g the grad e to decreas e rapidly . At pH 1.2 bot h colloida l system s 
wer e unstabl e to som e exten t bu t a high grad e of concentrat e with low entrapmen t 
of quart z particle s was obtaine d in this region . Generally , the proces s appeare d mos t 
selectiv e in the regio n of pH 1.2 to 1.8. 

For som e othe r type s of uranium-ric h ore s (usuall y containin g iro n and alu -
minium ) the n the pH iep was shifte d to pH 8-9 . Unde r thes e circumstance s the n the 
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pH regio n 3- 9 has to be avoide d sinc e the mineral s woul d hav e opposit e charg e 
(assumin g quart z gangu e has a pHi ep « 2) . Unde r thes e circumstance s high qualit y 
concentrate s wit h low quart z entrainmen t coul d be obtaine d at pH 1-2 wit h th e 
grad e rapidl y decreasin g at pH 2- 4 du e to coagulatio n of quart z wit h uraninite . 
Also , at pH > 9 goo d selectiv e separatio n coul d also be achieve d wit h increas e in 
grade . Fro m the trial s it was conclude d tha t the qualit y of th e magneti c concen -
trat e coul d be enhance d by abou t 20 % for uraniu m and abou t 25 % for gold and 
the recover y of uraniu m increase d by abou t 6-8 % simpl y by adjustmen t of pH . 
(Generally , the gold recove r followe d the uraniu m recovery) . Als o it was reporte d 
tha t no improve d recover y of valuabl e minera l coul d be achieve d by increasin g the 
magnitud e of the magneti c field. 

Selectiv e coagulatio n in the presenc e of magneti c fields  woul d also appea r fea -
sible in the area s of wate r treatment , wher e finely  divide d minera l particle s wit h 
ferromagneti c propertie s hav e bee n successfull y used , as a separatio n technique . 
Whe n the particle s ar e magnetize d the y flocculate  very strongl y givin g larg e floes 
with high sedimentatio n rate s comparabl e to muc h large r size particles . Th e feasi -
bility of usin g simila r concept s hav e bee n demonstrate d for ion exchang e reaction s 
utilizin g magneti c polymer s and for a new wate r clarificatio n and decolorizatio n 
proces s usin g an alkal i treate d magnetite . Als o magneti c activate d carbo n particle s 
have bee n used whic h selectivit y adsorbe d smal l organi c molecules . Thes e processe s 
have bee n reviewe d by Bolt o [19] . 

In laborator y experiments , Kalla y and Matijevi c [20] studie d the effect s of surfac e 
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Fig. 21. Zeta potential verus pH plot of an uranium rich ore (A), uraninite (■) and uranium-poor ore 
( ·) (from Svoboda et al. [18] with permission). 
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potential , ioni c strengt h and magneti c field  on the captur e of spherica l a-Fe2Ü 3 
colloida l particle s from aqueou s solutio n ont o stainles s stee l ball s («3 0 μιη) . Th e 
stee l ball s wer e packe d in a colum n and the hematit e sol (in neutra l electrolyte ) fed 
throug h the chambe r containin g the beads . Unde r thes e condition s the depositio n 
rate depend s on bot h influenc e of the magneti c interactio n on the a-Fe 203 particle s 
(ordere d aggregate s can be forme d in suspension ) as wel l as betwee n the a-Fe 2C>3 
particle s and the stee l balls . As the surfac e of the stee l collecto r bed graduall y 
becam e coate d with patche s of adhere d particles , a reductio n of the attachmen t rat e 
was also reported . Thi s was particularl y pronounce d at hig h coverages . Thi s effec t 
occurre d in system s wher e the substrat e and particl e wer e opposit e in charg e due to 
the repulsio n betwee n deposite d and incomin g colloida l particles . 

Selectiv e coagulatio n by hydr o phobi c force s 

In additio n to the contro l of the magneti c and electrostati c surfac e potentials , 
colloida l particle s may also be separate d usin g "non-DLVO " force s suc h as th e 
hydrophobic/hydrophili c interaction . 

For example , in Figur e 22 the stabilit y to coagulatio n and zet a potential  dat a is 
show n (as a functio n of pH ) for bot h fresh and low temperatur e oxidize d coa l [21] . 
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Fig. 22. Coagulation and zeta potential measurements on fresh ( ·) and oxidized (■, 140°C) coal samples 
as a function of pH. The coagulation efficiency refers to the amount of coal remaining in suspension 
after a predetermined coagulation time (from Xu and Yoon [21]). 
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Althoug h the zet a potential  result s woul d sugges t identica l electrostati c colloida l 
stability , the fresh coa l is show n to be unstabl e unde r a muc h wide r rang e of pH val-
ues (pH 3.8 to 8.9) . In this syste m it woul d appear  feasibl e to selectivel y coagulat e 
the fres h hydrophobi c coa l from th e oxidize d hydrophili c coa l by carefull y adjust -
men t of the pH to betwee n 9 and 11 . Quart z woul d also be an interestin g syste m 
to stud y unde r simila r condition s sinc e the hydrophobic/hydrophili c balanc e of the 
surfac e can also be easil y controlle d by hea t treatmen t [22] . 

Selectiv e coagulatio n by magneti c and hydrophobi c force s 

The separatio n of titanium-bearin g mineral s (anatas e and rutile ) from fine  kaoli n 
have bee n achieve d by magneti c seedin g a slurr y [23] . It was foun d tha t bot h chem -
ically precipitate d and groun d magnetit e coul d be use d in the process . Th e sepa -
ratio n was achieve d in a wir e woo l matri x with the titaniferou s impuritie s attache d 
to the magnetite . It was also show n tha t the proces s coul d be improve d with fatt y 
acid s as hydrophobizin g agent s [24] . A proportio n of the magnetit e was remove d in 
an initia l flotation  step , reducin g the loa d on the subsequen t magneti c separatio n 
process . It was propose d tha t the titaniu m mineral s wer e selectivel y hydrophobicall y 
coagulate d with the magnetite . Magnetit e has also bee n use d to selectivel y coa t cal -
cite and dolomit e in conjunctio n with sodiu m oleate , in the separatio n of carbonate s 
from phosphat e slurrie s [25] . 

Suspensio n filtratio n processe s 

Selectiv e coagulatio n woul d also appear  feasibl e in combinatio n wit h filtration, 
as an effectiv e separatio n techniqu e for dilut e suspensions . Agai n adjustmen t of 
pH can be use d to contro l the exten t of charge . No applicatio n of the techniqu e is 
know n by the author . 

Othe r example s of selectiv e coagulatio n of minera l particle s reporte d in the 
literatur e 

In industry , attempt s to plan separation s of minera l suspension s by selectiv e coag -
ulatio n by theoretica l calculatio n hav e no t bee n attempte d to date . However , ther e 
appear s to hav e bee n severa l othe r example s reporte d in the literatur e indicatin g 
tha t slow selectiv e coagulatio n can occu r unde r favourabl e conditions . 

Schweri n [26] , as earl y as 1912 , patente d a metho d for partiall y separatin g finely 
divide d particles , i.e . san d and iron ore , from a natura l aggregate d clay mixture , by 
dispersin g the mineral s with wha t was describe d as a "non-neutra l colloida l body" , 
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such as humi c acid , silici c acid or aceti c acid , and the n finally  addin g a stron g 
base or acid as a coagulant . Severa l year s later , Feldenheime r [27] , usin g a simila r 
clay mixtur e succeede d in coagulatin g the finely  divide d particle s with tanni c acid 
or gum arabic , subsequentl y addin g jus t sufficien t sodiu m chlorid e or sulphuri c 
acid to coagulat e the remainin g hydrate d clay suspension . Afte r sedimentatio n was 
complete , it was possibl e to observ e two distinc t layer s at the botto m of the vessel , a 
laye r of clay on top of a laye r of impurities . A simila r separatio n achieve d by addin g 
a critica l amoun t of electrolyt e has bee n reporte d by Coddin g [28] . 

Mor e recently , a techniqu e has bee n develope d by Maynar d et al . [29] for remov -
ing coloure d titaniu m dioxid e minera l impuritie s from kaolin . Th e process , appar -
ently discovere d empirically , produce s a stat e of slow coagulatio n of the coloure d 
impuritie s of titaniu m and is achieve d by dispersin g chin a clay , at abou t 30% solids , 
in a solutio n of sodiu m hexametaphosphat e containin g abou t twic e wha t woul d be 
neede d for optima l dispersio n (judge d by minima l viscosity) . Th e resultin g slurr y 
presumabl y undergoe s slow coagulation . Afte r a perio d of 14 hour s or mor e of 
standing , it is observe d tha t highl y discoloure d vertica l band s appea r whic h sub -
sequentl y disappea r whil e a yello w sludg e slowl y collect s at th e bottom . Thes e 
coloure d impuritie s (consistin g of the titaniu m minerals , etc.) , are presen t only 
to the exten t of abou t 1 to 4 percen t in the origina l clay . Afte r a sufficien t tim e 
(20 hour s in an 11 inch column ) the coloure d materia l settle s to the botto m and 
the kaoli n slurr y is decante d and used , its "brightness " as a pigmen t havin g bee n 
usefull y enhanced . It seem s from the observation s reporte d tha t the particle s of 
titaniu m mineral s mus t hav e coagulate d selectivel y with on e anothe r bu t no t with 
kaoli n particles , nor hav e kaoli n particle s coagulate d with kaoli n appreciably . 

Ther e are , in addition , reporte d case s of selectiv e coagulatio n achieve d by addi -
tion of smal l amount s of surfac e activ e substances , whic h selectivel y adsor b on the 
surfac e of minera l mixture s and appea r to hav e a considerabl e influenc e on the zet a 
potential s and stabilit y of the individua l components . A stud y has bee n mad e of 
the adsorbabilit y of quaternar y ammoniu m component s on colloida l clay s by mea -
suremen t of the zeta potentia l and the stabilit y of the system s recorde d in term s of 
sedimentatio n volume s [30] . It was observe d tha t the sedimentatio n volum e of the 
clay mineral s attaine d a maximu m valu e abou t the poin t of pH iep as anticipated . In 
addition , however , the adsorptio n of the surfac e activ e compound s was foun d to be 
selective , dependin g on the type of clay , and by workin g at or nea r the maximu m dif -
ference s in sedimentatio n volume s or zeta potentials , two-componen t clay mixture s 
wer e separate d mor e or less completely . 

A furthe r exampl e of selectiv e coagulatio n by adsorptio n of pola r additive s has 
been reporte d [31] . In the conditionin g of a mixe d minera l suspension , consistin g 
of hematit e and quart z or barit e and quartz , it was foun d tha t the additio n of a 
flotation  collecto r suc h as tal l oil , resulte d in a first  stag e coagulatio n of the fine 
particle s in the mixture . Th e floes  so forme d appeare d to be decidedl y selective , 
containin g a high percentag e of the valuabl e mineral s bu t very littl e fine  quart z 
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or othe r gangu e particles . Th e influenc e of electrolyt e concentratio n and pH had 
also a marke d effec t on the separation , especiall y at hig h collecto r concentrations . 
Reductio n of the pH from 9.5 to abou t 6.5 produce d stabl e floes  and a high flotation 
yield coul d be achieved ; bu t on re-adjustmen t of the pH by addin g NaO H to a 
valu e of 9.5 , the floes  becam e extensivel y dispersed , with the resul t tha t the yiel d 
and selectivit y was reduce d and a prolonge d flotation  tim e was necessary . It was 
suggeste d tha t thi s was du e to the conversio n of the molecula r form s of the tal l 
oil adsorbe d on the surfac e to the solubl e form of sodiu m oleat e and linoleate . 
Also Warre n [32 , 33] has exploite d the separatio n of fine  grad e scheelit e particle s 
in sodiu m oleat e solutio n by stirrin g the suspensio n at hig h speed . Th e so-calle d 
shea r flocculation  was explaine d by formatio n of aggregate s du e to hydrophobi c 
association . 

Finally , it is also of interes t to not e tha t in the earl y flotation  literature , the as-
sumptio n was ofte n mad e tha t the coagulatio n proces s ofte n parallel s the flotation 
process . Thi s effec t is particularl y marke d with the fatty acid and xanthat e type s of 
collectors ; for example , potassiu m ethy l xanthat e is used to rende r galen a hydropho -
bic (an d therefor e floatable)  bu t no t only attachin g non-pola r (ethy l groups ) bu t 
also bringin g the surfac e potential  to a low value , withou t havin g any appreciabl e 
effec t on the negativel y charge d non-metalli c gaug e mineral s presen t in the pulp . 
Thus , ther e is simultaneousl y a coagulatio n of the fine  galen a particle s in the pul p 
as wel l as a hydrophobi c coating . 
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Chapter  9 

Flocculatio n 

YOSRYA.ATTI A 

Genera l flocculation 

Introduction  and  definitions 

Primar y particle s in a disperse d syste m can be aggregate d int o large r structure s 
by variou s mechanisms . Aggregatio n processe s base d on reducin g interparticl e re -
pulsio n (i.e . by compressin g the electrica l doubl e laye r thicknes s or by charg e neu -
tralization ) are classifie d as coagulatio n and the aggregate s are know n as coagula . 
If aggregatio n is induce d by polyme r bridgin g action , the proces s is know n as floc-
culatio n and the aggregate s are referre d to as floes.  Whe n aggregatio n result s from 
the actio n of an immiscibl e bridgin g liquid , suc h as oi l in an aqueou s dispersion , 
the proces s is know n as agglomeratio n and the aggregate s ar e referre d to as ag-
glomerates . In wate r treatment , meta l salt s ar e commonl y used . Th e mechanism s 
involve d includ e bot h thos e in coagulatio n (i.e . the actio n of electrolytes ) and bridg -
ing flocculation  by eithe r inorgani c polymeri c specie s [1] or by the precipitatin g 
meta l hydroxide . The latte r is know n as "sweep " flocculation  [2]. 

Furthermore , flocculation  processe s usin g polymer s hav e bee n classifie d accord -
ing to the typ e of actio n of the polyme r on the particles . Fo r example , bridgin g 
flocculation  is the resul t of adsorptio n of individua l (linear ) polyme r molecule s on 
severa l particle s simultaneously , thu s formin g molecula r bridge s betwee n the ad-
joinin g particle s in the floe.  If the polyme r molecule s are highl y branched , or alter -
nativel y if two or mor e type s of interactin g (linear ) polyme r molecule s are utilized , 
so tha t a thre e dimensiona l gel-typ e network , enmeshin g the particle s into a floc-gel, 
the proces s may be appropriatel y terme d as networ k flocculation.  Eve n with linea r 
polymers , carefu l contro l of the polyme r additio n and hydrodynami c condition s can 
produc e compac t and very stron g pellet-lik e floes.  This proces s is know n as pelletin g 
flocculation  [3]. 

The actio n of cationi c polymer s on negativel y charge d particle s can be somewha t 
simila r to the actio n of coagulation , in tha t charg e neutralizatio n is the predominan t 
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mechanis m ove r polyme r bridging . Thi s observatio n gav e rise to the "electrostati c 
patch " flocculation  mode l [2] . However , thi s doe s no t necessaril y mea n tha t th e 
bridgin g mechanis m is absent , bu t in fac t it is alway s operative , epeciall y with high 
molecula r weigh t polymers . 

Flocculatio n by "non-adsorbing " free polymer s is know n as depletio n floccula-
tion . Thi s phenomeno n is observe d wit h high concentration s of polymer s in sus -
pension ; on the orde r of 0.1-1% , i.e . 1000-10,00 0 mg Γ 1. Depletio n flocculation  is 
explaine d as follow s [4]: whe n the distanc e betwee n approachin g particle s is smalle r 
than the size of polyme r molecules , non e of thes e molecule s can ente r th e regio n 
betwee n thes e particles , whic h is the n compose d of the solven t only . Th e solutio n 
outsid e the particle s retain s its bul k polyme r concentratio n and therefor e exert s an 
inwar d forc e arisin g from its osmoti c pressure . Thi s inwar d forc e cause s the particle s 
to flocculate.  Thi s theor y assume s tha t polyme r molecule s hav e rigid conformatio n 
in solution , particle s are treate d as semi-permeabl e membrane s and doe s no t con -
side r the free energ y change s involve d in bringin g the particle s to clos e approac h [5] . 
Apparently , the free polyme r can also generat e repulsio n betwee n colloida l parti -
cles , becaus e the creatio n of microreservoir s of pur e solven t mus t increas e the tota l 
free energ y of the system . Thi s is the origi n of depletio n stabilizatio n [5]. Evidently , 
the basi s for depletio n flocculation  and depletio n stabilizatio n is stil l unclear . Al l 
the assumption s use d to explai n the theor y are no t vali d in mos t case s encountere d 
in particl e flocculation  practice . In addition , the polyme r concentration s require d 
for thi s "process " are muc h highe r tha n thos e neede d for minera l particl e floccu-
latio n wher e a fractio n of 1 mg l" 1 or a few mg 1 _1 of polyme r wil l be sufficient . 
Even thoug h proponent s of depletio n flocculation  [4, 6] argu e agains t bridgin g floc-
culatio n in the system s the y studied , commo n experienc e in particl e flocculation 
by bridgin g polymer s suggest s tha t polyme r bridgin g is likel y the reaso n for floc-
culation . Onl y a very smal l amoun t of polyme r is neede d for this . Suc h a smal l 
concentratio n coul d wel l be beyon d th e detectio n limi t of analytica l procedure s 
used for determinatio n of polyme r concentratio n in thos e systems . 

This chapte r wil l dea l mainl y wit h bridgin g flocculation  by linea r (o r slightl y 
branched ) polyme r molecules , whic h is the mai n flocculation  mechanis m in minera l 
processing . Fo r bridgin g flocculation  to happen , the adsorptio n of polyme r on the 
particle s will be required . The variou s theorie s on polyme r adsorptio n hav e bee n ad-
dresse d in numerou s publication s and a recen t summar y has bee n give n by Lyklem a 
[7]. Th e force s responsibl e for genera l and selectiv e polyme r adsorptio n on minera l 
surface s are summarize d late r in this chapte r unde r "Selectiv e flocculation". 

Polymeric  flocculants 

Typically , polymeri c flocculants  consis t of long-chai n molecule s wit h molecula r 
weight s of 106 or greater . The y may be eithe r natural , synthetic , or derivatize d hy-
brid organi c products . Du e to thei r grea t molecula r chai n lengths , the y are capabl e 
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of adsorbin g on severa l particle s simultaneously . Th e resultin g molecula r bridgin g 
actio n is believe d to be the chie f mechanis m for bindin g the adjoinin g particle s 
withi n the floe. 

Ther e are man y ways to classif y polymeri c flocculants.  Thes e classification s migh t 
be base d on one or mor e of the polyme r properties , such as molecula r weight , func -
tiona l group , charge , chemica l structure , or origin . Fo r example , polymeri c floccu-
lant s may be natural , syntheti c or derivative s of both ; high or low molecula r weight ; 
cationic , anioni c or nonionic ; specific , chelatin g or nonspecific ; and of myria d form s 
of chemica l structures . 

Kirshna n and Atti a [8] hav e tabulate d example s of polymeri c flocculants  base d 
on thei r structure , origin , functiona l grou p and th e likel y mechanism s of adsorp -
tion . Example s of selectiv e polymeri c flocculants  and dispersant s ar e give n unde r 
selectiv e flocculation  heading . 

Kinetics  of  flocculation 

Polyme r adsorptio n and particl e flocculation  can be considere d as transpor t pro -
cesses . Rate s of thes e transpor t processe s depen d on diffusio n an d on induce d 
velocit y gradients . Velocit y gradien t effect s on polymer-particl e collisio n leadin g to 
adsorption , and particle-particl e collisio n resultin g in flocculation  are predominan t 
wher e ther e is a fluid flow  (agitation) , particl e size greate r tha n 1  μπι,  and very high 
molecula r weigh t polymer s (greate r tha n 106). Unde r thes e conditions , adsorptio n 
rate can be slowe r tha n flocculation  rate . In the absenc e of induce d velocit y gradi -
ents , Brownia n motio n diffusio n is the mai n mechanis m for particl e collisio n and 
polyme r adsorption . 

Adsorption  rate 
Gregor y [9] pointe d ou t tha t kinetic s of polyme r adsorptio n can be assume d to 

be transport-limited , i.e. , adsorptio n depend s on the rat e of arriva l (or collision ) of 
polyme r molecule s at particl e surface . Thi s assumptio n is vali d only at low surfac e 
coverage , as adsorptio n rat e decrease s whe n the surfac e become s mor e fully covere d 
by adsorbe d polymer . Sinc e flocculation  doe s no t requir e hig h or complet e surfac e 
coverage , transport-limite d adsorptio n may be justified . Th e numbe r of particle -
polyme r collision s in uni t volum e per uni t time , / i 2, for a suspensio n containin g n\ 
numbe r of particle s and n2 polyme r molecule s is give n by: 

hi = #12"1"2 (1) 

wher e Κχ 2 is a rat e constant . Th e rat e constan t K\2 may be determine d from th e 
followin g equation s (2) and (3) : 

Kn  =  ( « f  )
 (

^^  (2 ) 
V 3μ / a xa2 

or: 



280 YosryA. Attia 

Kn  =  (413)Z)(a i +  a2f (3 ) 

wher e K  =  Boltzmann' s constant , Γ = absolut e temperature , μ  =  viscosity , D  = 
velocit y gradien t or shea r rat e (s _1), and a\  and a2 = radiu s of particl e and polymer , 
respectively . Equatio n (2) is applicabl e for diffusion-controlle d adsorption , i.e. , in 
the absenc e of induce d velocit y gradient , whil e equatio n (3) applie s whe n agitatio n 
is used . 

Rate  of  floe  formation 
Equatio n (1) is use d also to describ e the flocculation  rat e in term s of collisio n 

rate betwee n polymer-loade d particles , bu t with n\  =  n^  i.e. , 

J = — =Kn\  (4 ) 
at l w 

wher e n?  = numbe r concentratio n of floes.  However , sinc e no t all of the collision s 
are effectiv e in producin g flocculation, a  collisio n efficienc y facto r E  is introduce d 
into equatio n (4) . E was estimate d by LaMe r et al. [10] : 

E = 0(1 - Θ)  (5 ) 

Thus , the rat e of formatio n of binar y particl e floes  in the initia l stage s of flocculation 
can be determine d by the formul a of Smelli e and LaMe r [10] : 

^=Αη\θ(1-θ)  (6 ) 

wher e n\  and nF ar e the numbe r concentration s of primar y and binar y particle s 
(floes) , Θ  is the fractio n of surfac e covere d by polyme r and A  is a flocculation  rat e 
constant . Th e rat e of flocculation  in equatio n (6) is equa l to the produc t of particl e 
collisio n frequenc y and a collisio n efficienc y facto r (E):  άηγ/άί  =  An\E. 

Assumption s inheren t in LaMer' s estimatio n of collisio n efficienc y facto r are : 
(1) polyme r adsorptio n take s plac e only on singl e particles ; 
(2) formatio n of bridge s betwee n particle s is onl y possibl e whe n a polyme r 

molecul e from on e particl e adsorb s on a vacan t site on the secon d particle ; 
(3) interactio n betwee n two adsorbe d molecules , or two bar e surfaces(particles ) 

woul d no t caus e flocculation; 
(4)£ max = l /4a t 0 =  l/2 . 
This equatio n has bee n criticize d on theoretica l and experimenta l ground s by 

Hog g [11] , who derive d a mor e realisti c equatio n for the collisio n efficienc y betwee n 
two particle s of size s X[  and^J · as: 

Eij  =  1 - θ η̂ η) -  (1 - θ) η*+ηί (7 ) 

wher e n represent s the numbe r of site s wher e the polyme r molecule s are adsorbe d 
on eac h particle . Accordin g to Hogg , n can be determine d by the rati o of surfac e 
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area of the particl e to the are a occupie d by a singl e adsorbe d molecul e as show n in 
equatio n (8) : 

», ·  =  S £  (8 ) 
' 4Rj 

wher e Ks =  particl e shap e factor , and £*  =  mea n squar e radiu s of gyratio n of 
polyme r molecule s in solution . 

Whe n ni  =  nj  = 1, equatio n (7) becomes : 

Eij  = 20( 1 - Θ)  (9 ) 

Extrem e cautio n shoul d be exercise d whe n usin g equation s (5)-(9 ) as ther e ar e 
many simplifyin g assumption s whic h are no t vali d for man y cases . Fo r example , 
equatio n (8) assume s tha t the polyme r configuratio n in solutio n wil l be the sam e 
on the particl e surface , whic h of cours e is no t very likely . Also , the rat e of polyme r 
adsorption , and effec t of molecula r weigh t distribution , on the flocculation  proces s 
are no t accounte d for . Whil e LaMer' s mode l tend s to underestimat e the collisio n ef-
ficiency  by no t allowin g for re-orientatio n of polymer-lade n particles , Hogg' s mode l 
tend s to overestimat e the collisio n efficiency . In eithe r cas e the effect s of the prevail -
ing hydrodynamic s on particle-polymer-particl e collisio n and subsequen t breakag e 
have not bee n considered . 

Deaso n [12] propose d a mode l allowin g for a minimu m distanc e of approac h 
betwee n two collidin g particle s {H m\n) whic h is determine d by a balanc e of surfac e 
force s actin g on thes e particles . He also attempte d to accoun t for the non-adsorbe d 
segment s of the polyme r molecula r bridg e in solutio n (i.e. , loops ) whic h exten d 
som e distanc e (h)  into the liqui d from the particl e surface . Th e "corrected " binary -
collisio n bridgin g efficienc y is the n expresse d as equatio n (10) : 

E = 1 - [1 -  2(9( 1 - Θ)] Ν (10 ) 

wher e N  =  numbe r of interactin g pair s (N  =  n/ny for Hogg' s model) . Th e valu e of 
N was calculate d from the followin g equation s (11) and (12) . 

For equa l size spheres : 

N  =
 r

JL·^  (11) 

For unequa l size spheres : 

N̂ 2rj2n(h-H min)-(h-H mm)2 

Λ2 2[n+rj-(h-H mm)]  ( ) 

where ; is the smalle r particl e and i is the large r one . Whil e Deason' s mode l [equa -
tion (10) ] is a refinemen t of the previou s two models , it also assume s tha t polyme r 
adsorptio n rat e is no t a limitin g facto r and tha t no reorientatio n or multipl e bridge s 
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are allowe d betwee n the adjoinin g particles . Also , determinatio n of N  for non -
spherica l particles , floc-floc  or floc-particle,  is very difficult . In al l thes e models , 
simultaneou s adsorptio n of polyme r molecule s on severa l particle s was ignored . Th e 
simultaneou s adsorptio n cause s instan t flocculation.  Thu s flocculation  and adsorp -
tion processe s are intertwined . 

Rate  of  floe  growth 
Floe growt h occur s by a rando m proces s whic h involve s floc-floc  collision s as 

wel l as floc-particle  collisio n and produce s irregula r structures . Hog g et al . [13] 
develope d an approximat e expressio n for floe  growt h rat e in agitate d suspension s 
base d on theoretica l analysis . The rat e of floe  growt h is define d as follows : 

d Z _ 
—  =Κ·Ε·Ό>φ>Χ  (13 ) 
at 

wher e X  =  mea n floe  size at tim e t,  D =  mea n shea r rat e du e to agitation , φ  = 
volum e fractio n of solid s in suspension , E  =  collisio n efficienc y factor , and K = 
a constan t «1 . 

Sinc e E  can be assume d to be constan t wit h time , integratio n of equatio n (13 ) 
lead s to : 

In —  =K-E-D'<j)-t  (14 ) 

wher e X0 =  initia l floe  size . 

Rate  of floe  breakage 
Unlik e floe  growth , floe  disintegratio n can no t be as yet characterize d by break -

age mod e function , dissipatio n rat e or paren t floe  size , as multiple-leve l aggregatio n 
structure s yiel d disintegratio n event s of differen t degree s of severitie s [14] . How -
ever , som e insigh t into floe  breakag e was pu t forwar d by Glasgo w [15] . If the eddie s 
responsibl e for floe  disintegratio n can be characterize d by the Kolmogoro v scales , a 
roug h equalit y betwee n floe  yield stres s Ty and dynami c pressur e can be mad e [15] : 

Ty «  ±pv 2 (15 ) 

wher e p  is the fluid  densit y and v is the fluid  velocity . Th e critica l characteristi c 
velocity : 

(16) 

Highe r velocit y tha n vc woul d resul t in floe  breakage . However , floe  yiel d stres s has 
to be independentl y determine d or know n befor e thes e equation s can be used . 

Schuber t et al . [16] develope d a mode l to determin e th e maximu m stabl e floe 
size , dmax, in a flocculation  proces s usin g agitation : 
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Vi 
< W = ( ^ ) {vzy y* (17 ) 

wher e Fu  =  averag e adhesio n forc e betwee n particles , p\  =  fluid  density , v  = 
kinemati c viscosity , and ε = energ y dissipatio n rate . 

Hog g et al. [17] used populatio n balanc e model s develope d for size reductio n by 
grindin g to describ e the floe  degradatio n process . In thi s analysis , re-agglomeratio n 
of floe  fragment s was assume d negligible . A mas s balanc e on floes  in som e size 
interva l / can be expresse d by the followin g equation : 

—L  = ^biJSJWJ-siwi ( 18) 
; =i 

wher e Wi  = mas s fractio n of floes  in size interva l i at tim e t,  5/ = specifi c rat e of 
breakag e of thes e floes,  and by  = mas s fractio n of fragment s produce d by break -
age of floes  of size j whic h fall int o clas s /. by  is know n as the primar y breakag e 
distribution . 

Klimpe l and Austi n [19] assume d tha t 5/ and by  can be determine d as follows : 

(19) 

(20) 

wher e A,  α, φ,  η  and β  ar e constant s for any give n set of conditions , X  is the floe 
size , and By  is the cumulativ e breakag e distributio n functio n define d by: 

n 
By=^2bkj  (21 ) 

k=i 
Applicatio n of bac k calculatio n procedur e to floe  size distribution s foun d in exces s 
mixin g perio d of the flocculation  proces s lead s to set s of parameter s Ay α, φ,  η and 
/?, whic h can be used to simulat e the breakag e proces s usin g equatio n (18) . Usin g 
this procedure , Hog g et al. [17] appeare d to obtai n an excellen t descriptio n of floe 
breakag e in agitate d suspensions . 

Hydrodynamic  effects in  flocculation 

Hydrodynami c force s in suspensio n affec t al l facet s of the flocculation  process , 
from dispersio n of polyme r molecules , to polyme r adsorption , floe  formatio n to 
floe  growt h and floe  brea k up . Th e effec t of hydrodynami c force s on the variou s 
flocculation  function s [e.g . equation s (1)-(17) ] has bee n represente d by the mea n 
shea r rat e as expresse d by the velocit y gradien t D  (s _1). Th e usua l metho d for 
calculatin g D  is throug h Cam p and Stein' s equation : 
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* - ( 

P\' A 

^ ) <22) 

wher e P  = powe r transmitte d to the fluid,  μ = viscosit y of fluid  (or mor e accuratel y 
suspension) , and V  = fluid  volume . 

For in-lin e (plug-flow ) mixin g system , the powe r dissipate d is give n by the follow -
ing relation : 

P =  pQF  (23 ) 

wher e F = hea d loss due to friction , Q  = volumetri c flow  rate , and p = fluid  density . 
The hea d loss due to frictio n can be calculate d from Darcy' s equation : 

4fLU 2 
F

 =  -L·-  w 
2dgc 

where / = fannin g frictio n factor , L  =  lengt h of tube , U  = fluid  velocity , d = tub e 
diameter , and gc = dimensiona l constant . 

From equation s (22)-(24) , the followin g expressio n for velocit y gradien t in an 
in-line , plug-flo w mixin g is obtained : 

For stirre d tan k (bac k flow)  mixer , the powe r dissipate d is give n by: 

gc 

wher e Np =  powe r number , dx=impeller  diameter , N  =  revolutio n pe r second , gc = 
dimensiona l constant , and p = fluid  density . 

From equation s (26) and (22) , the followin g expressio n results : 

°-&)""" 

The validit y of mea n velocit y gradien t (D)  as an expressio n of shea r rat e act -
ing on individua l particl e or floe  in a turbulen t regim e unde r inhomogeneou s and 
anisotropi c condition s usuall y encountere d in flocculation  processe s is questioned . 
However , D  has bee n commonl y use d becaus e of the difficult y in determinin g the 
actua l shea r rat e actin g on the individua l particl e or floe.  In fact , muc h of the litera -
ture in the field  of wate r treatmen t industr y describe s the guidelin e value s for goo d 
flocculation  suc h as D  = 50 s" 1 for t = 20 min , so tha t Dt  =  104 or 105 [15] . 

It is known , however , tha t th e energ y dissipatio n rat e pe r uni t mass , ε, is 
muc h highe r in the vicinit y of the impelle r tha n som e distanc e awa y from it, with 
£iocai/£mea n = 100 in som e cases . Flo e breakag e is usuall y a consequenc e of loca l 
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microturbulence , no t mea n flow  conditions . Intensit y and structur e of the microtur -
bulenc e depen d only on the energ y dissipatio n rat e ε and kinemati c viscosit y v.  Th e 
mea n energ y dissipatio n rat e em in a tan k containin g m  mas s of fluid  and havin g a 
powe r inpu t P  is [16] : 

em =  - (28 ) 
m 

The loca l dissipatio n rat e ε varie s with the distanc e X  downstrea m (as measure d 
from the poin t of issuance ) as follow s [14] : 

ε « 5.0 x 104 exp(-0.14JT ) (29 ) 

Microturbulence s influencin g the flocculation  proces s are furthe r define d by the 
Kolmogoro v scales . Kolmogoro v [20] develope d a theor y for breakag e in homoge -
nous , isotropi c turbulenc e employin g edd y acceleratio n and wor k performe d agains t 
surfac e tension , whil e Hinz e [21] describe d th e relationshi p betwee n critica l edd y 
scal e and paren t dro p size . Droplet s or floes  can be influence d only by eddie s of par -
ticula r scales . Thu s larg e eddie s canno t influenc e (break ) smal l size floes  or droplets , 
and conversely , smal l eddie s can no t brea k larg e floes  or droplets . Thu s a practica l 
limi t for size reductio n is define d by Kolmogoro v lengt h microscale , 77, and tim e 
scale , t: 

V =  ( T ) (30 ) 

<=( Ί) (3 D 

wher e v and ε are the kinemati c viscosit y and dissipatio n rat e pe r uni t mass , respec -
tively . 

The greates t shea r stres s result s whe n the floe  size is roughl y equa l to edd y scale , 
since thi s situatio n produce s the larges t relativ e velocities . Cleasb y [22] state s tha t 
use of D  to expres s the shea r rat e is vali d only if the particle s bein g flocculated 
are smalle r tha n the Kolomogoro v microscale . He also advocate d th e use of th e 
energ y dissipate d pe r uni t volum e raise d to the two third s powe r —  ε„  —  for 
system s in whic h the particle s to be flocculated  are greate r tha n the microscale . In 
the cas e of bac k flow  mixing , the calculate d velocit y gradien t is base d on impelle r 
tip speed , and thi s shea r rat e is no t necessaril y the averag e shea r rat e in the mixe r 
[23]. Ther e are two reason s why the velocit y gradien t is stil l commonl y use d in 
spit e of thes e objections . First , D  is a relativel y accurat e estimatio n of averag e 
shea r rate , whic h is directl y relate d to shea r stress . Second , D  is an easil y obtaine d 
paramete r and familia r to mos t engineers . Fo r thes e reasons , Atti a et al . [24] used 
the mea n velocit y gradient , Z), to compar e the effect s of in-lin e (plug-flow ) mixin g 
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Fig. 1. Upgrading and recovery of coal by selective flocculation as a function of the velocity gradient 
(D), using a back-flow (stirred) mixer (from [24]). 

(Figur e 1) , with stirre d tan k (back-flow ) mixin g (Figur e 2) on the performanc e 
of selectiv e flocculation  process . Figur e 1 show s the upgradin g and recover y as a 
functio n of velocit y gradient/ ) in a bac k flow  (stirre d baffle d tank ) mixer . The figure 
indicate s that , at low shea r rate , the polyme r appeare d to hav e bee n rapidl y and 
efficientl y disperse d whic h promote d a low rat e of floe  growth . Thi s resulte d in the 
high recover y and upgradin g observed . As the shea r rat e increased , the recover y 
and upgradin g wer e see n to decrease . Thi s was probabl y du e to a combinatio n of 
two factors . At thi s shea r rat e (80 0 s"1) th e polyme r was no t wel l disperse d as 
can be observe d from the stud y of kinetic s of polyme r dispersio n (Figur e 4) . Th e 
non-homogeneou s polyme r dispersio n may produc e high loca l concentration s of the 
polyme r yieldin g smal l overdose d floes.  The smal l floes  are forme d whe n the particl e 
surfac e becom e saturate d with polymer , and form stabilize d agglomerates . Sinc e the 
smal l floes  hav e bee n stabilize d by polyme r adsorptio n (steri c stablization) , ther e 
is less tendenc y for inter-flo c growt h to occur , and therefor e th e floes  tha t hav e 
forme d remai n small . Sinc e the smal l floes  woul d tak e longe r to settle , the floe 
recover y in a give n tim e perio d wil l be correspondingl y reduced.  Th e othe r possibl e 
facto r involve d was the breakin g of th e floes  by the highe r shea r rate . Th e floe 
breakag e and reflocculatio n of the particle s also produc e smal l floes,  thu s reducin g 
the recover y even further . 

Whe n the shea r rat e was increase d beyon d 800 s" 1, th e recover y was see n to 
increas e onc e again . It is believe d tha t at highe r shea r rate s the polyme r dispersio n 
was mor e homogeneous , thu s resultin g in an increas e in the recovery . However , 
the recover y was stil l less tha n tha t observe d at low shear s (i.e . less tha n 400 s" 1), 
indicatin g tha t the redispersio n and reflocculatio n of the floes  was stil l takin g place . 
It is expecte d tha t as the shea r rat e is increase d furthe r (beyon d 150 0 s" 1), the 
recover y will begi n to dro p due to the productio n of mor e fine floes. 
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It appear s tha t the prevailin g hydrodynami c condition s affec t the efficienc y of the 
polyme r mixin g process , and the floe  formatio n and growt h processes . For example , 
the gentle , low shea r conditio n (clos e to the lamina r regime ) favo r goo d floe  forma -
tion an d resul t in bot h high floe  recover y and grade . O n th e othe r extreme , wher e 
turbulen t condition s prevail , goo d performanc e of the selectiv e flocculation  proces s 
was also observed . I t is in th e transitio n regim e betwee n th e two condition s wher e 
the proces s performanc e is somewha t unpredictable . Th e low shea r regim e allow s 
for a slow rat e of flocculation,  and a low rat e of floe  breakag e (i.e . highe r floe  growt h 
rate) . The turbulen t condition s provid e goo d polyme r dispersio n whic h allow s mor e 
particle s to be flocculated,  bu t highe r floe  breakag e leed s to smalle r floe  size s whic h 
minimize s entrapmen t of gangu e particle s and result s in highe r floe  grades . 

Figur e 2  show s th e effec t of velocit y gradien t in an in-lin e (plu g flow)  mixe r on 
the selectiv e flocculation  performance . Th e recover y ca n be see n to first  increas e 
and the n begin s to decreas e a t highe r shea r rates . Thi s tren d is the sam e as the on e 
previousl y explaine d from the bac k flow  mixer . The upgradin g was somewha t highe r 
in thi s serie s of experiment s tha n thos e usin g th e bac k flow  mixer . Thi s migh t b e 
the resul t of continuousl y addin g th e flocculant  throughou t th e flocculation  perio d 
rathe r tha n in one dos e a t the beginning . 

The effec t of impelle r spee d in a  bac k flow  mixe r on the degradatio n of floe  size 
is show n on Figur e 3  [25] . Clearly , th e increas e in impelle r speed , henc e th e shea r 
rate , ha s a  dramati c impac t on reducin g th e floe  size . Eve n dispersio n of polyme r 
molecule s in wate r is affecte d by the shea r rat e and tim e of agitation . Figur e 4  [24] , 
demonstrate s thes e effects . Fro m this figure  it can be see n tha t a t 600 rpm , a  steady -
stat e leve l fo r th e polyme r concentratio n (±1 0 percen t of th e bulk concentration ) 
was achieve d in abou t 15 seconds , wherea s a t 100 rpm , 32 second s wer e require d 
to reac h the steady-stat e value . The reaso n fo r this is no t clea r a t the presen t time . 
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Fig. 2. Upgrading and recovery of coal by selective flocculation as a function of the velocity gradient 
(P), using an in-line (plug-flow) mixer (from [24]). 
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Fig. 3. Effect of impeller speed on size of malachite floes. Solids 1 g 1_ 1, SHMP 300 mg 1_ 1, PAMG 5 
mg l- 1, pH 11, conditioning time 5 min (from [25]). 

However , th e salien t conclusio n tha t ca n be draw n from thi s observatio n is tha t as 
littl e as 15 second s ar e neede d fo r th e adequat e mixin g of the polyme r in solution , 
and furthe r mixin g woul d be unproductive . 

Applications  offlocculation  in  mineral  processing 

Application s of polymeri c flocculatio n in minera l processin g ar e numerou s an d 
varied . Almos t ever y minera l processin g plan t employ s polymeri c flocculants  in or -
der to aid , enhance , expedit e or carr y ou t the overal l proces s or certai n aspect s of it. 
Therefore , the application s may be discusse d in term s of the relevan t uni t processes . 
Uni t processe s suc h as flocculation/settling, filtration  an d centrifugatio n ar e essen -
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Fig. 4. Kinetics of polymeric flocculant dispersion in water (from [24]). 

tial in solid-liqui d separation . Th e objectiv e of the separatio n may be concentratio n 
of the solids , as in tailing s disposal , remova l of wate r from concentrat e product , 
or recover y of proces s water . Processe s suc h as flotation,  selectiv e flocculation  and 
selectiv e dispersio n may be terme d solid-soli d separatio n wher e recover y of desire d 
particle s form finely  groun d ore particle s suspende d in wate r is accomplished . Whil e 
solid-liqui d separatio n emphasize s th e recover y of eithe r the solid s or th e liquid , 
in the solid-soli d separation , increasin g the grad e of the solid s in the concentrate d 
fractio n is the objective . However , it shoul d be note d tha t thoug h polymeri c floccu-
lant s are applie d in thes e uni t operations , the underlyin g mechanis m of thei r actio n 
is stil l primaril y flocculation  of fine  particles . Selectiv e flocculation  and dispersio n 
are discusse d separatel y late r in this chapter . 

(a)  Flocculation  I settling.  On e of the earlies t application s of polymer s was in clarifi -
catio n of collier y effluent s [26] . The effluent s chiefl y contai n fine  shal e particle s such 
as kaolinite , illite , vermiculit e and quartz . Th e concentratio n of thes e fine  particle s 
mus t be kep t to a minimu m in the recycle d wate r in orde r to avoi d slim e coatin g of 
coal , whic h adversel y affect s flotation  performance . Th e use of flocculation  is, there -
fore , essentia l to remov e thes e fine particles . Althoug h earlier , starc h was commonl y 
used for thi s purpos e with addition s of lime , in curren t practic e syntheti c polymer s 
of the polyacrylamid e type hav e largel y supersede d starch . 

(b)  Filtration.  Th e chie f objectiv e of usin g polymeri c flocculants  in filtration  pro -
cesse s is to obtai n a slurr y tha t form s a filter  cak e with an ope n structur e of high 
permeabilit y with no free fines  to bloc k the channel s or "blind " the filter  medium . 
In settlin g applications , large , loos e floes  are mos t effectiv e in causin g rapi d set -
tling . However , they tra p wate r in the floe  structure , and are ineffectiv e for filtration 
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application s becaus e of highe r moistur e content s of the resultin g filter  cakes . Gen -
erally , flocculants  tha t wor k bes t on sedimentatio n are no t the bes t for filtration.  For 
filtration,  floes  tha t are small , stron g and equisize d are desirabl e [27] . Consequently , 
the kind s of flocculants  used in filtration  are of importance . Wit h prope r choic e of 
flocculants,  filtration  rate s can be improve d up to 100 times , especiall y in the cas e of 
difficult-to-filte r material s such as fine  clays , sludge s and tailing s [28] . 

(c)  Centrifugation.  Anothe r importan t applicatio n of polymeri c flocculants  is in de-
waterin g of slurrie s by centrifugation . Thi s techniqu e as commonl y carrie d ou t in 
the laboratory , involve s the additio n of a flocculant  prio r to centrifugatio n in orde r 
to expedit e th e dewaterin g rate . On a large r scal e in the mineral s industry , thi s 
techniqu e appear s to be applie d primaril y in the clay industry . A limitatio n tha t was 
recognize d earl y in the use of flocculants  in centrifuge s was the lack of adequat e re-
sistanc e of the polymer s to very high loca l shea r force s tha t exis t at the poin t wher e 
the suspensio n enter s the bow l via the axia l feed and is accelerate d to the bow l 
spee d [29] . Man y high shea r resistan t flocculants  hav e bee n develope d to overcom e 
this concern , and also man y method s of flocculant  additio n hav e bee n developed . 

(d)  Flotation.  Polymeri c flocculants  hav e bee n use d in flotation  circuit s to improv e 
efficienc y of separatio n and to enhanc e recover y [8] . Mos t ofte n th e functio n of 
the polymeri c flocculant  is attribute d to depressio n of minerals , whil e in realit y the 
mineral s migh t be selectivel y flocculating.  Th e thre e mechanism s of depressio n of 
flotation  by polymer s are : (a) inhibitio n of collecto r adsorption , thu s makin g the 
solid surfac e hydrophilic , (b) formatio n of larg e aggregates , and (c) complexatio n of 
the collecto r in solution . The distinctio n betwee n depressin g and flocculating  actio n 
of polymer s lies chiefl y in the molecula r weigh t of the polyme r and its mechanis m 
of actio n on the minera l surface . In general , polymer s havin g molecula r weight s of 
a few hundre d thousan d or less act as a "depressant" ' adsorbin g on the minera l sur -
faces bu t formin g no interparticl e bridges , i.e. , no flocculation.  On the othe r hand , 
use of higher-molecular-weigh t polyme r (1 millio n or more ) lead s to the formatio n 
of floes.  Low-molecular-weigh t polymer s tha t "depress " flotation  act primaril y by 
maskin g the surfac e of the mineral s from collecto r adsorption . Us e of polymeri c 
flocculants,  however , lead s to the formatio n of floes  of on e typ e of mineral , whic h 
may be too larg e for the air bubble s to carr y to the top of the flotation  cell , henc e 
thes e mineral s are prevente d from flotation.  On the othe r hand , if the floes  are no t 
too large , they can be floated,  and lead to increase d recover y of the minerals . How -
ever , it is not possibl e to distinguis h betwee n depressio n and flocculation  in flotation 
system s from the literature s due to lack of a clea r definitio n of depressio n and of an 
understandin g of mechanism s involved . 

Man y example s of applicatio n of polymeri c flocculants  to the variou s uni t pro -
cesse s in solid-liqui d separatio n and in flotation  hav e bee n reporte d by Krishna n 
and Atti a [8]. 
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Selectiv e flocculation 

Introduction  and  definitions 

Selectiv e flocculation  techniqu e is one of the mos t significan t advance s in fine 
particl e separatio n in recen t years . Thi s technolog y aim s at recoverin g valuabl e min -
eral s from ultrafin e ore suspension s [30] , and is achieve d by selectivel y aggregatin g 
minera l particle s in questio n to suc h size s as to enabl e thei r effectiv e separatio n 
from the suspension . However , selectiv e flocculation  is also applie d in fine  particle / 
colloi d separation s in severa l industrie s othe r tha n minerals . Fo r example , it has 
bee n teste d for separatin g low densit y cholestero l from hig h densit y one s [31] , and 
in separatio n of treate d pape r from pul p [32] . 

Selectiv e flocculation  utilize s the difference s in the physical-chemica l propertie s 
of the variou s fine  minera l component s in the mixe d suspension . It is base d on the 
preferentia l adsorptio n of an organi c flocculant  on the particula r mineral s to be 
flocculated,  leavin g the remainde r of the particle s in suspension . 

In som e applications , the revers e of selectiv e flocculation,  tha t is selectiv e disper -
sion of fine  minera l particle s in mixe d suspension , is desirable , as in the purificatio n 
of kaoli n or coa l wate r slurr y fuel . Selectiv e dispersion , whic h also utilize s the dif -
ference s in the minerals ' surfac e chemica l properties , is base d on the preferentia l 
adsorptio n of a selectiv e dispersan t on the selecte d particle s to be dispersed , leavin g 
the remainde r of the suspensio n particle s flocculated  by a general-typ e flocculant. 

Elements  of  selective  flocculation 

A selectiv e flocculation  process , e.g. for cleanin g and desulfurizatio n of fine  coa l 
slurry , conceptuall y consist s of four majo r sub-process . As illustrate d in Figur e 5, 
thes e are : (a) genera l dispersio n of minera l particles , in whic h all the particle s 
are stabl y and uniforml y distribute d in the suspensio n wit h the individua l particle s 
bein g essentiall y separate ; (b) selectiv e adsorptio n of flocculant  and floe  formation ; 
(c) floe  conditioning , whic h aim s at obtainin g floes  of desire d propertie s for thei r 
subsequen t separatio n and with minimu m entrapmen t of disperse d particles ; and 
(d) floe  separatio n from the suspension . 

Design  of  selective  flocculation  processes 

The first  and also the mos t importan t decisio n in the desig n of a selectiv e floccu-
latio n proces s is whic h type of minera l component s of the ore suspensio n shoul d be 
selectivel y flocculated. 

In designin g a selectiv e flocculation  proces s to separat e certai n desire d parti -
cles from mixe d suspensio n with unwante d (gangue ) solids , selectiv e flocculation  of 
eithe r the valuabl e component s or the gangu e component s may be employe d de -
pendin g on whic h rout e is mor e technicall y and economicall y feasible . Bot h of thes e 
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route s hav e bee n successfull y applie d on a commercia l scale . In one applicatio n for 
processin g iron ore [33] , the valuabl e components , i.e . iro n minerals , are selectivel y 
flocculated,  whil e the associate d silicat e gangu e mineral s remai n dispersed . Th e iron 
minera l floes  are separate d from the suspensio n by gravit y settlin g usin g a thickener . 
In the othe r applicatio n processin g potas h ore [34] , the unwante d clay mineral s are 
selectivel y flocculated,  whil e the halid e mineral s remai n dispersed . Th e clay floes 
are separate d from the suspensio n by flotation  of the floes.  Thus , in principle , the 
separatio n of certai n fine  particle s from mixe d suspension s coul d be obtaine d by 
eithe r route . 

In the overal l flowsheet  design , selectiv e flocculation  proces s can be considere d 
to be eithe r a preparatio n proces s for flotation  or an independen t process . Fo r 
example , in the Tilden' s iron ore plant , selectiv e flocculation  proces s is use d prio r to 
flotation  for improvin g flotation  efficienc y whil e in anothe r iro n ore plant , selectiv e 
flocculation/settling  was demonstrate d to achiev e high grad e iron product . 

Ther e are som e genera l guideline s to be followe d whic h are simila r to thos e in the 
applicatio n of frot h flotation.  Mor e specificall y to selectiv e flocculation,  the rout e 
whic h result s in lowe r reagen t consumption , mor e efficien t separatio n and lowe r 
equipmen t cos t (bot h capita l and operatio n costs ) woul d obviousl y be the preferre d 
choice . However , thi s decisio n is usuall y reache d afte r a considerabl e amoun t of 
work on benc h and pilot-plan t scale . In settin g ou t to desig n a selectiv e flocculation 
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Fig. 5. Conceptual representation of the selective flocculation process for coal cleaning and desulfuriza-
tion. 
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proces s from fundamenta l or basi c levels , knowledg e of th e variou s method s of 
achievin g selectiv e flocculation  is essential . 

Methods  of  achieving  selective  flocculation 

Ther e ar e basicall y thre e way s to achiev e selectiv e flocculation  of th e min -
era l of choic e (whethe r it is th e valuabl e or the unwante d one ) from a mixe d 
suspensio n [30] . Thes e are : (1) use of a selectiv e flocculant  for th e minera l of 
choice , eithe r alon e or in combinatio n wit h a general , unselectiv e dispersant ; (2) 
use of a selectiv e dispersan t in combinatio n wit h a normall y unselectiv e floc-
culant ; and (3) use of a selectiv e activato r in combinatio n wit h a genera l bu t 
non-adsorbin g flocculant.  Obviously , the use of any combinatio n of thes e meth -
ods woul d be expecte d to achiev e superio r performanc e to any of the method s 
alone . However , thi s migh t no t necessaril y be the mos t cos t effective , sinc e th e 
cost of preparin g selectiv e reagent s migh t be inherentl y mor e expensive , at leas t 
at thi s earl y stag e of development , tha n the mor e commerciall y produce d genera l 
reagents . 

Use  of  selective  flocculants 
This rout e involve s employin g a selectiv e flocculant  eithe r alon e or in combi -

natio n with genera l dispersants . Selectiv e flocculant  adsorptio n can be achieve d by 
eithe r designin g a specifi c flocculant  or enhancin g polymer' s selectivit y by chemica l 
modulatio n of the interfaces . Th e specificall y designe d polymeri c flocculants  can be 
classifie d into thre e categories : 

(a) Chemisorbin g or chelatin g polymer s in whic h the functiona l group s are stron g 
comple x former s with certai n ions on the solid surface . 

(b) Stereoselectiv e flocculants  whic h rely on the selectiv e effec t of the molecula r 
structur e suc h as steri c hindranc e of adsorptio n of polymer s havin g bulk y con -
stituen t group s in thei r structures . 

(c) Hydrophobi c or partiall y hydrophobi c flocculants  wher e selectiv e flocculation 
of hydrophobi c colloid s from thos e hydrophih c one s ar e desired . Th e detail s of 
designin g selectiv e flocculants  are discusse d in nex t section . 

Enhancemen t of polymer' s selectivit y by chemica l modulatio n of interface s coul d 
be implemente d by regulatin g the surfac e electrica l potentia l or by employin g com -
petitiv e dispersio n conditions . In the latter , a dispersan t (o r a depressant ) woul d 
compet e wit h the flocculant  for bondin g site s on a certai n soli d surface , thereb y 
inhibitin g its adsorption . Thi s migh t also be considere d as a case of selectiv e disper -
sion . 

Use  of  selective  dispersants 
The function s of a dispersan t include : (a) reductio n of the aggregatio n and set -

tling rate s due to particle-particl e attractio n (slime s coating , coagulation , and poly -
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mer bridgin g flocculation);  and (b) reductio n of the gravitationa l settlin g rat e of 
the individua l particle s du e to inter-particl e repulsio n whic h hinder s the settlin g 
process . Th e dispersin g agen t coul d eithe r be monomeri c or polymeri c in nature ; 
the latte r coul d be eithe r linea r or branche d molecule s [30] (se e also Chapte r 4.) 
Sinc e mor e surfac e coverag e is usuall y require d in the cas e of dispersio n compare d 
with the flocculation,  branche d molecule s shoul d be mor e effectiv e tha n linea r ones . 
On the contrary , the effectiv e flocculant  is normall y a linea r long-chain , polymeri c 
molecul e whic h is neede d for bridgin g betwee n the adjoinin g particle s in the floe. 

In general , dispersant s for aqueou s soli d suspension s may functio n by on e or 
mor e of the followin g mechanism s [39] : 

(a) contro l of surfac e electrica l potentia l in orde r to induc e repulsio n betwee n 
similarl y charge d particles ; 

(b) reductio n of interfacia l energ y of solid s by surface-activ e dispersants ; 
(c) solvatio n of particl e surfac e by the adsorptio n of hydrophili c colloids . 
In th e las t mechanism , the particle-particl e interactio n woul d be reduce d to 

liquid-liqui d interactio n du e to the presenc e of lyophili c layer s on the particl e 
surface . It is difficul t to singl e ou t on e mechanis m tha t is the mos t importan t for 
selectiv e dispersion-flocculation , bu t it is likel y tha t the firs t mechanis m wil l be 
the mos t useful . However , the reade r is referre d to Chapte r 4 for mor e in dept h 
discussio n on this subject . 

In additio n to the dispersio n function , the sam e reagen t mus t act as a depressan t 
for th e flocculant  actio n on the soli d particle s by competin g wit h it for bondin g 
sites on the surfac e and thu s inhibitin g its adsorption . Th e "dispersant " is also ofte n 
require d to ac t as a deactivatin g agen t by complexin g potentia l interferin g ioni c 
specie s presen t in the suspension . Example s of rando m activatio n and deactivatio n 
in polyme r adsorptio n are wel l documente d in the literatur e [39 , 41] . 

Use  of  selective  activator 
By analog y with the use of selectiv e dispersant s and depressants , use of selectiv e 

activator s migh t also be used to achiev e selectiv e flocculation.  The use of selectiv e 
activator s for certai n component s of the mixe d suspensio n which , whe n use d with a 
genera l bu t non-adsorbin g flocculant  (e.g. , a highl y anioni c flocculant  at high pH) , 
may caus e the selectiv e flocculation  of thes e components . Th e choic e and desig n of 
the selectiv e activatin g agent s are governe d by the sam e principle s used for selectiv e 
flocculants  or dispersants . 

Design  of  selective  polymers 

Selectiv e flocculation  of a particula r minera l from a mixe d suspensio n canno t be 
achieve d unles s the polymeri c flocculant  is selectivel y adsorbe d on the minera l to be 
flocculated  [35] . Therefore , the abilit y of the polymer' s functiona l group s to exploi t 
the difference s in the surfac e chemica l behavior s of the variou s minera l particle s 
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to achiev e selectiv e adsorptio n is of basi c concer n [36 , 37] . In orde r to selec t a 
regio n for selectiv e polyme r adsorption , thre e mai n interactiv e factor s mus t be care -
fully considered . Thes e are : (a) flocculant,  (b) minera l surface , and (c) suspendin g 
medium . 

The effec t of the suspendin g medium , whic h is aqueou s in mos t applications , 
can only be considere d in conjunctio n wit h the behavior s of the flocculant  and 
the minera l surface . It is wel l know n tha t the aqueou s mediu m affect s the electro-
chemica l and physica l propertie s of the polymeri c flocculant.  Thus , coilin g up and 
uncoilin g (or eve n decomposition ) of the polyme r are certainl y affecte d by the typ e 
and amoun t of electrolyte s in solution , hydrodynamics , pH and the ioni c natur e of 
the polymer' s functiona l groups . Similarly , the electrochemica l stat e of the minera l 
surfac e is controlle d by the aqueou s medium . Thus , the adsorptio n of the polyme r 
on the minera l surfac e can be strengthene d or prevente d largel y by prope r contro l 
of the medium . Therefore , althoug h selectiv e polyme r adsorptio n and flocculation 
depend s primaril y on the functiona l group s of the polyme r and natur e of the surfac e 
sites on the mineral , it can be largel y influence d by the differentia l effect s of the 
aqueou s mediu m on the differen t mineral s in the mixe d suspension . 

Forces  in  adsorption  of  polymers 

The force s involve d in the adsorptio n of polymeri c flocculants  on minera l sur -
faces can eithe r be physica l or chemica l or both . Th e force s whic h are considere d to 
be physica l (i.e . do not form chemica l bondin g and resul t in physisorptio n regardles s 
of the chemica l natur e of interface ) includ e the following : 

(a) Electrostati c (Coulombic ) forces : thes e resul t in the adsorptio n of polyelec -
trolyt e ont o any surfac e of opposit e charge , irrespectiv e of thei r chemica l nature . 

(b) Dipol e attractio n forces : thes e wer e suggeste d [38 , 39] to explai n the floccula-
tion of ionic-typ e crysta l (e.g . fluorite)  by non-ioni c polyacrylamide . 

(c) London-Va n der Waal s forces : in these , neutra l molecude s or atom s constitut e 
system s of oscillatin g charge s producin g synchronize d dipole s tha t attrac t eac h othe r 
[40]. 

(d) Hydrophobi e association : thi s is characterize d by the tendenc y of nonpola r 
molecula r group s (or substances ) to escap e from an aqueou s environment . 

The importan t chemica l force s resultin g in chemisorption , includ e the following : 
(e) Chemica l bonding : thi s is exemplifie d by reaction s of the polyme r group s 

with metalli c site s on the soli d surfac e whic h resul t in the formatio n of insolubl e 
compound s by covalen t or ioni c bonding . 

(f) Coordinatio n bonding : this include s chelatin g or comple x formatio n resultin g 
in polyme r attachmen t to a surface . 

(g) Hydroge n bonding : in the organi c compound s wher e the hydroge n ato m is 
combine d with a strongl y electronegativ e ato m (suc h as O, S, N) , the hydroge n ato m 
is abl e to accep t electron s from atom s on the soli d surface , suc h as from the -O H 
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group s of the hydrate d surfac e of an oxid e mineral , resultin g in the formatio n of a 
hydroge n bond . 

The adsorptio n of polymer s on minera l surface s by chemica l force s agains t elec -
trostati c repulsio n can only happe n if the polyme r approache s the surfac e closel y 
by othe r mean s or mechanisms . Thes e may be du e eithe r to London-Va n de r Waal s 
force s or to stron g collision s betwee n the polyme r molecule s and the minera l parti -
cles . 

Design  of  the  polymer's  selective  functional  groups 

It is very importan t to choos e a surfac e propert y as a basi s for selectiv e adsorptio n 
of polyme r (suc h as hydrophocity , surfac e change , or chemica l bonding) , in whic h 
the fine  mineral , particle s to be separate d exhibi t a wid e difference . Th e wide r 
the differenc e in the surfac e behavio r betwee n the fine  minera l particle s to be 
separated , the mor e selectiv e is the adsorption , and thu s the easie r the separatio n 
becomes . However , befor e the functiona l grou p can be selecte d for incorporatio n 
in the polymer' s structure , the variou s mechanism s for polyme r adsorptio n mus t be 
recognized . 

Possible  mechanisms  for  selective  adsorption 

Ideally , the desig n of a specifi c polyme r for particula r minera l surfac e is to 
achiev e a yes or no adsorption . As mentione d earlier , a selectiv e polymeri c floc-
culan t or dispersan t can be designe d base d on either : a) chemisorbin g or chelatin g 
mechanisms , (b) stereoselectiv e effect , or (c) hydrophobi c interaction . Simila r to 
flotation,  electrostati c attractio n can be use d as a mechanis m for selectiv e adsorp -
tion of a polyme r on oppositel y charge d particle s and affec t thei r separatio n from 
simpl e mixe d suspensions . Th e desig n of selectiv e flocculation  processe s usin g se-
lectiv e flocculants  by one or mor e of thes e mechanism s has bee n the majo r rout e 
followe d by researcher s thu s far . 

Selective  polymers  based  on  chemisorption 
Example s of selectiv e chemisorbin g flocculants  are foun d in the literatur e [42 -

49]. Notably , the developmen t of polyxanthat e flocculants  for the selectiv e floccual-
tion of sulfid e mineral s and oxidize d coppe r mineral s was first  reporte d by Atti a 
and Kitchene r [42] , and was late r confirme d by Srest y et al. [43] and Baude t et al . 
[44]. A chelatin g or complexin g polymer , polyacrylamide-glyoxal-bis-2-hydroxyani l 
(PAMG) , was designe d and use d for the selectiv e flocculation  of coppe r mineral s 
from a natura l or e [45] . Its possibl e structur e is illustrate d in Figur e 6. Anothe r 
exampl e of chemisorbin g selectiv e polymer s ar e the polyoximes , whic h wer e de -
signe d for separatio n of cassiterit e (Sn0 2) from quart z (Si0 2) and tourmalin e [46 , 
47]. Figur e 7 show s the preparatio n of polymethylvinyloxim e (PMVOX) . The use of 
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chemisorbin g or chelatin g polymer s for achievin g selectiv e flocculation  so far repre -
sent s the mos t practica l and promisin g mechanism . Thes e type s of flocculants  are , 
therefore , very likel y to find  wid e application s in the minera l processin g industr y in 
future . 

The possibilit y of designin g selectiv e chemisorbin g dispersant s was confirme d by 
Atti a [48] , who foun d tha t by usin g modifie d low molecula r weigh t polymer s with 
chemica l group s tha t are selectiv e towar d certai n soli d surface s in the mixe d sus -
pension , selectiv e dispersio n and depressio n coul d be obtained . Thu s the autho r de -
signe d and prepare d two nove l reagent s for magnesiu m and calcium-bearin g miner -
als, such as calcit e and dolomite . Th e crud e solutio n of one reagen t teste d exhibite d 
selectiv e dispersan t and depressan t behavio r for calcit e and dolomit e bu t to a muc h 
lesse r degre e for feldspar . Lowe r concentration s of thi s reagent , compare d wit h 
the unmodifie d polymer , enable d mor e effectiv e selectiv e flocculation  of the cop -
per mineral s from mixture s with calcite , dolomite , and feldspar . Thi s reagen t also 
prove d to be a selectiv e depressan t for calcit e and fluorite  in thei r separatio n from 
barit e by flotation.  Anothe r exampl e of selectiv e chemisorbin g dispersant s was tha t 
designe d by Atti a and co-worker s [55 , 61] , whic h incorporate s xanthat e group s int o 
a low molecula r weigh t polyacryli c acid . Thi s dispersant , know n as PAA X for short , 
with a possibl e chemica l structur e of sodiu m poly (acrylate-acrylodithiocarbonate) , 
was used for selectiv e dispersio n of pyrit e from coal . 

Selective  polymers  based  on  stereoselective  effect 
Stereoselectiv e flocculants  hav e no t yet bee n designe d as such or use d in selec -

tive flocculation,  althoug h thei r potential  has bee n recognize d [49] for som e time . 
The desig n of thi s type of flocculants  involve s the geometrica l arrangemen t of the 
flocculant's  groups , so as to matc h the geometri c structur e of the bindin g ioni c (or 
atomic ) site s on certai n minera l surfaces , thereb y selectivel y adsorbin g and floccu-
latin g them . Structura l effects , such as steric-hindrance , ring strain , and specifi c size 
fit  (of a chelatin g flocculant),  coul d be employe d to produc e selectiv e flocculation. 
Y. Atti a (unpublishe d report , 1974) , incorporate d bulk y group s suc h as Alizari n 
(Ci4H8C>4) into long-chai n acrylamid e polymer s to obtai n selectiv e flocculants  for 
clay minerals . On e suc h polyme r was foun d to flocculate  kaolinit e wel l from sus -
pension , bu t dispersio n of kaolinit e was restore d on additio n of a dispersan t (N.O . 
Clark , Englis h Chin a Clays , 1974) . Evidently , the dispersan t was abl e to displac e the 
flocculant,  whic h becaus e of the bulk y alizari n groups , was only weakl y adsorbe d 
onto the kaolinit e particles . Thi s is a cas e wher e reversibl e flocculation  can be 
achieved . Futur e development s in flocculant  desig n will likel y tak e advantag e of this 
rathe r sophisticate d concept . 

Selective  polymers  based  on  Hydrophobie  effect 
Hydrophobi e or partiall y hydrophobi c polymer s appea r to hav e greates t potentia l 

for selectiv e flocculation  of hydrophobi c solid s (wit h natura l or induce d hydropho -
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bicity ) in mixe d suspension s with hydrophili c solids . Th e use of thi s typ e of floc-
culant s for selectivel y flocculating  naturall y hydrophobi c solids , suc h as coal , was 
suggeste d by Atti a [50] . However , the applicatio n of thi s typ e of flocculant  in se-
lectiv e flocculation  of hydrophobize d coppe r mineral s was first  reporte d by Rubi o 
and Kitchene r [51] . In thei r application , the initiall y hydrophili c surface s of oxidize d 
coppe r mineral s wer e selectivel y mad e hydrophobi c by selectiv e adsorptio n of sur -
factan t or even by sulfidizatio n wit h sodiu m sulfide . Then , by introducin g a partiall y 
hydrophobi c flocculant,  polyethylen e oxide , selectiv e flocculation  of oxidize d coppe r 
mineral s from associate d hydrophili c silic a and silicat e mineral s was achieved . 

Selective  polymer  adsorption  on  metallic  and  industiial  minerals 
Interactio n of a chemica l grou p with a meta l ion in solutio n can be use d at leas t 

qualitativel y as a mode l for the adsorptio n of polymer s on metalli c site s on minera l 
surfaces . Selectiv e bindin g of a meta l catio n in solutio n by a chemica l grou p (ligand ) 
is basicall y due to the favorabl e combinatio n of the ligand' s typ e of dono r ato m 
(the centra l ato m in the chemica l grou p whic h is responsibl e for bindin g the meta l 
ion) , and ligan d structur e wit h the meta l cation' s typ e and coordinatio n sphere . 
The relationship s betwee n the selectivit y of interaction s and eac h of thes e factor s 
wer e define d by Schwarzenbac h [52] . Th e principle s of selectiv e interaction s wer e 
applie d for the desig n of selectiv e polymer s [36 , 37, 42] . Th e effect s of differen t 
type s of dono r atom s on surfac e interaction s wer e summarize d by Atti a [37 , 48] and 
the effect s of structura l factor s on selectiv e interaction s wer e summarize d as : (a) 
formatio n of close d ring structur e —  the "chelate " effect , whic h cause s an increas e 
in the system' s entropy ; (b) formatio n of rigid structures , wher e the ligan d contain s 
a vacanc y whic h is especiall y fitting  for a particula r cation' s radiu s and coordina -
tion sphere ; and (c) the steri c hindranc e effect , wher e the degre e of hindranc e 
(and consequentl y the reductio n in comple x stability ) varie s with the cation' s ra-
dius and coordinatio n spher e as wel l as the degre e of closenes s betwee n the ligan d 
dono r ato m and the meta l cation . Th e steri c effec t is simila r to ring-strai n effect , 
in whic h normall y stabl e five-  and six-membere d ring s can be mad e mor e straine d 
and therefor e favo r the formatio n of certai n comple x structure s ove r others . Onl y 
cation s with coordinatio n sphere s whic h fit  the modifie d structure s ar e complexe d 
with thos e ligands . 

Selective  polymer  adsorption  on  fossil  fuel  minerals 
Fue l mineral s such as thos e in raw coal , tar sands , oil shale s and so on , exhibi t 

a wid e rang e of physica l and chemica l properties . Coa l has the greates t near-ter m 
potentia l for applicatio n of selectiv e flocculation  procedur e at present , althoug h 
selectiv e remova l and purificatio n of pigments , graphit e and othe r organic s ar e 
similarl y possible . Raw coal , with a comple x and variabl e organi c and inorgani c 
composition , may serv e as a genera l mode l for fuel mineral s systems . An idealize d 
mode l for the uni t structur e of coa l base d on publishe d analytica l dat a summarize d 
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in referenc e [54] , was propose d by Atti a [53] . Th e mode l show s the coa l as havin g a 
"sandwich " structure , with bonde d layer s of condense d aromati c ring s on bot h side s 
of the sandwich , bridgin g group s (holdin g the sandwic h together) , and interstitia l 
or filler  groups . Th e latte r are presume d to constitut e the volatil e par t of coal . Th e 
bonde d layer s of condense d aromati c ring s on eac h sid e of the sandwich , vary in 
numbe r with coa l rank . Thus , in high ran k anthracit e and bitumineou s coal , as man y 
as 40 layer s are bonde d togethe r on eac h sid e of the sandwich , whil e in low ran k 
coal , the numbe r migh t be four or less . 

One revealin g featur e of thi s mode l is the sandwic h typ e structur e of the coa l 
surface , with aromati c face s and heterogenou s edges , in a manne r simila r to sili -
cate structure . Th e presenc e of condense d aromati c group s as wel l as the methyl , 
ethy l and othe r non-pola r bridgin g and filler  group s give s rise to the wel l know n 
hydrophobi c characteristic s of coa l in aqueou s suspensions . However , the presenc e 
of hydroxyl , phenoli c and carboxyli c group s give s rise to decrease d hydrophobicit y 
of coa l surface s in wate r as wel l as to the formatio n of electrica l doubl e layers . Th e 
presenc e of carboxyli c and phenoli c group s has bee n show n to increas e wit h the 
prolonge d exposur e to oxygen . Wit h sever e oxidation , the aromati c ring s are bro -
ken up to give rise to humi c acid typ e compounds . Mor e discussio n on the surfac e 
propertie s of coa l is give n in Chapte r 4. 

Sinc e selectiv e flocculation  aim s at separatin g the mainl y hydrophobi c coa l par -
ticle s from the associate d hydrophili c shal e particles , selectiv e polyme r adsorptio n 
can be achieve d throug h hydrophobi c associatio n of the non-pola r group s on the 
coa l surfac e wit h the hydrophobi c group s in the polyme r structure . Figur e 8 il-
lustrate s the possibl e structur e of hydrophobi c polymer s [55] . Th e validit y of thi s 
approac h has bee n recentl y verifie d and the feasibilit y of selectiv e flocculation-
cleanin g of raw coal s has bee n confirme d [55] . However , as the surfac e become s 
increasingl y oxidize d and therefor e les s hydrophobic , othe r polyme r adsorptio n 
mechanism s wil l hav e to be utilized . Suc h mechanism s migh t includ e hydroge n 
bondin g and electrostati c attractio n (especiall y whe n the differenc e in charg e den -
sity betwee n the shal e and coa l surface s can be exploited) , or conceivabl y throug h 
metal-io n bridging . 

/CH2-CH -\-/-CH2-CH -\-/-CH2-CH \ I 
C=0 
NH2/ 

c=o 
I 
OR i 

R= Methyl (-CH3) ; 
2- EthyI hexyI (-CH2- CH - (CH2)3- CH3) 

C2H5 

Fig. 8. Possible structures of hydrophobic polymeric flocculants (from [55]). 
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TABLE 1 

Selective floccuation separation of Upper Freeport coal using sedimentation at pH 7.5, FR-7 dosage = 
0.02 mg g"1 and SMP = 300 mg 1"1 [56] 

Product Weight 
(%) 

Single-step separation 
Hoes 
Dispersed 
Feed 

Floes 
Dispersed 
Feed 

Floes 
Dispersed 
Feed 

87.0 
13.0 

100.0 

87.7 
12.3 

100.0 

85.4 
14.6 

100.0 

Two-step separation 
Floes 
Dispersed 1 
Dispersed 2 
Feed 

Floes 
Dispersed 1 
Dispersed 2 
Feed 

Floes 
Dispersed 1 
Dispersed 2 
Feed 

80.9 
11.9 
7.2 

100.0 

78.9 
10.5 
10.6 

100.0 

80.5 
12.1 
7.4 

100.0 

Ash 
(%) 

5.6 
76.4 
14.8 

5.4 
77.2 
14.3 

5.7 
68.4 
14.9 

2.7 
71.8 
56.5 

2.9 
73.2 
46.3 

2.8 
72.1 
47.3 

Distribution (%) 

Ash 

32.8 
67.2 

100.0 

33.5 
66.5 

100.0 

32.8 
67.2 

100.0 

14.9 
57.6 
27.5 

100.0 

15.1 
51.8 
33.1 

100.0 

15.4 
60.4 
24.2 

100.0 

Coal 

96.4 
3.6 

100.0 

96.7 
3.3 

100.0 

94.6 
5.4 

100.0 

92.4 
3.9 
3.7 

100.0 

90.0 
3.3 
6.7 

100.0 

91.5 
3.9 
4.6 

100.0 

Applications  of  selective  flocculation  in mineral  processing:  case  studies 

Selectiv e flocculation  has bee n demonstrate d to separat e variou s mineral s in lab -
orator y and pilo t plan t testin g as wel l as in severa l commercia l operation s in Nort h 
America . A  recen t revie w of th e applicatio n of selectiv e flocculation  in minera l 
processin g was mad e by Yu an d Atti a [63] . In this articl e however , only fou r cas e 
studie s on the applicatio n of selectiv e flocculation  technolog y in minera l processin g 
are presented . 

Separation  of  coal  from  mineral  matter  andpyrite 
Variou s studie s o n th e feasibilit y of selectiv e flocculation  of coa l from slurrie s 

using hydrophobi c flocculants  were recentl y mad e by the autho r and his co-worker s 
[55-58] . However , othe r attempt s to utiliz e thi s concep t hav e bee n mad e [59 , 60 , 
62]. On e se t of experiment s was reporte d by Atti a an d Driscol l [52] . In tha t study , 
test s wer e performe d unde r nea r optimu m condition s whic h wer e previousl y de-
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termine d experimentally . A raw coa l sampl e from the Uppe r Freepor t Sea m was 
crushe d and groun d to -50 0 mes h (-2 5 microns) , and a hydrophobi c polymer , 
FR- 7 (2,ethylhexylmethacrylate , a late x polyme r emulsio n provide d by Calgo n Corp. , 
Pittsburgh , Pa.), was employe d as the selectiv e flocculant.  Thei r experimenta l result s 
are liste d in Tabl e 1. In a singl e ste p selectiv e flocculation,  the ash conten t was re-
duce d from 14.7 % to abou t 5.5 % with 95 % of the coa l recovered . Whe n a secon d 
step of selectiv e flocculation  was used , the ash conten t of the cleane d coa l was re -
duce d to 2.7% , with coa l recover y ove r 90% . Thes e result s clearl y indicate d tha t 
dee p cleanin g of coa l is technicall y feasibl e by selectiv e flocculation.  In thes e ex-
periments , floe  separatio n from suspensio n was mad e by preferentia l gravitationa l 
settlin g (sedimentation) . 

Sinc e pyrit e is also moderatel y hydrophobic , the hydrophobi c polyme r use d for 
coa l flocculation  can also flocculate  pyrit e and impai r its separatio n from coal . To 
preven t this , a speciall y develope d hydrophili c anoini c polymeri c dispersant , poly -
acryli c acid-xanthat e (PAA X for short) , or mor e accurately , sodiu m poly(acrylate -
acrylodithiocarbonate ) [55,61] , havin g a preferentia l adsorptio n affinit y to pyrite , 
was employe d to depres s pyrit e flocculation  and flotation.  Th e structur e of thi s 
dispersant/depressan t is illustrate d in Figur e 9. It was also recognize d tha t in the 
presenc e of heav y and/o r coars e disperse d particle s (e.g . pyrit e particles , whos e 
specifi c gravit y is abou t 5.0 , in coa l slurry) , selectiv e flocculation  efficienc y usin g 
differentia l sedimentatio n for floe  separatio n wil l be severl y affected . Tb overcom e 
this problem , Atti a and co-worker s [61] employe d dissolve d air flotation  techniqu e 
for separatin g coa l floes  from disperse d particle s (particularl y pyrit e particles) . In 
the separatio n of the coa l floes  from the slurr y by disolve d air flotation,  very fine 
air bubble s wer e produce d by the dissolve d air apparatus . To stabiliz e the micr o 
air bubbl e in the flotation  system , methy l isobuyt l carbino l (MIBC ) was use d at a 
dosag e of 0.82 g kg" 1. The release d micr o air bubble s attache d to the hydrophobi c 
coa l floes,  and carrie d the floes  to the overflow , leavin g pyrit e and ash minera l parti -
cles in the flotation  cell . The dat a liste d in Tkbl e 2 indicate s tha t thi s separatio n was 
very efficient . In a singl e ste p separation , the ash conten t was reduce d from abou t 
7.6% to 3.5% , tota l sulfu r was reduce d from 2.76 % to 1.64% , and coa l recover y was 
as high as abou t 95% . In the two ste p separation , the ash conten t was reduce d to 

^ H2- C H - \ - / - C H2- CH \ 
C = 0 
I 
ONo 

\ 

c=o 
I 
0 
I 
c=s \ SNo / 

-Jn 'n-d x 'dj 

Fig. 9. Postulated structure of PAAX/sodium poly(acrylate-acrylodithiocarbonate) dispersant (from [61]) 
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TABLE 2 

Selective flocculation disolved air flotation cleaning of pre-cleaned Pittsburgh No. 8 coal at PAAX 
concentration = 200 mg l""1, pH 8.0, FR-7 concentration = 5 mg Γ"1, SMP concentration = 500 mg l"1 

[61] 

Product Weight 
(%) 

Single-step separation 
Floes 
Dispersed 
Feed 

Floes 
Dispersed 
Feed 

Floes 
Dispersed 
Feed 

88.8 
11.2 

100.0 

91.4 
8.6 

100.0 

91.8 
8.2 

100.0 

Two-step separation 
Floes 
Dispersed 1 
Dispersed 2 
Feed 

Floes 
Dispersed 1 
Dispersed 2 
Feed 

Floes 
Dispersed 1 
Dispersed 2 
Feed 

85.5 
6.9 
7.6 

100.0 

88.1 
5.8 
6.1 

100.0 

86.2 
6.0 
7.8 

100.0 

Ash 
(%) 

3.8 
38.2 
7.6 

3.5 
54.7 
7.6 

4.7 
40.5 
7.7 

2.8 
42.5 
34.2 
7.9 

2.4 
56.9 
26.0 
7.0 

2.3 
45.9 
37.1 
7.5 

Total 
S(%) 

1.72 
12.25 
2.91 

1.64 
13.81 
2.67 

1.67 
14.65 
2.67 

0.94 
13.48 
13.27 
2.74 

0.97 
14.77 
18.17 
2.83 

0.87 
13.30 
16.2 
2.81 

Distribution (%) 

Ash 

44.0 
56.0 

100.0 

40.5 
59.5 

100.0 

56.8 
43.2 

100.0 

30.5 
36.6 
32.9 

100.0 

30.1 
47.2 
22.7 

100.0 

25.7 
36.1 
38.2 

100.0 

Total S 

52.2 
47.8 

100.0 

54.3 
45.7 

100.0 

57.5 
42.5 

100.0 

29.3 
33.9 
36.8 

100.0 

30.3 
30.4 
39.3 

100.0 

26.6 
28.4 
45.0 

100.0 

Coal 

92.5 
7.5 

100.0 

95.7 
4.3 

100.0 

94.7 
5.3 

100.0 

90.3 
4.3 
5.4 

100.0 

92.4 
2.7 
4.9 

100.0 

91.2 
3.5 
5.3 

100.0 

2.3% , tota l sulfu r was substantiall y reduce d to only 0.9% (i.e . ove r 90% pyriti c sulfu r 
removal) , and the coa l recover y was stil l highe r tha n 90% . 

Selective  flocculation  of copper  ores 
Atti a and co-worker s [42, 49, 62] studie d the mechanism s of selectiv e flocculation 

of severa l coppe r minerals . In thei r research , a  numbe r of water-solubl e polymer s 
of hig h molecula r weight , incorporatin g sulphydry l (-SH ) or othe r group s whic h 
selectivel y comple x o r chelat e heav y meta l ions , particularl y copper , wer e tested . 
Evidenc e fo r selectivit y of flocculation  with synthet c mixture s of finely-divided  min-
eral s was obtained . Fo r example , xanthat e containin g polymer s (namel y cellulose , 
cellulos e derivative s an d PVA xanthates ) showe d marke d selectivit y toward s min -
eral s like galena , pyrite , chalcopyrit e an d chrysocolla , whil e the y ha d littl e o r no 
flocculating  effect s o n calcite , quartz , feldspa r an d kaolinite . Thes e polyxanthate s 
almos t fulfil l th e idea l case of yes-or-n o adsorption . Wit h thes e specificall y adsorb -
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Dispersan ts 

F loccu lant ■ 

- -̂ Copper Ore Suspension ,< 15 Microns , Alkaline pH 

► (Rougher) Selective Flocculation (S l imes) 

Dispersant + W a t er ► (Floes) 
I 

F l o c c u l a nt ► (Cleaner) Selective F locculat ion ( S l i m e s )-
I 

Dispersant + Water ► (Floes) 
I 

F l o c c u l a nt ^- (Recleaner) Selective Flocculat ion ( S l i m e s )-
' I 

(F l oes) 
I 

Final C o n c e n t r a te Tail 

Flocculant — 
(Scavenger) 

- (Sl imes) Se lect ive 
F l o c c u l a nt 

(F loes) 

Scavenger 
Concentrate 

Fig. 10. Flowsheet used for processing a complex copper ore by selective flocculation (from [36]) 

ing polymers , selectiv e flocculation  of chrysocoll a from quart z and galen a from 
calcit e coul d be achieved . However , it was foun d tha t solubl e Cu +2 ion s can acti -
vate mixture s of feldspa r and kaolinite , therefor e renderin g the polyxanthat e floc-
culan t unselective . Moreover , by the additio n of a maskin g agen t suc h as Na2S , 
this proble m coul d be avoided . Th e chelatin g flocculant,  polyacrylamide-glyoxal -
bis-2-hydroxyani l (PAMG) , was foun d to readil y flocculate  coppe r mineral s from 
mixtur e wit h calcite , quartz , feldspar , and dolomit e in the presenc e of competi -
tor reagent s such as polyphosphate s or polyacrylates . Qualitativ e flocculation  test s 
(colo r of floes)  at pH 10 showe d tha t chrysocoll a was readil y separate d from calcite ; 
chrysocoll a and malachit e from mixtur e with feldspar , calcit e and quartz ; malachit e 
from dolomite , etc. . Selectiv e flocculation  was use d to concentrat e coppe r miner -

TABLE 3 

Processing complex copper ore by selective flocculation 

Products Cu(%) Recovery (%) Conditions 
Final concentrate 
Scavenger concentrate 
Tailings 

Final concentrate 
Scavenger concentrate 
Tailings 

Final concentrate 
Scavenger concentrate 
Tailings 

Final concentrate 
Scavenger concentrate 
Tailings 

22.5 
7.3 
1.1 

23.5 
3.8 
1.5 

19.6 
5.3 
2.0 

18.2 
3.0 
2.0 

69 
17 
14 

64 
23 
13 

62 
12 
26 

62 
2 

36 

2.5% solids 
Distilled water 

5.0% solids 
Distilled water 

10% solids 
Tap water 

30.8% solids 
Tap water 

Feed: 5.4% Cu; <15 microns; dispersants: Calgon + Dispex N40; flocculant: PAMG 
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als from a refractor y coppe r ore usin g the chelatin g polyme r PAM G [48] . In orde r 
to obtai n a usefu l enrichmen t ratio , multipl e stage s of flocculation  and redisper -
sion wer e foun d necessar y in orde r to releas e entrapped , unwante d particles . Th e 
typica l flowsheet  used in separatin g variou s coppe r mineral s from natura l ore sus -
pension s is outline d in Figur e 10 and typica l result s obtaine d by this techniqu e ar e 
show n in Tkbl e 3. Genera l inspectio n of thes e result s clearl y indicate s the techni -
cal feasibilit y of processin g finely  disseminate d coppe r ore s by selectiv e flocculation 
technique . 

Selective  flocculation  of iron  ore 
Commercia l applicatio n of selectiv e flocculation  for upgradin g iro n or e is em -

ploye d by Clevelan d Cliff s Compan y at the Tilde n Processin g Plan t in Michiga n 
[33]. Th e Tilde n operatio n is base d on a selectiv e flocculation-desliming  step , 
wher e the iron-bearin g mineral s ar e selectivel y flocculated  usin g starc h and sepa -
rate d from fine  silic a particle s by settlin g in a thickener . Thi s ste p is followe d by 
a cationi c flotation  step wher e the entrappe d coars e silic a particle s in the floe  are 
separate d from the flocculated  iron minerals . Th e ore feed contain s abou t 36.6 % 
Fe and 46.4 % Si0 2, mostl y as hematite , magnetite , geothite , cher t and quart z (sil -
ica) . Adequat e liberatio n occurre d whe n approximatel y 90 % of th e feed passe d 
throug h a 400-mes h siev e (37 microns) . Th e plan t processe s ove r 40 millio n ton s 
per yea r of iro n ore to produc e abou t 10 millio n ton s of concentrat e containin g 
abou t 5% Si0 2 and 62-64 % Fe , wit h iro n recover y of 75-80% . Anothe r com -
mercia l plan t operate d by the sam e company , the Empir e plant , havin g the sam e 
flowsheet  and productio n capacit y as thos e of Tilden' s is in operatio n als o in 
Michigan . 

Selective  flocculation  of potash  (sylvinite)  ores 
Bank s [34] describe d the developmen t of the commercia l applicatio n of a selec -

tive flocculation-flotation  proces s for upgradin g a sylvinit e (potash ) ore at Cominc o 
Limited' s operation s in Saskatchewan , Canada . Th e or e containe d sylvinit e (KC1 
+ NaCl ) as the chie f resourc e for potash , mixe d wit h gangu e minerals , suc h as 
dolomite , hematite , quartz , kaolinite , illite , chlorit e and anhydrite . Th e gangu e 
mineral s amount s to 4.5-8.0 % by weigh t of th e tota l ore . Usin g th e selectiv e 
flocculation-flotation  flowsheet  outline d in Figur e 11 , 86 % of commercia l grad e 
potas h concentrat e coul d be recovered . Th e reagent s use d consiste d of a non-ioni c 
polyacrylamid e flocculant  at 13.6 gram pe r ton of feed , and a cationi c collector , 
Aer o 870 (America n Cyanami d Company) , for selectiv e flocculation-flotation  of 
fine  gangu e (clay ) minerals , and ethoxylate d alkylmi c alkylguanidin e complex , at 
18.6 gram per ton of the feed , for flotation  of silivinit e minera l from coars e gaungu e 
minerals . 
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SYLVINITE ORE 

ΐ 
CRUSHING 

|— 6 mesl P r o c e ss B r i ne 
SCRUBBING 

F l o c c u l a nt SLIMES SELECTIVE FLOCCULATION 

FLOTATION CONDIT IONING 

C o l l e c t or ■ 

FLOTATION OF SL IMES FLOCS F r o th , C l ay N . 
1 VFIocsJ 

( P o t a sh Tail ) 
♦ 

SCREENING ( 20 m e s h) 
I ' — ( C o a r s e) 

(F ine) I 

SYLVITE CONDITIONING & FLOTATION ( T a i l s) -

f 
Potash C o n c e n t r a te 

BRINE 
•RECOVERY-
THICKNER 

Ta i l i ngs 

Fig. 11. Selective flocculation-flotation of slimes from Comico's sylvinite ore (from [34]). 
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Chapter  10 

Shear-flocculatio n 

LJ. WARREN 

The shear-flocculatio n effec t 

Shear-flocculatio n is a metho d for selectivel y aggregatin g very fine  particle s of 
one minera l from other s in a suspension . Shea r flocculation  has potentia l as a 
mean s of upgradin g deposit s of finely-grained  minerals , and,  mor e generally , for 
separatin g differen t type s of particle s suspende d in a fluid. 

The shear-flocculatio n effec t tha t is normall y observe d is one in whic h ultrafin e 
particle s suspende d in an aqueou s solutio n of a surfactan t are mad e to aggregat e by 
applyin g a shea r field  of sufficien t magnitud e [1]. The surfactan t shoul d be one tha t 
render s the particl e surface s hydrophobi c and for thi s purpos e reagent s ofte n use d 
as flotation  collector s are suitabl e [2] . It is no t yet clea r wha t the mos t appropriat e 
shea r field is, bu t a baffle d cylindrica l tan k is commonl y use d [3] . 

In the las t ten year s ther e has bee n an increasin g amoun t of researc h int o shear -
flocculation  and relate d aspects , e.g. Xu and Yoo n [4], and it is appropriat e to revie w 
the curren t stat e of the art . Warre n [1] coine d the ter m "shear-flocculation " to try 
to distinguis h the effec t from , for example , coagulatio n by electrolyte s or floccula-
tion by solubl e polymers . However , othe r author s hav e use d differen t terminology . 
Wojci k [5] refer s to "selectiv e aggregation" , Wei Dawe i et al . [6] to "hydrophobi c 
agglomeration" , Hu Yongpin g and Yu Mulon g [7] to "controlle d dispersion-shea r 
flocculation",  Lu Shouc i et al. [8] to "hydrophobi c aggregation " and Li and Fuerste -
nau [9] to the "influenc e of surfactan t adsorptio n on stabilit y (of suspensions)" . 

The key feature s of shear-flocculatio n can be mad e cleare r by referenc e to a typ -
ical experiment . Li and Fuerstena u [9] prepare d dilut e suspension s of fine  hematit e 
(Fe 203) particle s at pH 3, wher e the hematit e was positivel y charge d and dispersed . 
Ther e was no chang e in suspensio n turbidit y afte r stirrin g in a baffle d vesse l at 1600 
rpm for 60 min . However , in the presenc e of 10" 4 mo l l" 1 sodiu m dodecy l sulfat e 
(whic h mad e the hematit e particle s hydrophobi c and negativel y charged ) ther e was 
extensiv e aggregatio n tha t increase d wit h tim e of stirrin g at 1600 rpm . Tb induc e 
significan t aggregation , speed s abov e 800 rpm wer e required . 
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Simila r result s had bee n reporte d by Warre n [1] for ultrafin e scheelit e (CaWCU ) 
suspende d in sodiu m oleat e solutions , excep t tha t in this case the scheelit e particle s 
wer e highl y negativel y charge d bot h befor e and afte r adsorptio n of the hydrophobe , 
sodiu m oleate . 
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Fig. 1. Change in turbidity of aggregating scheelite suspensions (0.35 g 1_ 1, 0.75-1.4 μπι, pH 10, 10~4 
mol l-1 sodium oleate) with time of stirring. Curve a: 200 rpm; b: 850 rpm; c: 1700 rpm; d: 1700 rpm; 
pretreated in 2.5 x 1 0-4 mol 1_1 MgC,̂ pH 9.3. Curve a also refers to the suspension stirred in the 
absence of sodium oleate at 200-1700 rpm. (From Warren [1].) 
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Fig. 2. Relative decrease in turbidity of scheelite suspensions after 90 min stirring as a function of the 
stirrer speed, for various types of aggregating agents. The greater the relative decrease in turbidity, 
the greater the degree of aggregation. Curve a: coagulation in 0.5 mol 1_1 NaCl; b: flocculation by a 
nonionic polyacrylamide; c: aggregation in 10~4 mol 1_1 sodium oleate. (From Warren [1].) 
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It was foun d that : 
(a) the particle s nee d to be mad e hydrophobi c befor e aggregatio n can occur , 

given the sam e spee d and tim e of stirring , and give n tha t the particle s are highl y 
charge d (Figur e 1); 

(b) a minimu m shea r rat e is neede d to initiat e the aggregatio n proces s (Figure s 1 
and 2) ; and 

(c) the floes  forme d are stronge r tha n thos e produce d by coagulatio n or floccula-
tion , sinc e thes e ten d to breaku p at highe r shea r rate s (Figur e 2) . 

Thes e characteristic s sugges t tha t shear-flocculatio n may hav e advantage s as a 
techniqu e for selectiv e aggregation . Fo r example , th e floes  produce d shoul d be 
toug h enoug h to withstan d the turbulenc e in minera l processin g operations , th e 
floes  will hav e hydrophobi c surface s and shoul d be abl e to be separate d from re -
mainin g hydrophili c disperse d particle s by flotation,  and , a degre e of selectivit y in 
the aggregatio n shoul d be assure d by choosin g surfactant s alread y prove n as selec -
tive collector s in flotation. 

Parameter s affectin g shear-flocculatio n 

Particle  hydrophobicity 

The observatio n tha t particle s suspende d in aqueou s solution s ten d to stic k to -
gethe r whe n thei r surface s ar e mad e hydrophobi c pre-date s the presen t studie s of 
the shear-flocculatio n effect . Alexande r and Her [10] forme d weak , plana r aggre -
gate s from 50 nm silic a particle s by mixin g with a dilut e solutio n of the quaternar y 
amine , dodecy l trimethy l ammoniu m bromide . A micell e of amin e was though t to 
adsor b on on e silic a spheroi d and the n bridg e acros s to an unoccupie d spo t on 
anothe r silic a spheroi d (Figur e 3) . 

Green e and Duk e [11] foun d tha t in orde r to remov e smal l amount s of T1O2 im-
purit y from clay it was beneficia l to add large r calcit e (CaCOs ) particle s and sodiu m 
oleat e befor e attemptin g flotation  of the T1O2 . It was propose d tha t the hydropho -
bic calcit e particle s collecte d the similarl y hydrophobi c T1O2 particle s in preferenc e 
to the clay , whic h was hydrophilic , and tha t flotation  the n remove d the calcit e with 
its coatin g of impurit y T1O2 . Thi s has bee n calle d "carrie r flotation"  and , althoug h 
it involve s the shear-flocculatio n effect , wil l no t be considere d furthe r in thi s re -
view . Somasundara n et al . [12] observe d that , whe n colloida l alumin a (A1 203) was 
suspende d in dilut e solution s of sodiu m dodecy l sulfonate , increasin g the surfactan t 
concentratio n change d the surfac e charg e of the alumin a from positive , throug h 
zero to negative , bu t tha t the alumin a did no t redispers e as the alumin a becam e 
negativel y charged ; aggregatio n in fac t increased . It was speculate d tha t the ad -
sorbe d surfactan t migh t bridg e betwee n particle s thereb y lowerin g the free energ y 
of the syste m by removin g som e of the (hydrophobic ) hydrocarbo n chain s from the 
aqueou s environment . 
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Fig. 3. An early explanation of hydrophobic association between particles involving adsorption of mi-
celles (from Alexander and Her [10]). 

Aggregatio n betwee n hydrophobi c particle s is of cours e a key par t of the shear -
flocculation  of ultrafine s and a numbe r of differen t system s hav e bee n discovere d 
tha t mak e the surface s of particula r mineral s in a mixtur e hydrophobic . Sodiu m 
oleat e in alkalin e solutio n and in the presenc e of sodiu m silicat e selectivel y ad-
sorb s on scheelit e rathe r tha n on the silicat e mineral , garne t [13] . Alkalin e oleat e 
in the presenc e of sodiu m silicat e and anothe r polymeri c dispersan t mad e apatit e 
[Cas (PO 4 )3 (OH , F, Cl) ] hydrophobi c in preferenc e to rhodochrosit e (MnCC>3 ) 
[7]. A 2: 1 emulsio n of kerosene : oleat e with sodiu m hexametaphosphat e as disper -
san t mad e siderit e (FeCC>3 ) hydrophobi c in preferenc e to quart z [8] . Particle s of 
coa l in a Polis h deposi t wer e preferentiall y aggregate d in the presenc e of siliceou s 
gangu e by smal l addition s of diese l oil [5] (se e Chapte r 12) . Acidi c solution s of 
sodiu m dodecy l sulfat e mad e hematit e hydrophobi c in preferenc e to quart z [14] . In 
shear-flocculatio n of galen a (PbS)-quart z and chalcocit e (Cu 2S)-quart z mixtures , 
Dippenaa r [15] foun d tha t potassiu m amy l xanthat e or potassiu m hexy l xanthat e 
mad e the sulfide s preferentiall y hydrophobic . 

In som e system s the surfactan t tend s to adsor b on all mineral s and to improv e 
selectivit y a "modifier " is essential . For example , in shear-flocculatio n of wolframit e 
[(Fe,Mn ) W0 4]-quart z mixture s Wei et al. [16] foun d tha t pre-treatmen t with CaCl 2 
or FeCl 3 was require d befor e sodiu m oleat e woul d adsor b selectivel y on the wol -
framite . 

Thes e findings  are no t surprisin g to anyon e familia r wit h the techniqu e of frot h 
flotation  wher e the sam e principle s apply . 
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However , ther e may be som e difference s in the degre e and typ e of hydropho -
bicit y require d in shear-flocculatio n and flotation.  It seem s tha t for adsorbe d sur -
factant s shear-flocculatio n may requir e longe r chai n lengths . Zollar s and Al i [17] 
presen t evidenc e suggestin g tha t a chai n with 14 carbon s is require d for goo d shear -
flocculation.  Dippenaa r [15] foun d tha t potassiu m ethy l xanthat e produce d ver y 
weak floes  with galen a wherea s the hexy l xanthat e gave excellen t shear-flocculation . 
Warre n [2] observe d tha t styry l phosphoni c acid and benzy l arsoni c acid woul d float 
cassiterit e (SnC>2 ) bu t woul d no t induc e shear-flocculation . Longe r chai n surfactant s 
such as sodiu m oleat e or a sulfosuccinamat e wer e successful . 

With respec t to the concentratio n of surfactant , an d henc e surfac e coverage , 
required , Sivamoha n and Case s [18] find  tha t shear-flocculatio n need s lowe r surfac e 
coverage s tha n flotation.  On th e othe r hand , Warre n [2] conclude d tha t shear -
flocculation  require d nearl y monolaye r coverage , wherea s flotation  can procee d 
with less adsorbe d surfactant . 

Shear  rate 

With mos t system s it has bee n foun d necessar y to shea r the suspensio n of hy-
drophobi c particle s abov e som e critica l shea r rat e in orde r to initiat e aggregation , 
e.g. see Figur e 2. In smal l stirre d tanks , impelle r speed s abov e 500 rpm are ofte n 
required . Thi s can be explaine d by the fac t tha t in suc h system s the hydrophobi c 
particle s are also charge d and repe l on e another , and it is necessar y to give the m 
additiona l kineti c energ y so tha t the y can approac h closel y enoug h to allo w th e 
attractiv e hydrophobi c force s to tak e over . 

Shear-flocculatio n test s hav e bee n carrie d ou t mainl y in stirre d tanks . Unfortu -
nately , stirre d tan k reactor s produc e complicate d turbulen t flows  with a wid e rang e 
of shea r rates . Cam p [19] suggeste d tha t an averag e shea r rat e may be define d and 
tha t it is relate d directl y to the impelle r speed . Mos t author s who hav e studie d the 
effec t of shea r rat e on the degre e of shear-flocculatio n hav e merel y quote d impelle r 
speeds . Thes e of cours e ar e no t necessaril y comparabl e in term s of shea r rate s 
unles s the tan k and impelle r geometrie s are identical . 

Koh et al . [20] wer e abl e to defin e the critica l shea r rat e mor e precisel y by 
carryin g ou t the shear-flocculatio n tes t in a Couett e viscomete r (Haake  Rotovisc o 
RV3) . For a sampl e of ultrafin e scheelit e suspende d in dilut e sodiu m oleat e solutio n 
they foun d tha t ther e was a critica l shea r rat e of 138 s" 1 belo w whic h no shear -
flocculation  occurred . Abov e this value , the rat e constan t for the rat e of decreas e of 
the mas s of particle s finer  tha n 2 μιη (thei r measur e of the degre e of flocculation) 
increase d approximatel y linearl y with shea r rat e up to ~100 0 s" 1 (Figur e 4) . 

A Couette-flo w shea r vesse l was also used by Dippenaa r [15] to stud y the shear -
flocculation  of 2  μτα  galen a in potassiu m amy l xanthat e solutions . Sligh t aggregatio n 
was observe d at 122 s"1; thi s increase d dramaticall y at 366 s"1. Dippenaa r claime d 
tha t shear-flocculatio n was "mor e effective " with shea r vessel s havin g Couett e flow 
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Fig. 4. Experimental flocculation rate constant against effective shear rate for Couette flow ( !) and for 
stirred tanks (A, D/T = 0.68 and Δ, D/T = 0.54). Geff is the "effective" shear rate. (From Koh et al. 
[20].) 

than in stirre d tanks . However , the result s of Koh et al . [20] sugges t tha t the rat e of 
shear-flocculatio n is simila r at simila r "effectiv e shea r rates " in eithe r typ e of vesse l 
(Figur e 4) . 

Tank  design 

The geometr y of the flocculation  tank , th e numbe r an d size of baffles , th e 
type , size and locatio n of the impelle r in the tank , all affec t th e degre e of shear -
flocculation.  Howeve r the optimu m desig n of tan k is no t yet known . 

Becaus e a critica l shea r rat e is require d to initiat e shear-flocculation , it has bee n 
assume d tha t it is the region s of high shea r rat e in the tan k tha t are mos t activ e in 
causin g shear-flocculatio n [2, 20, 21] . Koh [21] has take n thi s concep t furthe r and 
define d thre e zones : an impelle r zon e of high shea r rate , a bulk zon e of intermediat e 
shea r rat e and a "dea d space " at the top and botto m of the tan k in whic h the shea r 
rate is belo w the critica l valu e for aggregation . 

The impeller , dependin g on its design , also act s as a pum p and circulate s sus -
pensio n from the impelle r zon e to the bul k zon e and bac k agai n to the impeller . 
The frequenc y with whic h particle s circulat e throug h the impelle r zon e and the tim e 
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particle s spen d in eac h zon e thu s depen d on the impelle r pumpin g rate , and th e 
relativ e volume s of the thre e zones . 

Maxo n and Oldshu e [22] pointe d ou t tha t the energ y inpu t by an impelle r to the 
fluid  is dissipate d throug h bot h its pumpin g actio n and its shearin g actio n and tha t 
it is no t know n wha t the optima l spli t betwee n pumpin g and shearin g shoul d be for 
flocculation.  Th e "averag e shea r rat e D",  define d by: 

__ (  powe r dissipate d per uni t volum e \ 

V fluid  viscosit y / 

does no t distinguis h betwee n thes e two mode s of energ y dissipatio n and is no t 
necessaril y the bes t criterio n for flocculation  tan k design . 

Despit e thes e qualification s on the interpretatio n and use of D  value s they hav e 
bee n use d to characteriz e suitabl e stirre d tan k regimes . Goo d shear-flocculatio n of 
ultrafin e scheelit e in alkalin e sodiu m oleat e solution s was obtaine d by Warre n [2] 
and Ko h et al . [20] with D  value s of the orde r of 1000 s" 1. However , in Couett e 
viscometer s wher e mor e precis e value s for shea r rat e can be calculated , the shea r 
rate to initiat e shear-flocculatio n was muc h lower , of the orde r of 100 s" 1 [15 , 23] . 

Particle  charge 

The surfac e charg e on the suspende d particles , normall y measure d by thei r zet a 
potential , affect s the selectivity , the eas e and the degre e of shear-flocculatio n and is 
therefor e an importan t parameter . 

In a mixtur e of minerals , unles s all the particle s are initiall y dispersed , it wil l be 
difficul t subsequentl y to selectivel y aggregat e the particle s of on e particula r minera l 
[24]. A convenien t way of ensurin g initia l dispersio n is to give all particl e surface s a 
substantia l charg e by choosin g an appropriat e pH valu e and appropriat e dispersin g 
reagents . For example , Hu and Yu [7] foun d tha t in orde r to kee p rhodochrosit e 
particle s disperse d whils t allowin g apatit e particle s to shear-flocculat e it was neces -
sary to kee p the pH betwee n 9.5 and 11.5 and in additio n to add two dispersants , 
as wel l as sodiu m oleate . Lu et al. [8] used sodiu m hexametaphosphat e to dispers e 
mixture s of siderite-quart z and rhodochrosite-quartz . Warre n [2] foun d tha t sus -
pension s of 3 /im cassiterit e particle s require d a pH greate r tha n 10 to maintai n a 
disperse d stat e on stirrin g (zet a potential  approximatel y -5 0 mV) . However , whe n 
the surfactan t was added , its adsorptio n on the cassiterit e cause d an increas e in the 
magnitud e of the zet a potentia l so tha t the suspension s wer e now disperse d eve n 
at pH 4- 6 (in the absenc e of stirring) . Thus , the surfactan t use d to mak e a chose n 
minera l surfac e hydrophobi c may , in som e instances , also act as a dispersan t for tha t 
mineral , at low shea r rates . 

The critica l shea r rat e require d to forc e the hydrophobi c particle s int o adhesiv e 
contac t shoul d decreas e with decreasin g surfac e charge . On e can imagin e an idea l 
situatio n in whic h the surfactan t adsorb s selectivel y on th e targe t minera l bot h 
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makin g it hydrophobi c and neutralizin g its surfac e charge , whils t the othe r mineral s 
retai n hig h surfac e charge s and hydrophili c surfaces . Gentl e mixin g shoul d the n 
caus e hydrophobi c aggregatio n of the targe t minera l withou t the nee d for a critica l 
shea r field. 

However , in the system s studie d so far , in orde r to achiev e selectivit y it seem s to 
have bee n necessar y to hav e all  particl e surface s relativel y highl y charge d durin g the 
shear-flocculatio n step . 

Flocculation  time 

Generally , shear-flocculatio n appear s to be a slow process , althoug h thi s doe s 
depen d on the surfac e charge , the particl e size and the particl e concentration . In 
stirre d tanks , residenc e time s of the orde r of 30 min see m necessar y [1, 3, 7, 9, 13, 
15, 25] . However , Wei et al . [6] obtaine d hig h recoverie s of wolframit e afte r only 
3 min stirrin g at 1600 rpm , althoug h it is possibl e tha t in thei r cas e the particle s 
carrie d a low surfac e charge . Dippenaa r [15] observe d extensiv e shear-flocculatio n 
of galen a and chalcocit e afte r only a few minute s in Couett e flow; a  low charg e may 
agai n explai n this rapi d aggregation . 

Warre n [1] speculate d tha t shear-flocculatio n was autocatalyti c in the sens e tha t 
the initia l aggregate s of two or thre e particle s wer e slow to form , bu t tha t onc e 
formed , thes e smal l aggregate s grew mor e rapidly . 

Curv e c  in Figur e 1 show s the slow increas e in the degre e of aggregatio n wit h 
stirrin g tim e and the 15 min dela y befor e significan t aggregatio n is observe d (auto -
catalyti c effect ) whil e curv e d show s a grea t increas e in the aggregatio n rat e whe n 
the zeta potentia l is lowered , in this case from abou t -4 5 to -2 5 mV [1]. 

Particle  size 

Particle s of differen t size s wil l no t necessaril y be aggregate d to the sam e exten t 
by the shear-flocculatio n process . In general , smalle r particle s requir e highe r shea r 
rate s tha n large r particles . 

Warre n [1] note d tha t in a smal l stirre d tank , an impelle r spee d of 850 rpm 
was too low to caus e shear-flocculatio n of 1  μτα  scheelit e particle s in 10" 4 mo l 
1_1 sodiu m oleat e solution . Howeve r the sam e spee d cause d extensiv e flocculation 
of 9  μτα  particles , sligh t flocculation  of 20 μιη particle s and no flocculation  of 27 
μπι particles . Thu s at 850 rpm , shear-flocculatio n only occurre d wit h particle s in an 
intermediat e size range , 5-2 0 μτη.  At 1700 rpm the size rang e for shear-flocculatio n 
shifte d to 1-12 μτα. 

Evidently , althoug h large r particle s collid e with sufficien t energ y to caus e shear -
flocculation  they are immediatel y redispersed . Thi s is consisten t wit h the analysi s 
of Gore n [26] , who showe d tha t for a double t of particle s in a linea r shea r field 
the forc e tendin g to separat e the m is proportiona l to the squar e of the particl e 
diameter . In othe r words , the separatin g shea r increase s rapidl y with particl e size . 
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Laborator y test s hav e bee n carrie d ou t on variou s size particles , eithe r wid e size 
distribution s resultin g from classifyin g device s [7, 27] or grindin g machine s [8, 15] , 
or narro w size distribution s from repeate d beake r decantatio n [1 , 2, 13 , 15] . Th e 
averag e particl e size has usuall y bee n betwee n 3 and 10 μτα.  Relativel y littl e wor k 
has bee n carrie d ou t on particle s finer  tha n 2 μπι . Thes e requir e hig h shea r rate s 
and ar e the mos t difficul t to dea l wit h in practic e [17 , 25 , 28] . Ther e is evidenc e 
tha t particl e inerti a and the deviatio n of particle s from streamline s is an importan t 
aggregatio n mechanis m eve n for particle s as smal l as 1  μχα  [29] . Thi s support s the 
idea tha t for particle s to underg o shear-flocculatio n the y requir e a minimu m kineti c 
energ y and tha t for a give n shea r regim e smalle r particle s wil l be less likel y to hav e 
the critica l kineti c energy . 

Particle  concentration 

Mos t of the laborator y test s on shear-flocculatio n hav e bee n carrie d ou t at low 
particl e concentrations , usuall y less tha n 10 g of solid s l" 1 In orde r to measur e 
turbidit y change s directly , suspension s hav e ofte n bee n less tha n 1 g l" 1 [1 , 9] . 
Warre n [1] foun d tha t increasin g the particl e concentratio n from 0.35 to 3.5 g Γ 1 

cause d a ten-fol d increas e in the initial  rat e of aggregation , bu t tha t afte r 90 min 
stirrin g the degree s of shear-flocculatio n wer e similar . Usin g large r stirre d tank s 
(~ 3 1) Koh and Warre n [25] foun d tha t suspension s of 10, 33 and 100 g Γ 1 ultrafin e 
scheelit e ore require d differen t reagen t addition s for acceptabl e shear-flocculatio n 
and flotation  and tha t othe r effects , suc h as the generatio n of voluminou s foam s 
durin g subsequen t flotation  at 100 g l"1, mad e compariso n of flocculation  perfor -
manc e difficult . It appeare d tha t the 33 g l" 1 suspension s gav e bette r performanc e 
overall . Mor e wor k is require d to determin e the optimu m particl e concentratio n for 
shear-flocculation . 

Suspension  composition  (head  grade) 

Investigation s of the applicabilit y of shear-flocculatio n to suspension s of fine  par -
ticle s hav e usuall y commence d with studie s on singl e minerals , followe d by studie s 
on artificia l mixture s with , finally,  test s on natura l ores . Alon g the way , the suspen -
sion compositio n change s from 100 % of the valuabl e minera l to abou t 1% in the 
natura l ore . Unles s shear-flocculatio n give s high recover y on singl e minera l suspen -
sion s and goo d selectivit y on artificia l mixtures , it is unlikel y to be usefu l for natura l 
ores . 

A loss in performanc e on goin g to lowe r hea d grade s was show n by Jarret t 
and Warre n [13] in thei r wor k on 10:9 0 and 50:5 0 mixture s of scheelite : garnet . 
Dependin g on particl e size , the 10% mixture s wer e upgrade d by shear-flocculatio n 
and sedimentatio n to to 20-52 % at 68-85 % recover y of scheelite . The 50% mixture s 
wer e upgraded , dependin g agai n on particl e size , to 70-93 % at 78-95 % recovery . 
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In orde r to decid e whethe r the performanc e wit h 10% mixture s was bette r or wors e 
than tha t with 50% mixtures , a logarithmi c versio n of Gaudin' s selectivit y inde x was 
used . Thi s statisti c indicate d tha t performanc e was bette r wit h the 50:5 0 mixture . 

In the test s performe d by Koh and Warre n [27] on 1 /xm scheelite , abou t hal f the 
particle s wer e converte d to fast-floatin g floes.  Late r test s on natura l ore , containin g 
only 1.5% scheelite , coul d only conver t on e quarte r of the 1 /xm scheelit e particle s 
to fast-floatin g floes  [25] . Th e proble m of declinin g performanc e wit h decreasin g 
head grade , migh t no t be due to hea d grad e alon e bu t also to , for example , a chang e 
in the surfac e compositio n of the scheelit e particles . 

Magnetic  fields 

Lu et al . [8] foun d an interestin g additiona l effec t by carryin g ou t the shear -
flocculation  ste p in a magneti c field.  For weakl y magneti c mineral s suc h as rhodo -
chrosit e and siderite , the degre e of aggregatio n increase d ove r tha t observe d for 
shear-flocculatio n alon e or magneti c aggregatio n alone . Highe r concentrat e grade s 
wer e obtaine d in mixture s of thes e mineral s with quart z by usin g the combine d shea r 
and magneti c fields. 

Measuremen t of the degre e of shear-flocculatio n 

Ratio  of  mass  of  sediment  to  mass  of  suspension 

Whe n aggregatio n occur s the aggregate s normall y settl e faste r tha n the remain -
ing disperse d particles , and accumulat e preferentiall y in the sediment . If a settlin g 
time is chose n tha t take s accoun t of the relativ e settlin g velocitie s of discret e par -
ticle s and aggregates , the supernatan t suspensio n can be decante d or siphone d off 
afte r thi s time , and the sedimen t weighe d and , in the case of mixtures , analyze d for 
the valuabl e minera l [6, 8,13] . The degre e of shear-flocculatio n may the n be take n 
as the rati o of mas s of valuabl e minera l in the sedimen t to the mas s originall y in 
suspension . Not e tha t the sedimen t wil l alway s be contaminate d by som e discret e 
particles . 

Size  distribution  of  flocculated  suspension 

Durin g shear-flocculation , th e size distributio n of a suspensio n shift s to large r 
sizes , and a decreas e in the turbidit y of the suspensio n occurs . Th e chang e wil l be 
mos t clearl y see n if the origina l suspensio n is narrowl y sized , and the floes  are large . 
Conversely , for a broa d initia l size distribution , the chang e may be difficul t to detec t 
unles s the aggregatio n is extensiv e becaus e the size distributio n of the aggregate s 
will overla p tha t of the origina l discret e particles . 
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If the particle s are highl y charge d and the initia l suspensio n wel l disperse d and 
narrowl y sized , shear-flocculatio n result s in a bimoda l size distributio n [3 , 9, 27] . 
As shear-flocculatio n proceeds , the pea k in the size distributio n du e to the discret e 
particle s decrease s as tha t due to the floes  increase s (Figur e 5) . Som e unflocculate d 
particle s wil l remai n unles s the surfac e charg e is lowere d substantially . 

Ther e are difficultie s in obtainin g accurat e size distribution s of flocculated  sus -
pensions , whic h hav e only bee n solve d recentl y [30] . However , in th e paper s on 
shear-flocculatio n reviewe d here , author s hav e had to conten d with the fact s tha t (a) 
the densitie s of the floes  wer e no t known , and (b) the degre e of breaku p of the floes 
in suspension s pumpe d throug h orifice s in the measurin g devic e was unknown . 

Whe n usin g the photosedimentomete r metho d of sizing , in whic h the turbidit y 
is recorde d as a functio n of the tim e of settling , Warre n [1 , 2] and Ko h et al . 
[3] assume d tha t the floes  had the sam e relativ e densit y as the origina l discret e 
particles , an assumptio n whic h lead s to a significan t underestimatio n of floe  size s as 
in Figur e 5. Li and Fuerstena u [9] used a Microtra c size r in whic h ligh t is diffracte d 
by particle s in a lase r beam . Whe n a flocculated  suspensio n is examined , it mus t be 
assume d tha t the floes  do no t breakup , or grow , whils t bein g pumpe d and also tha t 
the optica l propertie s of the floes  are the sam e as thos e of the discret e particles . 
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Zollar s and Al i [17] use d a Coulte r Counte r wit h a 19-μι η aperture ; her e it mus t 
be assume d tha t ther e are no change s in floe  size on mixin g with the prescribe d sal t 
solutio n or in passin g throug h the orific e in the instrument . 

Size distribution s chang e significantl y on shear-flocculatio n an d th e degre e of 
shear-flocculatio n can be estimate d semi-quantitativel y from th e increas e in ά$ο, 
the size correspondin g to 50 w.t. % undersize , or the change s in the proportion s of 
sampl e mas s in differen t size ranges , e.g. <3 , 3- 6 and > 6 μι η for a sampl e initiall y 
finer  tha n 6  μτα  [2, 9]. It is even mor e usefu l to kno w wha t the proportion s of floes 
and discret e particle s are in eac h of thes e size ranges . Thi s can be don e by assumin g 
tha t the floes  in a give n size fractio n wer e forme d only from discret e particle s in the 
size fractio n belo w [2, 9] . 

Use  of  flotation  to measure  degree  of  aggregation 

The degre e of shear-flocculatio n may also be obtaine d indirectl y by flotation 
of the valuabl e minera l from the flocculated  suspension . Th e flotation  recoverie s 
and grade s befor e and afte r shear-flocculatio n can the n be compared , and any 
improvemen t attribute d to shear-flocculatio n [4, 7, 9, 15, 27] . Th e metho d is base d 
on the observatio n tha t floes float  faste r tha n disperse d particles . For example , Koh 
and Warre n [27] foun d tha t floes  of ultrafin e scheelit e floated  ten time s faste r tha n 
the discret e 1  μτα  particles . 

For mixture s of minerals , or natura l ore samples , value s of recover y and grad e 
generall y provid e a satisfactor y measur e of the efficienc y of the flocculation  process . 
However , whe n performanc e of sample s with very differen t hea d grade s is bein g 
compared , it is preferabl e to use an alternativ e statisti c such as Gaudin' s selectivit y 
inde x [31] or the logarithmi c inde x propose d by Jarret t and Warre n [13] . 

Theor y of shear-flocculatio n 

Hydrophobie  association 

Whe n two particles , mad e hydrophobi c by adsorptio n of a long-chaine d surfac -
tan t such as sodiu m oleat e or sodiu m dodecy l sulfate , collid e and adhere , par t of the 
interfac e betwee n the hydrocarbo n chain s and the aqueou s solutio n wil l disappea r 
to be replace d by an are a of contac t betwee n hydrocarbo n chains , thereb y reducin g 
the surfac e energ y of the syste m by JHW unit s of energ y pe r uni t are a of contac t 
per particle , wher e σ = specifi c surfac e energ y betwee n hydrocarbo n layer s (H) and 
wate r (w) . The energ y of hydrophobi c associatio n thu s release d wil l ensur e stron g 
bindin g of the two particles . 

Ther e ar e a numbe r of ways of makin g an order-of-magnitud e estimat e of the 
energ y of hydrophobi c association . Som e of thes e are give n in Figur e 6. For 1  μτα 
particle s coate d with oleat e Warre n [1] estimated : (a) the energ y of the interfacia l 
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energ y term σπ\ν , (b) the energ y release d in formin g a micell e betwee n the particles , 
and (c) the energ y release d in variou s degree s of overla p of the hydrocarbo n chains . 
Vincent , quote d in Warre n [1], estimate d the free energ y of mixin g of oleat e chains . 
Lu et al . [8] presen t a formul a for calculatin g the hydrophobi c associatio n energ y 
tha t is a functio n of the separatio n betwee n the particles , the thicknes s and densit y 
of the adsorbe d laye r and the "associatio n degree" . 

Whicheve r metho d is used to calculat e the energ y of hydrophobi c association , a 
relativel y larg e value , 1,000 to 10,00 0 kT,  wher e kT  is abou t 4 x 10" 21 J at roo m 
temperature , is obtained . 

Figur e 6 illustrate s jus t how larg e th e hydrophobi c associatio n energ y is com -
pare d with the Van der Waal s attractio n betwee n simila r particle s at a simila r sepa -
ration . 

Therefore , onc e contac t is made , hydrophobi c particle s shoul d be strongl y boun d 
together , a predictio n tha t is consisten t with the observe d productio n of aggregate s 
by the shear-flocculatio n process , aggregate s tha t ar e forme d unde r shea r and re -
main stabl e unde r shear . 

Koh et al . [23] hav e propose d an additiona l bindin g mechanis m cause d by the 
capillar y condensatio n of surfactan t at the poin t of contac t betwee n particles . The y 
claim tha t suc h liqui d bridgin g betwee n particle s is mor e likel y to occu r in th e 
scheelite-sodiu m oleat e syste m at lowe r pH (7.0 ) whe n the concentratio n of olei c 
acid molecule s is greater , and olei c acid can condense , and tha t thi s is consisten t 
with an observe d highe r flocculation  rat e at pH 7 compare d to pH 9.9 . 
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Hydrophobic  force 

The questio n remain s as to how the charge d particle s approac h closel y enough , 
agains t the forc e of electrostati c repulsion , to allow the hydrocarbo n chain s to touch . 
Lu et al. [8] and Parsonag e [32] sugges t tha t the overal l hydrophobi c interactio n can 
be considere d as the sum of (1) a hydrophobi c associatio n energ y due to overla p of 
hydrocarbo n chain s of the surfactant , and (2) a long rang e essentiall y entropi c inter -
action , with an exponentia l decay , of the type measure d by Pashle y and Israelachvil i 
[33]. The latte r has bee n calle d a "hydrophobi c force " (se e also Xu and Yoo n [4] , 
Derjagui n [34]) . 

Kitchene r [35] explain s hydrophobi c force s as follows : wate r molecule s nex t to 
a non-pola r surfac e are constraine d to confor m to the ope n tetrahedra l hydrogen -
bonde d structur e of bul k wate r on the one side and on the othe r they are attracte d 
non-specificall y to the group s on the substrate . The resul t is a perturbe d wate r struc -
ture and any proces s whic h release s som e perturbe d water , suc h as the approac h 
and contac t of two hydrophobi c particle s in water , wil l lowe r the overal l free energ y 
and be spontaneous . 

A hydrophobi c forc e was observe d by Pashle y and Israelachvil i [33] in thei r 
direc t measurement s of the force s betwee n two mic a plate s in aqueou s solution s 
of hexadecy l trimethy l ammoniu m bromid e (HTAB) . At 10~ 4 mo l Γ 1 HTAB , a 
packe d monolaye r of HTA + forme d on the mic a and a hydrophobi c surfac e was 
expose d to the solution . Th e attractiv e forc e betwee n the two hydrophobi c mic a 
surface s was thre e time s large r tha n the expecte d Van der Waal s force . Th e surface s 
jumpe d into contac t from a separatio n of 9 nm rathe r tha n the expecte d 4 nm . 

Thus , the hydrophobi c forc e is relativel y long rang e and , accordin g to Israelachvil i 
[36], account s for the rapi d coagulatio n of hydrophobi c particle s in water . Th e cal -
culation s of Parsonag e [32] and Lu Shouc i and Da i Zongf u [37] show tha t includin g 
the hydrophobi c forc e int o the calculatio n of the interactio n energ y betwee n par -
ticle s lead s to a muc h deepe r primar y minimu m bu t only a sligh t decreas e in the 
heigh t of the energ y barrie r opposin g aggregatio n (Figur e 7) . 

If the decreas e in the energ y barrie r is small , as predicte d in Figur e 7, it doe s no t 
necessaril y explai n why the particle s overcom e the barrie r and adher e to eac h other . 

CHtical  shear  rate 

The experimenta l result s show tha t for a suspensio n of charged , hydrophobi c 
particle s the shea r rat e need s to excee d a critica l valu e befor e shear-flocculatio n 
occurs . Qualitatively , thi s has bee n explaine d by the nee d to give the collidin g 
particle s sufficien t kineti c energ y to allo w the m to surmoun t th e energ y barrie r 
set up by the electrostati c repulsio n force s and approac h closel y enoug h to allo w 
hydrophobi c interaction s to dominat e [38 , 39] . However , thi s simpl e explanatio n 
pre-supposes : 
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Fig. 7. A. Comparison of potential energy of interaction between 1.8 /xm rhodochrosite particles sep-
arated by various distances, in the absence (Uj) and presence (ί/τ) of hydrophobic forces (from 
Lu and Dai [37]). B. Comparison of potential energy between 1 and 100 μπι particles of zeta po-
tentials 45 and 15 mV, respectively, in the absence (Uj) and presence (ί/τ) of hydrophobic forces 
(from Parsonage [32]). 

(1) tha t the increase d aggregatio n is no t merel y the resul t of an increase d rat e of 
collisio n betwee n particle s at highe r shea r rates ; and 

(2) tha t the shea r regim e woul d no t caus e the particle s to aggregat e if they wer e 
not hydrophobic . 
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Considerin g first  the effec t of collisio n rate , in lamina r flow  this is propositiona l to 
the shea r rat e D,  and in turbulen t flow  to the energ y loss in the flow  per secon d pe r 
uni t volum e [40] . In stirre d tank s the energ y loss is in tur n relate d to the "average " 
shea r rat e D  and to the stirre r spee d (see sectio n on "Tkn k design" , above) . Warre n 
[1], usin g the relatio n tha t the collisio n rat e in the turbulen t flow  of a stirre d tan k 
was approximatel y proportiona l to the % powe r of the stirre r speed , estimate d tha t 
the increas e in collisio n rat e was muc h less tha n woul d accoun t for th e increase d 
degre e of aggregatio n due to the shea r flocculation  effect . 

Considerin g now the effec t of shea r rat e on the coagulatio n of particle s no t mad e 
hydrophobi c by an absorbe d layer , it is know n tha t suc h hydrophili c suspension s tha t 
are stabl e at low or intermediat e shea r rate s may nevertheless , coagulat e at highe r 
shea r rate s [41] . Thi s has bee n calle d "shea r coagulation " and it is importan t to 
distinguis h it from shear-flocculation . Fo r particle s fine  enoug h to hav e no inertia , 
and whic h mov e with the fluid,  the hydrodynami c forc e durin g a particle-particl e 
encounte r can be larg e enoug h to overcom e the energ y barrie r arisin g from th e 
charg e on the particl e surfaces . However , shea r rate s of 100 to 10,00 0 s" 1, whic h 
woul d cove r the entir e rang e expecte d in a stirre d tank , are no t sufficien t for shea r 
coagulatio n of 1 or 3 μπ ι particle s with zeta potential s greate r tha n 30 mV, accordin g 
to calculation s mad e by Warre n [2] usin g the metho d of Van de Ven and Maso n [41] 
for inertiales s particles . Thi s is consisten t with experimenta l observation s on 1 /zm 
scheelit e (-4 5 mV, pH 10) and 3 μτα  tourmalin e (-3 7 mV, pH 10) bu t no t for 3 μηι 
cassiterit e particle s (—40 mV, pH 7) . It was speculate d tha t inertia l effect s migh t be 
responsibl e for the anomalou s shea r coagulatio n of highl y charge d 3 /xm cassiterite , 
whic h has a significantl y highe r relativ e densit y tha n tourmalin e (7 versu s 3.1) [2] . 

Intertia l effect s wer e show n by Van Dieme n and Stei n [42] and Stei n et al. [29] to 
increas e coagulatio n of 5 μιη quart z and 0.66 μη ι zinc oxid e particle s in a Couett e 
viscometer , wherea s for 1.5 μπ ι quartz , intertia l effect s wer e no t observe d in the 
rang e of shea r rate s of 10 to 10,00 0 s"1. Fo r 3 μη ι quartz , inertia l effect s increase d 
the coagulatio n rat e whe n the shea r rat e exceede d abou t 20 s _1. 

Sinc e muc h of the recen t wor k on shear-flocculatio n has bee n don e usin g parti -
cles of averag e size 3-1 0 μπ ι (se e sectio n on "Particl e size" , above) , inertia l effect s 
may tur n ou t to be mor e importan t tha n currentl y supposed , whethe r or no t the 
particl e surface s are mad e hydrophobic . Particl e inerti a coul d wel l explai n how the 
particle s overcom e the electrostati c repulsio n barrier . 

Anothe r effec t whic h may assis t the hydrophobi c particle s to mak e contac t is 
relate d to the eas e with whic h the thin laye r of liqui d separatin g th e approachin g 
particle s is removed . Deryagi n and Krylo v [43] foun d tha t the flow  rat e in 0.1 μιη 
tube s was increase d five  to ten time s by makin g the surface s hydrophobic , whic h 
suggest s tha t it may be easie r to thin the liqui d laye r separatin g two hydrophobi c 
particle s tha n tha t separatin g two hydrophili c particle s [1] . 
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Floe  growth  and  breakage 

The first  ste p in the flocculation  proces s is the collisio n of two primar y particle s 
to form a double t tha t may the n collid e wit h othe r primar y particle s or doublet s 
to form large r aggregate s and so on . Aggregate s do no t grow indefinitel y bu t ar e 
eventuall y spli t int o smalle r fragment s by the shearin g force s in the liquid . Whe n 
this continua l proces s of growt h and breakag e reache s stead y rate , th e rat e of 
chang e in the numbe r of aggregate s of any give n size wil l be zero . Th e rat e of 
formatio n of aggregate s of a certai n size by coalescenc e of smalle r fragment s or 
breakag e of large r one s wil l the n equa l the rat e of loss of aggregate s of the sam e 
size due to thei r coalescenc e wit h othe r aggregate s or thei r breakag e unde r th e 
actio n of attritio n and shear-redispersio n [13] . 

A numbe r of assumption s hav e to be mad e to mode l the processe s of floe  growt h 
and breakage . Koh et al. [3, 20] develope d a model , with certai n assumptions , whic h 
predicted , successfully , floe  size distribution s generate d in larg e stirre d tank s from 
value s measure d in simila r smalle r stirre d tanks . Thei r experiment s wer e carrie d ou t 
on particle s of ultrafin e scheelite , all finer  tha n 10 μιη , averag e size 1 //m , and the 
rate of disappearanc e of particle s finer  tha n 2  μτα  was use d as a measur e of the 
degre e of shear-flocculation . As a reasonabl e approximation , they propose d that : 

-dW/dt  =  kW 2 (2 ) 

wher e W  is the mas s concentratio n of particle s finer  tha n 2 //m , and A: is a rat e 
constant . Th e exponen t of 2 for W  was an approximatio n on the basi s of test s 
whic h gave exponent s for W  of 1.7 to 3.1 . Plot s of 1/W  versu s t wer e foun d to be 
approximatel y linea r from 50 to 175 min at averag e shea r rate s D  of 250 to 1400 
s"1. Th e rat e constan t k  was foun d to increas e linearl y wit h the "effective " shea r 
rate , an averag e valu e takin g accoun t of the differen t shea r zone s in the tank . Th e 
size distributio n of floes  was self-preserving , i.e . for a give n geometr y and spee d the 
standar d deviatio n σ of the size distributio n did no t vary with the tim e of stirrin g or 
the averag e floe  size . Th e averag e floe  size did chang e with tim e dependin g on the 
stirre r spee d bu t the change s wer e said to be smal l enoug h afte r the first  15 min to 
assum e a constan t floe  diamete r d{ for a give n geometr y and for time s greate r tha n 
15 min . The shear-flocculatio n proces s afte r the first  15 min coul d the n be describe d 
by k,  σ  and d{.  Fro m correlation s of thes e parameter s in smal l tank s (0.5- 2 1), 
value s wer e predicte d in larg e tank s (4 1) and goo d agreemen t with experimen t was 
obtained . 

In orde r to mode l the rat e of shear-flocculatio n in stirre d tank s with variou s as-
sume d zone s of differen t shea r rate , Koh et al . [20] assume d tha t shear-flocculatio n 
occurre d by orthokineti c coagulatio n and tha t particle s or aggregate s coalesce d int o 
sphere s on contact . Thes e assumption s mad e it possibl e to use the equation : 

jj-  =  e x p ( - 0 (3 ) 
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to describ e the rat e of chang e of the numbe r concentratio n N  of particle s at tim e f, 
wher e NQ is the initia l concentration , f =  4αφΌί/π,  a  = collisio n efficienc y factor , 
and φ  = particl e volum e fraction . 

Dippenaa r [15] observe d tha t the shear-flocculatio n of 1.5- 5 μτη  galen a produce d 
som e floes  of size abou t 10 μτα  and a few others , calle d "superflocs" , up to 1 mm 
diameter . He postulate d tha t dimer s and trimer s of primar y particle s form readily , 
and collision s betwee n the m eventuall y lead to the formatio n of intermediat e floes. 
On th e othe r hand , dimer s of intermediat e floes  ar e slow to form , bu t onc e an 
embry o superflo c has formed , it consume s singl e intermediat e floes  unti l its size is 
limited , probabl y by the dimension s of the shea r vessel . 

With respec t to the growt h of floes  in mixture s of minerals , mixe d floes  of par -
ticle s of the valuabl e minera l and gangu e ar e inevitabl y formed . Fo r mixture s of 
scheelit e and garnet , Jarret t and Warre n [13] wer e unabl e to determin e whethe r gar -
net particle s wer e entraine d withi n intersitice s of existin g scheelit e floes  or whethe r 
garne t co-flocculate d with the scheelite . However , they observe d tha t floe  grad e did 
not decreas e with tim e of aggregatio n and suggeste d tha t as the scheelit e floes  grow , 
the rat e of captur e of garne t by the floes  was almos t the sam e as the rat e of loss of 
garne t due to the flexing  of the floes  as they move d in the fluid. 

Application s 

Laboratory  tests  on  ore  samples 

Mercad e [44] , in a paten t on the frot h flotation  of low grad e scheelit e ore , pre -
scribe s as par t of the method , a 5-minut e conditionin g of the pul p at 25 horsepowe r 
hour s pe r ton befor e flotation  at pH 10 with fatty acid . Th e agitatio n was said to 
form floes  of scheelit e and to lead to bette r flotation  performance . Ko h and Warre n 
[25] also studie d a scheelit e ore sampl e (1.5 % scheelite , 8.3 % calcite , ~90 % garnet ) 
but the sampl e had bee n groun d til l all particle s wer e finer  tha n 11 μπ ι (averag e 
size 1.2 μιη) . Naturally , the rat e of flotation  of thi s ultrafin e scheelit e was low and 
performanc e was poor . If the pul p was first  treate d by shear-flocculatio n (60 min at 
1200 rpm ) aggregate s of scheelit e wer e forme d tha t floated  approximatel y 20 time s 
faste r tha n the origina l disperse d particles . Th e flotation  recover y of scheelit e was 
increase d from abou t 30 to 50 % withou t los s of concentrat e grad e (~8%) , in a 
singl e roughe r flotation  step . 

Rubi o [45] foun d tha t deliberat e pre-conditionin g of an ultrafin e malachit e 
(Cu2(OH)2CC>3 ) ore at high shea r rat e led to aggregatio n of the malachit e in pref -
erenc e to the gangu e and this in turn gave mor e efficien t flotation.  Rubi o speculate d 
tha t the mechanis m coul d hav e bee n tha t of shear-flocculation . Wojci k [5] adde d 
4 kg kerosen e t" 1 of 0.25 mm coa l and stirre d th e mixtur e at 200 0 rpm for 10 
min befor e flotation.  Thi s led to mor e rapi d flotation  of the coa l withou t the nee d 
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for a frother , an d bette r selectivity . Coa l aggregate s forme d wit h onl y 1/2 5 th e 
consumptio n of kerosen e require d in the alternativ e proces s of oil agglomeratio n 
or spherica l agglomeratio n (Cape s et al . [46]) . Dippenaa r [15] obtaine d significan t 
shear-flocculatio n of the sulfid e minerals , galen a and chalcocite , and of galena -
quart z mixtures , bu t only a sligh t increas e in recover y afte r shear-flocculatio n of 
the tailing s strea m from a pyrit e flotation  plant . However , the low hea d grad e (3 % 
S), high ioni c strengt h and presenc e of residua l polymeri c depressant s coul d hav e 
interfere d with the shear-flocculatio n process . 

Bulatovic h and Slate r [47] foun d tha t high intensit y conditionin g of severa l sulfid e 
ores significantl y improve d floatability  and selectivit y of particle s less tha n 10 /im . 
This was attribute d to aggregatio n of the ultrafines . 

Pilot  and  full  scale  plant  trials 

A pilo t plan t tes t [28] and a full scal e plan t tria l [48] sugges t tha t unde r cer -
tain circumstances , shear-flocculatio n is a beneficia l pre-treatmen t of ultrafin e ore s 
befor e flotation. 

The pilo t plan t comprise d grinding , classifying , shear-flocculatio n an d roughe r 
flotation  (Figur e 8) . Scheelit e ore from Kin g Islan d was groun d to give a high pro -
portio n of ultrafin e materia l (up to 70 w.t. % < 15 /im ) and its floatability  assessed . 
It was foun d tha t unde r continuou s operatin g condition s 74% of the scheelit e coul d 
be recovere d by roughe r flotation.  Pre-treatmen t of th e ultrafin e pul p by shear -
flocculation  improve d subsequen t flotation  recover y of scheelit e to 83% , concen -
trat e grad e was increase d from 5 to 6% W0 3. Th e valu e of the extr a tungste n recov -
ered was as high as four time s the incrementa l runnin g cos t of the shear-flocculatio n 
tanks . 

Grasbur g [48] describe d th e modificatio n and reconstructio n of the Yxsjober g 
scheelit e plan t in Swede n in whic h the scheelit e ore is conditione d wit h fatty acid 
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Fig. 8. Pilot plant flow sheet for shear-flocculation and flotation of ultrafine scheelite ore from King 
Island Tasmania (from Koh and Warren [28]). 
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and the scheeht e is flocculated  befor e flotation.  In fact , the floes  wer e too stabl e and 
in the cleanin g circuit , specia l effor t was require d to liberat e entrappe d fluorite  and 
calcite , whic h co-flocculate d wit h the scheelite . A specifi c compariso n of the plan t 
performanc e with and withou t the shear-flocculatio n ste p was no t presented . 

Conclusion s 

Shear-flocculatio n has bee n widel y teste d in the laborator y on singl e mineral s 
and simpl e two-componen t mixtures . Unde r thes e condition s it can be an effectiv e 
metho d of selectivel y aggregatin g ultrafin e particle s of on e minera l from another . 
Separatio n of the floes  is the n possibl e by sedimentatio n or flotation.  Critica l param -
eter s are the hydrophobicit y of the particl e surfaces , thei r charg e and the magnitud e 
of the applie d shear . Th e theor y is stil l unde r developmen t bu t the key factor s ar e 
the strengt h of hydrophobi c associatio n betwee n hydrocarbo n chain s and the hy-
drophobi c forc e tha t is relativel y long rang e and act s betwee n hydrophobi c surface s 
in water . It appear s tha t particl e inerti a may be the importan t mean s by whic h 
collidin g particle s surmoun t the electrostati c energ y barrie r betwee n them . 

Application s of shear-flocculatio n to natura l ore s at the bench-scale , in the pilo t 
plan t and in an operatin g concentrato r hav e no t give n spectacula r improvement s 
but with amenabl e systems , such as scheelit e ores , ther e hav e bee n worthwhil e cos t 
benefits . Th e laborator y test s sugges t tha t furthe r improvemen t is possible . 
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Coatin g  an d  carrie r  method s  fo r  enhancin g 

magneti c  an d  flotation  separation s 

P. PARSONAGE 

Introductio n 

Amongs t the variou s separatio n technique s whic h depen d upo n surfac e and col -
loid chemica l phenomen a as the basi s for selectivity , thos e involvin g the additio n of 
solid particle s hav e receive d surprisingl y littl e attentio n in the technica l literature . 
Such techniques , whic h includ e bot h coatin g and carrie r methods , rely on the selec -
tive aggregatio n of a targe t particl e wit h the introduce d soli d in suc h a way as to 
drasticall y alte r som e physica l propert y [1] . Thi s in tur n alter s the respons e of the 
particle s to som e separatio n metho d such as flotation  or magneti c treatment . 

The presen t articl e concentrate s on two such techniques : 
(1) the selectiv e increas e in magneti c respons e by incorporatio n of a strongl y 

magneti c phase ; 
(2) modificatio n of frot h flotation  response . Thi s can eithe r be to increase  the 

flotation  rat e of fine  particle s by attachin g the m to coarse r particle s (carrie r flota-
tion) , or to decrease  the flotation  rat e of coars e particle s by coatin g the surfac e with 
fine,  hydrophili c particle s (slime-coating) . 

Thes e variou s technique s are reviewe d and the colloi d chemica l principle s under -
lying the particl e adhesio n and coatin g are discussed . 

Differen t type s of carrie r and coatin g proces s 

Enhancement  of  magnetic  properties 

The magneti c respons e of weakl y magneti c mineral s can be increase d by incor -
poratin g a smal l proportio n of a highl y magneti c materia l int o the particles . Com -
monly , ferromagneti c and ferrimagneti c materials , suc h as ferrosilico n and mag -
netit e are used ; thes e exhibi t magnetisation s whic h are order s of magnitud e greate r 
than typica l paramagneti c mineral s such as wolframit e or tourmaline . 
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TABLE 1 

Variation of magnetisation, M, with flux density, B, for paramagnetic materials, and magnetite content 
of non-magnetic particle for equivalent magnetisation. 

Volume 
susceptibility 
of paramagnetic 
mineral, χ 
(SI units) 

5 x 10"3 

10" 

Magnetic 
flux density, B 
(T) 

0.2 
1 
2 

0.2 
1 
2 

Magnetisation, M 
(A m"1) 

7.96 x 102 
3.98 x 103 
7.96 x 103 

1.59 x 102 
7.96 x 102 
1.59 x 103 

Magnetite content 
of non-magnetic 
particle to give 
equal magnetisation 
(volume %) 

0.17 
0.83 
1.66 

0.03 
0.17 
0.33 

The magneti c forc e on a particl e is give n by: 

-FMAG =M -V 

For paramagneti c minerals : 

B 
M = χ·  — 

μ0 

(1) 

(2) 

For particle s containin g a proportio n of a ferromagneti c phase , for H > DM S2it[: 

M = v/.M sati (3 ) 

Equation s (l)-(3 ) can be use d to calculat e the amoun t of magnetit e (M sati = 
4.78 x 105 A m" 1) whic h whe n incorporate d in a particl e of non-magneti c materia l 
woul d give rise to a magneti c forc e simila r to tha t experience d by a paramagneti c 
minera l particle . Strongl y paramagneti c mineral s such as garnet , fayalit e or siderit e 
whic h are commonl y recovere d in conventiona l magneti c separatio n hav e volum e 
magneti c susceptibilities , χ , of abou t 5 x 10" 3 (dimensionles s SI units) . Mor e 
weakl y paramagneti c minerals , suc h as monazit e and malachit e hav e susceptibili -
ties of aroun d 10" 3. The conten t of magnetit e require d to produc e a magnetisatio n 
simila r to tha t of such paramagneti c mineral s in a non-magneti c particl e hav e bee n 
calculate d in Tabl e 1. Thi s show s tha t the incorporatio n of as littl e as 0.1-1 % of 
magnetit e by volum e give s rise to a magneti c forc e of the sam e orde r as tha t ex-
perience d by the type s of minera l readil y recovere d by conventiona l high-intensit y 
magneti c separation . 

An importan t differenc e betwee n the two type s of particl e is the way the magneti c 
force change s with the flux  density , B.  Th e magnetisation , and henc e the magneti c 
force , for paramagneti c material s increase s linearl y with flux  density . For ferromag -
neti c material s however , magnetisatio n reache s a saturatio n value ; furthe r increas e 
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in the flux  densit y has no effec t on the magneti c force . Magnetit e particles , for 
example , are magneticall y saturate d at flux  densitie s of greate r tha n abou t 0.2 T. 

The differen t technique s for incorporatin g magneti c materia l int o non-magneti c 
particle s are discusse d in the followin g sections . Th e genera l conditionin g proces s is 
simila r for each . The pul p is treate d with reagent s to optimis e the surfac e propertie s 
and the magneti c particle s ar e introduced . Th e mixtur e is conditione d to allo w 
coatin g or flocculation  to tak e place , the n treate d magneticall y usin g we t high -
intensit y separators . 

Selective  magnetic  coating 
This proces s relie s on the selectiv e adhesio n of fine  magneti c particle s to the sur -

faces of targe t minerals . (Figure s 1 and 2) Factor s controllin g the coatin g formatio n 
are the sam e as thos e whic h contro l slim e coatin g in flotation.  Althoug h selectivit y 
is generall y improve d if the value s hav e a differen t wettabilit y from th e gangue , 
this is no t an essentia l requirement . Bot h hydrophobi c and hydrophili c mixture s 
have bee n successfull y separate d by thi s techniqu e [2-4] . Electrica l interactions , 
hydrophobi c and hydrophili c interactions , and associatio n betwee n adsorbe d surfac -
tan t chain s are the mai n parameter s controllin g selectivity . Fin e particles , generall y 
belo w abou t 2  μτα  diameter , are require d to form resilien t coatings . 

The rejectio n of rutil e and anatas e from kaoli n has bee n achieve d by seedin g 

(2) 

Fig. 1. Selective magnetic coating: (1) mixture of minerals with fine magnetite; (2) selective deposition 
and adhesion of fine magnetite on the surface of target mineral. 
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the slurr y with fine  magnetit e [5, 6] . Selectiv e coagulatio n of the magnetit e wit h 
the titaniu m impuritie s appear s to hav e bee n involved . Additio n of fatty acid s was 
propose d by Coo k to improv e separatio n in this syste m [7]. Presumabl y hydrophobi c 
flocculation  was occurring . 

Huble r describe d the use of fatt y acid s to improv e the magneti c separatio n of 
felspathoi d ore s containin g magnetit e [8] . A magneti c coatin g was forme d on min -
eral s such as corundum . 

Remova l of carbonates , such as calcit e and dolomite , from mixture s with apatite , 
barit e and scheelit e hav e bee n demonstrate d at laborator y and pilot-plan t scal e [2 -
4, 9, 10] . The leve l and the selectivit y of the magnetit e coatin g was strongl y pH 
dependen t whe n use d in the presenc e of sodiu m oleate . (Figur e 3) Thi s was inter -
prete d as bein g a functio n of change s in zet a potential s and surfactan t adsorptio n 
density . 

Fig. 2. Particle of fluorite after treatment showing coating of fine magnetite particles. Scale bar = 15 
μπι. 
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MAG. AT 1.5 A 
-kr 

MAG. AT 2.5 A 
--Δ-- CALCITE 
-V~ DOLOMITE 
--D-- APATITE 

2.Ί0 3M N Q C I O, , 5 c m3 OLEATE DISPERSED MAGNETITE 

Fig. 3. Effect of pH on recovery of phosphate/carbonates by magnetic separation after treatment with 
oleate and magnetite (from Parsonage [2]). 

Coppe r meta l in the presenc e of lead was show n to be selectivel y coate d afte r 
treatmen t wit h dodecylamin e to mak e the surfac e hydrophobi c [2] , Nea r perfec t 
separatio n was achieve d (Figur e 4) . 

Selective  coating  with  magnetic  oil 
Pioneerin g wor k was carrie d ou t by Lockwoo d for the Mure x compan y and thi s 

proces s is sometime s referre d to as the Mure x Proces s [11-13] . 
Oil droplet s wil l readil y attac h to , or sprea d over , the surface s of particle s whic h 

have bee n mad e hydrophobi c or oleophilic . If th e oil contain s a finely  dispersed , 
magneti c phas e the n a magneti c coatin g wil l form . Th e magneti c particle s may 

Coating and carrier methods for enhancing magnetic and flotation separations 
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Fig. 4. Separation of metallic copper from lead after selective coating of copper (from Parsonage [2]). 

(a) (b) 

(c) 

Fig. 5. Selective coating using magnetite and oil: (a) single magnetic particle with oil bridge attached 
to surface by capillary force; (b) surface attachment of agglomerate; (c) coating by an oil containing 
dispersed magnetite. 

remai n mobil e withi n the oil film  or may be anchore d to the particl e surfac e by the 
capillar y forc e (Figur e 5) 

The basi s for th e selectivit y is the sam e as for frot h flotation,  i.e . wettability . 
One advantag e of the coatin g proces s ove r flotation  is tha t muc h coarse r particle s 
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Fig. 6. Surface of coarse (1 cm) fluorite showing adherent coating of particles of magnetite up to 50 
μπι diameter after treatment with fatty acid and diesel oil. The fluorite was recovered in the magnetic 
product of a rare-earth roll separator. Width of field of view = 1 mm. 

can be treated . A possibl e limitatio n for thes e coars e particle s is tha t althoug h 
it is possibl e to selectivel y coa t the m with magnetite , ther e may no t be a suitabl e 
practica l magneti c separato r to perfor m the separation . Recen t development s in wet 
permanen t magne t rol l separator s may be of use in thes e application s [14] . Particle s 
of up to 1 cm hav e bee n separate d (Figur e 6) . 

A numbe r of separation s base d on this proces s has bee n describe d ove r the year s 
(see Tkbl e 2) . An importan t poin t tha t has bee n establishe d is tha t whe n use d in 
conjunctio n with oil , coarse r magnetit e particle s (up to at leas t 30 μτα)  are effectiv e 
as coatin g materials . Thi s is of significan t economi c importanc e sinc e the cos t of this 
materia l can be an orde r of magnitud e less tha n the minu s 2 /xm materia l whic h 
appear s necessar y whe n oil is not used . 

Selective  co-flocculation  with  magnetic  material 
Selectiv e flocculation  as a metho d of fine  particl e separatio n has receive d atten -

tion ove r the pas t two decade s [25-28] . The principl e of the separatio n is tha t by 
selectivel y adsorbin g a high molecula r weigh t polyme r to a selecte d minera l it can be 
flocculated , whils t keepin g othe r mineral s in a dispers e state . Mos t worker s envisag e 
the fractionatio n of the selectivel y flocculated  mixtur e as bein g by sedimentation , 
using elutriator s or thickeners . 
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TABLE 2 

Reported separations using magnetic coatings with oil. 

Selective coating of A 
in the presence of B 

A 
Cu + Pb 
carbonates 

Coarse sulphides 
Galena 

Hematite 

Hematite 

Chalcocite 
Sphalerite 
Coal 

Quartz 

Coal 

Coal 

Weed, seeds 

Fluorite 

B 

Gangue 

Sn + W minerals 
Silica, barite 

Gangue 
Gangue 
Ash 

Magnesite 

Ash 

Ash 

Cultural seeds 

Quartz 

Reagents 

Oil 6.8 kg t"1, 
oleic acid 0.36 kg t- 1, 
magnetite 7.7 kg t-1 

Long chain sulphonates, 
petroleum sulphonates, 
fuel oil 

Tall oil 2 kg t"1, 
diesel oil 10 kg t_1 

Kerosene based ferrofluid 

Dialkylquaternary 
ammonium chloride 
(ARQUAD-2C) 0.5-0.8 kg t"1, 
diesel oil 2.8-3.2 1t"1, 
Flotol B 0.4-0.5 11"1, 
magnetite 

Magnetite in gas oil 

"Magnetic powder and oil" 

Oleic acid, diesel oil, magnetite 

Size 

up to 
2-3 mm 

0.5-8 mm 

8-9.5 mm 

Ref. 

[15] 

[16] 

[17] 

[18] 

[19] 

[20] 

[21] 

[22] 

[23] 

[24] 

An alternativ e proces s base d on thi s techniqu e is to incorporat e magneti c ma-
teria l int o the floes  and the n use magneti c separatio n technique s to remov e the 
magneti c floes  from the unfloeculate d materia l (Figur e 7) . A majo r advantag e of 
this metho d is tha t the flocculated  materia l nee d no t be in the form of large , fas t 
settlin g floes.  Thi s mean s tha t high shea r conditionin g can be use d to reduc e en-
trainmen t of gangue . Als o a wide r particl e size rang e can be treate d becaus e the 
unfloeculate d coars e materia l wil l go with the non-magneti c tail s rathe r tha n with 
the floes  as is the case with sedimentation . 

Iwasak i showe d tha t the selectiv e flocculation  of hematit e from silic a can be im-
prove d by addin g fine  magnetit e befor e flocculation,  the n partitionin g usin g a mag -
neti c troug h [29] . Typicall y he groun d the ore with sodiu m hydroxid e and sodiu m 
silicat e to dispers e the silica . Fin e magnetit e (80 % belo w 30 μτή)  was added , the n 
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Fig. 7. Selective co-flocculation: (1) mixture of minerals with added magnetite (black); (2) after addition 
of flocculant, target mineral and magnetite co-flocculate. 

causticize d starc h used as flocculant  for the iron minerals . He varie d the amoun t of 
magnetit e in the tests , bu t typica l usefu l concentration s wer e 5-10 % of the weigh t 
of hematit e in the ore . 

Hwan g et al . hav e describe d the separatio n of gibbsit e and quart z [30] . Th e 
sampl e (2-2 0 μτα)  was disperse d at alkalin e pH usin g Na2 S and NaF . Magnetit e (5 
μτη)  was adde d at 1% and co-flocculate d wit h the gibbsit e usin g 2 ppm of an anionic , 
very high molecula r weigh t polyacrylamide . Th e magneti c floes  wer e recovere d by 
passin g the suspensio n throug h a plasti c tub e packe d with stainles s stee l woo l in a 
magneti c field  of 0.1 T As with conventiona l selectiv e flocculation,  redispersio n and 
reflocculatio n reduce d the amoun t of entrainmen t in the floes. 

The sam e worker s also reporte d the separatio n of alunit e (KAl3(SC>4)2(OH)6 ) 
and quart z [31] . Sodiu m carbonat e and sodiu m tripolyphosphat e dispersant s wer e 
used . A 1 % additio n of 5 /xm magnetit e was mad e followe d by a non-ioni c polyacry -
lamid e flocculant.  Selectiv e co-flocculatio n of the magnetit e and quart z take s place . 
Alunit e grade s of 89% at a recover y of 82% was achieve d afte r recleaning . 

The treatmen t of potas h ore s by co-flocculatio n wit h magnetit e has bee n inves -
tigate d at bot h laborator y and pilot-plan t scal e [32 , 33] . Th e remova l of insolu -
ble mineral s suc h as clay , quart z and gypsum , may be achieve d by co-flocculatin g 
them wit h magnetit e usin g a non-ioni c polyacrylamid e wit h a molecula r weigh t of 
20 x 106. Ioni c mineral s such as sylvit e (KC1 ) and halit e (NaCl ) remai n dispersed . 
It is believe d tha t the selectivit y is du e to selectiv e adsorptio n of polyme r on the 
insolubl e mineral s and the magnetit e by hydroge n bondin g throug h surfac e oxyge n 
atoms . Th e sylvit e and halit e do no t posses s such a bondin g mechanis m and remai n 
unflocculated . Th e importan t proces s variable s are the dosag e and particl e size of 
the magnetite , the flocculant  addition , the intensit y of mixin g and the conditionin g 
time . Magne t curren t and temperatur e wer e less importan t variables . Lon g or in-
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tens e mixin g cause s breakdow n of the floes  and a consequen t loss of recover y to 
the magnetics . On the othe r hand , too gentl e mixin g can resul t in entrainmen t of 
the sal t mineral s in the floes.  For the treatmen t of a minu s 30 μτα  materia l it was 
foun d tha t 75 kg t" 1 of minu s 14 μχη  magnetit e and 375 g t _1 polyacrylamid e en-
able d the insolubl e conten t to be reduce d from 69 % to 22 % with a sal t recover y of 
greater  tha n 90% . Pilot-plan t testin g of the proces s at Boulb y Potas h Mine , U.K. , 
has bee n carrie d ou t usin g Boxma g Rapi d and Erie z hig h intensit y carouse l mag -
neti c separators . Throughput s of up to 100 kg pe r hou r hav e bee n achieved . Th e 
magnetic s produc t is thickene d the n attrite d to brea k dow n the floes  and so releas e 
the magnetit e for recover y and recycling . Recoverin g the magnetit e may be difficul t 
for heavil y flocculated  products . 

Chemical  coating  methods 
Variou s chemica l technique s for magneti c coatin g hav e bee n exploite d as separa -

tion methods . 
Conversio n of a non-magneti c or weakl y magneti c iron minera l to a mor e highl y 

magneti c phas e may be achieve d by roasting , oxidativ e alkalin e pressur e leachin g 
[34] or by the surfac e decompositio n of a gas phas e such as iron pentacarbonyl . Thi s 
latte r result s in surfac e depositio n of a highl y magneti c phas e and is know n as the 
Magne x process . It has bee n explore d as a metho d for treatin g coa l by magnetisin g 
the ash and pyrit e phase s [35-37] . Othe r investigator s hav e studie d its applicatio n 
to chrysocolla-quart z separatio n [38] . 

Adhesion  of  fines  to coarse  magnetite 
Relativel y coars e magnetit e particle s may be carrier s for fine  non-magneti c parti -

cles . 
Green e and Duk e describe d the use of minu s 45 μτα  heav y medi a grad e mag -

netite , treate d with tal l oil , fuel oil and alkal i as a carrie r to remov e anatas e from 
kaoli n [39] . The kaoli n was treate d separatel y with reagents . A rejectio n of 26 % of 
the anatas e was achieve d in 5.4% of the kaoli n feed weight . 

WSR Pty Ltd , Australia , hav e suggeste d the use of hydrophobi c magnetit e par -
ticle s as slim e carrier s as an alternativ e to the use of gas bubble s in conventiona l 
flotation.  Adsorptio n of minu s 20 /xm molybdenit e particle s has bee n describe d [40 , 
41]. 

A drawbac k to usin g coars e carrier s is the high weigh t whic h mus t be adde d to 
give a usefu l surfac e are a for adsorbin g the fines. 

Non-mineral  processing  applications 
The Siroflo c metho d of wate r treatmen t use s groun d magnetit e to adsor b humi c 

acid s and meta l ions [42] . An acid pH is used to provid e a positiv e magnetit e surfac e 
to aid the adsorptio n of the negativ e contaminants . 

Bacteri a can be adsorbe d ont o magnetite . Th e use of magnetit e in combinatio n 
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with aluminiu m has bee n reporte d to be effectiv e for the remova l of colifor m bac -
teria , alga e and viruse s [43-45] . In the absenc e of Al 3+ th e bacteria l cell s wer e 
reduce d from 1600 0 to 400 per 100 ml, wherea s in the presenc e of 3 ppm Al 3+ th e 
bacteri a conten t was reduce d to zer o [43] . Calciu m ion s hav e also bee n use d as the 
coagulatio n aid [46] . 

Reductio n of MN C alga l cell s in sea wate r has bee n achieve d by adsorbin g the m 
onto magnetite . No coagulan t was require d [47] . 

Plankto n hav e bee n remove d from wate r usin g polyaluminiu m chlorid e as co-
agulant . Hig h gradien t magneti c separatio n was used . Th e optimu m pH was 9.3 
[48]. 

Othe r application s of separatin g biologica l material s by adsorptio n ont o ferro -
magneti c materia l hav e bee n reporte d in the medica l and relate d fields.  Poynto n et 
al. for example , hav e reporte d the use of fine  cobal t to adsor b cell s in the treatmen t 
of leukaemi a [49] . 

Flotation  processes 

Fine or "slime " particle s can caus e problem s in frot h flotation.  The y generall y 
have a lowe r flotation  rat e tha n coarse r particles . Als o they can interfer e wit h the 
flotation  of othe r particles . On e way the y do thi s is by formin g slim e coatings . 
Technique s are describe d in thi s sectio n whereb y a deliberat e attachmen t of fine 
particle s to coarse r particle s is sought , eithe r in orde r to increas e the flotation 
rate of the fines  or to improv e the grad e by selectivel y depressin g on e phase . It 
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is probabl e tha t simila r beneficia l effect s occu r in man y flotation  circuit s withou t 
havin g bee n consciousl y designed . 

Selective  depression  by  slime  coatings 
Hydrophilic  slim e minera l particle s can coa t and ac t as depressant s for floatable 

minerals . Thei r actio n is simila r to tha t of hydrophili c colloid s suc h as starche s and 
gums whic h are used as conventiona l flotation  depressants . 

Coating s of Hydrophobie  slim e particle s produce s a lesse r effec t on flotation  [50] . 
A mino r decreas e in the efficienc y of bubbl e pick-u p may be expecte d du e to th e 
surfac e roughenin g effec t [51] . It appear s tha t the coating s interfer e wit h flotation 
by pinnin g the three-phas e boundar y as the liquid/ai r interfac e move s acros s th e 
particl e surfac e (Figur e 8) . Th e effec t can be observe d microscopicall y (Figure s 9 
and 10) . 

Fig. 9. Three-phase boundary receding across clean, smooth, xanthate coated galena. Note the straight 
nature of the contact line. Scale bar = 0.1 mm. 
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The importanc e of particl e charg e and zet a potential s on the formatio n of slim e 
coating s has bee n highlighte d in a  numbe r of studie s [52-58] . Dens e coating s occu r 
whe n slim e and minera l hav e opposit e charge s or low charge s of the sam e sign . 

It has bee n observe d tha t sub-micro n particle s are mor e effectiv e a t coatin g tha n 
are coarse r particle s [57 , 58]. Als o surface s wit h adsorbed , lon g chai n hydrocarbon s 
have bee n reporte d as bein g mor e effectiv e a t providin g adhesio n tha n bar e surface s 
[54, 58] . 

The influenc e of the particl e size and coatin g densit y of the slim e on the decreas e 
in flotation  has no t bee n studie d in a  systemati c fashion . Parsonag e and Craig e [59] 
have show n recover y of calcit e to decreas e a s a  functio n of size an d spacin g of 
limonit e slim e in Hallimon d tub e flotation  (Figur e 11) . 

Slim e particle s whic h selectivel y coa t on e minera l specie s ca n b e exploite d as 

Fig. 10. Three-phase boundary receding across xanthate coated galena surface coated with fine fluorite 
particles. Note the ragged nature of the contact line as its progress is impeded by the slime particles. 
Scale bar = 0.1 mm. 
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Fig. 11. Relationship between slime particle size (d) and average spacing (D), and flotation recovery for 
calcite coated with iron oxide slimes. Sodium oleate collector, conditions as shown. (From Parsonage 
and Craige [59].) 

depressants . For exampl e apatit e and calcit e show a simila r flotation  wit h sodiu m 
oleat e at pH 8 and canno t be separated . However , if hematit e slime s are adde d a 
slim e coatin g form s on the calcit e particle s bu t no t on the apatit e [51] . Althoug h 
increasin g slim e additio n resulte d in an overal l decreas e in recover y th e apatit e 
grad e in the flotation  concentrat e increase d from 58 % to 89 % as heavie r slim e 
coating s forme d on the calcit e (Figur e 12) . 

Carrier  (orpiggy-back)  flotation 
The flotation  rat e of fine  particle s can be increase d by arrangin g condition s such 

tha t the y coa t floatable,  coarse r carrie r particle . Rotatio n of th e carrie r remove s 
the slim e particle s into the froth . Th e carrie r particle s may hav e a surfac e are a of 
10-1 5 time s tha t of the air bubble s use d and hav e a highe r probabilit y of fruitfu l 
collisio n with a bubbl e compare d with a slim e particle . Generally , bot h carrie r and 
fine  particl e are mad e hydrophobi c usin g conventiona l flotation  reagents . 
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selective, depressant coating forms on calcite leading to increasing apatite grade with increasing slime 
concentration (from Parsonage et al. [51]). 

In the pioneerin g wor k on this technique , applicatio n to the rejectio n of anatas e 
from kaoli n was investigate d [39 , 60] . Carrie r flotation  remove d 59.2 % of th e 
anatas e from a fine  kaoli n produc t compare d wit h 10.2 % by conventiona l flota-
tion . The effect s of proces s variable s on this particula r syste m hav e bee n studie d in 
detai l at laborator y scal e [61,62] . 

Othe r investigation s into carrie r flotation  are summarize d in Tabl e 3. The carrie r 
particl e may be eithe r the sam e minera l as the fine  particl e to be floated  (autoge -
nous carrie r flotation)  or a differen t species . 
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TABLE 3 

Carrier flotation separations 

Mineral 

Floated Not floated 

Carrier Ref. 

Anatase 
Phosphate 

Anatase 

Phosphate 

Apatite 
Calcite 
Quartz 

Scheelite 

Wolframite 

Stibnite 
Pb/Zn sulphide 
Hematite 
Cassiterite 

Hematite 

Kaolin 
Clay 

Clay 

Arsenopyrite 

Quartz 

Calcite 
Sulphur 

Calcite 

Sulphur, phosphorite, 
calcite, quartz 
Apatite, sulphur 
Calcite, phosphorite 
Apatite 

Scheelite 

Wolframite 

Stibnite 
Sulphide 
Magnetite 
Cassiterite 

Hematite 

[39, 60, 61] 

[61, 62] 

[63] 

[50] 

[64, 65] 

[66] 

[68] 

Accordin g to Samygi n et al . the relativ e rat e of collisio n betwee n coars e and 
fine  particle s is dependen t on the collisio n mechanis m [63] . Coarse r particle s mov e 
relativ e to the liqui d mas s and collid e with fines  by an inertia l mechanism . Fin e 
particles , smalle r tha n the scal e of microturbulence , are entraine d withi n the eddie s 
and only collid e with eac h othe r by diffusion . Thi s result s in collision s betwee n fine 
and coars e particle s greatl y exceedin g thos e betwee n fines. 

Som e worker s hav e foun d tha t intens e agitatio n is necessar y to achiev e recover y 
of the fines  [50, 62]. Thi s wil l be the case if an energ y barrie r mus t be overcom e for 
adhesio n to occur . 

Hu and co-worker s hav e develope d autogenou s carrie r flotation  [64, 65] . Fee d is 
classifie d and the concentrat e from the coars e flotation  stag e is introduce d to the 
slime s feed . Thi s act s as a carrie r for the fine  particle s of the mineral . As has bee n 
foun d with othe r separation s of this type , the stirrin g condition s can be critical . Th e 
optimu m size for carrie r particle s was whe n thei r diamete r was abou t equa l to the 
turbulenc e microscale . Wan g et al . hav e propose d tha t additio n of coars e particle s 
can promot e aggregatio n of fine  hydrophobi c particle s by the effec t the y hav e on 
the turbulen t flow  regim e [66] . Th e carrie r effec t is dominan t for coars e particle s 
smalle r tha n the microscal e of turbulence , wherea s for particle s large r tha n this , the 
aggregatio n promotin g effec t is important . 

In spit e of bein g patente d ove r a quarte r of a centur y ago [67] , the exploitatio n 
of carrie r flotation  has no t occurre d to any grea t exten t in practice . On e drawbac k 
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may be the difficult y in separatin g the fines  from the carrier , eithe r for recyclin g the 
latte r or for recover y of values . 

Force s of interactio n controllin g the adhesio n of fine s 

This sectio n discusse s the interparticl e force s whic h contro l the formatio n of 
coating s of fine  particle s on coarse r particles . Thes e determin e whethe r or no t 
adhesio n wil l tak e plac e betwee n two collidin g particles . Th e subsequen t disruptin g 
force s they experienc e determin e how permanen t the attachmen t wil l be . 

Such particl e interaction s aris e by a numbe r of differen t mechanisms . Conven -
tionally , the interactio n energ y from eac h sourc e is summe d to provid e a tota l 
energ y of interaction , Vj.  Th e variatio n of VT wit h distanc e betwee n two particle s 
is the potentia l function . Maxim a and minim a act as barrier s and well s tendin g to 
aid eithe r repulsio n or adhesio n of the particles . Adhesio n occur s whe n the energ y 
barrie r is insufficien t to preven t the particle s approachin g to the positio n of the 
primar y potentia l well . 

The mos t importan t energie s with respec t to particl e adhesio n are thos e due to : 
(a) Bor n repulsion , VB; 
(b) Van der Waal s interaction , VA; 
(c) electrica l (Coulombic ) interactions , FR; 
(d) associatio n betwee n hydrocarbo n chains , Kassoc; and 
(e) hydrophobic , T̂ HPB» and hydration , Ĵ HÖN* effects . 
The ne t interactio n Vj  is assume d to be give n by: 

ΚΤ = Κ Β + ΚΑ + ΚΚ + Κ358Ο0 + ΚΗΟ Ν + ^ Η ΡΒ (4) 

Othe r interaction s of lesse r importanc e for the processe s unde r consideratio n 
includ e thos e due to magneti c effect s [69-71] , steri c interaction s [72-74 ] and deple -
tion flocculation  [75] . 

TWo othe r effect s ar e differen t in kind from th e othe r interaction s and ar e de-
scribe d separately . Thes e are capillar y effect s du e to the presenc e of oil films be-
twee n the particles , and bridgin g flocculation. 

Chemica l reagent s can be used to modif y mos t of thes e interactions . In practi -
cal application s the mos t usefu l reagent s are hydrocarbo n base d surfactants , wate r 
solubl e polymeri c flocculants  and pH regulators . 

Expression s whic h may be use d for evaluatin g the component s of the interac -
tion energ y are give n below . Th e value s of the critica l variable s ar e difficul t to 
estimat e for man y mineral s and in practic e the equation s are usuall y used in a semi -
quantitativ e way . Thes e and othe r equation s hav e bee n discusse d in mor e detai l 
elsewher e [10,76] . 
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Born  repulsion,  VB 

This is the repulsio n due to overlappin g cloud s of electron s at very clos e rang e 
whic h prevent s actua l contac t of the surfaces . Its magnitud e play s a larg e par t in 
controllin g the dept h of the primar y potentia l minimu m and the adhesiv e forc e of 
contact . 

An expressio n for Bor n repulsio n has bee n give n by Fek e et al. [77] . The potentia l 
is proportiona l to the Hamake r constant , A: 

( σ  \n~6 (n  - 8) ! 1 
VB =  44 —  —  X 

\RiJ  (n-2)\R 

j -R2 _  (n _  5)(R 2/Ri  -  1)R  - (n  - 6)[(j? 2/i?x)
2 - (n - 5)(* 2/*i ) + 1] 

\ (R-1+R 2/R1)
n-5 

-R2 + (n-  S)(R 2/Rl -  1)R  - (n  - 6)[(R 2/Ri) 2 -  (n  - 5)(R 2/Ri)  +  1] 
+ 

+ 

(R +  1 - R 2/Ri)n-S 

R2 + {n-  5)(R 2/Ri  +  1)R  + (n  - 6)[(R 2/Rl)
2 +  (n - 5)(R 2/Ri)  +  1] 

(R + 1+  R^Ri)"- 5 

R2-(n-  5)(R 2/Rt +  1)R  + (n  - 6)[(i? 2/i?i) 2 + (n  - 5)(R 2/Ri)  +  1] ' 
( Ä - l - ^ / i ? ! ) » - 5 (5) 

wher e R = (Ri  + R2 + h)/R\.  Equatio n (5) is valid for all value s of n excep t n =  7, 
6, 5, 4, 3 or 2; n represent s the degre e of hardnes s in the repulsion . In the absenc e 
of any informatio n to the contrary , value s of n  = 12 and σ  =  5 x 10" 10 m may be 
used as standard . 

Van  der  Waals  interactions,  VA 

Attractiv e force s betwee n neutra l bodie s aris e du e to interaction s betwee n per -
manen t dipoles , interactio n betwee n a dipol e and an induce d dipole , or Londo n 
(dispersion ) forces . 

The simples t expression s for the interactio n [78] nee d to be modifie d to tak e re-
tardatio n into account . Schenke l and Kitchene r hav e give n the followin g expression s 
[79]. 

ForP 0 < 0.5 : 

AR XR2 (  1  \ 
A "  ~6(Ri+R 2)h  \1  +  l.nPj  (6) 

ForP 0 = 0.5 to oo and h <  R t or R2: 

ARiR 2 
VA =  - -

6(i? ! +  R2)h 
f 2.4 5 | 2.1 7 0.5 9 \ 
V 60P o

 + 180^ 2 A2QPI)  ( ' 
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wher e P0 = 2π/ι/λ . 
The situatio n is mor e comple x whe n adsorbe d surfac e layer s ar e present . Th e 

specifi c effect s whic h adsorbe d layer s hav e on the Van de r Waal s interactio n hav e 
bee n describe d by Vincen t [80] . In practica l situation s the majo r effec t is usuall y due 
to steri c interaction s betwee n the adsorbe d layer s as the coate d surface s approach . 

Value s of the Hamake r constant,^ , for differen t mineral s are discusse d by Visse r 
[81, 82] . Gregor y [83] , Israelachvil i [84] and Houg h and Whit e [85] hav e describe d 
method s for estimatin g Hamake r constant s from physica l data . 

Electrical  (Coulombic)  interactions,  F R 

Force s of attractio n or repulsio n aris e from the overla p of the electrica l doubl e 
layers . Th e combine d influenc e of the Coulombi c and the Van de r Waal s interac -
tion s is describe d by the well-know n DLV O theor y [86,  87] . 

For particle s of differin g size and potential , the equation s of Hog g et al . can be 
used [88] . 

For constan t potentia l interaction : 

7reo^i£2(V> i +  ΦΙ) 
^R = 

(Ri+Ri) 

2φιφ 2 In 
1 + exp(— nh) 

(Ψΐ  + Wi)  LI - exp(-/cA ) 

and for constan t charg e interaction : 

+ ln[l - exp(-2K/i)] (8) 

VR = 
(Ä1+Ä2) 

2φιφ 2 
ΧΨΙ  +  ΨΙ) 

In 
1 + exp(— nh) 

1 —  exp(— nh) 
- ln[l - exp(-2K/i)] (9) 

Thes e interaction s can be controlle d usin g reagent s and are therefor e very impor -
tan t in obtainin g selectivit y of coatings . In the case of mineral s whic h hav e simila r 
hydrophobicities , and consequentl y hav e simila r flotation  properties , it is the prin -
cipa l metho d of achievin g selectiv e magneti c coating . Th e importan t variable s ar e 
the zeta potential , ψ,  and the doubl e laye r thickness , l/κ . Pug h and Kitchene r hav e 
discusse d the use of zet a potentia l contro l to produc e selectiv e coagulatio n as a 
metho d for minera l separatio n [89] . 

Hydrocarbon  chain  association,  V assoc 

An extr a attractiv e forc e is presen t betwee n particle s bearin g adsorbe d layer s of 
molecule s containin g hydrocarbo n chain s whe n the layer s overla p (Figur e 13) . It 
arise s from the free-energ y decreas e in transferrin g the chain s from an aqueou s to 
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ADSORBED HYDROCARBON 
LAYERS 

OVERLAP 
VOLUME,u 

Fig. 13. The adsorbed layer overlap volume, vQ, for two approaching particles. 

a hydrocarbo n environment . The interactio n is in additio n to the hydrophobi c effec t 
(see sectio n on "Hydrophobi e interactions" , below) . 

A mode l for the interactio n has bee n presente d [76] . It was propose d tha t the 
free energ y decreas e as the hydrocarbo n chain s associat e is equa l to the produc t of: 

(1) the surfac e concentratio n of (-CH2- ) group s in the surfac e layers , [CH2] , 
[CH|] ; 

(2) the overla p volum e of the layers , v0; 
(3) the free energ y associate d with the remova l of on e (-CH2- ) grou p from the 

aqueou s environment , Φ; and 
(4) the fractio n of (-CH2- ) group s on the surfac e of the particl e with the lowe r 

surfac e concentratio n whic h actuall y associat e wit h group s from the laye r of the 
othe r particl e as overla p take s place , Kf. 

This may be expressed : 

νΛηΜ =  2[α$\·ν 0.φ.Κ ί (10 ) 

The surfac e concentratio n of hydrocarbo n group s on particl e 1, i.e . [CH2] , may 
be give n by: 

l
^ - % * [ ( * +  *)*-*? ] 

(11) 
[ ( Ä i + i i ) 3- * ? ] 

wher e Csurfi is the surfac e concentratio n of the adsorbe d specie s (mo l m~ 2), nc is 
the numbe r of CH2 group s in the hydrocarbo n chain , and 6\  is the thicknes s of the 
adsorbe d layer . 
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The overla p volum e can be expresse d as: 

v
°  =  i ^ ^ W  +  S 2)-P]\  +  ί  ^[3(R i  +  ii )  -  Q]\ (12) 

wher e 

P = (*2 + fc) -
(Ä2 + ^2)2 + (Ä1 + * 2 + Λ)2 " (Ä1 + ^ l )2 

2(i? i +  R2 +  Λ) 

and 

ß = (Ä! +  ίχ ) -
'(Ri + £χ) 2 + (Ri +  R2 +  A)2 - (R 2 + ^2) 2 

2(Ri +  R2 +  A) 

The free energ y change , Φ, associate d wit h the remova l of on e mol e of CH2 
group s from th e aqueou s environmen t has bee n reporte d as bein g in the rang e 
—0J1RT  to -0.95 RT for hemi-micellizatio n and shoul d be appropriat e to th e 
presen t case [90] . 

Whe n the surfac e coverag e is low, the fractio n of associatin g groups , Kt, wil l be 
at its highes t values . The maximu m possibl e wil l be if all the group s in the laye r with 
the lowe r concentratio n associat e with group s in the laye r on the othe r particle . 

At highe r concentrations , associatio n of the chain s withi n a laye r may alread y 
occu r to som e exten t befor e overlap . At monolaye r coverag e no interpenetratio n 
may occur . Th e valu e of Kt  may thu s fall from abou t 1 at low coverag e to nea r 
zero at monolaye r coverage . Monolaye r adsorptio n densitie s on minera l surface s 
are commonl y in the 10~ 6 to 10" 5 mo l m" 2 range . Highe r adsorptio n densitie s can 
occu r if bilayer s form with reverse d orientatio n of the secon d layer . Thi s can lead to 
increase d repulsion  betwee n the approachin g surfaces , as a resul t of electrica l and 
hydratio n effect s cause d by the pola r groups . 

A simila r mode l to tha t give n abov e was use d by Lu and Li in a stud y of hy-
drophobi c flocculation  [91] . 

Hydration  and  hydrophobic  interactions 

Effect s on the structurin g of wate r in the vicinit y of surface s can manifes t them -
selve s eithe r as a repulsiv e or an attractiv e shor t rang e force . Thes e force s ar e no t 
deal t wit h in conventiona l DLV O theor y bu t ar e very importan t in determinin g 
adhesio n force s betwee n coatin g particle s and the minera l surface . Ove r the pas t 
decad e direc t measurement s of thes e force s hav e bee n reported . Man y of thes e ex-
periment s use the surfac e forc e apparatu s develope d by Tabo r and Winterto n [92] 
and Israelachvil i and Adam s [93] . A usefu l summar y of thi s wor k has bee n give n by 
Israelachvil i and McGuigga n [94] . 
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Hydrophobic  interactions,  KHPB 
Israelachvil i and Pashle y workin g wit h mic a plate s coate d wit h hexadecy l tri -

methylammoniu m bromid e (CTAB ) at pH 9, propose d the hydrophobi c forc e to be 
a long rang e attractiv e forc e tha t decaye d exponentiall y with distanc e [93, 94]. Thei r 
propose d equatio n can be pu t in the form : 

- [ A - ( « i + Ä2) ] l CHFB(Ä1+ W ?2 + *2). 
F

»
re

 -  -(«, + < 1)+(« 2+fe)'
H r e e

'
lp 

WB 
(13) 

for the interactio n betwee n two sphere s bearin g adsorbe d layer s of thicknes s δχ  and 

In thei r origina l wor k a valu e of 0.14 ± 0.02 N m" 1 for CHPB and of 1.0 nm for the 
deca y length , /HPB> wer e determine d for a monolaye r of CTAB on mic a [95] . Mor e 
recen t work , has revise d the estimat e of CHPB to 0.34-0.4 4 N m" 1 [97] . Othe r value s 
for the forc e constan t and deca y lengt h hav e bee n give n in the literatur e [98 , 99] . 
Estimate s for the deca y length , /HPB> rang e from 1.0 nm [95] to 1.4 nm [98] . Som e 
have propose d a doubl e exponentia l form of deca y with a long rang e deca y lengt h 
from 5.5 nm [99] to abou t 15 nm [100,101] . 

The interactio n betwee n a hydrophobi c and a hydrophili c surfac e has no t bee n 
widel y investigated . Claesso n et al. hav e show n tha t an additiona l attractiv e forc e is 
presen t compare d with the interactio n of two hydrophili c surface s [102] . 

Hydration  forces,  FHDN 
Hydrate d surface s or hydrate d ion s in the vicinit y of the surface s can give rise to 

a short-rang e forc e [103] . Th e form of the interactio n is commonl y expresse d as a 
repulsio n decayin g exponentiall y with distance . 

For unequa l sphere s with adsorbe d layer s of thicknes s δχ  and δ2: 

-[Λ-(«ι+* 2)] 1 _ 2*(R l +  61)(R2 + S2)2 

^HDN 
(14) 

Literatur e value s of the hydratio n forc e constant , I^HDN, for silicate s rang e from 
8 x 105 N m" 2 to 107 N m" 2 with deca y length s of abou t 1.0 nm [93 , 104] . Pashle y 
has discusse d the effect s of variou s cation s on the magnitud e of the hydratio n force . 
In som e case s a doubl e exponentia l mod e of deca y fitted  the experimenta l dat a 
mor e closel y [105-109] . 

The existenc e of shor t rang e repulsiv e force s du e to hydratio n probabl y explain s 
the difficult y in adsorbin g dens e fine  particl e coating s ont o hydrophili c surfaces . 

Other  types  of  adhesive  forces 

Polymer  bridging  forces 
In bridgin g flocculation,  segment s of a high molecula r weigh t polyme r molecul e 

are attache d to the surface s of two particles . Thi s effectivel y hold s the particle s 
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togethe r and is a differen t typ e of forc e to thos e previousl y considered . Provide d 
bridgin g of the two surface s occurs , the interactio n wil l be attractiv e at the equi -
libriu m position . Klei n and Luckha m hav e measure d thi s attractiv e forc e betwee n 
mica plate s bridge d by polyethylen e oxid e [110] . Discussio n of interaction s du e to 
adsorbe d polymer s hav e bee n give n by Lyklem a [111 ] and Flee r [112] . 

Capillary  forces 
Capillar y force s ar e importan t in thos e carrie r separation s wher e oi l is use d in 

additio n to surfactants . The y aris e du e to surfac e tensio n forces . Maximu m force s 
are achieve d if bot h solid s are wette d by the bridgin g liquid . 

For an oil film  betwee n two equa l oleophili c sphere s th e maximu m forc e of 
attractio n betwee n the surface s is: 

Fmax = 27LRO7 (15 ) 

and for sphere-plat e geometry : 

^max = 4TLR07 

The magnitud e of this forc e may not be muc h mor e tha n the maximum  attractiv e 
force due to DLV O and hydrophobi c interactions , bu t unlik e thes e othe r force s the 
particl e surface s do no t nee d to be at very smal l separatio n distance s for it to be 
effective . It is also less sensitiv e to influence s of surfac e roughness . Discussio n of the 
capillar y forc e and its variatio n with interparticl e separatio n and particl e shap e hav e 
bee n give n by Prince n [112] , Kitchene r [114 ] and Schuber t [115] . 

Model  interaction  curves  for  coating  and  prevention  of  coating 

The equation s give n in the previou s section s can be use d to predic t or interpre t 
coatin g behaviour . Ideally , for coatin g to tak e place , the tota l interactio n energ y 
betwee n the targe t minera l and the magneti c coatin g particle , or betwee n the carrie r 
and the fine  particle , shoul d be attractiv e withou t a significan t potentia l energ y 
barrier . An exampl e of thi s typ e of interactio n is show n in Figur e 14. Th e majo r 
contributio n to the attractio n in this case are the hydrophobi c and chai n associatio n 
interactions . 

Tb preven t the magneti c particle s from formin g a coating , a significan t energ y 
barrie r shoul d be present . Althoug h thi s may be achieve d by electrica l repulsion s 
alone , it is muc h mor e effectiv e if repulsiv e hydratio n force s operate . Thes e can 
preven t the fine  particle s from approachin g the minera l surfac e (Figur e 15) . 

Kineti c aspect s 

Depositio n of colloida l sized particle s ont o the surfac e of a rotatin g disc was stud -
ied by Kitchene r and co-worker s [116 , 117] . Depositio n rat e of negativel y charge d 
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Fig. 14. Example of interactions favouring the formation of a coating. Particle surfaces with adsorbed 
hydrophobic surfactant. R\ = 0.5 μΐη, Ri = 50 μπι; ψ\ = 25 mV, ^ 2 =5 mV; A = 5 x 10~20 J; 
K = 1.5 x 108 m"1; 81 = 62 = 1.9 nm; rcc = 16; Csurfl = Csurf2 = 5 x 10~7 mol m"2; CHPB = 0.14 N 
m"1; *HPB = 1 nm; K( = 1; kT = 4.11 x 10"21 J. 

particle s ont o a positiv e substrat e was foun d to correspon d to the theoretica l dif -
fusio n controlle d mas s transfe r rate . Th e depositio n rat e of negativ e particle s on 
negativ e surface s was muc h reduce d bu t coul d no t be quantitativel y accounte d for 
by DLV O theory . 

With coarse r coatin g particles , the magnitud e of the detachmen t force s du e to 
fluid  dra g are of greate r significanc e tha n the depositio n rate . Detaile d descriptio n 
of the detachmen t force s is beyon d the scop e of the presen t articl e bu t it has bee n 
observe d tha t attachmen t is dramaticall y less effectiv e for particle s wit h diameter s 
greater  tha n abou t 2 micron s unles s oil is used . Increase d energ y of mixin g can 
resul t in a highe r coatin g leve l if condition s for shea r flocculation  exis t [118] . Mixin g 
at high solid s concentration s may lead to abrasio n of the coating . 

Fina l remark s 

Coatin g and carrie r method s of separatio n hav e no t ye t bee n exploite d to any 
grea t exten t at industria l scale . The y hav e bee n show n to hav e potentia l use in treat -
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vT = vB + vA + vR + VH DN 

10 
SEPARATION, h/nm 

20 

Fig. 15. Example of interactions likely to prevent the formation of a coating. Hydrated surfaces. R\ = 
0.5 Mm, R2 = 50 μπι; Vi = 25 mV, φ2 = 35 mV; A = 5 x 10"20 J; κ = 1.5 x 108 m"1; ^HDN = 106 N 
m"2; /HDN = 1 nm; kT = 4.11 x 10"21 J. 

ing a wid e rang e of material s from slime-size d to ove r 1 cm diameter . The y can 
provid e a basi s for selectiv e separatio n of mineral s with simila r flotation  propertie s 
and may find  applicatio n in upgradin g flotation  concentrates . Furthe r investiga -
tion s are necessar y to optimis e the recover y and recyclin g of the carrie r or coatin g 
mediu m as this strongl y affect s the economic s of the process . 

Appendi x — Lis t of symbol s 

A 
B 
[CHJ] 

CHPB 
^"surfl 
άΒ/άΖ 
D 
^ M AG 
•Trnax 

[CH|] 

effective Hamaker constant, J 
magnetic flux density, T 
concentration of CH2 groups in adsorbed layers on particles 1 and 2, where [CH]̂ < 
[CH|], mol m"2 

hydrophobic interaction constant, N m_1 

surface concentration of surfactant on particle 1, mol m~2. 
magnetic flux gradient, T m_1 

demagnetising factor 
magnetic force, N 
capillary force maximum, N 
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H magnetic field, A m-1 

h minimum separation distance between particle surfaces, m 
K( fraction of CH2 groups on particle 1 which associate with groups on particle 2 on overlap 
^HDN hydration force constant, N m~2 

kT thermal energy, J 
/HDN hydration force decay length, m 
/HPB hydrophobic force decay length, m 
M magnetisation, A m-1 
Msati saturation magnetisation, A m-1 

n parameter in Born repulsion equation (5) 
nc number of CH2 groups in hydrocarbon chain 
Po distance parameter in retardation equations (6, 7) 
P, Q parameters in overlap volume equation (12) 
R parameter in Born repulsion equation (5), m 
Ri, Ri radii of particles 1 and 2, m 
R0 particle radius when both the same, m 
RT thermal energy, J m o l-1 

V particle volume, m3 

VA interaction energy due to Van der Waals interaction, J 
Kassoc interaction energy due to association of hydrocarbon chains, J 
KB interaction energy due to Born repulsion, J 
^HDN interaction energy due to hydration effects, J 
KHPB interaction energy due to hydrophobic effects, J 
FR interaction energy due to electrical double-layer effects, J 
Vj total interaction energy, J 
Vj fractional volume of ferromagnetic phase 
v0 overlap volume of adsorbed layers, m3 

7 interfacial tension, N m-1 

δχ, δχ adsorbed layer thickness on particles 1 and 2, m 
eo permittivity of free space = 8.854 x 10~12 F m_1 

er relative permittivity 
K Debye-Huckel parameter, m-1 

λ wavelength of intrinsic oscillations of atoms, m (usually taken as 10~7 m) 
μ0 permeability of free space = 4π x 10~7 H m-1 

π normal usage (3.14159...) 
σ interatomic separation at which E, the atom pair interaction potential, = 0, m 
Φ free energy change for removal of CH2 groups from aqueous solution, J m o l-1 

X volume magnetic susceptibility (SI units) 
Φι, 4>ι zeta potential of particles 1 and 2, V 
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Oi l  assiste d  fine  particl e  processin g 

J.S. LASKOWSK I 

Water/liqui d hydrocarbon s two phas e system s 

General  considerations 

Dispers e system s are characterize d by a larg e free energ y sinc e ther e is such hug e 
interfacia l are a betwee n the particle s (or droplets ) and th e surroundin g medium . 
Such system s tend towar d a minimu m leve l of the free energ y by interparticl e aggre -
gation . Aggregatio n can be prevente d if the disperse d soli d particle s are electricall y 
charge d or are shielde d by thic k hydratio n layers . Neutralizatio n of the electrica l 
charg e of the disperse d particles , or compressio n of the doubl e layer s shieldin g the 
particle s to a rang e shorte r tha n the rang e of the London-Va n de r Waal s attractiv e 
forces , wil l initiat e coagulation . Bridgin g of particle s by long poly-molecule s adsorb -
ing with on e end ont o on e particl e and anothe r end ont o a secon d bring s abou t 
flocculation.  Shearin g the syste m with an immiscibl e organi c phas e tha t can we t 
disperse d particle s may lead to agglomeratio n or the bridgin g of the particle s by the 
oil. 

Dependin g on the quantit y of the immiscibl e liquid , the hydrodynami c condition s 
and the metho d use d to separat e the agglomerates , the final  result s may be very 
differen t as show n in Tabl e 1. 

The first  proces s in the table , extender  flotation,  utilize s smal l dose s of an oil 
(up to a few hundre d gram s pe r tonne ) to enhanc e the collector , and/o r to reduc e 
its consumption . Extende r oil s are frequentl y use d to improv e flotation  of coars e 
particles . 

In agglomerate  flotation,  invente d to trea t very fine  particle s whic h are no t re -
covere d efficientl y in conventiona l frot h flotation,  oil is adde d to increas e the size 
of particle s by agglomeratin g them . The metho d involve s conditionin g at high pul p 
densit y with an appropriate  collecto r to rende r the particle s hydrophobi c and with 
an oil to bridg e particle s together . Pul p dilutio n and conventiona l frot h flotation 
follows . 
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TABLE 1 

Characteristics of separation process using oil 

Technique 

Extender 
flotation 

Agglomeration 
flotation 

Emulsion 
flotation 

Oil agglom-
eration 

Liquid-liquid 
extraction 

Ionic 
collector 

Yes 

Yes 

No 

Noa 

Yes 

Oily 
collector 

Yes 

Yes 

Yes 

Yes 

Yesb 

Oil 
consumption 
( k g f1) 
0.05-0.5 

a few kg t-1 

up to a 
few kg t ~l 

5-10% 

N/A 

Conditioning 

Regular 

Intense 

Regular 

Slow/intense 
shearing 

Intense 

Method of 
separation 

Flotation 

Flotation 

Rotation 

Sizing 

Phase separation 

(From Finkelstein [1] with permission.) 
a Ionic collector is not required in the oil agglomeration of inherently hydrophobic solids such as coals. 
It will be required to process hydrophilic material. 
b Oil is not used as a collector in this process. 

Emulsion  flotation  is applie d to trea t inherentl y hydrophobi c solid s (coals , graphite , 
sulphur , molybdenite , talc) . In this process , water-insolubl e oil is used as a collecto r 
and th e frother , as in all othe r flotation  processes , is a water-solubl e surfactant . 
Both agglomerat e flotation  and emulsio n flotation  use large r quantitie s of oil tha n 
extende r flotation  (up to a few kg t" 1) . 

The first  thre e technique s mentione d belon g to a famil y of flotation  processes , 
the followin g two do not . Liquid  phase  agglomeration,  as the proces s is terme d by 
Cape s [2-4] , can be adopte d to separat e fine  soli d particle s from suspensions . In 
coa l preparation , the proces s can be utilize d to separat e hydrophobi c coa l particle s 
from hydrophili c inorgani c gangu e [5] . In thi s process , the consumptio n of oil may 
be as high as 10 wt.% or more , base d on feed solids . 

In liquid-liquid  extraction,  th e dosag e of oil is severa l time s the volum e of the 
particle s to be extracted . Unde r shearin g conditions , the particles , dependin g on 
wetting , repor t eithe r to oil phas e whe n they are very hydrophobic , or to aqueou s 
phas e whe n they are completel y wette d by water . Particle s with intermediat e range s 
of hydrophobicit y accumulat e at the oil/wate r interface . 

In all thes e processes , the secon d liqui d adde d unde r appropriat e hydrodynami c 
condition s mus t be immiscibl e with the suspendin g liquid , and be capabl e of dis -
placin g thi s liqui d from th e surfac e of the particles . Thus , thes e processe s can 
be evaluate d in term s of the principle s of selectiv e wettin g as wil l now be dis -
cussed . 
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Emulsions  and  emulsification 

The use of liqui d hydrocarbons , commonl y referre d to as oils , in thes e processe s 
involve s high intensit y conditionin g with a pulp . Sinc e the oil is insolubl e in water , 
it canno t coa t minera l particle s via adsorption , an d mus t be disperse d int o fine 
droplet s (oi l in wate r emulsion) , whic h collid e and becom e attache d to hydrophobi c 
particles . 

The emulsificatio n processe s whic h ar e involve d may diffe r widely . Whil e oi l 
agglomeratio n of fine  coa l doe s no t hav e to includ e surfactants , in mos t case s emul -
sificatio n take s plac e in the presenc e of a surfactant . In the emulsio n flotation  of 
molybdenite , an emulsifie r unde r the trad e nam e Arti e Synte x L (sulphonate d co-
conu t oil ) is use d [6] . Oils use d as an extende r in the flotation  of coars e fraction s 
of potas h ore are applie d togethe r with long-chaine d amine s [7] . In agglomeratio n 
flotation,  an oil is usuall y applie d alon g with a collecto r (fatt y acids) . Oil emulsifica -
tion is, therefore , facilitate d by the presenc e of a collector ; emulsificatio n prio r to 
conditionin g with the pul p can improv e the overal l proces s significantl y [8, 9]. Som e 
difficult-to-floa t coal s require , in additio n to an oily collecto r and a frother , a thir d 
reagent : the so-calle d promoter . Its rol e is to first  of all facilitat e emulsificatio n of 
an oily collecto r in the pul p [10,11] . 

In the cas e of two immiscibl e liquid s suc h as oil and water , the reversibl e wor k 
(AW)  neede d to dispers e one into the other , unde r isotherma l conditions , is equa l 
to the increas e in the syste m free energy : 

AG  =  AW  =  -yowAA  (1 ) 

wher e 7ow is the oil-wate r interfacia l tensio n and A  is the surfac e are a of disperse d 
droplets . 

This equatio n clearl y indicate s tha t any amphipatic , surfac e activ e agen t whic h 
lower s oil/wate r interfacia l tensio n wil l facilitat e emulsification . Th e presenc e of 
such an agen t at the oil/wate r interfac e may also affec t the attachmen t of oil droplet s 
to minera l particle s and its spreading . 

In orde r to increas e the affinit y of oil droplet s toward s specifi c minerals , Ralsto n 
et al. [12,13 ] use d emulsion s stabilize d by polymer s with specifi c functiona l groups . 
Ralsto n used a copolyme r of methacryli c acid with its methy l este r (mol e ratio  2:1 ) 

Γ , CH3 X / C, 

h- CH2-C h-CH2—C 
I i  /  ° · 67

 I  ' 
I \ COOH / \ C( 

with molecula r weigh t of 10~ 5 to separat e calcit e from quartz . Cellulos e xanthat e 
stabilize d emulsion s hav e bee n used to separat e fine  chalcopyrit e from quartz . 

0.33 
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Model  systems 

Liquid  hydrocarbon/water  interfacial  tension 
Molecule s locate d withi n the bul k of a liqui d ar e subjecte d to equa l force s of 

attractio n in all directions . Th e molecule s in the surfac e regio n of the liqui d ar e 
subjec t to attractiv e force s from adjacen t molecule s whic h resul t in a ne t attractio n 
into the bul k phas e in the directio n norma l to the surface . Th e attractio n tend s to 
reduc e the numbe r of molecule s in the surfac e region ; the wor k require d to increas e 
the are a of a surfac e isothermall y and reversibl y by a uni t amoun t is define d as the 
surfac e free energ y (surfac e tension) . 

The intermolecula r attraction s whic h caus e surfac e tension , may resul t from quit e 
differen t intermolecula r forces ; whil e Londo n dispersio n force s are universal , alway s 
attractiv e and existin g in all type s of matter , othe r forces , suc h as hydroge n bonding , 
can exis t only if the substanc e unde r consideratio n consist s of pola r group s capabl e 
of hydroge n bonding . Wherea s molecule s of saturate d hydrocarbon s can interac t 
only throug h Londo n dispersio n forces : 

7h = 7h (2) 

wate r molecule s interac t with eac h othe r throug h hydroge n bondin g and dispersio n 
forces : 

7* = 7d + 7h 
/w /w 

(3) 

wher e 7h and 7W stan d for surfac e tension s of saturate d hydrocarbo n and water , re-
spectively , whil e 7jJ, 7^ and 7^ are dispersio n and hydroge n bondin g contribution s 
to surfac e tensio n of hydrocarbo n and water . s 

2. 

Ψ*Ϊ Ύΐτ 
^ΤΎΥ-Ύ, 

AG = AW = G2S -G? =7h+Yw-7hw 

Fig. 1. Definition of the work of adhesion. 



Oil assisted fine particle processing 365 

At the interfac e betwee n wate r and saturate d liqui d hydrocarbon , Londo n dis -
persio n force s are the only one s operatin g acros s the interface . 

As show n in Figur e 1, the wor k of adhesio n for suc h a two-phas e syste m is: 

WA =  7h 4- 7W - 7hw (4 ) 

wher e WA is the wor k of adhesio n of wate r to hydrocarbon , and 7hw is the hydrocar -
bon-wate r interfacia l tension . 

For the water/saturate d liqui d hydrocarbo n interface , acros s whic h only disper -
sion force s operate , the wor k of adhesio n is due entirel y to the dispersio n force s 
component , WA and so for such a case the hydrocarbon/wate r interfacia l tensio n is: 

7hw = 7h + 7w - **A ( 5) 

Accordin g to Fowke s [14] : 

^ A =  2/y h
d-7 S (6 ) 

Thus , equatio n (5) can finally  be writte n in a form [14] : 

7hw = 7h + 7w - 2^7 h · 7Ä ( 7) 

Sinc e the liquid/liqui d interfacia l tensio n can easil y be measured , thi s equatio n 
has bee n teste d for man y differen t systems . For saturate d liqui d hydrocarbon s (n-
hexane , n-heptane , n-octane , etc) , the experimentall y determine d interfacia l ten -
sions (wit h water ) are in the rang e 50-5 2 erg cm" 2, and therefore , the calculate d 
valu e for 7^ is 21. 8 ± 0.7 erg cm" 2 [14] . Becaus e equatio n (7) is tru e whe n only 
dispersio n force s operat e acros s the interface , it can be use d as a powerfu l too l to 
investigat e interfacia l interactions . 

T&ble 2, take n from Fowke s classi c publicatio n [14] , indicate s tha t in the cas e of 
benzen e and toluene , the measure d interfacia l tensio n is 15-1 6 erg cm" 2 smalle r 
than th e valu e predicte d from equatio n (7) —  51.5 erg cm" 2. Thi s differenc e 
was ascribe d to a pi-bondin g interactio n betwee n aromati c hydrocarbon s and wa-
ter molecules . Later , thi s differenc e was correcte d to be in the rang e from 16 to 22 
erg cm" 2 [15] . Carbo n tetrachlorid e and carbo n tetrabromid e interactio n with wate r 
include s the interactio n of wate r dipole s with induce d dipole s in the organi c phas e 
and amount s to 6 erg cm" 2. Butyronitrile-wate r interactio n involve s dipole-dipol e 
effect s (23 erg cm" 2). It is of interes t to not e tha t the organi c molecule s capabl e 
of hydroge n bondin g hav e the stronges t energ y of interactio n with wate r (40-4 8 erg 
cm" 2). 

Electrokinetics  of  hydrocarbon  droplets  in aqueous  solutions 
For any solid/liqui d syste m bot h the compositio n of the soli d and the concen -

tratio n and valenc y of ions in the solutio n contribut e to the sign and valu e of the 
electrokineti c potential . In the cas e of very dilut e dispers e system s containin g a 
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TABLE 2 

Energy of water-organic liquid interaction in excess of dispersion force interaction (in erg cm-2 at 
20°C) 

Liquid No. 2 

Benzene 
Toluene 
Mesitylene 
Carbon tetrachloride 
Carbon tetrabromide 
Butyronitrile 
Aniline 
Di-n-butylamine 
Octanoid acid 
Cyclohexanol 
Polydime-thylsilox-anes a 
Polydime-thylsilox-anes a 
Polydime-thylsilox-anes a 

72 
28.9 
28.5 
28.8 
26.9 
49.7 
28.1 
42.9 
22.0 
27.5 
32.7 
15.7 
16.8 
19.4 

(From Fowkes [14] with permission.) 
a 7̂  values estimated as 72 - 2 erg cm' 

712 
35.0 
36.1 
38.7 
45.0 
38.8 
10.4 
5.8 

10.3 
8.5 
3.9 

41.3 
41.3 
41.3 

-2# 

^2 
51.5 
51.5 
51.4 
51.3 
56.5 
51.3 
53.7 
51.0 
51.3 
51.9 
53.9 
53.6 
53.2 

Excess 

+16.5 
+15.4 
+12.7 
+ 6.3 
+ 6.8 
+23.2 
+47.9 
+40.7 
+42.8 
+48.0 
+12.6 
+12.3 
+12.1 

2 Λ / 7 ? · 72 
50.2 
50.0 
50.1 
48.4 
66.0 
49.6 
62.0 
43.8 
49.0 
53.6 
34.6 b 
36.0 b 
39.0 b 

b Actually 2 yj^l -Ί* 

smal l numbe r of individua l particle s in a larg e amoun t of solution , as in a micro -
electrophoreti c experiment , the contributio n from the valu e of surfac e potential  is 
mor e important . Th e result s discusse d in thi s sectio n all pertai n to the condition s 
of the conventiona l microelectrophoreti c experimen t conducte d at an extremel y low 
concentratio n of the disperse d phase . 

Figur e 2, take n from Jame s [16] , summarize s the effec t of pH on electrokineti c 
mobilit y for a non-ioni c surface , an ionogeni c surfac e wit h carboxyli c groups , an 

Fig. 2. pH-mobility curves (at constant ionic strength): 1 = nonionic surface; 2 = ionogenic surface with 
anionic (carboxyl) surface groups; 3 = ionogenic surface with cationic groups; 4 = ionogenic surface 
with cationic and anionic groups (from James [16] with permission). 
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Fig. 3. Zeta potential of Nujol droplets [21], six aliphatic hydrocarbons [19] and anthracene (from 
Laskowski [18]). 

ionogeni c surfac e with amin e group s and an ionogeni c surfac e wit h bot h acidi c and 
basi c functiona l groups . Fundamenta l for this sectio n curv e 7, the zet a potential-p H 
relationshi p for non-ioni c system , is base d mainl y on Perreir a and Schulma n [17] , 
who maintai n tha t the negativ e charg e at a hydrocarbon/wate r interfac e is du e to 
preferentia l adsorptio n of OH ~ ion s in compariso n to tha t of Η3<3 + ions . 

Figur e 3 show s a simila r relationshi p as measure d for variou s hydrocarbon s [18] . 
For all the teste d paraffini c hydrocarbon s (fro m hexan e to octadecan e [19]) , aro -
mati c hydrocarbon-anthracene , as wel l as Nujo l [20 , 21] , the zet a potentia l val -
ues ar e negativ e ove r the whol e pH range . It is of interes t to not e tha t th e zet a 
potential-p H curv e for high purit y graphit e was also foun d to be negativ e ove r the 
broa d pH rang e [22 , 23] . 

Figur e 4, quote d afte r Wen and Sun [19] , show s the effec t of a cationi c surfac -
tant , dodecylammoniu m chloride , on the zet a potentia l of hexadecan e droplet s in 
water . Simila r effect s wer e foun d by Mackenzi e [21] , who use d Nujo l —  a highl y 
refine d paraffini c oil . As see n from Figur e 4, the iso-electri c poin t of the hexadecan e 
droplet s shift s wit h increasin g dodecylammoniu m chlorid e concentratio n toward s 
mor e alkalin e pH value s and assume s the valu e of pH 11 ; Mackenzi e also foun d 
tha t the iso-electri c poin t of Nujo l droplet s in the presence  of dodecylammoniu m 
chlorid e is approximatel y pH 11. Microbubble s generate d in the aqueou s solution s 
of dodecylammoniu m chlorid e wer e foun d to hav e iso-electri c poin t aroun d pH 11 
as wel l [24 , 25] . Apparentl y in all thes e case s the measure d iso-electri c point s ar e 
determine d by the colloida l precipitat e of dodecylamin e whic h i.e.p . is situate d at 
pHl l . 
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10 11 12 

Fig. 4. Effect of dodecylammonium chloride at various concentrations on the electrokinetic potential of 
hexadecane-in-water emulsion droplets (from Wen and Sun [19] with permission). 

Such result s revea l tha t whil e the effec t of ioni c group s on th e electrokineti c 
behavio r can be satisfactoril y predicted , the contributio n of the hydrocarbo n matri x 
to the overal l particl e charg e is stil l no t quit e clea r [26] . Fo r example , it is diffi -
cult to understan d why the zet a potential-p H curv e for the Nujo l droplet s clearl y 
depend s on pH , bu t is quit e flat  for the Nujo l droplet s wit h pre-adsorbe d neutra l 
polysaccharid e [20] . 

Oils  in  mineral  processing 

Ther e are two source s of hydrocarbons : crud e oils (petroleum ) and coa l tars . Th e 
coa l tar distillatio n product s wer e widel y use d as collector s in emulsio n flotation  of 
coals , bu t sinc e they contai n mostl y aromatic s with quit e a larg e conten t of highl y 
toxic phenol s and phenol-lik e compound s thei r use in coa l flotation  was abandone d 
in the 60s . Thes e product s hav e sinc e bee n replace d by oils produce d from crud e oil . 
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Accordin g to AST M D-288 , crud e petroleu m is define d as a naturall y occurrin g 
mixture , whic h is remove d from the eart h in a liqui d state , containin g predominantl y 
hydrocarbons , and/o r sulphur , nitroge n and/o r oxyge n derivative s of hydrocarbons . 
In spit e of the wid e difference s in the physica l characteristic s of crud e oils , thei r 
ultimat e analyse s are very consisten t as show n in Tabl e 3 [27] . 

Usefu l informatio n on th e oil s use d in flotation  processe s can be foun d in 
the boo k by Glembotsk i et al . [28] and in th e recen t publicatio n by Seit z and 
Kawatr a [29] . 

Table 4 provide s informatio n on variou s type s of petroleu m products ; the tabl e 
also indicate s how majo r type s of hydrocarbon s accumulat e in variou s fractions . 

The ligh t distillat e fractions , intermediat e fraction s an d heav y distillat e frac -
tion s ar e characterize d by boilin g range s 93-204° , 204-343 ° and 343-566°C , re -
spectively . Th e residues , afte r all the distillate s are removed , includ e residua l fue l 
oils , petrolatu m and asphalt . Thes e contai n paraffin s of very high molecula r weight , 
polycycli c hydrocarbons , condense d polyaromatic s and mixe d naphteno-aromatics ; 
also , sulphur- , nitrogen - and oxygen-containin g compounds . Th e oxyge n conten t 
increase s wit h the boilin g poin t of th e fraction , th e greate r portio n of oxygen -
containin g constituent s bein g concentrate d in the residua l oil wher e oxyge n content s 
as high as 8% wer e reporte d [27] . 

T\vo group s of metal s appea r in crud e oil : zinc , titanium , calciu m and magnesiu m 
in the form of surfac e activ e soaps ; vanadiu m and nicke l form oil-solubl e stabl e 
complexe s with porphyrin s whic h appea r in heav y fractions . Porphyrin s are powerfu l 
surfac e activ e agent s promotin g the formatio n of stabl e emulsion s of petroleu m in 
wate r [27] . 

Fue l oil No . 2, frequentl y use d in flotation,  is one of the product s withi n a boilin g 
rang e of 204-343°C . It consist s of paraffins , iso-paraffins , aromatics , naphtenes , and 
also sulphur- , nitrogen - and oxygen-containin g hydrocarbon s no t remove d by refin -
ing. Fue l oils also appea r amon g the product s liste d unde r the residues . Thes e are 
high molecula r weigh t paraffini c and cycli c hydrocarbon s alon g with oxygen , sulphu r 
and nitroge n derivatives . Sinc e thes e oils are characterize d by a high viscosit y they 
are mixe d with intermediat e distillates . Th e mixtur e containin g 20-50 % of interme -

TABLE 3 

Ultimate analysis of crude oils 

% Weight 

Carbon 83.90-86.80 
Hydrogen 11.40-14.00 
Sulphur 0.06- 8.00 
Nitrogen 0.11- 1.70 
Oxygen 0.50 
Metals (Fe, V, Ni, etc.) 0.03 

(From King et al. [27] with permission.) 
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diat e distillate s is referre d to as No . 4 and No . 5 fuel oils , the on e with only 5-20 % 
of distillat e is know n as No . 6 fuel oil . No . 6 fuel oil is reporte d to contai n 10-50 0 
ppm vanadiu m and nicke l in the form of porphyrins . 

Sinc e all the oil assiste d processe s discusse d in thi s chapte r involv e conditionin g 
with oil and eventuall y its emulsification , the oil/wate r interfacia l tensio n obviousl y 
plays a very importan t rol e here . Glembotsk i [28] quote s afte r othe r author s tha t 
the water/oi l interfacia l tensio n for Russia n petroleu m product s was foun d to vary 
from 25-3 2 erg cm" 2 to as low as 12 erg cm" 2, whil e wel l purifie d petroleu m 
product s hav e interfacia l tensio n abov e 40 erg cm" 2. Compariso n of thes e number s 
with Tabl e 2 immediatel y indicate s tha t whil e the interfacia l tensio n for purifie d 
oils approache s 50, any conten t of aromatic s and especiall y hydrocarbon s with pola r 
group s lower s this valu e appreciably . Figur e 5, take n from Wood s and Diamadopou -
los [30] , show s oil-wate r interfacia l tensio n as a functio n of pH for a few crud e oils . 
This relationshi p reveal s tha t the crude s contai n surfac e activ e species . An espe -
cially stron g effec t of pH on the water/oi l interfacia l tensio n was reporte d for heav y 
crud e oil fractions , such as asphaltene s [31] . 

In the final  stag e of the conditionin g with pulp , the oil droplet s attac h to min -
era l particle s whic h are hydrophobi c to som e extent . Thi s stat e is controlle d by 
coulombi c interaction s whic h can be characterize d by electrokineti c measurement s 
[32]. 

As see n from Figur e 6 [10] , whil e the zet a potential-p H curv e for kerosen e 
resemble s the relationship s for paraffins , th e curv e for the No . 2 and No . 6 fue l 
oil mixtur e (4: 1 ratio ) is very differen t and indicate s the presenc e of heteropola r 
surfac e activ e compounds . Figur e 7 [19] point s to the presenc e of surfac e activ e 

J I I I I I I 1 l I I 
2 4 6 8 10 12 

pH OF THE WATER PHASE 

Fig. 5. Oil-water interfacial tension as a function of pH (from Woods and Diamadopoulos [30] with 
permission). 
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Fig. 7. Electrokinetic potential of oil-in-water emulsion droplets (from Wen and Sun [19] with permis-
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"impurities " in the No . 6 fuel oi l and indicate s tha t thes e "impurities " mak e the 
electrokineti c propertie s of the mixtur e diffe r from tha t of othe r hydrocarbon s (se e 
Figur e 3). Wen and Sun [19] observe d tha t the i.e.p . shifte d toward s a mor e alkalin e 
pH with an increas e of the No . 6 to No . 2 rati o in the mixture : it was pH 4.9 at 1: 4 
ratio , and pH 5.5 for 1:2 ratio , bu t remaine d unchange d at pH 4.9 whe n thi s rati o 
was only 1:9 . Thi s seem s to indicat e tha t wha t is importan t her e ar e the surfac e 
activ e compound s in the No . 6 oil . 

Both the interfacia l tensio n and electrokineti c measurement s provid e quit e con -
sisten t informatio n on the natur e of variou s crud e oil product s and thei r "impu -
rities".  Th e presenc e of suc h surfac e activ e compound s mus t obviousl y be very 
importan t for the behaviou r of the oils in the separatio n processes . 

Competitiv e wettin g of soli d particle s wit h immiscibl e liquid s 

Particle-oil  droplet  interactions 

In the case of oil-assiste d separatio n processes , the reagen t syste m is mor e com -
plex tha n in the case of solubl e collectors . Ther e may be bot h solubl e and insolubl e 
component s as in the cas e of extende r and agglomerat e flotations,  wher e ioniz -
able collector s and frother s ar e utilize d alon g with oil , and in emulsio n flotation, 
wher e water-solubl e frother s ar e use d togethe r with water-insolubl e oily collectors . 
It shoul d also be pointe d ou t tha t the oil use d in the oil agglomeratio n proces s may 
contai n surfac e activ e compound s whic h are solubl e in water . In all thes e processes , 
the equilibriu m change s quickl y with conditioning , accompanie d by adsorptio n of 
surfactant s ont o minera l particles , adsorptio n of surfactan t ont o oil droplet s whic h 
are forme d durin g conditioning , and extractio n of variou s specie s from the oil int o 
the aqueou s phase . Th e oil droplets , with or withou t pre-adsorbe d surfac e activ e 
agents , collid e with particle s eithe r adherin g or not , dependin g on mutua l surfac e 
chemistry . In line with Arbite r and William s [9, 29] , the followin g rate-controllin g 
processe s can be single d out : 

(1) equilibratio n of minera l particle s with the specie s in solutio n at a give n pH ; 
(2) equilibratio n of an oil with specie s in solutio n at a give n pH ; 
(3) emulsificatio n of an oil into fine  droplets ; 
(4) adsorptio n of a collecto r and othe r dissolve d specie s ont o minera l particles ; 
(5) hydrophobi c flocculation  of fine  hydrophobi c particles ; 
(6) interactio n of oil droplet s wit h minera l particle s and th e attachmen t of 

droplet s to hydrophobi c particles ; 
(7) attachmen t of air bubble s to hydrophobi c particles ; 
(8) spreadin g of oil lense s on minera l particle s and formatio n of agglomerate s 

containin g man y particle s (an d entraine d bubbles ) hel d togethe r by bridgin g oi l 
films; 
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(9) rearrangemen t of initiall y forme d aggregate s unde r high shea r turbulen t con -
ditions ; 

(10) readjustmen t of a new , quickl y changin g "equilibrium " tha t follow s change s 
in the concentratio n of dissolve d surfac e activ e species ; 

(11) abrasio n and desorptio n of the collecto r from particle s whe n the collecto r is 
adsorbe d due to its initiall y high concentration . 

It is of interes t to not e tha t whil e processe s 1, 2, 4 and 10 are simpl e equilibra -
tion s and do no t requir e high intensit y conditioning , processe s 3, 8, 9 and 11 are 
characterize d by high energ y requirements . 

By all evidence , in all flotation  and agglomeratio n processe s involvin g the use 
of oil , prope r oil pre-emulsificatio n is extremel y importan t [33-37] . Th e prope r 
dro p size shoul d be obtaine d befor e rathe r tha n durin g the conditionin g step . As 
indicate d by Arbite r and William s [9], it is mor e efficien t to dispers e oil in a concen -
trated  stoc k solutio n with smal l specificall y designe d equipment . If the droplet s are 
initiall y coarse , the separatio n result s are poore r and canno t be brough t to the sam e 
leve l as thos e with a pre-emulsifie d reagent . 

In the oil-assiste d separatio n processes , interactio n of oil droplet s with minera l 
particle s result s in attachmen t whe n particle s are hydrophobi c — eithe r hydropho -
bic by natur e or rendere d hydrophobi c with collectors . 

If a particl e is force d agains t an oil drople t (Figur e 8) isothermall y and in a 
reversibl e way , the wor k performe d is identica l to the free energ y chang e of th e 
system : 

AG  = GS
2- G\ 

wher e A^  and^4 ow stan d for the surfac e area s of the soli d particl e and oil droplet , 
respectively , and 7 ^ and 7ow are solid/wate r and oil/wate r interfacia l tensions . 

If the attachmen t area^4 so is assume d equa l to 1 cm 2: 

G\  =  (̂ sw - l)7sw + (v40w - l)7o w + lTso (9 ) 

and : 

Fig. 8. Attachment of solid particle to oil droplet in water. 
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AG  = GS
2- G\  = 7so - 7sw - Tow (10 ) 

Sinc e from Young' s equation : 

Tsw = 7so + 7ow COS Θ (11) 

then : 

AG = 7 o w(cos0- l ) (12 ) 

The resul t is tha t the attachmen t of an oil drople t to a minera l particl e is likel y to 
take plac e only whe n Θ  > 0; for Θ  = 0, cos 0 = 1 and AG  =  0, the attachmen t is 
impossible . 

Attachment  and  spreading  —  the  effect  of  particle  hydrophobicity 

Tkubma n and Janov a [38] showe d tha t non-pola r oils are bette r flotation  collec -
tors whe n they are less solubl e in water . Thi s agai n confirm s tha t the mod e of actio n 
of such flotation  agent s is quit e differen t from water-solubl e collector s whic h adsor b 
onto solid s from the aqueou s environment . Non-pola r oils are emulsifie d and thei r 
droplet s mus t attac h to the minera l particle s in orde r to improv e floatability. 

Burki n and Soan e [39] prove d experimentall y tha t hydrophili c quart z particle s 
coul d no t be floated  wit h oil . Th e sam e quart z could , however , be floated  whe n 
extremel y smal l amount s of dodecylamin e wer e simultaneousl y added ; thes e amin e 
quantitie s wer e no t sufficien t to caus e the flotation  of quart z by themselves . Thes e 
findings  can be explaine d with the result s obtaine d by Schulma n and Leja [40] , who 
studie d wettabilit y of barit e in the presenc e of the surfactant s whic h adsor b ont o 
BaS0 4. Th e contac t angle s in aqueou s solution s of the surfactant s (fatt y acids , alky l 
sulphonates ) wer e muc h large r whe n measure d at oil droplet s tha n at air bubbles . 
The contac t angl e for thes e two systems , solid-water-oi l and solid-water-air , in 
accordanc e with Young' s equatio n is the resul t of thre e tensions : 

7wa COS 0(air) = 7sa - 7SW (13 ) 

7ow cos 0(oii) = 7so - 7 ^ (14 ) 

wher e 0(a|r) and 0(oii) are the contac t angle s measure d acros s the aqueou s phas e by 
drop s of oil or by air bubbles . Whil e it is seldo m tha t the water/ai r surfac e tensio n 
can be reduce d to value s belo w 30 erg cm" 2 by additio n of surfac e activ e agent , the 
interfacia l tensio n of the oil/wate r interfac e can be easil y reduce d to value s of 1 erg 
cm -2 by additio n of a suitabl e surfac e activ e agen t eithe r to wate r or to oil . In the 
presenc e of a surfactan t in oil , the valu e of 7so mus t also be muc h smalle r tha n the 
valu e of 7sa, and all this lead s to muc h large r contac t angle s at the solid-water-oi l 
junctur e tha n at the solid-water-ai r thre e phas e contact . 
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It is also interestin g to observ e tha t whil e micelles , forme d at surfactan t concen -
tratio n exceedin g CMC , depres s frot h flotation  of mineral s [41] , in emulsio n system s 
the micelle s are solubilize d by oil phas e and the contac t angl e at the solid-oil-wate r 
interfac e remai n unchange d abov e the critica l micell e concentratio n [40] . 

In furthe r experiment s with attachmen t of oil droplet s to hydrophobi c coa l parti -
cles , Burki n and Bramle y [42, 43] measure d the zet a potentia l of the oil droplet s and 
coa l particle s and use d DLV O theor y to characteriz e the interaction . Thei r result s 
clearl y sugges t tha t the collisio n of the drople t and the particl e can lead to attach -
men t only if the kineti c energ y of approac h betwee n the m is large r tha n the energ y 
of repulsion . Thei r wor k reveale d tha t som e surfac e activ e agent s (Lissapo l NBD ) 
can drasticall y improv e flotation,  and tha t thi s effec t is accompanie d by a decreas e 
in the zet a potentia l valu e of the interactin g coa l and oil droplets . 

The beneficia l effec t of frothe r on flotation  with oily collecto r was demonstrate d 
and explaine d by Melik-Gaykazia n and co-worker s [44] . Frothe r adsorb s at the oil / 
wate r interface , lower s the interfacia l tensio n and improve s emulsification . How -
ever , it also adsorb s at the coal/wate r interfac e [45-47] , and provide s anchorag e for 
the oil droplet s to the coa l surface . At highe r frothe r concentration , as show n in 
Figur e 9, an opposit e effec t can be expected . 

A simila r approac h was adopte d by Mackenzi e [32] , who throug h electrokineti c 
measurement s explaine d th e effec t of ioni c surfactant s on th e interactio n of oil 
droplet s with minera l surface s and on flotation  (Figur e 10) . 

As it is known , the DLV O theor y take s into accoun t only Van de r Waals-Londo n 
attractiv e force s and coulombi c forces . In the system s typica l for minera l process -

es 
Ü 

1 2 3 
REAGENT CONSUMPTION, kg/t 

oil drop 

^ 7% 

Fig. 9. Flotation of coal under various conditions: 1 = flotation with kerosene only; 2 = flotation with 
kerosene and n-octyl alcohol (from Melik-Gaikazian and co-workers [44]). 
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a) Penetration model for low CTAB cone. 

b) Sweeping — penetration model for medium CTAB cone. 

c) No adhesion possible at high CTAB cone. 

Fig. 10. Schematic model of oil droplet-mineral particle adhesion. Long-chain ions adsorbed at mineral 
surface are identical to those at oil/water interface and blacked out to clarify model. (From Mackenzie 
[32] with permission.) 

ing, the hydrophobicit y of interactin g bodie s varie s significantly . Th e hydrophobi c 
interactio n ter m missin g in the DLV O theor y seem s to be a sourc e of problem s 
associate d with applyin g thi s theor y in the minera l processin g area . It has recentl y 
bee n show n [48] tha t inclusio n of the hydrophobi c interactio n ter m wil l enabl e bet -
ter understandin g of the aggregatio n phenomena . Th e calculatio n of the interactio n 
energ y betwee n oil droplet s and hydrophobi c soli d particle s wil l definitel y be muc h 
improve d with such corrections . 

It is ofte n assume d tha t afte r attachment , oil spread s ont o the minera l surfac e 
and form s a thin film.  But is it realisti c to assum e the existenc e of such a film? 

As show n in Figur e 11 , the spreadin g of oil at the solid/wate r interfac e wil l 
requir e a chang e in free energ y give n by: 

^Cr — 7so "» 7ow Tsw 

Substitutio n of 7 ^ from equatio n (11 ) gives : 

AG = 7ow - 7ow cos 0(oil) = 7 ow(l - cos 0(oil)) 

(15) 

(16) 
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i s w  ̂ — — 

'/,T/// 

T f o w ^ _: : _ water, 

oil 

KP//////**'/, 

Fig. 11. Schematic model of oil spreading at solid/water interface. 

But sinc e 0(oil) = 1 8 0 - 0 (Figur e 12) : 

AG = 7oW(l + cos0 ) (17) 

and AG  is alway s a positiv e numbe r indicatin g tha t thermodynamicall y the spread -
ing of oil into thin film  at the solid/wate r interfac e is alway s unlikely . AG  =  0 only 
if cos Θ  = - 1 , tha t is whe n Θ  = 180° , a conditio n neve r me t in practice . 

The spreadin g proces s is also analyze d with the use of Harkin s spreadin g coeffi -
cient : 

•̂  — Tsw Tso To (18) 

Sinc e the spreadin g coefficien t represent s the energ y gaine d by spreading , the 
proces s may occu r spontaneousl y if 5 is positive . Whe n S is negative , the oil drople t 
adopt s a stabl e positio n on the soli d surfac e displayin g a contac t angl e Θ  > 0. 

Applyin g Young' s equation , it can be show n tha t the spreadin g coefficien t is give n 
by: 

S =  —7 ow(cos ö + 1) (19) 

therefore , this expressio n is alway s negativ e for a finite  valu e of Θ. 
Brow n et al . [49] studie d wettin g of variou s coal s by paraffini c oil in water , also 

in the presenc e of surfac e activ e agents . Som e of thei r result s ar e give n in Figur e 
13. It is apparen t tha t oils do no t sprea d spontaneousl y on coa l whe n it is immerse d 
in water . Thi s is tru e eve n whe n the oil/wate r interfacia l tensio n is reduce d by 

water 

Fig. 12. Contact angles at solid-water-oil three-phase contact. 
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• Betteshanger vitrain 
O Woodhorn vitrain 

0.4 0.8 1.2 1.6 
m - CRESOL IN PARAFFIN, % by vol 

Fig. 13. Spreading coefficient of paraffin with m-cresol added on two different vitrains (from Brown et 
al. [49] with permission). 

the additio n of surfac e activ e compounds . In accordanc e wit h thes e conclusions , 
Figur e 14 show s oil droplet s on a hydrophobi c soli d (coal) , and also on a porou s 
hydrophobi c soli d in wate r [50] . The pore s on coa l surface , as show n in Figur e 14, 
are partiall y filled  with oil sinc e the conditio n for replacemen t of wate r (or air ) by 
oil in a capillary , or crack , or spac e betwee n the particle s is undoubtedl y differen t 
[49]. 

Coa l is a highl y heterogenou s solid . It is a mosai c at bot h th e molecula r and 
macroscopi c level s in whic h the hydrophobi c organi c matrix , tha t may also contai n 
hydrophili c pola r groups , is associate d with variou s hydrophili c inclusion s of minera l 
matter . Ou r recen t observation s [51] indicat e tha t the pore s on coa l surfac e are also 
importan t constituent s of such a mosaic . In the cas e of hydrophobi c coa l particle s 
immerse d in water , the pore s may stay filled  with air for a very lon g time , wherea s 
the pore s on mor e hydrophili c particle s are quickl y filled  with water . Thi s increase s 
furthe r th e differenc e in wettabilit y betwee n suc h particle s and set s up condition s 
unde r whic h oil , if adde d to suc h a pulp , wil l easil y penetrat e int o th e pore s of 
hydrophobi c particles . 

Fig. 14. Oil droplets on coal surface in water (from Klassen [50]). 
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Emulsio n flotation 

The thermodynami c criteri a suc h as the spreadin g coefficien t [equation s (18 ) 
and (19) ] ar e no t favorabl e for displacin g wate r by hydrocarbon s eve n on very 
hydrophobi c teflo n [52] . In spit e of the negativ e valu e of the spreadin g coefficien t 
whic h indicate s tha t the oil wil l no t displac e water , the oil may , however , displac e 
wate r if a four-phas e teflon/oil/water/ai r interfac e is established . Sinc e this situatio n 
is relevan t to flotation,  it is furthe r analyze d in Figur e 15 adapte d afte r Zettlemoye r 
et al. [52] , and Klasse n [53, 54] . 

The spreadin g coefficien t of oil (purifie d whit e minera l oil , η0 =  30. 4 erg cm" 2) 
on teflo n in contac t with wate r was 50/sw = —2.4 2 erg cm" 2 and the oil exhibite d 
a finite  contac t angl e of 37°. In Figur e 15A , the wate r film  can be though t of as a 
duple x film  whic h has bee n mechanicall y extende d ove r a substrat e on whic h it has 
a negativ e spreadin g coefficient , 5 w/0 = —94. 2 erg cm" 2. Th e wate r recede s dow n 
the oil dro p whe n the particl e approache s a bubbl e unti l the water/oi l interfac e is 
eliminated . Afte r this , the wate r dewet s the teflo n plate , recedin g to the ends . Thi s 
may eithe r be followe d by the film  breakin g into individua l droplet s with 0O/W = 37° 
or, accordin g to Klasse n [53 , 54] , the oil recede s into a threa d alon g the solid/water / 
air interfac e (Figur e 15D) . 

One noticeabl e effec t of the oily collecto r additio n is an increase d size of floated 
particles . As maintaine d by Melik-Gaykazia n [44 , 55] , the locatio n of oily hydro -
carbo n at the line of contac t at the thre e phases , and its sudde n outflo w whe n the 

bubble 

Fig. 15. Attachment of bubble to hydrophobic particle in the presence of oil droplet on the solid particle. 
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bubbl e is deforme d unde r shearin g force s lead s to a shar p increas e in the bubble -
particl e adhesio n tha t prevent s detachment . 

Sinc e an oily collecto r can only be use d whe n particle s are to som e exten t hy-
drophobic , typica l example s of emulsio n flotation  includ e flotation  of molybdenit e 
and flotation  of coal . 

In the flotation  of copper-molybdenu m sulphid e ores , the bul k concentrat e con -
tain s bot h valuabl e sulphide s and is furthe r processe d by depressin g coppe r sul -
phide s and floating  molybdenite . Th e forme r is usuall y depresse d wit h NaH S (or 
Na2S) whil e the latte r is floated  with the use of oily collecto r aide d by som e amoun t 
of emulsifie r [6] . The compoun d unde r trad e nam e Syriter-classifie d as sulphate d 
coconu t oil : 

H O 
I II 

H-C-O-C-Gn H23 
H-C-OH n I ^° 
H - C - O - S^ 

H O I Na 

is generall y claime d to be the bes t emulsifie r in the flotation  of molybdenite . 
Smi t and Bhasi n [56] showe d tha t petroleu m hydrocarbons , use d as collector s in 

molybdenit e flotation,  diffe r in thei r effectiveness . Thei r experiment s indicat e tha t 
a two-componen t blen d of a highe r molecula r weigh t naphteni c fraction s and No . 2 
fuel oil gave superio r flotation  results . 

In the 1960s , the mos t impressiv e researc h progra m on the flotation  of coal s was 
carrie d ou t by V.l . Klasse n and his co-worker s [50, 54, 57] . Flotatio n activit y of sim-
ple hydrocarbons , varyin g in chai n lengt h and chemica l compositio n was teste d [50 , 
57]. It was reveale d tha t simpl e pur e hydrocarbon s are no t very efficien t collectors . 
Whil e they improv e the floatability  of unoxidize d metallurgica l coal s to som e extent , 
they are no t usefu l in the flotation  of lowe r ran k coa l particle s (se e figures  27 and 
28, Chapte r 4) . Compound s containin g mor e tha n eigh t carbo n atom s (octane ) and 
especiall y cycli c hydrocarbon s suc h as decali n (Ci 0Hi 8), wer e foun d to be bette r 
than shorte r chai n homologue s [57] . 

Sinc e the actio n of thes e non-pola r agent s directl y result s from thei r immiscibilit y 
with water , relativel y goo d solubilit y and high volatilit y of lowe r chai n homologue s 
wer e postulate d to be responsibl e for thei r poo r flotation  performanc e [38] . Glem -
botsk i et al . [58] foun d correlatio n betwee n viscosit y of hydrocarbo n homologue s 
and thei r flotation  properties , and claim tha t all propertie s of non-pola r compound s 
directl y influencin g thei r attachmen t to minera l surface s ar e relate d to viscosity . 
Althoug h they wer e not abl e to explai n difference s in flotation  activit y betwee n var -
ious classe s of hydrocarbon s {paraffins , cycloparaffins , aromatics} , the relationship s 
with viscosit y foun d withi n thes e group s wer e straightforward . Klasse n also notice d 
the effec t of viscosity , bu t he maintaine d tha t thi s result s from the effec t of the oil 
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TABLE 5 

Flotation of coals varying in rank with the use of different reagents 

Coal Flotation Concentrate Tailings 
t y pe a g e n tS Yield (%) Ash(%) Yield (%) Ash (%) 

Bituminous medium tar oil 2.5 kg t"1 71.7 4.5 28.3 63.9 
volatile 
Bituminous high tar oil 2.5 kg t"1 38.9 3.9 61.1 23.2 
volatile C 
Bituminous high kerosene 2 kg t"1, 79.1 4.1 20.9 62.1 
volatile C nonyl alcohol 0.62 kg t_1 

(From Klassen [50].) 

viscosit y on its emulsificatio n [50] . Thi s subjec t was revitalize d recentl y by Moxo n 
et al . [59] , who claim tha t in the flotation  of a porou s soli d suc h as coal , the oil no t 
only spread s ove r the coa l surface , bu t also penetrate s the pores . Accordin g to thes e 
authors , optimu m lengt h of twelv e carbo n atom s in the collecto r molecul e result s 
from thes e riva l effect s as they also depen d on hydrocarbo n viscosity . As alread y 
pointe d out , only the pore s on hydrophobi c particles , whic h are likel y to stay filled 
with air for a long perio d [51] may be easil y penetrate d by oils . 

Difficult-to-floa t low ran k and/o r oxidize d coal s wer e show n to requir e a high 
consumptio n of the collectors . If suc h a proces s is carrie d ou t with the use of the oily 
collecto r only , the result s are characterize d by a clea n concentrate , bu t also by low 
ash conten t of the tailing s and , consequently , low recover y of combustibl e matter . 
Whil e for metallurgica l coal s the recover y can easil y be improve d by increasin g 
collecto r consumption , the low ran k coal s do no t respon d wel l to such a treatment . 
This , however , can be remarkabl y improve d if two agents , water-insolubl e collecto r 
and water-solubl e frother , are properl y selecte d (Tabl e 5) [50] . Thi s join t effec t has 
alread y bee n discusse d (Figur e 9) [44] . 

In cas e of very difficult-to-floa t coals , a combinatio n of the two reagents , as 
show n in Tabl e 5, may no t be sufficien t to provid e satisfactor y results . Th e thir d 
agent , referre d to as promoter , may furthe r enhanc e the proces s [11] . 

As alread y pointe d out , the emulsificatio n of an oily collecto r increase s the num -
ber of oil droplet s and aid s flotation  kinetic s [33-37 , 60, 61] . Sinc e man y fine  coa l 
flotation  circuit s do no t provid e for effectiv e conditionin g of the collector , oil disper -
sion into fine  droplet s mus t be aide d by chemica l means . Emulsificatio n is facilitate d 
by surfactants , referre d to as emulsifiers , whic h reduc e the valu e of oil/wate r inter -
facia l tension . The promoter s belon g to this group . The use of such chemica l aids in 
coa l flotation  was reviewe d in 1984 [10] . 

One of the promoter s use d by industr y is Dowel l M-210 . It is also know n as a 
froth conditionin g agen t [62] . It contain s imidazoline , or imidazoliniu m salt s of the 
followin g formula : 
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( C6to i 
N ^N\ C H2 

/̂ iu 000 a l k yl or a l k e n yl )—C I ,, 
O N l 

N II / \ 
i C ^ to C1 7a l kyl or a l k e n yl ) C — O C H2 C H2C 02-

Imidazolin e is amphoteri c with a point-of-zer o charg e of approximatel y pH 8 
[63]. It behave s as a cationi c surfactan t at pH < 7.3 and as an anioni c compoun d at 
pH > 8.8 . 

Figur e 16 show s the effec t of the Dowel l M-21 0 promote r on the flotation  of 
coars e coa l (—60 0 + 212 /im ) with kerosen e [11] . Wherea s metallurgica l coa l floats 
very wel l unde r such conditions , the surfac e of the oxidize d coa l (Oxid e 13, Fordin g 
mine , Britis h Columbia ) require s the additio n of promoter . As can be seen , th e 
promote r also enhance s the flotation  of quart z and , therefore , its concentratio n 
mus t be kep t withi n certai n limits . 

As show n in Figur e 3, the electrokineti c potential  of hydrocarbo n droplet s in 
wate r is negativ e ove r the entir e pH range . So is the zet a potentia l of kerosen e 
droplet s (Figur e 6) . Sinc e the zet a potentia l of the oxidize d coa l particle s is also 
negativ e (figur e 29 , Chapte r 4) , thi s mus t seriousl y hinde r the possibilit y of th e 
oil-to-coa l particl e attachmen t [32] . 

The zet a potentia l of kerosen e droplet s in the presenc e of Dowel l M-21 0 is also 
show n in Figur e 6, and as seen thes e value s can be compare d to the zet a potentia l of 
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Fig. 16. Hallimond flotation of -600 +212 μνα particles of Met. F and Oxide 13 coals, and -212 +105 
μηι quartz particles. Flotation was carried out either with kerosene only, or with kerosene containing 
M-210 promoter. (From Laskowski [11].) 
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Fig. 17. Dynamic process of spreading of kerosene droplets containing 5% of Dowell M-210 promoter 
on coal surface in water (from Laskowski [65]). 

fuel oil No . 2 with 25% additio n of Fue l oil No . 6. Base d on thi s type of experiments , 
Wen and Sun [19] suggeste d tha t the four-to-on e mixtur e of fuel oils No . 2 and No . 
6 be use d as a bette r collecto r for flotation  of low ran k coals . In line wit h thes e 
findings,  Carbin i et al. [64] hav e recentl y confirme d tha t mixture s of commercia l oils 
are bette r collector s for low ran k coals . 

As ou r experiment s hav e shown , promoter s also reduc e the kerosene/wate r in-
terfacia l tensio n from 50 erg cm" 2 dow n to belo w 1 erg cm" 2 at 5%  additio n of 
Dowel l M-21 0 to kerosene . Thi s lead s to improve d spreadin g of kerosen e ont o the 
coa l surfac e as show n in Figur e 17 [65] , 

Japanes e researcher s [66] studie d the effec t of variou s promoter s on flotation 
of coa l with water-insolubl e oily collector . It is noteworth y tha t they observe d non -
ioni c surfactant s with low HL B value s and high molecula r weigh t produce d bette r 
flotation  results . 

Humi c acids , whos e conten t may be quit e substantia l in low ran k coals , can be ex-
tracte d int o an aqueou s phase . Thes e anioni c polyelectrolyte s adsor b strongl y ont o 
hydrophobi c surfaces , mak e the valu e of the zet a potentia l of bot h coa l particle s 
and oil droplet s mor e negativ e and finally  may rende r the coa l surfac e completel y 
hydrophili c [67 , 68] . Flotatio n of coa l unde r such condition s is obviousl y depresse d 
[68, 69] . The harmfu l effec t of humi c acid s may be greatl y reduce d in the presenc e 
of promoters . Figur e 18 show s the effec t of pH on th e contac t angl e of kerosen e 
droplet s on coa l in water , measure d withi n water . In an acidi c environment , the 
presenc e of humi c acid s reduce s the contac t angl e valu e from abou t 80-9 0 degree s 
to almos t zer o (at 20 ppm concentratio n of humi c acids) . Thi s mean s tha t kerosen e 
does no t we t coa l surface s immerse d in wate r unde r suc h conditions . Additio n of 
5%  Dowel l M-21 0 to kerosen e restore s the valu e of the contac t angl e remarkably , 
also in the presenc e of humi c acids , and thes e findings  provid e new insigh t into the 
role tha t promoter s play in the flotation  of low ran k coals . 

It has also bee n show n tha t promoter s improv e flotation  of coars e coa l particle s 
[70]. Sinc e coa l flotation  circui t variations , widel y teste d in Australi a [71] , may re-
quir e separat e flotation  of coars e particle s unde r appropriat e conditions , the use 
of promoter s to aid coars e coa l flotation  is an importan t subject . Australia n re -
searcher s teste d polyethylen e nony l pheno l [72] . Polyox y surfactant s hav e also bee n 
used in Polan d as coa l flotation  promoter s [73-75] . 
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Fig. 18. Contact angles of droplets of kerosene and kerosene containing 5% of Dowell M-210 promoter, 
measured across the water phase, on metallurgical coal (from Laskowski [65]). 

Crud e oil distillatio n product s contai n no t only paraffini c hydrocarbons , bu t also 
som e pola r compound s and heav y fractions . Th e residue s contai n als o polycycU c 
hydrocarbons , condense d polyaromatic s as wel l as nitrogen- , sulphur - and oxygen -
containin g compound s (Tabl e 4) . Thes e pola r functiona l group s are apparentl y abl e 
to interac t with variou s minera l surfaces , and whil e such compound s are muc h bette r 
collector s for lowe r ran k and oxidize d coals , thei r use may also lead to a highe r ash 
conten t in the final  products . 

Abundan t evidenc e —  bot h from laborator y testin g and plan t practic e —  show 
tha t dispersio n of an oily collecto r into fine  droplet s by mechanica l conditioning , or 
by usin g admixture s with frother s to provid e emulsifyin g action , or by applicatio n 
of promoters , improve s flotation.  Oil-in-wate r emulsions , and the interactio n of oily 
droplet s wit h minera l particle s in aqueou s phase , ar e typica l subject s of colloi d 
chemistry . Th e example s illustratin g the principle s of emulsio n flotation  hav e bee n 
selecte d in this sectio n to show how the colloi d chemistr y experimenta l method s can 
be utilize d to promot e bette r flotation. 



386 J.S. Laskowski 

Extende r an d agglomerat e flotations 

All flotation  method s in whic h water-insolubl e oils are utilize d belon g to a singl e 
class of emulsio n flotation  processe s and th e terms : emulsio n flotation,  extende r 
flotation  and agglomerat e flotation  may be quit e arbitrary . 

An exampl e of extende r flotation  is fatty acid s flotation  of phosphate s with simul -
taneou s additio n of fuel oil [76] . The proces s describe d by Rinell i and Marabin i [77] 
to float  zinc-lea d oxide-sulphid e ore s with som e chelatin g collecto r alon g with fuel 
oil is an interestin g exampl e of extende r flotation.  Th e emulsio n flotation  proces s 
develope d by Rosa s and Polin g [78] , in whic h non-sulphid e coppe r ore s containin g 
brochantite , malachit e or chrysocoll a are floated  with a collecto r —  diphenylguani -
dine —  and an emulsifie d water-insolubl e oil , als o illustrate s wel l wha t is her e 
referre d to as extende r flotation. 

The utilit y of extende r flotation  to promot e bette r recover y of coars e particle s 
can be illustrate d by the industria l flotation  of potas h ore in Saskatchewan , in whic h 
fine  sylvit e is floated  with long chai n amines , wherea s the flotation  of coars e sylvit e 
fraction s require s an oil in additio n to the long chai n amine s (Saskatchewa n Potas h 
Corporatio n use s Ess o 904 oil [7]) . 

The proces s describe d by Kihlsted t [79] in 1957 , in whic h the Swedis h hematit e 
ores wer e floated  with the use of emulsifie d tal l oil (fatt y acids ) and fuel oil , seem s to 
be differen t from the example s of extende r flotation.  First , the consumptio n of fue l 
oil, fed as an 4: 1 mixtur e with tal l oil , was very high (2- 3 kg t _1) , oil was emulsifie d 
with aid of emulsifiers , and a long conditionin g tim e at high soli d conten t afte r the 
emulsio n additio n bu t prio r to flotation  was foun d to be beneficial . Suc h a flotation 
proces s was reveale d to provid e satisfactor y result s withou t deslimin g the feed . Fur -
the r detail s of the proces s wer e discusse d by Runolinn a et al . [80] who studie d the 
sam e proces s to float  ilmenit e ore from Finland . Thes e result s entirel y corroborate d 
previou s findings.  Wit h intens e conditionin g and rathe r hig h consumptio n of oil 
(abou t 3 kg t" 1 at 2: 1 ratio  of fuel oil to tal l oil ) a deslimin g stag e was unnecessary . 
Amon g variou s teste d anionic , cationi c and non-ioni c emulsifiers , whic h wer e show n 
to accelerat e conditioning , non-ioni c akyl-phenol-polyethoxy-ether s (Ethoxo l P-19 ) 
wer e foun d to be the best . Th e test s reveale d tha t the non-pola r emulsio n agglomer -
ated ilmenit e particles . Thre e percen t of Ethoxo l P-19 in oil accelerate d aggregatio n 
of ilmenit e particle s whic h wer e disperse d whe n only 0.5 to 1.5% of Ethoxo l was 
added . As prove d by Karjalaht i [8] , emulsificatio n of non-pola r oi l prio r to th e 
conditionin g with pul p improve s significantl y the proces s and reduce s energ y re -
quirement s in the conditionin g stage . All thes e observation s poin t to a quit e distinc t 
flotation  process , agglomerat e flotation.  The proces s is especiall y suite d for very fine 
feeds . 

Sinc e the hydrodynamic s of fine  particle-bubbl e collision s is no t favourable , 
flotation  of very fine  particle s is no t efficient . Obviously , suc h flotation  coul d be 
muc h improve d if the fines  coul d be selectivel y aggregate d int o large r entities . In 
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agglomeratio n flotation,  thi s is achieve d by the conditionin g of pul p at high solid s 
conten t (50-70% ) with a collecto r and fuel oil . Th e oil droplet s bridg e the particles , 
whic h wer e rendere d hydrophobi c by the collector , int o large r agglomerates . As 
pointe d ou t by Lapido t and Mellgre n [81] , conditionin g hydrodynamic s in the mix -
ing stag e is of primar y importanc e for overal l result s and for the grad e of the final 
product s in particular , i.e . the promotio n of selectiv e agglomeratio n of one minera l 
from a group . 

Recen t publication s by Al-Tkwee l and Kasiredd y [82] and by Hirajim a e t al . 
[83] demonstrat e tha t agglomerat e flotation  of fine  coa l can be muc h improve d 
whe n flotation  column s are used . As discusse d in the followin g section , 5-10 % oil 
addition s are require d to produc e agglomerate s larg e enoug h to be recovere d by 
screening . Suc h a high oil additio n produce s relativel y hig h ash level s in the final 
clea n coa l product . Agglomeratio n at lowe r oil level s is mor e selectiv e bu t yield s 
weake r floc-agglomerates.  As pointe d ou t by Cape s et al . [84] , flotation  recover y 
of suc h agglomerate s lead s to bette r results . It is no t the n surprisin g tha t the use 
of flotation  column s [82 , 83] in agglomerat e flotation  was prove n to improv e the 
overal l proces s efficiency . 

Liqui d phas e agglomeratio n 

In the case of agglomerat e flotation,  som e amoun t of bridgin g oil is only neede d 
to increas e the size of the floated  entities . In the presenc e of large r amount s of 
oil, and unde r appropriat e hydrodynami c conditions , the agglomerate s may reac h 
sizes sufficien t to be separate d from the slurr y by, for instance , screening . Thi s is oil 
agglomeration.  It belong s to the grou p of "siz e enlargemen t processes " and is also 
referre d to as "liqui d phas e agglomeration " [2] . 

As with emulsio n flotation,  oi l agglomeratio n of coa l relie s on difference s in 
the surfac e propertie s of coa l and inorgani c gangue . Whil e flotation  become s less 
effectiv e for fine  size s of minera l particles , ther e is no lowe r size limi t on th e 
particle s suitabl e for oil agglomeration . 

Thre e majo r factor s contro l liqui d phas e agglomeratio n [4] : (a) the soli d wetta -
bility ; (b) the amoun t of bridgin g oil ; and (c) the type and intensit y of conditioning . 

The amoun t of agglomeratin g liqui d is critical , as show n in Figur e 19. At low 
liqui d levels , discret e lens-shape d ring s are forme d at the point s of contac t of the 
particle s (Figur e 19a) . At highe r doses , the liqui d ring s begi n to coalesc e and form 
a continuou s network , th e funicula r stat e (Figur e 19b) . Th e interparticl e spac e 
become s filled  with liqui d whe n the capillar y stat e prevail s (Figur e 19c) . At highe r 
than 10% oil consumption , the spherica l agglomerate s may be a few mm in size , 
wherea s at the oil dosage s correspondin g to the pendular-funicula r stat e mor e ope n 
but smalle r floes  are formed . 

As pointe d ou t by Kelle r and Burr y [85] , Figur e 19 doe s no t depic t accuratel y the 
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Fig. 19. Oil distribution on moist agglomerates: a. pendular state; b. funicular state; c. capillary state; d. 
oil droplet with particles inside or at its surface (from Capes [2] with permission). 

proces s of oil agglomeratio n for such a heterogenou s soli d as coal . Sinc e the surfac e 
of coa l is a patchwor k assembl y [86]  whic h consist s of area s of variou s organi c 
matter , minera l matte r and pores , it can displa y variou s contac t angle s wit h wate r 
from zer o to ove r one hundred . Th e spreadin g of oil proceed s to the limi t of an are a 
in whic h wate r is hydrogen-bonde d to the particl e surface . Whil e hydrocarbo n liqui d 
bridge s are forme d betwee n hydrophobi c part s of coa l particles , wate r is attache d to 
the patche s on the coa l surfac e at point s wher e expose d minera l matte r imbedde d 
in the coa l intersect s the particl e surface , or por e area s filled  with water . 

In the thermodynami c analysi s of the wettin g and bridgin g betwee n individua l 
solid particle s by a secon d liqui d phas e tha t preferentiall y wet s the soli d particle s 
suspende d in liqui d 1, Jacque s et al. [87] foun d tha t formatio n of the bridge s (Figur e 
20b) is mor e likel y tha n the formatio n of films  of liqui d 2 aroun d particle s sus -
pende d in liqui d 1 (Figur e 20a) . If so, the n wate r wil l form simila r bridge s betwee n 
hydrophili c spot s on coa l particle s in the agglomerates . Thi s explain s why ther e is 
alway s som e wate r in the agglomerates . 

Accordin g to Kelle r and Burr y [85] , the uniqu e tren d is observe d whe n bitumi -
nous coal s are agglomerate d wit h the use of variou s agglomerants . Thi s is show n 
in Figur e 21 , the highe r the interfacia l tensio n of the agglomeran t with water , the 
lowe r the ash conten t in the produc t coal . As discusse d in the sectio n on "Mode l 
Systems" , saturate d hydrocarbon s interac t with wate r only throug h dispersio n force s 
and thei r interfacia l tension s wit h wate r ar e in the rang e of 50-5 2 erg cm" 2. 
Aromati c hydrocarbon s interac t with wate r also via pi-bondin g and thei r interfa -
cial tension s with wate r are 15-1 6 erg cm" 2 smaller ; hydrocarbo n molecule s tha t 
contai n som e pola r group s and interac t wit h wate r also throug h hydroge n bond -
ing are characterize d by very smal l value s of interfacia l tension . Variou s type s of 
interaction s displaye d by aromatic , naphteni c and oxygen- , sulphur - or nitrogen -
containin g hydrocarbon s permi t the m to adsor b ont o variou s solids . Thi s is consis -
ten t with the observation s in whic h heavie r fraction s from crud e oil distillatio n wer e 



Oil assisted fine particle processing 

a, 

b, 

Fig. 20. Schematic model of oil spreading (a) or formation of oil bridges between dispersed in water 
hydrophobic particles (b) (from Jacques et al. [87] with permission). 
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show n to be bette r collector s in the emulsio n flotation  of low ran k and/o r oxidize d 
coals . 

Formatio n of agglomerate s require s prope r conditioning . Mixin g tim e neede d to 
form adequat e agglomerate s decrease s as agitatio n is intensified . Th e importanc e of 
agitatio n tim e increase s as oil densit y and viscosit y increase s [5]. Prio r emulsificatio n 
of the oil reduce s the energ y inpu t [88] . 

As Cape s and Germai n [5] pointe d out , in fine  coa l beneficiation , oil character -
istic s are extremel y importan t for ash rejection . Lowe r viscosit y paraffini c fraction s 
provid e cleane r products , bu t the viscou s heav y fraction s give large r agglomerate s 
tha t hol d less moisture . Thes e latte r product s are , however , less selective . Highe r 
ash level s are also characteristi c for oils with a highe r degre e of aromaticity . As it 
result s from wha t has alread y bee n said , the heavie r fraction s shoul d be bette r suite d 
for oil agglomeratio n of lowe r ran k coals . In fact , therma l and subbituminou s coal s 
(tha t is low ran k coal s characterize d by lowe r hydrophobicity , see figures  27 and 28, 
Chapte r 4) wer e foun d to be wel l agglomerate d whe n the oils containin g bitume n 
or heav y refiner y residue s wer e utilize d [89] . Perfectl y in line wit h thes e concept s 
are Blaschke' s result s [90] . She has foun d tha t whil e metallurgica l coal s are wel l ag-
glomerate d by Diese l oil , sub-bituminou s coal s can be cleane d by oil agglomeratio n 
if the oil use d contain s aromati c hydrocarbons . It is noteworth y tha t the effec t of 
variou s oils on emulsio n flotation  of coal s agree s very wel l with the result s on oil 
agglomeration . 

In the mode l experiments , to stud y the principl e variable s tha t contro l oil agglom -
eratio n proces s in whic h fine  alumina , sodiu m dodecy l sulphonat e and iso-octan e as 
the bridgin g liqui d wer e used , the agglomerate s wer e only forme d unde r condition s 
in whic h the adsorptio n of SDS at the alumina/wate r interfac e produce d contac t 
angle s with the bridgin g liqui d of mor e tha n 90 degree s [91] . Thi s explain s why oil 
agglomeratio n is so attractiv e a techniqu e for fine  coa l beneficiation . 

Liquid-liqui d extractio n 

In the describe d processe s the quantit y of oil use d is suc h tha t no separat e oil 
phas e is visibl e at the end of the separation . In liquid-liqui d extraction , also referre d 
to as two-liqui d flotation  [92] , larg e amount s of aqueou s and organi c phase s ar e 
contacte d and the particles , dependin g on thei r wettability , repor t eithe r to the 
aqueou s or organi c phases . The proces s is illustrate d in Figur e 22 whic h show s that , 
dependin g on wettability , the particle s are dragge d in by capillar y force s eithe r in 
the organi c or in aqueou s phase s (see also [40]) . 

As in the case of the alumina-water-isooctan e syste m discusse d above , fine  rutil e 
particle s coul d be extracte d int o benzen e ove r the smal l rang e of collecto r concen -
tratio n (sodiu m tetradecy l sulphate ) in the pH rang e wher e the collecto r adsorb s 
by coulombi c attractio n and provide s an approximatel y monolaye r coverag e [92] . 
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Fig. 22. Schematic model illustrating behaviour of hydrophobic and hydrophilic solid particles at the 
oil/water interface. 

Thes e result s agre e reasonabl y wel l with Zambran a et al. [93] who teste d the liquid -
liqui d extractio n metho d to beneficiat e very fine  cassiterite . In thi s earl y wor k it was 
also reporte d tha t the extractio n of cassiterit e int o benzen e too k plac e only at pH 
value s lowe r tha n the p.z.c . of the oxid e whe n an anioni c collecto r (Aerosol-22 ) was 
used . 

It is wort h mentionin g tha t in all the processe s discusse d in thi s chapter , oi l 
appear s as a separat e phas e and form s a typica l colloida l syste m whe n conditioned . 
Change s of pH and the use of surfactant s affec t the surfac e propertie s of bot h the 
solid particle s and oil droplets . Thi s facilitate s or inhibit s interactio n betwee n thes e 
two. As a resul t of thes e interactions , oil droplet s may attac h to soli d particle s and 
thus , dependin g on the size of the particle s and the type of ore , may be utilize d in a 
form of differen t separatio n techniques . 
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Fundamenta l  aspect s  o f  microbubbl e  flotation 

processe s 

JAIME A SOLARI and RODNEY J. GOCHIN 

Introduction 

Flotation is a process in which a buoyant phase is used to remove particulates 
dispersed in a solution. Air bubbles are the most commonly used buoyant phase but 
also oil emulsions and more recently plastic spheres [1], have been used as floating 
carriers for the dispersed phase. Flotation of the suspended phase may be total, as 
in solid/liquid separation applications, or partial, as in the froth flotation process 
where certain minerals are selectively separated from others by air bubbles. With 
regard to the solids that may be removed by flotation, they can be as varied as metal 
hydroxide precipitates, wastes of various kind, biological materials, minerals and 
fossil fuels. 

As in many other cases, industrial applications of flotation moved much faster 
that scientific understanding of the phenomena involved. However, it was soon 
recognized that the size of the bubbles had an influence on the efficiency of the 
flotation process [2, 3]. Also, it became apparent that bubble size was dependent on 
the method used for bubble generation and thus, certain flotation machines were 
developed for specific applications. While now it is widely accepted that a bubble 
diameter (db) of around 1 mm is optimum for conventional and column flotation 
of minerals, the main use of microbubbles has been in applications of flotation 
to solid/liquid separation. In this area, the most important industrial microbubble 
flotation processes are electroflotation and dissolved air flotation (also referred 
to as "pressure flotation" or "pressure release flotation" by some authors). For 
the purpose of this review, microbubbles are defined as bubbles having mean db 
below 100 //m. Bubble size distributions are quoted as mean dh ± the standard 
deviation. 
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Generatio n and propertie s of microbubble s 

Microbubble  generation 

Microbubble s ca n be generate d by severa l mechanisms , namely , electrochemi -
cally , liqui d cavitatio n induce d by pressur e reductio n or high shea r rates , and by gas 
injectio n throug h porou s devices . Typica l size distributio n of bubble s generate d by 
variou s system s are presente d in Figur e 1. 

The metho d of producin g microbubble s by passin g gas unde r pressur e throug h 
sintere d glas s disc s of adequat e porosit y has bee n use d mostl y fo r flotation  studie s 
at th e laborator y scale . Ahme d an d Jameso n [4 ] reporte d tha t a  sintere d dis c of 
por e size 5-1 5 μπ ι (Britis h standar d 1752 ) produce d a  bubbl e size distributio n of 
74.7 ±  21 //m . Thi s metho d of bubbl e generatio n require s th e additio n of surface -
activ e agent s in orde r to obtai n microbubble s an d ha s bee n use d to float  meta l 
precipitate s [5-7 ] an d to stud y th e flotation  mechanis m of fine  particle s by smal l 
bubble s [8, 9] . 

In th e dissolve d ai r flotation  (DAF ) process , microbubble s ar e generate d by 
cavitatio n usin g an aqueou s solutio n whic h ha s bee n saturate d wit h ai r a t high 
pressur e (300-50 0 kPa) . Thi s solutio n is force d throug h a  constrictio n (usuall y a 
orific e plate , a  nozzl e or a  needl e valve ) wher e pressur e reductio n occurs , the solu -
tion become s supersaturate d an d ai r precipitate s ou t of solutio n as microbubble s 
with mea n d h in th e rang e 50-8 0 μιτι . Detaile d studie s o n th e formatio n of mi -
crobubble s in DA F system s wer e carrie d ou t at Imperia l College , London , in th e 
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Fig. 1. Size distribution of bubbles generated by various systems ( ·: from Glembotsky et al. [24]; O: 
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late 1970' s unde r the leadershi p of J.A . Kitchene r [10-12] . Fro m thi s and othe r 
work [13,14] , it is know n tha t the size of the bubble s generate d in DA F is a functio n 
of air saturatio n pressure , pressur e reductio n at the constriction , nozzl e desig n and 
inle t wate r injectio n pressure . Also , the performanc e of the saturato r devic e influ -
ence s bubbl e size distributio n throug h its effec t on the efficienc y of air saturatio n in 
wate r [15] . 

Anothe r way of generatin g microbubble s throug h liqui d cavitatio n has bee n pro -
pose d by Sebb a [16] . In thi s method , a fast movin g (10 1 min" 1) strea m of liqui d 
is force d throug h a ventur i to whic h air is injecte d at the poin t of lowes t pressure . 
By repeate d cavitatio n and recirculatio n of a solutio n containin g abou t 0.01 M of 
a surfactant , a "microfoam " consistin g of microbubble s of averag e dh =  25 μι η 
was obtaine d [17] . Shea and Barnet t [18] used thi s cavitatio n techniqu e to generat e 
"microga s dispersions " whos e surfac e are a to bul k volum e ratio s wer e as larg e as 
5000 cm2 cm" 3. In a late r publicatio n [19] , the microfoa m is describe d as "colloida l 
gas aphrons " (CGA) . Th e ter m  aphron  was applie d to a spherica l phas e whic h is 
encapsulate d in a shel l of a thin soap y film. However , all microbubble s generate d by 
cavitatio n of surfactan t solution s wil l be referre d to as microga s dispersion s (MGD ) 
in this work . 

Researc h on the applicatio n of microbubbl e generatio n to a minera l flotation 
machin e was continue d ove r the pas t decad e by worker s at Virgini a Stat e Universit y 
and has bee n recentl y summarize d [20] . Thes e researcher s hav e designe d variou s 
microbubbl e generator s base d on the cavitatio n principl e bu t whic h allo w the direc t 
use of minera l slurrie s in the cavitatio n device . Thi s has the advantag e tha t no extr a 
wate r need s to be adde d to the flotation  reacto r in orde r to generat e bubble s and 
therefore , wate r consumptio n is reduce d and the reactor  capacit y is maximized . 

MGD s may also be generate d by a spinnin g disc tha t entrain s air int o a surfac -
tan t solutio n whe n the stirrin g rat e is abov e a critica l valu e (>400 0 r.p.m. , for the 
condition s describe d by Sebb a in [21]) . Szatkowsk i and Freyberge r [22] use d a disc 
rotatin g at high spee d in a smal l chambe r to obtai n microbubble s of size distributio n 
55 ± 25 μτη  (800 0 r.p.m. ) and 75 ± 35 μνα  (500 0 r.p.m.) . Yoo n et al [20] describe d a 
syste m whic h use s an in-lin e stati c mixe r in conjunctio n wit h a centrifuga l pum p to 
generat e microbubbles . A slurr y containin g frothe r is pumpe d at high spee d throug h 
the mixe r whil e a controlle d amoun t of air is injecte d int o the lin e in orde r to 
stabiliz e the microbubbles . 

The basi s of the electrochemica l metho d of microbubbl e generatio n is the elec -
trolysi s of dilut e aqueous , conductin g solution s wit h productio n of gas bubble s at 
both electrodes . Th e mai n parameter s tha t contro l the size and numbe r of elec -
trogenerate d micobubble s are curren t density , pH and electrod e material . Mea n 
value s for d^ are in the rang e 20-7 0 μπι  bu t the bubbl e size distribution s gener -
ated by electroflotatio n system s are usuall y muc h narrowe r tha n in DA F machine s 
(see Figur e 1) . The growt h kinetic s of electrogenerate d bubble s has bee n studie d 
by Brando n and Kelsal l [23] . Thes e author s reporte d tha t the departur e diamete r 
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of bubble s generate d at microelectrode s is a functio n of pH in surfactant-fre e so -
lutions . Hence , hydroge n bubble s wer e muc h large r at low pH tha n at alkalin e pH 
value s wherea s the opposit e behaviou r occurre d for oxyge n and chlorin e bubbles . In 
the presenc e of surfactant , the influenc e of pH on the departur e diamete r of bub -
bles decrease d for bot h oxyge n and hydroge n bubbles . Simila r findings  hav e bee n 
reporte d by Glembotsk y et al . [24] in a revie w articl e whic h summarize d Russia n 
researc h on electroflotatio n unti l the mid 70's . 

Amon g othe r processe s for microbubbl e or smal l bubbl e generation , the bubble r 
produce d by the U.S . Burea u of Mine s for colum n flotation  system s is reporte d 
to give bubble s as smal l as 200 /xm [25] . Also , Sovie t researcher s [26] clai m tha t 
"activate d aqueou s dispersion s of air " increas e flotation  efficiency . Th e descriptio n 
of thei r syste m is unclea r bu t resemble s Sebba' s CG A; however , no bubbl e size dis -
tributio n was reporte d in thei r work . Althoug h som e author s mentio n tha t vacuu m 
flotation  may produc e fine  bubbles , researc h on gas nucleatio n from supersaturate d 
solution s suggest s tha t the equilibriu m mea n size of thes e bubble s is large r tha n 100 
μτα  [10,11] . Also , som e author s [10 , 27] hav e attempte d to use gase s othe r tha n air 
for microbubbl e productio n in dissolve d air flotation  due to thei r greate r solubilit y 
in water . The use of CO2 did no t resul t in bette r efficiencie s tha n air and thi s was 
attribute d to the muc h large r bubble s tha t are produce d whe n usin g thi s gas , alon e 
or mixe d with nitroge n [27] . 

Interfacialproperties  of  microbubbles 

The interfacia l propertie s of microbubble s tha t are of interes t in flotation  are the 
distributio n of surface-activ e agent s on the bubbl e surfac e and the charg e densit y 
and electrica l potentia l at the bubble/solutio n interfac e as thes e propertie s hav e 
bee n show n to affec t the mechanis m of attachmen t of bubble s to surfaces . 

Experimenta l result s on the motio n of bubble s in fluids  hav e show n tha t belo w a 
critica l size (aroun d 0.5 mm) , bubble s behav e as soli d spheres . Thi s behaviou r has 
bee n explaine d in term s of contaminatio n of the gas/solutio n interfac e by adsorbe d 
surface-activ e agent s whic h retar d interfacia l motion . Surfactant s hav e a larg e effec t 
on bubbl e rise rat e and variou s author s hav e used thi s variabl e as a measur e of the 
cleanlines s of a solution . Hence , Figur e 2 show s result s give n by Brando n [28] on 
the effec t of bulk surfactan t concentratio n on the rise rat e of a bubble . Th e rise rat e 
(v) of a singl e microbubbl e (Re  <  1, dh <  100 μτα)  in surfactant-fre e wate r is give n 
by [29] : 

v - | 
r2g(d-d') 

(1) 

wher e d is the densit y of the liqui d of viscosit y u and d'  is the densit y of a gas bubbl e 
of radiu s r.  In the case tha t an adsorbe d laye r of surfactan t restrain s bubbl e motion , 
the coefficien t (2/9 ) shoul d replac e (1/3 ) in equatio n (1) [30] . 
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Fig. 2. Influence of the bulk surfactant concentration dodecyl trimethyl ammonium bromide (DTAB) 
on bubble rise rate (from Brandon [28] with permission). 

It is known , however , tha t the presenc e of othe r bubble s may affec t the absolut e 
valu e of v and in the case of rea l flotation  system s the rise rat e of bubbl e swarm s (V) 
has to be considered . Rule v et al . [30] propose d tha t V  depend s on the volumetri c 
fractio n of disperse d gas (Φ) in the system , and therefore : 

V =  ν/(Φ ) (2) 

The functio n /(Φ ) ha s bee n calculate d by thes e worker s and it is presente d 
graphicall y in Figur e 3. It may be observe d tha t for a valu e of the volumetri c fractio n 
of disperse d air of 5% , the rise rat e of the swar m is half of tha t of a singl e bubble . 
Also , the correlatio n propose d by Conch a and Almendr a [31] for the settlin g of 

0 0.2 0Ä 0.6 0.8 Y 

Fig. 3. Effect of volumetric fraction of air οη/(Φ), the factor relating the rise rate of a bubble swarm to 
that of a single bubble [see equation (2)]. 
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paniculat e system s has bee n used to predic t the risin g velocit y of bubbl e swarm s in 
flotation  column s [32] . 

Brando n [28] an d Laskowsk i e t al. [33] hav e reviewe d wor k carrie d ou t to de -
termin e the charg e densit y and electri c potentia l a t gas-liqui d interfaces . Th e tech -
nique s use d hav e involve d th e measuremen t of bubbl e migratio n velocitie s unde r 
an applie d field  in horizonta l rotatin g cylinder s [34-35 ] o r of risin g bubble s in a 
horizonta l electri c field  [33 , 36-39] , whil e othe r worker s hav e measure d th e Dor n 
potentia l of risin g bubbl e swarm s [40-41] . Thes e worker s generall y repor t signifi -
cantl y negativ e electrophoreti c mobilitie s a t neutra l pH . 

Brando n e t al . [42] hav e don e detaile d electrophoresi s measurement s o n elec -
trogenerate d bubble s of hydrogen , oxyge n an d chlorin e risin g in a  latera l field.  In 
surfactant-fre e electrolytes , all bubble s showe d an isoelectri c poin t in the p H rang e 
2-3 . Also , th e result s indicate d tha t th e gas-aqueou s solutio n interfac e was mo -
bile so tha t classica l electrophoresi s theor y of solid particle s coul d no t be applied . 
This wa s eviden t from th e linea r dependenc e of bubbl e electrophoreti c mobilit y 
on bubbl e diamete r ove r th e pH rang e 4-1 0 in surfactant-fre e sodiu m sulphat e as 
show n in Figur e 4 . Charg e separatio n was attribute d to eithe r th e hydrodynami c 
flow  produce d by th e risin g bubble , o r to th e polarizatio n of th e surfac e charg e 
by th e horizonta l electri c field.  However , th e presenc e of surfactant s modifie d th e 
apparen t bubbl e charg e and led to increase d rigidit y of the bubbl e surfac e so tha t a t 
monolaye r coverag e the microbubble s behave d as soli d particles . 
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Fig. 4. The influence of bubble diameter on the electrophoretic mobility of bubbles in milli-molar 
sodium sulphate (from Brandon [28] with permission). 
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In the presenc e of ioni c surfactants , microbubble s exhibi t an electrokineti c po -
tentia l of the sam e sign as the charg e of the pola r grou p of the reagent , i.e . it 
is positiv e in solution s of cationi c surfactant s and negativ e in solution s of anioni c 
surfactants . However , som e researcher s observe d tha t the bubble s in an aqueou s so-
lutio n of dodecylamin e (a cationi c surfactant ) coul d exhibi t a negativ e electrokineti c 
potentia l [39, 43]. Thi s behaviou r was investigate d by Laskowsk i and co-worker s [33] 
who showe d tha t in the presenc e of a weak-typ e electrolyt e surfactant , the sign of 
the electrokineti c potentia l of the microbubble s was pH dependent . Thes e worker s 
demonstrate d tha t the isoelectri c poin t of the bubble s correlate d wel l with thos e of 
the colloida l precipitat e presen t in the solutio n whe n the solubilit y limi t of a free 
amine , or acid , was exceeded . Thus , for example , the negativ e sign of the electroki -
neti c potentia l of microbubble s measure d in alkalin e solution s of dodecylamin e can 
be explaine d in term s of the "armoring " of the bubble s by a colloida l precipitate . 

Summarizing , microbubble s may be considere d as rigi d sphere s for hydrody -
nami c consideration s eve n in the absenc e of surface-activ e agent s bu t the gas/liqui d 
interfac e appear s to be mobile . Unde r thes e conditions , the microbubble s carr y a 
negativ e charg e and an electrica l potential  whic h is pH and size dependent . Th e 
precis e origi n of the unequa l charg e distributio n at the gas/liqui d interfac e is no t 
completel y understood . Addition s of oppositel y charge d surface-activ e agent s re -
vers e the electrokineti c potential  of the bubble s at a concentratio n dependen t on 
the bubbl e surfac e potentia l wherea s surfactant s of like-charg e adsor b specificall y 
increasin g the electrokineti c potentia l at the gas/liqui d interface . In the presenc e of 
ioni c surfactants , microbubble s exhibi t an electrokineti c potentia l of the sam e sign 
as the charg e of the pola r grou p of the surfactant . However , in the presenc e of 
weak-typ e surfactan t electrolytes , the electrokineti c potentia l of microbubble s is pH 
dependen t due to adhesio n of colloida l precipitate s at the gas/liqui d interface . 

The theoretica l effec t of bubbl e siz e on the mechanis m of flotation 

Bubble-particle  attachment  in  flotation 

Afte r the pioneerin g wor k of Sutherlan d [44] , man y author s hav e studie d th e 
variou s stage s involve d in the elementar y proces s of flotation  with the aim of con -
structin g a unifie d pictur e of the bubble-particl e attachmen t process . Th e review s 
of Kitchene r [45] , Derjagui n and co-worker s [46-48] , Schulz e [49] , Hornsb y and 
Leja [50] , Ralsto n [51] , Jameso n et al . [52] , Tteiha r and Warre n [53] and of Yoo n 
and Luttrel l [54] , provid e an excellen t backgroun d for thi s discussio n on the specifi c 
characteristic s introduce d by the size of the bubble s on the flotation  mechanism . 

The attachmen t of a particl e to a gas bubbl e in a flotation  syste m is usuall y 
describe d as the resul t of a serie s of consecutiv e stages , eac h of whic h is determine d 
by differen t propertie s of the system . Hence , it is generall y accepte d tha t for a 



402 Jaime A. Solan and Rodney J. Gochin 

particl e to be collecte d and floated  by a bubbl e ther e mus t be : (1) a collisio n 
betwee n them , (2) an adhesio n ste p wher e particl e and bubbl e form an aggregate , 
and (3) the bubble-particl e aggregat e mus t be stabl e enoug h to resis t the actio n 
of detachmen t forces . If probabilitie s ar e ascribe d to eac h of thes e stages , th e 
probabilit y tha t flotation  (P{) occur s is: 

Pi =  PcPzP*  (3 ) 

wher e P c, P a and Pd are the probabilitie s of collision , adhesio n and tha t detachmen t 
does no t occur , respectively . Thi s revie w wil l be mainl y concerne d wit h the collisio n 
and adhesio n stage s of flotation  as the probabilit y of particl e detachmen t from smal l 
bubble s is considere d to be very low in flotation  system s [49] . 

As it is difficul t sometime s to separat e experimentall y the collisio n and adhesio n 
steps , the ter m "collection " has bee n use d to describ e the join t resul t of thes e two 
stages . Also , som e author s hav e employe d the ter m "efficiency " to calculat e th e 
valu e of the abov e mentione d probabilities . Therefore , the efficienc y of collectio n 
(E)  has bee n define d as: 

E = PCP,  = £ c£ a (4 ) 

Som e author s [55-57 ] hav e arrive d at experimenta l value s of E  by measurin g 
the absolut e rat e of captur e of hydrophobi c particles , i.e . by assumin g tha t th e 
probabilit y of adhesion , for very hydrophobi c particle s is equa l to unity . 

Also , assumin g tha t flotation  is a first-order  kinetic s process , Jameso n et al . 
[52] hav e show n tha t the flotation  rat e constan t (k)  is directl y proportiona l to the 
collectio n efficienc y and therefore , tha t the conclusion s obtaine d from a stud y of E 
can be relate d to the rat e and recover y of flotation.  Thes e author s propose d that : 

k = 1.5  QE—V C (5 ) 

wher e Q  is the gas volumetri c flowrate,  and h  and Vc ar e the dept h and effectiv e 
cell volume , respectively . Hence , for a give n air inpu t and constan t particl e size , a 
decreas e in bubbl e diamete r lead s to a large r numbe r of bubble s with a slowe r rise 
velocit y and therefor e the residenc e tim e and flotation  rat e shoul d increase . 

Particle  collection  by  microbubbles 

It is customar y to begi n considerin g th e collisio n ste p as th e approac h of a 
particl e and a bubbl e of diameter s dp and d\>,  respectively , and the n to calculat e 
the critica l streamlin e tha t allow s the particl e to mak e grazin g contac t wit h the 
bubbl e surface . Th e bubble-particl e collisio n is therefor e assume d to be basicall y 
determine d by the hydrodynami c flow  aroun d the bubbl e whic h is a functio n of 
the particl e and bubbl e sizes . Recen t review s of the hydrodynamic s involve d in the 
collisio n stag e hav e bee n presente d by Schulz e [49, 58] , Derjagui n and Dukhi n [47] 
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and Yoo n and Luttrel l [54] . Also , Webe r and Paddoc k [59] propose d an expressio n 
for Pc tha t applie s withi n a wide rang e of bubbl e and particl e sizes . 

Anfrun s and Kitchene r [55 , 56] and Yoo n and Luttrel l [57] hav e studie d bubble -
particl e collectio n experimentall y in the cas e of potentia l flow  and intermediat e 
Reynold s number s (1 <  Re  <  40) wherea s Flin t an d Howart h [60] , Rea y and 
Ratclif f [8, 61] , Collin s and Jameso n [9] and Ahme d and Jameso n [4] hav e carrie d 
out studie s in the Stoke s flow  regim e (Re  < 1) . Thes e author s reporte d tha t the 
probabilit y of collisio n (Pc) of particle s with microbubble s is inversel y proportiona l 
to the squar e of the bubbl e size . Hence : 

(6) 

wher e B  is a constan t and N  has bee n foun d to vary betwee n 1.3 and 1.8 dependin g 
on whethe r the experiment s wer e performe d unde r quiescen t or turbulen t condi -
tion s [4, 9] . If equatio n (6) is combine d with (5) , the effec t of bubbl e size on the 
flotation  rat e constan t in the Stoke s regim e is obtained . Thus : 

k oc d^  (7 ) 

whic h indicate s tha t smalle r bubble s increas e the rat e of collisio n and therefore , tha t 
the probabilit y of flotation  of fine  particle s is highe r whe n usin g microbubbles . 

Onc e particle-bubbl e collisio n occurs , the particl e slide s ove r the bubbl e surfac e 
for a perio d of tim e and it is durin g this "slidin g time " tha t bubble-particl e adhesio n 
proceeds . The adhesio n step consist s of the thinnin g and ruptur e of the wettin g film 
on the soli d surfac e followe d by the establishmen t of a three-phas e contac t angle . 
The minimu m tim e require d to thin and ruptur e the wettin g film  is know n as the 
"inductio n time" . Film collaps e occur s at a critica l thicknes s /i c. Fro m thi s pictur e 
of the adhesio n stag e it is clea r tha t ther e are two basi c prerequisite s for flotation, 
namely , tha t th e inductio n tim e be shorte r tha n th e slidin g tim e and secondly , 
tha t the wettin g film  be capabl e of spontaneou s rupture . Thi s allow s a distinctio n 
betwee n kineti c and thermodynami c condition s for bubble-particl e adhesio n to 
occu r [62] . 

Followin g Sutherlan d [44] , the probabilit y of adhesio n has bee n formulate d by 
Dobb y and Finc h [32] as the fractio n of particle s in the pat h of the bubbl e tha t 
remai n adhere d afte r collision . Thes e particle s ar e thos e whos e slidin g tim e (ts) 
is large r tha n thei r inductio n tim e (ii) . For a give n bubbl e and particl e sizes , the 
slidin g tim e may be calculate d from th e distanc e travelle d on the bubbl e surfac e 
and the particl e slidin g velocity . A limitin g angl e (θ0) is define d as th e angl e of 
incidenc e of particle s whos e ts =  tx. Thus , only thos e particle s whic h strik e the 
bubbl e at an angl e of incidenc e (θ{)  smalle r tha n (θ0) wil l hav e ts >  t\  and wil l 
remai n attached . Calculation s of the slidin g tim e usin g thi s mode l wer e compare d 
with the experimenta l result s of Schulz e and Gottschal k [63] and gav e a reasonabl e 
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fit.  Yoo n and Luttrel l [54] hav e develope d thi s mode l furthe r and calculate d th e 
probabilit y of adhesio n in the Stoke s flow  regim e as : 

Pa = sin <  2 arcta n exp 
-1.5vii 

dh(db/dp + 1) 
(8) 

The effec t of bubbl e size on the probabilit y of adhesio n may be deduce d from 
equatio n (8) whic h has bee n plotte d in Figure s 5 and 6 as a functio n of inductio n 
time and particl e size . The valu e of v in equatio n (8) was take n from (1) considerin g 
restraine d bubbl e motion . 

Figur e 5 show s tha t for constan t hydrophobicity , an increas e in particl e size 
decrease s the probabilit y of attachmen t and thi s effec t is mor e pronounce d for the 
large r microbubbles . Furthermore , for particle s belo w 10 μηι , P a assume s value s 
>0.9 5 and is practicall y independen t of bubbl e size . On the othe r hand , Figur e 6 
indicate s tha t as the particle s becom e mor e hydrophilic , i.e . thei r inductio n tim e 
increases , thei r probabilit y of attachmen t decrease s and thi s effec t is agai n mor e 
significan t as bubbl e size increases . Thi s tren d indicate s tha t selectivit y is enhance d 
as bubbl e size increase s abov e a critica l valu e and thi s effec t shoul d be mor e relevan t 
in the flotation  of ultrafin e particles . 

With regar d to Figur e 5, it shoul d be note d tha t a 50 μιη particl e may attac h to a 
10 μπι  bubbl e with high probabilit y bu t this doe s no t necessaril y mea n tha t flotation 
will occu r as the aggregat e wil l no t levitate . Therefore , the trend s presente d shoul d 
be viewe d with cautio n whe n considerin g the probabilit y of flotation  of particle s 
large r tha n the bubbles . 

It is importan t to poin t ou t tha t in this mode l of the adhesio n proces s it is implici t 
tha t the tim e necessar y for the film  to spontaneousl y ruptur e at the critica l thicknes s 
hc is muc h less tha n the tim e require d for the film  to thin to hc. Thus , it is assume d 
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tha t the inductio n tim e is basicall y a functio n of the tim e require d for film  thinin g 
and drainag e and therefore , it is controlle d by the hydrodynamic s of the system . 
Thermodynamic s woul d only determin e the valu e of hc [57] . Th e mode l has no t 
bee n validate d for microbubbles , bu t it has bee n show n tha t for bubble s in th e 
intermediat e Reynold s numbers , P a calculate d from inductio n tim e measurement s 
follow s qualitativel y the sam e tren d tha n flotation  recover y [64] . 

Anothe r approac h has bee n take n by Derjaguin , Dukhi n and Rulyo v [47 , 48] . 
Thes e author s hav e simultaneousl y considere d th e hydrodynami c interactio n be -
twee n a smal l particl e and a bubbl e and the actio n of surfac e force s in the thinnin g 
of the wettin g film.  The y pointe d ou t tha t the hydrodynami c dra g (th e short-rang e 
hydrodynami c interaction ) tha t presse s the particl e agains t the bubbl e is unabl e to 
collaps e the film  becaus e the resistanc e increase s indefinitel y as the wettin g film 
grow s thinne r and therefore , surfac e force s or rather , the "disjoinin g pressure " of 
the thin film  has to be considere d in the particle-bubbl e adhesio n step . Two case s 
wer e distinguished ; attachmen t with ruptur e of the wettin g film  and establishmen t 
of a contac t angl e as the particl e attaine d a critica l distanc e hc from th e bubble , 
and attachmen t du e to heterocoagulatio n of bubbl e and particl e throug h a wettin g 
film,  e.g . ther e is no critica l distanc e for the wettin g film  to collaps e and no three -
phas e contac t angl e is formed . Thi s latte r mechanis m of captur e has bee n name d 
"contactles s flotation". 

Firstly , the y considere d the cas e in whic h long-rang e molecula r force s ar e ne-
glecte d and wher e hc has a finite  value , e.g . the surfac e is hydrophobi c and elec -
trostati c repulsio n is supresse d due to high electrolyt e concentration . Th e result s of 
modellin g the effec t of hc on E  indicate d that , unde r thos e conditions , the influenc e 
was very wea k [48] , thu s corroboratin g the assumptio n of Yoo n and Luttrel l [57] 
tha t inductio n tim e is determine d by the hydrodynamic s of film  drainag e rathe r tha n 
by film  rupture . By a simila r argument , Rule v [65] derive d the followin g expressio n 
by considerin g the combine d effec t of hydrodynami c and molecula r force s in the 
case of the Stoke s regime : 

(
d1A\ 
"V l  (

9
) 

This relationshi p is very simila r to equatio n (6) and show s tha t the absolut e valu e 
of the collectio n efficienc y is only weakl y dependen t on the Hamake r constan t A. 
Nevertheless , it also indicate s tha t particl e captur e can only occu r whe n A  >  0, 
whic h mean s tha t molecula r force s essentiall y decid e throug h thei r sign whethe r 
flotation  wil l procee d or not . 

However , the experiment s of Collin s and Jameso n [36] and of Anfrun s and Kitch -
ene r [55] showe d tha t electrostati c interaction s throug h overlappin g of diffus e dou -
ble layer s betwee n microbubble s and particle s affecte d th e rat e of flotation  and 
therefor e particl e collection . Thi s has bee n interprete d as an influenc e of surfac e 
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force s on particl e trajector y by Ralsto n [51] , bu t it also may be viewe d as the effec t 
of thic k wettin g films  stabilize d on hydrophobi c surface s by long-rang e electrostati c 
forces . Th e experiment s of Laskowsk i and Kitchene r [66] and of Blak e and Kitch -
ene r [67] showe d tha t a hydrophobize d surfac e (methylate d silica ) retain s its nega -
tive electrokineti c potential  and stabilize s wettin g films  whic h resis t ruptur e unles s 
electrolyte s are adde d to weake n the electrica l double-laye r forces . Thes e result s in-
dicate d tha t the mer e existenc e of a hydrophobi c surfac e may no t necessaril y resul t 
in particl e collectio n by a bubbl e as othe r surfac e force s may preven t film  thinning . 
In thes e cases , the tim e take n to collaps e the film  at hc is rate-limitin g and inductio n 
time is no longe r determine d by the hydrodynami c conditions . Ther e is a goo d dea l 
of experimenta l dat a in the literatur e showin g tha t the flotation  rat e is maximu m at 
the isoelectri c poin t of the solid s [48, 52] . 

The secon d possibilit y of particle-bubbl e adhesio n propose d by Derjagui n and 
co-worker s is contactles s flotation.  Thes e author s suggeste d tha t for very fine  par -
ticle s the detachmen t force s are very smal l and therefor e the absenc e of a wettin g 
perimete r may be balance d by attractiv e surfac e force s betwee n bubbl e and particl e 

ELECTROLYTE CONCENTRATION (mole/dm°) 

Fig. 7. Regions of floatability in the case of Stokes flow (shaded). / = the lower boundary of flotation in 
the primary minimum; // = the upper boundary of flotation in the secondary minimum (from Derjaguin 
and Dukhin [47] with permission). 
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[48]. The argumen t goe s tha t unde r certai n condition s the hydrodynami c dra g may 
excee d the energ y barrie r impose d by the disjoinin g pressur e of the wettin g film 
and flotation  may occu r in the primar y minimum . Also , provide d tha t the bubble s 
and particle s are smal l enough , flotation  also occur s as the resul t of heterocoagula -
tion in the secondar y minimum . Usin g DLV O heterocoagulatio n theor y [48 , 49], the 
floatability  limit s of fine  particle s by microbubble s of like charg e in the primar y and 
secondar y minimu m may be calculated . Th e result s of thes e calculation s are pre -
sente d in Figur e 7 for the Stoke s flow  regim e as a functio n of the Ster n potential s of 
the bubbl e and the particl e and of the electrolyt e concentration . 

Kitchene r [45] considere d thi s propositio n to be hypothetica l as no example s 
of contactles s flotation  had bee n reported . H e als o viewe d wit h skepticis m th e 
possibilit y of flotation  proceedin g as a case of heterocoagulatio n theory , i.e. flotation 
due to electrostati c attractio n betwee n oppositel y charge d particle s and bubbles . 
Accordin g to Figur e 7, a qualitativ e analysi s woul d indicat e tha t the flotation  of 
10 urn quart z particle s by microbubble s shoul d be possibl e in th e pH rang e 2 -
3 considerin g tha t at thi s pH bot h quart z and microbubble s hav e a very low (if 
any) electrokineti c potential . Solar i [11] foun d absenc e of floatability  of fine  quart z 
particle s by microbubble s generate d by dissolve d air flotation  technique s at pH 2.4 , 
with and withou t frother . However , Drzymal a and Lekk i [68]  hav e recentl y claime d 
contactles s flotation  of quart z and magnetit e particle s in a modifie d Hallimon d 
tube in the presenc e of 20% ethanol . It is unfortunat e tha t ther e is no chanc e of 
correlatin g the result s obtaine d by thes e worker s with the calculation s of Derjagui n 
et al. [48] for contactles s flotation  in the potentia l regim e as the studie s wer e carrie d 
out in turbulen t flow  (db =  5 mm) . Th e possibilit y of "floating " particle s by the 
wak e volum e of risin g bubble s has bee n pointe d ou t by Yoo n [69] and thi s effec t 
woul d increas e with bubbl e size . 

Experimenta l studie s on flotation  by microbubble s 

It appear s from the discussio n on the mechanis m of bubble-particl e attachmen t 
in flotation  tha t ther e are severa l advantage s in reducin g the size of the bubbles . For 
a constan t particl e size , the use of smalle r bubble s woul d increas e the probabilit y of 
collision , the probabilit y of adhesio n and also the rat e of flotation,  as k is inversel y 
proportiona l to the cub e of the bubbl e size [equatio n (7)] . On the othe r hand , 
from a theoretica l poin t of view , give n the righ t conditions , microbubble s woul d be 
able to captur e particle s throug h a heterocoagulatio n mechanism , i.e . withou t the 
need to establis h a contac t angle . Wit h this theoretica l backgroun d in mind , variou s 
researcher s se t ou t to investigat e microbubbl e flotation  applie d to th e recover y 
of fine  minera l particle s usin g som e of the method s of microbubbl e generatio n 
describe d previously . As it wil l be show n in thi s section , the experimenta l result s 
confirme d the theoretica l prediction s abou t the effec t of bubbl e size on flotation 
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but also showe d tha t ther e wer e som e constraint s to the possibl e application s of 
microbubbl e flotation. 

The flotation  of hydrophili c meta l hydroxide s woul d be the mos t obviou s cas e of 
contactles s flotation  with microbubbles . Review s [70 , 71] on the microflotatio n of 
solid s coagulate d by hydrolyzin g meta l ions showe d that : (a) the regio n of floatabil-
ity corresponde d closel y with the precipitatio n region s of the ion , (b) larg e bubble s 
wer e inefficien t to float  precipitates , and (c) the rol e of hydrophobicit y was unclear , 
som e studie s reportin g the nee d of a collecto r whil e ther e wer e example s in the 
industria l practic e of microbubbl e flotation  wher e particl e aggregatio n was reporte d 
to be mor e critical . 

The questio n whethe r hydrophobicit y was a prerequisit e in dissolve d ai r flota-
tion (DAF ) system s has bee n addresse d by Gochi n and Solar i [72] . It shoul d be 
mentione d tha t it is unusua l in the industria l practic e of thi s proces s to add surface -
activ e reagent s to the suspensio n in orde r to increas e the efficienc y of flotation. 
This led som e researcher s in thi s field  to postulat e tha t microbubbl e flotation  of 
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hydrophili c solid s was possibl e throug h entrapmen t in floe  structure s and therefor e 
tha t particl e aggregatio n was the key facto r in DA F applie d to solid-liquid  separa -
tion [73] . Studie s conducte d with quart z and silic a in the presenc e of surfactant s and 
variou s polymeri c flocculants  indicate d tha t flotation  by microbubble s was possibl e 
only whe n ther e was surfactan t adsorptio n a t th e quartz-solutio n interface . Thi s is 
show n graphicall y in Figur e 8  wher e th e microbubbl e flotation  of quart z a t p H 6.0 
is correlate d with electrophoretic , suspensio n stabilit y and adsorptio n densit y mea -
surement s as a  functio n of surfactan t concentration . Th e classica l correlatio n first 
observe d by Fuerstena u [74] fo r th e dodecylamine-quart z syste m is also obtaine d 
whe n microbubble s ar e used as th e gaseou s phase . In anothe r work , th e DA F of 
cassiterit e slime s in th e presenc e of anioni c collector s was studie d an d a  broadl y 
simila r correlatio n was obtaine d betwee n flotation  recovery , particl e aggregatio n 
and surfactan t adsorptio n [75] . Also , it was show n [72] tha t silic a and quart z floccu-
lated wit h polymeri c macromolecule s leadin g to th e formatio n of hydrophili c floes 
of variou s physica l structure s coul d no t b e floated  by th e microbubble s throug h an 
"entrapment " mechanis m unles s an adequat e "collector " was added . 

Nevertheless , whe n a  hydrophili c soli d suc h as quart z was coagulate d wit h hy -
drolyzin g meta l ion s like iron an d aluminium , variou s degree s of floatability  wer e 
obtaine d with microbubble s generate d by DA F and electrolysi s [11,12] . Thi s obser -
vatio n has bee n reporte d by man y author s an d Figur e 9  show s a  recentl y publishe d 
exampl e of the precipitat e flotation  of meta l hydroxide s by dissolve d ai r flotation  in 
the absenc e of collecto r an d frothe r [76] . However , th e experiment s of Kitchene r 

Fig. 9. Kinetics of recovery of metal hydroxides in the absence of surfactant and frother (from Miskovic 
et al. [76] with permission). 
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and Gochi n [12] showe d tha t floatability  of meta l hydroxid e precipitate s was very 
sensitiv e to the presenc e of organi c impuritie s in the system . Thes e author s pos -
tulate d tha t natura l water s contai n surfac e activ e compound s whic h ar e adsorbe d 
onto precipitate d hydroxide s formin g insolubl e hydrophobi c soap s tha t provid e site s 
for bubbl e adhesion . Du e to the low densit y of thes e floes,  microbubbl e attache -
men t to a few hydrophobi c spot s woul d ensur e precipitat e flotation.  Thi s has bee n 
demonstrate d by experiment s in thoroughl y cleane d system s wher e it was show n 
tha t a few mg 1"1 of an appropiat e collecto r was sufficien t to float  an otherwis e 
non-floatin g suspensio n of ferri c hydroxid e floes  [12] . The fact tha t biologicall y de-
rived surfactant s presen t in natura l water s stabiliz e long-live d gas microbubble s is 
well documente d [77 , 78] and give s suppor t to the hypothesi s tha t natura l organi c 
compound s may be responsibl e for particl e hydrophobicit y in som e industria l DA F 
operations . 

The rol e of particl e aggregatio n in microbubbl e flotation  is anothe r aspec t tha t 
has bee n the subjec t of study . It is a commo n industria l practic e to add coagulant s 
and flocculating  reagent s in dissolve d ai r flotation  and electroflotatio n applie d to 
solid-liqui d separatio n [73 , 79, 80] . Th e experiment s of Gochi n and Solar i [72 , 
75] on fine  minera l flotation  by microbubble s showe d tha t ther e was a very clea r 
correlatio n betwee n maximu m aggregatio n and flotation  recover y (se e Figur e 8) . 
The actio n of polymeri c flocculants  in DA F applie d to solid-liqui d separatio n has 
bee n studie d by Solar i and Rubi o [81] . Thes e author s studie d the effec t of variou s 
hydrophili c polymeri c flocculants  on th e settlin g and flotation  characteristic s of 
chromiu m hydroxid e precipitate s forme d from Cr (III ) and reduce d Cr (VI).  It was 
reporte d tha t the additio n of thes e macromolecula r reagent s increase d the rat e of 
flotation  and allowe d the treatmen t of highe r feed solid s concentrations . It was also 
reporte d tha t in continuou s DA F test s of chromiu m hydroxid e in a colum n cell , a 
flotation  collecto r only performe d bette r tha n a polymeri c flocculant  at high solid s 
loadin g rates . 

Thes e result s wer e explaine d in term s of the two-fol d effec t of addin g particle -
aggregatin g reagents , namely , they simultaneousl y decreas e th e tota l numbe r of 
particle s to be collecte d and increas e the "effective " particl e size . In thi s way , it 
is possibl e to trea t highe r concentration s of solid s by concentratin g the m in less 
unit s havin g highe r probabilit y of bubbl e capture . Secondly , as demonstrate d in the 
preceedin g section , an increas e in particl e size improve s the probabilit y of particle -
bubbl e collisio n and thu s the flotation  rat e (bu t no t the probabilit y of attachment , 
see Figur e 5) . However , an increas e in the effectiv e siz e of the particl e to be re -
move d woul d also resul t in an increas e in the inertia l and detachmen t force s on the 
floc-bubble  aggregate . Rule v et al . [82] hav e carrie d ou t a mathematica l analysi s of 
the effec t of particl e aggregatio n on the efficienc y of captur e by singl e bubble s risin g 
in the Stoke s flow  regime . Thes e author s show tha t for a give n bubbl e size , ther e is 
an optimu m aggregat e size tha t maximize s flotation  rat e and recovery . Th e use of 
large r bubble s lead s to a decreas e in the optimu m size of the aggregat e in orde r to 
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diminis h the detachmen t force s as the bubbl e risin g velocit y increases . Conversely , 
a considerabl e decreas e in bubbl e size wil l lea d to a shar p decreas e in the risin g 
velocit y of the bubble-flo c aggregat e and woul d decreas e the flotation  rate . Theo -
retica l evaluatio n of the optimu m bubbl e size for collectio n of particl e aggregate s of 
a give n size is complicate d by the nee d to accoun t for the Theologica l propertie s of 
the floes. 

The effec t of the size of individua l particle s on flotation  by microbubble s is of 
interes t in orde r to separat e the effec t of aggregatio n from the effec t of an increas e 
in "effective " particl e size . It has bee n show n from captur e measurement s wit h fine 
coa l particle s tha t the probabilit y of collectio n increase s wit h particl e size in th e 
rang e 11-4 0 μτα  [54, 57] , A simila r effec t has bee n show n by Ahme d and Jameso n 
[4] in th e 5-4 0 μι η size rang e throug h flotation  rat e measurement s of minera l 
particle s with microbubble s generate d by air dispersio n in a turbulen t hydrodynami c 
regime . Unde r thes e experimenta l conditions , the flotation  rat e constan t was a 
comple x functio n of particl e size , densit y and stirrin g rate . 

A serie s of experiment s on microbubbl e flotation  ove r a wid e rang e of particl e 
sizes (2-35 5 μιη ) wer e carrie d ou t by Solar i and Laskowsk i [83] in a modifie d 
Hallimon d tube , wher e a constan t volum e of microbubble s generate d at a constan t 
rate by a dissolve d air flotation  syste m was use d to float  sized , low-as h hydrophobi c 
coal particles . The result s show n in Figur e 10 indicate d tha t for a constan t mas s of 
adde d solids , highe r recoverie s wer e obtaine d for the large r particle s tha n for the 
slimes . It is likel y tha t the collectio n of the large r particle s occurre d by attachmen t 
of mor e tha n a singl e bubbl e as mea n bubbl e size was in the rang e 40-6 0 μιη . 
Figur e 10 also show s tha t the eventua l suppressio n of electrostati c repulsio n force s 
by an increas e in the ioni c strengt h of the solutio n doe s no t modif y the trend . If 
it is assume d tha t hydrophobicit y was constan t ove r the particl e size rang e studied , 
it is clea r tha t particl e aggregatio n of ultrafin e particle s is a necessar y conditio n 
to increas e the probabilit y of bubble-particl e collision . A secon d conclusio n tha t 
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may be derive d from thes e result s is that , for constan t hydrophobicity , ther e is no 
apparen t decreas e in the probabilit y of attachmen t with an increas e in particl e size 
as predicte d by the mode l of Yoo n and Luttrel l [54] in th e Stoke s regim e (se e 
Figur e 5) . 

The kinetic s of flotation  with microbubble s in a bubbl e swar m has receive d math -
ematica l analysi s by Rule v et al . [30] . Thes e author s derive d equation s to describ e 
flotation  in term s of the captur e efficienc y of risin g microbubble s in mon o and poly -
disperse d systems . Of particula r interes t is the incorporatio n of the effec t of Φ, the 
volumetri c fractio n of disperse d air in the cell , and of Q, the gas flowrate  on the 
rate of flotation.  It is deduce d tha t an optimu m valu e of Φ exist s whic h may be 
controlle d by Q  in such a way tha t the flotation  rat e is maximized . Thi s propositio n 
has receive d experimenta l corroboratio n by the experiment s of Szatowsk i and Frey -
berge r [22] , who showe d tha t the maximu m flotation  rat e of quart z with disperse d 
air microbubble s depende d on bubbl e size and air flowrate.  Thes e author s wen t as 
far as to propos e tha t for microbubble s the rat e constant , k,  shoul d be change d by a 
"flotatio n air factor " whic h represente d flotation  rat e in term s of the volum e of air 
introduce d int o the pul p rathe r tha n by time . A critica l bubbl e size tha t maximize d 
flotation  was reporte d and the flotation  air facto r was inversel y proportiona l to bub -
ble diameter . Also , the experiment s of Ahme d and Jameso n [4] with air disperse d 
microbubble s in a turbulen t regim e showe d tha t the rat e of flotation  of minera l fines 
increase d with decreasin g bubbl e size bu t k was no t as strongl y dependen t on dh as 
suggeste d by equatio n (7) . 

An interestin g poin t raise d by the researc h of Szatowsk i and Freyberge r [22] was 
the dependenc e of thei r flotation  rat e constan t (or air factor ) on solid s concentra -
tion in the pulp . Thus , the flotation  air facto r decrease d wit h an increas e in the 
concentratio n of solid s and thi s effec t was slightl y dependen t on particl e size . Thi s 
was explaine d in term s of the effec t of limitin g buoyanc y tha t mus t be take n into ac-
coun t whe n considerin g flotation  with microbubbles . Thi s observatio n may explai n 
why a stron g dependenc e of flotation  recover y on solid s concentratio n is usuall y 
reported . Figur e 11 illustrate s thi s effec t for the microbubbl e flotation  of ultrafin e 
coa l carrie d ou t by severa l author s in variou s microbubbl e generatio n systems . 

Report s of contactles s flotation  occurrin g woul d impl y tha t ther e woul d be no 
gain in selectivit y by usin g microbubble s as bot h hydrophobi c and hydrophili c par -
ticle s migh t be collected . Thi s is no t usuall y the cas e and th e lack of selectivit y 
tha t som e author s hav e foun d in som e system s has arise n from inadequat e sur -
face chemistr y contro l of the solution-minera l interfac e rathe r tha n from usin g 
microbubbles . In fact , Yoo n [69] report s tha t less entrainmen t of gangu e particle s 
shoul d be expecte d in microbubbl e flotation  system s due to hydrodynami c consider -
ations . Nevertheless , Szatowsk i and Freyberge r [84] investigate d the effec t of bubbl e 
size distributio n on the selectivit y of minera l flotation. A  mathematica l mode l was 
formulate d whic h allowe d the effec t of bubbl e size distributio n on the selectivit y 
of flotation  to be simulated . Th e mode l was teste d with hematit e or e and bubble s 
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Fig. 11. Effect of solids content on ultrafine coal flotation with microbubbles generated by various 
processes (1 from [92]; 2 and 3 from Shimoiizaka and Matsuoka [90]; 4 from Yoon [91]; with permission). 

generate d in differen t flotation  machine s to give a 55-72 5 μχΆ  mea n bubbl e diam -
ete r range . Th e result s showe d tha t selectivit y was maximu m for the intermediat e 
rang e of bubbl e diameter s whic h was in qualitativ e agreemen t wit h the theoretica l 
prediction s of this model . Thi s observatio n is also in quahtativ e agreemen t with the 
predictio n of Yoo n and Luttrel l [54] tha t the probabilit y of attachmen t goe s throug h 
a maximu m at intermediat e value s of bubbl e size (aroun d 400 /im) . 

Application s of microbubbl e flotation  processe s 

The microbubbl e flotation  processe s tha t are applie d on an industria l scal e ar e 
dissolve d air flotation  and electroflotation , bot h of the m in the field  of solid-liqui d 
separation . Microbubble s generate d as microga s dispersion s [18] or colloida l gas 
aphron s [19] hav e not attaine d commercia l applicatio n yet . Application s of dissolve d 
air flotation  and electroflotatio n in solid-liqui d separatio n hav e bee n extensivel y 
reviewe d in the literatur e and therefore , the aim of thi s sectio n is to poin t ou t 
relevan t article s wher e mor e detaile d informatio n may be found . 

Bratb y and Marai s [14] hav e give n extensiv e detail s abou t the principle s and 
operatio n of DA F and electroflotatio n units , describe d experimenta l testin g proce -
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dure s for obtainin g desig n parameters , and propose d desig n method s tha t incor -
porat e economi c criteria . Solar i [11 , 85] and Gochi n [79] hav e criticall y reviewe d 
the literatur e on principle s and application s of DA F to effluen t treatment . Ro e [86] 
presente d an informativ e accoun t of industria l wast e flotation  whic h cover s flotation 
machine s and processes , a list of the waste s floated,  description s of "zero-discharge " 
plants , and economi c data . Zabel  [87] has carrie d ou t a goo d dea l of researc h and 
developmen t int o the industria l applicatio n of DA F to the productio n of potabl e 
water . Mati s and Gallio s [SS]  hav e reviewe d DA F and electroflotatio n in connectio n 
with effluen t treatmen t and with the applicatio n of thes e processe s to minera l flota-
tion . Finally , Mouche t [89] describe s in detai l principles , equipmen t and plant s tha t 
use DA F technolog y for solid-liqui d separatio n in France. 

With regar d to selectiv e flotation  of mineral s by microbubbles , Solar i [11] re -
porte d tha t despit e som e earl y attempt s no succesfu l separation s had bee n carrie d 
out by dissolve d air flotation  system s unti l 1980 . Th e first  publishe d work s on the 
microbubbl e flotation  of fine  coa l appeare d in 1982 [90 , 91] . Later , th e selectiv e 
separatio n of fine  cassiterit e particle s from syntheti c cassiterite/quart z mixture s was 
reporte d by Gochi n and Solar i [75] . Guerr a et al. [92] compare d the performanc e of 
dissolve d air flotation  with tha t of conventiona l flotation, floe flotation  and oi l ag-
glomeratio n for ultrafin e coal . Mati s et al. [93] hav e recentl y studie d the applicatio n 
of DA F to the selectiv e recover y of salt-typ e mineral s with promisin g results . 

Electroflotatio n of mineral s has bee n reviewe d by Glembotsk y et al . [24] , Hoga n 
et al . [94] and by Mati s and Gallio s [SS],  A  pape r has bee n publishe d on the elec -
troflotatio n of cassiterit e slime s [95] wher e som e degre e of selectivit y is reported . 
However , thes e author s do no t mentio n the recoverie s obtaine d makin g it difficul t 
to evaluat e thei r results . On the othe r hand , the studie s carrie d ou t by Sebb a and 
Yoon [19] and by Yoo n [69 , 91] showe d tha t MG D may selectivel y float fine  coa l 
particles . Aute n and Sebb a [17] and Gregor y and co-worker s [96] hav e studie d the 
use of MG D for solid-liqui d separatio n applie d to the remova l of phosphat e slime s 
and precipitate d manganes e dioxide , respectively . Yoo n and co-worker s [20] hav e 
recentl y reporte d succesfu l pilot-scal e and field  test s of a flotation  colum n fitted 
with a MG D microbubbl e generato r to produc e clea n coa l from hig h clay-conten t 
refus e stream s from the coa l industry . At present , thi s appear s to be the applicatio n 
with mos t potential  for commercia l development . 

The potentia l an d futur e of microbubbl e flotation 

The processe s tha t hav e achieve d mos t industria l developmen t ar e dissolve d air 
flotation  (DAF ) and electroflotation , bot h applie d to solid-liqui d separation . Thus , 
it has no t bee n surprisin g tha t mor e researc h has bee n directe d to the use of thes e 
two processe s to minera l separation s tha n to any othe r microbubbl e generatio n 
processes . A proces s base d on the generatio n of microbubble s by forcin g air throug h 
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rigid porou s device s is unlikel y to attai n industria l applicatio n give n the experienc e 
gaine d in colum n flotation  operation s whe n thos e kin d of sparger s ar e locate d 
insid e the flotation  cell . On the othe r hand , microga s dispersion s (MGD ) hav e only 
bee n investigate d in relatio n to coa l flotation  so tha t it is no t know n how thes e 
microbubble s generate d at high concentration s of frothe r and surfac e activ e agent s 
woul d behav e in a syste m involvin g a mor e comple x surfac e chemistry . 

It appear s from thi s revie w tha t althoug h microbubble s woul d improv e certai n 
aspect s of fine  particl e flotation,  the y are no t a magi c recip e for increasin g th e 
overal l performanc e of a particula r flotation  system . Th e rang e of thei r applicatio n 
seem s to be very specifi c and is stil l far from bein g wholl y defined . In orde r to obtai n 
a bette r pictur e of the field  of applicatio n of microbubble s in minera l processing , it 
is necessar y to carr y ou t doin g furthe r researc h int o basi c mechanism s and applie d 
studie s on potentia l application s of economi c interest . 

It has bee n conclude d from som e recen t publication s in flotation  tha t separatel y 
treatin g the coars e and the fine  particl e size range s coul d improv e the overal l per -
formanc e of a flotation  circuit . If an economi c evaluatio n prove s this to be a feasibl e 
idea , the n microbubbl e flotation  of the slim e fractio n may be an applicatio n tha t de -
serve s experimenta l testing . In this connection , an investigatio n int o the applicatio n 
of DA F and MG D to the particula r syste m woul d hav e priority . Electroflotatio n is 
not cos t effectiv e for a syste m involvin g a minera l pul p becaus e of the energ y and 
electrod e costs . Th e mai n advantag e of DA F ove r othe r system s is the industria l 
experienc e alread y gaine d on the process . MGD s hav e the advantag e of bein g mi-
crobubble s of a larg e surfac e are a to volum e ratio  and of bein g generate d at highe r 
volumetri c fraction s tha n DAF-generate d microbubbles . Th e lack of any industria l 
experienc e with MGD s is thei r mai n disadvantage . At present , it seem s tha t the use 
of a MG D generato r in a flotation  colum n has the greates t potentia l for becomin g 
an industria l applicatio n in the field  of fine  coa l processing . 

With regar d to the basi s of microbubbl e flotation,  it seem s clea r tha t som e degre e 
of particl e aggregatio n is necessar y for ultrafin e particle s to be recovere d at an eco -
nomi c rate . Whethe r MGD s also requir e particl e aggregatio n is no t known . Selec -
tive hydrophobicit y is a prerequisit e for microbubbl e flotation  applie d to fine  min -
era l particles . If heterocoagulatio n is possibl e in industria l cells , the non-selectiv e 
natur e of thi s proces s woul d be a distinc t disadvantag e in minera l separations . 
In solid-liqui d separations , wher e flocculated  structure s ar e nea r thei r isoelectri c 
point , it is recognize d tha t minut e degree s of hydrophobicit y are sufficien t to ensur e 
stabl e microbubble-flo c adhesion . However , surfactant s perfor m bette r tha n poly -
meri c flocculants  at high concentration s of meta l hydroxid e precipitate s as highe r 
level s of surfac e hydrophobicit y increas e the strengt h of microbubble-flo c attach -
men t and sav e air consumption . For eac h specifi c application , ther e exit s an op -
timu m bubbl e and particl e size tha t maximize s the recover y and rat e of flotation. 
Theoretica l equation s exis t tha t may predic t thes e value s bu t experimenta l confir -
matio n has not bee n carrie d ou t for microbubble s yet . No r has the concep t of con -
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tactles s flotation  bee n verifie d experimentally . Thus , mor e basi c researc h int o the 
mechanism s of microbubbl e flotation  woul d hel p the understandin g of and develo p 
further , the technolog y of microbubbl e flotation  processes . 
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