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'he first edition of Chemical Engineering Kinetics appeared when the 
rat~onal design of chemical reactors, as opposed to empirical scaleup, was 
an~emerging field. Since then, progress in kinetics, catalysis, and particularly 
in engineering aspects of design, has been so great that this second edition is 
1 completely rewritten version. In view of present-day knowledge, the 
treatment in the first ~dition is inadequate with respect to kinetics ofmultiple-
·eaction systems, mixing in nonideal reacto'rs, thermal effects, and global 
ra.tes of heterogeneous reactions. Special attention has been devoted to these 
subjects in the second edition. What hasn't changed is the book's objective: 
the clear presentation and illustration of design procedures which are based 
upon scientific principles. 

Successful design of chemical reactors requires understanding of 
chemical kinetics as well as such physical processes as· mass and energy 
transport. Hence, the intrinsic rate of chemical reactions is accorded a good 
measure of attention: in a general way in the second chapter and then with 
specific reference to catalysis· in the eighth and ninth. A brief review of 
chemical thermodynamics is included in Chap. 1, but earlier study of the 
fundamentals ofthis subject would be beneficial. Introductory and theoretical 
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VIII ·PREFACE 

material is given in Chap. 2, only in a manner that does not make prior study 
of kinetics mandatory. 

The concepts of reactor design are presented in Chap. 3 from the 
viewpoint of the effect of reactor geometry and operating conditions on the 
form of mass and energy conservation equations. The assumptions associated 
with the extremes of plug-flow and stirred-tank behavior are emphasized. 
A brief introduction to deviations from these ideal forms is included in this 
chapter and is followed with a more detailed examination of the effects of 
mixing on conversion in Chap. 6. In Chaps. 4 and 5 design procedures are 
examined for ideal forms of homogeneous reactors, with emphasis upon 
multiple-reaction systems. The latter chapter is concerned with noniso
thermal behavior. 

Chapter 7 is an introduction to heterogeneous systems. The concept of 
a global rate of reaction is interjected so as to relate the design of heteroge
neous reactors to the previously studied concepts of homogeneous reactor 
design. A secondary objective here is to examine, in a preliminary way, the 
method of combining of chemical and physical processes so as to obtain a 
global rate of reaction. 

Chap. 8 begins with a discussion of catalysis, particularly on solid 
surfaces, and this leads directly into adsorption and the physical properties 
of porous solids. The latter is treated in reasonable detail because of the 
importance of solid-catalyzed reactions and because of its significance with 
respect to intrapellet transport theory (considered in Chap. 11). With this 
background, the formulation of intrinsic rate equations at a catalyst site is 
taken up in Chap. 9. 

The objective of Chaps. 10 and 11 is to combine intrinsic rate equations 
with intrapellet and fluid-to-pellet transport rates in order to obtain global 
rate equations useful for design. It is at this point that models of porous 
catalyst pellets and effectiveness factors are introduced. Slurry reactors offer 
an excellent example of the interrelation between chemical and physical 
processes, and such systems are used to illustrate the formulation of global 
rates of reaction. 

The book has been written from the viewpoint that the design of a 
chemical reactor requires, first, a laboratory study to establish the intrinsic 
rate of reaction, and subsequently a combination of the rate expression 
with a model of the commercial-scale reactor .to predict performance. In 
Chap. 12 types of laboratory reactors are analyzed, with special attention 
given to how data can be reduced so as to obtain global and intrinsic rate 
equations. Then the modeling problem is examined. Here it is assumed that a 
global rate equation is available, and the objective is to use it, and a model? 
to predict the performance of a large-scale unit. Several reactors are con
sidered, but major attention is devoted to the fixed-bed type. Finally, in the 
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last chapter gas-solid, noncatalytic reactions are analyzed, both from a 
single pellet (global rate) viewpoint, and in terms of reactor design. These 
systems offer examples of interaction of chemical and physical processes 
und;er transient conditions. 

· No effort has been made to include all type$ of kinetics or of reactors. 
Rather, the attempt has been to present, as clearly and simply ~s possible, 
all the aspects of process design for a few common types of reactors. The 
material should be readily understandable by students in the fourth under
graduate year. The whole book can be comfortably covered in two semesters, 
and perhaps in two quarters. · 

The suggestions and criticisms of numerous students and colleagues 
have been valuable in this revision, and all are sincerely acknowledged. The 
several stimulating discussions with Professor J. J. Carberry about teaching 
chemical reaction engineering were most helpful. To Mrs. Barbara Dierks 
and Mrs. Loretta Charles for their conscientious and interested efforts in 
typing the manuscript, I express my thanks. Finally, the book is dedicated 
to my wife, Essie, and to my students whose enthusiasm and research 
accomplishments have been a continuing inspiration. 

J. M. Smith 



NOTATION 

[A], CA 

A 

A 
a 

X 

concentration of component A, moles/volume 

frequency factor in Arrhenius equation 

area 

activity or pore radius · 

external surface per unit mass 
molal concentration, moles/volume 

initial or feed concentration, moles/volume 

concentration in bulk-gas stream, moles/volume 

concentration of component adsorbed on a catalyst surface, 

moles/mass 
molal heat capacity at constant pressure, energy/(moles) 

(tern perature) 

concentration at catalyst surface, moles/volume 

specific heat at constant pressure, energy/(mass) (temperature) 

combined diffusivity, (length) 2 /time 

bulk diffusivity, (length)2/time 

Knudsen diffusivity, (length)2 /time 



NOTATION 

F 

~F 

f 
G 

H 
~H 

h 

1(8) 

K 

k 

k' 

effective diffusivity in a porous catalyst, (length) 2 /time 

diameter of pellet 

activation energy /mole 

feed rate, mass or moles/time 

free-energy change for a reaction, energy/mole 

fugacity, atm 

fluid mass velocity, massj(area) (time) 

enthalpy, energy/mass 

enthalpy change for a reaction, energy/mole 

heat-transfer coefficient, energyj(time) (area) (temperature) 

residence-time distribution function 

equilibqum constant for a reaction 

adsorption equilibrium constant 
specific reaction-rate constant 

reverse-reaction-rate constant 
Boltzmann's constant, 1.3805 x 10- 16 erg;oK 

effective thermal conductivity, energy/(time) (length) 

(temperature) 

km mass-transfer coefficient (particle to fluid) 

ko overall rate constant 

L length 

M molecular weight (W), mass/mole 

m mass 
N number of moles 

N' molal rate, moles/time 

p partial pressure, atmo~pheres 

Pc total pressure, atmospheres 

Q volumetric flow rate, volume/time 

Q heat-transfer rate, energy/time 

q heat flux, energyj(area) (time) 

r radius, radial coordinate 

r reaction rate, molesj(volume) (time) 

r average rate of reaction, molesj(volume) (time) 

rp global reaction rate, moles/(mass catalyst) (time) 

ru global reaction rate, molesj(volume of reactor) (time) 

Rg gas constant, energyj(temperature) (mole) or (pressure) 

(volume)j(temperature) (mole) 

xi 





































































































































































































































































































































































































































































































































































































SECTION 8-1 THE NATURE OF CATALYTIC REACTIONS 283 

and mechanism of adsorption and fluid-solid catalytic reactions are taken 
up in Chap. 9. · 

GENERAL CHARACTERISTICS* 

8-1 The Nature of Catalytic Reactio!ls 

Although the catalyst remains unchanged at the end of the process, there 
is no requirement that the material not take part in the reaction. In fact, 
present theories of catalyst activity postulate that the material does actively 
participate in the reaction. From the concept of the energy of activation 
developed in Chap. 2, the mechanism of catalysis would have to be such 
that the free energy of activation is lowered by the presence of the catalytic 
material. A catalyst is effective in increasing the rate of a reaction because 
it makes possible an alternative mechanism, each step of which has a lower 
free energy of activation than that for the uncatalyzed process. Consider the 
reaction between hydrogen and oxygen in the presence of spongy platinum. 
According to the proposed concept, hydrogen combines with the spongy 
platinum to form an intermediate substance, which then reacts with oxygen 
to provide the final product and reproduce the catalyst. It is postulated 
that the steps involving the platinum surface occur at a faster rate than the 
homogeneous reaction between hydrogen and oxygen. 

The combination or complexing of reactant and catalyst is a widely 
accepted basis for explaining catalysis. For example, suppose the overall 
reaction 

A+B¢C 

is catalyzed via two active centers, or catalytic sites, X1 and X2 , which.form 
complexes with A and B. The reaction is truly catalytic if the sequence of 
steps is such that the centers xl and x2 are regenerated after they have 
caused the formation of C. In a general way the process may be written 

1. A+ X1 ¢AX1 

2. B + X2 ¢BX2 

3. AX1 + BX2 :;;:::= C + X1 + X 2 

Note that whereas X1 and X 2 are combined and regenerated a number of 
times, it does not necessarily follow that their catalyzing ability and/or 
number remain constant forever. For example, poisons can intervene to 
slowly remove X1 and/or X 2 from the system, arresting the catalytic rate. 
What distinguishes .this decline in catalytic activity from that of a non-

*This material was written jointly with Professor J. J. Carberry. 



284 CHAPTER 8 HETEROGENEOUS CATALYSIS 

catalytic reaction in which X1 and X 2 are not regenerated is that the com
plexing-regenerating sequence occurs a great many times before X1 and 
X 2 become inactive. In the noncatalytic sequence no regeneration of X 
occurs. Hence, while catalysts can deteriorate, their active lifetime.,is far 
greater than the time required for reaction. 

A relatively sma.ll amount of catalyst can cause conversion of a large 
amount of reactant. For example, Glasstone1 points out that cupric ions 
in the concentration of 10- 9 mole/liter appreciably increase the rate of 
the oxidation of sodium sulfide by oxygen. However, the idea that a small 
amount of the catalyst can cause a large amount of reaction does not mean· 
that the catalyst concentration is unimportant. In fact, when the reaction 
does not entail a chain mechanism, the rate of the reaction is usually pro
portional to the concentration of the catalyst. This is perhaps most readily 
understood by considering the case of surface catalytic reactions. In the 
reaction of hydrogen and oxygen with platinum catalyst the rate is found 
to be directly proportional to the platinum surface. Here a simple propor
tionality exists between platinum surface area and the number of centers X 
which catalyze the oxidation of hydrogen. While a simple relationship 
may not often exist in solid-catalyzed reactions, in homogeneous catalysis 
there is often a direct proportionality between rate and catalyst concen
tration. For example, the hydrolysis of esters in an acid solution will depend 
on· the concentration of hydrogen ion acting as a catalyst. 

The position of equilibrium in a reversible reaction is not changed by 
the presence of the catalyst. This conclusion has been verified experimentally 
in several instances. For example, the oxidation of sulfur dioxide by oxygen 
has been studied with three catalysts: platinum, ferric oxide, and vanadium 
pentoxide. In all three cases the equilibrium compositions were the same. 

An important characteristic of a catalyst is its effect on selectivity 
when several reactions are possible. A good illustration is the decomposition 
of ethanoL Thermal decomposition gives water, acetaldehyde, ethylene, 
and hydrogen. If, however, ethanol vapor is suitably contacted with alumina 
particles, ethylene and water are the only products. In contrast, dehydrogena
tion to acetaldehyde is virtually the sole reaction when ethanol is reacted 
over a copper catalyst. 

The general characteristics of catalysis may be summarized as follows: 

1. A catalyst accelerates reaction by providing alternate paths to products, 
the activation energy of each catalytic step being less than that for the 
homogeneous (noncata1ytic) reaction. 

2. In the reaction cycle active centers of catalysis are combined with at 

1S. G1asstone, "Textbook of Physical Chemistry," p. 1104, D. Van Nostrand Company, 
Inc., New York, 1940. 
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SECTio"N 8-2 THE MECHANISM OF CATALYTIC REACTIONS 285 

least one reactant and then freed with the appearance of product. 
The freed center then recombines with reactant to produce another 
cycle, and so on. 

3. Comparatively small quantities of catalytic centers are required to 
produce large amounts of product. 

4. Equilibrium conversion is not altered by catalysis. A catalyst which 
accelerates the forward reaction in an equilibrium system is a catalyst 

- -for the-reve-rse-reaction.----- ----- -- -- --- --- ---

5. The catalyst can radically alter selectivity. 

Examples have been observed of negative catalysis, where the rate is 
decreased by the catalyst. Perhaps the most reasonable theory is that 
developed for chain reactions. In these cases it is postulated that the catalyst 
breaks the reaction chains, or sequence of steps, in the mechanism. For 
example, nitric oxide reduces the rate of decomposition of acetaldehyde 
and ethyl ether. Apparently nitric oxide has the characteristic of combining 
with the free radicals involved in the reaction mechanism. The halogens, 
particularly iodine, also act as negative catalysts in certain gaseous reactions. 
In the combination of hydrogen and oxygen, where a chain mechanism is 
probably involved, iodine presumably destroys the radicals necessary for 
the propagation of the chains. 

8-2 The Mechanism of Catalytic Reactions 

The concept that a catalyst provides an alternate mechanism for accom
plishing a reaction, and that this alternate path is a more rapid one, has 
been developed in many individual cases. The basis of this idea is that 
the catalyst and one or more of the reactants form an intermediate complex, 
a loosely bound compound which is unstable, and that this complex then 
takes part in subsequent reactions which result in the final products and 
the regenerated catalyst. Homogeneol:!:S catalysis can frequently be explained · 
in terms of this concept. For example, consider catalysis by acids and bases .. 
In aqueous solutions acids and bases can increase the rate of hydrolysis of 
sugars, starches, and esters. The kinetics of the hydrolysis of ethyl acetate 
catalyzed by hydrochloric acid can be explained by the following mechanism: 

1. CH3COOC2 H 5 + H+::;:::::: CH3COOC2 H 5 [H+J 

2. CH3COOC2 H 5 [H+J + H 2 0 ¢·C2 H 5 0H + H+ + CH3COOH 

For this catalytic sequence to be rapid with respect to noncatalytic hydrolysis, 
.the free energy of activation of reaction steps 1 and 2 must each be less 
than the free energy of activation for the noncatalytic reaction, 

CH3 COOC2 H 5 + H 2 0::;:::::: CH3COOH + C2 H 50H 
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SECTION 8-3 SURFACE CHEMISTRY AND ADSORPTION 287 

The three steps postulated for the catalytic hydrogenation of ethylene 
indicate that the rate may be influenced by both adsorption and desorption 
(steps 1 and 3) and the surface reaction (step 2). Two extreme cases can be 
imagined: that step 1 or step 3 is slow with respect to step 2 or that step 2 
is relativefy slow. In the first situation rates of adsorption or desorption are 
of interest, while in the second the surface concentration of the adsorbed 
species corresponding to equilibrium with respect to steps 1 and 3 is needed. 

-In. arty-case -we shorild-lilce-to -Know ifi:i numher -oCsites on -the -catalyst 
surface, or at least the surface area of the catalyst. These questions require 
a study of adsorption. More is known about adsorption of gases, and this 
will be emphasized in the sections that follow. 

'7 

ADSORPTION ON SOUD SURFACES ~ 
8-3 Swface Chemistry and Adsorptiorz 

fl :i \;~ 
JVt!/Even -~-~-~:~-~~£~E~fyJJ.Y .. P9~ish~~tsur.f4~~~. __ g,r_e n..9r SIIJ.9Pt1:I iJ). a !fiicr~s~ppic 

s~E,~~:- . .?~~-e~!".~-~irr~gyJ~r~ with vaJl~Y.~-.,.~P.~L P.~~~-~~ .... ~~!~E~~t.~~g . 9Y.~.r. ... t!l.~ .. §lE~~
Tg~ E~gig_!!~_qfirr.~AAl9:riJY.f!.re p~E_t.i<?..!ll~rJy sus.G~ptjble to residu.c.J) Jo~~.~ .f}§.lds. 
At these· locations the surface atom$ o.f the solid may attract other.atoms 
or-·rholecules· in-th.e-surr~~;ding g~s or liquid phase. Si!J1ilarly, th~ surfaces 
of pure. crystais ·h~~e nol1un1fo:im force fi~lds because of the atomic structure 
in the crystaL Such surfaces also hav~ sites or active centers where adsorption 
is enhanced. Two types of adsorption may occur. 

Physical Adsorption1 The first typ~ uf adsorption is nonspecific and 
somewhat similar to the process of condensation. The forces attracting 

t~ ~id. m~lecules __ to the ~~lid sur~~~--~E.~.E~l~!.!Y.~~nd th~)1e~t 
evolved-durrng-tne adsorptron proces~_.!§ __ qfJlw .. J?a.o:rnedorder of magmtuCie 
.a-sJlifheatof~o-ndeni~fi~~~ :o:s ~~? 5 kcalj g mole.lg_g:!_~ibriu_I!l__ ~-~-~~-~~? 
the solid surface and the gas molecules is usually rapidly attained and · 
easily -reversible, ~~ause the energJ.:_requ~t~~e~~s_are .s~~the energy 

. .9L.~~tivation for physical adsorption is usually no more th~n 1 kcal/g 
mole. This_ is __ a :direct .cons.eqJA~nce of the fact that the .. f~rces involved 

~in physical adsorption are. weak:~.Physicar-adSo.rption--caiinor··expiain 
the catalytic activity of solids for reactions between relatively stable mole
cules, because there is no possibility of large reductions in activation 
energy. Reactions of atoms and free radicals at surfaces sometimes involve 
small activation energies, and in these cases physic-al adso'q)tion may ·play a 
1For a detailed treatment of physical adsorption see D. M. Young and A. D. Crowell, 
"Physical Adsorpti~n of Gases," Butterworths & Co. (Publishers), London, 1962. 
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288 CHAPTER 8 HETEROGENEOUS CAT AL YSlS 

role. Also, physical adsorption serves to concentrate the molecules of a 
substance at a surface. This can be of importance in cases involving reaction 
between a chemisorbed reactant and a coreactant which can be physically 
adsorbed. In such a system the catalytic reaction would occur betW.Cen 
chemisorbed and physically adsorbed reactants. Catalysis . cannot be 
attributed solely to physical adsorptio~_· .. _Il;ms all solids will physically 
adsorb gases under suitable conditions, and yet all solids are not catalysts. 

The amount of physical adsorption decreases rapidly as the tempera
ture is raised and is generally very small above the critical temperatures of 
the adsorbed component. This is further evidence that physical adsorption 
is not responsible for catalysis.tFor example, the rate of oxidation of sulfur 
dioxide on a platinum catalyst becomes appreciable only above 300°C; 
yet this is considerably above the critical temperature of sulfur dioxide · 
(157°C) or of oxygen ( -ll9°C). Physical adsorption is not highly dependent 
on the irregularities in the nature of the surface, but is usually directly 
proportional to the amount of surface. However, the extent of adsorption 
is not limited to a monomolecular layer on the solid surface, especially 
near the condensation temperature. As the layers of molecules builq up 
on the solid surface, the process becomes progressively more like one of 
condensation. .-

Physical-adsorption studies are valuable in determining the physical 
properties of solid catalysts. Thus the questions of surface area and pore
size distribution in porous catalysts can be answered from physical-adsorp
tion measurements. These aspects of physical adsorption are considered 
in Sees. 8-5 and 8-7. 

Chemisorption 1
· The second type of adsorptio.n is specific and involves 

forces much stronger than in physical adsorption\ According to Lan~gmuir's 
pioneer work/ the adsorbed molecules are held to the surface by valence 
forces _of the s~me type as those occurring between atoms in molecules. 
He observed that a stable oxide film was formed on the surface of tungsten 
wires in the presence of oxygen. This material was not the normal oxide 
W0 3 , because it exhibited different chemical properties. However, analysis 
of the walls of the vessel holding the wire indicated that wo3 was given 
/off from the surface upon desorption. This suggested a process of the type 

302 + 2W -+ 2[W · 0 3] 

2[W · 0 3] -+ 2W0 3 

1 For a detailed treatment of chemisorption see D. 0. Hayward and B. M. W. Trapneli, 
"Chemisorption," 2d ed., Butterworths & Co. (Publishers); London, 1964. 
2 1. Langmuir, 1. Am. Chern. Soc., 38, 221 (1916). 
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SEC:noN 8-3 SURFACE CHEMISTRY AND ADSORPTION 289 

where [W · 0 3] represents the adsorbed compound. Further evidence for 
the theory that such adsorption involves valence bonds is found in the 
large heats of adsorption. Observed values are of the same magnitude as 
the heat of chemical reactions, 5 to 100 kcaljg mole. 

Taylq.r1 suggested the name chemisorption for describing this second 
type of combination of gas molecules with solid surfaces. Because of the 
high heat of adsorption, the energy possessed by chemisorbed molecules 

- --- --can-be substantially-different-from thatef-the-molecules alone.-Hence-the 
energy of activation for reactions involving chemisorbed molecules can be 
considerably less than that for reactions involving the molecules alone. 
It is on this basis that chemisorption offers an explanation for the catalytic 
effect of solid surfaces. 
~~Two kinds of chemisorption are encountered: activated and, less 
frequ]!!JlY-,__nonactivatect-·-Activated ··chf!!?..~i~Qtption··-means that t-lje. rate -· ------ ··---··· .... -... , ·...:~----·"~:"".-.. -- . . . . . .. - ...... ~ . ' .. ;·. . 

varies with tempenitui-eaccorcling to a finite activation· e11ergy in the Arrhen-
iu-s equ~tioo/f!~~~v~?jn~-0-r.ne:systems--chemiso-~pt~O.n.<?.~~~:~--~~-ri-_"i,~~idly, 
s~gg~~m~~~_va~on --~~~~~Y. r:t_e_9-T _z~roj!his 1s terny.e~-_;~~~~~-C.t~~~t~4. 

_ff.z__gm.~Sf?rptzon-/-It Is often found that for a given gas and sohd the Iriitial 
chemisorption is nonactivated, while later stages of the process are slow 
and temperature dependent (activated adsorption)./ 
~!ftl___ re~:e~~t_ ._!<? .... 9:<J.sorphon 'equzlzorzurFz;-fuc;rela:tionship between 
temperature1:~ and quantity adsor,-Q_c;_cL(both physically and chemicaliy) is 
sliown-iii.--F!~:-s·~~fieml~rption is assumed to be ac_!i~~ted j_~ this case.:_ 

;~:s the critical temperature ofthe"ccii:Tfpone-nr-is-exceeoed, physical adsorp-

U~lfii~i~~~~y-~~~p~1i\J:bp~a~~f~1~~fg~~~:;f:~~fi 
........ If'' 

periods r the adsorption curve actually rises with increasing temperatures 
from the minimum value, as shown by the solid line in Fig. 8-1. When the 
temperature is incr~ased -still further, the .decreasing equilibrium value for 
activated adsorption retards the process, and the quantity adsorbed passes 
through a maximum. At these high temperatures even the rate of the 
relatively slow activated process may be sufficient to give results closely 
approaching equilibrium. Hence the solid curve representing the amount 
adsorbed approaches the dashed equilibrium value for the activated adsorp
tion process. 

It has JJ~e-~explainecLthaL.the_ .e.ffectiv.e.n.~S.§_..Q.(_..§olid catalysts for 
reactjqm of stable molecules is __ d~pendenJ...!IJIOn chemisorption. Grarfttfrg-

---... --·----. 
1H. S. Taylor, J. Am. Chem. Soc., 53, 578 (1931). 
2 As an illustration, chemisorption of hydrogen on nickel at low temperatures is nonactivated; 
see G. Padberg and J. M. Smith, J. Catalysis, 12, 111 (1968). 
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Fig. 8-1 Effect of temperature on physical and 
activated adsorption. 
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this, the temperature. .. range .. over .. which ... a_.giy~n .. G.4.t~J.Y..§~_effective must 
.9.9.ip_Qi<;Le with tQ.e r::mge where chemisorption .ofOIJ..f;1 . ..Qf.ffi.Ore of the r:eactants 
.i§. __ 9;.pp.r.e.ciahle .. This is indicated on Fig. 8-r by the dash~d -verficaT1ilies. 

·-· There is a relationsh~.Q _ _pet~e~!!.:!!I~-~t~.!!t.9f~~11~w.iS..QI2!is>.E_ of a gas on a 
sorra.-an:a:tlie effe~.tiv~_O.§§S_of th~....§..Q.lid a.s...JL.Q.atalyst.:a Fo!: .. example, many 
~~lli.c anct.me.:llil::.Q.Xide . ..s..tu.fac.es_.-a-ds.m.b oxygen easfly, ~nd these materials 
·ai-e also found to be good catalysts for oxidation reactions. When reactions 
proceed catalytically at low temperatures, Fig. 8-1 does not apply. In these 
cases catalysis is due to nonactivated chemisorption. Thus ethylene is 
hydrogenated on nickel at - 78°C, at which temperature there would surely 
exist physical adsorption of the ethylene. 
~ An iq1pQ_~t9:nt Je~ture of chemisorption is that its magnitude will not 
<.:.... - •.. ·-·- ··---·-··· ····-------

exceed that corresponding to. a r~1o_norp.ole.~ul~~.layer. This limitation is 
due to the fact that the valence forces holding the mol~g)js-oii"1lie-siifface 
diminish-rapidly-with-distance. These forces become too s~ill to form the 
adsorp.tion_c.omp.ound..when the distanc~ from the surface is much greater 
than-the··usual·bond distanees. 
~\ The differences between chemisorption and physical adsorption are 
(,summarized in Table 8-1. ' 
/ The key concept for quantitative treatment of both physical and 
i chemical adsorption is that formulated by Langmuir. 1 While his concern 
l . 

'--~.: Langmuir, J. Am. Chern. Soc., 40, 1361 (19_18). 
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