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At the Chemical Engineering Teachers Summer School in 1939, K.M
Watson presented a paper in which he discussed chemical resction kinetics
for engineers and made an appeal for including more of this type of train-
ing in the undergraduate chemicsl engineering program. At the next Chem-
ical Engineering Teachers School, held in 1948, Watson once again talked on
the subject, but this time his emphasis on necessary training was in the
area of kinetics of catalytic reactions (25, 26). Since that time, kinet-
lcs courses have been included in most of the undergraduate and graduste
chemlicsal engineering curricula in tkhe United States. Witk the increased
emphasis on the chemlcal aspects of chemical engineering, teaching and aca-
demlc research in the area of chemical engineering kinetics will become
even more essentlal as a component of any adequate undergraduate and grad-
uate program, -

The area of heterogeneous catalysis presents one of the most chal-
lenging opportunities for new approaches from the viewpoints of both re-
search and teaching. The tesching of heterogeneous cstalysis for under-
graduate or graduate engineers offers an idesl opportunity to impress on
the students the importance of recognizing the practical limits of purely
theoreticel analyses while simultaneously emphasizing the necessity for
understanding the fundamental theoreticsl concepts. The literature is
full of examples of controversial claims in catalytic kinetics based on
putting too much emphasis on a given theory without adequate evalueation of
other possible interpretations. One example is the critical article by
Weller on the engineers! use of the Langmuir-Hinshelwood approach when a

power series of the Freundlich type would be equally appliceble (29). A
rebuttal to the Weller srticle based on an analysis of real and idesl sur-

faces is presented by Boudart (3). Another example is the critical esnalysis
of least-squares determinstions of rate constants presented by Chow (10).

The controversial nature of many of the currently applied techniques
of interpretation in heterogeneous catalysis 1llustrates vividly the need
for more research. The teacher of the subject is dealing with a field
which cannot be presented as sncient history with all problems solved. In-
stead, the teaching can be made extremely interesting by bringing out the
fact that many of the past engineering techniques in heterogeneous catalysis
are questionable. If the course is taught correctly, perhaps the students
can catch some of the excitement of being part of an important engineering
srea which i1s ripe for the development of new ideas and new approaches.

The recent survey by Hougen on Engineering Aspects of Catalysis emphasizes

these points (15).

In the past, there has been some tendency to teach chemical engineer-
ing kinetics strictly from the viewpoint of design techniques, leaving "the
fundementals to the area of chemical kinetics. This approsch 1s complete-
ly inadequate for heterogeneous catalysis because of the many assumptions
required for normal design applications. Consequently, to give the engl-
neer a background for intelligent understanding of the design aspects of
heterogeneous catalysis, it is essential to discuss the basic considera-
tions and, from these, go through the assumptions necessary to give a
workable final design equation. In this paper some of the basic consid-
erations in heterogeneous catalysis normally passed over in undergraduate

engineering courses will be discussed.

Surface Characteristics

An obvious starting point for the teasching of heterogeneous cataly-
sis is to present an analysis of surface characteristics for solids with,
en initial approach through discussion of physical adsorption and chemisorp-
tion. Because the energy of activation for physical adsorption is small,
the activation energies for reactions involving physically adsorbed mole-
cules cannot be far different than for the homogeneous reaction. Conse-

quently, physical adsorption does not play an important direct role in
catalysis, but it does become important in considering fractions of surface

area avallable on a solid catalyst.

Conventionally, the engineering approach to teaching about physical
adsorption and chemisorption is to immediately develop the Langmulr adsorp-
tion isotherm for a unimolecular adsorbed layer in a form such as

g = YL:EFE | (1)
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where © represents the fraction of the surface covered by an adsorbed mono-
molecular layer at equilibrium, h is the adsorption equilibrium constant,

and p represents the partial pressure of the gas adsorbed.

From thls point,

with a few brief comments about multilayer adsorption, the Brunauer, Emmett,
and Teller equation for estimation surface area is normally presented in

the following form (7):

P .1
?(pn—pi ?mc

where ¢ is a constant for the
vapor pressure for the gas at
the gas sdsorbed to cover the

Here 1s represented the
find objectionable. If it is

certainly is necessary to present the limitations on this Equation.

(c=1)p
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system and temperature, ppo is the saturation
the temperature used, and vy is the volume of

surface completely with a monomolecular layer

type of engineering approach many educators
worth presenting FEquation 2 at =211, then it

This

starting point would be a good spot to impress the students with the need
for understanding any equations they may use, and, despite the time it
might take, a relatively complete derivation of Equation 2 could get an en-
gineering course in heterogeneous catalysis off to n good start.

The development of Equation 2 is based on the existence of multimol-
ecular layers of physically adscrbed molecules with a derivation similar
to that of the Langmuir isotherm for unimolecular layers. it equiliobrium,
the rate of ccndensation on the bare surface must equal the rate of evap-
oration of molecules in the first layer. Similarly, for each succeeding

layer, the rate of evaporation must equal the rate of ccrdensation on the
preceding layer. Therefcre,

a{PSg = bisie'Ei/RT

(3)

apps; = bospe T2/RI

—Ei/RT
8:; psy.qy = Dbisi® (
where w ind b are constants, s represents the surface area covered only
by tie subscript-indicated layers of molecules, and T represents the heat
of adsorption for the indicated layer. Thus, the total surface rrea of the
catalyst and the total volume adsorbed are, respectively:

n

A =f,. 33 (E)
i=20

V = %E: ;g': " is, (7)

where n represents the number of layers.

As indicated in Equations 3, 4, and 5,'the heat u? aﬁsgrptl?n is iﬁ—
volved exponentially in each of the equilibrium expressi?ns _crhtn?-r:t:;
The assumption is made that, for =11 }ayﬁrs exeept the ;;P%t. Fuerﬁﬁifﬁf;,ﬂ
adsorption is constant and equal to the h=2at o1 EVHpDP“FL??; {t is ;Pliyg,
sssumed that the ratio of b/e is constsnt for El} lavers $x2eDt Ccedbs -
In other words, the Van der ‘aals irorces of phygjcul ~dscrptlion nvelve
only in the first layer of molecules on the sur.ace,
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with these assumptions the summatlon gexpressicng o-n e
rectly to give a value of V/Vy as follaws:

E=E2=P_j;= g (E':‘
ag a3 84

From Equations 3, 4, and 5
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to -BL p the sumations represented in Equation 11 re such that the

equation reduces to n
v _ ecp/J 1 - (n=-1) (p/3)" =n (p/J)

m  I-/T 1 _(c-1) (p/) - (p/0)® "1

o S s
(12)

When p equals the saturation pressure of the gas, pog, complete con=-
densation can occur snd V must approach infinity. This can only occur 1f
J 1s equal to po. For the case where p Po or for the case where n 1is a
large number, Equation 12 can be rearranged to give Equation 2, and a com=
plete derivation of Equation 2 showing all assumptions has been presented.

The question immediately arises as to the desirability of presenting
this much detail in an undergraduate chemical engineering course on heter-
ogeneous catalysis, Actually, the derivation as presented here is relative-
ly simple and the insizht it gives the students into the limitations of the
final eguation plus the added understanding of the types of forces involved
in condensation and adsorption make the time spent on such a derivation
worth while. With this background, students making the standard plots of
p/V(po=-p) versus P/Po to determine catalyst surface area will have a real
understanding of what they are doing. The value of the constant ¢ now has
physical sjignificance and could be used to give an approximation of Ej-Ey
since g&21/Pi is normally close to unity.

Langﬂuir AdsnrgtinnAE;otherm

The Langmuir adsorption isotherm, as presented in Equation 1, can be
developed directly from Equation 3 as follows to give a physical meaning

to the constant h:

E, /RT -
s_.a 1
8] 0 = 0%l ¢ P = h
Sp = 89 £ by 1 - hp (13)
/ So = 8¢ ;l.EEI/RTP
E+ /RT
where h = 21 o1 1

b1

In catalytic studies, use 1is regularly made of this relationship to
develop a model for the reaction.. An jdeal surface is assumed so that h,
and consequently the heat of adsorption Ej, remain constant. For any real
surface, there is no valid reason to assume Ej will remain constant inde-
pendent of the amount adsorbed. This explains one reason why experimental
values of h obtained from reaction rate data often do not agree with the-
oretically equivalent adsorption constants obtained from direct adsorption

" measurements.

Despite these limitations, chemical engineers have been highly suc-
cessful in using the Langmuir adsorption isotherm as an approach for cor-
relation of rate data. Because of this success, some novices are convinced
that the relationships ere completely sound theoretically and attempt to
develop detalled mechanisms on this basis. This approach has been attacked
by Weller who proposed that real and ideal surfaces were so different thet
the practical engineer was wasting his time in attempting to use the Lang-
mulr-Hinshelwood approach (29). He proposed instead the far simpler
Freundlich type of expression for expressing reaction rate. For example,
for the gas reaction A ¢ B C catalyzed by a solid, the Freundlich

power-series type of rate equation would be

m 0 T
| rate = k(Pﬂ)j (pg)  (pg) S (14)
_ while the Lengmuir-Hinshelwood result might be in the form of

rate = ______kpiPB___— 2 - (15)
(1 - Kppa = Kpps = Kepe) |
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The mathematics of handling Equation 1l is far sim
Equation 15; however, a specific reaction mﬂghaniam.uan E:e:p;?izdrg:r
Equation 15 while no mechanism can be given for Equation 1. weller op-
poses the use of the [ engmuir-Hinshelwood approach on the grounds that real
and ideal surfaces are not similar and the results obtained tend to be mis-
leading. Boudart has responded to this by proposing thst discrepancies in

the constancy of the adsorption energy can be accounted for b
a temperature dependence of this energy as Y Spprozimating

Ey ® Egy ¢ 2T (16)
where Eo; and z are constants (3).

The type of approximation represented by Equation (1)) would be an
éxcellent method to use for initial analysis of reaction rate data. How-
ever, for any general application of kinetic results, a mechanism must be
satisfied. Accordingly, the information obtained by a preliminary analysis
of the Equation 1l type should be used to attempt to predict a mechanlism,
and this should then be confirmed by a detaliled analysis of the type repre-

sented by Equation 15 plus recognition of the factors introduced by surface

The over-zealous ambitlion of chemical engineers to prove a mechanism
on the basis of an incompletely understood theory has caused many ridicu-
lous claims to be made in the literature. This illustrates the need for

careful development of the theory combined with discussion of its limitation
in the teaching of heterogeneous catalysis.

The preceding analysis hes been concerned almost completely with the -
thermodynamics of sdsorption as affected by the heat of adsorption with no
attention being given to the concept of entropy relationships. Becsuse gas
molecules are free to move in three dimensions and adsorbed molecules are
restricted to no more than two dimensions of motion, a reduction of entropy
must occur on adsorption =8 pointed out by Brunauer (6). Entropy calculs-=-
tions can give information on whether the adsorbed molecule is free to move
about the surface or is localized with no free rotation. Such information
1s important in considerations of catslytic kinetics, and variation in en-
tropies of adsorption can be used, at least partially, to explaln changes
in heats of adsorption. The concept of entropy has only recently been giv-
en serious consideration as being important in supplementing the heat of
adsorption type of snalysis for thermodynamics of surface processes (5, 19)

Active-Site Theurg

Despite the limitations of the simple adsorption theory with its as-
sumption of ideal surfaces, this concept has been extended by chemical en-
gineers to include models whereby catalytic surface reactions take place by
means of molecules or atoms adsorbed on so=-called "rctive sites" on the sur-
face. Thus, the reaction could occur between an adsorbed reactant molecule
and a gas-phase molecule or between two adjacently adsnrbed.mulecules. in
presenting this simple model, authors have recognized the limitatlons of
the theory and have consequently tended to present derivations that in-
clude incorrect statements which are eventually corrected by the empirical
nature of the results. For teaching purposes, errors of this type, cven
‘though not importart in the final analysis, should be =zvoided.

One example of an error is presented in s classic pioneer pubhlicat or
e

- by Hougen end “atson (16) which was corrected in their lmteriwurk. Qs
was the statement that the dual-site surfzace corcentration ¢f veecsnt s tes

adjacent to sites containing adsorbed material A 1is

Cy (17)
Cpy = 1/2 SC, o

where S represents the number of equldistant aatife sitesp::j:gent;tc ar
average active gsite and the subscripts i, ?, »nd L.Etﬂnd for m%Fer:als g
vacant sites, and total sites. The error in Eguetlug }7 lies [Huthe }{ﬂ‘f
which should be unity. A similer error was maJe oy agith (21) wr.a 87
would be more sccurate to use CT-Cy in place ol I

Any argurent Eiat Ehesi twuler?:r?raﬁ;_rfléﬂ et by igiite vig B
m ematical anslys8ls in Woich S tanin b3 £ pmde U
izt:imgigsgéTzlzuaT sites cn an idzal surface E?PtEihétg Dﬁl? vﬁmﬁ?t f;tea
(Cy) and adsorbed sites (Cp). For rdjacent similar SJtEE,!PPE PE? -Eer
concentration must be one-half’ cf the totel numter of pnss;ulf u.qafeﬁgr_
sites times the fraction of totszl sites cccupied by‘thﬂtmﬂtﬁflhl; f?: 
case, the one-half 1s necessary becsuse each palr cf adjucent molectile

cun be eliminnted DYy &an
~ Lhe
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counted twice. If the adjacent sites are not occupied by similar materials,
the one-half should not be included. For this case, therefore,

Total dual sites = SC7 = Sites V-V - Sites p-V - Sites A-p (18)
-
SCp _ BCyCy  SC,Cy  SC,C,
2 2Cm Cp . 2Cp (19)
2 2
SCr S(C;; = C SC
2  2Cp 2Cr

The ldentity in Equation 20 can only occur if Equation 17 is incor-
rect and if Cp 1s used in the denominator. Obviously, these two errors as
discussed sre not important but, for tesching purposes, analysis of this
situation and discussion of past errors of this type serve to stimultate
class interest and give the students more insight intc the type of problems
invelved in trying to specify surface characteristics.

Solid State Analysis and Elactrnchemical_Pntential

In recent years, hope has been ralsed thet catalytic activity might
be explained by a new and quantitetive approach involving electronic chem-
ical potential and based on the principles of solid-state physics. TUn-
fortunately, this approach has not yet produced any significant results,
and it is doubtful if it should have more then passing mention in an un-
dergraduate course on chemical engineering kinetics.

In this epprosch, the assumptlion is made that chemlsorption 1s ac-
companied by a transfer of electrons between the adsorbing solid surface
and the adsorbent. The adsorbent acts either as a donor or acceptor depend-
ing upon the direction of electron transfer. Because of the high density
of electrons on a metel surface, exact quantitative analysis of the charge-
transfer process is difficult. However, the surfaces of semiconductors
have a far lower concentration of electrons or free carriers than metals
and, consequently, are much more satisfactory for theoretical analyses of
the charge-transfer process and the resulting energy-level changes (s 23) 4

The Fermi level has been proposed as one means for explaining cata-
lytic activity. At equilibrium conditions, there is a probabillty (desig-
nated as the Fermli-Dirac function) that a given gquantum state of energy will
be occupied by an electron. The energy at which this probability is one-
half 1s designated as the Fermi level (20). The Fermi level of a semicon-
ductor may increase or decrease depending on the concentration of Impurl-
ties and the temperature. Semiconductors are characterized by densities of
electrons (n) and of so-called holes (p). Thus an n-type semiconductor has
a conductivity due to excess electrons and is a donor while a p-type seml-
conductor is sn acceptor.

In applying the electrochemical potential theories to catalytic kinet-
ics, one can consider that a gas molecule can be adsorbed on a surface in
different forms. For example, isopropyl alcohol might be adsorbed on
chromium oxide catalyst as a donor through a hydrogen atom, as an acceptor
through a hydroxyl group, or with no net charge transfer. If the most re-
active group were the form adsorbed with no net charge transfer, then a max-
imum would be expected in the reaction rate if the catalyst were changed
gradually from a p- to an n-type semiconductor. If the catalyst is initlal-
ly a p-type material it might be changed to en n-type by increasing the
pressure of hydrogen in the gas since the hydrogen would release electrons
to the solid catalyst. In other words, there would be a shift in the Fermi
level and & maximum catalyst activity would be expected at one Fermi level.

Figure 1 presents results on the rate of dehydrogenation of isopropyl
alcohol catalyzed by chromium oxide from experiments carried out at the
Institute of Physical Chemistry of Madrid (13, 1}). Under normal cnnditiigs
a regular decrease in rate with increase in hydrogen partial pressure wnul
be expected as indicated by the dashed line in Figure 1. The experimenta
results are indicated by the solld line. One possible explanation for this
apparent discrepancy could be based on the analysis presented in t?e pie-
ceding parsgraph wherein there 1s a Fermi level shift through the leve
corresponding to maximum activity as the solid ca%alyst changes from a

p-type to n-type semiconductor.
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Figure 1. Rete of Dehydrogenstion of Isopropanol Catalyzed
by Chromium Oxide at Constant Total Presaurepwith varyigg
Pertial Pressures of Hydrogen in Isopropenol (d-37 &

Heat and Mass Transfer @

For the design of catalytic resctors, basically three relationships
are needed as follows:

(r) The design equation.
(b) The rate expression.
(c) An energy balance.

In the simplest possible case of a plug-flow reactor operated adiabatically
the design can be accomplished with *

(a) The Design Equation: Fdx = rdw | 21)
(b) The Rate Expression: p = g (x,T) iza)
(¢) The Energy Belance: (- H) Fdx = FicpidT (23)

where x represents the fraction of reactant converted, F is the feed rate
of reactant, r is the reaction rate based on an amount of catalyst W,AH
is the heat of reaction, cpls the heat capaclty, and subscript 1 indicates
the individual components.

Heat and mass transfer considerations must be taken intc account
when the plug-flow assumption is not wvalid. The same general approach is
used for both heat and mass transfer; so this discussion will be limited
to mass transfer and development of the appropriate design equations. The
conventional approach is to correct for radial and longitudinal diffusivity

by using an effective diffusivity for each representing the actual pscked
bed as being replaced by a fictitious homogeneous materisl with the ap-
propriate diffusivity. Radial bulk flow is neglected. With these assump-
tions, the following equations can be developed by material balences:

(a) PFor the case of radial diffusion only with constant De /u,

-

-J(uc) - De 1 J(uc) - J= (uC) - = JC (2

(b) For the case of longitudinel diffusion only with constant
DL/“:

_DL  I%(uc) _ J(uC) = r _Je
. el

s 25
JZ JZ Je =t

(¢) For the case of both longitudinal diffusion and redial diffvsior

2
J(uc) De 1 <(uC) J~ (uC) DL, 7 (wC)
i -— = - —- 2= B = (&f)
JZ u r Jr Ire u JZ
JC
Je

In vector notation, the preceding equation reduces to

div(uG) - div -D uC -7 TP\ & 27
(ug) E_Grad (uC) B 2 (27)

where u is velocity, C is concentration, r is radius, Z 1is reachr 1?n§fh
Pg is bulk catalyst density, © is time, ~nd the D's represent diffusivi’
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Development of the preceding design equations along with the corres-
ponding energy balances are straightforward and should be presented in un-
dergraduate courses on heterogeneous catalysis. 'However, the important
engineering function comes in applylng these equatlon, and the solution of
the equations can become quite involved. An example of the problems in-
volved in selecting boundary conditions along with the need for clear think-
ing is presented in the following for the case of Equation 25.

For a first-crder irreversible reaction, r = kC, and steady state,
Equation 25 becomes a second-order, linear, ordinary differential equation
with a solution in the form of C = (Const) e MZ where m is a constant.
Smith presents limits as follows to give a very simple solution (22):

Boundary conditions proposed by Smith: C= Cy at Z= O
C:DEtZ-M

c -
Solution is = e where =
f

u

panckwerts and others (11, 27) have proposed much more reasonable
limits based on a concentration gradient existing at the entrance to the
reasctor. The resulting solution is far more complex and more reaslistic
than that shown by Equation 28.

Boundary conditions proposed by Danckwerts and Camkohler:

C=C, =Dy dC at 2= 0
u dz

%% = 0 at Z = L
The resulting solution 1is

uz ua' (L-2) ua
C 2 Dt e (z-L)
= g L ED
Co 2(1 -a')e" L ‘Z(l'ﬂ')emf' (29)
ua'lL -ua L
2Dy, ZDL
s a8 e w35
where a' = 1 = LkD; B
2 .

u

A rather detalled discussion of the disadvantages of oversimplifying,
a8 illustrated by Smith's boundary conditions, can stir up much interest
among the students and will simultaneously serve to illustrate the need for
the students to think on thelr own rather than merely blindly accept any-
thing they see in print. The fact that both Equations 28 and 29 reduce to
the basic plug-flow expression as Dy approaches zero can be used to illus-
trate the fact that one proof of a given theory 1s not always sufficient to

establish its validity.

ggmguter Solutions

We have now reached the point where use of computers for problem so-

lution should be completely acceptable for undergradustes in Chemical En=-
gineering. The kinetics course is an ideal place for including outside
problems; for solution on the computer, and at least one problem of this

type should be part of the course. A simple example is given in the fol=-
lowing of a typical problem in kinetics which can readily be solved on a
small enalog computer of a type similar to the Pace TR-10.

For the case of the following consecutive reactions carried out
isothermally " -

ky - ko
A——3 B =95 O

the rate equations for a constant-volume reactor are

dcC
e 1¥A (30)
dCp . - k1Cp =k Cp / {3X)
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Analytical solutlions of the first order linear differential equations
are -k 0

- - | :

Ch = Caq (32)

k.6 __=ko0
Cy 1¥A (33)
2=k}
Cg = Cpo =C,=Cp (34)

where C's represent concentration and subscript o represents initial con=-
centration of pure A at zero time.

From Equations 30, 31, 34, plots of either C,, Cg. or Cg versus 8
could be obtained directly with a small analog computer by use of the un-
scaled diagram shown in Figure 2. A typical concentration-time plot th-t

guuld result on the x-y plotter from the computer is also shown in Figure

This simple exsmple can be used effectively with undergraduates to
familiarize them with the use of the anslog computer. It is particularly
appropriate because the students cen easily celculate analytically from

Equations 32, 33, 3L the concentrastion=-time velues for direct comparison to
the computer results.

Volts Figure 2.
| Analog Computer
Cp, Potentiometer - Diagram
° For Solving
ASfaspg Xy
Y-Axis and

Resultant X-Y Plot
From Computer

-Axis -

’ : ey —— > Y-Axis

Summer
GA L
. (o} -d9 IC

s
- Volts —( )— X-Axis

Volts

A_k.l_.).BB.L_*C
Relative
Conen. C
% :
\ B
A

0 —> 0, Time
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- If the students have the background and facilities for =
lems on the digital computer, programs are avallable for aoluzgi:iﬁ% Eﬁiz-
muir-Hinshelwood types of rate expressions as presented in Equation 15
{1a,i1a). Other programs are avallable for the digital computer which
couléd e used for problems relating to operational characteristics of ise=
thermsl tubular flow reactors (2), isothermsl batch chemical reactors(l7).
or solution of the Brunauer, Emmett, and Teller Equation 2 (8).

Conclusion

The subjects discussed in this paper represent some of the special

problems in heterogeneous catalysis that would be appropri te for presenta-
tion in an undergraduate course. Obviously, there are many standard sub-
jects, all of which also involve fundamental problems, which should be in-
cluded. Among these would be analyses ol the various resistances involved
in the catalytic kinetic processes, experimental techniques, interpreta-
tion of ex perimental results, types of reactors including special prob-

lems of construction snd operation, optimization techniques, poisoning ef-
fects, and many others.

Intraparticle transport is another fundamentesl problem which has re-

celved inadequates attention in many chemical engineering courses on kinet-

ics.

Pore diffusion and catalytic effectiveness zre often completely

neglected even though these are important factors in as much as perhaps
eighty per cent of all catalytic processes. The work of Thiele (24),
Wheeler (30), Aris (1), wWelsz (28) , and Hougen (15) ere significant in show=-
ing the advances being made in this area, and an excellent summary of the
current situstion on this fundamental problem is presented by Carberry (9).
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