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Many catalysts are likely to have surfaces which are energetically heterogeneous. The 
overall rate of reactions on such surfaces will, therefore, be the sum of rates of concurrent 
reactions each proceeding wit,h different, act,ivat,ion energies. Apparent act,ivation energies 
are, however, commonly derived by treat.ing the overall rate as if it, were governed by a 
single activat,ion energy. The majorit,y of reported values of activation energy have been 
obtained by fitt,ing experimental results to the logarithmic form of the Arrhenirls eqllation 
and measuring t.he slope. The method of linefit.t.ing used is often the st,at.istical technique 
of least-squares or some visual equivalent. 

In this paper, eqrtations are derived which relate the apparent, activation energy 
derived by t,he least-sqllares technique to any postulated type of heterogeneit,y and the 
experimental error in t,he rate det,ermination. In this derivation the dependence upon 
temperature and surface concent,rat)ion of the activat,ion enthalpy and entropy is inchtded 
in the calculat,ions. The graph of log (rate constant) vs. l/T’ for cat,alysta wit,h het.ero- 
geneous surfaces may not be linear. The degree of cllrvature introdiuzed by any postulated 
heterogeneity has been calcrdated and may be compared with experimental error in order 
to decide whether it woldd be detectable. 

The arrangement of atoms composing the 
surface of a catalyst is likely to vary from 
point to point because of the presence of 
different crystal planes, the intersection of 
bulk defects with the surface and, in the 
case of multicomponent catalysts, areas of 
different composition. This inhomogeneity 
may lead to variations in the configuration 
and energetic state of species adsorbed on 
different parts of the surface. Such varia- 
tions have been proposed to a,ccount for the 
decrease in heat of adsorption with coverage 
observed on many adsorbates (1) and for the 
compensation effect in catalysis (2). 

Because catalytic reactions involve ad- 
sorbed species, surface heterogeneity should 
have a pronounced effect upon the activation 
energy of these reactions. The overall rate 
of reactions, therefore, will be the sum of the 
rates of concurrent reactions, each proceed- 

ing with a different activation energy on 
different parts of the surface. Despite this 
probable complexity, apparent activation 
energies are commonly derived by treating 
the overall rate as if it were governed by a 
single activation energy. Apparent values 
are widely reported and it is desirable, first, 
to define the conditions under which they 
are meaningful parameters and, second, to 
determine their dependence upon surface 
heterogeneity 

Apparent values are very often derived 
from the variation of an apparent rate 
constant, Ic,,,,, with temperature in the 
following way. At a given temperature of 
reaction, Ic,,,,, may be found from the varia- 
tion of the overall rate, Izs (molecules/unit 
area/unit time), with the partial pressures 
of the reactants and products in the gas 
phase : 

KS = k,,,&h, p1r, . . .I. (1) 
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After determining k:,,,,, at several different 
temperatures, the values of ln k,,,, and I/T 
are then fitted to a straight line by the least- 
squares technique or some visual equivalent 
(3). The equation of the least-squares line 
may be written as: 

In /it,,,,, = 111 A - EJKT, (2) 

where A is the preexponential factor and 
I<:, the apparent activation energy. 

In this paper equations will be derived 
which allow the apparent values t’o he calcu- 
lated for any given surface heterogeneit) 
and experimental error in the determination 
of 111 k;,,,. Of course, only in a few cases is 
the actual surface heterogeneity known, but 
the approach adopted in this paper allows 
limits to be set to the allowable types of 
heterogeneity which can account for ob- 
served results. 

In this paper, first the types of reac- 
tions which can usefully be treated are 
discussed ; secondly the statistical calculation 
is presented. 

Even the simplest reaction on a surface 
corisists of diffusional, adsorption. and reac- 
tion steps. The dependence upon tempera- 
ture of these consecutive processes is complex 
and only if one step is much slower than the 
rest can the apparent activation energy be 
related to the activation energy of a single 
process. Only those reactions with a single 
rate-determining step will be considered 
because the apparent activation energy is of 
dubious value in characterizing a catalyst in 
more complex cases. Furthermore, the se- 
quence of processes and the rate-determining 
step will be assumed to be the same on all 
types of site. Differences in rate, therefore, 
arise solely from changes in the energetic 
state and numbers of Hiesreactive species 
because of differences in enthalpies and 
entropies of activation and adsorption. 

A site will normally consist of a group of 
atoms arranged in a definite configuration 
and t,his configuration is repeated many 
times over the surface. The particular con- 
figuration which defines a site may depend 
upon the type of reaction; thus one con- 
figuration may be appropriate for a mono- 

molecular reaction and another for a bi- 
molccu!ar reaction on the same surface. 

A commonly postulated sequence of reac- 
tiou is the adsorption of species A on a site, 
the formation of an activated complex, and 
the subsequent decomposition of this com- 
plex to products which arc not adsorbed 
(4). This requence can be shown as follows: 

The overall rate is given simply in this case 
b> 

where lil = rate constant for reaction on 
type-l sites 

[‘4.11 = concentration of species A on 
type-2 sites 

N = total number of types of sites. 
In a bimolecular reaction the rate-deter- 

mining step may be the reaction between 
two species A and B adsorbed on adjacent 
sites. In this case a site is best considered 
as being composed of two adjacent single 
sites. A type-lnr site is then a type-l site 
adjacent to a type-m site. Implicit in this 
treatment is the assumption that the two 
reacting species are of comparable dimen- 
sions and may be adsorbed on all types of 
single sites. If all combinations of type-l 
and type-m sites are possible, then the 
total number of types of dual sites will be 
(1/2)N(N + 1). In practice the geometry 
of the surface will restrict the number of 
combinations. The overall rate for a bi- 
molecular reaction will be given by 

Rs = 2 k~m[~lU%, (4) 
where kl, = rate constant with A on a 
type-l site and B on a type-m site. 

It should be noted that although the 
maximum number of types of dual sites is 
(1/2)N(N + l), the maximum number of 
terms in the summation is NS. The larger 
number arises because reaction of A on 

type-l and B on type-m sites is not equiva- 
lent to A on type-m and B on type-l sites, 
although the same dual site is involved in 
both cases. Reactions in which the slow step 
involves more than two species are very 
unlikely and will not he considered. 
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Using the Absolute rate theory, in the 
quasithermodynamic form, to calculate the 
rate of reaction at constant gas phase pres- 
sure, equations (3) or (4) can be written (5) : 

Rs = F 2 f(e, nj)gjtj exp [ai(T B,)] K’ ’ 
j 

where k, h = 

ej = 

X exp -A&, 6) , 
RT I 

c51 

the Boltzmann and Plank 
constants, respectively 
total fraction of type-j sites 
covered with A for mono- 
molecular reaction or A and B 
for bimolecular reaction at 
partial pressures pA and pB 

monomolecular reaction : 

ni = total number of type-j 
sites per unit area 

gj = fraction of the surface 
occupied by type-j 
sites 

bimolecular reaction: 

nj = 7Lzn = 

gj = g2m = 

tj = 

A&(T, 0,), A&T, 0,) = 

f(ej, %i) = 

number of times 
a type-l site is ad- 
jacent to a type-m 
site per unit area 
%&zm , where al, 

lz ~zrn~zrn 
is the area oc- 
cupied by a type- 
lm site 
the transmission 
coefhcient of the 
activated complex 
on a type-j site 

enthalpy and en- 
tropy of activation 
on type-j sites at 
temperatures T”K 
and coverage ej 
function which de- 
fines the depend- 
ence of rate upon 
the surface con- 
centration of the 

j= 
reactive species 
1, 2, 3 . . . N for 
monomolecular re- 
actions and 1, 2, 
3 . . . M for bi- 
molecular reac- 
tions where MI 
N2. 

Equation (5) differs from the usual formu- 
lation for the rate equation in that the 
enthalpy and entropy are shown explicitly 
as functions of temperature and coverage. 

Apparent values of activation energy are 
derived from measurements made over a 
finite range of temperature, and because of 
experimental limitations this range rarely 
exceeds 100°K. Previous work on single-site 
catalysts has shown that with this restricted 
range of temperature the temperature 

variation can be treated by replacing As 
* 

and AS in equation (5) by their mean values 
(6). The mean activation enthalpy for the 
temperature range T1 - Tz at constant 
coverage 8j is then defined in the following 
way : 

aHIzo(ej) = / ,T’ Ai?(T, 0j) dT .Tvn - 
/ T, dT 

The mean activation entropy is defined 
similarly. 

The temperature variation of activation 
enthalpy and entropy is common to hetero- 
geneous and homogeneous reactions; the 
concentration or coverage variation does 
not, however, have a counterpart in homo- 
geneous reactions. Horiuti and Nakamura 
have pointed out that the mass action law 
presupposes the statistical independence of 
the set of particles involved in an elementary 
reaction (7). The term statistically inde- 
pendent is taken to mean that the inter- 
action of the system with other constituent 
particles is restricted to maintaining the 
temperature of the system. The energetic 
state of the reacting species is, however, 
independent of the concentration of itself 
or surrounding species. It is almost certain 
that this condition is not fulfilled on the 
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surface of a catalyst. The enthalpy and 
entropy changes upon adsorption have often 
been observed to be strongly dependent 
upon coverage; in some cases decreases in 
differential heat of adsorption as great as 15 
kcal/mole have occurred with increasing 
coverage (8). The energetic state of adsorbed 
species is not, therefore, independent of 
surface coverage. 

If the decrease of heat of adsorption could 
be attributed entirely to surface heteroge- 
neity, it might still be possible to maintain 
statistical independence of particles ad- 
sorbed upon a particular patch of uniform 
sites. The overall heat of adsorption would 
decrease only because patches with the 
highest heats of adsorption would be filled 
first in the initial stages of adsorption. There 
are good theoretical reasons and experi- 
mental observations to show that even on a 
homogeneous surface the heat of adsorption 
may decrease with increasing coverage (9). 
Thus, both the overall heat of adsorption 
and the heat of adsorption upon a particular 
type of site may be dependent upon cover- 
age. For this reason the activation enthalpy 
and entropy are assumed also to be de- 
pendent upon both the type of site and the 
coverage of that particular type of site. 

In this complex situation in which the 
energetic state of the reacting species varies 
with coverage, Horuiti and Nakamura have 
shown that activation energies can only be 
reasonably assigned under two extreme 
conditions, at very low coverages or at 
saturation coverage (10). The criterion for 
the low coverage region is that Bj -+ 0 on 
the sites where the largest decrease of free 
energy occurs upon adsorption. Under these 
conditions the adsorption isotherm of A on 
type-j sites is, t’o a very good approximation 
(II): 

0.i.A = PA exp +ASn”(ej~) 
R 1 

X exp 
- AHln’@j~) 

RT 1 (a 
AHlzO(0j~) = mean differential heat of ad- 

sorption on type-j sites at 
coverage 0jA of A and in tem- 
perature range T, - Tz 

AL!!~z’(@~A) = mean differential entropy of 

adsorption minus configura- 
tional entropy. 

When the rate of adsorption is not the 
slow step and the adsorption equilibrium 
is not disturbed appreciably by reaction, 

f(ej, n,) = ej.4nj. (7) 

Substituting this value into Eq. (5) gives, 
for a monomolecular reaction, 

N 

& = PA ‘; 

c 
Wjtj 

j=I 

x exp A&,O(O,j) - &O (0,j) 
R I 

X exp -AHlz’(O, j) - =lz”(O, j) 

I 
. 

RT 
(8) 

- 
AHK?O(O, ,i), AHlzO(O, j) = mean activation 

enthalpy and dif- 
ferential heat of 
adsorption respec- 
tively at very low 
coverage on type- 
J sites 

AS~ZO(O, j), AS’~ZO(O, j) = mean activation 
entropy and dif- 
ferential entropy 
of adsorption [de- 
fined as in Eq. 
(6)], respectively. 

For a bimolecular reaction a site is speci- 
fied in the form lm, indicating that A is 
adsorbed on single site 1 and B on adjacent 
single site m. 

KS = pApI F 

c 

n.2gjtj exp 0 exp (-H)f 
3 R RT 

j 
H = AHlzO(O, Zm) - AHlzo(O, IA) 

- AHlQO(O, mB). (9) 

AHlzO(O, Zm) = mean activation enthalpy 
with A on site 1 and B on 
site m 

AHlzO(O, ZA) = mean differential heat of 
adsorption of A at very low 
coverage of site 1 

aH120(0, mB) = mean differential heat of 
adsorption of B at very low 
coverage of site ~1 
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j = allowed combinations of 1 
and m 

S = A&a”(O, Zm) - ASlzo(O, ZA) - 
- A&2o(O, mB). 

Entropies are defined in an analogous man- 
ner to enthalpies. 

If the rate of adsorption of A is the slow 
step for either a monomolecular or bimolecu- 
lar reaction then Rs is given by (4) : 

Rs = !!f $ njgjtjexp [z120f”A)] 

j=l - 

X exp 
-AHn”(O, $4) 

RT 1 . (10) 

- 
z12°(0, jA), AS,,o(O, jA) = mean activa- 

tion enthalpy 
and entropy for 
adsorption of A 
at very low 
coverage on 
type-j sites. 

The criterion for saturat,ion coverage is 
that Bi --f 1 on the sites where the lowest free 
energy decrease occurs upon adsorpbion. 
When monomolecular reaction or the rate 
of desorption of the product of a mono- 
molecular reaction is the slow step, the rate 
is given by (4) : 

X exp 
I 

-AHnO(l, j) 
RT 1 . (11) 

AH12’(1, j), Ah”(l, j) = mean enthalpy 
and entropy of ac- 
tivation for A re- 
acting or for de- 
sorption of prod- 
ucts on type-j 

sites at saturation. 
number whose 
value depends 
upon the order of 
reaction (com- 
monly v = 1 or 

v= 

For a bimolecular reaction there are two 
conditions which allow a simple approxima- 
tion for the rate when on all types of site: 
either A is strongly adsorbed and B weakly 
adsorbed, or vice-versa (4). The overall rate 
when A is strongly adsorbed is as follows: 

X exp g 
( > 

J 02) 

N’ = AHlz’(l, Zm) - i7&2’(1, CL) 

- AHleo(l, mB). 

AHl2O(l, Zm) = mean enthalpy of activa- 
tion on type-lm sites at 
saturation coverage 

AH1pO(l, IA) = mean differential heat of 

adsorption of A on a type-l 

site 

AH12O(l, mB) = mean differential heat of 
adsorption of B on a type-m 
site 

Entropies are defined in a similar manner to 
enthalpies. 

When both A and B are adsorbed in 
comparable amounts, the expression for 
rate is complex and the apparent activation 
energy cannot be related to a linear com- 
bination of activation enthalpy and heat of 
adsorption. 

Bimolecular reactions in which an ad- 
sorbed species B reacts with A directly from 
the gas phase or more likely via a physically 
adsorbed state (Rideal-Hey mechanism) 
are also possible. At low coverage the rate 
of such a reaction is given by: 

N 

Rs = y 
c 

njgJti 

i=I 

x exp bL”(O, $3 - a12O(O, jB)] 
K 

x exp [-AHn”(O,jB) - A&zO(O, jB)] (13) 
RT 

and at saturation coverage of B, by: 
N 

exp b5’12’(1, .iB)l 
R 
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x exp [-AH1z”(l, $Ul~ 
RT 

(14j 

Examination of Eqs. (l), (8), and 
(ll)-(14) shows that the apparent rate 
constant can he written in the following 
general form : 

k;,,, = c gjT”Hj C!Xp(-IE,/RT) (15) 
j 

with p = 0 or 1 and with h’j and Bj being 
equated with the terms appropriate to the 
C:Me. 

From Eq. (15) it follows that the experi- 
mental values of In k,,, and the temperature 
are related by the following equation : 

111 k;,,>,, = ln(giBJ - ;; 

+Pln?‘+ln{l+&Cg,Bj 
j=2 

x exp I- (E’i - EdI 
RT + e, (16) 

where type-l sites are chosen to be those 
with the lowest value of Ej and e is the 
experimental error in the determination of 
In JCallP. Errors in temperature measurement 
are assumed to be negligible compared to e. 
Equation (16) shows that the relation he- 
tween In kngp and l/T is not linear so that 
the least-squares method approximates a 
curve by a straight line. The deviations 
between the experimental values of In k;,,,,, 
and the least-squares line [Eq. (a)] are 
composed of systematic curvature due to 
the third and fourth terms in Eq. (16) and 
of random error e; in contrast, the usual as- 
sumption made in the least-squares method 
is that these deviations consist solely of 
random error. 

The treatment of curve-fitting in this 
situation has been worked out in a previous 
paper and is applicable here (6). The dif- 
ferences between true and apparent values, 
AE and A In A, can be shown to be composed 
of two parts: one part, AEc, A In AC, is due 
solely to systematic curvature; the other 
part, ARE, A ln AE, is due solely to experi- 
mental error. The following symbols are 
used in the expressions for these terms: 

ri = number of replicate measurements 
of In /c~,,~ at Tie 

1~ = number of temperatures at which 
measurements are made (2 = 1,2,3 
. . n) 

C(.r;) = ,,‘n, c gjBj exp -(E, - E&i, 
R 

.i 21 

Throughout the range of measurement 
the experimental error is assumed to be 
normally distributed about zero with a 
variance 6?1, i;. 

- Zri ln[l + <‘(x~)](J~ - P)) 
117a) 

(17b) 

A In A = 111 A - 111 B, = A 111 dc 
f 6 111 L4E 

(ISb) 

The value of t in the above expressions 
depends upon the confidence limits chosen; 
for 95% limits f = 1 .SG (6). 

It is ritre to have sufficient information 
about a surface to calculate apparent values 
for comparison with actual experimental 
values. It is possible, however, from experi- 
mental data to calculate limits to the possi- 
ble types of heterogeneity which can account 
for those data. In the majority of reported 
results, curvature has not been detected, in a 
statistically significant manner, in graphs 
of In Ic,,, vs. l/T. An upper limit to the 
degree of heterogeneity present in these 



cases is, therefore, set by the condition that 
curvature must not be detectable. 

The ability to detect curvature will de- 
pend upon the error variance Pin k and the 
mean sum of squares due to curvature (6). 
For a given heterogeneity, the experimental 
error variance, D21n k, required in order to 
just detect curvature, is given by (6): 

02 Ink = &?l(F - 11, (19) 

where Mo2 = mean sum of squares due to 
curvature 

= & 1 W(~i)l” 

Fo2 
- Z(Zi - 2)2 . 

F(zi) = {Z ln[l + C(zi)]}/n 

- Id1 + C(x:i)l 
- p[Z In zi]/n - p In zi, 

FO = Z In]1 + C(z;)](zi - 3) 
- pZ lnzr;(zi - Z). 

To avoid a very cumbersome expression 
only the case of an equal number of repli- 
cates, r, has been considered; i.e., r; = r 
for all values of i. 

The value of F in Eq. (19) depends upon 
the chosen level of significance and n - 2 
degrees of freedom and may be found in 
compilations of the variance ratio F test 
Cl.@, (la. 

In practice D21nk is calculated for some 
postulated heterogeneity and then com- 
pared to the experimental error variance 
62 ink. If DPlnk exceeds i3ink, then curvature 
would be detectable and the postulated 
heterogeneity could not account for the 
experimental results. 

DISCUSSION 

Treating the case of completely general 
heterogeneity clearly places severe restric- 
tions upon the type of reaction that can be 
treated without introducing great com- 
plexity. Some of these restrictions are 
removed if a less general type of hetero- 
rgeneity is considered. If the surface is com- 
posed of patches of appreciable area and 
each patch contains only one type of site, 
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then dual sites of type-lm will comprise only 
a very small fraction of the total number of 
sites. For this type of surface the maximum 
number of terms in the expression for rate 
constant is reduced to N instead of N2 in 
the general case. Furthermore, the apparent 
rate constants of reactions which involve 
dissociative adsorption can be written in 
the simple form of Eq. (15) which is not 
true in the general case. The patch surface 
will be discussed in more detail in the follow- 
ing paper and shown to be an approximation 
to some real surfaces. 

Apparent activation energies depend in a 
complex manner upon a number of factors, 
and a better understanding of this depend- 
ency is gained by applying the formal treat- 
ment of this paper to a specific case. In the 
following paper, calculations are performed 
for the simplest type of heterogeneous sur- 
face, a dual-site surface. 
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