
JOURNAL OF CATALYSIS 72, 31-36 (1981) 

Site Densities in Unimolecular, Solid-Catalyzed Reactions 

RUSSELL MAATMAN 

Department of Chemistry, Dordt College, 
Sioux City, Iowa 51250 

Received July 6, 1981; July 15, 1981 

Kinetic data may be used to determine the active site densities of solid catalysts for unimolecular 
reactions in which the surface step is the rate-determining step. The method presented does not 
depend upon prior knowledge of the entropy of activation of the surface step, and can be used to 
determine that quantity. Certain energetic and coverage assumptions must be made; it is shown, 
however, that making adequate assumptions is not an insurmountable problem. Twelve literature 
systems have been studied. The site densities obtained are much higher than the abnormally low 
values obtained earlier when it was assumed that the entropy of activation of the surface step is 
zero. On the average, the new calculated value and the value obtained by a nonkinetic method 
differ by 1.3 orders of magnitude. The entropy of activation for the surface step is shown to be 
significant. In some cases the value so obtained might not actually be the entropy of activation, but 
a measure of the complexity of the surface reaction. 

We have earlier ( I-6) calculated the con- 
centration of active sites, the site density, 
for solid-catalyzed gas reactions, using 
transition state theory (TST) for many reac- 
tions and catalysts. We noted-especially 
concerning unimolecular reactions whose 
rate-determining step is the surface step- 
that often the site density is very low. The 
purpose of the present work is to investi- 
gate these unimolecular reactions further. 

When the yield is small enough to allow 
neglect of the overall reverse reaction, the 
reaction can be given by 

B(g) + A(s) $ BA(s) 4 
I 

A(s) + products, (1) 

tively, T is the temperature, R is the gas 
constant, and AS, and AE3 are the activa- 
tion entropy and energy, respectively, for 
the surface reaction. (We assume through- 
out this article that the partition function of 
the unoccupied site is unity.) When the rate 
is measured under zero-order conditions, 
the observed activation energy is AE3. 
Therefore, we can combine u and AE3 to 
determine L if we know AS3. 

Usually ASa is taken to be zero, since 
both BA and the activated complex for the 
surface step are adsorbed. The remainder 
of this article is devoted to an investigation 
of that assumption. We now derive an 
equation which enables us to calculate AS3. 

where B is the reactant, A the surface site, 
and BA the adsorbed molecule before reac- THEORY 

tion. The TST equation for u, the rate of After reaction (1) has begun, surface oc- 
reaction (1) under zero-order conditions, cupancy will increase until the steady state 
I.e., when the surface is fully covered, is has been achieved. Then 

v = L(kT/h)exp(AS,/R)exp(-AE3/RT), d[BA]/df = 0 
(2) = k,[BI[Al - (k, + %)[BAl. (3) 

where L is the site density, k and h are the Since L = [A] + [BA] and the fraction of 
Boltzmann and Planck constants, respec- sites occupied, f, is (1 - [AI/L), Eq. (3) 

31 
0021-9517/81/110031-06$02.00/O 
Copyright @ 1981 by Academic Ress, Inc. 

AU rights of reproduction in any form reserved. 



32 RUSSELL MAATMAN 

‘- 

EntroPy 

Reaction Coordinate 

FIG. 1. Entropy scheme for reaction 

becomes 

( 

kz = W/h)exp(--A&lRT), (6) 

k3 = (kT/h)ewt-AEdRT), (7) 

where F is the partition function of the gas; 
only the translational and rotational com- 
ponents need be considered. (The 
configurational factor for the molecule is 
neglected in Eq. (5) and in similar equations 
below because the change in molecular 
configuration upon adsorption is very likely 
close-to zero.)Combining Eqs. (4)-(7) we 
have 11. 

exp(-AE,/Rl) + exp(-AE,/RI’) 
tc,lF)expt - AGIRT) 

tk, + k&D1 = (1 - J)/J (4) 

Our evaluation of ASS is carried out in a 
three-step procedure. In this procedure Eq. 
(4) is related to the entropy-level diagram of 
reaction (l), Fig. 1. 

First, let S be the molar entropy of the 
gas at the desired P and T. We introduce 
TST equations fork,, k,, and k3 into Eq. (4) 
by assuming that the gas loses all its gas 
phase entropy upon adsorption, i.e., AS,= 
-S. Then AS, = ASS = 0. It follows that 

k, = [(kT/h)/fl exp(-AEJRT), (5) 

= (1 -.0/j-. (8) 

The units for Fare such that cg, the number 
of reactant molecules per cubic centimeter, 
replaces [B] . 

Second, we revise the assumption of the 
previous paragraph so that ASS, according 
to Fig. 1, may be negative; then, still as- 
suming that AS2 = 0, AS1 = -S - ASI. The 
adsorption rate constant then increases by 
the factor exp(- ASJR) and the surface 
step rate constant decreases by the factor 
exp(+AS,/R). When Eqs. (6) and (7) are 
thus modified, we have instead of Eq. (8) 

ewt-AEzlRT) + exp(ASs/R)exp(-AEsIRT) = t1 -B,f 
(c,/F)exp(-AS,/R)exp(-AE,/RT) 

Solving for exp(AS,/R), 

exp(AS,/R) = 

(9) 

-ewt-AE,/RT) f {exp(-2AGlRT) + q(l - fl/jl(c,/F)exp[-(AZ& + AE,)/Rfi}1’2. 
2 exp( -AE,/RT) 

t 10) 

Only the positive sign has physical 
significance. 

Third, we revise our assumptions once 
again so that, as in the previous case, ASS 
5 0, but now ASI 2 0. This is the most 
general set of assumptions. Then ASS = -S 
- AS,; that is, AS, will be larger by ASz (a 
positive quantity) than the value given by 

Eq. (10). Our procedure is to carry out cal- 
culations using Eq. (lo), that is, assuming 
AS, = 0. We believe ASz normally would 
be very small. Then, after the calculations 
have been made, we shall make qualitative 
conclusions concerning the results for the 
case in which A& is greater than zero. 

In order to determine ASS, the values of 
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FIG. 2. Energy scheme for reaction (1). 

several quantities on the right side of Eq. 
(10) must be ascertained. Of the three ener- 
gies in Eq. (lo), AE, is the experimentally 
determined activation energy for a zero- 
order reaction. The other quantities with 
which we must be concerned are AE,, AE,, 
andf. 

We first investigate the relation between 
AE, and AE,. The enthalpy of adsorption 
(see Fig. 2) is the difference between these 
two quantities. We can then write 

AHads = AE, - AE, 
= AGads + TASad,. (11) 

The standard state for the adsorbed mole- 
cule is a half-filled surface; and since we are 
assuming ASz to be zero, we have (see 
Fig. 1) 

--ASC3dS = S + R ln2 + AS,. (12) 

From statistical mechanics, S = R In 
(F/cd + R(g + 8, where g is 0 and 3 for 
linear and nonlinear molecules, respec- 
tively. Then AE, is given by 

A,!& = AE, - AG,& + RT[ln(F/c$ 
+ g + 4.19 + AS,/Rl. (13) 

We eliminate AE, by combining Eqs. (10) 
and (13); but in so doing we introduce a new 
variable, AG,,. The advantage of this pro- 
cedure is that we know enough about AC,,, 
so that it is in effect not a variable. Thus, in 
order for the surface coverage to be sig- 
nificant AGads should be negative. As we 

shall see, our results are almost insensitive 
to AGads when it is negative. 

We have solved Eqs. (10) and (13) for 
ranges of AE, andf values. We have esti- 
mated what these ranges should be in the 
following way: For AE1, we noted that the 
average activation energy is - 12 RT for 19 
widely varying first-order reactions (see 
Tables V-VIII, Ref. (6)). Some of these 
reactions are surface reactions, which tend 
to have larger activation energies than ad- 
sorption reactions; to allow for this effect 
and normal variation, we chose 5 + 4RT as 
the range for AE1. Forf, since we use data 
in near-zero order reactions, we chose 
values between 0.80 and 0.99. 

Since the value of AS1 obtained in this 
way does not depend upon L, we can 
calculate L using Eq. (2). In the next sec- 
tion we compare this value with the value 
of the site density obtained by independent 
means. To the extent that AS, is greater 
than zero, (ASt( and therefore L ate de- 
creased. We thus obtain a minimum value 
ofL if AS, = 0, an intermediate value if AS, 
< 0 and ASz > 0, and a maximum if AS3 < 0 
and AS, = 0. 

RESULTS 

Our procedure is to solve Eqs. (2), (lo), 
and (13) for AS3 and log L. We then com- 
pare these results with the values of log L 
reported using non-TST methods. 

But since the calculation of ASS involves 
assumptions concerningf, AGads, and AE,, 
we must examine those assumptions first. 
We observe what effect varying these three 
quantities has on the calculated value of log 
L. The reaction used is the decomposition 
of cumene (isopropylbenzene) to benzene 
and propylene over silica-alumina catalyst 
containing 10 wt% alumina. We previously 
described the experimental conditions and 
results (2). 

This reaction is Example 1 of Table 1. 
Figure 3 shows how the calculated value of 
log L varies with AGads, AE,, and f. We 
make the following conclusions concerning 
the question of assuming values for these 
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FIG. 3. Dependence of IogL upon values assumed for AGads, AE1, andf for Example I, Table 1. 

three quantities: (1) There is virtually no value to AGads is not critical. (2) In ranges 
dependence of log L on AGad, if that quan- of interest, log L is linear in AE1; with a 5- 
tity is negative. Since positive values are in kcaVmo1 increase in AE,, log L increases 
any case not likely, the assignment of a about 0.8. Extending this result to other 

TABLE 2 

Comparison of TST and Non-TST Methods of Determining Site Density 

Ex.” Catalyst Non-TST Methodb log L 

Non-TST Calculated, TST 

AS3 = 0 AS,> 0 

1 

2 Si02/AI,0J 
3 m* 
4 ZnO 

10 Cu/~*4 
11 SiOJA&OJMgO 
12 Ni/Al,OI 

SiOJAl,03 ESR count of surface perylene cations (18, 19) 
Surface titration of adsorbed NH, (20) 
Amount of KI oxid. on surface (2i) 
Ion exchange of surtke AP+ (22) 
Heterogeneous part of &I-I, ads. isotherm 
COP poisoning of reaction 
NH, ads. on acidic sites 
CO% ads. on basic sites 
Number of exposed Pt’s 
Number of exposed Pt’s 
Irreversible ads. of CzHaOH 
NH, ads. on acidic sites 
CO, adsorption 
Acetic acid adsorption 
Number of exposed Cu’s 
n-Butylamine titration 
Number of exposed Ni’s 

12.3 
13.7 
12.0 

-13 
12.4 
13.2 
14.4 
14.3 

--IS 
-15 

14.4 
14.7 
14.0 
14.3 
15.2 
13.8 
14.7 

8.0 12.8 

5.4 ,” 11.4 
8.7 13.9 

10.1 13.6 

13.0 16.2 
9.2 14.3 
5.0 9.7 

10.2 14.5 

11.2 14.5 

5.7 12.6 
12.5 15.7 
11.9 12.9 

D The example numbers refer to the systems of Table 1. 
* The non-TST method is reported in the reference of Table 1, except where references appear in parenthesis 

after the phrase descrbing the method. 
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systems and other temperatures, we can 
use the rule that the increase in log L is 
approximately (100/D per kilocalorie in- 
crease in AE,. (3) The value of log L calcu- 
lated increases by about 0.7 when f in- 
creases from 0.80 to 0.99; the increase is 
more rapid whenf > 0.99. 

From the kinetic parameters determined 
earlier for Example 1 (2) we estimate thatf 
is near 0.9 at the conditions given. If AE, = 
6000 cal/mol, log L is about 12.8, the value 
given in Table 2. If ASS = 0, then using Eq. 
(2) log L is calculated to be 8.0. In Table 2 
are listed several non-TST determinations 
of the site density on similar silica-alumina 
catalysts; the average of these values is also 
about 12.8. If, however, AS2 is not zero but 
positive, the calculated value of log L is less 
than 12.8. 

The results for Examples 2-12 are also 
given in Tables 1 and 2. For these examples 
the value off = 0.99 was used because the 
reactions were reported to be near zero 
order. Except for Example 7, the calculated 
value of log L agrees fairly well with the 
non-TST value. For the 12 examples, the 
average difference between the calculated 
and non-TST value of log L is 4.9 when AS3 
is taken to be zero; when the above method 
of calculating AS3 is used, the average 
difference is 1.3, even though Example 7 is 
included. Some calculated values of log L 
are greater and some smaller than the non- 
TST values. If we take the sign of the 
difference into account, the average differ- 
ence is still 4.9 when ASS = 0 but only 0.6 
when ASS is calculated. 

Probably the value of ASS thus deter- 
mined cannot always be used to determine 
the entropy of the adsorbed complex. A 
nonzero value of this quantity could well be 
an indication that the reaction is compli- 
cated, possibly consisting of several sur- 
face steps, as in the cyclohexane dehydro- 
genation of Example 6 (I 1). But where ASS 
is negative and is the entropy of activation 
of the surface step, it is very likely that the 
surface molecule lost translational entropy 
but retained some rotational entropy: lASsI 

is either the same as or less than the gas 
phase rotational entropy. 

Interestingly, one would predict a priori 
for Example 12 that IAS,( would be small in 
this simple reaction, where the rate-deter- 
mining step has been taken to be scission of 
the carbon-oxygen bond (I 7); a small value 
is just what we tind. 
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