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Catalyst deactivation by site coverage is stochastically described for single- and dual-site 
reaction mechanisms for the main and the coking reactions of a catalytic process. Nonlinear 
relations between the deactivation function and the degree of site coverage are obtained for 
dual-site mechanisms. When the main and the coking reactions involve a different number of sites, 
the respective deactivation functions are not identical. When the coking reaction occurs on dual 
sites, the deactivation rate of the coking reaction depends on the number of sites in the cluster and 
therefore becomes structure sensitive, a feature that cannot be revealed by the classic phenomeno- 
logical approach. 0 1987 Academic Press, Inc 

INTRODUCTION 

In many catalytic processes undesired 
side reactions lead to the deactivation of 
the catalyst by the formation of carbona- 
ceous material, conveniently referred to as 
“coke.” The deactivation decreases the 
rates of both the main and the coking 
reaction(s), but not necessarily in the same 
way. Froment (I) related the deactivation 
to the amount of deactivating agent and, 
within the framework of the kinetic formal- 
ism of Hougen and Watson, derived the 
following expressions for the deactivation 
functions for the main and coking reac- 
tions, respectively: 

nA 
PA = = (1 - O)n, (1) 

“= 
(ac = = (1 - w)“c. (2) 

These equations are based on the as- 
sumptions that the main and coking reac- 
tions occur on the same sites and that the 
deactivation is caused by site coverage 
only. The symbol Ccl stands for the con- 
centration of sites covered with coke pre- 
cursor, i.e., the first component in the 

sequence ultimately yielding coke that is 
irreversibly adsorbed on the sites. This 
concentration has to be linked to the ob- 
servable coke content of the catalyst. 

As shown in Eqs. (1) and (2), it is clear 
that (PA and cpc are not identical when the 
number of sites involved in the main and 
coking reactions is not the same. The phe- 
nomenological approach described above 
assumes unlimited availability of sites for 
dual-site or multi-site formation. It does 
account for the decrease in total number of 
sites but not for the influence this may have 
on the possibility of dual (or multi) site 
formation. 

In the present paper this influence is 
explicitly accounted for. To do so, the sites 
are assumed to be localized in clusters or 
ensembles. These are defined as a set of 
sites that are sufficiently close to one an- 
other to form the dual site required for the 
given reaction. This set of sites should not 
be confused with a cluster of metal atoms, 
e.g., the cluster of sites is assumed not to 
interact with neighboring clusters. 

With the definition of cluster used here 
the availability of sites for dual-site forma- 
tion is fully determined by the number of 
sites which are not covered yet. To account 
for this feature, a stochastic approach was 
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chosen, following the lines proposed by 
Beeckman and Froment (2) for single-site 
reactions. Four different cases were con- 
sidered: in Case I, both the main and the 
coking reactions occur on a single site; in 
Case II, the main reaction occurs on dual 
sites and the coking reaction on a single 
site; in Case III, the main reaction occurs 
on a single site and the coking reaction on 
dual sites; in Case IV, both reactions occur 
on dual sites. First, the deactivation func- 
tions are developed for uniform clusters 
and later for clusters of unequal sizes. 

METHODS AND RESULTS 

Uniform Clusters 

The main and coking reactions are as- 
sumed to occur on the same type of reac- 
tion sites. It is also assumed that the sur- 
face reaction is the rate-determining step in 
both the main and coking reactions. 

The rate of coking is taken to be much 
lower than the rate of the main reaction. 
This implies that the momentary occupa- 

tion of sites by the species involved in the 
main reaction does not affect the avail- 
ability of these sites for the coking reac- 
tion. 

The deactivation functions evidently de- 
pend on the reaction mechanisms, in partic- 
ular on that of the coking. The reaction 
mechanisms are presented in Table 1. Two 
types of dual-site coking mechanisms are 
considered: Type 1, in which only one of 
the two sites involved remains covered 
with coke, and Type 2, in which both sites 
involved remain covered with coke. Sites 
participating in the main reaction are al- 
ways regenerated. 

Case I: Both Main and Coking Reactions 
on a Single Site (l-l Reaction) 

The deactivation functions and the de- 
gree of coverage for this case have been 
developed already by Beeckman and 
Froment (2a). For the sake of clarity, their 
definitions and results are briefly summa- 
rized here. 

TABLE 1 

Reaction Mechanisms 

Case I. Main and coking reactions on single sites (l-l reaction) 
(1) Main reaction: 

A-t l+Al 
Al = Bl 
Bl $B +I 

(2) Coking reaction: 
Al (or Bl) + Cl 

Case II. Main reaction on dual sites and coking reaction on single sites (2-l reaction) 
(1) Main reaction: 

A + l+Ai A+ l=Al 
Al+ 1 GBl+l or Al + 1 e Blz 

Bl = B +I Blz ti B + 21 
(2) Coking reaction: 

Al (or Bl) + Cl 

Case III. Main reaction on single sites and coking reaction on dual sites (l-2) reaction 
(1) Main reaction: same as I(1) 
(2) Coking reaction: 

Type 1 coking Type 2 coking 
Al (or Bl) + l-+ Cl + t Al (or Bl) + I+ Cl, 

Case IV. Main and coking reactions on dual sites (2-2 reaction) 
(1) Main reaction: same as II(l) 
(2) Coking reaction: same as III(2) 



Let ,S(t) be the probability that a site is 
active, i.e., not covered with coke at time t 
and coverage o: 

S(t) = exp (- /i,gdt), (3) 
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given by r’As/n. Therefore, Eqs. (5) and (6) 
can be written, for a given gas phase com- 
position, as 

u’AsS 
'PA = (OC = - = S = exp(-rzt) (7) 

u’As 

w  = U’AS - a’AsS 
&AS 

=1-s 

= 1 - exp(-rit). (8) 

S(t) = exp(-rit). (4) After substitution of Eq. (8) into Eq. (7), 
the deactivation functions can be written in 
terms of the degree of coverage: 

where ri dt is the probability that a site is 
covered in the time interval dt. For a con- 
stant gas-phase composition, (3) reduces to 

For a I- 1 reaction, the deactivation func- 
tions are identical and defined by 

still active at coverage w  
‘PA = w  = Total number of sites 

(5) 

with 

Total number of sites 

at zero coverage 

Total number of sites 
covered with coke 

6~ = Total number of sites * 

Suppose that all clusters on the catalyst 
surface contain an equal number of sites, IZ. 
Let cr’As be the total number of sites on a 
catalyst particle, where (T’ is the site den- 
sity based on the catalyst surface area and 
As is the total catalyst surface area. The 
number of clusters containing n sites is 

at zero coverage 

(6) 
Case II: Main Reaction on Dual Sites and 

Coking Reaction on a Single Site (2-l 
Reaction) 

The deactivation function for a dual-site 
reaction is still the probability that a site is 
active at coverage o, but a distinction has 
to be made between active sites and sites 
that are not covered with coke, that is, free 
sites. The term “active” now implies that 
the site has a neighbor in the cluster which 
is free of coke and with which it can form a 

'PA = CpC = 1 - 0. (9) 

Both deactivation functions exhibit a non- 
linear relation with respect to the reduced 
time, r-it, while they show a linear relation 
with respect to the degree of coverage. This 
is illustrated in Fig. 1. 

f 1 
0 1.0 20 0 0.2 0.4 0.6 0.8 1,O 

G' W 

FIG. 1. l-l reaction on uniform clusters. (a) Plot of 4 vs rzt; (b) plot of 4 vs W. 
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pair. Consequently, the deactivation func- 
tion for a dual site reaction is defined by 

Total number of dual sites 
still active at coverage w  

PA = Total number of dual 
(1O) 

sites at zero coverage 

The degree of coverage is still defined as in 
Eq. (6). 

Assuming the coverage of sites by coke 
on the catalyst surface to be a random 
process, the coverage of IZ - i sites in a 
n-cluster leaving i sites free can occur in (1) 
ways. The probability of the event of cover- 
age of IZ - i sites is S’(1 - Wdi. Therefore, 
Pni, the probability of occurrence of a IZ- 
cluster containing i free sites at time t or 
coverage w  = 1 - i/n, is the product of the 
number of ways the event can occur and of 
the probability of its occurrence: 

Pai = 
0 

; S’(1 - S),-i 

with i = 0, 1, 2, . . . n. (11) 

S still represents the probability that a site 
is not covered with coke, as in Eq. (3). 

The number of n-clusters containing i 
free sites at time r is 

The total number of sites still free on a 
catalyst surface at time r, when the cover- 
age is o, can be written 

N,(t) = (13) 

The total number of possible dual sites on 
a catalyst surface at time zero, when the 
coverage is zero, follows from 

n-1 
= - a’As 

2 
(14) 

and the total number of possible dual sites 

left at time t and coverage w  follows from 

(1% 

From Eqs. (lo), (14), and (15), the deac- 
tivation function for the main reaction be- 
comes 

‘PA = N&)/N& = 0) = s2. (16) 

The deactivation function for the coking 
reaction, as defined by Eq. (5) and ac- 
counting for Eq. (13) becomes 

cpc = 
N&) - s 
CT’AS ’ 

(17) 

and the degree of coverage becomes 

w = -& Lcr’As - NM = 1 - S. (18) 

S in Eqs. (16), (17), and (18) is given by 
Eqs. (3) or (4), since the coking reaction 
occurs on a single site. 

After substitution of Eq. (18) into Eqs. 
(16) and (17), the deactivation functions can 
be written in terms of the coverage: 

PA = (1 - 6.))2 (19) 

(oc = 1 - 0. (20) 

pA now differs from cpc and is no longer 
linearly related to o, whereas (oc still is. 
Figure 2a shows the variation of the deac- 
tivation functions and the degree of cover- 
age with the reduced time for a given gas 
phase composition. Figure 2b shows the 
dependence of the deactivation functions 
on the degree of coverage. The relations for 
PA and cpc with respect to o are unique, i.e., 
independent of cluster sizes. 

A deactivation function that varies non- 
linearly with the surface coverage was ob- 
tained by Herington and Rideal (3) in their 
study of the effect of poisoning on a multi- 
site reaction. They dealt with evenly 
spaced sites and randomly generated ad- 
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1P 
I;t 

20 

FIG. 2. 2-l reaction on uniform clusters. (a) Plot of $I vs rtt; (b) plot of 4 vs OJ. 

sorption on them of the poison and reacting 
molecules. 

Case III. Main Reaction on a Single Site 
and Coking Reaction on Dual Sites 
(I-2 Reaction) 

The probability that a site is still active- 
in the sense defined for a dual-site reaction 
mechanism-at time t + dt is the product of 
two probabilities. The first is the probabil- 
ity that a site is active, i.e., still free of coke 
at time t; the second is the probability that 
the site is not covered in the time interval 
dt. The latter is derived from the probabil- 
ity that a site is covered during the time 
interval dt, namely rzdt, provided that the 
site has a neighbor which is not covered 
and with which it can form a dual site at 
time t. This can be represented by D(t)ridt 
in which D(t) is the probability that at least 
two free sites exist in the cluster. In mathe- 
matical terms, 

S(t + dt) = S(t) + (dS/dt)dt 
= S(t)(l - D(t)ridt) 

so that 

S(t) = exp (- /i D(t)r’dt) (21) 

Two types of mechanisms for the dual-site 
coking reaction are considered, as shown in 
Table 1. 

Type I coking. In this case, only the 

coking reaction, not the main reaction, can 
be completely deactivated, since at least 
one site in the cluster can never be covered 
with coke. To account for this behavior, 
one of the sites in the cluster is excluded 
from the calculation of the probability rep- 
resenting the distribution of free sites in a 
cluster. P,i is thus reduced to P,-l,i-1. The 
excluded site is accounted for in the num- 
ber of free sites. 

The probability of the occurrence of a 
n-cluster containing i free sites is 

P,i = Pn-I,;-1 = (71/)S’-‘(l - ,),-‘a (22) 

The probability of there being only one site 
left free in the cluster at time t is (1 - V-l, 
so that 

D(t) = 1 - (1 - S)n-I. (23) 

Combining Eqs. (21) and (23) allows the 
calculation of S(t). 

Following the developments for the 2-l 
case and using Eqs. (9, (6), (lo), and (22), 
the deactivation function for the main reac- 
tion now becomes 

n-l = -1, -Ss, (24) n n 

and the deactivation function for the dual- 
site coking reaction becomes 
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when plotted vs w, cpc depends on the 
number of sites in the cluster but not on VA. 

n-2 ++- 
The variation of cpc with o is linear for II = 2 

s2. 
n 

(25) but nonlinear for n > 2. The larger the 
number of sites in a cluster, the more 

The degree of coverage is obtained from pronounced the nonlinearity. The value of 

1 WE- 
[ 

* 2 (n - 
u’As n 

i)Pni 
i=l I 

QC tends asymptotically to (1 - wj2, as in 
the phenomenological approach. On the 
other hand, (OA varies linearly with o, as in 

= + (1 - S). (26) 
the single-site coking mechanism. 

Type 2 coking. Separate deviations of the 
deactivation functions for even and odd 

S in Eqs. (24), (25), and (26) is given by Eq. 
(21), since the coking reaction involves dual 

numbers of sites in the cluster are required 
with this type of coking. 

sites. 
Combining Eqs. 

(26) leads to 

$0*=1-w 

cpc = 1 - 20 

24) and (25) with Eq. 
(1) Evkn number of sites in the cluster. 

In this case, all the sites in the cluster can 
be covered with coke, so that the probabil- 

(27j ity that a site is not covered with coke at 
time r equals the probability that two sites 

+ n(n - 2) w2e are not covered with coke at time t. There- 

(n - 112 (28) fore, the probability of the occurrence of a 
cluster of size n containing i free sites can 

Eq. (28) indicates that the rate of the coking 
reaction approaches zero, although a frac- 
tion l/n of the total number of sites is not 
covered with coke. 

Figure 3a shows (PA and qc vs the reduced 
time for a given gas phase composition. The 
deactivation now depends on the number of 
sites in the cluster. PA tends to a Vahe of 
l/n and cpc tends to zero. The plot of o vs 
rit is a mirror image of VA vs &t with 
respect to the abcissa. As shown in Fig. 3b, 

be reduced to that of the occurrence of a 
cluster of size n/2 containing i/2 free sites: 

Pni = Pnl2,il2 = 
n/2 ( 1 i,2 S’/2(1 - #n-i)‘2, (29) 

where n is an even integer equal to or 
exceeding 2. 

Following the developments of the previ- 
ous section with Eqs. (5), (6), (lo), and (291, 
the deactivation function for the main reac- 
tion becomes 

to 

(b) 

0.8 

Ob 

Q 
0.4 

0 0.2 0,4 0,b 0,s $0 

FIG. 3. l-2 reaction on uniform clusters: Type 1 coking mechanism. (a) Plot of 4 vs rzr; @) plot of Q, 
vs 0. 
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FIG. 4. l-2 reaction on uniform clusters containing an even number of sites: Type 2 coking 
mechanism. (a) Plot of 4 vs rzf; (b) plot of $J vs w. 

(DA=& [%giP.i] =S (30) 

and that for the coking reaction 

2 PC = (n - 1)a’As 

=--+n-2 S 

n-l 
- s, 
n-1 

(31) 

while the degree of coverage is written 

I 

= 1 - S, 

(32) 

where S in Eqs. (30), (31), and (32) is given 
by Eq. (21). The probability that all sites in 
the cluster are covered with coke at time t 
is (1 - S)n”, so that 

D(t) = 1 - (1 - S)“! (33) 

The variables (PA, cpc, and w  can then be 
expressed in terms of a reduced time rit. 
Substituting Eq.(32) into Eqs. (30) and (31) 
leads to 

(P*=l-W (34) 

Figure 4 shows the relations of (OA and cpc 
with rzt and w, respectively. With II = 2, 
cpc = 1 - w  = (OA. When n tends to infinity, 
cpc = (1 - w)~, as shown in Fig. 4b. Again 

the rate of deactivation depends on the 
cluster size. In the plot of cpc vs w, 
however, the dependence with respect to n 
is reversed. 

(2) Odd number of sites in the cluster. 
In this case, one of the sites in the cluster 
cannot be covered with coke. Then, the 
probability of the occurrence of a cluster 
containing i free sites in a group of IZ sites 
becomes 

pni = PC,- 1)12,(i- I)12 

= 7 (36) 

where IZ and i are odd integers equal to or 
exceeding 3. Equation (36) indicates that 
the probability that a site which can be 
covered with coke is not covered at time t is 
equal to the probability that two free sites 
are not covered at time t. 

Combining Eqs. (5), (6), (lo), and (36), 
the deactivation functions and the degree of 
coverage become 

= l/n + (1 - lln)S (37) 

2 PC = (n - l)cr’As 
n-3 ++- S2 (38) 

n 
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1 =- 
G’As [ 

+ 2 (n - i)P,i 
i=3 1 

= (1 - l/$(1 - S). (39) 

S in Eqs. (37), (38), and (39) is given by Eq. 
(21). O(t) is the probability that only one 
site is left free in the cluster: 

D(t) = 1 - (1 - q(n-*)‘2 (40) 

Substituting Eq. (39) into Eqs. (37) and (38) 
leads to 

‘P*=l-O (41) 

cpc = 1 - 5 o + n(n - 3) w2, 
(n - 1)2 

(42) 

Figures 5a and 5b represent the depen- 
dence of the deactivation functions on time 
and the degree of coverage, respectively. 
The main reaction maintains a significant 
level of activity, while the activity for 
coking approaches zero, even though quite 
a few sites are not covered yet. For clusters 
containing an infinite number of sites, cpc 
becomes (1 - w)~, as expected. 

Curves for odd or even numbers of sites 
nearly coincide at low w, which is logical, 
but at high coverages the behavior is op- 
posite. 

Case IV: Both Reactions on a Dual Site 
(2-2 Reaction) 

Since both reactions occur on dual sites, 
both deactivation functions for this case are 

d 1;o 2:o 3b 
‘st 

4P 

identical to (oc for the l-2 reaction with the 
corresponding types of coking. Therefore, 
the dependence of the deactivation func- 
tions on reduced time and on the degree of 
coverage are identical to those of (oc for 1-2 
reactions, as shown in Figs. 3a, 3b, 4a, 4b, 
5a and 5b. 

DISTRIBUTION OF CLUSTER SIZES 

Since the total number of sites on a 
catalyst surface is large, whereas a cluster 
consists of a relatively small number of 
sites, the Poisson probability distribution 
seems appropriate to describe the initial 
distribution of clusters on a catalyst sur- 
face. The development of the relations is 
illustrated here only for Case III, l-2 reac- 
tions with Type 1 coking. Equation (22) 
now becomes 

Pni = Pa-l,i-1 

= w,(y:$cp*(l - s)n-i, (43) 

where W,, is the probability of occurrence 
of a cluster containing II sites, 

W n = ((T’Ak)n exp(-c’Ak) 
I 3 (44 

n. 

and dAk is the mean number of sites in a 
cluster. Following the developments given 
above and referring to Eqs. (5), (lo), and 
(43), the deactivation functions now 
become 

0 0.2 0.4 06 0.8 1,O 
W 

FIG. 5. l-2 reaction on uniform clusters containing an odd number of sites: Type 2 coking 
mechanism. (a) Plot of C#I vs rit; (b) plot of q5 vs CO. 
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(OA = 

= 

PC = 

= 

& (2 z $ ip,) 
n 11 1 

exp( - u’AJ 

U’Ak 
{exp(o’Ak) - 1 

t S[(u’Ak - 1) exp(cr’AtJ + II} (45) 

eXp(u’&) + s + y x , (46) 

where X = exp(a’&)[(u’&)2 - 2o’& + 21 
- 2. The degree of coverage is given by 

1 
(jJ=- 

@‘AS 
i)P,i 

I 

= exp;;;y3 (1 - S) 

[(a’& - 1) eXp(u’tlk) + 11. (47) 

S in Eqs. (45), (46), and (47) is given by Eq. 
(21) for dual-site coking. 

The probability of having a neighboring 
site with which to form a pair, D(t), is 
obtained from two probabilities: the first is 
the probability that there is a cluster, 1 - 
PO, the second is the probability that only 
one site is left uncovered: 

D(t) = 1 - PO - -jy P,l 
n=l 

=l- & [exP(-~‘&S) 

- s eXp(-U’&)]. (48) 

Substitution of Eq. (47) into Eqs. (45) and 
(46) leads to 

+,A=l-w 

2 eXp( -a’&) 
cpc = 

@‘Ad2 

YZ exp(cr’Ak) + $Z’ 
I 

, (49) 

where Y = exp(-a’&)[(&& - l)exp(u’&) 
+ l] and Z = 1 - (u’Akw/Y). 

The behavior of these is entirely analo- 

gous to that shown in Figs. 3a and 3b 
except that for u’& = 2 a weak curvature 
develops in the cpc vs o relation, whereas 
for II = 2 in Fig. 3b a straight line is 
obtained. 

DISCUSSION 

Table 2 contains all the stochastically 
derived (c vs w  relations and compares them 
with the corresponding phenomenological 
ones, which are based on the assumption 
that there is no restriction on the avail- 
ability of dual sites. Both approaches evi- 
dently lead to identical expressions when 
the coking occurs on single sites, but not 
when dual (or multiple) sites are required 
for the coking. As the number of sites in a 
cluster increases, the stochastically derived 
deactivation functions must approach the 
phenomenological results. The number of 
sites required to achieve this is not small, 
however, as is illustrated in Fig. 6. 

Figs. la and 2a illustrate that when the 
coking requires single sites only, the deac- 
tivation rates are independent of the cluster 
size, even when the main reaction occurs 
on dual sites. 

When the coking reaction requires dual 
sites the deactivation rates of both the main 
and the coking reaction and also the rate of 
site coverage increase with the cluster size, 
as shown in Figs. 3a, 4a, and 5a. These 
results may be linked to observations made 
on the deactivation of metal-loaded cata- 
lysts. Clusters containing a large number of 
sites are more likely in large metal crystall- 
ites, corresponding to a poor dispersion of 
the metal. The above results may then be 
interpreted as “the lower the metal disper- 
sion the higher the deactivation rate.” Bar- 
bier et al. (4), Fuentes et al. (5) and Lank- 
horst et al. (6) experimentally observed 
such a trend for the coking reaction on 
Pt/Al,O, ) the cyclopentane conversion 
over RhIA1203, and the reforming of hex- 
ane over Pt/A1203 and therefore labeled 
them as structure sensitive. Whether the 
rates of deactivation of the main and the 
coking reaction are structure sensitive or 
not depends entirely, according to the the- 
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TABLE 2 

A Comparison of the Results of the Stochastic and Phenomenological Models 

R%&iOIlS Deactivation Stochastic Model Phenomenological 
functions model 

Uniform clusters Distribution of clusters 

1-I” (DA 

‘PC 

2-l ‘PA 
‘PC 

1-2 

‘PA 

‘PC 

2-r ‘PA 
!w 

l-0 l-0 l-o 

(I - o)* (1 - 0)2 (1 - “)Z 
l-0 l-0 I-o 

Type 1 coking Type 2 coking Type I coking 

l-0 I-o l-0 l-o 

,-~+“(“-2)02 Even number: 
(n - 1s 

2n-3 n-2 
I--0+-J0” 

n-1 

Odd number: 
2 exp(-r’A,J 

@‘Ad* I 
YZ exp(u’A,J + ;Z2 

b 
(1 - WY 

2n - 3 
l-;I-Io+~o~ 

Same as ‘PC of l-2 Same as +7~ of 1-2 Same as (DC of l-2 Same as ‘PC of l-2 

’ Both deactivation functions, qo~ and qc, are identical. 
b X = exp(u’A~){(u’A& - 2u’Ar + 2) - 2, Y = exp(-.YA&(u’Ar - 1) exp(~+A,J + l), Z = 1 - (dAro/Y). 

ory developed here, on the coking mecha- 
nism: structure sensitivity would develop 
when the coking reaction requires more 
than one site. It may be recalled that Bou- 
dart (7) conjectured that structure-sensitive 
reactions require multiple atoms. 

It is of importance also to follow the 
predicted evolution of (0~ and (oc with the 
degree of coverage, o. Indeed, deactivation 
studies carried out in an electrobalance 

enable (cc to be related to the coke content 
(I). The coke content is a measure of the 
degree of site coverage, provided that coke 
does not grow on already deposited coke, 
or, if it does, provided that all the coke 
particles have the same size (2, 8-20). 
When both the main and the coking reac- 
tion occur on single sites, PA and cpc coin- 
cide and vary linearly with w. For 2-l 
reactions (oc and VA vary in a different way 

FIG. 6. Dependence of & on the number of sites in uniform clusters for l-2 reactions. (a) Type 1 and 
Type 2 coking at o = 0.5; (b) Type 2 coking with an odd number of sites at various values of W. 
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with respect to o. For l-2 reactions (oc dif- 
fers from PA and develops a dependence on 
the cluster size; PA, however, is unique and 
varies linearly with w. For 2-2 reactions PA 
becomes identical with cpc . 

For dual- (or multi-) site coking, the 
behavior of cpc with respect to w-or the 
coke content, with the restrictions men- 
tioned above-depend on the type of 
coking. For Type 1 dual-site coking, in 
which the sites are permanently covered 
one by one but counted per pair for calcula- 
tion of cpc, not all the sites in the cluster can 
be covered. The (oc curves in Fig. 3b inter- 
sect the abcissa at w  values of 1 - l/n. A 
value of w  = 1 can be reached only for 12 
tending toward infinity. This means that for 
IZ = 03 the coke content reaches a limit and 
that PA does not drop below a certain value, 
e.g., 0.34 for PZ = 3. At w  = 0, or very low 
coverage, the slopes of the (ac vs o curves 
are independent of n and take a value of 
-2, as can be seen from Eq. (28). With 
increasing IZ all the curves are bounded 
between the straight line corresponding to IZ 
= 2 and the curve for n = M, for which cpc = 
(1 - 02), which is the phenomenological 
result. Comparing cpc for the various n at a 
fixed value of o reveals that the deac- 
tivation of the coking is more pronounced 
when n decreases, i.e., when the metal 
dispersion is high, as is also shown in Fig. 
6a. 

For Type 2 dual-site coking with even 
number of sites in the cluster, in which the 
sites are permanently covered pair by pair 
and counted in pairs for calculation of cpc, 
all the sites can be covered, so that w  be- 
comes one and both (PA and cpc tend to zero, 
whatever the value of IZ (Fig. 4b). 

The initial slopes of the pc vs w  curves 
depend on the cluster size. Their value is 
3 - 2nln - 1, as can be seen from Eq. (35). 
For n = 2, cpc is a straight line coinciding 
with (PA. The initial slope increases with n. 

Figure 4b also shows that, for a given o, 
the deactivation of the coking is more pro- 
nounced when n is increased, i.e., when the 
dispersion is lowered. This is also illus- 
trated in Fig. 6a. 

For Type 2 coking with an odd number of 
sites at least one site cannot be coked, as in 
Type 1 coking, and some features of that 
case are also encountered here. Except for 
IZ = w, the qc curves intersect the abscissa 
for values different from o = 1, again at 1 - 
l/n. The initial slopes are given by the same 
formula as for the case with even number of 
sites, as can be seen from Eq. (42). A 
straight line is obtained for IZ = 3, with 
slope - 1.5, which is intuitively clear. The 
limiting curve for n = w  has a slope of -2, 
but since the curve tends to zero when w  
becomes one the cpc vs w  curves for various 
cluster sizes must intersect. At low values 
of w  the deactivation of the coking is more 
pronounced when rz is large, as for even 
numbers (Fig. 6b). At high values of w, 
however, because the curves intersect, a 
feature of Type 1 coking recurs: the deac- 
tivation of the coking is more pronounced 
when 12 is small (Fig. 6b). 

Summarizing, the sensitivity of the deac- 
tivation of a dual-site coking reaction with 
respect to the degree of site coverage de- 
pends not only on the type of coking but 
also on the number of sites in the cluster: 
with Type 1 coking the sensitivity of (oc vs 
o is increased as n is decreased; with Type 
2 coking it increases with n (even or odd), 
except when IZ is odd and o takes on high 
values. These are effects that cannot be 
predicted by the phenomenological ap- 
proach. Notice also that, whatever the 
coking mechanism, the deactivation func- 
tion, VA, for a single-site main reaction 
varies linearly with the degree of coverage 
and is independent of n. 

CONCLUSION 

The stochastic approach to the formula- 
tion of catalyst deactivation by site cover- 
age presented here provides considerably 
more insight into the phenomenon than the 
approach used until now. Coking reactions 
are often multi-site reactions and the phe- 
nomenological approach may not be suffi- 
ciently accurate for such a situation. The 
results arrived at by the stochastic ap- 
proach may provide valuable guidelines in 
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the design of better catalysts, less subject pti Probability of the occurrence of a 
to deactivation by decreasing the surface n-cluster containing i free sites 
density of the sites. The ensemble theory at time t corresponding to cov- 
proposed as an explanation for the im- erage 0 
provement of monometallic catalysts by the P,, Probability of having an “empty” 
addition of a second metal, as practiced in cluster 
catalytic reforming, is a qualitative illustra- r; Initial rate of fractional site cov- 
tion of the results derived here. erage by coke, l/hr 

Finally, it should be added that the ap- s Probability that a site is not 
preach developed here is directly applica- covered with coke at time t 
ble to catalyst deactivation by poisons. time, hr 
Combined with the model for the deac- w,, Probability of occurrence of a 
tivation by pore blockage (2a), the present cluster containing II sites 
theory opens the way to a more rigorous or 
description of the deactivation encountered 
in resid hydrotreating, in which both metal 
components and coke are responsible for 

+,* 

the catalyst decay. CPC 

APPENDIX: NOMENCLATURE 0 
A, B, C Reactant, product, and coke, re- 

spectively 
As Total catalyst surface area, m2 -.._ I - . 

Site density based on 
surface area, m-2 

Deactivation function 
main reaction 

Deactivation function 
coking reaction 

Degree of site coverage 

Ak 

G 

CC1 

D(t) 
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