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The problem of catalyst deactivation by active site poisoning and pore blockage, under globally 
kinetic control, is analyzed. The catalyst pore space is represented by a three-dimensional network 
of interconn~ted pores. As a result, the effect of mo~holo~cal properties of the catalyst pore 
space, i.e., its geometry (pore size dist~bution) and topology (~onnectedness), on the deactivation 
process is investigated, for the first time, simult~eously. The concepts of percolation theory, a 
modem theory of statistical physics of disordered media, are employed to show that both single- 
pore and bundle of parallel pore models perform rather poorly and that the interconnectivity of the 
pores plays a fundamental role in the overall catalytic behavior. The extension of the model to more 
complicated systems is also discussed. D 1985 Academic press, IIIC. 

INTRODUCTION 

The phenomenon of catalyst deactivation 
has been the subject of intensive research 
activity over the last 40 years (I-il). It is a 
very complex phenomenon which has so 
far defied fairly complete mathematical 
modeling. This is because in such a model- 
ing one not only has to properly describe 
reaction and diffusion in a porous medium, 
as in any modern catalyst, but also to con- 
tend with the morphological changes of the 
pore structure. It is these morphological 
changes that have made the mathematical 
modeling of catalyst deactivation a difficult 
task. 

It is, therefore, not surprising that almost 
all of the past modeling efforts have either 
utilized overly simplified models of porous 
media, such as a bundle of tubes or pseudo- 
homogeneous descriptions in terms of mac- 
roscopic diffusivities and tortuosity factors. 
Both approaches have, however, a number 
of shortcomings. The models based on a 
bundle of tubes description of the pore 
space do account for an important aspect of 
porous catalysts, namely, its pore size dis- 
tribution (geometry). They fail, however, to 
describe the effect of topology (connected- 
ness) of the pore space. On the other hand, 
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the pseudohomogeneous models bypass 
completely the problem of a reasonable de- 
scription of the pore structure. They re- 
quire, however, a priori knowledge of diffu- 
sivity, tortuosity factor, and surface area. 
Since these parameters depend on the his- 
tory of the pore space, without accurate de- 
scription of the pore structure one can only 
hope for empirical formulas. Moreover, the 
tortuosity factor is an ad hoc parameter 
whose purpose is to make the prediction of 
the empirical formulas agree with the data. 

Recent studies have employed statistical 
representation of the pore structure (12, 
13). However, they were unable to account 
for the important role of topology in deter- 
mining the behavior of a catalyst undergo- 
ing deactivation, because of lack of realistic 
models for representing reaction and trans- 
port properties of the porous media. Such 
models, which are based on random net- 
work representation of the pore space (see 
below), were used by one of us in studies 
of flow problems in porous media (14-17). 
These studies have used the concepts of 
percolation theory, which is currently the 
state of the art of statistical physics of dis- 
ordered media. 

The purpose of this paper is to develop a 
percolation model of catalyst deactivation. 
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We present the results of a study based on 
the concepts of percolation theory, which 
describes for the first time, the effect of the 
additional complexities that the topology of 
pore space introduces in the modeling of 
catalyst deactivation. For purpose of illus- 
tration, therefore, this paper deals with the 
phenomenon of deactivation under kinetic 
control. This assumption is very conven- 
ient in that it eliminates the complications 
arising by the diffusion process, which re- 
quire more refined modeling than we would 
like to deal with in the present paper. In 
principle, one can apply the ideas and con- 
cepts of percolation theory to more realistic 
models, which are under diffusion control. 
Since the concepts of percolation theory 
have been used only in a limited number of 
problems of gas-solid noncatalytic and cat- 
alytic reactions (28, 29), another goal of 
this paper is to introduce to the reader these 
concepts with the hope that this will stimu- 
late further research exploring the applica- 
tion of percolation theory in these areas. 

THE BASIC EQUATIONS 

In the study of the deactivation process 
discussed below a number of customary as- 
sumptions are made. 

(I) A single catalyst particle in a differen- 
tial conversion reactor is studied, i.e., the 
conditions at the catalyst-fluid interface do 
not change with time. 

(II) The process is isothermal and the cat- 
alyst temperature remains constant. 

(III) The fluid phase is at quasi-steady- 
state conditions. 

It is also assumed that the catalytic mate- 
rial (metal) is uniformly distributed in the 
interior of each catalyst pore where initial 
concentration is Ct. A catalytic reaction oc- 
curs inside the pore at a rate r. [cont. prod- 
ucts/(conc. sites)m(unit time)]. At the same 
time, a side reaction occurs that results in 
the deposition of contaminant, which cov- 
ers (poisons) active sites while simulta- 
neously blocking part of the pore volume. 
The rate of the deactivation reaction is Td 

[(cont. sites covered)/(conc. sites avail- 
able)“(unit time)]. The volume of deposit 
occupying a single site is, in general, a ran- 
dom variable. But for illustration purposes 
a pore average deposit volume b (volume/ 
cont. sites) is used here. If one assumes that 
at time t after the start of the process the 
covered sites are uniformly distributed in 
the pore space (this is, of course, true for 
global kinetic control) and their concentra- 
tion is equal to C,, then the reaction rate in 
the pore and the rate of disappearance of 
active sites are given as follows. 

The reaction rate in the pore r is given by 

r = 2rrRLr,(C, - CJrn (1) 

while for the site concentration one has 

dG 
-& = rd(Ct - c$. 

The available (not occupied by deposits) 
pore volume V, is given by 

V, = rR2L - 2rRLC,b 

c3) 

Here it is assumed that the pores are of 
cylindrical shape of radius R and length L. 
One can define an effective radius Refi for a 
pore at time t such that 

so that 

V, = nR&L (4) 

ReE = R (1 - 2 y)‘:‘. (5) 

If one defines 

a = 2C,b (6) 

and 

8 = rdCFp’t (7) 

one obtains 

&H = R [I - ; g(e)]“*. 

where g(0) is given by 

(8) 
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1 - [I + (n - l)e]“(‘-n) n < 1, e < & (9) 

g(e) = 1 - exp(- 0) n=l (10) 

1 - [l + (n - 1)8]i’(i-” n > 1, (11) 

Note that if (Y < R then Retr > 0 at all times, 
while for (Y 2 R one has R,E = 0 after a 
finite time, i.e., the pore plugs (here the 
whole pore plugs and not just its pore 
mouth). This establishes a one-to-one cor- 
respondence between the plugging time 8, 
and the initial radius of the pore, which will 
be plugged at that particular time. At any 
given time 0 a single pore with initial radius 
R will be plugged as long as R < Rb(6), 
where 

&(e) = C%(e). (12) 

The above analysis indicates that single- 
pore or bundle of parallel nonintersecting 
pores models predict that the catalyst pore 
structure will never plug as long as the av- 
erage pore radius E (in the single-pore 
model) or the largest pore radius available 
R,,, (in the parallel-bundle of pore model) 
exceeds CL 

For this case and under the assumption 
of local or global kinetic control pore block- 
age has no effect on catalytic activity, and 
catalytic activity declines as a result of the 
coverage of catalytic active sites. The cata- 
lytic activity vanishes only when all active 
sites have been poisoned. On the other 
hand, if For R,,, is smaller than CY, then the 
single-pore or bundle of parallel pore 
models predict a gradual catalytic activity 
decline up to a finite process time 8,. Here 
e,, the plugging time, is the solution of the 
equation g(B) = r/a, r being R or R,,,. Be- 
yond 8, there is a discontinuous drop of cat- 
alytic activity due to the fact that at 8, all of 
the available pore volume has been blocked 
by deposits. The catalytic activity for these 
two models is given by the following equa- 
tions . 

Single-Pore Model 

(I) R > (Y. If r is reaction at time 8, then 
one has 

r = ~[l - g(e)]” (13) 

and one also has r + 0 as 8 + CC (i.e., 8, = 
03). 

(II) R < (Y 

l 

ri[l - g(e)]” 8 < 8, (14) 
r= 

0 8 > 8, (1% 

That is, 8, is finite. Here ri is the initial (at 8 
= 0) reaction rate. 

Bundle of Parallel Pores Model 

As in the case of single-pore model we 
have two distinct cases. 

(I) R,, > CL In this case an equation sim- 
ilar to (13) holds: 

r = rJ1 - g(e)]” (16) 

and r--, 0 as 8+ 03, i.e., eP-, ~0. 
(II) R,, < (Y. If Ai is the fraction of initial 

surface belonging to blocked pores, that is 

Ai = 
I Rb(e) 

OR,.. 

27rRL(R)f (R)dR 

I 

(17) 
o 2?rRL(R)f (R)dR ’ 

where f (R) is the pore size probability den- 
sity function and L is the length of the pore; 
one has 

r = ~(1 - Ai)[l - g(e)]” (18) 

and r + 0 and 8 + 8,, where 0, is finite. 
It is clear that both models offer an over- 

simplified description of the deactivation 
process of commercial catalysts, which are 
characterized by complex interconnected 
porous structures. For example, Eq. (16) 
predicts that the catalytic activity will van- 
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ish only when all the available pores are 
blocked. In reality, of course, the internal 
catalyst pore structure becomes inaccessi- 
ble to reaction and transport much earlier 
than predicted by (16). This discrepancy is 
due to the fact that the pores that have par- 
tially reacted and are not plugged yet be- 
come surrounded by plugged ones and 
become inaccessible. Thus, as the 
deactivation process proceeds larger and 
larger isolated islands of unplugged pores 
appear that no longer contribute to reaction 
and transport processes. For such a pro- 
cess one may intuitively expect that at 
some critical value of the fraction of un- 
plugged pores, the pore space would con- 
sist of only isolated islands, so that there 
would be no sample-spanning paths of un- 
plugged pores and the macroscopic connec- 
tivity of the pore space would be lost. 

This picture of deactivation phenomena 
discussed so far is based on physical intui- 
tion. However, the same ideas also consti- 
tute the basis for the percolation theory of 
disordered systems, which was formally in- 
troduced by Broadbent and Hammersley 
(20) in 1957. Here those concepts of the 
theory, that are directly relevant to the 
present work, are briefly introduced and 
discussed, but first we give a brief descrip- 
tion of the network model of porous cata- 
lysts. 

Network Model of Porous Catalysts 

Any porous medium, such as a catalyst 
particle, can in principle be mapped onto an 
equivalent three-dimensional network of 
random bonds connected to each other at 
sites or nodes of the network. All of the 
volume of the pore space can be assigned to 
the nodes or sites. Alternatively, they can 
be assigned to the bonds of a network, in 
which nodes or sites are merely mathemati- 
cal points and play no fundamental role in 
the structure of the network and the trans- 
port and reaction processes therein. If 
needed one can also assign the volume of 
the pore space to both bonds and nodes. 
The geometrical characteristics of the po- 

rous medium can be incorporated into the 
structure of the network by assigning ran- 
dom radii and lengths to the network bonds 
and/or sites. These are selected from pore 
radius and length distributions that can, in 
principle, be obtained from porosimety or 
automated serial sectioning of the porous 
structure. The details of such a mapping are 
given by Lin and Cohen (21). Usually, the 
resulting equivalent network has a random 
topology, i.e., its local coordination num- 
ber, which is the number of bonds con- 
nected to a site, is a chaotic and almost 
random variable. However, recent studies 
(22) show that as long as the average coor- 
dination number of the topologically disor- 
dered network is equal to the coordination 
number of a topologically regular network, 
transport and many other properties are, 
for all practical purposes, identical for the 
two networks. Because of this and since the 
generation of the topologically disordered 
networks are so costly, we employ a regu- 
lar network in this study. 

In the present paper we employ a three- 
dimensional simple-cubic network which 
has a coordination number of 6. Note that a 
simple-cubic structure is also a natural out- 
come of the discretization of the diffusion 
equation by means of finite-difference tech- 
nique. To assess the effect of random topol- 
ogy (coordination number) on the results, a 
fraction of bonds of the network is removed 
at random to reduce the coordination num- 
ber of the network to a preassigned average 
value. We use, as many others have in the 
past, a lognormal pore size distribution 

f(R) = l 1 
[In (R/R)12 

RVV% 
exp - 

I 2u2 . (19) 

We further carried out computer simula- 
tions with different values of R and v to 
check the qualitative effect of a narrow or 
broad pore size distribution on the results. 
All pores were assumed to have the same 
length. 

Concepts from Percolation Theory 

The natural language for describing the 
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topological effects is that of percolation 
theory. We outline in this section those 
concepts of the theory that are pertinent to 
the work presented below. Percolation the- 
ory has been reviewed by several authors 
(23-25). An excellent introduction to the 
subject can be found in the recent book of 
Stauffer (26). 

Of all the bonds or sites, in any given 
network, it is convenient to designate a 
subset as allowed or open bonds or sites. 
The allowed bonds or sites are those re- 
maining after others have been removed 
from consideration. For our purpose, disal- 
lowed bonds will be removed by setting 
their radii equal to zero, because they have 
been plugged as the result of the chemical 
reaction. With enough open bonds, a con- 
tinuous path of connectedness, and thus 
transport and reaction of allowed bonds, 
will span the network. In Fig. 1 we present 
three stages of the process of removal of 
bonds from a square network. As the frac- 
tion X of open bonds is decreased from 
unity to f small islands of isolated bonds 
appear that have no connection to the sam- 
ple-spanning cluster of open (unplugged) 
bonds. A cluster is a set of connected open 
bonds. If the fraction of open bonds is fur- 
ther decreased to f, no sample-spanning 
cluster will exist and the network will lose 
its global connectivity. Percolation quanti- 
ties of interest here are the following. 

(1) Accessibility, measured by the acces- 
sible or percolation fraction X*, which is 
the probable fraction of network bonds (or 
sites) in the sample-spanning cluster. 

(2) Efectiveness, measured by the back- 
bone fraction X B, the probable fraction of 

x*1 X=3 X=4 
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FIG. 1. Bond percolation on a square network. 

bonds (or sites) active to transport, i.e., the 
accessible fraction minus its dead end or 
the singly connected bonds that do not con- 
tribute to the transport process. 

(3) Percolation threshold Xc, the largest 
fraction of allowed bonds or sites, below 
which the accessible fraction is zero, i.e., 
the network loses its global connectivity. 
For example, if the removal of bonds of the 
square network of Fig. 1 is completely ran- 
dom, then Xc = 4, i.e., at least 50% of the 
bonds of the network have to be open in 
order for the network to have macroscopic 
or global connectivity. Obviously, for X < 
Xc all allowed or open bonds are in the iso- 
lated clusters and therefore all macroscopic 
transport properties of the network, such as 
conductivity and diffusivity, are zero. 

The percolation model of the deactivation 
phenomenon presented in this paper is 
somewhat different from the ordinary (ran- 
dom) bond-percolation process described 
above. In the ordinary bond-percolation 
process, which was originally proposed by 
Broadbent and Hammersley, a bond is cho- 
sen at random and is designated as blocked 
or disallowed or closed. Thus, there is no 
correlation between what happens to a 
given bond and its neighboring bonds. In 
the percolation model discussed here, a 
bond may be blocked simply because it was 
originally surrounded by bonds that had 
smaller radii and therefore their plugging 
times were shorter and plugged earlier. 
Thus, even though a bond is still unplugged 
(partially reacted), it may not be reached by 
the reacting molecules because its nearest- 
neighbor bonds have already been plugged. 
The present percolation model is therefore 
a correlated one. As a result one expects to 
have a higher percolation threshold Xc for 
our model than that of the ordinary (ran- 
dom) bond-percolation threshold described 
above. Indeed, our simulations, which are 
described below, show that for our model 
Xc = 0.255 for an infinitely large simple cu- 
bic network, whereas Xc = 0.249 for the 
same network for the ordinary (random) 
bond-percolation process. Therefore, the 
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percolation threshold of a network is sensi- 
tive to the details of the process of removal 
(blockage) of the bonds. 

Monte Carlo Simulations Technique 

In this section, the details of the Monte 
Carlo simulations technique are described. 
Although a simple-cubic network was em- 
ployed in the present study, the technique 
presented here is general and can be used 
with any network. We have first distributed 
the radii of the bonds of the network ac- 
cording to the preassigned pore size distri- 
bution. More precisely, for bond i of the 
network we have picked a random number 
pi by using the random number generator of 
the computer, which generates random 
numbers that are uniformly distributed in 
the interval (0, 1). Then, the radius R of the 
pore is the solution of the equation 

Pi = J)(x) h. (20) 

This procedure eliminates any need for us- 
ing a discretef(R) or imposing any lower or 
upper bounds on the range of pore sizes, as 
a number of authors have done in the past. 

After generating the network with the 
given pore size distribution the plugging 
times 19, of all bonds of the network were 
calculated. In the present paper we used 
Eq. (10) but Eqs. (9) and (11) are equally 
easy to use and pose no special difficulty. 
The fully connected network with all bonds 
having a random nonzero radius corre- 
sponds to zero process time. Then the pro- 
cess time was increased sufficiently large 
that some pores would plug. Then a search 
in the network was performed in order to 
identify all bonds, whose plugging times 
were shorter than the process time. The ra- 
dii of all such bonds were set to zero. We 
then performed another search in the net- 
work to identify all accessible bonds and 
those unplugged bonds, that have been sur- 
rounded by plugged ones, i.e., the isolated 
clusters in the language of percolation the- 
ory. The process time was then increased 
again but this time the search was per- 

formed only among the previously accessi- 
ble bonds; the isolated clusters were left un- 
touched. This process continues, until the 
network has reached its percolation thresh- 
old and lost its global connectivity, at 
which time the process is stopped. 

Strictly speaking, the percolation theory 
applies to systems that are infinite in size. 
Infinite networks defy simulation, and thus 
one has to use a large enough network, so 
that the results are representative of much 
larger systems and do not depend on the 
network size. In order to find a reasonable 
network size we have used the following 
method. We have defined an effective per- 
colation threshold Xc(l) for a network of 
linear dimension 1 (number of sites in each 
direction) by taking it to be the fraction of 
open (unplugged) bonds, at which the ac- 
cessible fraction of bonds is smaller than 
some arbitrary chosen small value E (in the 
study E = 10e3). According to the finite-size 
scaling theory (27) one has 

Xc(w) - Xc(l) = al-P, (21) 

where Xc(w) is the percolation threshold of 
the infinitely large network and a and /3 are 
constant. This equation is thought to be 
valid for moderate and large values of 1. We 
have thus determined X,-(l) for 1 = 10, 13, 
16, 19, and 22 by the above Monte Carlo 
procedure. For each value of 1 we made 
many independent realizations of the net- 
work, i.e., we repeated the process of de- 
termining Xc(l) for many different assign- 
ments of pore radii and the results were 
averaged over the number of realizations. 
For each value of 1 enough realizations 
were made so that the standard deviations 
of the average values were small (about 5% 
of the averages). The results were then fit- 
ted to Eq. (21) to find simultaneously the 
best values of Xc(w), a and p. They are 
given by 

Xc(w) = 0.255 

a = 0.34 

p = 1.15. 
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Therefore, the effective percolation thresh- 
old of a 25 x 25 x 25 simple-cubic network 
(i.e., 1 = 25) is estimated to be about 0.247, 
if the above values of a, b, and XC(~) are 
used in (21) with 1 = 25, only 3.3% smaller 
than Xc(m). Thus, for reasons of economy 
all of our simulations were performed on a 
simple-cubic network with 1 = 25. We have 
also made 25 independent realizations of 
each network with distributed pore sizes 
and averaged the statistics of interest over 
these realizations. We believe the results 
are qualitatively representative of the pro- 
cess in much larger systems, and the effect 
of the finiteness of the network size is 
small. The finite-size scaling theory can be 
used to estimate the variations of any quan- 
tity of interest with the network size; see, 
e.g., Sahimi et al. (28) for details. 

RESULTS AND DISCUSSIONS 

The first quantity that was investigated 
was X*, the accessible fraction of un- 
plugged pores. In Fig. 2 we present X* as a 
function of X, the total fraction of un- 
plugged pores. At high values of X one has 
X* = X, i.e., there is no isolated unplugged 
pore and all of the unblocked pores are ac- 
cessible and are in the sample-spanning 
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FIG. 2. Accessible fraction, XA, as a function of al- 
lowed fraction X for bond percolation on the complete 
cubic network. i? = 100, (+ = 0.6, (Z = 800. 
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FIG. 3. Available surface area as a function of al- 
lowed fraction for the complete cubic network. ii = 
100, v  = 0.6, IX = 800. 

cluster. As X decreases (with process time) 
there appear isolated unplugged pores and 
thus the difference between X* and X be- 
comes significant, a feature that only perco- 
lation theory is capable of producing. In the 
bundle of parallel pores model one has, at 
all time, X* = X. Below X = 0.50, X* de- 
creases sharply and as the percolation 
threshold Xc is approached this decrease 
becomes more pronounced. The accessible 
fraction X* finally vanishes at X = XC and 
the slope of the curve at X = Xc is infinite. 
The shape of this curve is qualitatively sim- 
ilar to those found for the ordinary (ran- 
dom) bond-percolation processes; see, for 
example, Kirkpatrick (29). 

Also calculated was the available surface 
area of the unplugged pores,‘i.e., the sur- 
face area of the accessible pores. The varia- 
tion of this quantity with X is displayed in 
Fig. 3 and as can be seen it is qualitatively 
similar to Fig. 2. This is expected due to the 
fact that the available surface area must be 
proportional to the accessible fraction of 
unplugged pores. As in Fig. 2 the available 
surface area sharply decreases as Xc is 
neared and vanishes (with infinite slope) at 
x=x,. 

Next we investigated the catalyst plug- 
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ging time Or, i.e., the time at which the cata- 
lyst becomes completely deactivated. Of 
course, in industrial practice the useful 
catalyst lifetime is usually considerably 
shorter than the true plugging time. How- 
ever, 8, represents the upper limit of a cata- 
lyst’s useful lifetime and as such it is an 
important parameter of the process. In Fig. 
4 we present the variation of-(!& with the 
average coordination number 2 of the net- 
work for different values of the deposit size 
parameter. The reader is reminded that z is 
the measure of the interconnectivity of the 
porous structure. Most industrial catalysts 
are expected to have an average coordina- 
tion number between 3 and 6. As can be 
seen the plugging time increases as 2 in- 
creases and the effect is more pronounced 
for smaller values of (Y, i.e., for small initial 
metal loadings C, or small values of average 
molal volumes of deposits b. Such behavior 
is, of course, not surprising since catalysts 
with higher z have on the average larger 
number of alternate paths for material 
transport than catalysts with lower 2. As (Y 
increases, however, the effect of intercon- 
nectivity diminishes. For (Y = 1500 the in- 
ternal pore structure is destroyed at such a 
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FIG. 4. Plugging time 19~ as a function of the average 
coordination number 2 for different values of the de- 
posit parameter (Y. i? = 100, (J = 0.6. 

j/y 

0.2 a4 0.6 0.8 1.0 
0 

FIG. 5. Plugging time 0, as a function of u, for differ- 
ent values of the deposit parameter (Y. i? = 50, 2 = 6. 

rapid rate, that even the presence of a 
highly interconnected structure has a rather 
insignificant effect. In all cases 6, vanishes 
at Z = 1.53, which is, of course, the mean 
coordination number at the percolation 
threshold of the simple-cubic network (.?? = 
0.255 x 6 = 1.53). This means that no mac- 
roscopically interconnected structure can 
exist on a simple-cubic network with a 2 
less than 1.53. 

In Fig. 5 we present the dependence of 
the plugging time on (T. Large values of (T 
correspond, of course, to a more uniform 
pore size distribution, while small values of 
u correspond to a narrow one centered 
around R. Since in Fig. 5 R is smaller than 
(Y, 19~ vanishes with u as expected. With a 
bundle of parallel pores model one should 
expect 8, to diverge with V. Strictly speak- 
ing, for this model 8, should diverge as long 
as u # 0, since there is a finite probability 
that a pore in this model has a radius larger 
than (Y if cr f 0. However, for the simple- 
cubic network structure used here 8, is a 
slowly increasing function of (+, which is in 
sharp contrast with the prediction of bundle 
of parallel pores model. 

The dependence of the normalized cata- 
lyst activity, that is, the ratio of the reaction 
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FIG. 6. Normalized reaction rate as a function of 
time for different values of g. K = 100, Q = 1500, z = 
6. 

rate at time 8 to the initial reaction rate at 8 
= 0, on the process time for two values of o 
is presented in Fig. 6. As expected, the 
plugging time at which the catalyst activity 
vanishes is dependent upon (T. Figures 7 
and 8 show the variation of the normalized 
catalyst activity on the parameter (Y at 
different process times. The qualitative 

FIG. 7. Normalized reaction rate as a function of - 
time. R = 100, (T = 0.6, a = 800, Z = 6. 

FIG. 9. Normalized porosity as a function of time for 
different values of deposit parameter (Y. E = 100, (T = 
0.6, .?! = 6. 

0.1 - 
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FIG. 8. Normalized reaction rate as a function of 
time. K = 100, F = 0.6. 

changes in the shape of the activity curve 
with variations in (Y are striking. As one 
proceeds from Fig. 6, where pore plugging 
effects predominate to Fig. 8 where poison- 
ing effects prevails, the qualitative features 
of activity curves change distinctly. The in- 
flection point shown in Fig. 7 is typical of 
all cases characterized by intermediate val- 
ues of (Y and qualitatively agrees with re- 
cent experimental observations with the 
coal liquefaction and coal-liquid hydro- 
processing reaction systems (29). These are 
also characterized by two distinct regimes 
of rapid catalytic activity decay. 

Finally, Fig. 9 displays the normalized 
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catalyst porosity (i.e., the ratio of catalyst 
porosity at time 0 to catalyst porosity at 8 = 
0) as a function of time. As expected, this 
quantity vanishes at the percolation thresh- 
old corresponding to the plugging time. 

SUMMARY AND CONCLUSIONS 

We have investigated the behavior of cat- 
alytic systems undergoing deactivation by 
site coverage and pore blockage under 
global kinetic control. The catalyst pore 
space has been represented by a three-di- 
mensional random network and a percola- 
tion model of catalyst deactivation process 
has been developed. By performing Monte 
Carlo simulations it has been established 
that the single-pore and the bundle of paral- 
lel pores models, which in the past had 
found an almost exclusive use in this area, 
perform rather poorly, qualitatively as well 
as quantitatively. The interconnectivity of 
the porous structure, expressed in terms of 
an average coordination number 2, has 
been shown to play a fundamental role in 
the overall catalytic behavior. More inter- 
connected porous structures have been 
shown to be more resistant to catalyst deac- 
tivation due to pore plugging. The qualita- 
tive shape of the activity-decline curve was 
shown to depend on the dimensionless pa- 
rameters a, which increases as the initial 
metal loading (expressed in terms of C,) or 
the molal volume of the deactivating de- 
posit increases. The assumption of global 
kinetic control made in this paper was one 
of convenience rather than necessity since 
the main goal of this paper was to introduce 
to the reader the concepts of percolation 
theory and its associated Monte Carlo tech- 
nique. By using percolation theory one may 
develop more elaborate models of catalyst 
deactivation. Work in this direction is re- 
ported elsewhere (30). 

APPENDIX: NOMENCLATURE 

Ai fraction of initial surface area be- 
longing to blocked pores 

it 
parameter defined in Eq. (21) 
deposit molal volume 

cs concentration of sites covered by de- 
posits 

G total concentration of sites 
1 linear dimension of the network, i.e., 

number of sites in each direction 
L pore length 
m coefficient in rate ro 

ii 
coefficient in rate rd 
radius of pore 

ii median radius for pore size distribu- 
tion, Eq. (19) 

r reaction rate in a pore 
r0 main reaction rate 
rd deactivating reaction rate 
R e~ effective radius defined by Eq. (5) 

Lax 
initial reaction rate at 8 = 0 
maximum radius in the pore size dis- 

tribution 
X fraction of allowed bonds 
XA accessible fraction 
XB backbone fraction 
xc percolation threshold 
V, available pore volume 
z average coordination number 

Greek Symbols 

dimensionless deposit volume, Eq. (6) 
parameter in Eq. (21) 
dimensionless time, Eq. (7) 
plugging time 
shape factor for pore size distribution, 

Eq. (19) 
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