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The problem of catalyst deactivation by active site poisoning and pore blockage is analyzed. The
effect of catalyst size, average pore size, and pore size distribution on the phenomenon of deactiva-
tion is investigated for two simple pore structure models, i.e., the ‘‘single pore’” and ‘‘parallel
bundle of pores’’ models. It is shown that the overall catalytic behavior and performance strongly
depend on the catalyst’s physical properties, such as its size, pore size, and pore size distribution.
The mathematical models studied here are admittedly only oversimplified analogs of the complex
physicochemical phenomena occurring during realistic industrial processes. The main qualitative
features, however, of the overall catalytic behavior predicted here are the result of basic and
strongly counteracting, underlying physicochemical processes. As such, the types of catalytic
behavior described are not strongly dependent on the particular kinetic and diffusion models
employed but are closely associated with macromolecular catalytic reaction systems that deacti-
vate by simultaneous active site coverage and pore blockage.

INTRODUCTION

The phenomenon of catalyst deactivation
has been the subject of intensive research
activity in the fields of chemical reaction
engineering and catalysis for the last 40
years. Since the pioneering work of Maxted
(1), Voorhies (2), and Wheeler (3), a large
number of papers have appeared dealing
with different aspects of the phenomenon,
among them several review papers (4-9).

Catalyst deactivation is a problem of par-
ticular severity for catalytic coal liquefac-
tion and the hydrotreatment of coal-derived
liquids. The cost of catalyst replacement re-
sulting from catalyst deactivation could
conservatively be placed in the range of $2
to $3 per bbl of oil processed. However,
this is not necessarily the real problem,
since the availability of catalytically active
metals such as Co, Mo, and Ni is a more
severe problem than their cost.

Over the last few years, considerable at-
tention has been devoted to different exper-
imental aspects of the phenomenon of deac-
tivation occurring during catalytic coal
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liquefaction and catalytic hydrotreatment
of coal-derived liquids. The experimental
results have been presented in a series
of recent publications and reports (10-
12); a summary of the findings is pre-
sented here

(I) Severe activity losses, due to cata-
lytic deactivation, occurred for the process
times utilized, sometimes on the order of 50
to 60%.

(II) The losses in catalytic activity are
accompanied by severe reductions (i.e.,
50-60%) in both catalyst pore volume and
surface area.

(III) Several modes of deactivation oc-
cur simultaneously, such as coke and metal
deposition, irreversible adsorption of poi-
sons (N-containing compounds), and sin-
tering. It is very difficult to experimentally
quantify the individual effect of each of
these separate deactivation mechanisms.
Evidence, however, does exist that for cat-
alytic coal liquefaction in particular, deacti-
vation occurs mainly by deposition of car-
bonaceous and, to a lesser extent, metal
deposits, which deactivate the catalyst by
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simultaneous coverage of catalyst active
sites and blockage of catalyst pores.

(IV) It has been shown experimentally
(10, 11) that catalyst diameter, average
pore size, and pore size distribution have a
pronounced effect on overall catalyst per-
formance.

In a recent publication (10), an effort was
made to explain the effect of catalyst size
on catalytic performance by use of simpli-
fied shell-type deactivation models. In this
paper, a more extensive analysis of these
phenomena is presented. A mathematical
model that has been used with considerable
success (I3, I14) in modeling the experi-
mental behavior of catalytic coal hydroli-
quefaction and coal-liquid hydrotreatment
processes is studied in detail. The purpose
of this study is to investigate theoretically
the effect of catalyst size, average pore
size, and pore size distribution on catalyst
performance and to develop, when possi-
ble, simple algebraic expressions that pre-
dict a catalyst size, average pore size, and
pore size distribution that yield the best
overall catalyst performance and activity.
Although the objective of this work was to
obtain a better understanding of the deacti-
vation phenomena occurring during cata-
lytic coal liquefaction and the hydro-
processing of coal liquids, the results of this
study could conceivably be applied to other
industrial processes described by lumped
kinetic models for which deactivation oc-
curs by simultaneous site coverage and
pore blockage.

THE MODEL

The first task in the study of coal hydroli-
quefaction or hydrotreatment processes is
the selection of a proper kinetic model.
During catalytic coal liquefaction in partic-
ular, a large number of reactions, such as
HDN, HDS, hydrocracking, and hydroge-
nation, are known to occur simultaneously.
Several mechanistic schemes have so far
been proposed (15); unfortunately, the gen-
eral validity of any of these mechanisms
has yet to be completely proven.
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It is well known however that if one is
interested only in some particular aspect of
the overall behavior of a complex reaction
system, an accurate knowledge of the
mechanistic picture is often not needed.
Recently, Wei and Wei (16), Chang et al.
(14), and Chiou and Olson (/3) have suc-
cessfully modeled deactivation phenomena
occurring in hydroliquefaction and hydro-
treatment processes using very simple
lumped kinetic models. For catalytic coal
hydroliquefaction, in particular for the sim-
ple parallel-type deactivation, a lumped ki-
netic model such as the one shown below
has been suggested (13, 14).

product oil

r

coal slurry + H,

Ky
carbonaceous (or
metal) deposits.

Here, ‘“‘coal slurry’ is taken to mean not
only the feed coal slurry but also a whole
class (or classes) of precursor molecules,
such as preasphaltenes and asphaltenes,
that result from coal by thermal degrada-
tion or direct solvent interaction. Hydrogen
is usually present in excess, and the above
lumped kinetic model is usually cast in the
form

A, coal slurry; B, product oil; C, carbona-
ceous (or metal) deposits.

Progress in the quantitative analysis of
the phenomenon of deactivation by site poi-
soning and pore blockage is strongly reliant
upon the description of both the pore struc-
ture and the geometry of the foulant de-
posits. An adequate description of the com-
plexities of the catalyst pore structure is
still an issue to be settled. Although some
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recent studies (17-20) have used stochastic
pore models in an effort to understand the
qualitative features of the phenomenon, the
best currently available pore structure
models that allow at least a semiquantita-
tive insight are the single-pore and the so-
called parallel bundle of pores models (21).
The first pore structure model will be used
in the investigation of the effect of particle
size and average pore size, and the second
in the analysis of the effect of pore size dis-
tribution.

THE SINGLE PORE MODEL

The catalyst pore structure will be as-
sumed to be described by a set of N parallel
straight pores of average radius r and half-
length L; r, L, and N can be evaluated by
means of measurable physical properties,
such as porosity (e), surface area (S, m?/
g), pore volume (V,, cm?/g), catalyst geo-
metric volume (V,, cm?), and area (S,,
cm?), and particle (p,) and solid (p,) densi-
ties (3). In the following discussion, the
parallel-type deactivation problem previ-
ously described is considered. Further-
more, it will be assumed that deactivation
occurs by a single type of deposits, and in
accordance with experimental evidence
from catalytic coal liquefaction and hydro-
processing of coal liquids (/7), these de-
posits will be assumed to be of carbona-
ceous nature (i.e., coke). One could, of
course, consider deactivation to occur by
two or more types of deposits, such as
metals and irreversibly adsorbed com-
pounds. This, however, is not needed here,
since the problem then becomes hopelessly
complex, while evidence exists that the
main conclusions and results of this study
remain basically unchanged (22). In accor-
dance with experimental observations (11,
23), both the main and the fouling reactions
will be assumed to follow pseudo-first-or-
der, single-site kinetics. The corresponding
species conservation balances for a single
pore are
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8(spCA) _ b aCA
Tor T ox (Dae W)
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- ; I<r[l + Sa]CA(Ct - Ccs) (1)
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with boundary conditions
_o. 9Ca _9Cp _
x=0; x - ox =0 (4a)
x=1L; Ca=Cap,Cg =0 (4b)

and initial conditions

t=0; Ces =0 (5a)
i 6CA> 2 _
p (DAe =) S KCaCi= 0 (5b)
2 (p,, 2C) , 2 _
ax (DBe ax + ; KrCACt = 0. (SC)

For the porosity and effective diffusivi-
ties, use will be made of semiempirical rela-
tionships successfully utilized in prior in-

vestigations
CCS
ep=1-b (?) (6a)
VCC 0
b= A—;, (6b)
and
Dic = DypepF(\), \i = Ao, %, (72)
Aim 12 _ ¥im
Mo = (A—()) = (7). (7)
where
F\) =0 when A; = 1 (7¢)
F(\;)) = exp(—4.6 \;) whenX; < 1. (7d)

Equation (7) is a semiempirical relation-



CATALYST DEACTIVATION BY SITE POISONING AND PORE BLOCKAGE

ship developed by Satterfield et al. (24, 25)
that is used to describe diffusion of macro-
molecules with “‘effective’”  diffusion
diameters of the same order of magnitude
as the catalyst pores, typical of the macro-
molecules involved in catalytic coal lique-
faction. Equations (1)-(5) can be made di-
mensionless as (The different dimension-
less symbols are defined in the nomencla-
ture section.)

(e,X) = 9 GX]

a§ |:8pF(}\A) a§
= AaoX[1 + Sal(1 — Z2) (8)

0 d i)
Y139 (pY) =72 9E [SpF()\B) a_g
+ ¢MhaoX[1 - Z] (9

Y135 80

0Z

i X1 -2 (10)
and
& = 1 - bl)\A()Z
with boundary conditions
X oY
&= 0; a_g‘ﬁ‘o (11a)
E=1; X=1,Y=0 (11b)
and initial conditions
8=0; Z=0 (12a)
L15,¢ Aao
2
Frzais (F(Am) (12b)
62Y )\AO
e = —h2
vim = 4 (Fas) X (20

The rates of reaction for the particle are
given as

—RL = Vpp,SK.CiCagna(6)  (13a)
Rl]; = VpppSgKrCtCAO'rlB(e), (13b)
where
X
SpF()\A) 6{-’
na(6) = M aod? (14a)
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723pFO\B) 6§
Aao?

ne(6) = (14b)

1. Optimal Initial Activity

When catalytic deactivation is absent or
unimportant, one usually optimizes reactor
design by selecting the catalyst with maxi-
mum initial activity. When the catalytic
system under study is rapidly deactivating,
as is the case with catalytic coal liquefac-
tion, the catalyst with the maximum initial
activity often does not exhibit (as it was
first shown by Rajagopalan and Luss (26))
an overall optimum performance. Even un-
der these circumstances one needs to know
the maximum initial activity value, since
this value is the obvious choice as a basis in
activity optimization studies.

In studies of reactor design and optimiza-
tion, one usually compares existing cata-
lysts in terms of either activity per unit vol-
ume or activity per unit weight. Activities
per unit volume or per unit weight can be
calculated of course by Eq. (13) by dividing
Vpor Vyp,.

Furthermore for the single pore model,
one can manipulate the size of the average
catalyst pore radius by changing either V,
or S, or both. Two different cases will be
investigated in this paper. In the first case,
changes in V; will be allowed for, but S, will
be kept constant, while in the second case,
V. will be kept constant, and S, will be al-
lowed to vary.

When V, stays constant, £ and p, also
stay constant. Since activity per unit vol-
ume (RY) is related to the activity per unit
weight (R¥) as RX = R¥/p, for this case R
and RY follow the same type of behavior in
terms of Ao (or r for constant ray); R4 is
given by the relationship

2e
( K CtCAO) Aaona = Pihaoma.
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If one assumes that K;, C; (which depend
on the catalyst’s chemical composition),
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FiIG. 1. Plot of 1/A%, versus ¢ for the case of uniform
fouling and a constant value of V,. (a) b, = 0. (b) b, =
0.5.(c) b, = 2.

and ran (Which depends on the size of the
reactant molecule) remain constant, P, is a
constant.

A value of Aao(A'%®) that maximizes (—R %)
at § = 0 (initial activity) can be found im-
plicitly in terms of the equation (26)

(1 + 4.6\n0] [1 - ﬁgﬁ(@_@] =2, (16a)
where
A 1”2
¢ =0 (F(fzo)) (16b)

(1/A'%%) is plotted as a function of ¢ in Fig.
1. (The curve corresponding to o = 0.)
Note that as ¢ increases, 1/A%% increases
(rop decreases for ray constant), and for ¢
— o, 1/A\%% — 4.6.

When S, stays constant, R} and RY are
given by the relationships

Sgps K CiCaolao
pssgrAm
2

__Paao
- P3 + AAO T’A (17a)

—RY = 5K, CiCaoraona = Pama. (17b)

There is no A for this case that maximizes
(—RY) at @ = 0. However, a value of Ao
does exist that maximizes (—R%) at @ = 0,
which is given by the relationship

-RY = Na

+ Aao

TSAKALIS, TSOTSIS, AND STIEGEL

2¢n ]
sinh 2¢,;
= 2P3.

[1 + 4.6Aa0l[P3 + Aol [1 -

(18)

(For a typical hydroprocessing catalyst
(11, 12), P; = 0.5.) When (1/\'$}) for this
case, is plotted as a function of ¢ the behav-
ior is quite similar with that shown in Fig. 1
for the previous case.

II. Some Simple Models Based on the
Quasi-Steady-State Hypothesis

It has been customary through the years
in the field of catalyst deactivation particu-
larly for catalytic reactor design problems,
to work with simplified models based on the
quasi-steady-state hypothesis. Such models
for simple poisoning have been analyzed by
Masamune and Smith (27). In this study,
similar models will be analyzed for the case
of deactivation by site coverage and pore
plugging. Two types of deactivation will be
dealt with, namely, uniform-type deactiva-
tion and shell-type deactivation.

(A) Uniform deactivation. For this type
of deactivation, the assumption made is
that the deactivation process is slow, so
that coke deposition occurs uniformly
throughout the pore. If « is the fraction of
sites covered by coke, then the rate per cat-
alyst particle is given as

—RL =R§
= VoppSeK:CCaoll — @)m, (192)
where
tanh ¢,
mn = _d>u_ (19b)
o [Aael — a)]‘/z
¢u - ¢ [ F()\A)Sp (190)
Note that for
1 — Mo

(b hag # 0) (19d)

o =

bikao

the pores are plugged and the catalyst is
completely deactivated. The goal here is to
examine the system behavior in terms of ¢
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(i.e., catalyst diameter) and (1/hao) (i.e., r/
ram) for different values of a.

Since V, or S, do not depend on ¢ (and
therefore L), whatever the value of «, there
is no L that maximizes either activity per
unit weight or per unit volume. As a
changes, the activities of catalysts with dif-
ferent ¢ do approach each other, and for «
— (1 — Mio)/bi\ag) the activities vanish;
however, the catalysts retain the same or-
dering in activities that they had at « = O up
to complete deactivation.

The effect of r (or 1/A4) is, however,
quite interesting. If one keeps V, constant
and allows S, to change, a value of A, (de-
fined as A%)) exists that maximizes (—RY)
and (—RY), which is the solution of the
equation

2¢,
(1 " sinh 2¢u>
[1+ 2.32 = biAapa)(1 — b])&Aoa)_m)tAo]
= 2(1 — biAproe). (20)

For this case, A% is a function of both b,
and «. In Fig. 1a, 1/A% is plotted as a func-
tion of ¢, with parameter « for b; = 0 (sim-
ple poisoning). Note that as « increases (for
constant ¢), (1/A%) (and therefore r°p) de-
creases. However, for large ¢, all curves
tend to the same asymptotic value. To un-
derstand the behavior shown on Fig. la,
one should look at Fig. 2a, where (—RX/P))
is plotted as a function of Ao with parame-
ter a. As « increases (—RX/P;) decreases
and, simultaneously, the maximum in the
rate moves toward a larger value of A%
(smaller values of r°?). The curve corre-
sponding to a = 0 is the initial optimum
activity curve. From Fig. 2a, one should
expect the following behavior for two cata-
lysts with otherwise similar properties but
different Ao values. If both catalysts have r
smaller than ri°P (the r value corresponding
to %), then initially the catalyst with the
larger r (smaller Ao value) will have higher
activity. However, as time increases (« in-
creases), the activity of the catalyst with
the smaller r (higher Ao value) will become
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x10”

F1G. 2. Plot of (—RY/P,) versus Ao for the case of
uniform fouling and a constant value of V,. (a) b, = 0;
é=10Mbb =2;¢=10.

larger than the activity of the catalyst with
the larger r (smaller Ao value), i.e., the
phenomenon of catalytic activity crossover
will occur. If the two catalysts, on the other
hand, have r values larger than the opti-
mum r°P value, then the catalyst with the
smaller r will have higher initial activity and
will remain more active than the catalyst
with the larger r up to complete deactiva-
tion. The behavior described so far is
shown in Fig. 3a, where we plot (—RX/P)
as a function of o with parameter Aao. The
type of behavior shown in Fig. 3a has also
been observed experimentally during cata-
Iytic coal liquefaction and coal-liquid hy-
drotreatment processes (11, 12).

In Figs. 1b and ¢, 1/A% is plotted as a
function of ¢ for different values of « and
two values of b, (= 0.5 and 2). Note that for
large ¢, the behavior of 1/A% as a function
of ¢ (for the region of « values shown in
Figs. 1b and c) is quite opposite to the be-
havior shown in Fig. la. As a increases, 1/
A% moves toward higher values. In Fig. 2b,
(—RX/P)) is plotted versus Aao for this case.
As aincreases, the activity declines and the
maximum moves toward lower values of
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Aao. This, of course, means that a cross-
over in activities will now occur for two
catalysts with r values larger than rp,
which is exactly opposite to what is ex-
pected for b; = 0. For intermediate ranges
of ¢ values (or sufficiently large values of
a), the behavior is quite complex, and as «
increases, 1/A%% first increases (7P de-
creases) and then decreases (r°F increases).
For an appropriate set of by ¢, Aag, and «
values, this could, of course, result in a
double-crossover in activity, as shown in
Fig. 3b.

For the case where S, stays constant but
V. is allowed to change, one can once more
verify that no value of A, exists that maxi-
mizes (—RY) for any value of «. However,
a value of A exists that maximizes (—RY),
which is the solution of the equation

2¢
(1 " sin 2¢u> (P3 + Aao)
[1+ 2.3X40(2 — b])\Aoa)(l - b])\A()Ol)_I/Z]
= 2P3(1 - b])\Aoa). (21)

The behavior of A% as a function of «, ¢,
and b, for this case is very similar to the
behavior shown in Figs. 1 and 2.

In conclusion, it has to be pointed out
that due to the large number of different

feedstocks, catalysts and operating condi-
tions used during catalytic coal liquefaction
and coal-liquid hydrotreatment processes,
and to the experimental uncertainty in the
calculation of system parameters the ranges
of typical values of ¢, Mg, and b, are quite
large. Typical values for ¢ lie between 0
and 20 and for Asg between 0.1 and 0.6.

(B) The shrinking core model. Shell or
shrinking-core models have been used ex-
tensively in several areas of chemical engi-
neering. For problems of simple poisoning,
the model has been developed by Masa-
mune and Smith (27). For the case of deac-
tivation by site coverage and pore plugging,
for the shell model to be valid

(1 — Aiy)
Aao

b = (22)
If Eq. (22) is not satisfied, the outside deac-
tivated shell will be plugged completely,
and the catalyst will be rendered inactive
immediately. If Eq. (22) is satisfied, then
the effectiveness factor for the single pore
is given as

_ _ B -

xAl)
(1 _ §1 /d)la (233.)

where
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(1 — biAao) F(Apo(1 — byAao)™ 1/2)
F(Xao)
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shown that ¢ (i.e., the diameter of the parti-
cle) has no quahtatlvely interesting effect
on the overall deactivation behavior, and
no crossover in activity is observed from o
= 0 up to complete deactivation. For shell-
type deactivation, however, as 6 increases
(6 # 0), a value of ¢(¢op) that maximizes
activity appears. This behavior is shown in
Fig. 4, where ¢, is plotted as a function of
6, and in Fig. 5, where (—R%/P)) is plotted

versus ¢, with time as a parameter.
Therefore, if one compares two catalysts

that have otherwme s1m11ar properties but
different diameters, initially the catalyst
with the smaller diameter will have higher
activity (both in terms of activity per unit
volume and per it 'v'v'GisuL) However, as
deactivation proceeds, the activity of the
catalyst with the larger diameter ap-
proaches the activity of the catalyst with
the smaller diameter until at a given process
time, there will be a crossover in activity.
This type of behavior has also been ob-
served experimentally for the coal hydroli-
quefaction process (11). As Aap (or by) in-
creases, ¢op decreases (Fig. 4). Note that
for 6 = 0, ¢, = 0 as expected.

The effect of A4 On catalytic activity for
this case is shown in Figs. 6 and 7. In Figs.
6a and b, 1/A% (where A% is the value of
Aao that maximizes both (—RY) and (—RY))
is plotted versus ¢ for the case for which V,
stays constant but S, changes. In Figs. 6c

and A wha
and d, 1/\% (where I\A% is the value of A4

that maximizes (—RY)) is plotted versus ¢
for the case where §, stays constant but V;
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F1G. 4. Plot of ¢, versus time for the shell deactiva-
tion model. (—) b, = 0; (~—=) b, = 2.

changes. Note that Fig. 6 is qualitatively
similar to Fig. 1.

The most interesting type of behavior is
shown, however, in Fig. 7. For the casc of
shell deactivation, a value of A,g exists that
maximizes (—RY). In Fig. 7, 1/\% for this
case is plotted as a function of ¢. Note that
(1/A%%) approaches infinity as 6 approaches
zero as expected (since it has aiready been
shown that at @ = 0, there is no Aa maxi-
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¢

F1G. 5. Plot of (—RY/P,) versus ¢ for the shell deac-
tivation model. b; = 2; Aao = 0.1.
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FiG. 6. Plot of (1/A%) versus ¢ for the shell deactivation model and a constant value of V,. (a) b, = 0;
(b) b; = 2; for a constant value of S;. (c) b, = 0; (d) b, = 2.

mizing (—RY)). Note furthermore that as b,
increases, (1/A%) also increases.

IIl. The Complete Deactivation Model

The complete set of Egs. (1)-(5) has been
solved by a modified Crank-Nicolson im-

3

10
8=0.8615

[ bl b 1k 1 vaking 1oy opepbel
1 10 100
¢

FI1G. 7. Plot of (1/A%)) for —RY versus ¢ for the shell
deactivation model and a constant value of S,. ( )
by =0, (== b =2

plicit finite difference scheme. A detailed
description of the numerical scheme used
can be found elsewhere (22). In solving
Egs. (1)-(5), the following simplifying as-
sumption has been used:

DBO

~ FAm

" Du W
Note furthermore that vy, is given as
Y1 = Bd>S; (24b)
_ CAOrAm)
B = ( C. . (24¢)

In the numerical solution of the problem, 8
is taken equal to 3 x 1072, a value typical of
the reaction system and reaction conditions
employed (/1, 12).

A detailed quantitative account of all the
features of the optimization problem for the
completely distributed physical model de-
scribed by Egs. (1)~(5) is not presented but
can be found elsewhere (22). Instead, typi-
cal results are presented in Figs. 8—10 used
to show that the physical model described
by the complete distributed set of Egs. (1)—
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(5) exhibits the same overall qualitative be-
havior as the simple shell-type deactivation
model, which has been analyzed com-
pletely. In Fig. 8, (R¥/P,) is plotted versus
¢ forb; =2,5 =0.08, and y, = 2. Note that
the behavior shown in Fig. 8 is qualitatively
similar to the behavior shown in Fig. 5, but
as expected, differences do exist in both the
values of the optimum ¢ and the levels of
catalytic activity.

The same can be said when one com-
pares the behavior shown in Figs. 9 and 10
with the behavior exhibited by the shell de-
activation model and corresponding Figs.
6b, d, and 7.

THE EFFECT OF PORE SIZE
DISTRIBUTION—THE PARALLEL BUNDLE OF
PORES MODEL

The parallel bundle of pores model has
found extensive and frequent use in several
areas of chemical reaction engineering,
since it is the simplest pore model that can
account for realistic pore structures charac-
terized by a pore size distribution. Beyond
its simplicity, the parallel bundle of pores
model is of particular importance, since it is
the only model (on an almost universal ba-
sis) utilized in the interpretation and pre-
sentation of BET and mercury porosimetry
data of commercially available catalysts.

According to this model (21), the catalyst
particles consist of N straight cylindrical
pores with an average half-length L and
with radii that follow a pore size number
probability distribution function fy(r) (i.e.,
Nfwn(r)dr is the number of pores with a ra-

dius between r and r + dr) and a pore size

volume probability function fy(r). In this
study, the activity of catalysts having the
same porosity (g, p,, V, constant) but dif-
ferent pore size distributions will be com-
pared. Since p, is assumed constant, the
activity comparison basis can be either rate
per unit volume or rate per unit weight.

The surface area per unit volume, S, can
then be expressed as
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FiG. 10. Plot of (1/A%) for (—RY) versus ¢ for the
deactivation model described by Egs. (1)-(5). S, con-
stant, b, =2, 5§ =0.08, y, =2, = 1.

_ 2e (= fy(r)dr
e S @)
and the rate per unit volume can be ex-
pressed as

RE =2eK.C.Cho (26)

’

f’" Sv(r)me(r,8)dr
0 r

where np(r,6) is given by Eq. (14).

Catalysts with unimodal pore size distri-
butions will be considered here, and atten-
tion will be limited to log-normal-type pore
size distributions, which adequately de-
scribe the pore size distribution of most uni-
modal liquefaction catalysts. Therefore, it
will be assumed that fy(r) is described by
the equation

1 {In(r/ f)]z]
Sr) N P [ 557 |- @D
Furthermore, attention will be focused on
deactivation phenomena described by Eqgs.
(1)—(5). There is a considerable amount of
computational effort involved in the study
of the behavior of a catalyst particle with a
pore size distribution described by Eq. (27),
for which each pore in the distribution is
described by Eqs. (1)-(5). Detailed ac-
counts of the numerical methods and analy-
sis techniques used can be found elsewhere
(22). The first goal here is to determine val-
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ues (if any) of o and 7 (or A o) that optimize
initial catalytic activity (8 = 0). In Fig. 11,
the value of ¢(o,) that maximizes initial
catalytic activity is plotted as a function of
Xao (median Aao value) with parameter ¢.
There is a region of X values in Fig. 11 for
which the corresponding o, values are
smaller than the accuracy limit of our nu-
mertcal techniques (0.01). On either side of
this region, o is positive and greater than
0.01.

It is easy to prove analytically that for Xag
= AN'%®, o = 0. This is not necessarily so,
however, for values of Xag # M%), It is of
interest that (as shown in Fig. 11) regions of
Ao values do exist for which oo, # 0. How-
ever, since the absolute maximum value in
initial activity corresponds to Ao = A%, for
which a,,, = 0 this could simply be only a
matter of academic curiosity. The effect of
deactivation on catalytic activity is shown
in Fig. 12, where the value of o(o,,) of the
catalyst with the maximum catalytic activ-
ity is plotted as a function of 6 after the
onset of the deactivation process. Note that
the o value plotted in Fig. 12 is the shape
factor of the pore size distribution for the
fresh catalyst and does not characterize in
any direct way the pore size distribution of
the deactivated catalyst at time 6. The be-
havior shown in Fig. 12 is complex and is
rather sensitive to changes in the values of
the parameters Aag, b;, and ¢. This behav-
ior is the result of the effects brought up by
the phenomenon of pore blockage on the
pore size distribution curve combined with
the type of activity changes, due to deacti-
vation, expected in each pore (Figs. 8-10).

For Xap €qual to 0.3 or 0.4 in Fig. 12a, o,
= 0, and o,, increases as time increases.
This, of course, means that if one is to start
with two fresh catalysts of otherwise simi-
lar properties but with pore size distribu-
tions characterized by different ¢’s, then
the catalyst with the uniform pore size dis-
tribution (o = 0) will initially have higher
activity. However, at later times, the activ-
ity of the catalyst with the nonuniform pore
size distribution will eventually exceed
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(crossover) the activity of the catalyst with
the uniform pore size distribution.

If the value of X,y is such, however, the
oip # 0, then the phenomenon of activity
crossover will only occur if one starts with
two fresh catalysts with o’s larger than o
(Fig. 13). The phenomenon of catalytic ac-
tivity crossover will not occur for catalysts
with ¢ smaller than oep.

When b, # 0 the catalytic behavior pre-
dicted is very complex (see Fig. 12b). Two
(for X0 equal to 0.1, 0.15, 0.17 in Fig. 12b),
three (for X equal to 0.2 and 0.3), and four

(not shown in Fig. 12b but occurring for X4
equal to 0.2 and 0.3 and for 6 larger than 10)
activity crossover points are theoretically
feasible (22) for the log-normal-type pore
size distribution function (Eq. (27)) and the
deactivation behavior described by Egs.
(1)—-(5). The case with three activity cross-
over points is shown in Fig. 13b, where Ry/
P, is plotted as a function of time with o as
a parameter.

Cases with more than one activity cross-
over points have yet to be observed experi-
mentally. In our theoretical calculations,

14

F1G. 12. Plot of o, versus 8, $ = 0.08, ¢ = 1,7, =2, a = 1. (@) by = 0; (b) b, = 5.
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the additional activity crossover points nor-
mally occur at large integration times, at
which point the activity of both catalysts
has considerably decreased. It is conceiv-
able that, at this point, in real experimental
situations the experimental uncertainty in-
volved in the measurement of catalytic re-
action rates far exceeds measurable differ-
ences in catalytic activity.

Finally it should be pointed out that in
this study it has been assumed that the coke
(or metal) deposits are totally inactive with
respect to the main reaction and that their
nature does not change throughout the
whole process. It has recently become ap-
parent, however, that during coal liquefac-
tion and catalytic hydrotreatment of coal-
derived liquids this is not necessarily true.
These deposits appear to be initially active
participants in the reaction and their activ-
ity and nature change slowly with process
time (as indicated, for example, by a de-
cline in the H/C ratio of the coke deposits).
A theoretical investigation to account for
such behavior is currently in progress.

CONCLUSIONS

In this study, the behavior of catalysts
that are deactivated by poisoning of catalyt-
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ically active sites and by pore blockage due
to the deposition of carbonaceous and/or
metallic deposits has been studied. A sim-
ple mathematical model that has previously
been successfully used by other investiga-
tors to describe phenomena of deactivation
during catalytic coal liquefaction and coal-
liquid hydrotreatment processes has been
analyzed in detail, and it has been shown
successfully that this model predicts that
catalyst size, pore size, and pore size distri-
bution have a pronounced effect on overall
catalyst performance in agreement with ex-
isting experimental observations.

Admittedly, an oversimplified model in
terms of the description of the reaction and
diffusion processes occurring under realis-
tic experimental conditions has been uti-
lized here.

The main qualitative features, however,
of the overall catalytic behavior predicted
here are the result of basic strongly coun-
teracting, underlying physical processes.
An open catalytic pore structure facilitates
diffusion of large reactant molecules, which
in turn results in a more rapid catalyst deac-
tivation and catalyst pore volume closure.
As such, the types of catalytic behavior de-
scribed here are not strongly dependent on
the particular kinetic, diffusion, and pore
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structure model employed, but are closely
associated with macromolecular catalytic
reacting systems that deactivate by simulta-
neous active site poisoning and pore block-

age.

NOMENCLATURE

Ay
Aim

N
Pl’P25P3,P4

Tim

stoichiometric constant
area of pore
effective diffusion area of

the pore

parameter defined in Eq.
(23d)

coke size  parameter,
Vch'o/Ao

dimensionless coke size
parameter, 2V C\/ram
concentration of sites cov-
ered by coke
concentration of species i
in the catalyst pore

initial concentration of cat-
alytic sites

effective diffusivity of spe-
cies i defined in Eq. (7a)
bulk diffusivity of species i
reaction constant for deac-
tivation reaction

reaction constant for main
reaction

half-length of pore

number of pores
parameters defined in Eqs.
(15)-(18)

initial radius of pore

rate of reaction for species
i

reaction rate for species i
for the whole particle
reaction rate per unit vol-
ume for species i

reaction rate per unit
weight for species i
effective diffusion radius
for species i

selectivity, K4/ K,

surface area per unit
weight

Sx geometric surface area

t time

V. volume of coke molecule

Ve void volume per unit
weight

Ve volume of catalyst particle

X length of pore variable

X dimensionless concentra-
tion of species A, C4/Cag

Y dimensionless concentra-

tion of species B, Cp/Cag

Z dimensionless concentra-
tion of sites covered by
coke, C./C,

Greek Symbols

o fraction of sites covered by coke, uni-
form fouling

¥1  L2K4Cao/Dag

¥z Dpo/Dag

&  porosity of catalyst particle

g, local porosity in pore

mn; effectiveness factor for species i

6  dimensionless time, tK4Cxg

\io initial pore size parameter, r;p/r

Ai  pore size parameter defined in Eq. (7b)

£ x/L

m, initial perimeter of pore

pp  density of catalyst particle

ps density of solid

o shape factor for pore size distribution,
Eq. 27)

¢ modified Thiele modulus, LQ2K,C,/
ramD a0)"?

b1 dMao/ F(Apo))'?

b dDaoll — @)/ F(Aa)e,)12
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