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Effects of Catalyst Pore Structure on Reactivity
in Simplified Reaction System
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71-2, Jang-dong, Yoosung-gu, Daejeon, Korea

Abstract— A mode! describing the reaction rate and catalyst deactivation in a simplified reaction system
was developed to investigate the significance of catalyst pore structure in terms of porosities, porosity
ratios, and size ratios of reactant to pores. The model showed that the unimodal catalyst could give
a better performance than the bimodal in certain circumstances and the crossover found in the reactivity
curves resulted from a trade-off between surface area and diffusivity. Under the assumption of uniform
coke buildup, the bimodal catalyst appeared to provide better resistance to deactation than unimodal

catalyst.

1. Introduction

The intraparticle diffusional limitation that is known
to be a detrimental factor to the catalyst activity has
been widely reported in the reactions of such large
reactants as coal and asphaltenes.® The influence of
this hindered diffusion might be alleviated by modify-
ing the catalyst pore structure. Namely, the concept
of a bimodal catalyst consisting of macro and micro-
pore system can be applied to allow greatly improved
accessibility of large molecules. The large macropores
serve as diffusing channels for large reactant molecu-
les in order to gain easy access to the interior of the
pellet, while the micropores enclosing each channel
provide sufficient surface area for reaction. The bimo-
dal catalyst has reasonable theoretical background for
improving the catalyst activity and prolonging the ca-
talyst life since the reaction rate constant is generally
expressed in terms of effective diffusivity and catalytic
surface area. The macropores will mainly contribute
to enhancing the effective diffusivity of the catalyst,
thereby preventing a rapid pore plugging during the
catalyst deactivation, while the micropores mainly co-
ntribute to the catalytic surface area.

Although some commercial catalysts such as Shell-
317, Amocat-1A, and Amocat-1C are bimodal, their ap-
plicability to, especially, coal liquefaction is still unc-
lear. The performances of these bimodal catalysts

seem to strongly depend on the reaction systems and
do not always give improved results compared to the
unimodal catalysts. Also it is difficult to compare the
performance of bimodal catalysts with that of unimodal
catalysts since the catalysts have, in most cases, diffe-
rent manufacturing procedures where many unknown
factors are involved.!*!”

In this study, the effects of introducing macropores
to catalyst pore geometry on the reactivity have been
investigated by developing a simplified model based
on the work of Rhee and Guin.’? The model used
the simplest form of bimodal pore distribution, i.e. two
Dirac delta functions of macro- and micropores and
was applied to assess the effects of porosities and size
ratios of reactant to pores.

2. Model Development

2-1. Reaction Rate.

Pellet catalysts are assumed to have the simplest
bimodal pore size distribution, i.e. two 8-functions. for
a bimodal pore size distribution let g(A)=N, 6(A—A,)
+N28(A—A,), where N, is the number of pores of
area A, per unit volume of pellet and N, is the number
of pores of area A, per unit volume of pellet. In this
case the two properties ps and p. completely define
all other properties such as g, S,, S;. Now, a first order,
diffusion controlled reaction is assumed. Thus the

*The author the whom correspondences should be addressed.
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reaction rate'?, r, is

r,.=k(S, Do) oy

where k=Cg S, /k, / V,= constant.
The porosity is defined as =g, +¢,;, where g and
g; are pore fractions of micro (Ry)- and macro (Ry)-po-
res.
From the definition,
S,=surface area of pores/volume of pellet
=X(surface area of pores/volume of pores);
x(volume of pores/volume of pellet);
=Z(2/R)(e)

=2(e1/Ri+e2/Ry) 2)

Introducing dimensionless variables A=R./R; where
R.. is molecular size (radius),

Sy=C/Rp)er Mt A

=(2e/Ru)[(e1/€) M+ (&2/8) A2] 3
D.=Z(e/t)Dm Kii Kpi)

=(Dm/t)E1 Ka Kpl +e K. sz)

= (g Du/0)(e1/8) Ku1 Kp1 + (82/8) Koz K] @

Equation 4 assumes t is not a function of pore size.
Substituting equations 3 and 4 into equation 1 gi-
ves

ry=a(e? Du/Ru)? [(M &1/e+ As £2/8) X

(/e Kn Ky T 82/ Kz Kpp) 12 6))

where a is a constant. For simplicity, a constant mole-
cular size is considered, thus, D, is constant. Under
these assumptions, the reaction rate will be a function
of &, &/e and A; as shown in equation 5, that is,

r.=a’ & [(\ e/e+ Az e2/€) X

(er/e Ko Kt eo/e Ko Koy 12 6)

where a' is a constant and 0<A<1.
In case of a unimodal catalyst, equation 6 becomes

r,=a g (M K pl)llz

9]

2-2, Catalyst Deactivatin.

In order to investigate the effects of pore plugging
on the catalyst activity, an evolution equation for pore
size distribution function g(A, t) could be developed.
However, if every pore is assumed to be uniformly
coated at time t, equation 7 will be applicable unifor-
mly. A uniform coating thickness is defined as 8§,
which ranges from zero to the initial micropore radius,
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Ri.. Thus, micropore radius R; and macropore radius
R: will be expressed during the activation process as
follows:

Ri=R;,—8

R:=Rp—8 ®

where 0<8<R,,. A dimensionless parameter DT is

defined as DT=48/R,,, which will range from 0 to 1.

The subscript o represents the initial state, ie. t=0.
The change in A will be

)\.1 — #RL: R]o 1

Mo Ri Rn-8 1-DT @
}\12 RZo RZ(: 1

=20 = 10
)\,20 Rz Rzo - 8 1- (}\420/ )\-lo)DT ( )

In order to calculate reactivity ratio r,/(r,), from
equation 6, new dimensionless variables, SN and DN
from equation 3 and 4 are introduced as follows:

SN=8,/(2 e/Rq)

=(e1/e) M+ (g/e) A2 1n
DN=D./(e Du/T)
=(ev/e) Ku Kpl +(e2/€) Knz sz (12)
Then,
r, [ € SN DN \1/2
s '( % ) ( SN, DN, ) 13

where SN, and DN, are initial values for SN and DN
respectively. An equation for &/e, can be expressed
in terms of the dimensionless varioable DT as fol-
lows:

e/e,=e/e.t e/,
= (£10/80) (81/€10) T (E20/E0) (€2/€20) 14
In equation 14 each first term, ie. gi/e, and &x/€,
is given in the computer program as initial values.
Also each second term can be rearranged as follows:

8 - R _(-sRup=-D1y (15)
€10 Rlo
% = (1~8/Rpof=[1—(o/As0) DT a6)

€20

Another porosity ratio e/e in the calculation of SN
and DN can be easily obtained using equations 14-16,
that is,

€2

e2/8, _ (Bao/E0) (€2/E20)

€/g,

€ /€, an
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Fig. 1. Reactivity vs. A for Constant Total Porostiy
a) A/A=001
¢) M/M=0.5
The surface area ratio, S./S,, and diffusivity ratio, (OIS _ < € ) ( SN DN )1/2 @5)
D./D., are obtained using the above equations as fol- (rvo)l €10 Ao Kito Koo
1 :
ows Sols :( £ ) ( SN ) 26)
Sv € SN (Svo) | u €10 >VIo
Se \e& /USN 18)
0 0 o (De)‘b :( € ) ( DN )1/2 (27)
De :( £ ) ( DN ) (19) (Deo)|u €10 I<rlo Kplo
Deo €o DN,

In case of a unimodal catalyst the macroporosity
€, equals zero and ¢ is equat to €. Thus the following
relations exist. The subscript u represents a unimodal
catalyst.

SNl.=M\ (20)

DN | "t Krl Kpl (21)
Iy _[ & )\.1 )1/2 ( Krl Kpl )

( Tvo )|u_< €10 ) ( Ao Ko Kplo (22)
Se \, _( & ) Ay

( Svo ) U_< €10 ( €10 ) (23)
De _ £ ( Krl K)l

< Deo )Iu_< €10 ) Krlo K)lo ) (24)

Equation 24 assumes that the tortuosity remains cons-
tant during deactivation.

Based on each initial value of the unimodal catalyst,
the relative values of the bimodal catalyst for reacti-
vity, surface area and diffusivity can be obtained as
follows:

OiAX|SE H2A HM1E 19934 4

Here, the subscript b denotes a bimodal catalyst.

For simplicity the X-axis in the figures has been
normalized to range from 0 to 1 using the following.
From equation 8 and restriction for A, ie. A, <A<1,
the restriction for DT becomes 0<DT<1— A4 A new
variable DT’ is defined as follows:

DT =DT/(1— ) (28)

Thus, DT’ ranges from 0 to 1. DT'=0 means no coke
buildup in the pores, and DT'=1 represents maxi-
mum coke buildup in the pores where the micropore
size would be equal to the reactant molecular. size.

3. Results and Discussion

3-1. Reaction Rate.

In order investigate the effects of macropores on
the reactivity, the following two cases were studied
by computer simulation.

Case 1. Constant Total porosity

Here the porosity e=g,+¢, is assumed constant.
For simplicity, the reactivity is defined as r./(a’e). Th-
ree typical plots of reactivity vs. A; were obtained as
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shown in Figure 1. In each plot four different ratios
of macroporosity to total porosity &./¢ were selected
to investigate the effect of the macroporosity on the
reactivity. In all plots, €,/e=0 represents a unimodal
catalyst. Also, a different value of Ay/A; is given in
each plot. The smaller this value becomes, the greater
the difference between the size of macropores and
micropores becomes. A; represents the ratio of reac-
tant molecular size to micropore size. Thus A;=0
means that the micropore size goes to infinity, resul-
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Fig. 4. Reactivity vs. A; for Constant Microporosity
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ting in no reaction for both unimodal and bimodal ca-
talyst. In case of A;=1, all micropores are inaccessible
to reactant molecules, and no reaction occurs in the
unimodal catalyst,

As shown in Figure 1, an optimal point exists and
M=0.18 for unimodal catalyst. This result may be
useful for catalyst design where the reactivity is maxi-
mized. If the reactant molecule size were 20 angst-
roms in diameter, the optimal pore size would be 110
angstroms. The optimum results from the trade off

Energy Engg. ] (1993), Vol. 2(1)
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between surface area and diffusivity. In case of the
bimodal catalyst, the existence of the optimal point
depends on two model parameters, i.e. g/¢ and Ax/A;.
Many combinations of these two model parameters
for the existence of the optimal point are possible as
can be seen in the three graphs. Mathematically, this
phenomena can be considered as a transitional state
from the bimodal catalyst to the unimodal catalyst.
Do™ and Ruckenstein and Tsai'¥ reported similar ob-
servations in their modelling work.

Another interesting result :s the existence of cros-
sover in the reactivity. In other words, the activity
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Fig. 6. Diffusivity vs. A, for Constant Microporosity
A/M=001, =04)

of bimodal catalyst is below that of unimodal catalyst
in some region of A;. This crossover also depends on
the two model parameters. This result may come from
the trade-off between catalytic surface area and effec-
tive diffusivity. As the size of molecules gets smaller,
the effective diffusivity defined as Do/(D.. &/t) in Fi-
gure 3 increases. However, as shown in Figure 2, the
surface area defined as S./(2 &/Rn) decreases with the
introduction of macropores. Thus this dependence of
two model parameters on A; produces the crossover.
This optimization problem, i.e. the problem of selec-
ting either micropores or macropores from the view-
point of surface area and diffusivity to obtain the hi-
ghest reaction rate in a fixed pellet geometry has been
reported in the literature.*®

Ruckenstein and Tsai'® were able to obtain the op-
timum pore sizes A=0.52 or 0.18 for reaction rate de-
pending on the function F(\). In a fixed bed reactor
the optimum pore size has been reported to depend
on both physico-chemical characteristics of a reacting
system and bulk concentration around catalyst pellets.
9 Delancey™ reported that the optimum composition
and density exist for pellets formed from single sup-
ports. Two parameters, ie. Thiele modulus for the
micro granule and interparticle voidage were found
to affect the optimum density.
Case 2. Constant Mlicroporosity

In this case, the microporosity &, is assumed cons-
tant when the macroporosity &; is added to the unimo-
dal catalyst to make a bimodal catalyst. In this case
the total porosity ¢ will be increased according to the
simple relation e=¢;+¢,. The reactivity is defined as
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Compared to the results of case 1, the graph of rea-
ctivity vs. A; does not show any crossover as shown
in Figure 4. This is not a surprising result if we consi-
der that the catalyltic surface area defined as S./(2/R..)
in Figure 5 mostly depends on the microporosity ra-
ther than the macroporosity. As shown in Figure 5,
addition of the macroporosity will not contribute signi-
ficantly to an increase of the surface area. Instead it
will help reactant molecules diffuse into the pores as
shown in Figure 6, where the diffusivity is defined
as D¢/(Dn/7). Eventually the reaction of the bimodal
catalyst will result in higher performance than that

Pore Shrinkage

Fig. 10. Surface Area Ratio vs. Pore Shrinkage
(}\10: 018, )\20/}\,10: 001)

of the unimodal catalyst.

3-2. Catalyst Deactivation.

Using equations 11 and 22 the reactivity ratio was
calculated in terms of pore shrinkage defined as DT'.
Initial values for A1, Az/A1, and ex/e were systematically
selected to investigate the effects of each model para-
meter on catalyst deactivation. Figure 7 shows that
a bimodal catalyst having more macropore volume has
less decline in reactivity having more macropore vo-
lume has less decline in reactivity ratio with increa-
sing Azo/As. for A1, =0.18. However, the effect of Az/Aso
levels off when its value becomes small as can be
seen in Figures 7-c and 8-a. This result indicates that

Energy Engg. J. (1993), Vol. 2(1)
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the macropores can play a significant role in catalyst
deactivation by reducing pore plugging. One reason
why a bimodal catalyst has better performance during
deactivation than the unimodal catalyst can be seen
using the results of Figures 9-11. With an increase
of ex/ey the reduction of the diffusivity ratio De/D..
becomes much slower whereas the differences in the
change of the surface area ratio S./S,, are negligible.
Eventually the combined result of the two parameters
gives better performance for the bimodal catalyst.
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The effects of Aj, at Azo/A1,=0.001 were investigated
as shown in Figure 8. With an increase of Ay the reac-
tivity ratios of bimodal catalysts approach each other,
and tend toward straight lines. In other words, dimen-
sionless micropore size does not affect the deactiva-
tion of bimodal catalysts greatly if A,/A,, is large
enough. Also, the reduction of the porosity ratio &/e,
that directly affects the reduction of the reactivity ratio
is similar to that of D./D. as shown in Figure 9.

Based on each initial state of the unimodal catalyst,
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the reactivity, surface area, and diffusivity ratios were
calculated using equations 25-27. Several model para-
meters such as €, Aw/Ao, €20/€10 and Ay, were selected
to produce the same initial reactivity of 0.24 in Figure
1. The result shown in Figure 12 can be used to direc-
tly compare the effect of macroporosity on catalyst
deactivation because the reactivity ratios are obtained
on the basis of the same initial reactivity of the unimo-
dal catalyst. Figure 12 clearly shows that the bimodal
catalyst has advantages with regard to catalyst deacti-
vation compared to the unimodal catalyst.
The catalyst having the larger macroporosity beco-
mes less deactivated even if the initial reactivities of
_ the two catalysts are same. This behavior can be exp-
lained using the results of Figures 13 and 14. At the
same initial reactivity, the unimodal catalyst has hi-
gher initial surface area and lower diffusivity as com-
pared to bimodal catalysts. If it is noticed that the
multiplication of surface area ratio and diffusivity ratio
gives the reactivity ratio, the results shown in Figure
16 can be understood from the behavior of surface
area and diffusivity shown in Figures 13 and 14. Thus,
under the assumption of uniform coke buildup, the
bimodal catalyst appears to offer improved resistance
to deactivation as contrasted to its unimodal counter-
part.

Conclusion

The optimal point observed in the constant total
porosity system may be applied to catalyst design to
maximize the reactivity. The significance of optimizing
catalyst pore structure was demonstrated by the exis-
tence of crossover which could be explained in terms
of catalyst surface area and effective diffusivity.

In the constant microporosity system, the introduc-
tion of macropores resulted in improved reactivity and
the crossover effect was not observed.

In the catalyst deactivation where uniform coke bui-
Idup was assumed, a bimodal catalyst gave higher per-
formance than a unimodal catalyst. Aunimodal catalyst
with large pores provided much more improved resis-
tance than that with small pores.

The results shown by this model hold promise for
the development of improved catalysts for coproces-
sing and coal liquefaction.

Nomenclature

A :Cross sectional area of a pore, cm?

a : Constant defined in equation 5

a'  :Constant defined in equation 6

C  :Solute concentration based on total pore vo-
lume, mole/!

D. :Effective diffusivity, cm?/s

D. :Molecular bulk diffusivity, cm%/s

DN :Dimensionless variable defined in equation 12

DT :Dimensionless coating thickness defined in
equation 9

DT :Dimensionless coating thickness defined in
equation 28

F  :Combined function of K, and K,

g  :Pore size distribution function

K, :Steric coefficient

K. :Frictional drag coefficient

k : Overall reaction rate constant, s~*

k. :Surface reaction rate constant, cm/s

N  :Number of pores

R - :Average pore radius, cm

R. :Size of diffusing species, cm

r, :Reaction rate based on pellet volume, mole/cc-

s
S :Surface area per unit pellet weight, cm?/g

S, :Surface area per unit pellet volume, cm™!

S, :Characteristic surface area of pellet, cm?/g
SN : Dimensionless variable defined in equation 11
t : Time, s

V, :Characteristic pellet volume, cc/g

Greek Letters

8 : Coating thickness in catalyst deactivation, angs-
troms
€ : Porosity

:Ratio of molecule radius to pore radius
p.  :Pellet density (apparent density), g/cc
P :Solid density (true density), g/cc
T : Tortuosity

Subscripts

1 : for micropores

2 : for macropores

b : for bimodal catalyst

i : for componetn i

o :for initial values at t=0

:for for unimodal catalysts
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