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The shape selectivity of porous catalysts is examined with reference to the detailed structural 
arrangement of pore sizes. As a conceptualization of the pellet structure, an array of cylindrical 
capillaries comprising pores of two sizes with a distribution function specified in terms of the smaller 
pore is used. A generic case study based on a complex reaction scheme is considered. It involves 
a set of parallel and reversible first-order reactions which take place in the larger pores, with one 
of the products being diffusionally limited in the smaller capillaries because of sterically hindered 
transport. Simulation of the detailed interactions between the kinetics and the diffusion clearly 
indicates the way in which the structure can have a dramatic influence on the selectivity of the 
unhindered product. Specifically, it reveals how the pore size distribution can influence the effective 
tortuosity of the diffusion path, and the way in which bottleneck cavities can be used to improve 
selectivity. © 1991 Academic Press, Inc. 

1. I N T R O D U C T I O N  

Product selectivity is a distinctive feature 
of some modified zeolite catalysts operated 
under diffusion-limited conditions. For  ex- 
ample, para-xylene selectivity can be en- 
hanced by impregnation of  the catalyst with 
compounds of phosphorus or boron (1-3). 
This is generally explained in terms of a 
shape selectivity effect associated with the 
diffusional mechanism at the molecular 
level which influences the reaction sequence 
in the intraparticle pore volume (4, 5). Fig- 
ure 1 shows a schematic description of se- 
lective production of para-xylene in a con- 
fined pore from methanol alkylation of 
toluene. Only the para isomer can escape 
so that the reaction progressively favours 
the overall production of this species. 

In a catalyst pellet the pore volume is 
generally made up of a complex pattern of 
pores of various sizes. In the case of zeo- 
lites, for example, partial cation exchange 

1 To w h o m  cor respondence  should be addressed.  

(6), coke deposition, and impregnation with 
phosphorus and boron compounds  (i) can 
dramatically change the regular pore struc- 
ture of the crystal. Characterizing this in a 
way which captures the overall pattern of 
behaviour requires a conceptual  description 
which represents all the significant elements 
in an idealized framework. Network  models 
have been widely employed in this way to 
describe diffusion and reaction in porous 
media (7-10). Recent  work by Mann and 
Sharrat (II) was directed to the problem 
of an isomerization reaction in a stochastic 
pore network but did not allow for differ- 
ences in diffusion coefficients in the iso- 
mers. Comparison with a classical pore vol- 
ume model made up of a parallel bundle of  
capillaries shows that the traditional ap- 
proach cannot provide a realistic interpreta- 
tion of the selectivity mechanism in hetero- 
geneous catalysis. 

Shape selectivity can be expected to 
provide a very useful enhancement  with 
respect to specific products but it depends 
on hindered diffusion coefficients of the 
species arising from steric effects on the 
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CH,OH + 

P 
Fro. 1. Schematic representation of the para-xylene shape selectivity reaction from the methanol 

alkylation of toluene in a confined pore. 

t ransport  process.  This study is directed 
towards developing a methodology which 
allows the structural effect of  the pore 
volume size distribution on the shape selec- 
tivity and hence reactor  produc t  select ivi ty  
to be explored. 

2. NOMENCLATURE 

C m - m o b i l e  phase concentrat ion vector  
[ML -3] 

C - cap i l l a ry  concentrat ion vector  [ML 3] 
~3 - diffusivity matrix [L2T- 1] 

- r e a c t i o n  rate constant  matrix IT-i]  
L - r e a c t o r  length [L] 
lp - pa r t i c l e  length [L] 
l - capillary length [L] 
N - network dimension 
N - m o l a r  flux vector  [MT 1] 
pl  - f r e q u e n c y  distribution of  pores 
R - p o r e  radius [L] 
S°B -- selectivity of product  B 
(v) - interstitial velocity of the mobile phase 

[LT -1] 
X'  - a x i a l  coordinate in the reactor  [L] 
X -d imens ion less  axial coordinate in the 

reactor  
x - a x i a l  coordinate in the capillary [L] 

Subscr ip ts  

i - r e l a t e d  to node i 
j - related to node j 
R - r e l a t e d  to the reagent 
A - r e l a t e d  to the product  A 
B - r e l a t e d  to the product  B 

Greek  S y m b o l s  

a - radius factor  
e c - column porosi ty 

ep -pa r t i c l e  porosi ty 
~b - Thiele modulus 
T - r e a c t o r  retention time [T] 
XR -- reagent conversion 

3. PHYSICOCHEMICAL SYSTEM 

As a representat ive problem, consider a 
plug flow reactor  in which the following first- 
order  isothermal reaction sequence occurs: 

A 
$ 

B 

The catalyst pore structure at any point in 
the bed is assumed to be represented by a 
two-dimensional square network of  cylin- 
drical pores of  fixed length (/) connected  to 
sites or nodes of negligible volume (Fig. 2). 
The pellet is assumed to be made up of  pores 
having a radius of  either R 1 or R 2 according 
to a fixed f requency distribution (pl)  of  the 
smaller radius (R1). Also, the pore radii are 
related by 

R 1 = ~ R  z (1) 

where o< is termed a pore radius factor.  The 
spatial arrangement of both types of  capil- 
laries in the newtork can then be generated 
using a routine for random permutat ion of  
vectors.  

For  the class of  problems under  consider- 
ation, the smaller pores can be assumed to 
be formed as a consequence  of  partial cok- 
ing or fouling. Alternatively,  in the case of  
zeolites, they can be regarded as equivalent 
to the connections between the cages where  
the catalyst is located,  as occurs,  for  exam- 
ple, in the channel intersections of  ZSM-5 



SHAPE SELECTIVITY IN POROUS CATALYSTS 321 

lie , 
"-I 

1 

NETWO~ NOTATION 

NODE 

CAPILLABY 

FIG. 2. Schematic representation of the plug flow reactor with the network description of the 
catalyst pore volume employed in the simultations. 

zeolites (12).  This means that reaction 
would only be expected in the larger pores, 
but this in no way is a limitation of the model 
used. There is no difficulty in allowing for 
reaction in both kinds of pore, but this par- 
ticular situation reveals interesting charac- 
teristics to illustrate the approach. 

4. M A T H E M A T I C A L  FORMULATION 

Between two nodes (i) and (j) of the net- 
work, the concentration vector (C(x, t)) rep- 
resenting the species is described by the 
mass balance 

~ V 2 C  • ~xC; ~(X = ~(R(i , j ) )  a n d  

D = ~(R( i , j ) ) ,  (2) 

where D is the diffusivity matrix assumed 
to be diagonal and ~; is the rate constant 
matrix for the reaction sequence. For the 
three-component reaction-diffusion sys- 
tem, 

[ 1 D R 0 0 

D = ~(R(~,j)) = D O 0 D h 0 and 
0 0 D~ 

~(R1)  = O 

~(g2) = K0 

Kv.A + KRB - KAR -- KBR / 
7 

- KRa KAR + KAB -- KBA ~ " 
- KRB -- KaB KBR + KBA 

From Eq. (2), using the inverse of the diffu- 
sivity matrix ~3 -1, 

V2C = ~ t~C. (3) 

Introducing the boundary conditions as the 
unknown internal nodal concentration 
vectors, 

C(0) = C(0 and (4) 
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C(/) = C~j~. 

Diagonalizing D-1~ we define 

where ~ is the matrix of eigenvectors, N- 
is the inverse of ~, and )k 2 is the diagonal 
matrix of eigenvalues. The solution to Eq. 
(3) subject to the boundary conditions (4) is 
then 

C(x) 
f sinh(hix)] ~ 1~ 

= ?~ ~cosh(Xix) - tanh0t, l)~ x~- ~.(,) (6) 

sinh(X ~) + ~ { ~ }  ;t-'Co), 

where the expressions within the braces are 
diagonal matrices, x is the axial coordinate 
in any particular capillary between nodes (/) 
and (j) of the network, and (/) is the origin 
with respect to the local value of x; i.e., each 
pore is treated separately. 

The molar flux of the components into a 
pore from one of the adjacent sites (i) and 
(j) can then be expressed as a linear function 
of the two terminal node concentration 
vectors: 

Nti, j) = --IIR2(i,j) D (VC [x=o)(i.j) and 

N(i,j ) = IIR2(i,j) ~ N  {Xi/tanh(Xil)} N -  1C(i) 

+ IIR 2 D N  { -  Xi/sinh(Xil)} N 1C(/). (i,j) 
(7) 

The conservation of mass is imposed at 
each internal node by setting the algebraic 
sum of transformed fluxes to zero at these 
points (11). For the node (i) this can be ex- 
pressed as 

~(i,i-N) q- ~(i,i-1) q- ~(i,i+1) -I- ~(i,i+N) "~- ~"  
(8) 

Equation (8) represents a set of three linear 
algebraic equations relating the concentra- 
tion of the reagent (Cn) and the two product 
concentrations (CA and CB) at a particular 
node to the concentrations of the three spe- 
cies at the same and the surrounding nodes. 

A material balance over the fluid phase 
giving the exchange with the peUet in the 
surface pores of the network is given by 

dC m "r(1 - ec) e P ~  1 
d X  - Ves/3C j=2 N(X,j~, (9) 

where X is the dimensionless axial position 
( = X ' / L ) ,  • is the reactor retention time ( = L /  
(v)), Vps is the intraparticle pore volume, 
and ec and ep are the column and the particle 
porosity, respectively. At the entrance of 
the reactor 

c ~ ( x  = o) = {Cm. (0), C ~  (0), Cm. (0)} 
= {1, 0,0}. (I0) 

In order to obtain a complete description 
of the system, the internal site mass bal- 
ances, Eq. (8), need to be joined to Eq. (9). 
This is done by assuming the fluid phase 
concentration (Cm) for any pellet to be equal 
to the concentration (C(1)) at the pellet 
surface, 

Cm(X) = Co), (I 1) 

i.e., no pellet film transfer limitation. 
The nodal mass balances take the matrix 

form 

A C (X) = B(X), (12) 

where C is the vector of nodal concentration 
vectors, A is a c o n d u c t a n c e  matrix of matri- 
ces, and B represents the contribution from 
the mobile phase to the nodes in the neigh- 
bourhood of the inlet node of the network. 
Since the pellet has the same structure at 
each axial position, matrix A is spatially in- 
dependent and can be inverted by standard 
routines for real sparse matrices so that 

C(X) = A-~B(X). (13) 

The system of ordinary differential equa- 
tions (9) is then numerically solved, e.g., by 
using a fourth-order Runge-Kutta  method. 
At each step, the derivatives in Eq. (9) are 
evaluated from the solution of (13) together 
with the molar fluxes in the surface pores. 
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TABLE 1 

ParametersEmployedintheSimulat ions 

Network dimension (N) 20 x 20 
Particle length (lv) 1.0 
Capillary length (/) lr/(N + 1) 
Column voidage (ec) 0.5 
Particle porosity (sv) 0.5 
Radius factor (c~) 0.1 
Reactor retention time (r) 1.0 
Diffusivity matrix (D) 

1000 0 0 ] 
D(Rt) = D  O 0 1 0 

0 0 1000 

1000 0 0 
D(R2) = D  O 0 1000 0 

0 0 1000 

Reaction rate constant matrix (~) 

t/(RI) = 0 

1 ~(R2)=K 0 - 1  1 - 2  
- 1  - 1  2 

5. RESULTS AND DISCUSSION 

Average values of the reactant and prod- 
uct concentrations taken from five samples 
of a 20 x 20 network for a given Thiele 
modulus, Z 

0 

c h = l v , (14) \Do/ ;> 
Z 

for a given value of the small radius fie- 0 
quency pl,  have been used to calculate the 0 
conversion 

Ll_l 
XR = 1 -- CmR (1)/CmR (0), (15) Q.~ 

,,5 
and the selectivity of the product B, n," 

S~B = Crab (1)/[Cma (1) + CmB(1)], (16) 

at the exit of the reactor (X = 1). 
The physicochemical and structural pa- 

rameters used in the simulations are listed 
in Table 1. The diffusion of product A is 

severely hindered in the small radius pores, 
being only one thousandth of that in the 
large pores. This is a case where the A mole- 
cules are in the configurational diffusion re- 
gime (5). 

Figure 3 shows how the conversion is in- 
fluenced by the frequency of the smaller ra- 
dius for different values of the Thiele modu- 
lus. When the Thiele modulus is small, the 
effectiveness is very high. The reaction pre- 
dominates over the diffusion so the conver- 
sion is high and uninfluenced by the number 
of small pores. On the other hand, when 4~ 
is large (e.g., q~ = 200), the extent of reaction 
is severely reduced and essentially confined 
to the surface pores of the pellet. It progres- 
sively decreases as the frequency (number) 
of the smaller pores increases because reac- 
tion does not take place in some parts of the 
catalyst. At intermediate values of 4~ (e.g., 
4~ = 20) there is competition between diffu- 
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FIG. 3. Dependence of the reagent conversion (XR) 
on the frequency of the smaller pore (pl) for different 
Thiele modulus conditions. 
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Fro. 4. Dependence of the selectivity of the product 

B (S°B) on the frequency of the smaller pore (pl) for 
different Thiele modulus conditions. 

as pl increases. This is a consequence of 
the so-called bottleneck effect caused by the 
large pores in the network being completely 
shielded by small ones. In this situation, 
the difference in the diffusion coefficients of 
products, arising from steric factors, com- 
bines with the reversible secondary reac- 
tions to increase the selectivity of B because 
of its large diffusion coefficient. The tortuos- 
ity of the catalyst pore structure obviously 
plays a significant role in modifying the B- 
selectivity pattern. As the Thiele modulus 
decreases, there is a gradual change in the 
shape of the B-selectivity curve. The mono- 
tonic behaviour observed when q5 = 200 
changes to a curve exhibiting a maximum 
S°B value around pl = 0.8 at q~ = 2. For 
this value of the Thiele modulus, there is an 
optimal number and spatial arrangement of 
bottleneck cavities in terms of B-selectivity 
which is intimately associated with the 
highly tortuous diffusion paths followed by 
the reactants and products. 

sion and chemical reaction, and the extent 
of reaction is particularly sensitive to the 
structural detail of the pore volume. This 
can be seen in Fig. 3 where a minimum con- 
version occurs around a frequency pl equal 10 - 
to 0.8. Another previous study (13) has 0.9- 
shown that predicted tortuosity factors for ff~ 0.8- 
randomly generated square networks are 
anomalously high for this value o f p l .  This ~ 0.7- 
can be interpreted directly in terms of the 0.8- 
frequency (1 - pl) and spatial arrangement 
of the large pores which control the overall ~ ~ 0.5 

transfer in the pore structure, b. 04 mass 
Figure 4 shows how the selectivity of the u.a_A 0.3 

product B is affected by the small radius W 
~ f )  0.2 

frequency and the Thiele modulus. When 
0,1 

= 0.2 there is no diffusion resistance to 
mass transfer in the pores and the secondary 0-o 

- 1 . 0  
reactions (A ~ B and B ~ A) are able to 
generate a product distribution which is 
very near to the equilibrium partition of 
33.3% B and 66.6% A. When q5 = 200, there 
is a progressive increase in selectivity of B 

pl =0.95 
~ p  I =0.80 

pl =0.60 + pl=o o 
pl =0.20 

~ p l  =0.00 

I 
-0.5 0.0 015 1.0 115 21.0 2.5 

loglo  

FIG. 5. Dependence of the selectivity of the product 
B (SOB) on the Thiele modulus for different values of the 
frequency of the smaller pore (pl). 
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Referring to Figs. 3 and 4, it can be seen 
that high selectivities of product B always 
occur at pl values of relatively low reagent 
conversions, which is consistent with the 
experimental results reported by Kaeding et 
al. (1) for the selective alkylation of toluene 
with methanol to produce para-xylene using 
modified ZSM-5 zeolites. As a feature of 
practical interest, it could suggest a strategy 
for recycling and recovering the reagent 
with respect to the yield of the desired 
product. 

The overall effects of structure on perfor- 
mance depend on taking account of physico- 
chemical and structural variables simultane- 
ously, and any particular problem requires 
the complex interactions between them to 
be understood. Figure 5 shows that these 
variables must be balanced in a reactor de- 
sign, especially if they are likely to change 
during operation, as when temperature 
might be changed (4~) to compensate for 
variations in the pore structure (e.g., due 
to coke deposition). The model is useful in 
giving some insight as to the way these 
changes could be made. 

6. CONCLUSIONS 

The influence of sterically hindered diffu- 
sion on catalytic reaction schemes has been 
examined with specific reference to pore 
structure using computer simulation of the 
transport processes. The model provides a 
description of those factors influencing 
shape selectivity which have particular rele- 
vance to zeolites and other highly structured 

supports. A basis is provided for relating 
shape selectivity to diffusional, kinetic fac- 
tors as well as to the structure of the catalyst 
support. This provides useful insight as to 
those factors which can be expected to sig- 
nificantly improve yields of specific prod- 
ucts in shape selective catalytic reactions, 
and is illustrated by reference to a means of 
improving the separation of isomers. 
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