
Restricted Diffusion through Granular 
Materials 

The restricted diffusion of nickel etioporphyrin is experimentally mea- 
sured in six granular catalyst support materials. These materials include 
five y-aluminas and one small-pore silica-alumina. Pore size distribution 
is narrow for three of the supports and roughly bimodal for the remaining 
three. Diffusivities are determined by a transient uptake technique uti- 
lizing a Freundlich equilibria adsorption isotherm. 

Experimentally determined diffusivities agree well with restricted dif- 
fusion theory based on a circular pore model when the appropriate char- 
acteristic length scales are used to describe the molecule and pore 
size. For the restricted diffusion of dilute solute molecules in neutral 
pores, the appropriate measure of granular pore size is the hydraulic 
pore radius. Molecule size, in this case, is best described by a mean 
projected molecule radius for partitioning and a Stokes-Einstein radius 
for hydrodynamic aspects of restricted diffusion. 
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Introduction 

Restricted diffusion occurs when molecular Brownian motion 
is significantly hindered by pore walls. Restrictive pores are typ- 
ically of the same order-of-magnitude size as diffusing mole- 
cules. The diffusion of metal bearing compounds, such as 
asphaltenes and metalloporphyrins, in granular hydrotreating 
catalysts is restricted. Other important processes, in which 
restricted or hindered diffusion occurs, include membrane 
transport and size exclusion chromatography. Restricted diffu- 
sion has been reviewed by Deen ( 1  987), and Anderson and 
Quinn (1974). 

The theory of restricted diffusion of rigid spherical solutes in 
straight circular cylindrical pores has been exhaustively exam- 
ined and experimentally verified (Deen, 1987). The restricted 
diffusion of nonspherical molecules in granular materials is less 
well understood, however, due to the complexities of molecule 
and pore shape. A better understanding of this type of diffusion 
would aid in the design of petroleum residue hydrotreating cata- 
lysts (Limbach and Wei, 1988). 

Past researchers have sought to empirically model restricted 
diffusion in various types of porous materials (Satterfield et al., 
1973; Baltus and Anderson, 1983; Chantong and Massoth, 
1983). Empirical correlations are usually compared to theoreti- 
cal predictions based on an equivalent circular cylindrical pore. 
The effects of molecule and pore shape, however, have not been 
systematically accounted for; therefore, a variety of characteris- 
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tic length scales have been used to describe the molecule and 
pore size. 

Satterfield et al. (1973) measured the diffusion of paraffins, 
aromatic hydrocarbons, and aqueous solutions of sugars in sili- 
ca-alumina catalyst beads with a vary narrow pore size distribu- 
tion. Diffusivities were correlated to A,, the ratio of the radius of 
the smallest circular cylinder through which the molecule could 
pass to the mean pore radius. The value of A, varied from 
roughly 0.1 to 0.5. Experimentally determined diffusivities for 
nonadsorbing solutes agree fairly well with the theory based on 
an equivalent A, circular pore at  small A,. Experimental diffusiv- 
ities are larger than those predicted by this theory at  larger A,. 

Baltus and Anderson (1983) measured the diffusion of 
asphaltenes in track-etched mica membranes with rhombus- 
shaped rectinlinear pores. Diffusion rates were correlated to AR, 

the ratio of the molecule Stokes-Einstein radius rr to the radius 
of an equal area circular pore. A large range of molecule and 
pore sizes were tested and A, varied from roughly zero to just 
over unity. Baltus and Anderson compared their data to the the- 
ory based on an equivalent AR circular pore. Experimentally 
determined diffusivities were found to be substantially larger 
than this theory predicts a t  A, greater than 0.2. 

Chantong and Massoth (1983) measured the diffusion of rel- 
atively rigid disc-like polyaromatic compounds including naph- 

rin in alumina catalyst supports having a wide range of pore size 
distributions. Chantong and Massoth correlate their data to A,, 

thalene, coronene, octaethylprphyrin, and tetraphenylprphy- 
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the ratio of the disc-like molecule radius to pore radius. Experi- 
ments were performed at  A, less than 0.4. Molecule size was cal- 
culated from bond lengths and angles. The pore radius was cal- 
culated as twice the pore volume divided by the surface area. 
The data are compared with the theory based on an equivalent 
A, circular pore model. Experimental diffusivities agree fairly 
well with the theory. 

In this study we analyze the effect of molecule and pore shape 
on restricted diffusion in granular materials and suggest charac- 
teristic length scales appropriate for this case. Previous results 
(Baltus and Anderson, 1983; Chantong and Massoth, 1983) are 
more accurately described by these length scales on an equiva- 
lent circular pore basis. Theoretical development is further sub- 
stantiated by the experimental measurement of the restricted 
diffusion of nickel etioporphyrin in six catalyst support materi- 
als. 

Theory 

may be described by 
Effective diffusivity in granular materials, such as catalysts, 

where 
c - porosity 

7 = tortuosity 
0, - bulk diffusivity 

= partition coefficient 
K-’ = enhanced drag coefficient 

The first part of Eq. I utilizes 6 ,  D,, and ‘T to describe effective 
diffusivity in a tortuous material. This type of relation has been 
used for many years to describe nonrestricted diffusion in cata- 
lysts and is fairly well understood (Satterfield, 1980). The sec- 
ond part of Eq. 1 uses 9 and K - ’  to include the effect of 
restricted diffusion. These variables have been used to describe 
restricted diffusion in rectilinear pores with good success, but 
little past work has been done to quantify restricted diffusion in 
tortuous materials. One of the primary goals in this study is to 
develop a method of estimating 9 and K - ’  for tortuous granular 
materials such as hydrotreating catalysts. 

Partitioning 
The partition coefficient @ is the equilibrium ratio of solute 

concentration within the interstitial space of a porous material 
to that in  the bulk solution. For the case of a dilute solution in a 
neutral pore, Q, may be expressed as the ratio of orientation- 
averaged pore volume accessible to the molecule center to the 
total pore volume. Molecules immobilized on the pore wall 
would not diffuse along the pore and should not be included in 
9. 

The partition coefficient of rigid nonspherical molecules may 
be expressed as the ratio of the configurational integrals: 

@ =  (2) 

./: d’xd’4 

Integration is over the set of all molecule center positions x lying 
within the pore space, and all molecule orientations $J. The 

numerator of Eq. 2 represents the integration of the probability 
density, P ( x ,  4), of the molecule having a given configuration 
(x. 4). When any portion of the molecule does not lie within the 
porespace, the configuration is not allowed and P(x, @) is zero. 
The denominator is the corresponding integration over an iden- 
tical configurational space, but evaluated for the bulk liquid 
where P ( x ,  4) is, by definition, unity. The probability density, 
P ( x ,  $), isafunction of molecule and pore shape, size and mole- 
cule-pore interactions. 

Unfortunately, no analytical solution exists for Eq. 2 for most 
cases of nonspherical molecules and complex pore networks, 
such as granular materials. As a consequence, 9 is typically esti- 
mated by assuming the molecule shape to be that of a sphere and 
the pore shape to be a circular cylinder. This approach is only 
valid, however, when the appropriate characteristic length 
scales are used to describe the molecule and pore size. 

The appropriate characteristic molecule length to determine 
9 is the mean projected molecule radius rmr and the appropriate 
characteristic pore length is the pore hydraulic radius (V/S) , .  

For rigid axisymmetric molecules, the mean projected radius 
may be expressed as 

1 
r,,, = 5 lr h sin 0 d0 (3) 

where h is the closest possible approach of the molecule center to 
a fixed flat surface (Baltus and Anderson, 1984). The approach 
h will vary with 0, the angle between the axis of rotation of the 
molecule and the surface’s normal vector. The pore hydraulic 
radius ( V / S ) ,  is the ratio of the pore volume to pore surface 
area. For later convenience, A,,, is defined by 

(4) 

Giddings et al. (1968) found that when 9 was plotted against 
A,,,, partitioning curves collapsed upon one another a t  small A,,, 
for several different molecule and inert rectilinear pore shapes. 

Limbach et al. (1989) have analyzed the partitioning of axi- 
symmetric molecules in neutral porous networks. Partitioning 
behavior in various-shaped rectilinear pores and tortuous mate- 
rials, including sinusoidal pores and the interstitial space within 
fibrous and granular materials, was determined by Monte Carlo 
simulation. Granular materials were modeled as simple cubic 
(SC), body-centered cubic (BCC), and face-centered cubic 
(FCC) lattices of touching spherical grains. The void fraction of 
these lattices ranges from 0.26 for FCC to 0.48 for SC. 

Figure 1 compares the partition coefficient for spherical mol- 
ecules in these three lattice frameworks. The fact that partition- 
ing in these lattices is not a strong function of void fraction is 
encouraging because it suggests that partitioning in granular 
materials might be estimated in practice by an equivalent recti- 
linear pore model. Even a t  appreciable values of A,,,, an equiva- 
lent circular pore represents these partitioning curves well, espe- 
cially that of the FCC lattice. 

The molecule cutoff size is a measure of the accessible pore 
diameter. Rigid molecules, which could fit in the body of a pore, 
will be excluded from passing through the throat of a pore when 
their smallest linear dimension exceeds the width of the throat. 
This point of exclusion is termed the molecule cutoff size. 

Small molecule partitioning in granular materials may be 
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Figure 1. Comparison of spherical molecule partitioning 
in simple cubic (SC), body-centered cubic 
(BCC), and face-centered cubic (FCC) lattices 
of spherical grains. 
From Limbach et al. (1989). 

estimated from the circular pore model 

* = (1 - X,/2)' (5) 

if  the void fraction and surface area are known. Large molecule 
partitioning can be estimated by Monte Carlo simulation or 
other more sophisticated techniques if the molecule cutoff size 
and particulars of grain morphology are known. 

Hydrodynamic resistance 
The enhanced drag coefficient K - '  is a measure of additional 

hydrodynamic resistance to the diffusion of a molecule in a por- 
ous material, as compared to that in bulk solution. In the 
absence of enhanced resistance ( K - '  = I ) ,  the diffusion rate of 
large spherical solutes moving at  low Reynold's number condi- 
tions may be estimated from the Stokes-Einstein equation 

where 
k = Boltzmann's constant 
T = temperature 
p = solvent viscosity 
r ,  = Stokes-Einstein radius of the solute molecule 

The Stokes-Einstein radius may be used to characterize the size 
of any shape molecule when determining K - '  (Brenner, 1964). 
As in  partitioning calculations, the pore size may be character- 
ized by the hydraulic radius, (V/S),. For later convenience, A, is 
defined by 

When centerline approximations for rectilinear pores (Hap- 
pel and Brenner, 1983) are compared on an equivalent A, basis, 
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the solutions collapse upon one another a t  small A,. Nitsche 
(1989) has recently compared rectilinear pores of circular, slit 
and rhombic cross-section, and found that the asymptotic 
approximation of Brenner and Gaydos (1977) holds on an equiv- 
alent A, basis. The appropriate characteristic dimension to 
describe hydrodynamic resistance in granular materials is A,. 
The centerline approximation of Faxen ( 1  922) for a spherical 
molecule in a neutral circular pore 

K - '  = [ 1 - 1.O522As + 0.261 I A j  - 0.0296A31 (8) 

may be used to describe the enhanced drag coefficient K - '  for 
granular materials. Equation 8 provides a reasonable estimate 
of K - '  at  small and intermediate A,, if the constrictive regions in 
the pores are consistent. Equation 8 does not take pore constric- 
tions into account, however, and is therefore less accurate when 
the diffusing molecule size approaches that of the constricted 
regions of the pore. 

Experimental Studies 
Materials 

In order to quantitatively model diffusion from experimental 
results, solute molecules and catalyst support materials must be 
well characterized. The diffusion rate of nickel etioporphyrin 
was measured in six catalyst support materials. Cyclohexane 
with a purity of 99% was used as a solvent for all transient 
uptake diffusion measurements and isotherms. 

Nickel etioporphyrin, shown in Figure 2, was selected as a sol- 
ute because it is representative of the metal-bearing compounds 
in crude oil. A major interest in this work is to simulate the dif- 
fusion of metal-bearing petroleum compounds in hydrotreating 
catalysts. Nickel etioporphyrin, which has been extensively 
characterized by Fleischer (l963), is a relatively rigid disc-like 
molecule. 

The Stokes-Einstein radius rs of nickel etioporphyrin was 
determined from the bulk diffusion rate to be 5.5 A. The bulk 
diffusion rate was measured in a diaphragm-type diffusion cell. 

\ 

\ I  

\ 
,c-c 

i H 3  

CH3 

Figure 2. Structure of nickel etioporphyrin. 
From Fleischer (1963). 
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Table 1. Results of Catalyst Support Characterization 

Catalyst Support A B C D E F 

Pore Diameter for All 

Micropore Diam. 

Macropore Diam. 

Pore Volume.** cm3/g 
Micropore Volume, %*** 
Macropore Volume, %*** 
Porosityt 
Pellet Density, g/cm' 
Surface Area,# m2/g 
Micropore Surface Area, %*** 
Macropore Surface Area, %*** 

Pores Based on 4V/S,* 8, 

Pores Less than 500 8,. 8, 

Pores Greater than 500 A, 8, 

110 

107 

1,600 
0.728 

97.1 
2.9 
0.703 
0.965 

264 
99.8 
0.2 

99 

97 

1,700 
0.620 

98.3 
1.7 
0.667 
1.076 

250 
99.9 
0.1 

116 

1 I6 

N.A. 
0.636 

99.5 
0.5 
0.679 
1.068 

219 
100.0 

0.0 

159 

120 

4,000 
1.074 

74.7 
25.3 
0.770 
0.7 17 

270 
99.0 

1 .o 

185 

129 

4,100 
1.187 

68.9 
31.1 
0.796 
0.671 

257 
98.6 

1.4 

53 

33 

1,800 
0.560 

61.9 
38.1 
0.605 
1.080 

426 
98.9 

1.1 

*Calculated from pore volume determined by nitrogen analysis and BET surface area. 
**Determined by nitrogen analysis. 
***Determined by mercury intrusion. 
TCalculated from real support material density and support pellet density 
$Determined by BET analysis. 

A mean projected molecule radius r m  of 5.8 A was estimated 
from Eq. 3. the experimentally determined rs, and 

assuming a ratio of molecule length to diameter y of 0.31. The 
molecule radius a was determined from Eq. 9 for use in Eq. 3. 
Equation 9, which is valid for oblate spheroids, was determined 
by Baltus and Anderson (1984) using the Stokes mobility coeffi- 
cients of Happel and Brenner (1983). 

The absence of solute aggregation was confirmed by deter- 
mining that Beer's Law applies in the concentration range of 
interest (Dolphin, 1978). 

Catalyst supports were characterized at  the Unocal research 
facility i n  Brea, California, and Mobil Research and Develop- 
ment Corporation in Paulsboro, New Jersey. Characterization 
included nitrogen adsorption, nitrogen desorption, mercury in- 
trusion, and catalyst density measurements. Results including 
the support pore volume, surface area, density, void fraction, 
and a simplified bimodal pore size distribution are summarized 
in Table 1 .  S i x  catalyst support materials, ranging in average 
pore size (measured by four times the pore volume divided by 
the surface area) from 53 to 185 A, were used. Five of the sup- 
port materials are constructed primarily of y-alumina, and one 
support F is a silica-alumina. Catalyst support materials A, B, 
and Care  essentially unimodal in pore size, while supports D,  E ,  
and Fare  roughly bimodal and contain some very large pores of 
up to roughly 10,000 A in diameter. 

Apparatus and Procedure 
The diffusion of solute molecules into porous catalyst support 

pellets is measured using a transient uptake technique. This 
technique has been used for similar measurements by Satter- 
field et al. ( 1  973), Prasher et al. (1977), Chantong and Massoth 
(1983), G u i n  et al. (1986), and Johnson et al. (1986). In the 
technique, solute is placed in a well-stirred batch system with a 
small quantity of catalyst support and a solvent carrier. The 
change i n  bulk solute concentration is measured as the solute 
diffuses into the support and is adsorbed on the pore walls. The 
diffusion rate may then be calculated from the rate of solute 

uptake, provided the equilibrium amount of solute adsorption on 
the catalyst support pore walls is known. 

Equilibria adsorption isotherms describe the equilibrium 
amount of solute adsorbed on a catalyst support surface for a 
given concentration in solution. Equilibria adsorption isotherms 
were obtained by placing 25 mL of solution and between 0.01 
and 0.05 g of catalyst support material in a 40-mL sample bot- 
tle, gently agitating the bottle in a constant temperature shaker 
bath at  30 + 1°C for two weeks, and then measuring the concen- 
tration of solute remaining in solution. The shaker bath was cov- 
ered to prevent light from reaching the samples and altering 
concentration of nickel etioporphyrin. Fresh solution concentra- 
tions typically varied from 0.02 to 0.06 mg solute/mL. 

Transient uptake diffusion experiments were conducted in the 
apparatus shown in Figure 3. The apparatus consists of a 400- 
mL glass vessel with teflon lined top. Stainless steel baskets 
hang from the top of the vessel to hold catalyst support particles. 
Temperature is measured by a thermocouple, and the vessel is 
agitated by a magnetic stir bar. Preliminary diffusion runs, in 
which the catalyst support particle radius was varied, indicate 
that a stirring speed of 800 rpm is sufficient for negligibly small 
mass transfer resistance at  the particle surface. The stirring 
speed was maintained at  800 rpm. Samples were removed 
through a port in the top of the vessel with a clean, dry 1-mL 
pipette. The vessel is air-tight under normal operation. 

A typical diffusion run consisted of loading the stainless steel 
baskets with 0.5 to 1.5 g of catalyst support. The baskets were 
then submerged in pure cyclohexane for 1 hour to allow the sol- 

n ,Sample Port  

Teflon Seal 
Liquid Level 
Adsorbent Basket I II 

I /I -- - --  _I 

Magnetic Impeller 

Figure 3. Transient uptake apparatus. 
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vent to permeate the support. A solution of roughly 0.01 to 0.03 
mg solute/mL concentration was placed in the vessel and agi- 
tated. When the temperature of the vessel reached a steady 30 
I T ,  the solution was sampled and the stainless steel baskets 
were lowered into the vessel. Samples were taken every 1 to 3 
hours with a I-mL pipette. A total of four to eight samples were 
taken per run. All experiments were conducted in a dry box to 
prevent water or other competitive adsorbents from entering the 
system. Solvents were dried with zeolite 4A prior to use. 

- 20 
6 

Analysis of data 

Diffusive flux within a catalyst support pellet may be 
described by Fick’s second law, modified to account for solute 

- 

adsorption. For a spherical catalyst pellet, 

ac 

where 

C=O at t - 0  

0 at r = O  
ac 
-=  
dr 

C = C ,  at r = R  

and 

where 

C = solute concentration 
r = radial coordinate of the catalyst pellet 
0, = effective diffusion coefficient 

I = time 
t = support porosity 

pc = catalyst support density 
q = equilibrium amount of solute adsorbe 

surface 
V, = total volume of liquid solution 

60 I I I i 

0 SUPPORT B r 

C, ( m d m l )  

Figure 4. Equilibria adsorption isotherms for catalyst 
supports A, 8, and C. Least squares fit of Freud- 
lich isotherms are given as lines. 

To determine De, f is experimentally measured as a function 
of time r ,  and a theoreticalfis numerically calculated from Fq. 
10, 1 1 and 12 as a function of the dimensionless time tD. 

Ci = concentration of solute in the bulk phase 
AE = external surface area of catalyst support pellets 
R = radius of the catalyst support pellets 
A Freundlich isotherm, 

on the cata ,st support 

which has two adjustable constants, A and B, is used to describe 
the equilibria amount of solute adsorption on the catalyst. 

The use of a nonlinear isotherm prohibits solving Eq. 10 ana- 
lytically. A numerical shooting method utilizing a Crank- 
Nicholson finite difference scheme is used to solve Eq. 10, I 1  
and 12. 

The approach to equilibriumfmay be described by 

The effective diffusivity may then be calculated from Eq. 14 by 
matching the experimental r to achieve a givenfwith the theo- 
retical 11, to achieve that f. For additional accuracy, several 
matched values of t D  and t are obtained and plotted against each 
other. If  the diffusion process has been accurately modeled, this 
plot yields a straight line. The effective diffusion coefficient D, is 
calculated from the slope of the r,, vs. r line, adjusted to account 

60 

h 4 

2 40 
a 0 SUPPORT D 4 

i 0 SUPPORT E 

i SUPPORT F 

6 

where Ci is the initial solute concentration, and C, is the equilib- 
rium solute concentration after infinitely long contact of solu- 
tion and catalyst support. 

- -  
0.00 0.01 0.02 0.03 

C- ( m d m l )  

Figure 5. Equilibria adsorption isotherms for catalyst 
supports D, E, and F. 
Least squares fit of Freundlich isotherms a n  given as lines. 
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Figure 6. Experimental and theoretical diffusivities for 
six catalyst support materials. 
Theoretical diflusivities assume a tortuosity of 4.0. 

for the pellet size. The slope is determined by least squares anal- 
ysis. A similar data analysis procedure was used by Chantong 
and Massoth (1983). 

Results and Discussion 
Equilibria adsorption isotherms 

Equilibrium adsorption isotherm results for nickel etiopor- 
phyrin are given in Figures 4 and 5. Isotherms are plotted as 
final solution concentration vs. the equilibrium amount of solute 
adsorbed on the various catalyst support materials. 

Least squares analysis was used to fit isotherm data points to 
Freundlich isotherms described by Eq. 14. Values of A and B are 
summarized in Table 2. 

Eflect of pore size on diflusivity 
The effect of pore size distribution on experimentally mea- 

sured diffusivities is in close agreement with circular pore theory 
on an equivalent A, and A, basis. Results are wmmarized in 
Table 3 and Figure 6. 

Theoretically calculated diffusivities are determined a priori 
with no adjustable constants. Tortuosity, which is usually an 
adjustable constant, is taken to be four in this case and not 
adjusted to give the best fit to data. A tortuosity factor of four is 
recommended by Satterfield ( 1  980) when the actual tortuosity 
is unknown. Pore size distribution was accounted for in experi- 
mentally measured diffusivities by the factor G,,. The correction 
factor G, was determined assuming the bimodal pore size distri- 
bution described in Table I and a parallel pore model. 

Table 3. Experimental and Theoretical Effective Diffusivities 
in Catalyst Support Materials 

Catalyst Experimental Theoretical 

Material A, A, C: x 107cm2/s x 10'cm2/s 
Support D:* Df 

A 0.21 0.20 0.98 6.5 5.7 
B 0.23 0.22 0.98 5.7 5.1 
C 0.20 0.19 1.0 6.1 5.6 
D 0.15 0.14 0.77 7.1 7.2 
E 0.13 0.12 0.72 8.8 7.8 
F 0.44 0.42 0.88 3.5 2.7 

'Pore-size distribution is accounted for by a parallel pore model. 
**Corrected for pore-size distribution. 
tCalculated assuming a tortuosity of 4. 

Theoretical effective diffusivities are calculated for each of 
the six catalyst support materials used in this study from Eq. 1. 
The bulk diffusion rate D, was determined experimentally in a 
diaphragm-type diffusion cell. The porosity c of each support 
was determined from density measurements of pure and pellet- 
ized materials. The partition coefficient 9 was calculated from 
the A, in Table 3 using Eq. 4. The enhanced drag coefficient K - '  
was calculated from the A, shown in Table 3 using Eq. 8. Equa- 
tion 8 agrees quite well with the more rigorous work of Bungay 
and Brenner (1973) a t  A, less than 0.8. 

Solute adsorption on the pore walls could theoretically lower 
the experimentally determined effective diffusivities by as much 
as 6% with monolayer coverage. This effect, however, was not 
accounted for, because the extent of adsorptive interference can- 
not be experimentally measured. 

Data precision was determined from experimental runs for 
catalyst support D. An error bar representative of a 95% confi- 
dence interval is shown in Figure 6. The diffusion rate of nickel 
etioporphyrin in catalyst support D is determined with 95% con- 
fidence to be within 9.5% of the experimentally-determined 
mean. 

Conclusions 
In granular materials, such as some heterogeneous catalysts, 

the theory of restricted diffusion is complicated by the tortuous 
nature of the pores. Past researchers have used various charac- 
teristic length scales to describe how the molecule and pore size 
relate to experimentally measured restricted diffusivities (Sat- 
terfield et al., 1973; Baltus and Anderson, 1983; Chantong and 
Massoth, 1983). None of these researchers has suggested the 
use of both A, for partitioning and A, for hydrodynamic calcula- 
tions. I f  these appropriate length scales are used, the complex 
problem of restricted diffusion in granular materials can some- 
times be represented by the much simpler case of a circular 
cylindrical pore. A straightforward approach to calculate re- 
stricted diffusion in granular materials similar to hydrotreating 
catalysts is developed in this study. The approach is based on an 

Table 2. Experimentally Determined Freundlich Isotherm Parameters 

Catalyst Support 
Parameters A B C D E F 

A 
B 

82.3 76.6 68.1 83.9 18.5 81.7 
0.0979 0.0944 0.0976 0.0988 0.093 1 0.0905 
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equivalent A, and A, circular  pore model a n d  is experimentally 
confirmed. 

T h e  close agreement  of experimentally-determined a n d  theo- 
retically-calculated diffusion rates  indicates t h a t  t h e  effects of 
surface diffusion and solute concentration a r e  minimal  in this  
system. 

Notation 
a = radius of axisymmetric molecule 
A = preexponential factor or Freundlich isotherm constant 

b = half axial length of axisymmetric molecule 
B = Freundlich isotherm constant 
C = concentration of solute 

C, = concentration of solute in bulk phase 
C, = initial concentration of solute before adsorption occurs 

C, = concentration of solute or reactant a t  r = R 
C, = solute concentration at  equilibrium 
0, - effective diffusivity 
0, = diffusivity in dilute bulk solution 
E = interaction energy between solute molecule and pore wall 
f - approach to equilibrium uptake defined by Eq. 13 

Gp = correction factor for parallel pores of a given size distribu- 

h = closest approach of a molecule center to a flat surface at a 

k = Boltzmann’s constant 
K-’ = enhanced drag coefficient 

AE - external surface area of catalyst support 

tion 

given molecule orientation 

P ( x , L )  = probability density of the molecule having configuration 
( E .  9)  

q = equilibrium uptakes of solute on catalyst support surface 
r = radial coordinate in catalyst support pellet 

R = catalyst support radius 
rm = mean projected radius of molecule 
r ,  - Stokes-Einstein radius of diffusing molecule 
S = surface area of catalyst support 
t = time 

T = absolute temperature 
r ,  - dimensionless contact time of catalyst support material and 

V = pore volume 
solution as defined by Eq. 14 

V ,  - volume of solution in transient uptake vessel 
( V / S ) ,  = hydraulic radius of porous medium, the ratio of pore volume 

to surface area 
x - position of molecule center 

Greek letters 
c = catalyst or catalyst support porosity 
y = molecule aspect ratio, b/a 
0 - polar angle between pore and molecule axes 

A, = ratio of molecule size to circular pore radius, a / r ,  
A, - ratio of molecule size to circular pore radius, b/r ,  
A, = ratio of the smallest circle through which the molecule can 

A, = ratio of molecule to pore size expressed as r,/( V / S ) ,  
A, = ratio of molecule rs  to the radius of an equal area circular 

A, = ratio of molecule to pore size expressed as r,/( V / S ) ,  
p = solvent viscosity 
$J = azimuthal angle specifying molecule orientation 
9 = set of angles describing molecule orientation 
8 - partition coefficient 

pass to the mean pore radius 

pore 

pc = catalyst or catalyst support density 
= catalyst tortuosity 
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