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The thermodynamics and transport properties of Lennard-Jones particles in pillared 
catalytic clays are studied by molecular dynamics simulation. The clays are represented 
by parallel sheets separated by a given distance and connected by pillars of a given size. 
Two different spatial distributions of the pillars are studied to determine their effect on 
the properties of the system. Calculations did not indicate a strong dependence of the 
difsusivity on the spatial distribution of the pillars, except at low porosities. The solva- 
tion force increases monotonically with decreasing porosity of the clays and increasing 
density of the molecules. The percolation threshold cpc of the system is estimated from 
the difSsivity measurements in the limit of infinitely low sorbate densities. Near 'p, the 
difsusivity D vanishes according to the power law, D - (cp - cpc )", where cp is the poros- 
ity of the system, and n is a universal constant. The simulations yield n = 1.7. Since 2-0 
percolation systems require n -- 1.3 and 3-0 systems n -- 2.0, pillared clays behave as a 
system with an effective dimensionality between 2 and 3. 

Introduction 

Diffusion and reaction in porous catalysts have been the 
subject of considerable research activity in the last few years 
(for a review see Sahimi et al., 1990). These systems, in addi- 
tion to their great industrial importance, also represent ideal 
model porous systems well-suited for theoretical and experi- 
mental studies of hindered diffusion, adsorption, and reac- 
tion phenomena (for reviews and references see Deen, 1987; 
Sahimi, 1992). Such phenomena, which involve the transport 
and reaction of large molecules in small pores, occur also in 
many processes of current scientific and industrial interest, 
such as separation processes, solvent swelling rubbers, poly- 
electrolyte gels, enzyme immobilization in porous solids, and 
size exclusion chromatography. Numerous experimental and 
theoretical studies have found hindered transport and reac- 
tion processes in porous media to be less efficient than un- 
hindered transport in an unbounded solution. This reduced 
efficiency is generally caused by the molecules' being ex- 
cluded from a fraction of the pore volume, and by the hydro- 
dynamics resistance hindering the transport of the molecules 
through the porous medium. 

Correspondence concerning this article should be addressed to M. Sahimi 

Among all catalytic systems, which are of prime interest in 
this article, zeolites have received the greatest attention (Kerr, 
1989). But considerable less attention and research effort have 
been focused on studying diffusion and reaction phenomena 
in another class of catalytic materials, namely, pillared clays 
(for reviews see Pinnavaia, 1983; Laszlo, 19871, although there 
have recently been several studies of such systems, most of 
which are experimental in nature (see, for example, Occelli 
et al., 1985; Lee et al., 1989). The original idea for producing 
pillared clays, due to Barrer and MacLeod (19551, was to in- 
sert molecules into clay minerals to prop apart the alumi- 
nosilicate sheets, thereby producing larger pores than in na- 
tive clays, or even in zeolites. However, such materials did 
not have the thermal stability that zeolites usually possess. 
But pillars of hydroxyaluminum and other cations, which are 
capable of being dehydrated to oxide pillars and to support 
temperatures of up to 500°C without structural collapse un- 
der catalytic cracking conditions, are relatively new and were 
first reported by Brindley and Sempels (1977) and inde- 
pendently by Lahav et al. (1978) and Vaughan and Lussier 
(1980). 

In general, pillared montmorillomites are 2:l dioctahedral 
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clay minerals consisting of layers of silica in tetrahedral coor- 
dination, holding between them a layer of alumina in octahe- 
dral coordination. Substituting Si4+ with A13+, or A13+ with 
Mg2+, gives the silicate layer a negative net charge, which is 
normally compensated by Na+, Cazf,  and Mg2+ ions (Grim, 
1986). By exchanging the charge-compensating cations with 
large cationic oxyaluminum polymers, one can synthesize 
molecular sieve-type materials (Lahav et al., 1978; Vaughan 
and Lussier, 1978). These inorganic polymers, when heated, 
form pillars that prop open the clay layer structure and form 
permanent pillared clays. 

The restricted structure of pillared clays has prompted 
some researchers to suggest that they behave as systems with 
an effective dimensionality less than three, since molecules 
are forced to move in a very restricted pore space between 
the silicate layers. However, such a suggestion has not yet 
been quantified. The molecules might also be able to move 
from one layer to another, although this may be difficult, es- 
pecially if the molecular sizes are large. There have been some 
speculations (van Damme and Fripiat, 1985) that pillared 
clays may have a fractal structure, both in terms of the sur- 
face of the pillars and the volume of the pore space. If this is 
the case, it can have important implications for diffusion and 
reaction in pillared clays, since the behavior of such phenom- 
ena in fractal systems cannot be described by the classical 
equations of transport and reaction. 

Pillared clays have shown high catalytic activities for gas oil 
cracking, similar to zeolite-based catalysts. They have also 
shown large initial activities toward methanol conversion to 
olefins and toluene ethylation, but they are substantially de- 
activated by coke deposition (Figueras, 1988). One reason for 
the interest in pillared clays is that their pore sizes can be 
made larger than those of faujastic zeolites. Moreover, since 

Figure 1. Pillared clays and calculations of the distance 
between a sorbate particle and a pillar unit. 

access to the interior pore volume of pillared clays is con- 
trolled by the distance between the silicate layers and also 
the distance between the pillars, one or both distances may 
be adjusted to suit a particular application. It has also been 
suggested that they are a new class of sorbents for gas sepa- 
rations (Yang and Baksh, 1991). 

Despite their industrial importance and the wealth of ex- 
perimental information currently available, and in spite of the 
fact that pillared clays can provide a testing ground for vari- 
ous theories of transport and reaction in catalytic systems and 
other porous media, no fundamental theoretical effort has 
been undertaken so far to investigate transport and reaction 
processes in pillared clays. To the best of our knowledge, 
there have been only two computer simulation studies of pil- 
lared clays. Sahimi (1990) used a model of the clays, some- 
what similar to that employed here, together with rodlike 
molecules and simple random walk simulations to gain quali- 
tative insight into diffusion in pillared clays. Cracknell et al. 
(1993) studied the adsorption isotherms and the heat of ad- 
sorption of inert gases in the pillared clays by using grand 
canonical ensemble Monte Carlo (GCEMC) simulation. In 
this article we use molecular dynamics simulations to study 
diffusion of finite-size molecules in model pillared clays. 

The plan of this article is as follows. In the next section we 
describe the model of pillared clays that we use. Next we 
discuss the details of our computational procedures. We then 
present our results and discuss their implications. The article 
is summarized in the last section. 

Model Representation 
To study diffusion in pillared clays, we first develop a model 

to represent the clays, which is shown schematically in Figure 
1. The surface of the solid walls are assumed to be the (100) 
face of a face-centered cubic (FCC) solid. The pillars, which 
consist of a given number of atoms or groups, are assumed to 
be distributed either randomly or uniformly between the solid 
walls. Two parameters, the separation between the solid walls 
h and the porosity of the system cp are used to characterize 
the morphology of the clays. The separation h is defined as 
the distance between the center of the atoms on the surface 
layers of the upper and lower solid walls. The nominal poros- 
ity cp of the system is given by (see Figure 1) 

where Np is the number of pillars inside a I x I ~ ( h  - l)up 
cell, and up is the characteristic diameter of the pillar com- 
ponents. 

The following potential function 

is used to describe the interactions between sorbate particles 
as well as between sorbate particles and the pillars, where r, 
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is the truncation distance of the potential. Here hJ is the 
Lennard-Jones potential 

(3) 

where E and a are the usual energy and size parameters, 
respectively. The advantage of using this form of the poten- 
tial is that it avoids the long-range corrections, which are dif- 
ficult to evaluate accurately for our system due to the pres- 
ence of the solid walls (Snook and van Megan, 1980). Assum- 
ing painvise additivity and a rigid solid, the instantaneous po- 
tential energy between all sorbate particles and the pillars 
can be written as 

where N, is the numbers of sorbate particles, E , ~  and usp are 
the parameters associated with the pillar-sorbate interaction, 
and rijk is the distance between the ith sorbate particle and 
the kth unit of the j th pillar (see Figure l), which is given by 

where xf, y f ,  and z: are the coordinates of the ith sorbate 
particle. Similarly, the instantaneous potential energy associ- 
ated with the sorbate-sorbate interactions is given by 

where rL, is the distance between sorbate pair i and j, and 
E,, and o,, are the parameters describing sorbate-sorbate in- 
teraction. The potential function employed to describe the 
interaction between sorbate particles and the solid walls is 
the one suggested by Steele (1973) 

0.4714 

( zi/asw + 0.431413 

(7) 

which is the result of a mean-field approximation of the in- 
teraction between a sorbate particle and a Lennard-Jones- 
type FCC solid with surface density 1.0. Here E,,  and a,, 
are parameters used in the potential for describing the inter- 
action between sorbate particles and atoms composing the 
solid, and zi is the vertical distance between the center of the 
ith sorbate particle and the solid wall. Given these three types 
of interactions, the total potential energy of the N, sorbate 
particles is written as 

where +:A) and I,+(:) are used to indicate the potential ener- 
gies associated with the presence of the upper and lower walls. 

The state conditions of the sorbate particles are specified by 
a dimensionless temperature T and a dimensionless number 
density p,, given by 

ps = p P ( h  N, -l>ap 
(10) 

where u, is the velocity of the ith sorbate particle, and k is 
Boltzmann’s constant. 

Calculations 
At the outset, several variables need to be specified. These 

are the geometric parameters h ,  cp, a,, and 1, the interaction 
parameters E,,, a,,, E , ? ~ ,  us,, E,,, and us,,, the state condi- 
tions of sorbate particles T and ps ,  and the simulation pa- 
rameters such as the magnitude of the time step, number of 
simulation steps, and the cutoff distance of the potential rc. 
For simplicity, we chose identical interaction parameters for 
sorbate-sorbate, sorbate-pillar, and sorbate-solid interactions. 
Therefore, in what follows we delete all subscripts and simply 
use E and o to represent the energy and size parameters. Of 
course, it is not difficult to use different energy and size pa- 
rameters for the various pairs. The characteristic diameter of 
a pillar unit is chosen the same as the size parameter u. 
Hereafter, all lengths are expressed in units of a and all en- 
ergies in units of E .  The separation distance h between the 
solid walls is varied as one par$meter of our simulations. in 
pillared clays h is about 12-20 A, and if we use u = 3.405 A, 
the value for argon (as we do in our simulations), we obtain 
h = 4-6 (in units of a). We used periodic boundary condi- 
tions in the x-y direction, and thus the size of the cell repre- 
senting the system is selected such that the number of sor- 
bate particles it contains can statistically represent the de- 
sired density, and is considered reasonable from a computa- 
tional point of view. We found this size to be typically around 
1 = 9. The porosity cp was varied anywhere between 1 (a slit 
pore) and the percolation threshold cpc of the system, the 
critical porosity below which no macroscopic diffusion is pos- 
sible, to study the effect of porosity on the diffusivity. The 
temperature of the system was fixed at 1.2, and the density p,  
of the sorbate particles was varied from 0 to 0.6 to study the 
density dependence of the diffusivity. 

Although a few articles have discussed the pore-size distri- 
bution of pillared clays, calculated from adsorption isotherms 
and molecular probe measurement (Baksh et al., 1992; Yang 
and Baksh, 1991; Baksh and Yang, 1992), the spatial distribu- 
tion of the pillars is not completely understood yet. There- 
fore, we studied two different spatial distributions of the pil- 
lars, namely, a random distribution and a uniform one. In the 
uniform distribution, the pillars are distributed on the site of 
a square lattice (see Figure 2). The lattice parameter should, 
in principle, be calculated from the specified porosity cp and 
the length of the unit cell 1. However, since the number of 
pillars N,, can only be the square of an integer number, it is 
not practical to specify cp directly at the beginning of the sim- 
ulations. What we did instead was find first the appropriate 
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Figure 2. Uniform distribution of the pillars with poros- 
ity 4p = 0.8383. 

values of 1 and Np that gave a porosity close enough to the 
one we wished to perform our simulations at, and then dis- 
tribute the pillars with their coordinates given by 

xf = (0.5+ i)a, (11) 

yp = (0.5 + i ) a ,  (12) 

where i = 1, 2, . . . , fl, and a = I/& is the lattice pa- 
rameter. Two types of random distribution of the pillars are 
used. In one of them the positions of the (centers of the) 
pillars are determined by the following equations 

where R is a random number distributed uniformly in (0,l). 
This allows overlap of the pillar units, and in general results 
in a smaller excluded volume than for the uniform distribu- 
tion of the pillars (the effective porosity is higher), especially 
at low porosities. Allowing for pillar overlap also makes it 
possible to simulate a system in which the overlapped pillars 
act effectively as irregularly shaped pillars with varying effec- 
tive sizes. In the second type of random distribution of the 
pillars, no overlap is allowed between the pillars. By compar- 
ing the results for the uniform and random systems, we gain 
insight into the effect of the spatial distribution of the pillars 
on the effective diffusivity. 

A standard fifth-order Gear predictor-corrector algorithm 
(Gear, 1971) was used to integrate Newton’s equation of mo- 
tion. The simulation begins with the construction of the 
porous system according to the specified configuration, fol- 
lowed by a random assignment of momenta and positions to 
the N, sorbate particles, subject to the constraint of zero to- 

tal momentum. The first several thousand time steps of the 
simulations were spent for system equilibration, in which the 
velocities of particles were scaled and adjusted periodically 
according to the specified temperature of the system. These 
adjustments were terminated once the difference between the 
simulated and the specified temperature was less than 0.005. 
Then the trajectories of the molecules were determined for a 
number of simulation steps (usually several tens of thou- 
sands). No temperature adjustments were made during that 
part of the simulations over which the desired statistics were 
collected. 

In general, the magnitude of the time step imd the number 
of simulation steps depend on the porosity of the system and 
the density of the sorbate particles. The magnitude of the 
time step is mainly dictated by the energy fluctuations during 
the simulations. In our simulations the typical time step used 
was 0.00462, equivalentJo 0.01 ps if we set e/kb and u equal 
to 119.8 K and 3.405 A, respectively, the values for argon. 
With this time step, in most cases that we studied, the energy 
fluctuations in 10,000 steps varied at most 0.04% of the aver- 
age value. As for the number of simulation steps, 10,000 time 
steps were generally sufficient to represent the ensemble av- 
erages for slit pores. For the pillared systems, however, longer 
simulation times were required for obtaining accurate statis- 
tics. In this case, the typical number of simulation steps we 
used was 40,000. 

Once the trajectories were determined, the properties of 
interest such as the diffusivity and the solvation force were 
evaluated. For example, to evaluate the diffusivity, we may 
use either the Einstein equation 

Iri(t + t o ) - -  ri(t,,)I2 
t -), (15) 

i = l  

1 

6N, t + m  

or the Green-Kubo equation 

where (. ) indicates an average over all trajectories with a 
series of independently selected time origins to. Because of 
the small distance between the solid walls, the porous system 
is anisotropic and should be characterized by two effective 
diffusivities. Thus, if D, and D, denote the longitudinal dif- 
fusivity (in the direction parallel to the solid walls) and the 
transverse diffusivity (in the direction perpendicular to the 
solid walls), they are calculated by the following equations 

1 
D,=- lim 

4N* f + P  
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or by 

(20) 

Although both methods were used in this study, we report 
here the results that were obtained using the Einstein equa- 
tion, because the results obtained with both methods are 
comparable for simulations of limited durations, and the Ein- 
stein equation approach is generally considered more reliable 
for describing the long time diffusive behavior of the 
molecules than the Green-Kubo equation (June et al., 1990). 
Because the distance between the walls is finite, D, vanishes 
as t +m. Thus, we refer to D, = D as the effective diffusivity 
of the molecules. 

Two other properties, the solvation force and the density 
distribution function of the molecules, are also calculated 
from the trajectories. The solvation force f,, defined as the 
force per unit wall area exerted by all sorbate particles, is 
calculated by the following equation: 

where the averaging is over the duration of the simulation. 
The term f, is calculated for only one wall, since in the ab- 
sence of gravity (which we ignore) the system is symmetric, 
that is, the force experienced by the two walls must be the 
same. The density distribution function ~ ( z )  is evaluated 
from the following equation 

1 a l v ( z )  
(22)  

where N ( z )  is the number of sorbate particles distributed be- 
tween 0 and z .  

A random distribution of the pillars necessitates calcula- 
tion of the average values for all quantities of interest, where 
the averaging must be taken over several realizations of the 
random system at a fixed porosity. This is done by first calcu- 
lating the quantities of interest for each realization, and then 
averaging the results among the realizations. The number of 
realizations depends on the porosity of the system, and the 
desired accuracy of the results. If, for example, a 10% varia- 
tion among all realizations is acceptable, then a few realiza- 
tions may suffice. However, if one needs estimates of the 
quantities of interest with a much higher accuracy, then a 
large number of realizations may be needed. Moreover, as 
the porosity of the system decreases, sample-to-sample fluc- 
tuations also increase, and one needs an increasingly larger 
number of realizations of the random system to obtain reli- 
able statistics. 

Table 1. Solvation Force as a Function of the Porosity of the 
System and the Molecular Density* 

Density 

Porosity 0.15 0.30 
1.0000 -0.18 - 0.38 
0.9741 -0.17 - 0.32 

( - 0.27) 
0.9418 - 0.15 - 0.25 

( - 0.23) 
0.8965 -0.14 -0.12 

(-0.12) 
0.8384 - 0.02 0.15 

(0.03)* 

0.45 
-0.14 
- 0.03 

( -  0.05) 
0.10 

(0.06) 
0.51 

(0.27) 

0.60 
1.07 
1.10 

(1.14) 
1.26 

(1.13) 
1.25 

(1.37) 

*Numbers in parentheses refer to those for a random configuration of the 
pillars, while the rest are for a uniform pillar configuration. 

Results 
First we carried out some simulations for slit pores (pores 

without pillars). The separation distance between the solid 
walls and corresponding sorbate density were chosen to be 
the same as those used by Snook and van Megan (1980) in 
their GCEMC study of slit pores. Our results for the solva- 
tion force and the density distribution were in good agree- 
ment with theirs. The diffusivity D was also in good agree- 
ment with the MD results reported by Magda et al. (1985) for 
the same system, thus confirming the validity of our simula- 
tions. 

Figure 2 shows a uniform spatial distribution of the pillars 
corresponding to the lowest porosity used in our study, which, 
from a computational viewpoint, was also the most difficult 
pore space configuration used in this study. In this system, 
the distance between the nearest-neighbor pillars is 1.8. 

Solvation force and the density distribution 
In Table 1 the solvation force f, is shown as a function of 

the sorbate density and porosity for a uniform distribution of 
the pillars and a random distribution in which the pillars are 
allowed to overlap. The results for the two distributions do 
not exhibit a significant difference. In both cases f, increases 
monotonically with decreasing porosity, which may be ex- 
plained by considering the structure of the pillared clays. As 
the porosity of the system decreases, the motion of the sor- 
bate particles is increasingly confined to the transverse direc- 
tion, that is, within the vertical pores formed by the pillars. 
As a result, the solid walls experience more repulsion, and 
thus fs increases with decreasing cp. On the other hand, f, 
increases with increasing molecular density, since higher 
molecular densities also result in larger repulsive forces. 

As discussed earlier, a random distribution of the pillars 
implies that one has to average the results over several real- 
izations of the system. In Table 1 we compared the results for 
a uniform pillar distribution and a random one in which the 
pillars are allowed to overlap, for several particle densities. 
We now fix the density and compare the results for the uni- 
form system with a random one in which the pillars are not 
allowed to overlap. To obtain a better understanding of how 
the quantities of interest vary among different realizations of 
the random system, we calculated f, and the diffusivity D 
(the results of which are discussed below) for several differ- 
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ent realizations of the random system. We fixed the sorbate 
density at p, = 0.3 and the separation distance between the 
walls at h = 4 for all realizations. To obtain a quantitative 
measure of the deviations of the random system from the 
uniform one, we define a quantity A 

; -0.1 

._ s 
E 
8 -0.11 

0 

-0.12- 

Here g ( r )  is the two-dimensional radial distribution function 
of the pillars, and is defined by 

- 

- 

41 

were N(r  6r/2)  is the number of pillars in a spherical shell 
of thickness 6r located at a distance r from the center of a 
pillar, and ( * ) denotes an average over all pillars inside the 
cell. Superscripts r and u denote the distribution function for 
the random and uniform systems, respectively. Calculations 
were carried out for two porosities at 0.941 and 0.896. The 
cp = 0.941 system corresponds to 9 pillars inside a 9 x 9  ce!l. 
Thus, the typical distance between two pillars is 2 a  = 7 A, 
which is in the range of experimental valyes for the distance 
between the pillars, which is about 5-10 A (Pinnavaia, 1983). 
The cp = 0.896 system corresponds to 16 pillars inside a 9 x 9 
cell. 

Figure 3 compares the solvation forces among seven real- 
izations of the random system with no pillar overlap at poros- 
ity cp = 0.941, with that of a uniform system (for which A = 0) 
at the same porosity. As can be seen, except for one realiza- 
tion, there is at most 10% variation among various realiza- 
tions. Moreover, the average solvation force between all real- 
izations is only a few percent different from that of the uni- 
form system. Figure 4 makes the same comparison, but at 
porosity cp = 0.896. In this case we compare four realizations 

-0 19-  

g -0.21 

f -  .Q 

m > - 
8 -0.23 

-0.171 1 

- 

- 

0 

a 

1 
0 I 

100 200 300 400 500 600 700 -0.27 
0 

A 

Figure 3. Solvation force for seven different realiza- 
tions of a system vs. random distribution of 
the pillars with no overlap, with a uniform sys- 
tem (at A = 0) with the same porosity 0.941. 

1 -0.08 

.I 

I 
-0 13: 50 100 150 200 250 300 350 400 

A 

Figure 4. Same as in Figure 3, but with porosity 0.896. 

of the random system with the uniform one. As in the case of 
the higher porosity system (Figure 31, there is about 1 5 2 0 %  
variation between the three realizations. But, the difference 
between the average of the realizations and the uniform sys- 
tem is now somewhat larger than that at cp = 0.941. 

Figure 5 presents the variations of the solvation force f ,  
with h, the separation distance between the walls, with a uni- 
form distribution of the pillars, p, = 0.3 and cp = 0.941. As h 
increases, f ,  also increases, practically linearly with it. Figure 
6 shows the porosity dependence of f ,  for a random system 
without pillar overlap, and compares it with that of the uni- 
form system. The separation distance is h = 4. The results for 
the random system represent the average of five realizations. 
At high porosities the relative difference between the two 
systems is small, but at low porosities the difference becomes 
significant. 

0.05 O . ' ~ '  ' 

O t  

.o::l , * , , , , , , , 

4 5 6 7 
h 

-0.3 
3 

Figure 5. Dependence of the solvation force on the 
separation distance h between the solid walls. 
The distribution of the pillars is uniform, the porosity is 
0.941, and particle density is 0.3. 

AIChE Journal March 1995 Vol. 41, No. 3 461 



I :  I I 
I 

0.1 

0- 

m 
0 - 
6 -0.1 
1 

-0.2r 

- 

- + 

1 '  
\ /' 

t 
0.84 0.88 0.92 0.96 

-0.4' 

Porosity 

Figure 6. Comparison of porosity dependence of the 
solvation force for a random system without 
pillar overlap (+) with that of a uniform sys- 
tem (circles). 
Particle density is ps = 0.3 and the separation distance is h 
= 4. 

Figure 7 represents the molecular density distribution for 
different porosities, a sorbate density ps = 0.45, a uniform 
distribution of the pillars, and h = 4. This figure can also help 
us understand the porosity dependence of the solvation force 
shown in Table 1, if we note that f, may also be evaluated 
from the molecular density distribution x(z) through the fol- 
lowing integral 

(25)  

Figure 7. 

462 

z 

Molecular density distribution function as a 
function of the porosity 4p for a uniform distri- 
bution of the pillars at sorbate density ps= 
0.45. 
The solid curve is for p = 1.0, the dotted curve for p = 0.974, 
and the dashed-dotted curve for o = 0.896. 

March 1995 

The interaction between a sorbate particle and the solid walls 
changes from repulsive to attractive forces once the separa- 
tion between the two is greater than 0.987 (see Figure 8). As 
Figure 7 indicates, the number of peaks remains the same as 
the porosity decreases from 1.0 to 0.8965, with one peak cen- 
tering at the middle between two solid walls and the other 
two locating symmetrically at a distance of about 1.0 from 
each wall. The shape of the density distribution is, however, 
distorted slightly as the porosity decreases (the number of 
pillars increases). The net effect is smaller attractive interac- 
tion forces between the molecules and the walls due to com- 
petition from the pillars, which agrees with the results pre- 
sented in Table 1. The same distortion of the density distri- 

1.6- 

c 
.- 

P 2 1.2- 
C 
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:OX- ._ 
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0.4 - 

I 
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z 

Figure 9. Molecular density distribution function as a 
function of the distance z from the center of 
the lower wall. 
The distance between the walls is h = 3, the porosity is 0 941, 
and the pillar distribution is uniform. 
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Figure 10. Same as in Figure 8, but with h = 6. 

0 5- 

bution was also observed for a random distribution of the 
pillars. 

To study how the density distribution function varies with 
h, a series of simulations was carried out with a uniform dis- 
tribution of the pillars, a porosity cp = 0.941, and sorbate den- 
sity p,  = 0.3. Figures 9-11 show the results for h = 3, 6, and 
8. As can be seen, the number of peaks in the distribution is 
[ h  - 11. The heights of the two peaks near the solid walls in- 
crease with h, as do those of the smaller peaks in between. 

In Figure 12 the density distribution functions for a uni- 
form distribution of the pillars and several sorbate densities 
at a fixed porosity cp = 0.941 and h = 4 are shown. Compared 
with Figure 9, the shape of the distribution changes as the 
sorbate density ps varies. As ps decreases from 0.6 to 0.3, the 
distribution function gradually becomes flatter, a trend simi- 
lar to the variation of the radial distribution function with 
density in bulk fluids. The central peak almost disappears as 
p ,  falls to 0.15, which explains the increase in the solvation 
force (less attractive force), shown in Table 1, as the density 
changes from 0.3 to 0.15. 

20 40 60 80 

------I 4, 

100 

z 

Figure 12. Molecular density distribution function as a 
function of the molecular density ps for a 
uniform distribution of the pillars with poros- 
ity 4p = 0.941, as a function of the distance z 
from the center of the lower wall. 
Solid curve is for ps = 0.6, dotted curve for ps = 0.45, 
dashed-dotted curve for p3 = 0.3, and dashed curve for p, 
= 0.15. 

Dimsivity 
Figure 13 presents the time dependence of the longitudinal 

and transverse mean square displacements, corresponding to 
the uniform distribution of the pillars shown in Figure 2, while 
Figure 14 shows the corresponding longitudinal diffusivity. As 
Figure 13 indicates, the mean square displacements vary lin- 
early with time and their slopes reach a constant value after 
about 50 ps. The resulting transverse diffusivity is, however, 

----I 3 

4 

Figure 11. Same as in Figure 8, but with h = 8. 

Figure 13. Longitudinal (-) and transverse (---) 
mean square displacements, corresponding 
to the pillar distribution of Figure 2 and ps = 

0.3. 
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Figure 14. Longitudinal diffusivity calculated from Fig- 
ure 13. 

very small. The time t ,  required for reaching such a diffusive 
behavior is shorter for pillar configurations with higher 
porosities. This is in agreement with percolation theory 
(Stauffer and Aharony, 1992; Sahimi, 1994) that predicts that 
as the percolation threshold cpc of the system is approached, 
t ,  diverges according to the following scaling law 

t ,-(cp-cpO - - H  > (26) 

where B is a universal exponent (independent of the micro- 
scopic details of the system), and 0 = 3.82 and 3.34 for two- 
and three-dimensional systems, respectively. 

Figure 15 compares the effective diffusivity D at different 
porosities and sorbate densities for a uniform distribution of 
the pillars and a random distribution in which the pillars are 
allowed to overlap. The separation distance between the solid 
walls is fixed at h = 4. As this figure indicates, the diffusivity 
increases with increasing porosity, but decreases as the den- 
sity increases. The reason is not very difficult to understand. 
Both the decrease in the porosity and the increase in sorbate 
density result in an increased frequency of sorbate-pillar and 
sorbatc-sorbate collisions, and thus decrease the mobility of 
the sorbate particles. As can be seen in Figure 15, at high 
porosities up to cp = 0.941 the diffusivities for random and 
uniform distribution of the pillars at the same conditions do 
not differ from each other significantly. As the porosity fur- 
ther decreases, however, the effect of the spatial distribution 
of the pillars on the diffusivity begins to manifest itself. At 
porosity cp = 0.8383 (corresponding to 25 pillars inside a 9 X 9 
unit cell), the diffusivity for a random distribution of the pil- 
lars is twice as larger as that of the uniform distribution of 
the pillars, while the relative differences for the other four 
larger porosities are at most f20%. This may be attributed 
mainly to the effect of clustering of the pillars when they are 
distributed randomly in a system with a low porosity. For ex- 
ample, Figure 16 presents the configuration of the randomly 
distributed pillars within the unit cell at porosity cp = 0.8383, 
in which the pillars are allowed to overlap. As can be seen, 
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Figure 15. Porosity dependence of the diffusivity for 
random and uniform distribution of the pil- 
lars for several sorbate densities. 
The points marked hy + and are for the uniform and 
random distribution of the pillars with overlap, rcspec- 
tively. The results arc, from top to bottom, for p,  = 0, 0.3, 
0.45, and 0.6, respectively. 

considerable overlap of the pillars occurs, resulting in a 
smaller excluded volume and creating some interconnected 
pores with dimensions larger than those of the corresponding 
pores generated with a uniform distribution of the pillars (see 
Figure 2 for comparison), which consequently increase the 
diffusivity of the sorbate particles. This should be compared 
with Figure 17 in which the pillars are randomly distributed, 
but are not allowed to overlap. 
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D 
Figure 16. Clustering. of the pillars with a random distri- 

bution and porosity 0.8383. 
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Figure 17. Typical random configuration of the pillars in 
which they are not allowed to overlap. 

Figure 18 compares the diffusivities of seven different real- 
izations of a random system with no pillar overlap with that 
of a uniform system, for cp = 0.941, p, = 0.3, and h = 4, which 
generate the same pillar configuration as that of Figure 3. As 
can be seen, the largest diffusivity is only 10% larger than the 
smallest diffusivity. Moreover, the average diffusivity among 
all seven realizations differs from that of the uniform system 
by only about 3%. Figure 19 makes the same comparison, but 
for cp = 0.896. All other parameters of the system are the same 
as those for the system of Figure 18. In this case there is a 
larger difference between different realizations, and the dif- 
ference between the average of the realizations and that of 
the uniform system is also larger than that of the cp = 0.941. 
Figure 20 compares the porosity dependence of the diffusiv- 
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Figure 18. Diffusivity for seven different realizations of 
a random system with no pillar overlap, vs. 
that of a uniform system (at A=O) with the 
same porosity 0.941. 

AIChE Journal March 1995 

Figure 19. Same as in Figure 18, but for porosity 0.896. 

ity of a random system without pillar overlap with that of a 
uniform system. The results for the random system represent 
an average over five different realizations of the system, and 
the separation distance is h = 4. As in the case of the solva- 
tion force, while at high porosities the difference between the 
two diffusivities is small, at low porosities the relative differ- 
ence is significant. Moreover, only at low porosities the dif- 
ference between the diffusivities of a random system with and 
without pillar overlap is significant. 

Based on the comparison between the uniform and ran- 
dom systems, we may draw two conclusions: ( 1) as the poros- 
ity of the system decreases, one needs a larger number of 
realizations of the random system in order to obtain repre- 
sentative statistics; and (2 )  while at high porosities uniform 
and random distributions of the pillars may yield comparable 
estimates of various quantities of interest, the difference be- 

* 

Figure 20. Porosity dependence of the diffusivity of, a 
uniform system (4 with that of a random sys- 
tem (+) without pillar overlap. 
Particle density is p s  = 0.3 and the separation distance is 
h = 4. 
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Figure 21. Dependence of the diffusivity on the separa- 
tion distance h between the solid walls. 
The pillar distribution is uniform, the porosity is 0.941, and 
particle density is 0.3. 

tween the two systems increases as the porosity of the system 
decreases, and may become relatively large at porosities near 
the percolation threshold. However, if, for example, a 15520% 
difference between the properties of the two systems is ac- 
ceptable, then the uniform system may still yield reasonable 
estimates of the quantities of interest for a random system. 

Figure 21 presents the dependence of D on the separation 
distance h between the solid walls in a system with a uniform 
distribution of the pillars, p, = 0.3, and p = 0.941. As ex- 
pected, for small values of h the diffusivity increases with h, 
but for h > 5 it attains an essentially constant value, implying 
that for h > 5 the system is effectively three-dimensional, 
which is why D becomes independent of h. Note that with 
u = 3.405 A, which y e  used in our simulations, h = 6  is 
equivalent to h = 20 A, which is about the upper limit of the 
distance between the silicate layers in most pillared clays. 

Difision near the percolation threshold 
An important characteristic property of porous systems is 

their percolation threshold cp, (Stauffer and Aharony, 1992; 
Sahimi, 1994). Of particular interest is the behavior of the 
diffusivity near cpc. For our system, such low porosities may 
be generated by a dense distribution of the pillars. In prac- 
tice, low porosities can also be generated if large molecules, 
such as normal alkanes, are adsorbed on the pillars, hence 
plugging the pores, which is in fact often the case. To study 
this, we performed a series of simulations with a uniform dis- 
tribution of the pillars at zero particle density, which is real- 
ized simply by removing the interactions between the sorbate 
particles, so that they do not feel the presence of each other. 
Percolation theory predicts that as the critical porosity pC is 
approached, the effective diffusivity vanishes according to the 
following power law 

Figure 22. Trajectory of a particle in a system with 
porosity 4p = 0.9741 and a uniform distribu- 
tion of the pillars at infinite molecular dilu- 
tion. 

where n = 1.3 and 2 for two- and three-dimensional systems, 
respectively. The disappearance of D can be illustrated 
graphically by observing the trajectories of a single randomly 
selected sorbate particle in two systems with porosities cp = 
0.9741 and 0.8383. As shown in Figures 22 and 23, both sys- 
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Figure 23. Trajectory of a particle in a system with 
porosity 0.838, and a uniform distribution of 
the pillars at infinite molecular dilution. 

466 March 1995 Vol. 41, No. 3 AIChE Journal 



sity was varied from 0.6 to 0.3. The molecular density distri- 
bution functions were found to be distorted as the porosity 
and sorbate density were varied, in a manner consistent with 
the porosity and density dependence of the solvation force. 
The diffusivities for the three distinct pillar distributions did 
not differ significantly from each other at high porosities. But 
the difference became significant at low porosities, that is, at 
porosities not far from the percolation threshold of the sys- 
tem. This may have significance for practical applications, as 
adsorption of large molecules on the pillars, which often oc- 
curs in practical use of pillared clays, plugs the pores and 
gives rise to low porosity clays. Near the percolation thresh- 
old, the effective diffusivity was found to follow a power law 
with an exponent n = 1.7. To the extent that our model is a 
realistic representation of pillared clays, this result implies 
that the system has an effective dimensionality between two 
and three. 

Work is currently in progress to study the temperature de- 
pendence of the various properties of the system. The effect 
of preferential adsorption on the wall or the pillar on the 
diffusivities is also under study, as is that of the molecular 
shapes. The results will be reported in a future article. 

1 o-3 

Figure 24. 

lo-* 10.’ 

Power law behavior of the diffusivity near the 
percolation threshold. 

io - i o c  

The straight line is the best fit of the data. 

tems correspond to a uniform distribution of the pillars at 
zero molecular density. At the higher porosity (Figure 23) the 
sorbate particle can move almost freely in the longitudinal 
directions, since there are very few pillars inside the cells. As 
the porosity decreases, molecular motion along the longitudi- 
nal directions becomes more difficult. Eventually, the sorbate 
particle is mostly entrapped at some low energy zones as the 
porosity approaches its threshold, as indicated by Figure 23. 

To obtain an estimate of cpc and n, the results at low cp are 
plotted logarithmically in Figure 24, and from a linear regres- 
sion we obtain cpc = 0.8250 and n = 1.7. For a system of 
hard-sphere pillars and sorbate particles diffusion ceases 
when the distance between the pillars is equal to fig. 

Therefore, the critical porosity is given by (see Eq. 1) cpc = 1 
- ~ / 1 8  = 0.8255, in perfect agreement with our estimate, 
which is also indicative of the accuracy of our simulations. 
On the other hand, the fact that our value of n is between 
those of two- and three-dimensional systems may mean that, 
to the extent that our model is a realistic representation of 
pillared clays, such systems have an effective dimensionality 
between two and three. Percolation theory also tells us that n 
is independent of the microscopic details of the system. We 
thus expect n to be the same for uniform and random distri- 
bution of the pillars. 

Summary 
In this article, a model of pillared clays was developed and 

extensive molecular dynamics simulation of diffusion in such 
systems was carried out. Various properties of interest, in- 
cluding the solvation force, the molecular density distribution 
function, and the effective diffusivity and its critical behavior 
near the percolation threshold were studied for three differ- 
ent spatial distributions of the pillars, at molecular densities 
ranging from 0 to 0.6 and porosities ranging from 1.0 to 
0.8270. The solvation force was found to be monotonically 
increasing with decreasing porosity, and its nature changed 
from a repulsive to an attractive force when the sorbate den- 
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