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In this paper new models for theoretical investigations of zeolite diffusion by Monte Carlo
methods are presented. The goal was to assess the influence of different model assumptions on
the concentration dependence of transport and self-diffusion in a two-dimensional zeolite net-
work. Experimentally determined diffusivities are in qualitative agreement with the simulation

results. © 1989 Academic Press, Inc.

INTRODUCTION

During the last 10 to 15 years the applica-
tion of zeolites as catalysts and sorbents in
industrial processes has become more and
more important (/-3). With the ratio of zeo-
lite pore diameter to molecular diameters
being close to unity, most of the catalytic
reactions in zeolites are limited by diffusion
(4). The specific adsorption interaction of
molecular sieves has rendered these com-
pounds superior in the application to the
separation of fluid mixtures. Despite the
widespread use of zeolites, however, no
complete understanding of transport pro-
cesses in zeolites has yet been established.
Some of the major problems still awaiting
resolution are concentration dependence of
the diffusivity, multicomponent transport,
and large discrepancies between experi-
mental diffusion coefficients. The peculiar
pore structure of zeolites and the rather
limited number of sorbed molecules per
cage may justify raising doubts as to
whether zeolite diffusion can be adequately
described by means of continuum state
variables. It was probably this idea that in-
spired a number of researchers to draw on
the help of the Monte Carlo method, and to
study idealized model systems with dis-
crete concentration distributions.
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Some of the theoretical investigations on
the problem of diffusion in zeolites and the
concentration dependence of the diffusion
coefficient were carried out previously by
the Monte Carlo method (4-6). Due to the
rigid geometric structure of zeolites and the
existence of small independent subunits
(cages), a random-walk of particles in an
abstracted zeolite should be a reasonable
approximation of zeolite diffusion.

Previous simulations with the Monte
Carlo method were either conducted for a
one-dimensional pore model (6) or for ef-
fects of pore blocking in a two-dimensional
lattice (4, 5). Ruthven (7) presented a
Monte Carlo simulation for a three-dimen-
sional zeolite model to estimate the effects
of ion exchange on diffusion in zeolites. Be-
cause of the ion exchange the pore diameter
varies and thus, the diffcrence in the diffu-
sion characteristics between exchanged
and unexchanged zeolites is the same as for
diffusion through blocked and unblocked
porc networks. In this paper we present
some more extended and complex models
for diffusion in a two-dimensional array.

One of the goals of this study was to as-
sess the validity of Darken’s equation (8), a
thermodynamic relationship for correlating
the concentration dependence of the diffu-
sivity. The other objective was to deter-
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mine the transport properties of an ab-
stracted zeolite network, with respect to
alterations of the microdynamic assump-
tions in the random-walk of diffusing spe-
cies. Finally, it was examined how self-dif-
fusion of tracer molecules relates to
transport diffusion under the force of a con-
centration gradient. All results were to be
reviewed critically as to the capabilities of
random-walk simulations in modeling zeo-
lite diffusion.

Inside the network of channels and cages
of a zeolite no ‘‘free gas phase’’ exists, due
to the strong force field of the adsorbent
surface (8). Since the diffusion of molecules
in the zeolite channel network is commonly
viewed and observed as an activated pro-
cess, it is reasonable to assume for simplic-
ity that a molecule inside this network can
only be found in two different energy
states. One of these we will call the ad-
sorbed state; i.e., the molecule is adsorbed
at a distinct site in a cage of the zeolite. The
second state will be referred to as the tran-
sition state, and characterizes a molecule of
increased energy content with the ability of
moving from one adsorption site to the
next, i.e., migrating to the next neigh-
boring cage.

In the description of the different models,
two different types of concentration ap-
pear. First of all, there is the concentration
with respect to a single cage. For each cage
an integer number of particles is permitted.

Often the concentration can be put in di-
mensionless form called occupation, by di-
viding the concentration by the maximum
allowed number of molecules per cage. The
occupation thus varies between 0 and 1. In
other instances, concentration will be re-
ferred to as an average value within a par-
ticular domain of the simulated network.
Such a domain would be, for instance, a
limited range of the zeolite in equilibrium
with an external fluid phase. This latter defi-
nition of occupation corresponds to the
well-known pore filling factor 6.

(1) TRANSPORT DIFFUSION UNDER A
CONSTANT CONCENTRATION GRADIENT

In this model the case of steady-state dif-
fusion was simulated. Here, the following
situation was assumed: A two-dimensional
zeolite crystal is exposed to gas phases of
pressure py on the left side and p; on the
right side, where py is greater than p;. The
lateral boundaries of the zeolite are in-
permeable to mass transfer. Thus, the mass
flow will only occur from left to right. The
simulated zeolite array is depicted in Fig. 1.

In order to account for sorption equilib-
rium at the fluid/zeolite interfaces, three
columns of zeolite grid points at the phase
boundaries were maintained at constant
mean concentration throughout the simula-
tions. If a molecule jumped out from the
equilibrium domain into the zeolite grid, the
mean occupation in the boundary region
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was held constant by adding another mole-
cule at a random position in this region. At
all times it was taken care to ensure that the
maximum occupation of a single cage was
not exceeded. Similarly, if a molecule
jumped from the center of the grid into an
equilibrium region, another molecule was
removed from this region.

For the steady-state conditions, the net
fluxes of particles through the phase bound-
aries on the left and right sides of the zeolite
were equal, when averaged over a long
time. We arbitrarily chose the net flux
through the left boundary in comparing the
simulation results with Fick’s Law:

n = —D % A * (dc/dx). N

The concentration gradient (dc/dx) is ap-
proximated by the difference ratio Ac/Ax,
where Ac represents the concentration dif-
ference between the two equilibrium re-
gions. Ax, in arbitrary units, is the distance
between these regions and is equal to the
length of the zeolite crystal. A is the cross
section for diffusion. Solving Eq. (1) for the
diffusion coefficient D one obtains

D = —n * Ax/(A * Ac). 2

Allowing a single cubic cage to have the
spatial lengths L, = L, = L, = L and with X
and Y as the numbers of cages in the re-
spective direction, one obtains

Ax=X=*L
A=Y=*]?

Ac = concentration difference between
equilibrium regions on left and right
side of the zeolite

=
|

= net flux of particles per single jump
interval

So D is found as
D = —(X/(Y % L)) * a/Ac 3)

and in units of [L? * jump frequency].

For all simulations X and Y were set to
15. Thus, each equilibrium domain con-
tained 45 cages each. The concentration

difference across the zeolite was chosen as
5 molecules per 45 cages, i.e., Ac = 5/45 =
§ particles per cage.

At the beginning of each simulation, pre-
determined numbers of particles were
placed in the high- and low-pressure equi-
librium regions. Second, the square zeolite
array between the equilibrium regions was
assigned a random distribution of mole-
cules, so that the same average occupation
per cage as in the high concentration range
was attained.

The elements of the array, i.e., the mole-
cules, were activated for migration in a ran-
dom sequence, so no ordering or direc-
tional influence of the activation could
distort the results. In contrast we found a
significant difference if instead of a random
activation one starts with the first element
in the first column, proceeds to the second
element in the first column, and so on, or
vice versa. With such an ordered activation
of the molecules the fluxes could be altered
significantly, particularly at high concentra-
tions of diffusing molecules.

In order to facilitate the simulation of the
simultaneous random walk of a large num-
ber of molecules in the zeolite network, two
arrays were defined which contained the
distribution of molecules before and after
each jump event. Thus, it was possible to
satisfy conditions for successful jumps and
still guarantee to a large extent the random-
ness of the diffusion process. Such jump
conditions were clearly defined prior to
each simulation run. They included micro-
dynamic considerations such as the number
of molecules per cage that may be activated
per event; whether molecules can pass each
other in a channel between neighboring
cages; and the maximum number of mole-
cules per cage permitted at any time.

The first 5000 jumps during each run
were ignored in order to eliminate the influ-
ence of the initial distribution. The number
of 5000 was found to be sufficiently large in
preliminary tests of the simulation pro-
gram. After this start-up period, for the fol-
lowing 10,000 jumps, the flux of molecules
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was counted that passed from columns
three to four and vice versa (see Fig. 1).

The net flux which is proportional to the
diffusion coefficient was calculated as the
difference between these two fluxes divided
by 10,000. Thus, one obtained the net num-
ber of particles transmitted per jump inter-
val through the zeolite.

For repeated runs the standard deviation
of D(9) was found to be less than one per-
cent. It was therefore determined sufficient
to carry out each simulation only once.
Only at some sensitive points, e.g., €x-
tremely high or low concentrations, a simu-
lation was carried out for three to five
times. When going through the simulation
results of this work, the reader might note
the pronounced fluctuations of D over the
concentration range. These fluctuations
were not the result of excessive scattering
and, therefore, low statistical significance
of the simulation results. Reproducibility of
the results was always very high.

The average computation time (CPU —
time) for the system described above (i.e.,
array of 15 X 21 cages and 15,000 jumps) on
a MicroVax II required about 120 min.

Model Assumptions and Observed
Concentration Dependence

Palekar and Rajadhyaksha (6) used a
Monte Carlo simulation to find the concen-
tration dependence of the diffusion coeffi-
cient in a simplified one-dimensional zeolite
pore. They simulated an uptake rate experi-
ment and found a concentration depen-
dence that agreed to some extent with the
predictions of Darken’s equation (8):

)

They assumed the following restrictions:

® A single adsorption site (i.e., cage)
can be occupied by no more than one parti-
cle at any time.

® Particles cannot pass each otherina
window.

e Each particle is activated for jump-
ing at every time step.

In our simulations we attempted to use a
wider variety of geometric and micro-
dynamic factors that simulated the zeolite
network and the diffusion process within
the same. Unlike Palekar and Rajadhyak-
sha (6), we used a two-dimensional zeolite
and tested the following influences on the
concentration dependence of the diffusiv-

1ty:

(a) maximum number of particles per
cage (value varied from 1 through 10);

(b) particles can/cannot pass each
other in the windows between cages;

(c) number of particles that can leave
the cage per jump event;

(d) the particie(s) has (have) to leave
the cage if the adjacent sites are not com-
pletely occupied and the windows are un-
blocked.

(a) Varying the maximum number of par-
ticles per cage. This parameter seems to
have a reasonable physical justification
since for many zeolite—sorbate systems the
maximum number of molecules per cage is
well known, and their values are almost al-
ways greater than one. For example,
Kéirger and Ruthven (9) measured an occu-
pation of up to 3.3 molecules per cage for
the system benzene in zeolite 13X, a sys-
tem which we have also studied experimen-
tally in our laboratory (10). Most hydrocar-
bons are known to be sorbed in common
zeolites with more than one molecule per
cage at saturation (I, 11).

Under the following restrictions of

® one particle leaves the cage per step,

® only one particle can migrate
through a window per step,

e the particle has to leave the cage if
one neighboring cage is vacant,

the following dependence was found (Fig.
2):

For a maximum of one particle per cage
the diffusion coefficient was found to de-
pend exponentially on the occupation

D = Dy = exp(k * ). (5a)
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Fi1G. 2. Concentration dependence of diffusion coef-
ficient; one molecule per cage and event allowed to
jump; no passing in windows; (A) max. 1 particle/
cage; (%) max. 2 particles/cage.

In contrast, for two molecules the depen-
dence was observed to obey a relationship
of the form

D = Dy/(1 - B)F. (5b)

The values of D decreased when increasing
the maximum number of particles per cage.

For maximum occupations higher than
two, no simple relationship between D and
0 could be found. The diffusion coefficient
started to oscillate for increasing concen-
tration. Here the simulation technique
seemed to have reached its limits, and it
would be necessary to extend the simula-
tion to larger arrays.

(b) The particles can pass each other in a
window. A characteristic parameter for dif-
fusion in zeolites is the so-called ‘‘key fac-
tor’” which is the ratio of the sizes of the
diffusing molecule and the zeolite window
(12). For a key factor much less than unity
the pore diameter is much greater than the
molecule’s diameter. Now if one proceeds
on the assumption that the pore diameter is
wide enough and the repulsive forces be-
tween two molecules are negligible, a by-
passing of two molecules inside an orifice of
the zeolite lattice might be possible.

Allowing only one particle per cage, the

curve D = D(0) is the same as under the
previous conditions (see case (a)). For two
of these molecules per cage, D was no
longer proportional to exp(k * §). In a log D
vs log (1 — 6) plot a slope close to minus
one was found up to three particles per
cage. The higher the number of particles
per cage the smaller became the simulated
diffusion coefficient. For 8 close to one, the
diffusion coefficients did not differ from
each other (Fig. 3). Comparing Figs. 2 and
3, a slightly higher diffusion coefficient for
the case of bypassing can be observed.

For the Langmuir-isotherm the term d In
p/dIn ¢ in Eq. (4) is equivalent to 1/(1 — )
and Eq. (4) now becomes D = Dy/(1 — 6).
In a log D vs log(1 — 6) plot the slope is
minus one.

(c) More than one particle may leave the
cage at a time. With similar assumptions as
in case (b) the cage of a zeolite may be big
enough to contain more than one particle in
the transition state. Thus, at least one mole-
cule is able to migrate through a window. In
each simulation step a random integer num-
ber was assigned to each adsorption site.
The random integer represented the num-
ber of molecules which were permitted to
leave the cage at the current step. The num-
ber was always greater or equal to one.

D

ditffusion coefficient
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Fi1G. 3. Concentration dependence of diffusion coef-
ficient; particles can pass each other in windows; (A)
max. | particle/cage; (3¢) max. 2 particles/cage.
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F1G. 4. Concentration dependence of diffusion coef-
ficient; more than one particle per time step may leave
cage; (A) max. 1 particle/cage; (x) max. 2 particles/
cage; () max. 3 particles/cage; (&) max. 4 particles/
cage.

However, only one particle could migrate
through a window per event.

Simulating the steady-state diffusion for
a maximum cage occupation between one
and four particles per cage, the diffusion
coefficient seemed to be independent of the
maximum occupation and only depend on
average occupation of the zeolite lattice.
The diffusion coefficients fall together in a
narrow band when plotted as log D vs. 6
(Fig. 4). Remarkable is the higher diffusion
coefficient for 6 approaching unity in case
of a maximum cage occupation of one.

{(d) The molecules need not leave the
cage in a single step. In previous works in
the literature, two different concepts of
jumping of a single particle were presented.
Palekar and Rajadhyaksha (6) simulated the
jump event in the same way as proposed in
this paper: The particle must leave the cage
if an adjacent site is vacant and the win-
dows are unblocked. In contrast, Theodo-
rou and Wel (5) as well as Ruthven (7) as-
sumed that a particle stayed in its present
cage if the first jump attempt was unsuc-
cessful; i.e., either the site in the assigned
direction is fully occupied or the window in
this direction is blocked.

We now modified our initial assumption
in that way, that only once for every time
step a random jump direction was assigned
to the particle. In case the adsorption sites
in the jump direction were completely
filled, or the window was blocked by an-
other particle, the molecule had to remain
in the cage. The jump conditions are now
similar to those of Theodorou and Wei (5)
and Ruthven (7).

From comparison of Figs. 2 and 5, one
can conclude that the assumption ‘‘the par-
ticle has to leave the cage’ leads to a simu-
lated concentration dependence of D which
is more consistent with the majority of ex-
perimentally observed increases of D with
6. This is quite surprising since one may
object that the particles are unlikely to go
through more than one transition state in a
single jump interval. The problem in deter-
mining the proper simulation conditions in
arandom walk, however, is the fact that the
nature of the diffusion transition state in ze-
olites is not generally known. We prefer to
view the adsorbed molecules in the cages as
subject to considerable oscillatory move-
ment rather than being static or slowly
creeping entities. With this idea in mind it
might be more comprehensible to admit
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F1G. 5. Concentration dependence of diffusion coef-
ficient; particles may not leave cage if first assigned
direction leads to unsuccessful jump; (A) max. 1 parti-
cle/cage; (%) max. 2 particles/cage.
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molecules for repeated activations per jump
interval.

Discussion of Transport Diffusion Results

A number of variations of a random-walk
process for the steady-state diffusion in a
two-dimensional lattice have been pre-
sented. The goal was to assess the influence
of model alterations on the concentration
dependence of the observed diffusivity, and
to compare this dependence against the
prediction of Darken’s equation.

There is no question that some of the
model assumptions presented above are
somewhat crude, and would never enable
the user of this random-walk program to
eventually predict an accurate diffusion co-
efficient for a real physical system. How-
ever, a number of conclusions can be drawn
from our results that bear some physical
significance for real systems.

In almost all of the above model simula-
tions we altered the mobility of sorbed mol-
ecules by different assumptions. Yet we
treated the sorption system as ideal, in the
respect that no interaction energy between
sorbed molecules was present and that the
distribution of molecules in the grid was
random. Therefore, the sorption character-
istic of these systems can be expected to be
similar in all cases, that is the thermody-
namic correction of the diffusion coefficient
with Darken’s equation becomes very simi-
lar in all these cases. As is seen from the
concentration dependence of the different
simulations, however, in hardly any case
can Darken’s equation be considered ade-
quate in describing the rise in the diffusivity
with increasing pore filling. It is therefore
advisable to have a closer look at the rigor-
ous equation for mass transport in zeolites
as given by Ruthven (8, Eq. (5.6)), which is
another form of Eq. (4):

dinp
dinc’

Clearly, there are two parts to the right-
hand side of this equation that describe
contributions from thermodynamics and

D = BRT 6

mobility or microdynamics to the concen-
tration dependence of D. With a known
sorption isotherm, the thermodynamic ef-
fect in Eq. (6) can be eliminated, and the
microdynamic contribution determined.
The latter is represented by the quantity B
(mobility).

In our case, for ideal nonlocalized sorp-
tion the isotherm can be derived from sta-
tistical thermodynamics and is given by
Ruthven (8, p. 81). One parameter in this
isotherm is the maximum number of parti-
cles per cage, m. In case m is equal to
unity, one obtains the Langmuir isotherm.
For m approaching infinity, the isotherm
takes the form of the Volmer equation.

Applying the numerically obtained cor-
rection factors to some of our simulation
results gave the mobility B as a function of
the concentration 6. The results are repre-
sented graphically in Figs. 6-8. The quan-
tity BRT in Eq. (6) corresponds to the cor-
rected diffusivity D, that is usually found in
the literature, when the concentration de-
pendence of zeolite diffusion is reported.

The results in Figs. 6-8 make clear how
the mobility of the diffusing species is af-
fected by the model assumptions in the
present case studies. One general trend in

-
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FiG. 6. Concentration dependence of corrected dif-
fusion coefficient; 4 molecules per cage; no passing in
windows; (A) all 4 particles can jump; () only 1 parti-
cle can jump.
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FiG. 7. Concentration dependence of corrected dif-
fusion coefficient; 1 molecule per cage and event per-
mitted to jump; no passing in windows; (A) max. 1
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most simulations is the decrease of the cor-
rected diffusivities with increasing pore fill-
ing. As in Fig. 6, the decrease was very
pronounced where the number of particles
leaving the cage was restricted. This result
was expected intuitively, since with the
first data set of Fig. 6 the migration of parti-
cles is only obstructed when an increasing
number of neighboring cages has reached
its saturation capacity or the jumping of
particles is hindered by the counterflux of
particles. In Figs. 7 and 8, examples are
represented for a maximum pore filling of 1
or 2 particles per cage. Considering the
large variation of D with concentration, the
dependence of Dy on @ in Fig. 7 is rather
small. In Fig. 8 the case of two molecules/
cage is simulated and differentiation is
made by allowing or not allowing counter-
diffusion of molecules in windows. It is ob-
vious from the data in Fig. 8 that the addi-
tion of this condition has very marginal if
any effect on the mobility of the diffusing
species. Again, the dependence of Dy in
Fig. 8 is rather weak over a wide concentra-
tion range, and showing a marked drop at
approaching unity.

If one is to summarize the trends of the
concentration dependence of D, in Figs. 6

8, a few common features are apparent.
The region of # between 0 and approxi-
mately 0.7 is characterized by relatively
constant values of D,. In almost all cases,
the mobility then decreases with a further
increase of . Some of the model variations
for jumping of particles had a marked effect
on the mobility: maximum number of parti-
cles per cage; number of particles that were
allowed to leave the cage at a given jump
interval. On the other hand, the discrimina-
tion between cases where the encounter of
particles in a cage window was allowed or
not showed no significant effect on the mo-
bility at all. In general, the overall tendency
of Dy in Fig. 6-8 is the more or less pro-
nounced decline with increasing values
of 6.

It is illustrative to compare some experi-
mentally observed values of Dy to the con-
centration dependent mobilities B of our
simulations. Depending on the experimen-
tal system and conditions, all possible con-
centration dependencies of corrected diffu-
sivity can be found in the literature. As an
example, D, for benzene in ZSM-5 and sili-
calite was found to decrease (/2), Billow et
al. (I4) found an almost constant D, for
benzene in NaX zeolite, and finally Kérger

x A Xab
.02

.01

005 A

diffusion coefficient Dy

.002

Corr.

Ll

oyl b L NS R ISR NN NN
0 1 .2 .3 -4 .5 -6 7 .8 .9 1.0

pore fitlling 12

FiG. 8. Concentration dependence of corrected dif-
fusion coefficient; 2 molecules per cage; 2 molecules
can leave cage at a time; (A) passing in windows; (x)
no passing in windows.
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and Ruthven (9) observed an oscillatory
concentration dependence of D, with an in-
crease toward high concentrations for ben-
zene in large 13X crystals. All of these data
have been collected with the sorption up-
take method. Despite the similarity of the
systems with regard to the geometric pro-
portions of diffusing species and zeolite
cages, one may raise doubts as to whether
some of the data were falsified by unac-
counted effects during measurements. One
of these unaccounted effects could be the
commonly quoted limiting sorption heat re-
moval.

Despite the crudeness of some of the
model assumptions in our simulations, we
suggest that an observed concentration de-
pendence of the corrected diffusivity could
serve as a means to test the consistency of
the data. This is possible when simulation
results are available which can be expected
to compare reasonably with the experimen-
tal system. From the results of our simula-
tion, for instance, we would expect for dif-
fusion in a sorbate/zeolite system with a
maximum pore filling of about 5 molecules
per cage to show a decline of corrected dif-
fusivity with increasing concentration after
an initial region of almost constant Dy. This
statement is, of course, invalid when our
simulation assumptions sharply contrast
the behavior of a real physical system.
Such exceptions would be the diffusion of
long, stretched molecules (such as paraf-
fins), or polar molecules with strong sor-
bate—sorbate interaction. There the simpli-
fied model assumptions break down, and
require a more sophisticated description in
the random-walk simulation.

We are aware that more refined models
need to be studied, with a closer resem-
blance to the physical process of zeolite dif-
fusion, before a final judgement regarding
such a consistency test can be drawn.

(2) THE SELF-DIFFUSION COEFFICIENT

One of the current, important topics in
the literature of zeolite diffusion, is the
large discrepancy between parameters de-

termined by different experimental meth-
ods. An abundance of experimental data
have been published for self-diffusion mea-
surements with the NMR pulsed-field-gra-
dient Technique (15). When comparing the
results of this method to those of sorption
uptake measurements or the chromato-
graphic method, there are a number of con-
siderable deviations regarding the magni-
tude of zeolite diffusivities (I, 8, 9), the
magnitude of observable activation ener-
gies (9, 16), and concentration dependence
of the diffusion coefficient (I, 9, 17). We
therefore attempted to simulate the self-dif-
fusion of tracer particles in the simulation
grid of Section (1) and compared the results
of self- and transport diffusion.

The Monte Carlo method seems to be
particularly suitable for the simulation of
the self-diffusion. In the simulation a
marked particle was placed at the center of
the quadratic simulation field. After filling
the grid to the desired concentration, the
random walk of all particles was started.
The number of time steps (ns) was preset in
that way that the marked particle could at
the most reach the boundary. The self-dif-
fusion coefficient was then calculated from
the squared distance between the initial and
final positions of the marked particle Ax?,
divided by the number of migration steps:

D, = Ax/(4 = ny). )

This procedure was repeated at least one
hundred times until a reliable average diffu-
sion coefficient was arrived at.

Some of the results are represented in
Fig. 9. It can be seen, that the self-diffusion
coefficients at low concentrations agree
with the values obtained by the results of
the gradient transport simulations in Sec-
tion (1) of this paper. In addition it is impor-
tant to note that the concentration depen-
dence of the self-diffusion coefficients in
Fig. 9 is rather weak. Only at pore filling
factors higher than # = 0.8 is the mobility
remarkably hindered and does a drop of the
self-diffusion coefficient occur. The decline
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FiG. 9. Concentration dependence of self-diffusion
coefficient; (A) max. 1 particle/cage; () max. 4 parti-
cles/cage; () max. 6 particles/cage.

is less marked for higher numbers of parti-
cles per cage.

Observing the system zeolite/adsorbens
at infinite dilution which is simulated by a
single particle jumping in an empty zeolite
grid the self-diffusion coefficient averaged
over one million jumps is calculated to
0.223L7 * jump frequency.

The concentration dependence changes
dramatically if the random walk is modified
so that diffusing particles can cover a dis-
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F1G. 10. Concentration dependence of self-diffusion
coefficient; constant-jump-length model of Barrer (n =
3); (A) max. 1 particle/cage; (x) max. 2 particles/cage;
(¥) max. 4 particles/cage; () max. 8 particles/cage.

tance of more than one cage length per acti-
vation. This is similar to the constant-jump-
length model of Barrer (18). We arbitrarily
chose a value of n = 3 as jump distance per
particle flight, and obtained the results in
Fig. 10. Starting from a rather low value at
high dilution, the self-diffusion coefficient
reached a flat plateau before declining as
concentration approached unity. It is re-
markable that the plateau values are larger
than the low concentration values by al-
most one order of magnitude and that the
whole intermediate range is characterized
by a very weak concentration dependence.

Discussion of Self-Diffusion Results

Kérger and Ruthven compared the cor-
rected diffusion coefficient determined by
uptake measurements, Dy, with the self-dif-
fusion coefficients obtained by NMR
pulsed-field-gradient measurements D, (9).
They found that this comparison is only
feasible for small values of the pore filling
factor and derived the relationship between
Dy and Dy,

Dy = D,{1 — g(o) * p}, )

where g(c) * p is a function describing the
interaction between molecules on different
adsorption sites. At low concentrations, D,
and D are expected to be identical. Even
though Eq. (8) suggests that D, is smaller
than, and at the limit equal to, Dy, experi-
mental results frequently show much larger
values of D (1, 7, 9). Inspection of our sim-
ulation results in Fig. 9 indicates that, for
the present Monte Carlo study, the predic-
tion of identical transport and self-diffusion
coefficients at very low concentration is in-
deed fulfilled. The very weak concentration
dependence of D, in Fig. 9 and in the inter-
mediate range of Fig. 10 and the marked
drop at high pore filling 8 of Figs. 9 and 10
are in fair agreement with NMR self-diffu-
sion measurements in numerous experi-
mental systems (/, 7, 9, 17). Quite remark-
able is the fact that D, values in Fig. 10
beyond concentration # = 0.2 are about by
one order of magnitude larger than the lim-
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iting value at zero concentration. The inter-
pretation of the data in Fig. 10 initiated our
search for similar experimental observa-
tions in the literature. In all the experimen-
tal work on self-diffusion that we are aware
of, we have not been able to find measure-
ments at extremely high dilution. Typically
reported data start at concentration values
of about 8 = 0.2 (9, 15, 17). Some recent
work on the self-diffusion of toluene and
xylenes in NaX zeolites (17) suggests a de-
cline of D, toward lower concentrations,
similar to the simulation results in Fig. 10,
but unfortunately, no experimental data are
given below 6 = 0.25.

(3) CONCLUSION

Diffusion in a two-dimensional zeolite
pore network has been simulated by a ran-
dom walk of particles under a constant con-
centration gradient. The objective of this
work was to obtain the concentration de-
pendence of the apparent diffusion coeffi-
cient for a variety of model cases. Model
alterations were achieved by allowing for
different maximum cage concentrations,
and by redefining the rules for successful
jumps of the particles between cages. Spe-
cial care was taken to assure the random-
ness of the diffusion process. The results
are in qualitative agreement with the pre-
dictions of Darken’s equation, and show
larger diffusion coefficients with increasing
concentration. The rate of increase, how-
ever, is dependent on the assumptions of
the individual models. The model differ-
ences become clearer when the diffusion
coefficients are corrected for the thermody-
namic contribution, as described by Dark-
en’s equation. The so obtained corrected
diffusivities, or mobilities, show, without
any exception, a decrease with increasing
pore filling factors 6.

Even though the presented Monte Carlo
simulations are based on partly simplistic
model assumptions, we suggest that some
general trends of the simulation results
could be utilized to evaluate the consis-
tency of experimental diffusion data in zeo-

lites. Such consistency tests could be of use
in precluding influences of unaccounted
physical effects during measurements, or
the improper evaluation of diffusion param-
eters from experimental data. From our
own simulation results, we tentatively
propose that sorbate—zeolite systems with
similar cage capacity and no strong sor-
bate—sorbate interaction should exhibit de-
creasing corrected diffusivities with in-
creasing concentration. We are aware that
such predictions will become more credible
with the use of more sophisticated random
walk models, where an increased knowl-
edge of the physical system of interest is
incorporated.

In the second part of this work we have
presented simulation results on the self-dif-
fusion of marked tracer particles in the two-
dimensional zeolite network of the previous
section. Since identical random walk as-
sumptions were chosen, we were able to
compare the results to the transport diffu-
sion coefficients of part (1) of this paper.
The important results were identical self-
and transport diffusivities at low concentra-
tion, and a weak concentration dependence
of the self-diffusion coefficient, as is often
reported from experimental measurements
with the NMR technique. Thus, the pre-
sented simulations give no explanation of
the large discrepancies between experimen-
tal self- and transport diffusion results in
the literature.

Finally, the model of the self-diffusion
process was modified in order to test the
constant-jump-length model of Barrer (I8).
We found a very peculiar concentration de-
pendence of the tracer diffusivity, with an
extended plateau in the intermediate con-
centration range and sharp decreases to-
ward the limits of zero and unity pore filling
factors . Again we observed identical self-
and transport diffusion coefficients at infi-
nite dilution. These limiting values were ap-
proximately one order of magnitude smaller
than the plateau in the intermediate concen-
tration range. To our knowledge, this kind
of concentration dependence has not been
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reported in the literature, possibly due to
the lack of self-diffusion data at high sor-
bate dilution.
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APPENDIX: NOMENCLATURE

Cross section for diffusion, 1.2
Constant in Vollmer equation, bar™!
Mobility, L? * jump frequency
Concentration, molecules per cage
Diffusion coefficient, L? * jump fre-
quency

Corrected diffusion coefficient, L? *
jump frequency

Self-diffusion coefficient, L? * jump
frequency

Concentration dependent quantity in
Eq. (8), bar™’

Parameter in Eq. (5a)

Parameter in Eq. (5b)

Spatial length in x-direction of a sin-
gle cubic cage

Spatial length in y-direction of a sin-
gle cubic cage

Spatial length in z-direction of a sin-
gle cubic cage

Parameter in sorption isotherm
Parameter of constant-jump-length
model of Barrer (/8)

Particle flux, particles * jump fre-
quency

Pressure, bar

Gas constant, Nm/(mole * K)
Temperature, K

Length of diffusion path, L

Length of self-diffusion path, L
Number of cages in flux direction
Number of cages in direction perpen-
dicular to flux direction

0

97

Dimensionless concentration (pore
filling factor)
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