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Abstract. Diffusion of methane and argon mixtures through single crystal membranes is studied using the Dual-
Control Volume-Grand Canonical Molecular Dynamics method. This study focuses on understanding the impact
of crystal structure on surface resistance and membrane performance by comparing diffusion through silicalite,
mordenite, AIPO4-5 and ZSM-12. Results showed that the contribution of surface resistance on membrane selectivity
varies with the structure of the zeolite framework. Surface resistance is larger and longer range in silicalite, with
an overall trend of silicalite > ZSM-12 > mordenite > AIPOy4-5. This difference is attributed primarily to the
smaller diameter of the silicalite pores, but the one-dimensional pore systems also seem to focus the translational

momentum such that the surface resistance is smaller and shorter range.
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1. Introduction

In the diffusion of gas permeants through zeolite mem-
branes, surface resistances exist at the pore entrances
and exits due to the discontinuity in the crystal poten-
tial field (Kocirik et al., 1988; Ford and Glandt, 1995).
As progress is made toward thinner and higher flux
membranes, the surface effects should become more
significant. We would like to understand how these sur-
face resistances impact selectivity. While experimental
analysis has not identified a clear role of surface resis-
tance, a number of molecular simulations and contin-
uum theories have suggested that there should be such
an effect (Barrer, 1987; Kocirik et al., 1988; Karger and
Ruthven, 1992).

The single crystal membrane (SCM) technique (Sun
et al., 1996; Talu et al., 1998), is based on the direct
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measurement of diffusive flux through the zeolite at
transient and steady state conditions and allows bridg-
ing between the microscopic and macroscopic of tech-
niques because it is absent of inter-crystalline resis-
tances. Entrance and exit barriers are the only existing
surface-resistance types in the case of SCM, since a
single zeolite crystal forms the membrane. Therefore,
there are only three contributions comprising the dif-
fusion process of a gas molecule through the SCM:
entrance to the pores (adsorption), intra-crystalline dif-
fusion, and exit from the pores (desorption). The chal-
lenge for the experimental method is that the thick-
ness of the crystal in the flux direction is roughly
100 um thick, so thick that surface resistances are over-
whelmed by the intra-crystalline resistance. Neverthe-
less, polycrystalline membranes are being synthesized
with thickness near 10 um and individual grains of
order 1 pum. Thus the 1 um thickness is of interest,
despite the difficulty of adapting the SCM technique
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experimentally. This leads us to simulate idealized
SCM’s of thickness ~0.1 pum that are hypothetical in
the context of current experimental capability but per-
mit detailed study of surface resistances.

The variation of mass transfer resistances with the
membrane thickness was first observed by Martin and
co-workers (Martin et al., 2001), who studied the dif-
fusion of methane through silicalite membranes rang-
ing in thickness from 2 to 16 nm. Their work showed
that the surface resistance increased as the membrane
became thicker, contradicting initial assumptions that
the resistances at the surface were constant beyond the
first few angstroms inside the surface. But our previ-
ous simulations (Ahunbay et al., 2002) showed that
the effect was apparent even at different crystal orien-
tations and for thicker crystals. Although the surface
resistance eventually must approach a limiting value,
the membrane thickness before this approach is unex-
pected. The range of the thickness when this limit is
approached is what we refer to as the “range” effect.

In this work is we applied the Dual Control Volume-
Grand Canonical Molecular Dynamics (DCV-GCMD)
method to understand the impact of zeolite structure on
the surface resistances existing at the entrance and exit
of zeolite single crystal membranes. For our purpose,
we studied diffusion of CH4 + Ar mixtures through the
four different zeolites with different crystal structures:
silicalite, mordenite, AIPO,4-5 and ZSM-12, which al-
lowed us to understand how the mass-transfer resis-
tance at the interface alters selectivity and permeance
of the crystal.

2. DCV-GCMD Simulations

Four different zeolites types were considered in this
work: silicalite, mordenite, AIPO4-5, and ZSM-12.
This selection allows the study of frameworks with dif-
ferent channels systems and pore diameters. The char-
acteristics of the zeolites used in this simulation study
are summarized in Table 1.

The membrane diffusion simulations have been car-
ried out using the DCV-GCMD method (Heffelfinger
and van Swol, 1994; MacElroy, 1994; Thompson et al.,
1998). The details of the simulation procedure are sim-
ilar to that of our recent work (Ahunbay et al., 2005).
Permeant-permeant and permeant-zeolite interactions
were modeled using the Lennard-Jones (LJ) potential
model. The same permeant-zeolite parameters were
used for all zeolite types. The zeolite frameworks were
assumed all-siliceous and rigid. The silicon atoms in

Table 1. Characteristics of the zeolite frameworks considered in
this study.

Channel system Pore diameter (A)

Silicalite  3-dimensional: Straight channels 5.7x%x52
Zigzag channels 54
Mordenite 1-dimensional: Straight channels 6.5x7.0
Side pockets 2.6 x5.7
AlIPO4-5  1-dimensional: Straight channels 7.3
ZSM-12  1-dimensional: Straight channels 5.6

the zeolite were neglected. All interactions between
existing molecules were described by the 12-6 LJ po-
tential.

The pure LJ parameters for the permeants, and those
for the permeant-zeolite interactions used in this work
are listed in Table 2. The potential and the force vec-
tor for permeant-zeolite interactions were evaluated
using the pretabulation method that takes in the ac-
count the symmetries of the zeolite unit cells. The
cross-interaction parameters between permeants in a
mixture were calculated using the Lorentz-Berthelot
mixing rules. The potential parameters for CHs and
Ar are the same as those we had used in our pre-
vious works (Ahunbay et al., 2002, 2004), With this
selection of parameters, note that lower diffusivities
for CH4 were obtained compared to previous works in
the literature. However, this allows us to study the ef-
fect of difference in size between two penetrants, since
both molecules have very similar gas-crystal interac-
tion energies, while their gas-crystal interaction size
and molecular weight differ significantly. With this pa-
rameter selection, the intra-crystalline diffusivity of Ar
(2.52 x 1073 s/cm?) is slightly higher than that of CH,4
(2.28 x 107> s/cm?). The table also includes a second
set of interaction parameters for methane denoted by
CHj that yield similar equilibrium concentration and
heat of adsorption as the first set of parameters, but
gives a diffusivity of 3.31 x 10~ s/cm?. The heats of
adsorption were calculated as —15 kJ/mol for Ar, and
—18 klJ/mol for CH4 and CHj.

3. Results

The flux due to a pressure gradient through a intra-
crystalline region of thickness L is,

J__DiAP _ (0f\ Do AP a
- RT L \dc),RT L’
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Table 2. Lennard-Jones potential parameters for CHy4 and Ar in zeolites.

oce (A) ecc (K) ocz (A) eaz (K) Ref.
CHy 3.73 148 3.64 96.5 (Smit and Siepmann, 1994)
Ar 3.42 124 3.17 95.61 (Clark et al., 1998)
CH;} 3.73 148 3.214 133.5 (Goodbody et al., 1991)

where D; is uncorrected intra-crystalline transport dif-
fusivity, and P is the pressure in equilibrium with a
given concentration inside the crystal. Since the trans-
port diffusivities vary with concentration (Karger and
Ruthven, 1989), the corrected diffusivities Dy were
calculated using Darken’s approximation, where f is
the fugacity of the gas phase in equilibrium with the
permeant concentration c¢ inside the zeolite. Darken’s
approximation describes the corrected diffusivity of a
molecule assuming it is independent of concentration
and equals to its self-diffusivity at zero loading. Note
that this approximation is valid for CH4 and Ar, but it
does not hold for large molecules such as CF, in sil-
icalite (Skoulidas and Sholl, 2002). Then, Eq. (1) can
be rewritten as,

of 1 AP
J=—(2) == @)
dc )7 RT Rina
where Rinra = L/Dg is the intra-crystalline mass-

transfer resistance.

The total mass-transfer resistance can be expressed
as the sum of individual resistances to adsorption, intra-
crystalline transport and desorption (Ahunbay et al.,
2002). This allows individual evaluation of the surface
resistances at the entrance and exit by separate simula-
tion involving only one of the surface resistances. Then
the overall diffusion coefficient becomes

af L !
Di(c) = (%) |:Rads + D_O + Rdesi| . 3)
T

In our previous work (Ahunbay et al., 2004) the
mass-transfer resistances were calculated for CH4 and
Ar diffusing through silicalite membranes oriented
along the [0 O 1]-axis of the unit cell. This orientation
was selected since it is the actual orientation used in the
silicalite SCM experiments. The variations of surface
resistances with the membrane thickness were evalu-
ated through the silicalite membrane from individual
simulations of adsorption, intra-crystalline transport
and desorption steps of the diffusion process.

After evaluating the variation of surface resistance
with crystal thickness for CH4 and Ar diffusing through
silicalite, the impact of these variations on the separa-
tion performance of binary mixtures was considered.
For a binary mixture of permeants i and j, the sepa-
ration performance of the membrane can be expressed
by its selectivity:

Oli/jZJi/Jj. (4)

The effect of membrane thickness on the selectiv-
ity was studied first for CHs+Ar mixtures diffusing
trough silicalite membranes by increasing the crystal
thickness from 12 to 64 nm (Ahunbay et al., 2005). The
simulations were performed at 298 K with the total feed
pressure set to 4.55 bar, where the mole fraction of the
CH,4 was 0.12. This feed concentration was selected
such that it yielded an equimolar partition during the
intra-crystalline simulations. The resulting selectivity
showed that for a membrane of 12 nm the selectivity
at the entrance is higher than the intra-crystalline se-
lectivity. It approaches the intra-crystalline selectivity,
as the membrane gets thicker after an initial sharp de-
crease. Similarly, the selectivity at the exits decreases
until its value reaches that of intra-crystalline selec-
tivity. These results agree well with the variation of
surface resistances for pure CH4 and Ar studied pre-
viously (Ahunbay et al., 2004). Since the surface re-
sistance for CHy is stronger and the initial increase is
sharper than that for Ar, the variation of the selectivity
is more significant for the thinner membranes.

In the present work, the effect of zeolite frame-
works was studied by comparing the surface resistances
and the variation of selectivities for silicalite, AIPO4-
5, mordenite and ZSM-12. Since AIPOy4-5, morden-
ite and ZSM-12 have one-dimensional pore structures
with straight channels, the silicalite simulations were
repeated by reorienting the crystal along its straight
channels ([0 1 0]-axis). Furthermore, the second set of
LJ-interactions parameters in Table 1 (CH}) was used
as they yield better agreement with the experimental
data (Ahunbay et al., 2004). Table 3 summarizes the
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Table 3. Feed pressures to obtain a dimensionless equimolar intra-crystalline concentration of
0.025 in the CV I at 333 K, and the intra-crystalline diffusivities obtained at these conditions.

pV(bar) Do (x10™* cm?/s)
AIPO4-5 MOR  Silicalite ZSM-12  AIPO4-5 MOR  Silicalite ~ ZSM-12
CH,4 1.60 0.40 0.47 0.50 7.59 2.10 3.44 6.12
Ar 5.25 2.75 2.50 225 7.53 3.34 3.14 5.36

feed pressures for all four zeolite types that yield an
equimolar partition inside the crystal CV I, correspond-
ing to a dimensionless concentration of 0.025 at 333 K.
The value of the simulation temperature was selected
high enough to allow CH4 molecules entering and ex-
iting the mordenite side pockets without being stuck
inside: CH4 molecules, having strong interactions with
the mordenite framework, tend to be trapped by the side
pockets, which creates also additional energy barriers
for the diffusion (E1 Amrani, 1990). The resulting cor-
rected intra-crystalline diffusivities for pure CHy and
Ar calculated at these conditions are presented in the
same table. The diffusivity in silicalite was measured
in the direction of the straight channels. These results
agree with the previous intra-crystalline studies in the
literature (Goodbody et al., 1991; Tepper et al., 1999;
Skoulidas and Sholl, 2003).

Following the calculation of intra-crystalline diffu-
sivities, the surface resistances were calculated for all
four zeolites at different thickness. The simulations
were carried out for full membranes, where both the
adsorption and desorption resistances were present.
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The simulation conditions were the same as those pre-
sented in Table 3. The variations of these resistances
are shown in Fig. 1. It can be seen that the magnitude of
surface resistances is roughly proportional to the size
of the permeants relative to the pore diameter. Ar in
silicalite is exceptional in that its surface resistance is
roughly equal to the resistance for mordenite and ZSM-
12, while the surface resistance for CHy in silicalite is
much larger than other resistances. It is also interesting
to note that the intra-crystalline resistance is larger than
the surface resistance for all Ar cases, but the surface
resistance is larger for three of four CH4 cases.
Finally, simulations of CHs+Ar mixtures were
carried out through all four zeolite membranes by
setting the partial pressures to the values given in
Table 3. The resulting selectivities and their variation
with membrane thickness are shown in Fig. 2. This
comparison of four different frameworks shows the sur-
face resistances for zeolites with 1-dimensional frame-
work have a very short range for surface resistances;
the surface resistances reach their intra-crystalline val-
ues within few nanometers as the membrane thickness
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Figure 1. Total surface resistances for (a) CHy4 and (b) Ar in four different zeolite types: () mordenite, (#) silicalite, (W) ZSM-12, (A)AIPO,-5.

Corresponding hollow symbols represent intra-crystalline resistances.
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Figure 2. Comparison of selectivity towards Ar in four different
zeolite types: mordenite, silicalite, AIPO4-5 and ZSM-12. Symbols
represent the membrane selectivity; broken lines represent the intra-
crystalline selectivity.

increases. On the other hand, the dependence of surface
resistance on membrane thickness is quite significant
in silicalite and its range is much larger. Considering
bothssilicalite and ZSM-12 have similar pore diameters,
the main reason for this difference may be attributed
to the three-dimensional framework of silicalite. Ow-
ing to the interconnected straight and zigzag channels,
molecules penetrating into the membrane do not trans-
mit the axial momentum since they escape to zigzag
channels.

4. Conclusion

In this study, we showed by molecular simulations
how surface resistance contributes to membrane per-
formance by altering its selectivity. Depending on
the structures of zeolite frameworks, surface resis-
tances can significantly contribute to the over-all mass-
transfer resistance to gas permeation. This contribution
remains important over a distance beyond the surface,
what we call the range of the surface resistance. Com-
parison of different zeolite types with different chan-
nel systems and pore diameters showed that the con-
tribution of the surface resistance is more significant
for silicalite, which has a three-dimensional channel
system, in contrast to zeolites with one-dimensional
channel system. The comparison between silicalite
and ZSM-12, which have both similar pore diame-
ters, especially illustrates this impact of the framework
topology.
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