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Existing detailed models of gas permeation through zeolite membranes have focused on
adsorption and diffusion within zeolite crystals. Practical zeolite membranes, however,
are typically grown as thin films on porous supports and are often studied experimentally
in the presence of a sweep gas in addition to the permeating species of interest. We have
used a combination of atomically detailed and continuum models to examine the impact
of sweep gases and porous supports on permeation of CH, through silicalite membranes
at room temperature. The adsorption and transport properties of the gas mixture inside
the zeolite are treated using atomically detailed models, whereas transport in the porous
support is treated using well-validated continuum models. Our results indicate that the
effect of He as a sweep gas on unsupported membranes is minor. In many cases, the use
of a porous support when no sweep gas is present also has only negligible effects
compared to that of an unsupported membrane. When a sweep gas and a porous support
are present, however, strong deviations from the permeation properties of an equivalent
unsupported membrane with no sweep gas can occur, and these effects can depend
strongly on whether the support faces the feed or permeate side of the process. These
observations are related to existing experimental studies of gas permeation through
zeolite membranes. © 2005 American Institute of Chemical Engineers AIChE J, 51: 867—877,
2005
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Introduction

Membranes made from thin films of zeolites have been
extensively studied as attractive devices for gas- and liquid-
phase separations. For reviews of this field, see Matsukata and
Kikuchi,! Coronas and Santamaria,?> and Tsapatsis and Gava-
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las.? Because they are composed of crystalline inorganic ma-
terials, zeolite membranes can be used in a broad range of
temperatures, pressures, and chemical environments. In addi-
tion to their chemical and thermal stability, zeolites are attrac-
tive as membrane materials because of their atomically ordered
nanometer-scale pore structures. Because of the strong confine-
ment of molecules inside the zeolite pores, the adsorption and
transport properties of molecules adsorbed in zeolites can vary
enormously as functions of such parameters as pore size,
adsorbate size and shape, and temperature.*> These variations
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are one of the key factors in making zeolites useful as mem-
brane materials.

Practical zeolite membranes are typically composite mem-
branes, with zeolite thin films grown on tubular or flat porous
supports such as porous steel or a-alumina.>3° These supports
provide mechanical strength to the membrane but are intended
to introduce minimal transport resistances. Studies of a variety
of supported membranes have shown that the resistance intro-
duced by porous supports cannot always be neglected. For
example, the permeance of supported membranes is known to
depend on whether the membrane layer faces the feed side or
the permeate side.>3 Gas transport through porous supports can
involve multiple transport mechanisms, so the net support
resistance can vary in a complex way with process condi-
tions.>!1

The permeance of gas species through zeolite membranes
can be probed in a variety of experiments.® Single-component
permeance can be easily assessed in experiments that impose a
constant pressure drop across a membrane. In many experi-
ments, however, a sweep gas is used on the membrane’s
permeate side to create a partial pressure drop in the permeat-
ing species while reducing or eliminating the total pressure
drop across the membrane.®7-'213 Comparisons between these
two classes of experiments have indicated that the presence of
sweep gases can have a substantial impact on the absolute flux
of the permeating species and that the strength of this effect is
dependent on the identity of the sweep gas.

We have recently shown that atomically detailed calcula-
tions can be used to quantitatively predict the single-compo-
nent flux of light gases such as CH, and CF, through zeolite
membranes.'# In our approach, atomistic simulations are used
to determine the adsorption isotherms and loading-dependent
Fickian diffusion coefficient, D(c). These results are then used
to solve a macroscopic description of permeance through an
unsupported zeolite membrane. We have also applied this
approach to the permeation of binary gas mixtures through
zeolite membranes.'> We previously argued that this approach
holds a number of advantages compared to those of other
means for predicting membrane permeance using either direct
atomistic simulations of nonequilibrium transport or using em-
pirical models parameterized from experimental data.'#16:17

The aim of this article is to extend our previous atomically
detailed models of gas permeation through zeolite membranes
to systematically study the influence of support resistance,
membrane orientation, and sweep gases on the permeation of
light gases through supported zeolite membranes. In particular,
we examine membranes at room temperature with CH, as a
permeating gas and He as a sweep gas. By examining various
physical configurations in order of increasing complexity, our
model provides insight into the roles of the factors that con-
tribute to the overall performance of supported membranes.

We begin by examining the effect of He as a sweep gas on
CH, permeance through unsupported silicalite membranes.
This situation is modeled with full atomistic detail by deter-
mining the binary transport diffusion coefficients and adsorp-
tion isotherms from atomistic simulations, following our pre-
vious work.!>17-20 In addition to giving useful information for
analyzing more complex situations involving supported mem-
branes, there have been experimental studies of unsupported
zeolite membranes that used He as a sweep gas.!> Analysis of
these experiments has typically assumed that He is nonadsorb-
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ing, which implies that the experiments can be treated as
single-component permeance. Our model allows the validity of
this assumption to be examined.

The second configuration we examine is that of a zeolite
membrane supported on a porous support operated without the
presence of a sweep gas. In this situation it is not appropriate
to apply atomically detailed methods to describe gas transport
in the porous support, so a combination of existing continuum
methods are used to describe the combined effects of viscous
flow and Knudsen diffusion in the support. These methods are
combined with information from atomistic descriptions of the
zeolite layer to give information on the overall permeance of
CH, through the supported membrane. This model is used to
examine the influence of the support properties and also the
orientation of the asymmetric membrane with respect to the
feed on the overall permeance.

After separately examining the influence of a sweep gas and
support layers, we use our model to examine the impact of
using a sweep gas with a supported membrane. In this case,
molecular diffusion of the gas species in the porous support
must also be considered, so the continuum models of the
porous support are extended to include this phenomenon.
Again, the model is used to examine the role of membrane
orientation with respect to the feedstream.

Effect of He Sweep Gas on CH, Permeance
through Unsupported Membranes

The first and simplest membrane configuration we consider
is an unsupported single crystal silicalite membrane, which we
will refer to as the bare membrane. We have used atomically
detailed models of CH, and He adsorption and diffusion in
silicalite to examine how using He as a sweep gas in mem-
branes of this type affects CH, permeance. All calculations in
this section were for a membrane operating at room tempera-
ture. The details of our atomistic models for single-component
adsorption and transport have been described elsewhere,!8-20
and herein we used the same intermolecular potentials for CH,
and He as in our earlier work. Cross-species potentials were
defined by the Lorenz—Berthelot combination rules from the
pure species potentials. We previously demonstrated how ato-
mistic simulations can be used to rigorously describe transport
of CH,/CF, mixtures in silicalite.'>

In the present work, we have applied atomistic simulation
methods to CH,/He mixtures in silicalite at room temperature.
To fully describe macroscopic transport, the binary adsorption
isotherm and loading-dependent transport diffusion coefficients
must be known. We computed the room temperature binary
adsorption isotherm using grand canonical Monte Carlo
(GCMC) simulations.'s21-26 The chemical potential of each
component in the bulk gas mixture was related to the partial
pressures by a virial equation of state using experimentally
determined second virial coefficients for CH,?” and He.?8 To
obtain adsorption data spanning the full range of possible
adsorbate compositions, GCMC simulations were used to de-
termine the adsorbed amount corresponding to bulk gas com-
positions varying from 0 to 100% CH, and total bulk pressures
up to 100 bar. To use our calculated binary adsorption isotherm
in conjunction with the macroscopic model described above, it
is necessary to fit the calculated data to a continuous function.
We did this with the following empirical function
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Table 1. Parameters for the Binary Adsorption Empirical
Isotherms of Eq. 1*

Parameter Value Parameter Value
a, 7.99243 b, 0.056702
a, 0.835765 b, 0.001557
as 0.001341 b 0.000124
a, 2.455041 b, 3.460191
as 6.929885 bs 0.13345
ae 0.862249 be 0.799613
a, 0.02647 b, 0.002951
ag 5.123772 by 2.799088

*Parameters a,, as, b, and b5 have units of molecules per unit cell. Parameters
a,, ag, b,, and bg have the units of pressure (bar). Other parameters are
dimensionless.

a,P, asP,
@ = aP, + asP, + a, a¢P,+ a,P,+ ay |
b\P; bsP, M
Cr =

b,P, + b3P, + by * b¢P, + b;P, + by

where ¢; is the concentration in the zeolite and P; is the bulk
partial pressure of species i. Here and throughout the remainder
of this paper, the subscripts 1 and 2 on concentrations, partial
pressures, and so forth denote CH, and He, respectively. The
coefficients that give the best fit are shown in Table 1. The
average relative error between the fit and the calculations was
less than 6%.

When using atomically detailed methods to simulate molec-
ular diffusion in zeolites, it is convenient to describe macro-
scopic transport of binary mixtures using the Onsager descrip-

tion2°-31
Ji| _ |Ln Lp A, /ds
A Ly, Ly || Opofds

where s is the transmembrane direction; and L;, the Onsager
coefficients, are functions of the adsorbate concentrations and
form a symmetric matrix. The Onsager coefficients can be
determined directly from equilibrium molecular dynamics
(EMD) simulations.!5-31-33

We computed the Onsager transport coefficients using the
same methods as in our previous work on CH,/CF, mixtures in
silicalite.'> Diffusion in silicalite is anisotropic,** but for sim-
plicity we have used orientationally averaged diffusivities and
transport coefficients throughout this paper. Using orientation-
ally averaged diffusivities is appropriate for making compari-
sons with membranes composed of randomly oriented crys-
tals.'*!5 Examples of the Onsager coefficients from our
calculations are illustrated in Figure 1, which shows the three
independent Onsager coefficients (L,,, L,,, and L,,) as a func-
tion of the total concentration in silicalite for CH,/He mixture
that is 90% CH,. As above, the subscripts 1 and 2 denote CH,
and He, respectively. One important observation that becomes
evident from this figure is that the off-diagonal Onsager coef-
ficients L;, can be comparable in magnitude to the diagonal
transport coefficients, particularly when the total adsorbed con-
centration in the zeolite is large. This observation has been
made before for CH,/CF, mixtures in silicalite'* and it shows
that the approximation of treating the off-diagonal Onsager
coefficients as zero>#' may often be inaccurate.

2
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As with our GCMC calculations, we need to fit the Onsager
coefficients determined from our EMD calculations to a con-
tinuous function to use it in a macroscopic model. We evalu-
ated the matrix of Onsager coefficients using EMD for a large
grid of mixture compositions corresponding to total bulk pres-
sures up to 100 bar. We fitted the resulting data using the same
empirical expressions we used previously to fit the Onsager
coefficients of CH,/CF,'>

- 2, — 2
L” = d,agb' m) /Cla(zbz ") /in (3)
— 2/ — 2
L22 = dzagb3 ) /“ay“ ) /C4n2 (4)
s — )
L12 = L21 = d3a(sbs m) /bagbé ) /(yﬁnlnz (5)

Here, n; is the concentration of species i in the zeolite expressed
in molecules per unit cell. The resulting parameters for Egs.
3-5 are listed in Table 2.

The Onsager formulation of binary transport, Eq. 2, is just one
of several well-known descriptions of multicomponent diffusion.
The Maxwell-Stefan and Fickian formulations of multicompo-
nent diffusion are also convenient in many instances.?>#?> From a
formal perspective, these differing formulations are equivalent
because once the relevant diffusivities or transport coefficients are
specified for one formulation then the other formulations are also
fully defined.?>*> We found it convenient to use a Fickian descrip-
tion of binary transport for numerical calculations with practical

membrane configurations
Ji] _ D,, D, |[dc,/ds
Jo| | Dy Dy, || 0cy/ds
The loading-dependent Fickian diffusivities, D;(c;, ¢5), can be
calculated without approximation from the binary adsorption

isotherm, Eq. 1, and the Onsager transport coefficients, Egs.
3_5.29,43

(6)
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Figure 1. Onsager coefficients for a CH,/He mixture that
is 90% CH,. L., (filled circles), L, (filled trian-
dles), and L,, (open squares), with 1 for CH,
and 2 for He, are measured in ps~'A~1 K™,
The solid lines are the empirical fits given by Eqs. 3-5.
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Table 2. Parameters for the Empirical Functions of Eqs. 3-5*

Parameter Value Parameter Value Parameter Value
a, 1.0233 b, 0.507483 < 29.05549
a, 1.089877 b, —17.446784 cy 22.50037
as 1.06713 by —7.679634 Cs 15.66798
ay, 0.999393 by 3.445537 Cy 0.036044
as 2.03794 bs —1.505739 s 168.5784
ae 1.019984 be 2.047714 Ceo 0.49933
d, 1.119753 d, 2.142474 dy 0.098737

*Parameters d, have units of molecules ps~' A~' K~'. Other parameters are dimensionless.

To assess the effect of the sweep gas on the permeance of
CH, through the bare membrane we have compared the room
temperature CH, fluxes through a 100-um silicalite membrane
with and without He as a sweep gas. Pure CH, fluxes were
calculated by a straightforward integration of Fick’s law of
diffusion for a single species.!#!” The transport diffusivity of
pure CH, using the atomistic model described above was
previously calculated.'®-'* CH, fluxes under the presence of He
were calculated by solving Eq. 6 using the numerical method of
lines,* with the loading-dependent Fickian diffusivities calcu-
lated as described above. For the boundary conditions of the
binary mixture calculation, it was assumed that the total pres-
sure at the feed side and the permeate side were equal. The feed
was a CH,/He mixture with a CH, concentration that varied
from 0.5 to 99%, whereas the permeate side consisted of pure
He. In the pure CH, calculations the feed pressure was equal to
the partial pressure of CH, in the mixtures with He, whereas
the permeate side was kept at zero pressure. In Figure 2 we
show the relative percentage difference between the pure CH,
fluxes and the fluxes with the sweep gas, as a function of CH,
concentration and the total feed pressure. It is clear from Figure
2 that, although the presence of the sweep gas does have an
effect on the CH, fluxes through the bare zeolite membrane, the

1%

0%
1%
2% I
-3%

-
4% |- ./ -

relative % difference

5% -e” 4
1 1 ' | s 1 1

25% 50% 75%
% CH,

0% 100%

Figure 2. Relative percentage difference between CH,
fluxes through an unsupported silicalite mem-
brane at 298 K, with and without He as a sweep
gas, for feed pressures of (in kPa) 296 (H), 502
(O), 640 (A), 900 ((J), and 1280 (®).

Negative values denote a reduction of CH, flux attributed to
the sweep gas.
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overall effect is negligible. The impact of the sweep gas is
greatest, as might be expected, when the total pressure is large
and the CH, partial pressure in the feed is small.

For very low CH, partial pressures, Figure 2 suggests that
the sweep gas may slightly increase the permeation rate relative
to that of a pure single-component system. This prediction is an
artifact of the fitting functions used in Eqs. 3-5. In this limit,
Egs. 3-5 slightly overestimate L,, and underestimate L,,, with
the net result that the Fickian diffusivities of CH, are slightly
overestimated.

Talu et al.'*> measured the diffusivities of n-alkanes through
single-crystal silicalite membranes using He as a sweep gas. In
most of their experiments the pressure of pure He at the
permeate side was larger than the inlet pressure of the He/n-
alkane mixture at operating pressures lower than 15 torr. Our
calculations suggest that under these conditions the effect of He
on the measured diffusivities should be less than 1%. These
results provide additional justification for the assumptions
made by Talu et al.!3 In some experiments,*> a heavier inert gas
such as Ar has been used as a sweep gas. In these cases the
influence of the sweep gas will be stronger than when using He
as a sweep gas. This effect has been demonstrated in the case
of supported membranes by van der Graaf et al.%”

Effect of Porous Support on CH, Permeance
through Supported Membranes

Practical zeolite membranes typically have a thin zeolite
layer grown onto a porous support. In this section, we present
a model for the flow of pure CH, through a porous support and
combine this model with the atomistic description given above
of CH, permeance through silicalite to examine the impact of
supports on net permeance. The atomistic details for describing
single-component permeation of CH, through silicalite at a
range of temperatures were taken from our -earlier
work.1415.18.19 Rather than attempt to describe gas flow through
a porous support from atomistic principles, we adopt a contin-
uum model. The support can be placed at the permeate side
(normal position) or on the feed side (reverse position). Below
we examine both of these configurations to examine the influ-
ence of the support position.

We model the support as having thickness L, and being
formed from an array of straight and parallel pores with radius
r,, and porosity/tortuosity ratio &/7. Flow of a single component
fluid through such a support can be described as a combination
of Knudsen and viscous flow. Knudsen flow, which occurs in
the limit where the mean free path is much larger than the pore

diameter, A >> 2r,,, gives a molecular flux N, of#047
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D, dpP

Ny = TRTds @)

Here, P is the pressure, s is the direction of the flow through the
tube, R is the gas constant, and 7 is temperature. The Knudsen
diffusivity D, for a species with molecular weight MW is

8RT
) @®)

B 2r,
k=3 TMW

When the mean free path is much smaller than the pore
diameter, A << 2r,, a continuum fluid description is appropri-
ate. The molecular flux in this case is

N, =

1 [P dp
)

RT [ 8u o ds
where w is the kinematic viscosity and u,, is the slip velocity at
the pore wall. At high pressures or for large pores where the
slip velocity is negligible, this expression reduces to the well-
known Poiseuille flow.

There is a large body of work that has explored various
means to describe the transition between Eqs. 7 and 9.40-33 We
have used a description developed by Datta and Rinker that
gives accurate predictions for gas flow over a wide range of

pressures and pore widths.*¢ With this description, the molec-
ular flux is expressed by

D, dP

Ne= = Rkrds (10)

with

rﬁP 3
DT:¢KDK+(1_¢k) SMCI)_{—KDK (1D

Here, ¢y is the fraction of molecules that does not experience
any intramolecular collisions between two successive colli-
sions with the wall and ® is the ratio of the transition viscosity
to the continuum viscosity. By introducing the Knudsen num-
ber, K; = 2r,/A, and a geometrical factor b, which for an
infinitely long tube has the value of 0.81, ¢, and ® are defined
by

(12)

and

e*bKI
(I)Zl—bKIWZI—bKI

bk

l_d)K

13)

When applied to a porous support with a porosity/tortuosity
ratio of &/7, Eq. 10 becomes

N, = _Di%“ﬁ (14)
k RT ds
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Table 3. Dimensionless Parameters for the Viscosity
Collision Integral*

A 1.16145 D 0.77320
B 0.14874 E 2.16178
C 0.52487 F 2.43787

*Adapted from Reid et al.>*

where the effective diffusivity is

pr="p (15)
T T T

To apply the description above, the mean free path and
kinematic viscosity must be given as functions of pressure. The
mean free path is>*

N
_ﬁﬂ'Paz

(16)

where kj is the Boltzmann constant and o is the collision
diameter. The kinematic viscosity was calculated by the
method of Chung et al.>s

FMW-T

a7

where (), is the collision integral,5* V. is the critical volume,
and for nonpolar species F, = 1 — 0.2756w, where o is the
acentric factor. Equation 17 yields w in wP when MW is
measured in g/mol and V. is measured in cm®/mol. If the
interaction between the gas molecules is given by a Lennard—
Jones potential, then (), can be calculated.>* A fit to such
calculations is given by

Q,=A(T*) P+ Ce™ ™™ + Ee™'™ (18)
where T% = kzl/e, is a reduced temperature with g, the
Lennard—Jones interaction energy. For Chung’s method &, /kg
= T.1.2593, where T. is the critical temperature measured in
Kelvin, and o = 0.809V!"?. The same o was used in Eq. 16.
The constants in Eq. 18 are given in Table 3.

We note that the preceding model must break down for
sufficiently small pores. Recent work by Bhatia et al.>® has
carefully explored this phenomenon. The majority of the cal-
culations below are for pores in the support material of diam-
eter 250 nm. This width is certainly sufficient for the macro-
scopic model described above to be applied with confidence.

The combined membrane/support problem was solved with
the numerical method of lines.** With this method the time-
dependent equations of diffusion were integrated to a steady
state. The feed pressure was varied from 121 to 1600 kPa,
whereas the permeate pressure was set to zero. The support and
the membrane diffusion equations were solved independently,
coupled only through the boundary conditions at the support/
membrane interface. We used this methodology to study the
effect of the characteristics of the support, such as pore radius,
thickness and porosity/tortuosity ratio, the temperature, and the
support position on the fluxes of CH, through a silicalite
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The support has a thickness of 1590 um, &/7 ratio of 0.27, and
pore radius of 250 nm. The silicalite membrane is 140 um
thick.

Figure 3.

membrane. To study the effect of the temperature and the
support placement we chose to model a support with a thick-
ness of 1590 wm, an &/7 ratio equal to 0.27, and a pore radius
of 250 nm. These parameters correspond to a porous steel
support used in the experiments of Bowen et al.'* For the rest
of the paper we refer to this support as the porous steel support.
To facilitate a comparison with our previous results'* we have
modeled a silicalite membrane that is 140 wm thick.

In Figure 3 we show the percentage flux reduction of CH,
resulting from the porous steel support as a function of tem-
perature for the normal and reverse support positions (closed
and open symbols in Figure 3, respectively). In all cases the
support acts as an extra resistance, reducing CH, flux through
the silicalite membrane. At lower temperatures and feed pres-
sures we see a difference between the two support positions,
with the normal support position exhibiting a larger resistance
than that of the reverse position. These effects are diminished
at higher temperatures and feed pressures. At 473 K the reduc-
tion attributed to the support is less than 2% for all feed
pressures. Differences in the support resistance between the
normal and the reverse position for pure gas permeation have
been observed experimentally for hydrocarbon permeation
through a silicalite membrane.®

We used the conditions showing the largest support resis-
tance in Figure 3, that is, the normal support position at room
temperature, to explore the effect of the support characteristics
on CH, fluxes. In Figure 4 we show the percentage CH, flux
reduction as a function of the support’s pore size. As would be
expected, as the pore size is decreased the resistance to trans-
port through the support increases. In the narrowest of these
pores, it is likely that deviations from the macroscopic model
we used to define the resistance to transport may exist, as
suggested by studies of transport through very small pores.3¢
The resistance to transport through the support also increases
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Figure 4. Similar to Figure 3 for a downstream support
with the same thickness and &/7 ratio but with
a pore radius of (in nm) 10 (@), 20 (O), 40 (M), 50

(CJ), 100 (A), 200 (»), and 500 ().

when the support’s thickness is increased (Figure 5) or when
the support’s porosity/tortuosity ratio is decreased (Figure 6).
In all cases, the largest support resistance is experienced at low
feed pressures.

The difference between the two support positions shown in
Figure 3 can be explained based on the shape of CH, isotherm
as a function of the pressure (Figure 7). At room temperature
the adsorption of CH, in silicalite is strong and the slope of the
isotherm is large at low pressures. At higher pressures the slope
of the isotherm is greatly reduced. As a result, the small
pressure drop attributed to the support causes a smaller con-
centration drop on the zeolite layer at the normal position than
that at the reverse position. At higher temperatures the adsorp-
tion isotherms are more linear over the same range of pres-
sures, so the difference between the two support positions

0%

5%

-10%

-15% |

relative % difference

Feed Pressure (kPa)

Figure 5. Similar to Figure 3 for a downstream support
with the same pore radius and &/~ ratio but
with a thickness of (in um) 500 (@), 1000 (O),

1590 (M), and 2000 ([]).
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Figure 6. Similar to Figure 3 for a support with the same
thickness and pore radius but with an /7 ratio
of 0.0001 (®), 0.001 (O), 0.01 (M), 0.1 (), 0.27
(A), and 0.5 (A).

diminishes. This has also been demonstrated in experiments by
van de Graaf et al.°

Previously, we used the unsupported zeolite membrane
model to predict the flux of CH, through a silicalite membrane
at various temperatures as a function of the feed pressure.!*
These predictions were in good agreement with the experimen-
tal measurements.'# In those calculations the thickness of the
membrane was fitted to the room temperature measurements;
the fitted thickness was 140 um. In these experiments the
silicalite membrane was grown on a porous steel support and
the membrane was operated with the support on the down-
stream side.'* The thickness of that membrane was experimen-
tally determined to be on the order of 100 wm.'* We reanalyzed
those results with the supported membrane model described
above, which specifies the physical characteristics of the sup-
port. The thickness of the silicalite membrane was again fitted
to the room-temperature measurements, the results of which
are shown in Figure 8. The points in Figure 8 are the experi-
mentally measured CH, permeance at 298 and 373 K. The
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) 298 K b
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538 nt 413K e 1
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Figure 7. Adsorption isotherm of CH, in silicalite at
room temperature as a function of the bulk gas
pressure.
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Figure 8. Permeance of CH, through a silicalite mem-
brane.

The points are experimental data from Bowen et al.'# for 298
(O) and 373 K (H). The dashed lines are predictions of the
permeance through an unsupported silicalite membrane 140
pm thick. The solid lines are predictions of the permeance
through a supported silicalite membrane as described in the
text.

dashed lines represent the calculated permeance for the unsup-
ported silicalite membrane based on a 140-um-thick zeolite
layer. The solid lines are the predictions using the supported
membrane model with the porous steel parameters for the
support. When the support is included, the fitted thickness of
the silicalite membrane is 118 wm. Comparing the unsupported
and supported model results in Figure 8 suggests that the
support does not change the characteristics of CH, transport, so
predictions of the unsupported membrane model have the same
level of accuracy when an effective zeolite thickness is used.

Combined Effects of Porous Support and He
Sweep Gas on CH, Permeance

We have earlier considered separately the effects of He as a
sweep gas and a porous support. In this section, we consider the
combined effects of these two approaches; that is, the impact of
using a sweep gas on a zeolite membrane grown on a porous
support. This situation can be described by the models devel-
oped above, provided that our description of flow through the
porous support is augmented to account for the flow of a binary
mixture. To make this extension, we used the dusty gas model
(DGM).5758 The DGM has been successfully applied to a
number of other examples of binary gas diffusion through
composite membranes.’-!!

In cases where a total pressure gradient exists, the DGM for
a binary mixture is>7->8

N; N E xNi—xN;  de;  x;PB, dc;
Dk Dy, a dz pDi dz

i#j

i=1,2 (19

where ¢; is the concentration of species i; c, is the total con-
centration; NV, represents the molecular fluxes; x; represents the
mole fractions; D,, is the molecular diffusion coefficient; D,
is the Knudsen diffusion coefficient for species i; w is the
kinematic viscosity for the mixture; and B, is a shape factor,
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which for a long cylindrical capillary has the value rﬁ/S. The
Knudsen diffusion coefficients are given by Eq. 8. The mixture
kinematic viscosity was calculated using Chung’s method,>3
which uses a corresponding-states approach to calculate the
mixture parameters from the critical parameters of the pure
components. More details about this method are given in Reid
et al.>* The molecular diffusivity was calculated with a corre-
lation given by Reid et al.>*

Do 0.001437'7
. P\/A4‘4/12[(2u)i/3 + (Eu)gz]z

(20)

measured in cm?/s, where P is the total pressure; T is the
temperature; 3, is the molecular diffusion volume, which is a
parameter fitted to experimental data®; and MW,, = 2(MW; '
+ Mw; Hl

Equation 19 can be rearranged to give

N - -p, % e 1,2 21
[ iy Bz =1, (21)
with
b DD
“ Dy, + x,D g + xDog
and
XD xkDx x;PB,
D, = i=1,2 (22
’ Dy, + oD + x:Dog K2 @2)

For a support with a porosity and tortuosity ratio of &/t the
diffusion coefficients D,, and D, are replaced by the effective
transport coefficients defined by Eq. 15.

When there is no gradient in the total pressure, Eq. 19
simplifies to
_@_Xle_XJNz N,

dz T2 K

i=1,2 (23)

This expression can be rearranged to give expressions for the
molecular fluxes of each species analogous to Eq. 22. Equation
23 is appropriate for modeling the Wicke—Kallenbach
method®7” for measuring the permeation of gases.

To examine the combined presence of a sweep gas and a
membrane support, the dusty gas model described earlier was
used for the porous support, whereas the atomistic description
developed above for CH,/He mixtures was used in the zeolite
layer. All of the calculations below refer to membranes oper-
ating at room temperature. The combined transport equations
for the zeolite layer and support were integrated numerically
using the method of lines.

We first discuss examples in which no net pressure gradient
exists across the membrane. We calculated the flux of CH,
through a 100-um-thick silicalite membrane supported by po-
rous steel. The feed was a CH,/He mixture of varying compo-
sitions and the permeate was pure He, both at total pressure P.
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Figure 9. Fluxes of CH, (a) and He (b) through a sup-
ported silicalite membrane at isobaric condi-
tions as a function of feed mixture concentra-
tion and system pressure.

The fluxes of CH, and He through the silicalite membrane are
shown in Figure 9 as a function of the feed composition and P.
In most cases the CH, and He fluxes are parallel to their
respective concentration gradients. This situation is denoted by
negative fluxes for He. For He-rich feeds and the highest
pressures studied, however, we observed that He was flowing
against its concentration gradient, as a result of the large
off-diagonal diffusion coefficients and strong adsorption of
CH,. Using the bare membrane, with no sweep gas, as the
reference state we calculated the reduction of CH, flux as a
result of the presence of the sweep gas and the support. The
calculations are summarized in Figure 10. Figure 10a shows
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Figure 10. (a) Percentage reduction of CH, fluxes
through a supported 100-um silicalite mem-
brane as a function of the feed composition
and pressure when the support is placed up-
stream; (b) ratio of CH, fluxes through the
downstream support/membrane configura-
tion divided by the fluxes through the up-
stream support/membrane configuration as a
function of the feed composition and pres-
sure.
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the percentage reduction in CH, fluxes as a function of the feed
conditions for the reverse support position. The ratio of CH,
fluxes between the two support positions is shown in Figure
10b. The magnitude of the reduction in CH, flux is striking
when compared to the results above for a bare membrane with
a sweep gas or a supported membrane with no sweep gas. The
combination of a supported membrane and sweep gas can
reduce the CH, flux by as much as 70%, with the strongest
effects appearing for low CH, feed concentrations. The differ-
ences between the support positions are also striking. At high
CH, concentrations, the flux of CH, is 50% less with the
support in the normal position than that in the reverse support
position.

Dramatic flux reductions arising from the combined pres-
ence of a membrane support and a sweep gas have been
observed in permeation experiments of hydrocarbons through
supported silicalite membranes with He as a sweep gas.®” In
those experiments, it was found that with the Wicke—Kallen-
bach (isobaric) method the flux of the hydrocarbons was sub-
stantially reduced for low partial pressures compared to the
single gas-supported membrane-permeation experiments. At
higher partial pressures the reduction was much smaller. The
same trends are evident in our results. The physical origin of
these effects is that the presence of the sweep gas in the support
increases the effective pressure drop of CH, across the support
layer, further reducing the concentration gradient of CH, across
the zeolite layer relative to that of the bare membrane. This
situation is enhanced with the support at the normal position.

Under isobaric conditions, transport in the support layer is
dominated by molecular diffusion. This is not true in systems
where a net pressure gradient exists because, in this case,
Knudsen diffusion and viscous flow also occur in the support
layer. We examined a variety of situations in which a net
pressure gradient exists across a supported membrane in the
presence of a sweep gas, using Eq. 19 to describe the support.
Figure 11 shows the calculated flux through a supported mem-
brane with and without He as a sweep gas in the feed. For
calculations with the sweep gas, the total pressure of the feed
was fixed at 298 kPa and the permeate pressure was assumed
to be zero. In the calculations with no sweep gas, the permeate
was once again held in a vacuum state, whereas the permeate
pressure was set to the partial pressure of CH, in the corre-
sponding sweep gas calculation. In complete contrast to the
isobaric conditions described above, the combined presence of
the support and the sweep gas changes the CH, flux in only a
Very minor way.

Discussion and Conclusions

We have demonstrated how a combined atomistic—macro-
scopic modeling approach can be used to describe the transport
of gas mixtures through supported zeolite membranes. Atom-
istic simulations have been used to parameterize a detailed
macroscopic model of a gas mixture in the zeolite layer,
whereas the support layer was modeled with a continuum
approach that includes the combined effects of Knudsen diffu-
sion, viscous flow, and molecular diffusion. The use of atom-
istic models to describe the properties of diffusing mixtures in
the zeolite layer enables us to directly assess the impact of
using a sweep gas in experiments that nominally examine the
permeance of a single gas.
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Figure 11. CH, fluxes through the supported silicalite
membrane when there is a total pressure gra-
dient with (closed symbols) and without
(open symbols) He as a sweep gas on the
feed side.

When a sweep gas is present the total feed pressure was 296
kPa. For the corresponding pure CH, calculations the pres-
sure of the feed is equal to the partial pressure of CH, in its
mixtures with He. In both cases the permeate side is held at
vacuum.

Our modeling approach was used to study the effects of the
support layer on the transport of CH, through silicalite mem-
branes, with and without He as a sweep gas. In many instances,
it would be useful to compare the observed result from an
unsupported membrane operated under truly single-component
conditions, that is, with no sweep gas. Our calculations support
the idea that under many conditions, the use of a porous
support or the use of a sweep gas does not greatly alter the CH,
flux relative to that of an unsupported membrane under single-
component conditions. If an unsupported membrane is oper-
ated with He as a sweep gas, the sweep gas typically reduces
the CH, flux by only a small amount compared to that of the
single-component unsupported membrane. If CH, permeates as
a single component through a supported membrane, a similar
conclusion can be drawn. The resistance stemming from a
porous support is of course a function of the thickness and
porosity of the support, but under typical experimental condi-
tions the net impact of the support relative to that of the
unsupported membrane can be described as being small. The
orientation of the supported membrane—that is, whether the
support faces the permeate or feed side—does affect the ab-
solute flux permeating through the membrane, but not dramat-
ically.

There is one important example where the supported mem-
brane gives results that are dramatically different from those of
an unsupported membrane under single-component conditions:
a supported membrane that is operated in conjunction with a
sweep gas at isobaric conditions. Under these conditions, the
impact of molecular diffusion in the binary gas mixture present
in the porous support can be sizable, so the effective resistance
presented by the support can be large. The CH, flux can be
lowered by as much as 70% by the presence of a support and
a He sweep gas relative to that of the single-component un-
supported membrane. The differences between membrane ori-
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entations are also much more marked in this regime than in
cases of supported membranes with no sweep gas.

The main observations from our calculations are summa-
rized in Figure 12, where the ratio of the flux of CH, through
supported and unsupported silicalite membranes is plotted as a
function of CH, concentration in CH,/He mixtures, at room
temperature and for a feed pressure of 296 kPa. When there is
a total pressure gradient, the support reduces CH, fluxes by
about 20%, with or without He as a sweep gas. At a constant
total pressure, however, the combined effect of the support and
the sweep gas reduces CH, fluxes as much as 70% under the
conditions studied. For the same conditions, a large difference
between a normal and a reverse support placement was ob-
served, especially for CH,-rich mixtures.

Our results complement those from experiments with zeolite
membranes that have systematically studied the impact of
operating conditions and sweep gases.®’ Experiments of this
type have previously provided examples of the impact of
membrane orientation and the presence of sweep gases. An
advantage of the model used here is that we can additionally
compare the outcomes with the intrinsic properties of unsup-
ported membranes, a task that is difficult to accomplish exper-
imentally.

The examples provided here have treated only one perme-
ating species, CH,, and a single sweep gas, He. Physical
intuition suggests that if a larger and more strongly adsorbing
gas is used as a sweep gas, then the effects attributed above to
the sweep gas will become stronger. One example of this
phenomenon can be seen in the experiments of van der Graaf
et al.,>7 which compared the properties of Ar and He as sweep
gases. In all cases studied the major effect of the support and
the sweep gas is the reduction of the effective concentration
gradient of the diffusing species over the zeolite membrane.
For stronger adsorbing species, the Henry’s law constant and
thus the initial slope of the adsorption isotherm are larger. At

876 March 2005

those pressure ranges, where the adsorbed amount is increasing
rapidly, the effect of the support and the sweep gas are ex-
pected to be the largest.

Our calculations have examined randomly oriented poly-
crystalline zeolite membranes. In this case, it is appropriate to
use diffusion coefficients averaged over the crystallographic
orientations of silicalite. Exciting experimental progress has
been made in the synthesis of supported silicalite membranes
with crystals oriented along the b-axis.®® To extend our models
to membranes of this type, one would simply replace the
orientationally averaged diffusivities with the appropriate di-
rectional diffusivity. Diffusion along the b-axis of silicalite is
slightly faster than the orientationally averaged result, but the
two quantities are otherwise similar.!® As a result, the physical
conclusions we have presented for randomly oriented mem-
branes should apply equally to oriented membranes such as
those developed by Lai et al.®°
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