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In the preceding companion article, we reported high-temperature molecular dynamics (MD) simulations to
trace single-molecule as well as collective mean square displacements over a range of temperatures (600-
1500 K) and loadings (infinite dilution to four benzenes per supercage) to evaluate respectively the self-
diffusivities and cooperative (alternatively Maxwell-Stefan) diffusivities of benzene in NaX (Si:Al) 1.2).
In this follow-up article, we use the loading- and temperature-dependent Maxwell-Stefan diffusivities to
predict single-component fluxes for benzene in NaX membranes at steady state as a function of typical
experimental parameters such as temperature, benzene feed side and permeate side partial pressures. We
explore whether support resistances need to be included in our transport model. We compare our model
predictions with experimental permeation data and find that our MD-simulated diffusivities overestimate
experimental fluxes by about 2 orders of magnitude when support resistance is ignored. On the other hand,
when support resistances are included, our predictions come within 1 order of magnitude of experimental
data. The remaining discrepancy, which is analogous to those between microscopic and macroscopic probes
of diffusion in zeolites, may arise from defects within zeolite membranes.

I. Introduction

Modeling sorbate transport through zeolite membranes has
been of considerable research interest in recent times.1-29 Studies
on membrane-based separations are commonly focused on
zeolites with simple compositions such as noncationic MFI
zeolite (silicalite),1-4,6,7,9,11,17,22,23,28,30-34 whereas very few
reports exist on cationic systems such as zeolite-A29,35-43 and
FAU-type zeolites.5,18,19,23,44-49 Recent investigations have
confirmed that FAU-type membranes (NaX and NaY) give fairly
high separation efficiencies for hydrocarbon mixture
separation.18,23,46-48,50 It has been commonly observed that the
presence of benzene in the feed reduces the flux of saturated
hydrocarbons such as cyclohexane, methyl pentane, or dimeth-
ylbenzene through FAU membranes.18,46,48 In such systems
where motion is influenced by cations, interesting questions
remain when seeking to explain membrane performance and
selectivity from atomistic simulations. In this Article, we apply
simulated diffusivities in a transport model to rationalize
experimental benzene fluxes through NaX and NaY membranes.

Atomistic simulation studies of sorbate transport in zeolite
crystals and membranes aid in answering the question: How
do fundamental sorbate-zeolite and sorbate-sorbate interac-
tions affect the interplay of sorption and diffusion, which in
turn influence membrane permselectivity? Such modeling also
aids in the computational screening of zeolite membranes as
well as in the design of membrane systems, to meet specific
separation requirements in industrial processes.4,14,22One of the

most common of approaches is the use of membrane transport
models based on the Fickian or Onsager51 (or equivalently
Maxwell-Stefan) formulations to describe diffusion through
zeolite membranes.52-57 Fick’s law relates macroscopic fluxes
to concentration gradients of the diffusing components, whereas
Onsager’s formulation uses the more fundamental chemical
potential gradients to characterize fluxes. Due to the complicated
physical interpretation of the Onsager transport coefficients, the
equivalent Maxwell-Stefan approach, which was originally
developed for multicomponent diffusion in bulk fluids, has been
applied with great skill to diffusion in zeolites by Krishna and
co-workers.58-60 The Fickian and Maxwell-Stefan (MS, alter-
natively cooperative) diffusivities (DFick andDMS, respectively)
are related through the thermodynamic correction factor,Γ, in
the form DFick ) DMSΓ. The Fickian diffusivity is therefore
interpreted to be inclusive of intermolecular drag effects
(contributed byDMS) and thermodynamic nonidealities (con-
tributed byΓ).53,59,61-63 The above-mentioned formulations have
been used to predict transport through membranes for several
systems using (a) sorption isotherm data and (b) the loading-
dependent cooperative (MS) diffusivities.16,54,55,64-67 In previous
work from the Tsapatsis group, Nikolakis et al.18 reported
Maxwell-Stefan modeling of benzene permeation through NaX
membranes, fitting fluxes to loading-independent MS diffusivi-
ties. Such modeling is dissatisfying for several reasons. First,
loading-independent MS diffusivities are characteristic of sor-
bates executing fluidlike motion in nanopores,59 whereas
benzene is known to exhibit jump diffusion among sites in FAU
cages, and between cages in crystallites. As such, the underlying
physics of loading-independent MS diffusivities should not apply
to benzene motion through NaX membranes. Second, one would
ultimately like to surmise the loading dependence of MS
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diffusion from the temperature and pressure dependence of
experimental membrane fluxes.

In the preceding companion paper, we performed high
temperature molecular dynamics (MD) simulations of benzene
in NaX to calculate the temperature and loading dependence of
the self-diffusivities and cooperative diffusivities by keeping
the cations in motion, thereby faithfully reproducing benzene
motion in NaX. We also showed that our MD simulations
estimate diffusivities and activation energies for self-diffusion,
in excellent agreement with microscopic measurement tech-
niques such as pulse field gradient (PFG) NMR and quasi-elastic
neutron scattering (QENS). In this follow-up article, we apply
these cooperative diffusivities of benzene in NaX from our MD
simulations in a simple Fickian transport model to predict
macroscopic membrane fluxes as a function of temperature,
benzene feed side, and permeate side partial pressures. The
Fickian diffusivity is a product of the cooperative diffusivity
(calculated from our MD studies in the preceding companion
article) and the thermodynamic factor (obtained from reported
sorption isotherm data68). This methodology does not impose
on us (a) a particular loading dependence for the cooperative
diffusivities, or (b) the use of Darken’s approximation or
facsimile, wherein the Fickian diffusivity is approximated as a
product of the self-diffusivity and the thermodynamic
factor.2,6,14,23,52,54-56

The model we describe below accounts for transport resis-
tance from sorbate motion inside zeolite pores and also from
sorbate motion in the membrane support.69-71 We find below
that including such support resistance is crucial for getting to
within an order of magnitude of experimental benzene fluxes.
We suggest that the remaining discrepancy arises from defects
in the membrane and is analogous to discrepancies between
microscopic and macroscopic probes of diffusion in zeolites.59

In what follows, we discuss briefly in section II the transport
model that describes benzene diffusion in a NaX membrane.
We investigate in section III how single-component fluxes of
benzene in NaX behave as a function of temperature, feed, and
permeate side partial pressures and subsequently evaluate the
usefulness of our model in predicting experimental flux
measurements. In section IV, we evaluate the practical relevance
of our model in predicting benzene fluxes at operating conditions
employed in industrial separations. Finally, we discuss our
conclusions and ensuing work in section V.

II. Modeling Steady State Transport of Benzene through
NaX Membrane

Figure 1 shows the schematic representation of the Wicke-
Kallenbach membrane permeation system used to model single-

component steady-state transport of benzene through a single-
crystal NaX membrane supported by a porous alumina disk.
The feed and permeate sides of the membrane-support composite
are respectively in contact with a saturated stream of sorbate
vapor (i.e., benzene saturated in helium inert at a specified
temperature) and a sweep stream of inert gas (i.e., helium), to
maintain a reasonable chemical potential gradient across the
membrane thickness. The model assumes that (a) transport is
in steady state, (b) benzene permeation occurs from a well-
mixed upstream compartment to a well-mixed downstream
compartment, (c) membrane transport occurs only through
microporous zeolite diffusion (intracrystalline permeation), (d)
codiffusion of helium through the membrane alongside benzene
is neglected in view of the strong heat of adsorption of benzene
in NaX (see preceding companion article), and (e) benzene and
helium counter-diffusion through the support is characterized
by molecular diffusion taking into account any convection
induced by diffusion.

The inter-related Fickian and Onsager’s (or Maxwell-
Stefan) formulations have commonly been applied for describ-
ing sorbate transport though zeolite membranes.13,16,57,72,73We
therefore avoid a detailed repetition of the theory and recount
some necessary definitions pertinent to our model development.
The governing equation for representing steady-state benzene
flux (NB) through the membrane is given by

where

For the Langmuir adsorption isotherm,

where p (kPa) is the partial pressure of the gas phase in
equilibrium with the adsorbed phase in the zeolite andb(T) is
the sorption equilibrium constant (kPa-1) for benzene in NaX.

Using the appropriate boundary conditions corresponding with
the experimental conditions, we have

where L is the membrane thickness andθi is the fractional
loading at the membrane-support interface.

Figure 1. Schematic model representing steady-state transport of
benzene through a supported NaX membrane.
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As noted above, our model assumes transport through the
support to occur by molecular diffusion, and not by flow. Taking
into account the counter-diffusive flux of helium (NHe) through
the support from the permeate side of the membrane-support
composite, the partial pressure gradient across the support (∂ps/
∂z) is related to the steady-state flux of benzene (NB) in the
form69,70

where y is the benzene mole fraction in the sweep stream
mixture, εS is the support porosity, andDB,He the molecular
diffusivity of benzene in helium estimated from Fuller’s
correlation.74 Equation 5 is a sufficient condition for describing
transport through the support when the total pressure is constant
across the membrane-support composite. The benzene loading
at the permeate side of the membrane-support composite is
given by

whereδS is the thickness of the support.
By simultaneously solving eqs 1 and 5 using the boundary

conditions in eqs 3, 4, and 6, we obtain the predicted flux of
benzene,NB, the benzene partial pressure at the membrane-
support interface,pi and henceforth the true pressure drop across
the membrane,pfeed - pi, for given conditions ofT, pfeed, and
ppermeate. A typical value ofL ) 15 µm andδS ) 2.1 mm has
been considered in our model calculations.18 When eq 5 is used
to describe permeation measurements through the bare support
under conditions identical to those of the membrane permeation
experiments (with benzene and helium counter-diffusing across
the support), an approximately constant value ofτ/ε ) 33.25,
i.e., τ ) 6.65 for εs ) 0.2 is obtained, which subsequently is
used to determine the flux in the presence of the membrane. A
high value ofτ/ε ) 33.25 indicates that the supports used in
the experiments18 offer significant resistance to benzene trans-
port.

The solution of eqs 1 and 5 above requires (a) sorption data
to evaluateΓ and (b) molecular dynamics data (see preceding
paper) to evaluateDMS(θ,T). The temperature range is chosen
to be 338.15-433.15 K (typical range for experimental flux
measurements18,47). The thermodynamic factor (Γ) is evaluated
by extrapolating Ruthven and Doetsch’s experimental sorption
data for benzene in NaX68 to the temperatures of interest. The
available sorption data are found to fit well to a Langmuir
adsorption isotherm (eqs 2a and 2b), thereby enabling an
Arrhenius type of fit for b(T)59,75 and a linear temperature
dependence forΘsat(T). The temperature dependence ofΘsat(T)
could be interpreted by the explanation that, if the partial molar
volume increases with temperature, while the cage volume is
more nearly constant with temperature, the number of sites)
(cage volume/volume of guest) will decrease with temperature,
as is seen. From these approximations, the Langmuir model
parameters corresponding to the temperatures of interest in the
membrane experiments are determined. Though one may expect
that Θsat for sorbates in zeolites should be independent of
temperature because the total number of sorption sites in a
zeolite is a constant, a weak dependence on temperature is
confirmed forΘsat from the experimental data of Ruthven and
Doetsch.68 This temperature dependence likely arises because
the partial molar volume of the adsorbed phase is not constant,
though the pore volume is nearly constant. In Figure 2, we show

the adsorption isotherms for benzene in NaX at the temperatures
of interest extrapolated from the data of Ruthven and Doetsch.68

We extrapolateDMS(θ) at eachT of interest on the basis of
the Arrhenius temperature dependence ofDMS found from our
MD simulations of benzene in NaX (see preceding companion
paper). Figure 3 shows the extrapolated cooperative diffusivity
isotherms. Our MD simulations cover the range of loadings from
Θ ) infinite dilution to four benzenes per supercage. The
cooperative diffusivities for the loading of five molecules per
supercage have been obtained from linear extrapolation on the
semilog plot (Figure 3) based on the monotonic decrease in the
cooperative diffusivity forΘ > 2. The solution procedure is
further simplified by using approximate analytical expressions
for DMS(θ) by linear interpolation so as to obtain an analytical
expression forNB in eq 1. In addition, asNB andNHe are constant
for steady-state transport, eq 5 also reduces to an algebraic
expression. Aspi (and thereforeθi) is unknown, an iterative
scheme is used to solve the coupled algebraic equations.

It is clear from eq 1 that the flux depends on several factors:
Θsat(T), DMS(θ,T), Γ(θ), and the net driving force across the
membrane thickness,∆Θnet ) Θfeed- Θi. To test the usefulness
of the transport model, we first consider the steady-state flux
predictions of benzene through NaX as a function of typical
experimental variables such as temperature (T), benzene feed
partial pressure (pfeed), and benzene permeate partial pressure
(ppermeate). To capture the effect of the loading dependence of

NB )
εSDB,He

τ(1 - y)
× 1

RT(-
∂ps

∂z) -
yNHe

1 - y
(5)

Z ) L + δS θ ) θpermeate (6)

Figure 2. Adsorption equilibria for benzene in NaX68 fitted to the
Langmuir form.

Figure 3. Loading dependence of the cooperative diffusivities of
benzene in NaX extrapolated to temperatures of interest.
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the cooperative diffusivity on the membrane flux, the model
predictions with a loading-independent cooperative diffusivity
model (based onDMS(T)) are also plotted for comparison. These
DMS(T) shown in Figure 4 are based on an “all-loading” average
of our high temperature MD, extrapolated using the Arrhenius
temperature dependence (see preceding companion paper).
Further, we compare our model predictions with available
experimental data on NaX and NaY membranes. In view of
limited availability of experimental flux measurements across
bare supports, we considered support resistance in our model
only when comparing our model predictions with the experi-
mental fluxes of Nikolakis et al.18 Henceforth, in sections
III.A -C and IV below,∆Θnet ) Θfeed - Θpermeaterepresents
the concentration drop across the membrane.

III. Results and Discussion

A. Effect of Permeate Side Partial Pressure.Figures 5 and
6 show the effect ofppermeateon the benzene flux across a 15
µm thick membrane forT ) 338.15-433.15 K andpfeed ) 10
kPa and 5× 10-3 kPa, respectively. For a fixedpfeedandT, the
increase inppermeateresults in a decrease in the net diffusion
driving force across the membrane i.e.,∆Θnet, thereby imparting
a corresponding decrease in the benzene flux across the
membrane. This behavior is countered to some extent by the

tendency of thermodynamic factorΓ(θ) to increase the flux with
ppermeatedue to the increase in the equilibrium adsorption loading
of benzene. However, the driving force effect prevails in
determining the overall flux behavior under the conditions
investigated above. The fluxes predicted by the loading-
independentDMS(T) model exhibit a dependence similar to that
of the loading-dependentDMS(T,θ) case, suggesting that the
effect of the loading dependence of theDMS is not significant
under these conditions. However, the disparities in the flux
predictions between these models originate from the disparities
in the magnitudes of the loading-independent and loading-
dependent MS diffusivities extrapolated from MD (Figure 4).

B. Effect of Temperature. Figures 7 and 8 show the effect
of T (in the rangeT ) 338.15-433.15 K) on the benzene flux
across a 15µm thick membrane forppermeate) 10-5 to 10-1

kPa whilepfeed ) 10 kPa and 5× 10-3 kPa, respectively. The
increase in the benzene flux with temperature forpfeed ) 10
kPa is due to the activated nature of diffusion, resulting in an
order of magnitude increase inDMS from 338.15 to 433.15 K.
This effect is countered by the tendency ofΓ and Θsat(T) to
decrease the flux with temperature, due to a decrease in benzene
loading with temperature. Forpfeed ) 5 × 10-3 kPa, the effect
of Γ and Θsat(T) becomes more significant and when these
competing effects balance each other, a flux maximum is
obtained (Figure 8). The fluxes predicted by the loading-
independentDMS(T) model decrease with temperature whenpfeed

Figure 4. Extrapolation of cooperative or Maxwell-Stefan diffusivities
for benzene in NaX from high-temperature MD simulations using the
Arrhenius temperature dependence for the loading-dependent and
loading-independent models.

Figure 5. Prediction of benzene flux as a function of permeate partial
pressure (ppermeate) by the loading-dependent ([, 2, 9) and the loading-
independent models (), ∆, 0) for pfeed ) 10 kPa and T) 338.15,
403.15. and 433.15 K. respectively.

Figure 6. Prediction of benzene flux as a function of permeate partial
pressure (ppermeate) by the loading-dependent ([, 2, 9) and the loading-
independent models (), ∆, 0) for pfeed) 5 × 10-3 kPa andT ) 338.15,
403.15, and 433.15 K, respectively.

Figure 7. Prediction of benzene flux as a function of temperature by
the loading-dependent (9, 2, b) and the loading-independent models
( 0, ∆, O) for pfeed ) 10 kPa andppermeate) 10-5, 10-3, and 10-1 kPa,
respectively.
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) 5 × 10-3 kPa due to the dominance of theΓ and Θsat(T)
effects over the activated diffusion effect.

C. Effect of Feed Partial Pressure.In Figure 9, we show
the influence of benzene feed partial pressure on the membrane
flux for ppermeate ) 10-5 kPa andT ) 373.15 K. An ap-
proximately constant flux of benzene is predicted across the
membrane by the loading-dependentDMS(T,θ) model forpfeed

) 5 × 10-3 to 10 kPa. This result suggests that a significant
driving force across a NaX zeolite membrane is sufficient to
obtain a reasonable benzene flux, i.e., O(10 mmol/(m2‚s)),
comparable to that measured in polymeric membranes under
similar operating conditions. In view of their high fluxes,
polymeric membranes are more strongly advocated for specific
industrial applications (i.e., saturated-unsaturated hydrocarbon
separations)76-92 than zeolite membranes. We hope our model
predictions contribute favorably toward the application of zeolite
membrane technology. Such fluxes in Figure 9 are also
contributed by the “close-to-saturation” feed side loadings for
the rangepfeed ) 5 × 10-3 to 10 kPa (Figure 2). The relatively
stronger dependence of the flux onpfeed for the loading-
independent model as compared to the loading-dependent one
(Figure 9) arises from the nonmonotonic loading dependence
of the diffusion isotherm (Figure 3) and the disparities in the
magnitudes of the extrapolated diffusivities between the models.
In section IV below, we touch upon the economic importance
of the membrane flux at industrially relevant conditions in
greater detail.

D. Prediction of Experimental Membrane Fluxes.In Figure
10, we show how our model predictions compare with the
experimental fluxes of benzene in NaX membranes supported
on porous alumina disks reported by Nikolakis et al.18 The
benzene loadings at the membrane-support interface determined
from solving eqs 1 and 5 are shown in the adjoining table in
Figure 10 along with the feed side and permeate side loadings.
We note that the experimental data we attempt to model reveal
a limited range of benzene loadings across the membrane
thickness. In particular, in all cases the loading exceeds 2.74
molecules per supercage. At the lowest temperature, the loading
drop across the membrane-support composite is only 0.043
molecules per supercage, whereas at the highest temperature
the loading drop reaches 1.32 molecules per supercage. If we
ignore support resistance, the loading- and temperature-depend-
ent DMS(θ,T) generated by MD overestimate the experimental
fluxes by about 2 orders of magnitude. On the other hand,
including support resistance brings the model predictions to

within 1 order of magnitude agreement. In both cases, the
transport model captures the temperature dependence of flux
reasonably well, nevertheless overpredicting the experimental
measurements (vide infra).

In Figure 11, we compare our model predictions with the
experimental fluxes of benzene in NaY membranes supported
on tubular porous alumina supports reported by Morooka and
co-workers.46,47 In the absence of sufficient benzene sorption
isotherm data on NaY, the Langmuir adsorption parameters for
benzene-NaX are assumed to be valid for benzene-NaY as
well. We did not include support resistance in our treatment of
benzene permeation through NaY membranes, because we could
not obtain sufficient information about the supports used in these
experiments.46,47 Figure 11 shows that our model (without
support resistance) overpredicts the experimental fluxes for
benzene in NaY, also within an order of magnitude. It remains
to be seen whether this level of agreement for benzene in NaY
membranes arises from fortuitous cancellation of errors, or not.
Nonetheless, these comparisons demonstrate the qualitative
success of the transport model equipped with our MD-simulated
MS diffusivities. Such a reasonable agreement (within an order
of magnitude) with experiments performed on membranes
synthesized under different experimental conditions is note-
worthy.

Here we speculate on the remaining discrepancy between
simulated and measured benzene fluxes through faujasite-type
zeolites. The remaining discrepancy may be attributed to
inaccuracies in simulated diffusivities, extrapolation of adsorp-
tion isotherms and also to possible experimental artifacts. Here
we discuss these possibilities. First, regarding the simulated
diffusivities, they may be in error because of errors in the
underlying force field. However, in the preceding companion
paper, we show that the loading and temperature dependencies
of self-diffusion are captured accurately with this force field.
A more likely source of simulation error is the method used to
extrapolate high-temperature diffusivities to low temperatures,
and the approach for extrapolating the loading dependence
beyond 4 molecules per cage. The latter extrapolation was
necessary because of the mismatch between simulated loadings
(up to 4 molecules per supercage) and experimental loadings
in permeation measurements (2.74-5.33 molecules per super-
cage in the experiments of Nikolakis et al.18 and 3.8-4.56
molecules per supercage in the experiments of Morooka and
co-workers46,47). It is not obvious, though, that such extrapola-
tions should lead to simulated fluxes consistently overestimating
experimental fluxes by an order of magnitude.

Second, the use of isotherm data extrapolated from experi-
mental adsorption isotherms may contribute as a source of error.
A fully consistent simulation approach requires the prediction
of adsorption isotherms from the potential used to derive the
dynamics. We plan to investigate this aspect as part of our future
work. Another possibility involves experimental artifacts. In
particular, though our MD simulations model diffusion through
single-crystal NaX because we use periodic boundary conditions,
the experimental fluxes result from permeation through poly-
crystalline membranes, with grain boundaries, blocked pores,
tortuous diffusion paths, and possibly, strong extracrystalline
adsorption sites. It is straightforward to see how additional
transport resistances from such disorder patterns can reduce
fluxes from single-crystal values. The disagreement in the
diffusivities is quite reminiscent of the well-documented dis-
crepancies between macroscopic and microscopic measurements
of diffusion;59 where microscopic diffusivities often exceed
macroscopic ones by one or more orders of magnitude. (For

Figure 8. Prediction of benzene flux as a function of temperature by
the loading-dependent (9, 2, b) and the loading-independent models
(0, ∆, O) for pfeed ) 5 × 10-3 kPa andppermeate) 10-5, 10-4, and 10-3

kPa, respectively.
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benzene in NaX, the discprepancy between the loading depend-
encies measured by pulsed field gradient (PFG) NMR and tracer
zero-length column data is well-known.93) We thus suggest that
the remaining discrepancy between predicted and experimental
benzene fluxes through NaX membranes (Figures 10 and 11)
provides yet another example of the macroscopic-microscopic
divide that persists in the field of diffusion in zeolites.

IV. Model Extrapolation to Conditions of Interest in
Industrial Separations

Research studies on membrane-based separation of close-
boiling or azeotropic hydrocarbon mixtures (e.g., benzene-

cyclohexane, benzene-methanol, etc.) are mainly driven by the
need to improve the process efficiency of conventional separa-
tion processes (e.g., extractive and azeotropic distillations)
involving such mixtures. Numerous studies show that polymer-
based76-92 and zeolite-based membranes18,50,94provide economi-
cally attractive alternatives to the energy intensive conventional
separation technologies. Factors that play an important role in
the selection of the best performing membrane for a specific
industrial separation requirement are flux or permeance, selec-
tivity toward the desired product, feasibility of operation at
industrially relevant conditions, membrane cost, reliability,
robustness, ease of scale-up, and environmental and safety-

Figure 9. Prediction of benzene flux as a function of feed partial pressure by the loading-dependent and the loading-independent models forT )
373.15 K andppermeate) 10-5 kPa. The adjoining table shows the respective benzene loadings on the feed and permeate sides of the membrane.

Figure 10. Comparison of experimental18 and simulated (this study) fluxes of benzene in NaX, with support resistance (with SR) and without
support resistance (w/o SR). The adjoining table shows the respective benzene loadings on the feed side, membrane-support interface and permeate
side of the membrane. Error bars shown for our MD results are occasionally found to be smaller than the size of legend symbols used.

Figure 11. Comparison of experimental46,47and simulated (this study) fluxes of benzene in NaY. The adjoining table shows the respective benzene
loadings on the feed and permeate sides of the membrane. Error bars shown for our MD results are occasionally found to be smaller than the size
of legend symbols used.
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related issues. Laboratory studies on polymer-based76-92 and
zeolite-based18,50,94membranes are usually restricted to milder
operating conditions (moderately lower temperatures and partial
pressures). Several investigations demonstrate the potential
application of polymer-based membranes in saturated-unsatur-
ated hydrocarbon mixture separation involving benzene [refs
76-92 and citations therein]. Reported studies on Faujasite
membranes18,50,94and our flux predictions in section III show
promise in suggesting that although fluxes of benzene are
comparable between polymeric and zeolitic membranes, i.e.,
O(0.01-10 mmol/(m2‚s) when T ) 298-433 K), Faujasite
membranes provide higher selectivities (∼10-180)18,50,94than
polymeric membranes (2-98.5).76-92 In this perspective, ex-
trapolating laboratory-based conclusions to industrially relevant
operating conditions is important to assess the design feasibility
of membrane-based technologies. The feasibility may be
expressed in terms of a reasonable design model deduced from
laboratory estimations to maintain an industrial level throughput
for the desired product. We discuss below the usefulness of
our transport model for benzene in NaX to predict preliminary
design criteria for scale-up operation.

In Figure 12, using our loading-dependent transport model,
we predict the effect ofppermeateon the benzene flux across a
15 µm thick NaX membrane forT ) 493.15 and 533.15 K and
pfeed ) 100 and 1000 kPa, respectively. The Maxwell-Stefan
diffusivities for these conditions have been extrapolated as
before from our MD simulations of benzene in NaX (section
II) whereas the sorption isotherm data have been obtained by
fitting the relevant experimental data of Dzhigit et al.95 to the
Langmuir isotherm. The behavior of the membrane flux under
these conditions is similar to the trends observed earlier (section
III.A), where the driving force effect controls the reduction in
flux with permeate partial pressure, whereas the tendency ofΓ
and Θsat(T) dominates to decrease the flux with temperature
due to a decrease in benzene loading with temperature. We
observe that by maintaining significant driving forces across
the membrane (∼1000 kPa), reasonably high fluxes of O(100
mmol/(m2‚s)) have been predicted across the membranes. Such
fluxes translate into a reasonable membrane area of∼1000 m2

to maintain a target benzene productivity of 300 000 tons per
year.96

This rough analysis above deserves further comment. The
accuracy of the predicted membrane area depends on several
factors: (a) the observed discrepancy between predicted and
experimental fluxes (section III.D) may render the predicted
membrane area to be an underestimate; (b) more permeable
supports (as compared to those used in the experiments of

Nikolakis et al.18) should be available so that support resistances
are indeed negligible in practice; (c) the observance that high
membrane fluxes are not always associated with low selectivi-
ties, which not only is in contrast with what has been the
observed norm for mixture permeation in laboratory studies18,47

but also suggests that suitable operating conditions may be
chosen to simultaneously optimize flux and selectivity. Although
a thorough economic feasibility analysis is not the focus of this
work, an estimate of a useful design parameter (i.e., membrane
surface area) from our predictions augurs well for the future of
using industrial zeolite membranes for separating mixtures of
saturated and unsaturated hydrocarbons.

V. Conclusions and Future Work

We applied the loading- and temperature-dependent Maxwell-
Stefan (alternatively cooperative) diffusion coefficients for
benzene in NaX generated by high-temperature MD simulations
(see preceding companion article) in a simple membrane
transport model to predict benzene fluxes in ideal single-crystal
NaX membranes. Contrary to choosing approximations such as
a concentration-independent Fickian diffusivity2,55 or a concen-
tration-independent Maxwell-Stefan diffusivity,52,54-56 we make
use of the Maxwell-Stefan diffusivities directly estimated from
high-temperature MD simulations to predict macroscopic mem-
brane fluxes.

We find that experimental flux trends predicted as a function
of variables such as temperature, feed,l and permeate side
benzene partial pressures are well reproduced by our transport
model and are generally governed by the coupled effects of
Θsat(T), DMS(θ,T), Γ(θ,T), and ∆Θnet. We observe a flux
maximum with temperature for benzene in NaX from our model
predictions, a prediction we plan to test in upcoming experi-
ments. We also find good qualitative agreement between our
simulated and reported experimental flux behavior for benzene
in NaX and NaY. Considering that we simulated diffusion in
single-crystal NaX, whereas experimental fluxes resulted from
permeation through complex, disordered polycrystalline mem-
branes, the level of quantitative agreement is remarkable. These
simulations thus serve as a quality-test for ideal membrane
preformance. The comparison between experiment and simula-
tion brings forth two challenging questions: (1) Is it possible
to prepare “close to ideal” zeolite membranes on less-resistive
and more permeable supports? (2) Is it possible to incorporate
experimental artifacts in the model development hierarchy? Our
model predictions further suggest that sufficiently high fluxes
across membranes, i.e., O(100 mmol/(m2‚s)), can be obtained
by maintaining significant driving forces across the membrane
at industrially relevant operating conditions.

In future experimental work, we plan to perform membrane
permeation experiments spanning a wider range of loadings
across the membrane thickness. These will allow us to evaluate
the extended applicability of this transport model equipped with
our MD simulated diffusivities. Such methodologies may
warrant the use of vacuum conditions for the permeate side of
the membrane. Exploring such boundary conditions in the
experiments may provide further insights into interesting
permeation behavior (e.g., flux maxima with temperature) in
cationic guest-zeolite membrane systems and thereby under-
stand membrane permeation better. Future simulation work will
focus on predicting experimental adsorption isotherms for the
benzene-FAU system, and developing models of transport
through disordered membranes to elucidate the kinds of defects
that ultimately influence and even control permeation through
zeolite membranes.

Figure 12. Prediction of benzene flux as a function of permeate partial
pressure (ppermeate) by the loading-dependent model for conditions of
interest in Industrial separations.
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