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The separation of ethane/methane and propane/methane mixtures with a silicalite-1
membrane was investigated as a function of composition, total hydrocarbon pressure
(up to 425 kPa), and temperature (273-373 K). The selectivity of the membrane is
highly dependent on these operating conditions. The generalized Maxwell — Stefan equa-
tions were used to predict the fluxes and the associated selectivities. These model predic-
tions, based on separately determined single-component adsorption and diffusion pa-
rameters, were in excellent agreement with the experimental data. Using the empirical
Vignes relation for the prediction of the binary Maxwell - Stefan surface diffusivity, there
were no fitting parameters involved in the model prediction. The importance of incorpo-
ration of adsorbate— adsorbate interactions in the model is clearly shown, both for tran-
sient and steady-state mixture permeation. Theoretical analysis showed that for mixtures
of a fast, weakly adsorbing component and a slow, strongly adsorbing component the
maximum selectivity obtained with microporous membrane separation is always a fac-

tor of 2 lower than the one obtained under equilibrium adsorption conditions.

Introduction

The application of molecular sieve materials, such as car-
bon molecular sieves and zeolites, in gas-separation and
-purification processes offers interesting alternatives for con-
ventional separation technology. The pores of these materials
are near molecular dimensions, enabling separation of com-
ponents on the basis of differences in adsorption or differ-
ences in shape. Molecular sieves can be used as adsorbents in
pressure-swing adsorption (PSA) or temperature-swing ad-
sorption processes, or they can be used in the form of mem-
branes. Both process configurations have high potential for
specific applications depending on the desired product, the
desired product purity, the feasibility of operation and eco-
nomics. For example, the kinetic separation of air with PSA
is practiced on a large scale using carbon molecular sieves
(Knoblauch, 1978; Knoblauch et al., 1985). Karpoor and Yang
(1989) suggested a kinetic PSA process for methane/CO,
separation, using a carbon molecular sieve as adsorbent. Rao
and Sircar (1993) studied the feasibility of a hybrid
PSA /membrane system for the recovery of hydrogen from
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refinery waste gases, making use of the adsorption selectivity
of a carbon molecular sieve membrane.

Zeolite membranes have shown interesting separation
characteristics, such as the separation of hydrocarbon iso-
mers (Funke et al., 1996; Kusakabe et al., 1996; Vroon et al.,
1998) or the separation of strongly from weakly adsorbing
components (Geus et al., 1993; Jia et al., 1994; Kapteijn et
al., 1995; Vroon et al., 1996; Bakker et al., 1996; Kusakabe et
al., 1997; Poshusta et al., 1998; Kusakabe et al., 1998; Van de
Graaf et al., 1998a). The separation performance of zeolite
membranes is highly dependent on operating conditions such
as temperature, total pressure, and composition (Van de
Graaf et al., 1998a). In a membrane separation unit tempera-
ture and pressure are usually constant and knowledge about
the separation features of the zeolite membrane is required
to choose the optimal conditions. The composition of a mix-
ture changes throughout the separation unit until the desired
purity is achieved. For the proper design of separation units
the composition dependence of the selectivity is thus an im-
portant factor.

Prediction of the separation performance of molecular
sieve membranes requires knowledge on multicomponent ad-
sorption and diffusion models in microporous materials. Ide-
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ally, one would like to predict mixture permeation under a
variety of conditions, based on single-component parameters.
Despite the practical importance of the theoretical descrip-
tion of multicomponent mass transfer in microporous mem-
branes, the number of studies that address this issue is lim-
ited. One of the main questions that arises when modeling
multicomponent surface diffusion in zeolites is whether or
not adsorbate—adsorbate interactions have to be included and
how.

Krishna applied the generalized Maxwell-Stefan equations
to multicomponent surface diffusion (Krishna, 1990, 1993). In
this model cross-term diffusivities, accounting for molecule—
molecule interactions, are estimated using an empirical rela-
tionship given by Vignes (1966).

Chen and Yang (1992) used a kinetic approach to calculate
the Fickian diffusivity matrix for surface diffusion of multi-
component systems. In this approach a blocking parameter
A;; that represents the extent of blocking of the pore by coad-
sorbed molecules was introduced. The value of A;; is related
to the interaction energies between molecules and between
molecules and a vacant site. For A;; =0, this kinetic model
yields the same equation as the Maxwell-Stefan equations
with vanishing cross-terms.

The theory of irreversible thermodynamics with vanishing
cross-coefficients was used by Habgood (1958) and Kdrger
and Btilow (1975) for describing binary uptake measurements
in zeolite crystals. Habgood (1958) showed that this theory
predicted the observed maximum in the adsorbed phase con-
centration of the weakly adsorbing component as a function
of time qualitatively. In the work of Kdrger and Blilow (1975)
this theory failed to describe the initial stages of adsorption,
but it had good predictive power after the initial step. Yang
et al. (1991) derived an expression for the cross-term coeffi-
cients in the theory of irreversible thermodynamics and in-
cluded these cross-coefficients in the prediction of binary dif-
fusion in zeolites. These cross-term coefficients significantly
influence the calculated uptake rates of CO, and methane in
zeolite-4A. However, from comparison with the available ex-
perimental data, no clear conclusion could be drawn if these
effects should be included in the model prediction.

The kinetic model of Chen and Yang (1992) was used to
describe mixture permeation of methane and ethane through
a carbon molecular sieve membrane based on single-compo-
nent diffusivities (Chen and Yang, 1994). The blocking pa-
rameters in the mixture were also predicted from single-com-
ponent permeation experiments. Although the binary model
underestimated the ethane flux in the mixtures, the results
indicated that the cross-term diffusivities could not be ne-
glected.

The Maxwell-Stefan approach without cross-term diffusiv-
ities was used to describe the contribution of surface diffu-
sion to the permeation of propane/CO, mixtures through a
mesoporous glass membrane with a pore diameter of ~4 nm
(Tuchlenski et al., 1998). In this type of membrane gas-phase
diffusion and surface diffusion occur parallel, and surface
diffusion amounted to ~ 40% of the total flux at 293 K. The
accuracy of the prediction of mixture diffusion was found to
depend heavily on the description of the multicomponent ad-
sorption equilibrium.

Mixture permeation through zeolite membranes has only
been modeled qualitatively (Krishna and Van den Broeke,
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1995; Kapteijn et al., 1995) using the generalized Maxwell—
Stefan equations without adsorbate—adsorbate interactions.
In these studies it was shown that the generalized Maxwell-
Stefan equations provide a sound basis for the description of
multicomponent mass transfer through this type of mem-
brane, while the Fick formulation fails to describe the quali-
tative features of zeolite membrane permeation. Up to now,
no attempts have been made to describe the separation per-
formance of zeolite membranes quantitatively.

The generalized Maxwell-Stefan equations were chosen as
the starting point for modeling of multicomponent perme-
ation through the silicalite-1 membrane used in this study.
Hitherto, the adsorbate—adsorbate interaction terms in the
Maxwell-Stefan equations have always been neglected for the
description of mixture permeation through microporous
membranes (Krishna and Van den Broeke, 1995; Kapteijn et
al., 1995). The assumption that these interactions are negligi-
ble, however, has never been verified experimentally. The aim
of this study is to predict the separation performance of a
silicalite-1 membrane under a variety of operating conditions,
such as temperature and pressure, based on single-compo-
nent diffusion data. The contribution of adsorbate—adsorbate
interactions will be evaluated by comparing model predic-
tions with and without interaction terms with experimental
data.

Experimental
Membrane synthesis

The composite membrane used in this study consisted of a
thin top layer of silicalite-1 with an effective thickness of 10
um, supported on a stainless-steel support (SIKA-RF,
Krebsoge). The support itself was a composite composed of
metal wool (thickness: 200 uwm; porosity ~ 0.7) and sintered
stainless-steel spheres (thickness: 3 mm; porosity: 0.2). Syn-
thesis of the zeolite layer on top of the support was done by
crystallization under autogenous pressure. A flat-sheet sili-
calite-1 membrane was obtained (surface area: 2.0 X 1074 m?)
exhibiting a good permselectivity for n-butane to i-butane
permeation ( ~ 25). For further details on the synthesis pro-
cedures see Geus et al. (1993) and Van de Graaf et al. (1998b).

Permeation experiments

Permeation experiments with methane (99.95%), ethane
(99.95%), propane (99.95%), and ethane/methane and
propane/methane mixtures were performed according to the
Wicke—Kallenbach principle, employing a sweep gas (helium,
99.999%, 100X 1078 m3-min~! STP) at the permeate side to
remove the permeating components. Both the feed and the
sweep stream were delivered to the membrane cell through
spray heads, ensuring that the volumes at each side of the
membrane were well mixed. Single-component permeation
experiments were performed using the pure hydrocarbon or,
to obtain partial pressures lower than atmospheric, mixtures
of the hydrocarbon balanced with helium to 101 kPa.

Mixture permeation experiments were performed (1) as a
function of composition, keeping the total hydrocarbon pres-
sure at the feed side atmospheric, (2) as a function of pres-
sure, keeping the ratio between components the same and
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increasing the total pressure at the feed side, and (3) as a
function of temperature.

The total feed flow was between 70X 10~% m*-min~1 (STP)
and 100x107% m®-min—1! (STP).

The composition of the permeate was analyzed with a mass
spectrometer (Ledamass quadrupole analyzer). Before each
set of experiments the membrane was outgassed at 623 K
overnight under flowing helium at both sides.

Theory

Figure 1 shows the module used in permeation experi-
ments. Four regions can be distinguished: the retentate vol-
ume, the zeolite layer, the support layer, and the permeate
volume. For the accurate modeling of mixture permeation
through the composite membrane the concentrations and /or
concentration profiles of all components in each region have
to be calculated.

The retentate and permeate volumes are considered to be
well mixed, which implies that the concentration in these vol-
umes is identical to the concentrations in the outlet flows.
The retentate composition can deviate considerably from the
feed composition since the retentate is enriched in the re-
tained component and depleted in the fastest permeating
component.

In general, back permeation and the presence of the sweep
gas can lower the flux through the zeolite layer (Van de Graaf
et al., 1998b). However, models that account for interaction
between molecules that do not adsorb in the zeolite in mea-
surable quantities, such as helium, and adsorbed molecules
still have to be developed. At the relatively low temperatures
of these experiments (273-373 K) the counterflux of the
sweep gas is very low, and therefore neglected in the calcula-
tions. If there is an effect of the sweep gas in this study, this
effect is lumped in the value of the diffusivity calculated from
single-component experiments.

The retentate composition of a binary mixture can be cal-
culated from a mass balance over the feed volume, which
according to Eq. 1, is considered to be a well-mixed volume

Pi ret _ Di feea — Ni* A (1)
Pret foed — Z N;i- A .
i=l.n
Retentate
Zeolite Support

Feed

Sweep

Figure 1. The permeation module.

AIChE Journal

The permeate partial pressure in the permeate volume can
be calculated in a similar way.

The selectivity of the membrane is defined in Eq. 2 as the
ratio between the quotient of the permeate mol fractions and
the quotient of the retentate mole fractions:

_ yi,perm/yj,perm (2)

Qi
J
yi,ret/yj,ret

It should be noted that this selectivity is different from the
one determined by the ratio between the permeances that is
also used in membrane separation.

Transport in the zeolite layer

In a layer of randomly intergrown zeolite crystals it is al-
most inavoidable that some intercrystalline, nonzeolitic pores
exist. For the membrane used in this study a small flux of
tri-isopropyl benzene (4.6 1078 mol-m~2-s~! at the vapor
pressure) has been observed (Van de Graaf, 1998c). This
points to the existence of a small number of pores that are
larger than the zeolitic pores, since tri-isopropyl benzene has
a kinetic diameter of 0.85 nm compared to a pore aperture of
~ 0.55 nm for silicalite-1. The size of these nonzeolitic pores
has been estimated to be 2 to 3 times the zeolitic pores (Van
de Graaf, 1998c). This estimation is based on the absence of
a viscous flow contribution to the permeance of helium and
neon at temperatures above 273 K and the limited counter-
diffusion of the helium sweep gas in the presence of an ad-
sorbing component. The contribution of these nonzeolitic
pores to overall permeation is strongly dependent on the
transport mechanism prevailing in these pores for the compo-
nent under study. Under the conditions used in this study
(T < 373 K), diffusion of the adsorbing components through
intercrystalline regions in the membrane will mainly occur by
surface diffusion. Although surface diffusion in these larger
pores is expected to be different from surface diffusion in the
zeolitic pores, the qualitative behavior will be the same. This
makes it impossible to take permeation through nonzeolitic
pores into account separately. These contributions are there-
fore lumped in the modeling.

The generalized Maxwell-Stefan equations provide an ad-
equate basis for the description of multicomponent mass
transfer in porous media (Krishna, 1993). The Maxwell-
Stefan formulation is equivalent to the Onsager formulation
derived from irreversible thermodynamics. The Maxwell-
Stefan formulation is a convenient way to describe diffusion
in porous media and yields coefficients that are directly
amenable to physical interpretation. The pros and cons of
the different approaches are discussed by Wesseling and
Krishna (1991). The basis of the Maxwell-Stefan theory is
that the driving force for movement that is acting on a species
is balanced by the friction that is experienced by that species.
This approach was applied to surface diffusion in micro-
porous media by Krishna (Krishna, 1990).

Transport of hydrocarbons in the zeolite layer is proceed-
ing by surface diffusion under the conditions used in this study
(T <373 K) (Bakker et al., 1997). The general form of the
generalized Maxwell-Stefan equations applied to surface dif-
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fusion is given by Eq. 3

n OJ- N — 6; st N
+ )
Osat" P B?

i=1 qsat'p'Disj

i,j=1,2,....n. (3)

The driving force for diffusion is the chemical potential gra-
dient (Vu;) on the lefthand side of Eq. 3. Friction is the re-
sult from interactions between adsorbed molecules (first term
on the righthand side) and interaction between a molecule
and the pore wall (second term on the righthand side). The
parameters B and B are the Maxwell-Stefan surface dif-
fusivities and represent inverse friction factors between
molecules and between molecules and the wall, respectively.
If there is no friction with the wall or with other molecules,
the respective Maxwell-Stefan surface diffusivities are large
and the corresponding term in Eq. 3 vanishes.

The chemical potential gradient can be related to the gra-
dient in the surface coverage by a matrix of thermodynamic
factors (Krishna, 1990)

b . dlInp;
==X I;;Vo, where TI};= 6— |
i=1

RT 96;

i,j=1,2,....n. (4)

The surface occupancy, 6;, is related to the partial pressure
by the adsorption isotherm. The choice of the adsorption
model determines the mathematical form of the thermody-
namic factor. In this study the extended Langmuir equation
was used (Eq. 5)

) K.Dp.
ei—i—n'—p' i,j=1,2,....n.  (5)

Usat 1+ Z ijj
j=1

The extended Langmuir equation was used for its mathemat-
ical simplicity in this study, but other models, such as the
Ideal Adsorbed Solution Theory developed by Meyers and
Prausnitz (1965), may be more adequate, especially for more
complex systems than the ones studied here.

The combination of Egs. 3-5 gives the surface flux of a
component through the membrane in a multicomponent sys-
tem. Equation 6 and Eq. 7 represent the expressions for a
unary and a binary system, respectively

S
I

N == O e T V0 (6)
1
‘ by
Ny = — Ogqt Pm
1 2
B; 2
(1—02)+ 01[_)—:3[2 V01+ 01+ 01[—)_:5[2 V62
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0p—+0,— +1
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A special case of Eg. 7 is when friction between molecules
is much less important than friction with the wall. In that
case B is much larger than B¢, and Eqg. 7 reduces to

S

s By
Ny =— qsatp(

1-0,—0,) [(1-6,)V0,+6.¥6,], (8)

which is referred to as the “single-file” diffusion mode
(Krishna, 1993).

Equation 6, for single-component diffusion, is the same as
the often used Darken equation (Kdrger and Ruthven, 1992).
The Darken equation is used to correct the Fickian diffusiv-
ity, based on the concentration gradient as the driving force
for diffusion, for the true driving force for diffusion, the
chemical potential gradient. This yields the so-called cor-
rected diffusivity, whereas the Fick diffusivity is referred to
as an apparent diffusivity. The corrected diffusivity from the
Darken equation is identical to the Maxwell-Stefan diffu-
sivity. The corrected diffusivity is often assumed to be inde-
pendent of occupancy, but this does not necessarily have to
be the case (Van den Broeke, 1995; Krylov et al., 1997). The
Maxwell-Stefan surface diffusivity B and its concentration
dependence can be calculated from single-component perme-
ation experiments, if the adsorption parameters are known.

Equation 8 corresponds to the Onsager formalism of irre-
versible thermodynamics with vanishing cross-term coeffi-
cients, in combination with Langmuir adsorption (Van den
Broeke, 1995). This formulation, without adsorbate—ad-
sorbate interactions, has frequently been used to describe the
uptake of binary mixtures in zeolites (Habgood, 1958; Kdrger
and Blilow, 1975). If the single-component Maxwell-Stefan
diffusivities are independent of occupancy and the friction
between molecules can be neglected, Eq. 8 can be used to
predict the permeation of a binary mixture based solely on
single-component diffusion and adsorption parameters, pro-
vided that the extended Langmuir equation is valid.

If molecule—molecule interactions cannot be neglected, Eq.
7 can be used. Determining the cross-term diffusivities B is
subject to discussion (Yang et al., 1991). Krishna (1990) pro-
posed to use the empirical relation of Vignes (1966) to deter-
mine By from the single-component diffusivities (Eq. 9):

01/ (Bi+ 6)) 50/ (Bi+ 0))

Dy =D ok (9)

The cross-term diffusivities satisfy the Onsager reciprocity re-
lation (Krishna, 1990)

D5 =b}. (10)

In this study the predictive power of the Maxwell-Stefan
equations without adsorbate—adsorbate interactions [further
referred to as GMS(D;; =), Eq. 8] and the ones including
adsorbate—adsorbate interactions (further referred to as GMS,
Egs. 7 and 9) will be analyzed based on single-component
adsorption and diffusion parameters. Single-component dif-
fusion parameters are derived from single-component perme-
ation experiments, using Eq. 7 and correcting for the support
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influence. Single-component adsorption data are available in
literature (Zhu et al., 1998). The predictions for binary mix-
ture permeation using the GMS model and the GMS(B}; =)
model are verified with experimental data.

Support layer

The resistance of the support layer cannot be neglected.
Although diffusion in the support is relatively fast compared
to diffusion in the zeolite layer, the support causes a substan-
tial partial-pressure gradient due to its thickness (3 mm) and
its low porosity (0.2). This affects the boundary condition at
the zeolite/support interface, and it is therefore important to
take the partial-pressure gradient across the support into ac-
count (Van de Graaf et al., 1998b).

For the calculation of the partial-pressure gradient in the
support layer the Maxwell-Stefan equations can be used, with
a general form comparable to Eg. 3, now applied to gas-phase
diffusion (Krishna, 1993), which is generally accepted to de-
scribe multicomponent mass transfer (see special issue of
Chem. Eng. J., 1995). In the Wicke—Kallenbach experiments
molecular diffusion prevails in the support layer and
molecule-wall interactions, and viscous flow can be ne-
glected. The partial-pressure gradient across the support layer
can then be described by Eq. 11

n y] Ni —

1
Vpi= )

~RT

yiN;

j-1 €Dy

i,j=1.n. (11)

In the permeation experiments of binary mixtures, three
components have to be included in the calculations: the two
feed components and the sweep gas, helium. As mentioned
earlier, the counterflux of helium was neglected. The value of
the binary molecular diffusivity, B;;, can be calculated from
correlations in the literature, for example, the one of Fiiller
et al. (1966). The values for the gas-phase diffusivities are
listed in Table 1.

Adsorption parameters

The adsorption parameters for the components under study
were obtained from the work of Zhu et al. (1998). These data
were obtained with a silicalite-1 sample that was calcined in
the same way as the membrane used in this study. Figure 2
shows the isotherms of methane, ethane, and propane at 303
K. It was found that (1) the single-component adsorption
isotherms of methane, ethane, and propane follow a type |
adsorption isotherm according to the Brunauer classification,
and (2) the saturation capacity of the zeolite is temperature-
dependent (Zhu et al., 1998).

For thermodynamic consistency of the extended Langmuir
equation, the saturation capacity for each component in a
binary pair must be the same (Broughton, 1948). As can be
seen in Figure 2, this thermodynamic requirement for the ex-
tended Langmuir equation is not satisfied. In the derivation
of Egs. 7 and 8 it was also assumed that the saturation capacity
is identical for both components. In order to be consistent, a
constant adsorption capacity was assumed for competitive ad-
sorption of ethane and methane and of propane and methane,
although this led to a less accurate description of the methane
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Table 1. Diffusion Parameters

Zeolite Layer* Support Layer**

ps B he Be, c, 5)

i c., C..Cs
[1071% m2-571] [107 % m?-57 1] [107° m?-57 %] [107 5 m?-57 1]
Methane (C,)
273 8.64 5.6 14
303 104 6.7 1.7 14
338 15.2 8.1 2.0
373 20.7 9.6 24
Ethane (C,)
273 0.95 4.0
303 1.50 4.8
338 3.14 5.8
373 5.83 6.9
Propane (Cj)
303 0.34 3.9

*Calculated from single-component permeation data, Eq. 6.
**Calculated from the empirical relation of Fiiller et al. (1996).

adsorption equilibrium data (Figure 2). It was found that the
assumption of constant saturation capacity had only a minor
influence on the final calculation results.

Abdul-Rehman et al. (1990) measured the adsorption of
ethane, methane, propane, and mixtures thereof on silicalite-
1. For ethane, methane, and ethane/methane mixture ad-
sorption it was found that the (extended) Langmuir equation
is adequate, even though the saturation capacities of the sin-
gle components were different. For propane/methane mix-
tures some deviations were found upon predicting mixture
adsorption with the extended Langmuir equation. The Toth
isotherm was found to be more adequate in this case. The
choice of the adsorption isotherm affects the concentration
dependence of the diffusivity, as it influences the thermody-
namic factor. However, in this case the Toth isotherm has
only a minor effect on the concentration dependence of the

Amount adsorbed [mmol-g']

400

0 100 200 300 500

Pressure [kPa]

Figure 2. Adsorption isotherms of methane (@), ethane
(a), and propane (¢) at 303 K.
Solid lines represent the fits of the Langmuir equation (Eq.
5). For methane: dotted line Qg methane = Usat, ethane; dashed

line  gsat methane = Usat, propane- Symbols represent experi-
mental data of Zhu et al. (1998).
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single-component diffusivity, as the value of the Toth coeffi-
cient was found to be close to 1 (~ 0.83 for propane)
(Abdul-Rehman et al., 1990). For values of the Toth coeffi-
cient close to one, the Toth isotherm is almost identical to
the Langmuir isotherm. There are no kinks or steps in the
(mixture) adsorption isotherms of the components in this
study, which would be the case if surface heterogeneity would
play a role (Zhu et al., 1998; Abdul-Rehman et al., 1990). For
these simple systems, the extended Langmuir equation is
therefore a good approximation. When the size of the
molecules approaches that of the zeolite channels, for exam-
ple, in the case of i-butane, there is a clear effect of the
heterogeneity of the zeolite framework (Zhu et al., 1998; Smit
and Maessen, 1995; Vlugt et al., 1998) and the Langmuir
equation cannot be used.

The adsorption data were fitted with the Langmuir equa-
tion (Eq. 5) at 303 K, 338 K, and 373 K, the same tempera-
tures as the permeation experiments. For ethane and propane
the saturation capacity (g,,) and the adsorption constant
were estimated (K;). For methane the value of K; was esti-
mated while using the fixed saturation capacity for ethane or
propane. The values of g, and K; for ethane and methane
at 273 K were extrapolated from the data at higher tempera-
tures assuming a linear relationship between the adsorption
capacity and temperature and a van't Hoff-type relation for
the adsorption constant.

Table 2 lists the adsorption parameters used to predict the
surface occupancies in single-component and binary perme-
ation experiments using the extended Langmuir equation.

Prediction of mixture permeation

Prediction of binary mixture permeation was done by cal-
culating numerically the temporal development of the fluxes
after a concentration-step exposure to the membrane, until
steady-state values were obtained (Van de Graaf, 1998c). The
relevant membrane parameters are listed in Table 3.

Results
Single-component permeation

Figure 3a gives the single-component fluxes of methane,
ethane, and propane at 303 K as a function of the feed (par-
tial) pressure. The flux of methane is linearly proportional to
its feed (partial) pressure, but the fluxes of ethane and
propane level off at higher pressures. At 373 K the flux of
methane still shows a linear trend with feed (partial) pressure
and that of ethane is much less curved than it is at 303 K
(Figure 3b).

Due to the shape of the adsorption isotherm for strongly
adsorbing components (Figure 2), increasing the feed pres-
sure hardly results in an increase in the surface concentration
at the feed side of the membrane at higher feed pressures.
Consequently, the apparent driving force for diffusion, the
surface concentration gradient (Eg. 6), does not increase lin-
early with the feed partial pressure. This is reflected in the
nonlinear trend in the flux as a function of the feed partial
pressure for ethane and propane at 303 K. At this tempera-
ture permeation is thus clearly dependent on the amount ad-
sorbed, rather than on the feed pressure. This shows that
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Table 2. Adsorption Parameters

Ki " Usat "
107% pa~t mmol-g~ !
Methane Ethane
273 7.0* 203 * 1.92%
303 31 57 1.85
338 14 17 1.78
373 0.7 6.0 171
Methane Propane
303 4.0 650 1.58

*Extrapolated from data at 303 K, 338 K, and 373 K.

diffusion of adsorbed species is involved. At higher tempera-
ture or for weakly adsorbing components like methane, the
adsorption isotherms are more linear, which results in a more
linear dependence of the flux on feed (partial) pressure.

Equation 6 is used to calculate the value of the diffusivity
for each component from the single-component experiments.
Table 1 lists the average value derived from experiments with
different feed partial pressures at a given temperature. The
lines in Figures 3a and 3b are calculated using this averaged
diffusivity. The data in Table 1 are used to predict the per-
meation of binary mixtures through the membrane.

Binary mixture permeation

In Figures 4a and 4b the single-component ethane and
methane fluxes (in the presence of helium) are compared to
their flux in the presence of the other hydrocarbon. The flux
of ethane is not altered by the presence of methane, but the
methane flux is significantly reduced by ethane. This is typi-
cal for mixtures of fast, weakly adsorbing components (e.g.,
methane) and slow, strongly adsorbing components (e.g.,
ethane) that both easily fit into the zeolite channels (Bakker
et al., 1996; Vroon, 1995; Van de Graaf et al., 1998a). For
this kind of mixture separation is dominated by differences in
adsorption. This feature can be attributed to micropore diffu-
sion, where molecules are significantly hindered by the pres-
ence of the other components in the mixture. In the mixture
the membrane is thus selective for ethane, which seems to
have a blocking effect on methane. The extent of reduction
of the methane flux by ethane is dependent on the ethane
partial pressure, resulting in a composition-dependent selec-
tivity. The higher the feed concentration of ethane, the more
effective the reduction of the methane flux. Comparable fea-
tures of mixture permeation through silicalite-1 membranes
have been found for other systems such as propane/methane
(this work), propene/ethene (Van de Graaf et al., 1998a), and
n-butane/methane (Vroon, 1995).

Table 3. Membrane Parameters

Surface area membrane 2.0x1074 m?
Effective thickness 101078 m

of the zeolite layer
Density of the zeolite layer 1.8x108g-m~2
Thickness of the support 30%x107%m
Porosity of the support 0.2
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Figure 3. Permeation fluxes of methane (@), ethane (), and propane (#) at 303 K (a) and 373 K (b) as a function of

their feed partial pressure.

The lines are calculated using Eq. 6, using the values of B} listed in Table 1. Symbols represent experimental data.

The permeation of binary mixtures of ethane and methane
was measured as a function of composition, total hydrocarbon
pressure, and temperature. The results of these experiments
are given in Figures 5-7, together with the predicted fluxes

60
Ethane, 303 K

N
o
—

o
o
T

Flux [mmol-m?.s™]
N w
(o] (@]
T i

e
(o]
T

0 1 1 1 1
0 25 50 75 100

Pifeed [kPa]
(@)

and selectivities using the GMS(B{; =) model and the GMS
model. The maximum in the flux of ethane (Figure 7) is the
result of two opposite effects. The flux increases with tem-

perature due to the activated nature of the diffusion process,
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Figure 4. Permeation fluxes of ethane (a) and methane (b) at 303 K as a function of their feed partial pressure.
Closed symbols are single-component permeation experiments (balance helium); open symbols represent mixture permeation experiments

(balance other hydrocarbon).
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Figure 5. Ethane/methane mixture permeation fluxes (a) and selectivity toward ethane (b) as a function of the ethane
feed partial pressure at 303 K.

The composition of the mixture changes from pure methane to pure ethane. Symbols: experimental data (ethane a, methane @, selectivity
m); lines: model prediction (solid lines: GMS, dashed lines: GMS(DiSJ- =),

but at a certain temperature the decrease in the adsorbed ance of the membrane is highly dependent on the operating
phase concentration becomes the limiting factor and the flux conditions. High-feed partial pressures of ethane enhance the
starts to decrease with temperature. The separation perform- selectivity of the membrane (Figures 5 and 6). As the temper-
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Figure 6. Ethane/methane mixture permeation fluxes (a) and selectivity toward ethane (b) as a function of the total
hydrocarbon feed pressure (1:1 mixture) at 303 K.
Symbols: experimental data (ethane a, methane e, selectivity m); lines: model prediction (solid lines: GMS, dashed lines: GMS(DEJ- =),
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Figure 7. Ethane/methane mixture permeation fluxes (a) and selectivity toward ethane (b) as a function of tempera-

ture (1:1 mixture, p'°*=101 kPa).

Symbols: experimental data (ethane a, methane e, selectivity m); lines: model prediction (solid lines: GMS, dashed lines: GMS(DEJ- =),

ature increases, the extent of reduction of the methane flux
by ethane diminishes, since adsorption of ethane becomes
weaker. As a result the selectivity toward ethane decreases
with temperature from 10.9 at 273 K to 2.3 at 373 K (Figure
7.

The GMS model predicts the mixture permeation fluxes
and selectivities very well. The GMS(JE)fJ- =) model, assum-
ing the absence of interaction between molecules, accurately
predicts the ethane flux, but systematically overestimates the
flux of methane. Consequently the GMS(Bj; =) model un-
derestimates the membrane selectivity.

The permeation of mixtures of propane and methane with
varying composition was also measured and predicted with the
two Maxwell-Stefan models. The results are presented in Fig-
ure 8. Qualitatively, ethane/methane mixtures and propane/
methane mixtures behave the same. The flux of the weakest
adsorbing component (methane) is reduced by the presence
of the strongest adsorbing component (propane), while the
flux of the strongest component is unaltered in the mixture.
The reduction of the methane flux by propane is more pro-
nounced than by ethane, leading to selectivities of over 40.
Again the selectivity found is dependent on the composition
of the mixture, increasing with increasing propane content.
The difference between the two model predictions is most
pronounced for the methane flux, which is much lower when
interaction between molecules is included. The GMS model
predicts a selectivity toward propane of about 76 for a 1:1
mixture, whereas the GMS(DiSj =) model predicts a selec-
tivity of only 5. Upon comparison with the experimental re-
sults, the GMS model is again superior to the GMS(B};, =)
model.

AIChE Journal March 1999

Simulation of transient permeation

The transient permeation of a mixture of propane (5 kPa)
and methane (95 kPa) through the composite membrane was
simulated using the GMS model and the GMS(DJ =)
model. The results of these simulations are given in Figure 9.
In both models the flux of methane passes through a maxi-
mum as a function of time, but this maximum is more pro-
nounced for the GMS model. The transient profile of propane
is similar for both models. Under steady-state conditions the
absolute value of the flux of methane is more than ten times
higher for the GMS(B{; =) model for the GMS model. In
the latter case the methane flux is even lower than that of
propane, in spite of the large methane excess in the gas phase.

Discussion

In this study the generalized Maxwell-Stefan equations are
used to predict mixture permeation based on single-compo-
nent adsorption and diffusion data, taking into account the
proper local concentrations at the boundaries of the zeolite
layer. This requires knowledge of (1) the concentration de-
pendence of the single-component Maxwell-Stefan surface
diffusivity; (2) the importance of adsorbate—adsorbate inter-
actions; and (3) the prediction of the binary Maxwell-Stefan
surface diffusivity, Disj. These three issues are discussed in
the following paragraphs.

Single-component diffusivities

If the single-component Maxwell-Stefan surface diffusiv-
ity, B, is independent of concentration, the single-compo-
nent flux as a function of feed partial pressure can be de-
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scribed with a constant diffusivity using Eq. 6. As can be seen able. Using a constant diffusivity, the single-component per-

in Figures 3a and 3b, the assumption of a concentration- meation fluxes can be described as having a maximum devia-
independent Maxwell-Stefan surface diffusivity is reason- tion of 25%.
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Figure 9. Simulation of the transient permeation, a mixture of methane (95 kPa, dashed line) and propane (5 kPa,
solid line) through a silicalite-1 membrane at 303 K for the GMS model (a) and the GMS(B =) model (b);
parameters used are listed in Tables 1-3.
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Prediction of mixture permeation

From the comparison of the experimental results and the
predictions from both models, it is clear that the GMS model
performs much better than the GMS(B}; =) model, and that
adsorbate—adsorbate interactions have to be included. The
difference between the models is most significant when com-
paring the prediction of the methane flux with the different
models. This flux is consistently overestimated in the
GMS(ij=OO) model. Moreover, the GMS(DiSJ:oo) model
fails to describe the temperature dependence of the methane
flux in the presence of ethane (Figure 7), even at a qualita-
tive level. There is a good agreement between the fluxes and
selectivities predicted with the GMS model and the experi-
mental data. The predictions are based on single-component
adsorption and diffusion data that were determined from
separate adsorption and permeation experiments. No extra
fitting parameters were involved in the model prediction.

The permeation flux of methane in the presence of propane
is very small, especially at high propane partial pressures. It
is therefore difficult to measure the methane flux under these
experimental conditions, where its mass spectrometer signal
barely exceeds the background value. The factor of 2 be-
tween the measured propane/methane selectivity and the
predicted selectivity by the GMS model is attributed to the
experimental error in the methane flux. This experimental
error is also reflected in the data point at 90% propane in
the feed, where the experimentally determined selectivity
suddenly dropped considerably.

In view of the results, it can be concluded that the empiri-
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cal Vignes relation provides a good approximation for the
binary Maxwell-Stefan surface diffusivity, Bj. According to
Eq. 9, the value of — D3, is always in between the value of D}
and D3, and it varies with the concentration of both compo-
nents. At the retentate side of the membrane the relative
concentration of the weakly adsorbing component is higher
than at the permeate side of the membrane where this com-
ponent is hardly present. This means that the value of Bj,
has the highest value at the feed side. In Figures 10a and 10b
the value of Bj,, averaged over the membrane, for ethane/
methane and propane/methane mixtures as a function of the
composition of the feed mixture is shown, as are the single-
component diffusivities. The value of B3, is highly depen-
dent on the composition of the mixture. The value of D}, is
closest to that of the strongest adsorbing component, except
at very low (<10 kPa) partial pressures of this component.
The selectivity toward methane, which is the inverse of the
selectivity toward ethane or propane, is also given in the same
figure. The composition dependence of the selectivity follows
a similar trend as the composition dependence of DJ,. The
interpretation of this is discussed later.

Transient permeation of n-butane/methane mixtures and
n-butane/hydrogen mixtures shows a maximum in the flux of
the fast, weakly adsorbing component (methane and hydro-
gen, respectively) before steady state is reached (Bakker et
al., 1993, 1996). This maximum is explained as follows. Ini-
tially, the zeolite membrane is empty and the fluxes are pro-
portional to the independent mobilities of the components in
the zeolite lattice. As time proceeds, the fast, weakly adsorb-
ing component is replaced by the slow, strongly adsorbing
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Figure 10. The average Maxwell-Stefan binary surface diffusivity, B3, and the selectivity (m) toward methane, as a

ijr

function of the composition of (a) ethane/methane mixtures and (b) propane/methane mixtures at 303 K

(p*°t=101 kPa).

The composition of the mixture changes from pure methane to pure ethane or propane. The single-component Maxwell-Stefan diffusivi-

ties (D7) are also shown.
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component that will have a blocking effect on the permeation
of the weakly adsorbing component. This results in a decline
in the permeation flux of the fast, weakly adsorbing compo-
nent. This is analogous to what is observed for transient up-
take experiments in zeolite crystals, where the uptake of the
fast, weakly adsorbing components often goes through a max-
imum as a function of time (Habgood, 1958; Kdrger and
Blilow, 1975; Niessen and Karge, 1993).

Krishna and Van den Broeke (1995) already showed that
for the simulation of the transient permeation of mixtures
through zeolite membranes, the mathematical description of
the fluxes should be based on the chemical potential gradient
as the driving force for diffusion. The qualitative trends as
described earlier could not be simulated using the simple
Fickian model, based on the concentration gradient as the
driving force for diffusion. Krishna and Van den Broeke used
the GMS(D;; =) model to describe the results of Bakker et
al. (1993, 1996). Although the maximum in the flux was quali-
tatively predicted, the ratio between the maximum in the flux
and the steady-state value of the flux was always too low. In
Figure 9 the simulation results of the transient permeation of
a propane/methane mixture obtained with the GMS model
and the GMS(D;, =) model are compared. The transient
profiles of the weakly adsorbing component are distinctly dif-
ferent. The ratio between the maximum in the flux of methane
and its steady-state value is much higher for the GMS model,
which is more in agreement with the experimental results.
This gives good perspectives for the quantitative modeling of
transient permeation fluxes through zeolite membranes. At
present the calculated transient permeation profiles cannot
be correlated to experimental results, since this requires de-
tailed knowledge of the response time of the permeation
equipment and the permeate and retentate volumes, which is
not available at the moment.

Comparison between the GMS and GMS(B}; =) models

The difference between the GMS model and the GMS(D
=o0) models becomes very clear if the limits of the models
are compared. Consider a mixture of a fast, weakly adsorbing
component (1) and a slow, strongly adsorbing component (2),
then

bi>b; and 0,<6,, (12)
and, from Eq. 9
B
~1. 13
o (13)

Using Eq. 13, Eq. 7 can be rewritten to Eq. 14 for the fast
component

NS = — D5, [(1—0,)+6,]V0, +[26,]V0,
' et ? (1=6,-6,) 0, '

(14)

This explains the observation that the composition depend-
ence of the selectivity follows a similar trend as the composi-
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tion dependence of B3, (Figure 10). With increasing concen-
tration of the strongest adsorbing component 2, B3, de-
creases, and consequently the flux of component 1 diminishes
and the selectivity toward component 2 increases.

In the limit B3, equals B3 (Figure 10), and the flux of the
fast, weakly adsorbing component is determined by its own
concentration (gradient), the concentration (gradient) of the
other component, and the diffusivity of the slow, strongly ad-
sorbing component. So, the maximum flux of component 1
can never exceed a certain value, even if its own diffusivity is
infinitely high. In the GMS(B; =) model (Eq. 8) the flux of
the fastest component increases linearly and unlimited with
its diffusivity. The restriction of the flux of component 1 by
component 2 in this model is exclusively controlled by the
coadsorption of component 2 in the zeolite and not by changes
in the mobility of component 1.

For the slow component 2 it can be assumed that 6, B; /D3,
is the most significant term in the denominator of Eq. 7. For
this component the flux can be approximated by

S

[Vo, +V6,]. (15)

2
N; = — Gsat Pm
1 2

For the model system chosen here, 6, is small and 6, is
close to unity. This means that Eq. 15 is almost identical to
the GMS(D; ==) model (Eq. 8). This shows why there is
little difference between the fluxes of the slow, strongly ad-
sorbing component predicted by the two models.

In the narrow channels of the zeolite the molecules are
unable to pass each other. If the zeolite framework is highly
occupied with the slow component 1, it is expected that com-
ponent 2 is slowed down considerably, even if its own mobil-
ity is high. This physical picture is only reflected in the com-
plete GMS model.

Several PFG-NMR studies on the diffusion of mixtures of
hydrocarbons in zeolites have been conducted to assess the
mobility of one component in the presence of another. Using
this technique, the self-diffusivity (diffusivity in the absence
of an applied concentration gradient) of each component is
measured, keeping the concentration of the component un-
der study the same. Examples are the diffusion of ethane/
ethene mixtures in zeolite NaX (Hong et al., 1991),
methane/ethene in NaY (Nivarthi and McCormick, 1995; Ni-
varthi et al., 1995), ethane/ethene in silicalite (Nivarthi and
McCormick, 1995), methane/benzene in NaY (Nivarthi et al.,
1995), and methane/tetrafluoromethane in silicalite (Snurr
and Kdrger, 1997). In all studies, except the latter, it was
found that the self-diffusivity of the fastest component de-
creased in the presence of a slow component reaching a value
close to that of the slow component. The self-diffusivity of
the slow component was not altered by the presence of the
fast component. In the study of Snurr and Kdrger (1997) it
was found that the mobility of both components decreased in
the mixture. In all PFG-NMR studies the self-diffusivities of
the components were closer to each other in the mixture than
in the single-component measurements. The PFG-NMR re-
sults are in agreement with the physical picture presented in
the previous paragraph and the complete GMS model. The
experimental fluxes through the silicalite-1 membrane are also
in agreement with this representation. In the mixture, the flux
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of the fastest component decreased, whereas the flux of the
slow component remained constant.

Based on the preceding it has to be concluded that the
GMS(B;; =) model is not only unable to predict the experi-
mentally observed mixture permeation fluxes quantitatively,
it is also physically unrealistic.

Selectivity in membrane-based separations

According to the experimental results and the model calcu-
lations, a maximum selectivity is thus obtained at the high
occupancy. Based on the complete GMS model, the highest
achievable selectivity with the membrane can be predicted.
For high total pressures the total occupancy approaches unity

0,460, >1 = 1—0,— 0, 1— 0, 0,.

(16)

For an equimolar mixture the selectivity can be approxi-
mated by the ratio between the fluxes. Upon combining Eqgs.
7, 13, and 16, the selectivity obtained for an equimolar mix-

ture of component 1 (fast, weakly adsorbing) and component
2 (slow, strongly adsorbing) can be expressed as Eg. 17

. 92
lim  a,=—
0.+ 6,1 0, 2

@an

For the fictive mixture under consideration B3, is much
smaller than D3, so the maximum achievable selectivity is
close to 0,/2-6,) (Eq. 18)

Membrane-based separation Equilibrium adsorption-based separation

(18)

For ethane/methane and propane/methane mixtures the
maximum selectivity, calculated with Eq. 19, corresponds to
9.2 and 81 at 303 K, respectively. This is indeed close to the
selectivity simulated with the GMS model near saturation of
the zeolite (Figures 6b and 7b). For separation processes,
based on equilibrium adsorption the selectivity is equal to
0,/6,, a factor of 2 higher than in the membrane separation
process. This is caused by the fact that, for the mixtures un-
der consideration, adsorption and diffusion counteract each
other. From a selectivity point of view, adsorption-based sep-
aration processes are thus more favorable for this kind of
mixtures. The separation selectivity is, however, only one as-
pect of a separation process; other factors, like the ease and
mode of operation of the process, will also determine which
separation process is most suitable for a specific application.

For very low occupancies it can be shown that the selectiv-
ity is equal to the product of diffusion and adsorption selec-
tivity (Eq. 19)

Vo,
Vo,

B3

N, B3
Bj

0,,6,—0 =—
v N, Bt

K,
= an= K (19)
1
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Final remarks

The term single-file diffusion refers to the situation where
molecules are not able to pass each other in the pore, and
molecules can only move if the next adsorption site is vacant
(Sholl and Fichthorn, 1997; Riekert, 1971). In the work of
Krishna (1993) the binary Maxwell-Stefan surface diffusiv-
ity B is interpreted as a counterexchange diffusion coeffi-
cient, which represents the possibility of molecules exchang-
ing place on the surface. Since this is not likely in the narrow
zeolite pores, B was assumed to be infinite and friction be-
tween molecules is neglected (Krishna and Van den Broeke,
1995). The interpretation of B as a “counterexchange” coef-
ficient is confusing, since the fact that molecules cannot ex-
change places in the pore, does not mean that they do not
experience each others presence. A slow molecule will slow
down a faster molecule and vice versa. The results presented
here show that because the molecules cannot pass each other,
they have to move in a single file and their mobility becomes
identical. This is reflected in the binary surface diffusivity B
The interpretation of the Maxwell-Stefan diffusivities as in-
verse drag coefficients, as proposed by Krishna (1993), is much
more amenable for this physical interpretation.

This study presents a good model description of mixture
permeation through zeolite membranes and provides experi-
mental evidence in favor of the complete GMS model to de-
scribe mixture permeation. It is, however, noted that the
systems studied here are relatively simple in the sense that
adsorption of methane, ethane, and propane follows the
Langmuir isotherm, and their single-component diffusivities
were almost independent of concentration. The adsorption
characteristics of molecules like i-butane and larger hydro-
carbons are much more complex (Zhu et al., 1998; Smit and
Maessen, 1995; Vlugt et al., 1998), due to the preferential
packing of these molecules in the zeolite framework. This
preferential packing is reflected in a step or kink in the ad-
sorption isotherm. More complex adsorption isotherms, like
the dual-site Langmuir model, are then required to relate
pressures to adsorbed phase concentration. This results in a
more complex form of the thermodynamic factor (Krishna et
al., 1998). Moreover, knowledge about adsorption of mixtures
of these components is still lacking while information about
the concentration of components in the zeolite is essential
for the description of diffusion in zeolite membranes. This
makes it difficult at present to model permeation of the mix-
ture of components that exhibit peculiar adsorption behavior.

Conclusions

Separation of the mixtures of hydrocarbons by the sili-
calite-1 membrane used in this study is dependent on compo-
sition, total pressure, and temperature. Depending on the
operating conditions, the silicalite-1 membrane exhibited a
selectivity for ethane/methane mixtures between 10.9 and 2.2
in favor of ethane. The selectivity toward propane in
propane/methane mixtures varies between 16.6 and 40.5, un-
der the experimental conditions in this study.

Permeation of ethane/methane and propane/methane
mixtures as a function of composition, total hydrocarbon
pressure, and temperature was predicted using the general-
ized Maxwell-Stefan equations applied to surface diffusion.
The model predictions, based on separately determined sin-
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gle-component adsorption and diffusion parameters, were in
excellent agreement with the experimental data. Using the
empirical Vignes relation for the prediction of the binary
Maxwell-Stefan surface diffusivity, there were no fitting pa-
rameters involved in the model prediction.

For a mixture of a fast, weakly adsorbing component and a
slow, strongly adsorbing component it was found that flux of
the weakly adsorbing component is reduced significantly
compared to its single-component flux. The flux of the
strongest adsorbing component hardly changes due to the
presence of the weakly adsorbing component. The complete
Maxwell-Stefan model, including adsorbate—adsorbate inter-
action, describes the flux reduction of the weakly adsorbing
component quantitatively much better than the model in
which these interactions are neglected. The latter model sys-
tematically overestimates the flux of the weakly adsorbing
component, thus predicting a too low selectivity. Also tran-
sient binary permeation phenomena are much better de-
scribed by the complete Maxwell-Stefan model. The present
data show unequivocally that adsorbate—adsorbate interac-
tions have to be included in the description of mixture per-
meation through zeolite membranes.

Theoretical analysis showed that for systems of fast, weakly
adsorbing components and slow, strongly adsorbed compo-
nent the maximum selectivity obtained with microporous
membrane separation is always a factor of 2 lower than the
one obtained under equilibrium adsorption conditions.

Notation

A= membrane surface area, m?

K = adsorption constant, Pa~!

N = flux in the support layer, mol-m?-s~
N*= surface flux in the zeolite layer, mol-m?-s~
m= molar mass, g-mol !

p= pressure, Pa

g=adsorbed phase concentration in the zeolite, mol-g~
R = gas constant, J-mol~-K~!

T=temperature, K

1
1

1

Greek letters

e= porosity of the support
I" = thermodynamic factor
¢= flow rate, mol-s~*
p=density, g-m~3

Subscripts/superscripts

he = helium
i,j,1,2=component i, j, 1, 2
feed = feed
tot= total
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