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Diffusion of binary mixtures across zeolite membranes is strongly influenced by the
sorption behaviour of the individual components. When the components in the mixture
have significantly different molecular sizes, size entropy effects tend to favour the sorption
of the smaller species at high molecular loadings. This is the case, for example, for
adsorption of methane and n-butane in silicalite. For mixtures of linear and branched
alkanes having the same number of carbon atoms, configurational entropy effects tend to
favour the sorption of the linear alkane because these molecules “pack” more efficiently
inside the ordered zeolite structure. In estimating the permeation of mixtures across zeolite
membranes, both size and configurational entropy effects need to be properly accounted
for. A model to estimate the permeation fluxes across zeolite membranes is developed by
combining the Real Adsorbed Solution Theory to describe the mixture sorption, and the
Maxwell-Stefan diffusion equations. The utility of the model is demonstrated by means of
two case studies: (1) permeation of methane and n-butane, and (2) permeation of n-hexane
and 2,2, dimethylbutane across a silicalite membrane. © 2001 Elsevier Science Ltd

Introduction

Separation of mixtures using zeolite membranes is attracting increasing attention because of the

high selectivities that are achievable [1 — 11]. There are two factors which influence the selectivity of

separation: (1) the differences in the sorption characteristics of the individual species, and (2) the

differences in the mobilities (diffusivities) of the constituents. For transport within zeolites, sorption and

diffusion phenomena are closely interlinked. In this communication we focus on two aspects which

influence the sorption, and consequently the diffusion, behaviour of binary mixtures across zeolite

membranes: size and configurational entropy effects.
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To begin with we explain size entropy effects by considering sorption of a mixture of methane

and n-butane in silicalite at 300 K. The Langmuir isotherm:
b P

e =0, T'bf )]
has been used to correlate the pure component isotherm data by Van de Graaf et al. [12]. The P in eq. (1)
represent the system pressure, expressed in Pa. Methane (1) has a much lower sorption strength than n-
butane (2); b, = 2.44x10° Pa'; b, = 9.6x10° Pa”". On the other hand, methane has a saturation capacity
O, = 20.4 molecules per unit cell, whereas the larger n-butane has a saturation capacity ©,q,= 10
molecules per unit cell. While the sorption strength of methane is significantly lower than that of n-
butane, its sorption capacity is significantly higher At high loadings, the sorption tends to favour the
methane molecule because the smaller methane finds it easier to fill in the vacant “gaps” in the silicalite
matrix. For a mixture of methane and n-butane, the loadings in the mixture are commonly estimated

using the multicomponent Langmuir isotherm; see e.g. Ciaverelia et al. [9]:
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where p, represent the partial pressure of component i. The estimations of the loadings for a 95-5 mixture

t sar

of methane and n-butane using eq. (1) are shown in Fig. 1 (a). The sorption selectivity
s=8.p ©)
9, p

is shown in Fig. 1 (c); this value'is predicted to be independent of the pressure, i.e. the loading. The
multicomponent Langmuir isotherm as presented in eq. (2) is strictly applicable only when the saturation
loadings of the two species are identical. When the loadings are different, eq. (2) is no longer
thermodynamically consistent [13]. In order to deal with different saturation loadings we use the Ideal
Adsorbed Solution Theory (IAST) to estimate the mixture isotherms. Briefly, the basic equation of IAST

theory is the analogue of Raoult’s law for vapour-liquid equilibrium [14], i.e.
Py, =F’(x)x, @)
where x, is the mole fraction in the adsorbed phase

(3]
= L 5
ST )

and P°(r) is the pressure for sorption of every pure component i, which yields the same spreading

pressure, 7, as that for the mixture. The spreading pressure is defined by the Gibbs adsorption isotherm

(1]
pje(”)dp ©)

where A is the surface area per m® of adsorbent of the adsorbent, p is the density of silicalite expressed in

terms of the number of unit cells per m’ , Na is the Avogadro number, R is the gas constant, T is the
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absolute temperature, and @?(P) is the pure component isotherm given by eq. (1). The total amount

adsorbed is obtained from

0+0,=—— )
| )

T 50 T 50, po

O/ (F) OyH)

The set of equations (1), (4) — (7) need to be solved numerically to obtain the mixture loadings of
components 1 and 2. The loadings for a 95-5 mixture calculated from IAST are shown in Fig. 1 (b). We
note that the loading of methane increases sharply at higher pressures; this is the consequence of the size
entropy effect. The sorption selectivity of n-butane decreases with increasing loading; see Fig. 1 (c). One
of the objectives of this communication is to highlight the importance of size entropy effects on

permeation across a silicalite membrane.
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FIG. 1
"(a) 95-5 mixture loadings estimated for methane — n-butane at 300 K using eq. (2). (b) 95-5 mxiture
loading estimated using IAST. (c) Sorption selectivity

TABLE 1.

Pure component sorption parameters for dual-site Langmuir model applied to silicalite

Dual-Site Langmuir Parameters, see eq. (7)
Site A Site B
Component i Temperature bia O, 50ch ba O, 5un
/[K] f(Pa") /[molecules per /[Pa™] /[molecules per
unit cell] unit cell]
methane 300 2.44x10°® 20.4
n-butane 300 . 9.6x107 10
n-hexane 398 8.24 x10° 4 1.56 x10° 4
22DMB 398 1.75 x10™ 4
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Let us now consider a mixture of n-hexane (n-C6) and its isomer 2,2 dimethylbutane (22DMB).
The pure component isotherms, estimated from Configurational-Bias Monte Carlo simulations (CBMC)
are shown in Fig. 2 (a). The CBMC methodology is explained in detail in our earlier publications
[7,8,10,11,15,16]. Extensive comparisons of CBMC simulations with experimental data have established
the accuracy of the CBMC simulations [15,16] and therefore we treat the CBMC simulations as
“experimental data”. We note from Fig. 2 (a) that n- hexane exhibits a slight inflection at a loading of 4
molecules per unit cell and the pure component isotherms are best represented by a dual-site Langmuir

isotherm

el,.\'ﬂl,Abl,AP + el,:al,ﬂbr.BP

e)(P) =
1+b,IAP 1+b,,,,P

(8)

where we identify two sites within the silicalite matrix A (corresponding to the intersections) and B
(corresponding to the channel interiors). The pure component parameters are listed in Table 1. For a 50-
50 mixture CBMC simulations of the loadings are shown in Fig. 2 (b). The branched alkane 22DMB
exhibits a curious maximum with respect to molecular loading within the silicalite structure. As the
partial pressures increase to 1000 Pa, the sorbate loading of both linear and branched alkanes increase till
a maximum is reached in the loading of 2DMB. This occurs at a total mixture loading of 4 molecules per
unit cell. Up to this point there is really no competition between n-Cs and 22DMB. As the pressure is
increased beyond 1000 Pa, it is more efficient to obtain higher loading by "replacing” the 22DMB with n-
Cs; this configurational entropy effect is the reason behind the curious maximum in the22DMB isotherm.
The IAS theory is not adequate to precisely describe the mixture behaviour and non-ideality effects need
to be taken into account [8]. The mixture non-ideality effects can be quantified by the introduction of

activity coefficients into eq. (4). The resulting Real Adsorbed Solution (RAS) theory is described by
Py, =P (z)xy, ()
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FIG. 2
(a) pure component isotherm for n-C6 and 22DMB at 398 K; CBMC simulations compared with Dual
—site Langmuir model fits using parameters from Table 1. (b) 50-50 mixture loadings estimated using
RAST. (c) Sorption selectivity calculated using RAST.
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Following the work of Calleja et al. [17] we have used the Wilson model for the activity
coefficients:

% _ XA g
XA X+ xAy

Xy __nhy,
X+ x50, X +XA,

In(y,) =1-1In(x, + x,A,,) -
(10)

In(y,) =1-In(x, + 5 Ay ) —

The values of the fitted Wilson parameters are A, = 2.6; A, = 0.01. The calculations using
RAST are compared with the CBMC mixture simulations in Fig. 2 (b); the agreement is very good. The
sorption selectivity of n-C6 with respect to 22DMB is seen to rise sharply beyond a pressure of 1000 Pa
(cf. Fig. 2 (c)); configurational entropy effects have a profound effect on the selectivity. The second
objective of this communication is to study the influence of configurational entropy effects on mixture
permeation.

In order to calculate the permeation fluxes and selectivities, we use the Maxwell-Stefan diffusion
equations.

The Maxwell-Stefan Theory for Binary Mixture Diffusion

The Maxwell-Stefan theory for n-component diffusion within a zeolite matrix is given by the
following equation (details are available in our earlier publications [8, 18 - 23]}

. »,® N -ON .
—Piv/‘.=z TR L4 N'
RT J=l el,mt@/.mel] e

i=12.n (11)
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The fractional occupancy 6, of the sorbate within the zeolite matrix is defined as

6,=0,/6 i=12,.n 12)

Lsar?

For a binary mixture, n = 2, eq. (11) may be cast into 2-dimensional matrix notation to give

(N)=-ple,, I[BI" Iv()=-ple,.1D]V(6) (13)
where [D] is the two-dimensional Fick diffusvity matrix and [©,,] is a diagonal matrix with the saturation
loadings 6, s, The matrix [B] has the elements

1 2 0, 0.
B=—+Y—~; B =-—; i,j=12 14
=2 ZD V=g b (14)

Taking the inverse of matrix [B], we obtain

| 622 620
8l = 12 2 (15)
Db bb
(Hgl&wzﬂ] 0,22 p, 1,00
12 2 12 12

For calculation of the fluxes N, using eq. (13), we require data on the Maxwelil-Stefan

diffusivities: D;, D, and P,. The P, are the diffusivites that reflect interactions between species i and the
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zeolite matrix. Mixture diffusion introduces an additional complication due to sorbate-sorbate
interactions. This interaction is embodied in the coefficients P;,. We can consider this coefficient as
representing the facility for counter-exchange, i.e. at a sorption site the sorbed species j is replaced by the
species i. The net effect of this counter-exchange is a slowing down of a faster moving species due to
interactions with a species of lower mobility. Also, a species of lower mobility is accelerated by
interactions with another species of higher mobility. A logarithmic interpolation procedure for the

estimation of the counter-exchange coefficient Py, has been suggested by Krishna and Wesselingh [18]:
b, =D by (16)

The matrix [I] is the thermodynamic correction factor matrix, which can be determined from the
mixture isotherm.

O, |0, op,
I=| 22 L2 g j=12..n 17
! [Gi.ml p; aej ! ( )
When the saturation loadings of the two components, ©,,,, are equal to each other, and the
isotherms of the pure components can be described by a single-site Langmuir isotherm, the matrix of

thermodynamic correction factors can be determined from

[1-92 6, ]
I:]"]:':rll F”:,:M (18)
Iy Oy 1-6,-6,

In the general case, when the saturation loadings of the two components are different we must use
the Rdeal Adsorbed Solution theory to calculate the mixture isotherms [8, 19, 21). However, we have
established after several numerical computations that eq. (18) can also be used with acceptable accuracy
for the general case where the saturation loadings of the constituents are different, provided the fractional

occupancies are calculated using eq. (12).
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FIG. 3
Schematic of membrane separation device.
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The above set of Maxwell-Stefan equations are applied below to calculate the permeation rates

across a zeolite membrane, pictured in Fig. 3.
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FIG. 4
Permeation selectivity for methane — n-butane mixture at 300 K.

Permeation of Methane ~ n-Butane Across Silicalite Membrane at 300 K Size Entropy Effects
Let us consider steady-state permeation of a mixture of methane (1) and n-butane (2) across a
silicalite membrane at 300 K. The Maxwell-Stefan diffusivities are given by Van de Graaf [12] to be D, =
1x10° m’s™; B, = 1x10™"" m?s™. We take the total upstream pressure to be 100 kPa. The downstream
compartment is flushed with sweep gas and we assume in the calculations below that the partial pressures
of the permeating components are negligibly small, i.e. p1s = ps = 0. The occupancy gradients are

calculated by assuming

ve, =208 b0 (19)
é 8

where 8 is the membrane thickness. The fluxes can be calculated using eq. (13) and the permeation
selectivity determined from:

S, = No/N, 20)

P/ Pro

for a range of values of pyo, keeping pio + p2o = 100 kPa. The selectivity values are shown in Fig. 4. We
note the strong decrease in Sp with increasing partial pressure of n-butane. The large filled square
symbols represent the experimental data of Bakker [6], which verify the strong decrease in butane

selectivity with increasing butane partial pressure. A model which ignores sorbate-sorbate interchange
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(quantified by D)) predicts a significantly lower permeation selectivity, not in conformity with
experiment. This conclusion has been earlier reached also by Van de Graaf et al. [5]. Also shown in Fig.
4 are calculations assuming both components have equal saturation capacities (= 10 molecules per unit
cell) and employing the multicomponent Langmuir relations (2). The permeation selectivity in this case
is practically independent of the butane partial pressure, not in conformity with experiment. Consider the
situation for which py = 5 kPa. The value of Sp for the IAST — MS model including P, is 422. Ignoring
Dy, yields a Sp value of 9.2. For equal saturation loadings and use of the Langmuir mixture rule (eq. (2))
the value of Sp is 768. The experimental value of Sp obtained by Bakker [6] is 380.

The above example illustrates the need for proper modelling of the mixture isotherm and of the
binary diffusion equations. We conclude that size entropy effects have a significant influence on

permeation fluxes and selectivities.

Permeation of n-Hezane — 22 DMB Across Silicalite Membrane: Configurational Entropy Effects

Let us consider steady-state permeation of a 50-50 mixture of n-hexane (1) and 22DMB (2)
across a silicalite membrane at 398 K. For this isomer mixture, there are no size entropy effects and the
mixture sorption and diffusion behaviour is governed by differences in the molecular configuration. The
ratio of Maxwell-Stefan diffusivities has been determined by Krishna and Paschek [10] to be P/P, = 3.5
from an analysis of the pure component permeation experiments of Gump et al. [4]. We consider
variation in the total upstream pressure, keeping the downstream pressure such that p;s = pys = 0. The
permeation selectivity calculated using egs (13) and (20), combined with the RAST are shown in Fig. 5
for varying upstream total pressures. The increase in the permeation selectivity for total upstream
pressures beyond 1000 Pa can be understood by considering the mixture isotherm shown in Fig. 2 (b).
The total mixture loading at P = 1000 Pa is 4 molecules per unit cell. Beyond this loading packing
efficiency differences between n-hexane and 22DMB comes into play. The length of n-hexane is
commensurate with the size of the zig-zag channels and this molecule can be packed into the silicalite
matrix much more efficiently. As seen in Fig. 2 (c) the sorption selectivity S increases sharply beyond P =
1000 Pa. From Fig. 5 we see that there is a concomitant increase in the permeation selectivity Sp. The
experimental data of Gump et al. [4] for 50-50 mixture permeation confirm the predicted trends with the

RAST-Maxwell-Stefan modelling approach.

Conclusions

The Maxwell-Stefan formulation for zeolite diffusion developed by us earlier [8, 18 - 23] has
been used to highlight the influence of size and configurational entropy effects on binary mixture
permeation across zeolite membranes. The following major observations and conclusions can be drawn

from the two case studies presented.
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o For permeation of a mixture containing components with different saturation capacities, size entropy
effects tend to favour the smaller molecule at high loadings. The smaller molecule can easily fill the
gaps in the zeolite structure. Experimental data of Bakker [6] for methane — n-butane confirm that the
importance of size entropy.

o The interaction coefficient D), has a significant influence on the permeation fluxes and selectivity.
This interaction tends to slow down the faster molecules and accelerate the larger molecules. For the
case of permeation of methane — n-butane, the inclusion D, tends to vastly increase the permeation
selectivity of n-butane. Experimental data of Bakker {6] confirm the selectivity predictions.

o  For mixtures of linear and branched alkanes, the sorption selectivity increases in favour of the linear
alkane at high loadings because of higher packing efficiency or configurational entropy effects. The
simulations for 50-50 mixtures n-C6 — 22DMB show the strong influence of configurational entropy
effects on permeation fluxes and selectivities. The model calculations for the permeation selectivity
are in good agreement with the experimental results of Gump et al. [4].

This communication presents a general approach to modelling binary mixture permeation across

zeolite membranes.
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FIG. 5
Permeation selectivity for n-hexane — 22DMB 50-50 mixture at 398 K.
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