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Abstract

We develop an analytic solution of the Maxwell-Stefan equations describing steady-state diffusioangponent mixtures across
a zeolite membrane. In the development of the analytic solution we assume Langmuirian behaviour of the pure components and that
the mixture sorption can be calculated from the multicomponent Langmuir isotherm. Explicit expressions are derived for calculation of
steady-state fluxes and the loading profiles in the membrane. The utility of the developed solution is illustrated by means of two illustrative
examples involving permeation of alkane mixtures across an MFI membrane.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction tive of the present communication is to developexplicit
analyticexpression for calculation of the steady-state fluxes

There is increasing interest in the use of zeolite mem- for n-component permeation across a zeolite membrane. We

branes for separation of mixtures relying on differences in demonstrate the utility of the developed expression by con-

the permeation fluxe§l—3]. Zeolite membranes are also sidering two illustrative examples for separation of mixtures

used for in situ separation within a reacfdt. The perme-  of alkanes using an MFI membrane. The analytic expression

ation flux of a component is determined by the adsorption is compared with precise numerical solutions following the

and diffusion characteristics of all the components in the procedure discussed elsewh§3gl 0-12]

mixture, and separation selectivities cannot be estimated

from single component permeation data aldsg The

proper description of zeolite membrane permeation must2. Model development

take account of the subtle interplay between adsorption and

diffusion, and also the coupling between species diffusion  In the M-S formulation the chemical potential gradients

[5]. Due to coupling in the species diffusion, the faster are written as linear functions of the fluxf-9,19-21]
moving species are slowed down and, concomitantly, the

more sluggish species are accelerdted). 0; Ou; - qjNi — qiN; N;
. . . . _10__ — s
It is now widely gcce_pted that for proper description RT oz ~ GisadjsaPi  qisatPi
of multicomponent diffusion across zeolite membranes, we i
must use the Maxwell-Stefan (M—-S) formulatiffn8-12] i=12....n (1)

Indeed, many recent studies have made use of the M-S equa-
tions to interpret measured experimental data on permeationThe fractional occupancies are defined by
[13-16] For single component permeation the M-S equa- gi
tions can be solved analytically, for the case in which the O =
boundary conditions on either side of the membrane are
fixed [17]. For two-component permeation, Kerkh[if8] where g; is the molar loading of specidsand q; sat the
has presented partial analytic solution. The major objec-  saturation loading.

We have to reckon in general with two types of Maxwell—
" Corresponding author. Tel:+31-20-5257007; fax:-31-20-5255604.  Stefan diffusivities:B; and B;;. The B; are the diffusivi-
E-mail addresskrishna@science.uva.nl (R. Krishna). ties that reflect interactions between specisd the zeolite

)

qi,sat
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Nomenclature

parameter in the pure component

Langmuir adsorption isotherm (PY

square matrix of inverse Maxwell-Stefan
coefficients (n?s)

[B] matrix at zero loading (m?s)
Maxwell-Stefan diffusivity of species

i (m/s)

Maxwell-Stefan diffusivity describing
interchange betweeinandj (m?/s)
Maxwell-Stefan diffusivity of species

i at zero loading (rffs)

molar flux of species (molm—2s-1)

partial pressure of speciegPa)

molar loading of component(mol kg™1)
saturation loading of componentmol kg—1)
gas constant (8.314 JmdiK 1)

time (s)

absolute temperature (K)

distance coordinate along membrane (m)

Greek letters

[ matrix of thermodynamic factors (-)
i element of ['] (-)

1) thickness of membrane (m)

8ij Kronecker delta (-)

n dimensionless distance (-)

0; fractional occupancy of componein(-)
Ov fractional vacancy (-)

Wi molar chemical potential (J mot)

T dimensionless partial pressureg; (-)
0 density of the membrane (kgTh)
Subscripts

iy j components in mixture

sat referring to saturation conditions

vV vacancy

0 upstream face of membrane

8 downstream face of membrane

n position along membrane

Vector and matrix notation

component vector
square matrix

For diffusion of larger guest molecules, such ag &+ and
2-methylhexane (2-MH) in MFI a different loading depen-
dence oB®; has been observed in MR7] and kinetic Monte
Carlo (KMC) simulationg28-30] These studies show that
B, decreases strongly with the loading and follows the re-
lation:

D =D)L —-01—02—---—6,) =D;(0)by (4)
wherefy is the vacancy:
Oy =(1—01—60—---—6,) (5)

Whether a molecule follows scenario (3) or (4) depends on
the degree of confinement within the zeolite host, and on
adsorbate—adsorbate interacti¢®8,31,32]

Fig. 1 portrays the molecular jump processes in: (a)
intersecting channel structures, (b) cage-type structures,
separated by windows and (c) single-file diffusion in
one-dimensional channels. Site-to-site jump leaves behind
a vacancy. Subsequent jumps are more likely to fill this va-
cancy, thus producing “vacancy correlation” effegts31].
When the jump of speciescreates a vacancy and this va-
cancy is filled by speciejs the vacancy correlation effect is
captured by the term containing the “exchange” coefficients
B;; in Eq. (1) The Onsager reciprocal relations demand
Djj = Bj. The net effect of this 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.

For estimation of theD;;, Krishna and Wesseling[8]
suggested the logarithmic interpolation formula

bij = [_Di]9i/(9i+9j)[_Dj]ej/(9i+91) (6)

For the weak confinement scenario the exchange coefficient
is

Bij = [Di(O] @B (0)) ) (7

and for strong confinement the exchange coefficient is given
by

Bij = [D:(0)]%/ D [p;(0)]%/ @+, (8)

The interpolation strategy (6) has been verified by compar-
ison with Monte Carlo and MD simulatiori§,7].

For zeolite topologies with high connectivities, the ex-
change coefficien;; can be expected to be high. For facile

matrix; they are also referred to as jump or “corrected” dif- particle—particle exchange, i.€j — oo, vacancy correla-

fusivities in the zeolite literatur§l1,22,23] Experimental

tion effects tend to get washed out. We see fiieq (1) that

and molecular dynamics (MD) simulation data for weakly whenBj — oo, the flux relations simplify to give

confined guest molecules in zeolitic hosts (e.g. methane, He,
Ne, Ar in MFI) show thatb; are practically independent of

the loading, i.e. occupandy1,24—-27]

bD; =D;(0)

0; .
Ni = _in,sat'DiR_lTvﬂiv i=12,...,n 9)

The chemical potential gradientshig. (1)may be expressed
in terms of the gradients of the occupancies by introduction
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(a) Intersecting channel structures (MFI, MEL) (b) Cages separated by windows
(FAU, LTA, CHA, ERI)
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Fig. 1. Pictorial representation of the molecular jumps in: (a) MFI structure, (b) cages separated by windows and (c) single-file diffusion ensiwdim
channels.

of the matrix of thermodynamic factorg’] elements
0 i . 90, 1 &6
——=§ i —=, Bi = —+ —, i=12...,n,
RT oz oz T B oy
= a

qjsat\ qi Opi 0i opi . . 0
i = —_—— = 0,j=12 ..., 10 ) N
ij (%,sat) i 04, 2i 96, L, ] n (10) Bjj = ——_Dlij , LjG#pHp=L2...,n (16)

wherep; is the partial pressure of componéntWe assume
that the individual component loadings follow the multicom-
ponent Langmuir isotherm

For weak confinement, the matri8] = [ B(0)], whose el-
ements are calculated from

1 ayy
qi b; pi 7T Bi(0) = — = Y.
0, = = = s ||()— +Z > 1—1,2,...,n,
l gisat 1+ qbipi 143 gm Bi0) =1 D
i=12...,n (11) ; s
where we define the dimensionless partial pressures B;j(0) = P U/ (#D=L2..n (7)

ij

mi = bipi (12) For strong confinement, we have

Carrying out the differentiation iEq. (10)the elements of 1

[I'] are [B] = [B(O)]E (18)
o ..

I = &j + o b= 12....n (13)  The exchange coefficients have to be evaluated USing7)

_ _ Consider a zeolite layer of thickne&sinitially unloaded,
whereg;; is the Kronecker delta. The fractional vacamgy  subjected at time = O to the boundary conditions (see also

is also given by Fig. 2);
1
—(1—-01—-6p— -0y — 14 e upstream face:

Ov = ( 1—62 ) T e (14)
Eq. (1)may be recast inta-dimensional matrix expressing ¢=0. pi=pio. 4= g
the fluxes explicitly as 6; =00, m =m0, Ov=>0bn (19)

a(b .
(N) = _p[qsaﬂ[B]*l[["]% (15) e downstream face:

Z

In EQ. (15)[gsad is adiagonalmatrix of saturation capacities 2=296, pi=pis, qi = qis

gi satand we define the-dimensional square matriB] with 0; = 6is, i =mis, Oy =6vs (20)
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Permeate

Retentate

which yields, after re-arrangement

e (o) o

=) pq sat =1 P%Sﬁt
(27)

Summing (27) over the-species we obtain after introducing
Eq. (14)

aL/6) (
m

(28)

)yyn

i=1j=1 'Oq/ sat
2.1. Analytic solution for weak confinement

For the weak confinement scenakq. (3) holds and the
summation term on the right-hand side ©B6. (28) after

B Pis substituting the expressions (17) 85 = Bjj(0) simplifies
' to give
Fig. 2. Schematic representation of zeolite membrane separation device. n n NS n N:§

The permeation fluxes are obtained by solving

o _ 10N 1)

ot p 0z

The steady-state permeation fluxes are given by

aN) d _ 9(0)

e LR R 22)
4 0z 0z

IntegratingEq. (22)shows that thé\; arez-invariant, i.e.
a0
) =~ 2lassll 2ol 1121 (5 )
77 n=0

ol 5101 (57) @3)
-

where we have defined a dimensionless distance coordinat

along the membrane

n= 3 (24)

Let us focus on the calculation off|(3(p)/dn). Using
Egs. (10), (11) and (14)e may write

6 0pi 90, _ 6; 9pi
‘oipi 0 o pi dn
bi ap,' _ 1 87‘[,'

(1 + Z;=1”j> o (1 + Z'}:l”j) an

(25)
and so we may re-writéq. (15)in the form
1 ad
(N) = _g[CIsat][B]il ;T[)
(1 + 23—17’4/) 1
d
=- —[C]sat][B] Yoy — (7'[) (26)

e

> B0

i=1j=1

= d 29
g j,sat ;PQi,safDi(O) (29)

Let us define a dimensionless total flixas

= 30
Z sz Sat'Dl 0 ( )

We note that the off-diagonal elemei@g(0) (i # /) do not
contribute tog;. As a consequencg is independent of the
loading and, therefore;-invariant. Consequently, the linear
differential equation (28) can be solved for the boundary
conditions (19) and (20) by separation of variables to give
the vacancy profile within the membrane

((1/9vn) - (1/9vo)) _ exp(—¢m) — 1
(1/6vs) — (1/6vo0) exp(—¢r) — 1
where the terny; can be evaluated explicitly from

Ovs
— 32
h= qu,sarmm n(9v0> (32)

It remains to solveEq. (27)to obtain ther-profiles within
the membrane. In order to do this we note that

ZB., 0

are n-invariant for the special case of facile exchange,
i.e. Bj — oo. For finite B;;, the assumption thadp;
are p-invariant is an excellenapproximation as we shall
demonstrate later in the illustrative examples. Assunging
to be n-invariant we can solvé&q. (27) after substituting
Eqg. (31) to obtain the component-profiles

exp(—¢tn) —

(7wiy — mi0) = —_1(771'5 — 7i0),

exp(—et)
i=12....n (34)

(31

(33)
g j,sat
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Table 1
Input parameters used in the illustrative Examples A and B. The density of the zedditeaken to be 1800 kg/fn
Example T (K) Component b; (Pat) a; sat (Mol kg™1) B;(0)/s (m/s)
A 303 c1 2.2x 1076 2.24 2.6x 10°°
c2 5.67x 10°° 1.85 3.75x 1076
c3 6.5x 1074 1.58 8.5x 106
n-C4 1.49x 1072 1.61 2.5%x 1077
B 473 2-MP 1.27x 10°* 0.694 5x 10710
2,2-DMB 2.71x 1078 0.694 6.25x 10712
The corresponding loading profiles are obtained from becausen-C4 has much stronger adsorption strength and
. “hinders” the other species. We also note that finite inter-
Oin = Ovymin, Gin="0mqisat =12,...,n (35) P

changeb;; tends to lead to significant lowering of the fluxes
DifferentiatingEqg. (34)and evaluating at the upstream face, of C1 and C2. However, the flux af-C4 is enhanced due
we obtain after substituting intRq. (26) to finite interchanged;;. The experimental work of van de
0 — . Graaf [13] has emphasised the importance of accounting
(N) = g%om[%aﬂwo(@] (mo —ms)  (36) for finite interchanged;; during permeation of light alkanes
across an MFI membrane.
where the subscripts 0 ademphasise the fact thatthe rel-  |n order to appreciate the reasons behind the excellent
evant parameters are evaluated at the upstream and downagreement between numerical and analytic solutions, let us
stream conditions, respectively. Substituting the expressionexamine the component loading profiles for the case where
(32) for ¢t we get after re-arrangement the partial pressures in the upstream compartment are at 85,
o InBvs/Bvo) B 9, 4 and 2kPa, respectively, for the four components; see
= 5 (1/6v0) —/(1/6\/5) [4sall Bo®] (o —75)  (37) Fig. 4 The open symbols represent the profiles obtained
from the precise numerical solution. The continuous lines
represent the analytic solution given By. (34) We note
\ o ) ) that even though the analytic solution deviates from the pre-
To illustrate the applicability of our analytic solution  cise numerical solution as we proceed downstream in the
developed above let us consider permeation of a mixture e mprane layer, the gradients of the loading at the upstream
of light alkanes, methane (C1), ethane (C2), propane (C3)¢a0e are virtually the same. Therefore, evaluating the fluxes
and n-butane (-C4) across an MFI membrane operating , ,sing the loading gradients at the upstream face, rather

at 303K. The Langmuir parameters and diffusivities of a1 ot the downstream face, yields accurate results for the
the components are specifiedTable 1(Example A). The fluxes followingEq. (37)

downstream partial pressures of all components are fixed
at 0.1 Pa. The partial pressures of C1, C2 and C3 in the
upstream compartment are maintained at 85, 9, and 4 kPa
respectively. The partial pressure @{C4 in the upstream
compartment is varied in the range 1-2000 Pa. The numer-
ical solution of the set of equations, for finite and infinite

which allows explicit evaluation of the fluxes for the weak
confinement scenario.

2.2. Analytic solution for strong confinement

For strong confinement we need to introduce the loading
dependencies (4), (8) and (18) and the flux expression is

exchange coefficient®;;, is presented as open symbols 1y 1 0(0)

in Fig. 3, the details of jthe numerical procedure are avail- (N) = —piv[gsall BO)] [F]a_z (38)
able in earlier publicationf3,10] and are on our web site: . .
http://www.ct-cr4.chem.uva.nl/zeolitesZalculations of the with the summation

fluxes usingEq. (37) for finite and infinite exchange co- _» * N:§ 1 NS

efficientsB;;, are shown as continuous lines. For infinite ZZBij = @ZZBU ©0)—

D;j, the analytic solution given bfq. (37)is exact and im1j=1  Pdisat i=1j=1 P jsat

therg is prec?se corrgspondence between an'alytic and nu- 10 N;8 b 29
merical solutions as is to be expected. For firflig, the GVqui,saﬂDi(O) By (39)

analytic solution given byEq. (37)is also seen to be in i=1

excellent agreement with the numerical solution for all four where ther-invarianty is defined by the same expression

compongnts; this.agr(.eemejnt p_oints _t‘? the goodness of the(30) as before. Substitutirtgg. (39)into Eq. (28)we obtain
assumption thap; is r-invariant in deriving the component ¢ gifferential equation describing the vacancy profile
loading profiles,Eq. (34) The results presented IFig. 3
show that the fluxes of C1-C3 are all suppressed when d(1/6v) 1\? v 40
the upstream partial pressure @{C4 is increased; this is m B b W = (40)

Ov
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Fig. 3. Permeation fluxes for: (a) C1, (b) C2, (c) C3 and rfe}4 as a function of varying upstream partial pressure-6i4. The upstream partial
pressures of C1, C2, and C3 are 85, 9, and 4 kPa, respectively. Open symbols represent precise numerical solutions using the techniques described in «
web site:http://www.ct-cr4.chem.uva.nl/zeolitesThe continuous lines represent calculations followtty (37) The weak confinement scenario prevails.

[e) C1, Numerical, finite DIJ
[m] C2, Numerical, finite DiJ
C1, Analytic, Eq. (34,35) ® A C3, Numerical, finite B, v nC4, Numerical, finite B;

——— C2, Analytic, Eq. (34,35) 0.14 —— C3, Analytic, Eq. (34,35) 16 nC4, Analytic, Eq. (34,35)
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Fig. 4. Component loading profiles for: (a) C1 and C2, (b) C3 and{@¥%. The upstream partial pressures of C1, C2, C3ra@d are 85, 9, 4 and 2kPa,

respectively. Open symbols represent precise humerical solutions using the techniques described in our iwgh//sitew.ct-cr4.chem.uva.nl/zeolites/
The continuous lines represent calculations followitmy (34) The weak confinement scenario prevails.
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which is a linear differential equation that can be solved where the subscripts 0 addemphasise the fact that the rel-
for the boundary conditions (19) and (20) by separation of evant parameters are evaluated at the upstream and down-

variables to give the profile

9Vn - QVO)

— | = 41
<9v5 —Ovo ! ()
where the termp; can be evaluated explicitly from
¢t = Ovs — bvo (42)

With the assumptiorof n-invariant¢;, defined byEq. (33)
the component loading profiles are linear:

Oy = 0i0 + n(Bis — 0i0),

qion = ein%’,sat, i=12...,n (43)

stream conditions, respectively.

To illustrate the applicability oEq. (44)let us consider
permeation of a mixture of 2-methylpentane (2-MP) and
2,2-dimethylbutane (2,2-DMB) across an MFI membrane
operating at 473 K. The Langmuir parameters and diffusivi-
ties of the components are specifiediable 1(Example B).

The downstream partial pressures of both components are
fixed at 0.1 Pa. Two cases are examined. In the first case (see
Fig. 5a) and (b)), the upstream partial pressure of 2,2-DMB
is maintained at 50kPa and the partial pressure of 2-MP
is varied in the range 0.1-50kPa. In the second case (see
Fig. 5(c) and (d)), the upstream partial pressure of 2-MP is
maintained at 50 kPa and the partial pressure of 2,2-DMB is
varied in the range 0.1-50 kPa. The numerical solution of the

the above equation represents the exact solution for facileset of equations, for finite and infinite exchange coefficients

exchange, i.ebj — oo.

Differentiating Eq. (43)and evaluating at the upstream

face, we obtain after substituting inExy. (26)

(N) = §6voevs[qsaa[Bo(0>]‘1<no —715) (44)

10°

EE

Z’E'/B/Er

P22ome.up = 50 kPa

% 101
o
£
©
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o
=
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S 103
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p=}
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104
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100 —
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S
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£
=
a
=
N
ks —
x Pawp.up = 50 kPa
[
10-1 1 L1 1l 1 L1 1l 1 11
0.1 1 10
(c) Upstream partial pressure of 22DMB / [kPa]

B;;, is presented as open symbolsFiy. 5 the details of
the numerical procedure are available in earlier publications
[3,10]. The calculation of the fluxes usirkgy. (44)for finite

and infinite exchange coefficienB;; are shown as contin-
uous lines. For infinited,;, the analytic solution given by

10-2 —
T‘(ﬂ
' L : g ©
Is) \E‘\Ek
g - Pazome.up = 20 kPa |
g | R
N o) Numerical, finite Du
E i O  Numerical, infinite B,
Z Analytic, Eq. (43)
———Analytic, Eq. (43)
10-3 1 Lol 1 Lol 1 ]
0.1 1 10
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N 104 £
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(d) Upstream partial pressure of 22DMB / [kPa]

Fig. 5. Permeation fluxes for 2-MP and 2,2-DMB. In (a) and (b) the upstream partial pressure of 2,2-DMB is maintained at 50kPa and the partial
pressure of 2-MP is varied in the range 0.1-50kPa. In (c) and (d) the upstream partial pressure of 2-MP is maintained at 50 kPa and the partial pressure
of 2,2-DMB is varied in the range 0.1-50kPa. Open symbols represent precise numerical solutions using the techniques described in our web site:
http://www.ct-cr4.chem.uva.nl/zeolitesThe continuous lines represent calculations followig (44) The strong confinement scenario prevails.
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0.4 O 2MP, Numerical, finite By O Experimental
g O  22DMB, Numerical, finite By _— Numerical, IAST, finite exchange
E 2MP, Analytic, Eq. (43) —— Analytic, finite exchange
= 0.3 22DMB, Analytic,Eq. 43) | | —m———— Analytic, facile exchange
=
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Fig. 6. Component loading profiles for 2-MP and 2,2-DMB. The upstream 1 PR S T T N T S R S
partial pressures of 2-MP and 2,2-DMB are both 50kPa. Open sym- 0 100 200 300 400 500

bols represent precise numerical solutions using the techniques described
in our web site:http://www.ct-cr4.chem.uva.nl/zeolitesThe continuous
lines represent calculations followiriegs. (43) and (44)The strong con-
finement scenario prevails.

Total hydrocarbons upstream pressure / [kPa]

Fig. 7. Ethane selectivity for permeation of 50-50 mixtures of
methane—ethane across an MFI membrane at 303K. The experimental
data in Fig. 6(b) of Ref[13] are compared with the analytic model for fi-

E a4y i d th . . d b nite exchange (solid lines) and facile exchange (dashed lines). We assume
g. ( ) Is exact an €re IS precise correspondence be- weak confinement scenario. The dot-dashed lines are the calculations of

tween analytic and numerical solutions, as is to be expected.ihe numerical solution in which the mixture loadings are calculated using
For finite®;;, the analytic solution given bigq. (44) isalso the IAST. The parameter values are the same as used in Example A and
seem to be in excellent agreement with the numerical solu- listed in Table 1
tion; this agreement points to the goodness of the assump- . o _
tion that; is n-invariant in deriving the component loading ~ culations for the ethane selectivity usieg. (37)for weak
profiles,Eq. (43) confinement, for finite exchange (shown as solid lines) and
In order to appreciate the reasons behind this good agreefacile exchange (shown as dashed lines). The data inputs are
ment, let us examine the component loading profiles for the the same as used for Example ATable 1 The facile ex-
case where the partial pressures in the upstream COmp‘—j\rtchange model severely underestimates the ethane selectiv-
ment are 50 kPa for both components; Eég 6. The open ity, and predicts ethane s_,e_lectivity values of the order of 3.
symbols represent the profiles obtained from the precise nu-On the other hand, the finite exchange model takes proper
merical solution. The continuous lines represent the analytic @ccount of the slowing down of the more mobile methane,
solution given byEg. (43) We note that even though the an- leading to significantly higher selectivities of the order of
alytic solution deviates from the precise numerical solution 10, much closer to the experimental values of around 8.
as we proceed downstream in the membrane layer, the gradi- It iS important to stress here that the analytic model de-
ents of the component loadings at the upstream face are the/éloped in this paper is restricted to the use of the multi-
same. Therefore, evaluating the fluxes by using the loading Component Langmuir equations (11) for calculating mixture
gradients at the upstream face, rather than at the downstreartadings. For mixtures with different saturation capacities,

face, yields accurate results for the fluxes followimy (44) the multicomponent Langmuir model is not thermodynami-
cally consistent and for more accurate calculations we should

use the ideal adsorbed solution theory (IAST) of Myers and

PrausnitZ33]; this point has been stressed by Kapteijn et al.

[9]. Calculations of the ethane selectivity incorporating the
In order to stress the practical utility, and limitations, of AST, following the numerical solutions described on our

the analytic model developed above we consider the experi-Web site:http://www.ct-cr4.chem.uva.nl/zeoliteare shown

mental data of van de Graaf et f13] for the ethane selec- m_Flg. 7as dot?ed lines. We _note th_at muc_h better agreement

tivity for permeation of 50-50 mixtures of methane—ethane with the experimental data is obtained with the IAST.

across an MFI membrane at 303 K. For varying total hydro-

carbons pressure in the upstream compartment (see data in

Fig. 6(b) of Ref[13]) the experimental values of the ethane 4. Conclusions

selectivity, defined as the ratio of the permeation fluxes of

ethane with respect to methane, are shown as open symbols Analytic solutions have been derived for the explicit cal-

in Fig. 7. Also shown inFig. 7 are the analytic model cal- culation of the permeation fluxes across a zeolite membrane.

3. Comparison with experiment


http://www.ct-cr4.chem.uva.nl/zeolites/
http://www.ct-cr4.chem.uva.nl/zeolites/

R. Krishna, R. Baur/Chemical Engineering Journal 97 (2004) 37-45 45

Diffusion within the membrane layer is described by the [11] R. Krishna, R. Baur, Modelling issues in zeolite based separation

Maxwell-Stefan equations. The loading dependence of the  processes, Sep. Purif. Technol,, in press.

M-S diffusivities of the pure componentB;, are assumed [12] B. Smit, R. Krishna, Molecular simulations in zeolitic process design,
1)

. . . Chem. Eng. Sci. 58 (2003) 557-568.
to follow either the weak or strong confinement scenarios, [13] J.M. van de Graaf, F. Kapteijn, J.A. Moulijn, Modeling permeation

described byEgs. (3) and (4)respectively. The derived an- of binary mixtures through zeolite membranes, AIChE J. 45 (1999)
alytic solutions areexactfor the case of infinite exchange 497-511.

Dij_ The illustrative examples show that the calculation of [14] R. Krishna, D. Paschek, Permeation of hexane isomers across ZSM-5
the fluxes usingeq. (37)for weak confinement, dgq. (44) zeolite membranes, Ind. Eng. Chem. Res. 39 (2000) 2618-2622.

; . . [15] P. Ciavarella, H. Moueddeb, S. Miachon, K. Fiaty, J.A. Dalmon,
for strong confinement, are in excellent agreement with pre- Experimental study and numerical simulation of hydrogen/isobutane

cise numerical CalCU|atian for bOth finite and inﬁnﬂ?@j- . permeation and separation using MFI-zeolite membrane reactor,
The developed analytic expressions can be easily incor-  Catal. Today 56 (2000) 253-264.
porated into design procedures for membrane separation16] B. Millot, A. Methivier, H. Jobic, H. Moueddeb, J.A. Dalmon,

devices and membrane reactors. For mixtures with widely Permeation of linear and branched alkanes in ZSM-5 supported
. . " ) . . membranes, Micropor. Mesopor. Mater. 38 (2000) 85-95.
different saturation capacities, calculations of our analyt|c [17] T.Q. Gardner, J.L. Falconer, R.D. Noble, M. Zieverink, Analysis of

Langmuir model may be less accurate than the more rigor- transient permeation fluxes into and out of membranes for adsorption
ous IAST, for which numerical solutions will be required. measurements, Chem. Eng. Sci. 58 (2003) 2103-2112.

[18] P.J.AM. Kerkhof, Partial analytical solutions for steady-state
diffusion in zeolite membranes, AIChE J. 44 (1998) 1697-1700.
[19] D. Paschek, R. Krishna, Kinetic Monte Carlo simulations of transport

diffusivities of binary mixtures in zeolites, Phys. Chem. Chem. Phys.
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