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ABSTRACT

The permeation of a mixture of n-hexane, n-decane and toluene through a 40 pwm Y zeolite tubular mem-
brane on a support with negligible resistance to the mass transfer at 250 °C was modelled based on the
Maxwell-Stefan formulation and the ideal adsorbed solution theory (IAST). Individual adsorption param-
eters were obtained with a batch fluidized bed reactor and diffusion parameters were taken from the
literature. The model allowed to predict the transient fluxes and surface coverages through the membrane,
showing that the responses of the components diffusing faster (n-hexane and n-decane) overshoot their
steady-state values. The permeance predictions (10~ mol/s m? Pa) ranged from 1.2 to 20 for n-decane,
from 0.4 to 4.2 for n-hexane and from 0.8 to 4.0 for toluene, according to the feed pressure and com-
position. The permeance selectivities, defined with n-hexane as the reference, ranged between 3 and 6
for n-decane, and between 1 and 1.8 for toluene. It was also possible to define the association between

hydrocarbon coverage profiles in the membrane and the corresponding resulting fluxes.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

During the past years there has been an extraordinary increase
in research about membranes for the separation and purification
of multicomponent gas mixtures. Many of the challenges in the
area, related to diffusion-adsorption phenomena, are focused on
miniaturized devices for microreactors and microseparators [1-3],
various gas sensors [4] and “Lab on a Chip” technologies [5], where
zeolite films have promising prospects [6].

One of the common issues in the characterization of zeolite
membranes that are applied to the separation of hydrocarbon mix-
tures is the assessment of individual fluxes and further estimation
of ideal selectivities. This means that the species are assumed to
diffuse independently across the membrane. However, this kind of
characterization renders incomplete information, since the fluxes
in a mixture of species can be quite different from those of the single
components, and it has been shown that the transport selectivities
resulting from the permeation of the various hydrocarbons com-
posing a mixture across zeolite membranes cannot be predicted
from the permeances of the single components [7]. Among many
factors, competitive adsorption, pore mouth blocking and/or sin-
gle file diffusion, added to the difficulty of experimentation with
mixtures may contribute to define complex interactions. More-
over, there is a substantial increase in the complexity of simulations
when a large number of components is involved [8].
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The ability to predict the transient behavior of multicomponent
gas mixtures is useful for the analysis of the dynamic responses
in the design of microreactors, gas sensors or other devices. The
macroscopic description of mixture transport processes in novel
zeolite materials requires the knowledge of diffusion and adsorp-
tion parameters of the species involved. It is commonly accepted
that the generalized Maxwell-Stefan formulation offers the most
convenient and nearest quantitative prediction of multicomponent
diffusion through zeolite membranes [9]. The strength of this model
lies on the fact that it is based on the intracrystalline diffusivities
of the pure components and the mixture adsorption isotherms. In
that sense, the ideal adsorbed solution theory (IAST) [10] is a model
adequate for representing the adsorption of mixtures of species
with different saturation capacities [11]. Consequently, this type of
separation processes can be analyzed by means of the prediction
of the corresponding fluxes, surface coverages, permeances and
selectivities starting from the individual diffusion and adsorption
parameters.

Most of the works about the transient adsorption response
of mixtures in zeolite adsorbents considered binary systems and
extended Langmuir isotherms [12,13], and studies on the dynamic
transport of ternary mixtures, particularly those with mixture
isotherms described by the IAST model [14,15], are rather scarce
[16].

FAU-type zeolites have large pores defined by 12 member-rings
and faujasite structure [17]. Consequently, in comparison with
other small or medium pore zeolites, such zeolites can accommo-
date larger molecules within its structure. The composition of Y
zeolite implies that the structural Si/Al ratio is larger than 2. These
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Nomenclature

b Langmuir adsorption constant (kPa—!)

B sorbate-sorbate interaction matrix (s/m?2)

Do zero coverage diffusivity (m?/s)

Dy, diffusion exchange coefficients between compo-

nents i and j
IAST IAST isotherm

K Henry adsorption constant (dimensionless)

N molar flow (mol/m? s)

N multicomponent molar flow vector (mol/m? s)

P pressure or partial pressure (kPa)

q local concentration of species adsorbed on the cat-
alyst (mol/kg)

qs diagonal matrix of saturation adsorption capacities
(mol/kg)

r radial length dimension (m)

R membrane radius, external (m)

S adsorption or permeance selectivity

t time (s)

y mole fraction in the gas phase

Subscripts

Cc6 n-hexane

c10 n-decane

feed feed side

i components i

i,j cross-term between components i and j

perm permeate side

S adsorption capacity at saturation

TOL toluene

z zeolite

Superscript

eq equilibrium

Greek letters

r matrix of thermodynamic correction factors

8 membrane thickness (m)

0 fractional coverage

Vo multicomponent fractional coverage gradient vec-
tor

H permeance (mol/s m? Pa)

0 density (kg/m?3)

materials are versatile in the sense that the permeation proper-
ties of different chemical species could be modified by zeolite ion
exchange or dealumination [18], and thus tailor-made membranes
based on faujasite-type crystals can be obtained for specific applica-
tions. Several research groups have reported the synthesis of NaY
or NaX (Si/Al ratio about 1.0-1.5) membranes on porous alumina
supports [19-21].

It is the objective of this work to examine the modelling and
the simulation results for the separation of a mixture of n-hexane,
n-decane and toluene through a 40 wm thickness Y zeolite tubu-
lar membrane for various system pressures and compositions at
250°C.

2. System modelling

A schematic representation of the tubular zeolite membrane
considered can be observed in Fig. 1. The feed and permeate zones
are located outside and inside the infinite hollow cylindrical mem-

Fig. 1. Supported zeolite tubular membrane.

brane, respectively. The 40 wm defect-free zeolite membrane is
supported on a material with negligible resistance to the mass
transfer, and a large volumetric flow of a sweeping gas is circulated
in the permeate duct, thus leading to negligible partial pressures
of the hydrocarbons in the permeate side. Adsorption equilibria
are assumed to be achieved on the feed side of the membrane.
The ternary adsorption equilibrium in the membrane is calculated
according to the ideal adsorbed solution theory [10], considering
Langmuir-type adsorption for the single components. Chemical
reactions do not proceed under the conditions studied.
Then, the mass balance for a given hydrocarbon inside the mem-

brane is

SLTUL LG (1)
where the diffusion flux through the zeolite is considered configu-
rational and described by the Maxwell-Stefan model [3]:

N =—-p,q;B"'TV6 )
where
6, op;
= P, 06; (3)
n
6; 1 0;
B. — J 4 Bi=——l . ixj (4)
! Z Dy,ij = Do, v Do, j

j=1

J#i
s,ii = Gs,i» Gs,ij =0 (5)

The diffusion exchange coefficients Dg;; can be estimated
according to the Vignes equation [22]:

Do,i = (Do, i)/ 4 (Dg )3/ 140 (6)

The following initial and boundary conditions apply:

t=0, O0<R-r<$, 6;=0 (7)
R—r=0, 6R,t)=IAST(P,y;) ®)
R-r=4, 6;(R-6,t)=0

2.1. Solution of the proposed model

The numerical solution of the model was achieved using the
method of lines (MOL) that converts partial differential equations
into a system of ordinary differential equations [23]. The spatial
discretization was done according to a second-order non-linear
Galerkin-based method. Both the discretization and the result-
ing ordinary differential equations represented by matrices were
solved with intrinsic codes in Matlab 6.5.1. The calculation of the
matrix of thermodynamic correction factors was based on the
approach of Krishna and Baur [24]. In addition to the pure com-
pounds n-hexane (C6), n-decane (C10) and toluene (TOL), three
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Table 1
Adsorption and diffusion parameters
Parameter Hydrocarbon

Cc6 Cc10 TOL
gis (molkg1) 1.3 0.9 1.6
b; (x102kPa~1) 1.6 43.8 4.5
Do; (x10"" m2s-1) 8.7 2.5 0.8

different hydrocarbon mixtures were simulated, with the follow-
ing C6:C10:TOL mole fractions: mixture A (0.45:0.1:0.45), mixture
B (0.25:0.5:0.25) and mixture C (0.25:0.25:0.5).

The individual adsorption parameters for C6, C10 and TOL used
in the simulations, b; and g; s, were obtained in adsorption experi-
ments with the pure hydrocarbons performed in a batch fluidized
bed reactor [25], and diffusion parameters were taken from the
literature [26]. All the parameters are shown in Table 1.

3. Results and discussion
3.1. Transient permeate fluxes

3.1.1. Permeation of the single components

The responses of the model for the case of feeding hydrocar-
bons individually with a step function in the outer surface of the
membrane can be observed in Fig. 2. The magnitudes of the step
composition changes were chosen in order to compare with the
mixtures’ behavior. As expected, in all the cases the permeate fluxes
increase until reaching a steady value. Delays, that can be defined as
the time at which the steady-state values are reached, are apparent;
they are approximately 11 s for C6; about 21 s for C10 and about 56 s
for TOL. It can be noticed that the faster the diffusion, the shorter
the time delays. The steady-state flux for a given pure hydrocarbon
can be assessed from

In(1 + bipi,feed)

R In(R/r) ®

Ni = 0245,iDg;
as derived from Eq. (2), where P;f¢q is the partial pressure of the
hydrocarbon at the feed side. This means that the flux of a pure
compound depends not only on the diffusivity, but also on the equi-
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Fig. 2. Transient permeate fluxes after step changes in the concentration of the pure
hydrocarbons. Feed pressure (kPa): C6 (solid line), 62.1; C10 (dashed line), 13.8; TOL
(dotted line), 62.1.

librium adsorption constant, the adsorption saturation capacity and
the partial pressure of the species.

3.1.2. Permeation of the mixture

Simulations were performed with ternary C6-C10-TOL mix-
tures. With mixture A, where the partial pressures are the same
as those for the pure hydrocarbons in the example of Fig. 2, the
transient permeation behavior of the components in the mixture
showed that the fluxes of the hydrocarbons diffusing faster (C6
and C10) are qualitatively different from those of the single com-
ponents (refer to Fig. 3a); in effect, maxima appear as a function
of time before the steady-state values are reached. On the con-
trary, the component with slow diffusion (TOL) shows a behavior
similar to that of the pure component, increasing monotonically
up to the steady state. C6 diffuses very fast through the mem-
brane, but after reaching the maximum value, its steady-state flux
results lower than those of the other components, with a strong
decrease from 2.40 mmol m~2 s~! when pure to 0.72 mmol m—2 s~1
in the mixture. A similar behavior was observed for the flux of C10,
changing from 1.42 mmol m~2 s~! when pure to 0.75 mmol m~2 s~!
in the mixture. In contrast, TOL increased its steady-state flux
from 0.53 mmolm~2s-! when pure to 1.10mmolm=2s-! in the
mixture. It can be observed that the time delay for C6 is sig-
nificantly increased from 11s when pure to more than 43s in
the mixture, while those of C10 and TOL remain essentially
unchanged.

These observations confirm that the gradient of concentration,
as assumed in the Fick formulation [27], does not constitute the
actual driving force for diffusive transport in this system. Additional
evidences can be observed in the simulations with mixtures B and
C.Theincrease in the concentration of C10 in mixture B enhances its
flux, moderates the peak value of the C6 flux and does not change
significantly the profile of TOL, as it can be seen in Fig. 3b. It is
also noticed that the maximum C6 and C10 fluxes emerge at a time
slightly shorter than in the previous case. In mixture C, TOL is the
component with the highest concentration; consequently its flux
increases. In this case, the peak of C6 flux is moderated and C10 flux
decreases in comparison with mixture B.

3.2. Transient fractional coverages

The impact of diffusion and adsorption on the transport of a
hydrocarbon mixture through a Y zeolite membrane can be under-
stood more clearly when the transient fractional coverages across
the membrane are observed. These profiles are shown in Fig. 4. One
of the indexes reflecting the behavior of the permeate fluxes is the
slope of the fractional coverage profiles at the permeate side. In
effect, in the case of mixture A, the maximum value of the slope
of the C10 fractional coverage at the permeate side is achieved at
approximately 10 s, which is coincident with the time at which the
maximum flux is achieved (refer to Figs. 3a and 4b). Similarly, the
slope of the C6 fractional coverage profile at the permeate side
is maximum at approximately 5s, in coincidence with the peak
value in C6 flux (refer to Figs. 3a and 4a). Note that at certain time
and position in the membrane, the fractional coverages of both C6
and C10 overshoot the steady-state values. TOL achieves its maxi-
mum slope for its fractional coverage at the permeate side at the
steady state, thus indicating maximum flux at that moment (refer
to Figs. 3a and 4c).

The characteristics of the adsorption of the mixture influence the
fluxes of the species by setting the magnitudes of the driving forces
v#6; and by contributing to the coupling of the diffusion and adsorp-
tion processes shown in the non-diagonal elements in the matrices
of the thermodynamical correction factors I'and sorbate-sorbate
interactions B, as shown in Eq. (2).
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Fig. 4. Transient fractional coverages across the membrane in the case of mixture
Fig. 3. Transient permeate fluxes after step changes in concentration. Ternary mix- A. Feed pressure: 137.9kPa. (a) C6; (b) C10; (c) TOL.
ture of hydrocarbons. Feed pressure: 137.9 kPa. (a) Mixture A; (b) mixture B; (c)

mixture C.
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Table 2

Fractional coverages on the feed side of the membrane for the ternary mixtures
Mole composition (C6:C10:TOL) C6 Cc10 TOL
(A) 0.45:0.10:0.45 0.106 0.264 0.500
(B) 0.25:0.50:0.25 0.038 0.722 0.193
(C) 0.25:0.25:0.50 0.044 0.439 0.433

Feed pressure: 137.9 kPa.

The same correspondence between the spatial rates of change
of the fractional coverages at the permeate side of the membrane
and fluxes can be observed at the steady states, as can be con-
firmed particularly in Fig. 4c for the case of TOL in mixtures A and
B; in effect, at the steady state, the higher the slope at the perme-
ate side, the higher the flux. However, as it can be inferred from
Fig. 4c, the slope at the permeate side depends on how much the
hydrocarbon is adsorbed at the feed side. Therefore, the coverage
(or concentration) of each adsorbate at the feed side, according to
the mixture adsorptionisotherm, and the diffusivity, are the proper-
ties controlling the magnitudes of the steady-state fluxes across the
membrane. Hence, depending on which effect prevails, i.e., magni-
tudes of adsorption or diffusivities, will determine the permeation
behavior of the mixture.

Table 2 shows the fractional coverages of the species on the feed
side of the membrane, which are equivalent to equilibrium adsor-
bate concentrations, for the various mixture compositions. In the
case of mixture A, TOL coverage on the feed side is high enough
to overcome its slower diffusion, thus leading to the highest flux.
In this case, the much higher adsorption strength of C10 does not
compensate its low concentration in the gas phase and its lower
packing entropy according to the larger molecular size. However,
in the case of mixture B, C10 adsorbate concentration on the feed
side is larger than those of the other hydrocarbons; considering
that Dy c19 is significant, both effects contribute positively to make
its permeate flux the highest in the mixture. In the case of mixture
C, despite the fact that TOL achieves a coverage on the feed side
similar to that of C10, it is not enough to compensate for its slow
diffusion, and hence, C10 permeate flux is larger. Moreover, even
though C6 has the highest diffusivity in the group, its permeate
flux is always the lowest, mainly due to its low surface coverage
in the mixture equilibria on the feed side as a consequence of its
weaker adsorption strength.

3.3. Permeances and permeance selectivities

3.3.1. The effect of pressure
Permeances (pressure normalized fluxes) are also used to char-
acterize gas transport through membranes; they are defined as

N:

R
1= 35,

(10)
where AP; is the partial pressure drop across the membrane of
the permeating component. The permeances of the diverse hydro-
carbons obtained at the steady state can be observed in Fig. 5 as
a function of pressure for the case of an equimolar ternary mix-
ture, that is, with the same AP;. It can be seen that the various
permeances decrease with similar trends as pressure increases,
the ranking being C10>TOL>C6 in the whole range of pressures
used, except at very low pressures. The simulations assuming lin-
ear isotherms for all the components lead to constant permeances.
This predicted behavior of the permeances is consistent with the
shapes of the equilibrium isotherms; van den Broeke et al. [28]
showed that the permeances have non-linear dependences on pres-
sure when the isotherms are of the Langmuir type, while linear
isotherms would show almost constant permeances.
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Fig. 5. Permeance and permeance selectivities as a function of pressure. Equimolar
ternary mixture. C6: solid line; C10: dashed line; TOL: dotted line. Selectivities:
C10/C6 (short dash dot line); TOL/C6 (dash dot dot line).

The experimental information about permeances in similar mix-
tures is scarce, thus making difficult to establish comparisons. For
instance, Jeong et al. [29] reported permeances of hexane in binary
mixtures with dimethylbutane or methylpentane over 5-10 pm
NaY zeolite membranes to be about 1 x 10-8 molm—2s~1Pa~! at
100-140°C and 4.5kPa total pressure. In the equimolar ternary
mixture simulated in this work, for example, the permeance
of C6 at 250°C and 13.8kPa total pressure would be about
4.2 x 108 molm~2s~1Pa~!. In this case, the positive effect of the
higher temperature should be somewhat offset by the longer path
across the membrane.

From the technology point of view, it may be more interesting
to learn about the feasibility of separation or concentration of a
hydrocarbon mixture through given membranes and conditions.
The model allows to predict the permeance selectivities, defined as
the ratios between permeances, if a hydrocarbon is defined as a ref-
erence, C6 in this case. The simulation results are included in Fig. 5,
and they indicate that C10 selectivity is important and increases
dramatically at lower pressures. TOL selectivity is relatively low
and increases with the system pressure; at low pressure it may be
lower than one, because C6 and TOL isotherms come close to linear
and the permeation fluxes are dependent only on diffusivities and
Henry constants. In effect, it can be seen from Van De Graaf et al.
[30] that the selectivity at diluted conditions can be evaluated as

Dok
Y= Do jK;

(11)

and according to the corresponding diffusion and adsorption
parameters, this ratio is lower than one.

The behavior of the selectivities is linked to the relationship
between the mixture isotherm and the system pressure. For the
equimolar mixture, there is a significant increase in TOL coverage
with pressure at the feed side, while C10 coverage decreases after
reaching a maximum value (see Fig. 6). Thus, as pressure increases,
the entropic control of adsorption [31], that favors the packing of
TOL molecules as compared to C10, becomes more pronounced,
thus enhancing its adsorption selectivity in relation to the other
hydrocarbons.

3.3.2. The effect of mixture composition
To analyze the effect of the composition of the mixtures in
terms of the changes in the permeances, their selectivities, and the
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equilibrium adsorption selectivities, a feed pressure of 137.9 kPa
was considered, keeping C6 as the reference hydrocarbon. It can
be seen in Fig. 7 that the permeance of TOL decreases slightly with
the increase of its mole fraction in the gas phase, approaching
to the value of pure TOL. The permeance of C10 also decreases
slightly, while that of the reference hydrocarbon, C6, decreases
more noticeably.

As a consequence, both TOL and C10 permeance selectivities
increase with larger TOL mole fractions, even though the equilib-
rium adsorption selectivities at the feed side, calculated with the
IAST isotherm:

eq
Seq _ ql /Pl
=
Mogi/p
remain essentially constant, as shown in Table 3. These results
indicate that the transport rate of C6 across the membrane is hin-
dered by the increasing fractional coverage of TOL, as is reflected

in the increasing sorbate-sorbate interaction shown by the varia-
tion in the corresponding diffusion exchange coefficients Do cg 1oL,

(12)
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Fig. 7. Permeance and permeance selectivities as a function of TOL concentration.
Feed pressure: 137.9 kPa. (ao) Pure TOL permeance.

Table 3
Diffusion exchange coefficients and equilibrium adsorption selectivities at the feed
side as a function of mixture composition, starting from equimolar mixture

Dojij (x10 cm?[s) Sgio.co squL.cs
Doc6.c10 Do,ce,ToL Do,c10,1oL
YroL
0.33 2.80 1.19 1.71 7.20 6.14
0.50 2.80 0.99 1.42 7.23 6.13
0.90 2.79 0.82 0.90 7.35 6.08
Ycio
0.33 2.80 1.19 1.71 7.20 6.14
0.50 2.66 1.18 1.97 6.83 6.29
0.90 2.52 1.17 241 6.26 6.55
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Fig. 8. Permeance and permeance selectivities as a function of C10 concentration.
Feed pressure: 137.9 kPa. (W) Pure C10 permeance.

approaching the diffusivity of pure TOL, 0.8 x 10~ cm?2/s (refer to
Table 3). Indeed, the transport rate of C10 is also affected, but the
corresponding diffusion exchange coefficients Do 19 oL are more
distant from TOL diffusivity than those of C6, thus reflecting a lower
interaction.

The changes in the permeances induced by higher concentra-
tions of C10 in the mixture are smoother, as shown in Fig. 8. The
permeance of C10 decreases to its value when pure, while those of
TOL and C6 remain almost steady. As a consequence, the permeance
selectivity of C10 decreases and that of TOL is constant with larger
C10 mole fractions. The decrease in C10 permeance selectivity is
consistent with the trend in its equilibrium adsorption selectivity
(refer to Table 3). However, the hindering effect of C10 is lower than
the one observed with TOL, as shown by the smaller changes in the
interaction between diffusing species, indicated by the diffusion
exchange coefficients Dy ;j in Table 3.

The equilibrium adsorption selectivity of TOL in the mixture, i.e.,
S%L,ces' increases slightly with higher C10 concentrations and the
exchange coefficient Dy cg 1oL is not appreciably modified. Conse-
quently, the equilibrium adsorption and diffusion effects seem to
compensate each other, resulting in a constant permeance selectiv-
ity as C10 coverage increases.

4. Conclusions

The modelling and simulation of the permeation of a ternary
mixture of hydrocarbons through a Y zeolite cylindrical membrane,
based on the Maxwell-Stefan formulation and the IAST isotherm,
allow to predict the transient permeate fluxes of the mixture
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components. As a consequence of the interactions between the
hydrocarbons in the mixture strong variations in the fluxes
arise in comparison to the fluxes when the species are fed pure.
Moreover, the fluxes of the species diffusing faster (C6 and C10)
overshoot the steady-state values. The magnitudes of the fluxes
depend on the surface coverage profiles across the membrane, the
sorbate-sorbate interactions and the adsorption equilibrium at
the feed side. The permeances have the same order of magnitude
as those scarcely reported in the literature.

The prediction of the permeance selectivities in the mixture
shows variations with feed pressure and composition. These results
suggest that the operative conditions can bring about modifications
in the separation performance of the zeolite membrane on a mix-
ture composed of species with different diffusion and adsorption
properties.

According to this model, the feasibility of separation of different
mixtures by means of a zeolite membrane process can be studied.
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