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bstract

Nanocomposite MFI-alumina membranes, obtained by growing zeolite crystals within the porosity of a host macroporous support (pore-plugging
ethod), as described in a previous paper, were studied for their behaviour for pure gas permeation and gas mixture separation. Hydrogen, nitrogen

nd light hydrocarbons were permeated on a wide range of temperatures, up to 873 K for hydrogen. All pure gases results are well described by
he generalised Maxwell–Stefan equation, with no need for an additional “activated gas transport” term, as no flux increase was observed at higher
emperatures. Two examples of gas separations were carried out up to 723 K (n-butane/hydrogen) and 673 K (xylene isomers) that similarly show

egular flux decreases at higher temperatures.

These results were compared to literature data on film-like MFI zeolite membranes that generally show a flux increase at high temperature.
his discrepancy was attributed to the reversible opening of intercrystalline pathways in film-like membranes upon heating. These openings were
omputed, taking benefit of recently published zeolite thermal expansion data, and their contribution to the permeation was evaluated.

2007 Elsevier B.V. All rights reserved.
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. Introduction

For more than a decade, many works have been reported on
eolite membranes, as described in several reviews [1–9]. In
articular, gas transport through zeolite membranes has been
ttracting a lot of attention [1,3–8,10–20]. These membranes
ypically present a zeolite film structure on top of a porous
upport and some authors have insisted on this aspect [21–24].

Generally, the membrane permeance does not follow an
dsorption-only driven mechanism, as the transmembrane flux,
fter going through a maximum, in keeping with adsorption,
ncreases again at higher temperatures [2,12]. For instance,

apteijn’s group reported this behaviour for light hydrocar-
ons, using a film-like zeolite (silicalite 1) layer on top of a
orous stainless steel support [12,25,26]. Noble and Falconer
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11] described a similar curve shape for a silicalite membrane
n porous alumina. Matsukata and co-workers [27], using MFI
n porous alumina, also showed a sharp increase of isobutene
ux above 673 K.

In the case of gas mixture separation, Kapteijn’s group
reviously published data for butane/hydrogen mixtures [15],
howing an increase of both gas fluxes above 500 K. More
ecently, Tarditi et al. [28] published xylene isomer separation
esults, through silicalite (c-axis oriented) membranes on porous
tainless steel supports. A sharp flux increase was observed for
rtho and meta-xylene above 500 K, and for para-xylene above
73 K.

To face the complication of an increasing flux at high temper-
tures, a few authors have introduced a “gas activated transport”
26,29] on top of the Langmuir-coverage based model of diffu-

ion, also known as generalised Stefan–Maxwell.

At variance to some authors insisting on the advantages of
lm-like structure [24,30], we have been working on a different
pproach: the zeolite/alumina nanocomposite membrane, where

mailto:sylvain.miachon@ircelyon.univ-lyon1.fr
dx.doi.org/10.1016/j.memsci.2007.04.008
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he separative layer is made of zeolite material grown inside the
orosity of an alumina support. The preparation of this type of
embrane [31], its permeance and separation properties [32,33],

uality testing [34] and applications to catalytic membrane reac-
ors [35–37] have been previously published. First results of
ermeation [32] showed a behaviour different from that reported
n the literature: at high temperature, the composite membrane
id not show the flux increase generally observed.

Very recently, we published a detailed description of the
reparation and structural properties of the composite mem-
rane [38]. Among other characterisation results, a thorough
ransmission electronic micrographs suggested that zeolite crys-
al grain boundaries should not participate in the permeation
cross the membrane. Indeed, the same zeolite crystal, plug-
ing neighbouring support pores, was observed, without crystal
oundaries. These specific features prompted us to study more
n detail gas transport through this particular type of material.

Here we show the temperature dependence of permeation
hrough the nanocomposite membrane for a series of gases is
ifferent from that reported in film-like membranes. This obser-
ation will be related to the nanocomposite architecture.

. Experimental

.1. Material and gases

MFI zeolite membranes were prepared using alumina asym-
etric porous tubular support (made of three layers with pores of

2 �m–0.8 �m–0.2 �m successively) provided by Pall-Exekia
T1-70 type). These supports were 15 cm long, 1 cm diameter,
nd included 1.5 cm enamel endings for sealing purposes. Inter-
upted hydrothermal synthesis was carried out, using a 3-day
ged precursor solution of 1 SiO2:0.45 TPAOH:27.8 H2O molar
roportions. Template removal was achieved by calcination in
ir at 500 ◦C. A detailed study of this preparation can be found
n a previous paper [38].

.2. Gas transport

.2.1. Set-up
Tubular membranes were mounted in a graphite-sealed test

odule, showed in Fig. 1. Before any gas transport measure-

ent, the membrane was first treated at 400 ◦C under both-side

0 ml/min flow of nitrogen for 6 h, to remove adsorbed species,
uch as water coming from air humidity when the sample is
xposed to atmosphere.

ig. 1. Schematic drawing of the permeation test module, showing the tubular
embrane and graphite sealing.
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Single gas permeance for hydrogen, helium, nitrogen and
ydrocarbons were carried out with a feed pressure slightly over
00 kPa, a pressure difference close to 10 kPa. A regulating valve
t the outlet of the retentate compartment was used to adjust
he internal pressure. Another regulating valve at the outlet of
he permeate controlled the transmembrane pressure difference.

ore details can be found in previous papers [33].
The temperature was varied in steady state steps from 293 to

23 K, and up to 860 K in one case (hydrogen).

.2.2. Gas mixture separation
Gas separation was carried out on n-butane/hydrogen and

ylene isomer mixtures, using modified Wicke-Kallenbach pro-
ocols. Stream composition was analysed using a Shimadzu
C 14A gas chromatograph equipped with a 0.19% picric

cid/graphpack GC column with an FID detector (n-butane),
carbosphere column with a TCD detectors (hydrogen) and a
olgel-WAX capillary column with an FID detector (xylenes).

N-Butane/hydrogen separation was carried out with the same
eed (hydrogen:n-butane:nitrogen = 12:15:73) and sweep (nitro-
en) flow rates (54 �mol/s), close to atmospheric pressure. The
emperature was increased from 300 to 723 K in 10 steps, waiting
ufficient time for equilibrium.

For xylene separation, a mixture of isomers (1.5 kPa p-
ylene, 4.5 kPa m-xylene and 1.35 kPa o-xylene) saturated in
itrogen at atmospheric pressure and 336 K was fed at 60 ml/min
ith a counter-current nitrogen sweep of 15 ml/min. The tem-
erature of the membrane system was varied from 673 to 423 K
nd again from 423 to 673 K in six steps. In this case as well, all
easurements were taken at steady state.

.2.3. Model of pure gas permeation
All results of pure gas permeation were fitted using a model

ased only on the Stefan–Maxwell approach, that takes into
ccount exclusively adsorption phenomena [39,40]. This lead
o the following variation of flux:

= csatρεD∞
0

τL
ln

×
[

1 + (pR/p0) exp((�S◦
ads/R) − (�H◦

ads/RT ))

1 + (pP/p0) exp((�S◦
ads/R) − (�H◦

ads/RT ))

]

× exp[−ED/RT ] (1)

ith R: ideal gas constant (8.314 J/mol/K), csat: concentration
f the gas at saturation in the MFI crystals (mol/kg), ρMFI:
ensity of the MFI (1700 kg/m3), ε: porosity of the material
0.075), obtained by the product of support and MFI porosity val-
es, D∞

0 : Stefan–Maxwell diffusivity (m2/s, fitted parameter),
: tortuosity (1.2), as indicated by the support provider, L: mem-
rane equivalent thickness (3 × 10−6 m), pR: retentate pressure
Pa), pp: permeate pressure (Pa), p0: reference atmospheric pres-
ure (101,325 Pa), �S◦

ads: adsorption entropy (J/mol/K), �H◦
ads:
dsorption enthalpy (J/mol), and ED: diffusion activation energy
J/mol, fitted parameter).

The membrane effective thickness (L = 3 �m) was obtained
y comparing different gas permeances at a fixed tempera-
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Table 1
Parameters used and fitted in Stefan–Maxwell Eq. (1)

Gas Experimental Fixed adsorption parameters Fitted parameters

PR (kPa) PP (kPa) csat (mol/kg) �S◦
ads (J/mol/K) �H◦

ads (kJ/mol) D∞
0 (10−8 m2/s) ED (kJ/mol)

H2 120 112.4 5.4 −43.0 −5.9 1.8 2.0
N2 128 112.5 5.4 −50.0 −13.8 0.4 4.0
CH4 130 107 2.2 −68.5 −19.0 31 9.4
C2H6 130 107 1.9 −75.4 −30.5 6.1 8.8
C
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3.2. Gas separation

Fig. 4 shows a typical result of hydrogen/n-butane mixture
separation. The transmembrane flux of both gases is shown as a
3H8 130 104 1.5 −77.3

4H10 131 103 1.4 −85.9

he adsorption parameters are from literature (csat [43], entropy and enthalpy fo

ure, using Eq. (1), and taking into account various diffusivity
ata.

Adsorption data (�S◦
ads and �H◦

ads) were obtained from
iterature in the case of hydrogen and nitrogen [26]. For hydro-
arbons, they were measured in a TAP reactor [41]. To get data
n the very material used in this work, 1 cm of the crushed
nd sieved membrane, containing 1.5 wt% of zeolite, was sand-
iched between two layers of quartz particles in the reactor.
efore the pulse experiments the reactor was heated to 673 K
nder a nitrogen flow to desorb any adsorbed water. After this
re-treatment the reactor was evacuated. The different hydro-
arbons were mixed with 10% argon. Pulse experiments were
onducted at temperatures between 373 and 493 K. The mod-
lling of the pulse responses to extract the sorption parameters
s described in detail in [42]. The entropy of adsorption was
alculated by assuming 8 sites per unit cell [43]. All sorption
arameters are reported in Table 1.

. Results

.1. Single gas transport

Fig. 2 (top) shows a typical flux variation of hydrogen and
itrogen through nanocomposite alumina/zeolite membranes, as
function of temperature. Several samples were used to obtain

his data, providing similar results. Eq. (1) is fitted to the data
n each case. Table 1 gives the test conditions and the fitting
arameters for these temperature variations. Hydrogen and nitro-
en show a continuous decrease of flux with temperature. Fitted
tefan–Maxwell curves indicate a flux maximum located at a
igher temperature for nitrogen than hydrogen.

The bottom of the same figure and the four last rows of Table 1
how corresponding results for hydrocarbons (methane to n-
utane). The above mentioned flux maximum can also be seen
n these cases, with a temperature increasing with the length of
he hydrocarbon chain, as is commonly expected.

Please note the observed variations show no indication of
ux increase at higher temperature, up to 720 K for the six gases

ested here. In all cases, the fitted parameters are consistent with
ommonly accepted values [26,44].
In order to check this monotonous decreasing trend, an
xperiment at higher temperature was carried out on another
embrane. The flux variation is shown in Fig. 3, together with a
tted curve following the Stefan–Maxwell model (with similar

F
a
n
e
(

−36.4 3.0 9.7
−44.6 2.0 11.8

and N2 [26] and present work for hydrocarbons.

arameters). It can clearly be seen than no flux increase appears,
ven up to 860 K. The low-temperature flux values of this sam-
le, as measured after this treatment, were not affected. This
hows the integrity of the nanocomposite membrane material
hen used for significant periods of time in such hard conditions.
ig. 2. Single gas permeance variations of hydrogen (�), nitrogen (�) (top)
nd of four hydrocarbons (bottom): methane (�), propane (�), ethane (�) and
ormal butane (+) through nanocomposite MFI/alumina membranes. Points:
xperimental data, curves: Stefan–Maxwell Eq. (1) fitted to the data points
Table 1 gives the fixed and fitted parameters).
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Fig. 3. Single gas flux variation of hydrogen through an MFI/alumina nanocom-
posite membrane on a larger temperature range (similar exp. conditions than in
Table 1). Points: experimental data, curve: Stefan–Maxwell Eq. (1) fitted to the
data points.
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ig. 4. Gas flux of hydrogen (�) and normal butane (+) in an equimolar mix-
ure diluted in nitrogen (Wicke-Kallenbach mode), through an MFI/alumina
anocomposite membrane. Lines are guides to the eye.
unction of temperature, from 300 to 723 K. For both gases, the
ermeance shows a decrease at higher temperatures.

Fig. 5 shows another example of gas separation on the same
ype of membrane. Para-xylene is selectively separated from a

ig. 5. Separation of para-xylene through an MFI/alumina nanocomposite
embrane (from a mixture of isomers diluted in nitrogen). Only para-xylene is

etected. Points: experimental data, curve: Stefan–Maxwell Eq. (1) fitted to the
ata points (taking into account para-xylene only).
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ixture of isomers diluted in nitrogen, in the 400–700 K tem-
erature range. Once again, the transmembrane flux of the only
etected isomer regularly decreases at higher temperatures. The
ther isomers can be neglected in the transport model. They are
oo bulky to penetrate the zeolite pores (true molecular sieving).
or that reason, the pure-gas Stefan–Maxwell model used previ-
usly can be applied. The fitting provides data of diffusivity and
ctivation energy (≈10−11 m2/s and 14 kJ/mol, respectively).
t has to be noted that no increase of other isomer transmem-
rane flux was observed at higher temperatures, maintaining an
pparent infinite selectivity of the membrane towards p-xylene.

. Discussion

.1. Single gas transport

The absolute permeance values obtained in this work are in
ame order of magnitude than that of the literature, consistently
ith another study on intrapore synthesised zeolite membranes

45]. Contrarily, in some papers [24,30], it is mentioned that
mbedding the crystals into the support pores may lead to smaller
ermeance values. The idea is that the geometric surface area of
he membrane is reduced to that of the support pore openings.
his can be debated, as in film-like membranes the toplayer is

n contact with the support, and therefore the available surface
rea, on the support side, is reduced in the same way.

As mentioned in the introduction, in the last 10 years,
any scientific papers have reported high temperature gas flux

ncrease through MFI zeolite membranes. About all works report
permeance variation including a minimum following a max-

mum, provided their experimental temperature ranges high
nough. Table 2 (single gas) and Table 3 (mixtures) gives an
verview of this aspect from a series of papers, illustrating the
aximum (at TB) and minimum (at TC) of the corresponding

urve (Fig. 6).
In Fig. 2, the maxima (T ) observed here are: H : <200 K,
B 2

2: 250 K, CH4: 280 K, C2H6: 370 K, C3H8: 420 K, n-C4H10:
70 K. These values are consistent with literature data summa-
ized in Table 2.

ig. 6. Typical transmembrane flux temperature through MFI membranes as
eported in literature. TD represents the maximum temperature used for testing.
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Table 2
Summary of the pure gas permeance-temperature dependence observed through MFI membranes in the literature (SS: stainless steel, TA, TB and TC refer to
temperature points illustrated in Fig. 7)

Gas Membrane Cryst. size (�m) Support Pore size TB (K) maximum TC (K) minimum TD (K) limit Reference Note

H2 Silicalite-1 – �-Al2O3 5 nm <293 350 600 [14]
ZSM5 5–10 �m �-Al2O3 5 nm <293 380 550 [20]
ZSM5 2 �m �-Al2O3 0.2 �m <293 <293 550 [20]
HZSM5 Si/Al = 600 – Al2O3 – <300 375 530 [60]
HZSM5 Si/Al = 600 – SS – <300 350 530 [60]
HZSM5 Si/Al = 25 – SS 0.5 �m <320 <320 523 [61]
HZSM5 Si/Al = 600 – SS 0.5 �m <320 460 – [61]
Silicalite 0.5 �m �-Al2O3 0.2 �m <300 <300 420 [62] Undesorbed mat.

N2 HZSM5 Si/Al = 600 – Al2O3or SS – <300 475 530 [60]
HZSM5 Si/Al = 25 – SS 0.5 �m <320 >523 – [61]

CH4 Silicalite-1 – SS – 240 480 673 [25]
Silicalite 0.5 �m �-Al2O3 0.2 �m <300 <300 420 [62] Undesorbed mat.
Silicalite 0.5 �m �-Al2O3 0.2 �m <300 <300 420 [62] Undesorbed mat.
ZSM5 – SS – <300 >500 500 [63] Transient exp.
ZSM5 – SS – <300 500 773 [19] Transient exp.

C2 Silicalite-1 – SS – 350 570 673 [25]
ZSM5 – SS – 370 500 773 [19] Transient exp.

C3 Silicalite-1 – SS – 400 580 620 [12]
ZSM5 – SS – 430 >500 500 [63] Transient exp.
ZSM5 – SS – 440 >500 500 [19] Transient exp.
MFI ∼5 �m �-Al2O3 0.2 �m 410 580 773 [64]

nC4 Silicalite-1 – SS – 430 620 620 [12]
Silicalite-1 – �-Al2O3 5 nm – – 600 [14]
ZSM5 2 �m �-Al2O3 0.2 �m <293 >550 – [20]
HZSM5 Si/Al = 25 – SS 0.5 �m 480 >523 – [61]
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HZSM5 Si/Al = 600 – SS 0.5 �m 46
ZSM5 – SS – 46
ZSM5 – SS – 46

As for the minimum (TC), the values reported in other works
re less consistent than for TB values. However, it is clear that
he behaviour of the nanocomposite membrane is quite differ-
nt from what is observed in literature: here, a continuous flux
ecrease is always present at higher temperatures. Let us now
onsider the possible reasons of such a difference.
Apart from their distinctive nanocomposite structure, the
embrane materials reported here differ from most of the mate-

ials presented in literature in terms of acidity. As shown in

l
i
t

able 3
ummary of the gas mixture flux-temperature dependence observed through MFI mem
oints illustrated in Fig. 7)

ixture (gas) Membrane Cryst. size (�m) Support Por

C4 + H2 (H2) Silicalite-1 – SS –

ylenes (p-xylene) Silicalite-1 – SS 0.5
HZSM5 – SS 0.5
BZSM5 – SS 0.5
ZSM5, c-oriented 2–3 �m �-Al2O3 0.2
ZSM5, hoh oriented 2–3 �m �-Al2O3 0.2
Silicalite-1 ≈15 �m SS 0.2
HZSM5 >15 �m SS 0.2
Silicalite-1, a-oriented <0.2 �m �-Al2O3 0.1
MFI, b-oriented 0.1–0.5 �m SiO2 2 n
MFI 0.5 �m �-Al2O3 0.2
>523 – [61]
>500 500 [63] Transient exp.
500 773 [19] Transient exp.

previous work [38], the silicon/aluminium ratio is very low,
lose to 10. This makes it one of the lowest Si/Al MFI material
eported, even in powder form. These many acidic sites are very
trong adsorption sites, and may account for a large part in the
dsorption-driven mechanism of transmembrane gas transport
46]. However, this Si/Al ratio data is almost never available in

iterature reports dealing with high-temperature gas transports
n zeolite membranes. Moreover, if one makes the hypothesis
hat this particularly high acidity of the nanocomposite mem-

branes in the literature (SS: stainless steel, TA, TB and TC refer to temperature

e size TB (K) maximum TC (K) minimum TD (K) limit Reference

– 400 620 [12]

�m 420 460 490 [65]
�m 440 480 530 [65]
�m <400 480 510 [65]
�m 400 470? 473 [66]
�m 400 – 473 [66]
�m <323 573 673 [28]
�m – – 673 [28]
�m ≈300 – 650 [30]
m 400 – 500 [67]
�m 520 573 623 [68]
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ranes could be the reason for a high-temperature shift of the
urve minimum (TC), it is quite unlikely that this point could
each a temperature higher than 860 K for such a low adsorbing
pecies as hydrogen (Fig. 3).

Another hypothesis could be related to intercrystalline
athways. The contribution of grains boundaries to transport
roperties has been discussed in various studies. The number and
ize of these boundaries has been considered in a comparison
f a range of membranes [20] in order to explain some differ-
nces in their behaviour. Nevertheless, all samples described in
hat study show a permeance increase at higher temperature.
ecently, Nakao’s group provided a full study of ground bound-
ry influence on the gas permeation through this type of defects
n zeolite membranes [47], following an interesting work of Au
nd Yeung on the relation between the zeolite film structure and
ts transport properties [48]. Some works have been published
n the effect of temperature on the opening of intercrystalline
ores, or even cracks, during membrane calcination [49–51].
owever, to our best knowledge, no study was published that

akes benefit from the recent data obtained on the MFI thermal
ehaviour. Let us consider this option in details.

.2. Thermal behaviour of the membranes

Recently, several works have been published on the thermal
ehaviour of zeolites. Yamahara et al. [52], using molec-
lar dynamics calculations, predicted a thermal contraction
ehaviour of MFI-type zeolites above 400 K (orthorhombic/HT-
rthorombic transition), with a difference according to the cell
irection. Park et al. [53], using the Guinier XRD technique,
ere able to obtain first measurements supporting the above.
ater on, Marinkovic et al. [54], obtained more accurate data on
ydrated HZSM-5, using Rietveld high-resolution synchrotron
RD. Very recently, Bhange and Ramaswamy [55] published a
etailed study of silicalite-1 and Zr-silicalite-1 using the same
echnique, this time on dry material, showing this contraction
ffect is not only related to water departure. Finally, in a similar
pproach, Dalconi et al. [56] published an extensive study of Cu-
SM5 crystal parameter size evolution from room temperature

o 1200 K, in keeping with Bhange’s results. Besides the tran-
ition from monoclinic to orthorhombic phases at about 400 K,
hey showed that the contraction of the crystals depends on the
rystallographic direction. Lattice parameters a reduces linearly
y about 0.32% over the 700 K range, whereas c contraction is
.25% and b 0.20% over the same temperature range. The latter
nly decreases above 670 K.

The origin of this specific thermal behaviour is discussed by
hange and Ramaswamy [55]. The departure of water molecules

s often accounted for this phenomenon. However, they show
hat beyond this aspect, the Si–O–Si bond angle variation is the
ctual reason for the reversible thermal behaviour.

In the present work, a simple geometric model was set-up, in
rder to consider the influence on transport properties of inter-

rystalline pore thermal opening for zeolite films deposited on
orous supports. All the above data are in agreement. Con-
idering the type of material used in the membranes of the
iterature, the data of Bhange and Ramaswamy [55] appear the

a
p
2
t

ased on non-oriented crystals, as a function of crystal size; (b) 2 �m crystals
riented along a, b, c and non-oriented (calculated from data of [55]).

ost convenient. In this approach, homogeneously sized crys-
als of MFI material, connected together but without adherence
etween each other are considered on the support. Knowing the
ize of the crystallites, the thermal expansion of the alumina
8.5 × 10−6 K−1) and the crystallographic parameter values of
he MFI as a function of temperature, it is straightforward to
evise the resulting evolution of intercrystalline space. Fig. 7
hows the results of these calculations. Part (b) describes, for
crystal size of 1 �m, the intercrystalline pore opening as a

unction of the crystallographic direction, as well as the value
alculated for a non-oriented system (i.e. as obtained from the
nit cell volume). Fig. 7(a) shows the non-oriented case, with
ifferent crystal sizes. Similar results can be computed with
tainless steel as a support, leading to even larger values, due
o its larger thermal expansion coefficient.

On the basis of the above approach, for crystal size ranges
ommonly shown in the articles dealing with zeolite mem-
ranes (0.5–5 �m, see Table 2), intercrystalline pore openings
ecome larger than zeolite pores in the temperature range usu-

lly applied for testing gas permeance. This effect is even more
ronounced at higher temperatures. For instance, non-oriented
�m crystals lead to 6 nm intercrystalline pores at 600 K. At

his temperature, such large pores represent about 1.2% of the
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embrane surface area. In order to estimate the possible con-
ribution of these openings, one can compare to mesoporous
embranes. Typical hydrogen permeance values obtained in this

roup on commercial mesoporous membranes of the same pore
ize and comparable thickness are close to 10 �mol/m2/s/Pa,
ith an open surface of ca. 25% of the geometric area. This

uggests a permeance contribution of these openings of about
�mol/m2/s/Pa. This value is larger than typical permeances of
lm-like zeolite membrane in the range of temperature consid-
red. This approach is likely a succinct and therefore simplified
resentation. However, considering the orders of magnitude,
t accounts satisfactorily for the permeance increase at higher
emperature observed through film-like membranes.

In this phenomenon crystal size matters, but one can imagine
hat grain size could also, as crystals are generally intergrown,
eading to larger units than a single crystal [57]. Then the grain
ncluding several crystals would keep in a single part, thus accu-

ulating the thermal contraction effect of all crystals it contains.
his secondary issue of crystal/grain size is most likely linked,
n top the intergrowth effect, to the zeolite/support adhesion and
herefore difficult to estimate. In any case, the values presented
n Fig. 7 should then be increased. Similar phenomena, but at a
arger scale, together with template removal influence on crystal
ize, could originate the crack formation in zeolite top-layers
uring the calcination step [58].

Results shown in Fig. 7 can be discussed together with
xperimental thermal measurements on membranes published
y Gualtieri et al. [23]. This group showed, using an X-ray high
esolution technique that, upon heating, the film-like membrane

FI crystals follow the contraction also observed in the MFI
owder, which can be translated into gap openings as indicated
n Fig. 7. However, on a sample prepared in a way that part
f the crystals were embedded into the alumina matrix, they
bserve a different thermal behaviour. In this case, the reported
FI cell volume was constant, suggesting that the embedded

rystals do not follow the natural thermal contraction. In fact,
his constant value is an average, corresponding to (i) film crys-
als and (ii) crystals embedded in the support pores. Considering
hat the film crystal size follows the normal thermal contraction
ehaviour, one could suppose that the embedded MFI actually
ollows the thermal expansion of the support.

This situation (ii) is close to the nanocomposite architecture
escribed in this work, where single zeolite crystals are grown
nside the support pores [38]. Accordingly, it can be reasonably
ssumed that the present membranes are not submitted to the
ntercrystalline pore opening behaviour. This is in agreement
ith the absence of high temperature flux increase observed in
igs. 2–5.

The reason for this particular behaviour can be discussed on
he basis of the MFI-alumina nanocomposite composition. The
upport porosity being close to 25%, the weight percent of zeo-
ite in the material is close to 12%. Moreover, as observed in
ur previous work, the zeolite crystal is constraint by the sur-

ounding alumina grains, with which its whole surface is closely
inked (much more than in film-like membranes). Therefore, it
an be thought that the support rules the thermal behaviour of
he composite material.

b
i
C
x

ane Science 298 (2007) 71–79 77

Finally, the absence of intercrystalline pore opening is consis-
ent with the modelling of single gas permeations based only on
he Maxwell–Stefan approach, which takes into account exclu-
ively intracrystalline transport [39,40].

As a conclusion for this section, the nanocomposite MFI-
lumina membrane offers a different thermal behaviour for
as permeance. This characteristic may have important con-
equences on the gas separation properties of this type of
embrane.

.3. Consequences in gas separation

Comparing the hydrogen/n-butane separation data presented
n Fig. 4 with literature is not straightforward, as very few papers
resent similar experiments on such a wide temperature range.
owever, Kapteijn’s group have presented a temperature vari-

tion showing a continuous hydrogen flux increase over 400 K
15], whereas Fig. 4 shows a maximum at 570 K without any flux
ncrease further on. This is in agreement with the idea that the
lm-like membrane opens intercrystalline pores that contribute

ncreasingly to the transport above a certain temperature. Sim-
lar considerations can explain n-butane flux variations. As in
lm-structured membranes, intercrystalline pathways opening
ith temperature can reach sizes larger that the zeolitic pore,
ne may expect a drop of gas separation factor, when compared
o nanocomposites.

This difference between film-like samples and our nanocom-
osite membranes has also been observed for ethanol/oxygen
eparation [59]. These results showed a higher selectivity for
thanol through nanocomposite material at increased tempera-
ures.

As for xylene separation, the comparison of this work with
iterature data is easier. Indeed, as this operation draws more
nterest, numerous results can be found, due to potential direct
ndustrial applications. Fig. 5 shows that nanocomposite MFI-
lumina membranes offer a fully permselective behaviour in
avour of para-xylene, over the complete 400–700 K temper-
ture range, which covers the widest ones published. A flux
aximum is observed at 450 K, in good keeping with the major-

ty of literature data presented in Table 3. Nevertheless, most of
he works dealing with temperatures high enough also report

flux inflexion generally between 460 and 570 K, leading to
permeance increase with temperature. Moreover, it has to be
oted that this increase usually comes with a drop in permselec-
ivity. This trend reinforces the idea of thermal pore opening in
lm-like zeolite membranes. However, as mentioned in Fig. 7,

he larger the crystal size, the larger the effect. This could be
he reason why in [30], where the membrane crystal size is
ery small (<0.2 �m), the xylene flux keeps on a decreasing
rend, at least up to 650 K (range limit). In this case, the inter-
rystalline pore opening would be limited to about 0.5 nm at
his temperature, which happens to be equivalent to the MFI
ore size. On the other hand, Tarditi et al. [28], using mem-

ranes with very large crystals (≈15 �m), observe an increase
n flux for all isomers starting at temperatures as low as 420 K.
ontrarily, with nanocomposite membranes (Fig. 5) the para-
ylene flux decreases regularly, and the membrane maintains
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n apparent infinite selectivity over the whole temperature
ange.

. Conclusion

Contrarily to film-structured zeolite membranes, nanocom-
osites do not show intercrystalline pore opening when
ncreasing temperature. As a consequence, gas transport and
eparation, using nanocomposite MFI-alumina membranes are
ontrolled, whatever the temperature, by the intrinsic properties
pore size, adsorption characteristics) of the zeolite material.

The present material shows a very low Si/Al ratio. This is
n interesting point, because with such a very large number of
cidic sites, one can expect a wide range of possibilities for
embrane modifications. Moreover, this low ratio is reported

o make the synthesis of defect-free membranes difficult [46],
hich is not the case here.
From a more general point of view, this nanocomposite

embrane architecture could lead to a new approach to solve
he problem of thermal expansion mismatch between support
nd separative materials, and therefore limit the effect of grain
oundary opening. This paper underlines these thermal effects
n MFI, lacking data on other systems, but one could expect
imilar conclusions for other zeolites. This may open innovative
outes for the synthesis of membranes relying on other types
f zeolites or nanostructured separative materials. Most of the
eolite membranes reported in literature for gas separation appli-
ations are based on the MFI structure, very few use other zeolite
ypes. This is likely due to the difficulty to generate defect-free
lms made of zeolite crystals other than MFI. Non gas-tight
rain boundaries, intercrystalline pore openings during template
emoval, beside thermal expansion mismatch with the support,
re parameters that may originate defects. They could be sup-
ressed or at least limited using a pore-plugging approach. As
matter of fact, in a nanocomposite architecture, mainly single
eolite crystals, strongly connected to the support, are present
n the pores of the host material and form the separative layer.
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