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bstract

A specific synthesis protocol, based on zeolite crystallisation within the pores of a host support, the pore-plugging method, has been designed and
ptimised. A composite membrane has been obtained and its quality evaluated using the separation of adsorbing and non-adsorbing gas mixture.

A series of parameters were studied, including the pore size of the support, the composition of the precursor solution and the hydrothermal
ynthesis temperature program. Accordingly, the membrane quality showed large variations.

The material structure was characterised using scanning and transmission electron microscopies. These observations showed a composite
rganization at the support pore scale, with an architecture very different from conventional supported zeolite films.
The final optimisation of the synthesis conditions concluded to a precursor solution containing 2 mol/l of silica, 0.9 mol/l of TPAOH, and the
se of an interrupted hydrothermal temperature program, among other parameters. Thanks to this optimisation process, an average increase of one
rder of magnitude in the separative performance was obtained.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Inorganic porous membranes, beside their current commer-
ial applications in liquid separation, have been recently imple-
ented at the industrial scale for pervaporation processes [1]

nd are widely studied at the lab level, for gas separation. The
uture of gas separation inorganic porous membranes will be
ased on their selectivity, permeability and stability character-
stics. Moreover, the development of such commercial applica-
ions will depend on the availability of high quality, defect-free

embranes, preferentially synthesized through simple protocols
eading to cost-effective processes [2].
Due to their defined crystal structure, microporous architec-
ure, thermal and chemical stability, zeolite materials are well
dapted to make molecular sieving membranes. Moreover, they

∗ Corresponding author. Tel.: +33 472445384.
E-mail address: sylvain.miachon@catalyse.cnrs.fr (S. Miachon).
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lectron microscopy

ffer a range of pore size and tuned adsorption properties that
an be selected or adapted (ionic substitution and exchange)
ccording to the targeted separation.

The very first paper using the word zeolitic membranes can be
raced back to 1939 [3]. The number of papers increased rapidly
fter 1990, and more than 3000 research papers and patents have
een published, including several reviews [4–15]. This continu-
us research activity shows that the preparation of high quality
eolite membrane is a difficult task. The challenge is to pre-
are realistic membrane areas whose properties depend only on
he intrinsic capabilities of the zeolite. In fact, the membrane
erformance is determined by the quality of the zeolite coating
n the support, whose thickness must be as low as possible to
avour high permeances. Moreover, beside defects, the number
nd nature of crystal boundaries may also influence permeation
nd separation properties [10,16,17].

The small pores of MFI zeolite membranes, about 0.5 nm,

ake them suitable for gas molecules separation. Therefore, this

ype of material has been widely studied, and showed most of
he promising results that have been published in gas separation
18].

mailto:sylvain.miachon@catalyse.cnrs.fr
dx.doi.org/10.1016/j.memsci.2006.03.036
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Most of the membranes are based on a porous support that
nsures mechanical resistance and allows a thin zeolite separa-
ive top-layer formation. Several strategies have been developed
o achieve the preparation of such zeolite layers [10]. Among
hem, three are frequently used:

The first one is a one-step process during which both nucle-
ation and growth of the zeolite material take place in presence
of the support. In this method, also called “In-situ crystalliza-
tion” [19], the bare porous support is put in contact with the
zeolite precursors and submitted to hydrothermal synthesis
conditions. This simple strategy presents however some draw-
backs. As a matter of fact, the zeolite layer should be formed
from nuclei that appear during the hydrothermal treatment.
Their number and distribution homogeneity on the support
depend on different parameters, such as the local support sur-
face properties, that are difficult to control. Moreover, the
nuclei formation competes with the crystal growth process,
which may limit the nuclei density due to mass-transfer lim-
itations towards the support. Therefore, the formation of a
thick zeolite supported film layer may be necessary to obtain
a continuous layer made of intergrown zeolite crystals.
A second method aims to favour nucleation processes by using
a dry-gel conversion in the so-called “Vapor phase transport”
method [20,21]. It is a two-step method. An amorphous gel
containing silica, aluminium is first coated on the support.
The crystallization occurs in a second step, the water for the
hydrothermal synthesis coming as saturated vapor from the
bottom of the autoclave. The template may be present either
in the water or in the gel. This approach allows a strict control
of the zeolite amount deposited. Also, the location and con-
centration of seeds is favoured. A drawback is the possibility
of cracks formation in the amorphous gel layer.
The third method, known as “Secondary Growth Synthesis”
includes an initial seeding step, during which small zeolite
seed crystals are deposited on top of the support. These seeds
are then grown under hydrothermal zeolite synthesis con-
ditions in order to form a continuous zeolite layer on the
substrate surface. This two-step method favours the density
of initial nuclei and has been widely used [22]. The choice
of the seed allows determining the nature of the membrane
zeolite. Seed characteristics (size, shape, concentration) can
also affect the zeolite crystal orientation in the layer [23,24]
which may influence the transport properties [25].

The first, single-step, strategy appears simpler but the two
ther methods favour the important initial stages of the mem-
rane structuring. However, the main goal of all three is to
enerate a thin, defect-free zeolite layer on top of the porous
upport.

Some years ago [26–28], we reported on another strategy for
he preparation of zeolite membranes. The idea was to grow zeo-
ite crystals within the pores of a ceramic alumina substrate, until

omplete blocking of the pore by the zeolite material (Fig. 1).
he result was a continuous composite zeolite–alumina mem-
rane, obtained via the pore-plugging method. This nanocom-
osite membrane led to high separation factors, the separative

m

f
T

ig. 1. Schematic comparison between film (left) and nanocomposite (right)
embrane structures.

ayer being located inside the pores of the host ceramic support
26].

When compared to conventional zeolite toplayers grown
n porous supports, the nanocomposite structure shows some
otential advantages:

In such nanocomposites, there are only discrete, small zeolite
crystals, with a size in the same order as the pore diameter.
Due to the intricacy of both components, when the material
is submitted to large temperature changes, the thermal expan-
sion mismatch between support and zeolite will have little
effects. On the contrary, in the supported zeolite layer system,
long-range stresses can build up and lead to crack formation.
Such a benefit may also play a positive role during the tem-
plate thermal removal, a step often considered as critical for
defect-free zeolite membrane synthesis [10].
The pore-plugging preparation route appears less challenging
than the conventional methods, especially when large mem-
brane areas are concerned. An initial imperfection will not
originate a large defect, at least one not larger than the pore of
the host material. This may help the scaling-up of the prepara-
tion procedure at the commercial level, with less-demanding
conditions (no clean room needed).
The separative layer is inside the porosity of the ceramic sup-
port. It is protected against abrasion and shocks. This should
facilitate membrane handling and module assembling, for
example when handling a catalyst in contact with the mem-
brane for catalytic membrane reactor applications [29].

As far as we know, nanocomposite zeolite membranes have
ot been widely studied and only few papers describe such mate-
ials [26]. Some authors have observed such structures in parallel
ith conventional zeolite film growth [16]. Besides, the concept
f pore plugging has been used for other membrane materials,
uch as Pd–ceramic composite membrane [30–32].

In this paper we mainly report on membrane synthesis and
aterial characterization. The preparation method has been opti-
ised using as an evaluation criterion a gas separation experi-

ent of a mixture of adsorbing and non-adsorbing species.
Since the start of research on zeolite membrane synthesis,

ew authors have stressed the difficulty linked to reproducibility.
his paper tries to face this problem, by dealing with many prac-
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ical aspects often considered as know-how. Different parame-
ers have been considered, such as the zeolite precursor, the
ydrothermal synthesis and the host support. As a result, a new
reparation method has been developed [33].

A second paper will describe gas transport properties and
how how the specific nanocomposite structure of a zeolite mem-
rane could modify permeation and separation performances.

. Experimental

.1. Membrane preparation

An initial standard procedure, corresponding to that used in
ur previous paper [26] was used as a basis for improvement.
hen, starting from the first preparation step (zeolite precursor
reparation) to the final one (membrane calcination), the syn-
hesis parameters were progressively optimized. Each optimized
arameter was then used in the study of the following prepara-
ion step.

However, owing to the number, complexity and intricacy of
ll the parameters involved in the membrane synthesis mecha-
isms, it was difficult to organize a proper optimization approach
i.e. analyse one experimental condition, all the other being
xed). Moreover, the probable interference of non-controlled
arameters originated some scattering in the gas separation mea-
urements. In order to minimize such effects, each precursor
atch was used for two parallel preparations using the same set
f conditions.

As a consequence of the above large number of parameters,
dded to the necessity to synthesize two samples for each con-
itions, a great amount of full-size tubes were prepared and all
ested for defects using gas separation.

.1.1. Zeolite precursor preparation
A clear solution was sought in order to facilitate the zeo-

ite precursor transport inside the support pores, as needed for
he pore-plugging synthesis. Aerosil 380 (Degussa) was used
s silicon source, and dissolved in a 1 M tetrapropylammonium
ydroxide (TPAOH, Aldrich). Note that no Al, Br or Na ions
ere present in these precursors. TPAOH was chosen as a struc-

ure directing agent to be sure to obtain a pure H-form membrane
eolite after calcination. The TPAOH/Si ratio was varied, the
ame amount of silica being put in contact with a variable amount
f 1 M TPAOH. The final concentration of TPAOH was adjusted
y adding deionized water to obtain a total volume of 50 ml solu-
ion, in which the Si concentration remains constant at 2 mol/l
ut the TPAOH concentration varies between 0.7 and 1 mol/l
providing a pH close to 14). The following overall molar pro-
ortions for the different components of the precursor solution
an be given:

SiO2: 0.35–0.5TPAOH : 27.8H2O

After 3 days maturation under stirring at room temperature or

0 ◦C, the precursor was either used directly, or first submitted
o a centrifugation step (30 min at 25 km s−2), in order to remove
ny bulky species that might limit the precursor penetration in
he support porous system.
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.1.2. Zeolite precursor characterization
In order to study the influence of the TPAOH concentration

n the nature of the precursor, optical absorption and 29Si NMR
ere used. These measurements were carried out on a Perkin-
lmer Lambda 35, in a home-made cell made of PTFE with
MMA windows, both resistant to the strongly alkaline precur-
or media. The transmission range of this material limited the
avelength domain to 400–900 nm.
The 29Si NMR spectra were obtained on a Bruker DSX400

quipped with a solid CP-MAS probe of 7 mm diameter (no
otation, no decoupling, 4 �s pulsing time, 20 s repeat time, 2800
cans, TMS reference). The NMR acquisition was carried out
uring the night following the end of the maturation process.

.1.3. Porous supports
Commercial ceramic �-alumina tubes (Pall-Exekia Mem-

ralox T1-70) were used as supports. They are made of two or
hree layers, of pore size decreasing from the outer to the inner
ide of the tube. Three support types have been used, with dif-
erent average pore size for the internal top-layer. They present
he following pore size sequences: 12–0.8 �m, 12–0.8–0.5 �m
r 12–0.8–0.2 �m. The first 12 �m-pore layer offers a porosity
f 33%, whereas that of the others is 30%. Tubes were 15 cm
ong, with 1 cm enamelled endings, where carbon seals can later
e tighten for gas transport measurements.

Most of the optimization experiments were carried out on
.2 �m pore size toplayer tubes, corresponding to those used in
revious works [26].

Supports were characterized using a method based on
as–liquid displacement. The porous tube was first immersed
n ethanol in order to fill all the porosity with liquid. An increas-
ng pressure was then applied inside the tube in a dead-end

ethod. According to Laplace law, the pressure for the first
ubble allowed the determination of the largest passing-through
ores of the support. The further increase of the permeating
as flow versus the applied pressure allowed a relative compari-
on of tubes of similar structure, with regards to the importance
f subsequent smaller defects in the support toplayer. In the
ase of the 0.2 �m toplayer tubes, a reference flow rate value
t 3 bar trans-membrane pressure difference, corresponding to
efect diameters larger than 0.3 �m, was noted. Only supports
howing a 3 bar flux lower than 1 mol/s/m2 were used, which
as the case for most of them. In order to standardize this mea-

urement, this flow rate was taken after 5 min.

.1.4. Hydrothermal synthesis
The stainless steel cylindrical autoclaves, designed for the

hape and size of the supports (internal diameter 30 mm, depth
75 mm), were equipped with a Teflon insert covered by a Teflon
ap (external diameter 29.5 mm, internal diameter 13 mm and
epth 158 mm), the effective volume was ca. 21 cm3. The zeolite
recursor was poured in the autoclave containing the support
ntil complete filling. After 10 min, some solution was added to

ompensate the fraction that penetrated the support, limiting the
ree volume in the autoclave to less than 1 cm3.

The closed autoclave was then placed vertically in an oven
reheated at 170 ◦C. The duration of the treatment was 4 days,
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ig. 2. Schematic of the temperature program of the hydrothermal synthesis.
emperature decrease periods are driven by the oven thermal inertia.

ut the effect of an interruption was also investigated. Fig. 2
hows the oven temperature program before, during, and after
he break in the hydrothermal synthesis. In some experiments
he pressure in the autoclave was also measured.

After the synthesis, the tube was removed from the autoclave,
ashed thoroughly with deionized water, until the wash-water
H decreased below 8, and then dried at 100 ◦C for 12 h. Some
owder was also formed outside the support tube and later cal-
ined, weighed and characterized.

A simple N2 permeation test was then performed to check for
he presence of any open defect at this stage: the tube should be
as-tight due to the presence of the template in the pores of the
eolite crystals blocking the support pores [34]. This measure-
ent was performed under 400 mbar differential pressure (flow

etection limit 0.02 ml/min, corresponding to a permeance of
a. 10−10 mol m−2 s−1 Pa−1).

.1.5. Calcination procedure
The sample was placed in a glass cell, standing on a sintered

orous glass disk. The template was removed by heating the
ample under a stream of air or 5% O2 in N2. In the standard
alcination procedure, the temperature was increased from room
emperature to 500 ◦C at a rate of 1.7 ◦C/min, held at 500 ◦C for
h, then decreased to room temperature at a rate of 1 ◦C/min.

n a second calcination procedure, called step calcination, the
emperature was first increased at a rate of 1 ◦C/min to 200 ◦C
nd held at 200 ◦C for 2 h, then further increased at a rate of
.5 ◦C/min to 500 ◦C and held at this temperature for 6 h, and
nally decreased to room temperature at a rate of 1 ◦C/min.

In some cases, the tube was calcined within the gas per-
eation measurement module. Conditions were: 5% O2 in N2

t 1 ml/min in both feed and sweep sides, with no differential
ressure. During the temperature increase, several N2 perme-
nce measurements were performed by switching the calcina-
ion gas mixture to pure N2 and setting a differential pressure
f 400 mbar. Each permeance measurement required less than
min, after which the calcination was carried on.
The tube weight was measured before synthesis, after the
rying step and after calcination, the samples being kept under
ry atmosphere.

2
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In few cases, a complete second zeolite membrane prepara-
ion was performed after the membrane has been characterized
y the gas separation experiment.

.2. Membrane characterization

.2.1. Gas separation measurements
Before any gas transport measurement, the membrane was

rst treated to remove adsorbed species, such as water coming
rom air humidity when the sample is exposed to atmosphere.
or this cleaning procedure, the tubular membrane was mounted

nto the stainless steel module used for gas separation experi-
ents. Graphite cylindrical rings (Cefilac-Fargraf) were used as

eals between the membrane and the module. N2 (20 ml/min)
as introduced from both retentate and permeate sides and the
odule heated at a rate of 1 ◦C/min up to 400 ◦C. After a 6 h

lateau, temperature was decreased to room value in ca. 3 h.
In the optimisation process, a routine test was used to follow

he influence of preparation parameters on the membrane quality.
his quality was evaluated using a performance measurement
ased on the separation of a mixture of adsorbing (n-butane) and
on-adsorbing (hydrogen) species. As reported in [26,35,36], at
ow temperature, the strong adsorption of n-butane in the zeo-
ite pores blocks the hydrogen permeation. In the presence of
on-zeolitic crossing pores, hydrogen will permeate, even if all
eolite pores are occupied by n-butane molecules. Therefore,
he low temperature permeate composition can be used as a
ery sensitive membrane quality sensor. When increasing the
emperature, n-butane adsorption decreases and hydrogen per-

eation increases. This blocking effect of n-butane has been
sed to develop a simple and rapid qualitative checking method
n view of industrial production testing [37].

For this separation test, a mixture of H2 and n-C4H10 diluted
n N2 (respectively, 15%, 15% and 70% in vol.) was used in

icke-Kallenbach mode. The feed flow was 74 ml/min and the
weep flow (N2, counter-current mode), 55 ml/min. Gas flows
nd feed composition were controlled by mass flow controllers
Brooks, type 5850TR and 5850E). A gas chromatograph (Shi-
adzu, GC-14A), using both TCD and FID detectors, measured

eed, retentate and permeate compositions.
The separation factor Sf of butane over hydrogen, was cal-

ulated here as the permeate-to-feed composition ratio of the
rst gas, divided by the same ratio for the second one. Sf was
easured at steady state and room temperature.
Pure gas permeance was not considered as an optimisation

riterion, as it depends on both membrane quality (non-zeolitic
efects offer preferential pathways and therefore higher fluxes)
nd effective thickness. As the latter cannot be easily estimated
n the case of nanocomposite membranes, single-gas measure-

ent results were taken apart. They will be treated in a future
tudy. For information, all high-separation membranes showed
ure gas (hydrogen) room temperature permeances close to
.5 �mol/s/m2/Pa.
.2.2. XRD
X-Ray diffraction studies were performed using a Philips

W1050/81 diffractometer (Cu K�1+2 radiation). Powders were
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Fig. 3. Light absorption spectra of precursor solutions prepared with different
TPAOH concentrations. The data are corrected for the adsorption of the cell
containing only water.
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gives the distribution (in %) of the integrated peaks. Note that
these values are approximated, due to the signal/noise ratio.

Table 1
Distribution of peak integration values for the various Qn

[TPAOH] (mol/l) Q0 (%) Q1 (%) Q2 (%) Q3 (%) Q4 (%)
32 S. Miachon et al. / Journal of Me

btained by scraping the inner surface of the tube with a rotat-
ng drilling machine, the weight of the sample collected was
ontrolled. The amount obtained (≈80 mg) over 115 mm length
orresponded roughly to a 20 �m depth below the inner surface
f the tube.

A quantitative estimation of the composition was carried
ut, after calibration of peak intensities using diffractograms
btained in the very same conditions of known quantities of
-alumina and low Si/Al ratio MFI zeolite.

.2.3. Electron microscopy characterization
Scanning electron microscopy (SEM) images have been

btained using a Hitachi S-800 microscope. Membrane samples
ave been obtained by breaking tubes in small pieces. Saw cut-
ing was not used in order to avoid modifications in the layered
tructure.

Transmission electron microscopy (TEM) studies were per-
ormed with a Jeol 2010 microscope equipped for EDX analyses.
amples were prepared using a specific procedure. First, a sec-

ion of the tube was cut perpendicularly to the annular plan in
dentical pieces. Then, the convex surface of one piece was mod-
fied to adapt to the concave surface (toplayer side) of another.
he ensemble was glued and adjusted to be fixed inside a small

ube of 3 mm OD. A 150 �m thick tube section was then sliced
nd further reduced to 20 �m by mechanical grinding with a
impler. Finally, using ion-milling, the centre of the sample
corresponding to the toplayer location) was slimmed down till
orming a small hole. TEM analyses were performed close to
he hole, where the sample is thin enough for TEM material
bservation.

. Results

About 100 zeolite membranes have been prepared during this
ptimization study. In almost all cases, the tubes were gas-tight
fter only one synthesis, showing the efficiency of the method
sed.

.1. Precursor characterisation

.1.1. Light absorption results
The spectra of light absorption are presented in Fig. 3.
This experiment was repeated successfully on the first solu-

ion once the four concentration values were tested. This back
oint on the TPAOH 1.0 mol/l precursor solution shows no devi-
tion, showing a stable measurement system.

Fig. 3 shows a net increase of absorption (i.e. a more turbid
olution) when TPAOH concentration is decreased from 1 to
.7 mol/l. This is more specifically the case at low wavelength.

.1.2. NMR characterisation
The NMR spectra obtained on similar solutions are shown

n Fig. 4. These measurements were obtained with great care,

nd started precisely after 72 h of room temperature precursor
olution maturation. However, it has to be noted that in order to
btain a reliable integration of peaks, the acquisition time (16 h)
as not negligible when compared to the maturation time.

0
0
0
1

ig. 4. NMR spectra of the different precursor solutions after maturation, show-
ng the Qn peaks, as a function of TPAOH concentration (from 0.7 to 1.0 mol/l).

The peaks are attributed to the different types of Si atoms in
he oligomers, noted Qn, as described in the literature [38]. The
alue of n, for a given Si atom, indicates the number of other
i atoms in direct connection with it through an oxygen atom
onding. This information could give some hint of oligomer size:
0 Si atoms are part of isolated silicate ions, Q1 Si atoms are

erminal atoms at the end of a chain, and higher n values indicate
i atoms involved in more than one Si–O–Si bond. Integrating

he peaks will give a proportion of the five configurations. Table 1
.7 2 5 24 56 12

.8 1 5 25 60 9

.9 2 8 29 52 10

.0 1 6 27 57 9
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Fig. 5. Typical XRD powder diffractogram of the membrane material. The bars
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Fig. 6. Scanning electron micrograph of an alumina–zeolite nanocomposite
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3
3.3.2.1. Maturation temperature. While the main part of the
nderlined by an open frame represent the JCPDS reference for the silicalite
tructure, and those underlined with a full black frame show the peaks of corun-
um (�-alumina).

.2. Membrane morphology

.2.1. XRD study
Fig. 5 shows a diffraction pattern of the powder collected

rom a tube after synthesis and calcination. Beside �-alumina,
he other peaks correspond to the MFI structure. There is no
vidence of significant presence of amorphous silica. Consid-
ring the material depth collected for analysis (≈20 �m), this
iffractogram mainly shows the crystallography of the support
op-layer (the 0.2 �m pore size area in this case). A quantita-
ive estimation shows a mass ratio of MFI to alumina in the

embrane scraped powder close to 9 ± 1 wt.%.

.2.2. Electron microscopy characterization
Fig. 6 shows a scanning electron micrograph of the cross sec-

ion of a tubular support (0.2 �m toplayer) after zeolite synthesis
nd calcination using the optimized conditions. The three layers
f the support (12, 0.8 and 0.2 �m pore size, in this case) are
isible. Some material is present in all the pores of the support,
nd can be identified as MFI crystals in the larger pores (10 �m
ayer) and on top of the support as poorly interconnected ones.

As it is difficult to identify the nature of the material present
n the support toplayer pores on the SEM pictures, transmission
lectron microscopy was used further on. Fig. 7 shows micro-
raphs, corresponding to the 0.2 �m support top-layer after zeo-
ite synthesis. In the smaller magnification micrograph, �-Al2O3
orresponds to the darker areas (as shown by EDX analysis).

crystalline material (larger magnification micrograph, on the
ight) fills up completely the pores generated by the alumina par-
icles. This material shows regular crystallographic intervals and
ast Fourier transform method revealed the MFI zeolite structure
Fig. 7, bottom right). A similar composite material organisation
as been observed on the different areas examined by this tech-
ique. No intercrystalline zeolite boundaries have been noted.
oreover, in some cases, FFT showed the same zeolite crystal
rientation within neighbouring support pores (Fig. 7, top left).
EDX elemental analysis of the zeolite crystal was carried

ut on different spots using a probe size of about 10 nm, which
llowed the selective analysis of the material present within the

s
t
m
4

embrane cross-section. The lower part shows the large particles of the 12 �m
ore size first layer. Subsequent 0.8 and 0.2 �m pore layers can be seen upward,
elow a series of zeolite crystals on the top.

ores of the host alumina support. Results indicate an average
i/Al ratio of about 10 all over the MFI crystals filling the pores.

.3. Membrane separative performance

.3.1. Separation data
Fig. 8 shows typical results of hydrogen/n-butane separation

xperiments versus temperature, as obtained from two different
embranes.
As previously mentioned, in the present optimization study,

ll prepared membranes have been compared on the basis of
heir room temperature separation factor, Sf (nC4H10/H2). Mem-
ranes have been ranked in three classes according to the range
f Sf values:

Class A: Sf > 20
Class B: 10 < Sf < 20
Class C: Sf < 10.

.3.2. Zeolite precursor effect
amples was prepared using precursor solutions matured at room
emperature, several membranes were prepared after precursor

aturation at a constant temperature of 17 ◦C (water cooled) or
0 ◦C (regulated bath). No significant effect has been observed.
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it can be seen that the A/B/C classification is much better for
[TPAOH] = 0.9 (65% class A, no C) than for any other value
(from 50% to 100% of class C).
ig. 7. Transmission electron micrograph of the zeolite/alumina composite me
ight: enlargement and fast Fourier transform showing the crystal parameter an

.3.2.2. Precursor centrifugation. A positive effect has been
bserved. As a matter of fact, a comparative study based on
7 samples showed that the centrifugation led to an average
f increase by a factor of 2 (without centrifugation, only class

membranes have been obtained). After centrifugation and
emoval of the liquid fraction, a solid residue could be collected
average weight after drying, 0.1 g).
.3.2.3. Precursor solution composition. Using the above opti-
ized parameters (room temperature maturation and centrifu-

ation), the TPAOH concentration was varied. Fig. 9 gives the

ig. 8. Hydrogen/n-butane separation as a function of temperature. Squares: n-
utane fluxes, disks: hydrogen fluxes. Black symbols: high separation membrane
room temperature Sf = 25), white symbols: low separation membrane (Sf = 1.7).
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ne. The area shown is located inside the support top-layer (0.2 �m pore size).
. Top left: similar crystal orientation in another of the support pores.

f values (as measured after membrane synthesis) according to
he TPAOH concentration value in the precursor solution.

A clear maximum is observed for [TPAOH] = 0.9 mol/l, cor-
esponding to a TPAOH/Si molar ratio of 0.45. Though the
umber of samples is much lower for low [TPAOH] values,
ig. 9. Hydrogen/n-butane separation factors ( ) of membranes prepared in
imilar conditions, apart from the TPAOH concentration in the precursor solu-
ion. The error bars ( ) have been calculated from minima–maxima potential
ata. Values between brackets indicate the number of samples prepared for each
ondition.
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Fig. 10. Average mass uptake of zeolite membranes after calcination (×), as
a function of TPAOH concentration in the precursor solution. The error bars
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According to the present results, further membrane prepara-
ions were carried out with a precursor prepared with TPAOH/Si

olar ratio of 0.45, maturated at room temperature and centrifu-
ated.

.3.3. Hydrothermal synthesis protocol influence

.3.3.1. Precursor introduction. In order to avoid embolismic
henomena when pouring the zeolite precursor in the autoclave
ontaining the porous support, the ceramic tube was placed
nder vacuum during the precursor introduction. However, no
ositive effect of this parameter was observed on membrane
uality.

To further reduce the autoclave free volume during hydrother-
al synthesis, water was introduced in the space present between

he autoclave walls and the insert. This had a clear beneficial
ffect, as some membranes prepared without this precaution
howed very low separation factors. Too large a free volume
n the autoclave would allow evaporation, followed by conden-
ation during the synthesis break, therefore leading to a decrease
f solution level, as the autoclave was positioned vertically. The
ubes obtained without this precaution could have not completed
eolite synthesis in their upper part, during the second plateau
f the hydrothermal synthesis.

.3.3.2. Interruption during hydrothermal synthesis. The pres-
ure in the autoclave was 19 bar right before the break and
ncreased up to 27 bar during the second plateau. The interrup-
ion led to higher Sf values. In a comparative study, carried out
ith previously optimized conditions, and involving 25 sam-
les, the average Sf value obtained with interruption was 60
66% samples class A, no class C) and only 14 without interrup-
ion (no class A). The same positive effect of the break was also
btained with the original standard TPAOH/Si ratio of 0.5 (aver-
ge Sf = 11 and 4, respectively). A longer break did not improve
f values.

The conventional precursor introduction, with water outside
he Teflon insert, and the synthesis interruption have been kept
n further experiments.

.3.4. Calcination mode influence
During calcination in the glass cell, the two-step mode did

ot originate any positive effect on the Sf value, when compared
o the linear temperature increase.

When using the gas separation module to calcine the mem-
ranes, N2 permeances were measured as a function of the
emperature. In almost all cases, permeation started at ca. 320 ◦C,
howing the initial membrane pore opening. This temperature
as independent from the Sf performance measured later, after

alcination. Using the gas permeation module for this step did
ot lead to an increase of the separation performance.

The simpler one-step calcination in the glass cell was selected
n further membrane preparations.
.3.5. Weight uptakes
The weight uptakes of 30 samples, as measured after the calci-

ation step, are given, as a function of the TAPOH concentration
n the precursor solution, in Fig. 10.

X
i
c
t

ndicate the minimum and maximum of the mass uptake for each series of
omparable synthesis conditions. The number between brackets under each point
ives the amount of membranes prepared for each condition.

For each concentration, the number of samples is not the
ame, as some synthesis conditions were given up quickly, con-
idering the lower quality of the membrane obtained. Taking
nto account the powder found with the membrane in the auto-
lave (≈1 g of MFI as seen by XRD), the weight yield of MFI
roduction in the membrane varied between 20% and 45%.

.4. Support type

Using the optimized preparation method, 15 membranes have
een synthesised with 0.2 �m toplayer supports. All materials
ere gas-tight before template removal. The average Sf value, as

alculated from the separative performances of these 15 samples,
s 60.

On both 0.5 and 0.8 �m toplayer supports, using the opti-
ised preparation, no gas-tight material was obtained before

emplate removal. At this stage, average N2 permeances of 3
nd 20 × 10−9 mol m2 s−1 Pa−1 were obtained. After calcina-
ion, very low Sf values were obtained (between 1 and 2). A
econd synthesis was made on two 0.8 toplayer samples, with-
ut any progress on the observed Sf values.

. Discussion

.1. Material structure

The X-ray diffraction pattern (Fig. 5) shows an important
roportion of MFI material in the structure of the inner part of
he membrane tube (20 �m depth).

Assuming a support porosity of 30%, and taking into account
he density difference between alumina and MFI, a complete

FI filling of the toplayer support pores would result in a zeolite
eight fraction of about 16%. Therefore, the value obtained from

RD data (9 wt.%) indicates an important amount of zeolite

nside the pore of the support. Even taking into account the
ontribution of the unconnected crystals that can be seen on
op of the support in Fig. 6 (≈3 vol.%), one can estimate the
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ore filling to be above one third of the sample porous volume.
his result is in agreement with previous EDX characterisations
ublished in [26], provides a higher accuracy and confirms the
ore-filling hypothesis proposed at the time.

Apart from the global characterisation provided by XRD,
ifferent electron microscopy techniques have been used for a
ocal investigation of the composite membrane structure. Scan-
ing electron micrographs (such as Fig. 6), show a large amount
f zeolite material in the 10 �m pore support layer. Considering
he weight uptake (Fig. 10), and the above estimates, the main
art of the zeolite material is located in this 10 �m pore part
f the support. However, this amount counts for about 20% of
he total support porous volume. Therefore, the hydrodynamics
roperties of the support can’t be much altered.

When compared to previously published scanning electron
icrographs of zeolite top-layers [39], one can see in this
ork (Fig. 6) poorly connected zeolite crystals on the top
f the support. This suggests that the separation capabilities
re not provided by these crystals. Therefore, the separative
ayer is likely made of a continuous composite MFI/alumina

atrix located within the 0.8 and/or 0.2 �m pore layers of
he support tube. Looking more closely to this structure by
EM (Fig. 7), zeolite crystals, filling up completely the support
orous volume, were identified. The alumina/zeolite interface is
ontinuous.

The fact that there is no grain boundaries visible in the whole
rea investigated by TEM does not mean they are not present.
owever, this suggests that they are not statistically significant.
s a consequence, the transfer through the membrane should be

ontrolled by zeolite pores and not by grain boundaries.
Another information provided by TEM is a very low Si/Al

atio of the MFI crystals grown into the alumina matrix. Consid-
ring the precursor solution was Al-free, this element must have
een extracted, from the tube wall material, by the very alka-
ine media during synthesis. Moreover, elemental analysis of
he MFI powder produced during the same synthesis outside the
upport gave very high Si/Al values (over 600), and the mother
iquor contained no Al. Therefore, the Al extraction process is
ery localised to the inside of the support pores, as observed
y Sasaki et al. [16]. This shows that, during the hydrothermal
ynthesis, the Al extraction rate is lower than that of its insertion
nto the growing MFI crystal.

On larger pore size support (0.5 and 0.8 �m toplayers), the
ore plugging is not complete as observed from the results
resented in Section 3.4 (no gas separation). There seems to
e a critical support pore diameter above which crystallisation
nside the pore does not plug it totally. As the pore sizes men-
ioned above are average, this critical value should be higher than
.5 �m. Fig. 6 shows that MFI zeolite crystals synthesised with-
ut wall constraint inside or in contact with the support structure
each a maximum size of 5 �m × 1 �m. One can imagine that
n the distribution of crystal sizes and pore size may result in
ome pores unplugged, when the average support pore size is

.5 �m or above. Besides this distribution of crystal size may be
hifted toward smaller size when growth is inhibited in confined
onditions. Moreover, assuming a similar nuclei surface density
uring synthesis, the large difference of porous surface/volume

t
a
b
[

ne Science 281 (2006) 228–238

atios may help explaining the unplugging of larger support
ores.

On the other hand, the pore size distribution on 0.2 �m toplay-
rs might be responsible for the discrepancy of separation ability
btained, taking into account this limitation of pore plugging in
arger pores.

.2. Synthesis conditions and membrane performance

As previously introduced, n-butane/hydrogen separation has
een used as optimisation criterion for membrane performance.
he idea of using a mixture of adsorbing (n-butane) and non-
dsorbing (hydrogen) species to assess the membrane quality
eems well adapted to zeolite materials. As a matter of fact,
icroporous non-zeolitic defects may inhibit this adsorption-

ased separation. Moreover, if Knudsen-type defects exist, they
ill favour the transport of the lighter species, i.e. hydrogen. This
ill strongly decrease the experimental Sf value, as hydrogen

s the mixture component that is blocked by n-butane strongly
dsorbed within the zeolite pores.

Other separation tests [40], such as molecular sieving-based
eparations (SF6/N2, for example), or diffusion-based separa-
ions (such as normal/isobutane) could not be as discrimina-
ive, considering Knudsen-type defects will either show some
eparative efficiency (in the case of SF6/N2), or be neutral
n/isobutane).

Fig. 9, showing the influence of TPAOH concentration on
embrane quality (Sf), reveals a clear maximum for 0.9 mol/l,

ll other conditions being equal. Even if it is true that 0.7
nd 0.8 mol/l conditions offer less samples than the other two,
he trend is similar if all samples prepared, including varia-
ions in other experimental conditions, are taken into account.
et us consider the different aspects that may lead to such an

nfluence.

.2.1. Zeolite precursor effect
Characterisations of the precursor solutions before synthesis

o not correspond exactly to the situation during hydrothermal
ynthesis, but they can give some insight about the precursor
tate at the start of the synthesis. Fig. 3, giving the light absorp-
ion of the solutions, indicates smaller particles are present
hen TPAOH concentration increases from 0.7 to 1.0 mol/l. The
ecrease of the absorbance when increasing the wavelength also
uggests more small particles than large ones that are present.
fter centrifugation the precursor solution turns clear, showing

hat all these large particles have been removed. However, this
ize distribution trend, as a function of the TPAOH concentra-
ion, should be similar with the smaller oligomers remaining
n suspension after centrifugation, and used during hydrother-

al synthesis. NMR analysis (Fig. 4 and Table 1) has been
erformed in order to characterize the precursor at a smaller
cale. It shows there is no clear difference between the sili-
on atomic environments in the precursor species. However,

here might be differences at the colloidal scale, as can be
ssumed considering the light adsorption data. This matter could
e studied using other techniques that are not easily accessible
38].
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.2.2. Hydrothermal synthesis in alumina pores
The description of nucleation and crystal growth is com-

lex [41,42]. In this work, the situation is even more difficult
o describe in details, due to the presence of the alumina sup-
ort, dissolving during synthesis. This aluminium may affect
oth nucleation and crystal growth steps [16]. Moreover, pre-
ursor transport within the pores could play an important role.

As suggested by light absorption experiments (Fig. 3), an
ncrease of TPAOH concentration leads to smaller precursor
pecies in suspension, which may favour their transport within
he pores and hence the pore-plugging process. This factor

ay be counterbalanced when too high a TPAOH concentra-
ion would extract too much aluminium, leading to a limitation
f the crystal growth in the support pores [41]. These two antag-
nist influences may originate an optimum for the efficiency of
he pore plugging synthesis. In agreement with this hypothesis,
parallel optimum in the membrane quality, as observed on sep-
ration factor data (Fig. 9), can occur for an intermediate value
f TPAOH concentration.

The interruption of the hydrothermal synthesis shows a statis-
ic positive effect, as mentioned in Section 3.3.3. The zeo-
ite synthesis generates relatively large amounts of gaseous
pecies when compared to the autoclave free volume. There-
ore, the pressure evolution before and after the interruption
hows that the MFI formation is not completed at this point.
ne can assume that the first temperature period corresponds

o a germination step. Later on, the cut in the synthesis pro-
ess could favour the transport of fresh precursor into the sup-
ort pores during the period when no precursor is consumed.
his process may favour an efficient pore-plugging. One can
xpect that without this interruption, the zeolite crystallisa-
ion would mainly occur on the outside surface of the support
oplayer or at the mouth of its pores, leading to a hindrance of
recursor transport inside them. Therefore, the pore plugging
robability would be decreased, leading to poorer separative
erformances.

. Conclusion

The pore-plugging synthesis of nanocomposite MFI-alumina
embranes has been optimised with regards to a series of param-

ters. Among these, the composition of the precursor solution
nd the support pore size showed a strong influence on the final
embrane quality. Moreover, the introduction of an interruption

uring the hydrothermal synthesis led to higher membrane sep-
rative performances. Whilst the effect of the first two has been
horoughly investigated, the influence of this break is still under
crutiny.

The nanocomposite structure of the membrane has been stud-
ed at both macroscopic and microscopic scales. A continuous

FI-alumina configuration has been observed. In this specific
esign, grain boundaries, if any, do not seem to affect transport
hrough the membrane. This material architecture may modify

he transport and separation properties in comparison with sup-
orted zeolite films. These aspects will be dealt with in a future
aper. Moreover, as suggested from the calcination results, this
aterial structure provides a high tolerance to thermal stress.

[

[
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his is probably due to the absence of the long-range stress that
an observed in supported zeolite films [43–45].

These nanocomposite membranes have been extensively used
or different applications. In xylene isomer separation [46] and
mmonia recovery [47] this material has shown interesting per-
ormances. Moreover, it has been successfully combined with
atalyst for isobutene dehydrogenation [48], and xylene iso-
erization [46]. In these applications, the nanocomposite alu-
ina/zeolite membrane showed high thermal and mechanical

esistance.
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