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a b s t r a c t

In the last years, intense research efforts were dedicated to the development of zeolite membranes in dif-
ferent separation processes.
In this work, zeolite membranes were prepared and characterized by means of single gas and pure

water permeation test. Moreover, the membranes performance in vacuum membrane distillation was
also studied to determine their potentiality for desalination.
Uncalcined defect free MFI (silicalite) membranes on different tubular supports were synthesized by

using the secondary growth method coupled with the cross flow seeding procedure.
Gas permeation tests showed that, using a support with pore size of 70 nm and a zeolite slurry concen-

tration of 0.032 wt.%, uncalcined defect free MFI membranes were synthesized.
To seal the defects formed after the calcination, two different curing treatments, new cross flow filtra-

tion with small crystals and dip coating with PDMS, were carried out.
Very low defects concentration for the membranes cured with small crystals was evidenced in pure

water permeation tests. In fact, permeance values in the nanofiltration range were obtained. Further-
more, these zeolite membranes were used in vacuum membrane distillation tests with promising results
in terms of fluxes and salt rejections.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Zeolite membranes are characterized by high thermal and
chemical stability and can be used where the polymeric mem-
branes fail. They are, for example, very interesting for water puri-
fication processes, like the water separation from organic
solvents or the ions removal [1–3]. However, reproducibility prob-
lems during the synthesis, presence of intercrystalline defects into
the zeolite layer and the high cost (70% of which represented by
the support cost) have strongly hindered their wide application
at industrial level [4,5]. In fact, up to date, their use in industrial
processes is limited to LTA and T zeolite membranes for organic
solvent dehydration by means of pervaporation and vapor perme-
ation [6].

MFI membranes, owing to pore sizes (about 5.5 Å) smaller
than most of kinetic diameters of hydrated ions [7–10], can find
application for the ion removal from water in desalination.

The MFI zeolites, depending on the Si/Al ratio, can be distin-
guished into ZSM-5-type (1 6 Si/Al <1) and silicalite (Al-free).
The silicalite framework is electrically neutral in a three-dimen-
sional lattice, while, by substituting Si atoms with Al, negative
charges are created that are balanced by extrastructural organic
or inorganic cations. The aluminum into the zeolite structure
determines a high defects concentration [11]. The explanation of
this behavior is due to a suppression of the zeolitization with the
increase of the aluminum the content in the synthesis solution
[12–15]. Besides, Golemme and coworkers [16] stated that the Al
reduces the nucleation rate, while, Persson et al. [17] found that,
with low Al values (Si/Al > 100) in the solution, only the nucleation
is suppressed, while at higher values both nucleation and linear
growth are retarded. Generally, zeolite membrane properties sig-
nificantly change by varying the Si/Al ratio. At low ratio, hydro-
philic layers can be obtained, while at high ratio membranes are
hydrophobic. Furthermore, chemical and thermal stability of zeo-
lite membranes increase with Si/Al ratio: this is due to the stronger
stability of the Si–O bond with respect to the Al–O bond.

Membranes are usually prepared by following the one step [18]
and the secondary growth [19] methods. The last one decouples
the zeolite nucleation from the crystal growth and allows to
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optimize the operating conditions of each step independently. It
consists into two steps: seeding and growth. Different seeding pro-
cedures present in literature (as dip-coating [20], rubbing [21] and
spin coating [22]) permit to prepare membranes with better qual-
ity than those prepared by using the one step. A further and more
controllable seeding procedure involves the filtration of a zeolite
water slurry through a porous support [23–25]. However, coverage
uniformity problems can take place using tubular supports. These
problems can be overcame using a seeding where the filtration of
a zeolite water slurry through the porous support is combined with
the rotation and tilting of the support-self [26,27].

In the present work, it was demonstrated, for the first time, the
possibility to prepare MFI (silicalite) zeolite membranes by using
the cross-flow seeding procedure. To optimize the membranes
quality, the influence of different seeding parameters (support pore
size, crystals size and zeolite slurry concentration) was studied.
The synthesis was carried out in presence of the organic template,
therefore, calcination was required for its removal. The supported
silicalite membranes before the calcination were almost defect-
free. Membrane post treatments were performed with the aim to
seal membrane defects produced during the template removal.
Furthermore, transport properties, like flux and ideal selectivity,
were investigated after calcination by permeation tests of single
gases and pure water. The potentiality of the prepared membrane
for desalination was also studied.

In seawater desalination with membranes, reverse osmosis (RO)
is a well-established process that relies on an inherent ability of
the membrane to remove ions allowing, at the same time, the per-
meation of the water. Although at industrial scale polymeric mem-
branes are employed, studies on the performance of inorganic
membranes, including MFI zeolites, are in progress worldwide
[1,3,8,28–30].

In last years membrane distillation (MD) has gained a growing
interest, due to the capability of treating high concentrated brines
and, then, to increase the overall fresh water recovery. MD is car-
ried out using hydrophobic microporous membranes to create a
constant liquid–vapor interfacial area at the pores. The membrane
is not selective and acts an inert barrier to prevent the passage of
liquid water inside pores. Both polymeric and inorganic mem-
branes were tested for desalination using different membrane dis-
tillation configurations [31–45]. In particular, works carried out by
employing inorganic membranes used zirconia, alumina and tita-
nia, and none investigated the potentiality of the MFI membranes
[36,46–51]. Therefore, in this study, the potentiality of the pre-
pared MFI (silicalite) membranes in membrane distillation was
also investigated. Since the zeolite was deposited only on the inner
surface of the tubular hydrophilic support, the vacuum membrane
distillation configuration was chosen, in order to put the aqueous
feed in contact with the hydrophobic side of membrane and
applying vacuum at the hydrophilic one (shell side). The VMD per-
formance of the synthesized membranes was explored using both
distilled water and NaCl solutions.

2. Materials and methods

2.1. Materials

The silica source used for MFI crystals and membranes prepara-
tion was tetraethoxysilane (TEOSP 99%, Aldrich). The organic
structure-directing agent was tetrapropylammonium hydroxide
(TPAOH, 1 M aqueous solution, Aldrich). NaOH in pellets (Aldrich)
and distilled water were also used.

Porous a-Al2O3 asymmetric tubes were used as membrane sup-
ports (IKTS, I.D. = 7 mm, O.D. = 10 mm, L = 70 mm). The surface of
the supports was cleaned with acetone in a ultrasonic cleaner for

1 h. After, the supports were boiled in distilled water for 1 h and
dried in a furnace at 100 �C for 2 h, in order to remove dusty and
oily materials.

Polydimethylsiloxane (Syligard 184, Dow Corning) and n-hex-
ane (95%, Panreac) were used for membrane post-treatment.

2.2. Silicalite nano-crystals synthesis

Silicalite crystals having different size (200 nm and 500 nm)
were prepared by adding the alkali and distilled water to the TEOS
in a Nalgene bottle [52]. The solutions were stirred for 24 h to
allow the hydrolysis of the TEOS. It was possible to change the
crystals size varying the operating conditions, such as molar com-
position, temperature and time. In particular, for obtaining crystals
of about 500 nm the molar composition of the solution was the
following:

25SiO2 : 0:2NaOH : 3TPAOH : 480H2O

The clear solution was transferred in a Teflon-lined autoclave
and treated at 100 �C for 70 h.Crystals of about 200 nm were pre-
pared with the molar composition reported below:

25SiO2 : 0:2NaOH : 5TPAOH : 480H2O

The clear solution was transferred in a Teflon-lined autoclave
and treated at 90 �C for 96 h.

In both cases, the template was removed by calcination at
500 �C overnight.

2.3. Silicalite membrane preparation

Silicalite (MFI) supported membranes were prepared by the
secondary growth method. This method involves two steps: seed-
ing and growth. The seeding was carried out filtering a zeolite
water slurry, by cross-flow mode, through a support. To allow an
uniform crystal deposition on the whole surface area, the tubular
support was rotated and tilted (see Fig. 1). During the first step,
the zeolite water suspension, having neutral pH, was continuously
stirred in order to avoid the formation of aggregates. The suspen-
sion was fed (without recycling) into the tubular support at a given
flow rate by means of a peristaltic pump. The electric engine trans-
mitted to the system the desired rotation (0.05 rpm) for a time of
36 min. This time was chosen because it permitted to achieve
two complete rotations of the support. The seeding operating con-
ditions are reported in Table 1.

The seeded supports were dried in air overnight and the
removal of the water was favored keeping the support under rota-
tion. The growth of the zeolite layer in the inner support surface
was carried out by pouring the synthesis solution in a Teflon-lined

Fig. 1. Cross-flow seeding system.
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autoclave containing the support (wrapped with Teflon tape, to
avoid crystallization on its outer surface). The autoclave was verti-
cally placed in the pre-heated furnace for the hydrothermal treat-
ment under autogeneous pressure. The operating conditions used
for the hydrothermal treatment are summarized in Table 2.

The membranes were repeatedly washed with distilled water
until a pH value of about 7 was reached. Afterwards, they were
dried in air for 24 h and in a furnace at 130 �C for 12 h. A single
seeding and a single hydrothermal treatment were carried out
for each membrane. Since the membranes synthesis was carried
out in presence of the organic template (TPA+), calcination was
necessary to remove it. Considering that the ion removal of the
template from zeolite membranes occurs in the temperature range
200–500 �C [54], two different heating profiles in static air were
applied to investigate the influence of the calcination on the mem-
brane quality. In the first one, membranes were heated until 500 �C
at a heating rate of 0.5 �C min�1, while in the other one the samples
were heated until 480 �C at the same heating rate.

2.4. Membrane post treatments

A cross-flow filtration of a zeolite suspension through the calci-
nated membranes was carried out with the aim to seal at least the
larger size membrane defects formed. The operating conditions
used during the post treatment approach were the same used dur-
ing the seeding, except the filtration time, that was 5 h. After the
cross-flow filtration, the membranes were dried in air and then
into a furnace at 130 �C overnight.

Another type of post-treatment investigated, consisted into the
sealing of the defects with polydimethylsiloxane (PDMS) by dip-
coating procedure. This polymer was chosen for its high perme-
ance, that does not influence the membrane permeation proper-
ties, its good adhesion with inorganic materials [55], and its
stability in a wide range of operating conditions [56].

In this procedure, membranes (wrapped with Teflon in order to
avoid coating deposition on the outer surface) were dipped in a
hexane-diluted polymeric solution and the excess of liquid was
allowed to drop off [57]; the action of the capillary force favored
the polymer deposition. The coating step was repeated changing
the orientation of the support with respect to the polymer solution,
to ensure a more uniform layer on the top of the membrane sur-

face. Some tests were carried out with two coatings and some oth-
ers with four coatings.

PDMS suspension (Syligard 184, Dow Corning) was prepared by
following mass ratio:

10Base : 1Curing Agent : 6Hexane

The coating material was stirred for 1 h before its use. After the
post treatment, membranes were dried in air for overnight and
then in a furnace at 65 �C for 12 h, to favor both the removal of
the solvent and the cross-linking of the material.

2.5. Crystals and membrane characterization

The morphology and size of the silicalite crystals were observed
by scanning electron microscopy (SEM) using a Cambridge Zeiss
LEO 400 microscope. In particular, the crystals size was determi-
nated by SEM average values. The silicon amount of the prepared
membranes was investigated by means of energy dispersive X-
ray (EDX) performed with EDAX-Phoenix (SUTW Detector, ana-
lyzer: Si/Li crystal). Powder X-ray diffractometry (XRD) with a Phi-
lips PW 1730/10 X-ray diffractometer (using Nifiltered Cu
Ka1 + Ka2, k = 1.542 Å) was performed both on the crystal powders
and on the powder scratched from the samples surface.

The prepared membranes were characterized before and after
calcination by single gas (N2 and CO2) permeation tests. The per-
meation tests were carried out according to the pressure drop
method. One end of the membrane tube was closed and the
trans-membrane pressure difference was set by controlling the
pressure at the feed side, while the permeate side was at atmo-
spheric pressure. No sweep gas was used. The permeating flux
was measured in steady state by means of a bubble soap flowmeter
(see Fig. 2).

After the post treatments, membranes characterization was also
performed by pure water permeation tests. The trans-membrane
pressure difference was set by controlling the pressure at the feed
side, being the permeate side at atmospheric pressure. The hydrau-
lic water permeance was measured by means of a permeation sys-
tem (its scheme is reported in Fig. 3).

The membranes performance in vacuum membrane distillation
(VMD) was also studied to determine their potentiality for desali-
nation. In VMD, a difference of vapor pressure across the mem-
brane was created by applying vacuum at the permeate side,
while the feed (a warm liquid stream) was recirculated in the inner
of the membrane.

The feed flow rate was kept at about 75 L h�1, the feed temper-
ature was set at 60 �C, whereas the pressure at the permeate side
was of the order of 4.5 mbar.

The permeate was condensed in an external device (trap) and it
was removed continuously from the vacuum chamber to obtain a
constant vapor pressure difference across the membrane. The
quantity of the condensed vapor was measured by weighing the
condensed liquid, and the permeate flux, J (kg m�2 h�1), was calcu-
lated according to the following equation:

J ¼ MdA
�1t�1

where
Md is the mass of the permeate;
A is the active membrane surface;
t is the time interval.

The scheme of the apparatus used to carry out the experimental
tests is shown in Fig. 4.

Preliminary VMD tests were carried out with distilled water as
feed, in order to test the membranes in ideal conditions. Then,
the membranes were tested feeding two salt solutions (10 g L�1

Table 1

Operating conditions used during the seeding procedure.

Seeds Synthesized silicalite crystals (500 nm)
a-Al2O3 support 200 nm, 70 nm
Zeolite concentration

in the suspension
(0.032 wt.%; 0.07 wt.%; 0.1 wt.%)

Suspension pH 7.0
Feed flow rate 8 mL min�1

Tilt 2�
Rotation 0.05 rpm
Temperature 23 �C
Time 36 min

Table 2

Operating conditions used for the hydrothermal treatment [53].

Chemicals Tetraethoxysilane (TEOS, P99%, Aldrich);
tetrapropylammonium hydroxide (TPAOH, 1 M
aqueous solution, Aldrich); sodium hydroxide
(NaOH pellets, Aldrich), distilled water

Molar composition 4 SiO2: 0.9 NaOH: 0.9 TPAOH: 1000 H2O
Solution aging 12 h
Temperature 175 �C
Time 70 h
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(0.2 M) and 35 g L�1 (0.6 M) NaCl), with the objective to evaluate
the effect of salt on both permeate and salt rejection (R). The
rejection was calculated by the following equation:

R % ¼

Cf � Cp

Cf
� 100

where Cf and Cp are the conductivities of feed and permeate,
respectively, measured by the conductivity meter (EC 214 Hanna
Instruments).

3. Results and discussion

3.1. Silicalite crystals: morphological characterization

SEM analyses evidenced crystals of about 500 nm, obtained
using the first synthesis solution, with a typical MFI topology
(see Fig. 5) [52].

Very small crystals of about 200 nm having a typical MFI topol-
ogy were synthesized using the second synthesis solution (see
Fig. 6) [52].

The experimental results confirmed that, a decrease of the tem-
perature and an increase of the time during the hydrothermal
treatment permit to prepare silicate crystals with very small size.
By comparing the XRD patterns of silicalite (Fig. 7b) [58] with
the prepared silicalite powder (Fig. 7a), characteristic peaks of sil-
icalite were observed.

3.2. Gas permeance

Membranes performance was evaluated before and after calci-
nation, and after post treatments by carrying out pure single gas
(N2 and CO2) permeation tests at room temperature. Before calci-
nation, membranes prepared using the support with a pore size
of 70 nm and a zeolite slurry concentration of 0.032 wt.% were
gas-tight, indicating the absence of defects into the zeolite layer.
On the contrary, membranes synthesized using support with big-
ger pore sizes (200 nm) exhibited low permeances before calcina-
tion (see Table 3) indicating a low concentration of defects.

This result can be attributed to the partial infiltration of the syn-
thesis solution (during the hydrothermal treatment) inside the big-
ger pores (200 nm) that did not allow the formation of a
homogeneous zeolite layer and, then, the preparation of defect-
free membranes. Fig. 8 reports a comparison of the EDX analyses
for the two supports, showing a higher amount of the silicon spe-
cies into the support with bigger pore size. Same results were

Fig. 2. Scheme of the apparatus used for the single gas permeation tests.

Fig. 3. Scheme of the apparatus used for the water permeation tests.

Fig. 4. Scheme of the apparatus used for the vacuum membrane distillation tests.
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obtained by Ramsay and coworkers with MFI membranes [59],
who used two supports having pore sizes of 80 and 9000 nm and
achieved better membrane properties with the 80 nm support.

The concentration of the zeolite slurry strongly influenced the
quality of the seeding layer and, then, the performance of the zeo-
lite membranes. In fact, the use of high zeolite concentrations
(0.07 wt.% and 0.1 wt.%) led to a very unstable suspension with
the formation of crystal agglomerates and defects in the membrane
structure, that resulted in high single gas permeance values (see
Table 3). A similar behavior was also found by Huang et al. with
A-type zeolite membranes [25].

These experimental data confirmed that the secondary growth
method coupled with the cross-flow seeding procedure, using a
support of 70 nm pore size and a zeolite slurry concentration of
0.032 wt.% is a potential route to synthetize MFI zeolite mem-
branes almost defect-free.

The calcination step was carried out for the gas-tight mem-
branes only. The gas permeation tests led to high values of N2

and CO2 permeance and to an ideal separation factor of 1.8
(Table 4), evidencing that the first heating profile was responsible
for the formation of defects into the zeolite layer. This result is due
to the opposite effect of the temperature on alumina support and
zeolite layer. Indeed, by increasing the temperature the Al2O3

expands while the zeolite shrinks and, in addition, the support
undergoes to an isotropic thermal expansion, whereas crystals
show an anisotropic thermal expansion. The combination of these
different behaviors leads to the formation of pinholes into the zeo-
lite layer [11]. Therefore, a different heating profile, with a lower
final temperature and gradient than the first one, was used in order
to minimize the shrinkage in the zeolite framework, as well as the
compressive stress developed in the zeolite film during the cooling
process. In this case, a reduction of the N2 and CO2 permeance of
about 30% and 21%, respectively, was detected (see Table 4).

To improve the permselectivity properties of the calcined zeo-
lite membranes, cross-flow with zeolite crystals and dip-coating
with a rubbery polymer post-treatments were performed. As
shown in Table 4, membranes cured with the cross-flow using
crystals of about 500 nm exhibited a little improvement of the per-
meation properties, with similar N2/CO2 ideal separation factor. A
more evident progress was obtained using smaller crystals
(�200 nm) during the cross-flow post-treatment. In fact, experi-
mental data indicated a significant decrease of the N2 and CO2 per-
meances with a little enhancement of the ideal separation factor
(see Table 4). However, the obtained results evidenced that not
all defects were sealed. A new simple and fast way to reduce
defects in the membrane was achieved by applying on the silicalite
membrane surface a continuous rubbery polymer (PDMS) layer via
coating. This polymer, for the high mobility of its structural chains,
interacts very well with the inorganic materials [55], ensuring a

Fig. 5. SEM image of synthesized silicalite crystals of about 500 nm.

Fig. 6. SEM image of synthesized silicalite crystals of about 200 nm.
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sealing of most of the defects. Moreover, it is stable in a wide range
of operating conditions [56]. Zeolite membranes ‘‘coated’’ four
times with the PDMS exhibited a N2 and a CO2 permeance of
2.6 � 10�5 lmol m�2 s�1 Pa�1 and 1.7 � 10�4 lmol m�2 s�1 Pa�1,
respectively, with an ideal separation factor iSFCO2/N2 of 6.5 (see
Table 4), indicating an improvement of the membrane perfor-
mance (higher ideal separation factor). However, the permeance
values were low, due to the very thick polymer layer coated, that
occluded both defects and pores. For this reason, a new post treat-
ment with PDMS was carried out decreasing the coating number to
two. This procedure led to an increase of the gas permeances with
a decrease of the ideal separation factor from 6.5 to 3.9 (Table 4).

3.3. Pure water permeance

After post-treatment procedures, the membranes performance
was also evaluated by pure water permeation tests. These tests

were performed to investigate the possibility to use the prepared
membranes in pressure-driven membrane processes in a definite
pressure range (3.5–10 bar). As reported in Table 5, membranes
cured with the cross-flow procedure were water permeable. How-
ever, for the two samples (ZM1 and ZM2) a very different hydraulic
permeance was measured, being in the ultrafiltration and nanofil-
tration range, respectively. This result, although evidenced the
lower concentration of defects for the membrane cured with small
crystals (ZM2), stated also the inability to apply it in reverse osmo-
sis process for water desalination. Therefore, the possibility to
remove monovalent ions, like Na+ and Cl�, with the ZM2 mem-
brane, was investigated carrying out membrane distillation tests,
as described in the following section.

Membranes treated with PDMS (ZM3 and ZM4) were water-
proof in the pressure range considered. A possible explanation
was due to the very thick layer of PDMS that blocked both defects
and pores and so did not allowwater permeation. Both membranes
were also tested in vacuum membrane distillation to check if there
was anyway water vapor passage through the PDMS layer.

3.4. Vacuum membrane distillation

Membrane distillation tests were carried out on ZM2, ZM3 and
ZM4membranes. Experimental data showed that membranes trea-
ted with PDMS (ZM3 and ZM4) were not suitable for VMD, since
permeate fluxes were not appreciable. These results confirmed
the previous hypothesis about the occlusion of both defects and
pores by the rubbery polymer and indicated a high resistance to
the vapor transport offered by the thick PDMS layer.

On the contrary, good results were obtained with the mem-
brane (ZM2). As it is shown in Fig. 9, during first tests carried out
on distilled water, permeate fluxes slightly decreased with time.
However, after membrane reactivation by drying in oven at
200 �C for 20 h, the permeate fluxes remained almost constant
around a value of 12 kg m�2 h�1 (see Fig. 10).

Table 3

Gas permeance and ideal separation factor before calcination.

Sample Crystals sizea (nm) Support pore size (nm) Zeolite slurry concentration (wt.%)
Q

N2 (lmol m�2 s�1 Pa�1)

ZM1 500 70 0.032 Gas-tight
ZM2
ZM3
ZM4
ZM5 0.07 1.9 � 10�3

ZM6 0.1 7.5 � 10�3

ZM7 500 200 0.032 3.2 � 10�2

ZM8 0.07 8.3 � 10�2

ZM9 0.1 5.4 � 10�1

a Size of the crystals used during the seeding procedure.

Fig. 8. Presence of silicon along the thickness of the different prepared membranes.

Table 4

Gas permeance and ideal separation factor values after two different calcination programs and after different membrane post treatments.

Sample Crystals sizea (nm) Calcination program (�C) Post treatment
Q

N2 (lmol m�2 s�1 Pa�1)
Q

CO2 (lmol m�2 s�1 Pa�1) iSFCO2/N2

ZM1 500 500 – 2.1 3.8 1.8
ZM2 – 2.2 3.9 1.8
ZM3 480 – 1.5 3.1 2.1
ZM4 – 1.5 3.2 2.1
ZM1 500 – Cross flowb 1.7 3.4 2.0
ZM2 200 – Cross flowc 4.6 � 10�1 1.1 2.4
ZM3 – – Dip coatingd 2.6 � 10�5 1.7 � 10�4 6.5
ZM4 – – Dip coatinge 1.4 � 10�4 5.3 � 10�4 3.9

a Size of the crystals used during the seeding procedure.
b Cross flow with crystals of �500 nm.
c Cross flow with crystals of �200 nm.
d Dip coating repeated 4 times.
e Dip coating repeated 2 times.
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Afterwards, permeate fluxes were investigated using different
salt solutions as feed (10 g L�1 (0.2 M) and 35 g L�1 (0.6 M)) in
order to determine also the salt rejection. The other operation con-
ditions were kept constant. A permeate flux of 7 kg m�2 h�1 with a
rejection of 99% was obtained using the less concentrated solution,
during a test of 5 h and without membrane reactivation. Increasing
the NaCl concentration, it was observed a small decrease of both
the permeate water flux (5.2 kg m�2 h�1) and rejection (96%). This
behavior is due to the lower and higher driving force of vapor pres-
sure and NaCl, respectively, across the membrane [60].

4. Conclusions

The obtained results evidenced the possibility to prepare
defect-free MFI supported membranes by using the secondary
growth method with the cross flow seeding procedure. However,
the calcination process (carried out to eliminate the template)
led to the formation of defects into the zeolite layer and, then, cur-
ing treatments (PDMS and crystals) were necessary to seal them.
The characterization of cured membranes with gas and liquid
permeation processes showed different aspects. First of all, mem-
branes treated with the PDMS could be suitable for gas separation
process. A further improvement could be obtained varying both the
PDMS solution concentration and the number of coatings. Mem-
branes cured with crystals exhibited good performance in liquid
and vapor permeation process. In particular, the prepared
membranes were suitable for both nanofiltration and membrane
distillation applications. About the VMD experiments, interesting
results were achieved in terms of permeate flux and salt rejection
with the MFI membrane obtained by the cross-flow treatment by
small silicalite crystals (�200 nm). Considering the hydrated diam-
eter of ions (Na+ = 7.2 Å and Cl� = 6.6 Å) and the pore size of the
MFI zeolite (�5.5 Å), the high value of the rejection obtained indi-
cated that the size of the defects was comparable to the hydrated
diameter ions. In this way, it was possible to combine good salt
rejections to acceptable vapor fluxes.
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