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Abstract

Tubular MFT zeolite membranes have been prepared in two steps with a modification of the secondary growth
method. The first synthetic step is only devoted to the in situ nucleation of the molecular sieve, directly on the surface of
the tubular ceramic UF support, and the bulk of the membrane is then grown on it under different conditions. The right
choice of the synthetic parameters (composition of the synthetic clear solutions, temperature) enables one to obtain
membranes with high gas permeability and sustained selectivity. The preliminary gas transport results and the mor-
phology are compared with the ones from a membrane obtained in one step: permeability increases by almost one order
of magnitude. SEM observations indicate the presence of a very thin (1-2 pm) MFI zeolite layer on the tubular support.
The method illustrated in this work is an easy way to skip the deposition of pre-formed nano-sized crystals on tubular
supports before the secondary growth of the MFI membrane. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Zeolite membranes have high thermal, chemical
and structural stability, and for this reason they
can be used at high temperatures and with organic
solvents, when polymeric membranes cannot op-
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erate. The crystalline nature of zeolites offers a
unique opportunity to obtain membranes with
monodimensional pore sizes, which are there-
fore capable of separating mixtures of substances
on the basis of differences in the molecular size
and shape with extremely high selectivity. This is
the case of zeolite A membranes, which became
recently commercially available for high-tempera-
ture pervaporation: Mitsui Engineering and Ship-
building Co. first installed a commercial plant
made up of 16 zeolite A tubular membrane mod-
ules which produces 600 1/h of dehydrated solvents
(ethanol, 2-propanol, acetone, etc.) containing less
than 0.2% of water from feeds at 120°C containing
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10% of water [1]. The high selectivity makes zeo-
lite membranes also good candidates for the con-
struction of membrane reactors. New promising
applications include the reverse osmosis of organic
solutions [2] which would spoil organic mem-
branes.

Self-standing zeolite layers larger than a few
square centimeters are difficult to form, and the
resulting structures are fragile [3]. Therefore, zeo-
lite membranes are typically deposited on mechani-
cally resistant porous supports (alumina, stainless
steel, etc.) [4]. The technical problem in the de-
velopment of supported zeolitic membranes lies in
the large thickness (typically 50 pm) required to
obtain defect-free samples, that is the presence of
defects in very thin layers.

The preparation strategies for zeolite mem-
branes and the transport behavior of penetrants
through them has been reviewed in an excellent
paper by Caro et al. [5]. The usual one-step
method to prepare zeolitic membranes consists in
immersing the support in a suitable hydrothermal
system, and repeating the deposition if the mem-
brane is defective [6]. In some cases the solvent,
and also the templating species, for the hydro-
thermal transformation of the precursor sub-
stances into the zeolitic membrane come from the
vapor phase: Matsukata et al. [7], for instance,
coated a porous alumina plate with an alumino-
silicate gel and treated it with vapors of water and
of templating amines, obtaining zeolitic mem-
branes about 40 pum thick. The one-step method
tends to produce rather thick layers, but the
quality of the membrane, indicated by the ability
to reject molecules larger than the pore size of the
zeolite crystals and by the ability to undergo re-
peated heating cooling cycles, can be very high,
due also to the fact that a significant part of the
membrane can fill the pore system of the support
[4].

The secondary growth method consists in the
separation of the nucleation step from the crystal
growth, and looks promising in the preparation of
thin and defect-free zeolite membranes because it
enables to optimize the conditions of each step
independently. After the seeding of the support
with crystallization nuclei or crystals, the growth
of the membrane is carried out in a suitable hy-

drothermal system. It has been pointed out that
the secondary growth method tends to produce
thinner but less resistant and less selective zeolite
membranes [4]. The nucleation step can be ob-
tained in different ways. In one of them Balkus and
co-workers deposited evaporated fragments of
UTD-1 on a support kept at low temperature by
pulsed laser ablation. A hydrothermal treatment
on the support gave a homogeneous, compact and
continuous UTD-1 membrane about 11 um thick
[8]. In another — more usual — approach to the
nucleation step, nano-sized crystals of the desired
zeolite are prepared apart and fixed to the support.
Provided that a uniform and thin coverage of the
support is obtained with the nano-crystals, this
method potentially allows a better control of the
thickness of the zeolite layer.

The reproducible deposition of a thin, compact
and uniform nano-crystal layer on the surface of a
tubular porous support, however, is by no means a
trivial task. The most successful and reproducible
deposition of colloidal nano-sized crystals is car-
ried out on flat supports by spin coating, sedi-
mentation/drying [9] or by careful soaking [10]:
none of these methods is suitable for tubular
membranes. In this work a new approach to nu-
cleation is tested to overcome this difficulty. It
consists of immersing a tubular ceramic support
into a clear solution that favors the nucleation of
silicalite-1 (MFI), with the aim to cover its sur-
face with very small MFI crystals already bound to
the ceramic matrix. The support is then washed
and transferred to a different hydrothermal sys-
tem, with lower supersaturation, for the secondary
growth of the zeolite membrane. This method
skips the task of pre-formed nano-sized crystals
deposition. A potential advantage of the proposed
approach is the possibility to have crystallization
nuclei firmly attached to the ceramic matrix of the
support, possibly deep into the pore system, and
therefore with an intimate contact of the zeolite
phase with the membrane support. In other words,
the alternative secondary growth approach pre-
sented in this work might yield thin membranes
with improved selectivity and resistance. MFI zeo-
lite membranes with good fluxes and selectivities
have been obtained via this approach. The flux
improved with respect to a membrane obtained
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with a literature one-step method, with no loss in
selectivity.

2. Experimental
2.1. Materials

The supports used in this work are single-
channel tubular membranes (od/id 10/7 mm) with
50 nm (a-Al,O3, SCT, France) and 60 nm (o-
AL, O3, Inocermic GmbH, Germany) average pore
size; the length of the tubes was in the range 5-10
cm, and their external surface was wrapped with
Teflon tape before the introduction into the auto-
claves. The chemicals were SiO, (Aerosil 380, De-
gussa, 95.5%), tetrapropylammonium hydroxide
(TPAOH, 20 wt.% in water, Merck), tetraethox-
ysilane (TEOS, 98%, Janssen), sodium hydroxide
(NaOH npellets, 97%, Carlo Erba) and distilled
water. They were used as received with no further
purifications. The gases used in the permeability
tests were at least 99.99% pure.

2.2. Preparation of the MFI membrane with the
one-step method (50(1))

The membrane was prepared according to the
example described by Ramsay et al. [11]. A clear
and homogeneous solution with the following
molar ratio

25810, : 11.75TPAOH : 552H,0

was obtained by adding a 20% TPAOH solution
in water to the right amount of SiO, and stir-
ring vigorously for 11 days at room tempera-
ture in a closed polyethylene bottle. The solution
was poured into a Morey type Teflon-lined auto-
clave containing a 50 nm pore size support, and
the hydrothermal synthesis was performed under
autogenous pressure at 443 K for four days. After
this time the composite membrane was washed
repeatedly with distilled water up to neutral pH
and dried at 379 K. The permeability of pure gases
was tested in order to check the presence of de-
fects. Then, the template TPA ion was calcined in
static air according to the heating profile (I) re-
ported in Fig. 1.
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Fig. 1. Heating profiles for the calcination of the membranes;
profile I: 50(1) (static air) and 50(2 + 1) (N, first, then repeated
with static air) samples; profile II: 60(2 + 1) sample in static air.

2.3. Preparation of the first MFI membrane with the
two-steps method (50(2+1))

A 50 nm pore size support was treated two
times with a hydrothermal solution which favors
the nucleation (solution I) and then with another
solution which favors the growth of the crystals
already present on the support (solution II).

The clear and homogeneous solution I with the
following molar ratio [12]

25810, : 8.72TPAOH : 0.34NaOH : 449H,0
: 100EtOH

was obtained by adding TEOS, sodium hydroxide
and distilled water to an aqueous 20% TPAOH
solution contained in a closed polyethylene bottle,
and stirring vigorously for 24 h at room tempera-
ture. The solution was poured into a Morey type
Teflon-lined autoclave containing a 50 nm pore
size support, and the hydrothermal treatment was
performed at 363 K for 88 h. Then the composite
membrane was washed repeatedly with distilled
water up to neutral pH and dried at 313 K.

The nucleation procedure was repeated a sec-
ond time with the same solution at the same tem-
perature for 113 h. After washing and drying the
sample was placed in an autoclave in contact with
a more diluted, less alkaline, clear and homoge-
neous MFI precursor solution (solution II) with
the following molar ratio [13]

25810, : 3.04TPAOH : 1454H,0 : 100EtOH
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obtained by adding TEOS and aqueous TPAOH
(20 wt.%) to distilled water in a closed polyethyl-
ene bottle, and stirring vigorously for 24 h at room
temperature. The hydrothermal treatment was per-
formed under autogenous pressure at 379 K for 66
h. Then the composite membrane was washed re-
peatedly with distilled water up to neutral pH and
dried at 363 K. The permeability of pure gases was
tested in order to check the presence of defects.
The calcination of the template TPA ion was per-
formed following the heating profile (I) reported in
Fig. 1, at first in N, and then in static air.

2.4. Preparation of the second MFI membrane with
the two-steps method (60(2+1))

A 60 nm pore size support was treated almost
in the same way as the 50 nm support in the
preparation of the 50(2 4+ 1) membrane. Solution I
which was obtained in the same way, had the
following molar ratio:

25810, : 8.82TPAOH : 0.31NaOH : 459H,0
: I00EtOH

and the hydrothermal treatment was performed at
363 K for 68 h. Then the support was washed re-
peatedly up to neutral pH and dried at 379 K. The
nucleation procedure was repeated with the same
solution at 376 K for 113 h, then the support was
washed repeatedly up to neutral pH and dried at
385 K.

Finally, the sample was placed in an autoclave
in contact with solution II, prepared in the same
way as in the preparation of the 50(2 + 1) mem-
brane, with the following molar ratio:

25Si0; : 3.02TPAOH : 1479H,0 : 100EtOH.

The hydrothermal treatment was performed at
413 K for 68 h. After repeated washings up to
neutral pH and drying at 379 K, the permeability
of pure gases was tested in order to check the
presence of defects. Then, the template TPA ion
was calcined up to 673 K in static air (heating
profile II in Fig. 1).

2.5. Characterization of the supported MFI zeolite
membranes

The pure gas permeance (P//), before and after
the calcination, was measured at room tempera-
ture with a volumetric method [14] through bubble
flowmeters. The permeance at the steady state was
calculated by the following equation:

P/l =n(gas)/(ApAtAn)

where Ap is the pressure gradient and A4,, the
area of the membrane. The ideal selectivity (o;; =
P,/P;) was worked out as the ratio of the perme-
ances at the steady state. The membranes were
observed by using a Cambridge—Zeiss LEO 400
and a Cambridge Stereoscan 360 scanning electron
microscope (SEM). Powder X-ray diffraction was
performed on the material scratched off of the
surface of the 50(1) sample with a Philips PW
1730/10 X-ray diffractometer using Ni-filtered Cu
K., + K., radiation (4 = 1.542 A).

3. Results
3.1. Morphology and nature of the membranes

In Fig. 2 the top view of the 50 nm o-Al,O;
support (SCT) after the preparation and calcina-
tion of the 50(1) membrane is shown. Some loose
objects (250-400 nm long, 80-130 nm wide) on the
surface are visible, the coffin-like shape of which is

Mag= 28.23 K X
Detector= SE1

EHT-15.00 kU wD- 16 nn
100nn  f=i 28-Nov-2000

Fig. 2. Top view of the 50 nm a-Al,O; support (SCT) after the
preparation of the MFI 50(1) membrane.
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Fig. 3. Cross-section of the a-Al,O3 support (SCT) after the
preparation of the MFI 50(1) membrane.

typical for MFI crystals. The cross-section (Fig. 3)
shows that the open upper pores of the support
have been filled in the 50(1) membrane. An evalu-
ation of the thickness of the layer of the support
which is completely filled is not easy, however it
might be about 1-2 um thick. After the permeance
measurements the surface of the membrane was
scratched off with a steel spatula, and its XRD
powder pattern was measured. It was basically the
diffractogram of o-Al,O;, but a weak signal at
about 260 = 23° corresponds to the most intense
reflections of the MFI topology [16].

In Fig. 4 the top view (a) and the cross-section
(b) of the calcined 50(2 + 1) membrane are shown.
The membrane is a thin layer, about 0.8-1.0 um
thick, above the surface of the support, and it is
built-up by the intergrowth of different crystalline

EHT=15.00 kV wp 16 nn Mag- 39.24 K X

40mm M 22-Nov-2000 Detector= SE1

60(1+1) 20.0kV x18800 1um

Fig. 5. Top view of the 60 nm a-Al,O5 support after the second
nucleation step.

domains with random orientation. In the lower left
part of Fig. 4a a crack of the membrane is evi-
denced.

The evolution of the 60 nm a-Al,O; support
during the nucleation and crystal growth steps for
the preparation of the 60(2 + 1) membrane was
followed. Some MFI crystals, not larger than 200
nm, can be seen on the surface of the support after
the first treatment at 363 K. After the second
treatment for seeding at 379 K, the surface is al-
most evenly covered with a single layer of ran-
domly oriented MFI crystals, the size of which is
not larger than 400 nm (Fig. 5). The final treat-
ment at 413 K with the clear solution of lower
supersaturation yielded a thin layer, about 2.0 pm

EHT-15.00 kV WD 15 nn
100nn H 22-Nov-2000

Mag- 14.26 K X
Detector= SE1

Fig. 4. (a) Top view and (b) cross-section of the 50(2 + 1) membrane.
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Fig. 6. Top view of the final 60(2 + 1) membrane prior to cal-
cination.

GO(1+1+1) 20.0KV x7200 2pm

Fig. 7. Cross-section of the final 60(2 4+ 1) membrane prior to
calcination.

thick, above the surface of the support, built-up by
the intergrowth of different crystalline domains
with random orientation (Figs. 6 and 7).

3.2. Single gas transport through the membranes

The pure gas permeance (He and N,) was
measured before the calcination of the membranes.
N, permeance was below the detection limit for the
50(1) sample, and just detectable for He (2-5 x
107" mol/Pasm? at 302.5 K, Ap = 490 kPa), in-
dicating a perfect coverage. The N, permeance of

100
g 10
5
3
g
S 1
*
k=
o [ HeHy N _ SF,
2 4 6

Kinetic diameter (A)

Fig. 8. Permeances of the MFI membrane: 50(1) (Ap =130
kPa), 50(2 + 1) (Ap = 98 kPa), 60(2 + 1) (Ap = 200 kPa).

the 50(2+ 1) membrane was 1.08 x 10~ mol/
Pasm? at 299 K and Ap = 190 kPa, indicating the
presence of defects. The N, and He permeance
of the 60(2 + 1) membrane was 1.55 x 1072 and
1.35 x 107" mol/Pasm?, respectively, at 299 K
and Ap = 190 kPa, indicating the presence of a
negligible amount of defects.

The pure gas permeance of the three MFI
membranes as a function of the kinetic diameter of
the permeating species is shown in Fig. 8. Table 1
shows the ideal selectivities (ratios of pure gas
permeances) of the membranes compared with the
Knudsen selectivity.

4. Discussion

The morphology of the 50(1) MFI membrane
(Fig. 3) is of the same kind as those obtained by
Ramsay et al. [11] and by Julbe et al. [15] with the
same synthesis solution but with a support of
larger pore size and at a higher synthesis tempera-
ture (463 K). The MFI zeolite is in the pore system
of the support, giving rise to a structure which is
impermeable to He before the calcination of the
organic template TPA ion occluded in the mi-
cropores. The pure gas transport properties after
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Table 1

Pure gas transport properties at room temperature through the MFI membranes

Membrane Ap (kPa) P/l (H,) (mol/s Pam?) Ideal selectivity
Hz/HC Hz/Nz Hz/sF6
1.41% 3.74* 8.54*
50(1) 130 6.09 x 1077 2.33 1.61 19.0
5024 1) 98 27.7 x 1077 - 1.28 13.9
130 35.4 x 1077 - 1.52 -
60(2+1) 200 48.5 x 1077 1.70 1.73 23.7

% Knudsen diffusion limit.

calcination (Fig. 8 and Table 1) are comparable to
the values obtained by other authors with MFI
membranes [9].

The 50(2 + 1) MFI membrane is more perme-
able but less selective than the 50(1) membrane,
due to the presence of cracks in the zeolite layer
(Fig. 4a). The H,/SF; selectivity value, however, is
still higher than the Knudsen diffusion limit.

The third membrane was prepared bearing in
mind the limits of the 50(2 + 1) membrane: for-
mation of cracks and, as a consequence, poor ideal
gas selectivity. It has been evidenced that in the
one-step synthesis higher temperatures improve
the performance of the resulting MFI membranes
[11]. In addition to this, Geus and van Bekkum
suggested to limit the calcination temperature to
400°C in order to avoid the cracking of large MFI
single crystals [17]. Therefore, an Inocermic sup-
port, made of the same material (a-Al,O3;) and
with a larger pore size (60 vs. 50 nm) than the SCT
one, was used; the compositions of the synthesis
solutions were the same as in the preparation of
the 50(2 + 1) membrane; the main differences in
the preparation of the 60(2 + 1) membrane with
respect to the 50(2 + 1) sample was the higher
temperature of the crystal growth step (413 vs. 379
K) and the new heating profile for the calcination,
characterized by a lower maximum temperature
(673 vs. 773 K, Fig. 1). Fig. 5 indicates that two
nucleation treatments are required to effectively
cover the surface of the 60 nm support with a layer
of tiny MFI crystals, not larger than 400 nm. The
pure gas permeability through the 60(2 + 1) MFI
membrane is higher than in the case of both the
50(1) and the 50(2 + 1) membranes. In Fig. 8§,
where the permeance of the gases is reported ver-
sus the kinetic diameter for the three membranes, a

very good similarity is found in the shape of the
curves, especially for the two membranes of higher
quality (50(1) and 60(2 + 1)). With reasonable
confidence the transport mechanism is the same in
both cases, but the membrane obtained by the
secondary growth method (60(2+ 1)) is almost
one order of magnitude more permeable. This fact
may be in contradiction with the thickness of the
two membranes, which is practically the same (1-2
vs. 2 um). The nature of the two membranes,
however, might explain the difference in perme-
ability: the obstacle of the impermeable a-Al,O;
phase of the support, around the pores filled by the
molecular sieve, reduces the active surface of the
zeolite membrane, and increases its tortuosity,
with an overall effect of slowing down the perme-
ation through the 50(1) membrane.

_ The kinetic diameter of the SF¢ molecule (5.5
A) is very close to the dimensions of the straight
channels in the MFI crystals (5.4 x 5.6 A?) and
larger than the sinusoidal channels (5.1 x 5.5 A?),
therefore a certain sieving effect has to be expected.
The ideal selectivity of all other gases with respect
to SFg, in fact, is always higher than the Knudsen
diffusion limit, and is similar to the values found
by other authors. Bai et al., [18] however, reported
a higher H,/SF¢ ideal selectivity (136) at room
temperature with comparable H, permeance (34 x
107 mol/sPam?) for a composite MFI/y-Al,O3
membrane. Caro et al. [5], instead, report H,/SF¢
and H,/N, ideal selectivities of about 800 and 200,
respectively, with a much lower H, permeance
(~7.7 x 107° mol/s Pam?) at 105°C, for a ZSM-5
membrane of columnar microstructure prepared
by a seeding supported crystallization. The rather
high SF¢ permeance of the membranes prepared
in this study may be the indication of a certain
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contribution of inter-crystalline space or pinholes
to transport. As for as the Hy/He and H,/N, ideal
selectivities are concerned, a similar behavior is
typical for MFI membranes prepared by a direct in
situ crystallization [5,9]. A detailed picture of the
gas transport properties of the membranes pre-
pared in this study will be possible after perme-
ation experiments at higher temperatures and with
gas mixtures to be carried in our laboratory.

5. Conclusions

A method for the preparation of tubular MFI
supported membranes is presented in which the
in situ nucleation of MFI crystals on o-Al,O;
porous supports is followed by the secondary hy-
drothermal growth of the bulk of the membranes.
Tubular MFI zeolite membranes with thicknesses
in the range of 1-2 um and high single gas (He, H,
N,, SF¢) flux and selectivity have been prepared.
An effective control can be exerted independently
on both the nucleation and the crystal growth.
Preliminary pure gas permeation measurements at
room temperature indicate that the selectivity of
the membranes is improved by the control of the
synthetic parameters (larger pore size of the sup-
port, higher temperature of the secondary growth,
careful calcination). One of the MFI membranes
obtained by secondary growth is as selective as a
membrane obtained with a one-pot preparation in
which the zeolite fills the pore network of the
support, but its permeance is almost one order of
magnitude higher.
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