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Abstract

Zeolite MFI membranes with thickness 15–20 �m were grown on the surface of macroporous �-alumina and stainless steel
support tubes (pore size 200 and 500 nm, respectively) by the secondary (seeded) growth technique. The tubular supports were
dipped vertically in an aqueous suspension of colloidal silicalite-1 seed crystals (particle size 100 nm) and withdrawn at a speed
of 1–2 cm/h to allow for uniform formation of seed layers on the outer (for stainless steel) or inner (for �-alumina) cylindrical
surface of the support tubes. The seeded tubes were treated hydrothermally with clear solutions of different composition and
the resulting MFI membranes were characterized by SEM and permeation of butane isomers. For the best preparations, binary
n-butane/isobutane ratios at 22◦C were as high as 28 and 53 for stainless steel and �-alumina tubes, respectively, while the
n-butane permeation flux varied in the range 0.8–3.8 mmol m−2 s−1. The effect of temperature and feed partial pressure on
permeation flux was also studied for binary mixtures of butane isomers and was found similar to that of planar membranes
developed previously on �-alumina support disks by the same synthesis procedure. © 2001 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Current commercial applications of zeolites in
powder form include ion-exchange, catalysis and
gas/vapor separation by adsorption [1]. Recently, suc-
cessful preparation of zeolite films and membranes by
various groups has suggested new opportunities for
applications in gas and liquid separations in the petro-
chemical industry [2]. Differences in chemical nature,
molecule size and shape, and adsorption/diffusion in
the zeolite channels can account for high separation
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selectivities between components of various mixtures
such as hydrocarbon isomers, water/organics, etc. [3].

Zeolite membrane synthesis is more commonly car-
ried out by the in situ crystallization technique which
involves placing a porous support in contact with a
synthesis solution or gel under hydrothermal con-
ditions. For successful membrane formation, proper
conditions are necessary to allow for preferential nu-
cleation and growth of zeolite crystals on the support
surface (possibly competing with solution events) in
an interlocking fashion with minimal non-selective
interzeolitic porosity [4]. An alternative approach for
zeolite membrane formation is a technique referred
to as secondary (seeded) growth, which involves at-
taching a closely packed layer of zeolite seed crystals
on the surface of a support which act as nuclei for
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Table 1
Review of synthesis characteristics and butane permeation data for different MFI membranes

Reference Synthesis characteristics Permeation results

Support Synthesis conditions Thickness
(�m)

Feed temperature
(◦C)/pressure (kPa)

n-Butane flux
(mmol m−2 s−1)

Selectivity,
n-C4/i-C4

[15] Stainless-steel disk In situ, 180◦C 50 25/30 2.0 70
[16] �-Al2O3 tube In situ, 180◦C 40 100/100 3.0 43
[17] �-Al2O3 disk In situ, 175◦C 10 185/100 2.7 45
[18] �-Al2O3 disk In situ, 120◦C 3 22/50 1.6 52
[7] �-Al2O3 tube Seeded growth, 130–150◦C 5 110/100 0.19 80
[19] �/�-Al2O3 tube In situ, 170◦C 30 100/119 4.0 40
[20,21] �-Al2O3 disk Seeded growth, 175◦C 20–30 22/50 3.0 62

further crystal growth under suitable hydrothermal
conditions to fill the intercrystalline space [5–9].

Compared to the in situ crystallization scheme,
seeded growth offers significant advantages such as
better control over membrane microstructure (thick-
ness, orientation), higher reproducibility, and a wider
range of hydrothermal synthesis conditions leading
to continuous film formation. Elimination of the con-
straints imposed by the need for crystal nucleation,
due to the pre-existence of nuclei on the support
surface, renders crystal growth as the main film for-
mation mechanism and thus adds improved flexibility
in zeolite film and membrane preparation [6].

Among the different types of zeolites available, ze-
olite MFI (ZSM-5 and its Al-free analog, silicalite-1)
have been more commonly employed in zeolite mem-
brane synthesis, because of its pore size (∼5.5 Å)
suitable for several industrially important separations
[10] and the relatively easy synthesis from a vari-
ety of silica sources and structure directing agents
[11]. Permeation experiments with certain gas/vapor
pairs, e.g. N2/SF6 [12], n-butane/isobutane [13] and
p-xylene/o-xylene [14] have been often employed to
characterize the quality of these MFI membranes.
Table 1 gives an overview of the most successful
zeolite MFI membranes on different flat or tubular
ceramic or metallic supports together with representa-
tive butane permeation data for specific feed pressure
and temperature conditions.

Our group has recently demonstrated reproducible
synthesis of high-quality MFI type zeolite membranes
by secondary growth of silicalite-1 seed layers of
initial particle size ∼100 nm deposited on �-alumina
support disks (pore size, ∼150 nm; permeation area,
∼1.5 cm2) as judged by n-butane/isobutane mixture

separation factors in the range 40–70 and p-xylene/o-
xylene single-component selectivities in the range
30–130 [14,20,21]. In this communication, we present
preliminary results on the preparation of similar MFI
membranes on tubular �-alumina and stainless steel
supports (pore size, 200–500 nm) of much larger per-
meation area (13–15 cm2). Permeation results with
N2, SF6 and butane isomers are presented and utilized
to evaluate membrane quality, especially as compared
to the disk-shaped MFI membranes reported in our
earlier publications.

2. Experimental

2.1. Membrane support

Two types of porous supports were used for zeolite
membrane preparation: (a) �-alumina asymmetric
tubes of 7 mm ID, 10 mm OD, with an inner top layer
of pore size ∼200 nm (NGK, Japan); (b) stainless
steel tubes of similar dimensions and average pore
size ∼500 nm (Mott Metallurgical). The ends of the
ceramic supports were sealed with a glazing com-
pound while the ends of the metallic supports were
welded with non-porous metal tubes (3/8 in. OD) to
allow for mounting in a special glass holder for per-
meation measurements. In both cases, the length of
the porous part available for permeation was 5–6 cm.

2.2. Membrane preparation

For surface seeding, the tubular supports were fixed
vertically by their upper end and dipped in a glass vial
containing an aqueous suspension of silicalite-1 seed
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crystals of particle size ∼100 nm, concentration 20 g/l
and pH ∼9, prepared and characterized as described
in [5,6,14,20]. This vial was in turn placed in a plastic
bottle of larger diameter, floating inside a 2 in. OD
glass tube filled with water. Removal of the water
from the glass tube with the aid of a peristaltic pump
resulted in slow withdrawal of the seed suspension
at a speed of ∼1–2 cm/h. After total withdrawal of
the suspension, the support tube was dried in air and
dip-coating was repeated with the tube inverted to al-
low for better uniformity of the seed layer. Typically,
dip-coating was carried out four times for most of
the tubes used for membrane preparation. During this
process, the outer cylindrical surface of the ceramic
tubes was wrapped with teflon tape (seed layer formed
on the inner cylindrical surface) while the non-porous
ends of the metallic tubes were closed with plastic
caps (seed layer formed on the outer polished cylin-
drical surface). Fig. 1 is schematic representation of
the experimental setup used for dip-coating.

Secondary growth of the seed layers deposited
on the support tubes was carried out hydrother-
mally with clear solutions of compositions given in
Table 2. Corresponding amounts of KOH pellets
(Fisher Scientific), TPABr (98%, Aldrich), TPAOH
(1 M solution, Aldrich), TEOS (98%, Aldrich) or

Fig. 1. Experimental setup for dip-coating of porous alumina and
stainless-steel tubular supports.

Table 2
Molar compositions of clear solutions for secondary growth

Code KOH TPABr TPAOH SiO2 H2O

Aa 1.0 1.0 – 4.5 1000
Ba – – 3.0 25 1500
Ca 1.0 1.0 – 9.0 1000
Db 1.6 2.0 – 40 1000

a Silica source is TEOS.
b Silica source is Ludox AS-40.

Ludox AS-40 (Aldrich) were added in deionized wa-
ter and stirred for 2–3 h until a clear solution was
obtained. The solution was transferred in teflon-lined
stainless steel autoclaves with the support tubes fixed
vertically and hydrothermal reaction was carried out
for 20–24 h under static conditions in a convection
oven preheated at 175◦C. In the case of the ceramic
tubes, hydrothermal reaction was carried out only one
time. In the case of the metallic tubes, however, two or
three hydrothermal reactions were necessary to secure
a final membrane of satisfactorily low N2 permeance
before calcination. After each synthesis, the tubes were
rinsed several times with hot water and were finally
calcined for 8 h at 450◦C for removal of the tetrapro-
pylammonium template occluded in the zeolite pores.

2.3. Characterization

For SEM observation of the membrane surface and
cross-section, test samples were cut out of selected
tubes with a wafering blade (Buehler), attached on
copper specimen boats with conductive carbon tape
and sputter coated with gold. SEM micrographs were
obtained with a JEOL 100CX microscope operated at
20 kV.

For permeation experiments, the tubular support
ends were connected with non-porous glass tubes of
1
4 in. OD with the aid of Ultratorr fittings (Swagelok)
and fixed in a custom-made separable glass holder.
Permeation measurements were conducted in either
the Wicke-Kallenbach mode (feed of binary butane
mixture) or with the pressure rise method (feed of
pure N2 or SF6). In either case, the feed was always
introduced at 100 kPa total pressure from the side of
the zeolite layer, while the opposite side was flushed
with 100 cm3/min of helium (for the butane mixture
experiments of Figs. 3–5) or kept in vacuum (for the



104 M.P. Bernal et al. / Catalysis Today 67 (2001) 101–107

N2 or SF6). Permeation data were obtained with the
aid of an HP 5890 Series II gas chromatograph (feed
of butane isomers) or an absolute pressure transducer
(Omega) connected to a PC for data acquisition. The
separation factor for the binary butane mixture, αn,i ,
is calculated as follows:

αn,i = Cn
perm./Ci

perm.

Cn
feed/Ci

feed
,

where Cn and Ci are the concentrations of n-butane
and isobutane in the feed (Cfeed) and permeate
(Cperm.).

Fig. 2. SEM micrographs of MFI membranes grown on: (a) and (b) NGK alumina; (c) and (d) stainless steel tubular supports.

3. Results and discussion

Fig. 2 shows SEM micrographs of: (a) and (b) sur-
face and cross-section of an MFI membrane grown on
NGK �-alumina support by one growth using compo-
sition B; (c) surface of an MFI membrane grown on
stainless steel support by one growth using composi-
tion B; (d) cross-section of an MFI membrane grown
on stainless steel support by two growths using com-
position A. It is generally observed that the membranes
grown on the ceramic tubes have lower concentration
of surface defects compared to the metal-supported
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membranes due to the higher quality of the top layer of
the ceramic tubes compared to the more rough metal-
lic supports. The membrane grown in one step on the
�-alumina support tube was 20 �m thick, in agreement
with membranes grown on �-alumina disks, while the
membrane grown in two steps on the stainless steel
support had a thickness of only 17 �m, lower than that
of membranes grown on �-alumina disks (thickness
25–30 �m) [20,21]. Although the exact reason for
this discrepancy is not known yet, it is likely that iron
leached in the solution from the stainless steel support
during hydrothermal reaction may have decreased the
film growth rate, hence resulting in smaller thickness
for the metal-supported MFI membranes. Neverthe-
less, both types of tubular MFI membranes exhibit
a columnar microstructure as evidenced from the
cross-sectional SEM photos, which is characteristic
of films and membranes grown on planar supports
by the secondary growth process, as documented
extensively in our earlier publications [6,20,22].

Table 3 summarizes room-temperature permeation
results of butane isomers through different MFI mem-
brane samples prepared on �-alumina and stainless
steel support tubes. The binary n-butane/isobutane
flux ratio was above 30 for the �-alumina supported
membranes, while it varied typically in the range
15–20 for the stainless-steel supported membranes,
with the exception of membrane SS-5 which had
an n-butane/isobutane ratio of 28. The higher sep-
aration factor for butane isomers achieved with the
ceramic support tubes can be possibly associated to

Table 3
Summary of permeation results of tubular MFI-type zeolite mem-
branes made by seeded growth, (temperature = 22◦C)

Membrane
code

Synthesis
conditions

n-Butane flux
(mmol m−2 s−1)

Separation factor,
n-C4/i-C4

NGK-1 B 2.39 36.0
NGK-2 B 1.95 44.2
NGK-3 B 2.90 31.6
NGK-4 B 2.54 38.1
NGK-5 B 2.20 36.1
NGK-6 B 2.67 37.7
NGK-7 A 3.11 32.6
NGK-8 A 3.13 25.8
NGK-9 A 3.82 35.8
NGK-10 D 2.03 48.4
NGK-11 D 1.55 53.0
SS-5 C–C 0.83 28.0

the lower concentration of defects present on these
membranes, as compared to the metal-supported
ones. The single-component N2/SF6 ratio was ∼10
for all tubular MFI membranes, in agreement with
the previous results obtained with good quality MFI
membranes made on �-alumina support disks [20].
Similar results were reported by Burrgraaf et al. [23]
with 3 �m thick MFI membranes on �-alumina disks,
whereas Coronas et al. [12,19] obtained N2/SF6 ratios
an order of magnitude higher (200–300) with MFI
membranes grown in/on �-alumina support tubes. At
this moment, the reason for this discrepancy is not
fully understood, although it may be associated with
possible incorporation of Al in the MFI structure
during synthesis of membranes on tubular �-alumina
supports reported by Coronas et al.

The transport properties of the tubular MFI mem-
branes made by seeded growth were further investi-
gated with binary permeation experiments of butane
isomers at different conditions of feed partial pres-
sure and temperature. Fig. 3 shows permeation flux
data of butane isomers at 22◦C for the stainless-steel
supported membrane SS-5 as a function of feed
partial pressure for a binary feed consisting of: (a)

Fig. 3. Permeation of butane isomers through the stainless-steel
supported MFI membrane SS-5 vs. feed partial pressure.
Permeation temperature = 22◦C.
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Fig. 4. Permeation of butane isomers through the alumina
supported MFI membrane NGK-1 vs. feed partial pressure.
Permeation temperature = 22◦C.

n-butane of partial pressure 10–90 kPa, balanced
to a total of 100 kPa by isobutane; (b) equimo-
lar n-butane/isobutane mixture of partial pressure
2.5–50 kPa, balanced to a total of 100 kPa by helium.
The corresponding n-butane/isobutane separation fac-
tor, αn,i, is also given in the figure (open symbols).
Fig. 4 shows corresponding data for the �-alumina
supported membrane NGK-1.

From Figs. 3(a) and 4(a), we observe that the sepa-
ration factor increases monotonically with increasing
n-butane feed partial pressure from ∼11 (feed rich in
isobutane) to ∼40 (56) (feed rich in n-butane) for the
stainless-steel (�-alumina) supported MFI membrane.
This result suggests that the ability of n-butane to
block isobutane from entering the zeolite pores in-
creases with n-butane feed partial pressure. In the case
of the equimolar mixtures (Figs. 3(b) and 4(b)), how-
ever, the behavior is quite different since the separation
factor shows a maximum at about 10 kPa feed partial
pressure for both the stainless-steel and �-alumina
supported MFI membranes. This behavior can be
qualitatively explained if the adsorption isotherms of
butane isomers in silicalite-1 are taken into account

Fig. 5. Permeation of butane isomers through stainless-steel sup-
ported MFI membrane SS-5 vs. temperature. Feed is a binary
50/50 kPa n-butane/isobutane mixture.

[24]. Adsorption of n-butane in silicalite-1 at 30◦C
follows a normal Langmuir isotherm and saturation
of 1.2 mol/kg is reached at partial pressure ∼10 kPa.
Instead, isobutane exhibits a two-step adsorption be-
havior with an initial sharp followed by a slower
increase of adsorbed amount up to about 200 kPa
partial pressure. Therefore, it is suggested that the
observed drop in the separation factor after 10 kPa is
a result of preferential intrusion of isobutane in the
zeolite pores with increasing partial pressure.

Fig. 5 shows permeation flux data of butane iso-
mers for the stainless-steel supported membrane
SS-5 as a function of temperature for a 50/50 kPa
n-butane/isobutane binary mixture. The flux of
n-butane shows a maximum at ∼130◦C, while the flux
of isobutane increases monotonically up to 200◦C,
and the separation factor remains high up to about
130◦C but drops considerably at higher temperatures.
A very similar behavior has been observed with MFI
membranes prepared on �-alumina tubes (not shown
here) and previously on �-alumina disks [19,21,25]
and can be generally described by the interplay and
the relative temperature dependence of diffusion and
adsorption of the permeating molecules through MFI.

4. Conclusions

Zeolite MFI membranes with thickness 15–20 �m
were successfully prepared on tubular �-alumina
and stainless-steel supports by the secondary
(seeded) growth technique. The membranes exhibited
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n-butane/isobutane mixture ratios in the range 15–30
and 30–50 for stainless-steel and �-alumina supports
membranes, respectively. The dependence of the per-
meation flux of butane isomers on temperature and
feed partial pressure was found consistent with previ-
ously published results of MFI membranes made on
disks by the same technique. The results indicate that
the seeded growth technique has potential for suc-
cessful scale-up of zeolite membranes if optimized
conditions and strict procedures are employed.
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