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A new method for preparing supported zeolite membrane is proposed. A layer of
colloidal MFI zeolite is deposited on a porous ultrafiltration support, on which a silica
barrier layer has been precoated. The composite is then heated at 1008C under saturate
water ®apor for 30 h to obtain a ®ery thin zeolite membrane with a glassy look. Under
SEM, the zeolite membrane exhibits ob®ious ®oid when the particles deposited were
100=150 nm in size. The particles are packed much closer if 80=100-nm particles

( )were used. With smaller 60=80 nm particles, the boundary between particles fuses
together, and a continuous zeolite membrane could therefore be prepared. The mem-
brane thickness could also be reduced by depositing less colloidal zeolite for regrowth to
obtain a continuous zeolite membrane as thin as 0.5 mm on top of a multilayer porous
alumina support. Some preferred orientation of the elliptical zeolite particles is obser®ed
on the surface of the membrane, but no preferred crystallography orientation is con-
firmed. The reproducibility of this preparation method was checked by room tempera-
ture permeation measurements of se®eral gases. Nearly identical results were obtained
on two separately prepared membranes. Permeation results also confirmed that there
were ®ery few, if not free of, pinholes in the zeolite membrane so prepared.

Introduction

Zeolite films have attracted much attention in the last
decade due to their potential as selective membranes, cat-
alytic films, electrodes, sensors, and optoelectronic devices.
Many methods have been proposed for the synthesis of zeo-
lite film. They can be broadly classified into two groups ac-
cording to whether or not the substrate is immersed in a pre-
cursor solution.

The in situ growth of zeolite film on an immersed substrate
could be traced back to the early observation of zeolite coated
on the Teflon lining of the reactor. By the early 1990s, sev-

Žeral groups Sano et al., 1991; Myatt et al., 1992; Kiyozumi et
.al., 1992; Geus et al., 1993; Jansen and Vanrosmalen, 1993

had succeeded in preparing a continuous zeolite coating on
Ždense substrates. More recent studies Scandella et al., 1996;

Hedlund et al., 1997a; Boudreau and Tsapatsis, 1997; Koe-
.gler et al., 1997; Schoeman et al., 1997 had their emphasis

on the control of the thickness and orientation of the coated
Žzeolite film. In particular, many Feng and Bein, 1997; Hed-

.lun et al., 1997b; Sterte et al., 1997; Mintova et al., 1997a
have tried to separate the nucleation and growth processes
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by assembling zeolite nuclei on a dense substrate before im-
mersing them in a precursor solution.

The decoupling of nucleation and growth by predeposition
of seeds also worked for porous substrate. In the studies of

Ž .Lovallo Lovallo and Tsapatsis, 1996; Lovallo et al., 1998 , a
layer of colloidal zeolite was first deposited on a porous sup-
port. The composite membrane was then immersed in a pre-
cursor solution under hydrothermal conditions, so that the
interparticle void could be eliminated by secondary growth.

Ž .A rather thin membrane 1;2 mm could be obtained with
this approach, as compared to the )10-mm membrane pro-

Ž .duced in the earlier studies Geus et al., 1992, 1993 . A simi-
lar in situ secondary-growth method is also described in many

Žrecent patents Lai, 1998; Lai et al., 1999; Ruderman et al.,
.1998 .

However, the immersion of a porous support in a zeolite
precursor solution may be complicated by two factors. First,
the pores in the support may be plugged by the heteroge-
neous nucleation of zeolite under the regrowth condition.
Since the plugging of support may be difficult to control, two
similarly prepared samples may have very different perme-
ation properties.

March 2000 Vol. 46, No. 3 AIChE Journal616



Second, some porous support may dissolve into the precur-
sor solution and thus change the solution composition. This
is particularly true when the support is g-alumina and the
desired zeolite is silicalite. The dissolution of g-aluminum may
lead to an undesirable aluminum distribution.

We therefore propose to treat the porous supportrzeolite
nuclei composite directly under saturated steam instead of
immersing it in a precursor solution.

The proposed vapor-phase-regrowth method is, in some
Ž .sense, similar to the vapor-phase-transport VPT method

Žemployed by others Li et al., 1992, 1994; Matsukata et al.,
.1994a; Nishiyama et al., 1995, 1996; Mimura et al., 1996 . In

the VPT approach, however, the precursor is deposited on
the substrate as a gel layer, which is then converted to zeolite

Ž .under heated water and template vapor. Despite its name,
neither the zeolite nuclei nor the nutrient is actually trans-

Žported through the vapor phase. It has been argued Sano et
.al., 1992a,b that a condensed water layer is formed around

the gel particles, which serves as a pool for the dissolution of
Ž .gel and the crystallization nucleation of zeolite.

The VPT method has not been a popular way for the syn-
thesis of zeolite membrane. One of the reasons for this may
be that a rather thick gel film must be deposited on the sub-
strate to produce a reasonable film of zeolite. This is associ-
ated with the large density difference between gel and zeo-
lite. A thick but crack-free gel film is itself difficult to pre-
pare. The large volume change when converted to zeolite fur-
ther increases the chance it will crack.

By depositing zeolite nuclei instead of gel on a porous sup-
port, the difficulty of preparing a thick and crack-free gel
film is avoided. Under saturated vapor, a condensed water
layer can still be formed between zeolite particles, and the
dissolution]recrystallization process will eliminate the inter-
particle void just as in the case of in-situ secondary growth.

The proposed vapor-phase-regrowth method had the addi-
tional benefit of precise thickness control. Since no precursor

Žother than the nuclei themselves aside from the silica under-
.layer discussed later is supplied to the regrowth of the zeo-

lite, the final thickness is precisely controlled. This is impor-
tant for achieving reproducible results.

Ž .For the preparation of pure silica zeolite MFI membrane
on g-alumina support, the problem of aluminum migration
had yet to be addressed. A sol-gel silica layer can be added
between the g-alumina support and the zeolite nuclei as a
barrier. Such a barrier layer could be easily prepared follow-

Ž .ing the method of Brinker et al. 1993 . The silica layer so
obtained has a typical pore size less than 2 nm, and can thus
effectively retain the deposited nuclei as well as the con-
densed water layer. At the same time it can also serve as the
nutrient for the regrowth of the deposited nuclei.

Experimental
Materials

Alumina Support. All alumina support used in this study
was a homemade multilayer composite UF membrane. It was
in disk shape with a dimension of 2 mm=4 cmf. The disk
support was made of, successively, 50-mm presintered a-
Al O particles, 4 mm a-Al O crystals, 1 mm a-Al O2 3 2 3 2 3
crystals and a top layer of g-Al O . The thickness of the last2 3
three layers were, respectively, 100 mm, 30 mm, and ;0.5

( )Figure 1. Cross section of a the support without the
( )g -Al O layer; b the g -Al O top layer of2 3 2 3
( )the UF support; c the UF support after adding

( )the silica barrier; d top view of the silica bar-
rier layer.
The bars are 150 mm, 1.5 mm, 0.86 mm and 0.5 mm, respec-
tively.

mm. The biaxial flexure strength of this porous support was
better than 20 MPa, comparable to most commercial prod-
ucts. Details of the procedures for preparing this UF support
will be given elsewhere.

The cross-section view of a typical support disk is given in
Figures 1a and 1b. Figure 1b clearly demonstrates a distinct
g-Al O layer on top of the 1-mm a-Al O crystal layer. Un-2 3 2 3
der higher magnification, this g-Al O film could be seen to2 3
consist of particles about 30 nm in size.

The reason for using such a complicated support needs
some elaboration. If zeolite membrane is to be of any practi-
cal application, it must be thin enough to achieve a reason-
ably large flux. Ways to prepare ultrathin zeolite membrane
are therefore of interest. To study the permeation of gases
through a thin zeolite membrane, however, it is important
that the permeance of the support is also large, so that the
major flow resistance is at the zeolite layer rather than the
support. A multilayer porous support is the only way we could
achieve this requirement.

Ž .Silica Barrier Layer. Tetraethylorthosilicate TEOS and
Ž .Methyl-triethoxy silane MTES were used to prepare the sil-
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ica sol for coating the barrier layer. The procedure was simi-
Žlar to that of Brinker and his colleagues Brinker et al., 1993;

.Raman and Brinker, 1995 . Specifically, a solution with a
molar composition of MTESrTEOSrEtOHrH OrHCl2
s0.05r1r2.1r0.6r0.0039 was stirred and reacted at 508C for
90 min. After cooling to room temperature, aqueous HCl
was added so that the final composition became 0.05r1r2.1r
2.22r0.256. The acidified sol had a viscosity ;1.3 cp and pH
;0.15. After about 3 h, it was further diluted with twice its
volume of absolute ethanol. The diluted sol had a viscosity of
;1 cp and pH;0.25. The SiO content in the diluted sol2
was about 12 wt. %, and its viscosity never exceeded 2 cp,
even after aging 24 h. This diluted sol was kept in a sealed
bottle before use.

Colloidal Zeolite. The colloidal MFI zeolite used in this
Žstudy was synthesized following our previous report Tsay and

.Chiang, 1998 . A clear solution was prepared by the hydroly-
sis of TEOS in a solution of tetrapropylammonium hydroxide
Ž .TPAOH . The molar composition was TEOSrTPAOHr
H O s1rXr20. The clear solution was subjected to hy-2
drothermal reaction at 1508C in an autoclave. For xs0.2
and a reaction time of 48 h, a colloid with ;150 nm zeolite
particles was obtained. For xs0.36 and 25 h of reaction, the
zeolite particles were about 80 nm in size, while the size in-
creased to ;100 nm if reacted for 30 h.

Membrane preparation

Silica Barrier Layer. The silica undercoat was applied by
spin coating at 3000 rpm. The coated sample was aged at

Žroom temperature for 2 h and then calcined to 4508C at
. Ž .78Crh and holding for 4 h . About 0.04 g two drops of the

silica sol was enough to make a continuous layer ;0.2 mm
in thickness. Nitrogen adsorption measurement on a similarly
dried and calcined gel piece from the same sol showed micro-
porosity with pores of -2 nm. This pore size was further
confirmed by the permeation measurement of a silica-coated
support.

Colloidal Zeolite Deposition. Only 0.36 mg of zeolite is
needed to cover the disk support with a layer of the ;150-nm
zeolite particles. The zeolite colloid prepared as just de-
scribed contains about 8 wt. % zeolite, which is too high to
make such a deposition. Therefore, immediately before the
depositing process, the as-prepared colloid is diluted with DI
water 350 times its own weight. Notice that the original col-
loid was very stable at its pH value of 10;11. After dilution,
the pH value reduced to about 9.5, and the suspension be-
came less stable. The colloidal particles will slowly settle down
in more than a few hours. This is exactly what one needs to
make a good deposition.

The support with the silica undercoat was first dried at
808C. A piece of Scotch tape was wrapped around its circum-
ference to make a cup for the colloidal zeolite. The calcu-
lated amount of diluted zeolite colloid was poured into this
cup. The whole assembly was then left to stand for more than
a day. Due to its small pore size, the silica barrier layer was
almost impermeable to water. It took more than 5 h for a
0.5-cm-deep colloid to dry. At the same time, the zeolite par-
ticles settled into a rather dense film on the substrate.

Vapor Phase Regrowth of Zeolite Film. The support with a
deposited zeolite film was placed on a Teflon hourglass, then

Ž .in a 500-mL stainless steel S.S. autoclave. To the bottom of
this autoclave, 0.5 g of DI water was added. The autoclave
was sealed and heated to 1008C for 30 h. After cooling to
room temperature in the oven, the composite membrane was
retrieved and calcined at 78Crh to 1208C, then at 88Crh to
5008C, holding for 5 h, cooled down to 3008C at 108Crh, and
finally oven-cooled to room temperature. The entire zeolite
membrane thus obtained showed a glassly layer on top.

Membrane Analysis. All zeolite membranes prepared were
examined by a Siemens D-500 XRD with Cu-Ka radiation.
The measurement was made under 2u mode, with a fixed
incident angle of 0.05 degree. SEM analysis was made with a
Hitachi S-800 field emission electron microscope. The room-
temperature permeance of several simple gases was mea-
sured. To obtain the true permeability of the zeolite mem-
brane, the flow resistance of the support was also measured
and subtracted from the overall resistance.

Results and Discussion
Silica barrier layer

The cross section and the surface morphology of the mem-
brane after the silica coating are showed in Figures 1c and
1d. The silica barrier layer showed in this picture is about 100
nm thick. The surface appears to be tightly packed with par-
ticles about 20 nm in size, but the adsorption and permeation
studies show only 2-nm pores. Therefore, the barrier layer
must be denser inside.

Zeolite membrane after ©apor-phase regrowth
A sample made with ;150-nm zeolite particles and the

vapor-phase regrowth process is shown in Figure 2. The first
thing to be noticed is the elliptical shape of the zeolite parti-
cles making up these membranes. Therefore, the actual size
of these particles should be 100=150 nm. The sample shown
in Figure 2a was made with only 0.5 g of the diluted colloid,
so that the amount of zeolite was not enough to cover the
support surface. We find that most particles had their longer
axis lying flat on the substrate. The silica barrier layer be-
neath, and its fusion with zeolite particles, is also clearly
demonstrated.

When the amount of zeolite colloid deposited increases to
3.5 g, the surface of the membrane is completely covered, as
shown in Figure 2b. This sample has been tilted a small
amount to reveal the coverage away from the edge. Notice
that the silica barrier no longer appears as a distinct layer in
this picture. It may have been consumed by the growth of
zeolite particles, since more particles have been deposited.
The size of the zeolite particles observed in these pictures
Ž .150=190 nm is indeed larger than that in the previous pic-
ture.

Ž .At a higher magnification Figure 2c , one finds that the
surfaces of the zeolite particles is covered with tiny bumps
about 10 nm in size. Without other evidence, one would guess
that they are the silica particles that originally existed in the
barrier layer. However, we have found the same morphology
on zeolite particles deposited directly on glass. We are thus
sure that the rough surface is a property of the zeolite parti-
cles themselves. A similar scale of roughness has also been

Ž .observed by Mintova et al. 1997b in their zeolite film pre-
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( ) ( ) ( )Figure 2. Membranes produced with a 0.5 g, b, c, d 3.5 g, e, f 25 g of the 100=150-nm colloidal zeolite.
The bars are 0.86 mm, 1.5 mm, 0.5 mm, 1.2 mm, 2.0 mm and 1.0 mm, respectively.

pared on a gold substrate. Most likely, the zeolite particles
are agglomerates of smaller crystallites.

As shown in Figure 2d, the interparticle void of the mem-
brane produced by the 100=150 nm seed particles is not
completely sealed. Open pores clearly exist. One of the ways
to reduce the pinhole is to make the membrane thicker. As
the amount of colloid used increased to 25 g, a rather thick

Ž .layer of zeolite membrane was obtained Figure 2e . The sur-
Ž .face of this membrane Figure 2f is indeed less porous than

the previous case, and looks very similar to the result of
Ž .Mintova et al. 1997b . In their study, the self-assemble-

Ž .monolayer SAM technique was used to deposit the zeolite
seeds before an in situ regrowth. Particles of different sizes
were observed in their film, however, possibly due to the for-
mation of new zeolite by heterogeneous nucleation.

Notice that the surface particles in Figure 2f are smaller
than those in Figure 2d. Since these two samples have been
made from the same colloid, the difference calls for an expla-
nation. As we have mentioned, the zeolite particles can grow

at the expense of the silica barrier layer. The surface particle
of a thicker membrane can grow more slowly due to the longer
path for the nutrient supply. There is another possibility,
which is related to the elliptical shape of the zeolite particles:
the particles at the surface may look smaller from the top
simply because they have been oriented with the smaller pro-
jection facing up.

Whatever the case, the zeolite membranes prepared by the
deposition of 100=150-nm colloidal particles were not satis-
factory. We concluded that the particles were too large to
make a pinhole-free membrane, and smaller particles should
be used instead.

The results obtained with the smaller 60=80-nm and 80=
100-nm particles are shown in Figure 3. The sample demon-
strated in Figure 3a has been prepared with just 2 g of di-
luted 60=80-nm colloid. The zeolite membrane is barely two
particles thick. There was a lighter colored region beneath
the zeolite particles, which may correspond to the silica bar-
rier layer. Interestingly, the particles at the membrane sur-
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( ) ( ) ( )Figure 3. Membranes produced with a, b 2 g, c, d 5 g of the 60=80-nm colloidal zeolite, and e 5 g of the
80=100-nm colloidal zeolite.
The bars are 0.6 mm, 0.3 mm, 0.75 mm, 0.43 mm and 0.43 mm, respectively.

face seem to align in the same direction. The alignment of
zeolite particles is more clearly shown in the enlarged picture
Ž .Figure 3b , where the ;30-nm g-Al O particles and the2 3
finer features of the silica undercoat are somewhat visible.
Again, zeolite particles immediately in contact with the silica
layer are mostly lying flat, while most particles at the surface
stand up.

The orientation of particles suggests that there may be an
attractive force between the silica barrier and the zeolite par-
ticles. If this attractive force of the silica barrier is stronger
than that of the other particles, the particle will lie flat on
the silica. The gasrsolid interface, on the other hand, does
not attract zeolite particles. Thus, only the interparticle at-
traction acts on the surface layer. The particles are therefore
aligned with the longer axes parallel to each other.

By depositing more zeolite particles, a 0.5-mm-thick zeolite
membrane has been made, as shown in Figure 3c. This pic-

ture shows that the packing density of the 60=80-nm parti-
cles is much higher than that of the 100=150-nm particles.

If the interparticle attraction was the reason for the parti-
cle alignment on the membrane surface, it should be the same
for a thicker membrane. This is indeed the case, as demon-
strated in Figure 3d. In this picture, one finds that the zeolite
particles on the surface are packed so tightly that the -10-nm
primary crystallites practically cover the entire surface. The
boundary between the 60=80-nm particles has almost disap-
peared. There is also a certain hexagonal pattern hinted in
this picture.

The surface of a membrane made form 80=100-nm col-
loidal zeolite is given in Figure 3e. Comparing Figures 3d, 3e,
2d, and 2f, it is clear that the surface of the zeolite mem-
brane becomes more tightly packed as the size of the zeolite
particles become smaller. A pinhole-free membrane can only
be produced when the particles are smaller than 100 nm. This
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Figure 4. Variation of zeolite membrane thickness with
the amount of diluted colloidal zeolite poured
over the support.

is in accordance with the conclusion made by Jansen and
Ž .Vanrosmalen 1993 .

The relations between the zeolite membrane thickness
Ž .from SEM and the weight of the diluted colloid used are
given in Figure 4. Clearly, the observed thickness of the zeo-
lite membrane is directly proportional to the amount of zeo-
lite deposited. Based on the density of zeolite MFI and the
volume of the zeolite membrane, a porosity of -0.1 is ob-
tained for the membranes made by 60=80-nm particles.

Crystal orientation in the membrane
The alignment of zeolite particles does not necessarily im-

ply that the zeolites are crystallographically aligned. Never-
theless, the elliptical shape of the particle does suggest a pos-
sibility of a preferred crystalline axis. If this is the case, the
membrane may also show a preferred crystalline direction
under X-ray analysis.

Such a preferred direction would be difficult to detect, since
the primary crystallites are no bigger than 10 nm, and those
particles away from the surface may not be perfectly aligned.
Clues about the possibly preferred crystalline direction may
still be extracted, however, if we compare the XRD peaks of
a thicker membrane with that of a thinner one, since a higher
percentage of particles is aligned in the later case.

The XRD patterns of two zeolite membranes with differ-
ent thicknesses are given in Figure 5, as is that of the original

Ž .60=80-nm colloidal zeolite in powder form. Both the 101
Ž .and 200 peaks show a somewhat higher relative intensity for

( ) ( )Figure 5. XRD patterns measured on a 2- mm-thick, b
0.5- mm-thick membrane produced from 60=

( )80 nm colloidal zeolite, and c powder of the
same zeolite particles.

Ž .the 0.5-mm-thick membrane Figure 5b as compared to the
Ž . Ž .zeolite powder Figure 5c . Enhancement of 101 }together

Ž .with 303 }would indicate a preferred crystal orientation
with the c-axis tilted about 348 out of the normal-to-surface

Ž .direction Gouzinis and Tsapatsis, 1998 . On the other hand,
Ž . Ž .enhancement of 200 }together with 400 }would indicate

a preferred crystal orientation with the normal-to-surface a-
Ž .axis or b-axis Tricoli et al., 1997 . Since none of these pat-

terns is clearly established in our XRD results, no reliable
conclusion can be drawn.

Gas permeation studies
The overall room-temperature permeance of several gases

through the support and the composite zeolite membrane are
compared in Figure 6. The zeolite membrane used in these
studies is a 0.5-mm-thick one, as shown in Figures 3c and 3d.
The error bars given in Figure 6 have been estimated from
the detection limits of the flow rate and the pressure. Notice
that the permeability of our homemade UF membrane is rel-
atively high compared to most commercial alumina UF mem-
branes. Therefore, the major flow resistance of the composite
is the zeolite membrane, even it is very thin.

For both the UF membrane and the composite zeolite
membrane, two samples have been prepared and measured.
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Figure 6. Room-temperature permeance of gases
( ) ( )through a the UF support and b the com-

posite zeolite membrane.

As shown by the different symbols in Figure 6, the perme-
ation results of two samples coincide within the experimental
error. This confirms the very important fact that the vapor-
phase-regrowth method is reproducible.

The gas permeance through the alumina support shows
strong pressure dependence, indicating that the main contri-
bution is Poiseuille flow. However, the very strong pressure
dependency of CO permeance requires a different explana-2
tion. Because of its higher boiling point, CO would be easily2
adsorbed or condensed in the micropores. The adsorption
isotherm in the pressure range studied is most likely nonlin-
ear. The permeance of CO is therefore affected by both the2
surface flow and the nonlinearity of the adsorption isotherm,

Ž .as discussed by others Burggraaf et al., 1998 .
For the zeolite membrane itself, there should be no

Poiseuille flow. However, as a composite membrane, the
overall permeance does vary with pressure due to the pres-
ence of the support. The pressure dependence would be small
if the major flow resistance is that of the zeolite membrane.
The true permeance of the zeolite membrane can be ob-
tained by subtracting the contribution of the support from
the overall resistance. The results of this calculation are
shown in Figure 7. Notice that when subtracting two num-
bers, the associated error should be added. Therefore, the
error bar in Figure 7 is larger than that in Figure 6.

For all gases studied but CO , the true permeance of the2
zeolite membrane is indeed pressure independent within the
limit of experimental error. This is a good indication that our
zeolite membranes are pinhole-free. Of course, more conclu-
sive evidence could have been obtained if we had used a larger
molecule for the permeance study, such as was done by

Ž .Burggraaf et al. 1998 .
For CO , a strong pressure dependency is still observed2

after the subtraction of support effect. A major part of this
pressure dependency can again be attributed to the stronger

Figure 7. Calculated room-temperature permeance of
gases through the zeolite membrane.

and nonlinear adsorption of CO , but this may not be the2
whole story. Since the exothermic adsorption and the en-
dothermic desorption occurred at the two faces of the mem-
brane simultaneously, the heat transfer rate across the mem-
brane may also play a role.

Ž 2.The permeability with unit of mol ?mrPa ? s ?m of the ze-
olite membrane can be obtained by multiplying the perme-
ance with its thickness. This permeability should be indepen-
dent of the membrane thickness if the material is the same.
Table 1 compared the gas permeability of our MFI zeolite
membrane with that in the literatures. In some studies, the
permeance was given without the membrane thickness. Those
studies are thus not included, despite their good result. Fur-
thermore, much of the literature has reported only an overall
permeance of the composite membrane without substracting
the effect of the support. Since the support only adds to the
resistance, the permeability result in these studies should be
considered as the lower limit for their zeolite membranes.
Finally, the thickness taken here is usually the geometric one
observed with a microscope, but the effective membrane
thickness may be much smaller.

The permeability listed in this table spans several orders of
magnitude. The large difference among the results in the lit-
erature reflects the fact that no two membranes are the same.
Not only do the results vary with different authors, but also
with the samples prepared by the same authors using the same
techniques. In this respect, the reproducible permeation re-
sults obtained on our samples suggest a major improvement.
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(U )Table 1. Comparison of Gas Permeability Through MFI ZSM-5 Membrane
13Permeability=10MFI Memb. Pressure 2Ž .mol ?mrPa ? s ?mThickness and

Ž .Authors Support mm Temp. H He N O2 2 2
UŽ . Ž .Uzio et al. 1994 a-Al O tube SCT 300 303 K } } 15,6002 3
UŽ .Coronas et al. 1997 g-Al O ra-Al O tube ;30 300 K 540 } 177 }2 3 2 3

Ž .U.S. Filters SirAls100
U

;30 300 K 1080 } 330 }
SirAls600
UPetersen and AluminarSilica 25 RT. 45 kPa 241 68.8 66.8

Ž .Peinemann 1996 RT. 10 kPa 156 54 52
Ž .Bai et al. 1995 g-Al O ra-Al O tube ;10 298 K 3402 3 2 3

Ž .U.S. Filters D P s60]100 kPa
Ž . Ž . Ž .Piera et al. 1998 a-Al O tube SCT ;30 SIL-A-1 298 K, 101 kPa 93 272 3

Ž .;30 SIL-A-2 298 K, 101 kPa 72
g-Al O ra-Al O tube ;15 296 K, 101 kPa 1202 3 2 3
Ž .SCT

Ž .Jia et al. 1994 g-Al O ra-Al O tube ;5 298 K 220 134 782 3 2 3
Ž .U.S. Filters 120r0.082 kPa

UŽ .Geus et al. 1992 Clay ;100 294 K 82 27
200r0.002 kPa

Ž .Kusakabe et al. 1996 a-Al O tube ;60 303 K 33 182 2
;40 303 K 22.8

Ž .Nomura et al. 1997 ø5 cm SS disk 10-mm pore ;30, 298 K 15 22
Ž .16 h CVD
UUŽ .Matsukata et al. 1994b a-Al O disk 20 298 K, } 17 122 3

Ž .Nihon Gaishi Co.
UŽ .Oh et al. 1997 a-Al O tube 7 300 K, 100 kPa 47 28 16 182 3

Ž .Dongsu Ind.
Our membrane g-Al O ra-Al O ø 0.5 298 K, 270 kPa 32 17 162 3 2 3

40=2 mm UF disk
Ž .Kusakabe et al. 1997 a-Al O tube ;20 303 K 12.32 3

Ž .Zhang et al. 1996 a-Al O tube ;10 433 K 9.72 3

Ž . Ž .Jia et al. 1993 a-Al O disk KPM ;5 293 K, 150 kPa 12 8.7 3.82 3
UŽ .Yan et al. 1995a,b a-Al O disk ;10 303 K 6.2 3.0 3.2 3.72 3

Ž . Ž .Coors Ceramic Co. a M3 D P s127 kPa
Ž .Kiyozumi et al. 1997 No support 60 298 K, 101 kPa 0.85 0.78

65 298 K, 101 kPa 0.81 0.58

Lovallo and Tsapatsis Silicaliteqg-alumina 0.75 458 K, 101 kPa 0.93 0.013 0.026
Ž .1996 1.5 0.29 0.0056 0.014

2 0.38 0.007 0.022
Ž . Ž .Lovallo et al. 1998 ø3 cm a-Al O disk 2.1 a2 290 K 1.8 0.63 0.672 3

Ž . Ž .Coors Ceramic Co. 1.4 a1 400 K 0.294 0.007 0.015

Ž .Among the collected data, those reported by Gues 1992
Ž .and Kiyozumi et al. 1997 should be free of the influence of

support. The former was made on a very thick piece of inter-
grown zeolite, while the latter used no support at all. These
results were then taken as reasonable upper and lower limits,
respectively, for the permeability of the MFI membrane. With
this understanding, it was tempting to think that studies with
permeability higher than that of Gues might have pinholes.

On the other hand, the results of Lovallo and coworkers
Ž .Lovallo and Tsapatsis, 1996; Lovallo et al., 1998 were a
thousand times smaller than that of Kiyozumi. Since the data
given in their studies were the overall permeance of a com-
posite membrane, their support must have contributed much
to the observed flow resistance. Notice further that their
measurements were made at a higher temperature range than
the others. According to their results, however, the gas per-

meation is an activated process, and the permeability can only
be lower if brought to room temperature.

Ž .The two membranes prepared by Lovallo et al. 1998 were
made by the in situ secondary growth of the seed layer. As
their data suggested, the two samples prepared by the same
procedure gave rather different results. A likely reason for
the difference may be the plugging of support by the hetero-
geneous nucleation of zeolite during the in situ regrowth. By
performing the regrowth process in the vapor phase, we may
have eliminated this problem, and thus made the process
more reproducible.

Conclusion
For the preparation of alumina-supported MFI zeolite

membrane, the regrowth of seed crystals in the vapor phase
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has at least two benefits compared to that in the liquid phase.
First, the problem of support plugging, if it is an important
one, can be eliminated. Second, direct control of the mem-
brane thickness can be achieved by gauging the amount of
seed deposited. With these improvements, zeolite mem-
branes with reproducible gas permeance have been made.

We believe that the addition of a silica barrier layer on the
porous support was a crucial step. A condensed liquid film
should form on top of this silica layer during the vapor re-
growth process. Due to the very fine pore structure of this
silica layer, not only were the zeolite seeds retained above,
but also the dissolved species was kept in the liquid film.
Therefore, the seeds were constantly immersed in a saturated
liquid film, so that the interparticle voids could be eliminated
by regrowth.

For the vapor-phase-regrowth process, the colloidal zeolite
must be smaller than 100 nm to produce a continuous mem-
brane. We have demonstrated that membrane made from 80-
nm particles is almost pinhole-free. The lower limit of the
colloidal zeolite may be the ‘‘nanoslab,’’ with dimensions of

Ž .1.3=4=4 nm, recently proposed by Ravishankar et al. 1999 .
If such a small unit were to be deposited, application of the
silica barrier would be even more important.
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