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This article is intended to describe recent progress in the synthesis of zeolitic membranes and their permeation
properties. While hydrothermal synthesis has.been widely employed for zeolitic-membrane synthesis, the development of
a new technique for zeolite synthesis, vapor-phase transport (VPT), has enabled us to prepare pinhole-free, zeolite-porous
support composite membranes. This article consists of three sections that describe: a survey of the hydrothermal synthesis
of zeolitic membranes, our synthesis results and the formation mechanism of zeolitic membranes by the VPT method as
well as some permeation results to show the prospects of zeolitic membranes.

Inorganic membranes were the first membranes which
found practical application in large-scale gas-separation proc-
esses in the 1940’s. An alumina membrane was used to sepa-
rate isotopes of uranium based on the difference in the molec-
ular weights of their hexafluorides. New sophisticated tech-
niques of thin polymeric membrane preparation, gas-separa-
tion processes using polymeric membranes, were commer-
cialized. Polymeric membranes had both high permselectiv-
ity and rapid permeation. For several decades, the research
and development efforts in membrane processes were di-
rected to polymeric membranes, while inorganic membranes
were largely forgotten. Due to their instability in organic
solvents and at high temperatures, however, practical appli-
cations of polymeric membranes have been limited to these
processes operating at slightly above room temperature.

There is strong interest in membranes made of inorganic
materials, such as ceramics and metals for applications in
separation processes, owing to their superior characteris-
tics of thermal, mechanical and structural stabilities, and
of chemical resistance. In order to develop a new generation
of high-temperature resistant membranes, researchers have
turned back to the development of inorganic membranes.

Inorganic membranes can be classified into two types,
nonporous (dense) and porous membranes. The first well-
studied inorganic membranes were dense palladium” and its
alloys,? which are permeable only to hydrogen. Follow-
ing palladium-based membranes, other types of dense inor-
ganic membranes permselective to oxygen, for instance, sil-
ver and stabilized zirconia, have been developed.” The types
of permselective dense membranes, however, are limited to

motivate the development of porous inorganic membranes.

Based on the definition by the International Union of Pure
and Applied Chemistry (IUPAC), porous materials, such as
adsorbents and porous membranes, are classified in relation
to their pore size, as follows:

1. Pores with widths exceeding about 50 nm are called
macropores,

2. Pores with widths between 2 and 50 nm are called meso-
pores; and

3. Pores with widths not exceeding about 2 nm are called
micropores.

The membranes used in the practical applications today
are mostly macroporous with pore diameters of 0.1—100
pum. They include alumina, zirconia, and porous glass mem-
branes. Porous metal membranes are available, though they
are relatively limited in the extent of industrial use because
of their costs.

The transport of gases in macropores is governed by the
viscosity of the gas (Poiseuille flow), Knudsen diffusion, or
flow in the transition between them. Membranes with macro-
pores are, thus, not expected to show sufficient selectivities
for gas separation, although they show high permeability.
In smaller pores, mesopores, surface diffusion and capil-
lary condensation phenomena can play an important role in
the transport of molecules in addition to Knudsen diffusion.
Mesoporous membranes, including y-alumina, titania and
zirconia, with an average pore diameters of 2—10 nm have
been prepared by sol—gel techniques. When the pore size is
comparable to the molecular dimensions, a molecular siev-
ing property appears, thereby leading to large selectivity.
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Therefore, the current research is mainly focusing on the
development of microporous membranes.

The first study that attracted attention to microporous
membranes was on a silica membrane, reported by Gavalas
et al., who prepared a SiO, layer within the pores of a
Vycor glass tube by SiH, oxidation.*—® This SiO, mem-
brane was highly selective to H, permeation with a perm-
selectivity of Hp /Ny =ca. 3000 at 723 K. Following this
study, they succeeded to prepare of Hp-permselective SiO,,
TiO,, Al,O3, B,03 membranes by chemical-vapor deposi-
tion using their chloride precursors within the pores of a
Vycor glass tube. These membranes show permselectivities
of Hy /N, = 1000—5000 at 723 K. Another noteworthy H,-
permselective membrane was a SiO, membrane, which was
prepared on an alumina support with an average pore diam-
eter of 1 um by a sol—gel method.” Its permselectivity of
H,/N, was about 400. Microporous glass membranes with
the pore width of 0.5 < d < 2.0 nm were prepared by atten-
uation from glass melts.*® The permselectivities of Hy/N;
and He/CH, at 303 K were 235 and 11700, respectively.
Another method for preparing microporous membranes has
been to use carbon of which membranes are obtained by
carbonization of polymeric precursors.'%!)

Besides the amorphous materials mentioned above, micro-
porous crystals have been of interest as membrane materials
in recent years because they have extremely narrow pore-size
distributions, which is not the case for amorphous materials.

Zeolites, a class of microporous crystalline aluminosili-
cate materials, have been extensively studied and utilized in
chemical and physical processes, such as in gas separation
and heterogeneous catalysis. Adsorptive separation proc-
esses with granular molecular sieves are operated in a batch-
wise manner. If membranes could be composed of a sort of
zeolites, it would be possible to carry out separation contin-
uously without any changes in the phase, and to substitute
these processes with the membrane separation ones.

Apart from their high thermal resistance, high mechanical
strength and chemical inertness, zeolites have the following
advantageous features when used as a membrane.

ACCOUNTS

1. Micropore systems of zeolites are inherent for the struc-
ture. Pore diameters in zeolites are determined by the aper-
ture with 4, 6, 8, 10 or 12-membered rings of oxygen anions.
The maximum values of the pore opening were calculated to
be 0.26, 0.34, 0.42, 0.63, and 0.74 nm, respectively.

2. Inner surface of zeolites can be readily modified. Both
the actual pore size and the affinity between adsorbed
molecules and the pore-wall depend on the type of cation,
and are precisely controllable by ion-exchange. The outer
surface can also be selectively modified by chemical-vapor
deposition.'?

3. The hydrophilic/hydrophobic nature of zeolites can be
tuned by changing the SiO,/Al,O; ratio in the framework
of zeolites. The cation that balances the negative charge as-
sociated with the framework aluminum ions causes an elec-
trostatic field in zeolites. Thus, the pores of aluminum-rich
zeolites are occupied by water molecules, while a decrease
in the aluminum content leads to the hydrophobic nature.

4. Since zeolites exhibit catalytic properties, they can be
applied to catalytic membrane reactors. A few concepts
of membrane reactors using zeolitic membranes have been
proposed.'*'®

Due to the reasons described above, increasing attention
has been paid to the preparation of zeolitic membranes.
Whereas zeolitic membranes were first proposed in the
1980’s,15~1® studies of them started to be reported in sci-
entific journals in the early 1990’s. In this account, previous
reports on the preparation of zeolitic membranes will be re-
viewed first. We have proposed a new synthetic method, a
dry-gel conversion technique to prepare zeolitic membranes
via vapor-phase transport. Recent progress of our studies
concerning the preparation of zeolitic membranes and their
properties will be summarized.

Hydrothermal Synthesis of Zeolitic Membranes

Zeolitic membranes have typically been prepared from
hydrogels or sols composed of SiO,, Al,03, Na,O, H,0,
and organic templating agents. More or less, most of the
studies have employed a conventional hydrothermal synthe-

Table 1. Self-Supporting MFI Membranes

Silica Alumina Gel composition Substrate Crystallization Thickness
source  source (NayO : SiO; : Al,O3 : TPA : H,O) pm
Sano et al.'? CS  AI(NOs); 0.05:1:0.01:0.1:40—100 Teflon® 373—473K  30—100
2—17d
Sano et al.2%2D CS  AINOs); 0.05:1:0.01:0.1:80 Teflon® 443K 30—100
2d
Tsikoyiannis and Haag?”?  CS — 22:100:0:5.22: 2832 Teflon® 453 K 20—250
Silver 0.3—9d
Stainless steel
Vycor® disk
Sano et al.?? CS AI(NOs); 0.05:1:0—0.01:0.1: 80 Cellulose 443K 500
2d
Kiyozumi et al.?? CS  AI(NOs); 0.01:0.05—0.1:1:0—0.02: 20400 Mercury 393—453 K
» 2d

CS: colloidal silica.
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sis to produce a zeolitic thin layer. Typical silica sources
for synthesizing MFI (particularly known as ZSM-5 zeolite)
membranes are colloidal silica and silica powder (Aerosil).
The tetrapropylammonium (TPA) cation has mainly been
used as a templating agent.

Self-supporting zeolitic membranes can be synthesized
on various substrates. Table 1 summarizes studies con-
cerning the preparation of self-supporting zeolitic mem-
branes. Sano and coworkers'®—?" first synthesized self-sup-
porting MFI membranes on a Teflon® sleeve using a clear
aqueous solution with a composition of 0.1 TPABr:0.05
Na;0:0.01 Al,05:Si0,:40—100 H,0O. Synthesis mix-
tures with H,O/SiO; ratios > 70 were crystallized to form
MFI membranes without stirring. Tsikoyiannis and Haag
hydrothermally synthesized MFI layers with 20—250 pm
thickness on various non-porous supports, such as a Teflon®
slab.??

The mechanical strength of self-supporting zeolitic mem-
branes is insufficient for their application in separation proc-
esses. Most of the studies on the synthesis of zeolitic mem-
branes have been directed for use on porous supports.

High-silica MFI membranes have mainly been studied as
summarized in Table 2. Supported MFI membranes have
typically been prepared from hydrogels or sols composed of
Si0;,, Al,03, NayO, and TPA cation, similarly to the prepa-
ration of self-supporting membranes. A reactant mixture, in
which a porous support is immersed, is placed in an auto-
clave. Typical MFI membranes have been synthesized on
macroporous supports with a pore size of 0.1—10 pm, such
as a-alumina and sintered stainless steel. A support with y-
alumina top layer with an average pore size of 5 nm was also
used by Jia et al.>” Table 3 summarizes the studies concern-
ing other kinds of zeolitic membranes. The preparation of
zeolite A (LTA)?**4? and mordenite (MOR)***® membranes

@
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Fig. 1. Proposed growth mechanisms of zeolitic membranes. a) Sano et al.,>” b) Myatt et al.,
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have been extensively investigated.

Myatt et al.* claimed four possibilities for the formation
of zeolitic membranes, as depicted in Fig. 1a: 1) The produc-
tion of nuclei and the growth of crystals in the bulk solution,
followed by their attraction to, or collision and association
with, a substrate; 2) the production of nuclei in bulk solu-
tion, but diffusion to, and accumulation at, the support before
significant growth has occurred; 3) the diffusion of colloidal
amorphous aluminosilicate to, and concentration at, the sub-
strate, providing more favorable conditions of nucleation and
growth in the vicinity of the substrate; and 4) production of
nuclei on the substrate surface, followed by growth. Fig-
ure 1b shows the mechanism proposed by Sano et al.,? who
claimed that an MFI membrane forms through a successive
accumulation of large MFI crystals of 5 to 10 pm and filling
of voids among the large crystals with microcrystals. This
corresponds to the first case of Myatt’s mechanism. Valtchev
et al.*® studied the growth of MFI and FAU (Y type) zeo-
lites on a copper substrate, and reported that there were three
stages of film growth: 1) initial nucleation on the substrate,
2) a linear increase in crystal size, and 3) saturation of film
growth, which is similar to the fourth mechanism proposed
by Myatt et al. On the other hand, Kita et al.*" suggested
that a gel layer was first formed on the surface of a support,
and then the gel layer was crystallized to LTA, being simi-
lar to the third mechanism. The MFI crystals prepared by
Jansen et al.* were preferentially oriented parallel to the b-
direction, and, thus, the straight channels of the pore system
were perpendicular to the support surface. According to an
in situ observation of crystallization, they proposed a for-
mation mechanisms of such a preferentially oriented zeolite
layer, as shown in Fig. 1c. First, large gel spheres containing

-no TPA were formed in the liquid phase, and the crystalliza-

tion started at the interface of the gel spheres and the liquid

©
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phase. As soon as the gel spheres on which MFI crystals
was formed attached the support surface, the support surface
was attracted to the ac-plane, the largest plane of the crystal.
As aresult, the crystals were laterally oriented to the support
surface. This is also similar to the third mechanism proposed
by Myatt et al.

The intergrowth of zeolite crystals has often been
observed,”**¥ and Yan et al.’® have claimed that the in-
tergrowth of zeolite crystals to fill the voids among crystals
is cruicial for the synthesis of a compact zeolitic membrane
under hydrothermal conditions.

The controlling factors for synthesizing a compact zeolitic
layer have not yet been elucidated. However, a partial dis-
solution of the support during crystallization was often re-
ported. Alumina®?3% and glass*? are easily leached during
synthesis, and the dissolved Si** and AI** ions are expected
to encourage nucleation and crystallization of zeolites on the
support surface, leading to the formation of a continuos layer

. of zeolites. Additionally, the incorporation of dissolved Si or
Al atoms into the framework of the resultant zeolite should
greatly affect the types of zeolites formed.

Under these hydrothermal syntheses, the way to place the
supports seems to affect the formation process of the ze-
olitic membranes, because nuclei or crystals homogeneously
formed in the solution could deposit on the support by con-
vection or diffusion.

Typically, porous supports were horizontally placed on the
bottom of a Teflon® vessel.24” On the other hand, Jansen
et al.* adopted a vertical placement of the support. The
support was positioned in the upper part of the synthesis
mixture with the help of a Teflon® holder.

To form zeolite crystals only on the inner wall of a tube
with y-alumina top layer, Jia et al.’” transferred a gel into
the alumina tube, and plugged both ends with Teflon® caps.
The tube was then placed in a Teflon®-lined autoclave. Yan
et al.**3¥ placed a porous plate in an autoclave horizontally
using a Teflon® holder. The upper level of the synthesis
solution was, however, kept to dip only the bottom side of
the support in the solution in order to grow zeolite crystals
on the bottom side of the support.

A more sophisticated synthesis method has very recently
been developed by Tsapatsis et al.,*” who demonstrated that
stable, colloidal suspensions of nano-sized zeolite L. (LTL)
particles can be formed from a clear solution, and then used
for thin-film preparation. The average size of zeolite parti-
cles in the suspension was as small as 20 nm. A thin layer
consisting of nano-LTL particles can be grown in an alumi-
nosilicate sol. This was the first successful case to separate
the nucleation process from the growth of zeolites during
membrane synthesis in the hydrothermal method.

Synthesis of Zeolitic Membranes by Solid Dry-Gel
Conversion via Vapor-Phase Transport

Bibby and Dale*® first synthesized a zeolite from a non-
aqueous system, suggesting that water is not essential as a
solvent for the crystallization of zeolites.- Pure silica zeolites
with a sodalite (SOD) structure were obtained using ethyl-
ene glycol as a solvent. Since their study, several types of
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zeolites like MFI, FER, and MTN have been synthesized
using organic solvents.***?

Xu et al.’V first found that an aluminosilicate dry gel was
transformed to MFI in contact with vapors of water, ethyl-
enediame (EDA) and triethylamine (Et;N) at 453 K. Kim et
al.*? and we>*** followed this report, and confirmed that this
solid dry-gel conversion technique is useful for synthesizing
various types of zeolites. Kimetal. called this method vapor-
phase transport (VPT).??

In addition, several advantages have been shown to be
drawn from the VPT method.*# If the aluminum content
would be appropriate, aluminum could be fully incorporated
in the zeolitic framework during the early stage of crystal-
lization; crystallization of a Si-rich phase followed. A dry
gel can be completely converted to a zeolite by selecting the
proper synthetic conditions. This synthetic method offers
promising prospects for the synthesis of zeolites possessing
the same Si0,/Al, O3 ratio as with that of the parent gel, and
the production of zeolites shaped in advance. We therefore
expected that the VPT method is prospective for the produc-
tion of zeolite thin layers on a porous support with a variety
of shapes. _

Membrane Synthesis.  The typical preparation proce-
dure that we have employed for synthesizing zeolitic mem-
branes is as follows. A parent aluminosilicate gel is pre-
pared. Either of two kinds of silica sources, colloidal silica
or sodium silicate solution, is used. Anhydrous aluminum
sulfate, Al;(SOy)3, is used as an alumina source. An aque-
ous solution of NaOH or H,SOy, is added to colloidal silica
or sodium silicate solution, respectively, and the resultant
silicate gel is mixed with an Al,(SO4); aqueous solution.

A porous a-alumina support with an average pore diam-
eter of 0.1 um was used throughout our study. The parent
aluminosilicate gel is applied on the support surface by means
of conventional dip coating.

After Et;N, EDA, and water as the vapor source are poured
into the bottom of an autoclave, the alumina support coated
with the aluminosilicate dry gel is set horizontally in the
autoclave, as shown in Fig. 2. The gel is crystallized in the
mixed vapors of EtzN, EDA, and water under autogeneous
pressure at 453 K for 4 d.

[

e

Amorphous gel | | | ~ Teflon vessel

=

1

~~ Porous alumina
support

| Solution

Fig. 2. Schematic diagram of the special autoclave for vapor-
phase transport synthesis.
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An as-synthesized membrane is calcined in air at 773 K
for 4 h. In order to prevent crack formation in the zeolite
layer, we employed a heating rate of 0.1 Kmin~! in the
temperature range of 473—773 K.

The formation of a compact dry amorphous gel on the
support prior to crystallization is required to form for the
preparation of zeolitic membranes in a compact form.>>*®
Numerous cracks were visually observed during the course
of drying, even at room temperature when the gel prepared at
pH of 11 had been applied to the alumina support. Moreover,
the gel which had been prepared at pH of 10 easily scaled off
the support during the drying process.

The compactness of the gel can be evaluated by its specific
surface area. Figure 3°® shows the specific surface area of
aluminosilicate gel dried at 363 K overnight as a function of
the pH at which the gel was prepared. The specific surface
areas of both dry gels with SiO,/Al,O3 ratios =25 and 50
exhibited the same pH dependence, and steeply decreased
with increasing pH in the range of 9.5—11.5. This trend
indicates that the dry gel becomes compact when the gel is
prepared at pH > 11.5.

Further details of the pH dependence were studied using
gels prepared at pH of 11.0—12.0. A glass plate was dipped
in a gel prepared at a given pH and room temperature. The
resultant gel film on the glass plate was dried at 363 K for 1 h.
The compactness of the film was visually evaluated, as listed
in Table 4.>¥ When a sodium silicate solution was used, a
compact continuous film with SiO,/Al,O5 ratio =50 was ob-
tained on a glass plate at pH =11.66, while numerous cracks
were visually observed on a gel film prepared at pH=11.45.
A gel with SiO,/Al;O3 ratio =25 gave similar results when
a sodium silicate solution was used. A value of pH=12.13
was required for the formation of a continuous compact film
when colloidal silica was used. Table 4 also lists the specific
surface areas of dry gels. As described above, the specific
surface area of either dry gel decreased with increasing pH,
indicating that the dry gel became denser at higher pH. In
conclusion, it is essential to precisely control the value of
the pH for obtaining a compact continuous layer of a dry
amorphous gel on the support.

-
o
(=}
o

100 q

10L
1L \O Si02/Al203=50
@ Si0O2/Al1203=25
Al I ) 1 N 1 N 1

Specific surface area [m2 /g]

3 5 7 9 il 13
pH of aluminosilicate gel

Fig. 3. Effect of pH of at which gel was prepared on its
specific area.
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Table 4. Effect of pH at Which Gel Was Prepared on the
‘Surface Area and the Compactness of the Dry Gel Film
on a Glass Plate

Silica source Si0»/Al,0; pH Specific surface Compactness

area [M2 g’l]
Sodium silicate 50 11.66 0.21 Good
Solution 1145 0.27 Poor
25 11.82 0.20 Good
11.58 0.43 Poor
11.28 5.22 Poor
Colloidal silica 25 12.13 0.11 Good
11.81 0.16 Poor
11.54 0.20 Poor

SiOz/Naz =2.1.

Elucidating the chemistry of aluminosilicate gel is clearly
essential to prepare a nicely compact dry gel layer on a sup-
port surface. In general, silicic species exist both in the form
of a dissolved state and in solid particles in the synthesis solu-
tion. The content of dissolved siliceous species dramatically
decreases, and, instead, particles are formed as the pH de-
creases from 12 to 10.5” Namely, a larger amount of dissolved
silica was transformed into particles during the gelation of a
silicic solution at a lower pH. The gel prepared at a higher
pH becomes compact, because dissolved siliceous species
act as a binder of the particles during drying. A compact gel
can thus be prepared using a silica solution containing a suf-
ficient amount of dissolved silica. This discussion suggests
that a higher pH value is favorable for preparing a compact
gel layer on a support, being in good agreement with our
results shown in Fig. 3 and Table 4.

Table 5 summarizes the typical results of crystallization
of aluminosilicate gels applied on an alumina support. Alu-
minosilicate gels were formed at pH=11.7 and 12.0 from
a sodium silicate solution and colloidal silica, respectively,
applied to the alumina support, and crystallized at 453 K for
4 d by the VPT method. The results on a Teflon® plate are
tabulated together. It should be noted that different products
were obtained on the alumina support and the Teflon® plate
when the gel with the same composition was applied to both
supports. Sodium silicate resulted in analcime (ANA) on the
alumina support, while ferrierite (FER) was formed on the
Teflon® plate. Colloidal silica gave MOR on the alumina
support, while MFI was formed on the Teflon® plate. The

Table 5. Synthesis of Zeolitic Membranes on Porous Alu-
mina Support with and without Surface Treatment

Silica source pH Products

No treatment Sodium silicate solution 11.7  ANA

Colloidal silica 120 MOR

Surface treatment  Sodium silicate solution 11.7 FER

Colloidal silica 12.0 MFI

On Teflon® plate Sodium silicate solution 11.7 FER

Colloidal silica 12.0 MFI
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(@ (b)

© ()

Flg 4. SEM images for the top views of zeolitic membranes. (a) ANA, (b) MOR, (c) FER, and (d) MFI membranes.

Table 6.  Effect of Pore Blocking by Benzene Molecules on Hydrogen Permeation through

MOR Membrane
) Permeability of H, [molm™2s~!Pa™!]
Before permeation of benzene 1.12x1077 (310K)
After permeation of benzene
Accompanied by evacuation (383 K, 1 h) 247x107'° (310 K)
Accompanied by evacuation (400 K, 10 h) 3.48x107% (310K)

Permeability of CsHg = 1.14x 10™° (323 K), Ap(CsHs) =0.036 MPa.
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(b)

Fig. 6. SEM images for the cross-section of MOR mem-
branes after (a) 1, (b) 2, and (c) 4 days of crystallization.

Fig. 5. SEM images for the top views of MOR membranes
after (a) 1, (b) 2, and (c) 4 days of crystallization.
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A B &

Fig. 7. FE-SEM images for the cross-section of MOR membrane.

Si0,/AL, 03 ratios of ANA and MOR are generally lower
than those of FER and MFI: The SiO,/Al,0; ratios of ANA
and FER are typically 4 and 15—20, respectively. Those of
MOR and MFI are 8—20 and greater than 20, respectively.
These results should be attributed to the dissolution of the
alumina support and its incorporation into the framework of
zeolite, as found in the studies on hydrothermal synthesis.”"

The surface treatment of the support with colloidal silica,
which has a pH of about 10, successfully depressed the disso-
lution of alumina in our study.>*® As can be seen in Table 5,
the same crystallization results as those on the Teflon® plate
were obtained on the silica-coated alumina support.

Figure 4°® shows typical SEM images of the top view of
the ANA, MOR, FER, and MFI membranes. Each image
shows a typical morphology of the corresponding zeolite
crystals, the results of which are very different from those
observed for those membranes prepared hydrothermally. The
top layers of the zeolitic membranes consist of randomly-
oriented, isolated crystals. The top views of the zeolitic
layers which formed on the surface of the alumina support

(@) (b)

Amorphous gel

Zeolite Crystals

\ -
Penetration of

v silicon species

D

Porous

support

} (Compact layer )

2 [ Aggregate of
nano-crystals
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-
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Fig. 9. SEM image for a preferentially oriented MFI mem-
brane prepared on porous alumina support.

were clearly incompact.

The pervaporation of 1,3,5-triisopropylbenzene (TIPB),
which has a kinetic diameter (0.85 nm) greater than the pore
dimensions of FER (0.42x0.54 nm) and MOR (0.65x0.70
nm), was carried out for 10 h at room temperature using the
MOR and FER membranes. ' ‘

No permeation of TIPB through both MOR and FER mem-
branes was detected by gas chromatogram, indicating that the
flux of TIPB was less than 1.0x 10~° molm—2s~!, the min-
imum flux of which can be determined in the experimental
procedure used (Table 6). It should be noted that these re-

Homogeneous nucleation
and successive accumulation

% Heterogeneous nucleation

%
Dl

Porous support
V Intérgrown
crystals

U % }
7w %% Compact

Fig. 8. Formation mechanism of zeolitic membrane (a) by vapor-phase transport method and (b) by hydrothermal synthesis.
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Permeance ratio of Ho/CHy [-]

" Knudsen diffusion sults of permeation tests with TIPB do not necessarily mean

_— that there is no pinhole between the zeolite crystals. We
can at least conclude that there practically existed no pinhole
greater than the molecular dimension of TIPB in the MOR
and FER membranes.

Formation Mechanism of Zeolitic Membranes. It is
interesting to note that although numerous voids have been
observed among zeolite crystals on an alumina support, as
shown in Fig. 4, the MOR and FER membranes are confirmed
to be pinhole-free. We have studied the formation mechanism
of pinhole-free zeolitic membranes.>>*%3%—60

We now describe the results of studies on the MOR mem-
brane. Figure 5° shows a series of SEM images for the
top view of MOR membranes. Figure 5a shows that MOR

-y Defect-free
'FEF{ membrane

Alumina; support

i |

Viscous flow

1
109

10f 107 10°% 105 10* 1073 crystals began to form on the alumina support within 1 d of

2.1 o crystallization. While MOR crystals continued to grow in 2
Permeance of Hy [mol m™ s Pa™’] d (Fig. 5b), the morphology of the MOR crystals was further

Fig. 12. Permeance ratios of H,/CH, as a function of Hj changed after 4 d (Fig. 5¢). Though the MOR membrane
permeation through FER membranes. Temperature: 303 was pinhole-free, as previously described, numerous voids

- K.

were observed among the MOR crystals on the surface of the
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alumina support. As can be seen from the top views of the
MOR layers which formed on the surface of alumina support,
the surface of these membranes was clearly not compact.

Figure 6 shows SEM images for the cross-sectional view
of the MOR membranes crystallized in different times. It is
noteworthy that the part which is bound with MOR crystals
formed on the surface of alumina support gave a dark con-
trast, as shown in Figs. 6a and b. These dark contrast parts
spread with the crystallization time, and finally link together
after 4 d. Accordingly, these parts seem to be MOR-alumina
composite layers.

Judging from Figs. 6b and c, crystallization started at the

outer surface, and proceeded to the pores of alumina support
to give a continuous MOR-alumina composite layer of 10—
20 wm thickness after 4 d. The crystallization mechanism can
explain that the MOR-alumina composite layer is pinhole-
free, in spite of the fact that there are numerous voids among
the MOR crystals on the support.

Figure 7 shows a typical FE-SEM image for the cross sec-
tion of the MOR membrane. We found that nano-particles fill
up the alumina pores. It is believed that these nano-particles
are nano-crystals of MOR. Namely, a composite layer con-
sisting of nano-crystals of zeolite and porous alumina can be
formed in a compact form. We obtained the same conclusion
for the case of an FER membrane.®®*Y During the course of

* crystallization, Si and Al species can migrate from the outer

surface to the interior of alumina pores to fill up the pores.5?

The driving force of such migration might be a concentration
gradient, or a capillary force. A .

Figure 8 schematically illustrates the plausible formation
process of zeolitic membranes by the VPT method. Alumi-
nosilicate gel partly penetrates into the pores of the alumina
support during the course of dip coating. The crystalliza-
tion starts on the surface of the alumina support. Then, the
crystallization proceeds on both the alumina support and in
the pores of alumina. The gel is successively supplied into
the pores of the alumina support from the gel layer on the
support. The zeolite crystals formed in the pores of alumina
support comprize nano-particles. Finally, a zeolite~alumina
composite layer is formed in a compact form, while voids
remain among the crystals on the alumina support.

The formation mechanisms of zeolitic membranes by hy-
drothermal synthesis are compared in Fig. 8. Briefly, there
are two possibilities for membrane formation, heterogeneous »
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and homogeneous nucleation, as discussed above. Irrespec-
tive of these mechanisms, once a zeolite layer is formed on
the surface of a support, an aluminosilicate solution should
find it difficult to penetrate into the support to fill up the
pores. Consequently, the intergrowth of crystals formed on
the surface of support is probably essential to obtain a pin-
hole-free zeolitic membrane under hydrothermal conditions,
as previously suggested.?22526333445) The zeolitic membranes
prepared by the VPT method, thus, show different morpho-
logical features from those prepared by the conventional hy-
drothermal synthetic method.

Preferentially-Oriented Membrane.’?  Apart from the
studies described above, we recently found that preferen-
tially oriented-MFI membrans can be synthesized by the VPT
method. The synthesis of pinhole-less, oriented crystals on
a porous ceramic support is of great interests for understand-
ing the ultimate permeation properties of zeolitic membranes,
and also for sensor and devise applications. Figures 9 and
10 show a typical SEM image and their XRD pattern. These
membranes are obtained by using sodium aluminate as an
aluminum sourse. Other synthetic procedures are the same
as those described above. When aluminum sulfate was used,
the MFI layer consisted of an accumulation of randomly ori-



M. Matsukata et al.

ented polygonal crystals, as shown in Fig. 4. The relative
reflection intensities of the (¢ 00) and (0 b 0) crystal faces of
MFI are peculiarly high (Fig. 10), indicating that the (a0 0)
and (05 0) faces of MFI crystals are oriented pallarel along
the surface of the alumina plate. The MFI layer comprizes
hexagonal large crystals with a diameter of 50—100 pm;
the surfaces of these large crystals are smooth (Fig. 9). It
is noteworthy that such an oriented-MFI can be syntheized
from a dry gel layer on the support, while the role of the alu-
minum source involved in the parent gel on the orientation
of resultant zeolite crystals is open question.

Permeation Properties of Zeolitic Membranes

Gas Permeation.  Although numerous single gas and
mixed gas permeation measurements have been reported, the
types of zeolitic membranes that have been used for gas-per-
meation tests are still limited. MFI membranes, especially
silicalite (Al-free MFI) membranes, were used frequently.
The permeance ratio of n-butane to isobutane has been widely
used as an indication of the compactness of MFI membranes.
However, the relations between the compactness of zeolitic
membranes with their permeation and separation properties
have not been clearly understood. Compact MFI membranes
generally show a high selectivity to n-butane, while the se-
lectivity ranges from 1 to 6462732346364

We carried out permeation tests of Hy and CH, at room
temperature with five FER membranes, including a pinhole-
free FER membrane and four incompact FER membranes.
Figure 11 shows a schematic diagram of the experimental
apparatus for determining the permeance of the gas. The
pressure difference between the feed and permeate sides was
kept at 0.2 MPa. The permeation side was set at atmospheric
pressure.

Figure 12 shows the variation in the permeance ratios of
H,/CH, plotted as a function of the H, permeance through the
FER membranes. The H, permeance should be an indication
of the compactness of FER membranes.

The H,/CH4 permeance ratio through the alumina sup-
port, itself, was 2.24. The theoretical value for viscous flow
and Knudsen diffusion are 1.25 and 2.82, respectively. The
H,/CH4 permeance ratio through the alumina support is be-
tween these two theoretical values. Taking it into account
that the average pore diameter of alumina pore is 0.1 um,
this result suggests that the transport of Hy and CH; was
governed by the flow in the transition region between vis-
cous flow.and Knudsen diffusion. The zeolitic membranes
were stuck on a glass or stainless-steel tube with a resin. The
effective membrane area was 2.2 cm?. :

The behavior of the H,/CH,4 permeation ratio can be clas-
sified into three regions, as shown in Fig. 12. The H,/CH4
permeance ratio approached the theoretical value for the
Knudsen diffusion with decreasing H, permeance in region
I. In region I, the H,/CH, permeance ratio decreased with
decreasing H, permeance. In this region, the surface diffu-
sion of CHy4, which is more absorbable than H,, appeared in
addition to the Knudsen diffusion. Thus, the H,/CH4 perme-
ance ratio is less than the theoretical value for the Knudsen

Bull. Chem. Soc. Jpn., 70, No. 10 (1997) 2353

diffusion. In region I, the H,/CH4 permeance ratio, again,
increases with decreasing H, permeance. The extreme left
plot in Fig. 12 was obtained with a pinhole-free FER mem-
brane. This behavior seems to be due to configurational dif-
fusion, which influences the permeation of CH4 more than
that of Hy. As a result of this discussion, we suppose that
pinhole-free membranes may be essential for separation on
the basis of configurational diffusion or shape selectivity. In
other words, the smaller number of piholes could greatly
influence the permeation and separation properties.

There exists little information on the relation between the
separation properties of zeolitic membranes and their struc-
tures. We preliminary compared the permeances of inorganic
gases through two different types of zeolitic membranes,
FER and MOR, synthesized on a porous alumina support.

The permeances of H,, He, CHy, Nj, O, and CO;, through
these two membranes are shown in Fig. 13.% The permeance
of each gas through the MOR membrane was about 100-times
greater than those through the FER membrane. This was
presumably due to the pore diameter of MOR being larger
than that of FER, since the thickness of the compact layer in
the MOR membrane, about 20 um, was almost comparable
to that of the FER.

The permeances of H,, He, and CH4 through the MOR
membrane monotonously increased with increasing tempera-
ture, indicating that the controlling mechanism of permeation
did not change in this temperature region. This temperature
dependence of the permeances is evidently caused by ac-
tivated diffusion. Other permeances of gases through the
MOR and FER membranes have minimums with increas-
ing temperature, suggesting that the controlling mechanism
changes. The appreance of these minimums can be explained
by a combination of activated diffusion and the contribution
of sorption. Namely, inorganic gas permeation is governed
by an activated diffusion mechanism at higher temperatures,
and an increasing amount of gas adsorbed on micropore wall
causes an increase in permeance with decreasing tempera-
ture. A theoretical analysis of gas permeation through zeo-
litic membranes was described elsewhere.5%

Most gas-permeation measurements have so far been car-
ried out below 450 K, except for those described in several
reports.'*326369 This is because it is difficult to seal between
a membrane and an apparatus at a high temperature where
polymeric sealing materials cannot be used. One of the at-
tractive targets for zeolitic membranes is to develop a highly
selective membrane reactor operating at high temperatures.
The sealing problems should be overcome in the near future.

Pervaporation Performance. Pervaporation is use-
ful to separate liquid mixtures. Recent studies on sep-
aration tests by pervaporation have indicated that zeolitic
membranes posses a high separation potential for a variety

of organic/water mixtures including water/ethanol*"*45” and

water/methylethylketone.®® This separation performance is

governed by the hydrophilic/hydrophobic nature of zeolites.

The separation of aromatic hydrocarbons can be achieved
by the shape selectivity and/or the adsorption property of ze-
olites. However, only a few attempts have so far been made
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to separate aromatic hydrocarbons. We examined the per-
vaporation of cyclohexane and three aromatic hydrocarbons,
i.e., benzene, p-xylene and o-xylene, through FER and MOR
membranes prepared by the VPT method.* 5

Figure 14V shows the pervaporation results using the FER
membrane for unary systems of cyclohexane, benzene, p-xy-
lene and o-xylene at 303 K. The zeolitic membrane was
set in the solution and the permeate side was kept under a
vacuum.

The separation factor (a(a/b)) was calculated as follows:

O/ Xb)permente

(Xa/Xb)5eed

a(a/b) =
where x represents the mole fraction [-].

The ratios of each flux to that of o-xylene are shown
together in Fig. 14. The fluxes of cyclohexane and benzene
are about one-hundred times greater than those of p- and o-
xylene. The flux of p-xylene is about five-times greater than
that of o-xylene.

Pervaporation tests were carried out consecutively in the
order from the left to the right-hand side in Fig. 14. The
permeation test for TIPB was carried out after that for o-
xylene, and no permeation of TIPB was detected. After
a permeation test for TIPB, pervaporation using benzene
was performed again. The flux of benzene observed was
comparable to that before the TIPB permeation test, as shown
in Fig. 14. These results prove that no TIPB existed in the
micropore of FER, and TIPB adsorbed around the entrance
of micropores was easily substituted by benzene. This is
in good agreement with the conclusion that there existed no
pinhole which would allow the entrance of TIPB into the
FER membrane.

Figure 15V shows the pervaporation results using the FER
membrane for binary mixtures, cyclohexane/benzene, ben-
zene/p-xylene and p-xylene/o-xylene at 303 K. The theoret-
ical separation factors from vapor—liquid equilibrium were
calculated, and are shown in Fig. 15 together. The separa-
tion factors for these three mixtures were greater than those
at vapor-liquid equilibrium. It is noteworthy that a sepa-
ration factor a(p-xylene/o-xylene) was about 3, taking into
account that a MFI membrane which possesses pinholes with
a diameter of about 1 nm showed no selectivity for the p-
xylene/m-xylene mixture.?®

The fluxes of both benzene and p-xylene through the
FER membrane were about a quarter of those through the
MOR membrane. The difference in the fluxes between two
types of zeolitic membrane can be attributed to the difference
in the pore dimensions of MOR (0.70x0.65 nm) and FER
(0.54x0.42 nm). The separation factors for the benzene/p-
xylene mixture exceeded 100, which was much greater than
10.3 predicted based on the vapor-liquid equilibrium.

The vapor permeation of p-xylene, m-xylene, ethylben-
zene, and toluene through an MFI membrane was carried
out by Baertsch et al.,*” who reported that no separation
was achieved for binary mixtures of p-xylene/o-xylene, p-
xylene/ethylbenzene, p-xylene/toluene, and m-xylene/ethyl-
benzene at 380—480 K. They claimed that the molecule
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with the slowest permeation rate limits the diffusion, and
slows the other species down to its own rate in single-file
transport.

When single-file transport occurs in the membrane, the
overall selectivity is always governed by the selectivity on the
feed side of the membrane. Thus, taking into account that the
FER-alumina composite layer is compact, high selectivities
for the benzene/p-xylene mixtures suggest that the shape
selectivity for the benzene/p-xylene mixture appears at the
pore mouths of FER on the feed side of the FER-alumina
composite layer. The intracrystalline diffusivities of ben-
zene in MFI crystals were reported to be comparable to those
of p-xylene.™ Therefore, it seems that the difference in the
sorption rates of benzene and p-xylene molecules into the
zeolite pores on the feed side governed the selectivity in the
present pervaporation.

Figure 16% shows the variation in the fluxes of benzene
and p-xylene and the separation factor as a function of the
feed concentration of benzene. When the molar fraction
of benzene in the feed solution was 57 mol%, the separa-
tion factors for the benzene/p-xylene mixture exceeded 100,
which was much greater than 10.3 predicted based on the va-
por-liquid equilibrium. The separation factor for benzene/p-
xylene mixtures greatly increased with decreasing benzene
concentration in the feed. The separation factor a (ben-
zene/p-xylene) was surprisingly as high as 600 when the
feed concentration of benzene was 0.5 mol%. Although the
flux of p-xylene was varied in proportion to the p-xylene con-
centration in the feed, that of benzene did not monotonously
decrease with decreasing feed concentration, suggesting that
even when the concentration of benzene in feed solution is
extremely small, the sorption rate of benzene into the FER
pores still exceeds that of p-xylene. Therefore, a high sep-
aration factor was obtained at the low feed concentration of
benzene.

Concluding Remarks

Only about ten reports on zeolitic membranes were pub-
lished in 1992. Since then, attention has rapidly been paid to
the research on zeolitic membranes and in 1995 more than
150 papers were reported. With this steeply increasing at-
tention, application fields of zeolitic membranes have been
expanding, for instance, catalytic membranes, sensors, de-
vices, and modification of electrodes. One can believe that
excellent separation properties reported so far prove promis-
ing prospects of zeolitic membranes. We have demonstrated
that the novel synthetric method, vapor-phase transport, is
useful for preparing zeolitic membranes which can be pin-
hole-free.

On the other hand, the reproducibility is now the most
critical problem to be overcome. Most researchers have
reported their best results. This is due probably to a lack
of knowledge concerning the mechanisms of nucleation and
the growth of zeolites. Also, intracrystalline diffusion and
sorption properties are still open for discussion. Further
fundamental studies in a wide variety of fields of zeolite
science are required.
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