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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 usirig 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
wm. 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 SiHs oxidation.*~® This SiO; mem-
brane was highly selective to H, permeation with a perm-
selectivity of Hy/N; =ca. 3000 at 723 K. Following this
study, they succeeded to prepare of Hj-permselective SiO;,
TiO,, Al,O3, B,0O; 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 Hj-
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 Ha/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
inrecent 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 Si0,/Al,0; 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,'*—"® 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 theh
properties will be summarized.

Hydrothermal Synthesis of Zeolitic Membranes

Zeolitic membranes have typically been prepared from
hydrogels or sols composed of SiO.. Al,O;, 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  {(Na:O:SiO:: Az:Os3: TPA : H.0) pum
Sano et al.'"” CS  AI(NO3); 0.05:1:0.01:0.1: 40100 Teflon® 373—473 K 30—100
2—17d
Sano et al.?*3! CS AINO3); 005:1:001:0.1:80 Teflon® 43K 30100
2d
Tsikoyiannis and Haag”  CS — 2.2:100:0:522:2832 Teflon® 453K 20250
Silver 0.3—9d
Stainless steel
Vycor® disk
Sano et al.? CS  AINO3); 0035:1:0—0.01:0.1:80 Cellulose  -H3IK 500
2d
Kiyozumi et al.™ CS  AlNO3); 001:005—0.1:1:0—0.02: 20—00 Mercury 393—33K
24

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'* 2" 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,O5:8Si0;:40—100 H,O. Synthesis mix-
tures with H,O/Si0; 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 um, such
as z-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)?#*Y and mordenite (MOR)*+* membranes

(a)

ACCOUNTS

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 um 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 pfeferenlially oriented zeolite
layer, as shown in Fig. lc. 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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2. 1. Proposed growth mechanisms of zeolitic membranes. a) Sano et al.,>"" b) Myatt et al.™ and ¢ Junsen et al *¥
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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 a result, 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, 33 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 AP* 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.®*? 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.”** 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-
dqueous 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 MFL, FER, and MTN have been synthesized
using organic solvents. %

Xu et al.*" first found that an aluminosilicate dry gel was
transformed to MFI in contact with vapors of water, ethyl-
enediame (EDA) and triethylamine (EtsN) 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 drv
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,(SOy4)s3, is used as an alumina source. An aque-
ous solution of NaOH or H,SOj is added to colloidal silica
or sodium silicate solution, respectively, and the resultant
silicate gel is mixed with an Al;(SOy); aqueous solution.

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

After EtaN, 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 Et;N, EDA, and water under autogeneous
pressure at 433 K for 4 d.

L

il

Amorphous gel

L Teflon vessel

P

™~ 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. >3
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 §i0./Al,03 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 Si0,/Al,O; 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 S5i02/A1,05 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.
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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  Si02/Al;03 pH  Specific surface Compactuess

area (M2 g7']

Sodium stlicate 50 11.66 0.21 Good
Solution 11.45 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

SiOy/Nag =2.1.

Elucidating the chemistry of aluminosilicate gel is clearly
essential to prepare a nicely compact dry gel laver 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 10.57 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 12.0 MOR
Surface treatment  Sodium silicate solution  11.7 FER
Colloidal silica 12.0 M
On Tetlon® plate  Sodium silicate solution  11.7 FFER
Colloidal silica 12.0

MET
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Fig. 4. SEM images for the top views of zeolilic 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 Hy {motm ™ s™' Pa™!)

Before permeation of benzene 1.12x1077 (310 K)
After permeation of benzene

Accompanied by evacuation (383 K, 1 h) 247x107"9 (310 K)
Accompanied by evacuation (400 K, 10 h) 3.48x107% (310 K)

Permeability of Collg = 1.14x 1079 (323 K), Ap(CeHe) = 0.036 MPa.
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Fig. 6. SEM images for the cross-section of MOR mem-
branes after (a) 1, (b) 2, and (¢) 4 days of crystallization.

Fig. 5. SEM images for the top views of MOR membranes
after (a) 1, (b) 2, and (¢) 4 days of crystallization.
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Fig. 7. FE-SEM images for the cross-section of MOR membrane

Si02/AL O3 ratios of ANA and MOR are generally lower
than those of FER and MFI: The Si0./Al>O5 ratios of ANA
and FER are typically 4 and 15—20, respectively. Those of
MOR and MFTI 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
silicon species

Aggregate of
nano-crystals
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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 (T1PB),
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™> s~ . the min-
imum flux of which can be determined in the experimental
procedure used (Table 6). It should be noted that these re-

w, HOmogeneous nucleation
% and successive accumulation
4
{ % Heterogeneous nucleation

w
%
(%

Porous support

V Intergrown
crystals

Compact
layer

Fig. 8. Formation mechanism of zeolitic membrane (a) by vapor-phase transport method and (b) by hydrothermal synthesis.
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permeation through FER membranes. Temperature: 303
K.

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.  Itis
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 #3650

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
crystals began to form on the alumina support within 1 d of
crystallization. While MOR crystals continued to grow in 2
d (Fig. 5b), the morphology of the MOR crystals was further
changed after 4 d (Fig. 5¢). Though the MOR membrane
was pinhole-free, as previously described, numerous voids
were observed among the MOR crystals on the surface of the
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Fig. 13. Permeances of single gases through (a) MOR and (b) FER membranes.

380 350 300 [K]
—_ Hyp 0
Tcu 1
Q.
T':n
o
E
o
E
)
Q
c
]
Q
£
@
a.
— Calculated
10.7 N L P | i
26 28 30 32 34
1000/T
10-4 T T T T T
‘v
N 10-5}
c 10
g Flux/Flux{OX)
<
3 10-6f
(18 /
10-7 . "
CH BZ PX OX Bz%
Fig. 14.  Pervaporation results for single liquid components

using FER membrane. (7 =303 K) CH: cyclohexane, BZ:
benzene, PX: p-xylene, OX: o-xylene. *) After permeation
test for 1,3,5-triisopropylebenzene.

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 pm 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 laver 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.*®®" 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.®"
The driving force of such migration might be a concentration
gradient, or a capillary force.

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 laver 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.?>326-33439 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-
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ented polygonal crystals, as shown in Fig. 4. The relative
reflection intensities of the (¢ 00) and (0 & 0) crystal faces of
MFI are peculiarly high (Fig. 10), indicating that the (¢ 00)
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 64,%62732—3.6364

We carried out permeation tests of H, 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
keptat 0.2 MPa. The permeation side was set at atmospheric
pressure.

Figure 12 shows the variation in the permeance ratios of
H,/CHj 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,/CH, 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,/CH,4 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 i1s 0.1 pm,
this result suggests that the transport of H> 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, permeation ratio can be clas-
sified into three regions, as shown in Fig. 12. The H./CH,
Permeance ratio approached the theoretical value for the
Knudsen diffusion with decreasing H, permeance in region
L In region II, the H./CH, permeance ratio decreased with
décreasing H, permeance. In this region, the surface diffu-
ston of CHy, which is more absorbable than Ha. appeared in
addition to the Knudsen diffusion. Thus, the H-/CH, perme-
ance ratio is less than the theoretical value for the Knudsen
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diffusion. In region III, the H,/CHy4 permeance ratio, again.
increases with decreasing H, permeance. The extreme lett
plotin 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 CHy 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 Hy, He, CHy, N, O- and CO- through
these two membranes are shown in Fig. 13.°* The permeance
of each gas through the MOR membrane was about 1(¥)-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 laver in
the MOR membrane, about 20 um, was almost comparable
to that of the FER.

The permeances of H,, He, and CHy 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 **

Most gas-permeation measurements have so far been car-
ried out below 450 K, except for those described in several
reports.'*4*9%% 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™ =" 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. %"

Figure 14% 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:

_ (xa/xb)permcn(c
a(a/b)= (%a/Xbecd

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 15%" 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-xvlene 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 1993 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 wansport, 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 anc
the growth of zeolites. Also, intracrystalline diffusion anc
sorption properties are still open for discussion. Furthe:
fundamental studies in a wide variety of fields of zeolit
science are required.
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Abstract

Zeolitic membranes were synthesized on a porous alumina support by the vapor-phase transport mcthod using one
of two alumina sources: aluminum sulfate and sodium aluminate. By choosing the appropriate period and temperature
for drying the aluminosilicate gel on the alumina support, MOR, FER and MFI could be synthesized. MOR was
formed when the water content in the dry gel was high. As the water content decreased, FER and MFI were formed
sequentially. Preferential formation of MFI was achieved by treating the dry gel at 373 K. The temperature at which
the support was dipped in the parent gel also influenced the type of zeolite formed, although the effect of drying
conditions was more pronounced. A similar trend was found for both aluminum sulfate and sodium aluminate.

When the alumina source was sodium aluminate and the aluminosilicate gel was treated at 373 K, a preferentially
oriented MFI membrane could be synthesized, as the (a00) and (0b0) crystal faces were oriented in parallel to the

surface of porous alumina support. The uniform and dense morphology of the dry gel seems to account for the
appearance of the orientation. © 1997 Elsevier Science B.V.

Keywords: Preferentially oricnted membrane; Synthesis; Vapor-phase transport; Zeolitic membrane

1. Introduction

Zeolites (i.e., crystalline aluminosilicates) have
been widely used as adsorbents, catalysts and ion
exchangers. They can be used as molecular sieves
because of their micropore systems. They are more
resistant to high temperatures and chemicals than
organic materials. Recently, great attention has
been paid to zeolitic membranes as separation
membranes and chemical sensors.

Hydrothermal synthesis has generally been used
to synthesize zeolites on a support. Self-supporting
MF1 membranes were prepared on a Teflon slab

0927-6513/97/$17.00 € 1997 Elsevier Science B.V. All rights reserved.

PII $0927-6513(97)00019-9

by Sano et al. [1], and by Tsikoyiannis and Haag
[2]. The zeolitic membranes obtained were poly-
crystalline and formed through the successive accu-
mulation of zeolite crystals {3]. Pinholes between
crystals were avoided using this method. Yan et al.
[4] recently synthesized defect-free MFI mem-
branes on the bottom surface of an alumina sup-
port placed horizontally just below the surface
of the liquid phase. They confirmed that
1,3,5-triisopropylbenzene (kinetic diameter 0.85
nm) did not permeate through the membrane. It
was reported that the H,0/SiO, ratio and the
synthesis temperature played important roles in
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the synthesis of a defect-free zeolitic membrane
[1,5]. Silicalite membranes were synthesized on
inner surface of an alumina tube [6,7] and on a
porous stainless steel [8]. Noble et al. suggested
that at least two or three syntheses were necessary
to reduce the number of defects. From the results
of gas permeation experiments using several mole-
cules such as n-C,H,,, i-C,H,,, H, and N, they
suggested that the mass transport through silicalite
membranes was controlled by the molecular size
and adsorption properties [6-8].

Matsukata et al. [9] also preparcd pinhole-free
FER and MOR membranes by a vapor-phase
transport method. This synthetic method was first
reported by Xu et al. [10], who successfuly synthe-
sized MFI from a dry gel in 1990. Dong et al. {11]
also prepared self-supporting ZSM-5 and ZSM-35
membranes using this method. Kim et al. [12]
reported that water and a high pH value in the
hydrogel were necessary for crystallization [12].
FER was synthesized under water-lcan conditions

e A

&".!_./

by Matsukata ct al. [13]. They reported that the
Na,0/Al,0, ratio in the hydrogel affected the type
of zeolite formed.

In order to favor permeability, zeolite crystals
on supports should be formed in the orientation
of the crystal faces. Highly oriented MFI films
have formed on flat, uniform and non-porous
plates such as mercury [14] and silicon (100)
wafers [15]. High surface tension and uniformity
of the support are considered to be the key for the
orientation of the zeolite.

Matsukata et al. [13] have synthesized zeolites
by a vapor-phase transport method, and reported
that the Na,0Q/SiO, ratio and the templating rea-
gent affected the phase of the zeolite, and the
support'material affected the crystallinity. In this
study, we investigate the effect of the alumina
source, the water content of the dry gel and the
dipping temperature of the alumina support in the
hydrogel on the phase of zeolite formed. We
synthesized a preferentially oriented MF1 mem-

Stainless steel autoclave

Teflon vessel

Amorphous gel
Porous alumina substrate

Filter paper

Glass vessel

Template solution

Fig. |. Schematic illustration of the autoclave used for synthesizing zeolitic membranes by the vapor-phase transport method.
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brane on a porous alumina support using sodium
aluminate instead of aluminum sulfate as the alu-
mina source.

2. Experimental

The zeolitic membranes were prepared using the
vapor-phase transport method (VPT). A colloidal
silica (ST-S; Nissan Chemical Co.) containing
30-31 wt.% SiO, and <0.6 wt.% Na,O was used
as the silica source. Two kinds of alumina source
were used: anhydrous aluminum  sulfate,
Al(S0,); (Kanto Chemicals Co.), and sodium
aluminate, NaAlO, (Kanto Chemicals Co.). The
parent aluminosilicate gel was prepared as follows.
Colloidal silica was stirred while adding 4 N
sodium hydroxide and 0.24 M alumina source
solutions. The composition of the gel was adjusted
to Na,0:510,:A1,0,=10.6-11.6:22.9:1. The resul-
tant gel was aged while stirring at 293 K for 6 h,
and a porous alumina support (mean pore diame-
ter 0.2 mm; Nippon Gaishi Co.) or a glass plate
was dipped in the gel without stirring at various
temperatures (276, 293 and 313 K) for 24 h. The
aluminosilicate gel on the support was dricd (a) at
293 K for 1 day, (b) at 293 K for 3 days, (c) at
293K for 3 days followed by further drying
at 333K for 2h, and (d) at 293 K for 3 days
followed by further drying at 373K for 2h.
Crystallization was carried out under a mixture of
vapors of ethylenediamine (EDA), triethylamine
(Et3N) and water in an autoclave which is shown
schematically in Fig. I. The composition of the

mixture was 1EDA:1.9E(3N:3.7H,0. The sup-
ported dry gel was placed in the middle of the
autoclave. After crystallization at 453 K for 5 days,
the product was washed with deionized water and
dried at room temperature under evacuation.

The product was characterized using XRD and
SEM. The dry gel removed from the support was
characterized using TG-DTA to detcrmine the
water content and 2’AI-NMR to study the local
structure of the gel.

3. Results and discussion

3.1. Effect of preparation conditions on product
zeolite Structure

The aluminosilicate gel was supported on the
porous alumina plate by dip coating at 293 K, and
the supported gel was dried at different temper-
atures. Table 1 lists the crystallization results
obtained under various drying conditions. When
aluminum sulfate was used and the dry gel was
prepared at 293 K, drying for | day gave a mixture
of mordenite (MOR) and ferrierite (FER).
Interestingly, further drying led to different crystal-
lization results. Prolonged drying at 293 K gave a
pure phase of FER. When the parent gel was
treated at a higher temperature after drying at
293 K for 3 days, MFI was observed in the pro-
duct. In particular, pure MFI was formed when
the parent gel was treated at 373 K for 2 h.

Different dipping temperatures of 276 and 313 K
were applied for the preparation of the dry gel

Table 1
Effect of dipping temperature on the type of zeolite formed
Drying condition Dipping temperature (K )
Al(50,); NaAlO,
276 293 313 276 293 313
293 K for one day MOR MOR +FER MOR+FER MOR MOR + FER  MOR +FER
293 for three days MOR+FER FER FER FER+MF1  FER+MFlI  FER
293 X for three days+333 K for 2h  FER FER+MF1  FER FER+MFI  FER+MFI  FCER+MFI
293 K for three days+373K for2h  FER+MFl  MFI FER+MFl  FER+MFI[* MFI? FER +MFP'1*

Silica source: colloidal silica, Na,0:5i0,;ALO,; =10.6-11.6:22.9:1.
*Highly oriented products.
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layer on the alumina support. The trend of the
product shifting from MOR to MFI via FER,
probably with increasing degree of drying,
was maintained at these dipping temperatures.
However, pure MFI was obtained only when the
support was dipped at 293 K.

Similar results were obtained when sodium alu-
minate was used instead of aluminum sulfate.
However, a preferentially oriented MFI thin layer
was found to form on the support surface in the
cases indicated in Table 1. This will be discussed
later.

3.2. Formation of preferentially oriented MFI
membranes

Fig. 2 shows the XRD patterns of the zeolites
formed on the alumina support. When synthesized
with aluminum sulfate, the relative intensities of
the reflection peaks of MFI were coincident with
those of a powder MFI sample, showing randomly
oriented zeolite crystals. However, when sodium
aluminate was used, a dramatically different XRD
pattern was recorded for MFI. The relative inten-
sities of the (¢00) and (060) crystal faces of MFI
were significantly large compared with those of
the powder MFI. These results indicate that the
(a00) and (0b0) faces of MFI are deposited in a
parallcl orientation along the surface of the alu-
mina support, and that the a- and b-axes are
perpendicular to its surface.

Fig. 3 shows an SEM image for MFI layers
formed on the alumina support. In the case where
aluminum sulfate was used, the MFI layer consists
of an accumulation of randomly oriented polygo-
nal crystals with a size of 10-20 pm (Fig. 3(a)).
An intergrowth of crystals can be seen, although
the cross-sectional view shows that there are large
voids among the crystals (Fig. 3(b)). Figs. 3(c)
and (d) show the top and cross-sectional views of
a preferentially oriented MFT layer developed on
the alumina support, obtained using sodium alumi-
nate as the alumina source. The MFI layer is
composed of large hexagonal crystals 50-100 pm
in diameter, and the surface of the large crystals
looks smooth. Voids between crystals were hardly
observed in the cross-sectional view of this sample.

(a)
_ g
8 X
§ g8 S
NLNWY. 1

. ?-*‘
-3

b)

alumira

{200) (020)

Intensity / a u.

26 /degree

Fig. 2. XRD patterns of zeolites formed on alumina support
and powder ZSM-5. (a) Powder ZSM-5 (8i0,:Al,0,=23.8).
(b) MF1 on alumina support prepared using Al,(SO,);. (¢} M1
on alumina support prepared using NaAlO,. Dipping temper-
ature: 293 K, drying condition: 293 K for 3 days followed by
373K for 2 h.

3.3. Effect of preparation conditions of the
aluminosilicate gel on the products

Judging from the results shown in Table 1, we
supposed that the water content in the parent dry
gel significantly influenced the phase of the synthe-
sized zeolite. The water content in the dry gel was
measured by means of TG-DTA for samples dricd
under various conditions. In these TG-DTA
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(b)

Fig. 3. SEM images (top and cross-sectional views) of the zeolite formed on the alumina support. SiO, source: colloidal silica,
ALO, source: top view (a) Al(SO,),, (¢) NaAlQ,; cross-sectional view (b) Al,(SO4),, (d) NaAlO,. Dipping temperature: 293 K,
drying condition: 293 K for 3 days followed by 373 K for 2 h.
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experiments, the powdery dry gels removed from
the alumina support were used after drying.

Table 2 lists the water content of the aluminosili-
cate gels. The water content gradually decreased
with drying conditions from (a) to (c). In condition
(d), when the parent gel was treated at 373 K, the
water content was significantly low. Comparing
with the results shown in Table 1, it is obvious
that the zeolite phase formed changes in the order
MOR, FER and MFI with decreasing water
content. Kim et al. [9] proposed that there is a
vapor-liquid equilibrium between water molecules
condensed in the micropores of the gel and the
amine in the vapor phase. It is similarly supposed
that the water content in the dry gel controls the
concentration of amines and decides the crystal
structure of the zeolite synthesized.

Fig. 4 shows the results of DTA for aluminosili-
cate gels dried under conditions (a)-(d). As shown
in Fig. 4(i), when aluminum sulfate was used, an
endothermic peak appeared at about 373 K. The
height of the peak decreased with increasing drying
time and temperature. When the parent gel was
dried at 293 K for 3 days followed by a further
treatment at 373 K for 2 h, the endothermic peak
was shifted to a higher temperature and was broad-
cned. We propose that in the course of drying at
293 or 333 K, water evaporated gradually without
changing the gel structure greatly, and as the
temperature of gel treatment increased, polymer-
ization of the aluminosilicate network proceeded
and the structure consequently held water mole-
cules more tightly. Thus, the type of zeolite synthe-

Table 2
Watcr content in dry gel

Drying conditions Water content (wt.%)

Al(S0,), NaAlO,
(a) 293K for | day 72.0 71.7
(b) 293K for 3 days 62.1 63.9
(c) 293K for 3 days 52.0 43.3
+333K for2h
(d) 293 K for 3 days 9.5 13.5
+373K for2h
Silica  source:  colloidal  silica, Na,0:5i0,:A1,0,=

10.6--11.6:22.9:1; dipping temperature: 293 K.
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sized depends on the degree of polymerization of
the dry gel.

The phase of synthesized zeolites did not depend
significantly on the kind of alumina source used.
As shown in Fig. 4(ii), a similar endothermic peak
was observed for the gel sample prepared using
sodium aluminate. The synthesized zeolites gave
similar phases regardless of whether aluminum
sulfate or sodium aluminate was used. The degree
of polymerization in gel formation seems a more
important factor in determining the phase of the
zeolite.

It should be noted, however, that the DTA curve
of the dry gel prepared using sodium aluminate
gave another endothermic peak at about 400 or
550K after prolonged drying at 333 or 373K,
respectively. The surface of the dry gel treated at
373K had a lustered appearance. These results
seem to show that exposure of the aluminosilicate
gel to high temperatures accelerates polymerization
and causes partial vitrification, and as a result, the
network holds water molecules deep inside the gel
pores. The second peak observed may be due to
the evaporation of water which was held strongly
and freed at higher temperatures. As stated above,a
preferentially oriented MFI layer was obtained
from the parent gel treated at 373 K. We believe
that the structure of the dry gel should be related
to the formation of the oriented MFT layer.

The results shown in Table 2 and Fig. 4 indicate
that the water content and the degree of polymer-
ization of the dry gel varied with the drying
conditions for the gel. These factors seem to influ-
ence the structure of the synthesized zeolites
strongly. In addition to the condition of gel drying,
the temperature of dip coating is also important
in determining the structure of the zeolites, as
shown in Table 1. The effect of dipping temper-
ature was reflected by the variation in the pH of
the hydrogels to be mounted. Table 3 shows how
pH varied with dipping temperature. It is shown
that higher dipping temperatures gave lower pH
values. We thus believe that Na* ions became
incorporated in the network of hydrogels as poly-
merization progressed. The degree of polymeriza-
tion of the hydrogels probably increased with
increasing dipping temperature.

When the dipping temperature was 313 K, the
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Fig. 4. (i) DTA curves for dry gels. SiO, source: colloidal silica, Al,O; source: Al,(SO,)s, drying conditions: (a) 293 K for 1 day, (b)
293 K for 3 days, (¢) 293 K for 3 days followed by 333 K for 2 h, (d) 293 K for 3 days followed by 373 K for 2 h. (ii) DTA curves
for dry gels. Si0, source: colloidal silica, Al,O, source: NaAlO,, drying conditions: (a) 293 K for ! day, (b) 293 K for 3 days, (c)
293 K for 3 days followed by 333 K for 2 h, (d) 293 K for 3 days followed by 373 K for 2 h.

Table 3
pH of aluminosilicate gel after dipping the alumina support

Alumina source Dipping temperature (K)

276 293 313
Al(S0,), Above 14 13.94 12.28
NaAlO, Above 14 13.92 12.88
(Above 14) (13.96) (12.89)

Silica  source:
10.6-11.6:22.9:1.

Figures in parentheses indicates the pH of the gel prepared
without dipping the support.

colloidal  silica, Na,0:8i0,;AL0,;=

pH of hydrogels prepared from aluminum sulfate
was lower than that from sodium aluminate, as
shown in Table 3. Table 1 shows that the zeolite
phases obtained from aluminum sulfate, however,
were similar to those from sodium aluminate,
indicating that the structure of the dry gels pre-
pared from these alumina sources were not signifi-
cantly different. This probably suggests that the
existence of SO; ™ ions from aluminum sulfate may
influence the decrease in pH, although it did not
influence the degree of polymerization of the dry
gel to vary the phase of zeolite synthesized.

FER was formed under all the drying conditions
when the dipping temperature was 313 K, as shown
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in Table 1. After dipping at higher temperatures,
the degree of polymerization of the hydrogels and
the Na™ ion content in the gel may be increased.
Tt was reported by Matsukata et al. [13] that for
VPT synthesis, MFI was synthesized from dry gels
with low Na,O/Al, 0, ratios, and FER was synthe-
sised from gels with higher Na,0/Al,0, ratios.
Similarly, FER was synthesized in the present
study, probably because the content of Na* ions
in the parent gel was sufficiently high to form FER
rather than MFL.

Tables 1 and 2 show that when the water content
of the dry gel was high, MOR was formed in the
products. MOR is a type of zeolite in which the
Si0,/AL0; ratio is generally lower than that in
MFI and FER. It is thus supposed that the forma-
tion of MOR is caused by dissolution of the
alumina support followed by occlusion of the
A’* jons into the dry gel layer.

Table 4 shows the products prepared from the
gel dried at 293 K for 1 day on a glass plate with
aluminum sulfate. In this case, MOR was not
formced on the glass plate; this could be due to the
dissolution of glass, because the surface of the
glass plate became dim after dipping it in the
aluminosilicate gel. Similarly, it is supposed that
when the water content of the dry gel is high,
alumina is probably easily dissolved into the gel
layer from the support. A higher water content in
the dry gel makes dissolution of the alumina
support easier. In such a case, the interaction
between the gel layer and the support would play
an important role in the crystallization process.

3.4. Preferentially oriented MFI membrane

The MFT layers prepared using sodium alumi-
nate or aluminum sulfate have a completely

Table 4
Effect of support materials on the type of zeolite formed

Support Dipping temperature (K)
276 293 313
Glass plate FER FER
Porous alumina MOR MOR + FER MOR + FFER

Silica source:  colloidal silica;  ALO; source: AL(SO,)..
Na,0:8i0,:A1,0,=10.6:22.9:1; drying condition: 293 K for
one day.
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different morphology, as shown in Fig.3. It is
probable that the chemical and/or the mechanical
structure of zeolites largely depend on those of
their parent dry gel in the VPT method. SEM
images of dry gels prepared using these alumina
sources are shown in Fig. 5. The dry gel layer from
aluminum sulfate was created by the accumulation
of gel particles having diameters of ca. 1-5um
(Fig. 5(a)). The cross-sectional view (Fig. 5(b))
shows that there are many voids as in the resultant
zeolite layer (Fig. 3(b)). On the other hand, the
dry gel prepared using sodium aluminate is so
dense that primary gel particles cannot be distin-
guished, as shown in Figs. 5(c) and (d). Such a
dense and uniform morphology of the dry gel
could allow the growth of large crystals. Prolonged
growth along specific crystal axes was probably
allowed in this uniform and dense parent dry gel,
and thus the anisotropy of the crystal faces was
emphasized, lcading to the formation of a preferen-
tially oriented MF1 layer.

The coordination number of Al cations in thesc
dry gels was determined by means of 2’Al MAS
NMR. As shown in Fig. 6, two peaks appeared at
50-55 ppm (tetrahedral) and 0 ppm (octahedral)
from the dry gel prepared from aluminum sulfate.
This shows that all the octahedrally coordinated
AP’* ions in aluminum sulfatc could not be
changed to tetrahedral coordination in the course
of gelation. The non-uniformity in the coordina-
tion number of the AI®* ions may obstruct poly-
merization and lead to the formation of smaller
gel particles with voids among them. The dry gel
obtained from sodium aluminate contained only
tetrahedrally coordinated AI®* atoms, as shown
in Fig. 6(b). The observed NMR peak width was
narrow as compared with the case of aluminum
sulfate, suggesting a uniform local coordination
environment around Al** ions. As sodium alumi-
nate gives AlO; ions, which are stable as a tetrahe-
drally coordinated form, we believe that the Al
ions can easily form ~Al-O--Si- networks while
keeping the tetrahedrally coordinated formation.
As a result, most of the AI’* ions may be occluded
in the gel structure. The uniform coordinated
formation of AI** ions may cause extended gela-
tion to form the uniform gel structure,
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Fig. 6. “7Al MAS NMR spectra for dry gels. The chemical shift
was calibrated by using aqueous 1 N AlL,(SO,);. Al, 0, source:
(a) Al (S80,);, (b) NaAlQ,.

4. Conclusions

(1) When the dipping temperature of the porous
alumina support and/or the drying temperature
and the time of the aluminosilicate gel on the
support were varied, MOR, FER and MFI were
synthesized from the same composition material.

(2) When sodium aluminate was used as the

E. Kikuchi et al. | Microporous Materials 11 (1997) 107 116

alumina source, a preferentially oriented MIFI layer
was formed on a porous alumina plate.
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Gas Permeation through Zeolite-Alumina
Composite Membranes

Norikazu Nishiyama, Korekazu Ueyama, and Masahiko Matsukata
Dept. of Chemical Engineering, Osaka University, Osaka 560, Japan

Mordenite (MOR) and ferrierite (FER) membranes without any pinhole and crack
were synthesized by a vapor-phase transport method. The permeance of H,, He, CH,,
N,, O, and CO, was determined at 290 - 400 K, which showed minimum with increas-

. ing temperatures for most cases. In the parallel diffusion model was proposed, molecules
adsorbed in a micropore are assumed to diffuse in parallel through the central region of
the pore and along the wall region of the pore. This parallel diffusion model accounts
for the effect of pore size of MOR and FER on the permeation and expresses the experi-
mental data well. The interaction between gas molecules and pore walls are evaluated

for each gas.

Introduction

Much attention has been paid to inorganic membranes
having molecular sieving properties for gas separation and
membrane reactors due to their high thermal resistance,
chemical inertness, and high mechanical strength. Zeolites are
very promising materials for such molecular sieving mem-
branes because of their unique pore sizes.

In most researches on zeolitic membranes, ZSM-5 (MFI)
membranes have been synthesized by conventional hy-
drothermal synthesis. Tsikoyiannis and Hagg (1992) synthe-
sized a self-supporting MFI membrane on a Teflon slab.
However, for the lack of its mechanical strength, porous ma-
terials have been used to support a thin layer of zeolite (Geus
et al., 1992, 1993; Yan et al., 1995; Sano et al.,, 1994).

Permeation measurements of single-component gas includ-
ing inorganic gases and light hydrocarbons such as n-butane
and i-butane through MFI membranes have previously been
studied. Jia et al. (1993) reported that the permeance ratio as
high as 6.2 for n-butane over i-butane through an MFI mem-
brane was obtained. The results from several other groups
also show higher permeances of n-butane than that of i-
butane. Yan et al. (1995) synthesized defect-free MFI mem-
branes on a porous c-alumina support and observed good
permeation selectivities for butane isomers: the permeability
ratio of n-butane to i-butane was 18 to 303 K. Transient gas
permeation measurements were performed by Geus et al.
(1993) for CH,, n-butane, neon, i-butane at room tempera-

Correspondence concerning this article should be addressed to M. Matsukata, who
is currently at the Dept. of Applied Chemistry, Waseda University, Tokyo 169, Japan.
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ture. Those values were in the following order: CH, > n-
butane > neon > i-butane. In particular, they found that the
permeance ratio of n-butane to i-butane was as high as 64 at
298 K.

The permeation tests for a mixed gas through zeolitic
membranes have been performed using a Wicke-Kallenbach
cell. Tsikoyiannis and Hagg (1992) studied the permeances
for three binary mixtures (O,/N,, H,/CO,, and n-
hexane/2,2-dimethylbutane) through self-supporting MFI
membranes at 296 and 322 K. The observed selectivity for an
n-hexane/2,2-dimethylbutane mixture was 17.2, much higher
than that in the Knudsen region, 1. Bai et al. (1995) reported
that the separation selectivities for H,/SF, and H,/i-butane
were 12.8 and 11.9, respectively, at 583 K, and were signifi-
cantly greater than those predicted from the Knudsen diffu-
sion mechanism. Geus et al. (1993) studied the permeation
behavior of the 50/50 methane/n-butane mixture with elevat-
ing temperature. n-Butane, which was preferentially ad-
sorbed at lower temperatures, was desorbed with increasing
temperature, and methane started to permeate at a higher
temperature. Similar trends have been found for H,/n-butane
mixture (Kapteijn et al,, 1995). The H, permeation flux at a
steady state was reduced by. a factor of more than 100 com-
pared with that for a single-component measurement, while
the n-butane flux remained unaltered, indicating that the
permeation behavior of n-butane was hardly affected by the
permeation of H,.

Shah et al. (1993) and Sun et al. (1996) fabricated MFI
(Al-free) membranes by embedding a large (300X 100 %X 100
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wum) single MFI crystal in an epoxy resin to measure the
transport rates of C,—~C, and aromatic hydrocarbons in an
MFT crystal. The diffusivities of both n-butane and i-butane
in MFI crystals were determined as about 1072 m2.s~!,
Lewis et al. (1997) synthesized large single crystals of pure-
silica ferrierite (FER) (600X 500X 20 m). They mounted the
FER crystal so that only the ten-membered or eight-mem-
bered ring channels are accessible for gas permeation.
Methane, n-butane, and i-butane were used for the gas per-
meation tests. They showed that the ten-membered ring
channel was permeable to these three kinds of the gases, but
the eight-membered ring channel was permeable to only
methane,

Recently, a novel synthetic method, vapor-phase transport
(VPT), has developed for crystallization of zeolite powders
and zeolitic membranes. In the VPT method, zeolites are
crystallized from dry aluminosilicate gels under vapors of or-
ganic templates and/or water. Xu et al. (1990) have first syn-
thesized MFI powders by the VPT method. Kim et al. (1993)
and Matsukata et al. (1993) showed that various kinds of zeo-
lites can by synthesized by the VPT method.

We have applied the VPT method to synthesize zeolitic
membranes composed of FER (Matsukata et al., 1994a),
mordenite (MOR) (Nishiyama et al., 1995, 1996), and a mix-
ture of FER and MFI (Matsukata et al., 1994b) on a porous
alumina support. Yan et al. (1995) postulated that a defect-
free zeolitic membrane is possible to be synthesized hy-
drothermally by the intergrowth of crystals formed on the
surface of support. On the other hand, we have proposed
that a defect-free zeolitic membrane can be obtained when a
compact composite layer consisting of zeolite crystals and a
porous support is formed (Nishiyama et al., 1996).

In this study, we synthesized defect-free MOR and FER
membranes on a porous alumina support by the VPT method.
The dimension of the main channel of MOR (0.65 x0.70 nm)
is larger than that of FER (0.42}0.54 nm). Permeation tests
of gases were carried out using these zeolitic membranes. We
shall propose a paralle! diffusion mode! and analyze the tem-
perature dependence of permeances for gases. The effect of
the pore size on permeation properties was discussed using
the diffusion model.

Experimental Studies
Preparation of MOR and FER membranes

Preparation of Dry Gel on Porous Alumina Support. MOR
and FER membranes with an effective membrane area of 2
cm? were synthesized from different types of parent gels. Both
types of parent gel were prepared at room temperature. For
the synthesis of the MOR membrane, colloidal silica contain-
ing 30.3 wt. % of SiO, and 0.42 wt. % of Na,O (ST-S; Nissan
Chern. Ind.) was used as silica source. Aluminum sulfate an-
hydride, Al,(SO,),, (Wako Pure Chem. Ind. Co.) was used as
the alumina source. A NaOH solution was added to colloidal
silica to adjust the pH of gel. The resultant gel was mixed
with an Al,(SO,); aqueous solution. The composition of the
parent gel was 10Na,0: Al,0,: 25 SiO,: 700 H,0. A porous
alumina plate with an average pore diameter of 0.1 um
(Nihon Gaishi Co.) was used as support. The support was
dipped in the parent gel for 1 day and dried for 2 h at 363 K.

For the synthesis of the FER membrane, the parent gel
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was prepared in the same procedure as that described above,
except for using different source materials. Sodium silicate
solution containing 35-38 wt. % of SiO, and 17-19 wt. % of
Na,O (Kanto Chem. Co.) and concentrated H,50, were used
as the silica source and pH adjustment agent, respectively.
The composition of the gel was 12Na,0: Al,O,: 25 Si0,: 700
H,0. The surface of the support was treated with colloidal
silica at the pH of about 10 to depress the dissolution of alu-
mina from the support (Nishiyama et al., 1996). The treated
support was dipped in the parent gel. By evacuating the sup-
port from one side, the gel was forced to penetrate into the
pores of the alumina support.

Crystallization. A mixture of triethylamine(Et,N), ethyl-
enediamine(EDA) and water was poured into the bottom of
an autoclave as the vapor source. The composition was 1.5
Et;N: EDA: 3.0 H,O. The porous alumina support coated
with aluminosilicate dry gel was set in the autoclave. The gel
was crystallized in the mixed vapors of Et,N, EDA and water
under autogeneous pressure at 453 K for 4 days. The mem-
branes were rinsed with deionized water and dried at 363 K
overnight. An as-synthesized membrane was calcined at 773
K for 4 h. We adopted 0.1 K-min~! of the heating rate at
the temperature range 473-773 K. Products were character-
ized by X-ray diffraction (XRD) and scanning electron mi-
croscope (SEM).

Evaluation of the compactness of zeolitic membranes

The compactness of the products was checked by the per-
meation of 1,3,5-triisopropylbenzene (TIPB) at room temper-
ature. The zeolitic membrane, attached on an end of a stain-
less-tube with a cross-sectional area of 2.2 cm?, was placed in
liquid TIPB. The permeation side was kept under vacuum.
The permeant was collected for 10 h in a cold trap using
liquid nitrogen. After that, we put 3-5 cm?® of methanol and
6.1x107°% mol of n-octane into the trap. Methanol was used
as a solvent and n-octane as a standard material. We injected
4 pL of the mixture into a gas chromatograph. We assumed
that peak areas less than five counts cannot be detected on
an integrator. Then, the minimum detectable flux was deter-
mined as 1X107° mol-m™?-s™! under our experimental
conditions.

Gas permeation test

The permeances of H,, He, CH,, N,, O, and CO, through
the zeolitic membranes were determined. The pressure dif-
ference between the feed and permeate sides was kept at 0.2
MPa. The permeation side was set at an atmospheric pres-
sure. The permeation rates of gases through the zeolitic
membranes were measured at 290~400 K. The experimental
apparatus for the gas permeation tests was shown by Mat-
sukata et al. (1994a).

Results and Discussion

Figure 1 shows the XRD patterns from MOR and FER
membranes. These patterns were similar to those from com-
mon powder MOR and FER, respectively, indicating that
randomly-oriented polycrystajline MOR and FER were
formed on the alumina support.

The pervaporation of TIPB, which has a kinetic diameter
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Figure 1. XRD patterns for {(a) MOR and (b) FER mem-
branes.

(0.85 nm) greater than the pore dimensions of MOR and
FER, was carried out. No permeation of TIPB was detected
through both zeolitic membranes. The minimum detectable
flux was 1 X 10~° mol-m™2-s™! under our experimental con-
ditions as described above. These zeolitic membranes were
practically defect-free.

We performed the permeation tests of benzene before and
after the permeation test of TIPB. The flux of benzene after
the permeation test of TIPB was 7X107° mol-s™!-m~? and
almost the same as that before the permeation test of TIPB.
No TIPB was detected in the later permeation test of ben-
zene. Thus, we concluded that no TIPB existed in the micro-
pore of FER. In addition, the TIPB adsorbed around the en-
trance of micropore could easily be substituted by benzene.
Therefore, there clearly existed no pinhole and no crack,
which would allow the entrance of TIPB into the FER mem-
brane.

Figure 2 shows the SEM images of the cross-sectional views
for the MOR and FER membranes. A composite layer con-
sisting of porous alumina and zeolite was clearly formed.
Voids among the MOR or FER crystals on the porous alu-
mina support were observed in the SEM images for both
membrane surfaces. We thus believe that the zeolite-alumina
composite layer is compact. The thickness of the composite
layer was about 20 pm for the MOR membrane and 40 um
for the FER membrane. A detailed discussion on the struc-
ture of these zeolite-alumina composite layer will be reported
in the near future.
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Figure 2. SEM images of the cross-sectional views of
(a) MOR and (b) FER membranes.

Figure 3 shows the permeances of H,, He, CH,, N,, O,
and CQ, through the MOR and FER membranes in the tem-
perature range from 290 to 400 K. Judging from the results
of the permeation tests of TIPB, we concluded that these
gases permeated through the micropores of zeolite. The per-
meance of each gas through the MOR membrane was about
100 times greater than those through that of FER. This is
due presumably to the pore diameter of MOR larger than
that of FER, since the thickness of the compact layer in the
MOR membrane was almost comparable to that of FER as
described above.

The permeances of H,, He and CH, through the MOR
membrane monotonously increased with increasing tempera-
ture, indicating that the controlling mechanism of perme-
ation did not change in this temperature range. This temper-
ature dependence of the permeances is evidently caused by
the activated diffusion. The permeances of gases through the
MOR and FER membranes, except for H,, He, and CH,
through the MOR membrane, showed minimums with in-
creasing temperature, suggesting that a different controlling
mechanism should be taken into consideration.

(a) MOR (b) FER
100°C 30°C 100°C 30°C
10.6 & ] 10-8 i 1
H
‘T‘ He '_ He
" L]
o CH o
e ) 4 =
=4
3 o, § :
g g 0
10.7 —d L i 10.9 1 1 f
26 28 30 32 34 26 28 30 32 34
1000/T 1000/T

Figure 3. Permeances of single gases through (a) MOR
and (b) FER membranes.
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At higher temperatures, the temperature dependency of the
permeances of all gases through both membranes indicated
that the activated diffusion mechanism governed permeation:
the interaction between molecules and pore wall played dom-
inant role of permeation. It can be said that at lower temper-
atures the molecule-pore wall interaction significantly con-
tributed to-permeation mechanism. Therefore, we excluded
the contribution of Knudsen diffusion mechanism.

Analysis of the permeance through the membranes

Barrer (1990, 1991) first discussed the permeation through
a zeolitic membrane. His theory was based on the assumption
that the entry of molecules into the membrane and their es-
cape from there proceed via an externally adsorbed layer,
which is called the interface process. He concluded that the
contribution of the interface processes to the steady flow
through zeolitic membrane would become less significant with
increasing temperature and membrane thickness. On the ba-
sis of his theory, the role of the interface processes would be
negligibly small at room temperature if the membrane thick-
ness is greater than 1 um, indicating that the rate-limiting
process of the permeation through zeolitic membranes is the
intracrystalline diffusion in the micropores of zeolite under
our experimental conditions.

Shelekhin et al. (1995) modeled the single gas permeation
through the molecular-sieve glass membranes. In their model,
the total concentration of gas molecules inside the membrane
is the sum of the gas-phase and adsorbed-phase concentra-
tions. They concluded that the effect of the adsorbed diffu-
sant on the total flow is significant for highly adsorbable gas.

Shelekhin’s approach and the simple Fick formulation con-
sidering the concentration dependence of diffusivity cannot
account for the appearance of the minimum permeances
through the MOR and FER membranes. To explain the tem-
perature dependence, the micropores of zeolite should be
considered as the energetically heterogeneous surface. Seidel
and Carl (1989) and Kapoor and Yang (1989) assumed that
the surface consists of parallel paths such that each path has
uniform, but different, energy, and surface diffusion bccurs
along these parallel paths. Their parallel-paths assumption
contains a continuous energy distribution. Their parallel paths
conception is, however, rather complicated. Actually,
molecules in the micropore collide with each other and with
the wall of the micropore as depicted in Figure 4a. We con-
sider two parallel paths in the micropores in our simplified
parallel diffusion model as depicted in Figure 4b. The
molecules adsorbed in the micropore diffuse in parallel
through the central region of a pore and along the wall re-
gion of a pore. In other words, there are two types of
molecules with different adsorption energies and activation
energies of diffusion in the micropores.

We assumed that the adsorption equilibrium between the
center and wall region of the pores is always accomplished
and that the movement of molecules between the center and
wall regions of the pores is very rapid and that in the direc-
tion parallel to zeolite pores is relatively slow. The ratio of
the numbers of molecules diffusing through each path ex-
presses the probability of the existence of molecules in each
path.

Furukawa and Nitta (1997) have recently studied gas per-
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Figure 4. Parallel diffusion model.

meation through nanoporous carbon membranes by nonequi-
librium molecular dynamics. They showed the snapshots in
simulation cell for ethane in the pore of four different pore
widths. According to their snapshots, most of molecules in
the broad pore diffused near the wall. However, in narrower
pore of carbon, the number of the molecules diffusing around
the center of pore became increased, suggesting that a paral-
lel diffusion possibly occurs in the micropores of zeolites for
small molecules. Their results strongly support that the par-
allel diffusion model is a reasonable concept.

Based on Barrer (1990)’s discussion, we assumed that the
rate-limiting process of permeation through a zeolitic mem-
brane is intracrystalline diffusion. The diffusive flux is gener-
ally written as

ac dlnp dC
J=-D, " = _pS P
& dinC dr

dlnp dC dp
dinC dp dx’

Y]

In this case, the adsorption equilibrium at the interface be-
tween the gas phase and membrane is accomplished. If gas
adsorption on a zeolitic membrane at temperatures higher
than room temperature is assumed to follow Henry’s law, the
derivatives are

dinp dC Ky Ky (qs,) @

-1
dinC_ ° dp RT RT OP\RT

where Ky and g, represent Henry’s constant and isosteric
heat of adsorption, respectively. This model does not con-
sider molecule-molecule interaction but wall-molecule inter-
action, because the low concentration (Henry law) region is
assumed here. Diffusivity in activated process can be written
as

- F
D= DOeXP(—EF) 3)

where D and E represent diffusivity and activation energy of
diffusion, respectively. By introducing Eqgs. 2 and 3 into Eq.
1, we obtain

DoKo ( 4, — E ) dp
J =~ exp

RT RT ) dx’ @
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At the steady state,

Ap
d

YRS

o =(, then

(5)

where Ap represents the pressure difference. The perme-
ance through a zeolitic membrane is, then, expressed as

D,K —E
o Ho (‘I: ) ©)

0
" 7d RT RT

Here, a parallel diffusion mechanism is applied to Eq. 6.
The molecules adsorbed in the micropore diffuse in parallel
through the central region of a pore and along the wall re-
gion of a pore. The permeance is expressed as the sum of
both contributions:

6 Dy Ky, sei = K
0 HO (‘1:, ) o

P=
Td Z RT RT

i=c,w

Suffixes, ¢ and w, correspond to the diffusion through the
central region of a pore and along the wall region of the pore,
respectively.

We considered that both types of diffusion contributed to
the permeation of gases under these experimental conditions,
except for the permeation of H,, He and CH, through the
MOR membrane. The parameter fitting was carried out us-
ing Eq. 7 on the assumption that molecules dominantly dif-
fuse through the central region at higher temperatures and
along the wall region at lower temperatures. The parameter
fitting contains a set of two adjustable parameters,
eDyK,;o/rd and g — E, for each path. Solid lines in Figure 3
represent the values calculated from Eq. 7. The proposed
parallel diffusion model expresses the experimental data well.

Based on the calculated results, we separated the perme-
ance, P, into two types of mass transportation through the
central region of a pore, P, and along the wall region of a
pore, Py, where P = P.+ Py,. Figure 5 shows the tempera-
ture dependence of P, Py and P calculated for He and
CO, through the FER membrane, suggesting that the diffu-
sion along the wall region of the FER pore cannot be ignored
even for the permeation of He. The adsorbable gas, CO,,
diffuses dominantly along the pore wall at room temperature
for the FER membrane.

Figure 6 shows the ratios of Py, to P for each gas. The
diffusants along the wall region were more dominant through
the FER membrane compared with those through the MOR
membrane. This seems reasonable because the interaction
between molecules and a pore wall should become more sig-
nificant in a narrower pore. In the MOR membrane, H,, He
and CH, exclusively diffused through the central region of
the pore. In other words, the interaction between molecules
and the pore wall of MOR was not strong enough to make
the diffusion along the pore wall remarkable. For both mem-
branes, the values of Py /P for CO, were greater than any
other gas and those for He were the smallest. These results
imply that the parallel diffusion model can account for the
effect of the interaction between molecules and a pore wall.

One can note that the permeation behavior depends clearly
on not only the pore size of zeolites but also the Si0,/Al,04
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Figure 5. P, P, and P,, for (a) He and (b) CO, through
FER membrane.

ratio of zeolites. Sun et al. (1996) used a membrane made of
a large single crystal of pure-silica MFI with a size of 100X
100300 pm for the single-gas permeation tests of methane,
ethane, propane and butane. The permeances of these gases
through a single-crystal of MFI increased with increasing
temperature in the temperature range 303-343 K. Lewis et

(a) MOR membrane (b) FER membrane
1.0 ¥ T T T 1.0 T

o
~
2
Q.
02f 4 0.2
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Figure 6. Temperature dependence of P,/ P.
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Table 1. (q,, — E) and (€ Dy Ky, /7d) for MOR and FER

Membranes
qsr.c—Ec GDQ,CKHO c/Td qsx,w—Ew 6DO,WI<H(] w/Td
kKiemol™'l  [m-s™'] [K'mol™'] [m-s™]
MOR H, -5.1 1.9%1073
He -55 15x1073
CH, -50 7.1x107*
N, ~6.6 57x107% 34 53%x107Y
0, -23 88x1072 49 1.1x107°
co, =27 1.9%x107! 2.1 29%x1073
FER H, -98 59%x1073 89 34x1078
He ~6.6 1.6Xx1073 12 6.3x107°
CH, -~14 50x10°3 4.2 1.4x1077
N, -19 2.6x107* 39 1.1x107
0, -110 38x10° . 07 52x1077
CO, —140 1.6x 101 -2.8 1.5%107¢

al. (1997) also carried out single-gas permeation tests of
methane using a membrane made of a single crystal of pure-
silica FER (600X 500 %20 pm). The permeances of methane
through the pure-silica FER membrane increased with in-
creasing temperature in the temperature range 323-398 K.

Through pure-silica zeolite membranes, the diffusants in
central region of the pore should be dominant compared with
those through Al-containing zeolite membranes. Thus, mini-
mum permeances should appear at lower temperatures for
pure-silica zeolite membranes.

Table 1 summarizes the fitting parameters, (g5, — E;) and
€Dy/rdK yo. All the values of (¢, , — E,) were much greater
than those of (q,, . — E_): the values of (G5, — 451,) Were
much greater than those of (Ey, — E). This result suggests
that the activation energies of diffusion along the pore wall,
Ey, are not much greater than those through the central re-
gion of pore, E, although there are large differences in the
heats of adsorption between molecules on the pore wall, strs
and in the central region, q,.. The value of (q,,.~ E¢) for
CO, was much less than that of any other gas for both MOR
and FER membranes, possibly suggesting that the activation
energy, E., of CO, was much greater than those for other
gases. B

Conclusions

The permeances of H,, He, CH,, N,, O, and CO, through
defect-free MOR and FER membranes were determined at
290-400 K. The temperature dependencies of the perme-
ances were analyzed using a parallel diffusion mode! in which
the permeance was separated into two contributions,
molecules diffusing through the central region of the pore
and along the wall region of the pore. The contribution of
the diffusion at the wall region to the total permeation de-
creased with increasing temperature. The effect of diffusion
along the pore wall on the total permeation was significant
for adsorbable gas-like CO,. In contrast, the diffusion through
the central region of the pore was dominant for He. The
molecules, which diffuse along the pore wall, were more
dominant through the FER membrane compared with those
through the MOR membrane, indicating that the effect of
difference in the pore size between MOR and FER ap-
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peared. The proposed parallel diffusion model is useful for
analyzing the interaction between gas molecules and a pore
wall.
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Notation

C= concentration of molecule in membrane, mol+-m™?
Dp= Fickian diffusivity, m?-s~!

D= intrinsic diffusivity, m?-s~!

d = membrane thickness, m

E = activation energy, J-mol ™!

J= flux, mol-m~2.5~!
K= Henry’s constant

p = pressure, Pa
A p= pressure difference, Pa

P= permeance, mol-m~2-s~!.pa—!
g, = isosteric heat of adsorption, J-mol~!

R= gas constant, 8314 J-mol~1-K!

T'= temperature, K

x = direction coordinate, m

0= porosity of membrane

7= tortuosity of membrane

Subscripts

¢ = center of pore
i=corw
w=wall of pore
0= constant
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Abstract

The mechanism of formation of ferrierite (FER) membrane on an alumina support by a vapor-phase transport
(VPT) method was studied using XRD, SEM, FE-SEM and EDX. The XRD measurement for a FER membrane
alter the removal of FER particles formed on the support showed that FER was formed in the pores of the alumina
support, namely, a FER-alumina composite layer was formed. The FE-SEM image for the cross-sectional view of the
FER-alumina composite layer showed that FER nanocrystals of about 50 nm diameter grew in the pores of the
alumina support. Pervaporation tests for benzene/p-xylene mixtures were performed at 303 K. Even when the
concentration of benzene in the feed solution was extremely small (0.5 mol%), the flux of benzene through the FER
membrane was still greater than that of p-xylene. Therefore, a separation factor as high as 600 was obtained in the
low feed concentration of benzene. Such a high selectivity for the benzene/p-xylene mixture suggested that the
selectivity for the benzene/p-xylene mixture appears at the pore mouths of FER on the feed side of the FER-alumina
composite layer. © 1997 Elsevier Science B.V.

Kevivords: Ferrierite; Zeolitic membrane; Vapor-phase transport synthesis; Pervaporation

1. Introduction

Zeolites are recognized as attractive materials to
prepare inorganic membranes because of their
molecular sieving properties, high thermal resis-
tance, chemical inertness and high mechanical
strength. Taking into account that zeolites have
inherent pore diameter and their physicochemical
properties can be modified by ion exchange, fine
control of permeability could be expected.

In most researches on zeolitic membranes,
* Corresponding author, Tel/Fax: +81 3 52863850;
c-mails mmatsu@emn.waseda.ac.jp

0927-6513,97,$17.000 1997 Elsevier Science BV Allrights reserved.
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ZSM-5 (MF1) membranes have been synthes-
ized by conventional hydrothermal synthests.
Tsikoyiannis and Hagg [1] synthesized a self-
supporting MFI membrane on a Teflon slab. Due
to the lack of its mechanical strength, however,
porous supports have been used for supporting a
thin layer of zeolite [2-9].

Another preparation method of zeolites, vapor-
phase transport ( VPT) method, was developed by
Xu et al. [10], who synthesized MFI from dry
aluminosilicate gels under mixed vapors of ethylen-
ediamine (EDA), triethylamine (Et;N) and water.
Following this work, Kim er al. [11] and our
previous research [12] confirmed that various types
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of zeolite such as ferrierite (FER), mordenite
(MOR) and analcime (ANA) can be synthesized
by the VPT method.

We have recently applied the VPT method to
prepare zeolitic membranes on a porous alumina
support [13-17]. In these previous studies, zeolitic
membranes have been synthesized in two steps:
(1) preparation of a dry aluminosilicate gel layer
on a porous alumina support by a dip-coating
method, and (2) crystallization under vapors of
amines and water. One of the advantages of the
VPT method is that it seems easy to prepare
membranes even on supports which have compli-
cated shapes like honeycombs. In addition, alumi-
nosilicate dry gels can be fully crystallized to
zeolite by the VPT method [18]. Namely, zeolites
with the same SiO,/Al,O; ratio as that of the
parent gel can be synthesized, although it is difficult
to crystallize all Si and Al atoms in the solution
by hydrothermal synthesis [19].

We previously synthesized FER and MOR mem-
branes using the VPT method [16]. Both FER and
MOR membranes were confirmed to be defect-
[ree because no permeation of 1,3,5-triisopropyl-
benzene (TIPB) was detected. Although the top
layer of these zeolitic membranes synthesized on
an alumina support had numerous voids between
crystals, continuous layers showing a dark contrast
were observed in the SEM images for the cross-
sectional views of a zeolitic membranes. These
dark contrast continuous layers were believed to
be compact tentatively. However, SEM observa-
tions do not give conclusive evidence that zeolite
crystals formed in the pores of alumina support.
In addition, the formation mechanism of a zeo-
lite—alumina composite layer is still open question.
The objective of this study is, first, to elucidate the
formation mechanism of zeolitic membranes.

Recent studies on separation tests by pervapora-
tion have indicated that zeolitic membranes have
high separation potential for a variety of
organic/water mixtures including water/ethanol
[20-22],  water/acetone [23] and  water/
methylethylketone [24]. It was suggested that sepa-
ration performance for these mixtures was gov-
erned by hydrophilic/hydrophobic nature of
zeolites. On the contrary, the separation of aro-
matic hydrocarbons can be achieved by the shape

selectivity of zeolites as well as the interaction
between molecules and pore walls of zcolite,
However, only a few attempts have been made to
date for the separation of aromatic hydrocarbons
[25,26]. In the present study, benzene/p-xylene
mixtures were examined for the pervaporation tests
using a FER membrane prepared by the VPT
method.

2. Experimental

2.1, Preparation of parent gel

A parent aluminosilicate gel was prepared using
sodium silicate solution containing 35-38 wt.% of

810, and 17-19 wt.% of Na,O (Kanto Chem. Co..

Inc.) as a silica source. Aluminum sulfate anhy-
dride, Al(SO,);, (Wako Pure Chem. Ind. Co..
Ltd.) was used as an alumina source. An appro-
priate amount of conc. H,SO, was added (o the
sodium silicate solution to adjust the pH of resul-
tant gel. After the silicate gel was mixed with an
Al(SO,); aqueous solution, the pH of resultant
gel was 11.7. The composition of mixture was 25
Si10,: ALLO5: 12 Na,O.

A porous g-alumina plate (Nihon Gaishi Co.,
Ltd.) was used as a support. The surface of alumina
support was treated with colloidal silica to depress
dissolution of alumina in the cource of crystalliza-
tion [16], unless otherwise mentioned. Two types
of dipping method were examined for the prepara-
tion of FER membranes. First, the porous alumina
support was dipped in a gel for | day. Secondly,
after the support was dipped in the gel for | day,
the gel was forced to penetrate into the pores of
the alumina support by evacuating the support
from one side. Hereafter, the first and sccond
methods are called dipping methods (1) and (2).
respectively.

2.2. Crystallization by vapor-phase transport
method

The alumina support coated with the aluminosil-
icate dry gel was set horizontally in an autoclave.
The gel was crystallized in the mixed vapors of
Et;N, EDA and water under autogencous pressure
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1 453 K for 4 days. The mixture having a molar
ratio of 1 EDA: 2 EtyN: 2.5 H,O was used to
produce vapor.

An as-synthesized FER membrane was calcined
in air at 773 K for 4 h. Heating rate should be as
small as possible because a high heating rate
probably causes formation of cracks in the FER
membrane owing to the difference in the thermal
expansivity between FER and o-alumina support.
The heating rate of 0.1 Kmin™! was adopted in
the temperature range of 473-773 K.

The structure and crystallinity of the products
were determined by X-ray diffraction (XRD) with
Cu Ko radiation (Simadzu VD-1 and Philips X’s
Pert-MRD).

The morphology of product was examined by
scanning electron microscopy (SEM) (Hitachi
S-800 and S-2250). Field emission SEM
(FE-SEM) (Hitachi S-5000L) was also used for
characterization.

Concentration profiles for Si and Al in the
membrane were taken by an energy-dispersive
X-ray (EDX) analyser (Philips, EDAX DX-4)
attached to the scanning electron microscope
( Hitachi, S-2250N).

230 Pevvaporation of benzene/p-xylene mixtures

Pervaporation  measurements for benzene/p-
vylene mixtures were performed at 303 K using
the FEER membrane. The experimental apparutus
was previously described [16]. The FER mem-
brane, attached on a stainless tube with a cross-
sectional area of 2.2 cm?, was placed in 200 cm?®
ol solution. The permeation side was kept under
vacuum. The permeate was collected in the cold
trap using liquid nitrogen every 30 min. Steady
state fluxes were always obtained after 2 h. The
amount of permeate was determined by a gas
chromatograph.

Flux and separation factor o, were calculated
from the following equations

1
Flux e oo (H
(A

C -
(*\ ai Vb )pcrmeule

ofgihy == -t SETERE (2)
(‘Yu/-\'h )l‘ccd

where 1, 1, 4 and x represent permeated amount

(mol), time (s), membrane area (m?) and mole
fraction (-), respectively.

3. Results and discussion
3.1. Structure of the FER membrane

The formation mechanism of the FER membrane
was studied using FER membranes prepared by the
dipping method (1). In order to investigate the
growth of FER in the pores of alumina support
after crystallization, FER particles formed on the
surface of alumina support were removed by
polishing with sand paper. Fig. 1(a) and (b) show
the XRD patterns for the FER membranes before
and after the removal of FER particles on the
surface of support, respectively. Fig. 2(a) and (b)
show the top views of FER membrane before and

Intensity [ a. u. ]

| I I f I
10 20 30 40

20 [degree ]
Fig. 1. XRD patterns for FER membranes (a) before and (b)

after removal of FER particles on alumina support. Solid
symbol, alumina.
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(c)

Fig. 2. SEM images for the top views of FER membranes (a) before and (b) after removal of FER particles on alumina support,
and the cross-sectional views of FER membranes (¢) before and (d) after removal of FER particles on alumina support

after the removal of FER particles on the alumina
support, respectively. Fig. 2(c) and (d) show their
corresponding cross-sectional views. No FER par-
ticle was observed over the whole surface of alumina
support after polishing the membrane surface. The
strong reflection peaks for FER were still observed
in Fig. 1(b) although no FER crystal existed on the
surface of alumina support. These XRD results
indicated that FER was formed even in the pores of
alumina support, namely, an FER-alumina compos-
ite layer was formed. From Fig. 2(c), the thickness
of the FER layer on the alumina support and that
of the FER-alumina composite layer were about
10 um and 15 um, respectively.

Fig. 3(a) and (b) show the FE-SEM images for
the cross-section of porous alumina support and
the center of FER-alumina composite layer,
respectively. From Fig. 3(a), the average pore
diameter of alumina support is found to be about

0.1 um. In Fig. 3(b), nanoparticles with diameters
of about 50 nm are observed in the pores ol
alumina support. Fig. 4 shows the FE-SEM images
for FER powder produced by the VPT method.
We first determined that a large plate-like FER
particle is composed of assembled ncedle-like FER
nanocrystals with a diameter of about 30 nm. By
comparing Fig. 3(b) with Fig. 4, we believe that
the nanoparticles observed in the alumina pores
correspond to FER nanocrystals. In conclusion,
FER nanocrystals grew in the pores of alumina
support and filled up there to form a composite
layer of FER and alumina.

3.2, Formation mechanism of 'ER-aluming
composite layer

EDX analysis was carried out to clarify whether
an aluminosilicate gel was penctrated into the
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Fip. 3. FE-SEM images for the cross-section of (a) porous alumina support and (b) FER membrane.



(a)
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Fig. 4. FE-SEM images for FER powder produced by VPT method.



N. Nishivama et al. | Microporous Materials 12 ( 1997) 293-303 299

pores ol alumina support during the dipping pro-
cess. In this experiment, a support without surface
(reatinent with colloidal silica was used. Fig. 5(a)
and (b) show the SEM and EDX elemental images
for the cross-section of alumina support coated
with an aluminosilicate gel, respectively. White
dots in Fig. 5(b) represent the presence of silicon.
fn IFig. 5(b), silicon was observed in the interior
ol alumina support, indicating that the aluminosili-
cate gel partly penetrated into the pores of alumina
before crystallization.

The amount of aluminosilicate gel in the alumina
support after the dipping process (2) should be
larger than that prepared by method (1), because
the support was evacuated from one side during a
dipping process (2). We reported that the FER
membrane prepared by method (2) could be practi-
cally defect-free, although the FER membrane
prepared by method (1) was permeable to TIPB
[17]. We consider that a larger initial amount of
aluminosilicate gel in the pores of alumina makes
it easier to {ill up the voids in the composite layer.
Therefore, 1t scems that the FER membrane pre-
pared by the dipping method (2) became com-
pact [17].

We previously proposed the formation of zeo-
lite alumina composite layer only by SEM obser-
vation for the cross-sectional views of zeolitic
membrane [16]. The XRD and EDX measure-
ments in this study gave evidence that. zeolite
crystals formed in the pores of the alumina sup-
port. A schematic diagram of a plausible formation
mechanism of zeolitic membrane is shown in
tig. 6(a). An aluminosilicate gel partly penetrates
into the pores of alumina support before crystalli-
zation. Crystallization starts on the surface of
alumina support. Then, crystallization proceeds
both on the alumina support and in the pores of
alumina. Zeolite crystals formed are composed of
nano particles. The gel may successively be sup-
plied into the pores of alumina support from the
gel layer on the support to fill up the pores of
alumina. Finally a zeolite-alumina composite layer
formed can be compact, while voids remain among
the crystals on the surface of alumina support.

The formation mechanism of a defect-free zeo-
litic membrane hydrothermally obtained has been
broposed as shown in Fig. 6(b). Sano et al. [27]

synthesized an MFI membrane on a Teflon slub
hydrothermally and suggested that the MFI mem-
brane is formed mainly through a successive accu-
mulation of zeolite crystals which are formed via
homogeneous nucleation in the liquid phase. On
the contrary, Geus er al. [3,4] suggested that
crystallization starts by heterogeneous nucleation
on a support surface. They claimed that the layer
made of intergrown polycrystals on the surface of
the support was compact under their hydrothermal
conditions. Another formation mechanism was
proposed by Jansen et al. [28] and Kita [29] who
have proposed that a gel layer is formed on a
support at first and then the gel layer is crystallized
to zeolitic membrane.

Irrespective of these formation mechanisms of
membrane, once a zeolite layer or gel layer is
formed on the surface of a support, an aluminosili-
cate solution may find it difficult to penetrate into
the support to fill up the pores. The intergrowth
of crystals in contact with a solution preferentially
occurs under their hydrothermal conditions.

3.3, Separation of benzene/p-xvlene mixtures
through FER membrane

The pervaporation tests for benzene/p-xylene
mixtures with various feed concentrations were
performed at 303 K using an FER membrane
prepared by the dipping method (2). The FER
membrane used here was confirmed to be practi-
cally defect-free, because no permeation of TIPB
was detected in the pervaporation of TIPB [17].
Fig. 7 shows the change in fluxes of benzene and
p-xylene and the separation factor as a function
of the feed concentration of benzene. Fluxes of
benzene and p-xylene for single component perme-
ation measurements are also plotted in Fig. 7.
When the molar fraction of benzene in the feed
solution was 57 mol%, the separation factor a
(benzene/p-xylene) for the benzene/p-xylene mix-
ture exceeded 100 which was much greater than
10.3 predicted from the vapor-liquid equilibrium.
The separation factor for benzene/p-xylene mix-
tures largely increased with decreasing benzene
concentration in the feed. This results suggests
that even when the concentration of benzene in
feed solution was extremely small, 0.5 mol%, the
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Fig. 5. (a) SEM and (b) EDX elemental images for the cross-section of alumina support coated with aluminositicate gel. White dots: S
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and

sorption rate of benzene into the FER pores was
stll higher than that of p-xylene. The separation
factor was as high as 600 when the feed concen-
tration of benzene was 0.5 mol%. While the flux
ol p-xylene varied in proportion to the p-xylene
concentration in the feed, the flux of benzene did
not behave linearly with feed concentration: a
large increase in the flux of benzene was observed
with increasing concentration from 0 to 5 mol%.

Therefore, a high separation factor was obtained
at a low feed concentration of benzene.

We reported the pervaporation results of
benzene/p-xylene (0.86: 1) mixture through MOR
membranes [16]. The fluxes of benzene and
p-xylene were 1.7x107% and 8.0x 1077 mol
s™'m™? at 295K, respectively. Both fluxes of
benzene and p-xylene through the FER membrane
were about a quarter of those through the MOR
membrane. The difference in fluxes between these
two types of zeolitic membrane can be attributed
to the difference in pore dimensions of MOR
(0.70 x 0.65 nm) and FER (0.54 x 0.42 nm).

We previously carried out pervaporation using
a FER membrane for a p-xylene/o-xylene mixture
at 303 K [17]. The separation factor for a p-
xylene/o-xylene mixture was about 3. It is consid-
ered that the shape selectivity of FER pores for
xylene isomers appeared because it was reported
that the MFI membrane which possessed pinholes
with a diameter of about 1 nm showed no selectiv-
ity for a p-xylene/m-xylene mixture [22].

Vapor permeation of p-xylene, m-xylene, ethyl-
benzene and toluene through an MFI membrane
was carried out by Baertsch er al. [25] who

reported that no separation was achieved
for binary mixtures of p-xylene/o-xylene, p-

xylene/ethylbenzene, p-xylene/toluene and -
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xylene/ethylbenzene at 380-480 K. They claimed
that the molecule with the slowest permeation rate
limits diffusion and slows the other species down
to its own rate in single-file transport. Funke et al.
[26] used the same MFI membrane as that used
by Baertsch ef «l. for the separation of octane
isomers and found that n-octane preferentially
permeated through the MFI membrane. They con-
cluded that n-octane molecules prevented i-octane
molecules from entering the zeolite pores.

When the single-file transport occurs in the
membrane, the overall selectivity should always be
governed by the selectivity on the feed side of
membrane. Thus, taking into account that the
FER-alumina composite layer is compact, high
selectivities for the benzene/p-xylene mixtures sug-
gest that the 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 diffusivity of benzene in MFI
crystals was reported to be comparable to that of
p-xylene [30,31]. 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 selectivity in pervaporation. We pre-
sume that the difference of sorption rates between
benzene and p-xylene were caused by not only the
difference in the shape of molecules but also by
the difference in the aflinity of molecules with
pore mouth.

4. Conclusions

A gel in the pores of alumina support crystallized
to zeolite and then zeolite—alumina composite layer
formed by the VPT method. Zeolite crystals were
composed of zeolite nanocrystals.

In the pervaporation tests performed at 303 K
for benzene/p-xylene mixtures, we found that even
when the concentration of benzene in the feed
solution was extremely small, the flux of benzene
through the FER membrane exceeds that of p-
xylene. The separation factor of a benzene/p-xylene
mixture was as high as 600 when the feed concen-
tration of benzene was 0.5 mol%. High selectivities
for the benzene/p-xylene mixtures suggest that the
selectivity  for the benzene/p-xylene mixture

appeared at the pore mouths of FER on the feed
side of the FER-alumina composite layer. beciuse
benzene and p-xylene molecules are diflicult 1o
pass through each other in the micropore of I'IER
(single-file transport). The zeolitic membranes
showed a promising potential to separate organic
compounds such as aromatic hydrocarbons.
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ABSTRACT

MFI membranes were prepared by a vapor-phase transport (VPT) method in which a dry
aluminosilicate thin layer prepared on a porous o-alumina support was crystallized in vapors of
water, ethylenediamine (EDA) and triethylamine (E4N) at 453 K and autogeneous pressure.
Gel preparation temperature, H,O/SiO, ratio, Na,O/SiO,. ratio, aging temperature and time,
dipping temperature and time governed the crystallinity of MFI and compactness of membranc.
Particularly, Na,O/SiO, ratio was important to prepare a compact MFI membrane. An MFI
membrane that had a compact composite layer comprised of randomly oriented MFI crystals
and porous alumina was successfully synthesized. It was confirmed that pervaporation of
triisopropylbenzene (TIPB) is a suitable method for evaluating the amount of pinholes possibly
forming at the boundaries of MFI crystals, and that the flux of TIPB well correlates with
the permselectivities for inorganic gases (He, N,, CH,, and CO,) and hydrocarbons
(benzene/hexane) separation. The permeation results strongly suggested that MFI membrane

should be pinhole-free for the appearance of permselectivity.

INTRODUCTION

Zeolites have been an attractive candidate as a component of inorganic membranes for
separation mostly because of their unique, uniform micropore systems and catalytic properties.
Zeolitic membranes have been synthesized using conventional hydrothermal synthetic method [1-
7]. On the other hand, we have applied a new synthetic method, the VPT method [8-10],
to prepare zeoliic membranes on a porous o-alumina support [11-16]. In the synthesis of

zeolitic membranes by the VPT method, after an amorphous aluminosilicate gel is applied on
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a porous ceramic support and dried, the resultant thin layer is crystallized to zeolite to give a
supported zeolitic membrane. One of the advantages of the VPT method could be that this
method is easily applicable to the synthesis of a thin zeolitic layer even on a surface having a
complicated structure like honeycombs and monoliths irrespective of scale. Conventional,
established synthetic methods of ceramic thin layers on a support can be employed to prepare
a parent aluminosilicate thin layer.

Understanding the effect of pinholes often forming at the bouﬁdaﬁes among zeolite crystals
on the permeation and separation properties is one of the current key issues in zeolitic membrancs
research. The discrepancies in separation properties in the literature may be due to the lack of
knowledge about this issue.

In the present study, appropriate conditions for synthesizing a high silica MFI zeolitic
membrane by the VPT method were explored. By using MFI membranes giving different
fluxes of TIPB, the effect of pinholes on permeation and separation properties for inorganic

gases and hydrocarbon mixtures was investigated.

EXPERIMENTAL

MFI-type zeolitic membranes were prepared in the following procedure. A parent
aluminosilicate gel suspension was prepared by mixing colloidal silica (Nissan Chemical Co.,
Ltd.) and a NaOH aqueous solution. The composition was Si0,: 0.1-0.33 Na,0: 7.77 H,0O in
molar ratio. ~ Since the colloidal silica contained aluminum itself, Si/Al ratio of the parent gel
was 515. A porous, plate-like o-alumina substrate (NGK Insulators, Ltd.) was dipped in the
gel suspension at 273 - 303 K for 24 - 48 h, and dried to obtain the substrate coated with the gel.
The substrate had an asymmetric porous structure, and the mean pore size of the top layer was
0.1 mm. The coated substrate was placed in the middle of a special autoclave and EDA, E4,N
and water was poured to the bottom of the autbclave as vapor source. Crystallization of the
resultant dry thin layer to zeolite was carried out in a mixed vapor of EDA, Et,N and water at
autogeneous pressure and 455 K for 4 days. It should be noted that the membrane never
contacted with the liquid phase throughout its crystallization.  An as-synthesized membrane
was calcined in air at 773 K for 4 h. XRD measurements were carried out for the
chamcteﬁiaﬁon of the membranes.

Pervaporation of TIPB was carried out to evaluate the amount of pinholes forming in MFI
membranes.  One side of a membrane was contacted with liquid TIPB at 303 K and evacuated

from another side for 10 h. The permeant was trapped at 77 K and determined by gas
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chromatography with an FID detector.  The detection limit of TIPB flux was 1x10® mol m? s
Gas permeation properties through MFI membranes were evaluated using the measurements of
single gas flux for He, N,, CO, and CH, at 300~ 373 K. The pressure of the permeation side
was kept at atmospheric pressure and that of feed side was controlled to give pressure difference

of 0 - 0.2 MPa. Pervaporation of binary hydrocarbon mixtures, benzene/n-hexane, was also
carried out at 303 K.

RESULTS AND DISCUSSION

First, water content, aging temperature and time and dipping temperature and time were
explored and tentatively optimized. A highly crystallized MFI was obtained with H,0/SiO, ratio
=7.77, at 303 K of aging temperature for 2 h, and at 303 K of dipping temperature.

Run  Parent Gel Composition  Crystallization  Dipping Product TIPB Flux

Si/Al Na,0/8i0, Time/h Time/h /mol m?s"
1 515 0.100 72 24 amorphous -
2 515 0.130 72 24 MFI High
3 515 0.145 72 24 MFI High
4 515 0.190 72 24 MFI 3.34X107
5 515 0.233 72 24 MFI 433X10°
6 515 0.333 72 24 amorphous -
7 515 0.190 72 48 MFI <1.0X10?
8 515 0.190 96 48 MFI + U* -
9 515 0.190 120 48 MFI + U* -

Table 1: Crystallization results of MFI membranes by vapor-phase transport method.
H,0/Si0, ratio = 7.77; Dipping temperature, 303 K; *unidentified phase

Table 1 compares the crystallization results mainly with different Na,O/SiO, ratios and the fluxes
of TIPB. Though the product was amorphous when Na,O/SiO, ratio = 0.100 (Run 1), MFI
was formed with Na,O/SiO, ratio = 0.130 (Run 2). The intensities of reflection peaks for MFI
in the XRD patterns were increased with increasing Na,O/SiO, ratio and reached a maximum at
Na,O/SiQ, ratio = 0.145 (Run 3). The product became amorphous again when Na,O/SiO, ratio
= 0.333 (Run 6). It was observed with the products of Runs 3 and 4 that liquid
TIPB permeated soon to the permeation side because of the low vapor pressure of TIPB,

indicating that the MFI layers in these products were not compact.  Nicely crystallized and fairly

615



compact membranes were obtained in

Runs4and 5. These results suggest

that though the most intense re-
flection peaks for MFI in XRD pat-

terns do not always indicate a co-

(@

mpact membrane, the sodium con-

centration in parent gel is an important

factor governing crystallinity and
compactness of membrane.  Sodi-

um concentration may significantly

Intensity [ a. u. ]

influence both the formation of

(b)
intermediate species by hydrolysis of

Si-O-Si linkage in amorphous dry gel

and that of zeolite framework by s 5 25 35

condensation of silanol groups.
2 0 [degree]

Sodium concentration may also have

great effects on the mobility and Figure I XRD patterns (a) for the as-synthesized

membrane (Run 7) and (b) the membrane (Run 7)
substrate pores. We suppose that after removing the top layer.

sodium concentration was insufficient

migration of the parent gel into the

to produce intermediate in Run 1, and too high to allow sufficient condensation of silanol groups
in Run 6.

Further optimization of synthetic conditions were attempted. Prolonged crystallization,
however, resulted in the formation of an unidentified phase (Runs 8 and 9). The most compact
membrane was obtained with prolonged dipping time from 24 h (Run 4) to 48 h (Run 7).
No permeation of TIPB was detected with the membrane obtained in Run 7.

Figure la shows the XRD pattern for the product in Run 7. A randomly oriented
MFI polyerystalline layer was formed as a top layer on the porous o-alumina support.  This top
layer is not compact because a lot of voids among MFI particles are observed as shown in Fig.
2a. This top layer was removed by mechanically polishing the membrane surface (Fig. 2b). It
is worth noting that the XRD reflection peaks for MFI still remained as shown in Fig. 1b,
suggesting that a composite layer of porous alumina and randomly oriented MFI crystals was
formed inside the support.  Even after the removal of the top layer, no permeation of TIPB was
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detected with the membrane obtained in Run 7.
We, thus, concluded that this composite layer
was compact, being in good agreement with
our previous report on FER membrane [15].

Let us discuss the effect of pinholes
forming among zeolite crystals on the per-
meation and separation properties.  Per-
meation properties of MFI membranes were
studied using membranes (Runs 4, 5 and 7)
giving different TIPB fluxes.

Figure 3 shows the permeabilities of
inorganic gases through these MFI membranes.
When a less compact MFI membrane (Run 5)
was used, the permeance of He was about
2X10® mol m” s* Pa’ and those of N,, CH,
and CO, were similar with each other (about
1X10® mol m? s Pa'). These permeances
were almost independent of temperature.
The permeance of He through the membrane

(Run 7) showing no TIPB permeation was

smaller than that through the membrane

obtained in Run 5, and showed appa- Figure2 SEM images for the membrane (Run 7)

rent positive temperature dependency. The (a) Top view for the as-synthesized product
order of permeances was He > CO,> CH, > (b) Top view of the product
N, except for the order of CH, and N, at 303 after removing the top layer

K. Clearly, the permeation of these in- (c) cross section of the product

organic gases was largely governed by acti- after removing the top layer.
vated diffusion mechanism. In the case of the membrane obtained in Run 5, the contribution
of permeation through pinholes (Knudsen diffusion) to the observed permeance was probably
significant, resulting in less temperature dependency. The membrane obtained in Run 4
showed inter-mediate behavior, as shown in Fig. 3b.  Argon adsorption isotherms were taken
with these two membranes at 77 K and the distribution of pore size was analyzed using the H-K

method (not shown). The membrane synthesized in Run 7 possessed only zeolitic micropores
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whereas a trace amount of pore appeared at
around 1 nm in the membrane obtained in Run
5. These results described above imply that a
very small amount of pinholes are harmful for
the separation of inorganic gases.

Pervaporation of benzene/n-hexane mixtures
was carried out for exploring possibility of
hydrocarbon separation. Figure 4 shows the
permeation results with different compositions.
The fluxes of benzene and hexane through the
membrane obtained in Run 5 were in the order
of 10* mol m? s, The separation factor was
On the other hand, the mem-

brane obtained in Run 7 separated the ben-

almost unity.

zene/hexane mixture, though the fluxes were
decreased to the order of 10° mol m? s
With increasing molar fraction of benzene
from 0.2 t0 0.5, the flux of benzene increased
while that of hexane was almost constant,
resuling in the increase of the separation
factor from unity to about 4. The difference
in the fluxes between these two membranes
indicates that most of molecules passed
through pinholes in the case of the membrane
obtained in Run 5 and thereby no separation
was achieved.

For the appearance of permselectivity, a
Per-

vaporation of TIPB was confirmed to be a

membrane should be pinhole-free.

good technique for evaluating the amount
of pinholes. The determination of the appa-
rent size of pinholes would be possible by per-

vaporation tests of molecules having different
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Abstract

The formation of a ferrierite (FER) membrane by a vapor-phase transport method is discussed. The formation
process was studied using X-ray diffraction, scanning electron microscopy (SEM), field emission-SEM and energy
dispersive X-ray analysis. The same location on the top surface was repeatedly observed at different crystallization
times using SEM. It was found that an aluminosilicate species formed from a dry gel layer was mobile over the
surface of support during crystallization. This intermediate aluminosilicate species penetrated into the pores of the
alumina support to fill them, generating a compact FER-alumina composite layer. © 1999 Elsevier Science B.V. All

rights reserved.

Keywords: Formation process; Synthesis; Vapor-phase transport; Zeolitic membrane

1. Introduction

There is much discussion in the literature of
zeolitic membranes for gas separation and perva-
poration [1-16]. Zeolitic membranes are useful for
separating gas and liquid mixtures. However, the
synthesis of defect-free zeolitic membranes suffers
from lack of reproducibility. The main reason
seems to be the uncontrolled formation of defects
(pinholes) among zeolite crystals. To overcome
this problem, it is necessary to understand the
formation process of zeolitic membranes.

Most studies of the synthesis of zeolitic mem-

* Corresponding author. Tel.: +81-3-5286-3850;
fax: +81-3-5286-3850.
E-mail address: mmatsu@mn.waseda.ac.jp (M. Matsukata)

branes have used a hydrothermal synthetic
method, which is standard in the preparation of
powder zeolites. Many formation mechanisms for
defect-free zeolitic membranes prepared by the
hydrothermal synthetic method have proposed.
Myatt et al. [17] have proposed four such mecha-
nisms: (1) production of nuclei and growth of
crystals in the bulk solution followed by their
attraction to a substrate, or collision and associa-
tion with it; (2) production of nuclei in the bulk
solution, followed by diffusion to and accumula-
tion at a substrate before significant growth occurs;
(3) diffusion of colloidal and amorphous alumino-
silicate material to a substrate followed by concen-
tration there, providing more favorable conditions
for nucleation and growth in the vicinity of the
surface; (4) production of nuclei on a substrate

1387-1811/99/8 — see front matter © 1999 Elsevier Science B.V. All rights reserved.
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surface, followed by surface growth. Sano et al.
[18] hydrothermally crystallized an MFI mem-
brane on a Teflon slab, and suggested that the
MFI membrane was formed mainly by successive
accumulation of zeolite crystals formed by homo-
geneous nucleation in the liquid phase. However,
Geus et al. [2] and others (Tsikoyiannis and Haag
[19]; Jansen et al. [20]; Yan and coworkers [5,6])
have suggested that crystallization begins by
heterogeneous nucleation on the surface of a sup-
port. Whatever the formation mechanism of zeo-
litic membranes, once a zeolite layer is formed on
the surface of the support it seems to be difficult
for aluminosilicate solution to penetrate into the
support to fill up the pores. The intergrowth of
crystals formed on the surface of a support is
probably essential to obtain a defect-free zeolitic
membrane in crystallization under hydrothermal
conditions.

A novel vapor-phase transport (VPT) method
for zeolites has been developed by Xu et al. [21],
who first reported that aluminosilicate dry gel was
transformed to MFI in contact with mixed vapors
of water, ethylenediamine (EDA), triethylamine
(Et;N) at 453 K. They claimed that this method
reduced the consumption of expensive organic
materials. Following this work, Kim et al. [22]
and our group [23,24] studied this novel VPT
synthetic method, and confirmed that it is useful
for synthesizing ferrierite (FER) and mordenite
(MOR). The VPT formation process seems to be
different from that under hydrothermal conditions.
The top layer of zeolitic membrane synthesized by
the VPT method was clearly non-compact, indicat-
ing that any compact layer of FER and porous
alumina (FER-alumina composite layer) seems to
be formed in the porous alumina support [25].

We have previously proposed a formation pro-
cess for FER membrane synthesized by the VPT
method [25]. In this formation process we suppose
that aluminosilicate species are mobile during crys-
tallization. The morphological change as crystalli-
zation progresses is evidence for the mobility of
aluminosilicate species. In this study we therefore
repeatedly observed the same location on the top
surface as crystallization progressed, using scan-
ning electron microscopy (SEM), to study the
morphological change of the resulting membrane.

2. Experimental

2.1. Preparation of parent gel

Parent aluminosilicate sol with an SiO,/Al,0,
ratio of 18 was prepared, using colloidal silica
containing 30 wt% of SiO, and 0.4 wt% of Na,O
(Nissan Chemical ) as a silica source and aluminum
sulfate anhydride, Al,(SO,); (Wako), as an alu-
mina source. Colloidal silica was initially mixed
with Al,(80,);, deionized water and NaOH (4 N)
at 273 K. The composition of the parent sol was
18Si0,:Al,0,:4.3Na,0:450H,0. A porous a-
alumina support (Nihon Gaishi) with an average
pore diameter of 0.1 pm was then dipped into the
parent sol at 303 K for 1 day. When it was neces-
sary t0 depress dissolution of alumina from the
support during crystallization, the alumina support
was treated with colloidal silica of pH=10.

2.2. Crystallization of dry gel by vapor-phase
transport method

The support, coated with the parent sol, was
dried for 24 h at 298 K. A mixture of EDA, Et;N
and water (EDA:2.0Et;N:H,0, volume ratio) was
poured into the bottom of an autoclave to produce
vapor. Crystallization was then performed at 453 K
for up to 7 days at autogenous pressure. A synthe-
sized FER membrane was calcined in air at 773 K
for 4 h. A heating rate of 0.1 K min~! was adopted
in the range 473-773 K. The crystallinity and struc-
ture of the products were analyzed by X-ray diffrac-
tion (XRD) using Cu Ka radiation (Philips
X’s Pert-MRD). The resulting morphology was
examined by SEM (Hitachi S-2250) and field emis-
sion-SEM (FE-SEM, Hitachi S-5000L). Energy-
dispersive X-ray analysis (EDX, Philips, EDAX
DX-4) in conjunction with SEM was also used for
measuring the concentration profiles for silicon and
aluminum.

3. Results and discussion

3.1. Formation process of FER-alumina composite
layer

We have previously reported that a compact
layer of FER and porous alumina is formed [25].
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To understand the formation process of this FER—
alumina composite layer, FE-SEM and EDX
measurements were made on the product cross-
sections. Fig.1 shows FE-SEM images of the
product cross-sections crystallized for different
periods. FE-SEM observation was carried out at
a depth of 20-30 pm below the surface of the
alumina support. After 18 h crystallization, many
voids are observed in the pores of the alumina
support. The number of voids decreased after
2 days, and they were hardly observed after 4 days.

To confirm the formation of FER in the pores
of the alumina support, the FER particles formed
on the surface were removed with sandpaper.
Fig.2 shows XRD patterns before and after
removal of the top layer. After removal of the top
layer, reflection peaks for FER were still observed.
We confirmed using SEM that no FER particles

(a) Before crystallization

were observed on the surface of the alumina sup-
port. The intensities of the reflection peaks for
FER increased with prolonged crystallization, both
before and after the removal of FER particles,
indicating that the crystallinity of FER formed in
the pores of the support was improved. These
XRD measurements strongly support the notion
that FER is formed in the pores of the alumina
support, to create an FER-alumina composite
[25].

The EDX images of the cross-section of the
FER membranes crystallized at I, 2, 5 and 7 days
are shown in Fig. 3. Black dots in Fig. 3(a) and
(b) correspond to silicon and aluminum respec-
tively. The interface between a surface gel layer
and the porous alumina support was clearly
observed. The black dots, indicating spreading of
Si into the alumina support with prolonged crystal-

(b) Crystallization for 18 h

Fig. 1. FE-SEM cross-sectional images of (a) porous a-alumina support coated by the parent gel, (b) after crystallization for 18 h
(c) after crystallization for 2 days and (d) after crystallization for 4 days.
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Fig. 2. XRD patterns for FER membranes (a) as synthesized
and (b) after removal of FER particles on the alumina support.

lization, suggest that the dry gel formed as a
surface layer on the support and then penetrated
into the pores of the alumina support during
crystallization. As a result, a continuous FER-
alumina composite layer was formed.

3.2. Mobility of aluminosilicate gel during
crystallization

We performed crystallization of a gel layer for
0, 1, 2, 5 and 7 days, using the same sample. The
intensity of the reflection peaks for FER became
greater with longer crystallization, implying that
the crystallinity of FER improved over the period
from 1 to 7 days. This trend is similar to the result
shown in Fig. 2(a).

To investigate whether aluminosilicate gel on
the surface of support was mobile during crystalli-
zation, the SEM observations were carried out for
the top surfaces of the products with different
crystallization.

Fig. 4 shows the morphological change of the
top surface with the progress of crystallization,
according to the VPT method. The same location
was repeatedly observed at different crystallization
times. The Si0,/Al,0, ratio of the parent gel was
~18. An amorphous gel is certainly consumed
and takes part in the growth of FER crystals. This
phenomenon is clearly indicated in Fig. 4(b) and
(c) by the growth of particles denoted by arrows
in these SEM images for the products after 1 to
2 days of crystallization. These results strongly
support the hypothesis that aluminosilicate inter-
mediate species, possibly formed from the gel, can
migrate on the order of micrometers along the
surfaces of the gel layer.

Intérmediate alminosilicate species can be
formed by hydrolysis of amorphous gel or by the
dissolution of FER crystals crystallized on the
support. When amorphous dry gel powder with
Si0,/Al,0, =18 was placed by itself on the support
and crystallized under the same conditions as for
membrane preparation, the SEM image of the top
surface and the EDX elemental images for the
cross-section gave information on the mobility of
aluminosilicate species and the direction of their
migration. To eliminate any contribution of silicon
from colloidal silica to an EDX Si map, the
treatment of the support with colloidal silica was
not performed in these experiments.

After 4 days of crystallization the product was
a mixture of FER and MOR, as indicated in the
XRD pattern of Fig. 5. Dissolution of the alumina
support gave the FER and MOR mixture, with
no surface treatment by colloidal silica. Fig. 6(a)
shows the SEM image, and Fig. 6(b) and (c)
shows the EDX elemental maps for the cross-
section of the product formed from the gel powder
on the alumina surface. An interface between the
surface zeolite crystals and the alumina support
was observed. The gel powder was crystallized on
the alumina support and gave crystals that seem
to exist in the pores of the alumina, as shown in
Fig. 6(a). Black dots shown in Fig. 6(b) and (c)
correspond to silicon and aluminum respectively.
The EDX measurements also clearly show that
black dots corresponding to Si, denoted by an
arrow in Fig. 6(b), spread into the alumina sup-
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10 um 10 pm

Fig. 3. EDX elemental cross-sectional images of FER membranes crystallized for 1, 2, 5 and 7 days. Black dots: (a) Si and (b) Al
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(a) Before crystallization (b) Crystallization for 1 day

*

(c) Crystallization for 2 days

Fig. 4. SEM images for the top views of (a) alumina support with parent gel, and FER membranes crystallized for (b) 1 day, (¢)

2 days, (d) 5 days and (e) 7 days.

port through the interface between the zeolite interior of the alumina support.

crystals on the support surface and the alumina The migration of aluminosilicate intermediate
support. It was confirmed that Si (and Al) species species formed by the hydrolysis of FER powder
from the amorphous gel apparently migrate to the on the support was also studied. The FER powder
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Fig. 5. XRD patterns for the product formed from gel powder
on the support by the VPT method.

was made of this amorphous dry gel powder under
the same conditions as for membrane preparation.
Then FER powder was placed on the alumina
surface and treated for 4 days under the same
conditions as for membrane preparation. Fig. 7(a)
shows the XRD patterns for the FER powder
produced by the VPT method and Fig. 7(b) after
removal of the product formed from FER powder
placed on the support using the VPT method.
After 4 days the XRD pattern corresponding to
FER was still observed, as shown in Fig. 7(b).
Fig. 8(a) shows an SEM image, and Fig. 8(b) and
(c) EDX elemental maps for the cross-section of
the product. Fig. 8(a) implies that FER particles
were strongly attached to the alumina support.
From the EDX measurement, black dots corre-
sponding to Si, denoted by an arrow, also spread
into the alumina support, as shown in Fig. 8(b)
and (c). It seems that the outer surface of the
crystals decomposes by hydrolysis, and oligomeric
Si and Al species and amines apparently migrate

(a) SEM image

(b) EDX; Si

TR

10 pm

Fig. 6. (a) SEM, (b) and (c) EDX elemental cross-sectional
images of the product formed from gel powder placed on the
support. Black dots: (b) Si and (c) AL

along the surface and into the pores of the alumina
support, crystallizing into further crystals. The
driving force of this migration could be the concen-
tration gradient.

In conclusion, aluminosilicate species from both
the amorphous gel and FER powder are succes-
sively supplied to the surface and into pores of the
alumina support during the crystallization process.
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Fig. 7. XRD patterns for (a) FER powder and (b) after removal
of the product formed from FER powder placed on the support
using the VPT method.

3.3. Formation of zeolitic membrane by the VPT
method

For the formation of defect-free zeolitic mem-
branes by the hydrothermal synthesis method, the
intergrowth of crystals formed on the surface of
the support is probably necessary. On the other
hand, on the surface of pinhole-free FER and
MOR membranes obtained by a vapor-phase
transport (VPT) method, numerous voids were
observed among zeolite particles [25]. The zeolitic
layers that formed on the surface of the alumina
support were clearly non-compact. The compact
layer was an FER-alumina composite layer within
the support.

We accordingly consider that the present forma-
tion process is different from that under hydrother-
mal conditions. A plausible formation process for
the zeolitic membrane by the VPT method is
shown in Fig. 9. Aluminosilicate gel penetrates

(a) SEM image

30 um

(c) EDX; Al

Fig. 8. (a) SEM, (b) and (¢) EDX elemental cross-sectional
images of the product formed from FER powder placed on the
support. Black dots: (b) Si and (c) AL

into the pores of the alumina support during the
course of dip coating [25]. Crystallization begins
on the surface of the alumina support.
Crystallization then proceeds both on the alumina
support and in the pores. On the alumina support,
the crystallinity of the zeolite particles improves
considerably with increasing duration of crystalli-
zation time. Voids remain in the alumina support
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Fig. 9. Plausible formation process of FER membranes by the
vapor-phase transport method.

in the early stage of crystallization. The aluminosili-
cate species are successively supplied, probably by
the concentration gradient, into the pores of the
alumina support from the gel layer on the support.
Since the intermediate species formed from the gel
is mobile on the alumina surface and is crystallized
in the pores of the support, such voids can be
filled up with zeolite crystals, leading to a compact
FER-alumina composite layer.

4. Conclusions

The morphological change of the dry gel layer
on and within a porous alumina support during
crystallization has been examined to study the
formation of zeolitic membranes by the VPT
method. The same location on the top surface was
observed repeatedly at different crystallization
times. Samples prepared using the same hydrogel
were also crystallized for different periods to

observe the cross-section of the product. SEM
observations and EDX elemental mappings
strongly suggest that aluminosilicate intermediate
species migrate over the top surface and into the
pores of the alumina support, and successively
crystallize to zeolite to give a compact membrane.
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Abstract

MFI-type® zeolitic membranes were prepared by a vapor-phase transport method on porous a-alumina flat disks. Pure
or mixed gas permeation measurements of butane isomers were performed at 375K using two methods: pressure gradient
(PG) and concentration gradient (CG) methods. Pure gas permeation measurements of Hy, He, CHy, N3, O,, CO, and SFs
were also carried out using PG method. Counter-diffusion of helium as a sweep gas was evaluated by determining the gas
composition at the outlet of the feed side. It was confirmed that the counter-diffusion of helium occurs only when the total

pressure of the feed side was <80 kPa.

In the mixed gas permeation measurements, the value of separation factor depended on the method of gas permeation. The
separation factors of n-butane to i-butane were ca. 10 in the PG method and 30-60 in the CG method. ©2000 Elsevier Science

B.V. All rights reserved.

Keywords: Butane isomers; Zeolitic membranes; Pressure gradient; Concentration gradient

1. Introduction

In this decade, much attention has been paid to
zeolitic membranes for gas separation, pervaporation
and membrane catalysis [1-22]. Zeolitic membranes
can be useful for separating mixtures of isomer with
similar boiling points but different molecular sizes.
Most of the zeolitic membranes reported in the litera-
ture are MFI-type zeolitic membranes synthesized by a
hydrothermal technique, which is conventional for
the preparation of granular zeolites.

Zeolite has been known to be a catalyst for catalytic
cracking. Zeolitic membrane also possesses catalytic
activity, either acid activity, or metal activity, or both.

* Corresponding author. Tel/fax: +81-3-5286-3850.
E-mail address: mmatsu@mn.waseda.acjp (M. Matsukata).

The catalytic activity can be modified according to
the needs of the reaction involved [1]. For example,
the acid activity of siliceous zeolites can be adjusted
by the amount of trivalent elements (especially alu-
minum). Substitution by a trivalent element such as
aluminum introduces a negative charge. The charge is
to be balanced by cation exchange with proton and
alkaline earth metal cations.

Suzuki [2] presented a large number of examples
of membrane catalysis with ultrathin zeolitic mem-
branes. He added reactants to one side of the zeolitic
membrane and removed products from the other side.
A good example of the zeolitic membrane reactor is
for a feed of hydrogen/propene/i-butane mixture over
a Pt—Ca A-type zeolitic membrane. Only hydrogen
and propane appeared on the permeate side, indicat-
ing that hydrogenation and separation simultaneously

0920-5861/00/$ — see front matter ©2000 Elsevier Science B.V. All rights reserved.
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Table 1
Results of the separation of butane isomers with MFl-type zeolitic membrane
Support Permeation method Temperature (K) Ideal selectivity () Separation factor (—) Reference
method n-/i-butane n-/i-butane
Stainless steel/disk CG 298 ca. 50 - 31
y-Alumina/tube PG, CG 298 22 - [4]
443 0.6 -
a-Alumina/disk PG 303 18.4 ~ [5,6]
458 33.1 -
a-Alumina/disk CG : 298 90 52 7
473 11 11
Stainless steel/disk CG 295 58 27 [8]
i 403 - 23
a-Almunia/disk CG 373 1.5-12 18-26 91
vy-Alumina/tube PG 300 14 (y-Alumina) 33 (365K) [y
a-Alumina/tube PG 461 4.8 (oi-Alumina) 18 (383K)

occurred. They did not report the information on
numerical values of fluxes or stabilities of the mem-
branes. These results would significantly expand the
potential application of membrane catalysis using
zeolite.

The quality of the membrane is important for the
application of zeolitic membranes in industrial pro-
cesses. Many research groups reported the pure and
mixed gas permeation measurements of butane iso-
mers, as listed in Table 1. n-Butane/i-butane perms-
electivity shows good indication of the quality of
MFI-type zeolitic membrane. For single or mixed
gas permeation measurements of butane isomers,
two types of measurements have generally been per-
formed: pressure gradient (PG) and concentration
gradient (CG) methods.

In the PG method, the flux is determined at a given
PG. On the other hand, the total pressure on both sides
of membrane is generally kept at atmospheric pres-
sure in the CG method. Helium or argon was gener-
ally used as a sweep gas in the gas permeation mea-
surements. These sweep gases seemed to diffuse to
the feed side during permeation measurements. To
evaluate the permeation measurements, van de Graaf
et al. [13] compared the data obtained from both PG
and Wicke-Kallenbach methods. They claimed that
the sweep gas significantly influenced permeation and
such effect depended on the nature of sweep gas and on
the magnitude of its counter permeation. It is difficult
to conclude that previous permeation data were free
from the effect of the counter-diffusion of sweep gas.

In this study, MFI-type zeolitic membranes were
prepared by vapor-phase transport (VPT) method
{23-30]. Both single gas permeation measurements
and mixed gas separations were carried out to evalu-
ate the influence of the method used for permeation
measurement of butane isomers (pressure or con-
centration gradient) on the selectivity and on the
counter-diffusion of the sweep gas with compact and
less compact MFI-type zeolitic membrane.

2. Experimental
2.1. Preparation of parent gel

A parent aluminosilicate sol with Si0,/Al, 03 ratio
of 1000 was prepared using colloidal silica containing
30 wt.% of SiO, 0.5 wt.% of Al,O3; and 0.4 wt.% of
NazO (Nissan Chemical Co., Ltd.). First, colloidal sil-
ica was mixed with NaOH(4N) at 303 K. A flat porous
a-alumina support (Nihon Gaishi Co., Ltd.) with a
cross-sectional area of 1.0 x 10~*m? and an average
pore diameter of 0.1 pm was dipped into the parent
sol at 303K for 1 day. Then the sol was forced to
penetrate into the pores of alumina support by evac-
uating the support from one side for 1h, as shown in
Fig. 1. As a pretreatment of an alumina support, the
support was treated with colloidal silica at the pH of
about 10 to depress the dissolution of alumina during
membrane synthesis.
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f Evacuation

l Glass tube

Aluminosilicate gel /Porous alumina support

(]

Epoxy resin

3

I Magnetic stirrer l

Fig. 1. Schematic diagram of experimental apparatus for coating
a-alumina support with aluminosilicate sol.

2.2. Crystallization of dry gel by vapor-phase
transport method

Crystallization was carried out in an autoclave.
A mixture of ethylenediamine (EDA), triethylamine
(Et3N) and water (EDA: 2.0 Et3N: H,O, volume ratio)
was poured in the bottom to produce vapor. The sup-
port coated with the parent gel was horizontally set
on the partition in the middle of the autoclave. Crys-
tallization was performed in gaseous environment at
453K for 72 h at autogenous pressure. As-synthesized
MFI membranes were calcined in air at 773 K for 10 h.
The heating rate of 0.05-0.1 Kmin~! was adopted in
the temperature range from 473 to 773 K. The weight
gain of alumina support during gel coating, crystal-
lization and calcination was ca. 100mg. The crys-
tallinity and structure of the products were analyzed
by X-ray diffraction (XRD) with Cu Ka radiation
(Philips X’s Pert-MRD). The morphology of prod-
ucts was examined by scanning electron microscopy
(SEM) (Hitachi S-2250).

2.3. Evaluation of the compactness of zeolitic
membranes

For evaluating compactness of MFI membranes, the
pervaporation of 1,3,5-triisopropylbenzene (TIPB),
which has a kinetic diameter (0.85nm) larger
than the pore dimensions of MFI (0.53 x 0.56,
0.51 % 0.55nm), was carried out for 10h at 295K.
A zeolitic membrane with a cross-sectional area of
0.50 x 10~*m? was attached on an end of a glass
tube, and placed in liquid TIPB. The permeation side

Epoxy tesin
/ Vent
!

=

{ Pressure transmitter l

i Needle valve
B

Stop vaive 1 ! Sweep gas

T

Feed gas

Porous alumina support

Stop valve 2 Zeolitic membrane

Fig. 2. Schematic diagram of experimental apparatus for perme-
ation measurements.

was kept under vacuum. The permeant was collected
for 10h in a cold trap using liquid nitrogen and ana-
lyzed by-a gas chromatograph with a flame ionization
detector.

2.4. Gas permeation measurements

2.4.1. Pure gas permeation measurement

The pure gas permeation tests for Hj, He, CHg,
N», O3, CO,, n-butane, i-butane and SF¢ were per-
formed using the PG method at 375K. Fig. 2 shows
the schematic diagram of experimental apparatus for
determining the permeance. Epoxy resin was used as
a seal material between a glass tube with a membrane
and an apparatus. As a pretreatment for a gas perme-
ation test, water adsorbed in the zeolitic membrane
was removed by evacuating at 420 K for 2 h. The heat-
ing rate of 0.5-1.0Kmin~! was adopted. The total
pressure of feed side was measured using the pressure
transmitter. Helium was used as a sweep gas in the
permeate side at atmospheric pressure. The permeance
of Hy, He, CHy, N3, O3, CO,, n-butane, i-butane and
SF¢ through an MFI membrane at 160 kPa was deter-
mined by using the rate of pressure reduction of the
feed side from 165 to 155 kPa. They were calculated
by using Eqgs. (1) and (2):

a a Vv
m_o )
at 9t RT
2 —ip-y 9 1
Permeance (molm™s™ Pa™') = — X ——— (2)
at  AAp

where n represents the amount of permeant (mol), ¢,
time (s), p, pressure on the feed side (Pa), V, dead
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volume on the feed side (7.0cm?®), R, gas constant
(8.314Jmol~! K1), T, temperature (K), 4, effective
membrane area (0.50 x 1074 m?) and Ap, partial pres-
sure difference between the feed and permeant sides
(Pa). '

2.4.2. Evaluation of counter-diffusion of helium

The total pressure of feed side was kept at 180 kPa
by feeding pure n-butane, after the pretreatment. After
241, feeding of n-butane was stopped by closing stop
valve 2 shown in Fig. 2. The measurement was started
after the total pressure of feed side was decreased to
160 kPa. Helium was used as a sweep gas and the pres-
sure of permeate side was kept at atmospheric pres-
sure throughout the permeation measurements. The
feed gas was analyzed for the mole fraction of gas in
the feed side by a gas chromatograph (Ohkura, Model
802) with a TC detector and a packed column (Porapak
Type Q, 2m x 1/8 in. (3.2 mm)). Similar procedure
was used for measuring i-butane permeation, whereas
only the total pressure of feed side was measured.

2.4.3. Mixed gas permeation measurement

In the PG method, the total pressure difference
between the feed and permeation sides was kept at
60 kPa, while both sides of the membrane were kept
at atmospheric pressure in the CG method, as shown
in Fig. 3. Helium was used as a sweep gas. In the CG
method, the total feed rates of butane isomers were
50-60 cm® min~!. The permeate and retentate gas
were analyzed by gas chromatograph. Ideal selectiv-
ity was calculated from the flux ratio of n-butane to
i-butane. Separation factor was calculated from the
following equation,

(Xn/X:) permeate

S tion factor =
eparation factor X/ X:) feed

&)

where X, and X; represent mole fractions of n-butane
(%) and i-butane (%), respectively.

3. Results and discussion

3.1. Compactness of MFI-type zeolitic membrane

Almost half synthesized membranes were gas-tight
(flux of helium < 1.0 x 108 molm~2 s~!) after syn-
thesis. When crystallization was not complete, a small

(a) Pressure gradient (PG) method

-~ Permeatc
+ Sweep gas

Feed ———s

~&—— Sweep gas

160 kPa > Atmospheric pressure

(b) Concentration gradient (CG) method

s Zeolitic membrane

~——~ Permeate
+ Sweep gas

Feed —»

- o Sweep gas

Atmospheric pressure = Atmospheric pressure

Fig. 3. Schematic diagram of gas permeation measurements.

amount of helium permeation was observed. The qual-
ity of the membranes after calcination was tested by
the pervaporation of TIPB. After calcination, we ob-
tained three polycrystalline MFI-type zeolitic mem-
branes (membranes A, B and C) which were gas-tight
before calcination.

Table 2 shows the flux of TIPB through the
MFI membranes. After the pervaporation test, no
permeation of TIPB through membrane A was de-
tected, indicating that the flux of TIPB was less than
1.0 x 107" molm=257!, the detection limit in this
experiment. Therefore, it was concluded that mem-
brane A was practically pinhole-free. On the other
hand, the permeation fluxes of TIPB were 3.0 x 107
and 1.2x 107®molm=2s~! for membrane B and
C, respectively. Membranes B and C have pinholes
larger than TIPB molecule.

Fig. 4 shows the SEM images of top and
cross-sectional views of membrane A. On membrane

Table 2
Flux of TIPB through the MFI membranes

Flux of TIPB (molm™2s™1)

Membrane A <1.0x107°
Membrane B 3.0 %1077
Membrane C 1.2 x 1076
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Fig. 4. SEM images for the (a) top view and (b) cross-sectional
view of membrane A.

A, a top layer formed on the alumina support was ca.
20 um thick and MFI zeolite was also formed in the
interior of support was also ca. 20 um thick.

3.2. Pure gas permeation measurement

Fig. 5 shows the permeances of Ha, He, CHy, N,
03, CO,, n-butane, i-butane and SFg through mem-
brane A as a function of kinetic diameter of molecule
at 375K. Molecules such as CO; and n-butane
smaller than the channels of an MFI (0.53 x 0.56,
0.51 x 0.55nm) showed greater permeances. On the
other hand, the permeance of i-butane (0.50 nm) and
SFe (0.55nm), whose sizes are comparable to the
size of the channels of MFI, were very low. The per-
meance ratios of n-butane/i-butane and n-butane/SFg
were 60 and 385, respectively.

10-8 " y
- o]
T H, €Oz O n-butane
'e-‘ 10‘9 3 HeO OCH
) o] o0 4
% 0,N2
5 1010 i-butane
E o
8 SF
§ 10-11F O6 4
5
10-12

0.2 03 04 0.5 0.6

Kinetic diameter [ nm }

Fig. 5. Permeances as a function of kinetic diameter. Temperature:
375K, partial pressure difference: 160kPa.

3.3. Evaluation of counter-diffusion of helium

Counter-diffusion of the inert sweep gas can usu-
ally affect the permeation of feed components. The
evaluation of counter-diffusion of the sweep gas is
essential to understand the inherent permeances of
feed components.

Fig. 6 shows the time course of the total pressure of
feed side and the mole fraction of n-butane on the feed
side for membrane A. It is worth noting that the total
pressure of feed side had a minimum with time course
and its value of 44.0kPa was less than atmospheric
pressure for the n-butane permeation test with mem-
brane A. As shown in Fig. 6, the counter-diffusion
of helium occurs only when the total pressure of the
feed side was <80 kPa. Namely, n-butane dominantly
permeated through membrane A from the feed side to
the permeate one, and helium was difficult to enter the
micropores of MFI crystals, even under the conditions
that the total pressure of feed side was less than that
of permeate side. When the total pressure of feed side
was above 80kPa, thus, the permeation data seemed
to be free from the effect of the counter-diffusion
of sweep gas. In the permeation measurement of
i-butane with membrane A (not shown), the total
pressure of feed side also had a minimum at
80.0kPa.

On the other hand, in the permeation test with mem-
brane B, the mole fraction of n-butane on the feed
side started to decrease even when the total pressure
of the feed side was higher than atmospheric pres-
sure, as shown in Fig. 7. For membrane C, only the
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Fig. 6. Time course of (a) the total pressure of feed side and (b)
the mole fraction of n-butane in the feed side with membrane A.
Temperature: 375 K.

pressure change of the feed side was measured, and it
quickly and monotonously approached to atmospheric
pressure.

The compactness of MFI membrane would be es-
sential to explain these permeation behavior. n-Butane
molecules adsorbed might have filled the micro-
pores of MFI crystals. Such pore filling would par-
ticularly be apparent with a compact membrane
at lower temperatures. Even if the total pressure
of feed side was lower than atmospheric pressure,
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Fig. 7. Time course of (a) the total pressure of feed side and (b)
the mole fraction of n-butane in the feed side with membrane B.
Temperature: 375K.

the effect of pore filling possibly would still dom-
inate the permeation behavior. n-Butane molecules
filling the micropores of MFI crystals may in-
hibit the entrance of helium into the micropores of
MFIL.

On the other hand, n-butane seemed to perme-
ate through pinholes in membrane B rather than
the micropores of MFI crystals. n-Butane and he-
lium can pass through each other in the pinholes of
membrane B.
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Fig. 8. Fluxes of butane isomers through MFI membranes as a
function of mole fraction of n-butane in the feed. Temperature:
375K; closed key: PG method; open key: CG method.

3.4. n-Butane/i-butane mixed gas separations

The permeation behaviors of n-butane and i-butane
were studied with two types of gas permeation mea-
surements at 375 K; PG and CG methods. It is not nec-
essary to consider the effects of the counter-diffusion
of helium with membrane A, because the total pres-
sure of feed side was always above 80kPa in these
experimental procedure. Fig. 8 shows the fluxes of
butane isomers through compact membrane A and
incompact membrane C as a function of the mole
fraction of n-butane in the feed.

In both permeation measurements using the PG and
CG methods with membrane A, the flux of sn-butane
increased with increasing mole fraction of n-butane in
the feed. It should be noted that the flux of i-butane
had a maximum at around 25% of the mole fraction of
n-butane in the CG method and 10% in the PG method,

respectively. These results reveal that the permeation
of i-butane was enhanced in the binary mixture. The
results shown in Fig. 8 for the binary mixture show
unique trend. i-Butane molecules might squeeze into
the pore, accompanied by n-butane molecules. In the
CG method, the flux of n-butane is higher than the
flux of i-butane at low n-butane concentration for the
membrane A. We suppose that a preferential distribu-
tion of n-butane and i-butane in the zeolite channels
strongly depends on the concentration of the butane
isomers on the feed side.

On the other hand, this is not true for the membrane
C. Butane isomers seemed to permeate through pin-
holes in membrane C rather than the micropores of
MEFI crystals.

The PG method, where 60 kPa of total pressure dif-
ference was employed, gave a higher flux of i-butane
and a lower flux of n-butane using membrane A,
compared with those for the CG method. i-Butane
molecules, adsorbed in the micropores of MFI, seem
to reduce the diffusion and permeability of n-butane.
On the other hand, the fluxes of both n-butane and
i-butane in the PG method with membrane C were
greater than those in the CG method.

Takaba et al. [31] presented the MD simulation of
the mixed gas separation of butane isomers at 373 K.
They reported that the permeation n-butane was ob-
served, whereas i-butane did not permeate. However
the diffusion of both isomers into the zeolite pores
was observed. They concluded that the few diffused
i-butane molecules reduced the diffusion and perme-
ability of n-butane. The kinetic diameter of i-butane
(0.50 nm) is larger than that of n-butane (0.43 nm). The
micropores of MFI crystals are so narrow that n-butane
and i-butane cannot pass through €ach other, possibly
except at an intersection. The diffusion in such a nar-
row pore seems to be controlled by a molecule with a
smaller permeation rate, i.e., i-butane molecule.

Fig. 9 shows the separation factor of butane isomer
mixture through compact membrane A and incompact
membrane C as a function of the mole fraction of
n-butane in the feed. In the unary gas system, the ideal
selectivity of n-butane to i-butane for membrane A was
60 in the PG method and 95 in the CG method. For
binary mixtures, the separation factor also depended
on the method of gas permeation: that of n-butane to
i-butane was ca. 10 in the PG method and 30-60 in
the CG method.
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Fig. 9. Separation factor of butane isomers as a function of mole
fraction of n-butane in the feed. Temperature: 375 K; closed key:
PG method; open key: CG method.

On the other hand, the ideal selectivity of r-butane
to i-butane using membrane C was only 1.6 in the
PG method and 2.0 in the CG method. For the binary
mixtures, the separation factors of n-butane to i-butane
were ca. 1.0 in the PG method and 1.1 in the CG
method, which are 1/30-1/60 of those for membrane
A. These lead to a conclusion that the compactness of
MFI membrane is essential to separate butane isomer
mixtures at 375 K.

4. Conclusions

Polycrystalline MFI-type zeolitic membranes have
been prepared by using vapor-phase transport method.

In the permeation measurements, the compactness of
MFI membrane is essential to obtain data, which are
intrinsic to discuss the permeation through zeolitic
layer. Using compact membrane, the permeation data
free from the effects of counter-diffusion of helium
were obtained by both PG method and CG method
were free from the effects of counter-diffusion of he-
lium. On the other hand, inert sweep gas permeated
through pinholes of incompact membranes.

In the unary system using a compact membrane,
small molecules such as CO, and n-butane showed
greater permeances than those for large molecules,
such as i-butane and SFs. The permeance ratios of
n-butane/i-butane and n-butane/SFg were 60 and 385,
respectively.

In the binary system, the flux of i-butane had a max-
imum at around 25% of mole fraction of n-butane in
the CG.method and 10% in the PG method, respec-
tively. This result reveals that permeation of i-butane
was encouraged in the binary system.

The PG method gave a higher flux of i-butane and a
lower flux of n-butane, compared with those for the CG
method. i-Butane molecules may fill the micropore of
MEFT crystals and block their pore mouth. For binary
mixtures, the separation factor depends on the method
of gas permeation. The separation factors of n-butane
to i-butane were ca. 10 in the PG method and 30-60
in the CG method at 375K.
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Abstract

Polycrystalline ferrierite/alumina composite membranes were prepared by a vapor-phase transport method. Perva-
poration of m-xylene and 1,3,5-triisopropylbenzene was then used to evaluate the compactness of the membranes.

Permeation measurements were carried out for hydrogen, helium, methane, n-butane, i-butane and sulfur hexaflu-
oride at 300-375 K. Ideal selectivities and the mixed gas separation factors were compared. The separation factor of
butane isomers depended on the compactness of the membrane. The separation factor of n-butane/i-butane was as high
as 40-70 at 375 K, and no detectable permeation flux of m-xylene was observed at 303 K.

Separation of a 25/75 p-xylene/m-xylene mixture was also performed at 303 K using pervaporation. The permeation
of p-xylene was detectable, whereas that of m-xylene was below the detection limit of the experiment. The separation
factor of p-xylene to m-xylene was greater than 16, which is much higher than the value of 1.0 expected from the vapor—
liquid equilibrium. © 2000 Elsevier Science B.V. All rights reserved.

Keywords: Ferrierite; Zeolitic membrane; Vapor-phase transport synthesis; Gas permeation; Pervaporation

1. Introduction for preparing powder zeolites. The VPT method is
a novel synthetic method for zeolites which were

In the 1990s, zeolitic membranes have been first reported by Xu et al. [29], who synthesized
synthesized by hydrothermal methods [1-21] and ZSM-5 (MFI) from a aluminosilicate dry gel in
vapor-phase transport (VPT) methods [22-31]. contact with mixed vapors of water, ethylenedi-
The synthetic hydrothermal method is common amine (EDA) and triethylamine (Et;N) at 453 K.
Following this work, Kim et al. [30] and our group

[22-28,31] reported that the VPT method is useful

—_— to prepare zeolites [27,30] and zeolitic membranes
Corresponding author. Tel.: +81-6-6850-6255; fax: +81-6-

6850-6255 [22-26,28,31]. As the size of zeolite pores is similar
E-mail addresses: mmatsu@mn.waseda.ac.jp (M. Matsu- to th'e molecular dlmen§1op, both sele;ctwe ad-
kata), ueyama@cheng.es.osaka-u.ac.jp (K. Ueyama). sorption and molecular sieving play an 1mportant
! Tel.: +81-3-5286-3850; fax: +81-3-5286-3850. role in the separation of hydrocarbon mixtures.
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Interesting features of the separation of hydro-
carbons using zeolitic membranes have been re-
ported [1-28,31].

The compactness of the membrane is important
for industrial applications of polycrystalline zeo-
litic membranes. The presence of intercrystalline
defects is unavoidable in such membranes. When
the sizes of the defects are larger than the pores of
the zeolite, the membrane exhibits a very poor
performance in separating hydrocarbon mixtures.
By permeating through the membrane, a probe
molecule with a size larger than the pores of the
zeolite, but smaller than the size of the defects, the
degree of defect can be evaluated from the per-
meation flux. We have used 1,3,5-triisopropyl-
benzene (TIPB) as a probe molecule, with a kinetic
diameter of 0.85 nm which is a little larger than
the pores of ferrierite (FER) (0.54 x 0.42 and
0.46 x 0.37 nm?) and MFI (0.53 x 0.56 and
0.51 x 0.55 nm) [22-25,31].

Many research groups have reported the results
of pure and mixed gas permeation for butane
isomers through medium-pore zeolitic membranes
including MFI and FER membranes [4,6-13,
16-19]. MFT has a framework structure composed
of two types of intersecting channels which were
both defined by 10-membered rings (MR). On the
contrary, FER has 10-MR and 8-MR channels.
The reported separation factors for the n-butane/
i-butane were in the range of 20-60 using the
polycrystalline MFI membranes at room temper-
ature [6-12]. On the contrary, permeation results
using a pure-silica oriented single-crystal FER
membrane were reported by Lewis et al. [13]. They

Table 1

found an upper limit of n-butane/i-butane sepa-
ration factor as high as 116 at 383 K.

In addition to the separation of mixtures of
butane isomers, the separation of xylene isomers
has been studied using MFI or FER membranes as
well [13,20,21,24,25]. Table 1 lists the literature
data obtained with the MFI and the FER mem-
branes. Sano et al. [20] showed that it is difficult to
separate p-xylene/m-xylene mixtures if the mem-
brane has pinholes as large as 1 nm. Keizer et al.
[12] obtained separation factors, o(,.xyiene/o-xylene)» Of
values <1.0 at 298 K and >200 at 375415 K,
showing that the separation factors of a binary
mixture of p-xylene/o-xylene significantly depended
on the operation temperature.

We previously reported the separation of p-
xylene/o-xylene binary mixtures through the FER
membrane synthesized by the VPT method. The
separation factor, &, xyiene/o-xylene)» Was 3.1 at 303 K
[24,25]. We can expect higher separation factors of
xylene isomers through FER membranes, as the
pore sizes of FER were slightly smaller than those
of MFIL.

In this study, we used polycrystalline FER-type
zeolitic membranes synthesized by the VPT
method. Compactness of the membranes was
evaluated by pervaporation tests, using m-xylene
and TIPB as probe molecules. Permeation mea-
surements of pure gas and mixed gas separations
of butane isomers were carried out to study the
importance of the compactness of polycrystalline
FER membrane. The separation of a p-xylene/m-
xylene mixture is also discussed using the most
compact membrane.

Separation of xylene isomer mixtures using MF1 and FER membranes at room temperature

Component Permeation method Flux of p-xylene Separation factor «  References
(molm~2s~1) (p-/m- or o-xylene)

MFI membrane

p-/m-xylene Pervaporation 8.4 x 104 1 [20]

p-lo-xylene Vapor permeation ~5x 1074 1 [21]

p-lo-xylene Vapor permeation =1 x 1077 0.5-0.9 [12]

p-Im-xylene Pervaporation 9.4 x 1078 043 31

FER membrane

p-lo-xylene Pervaporation 6.6x 1077 3.1 [24,25}
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2. Experimental
2.1. Preparation of the parent gel

A flat porous a-alumina disk (NGK Insulators,
Ltd.), with a cross-sectional area of 1.0 x 10~ m?
and an average pore diameter of 0.1 um, was used
as a support. This alumina support was treated
with colloidal silica of pH about 10 in order to
reduce the dissolution of alumina during synthesis.
A parent aluminosilicate sol was prepared using a
sodium silicate solution containing 35-38 wt.% of
Si0, and 17-19 wt.% of Na,O (Kanto Chemical
Co., Inc.) as a silica source, and aluminum sulfate
anhydride, Al(SO4);, (Wako Pure Chem. Ind.
Co., Ltd.), as an alumina source. The sodium sil-
icate solution was mixed with Al;,(SO,);, deionized
water and H,S0O, at 273 K. The composition of
the parent sol was 248510,:Al1,03:12Na,0:470H,0:
0.77TH,S0,4. The colloidal silica-treated support
was dipped into the parent sol for one day at
303 K. The sol was then forced into the pores of
the alumina support by evacuating the support
from one side for 1 h.

2.2. Crystallization of dry gel by the vapor-phase
transport method

The support coated with the parent sol was
dried for 24 h at 298 K and placed in the center of
an autoclave. A mixture of EDA, Et;N and water
(EDA:2.0Et;N:H,0, volume ratio) was poured
into the bottom of the autoclave to produce vapor.
Crystallization was then performed at 453 K and
under autogenous pressure for up to five days. A
synthesized FER membrane was calcined in air at
773 K for 4 h. A heating rate of 0.1 Kmin~! was
adopted in the range of 473-773 K. The crystal-
linity and structure of the products were analyzed
by X-ray diffraction (XRD) using CuKa radiation
(Philips X’s Pert-MRD).

2.3. Evaluation of the compactness of zeolitic
membranes

To evaluate the compactness of the FER
membranes, pervaporation of m-xylene and TIPB
having the kinetic diameters of 0.68 and 0.85 nm,

respectively, (which are larger than the pore di-
mensions of FER: 0.54 x 0.42, 0.46 x 0.37 nm?),
was carried out for 25 h at 303 K. The effective
cross-sectional area of the membrane was
0.50 x 10~* m?. Vacuum was applied on the per-
meation side. The permeant was continuously
collected for 25 h in a cold trap using liquid ni-
trogen, and was analyzed by a gas chromatograph
equipped with a flame ionization detector.

2.4. Permeation measurements

Epoxy resin was used as a sealant between the
membrane and the apparatus. As a pre-treatment
for a permeation test, water adsorbed on the zeo-
litic membrane was removed by evacuation at
420 K for 2 h. Between each set of permeation
experiments, the membrane was calcined for 6 h at
773 K to remove the adsorbed components and the
epoxy resin. This treatment gave reproducible
separation results.

2.4.1. Pure gas permeation measurements

The pure gas permeation tests for hydrogen,
helium, methane, n-butane, i-butane and SF¢ were
performed in a batchwise manner at 300-375 K.
Vacuum was applied on the permeation side. The
total pressure on the feed side was measured using
a pressure transmitter. The permeances of hydro-
gen, helium, methane, n-butane, i-butane and SFg
through an FER membrane at 100 kPa were de-
termined from the rate of pressure reduction, from
102 to 98 kPa, on the feed side. The permeance
was calculated using Egs. (1) and (2):

dn dp ¥V
@ ar X RT’ (1)
dn 1
2 -lp,-1y _ 9"
Permeance (molm™“s™ Pa™") = & A0p’ (2)

where n represents the amount of permeant (mol),
t is the time (s), p, the pressure on the feed side
(Pa), V, the dead volume on the feed side (5.3 cm?),
R, the gas constant (8.314 Jmol™'K™!), T, the
temperature (K), 4, the effective membrane area
(0.50 x 10~* m?) and Ap, the partial pressure dif-
ference between the feed and the permeation sides



46 T. Matsufuji et al. | Microporous and Mesoporous Materials 38 (2000) 43-50

(Pa). An ideal selectivity was calculated from the
permeance ratio of the molecules.

2.4.2. Mixed gas permeation measurements

The same experimental apparatus was used for
the mixed gas permeation measurements. The total
permeances of both n-butane and i-butane were
calculated from Egs. (1) and (2), as mentioned
above. The separation factor was calculated from
the total amount of permeant and the change of
composition on the feed side. The initial feed gas
and final feed gas were analyzed with a gas chro-
matograph (Ohkura, Model 802) with a TC de-
tector and a packed column (Porapak Type Q,
2 m x 1/8 in. (3.2 mm)). The initial molar ratio of
butane isomers on the feed side was 51/49 n-
butane/i-butane. The composition of the gas on
the feed side was successively changed from 51/49
n-butane/i-butane to =~49/51 n-butane/i-butane
during the mixed gas permeation measurements.
The permeance of each butane isomer was deter-
mined by GC-analysis.

2.4.3. Permeation measurements of xylene isomers

Permeation measurements of p-xylene and m-
xylene were performed using the pervaporation
technique referred above at 303 K. Experiments
were carried out for single component and binary
systems. For the binary mixtures, the composition
of the feed was 25 mol% p-xylene and 75 mol%
m-xylene.

2.5. Amount of butane isomers adsorbed on ferrie-
rite powders

Adsorption measurements of butane isomers
were carried out in a conventional volumetric ap-
paratus at ~100 kPa in the temperature range of
303-375 K. 0.5 g of FER powder in the sample cell
was degassed at 395 K for 2 h. The pressure of the
sample cell was measured by a Baratron absolute
pressure transducer (model CMLB-31506).

Competitive adsorption of butane isomers at
~100 kPa was also carried out at 375 K in the
same manner as the pure gas adsorption mea-
surements. The initial composition of feed gas was
analyzed by GC before adsorption. The initial
molar ratio of butane isomers on the feed side was

~52/48 n-butane/i-butane. The composition of the
feed gas was progressively changed during the
adsorption measurement. The amount of each
butane isomer adsorbed was determined by GC
analysis in the gas phase.

3. Results and discussion

3.1. Compactness of the FER-type zeolitic mem-
brane

Although we prepared three polycrystalline
FER-type zeolitic membranes (membranes A, B
and C) under the same conditions, different per-
meation characteristics were found.

Table 2 shows the permeation flux of TIPB and
m-xylene through the FER membranes. After the
pervaporation test, the permeation of TIPB

_through membranes A and B was not detectable,

indicating that the flux of TIPB was less than the
detection limit of 1.0 x 10~° molm=2s!, In addi-
tion, the permeation flux of m-xylene through
membrane A was less than 4.0 x 107" molm=2s"!,
corresponding to the detection limit of m-xylene.

The permeation flux of m-xylene through
membrane B was 2.9 x 10~ molm~2s"!, as shown
in Table 2. Membrane B has pinholes larger than
the m-xylene molecule. The permeation flux of
TIPB was 7.6 x 10~® molm~2s~! for membrane C,
suggesting that membrane C has pinholes larger
than the TIPB molecule. Therefore, it is concluded
that the compactness of membranes is decreasing
in the order A > B > C.

3.2. Pure gas permeation measurement

Fig. 1 shows the permeances of hydrogen, he-
lium, methane, n-butane, i-butane and sulfur

Table 2
Pervaporation tests for the compactness of FER membranes
Membrane Flux of TIPB Flux of m-xylene
(molm~2s~1) (molm™2s!)
A < 1.0x 107 < 4.0 x 10710
B < 1.0 x 107 29 x107°
C 7.6 x 10-¢ n/a®

®

not analyzed.
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Fig. 1. Pure gas permeances through FER membranes as a
function of the kinetic diameter of the molecules: O: membrane
A, A: membrane B, [J: membrane C.

hexafluoride through membranes A, B,and Cas a
function of the kinetic diameter of the molecules.
For membranes A and B, molecules such as hy-
drogen, helium, methane, n-butane, (smaller than
the 10-MR channel of an FER (0.54 x 0.42 nm?))
showed permeances higher than those of i-butane
and sulfur hexafluoride. The permeance of i-
butane (0.50 nm) and SFs (0.55 nm), the sizes of
which are comparable to the size of the FER
channels, were very low. For membrane A, the
permeance of i-butane at 300-335 K and sulfur
hexafluoride at 300-375 K was below the detection
limit (5.0 x 10~ molm~2s~! Pa~!) of this experi-
ment. The ideal selectivities of hydrogen to i-
butane at 375 K were 702 for membrane A, 14.7 for
membrane B, and 1.3 for membrane C. The ideal
selectivities of n-butane to i-butane at 375 K were
40 for membrane A, 2.5 for membrane B, and 1.0
for membrane C, as listed in Table 3. Therefore,
the ideal selectivities of small/large molecules such
as hydrogen/i-butane and rn-butane/i-butane de-
pend on the compactness of the membrane.

3.3. n-butaneli-butane mixed gas separations

The results of the mixed gas permeation experi-
ments are summarized in Table 3. The initial molar
ratio of butane isomers on the feed side was ~51/49
n-butane/i-butane. The mixed gas permeances of
butane isomers follow the order: membrane A <
membrane B < membrane C. Ideal selectivities
at 375 K follow the order: membrane A >
membrane B > membrane C. The separation fac-
tors in mixed gas permeation measurements at
375 K follow the same order. The separation fac-
tors are always higher than the ideal selectivities
in these experiments. The separation factor of
n-butane/i-butane using membrane C was 1.3-1.4
in the range 300-375 K, indicating that the com-
pactness of membrane C was very poor. Higher
separation factors are obtained at the cost of
smaller permeances of butane isomers. It was found
that the pervaporation results of TIPB were a
good indication of the capability of a membrane
for separation of butane isomer mixtures, as listed
in Table 2.

Adsorption data of butane isomers are listed in
Table 4. The amounts of butane isomers adsorbed
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Table 3
Mixed gas permeation results for the FER membranes
Temperature (K) Permeance (molm=2s! Pa~!) ai® b
n-butane i-butane
Membrane A 375 2.5x 1071 3.7-7.1 x 1013 40 40-70
Membrane B 375 1.2 x 10710 5.4 x 10712 2.5 23
335 1.3 x 10°10 1.3 x 1071 23 10
300 9.4 x 10~1 1.1 x 10°1 33 8.5
Membrane C 375 1.3 x 1077 9.0 x 1078 1.0 1.4
335 1.2 x 1077 9.5 x 103 0.97 1.3
300 1.4 x 1077 9.9 x 10-? 1.1 14

*ideal selectivity.
® separation factor.

Table 4
Amount of butane isomers adsorbed on FER powder
Temperature Amount adsorbed ai® or of
X (mg/g-FER)
n-butane i-butane
Pure gas 375 41 i1 3.7
335 52 17 3.1
300 59 21 2.8
Mixed gas 375 40 0.7-1.2  30-60

#ideal selectivity.
b separation factor.

on FER particles synthesized by the VPT method
was measured at 100 kPa. At 300-375 K, the
amount of n-butane adsorbed was higher than that
of i-butane. The amount of butane isomer ad-
sorbed increased with decreasing temperature. The
ideal selectivities (the ratios of amount adsorbed)
were 3.7 at 300 K, 3.1 at 335 K, and 2.8 at 375 K,
respectively. The separation factor of n-butane/i-
butane, calculated from the competitive adsorp-
tion data at 375 K, was 30-60, which is similar to
the separation factor (0(s-butane/i-butane) =40-70) in
the binary gas permeation test. The separation
factor (0(s-butane/i-butane)) is much higher than the
ideal selectivities calculated from the sorption
data. n-butane seems to effectively block the ad-
sorption and/or the entering of i-butane. This
blocking effect in a mixed gas system is an im-
portant factor in interpreting the permeation re-
sults through the FER membrane.

- Lewis et al. reported a separation factor of 45/55
n-butane/i-butane mixture at 383 K, using a pure-

silica oriented single-crystal FER membrane (10-
MR ‘channels) [13]. This can be regarded as the
upper limit of separation factors for n-butane/i-
butane. A direct comparison of the results reported
there using single-crystal ferrierite with our poly-
crystalline FER membrane seems to be possible, as
all the parameters used like the mixed gas compo-
sition, pressure difference between the feed side and
permeate side and the temperature are similar.
While the separation factor for the 45/55 n-butane/
i-butane mixed gas permeation measurement was
reported to be 116 at 383 K for the pure-silica
oriented single-crystal FER membrane [13], that
for membrane A at 375 K was 40-70, which is
lesser than the upper limit of 116. The compactness
of membrane A was the highest of our three
membranes; however, there is still room for im-
provement in realizing higher separation factors.

3.4. Permeation measurements of xylene isomers

The pervaporation tests of p-xylene and m-xyl-
ene in the single component system were performed
at 303 K using membrane A, which is the most
compact one. The flux of p-xylene in the single
component system was 3.3 x 10~ molm2s~';
however, the flux of m-xylene was below the de-
tection limit (< 4.0 x 107!® molm~2s~!), as shown
in Table 5.

Separation of a 25/75 p-xylene/m-xylene mix-
ture was also performed at 303 K. Only the
permeation of p-xylene was detectable. The sepa-
ration factor of p-xylene to m-xylene was greater
than 16, which exceeds the value of 1.0 expected
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Table 5
Permeation measurements of p-xylene/m-xylene isomers using
membrane A at 303 K

Flux ai* or
(molm™?s"1) o
Pure p-xylene 3.3x%x107° >8.3
m-xylene < 4.0 x 10710
Mixture  p-xylene (25 mol%) 2.1 x 10~° > 16

m-xylene (75 mol%) < 4.0 x 10710

#ideal selectivity (flux ratio of p-/m-xylene).
b separation factor.

from the vapor-liquid equilibrium. Although the
kinetic diameter of p-xylene (0.59 nm) is compa-
rable to the size of the channels of FER, the kinetic
diameter of m-xylene (0.68 nm) is apparently
greater than the channel size. The permeation
results, therefore, suggest that shape-selective
separation for p-xylene/m-xylene takes place at the
pore mouth of the FER membrane.

We reported previously the separation of 49/51
p-xylene/o-xylene mixture through the FER
membrane at 303 K [24]. The separation factor of
p-lo-xylene was 3.1. Although a direct comparison
of the data is not possible as the xylene isomers
used and the feed composition are both different,
the fluxes of p-xylene can be compared. The flux of
p-xylene through the FER membrane reported
previously was 6.6 x 1077 molm™?s~!, which is
about 200 times higher than for membrane A. The
higher separation factor was accompanied by
smaller fluxes of xylene isomers, as shown in the
butane permeation results.

The flux of p-xylene in this work was lesser than
the existing data obtained with MFI membranes at
room temperature [12,20,21,31]. On the contrary,
the separation factors of a binary mixture of p-
xylene/o-xylene or of p-xylene/m-xylene were
higher than those for MFI membranes, as shown
in Table 1. These tendencies agree with the smaller
pore size of FER than MFI. For a higher flux of p-
xylene, it is necessary to establish a technique for
decreasing the membrane thickness.

4, Conclusions

Polycrystalline FER-type zeolitic membranes
have been prepared using the VPT method. The

ideal selectivity and the separation factor of bu-
tane isomer mixture both depend on the com-
pactness of the membrane. The most compact
membrane in this experiment gave the highest
separation factor, 40-70. This membrane can
separate p-xylene and m-xylene mixtures. The sep-
aration factor of p-xylene to m-xylene was high-
er than 16, which is greater than the value
of 1.0 expected from the vapor-liquid equilib-
rium. The FER-type zeolitic membranes have
a great potential in separating hydrocarbon
mixtures.
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Abstract

MFI-type zeolitic membranes were prepared by a vapor-phase transport (VPT) method on porous a-alumina flat disks.
Single- and mixed-gas permeation measurements of butane isomers were performed in the temperature range of 300-375K.
The separation factor was always greater than the ideal selectivity. This result is explained by the preferential adsorption of
n-butane on MFT in the binary system.

The pervaporation tests for xylene isomers were performed at 303 K. p-Xylene was the most permeable component in
the unary system. In the permeation measurements of a binary mixture of p-xylene/m-xylene and a ternary mixture of
p-xylene/m-xylene/o-xylene, p-xylene predominantly permeated in the early stage, and then, the flux of p-xylene decreased
gradually and finally became lower than that of the other xylene isomers. The adsorption of m-xylene in the pores of MFI

seemed to block the permeation of p-xylene. © 2000 Elsevier Science B.V. All rights reserved.

Keywords: Zeolite membrane; MFI; Gas separation; Adsorption; Pervaporation

1. Introduction

In recent years, zeolitic membranes have been
synthesized by a hydrothermal method [1-21] and a
vapor-phase transport (VPT) method [22-28]. Since
the size of zeolite pores is similar to the molecular
dimension, both selective adsorption and molecular
sieving play an important role in the separation of
hydrocarbon mixtures. Interesting features on the

* Corresponding author. Tel.: +81-6-6850-6255;
fax: +81-6-6850-6255.
E-mail addresses: mmatsu@mn.waseda.ac jp (M. Matsukata),
ueyama@cheng.es.osaka-u.ac.jp (K. Ueyama).

! Tel.: +81-3-5286-3850; fax: +81-3-5286-3850.

separation of hydrocarbons using zeolitic membranes
have been reported [1-28].

Separation using MFI-type zeolitic membranes
were reported most often with respect to the separa-
tion of linear and branched hydrocarbon mixtures such
as n-butane/i-butane [4,5,7,8,10—12] and n-hexane/2,2-
dimethylbutane [4,10,12]. MFI has a framework struc-
ture composed of two types of intersecting channels
which are both defined by 10-membered rings (MRs).
Reported separation factors for the n-butane/i-butane
and n-hexane/2,2-dimethylbutane mixtures were in
the range of 20-60 and over 600, respectively, at room
temperature.

In addition to the separation of linear and branched
hydrocarbon mixtures, the separation of aromatic

0376-7388/00/$ — see front matter © 2000 Elsevier Science B.V. All rights reserved.
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hydrocarbons has been studied using MFI or fer-
rierite (FER) membranes [12,14,21,24,25]. Sano et
al. [14] prepared pure silica MFI membranes by hy-
drothermal synthesis on a porous sintered stainless
steel and «-alumina supports. They showed that it
is difficult to separate p-xylene/m-xylene mixtures
if the membrane has pinholes as large as 1nm.
Baertsch et al. [21] reported the vapor permeation
results of aromatic hydrocarbons through a pure sil-
ica MFI membrane. The permeances in the binary
and ternary systems were identical to the permeance
of the slowest component in the unary system mea-
surements. They explained the separation results by
a single-file transport. The pores of MFI were so
narrow that aromatic hydrocarbon molecules could
not pass each other. Consequently, the molecule with
the slowest permeation rate inhibited the permeation
of the other species. The selective adsorption at the
entrance of pore seems to play an important role in
the separation of an aromatic hydrocarbon mixture.
However, no separation was obtained for binary mix-
tures of p-xylene/o-xylene, p-xylene/ethylbenzene,
m-xylene/ethylbenzene and p-xylene/toluene in the
temperature range of 380-480 K. Their results showed
that the selective adsorption of the most permeable
component in the unary system hardly occurred at the
entrance of the pore in the binary and ternary systems.

On the other hand, Keizer et al. [12] obtained sep-
aration factors, &(p-xylene/o-xylene), Of <1.0 at 298K
and >200 at 375-415K, showing that the separation
factors of a binary mixture of p-xylene/o-xylene sig-
nificantly depended on operation temperature. Their
membrane shows a possibility of the separation of a
mixture of xylene isomers with the MFI membranes
in vapor permeation.

We previously reported the separation of p-xylene/
o-xylene binary mixtures through the FER mem-
brane at 303K [24,25]. The separation factor,
Q(p-xylene/o-xylene)» Was 3.1 at room temperature.

Further investigation is necessary to assure the
possibility of the separation of a mixture of xylene
isomers using a membrane composed of zeolite with
a 10-MR channel. FER has 10-MR channels, for
instance. We can expect larger fluxes of xylene iso-
mers through MFI membranes, because the pore sizes
of MFI (0.53nmx0.56nm and 0.51nmx0.55nm)
were slightly larger than the pore sizes of FER
(0.54 nmx0.42 nm and 0.46 nmx0.37 nm).

In this study, MFI membranes were prepared by the
VPT method. Both single-gas permeation measure-
ments and mixed-gas separations of butane isomers
were carried out. Permeation behavior of xylene iso-
mers through the MFI membrane was studied using a
pervaporation technique.

2. Experimental
2.1. Preparation of parent gel

A flat porous «-alumina disk (NGK Insulators Ltd.)
with a membrane area of 1.0x10~*m? and an aver-
age pore diameter of 0.1 pm was used as a support.
The alumina support was treated with colloidal silica
with a pH of 10 to depress the dissolution of alumina
from the support during synthesis. Parent aluminosili-
cate sol was prepared using colloidal silica containing
30 wt.% of SiOy, 0.04 wt.% of Al; O3 and 0.4 wt.% of
NayO (Nissan Chemical Co. Ltd.), and NaOH solu-
tion (4 N) (Wako Pure Chem. Ind. Co. Ltd.) at 303 K.
The colloidal silica was mixed with NaOH solution
at 303 K. The composition of the parent sol was 1000
Si0;:1.0 Al;03:210 Na0:25 000 H,0. The support
treated with the colloidal silica was dipped into the
parent sol at 303 K for 1 day. Then, the sol was forced
to penetrate into the pores of alumina support by evac-
uating the support from one side for 1 h.

2.2. Crystallization of dry gel by the vapor-phase
transport method

The support coated with the parent sol was dried for
24 h at 298 K and placed in the middle of an autoclave.
The inner volume of the autoclave was 100cm3. A
mixture of ethylenediamine (0.5 cm?), triethylamine
(1.0 cm®) and water (0.5 cm?) was poured into the bot-
tom of the autoclave to produce vapor. Crystallization
was then performed at 453K and autogenous pres-
sure for 4 days. An as-synthesized MFI membrane
was calcined in air at 773K for 10h. A heating rate
of 0.1 Kmin~! was adopted in the temperature range
of 473-773 K. The crystallinity and structure of the
product were analyzed by X-ray diffraction (XRD)
using Cu Ka radiation (Philips X’s Pert-MRD). The
resulting morphology was examined by scanning
electron microscopy (SEM, Hitachi S-2250).
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Fig. 1. Schematic diagram of the experimental apparatus for per-
vaporation.

2.3. Permeation measurements

Epoxy resin was used as a sealant between mem-
brane and apparatus. As pretreatment for permeation
tests, water adsorbed in the zeolitic membrane was
removed by evacuation at 420K for 2 h. Before each
permeation experiment, the membrane was calcined
for 4-10h at 773K to remove adsorbed components
and epoxy resin.

2.3.1. Pervaporation

In order to evaluate the compactness of the MFI
membranes, the pervaporation of 1,3,5-triisopropyl-
benzene (TIPB) with a kinetic diameter (0.85nm)
larger than the pore dimensions of MFI (0.53 nmx 0.56
nm, 0.51nmx0.55nm) was carried out for 25h at
303K. The zeolitic membrane was attached at one
end of a glass tube with a cross-sectional area of
0.50x 10~* m2. Liquid TIPB were poured in the glass
tube, as shown in Fig. 1. The permeation side was

Pressure transmitter l

=

kept under vacuum. The permeant was continuously
collected for 25h in a cold trap using liquid nitrogen
and analyzed by a gas chromatograph equipped with
a flame ionization detector.

Pervaporation of xylene isomers were also perfor-
med at 303 K. Single, binary (p-xylene/m-xylene) and
ternary (p-xylene/m-xylene/o-xylene) components of
xylene isomers were tested. The compositions of the
feed mixture were determined by the gas chromato-
graph.

2.3.2. Gas permeation measurements

Gas permeation measurements were performed us-
ing a pressure gradient (PG) method. The permeation
measurements were operated in a batch-wise manner,
as shown in Fig. 2.

In the PG method, the total pressure of the feed side
was monitored using the pressure transmitter during
the permeation measurement. The permeation side
was evacuated to less than 50 Pa. This condition is
referred to as vacuum. Single-gas permeation tests for
He, N, n-butane, i-butane and SFg were performed
in the temperature range of 300-375K. The perme-
ances of these gases at atmospheric pressure were
determined by using the rate of pressure decrease of
the feed side from 105 to 95 kPa. Ideal selectivity was
calculated from the ratio of permeances.

Mixed-gas permeation measurements of butane
isomers mixture were performed in the temperature
range of 300-375K. The initial feed gas and final
feed gas were analyzed with a gas chromatograph
{Ohkura, Model 802) with a TC detector and a packed

Epoxy resin

/

Stop valve

l Vacuum pump

gy

1 Stop valve

Feed gas

Porous alumina support

Zeolitic membranc

Fig. 2. Schematic diagram of gas permeation measurements.



28 T. Matsufuji et al./Journal of Membrane Science 178 (2000) 25-34

column (Porapak Type Q, 2mx1/8in. (3.2mm)).
The initial composition of the feed gas was 52/48
n-butane/i-butane (molar ratio). The permeances of
each butane isomer and separation factor (n-butane/i-
butane) were calculated from the total amount of per-
meant and the change in composition on the feed side.

Separation factors in the mixed-gas permeation
measurements were defined as the following equation:

(Xn/Xi)permeate
(Xn/Xi)feed

where X, and X; represent mole fractions of n-butane
(%) and i-butane (%), respectively.

Separation factor =

2.4. Adsorption of butane isomers on MFI powder

Adsorption measurements using MFI powder syn-
thesized by the VPT method were carried out by a
conventional volumetric method at 1005 kPa in the
temperature range of 303-375 K. Prior to the exper-
iments, 0.5g of MFI (with SiO/Al,03 ratio=1000)
powder in the sample cell was degassed at 400K for
2 h. The pressure of the sample cell was monitored
with a Baratron absolute pressure transducer (model
CMLB-31506) until the change in pressure was not
observed anymore.

The binary component adsorption measurements
of butane isomers were carried out in the tempera-
ture range of 303-375K, in the same manner as that
in the unary system. A mixture of butane isomers
with a 52/48 n-butane/i-butane molar ratio was intro-
duced into a closed cell containing MFI powder. The
decrease in pressure was monitored during the ad-
sorption measurement. After the pressure reached an
equilibrium value, the composition of the gas phase
was measured by a gas chromatograph analysis.

3. Results and discussion
3.1. Compactness of MFI-type zeolitic membrane

We previously reported that the formation of FER/
alumina composite layer in the interior of the sup-
port was compact [23,25]. Fig. 3 shows XRD patterns
for (a) MFI powder synthesized by the VPT method,
(b) as-synthesized membrane and (c¢) MFI membrane
after removal of the top layer. Reflection peaks for

MFI were still observed after removal of the top layer.
Fig. 4 shows SEM images for (a) the top surface be-
fore removal of the top layer and (b) cross-section of
the product before removal of the top layer and (c)
after removal of the top layer. Numerous voids were
observed among zeolite crystals on the top surface of
MFI membrane, as shown in Fig. 4(a). After removal
of the top layer, a ca. 20 um thick of MFI/alumina
composite layer was observed in the interior of the
support, as shown in Fig. 4(c).

The permeation measurement of molecules larger
than the zeolite pore seems to be a useful technique
to evaluate the compactness of zeolitic membranes.
We employed TIPB as a probe molecule for the per-
vaporation of the MFI membrane. No permeation of
TIPB through the MFI membrane was detected, indi-
cating that the permeation flux of TIPB was less than
1.0x107? molm~2 s, the detection limit in this ex-
periment. Therefore, it was concluded that the MFI
membrane was practically pinhole-free.

In the literature [8,10,11], the ideal selectivities of
a specific pair of components such as N/SF¢ and
n-butane/i-butane are taken as a good index of mem-
brane compactness. The ideal selectivities for the
N2/SF¢ and n-butane/i-butane systems were in the
range of 1.6-138 and 10-90, respectively, at ca. 300K
[4,5,7,8,10-12]. Widely varying selectivities reported
so far are due to the different permeation methods
used and conditions in permeation measurements.

Fig. 5 shows the permeances of N, and SFg through
the MFI membrane as a function of temperature.
The permeances of both N and SFg increased with
increasing temperature. The ideal selectivities for
the Ny/SF¢ system were in the range of 8-13 in the
temperature range of 303-375K. Fig. 6 shows the
permeation results of butane isomers. The perme-
ances of butane isomers in the unary system increased
with increasing temperature. The ideal selectivities of
n-butane/i-butane in the PG method were 22 at 300K,
16 at 335K and 14 at 375K, as shown in Fig. 6(b).
The values of ideal selectivities for the N3/SF¢ and
n-butane/i-butane systems obtained in this study were
in the range reported in the literature [4,5,7,8,10-12].

3.2. n-Butane/i-butane separations

In the binary system, the permeances of butane iso-
mers also increased with increasing temperature. The
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Fig. 3. XRD patterns for (a) MFI powder, (b) as-synthesized membrane and (¢) MFI membrane after removal of the top layer.

separation factors of n-butane to i-butane were 28 at
300K, 40 at 335K and 69 at 375K, as shown in
Fig. 6(b). The separation factor is always greater than
the ideal selectivity.

Adsorption of butane isomers in single and binary
systems on MFI powder synthesized by the VPT
method was measured. Table 1 shows the amounts of
butane isomers adsorbed on MFI powder in the unary
system. The ratio of the adsorbed amount of n-butane
to that of i-butane (c;) increased from 1.2 to 1.9 with
increasing temperature (from 300 to 375 K).

Table 2 shows the amounts of butane isomers
adsorbed on MFI powder in the binary-component
adsorption measurements. The separation factor
(amix) was always greater than the ideal selectivity.

These results show that the preferential adsorption
of n-butane on MFI plays an important role in the
selective separation of a mixture of butane isomers
using an MFI membrane. The difference in diffu-
sivity between n-butane and i-butane in the zeolite
pores might contribute to the selectivity in membrane
separation in addition to the preferential adsorption
of n-butane, because the selectivities in membrane
separation were much larger than those in adsorption.

3.3. Separations of xylene isomers

Table 3 lists the fluxes of xylene isomers in the unary
system. The flux of p-xylene is the largest among three
kinds of isomers. The order of these selectivities can
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©

Fig. 4. SEM images for (a) the top surface before removal of the top layer, (b) cross-section of the product before removal of the top

layer and (c) after removal of the top layer.

be explained by the size effect. The kinetic diameter of
p-Xylene is 0.59 nm and that of m-xylene and o-xylene
is 0.68 nm.

Fig. 7(a) shows the transient profiles of the fluxes
of p-xylene and m-xylene in the pervaporation of a
50/50 p-xylene/m-xylene mixture. p-Xylene preferen-
tially permeated in the early stage and has a maximum
value of flux, while the flux of m-xylene gradually
increases and the flux of m-xylene at steady state
becomes larger than that of p-xylene. The separation
factor of the p-xylene/m-xylene system at steady state
was 0.43, showing meta-selectivity.

In Fig. 7(b), p-xylene also predominantly perme-
ates in the early stage and finally becomes the slow-

est component in the permeation measurement of a
ternary mixture. In the permeation measurements of
mixtures, the MFI membrane showed para-selectivity
only in the early stage, suggesting that the kinetic
diameter is not a limiting factor for the separation
of a xylene isomer mixture. The separation fac-
tors of « (p-xylene/m-xylene)s & (p-xylene/o-xylene) and
O (m-xylene/o-xylene) 3t steady state were 0.16, 0.18 and
1.1, respectively.

Karsli et al. [29] reported that pre-loading with
p-Xylene at room temperature caused symmetry
changes and lattice distortions to increase the sorp-
tion rates of m-xylene and o-xylene in the pores. It
is considered that p-xylene adsorbed in the pores of
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Fig. 5. Permeances of N2 and SFg through an MFI membrane and
ideal selectivities of N2/SFs as a function of temperature.

MFTI in the early stage of pervaporation opened the
pores of MFIL. Consequently, m-xylene and o-xylene
were easily permeated through the MFI membrane.
Fig. 8 shows the pervaporation results of a ternary
mixture of xylene isomers after the permeation mea-
surement of m-xylene in the unary system. The flux
of m-xylene dropped gradually after the exchange of
the feed. The flux of m-xylene was reduced because
of the lower concentration of m-xylene in the feed.
The steady-state flux of o-xylene became large and
then reached almost the same value as that shown in

(a) Permeances
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Table |
Amounts of butane isomer adsorbed on MFI powder in a unary
system

Temperature (K) Adsorbed amount (molecule u.c.”!2) a;®
n-Butane  i-Butane

375 5.0 2.6 1.9

335 6.0 3.5 1.7

300 7.2 6.0 1.2

2 u.c.: unit cell.
b 12 ratio of the adsorbed amount of n-butane/i-butane.

Table 2
Amounts of butane isomer adsorbed on MFI powder in a binary
system

Temperature (K) Adsorbed amount (molecule u.c.~!#) o;®
n-Butane  i-Butane

375 34 0.5 6.7

335 4.8 0.8 6.0

300 6.3 1.1 5.6

2u.c.: unit cell.
b o mix: separation factor of #-butane/i-butane in the adsorption
measurement.

Fig. 7(b). However, the flux of p-xylene was less than
1.0x109 molm=2s~!, the detection limit in this
experiment, indicating that the loading of m-xylene
in the pores of MFI inhibited the permeation of
p-xylene. meta(ortho)-selective separation at steady

(b) Ideal selectivity and separation factor
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Fig. 6. Permeation results of butane isomers through MFI membrane. Open key: unary system. Closed key: 52/48 n-butane/i-butane

mixed-gas system.
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Table 3
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Pervaporation results for a single liquid component of xylene

isomers at 303K

Flux (x10~"molm~2s~1)

p-Xylene
m-Xylene
o-Xylene

5.5
3.9
34

state suggests that m-xylene or o-xylene is adsorbed
more strongly than p-xylene in the pores of the MFI
membrane.

3.4. Comparison of the separation of xylene isomers
with the separation of butane isomers

The kinetic diameters of n-butane and i-butane are
0.43 and 0.50 nm, respectively, which is smaller than
those of xylene isomers. In the unary system, smaller
n-butane permeated faster than i-butane, which is a
behavior similar to that of p-xylene in the xylene
permeation measurements. Smaller n-butane also
preferentially permeated in the separation of butane
isomers, because n-butane is a more adsorptive com-
ponent. On the other hand, the reverse in selectivity
occurred while separating mixtures of xylene isomers,
although p-xylene was the most permeable compo-
nent in the early stage of permeation measurement. It
is considered that p-xylene is a faster but less adsorp-
tive component compared to m-xylene and o-xylene
in the pores of MFI. Therefore, the permeation of

(a) 50/50 p-xylene/m-xylene mixture
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Fig. 8. Pervaporation results of a ternary mixture of xylene isomers
after the permeation measurement of m-xylene. Composition of
ternary mixture: p-xylene, 24 mol%; m-xylene, 51 mol%,; o-xylene,
25 mol%.

p-xylene might have been blocked by strongly ad-
sorbed m-xylene and o-xylene which were slower
components. However, since the kinetic diameters of
Xylene isomers are close to the pore size of MFI, the
reverse in selectivity occurred very slowly.

3.5. Reproducibility of permeation data after
calcination

We performed 35 calcination procedures to remove
adsorbed components over the whole of the permea-

(b) 24/51/25 p-xylene/m-xylene/o-xylene mixture
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‘s 407 4 o-xylene
B
B
Ly
= L ]
w 20
5
=
00¢ 500 1000 1500 2000

Time [ min ]

Fig. 7. Pervaporation results for xylene isomers at 303K through MFI-typé“zeolitic membrane.
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tion experiments. The influence of calcination on per-
meation properties was studied. The reproducibility
of permeation data was tested using He as a probe
molecule. The permeance of He after the first perme-
ation measurement was 1.9x 10~ molm~2s~! pa~!
at 375 K. After the last permeation measurement, the
permeance of He was 1.8x10™° molm=2s~! Pa~!,
indicating that the permeances of He were repro-
ducible. Moreover, the permeation properties of mem-
brane were reproducible on repeated runs of butane
and xylene separation measurements. It seems that
the MFI membrane has an excellent stability over the
permeation and calcination conditions.

4. Conclusions

The competitive adsorption of butane isomers is one
of the important factors in the separation of butane
isomer mixture using the MFI membrane.

In the pervaporation of xylene isomers, p-xylene
was the most permeable component in the unary
system. However, m-xylene and o-xylene permeated
faster than p-xylene in the binary and ternary sys-
tems. The adsorption of m-xylene in the pores of MFI
seemed to inhibit the permeation of p-xylene.
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Permeation of Hexane Isomers through an MFI Membrane

Takaaki Matsufuji," Kensuke Watanabe,' Norikazu Nishiyama,' Yasuyuki Egashira,'
Masahiko Matsukata,* and Korekazu Ueyama*'

Division of Chemical Engineering, Graduate School of Engineering Science, Osaka University,
1-3 Machikaneyama-cho, Toyonaka-shi, Osaka 560-8531, Japan, and Department of Applied Chemistry,
Waseda University, 3—4~1 Okubo, Shinnjyuku-ku, Tokyo 169-8555, Japan

The pervaporation tests for n-hexane, 2-methylpentane (2-MP), and 2,3-dimethylbutane (2,3-
DMB) were performed using an MFI-type zeolitic membrane at 303 K. In the unary systems,
those fluxes followed the order n-hexane > monobranched hexane (2-MP), > dibranched hexane
(2,3-DMB). The ideal selectivities of n-hexane/2-MP and n-hexane/2,3-DMB were 37 and 50,
respectively. n-Hexane preferentially permeated in the measurements of a binary mixture of
n-hexane/2-MP and n-hexane/2,3-DMB. The feed composition dependence in separating n-hexane/
2,3-DMB binary mixtures was studied. The separation factor for the 50/50 n-hexane/2,3-DMB
mixture exceeded 120, which was much greater than 54 in the 50/50 n-hexane/2-MP system.
When the feed concentration of n-hexane was 10 mol %, the separation factor a(n-hexane/2,3-
DMB) at the steady state was as high as 270. n-Hexane effectively inhibited the permeation of

2,3-DMB, even when the concentration of n-hexane was very small.

1. Introduction

In recent years, interesting features on the separation
of hydrocarbons using zeolitic membranes have been
reported.}2* Since the size of the zeolite pore is similar
to the molecular dimensions, both shape-selective ad-
sorption and molecular sieving play an important role
in the separation of hydrocarbon mixtures.

For practical applications, it is important to know the
membrane performance as a function of operating
conditions such as temperature, total pressure, and feed
composition. Temperature and total pressure are usu-
ally constant in the separation unit. Feed composition
changes during the operation until the desired purity
is achieved. For the proper design of separation units,
the composition dependence of the separation features
of the membrane is an important factor. Knowledge
about the feed composition dependence of the membrane
performance is required to choose the optimal condi-
tions. However, attention has primarily been paid to the
temperature dependence of the separation factor.

Some research groups have reported the composition
dependence of separation performance for hydrocarbon
mixtures using an MFI membrane.!”® In separating
butane isomers, the separation factor increased with
increasing fraction of n-butane in the feed, when the
fraction of n-butane was >25%.2-4 These results show
that the permeation of isobutane is significantly inhib-
ited by the presence of n-butane in the micropores.

In addition, the separation of n-hexane/2,2-dimeth-
ylbutane (2,2-DMB) has been studied using MFI
membranes.35~9 The kinetic diameter of 2,2-DMB is 0.6
nm, which is larger than the pore size of MFI (ca. 0.55
nm). However, molecules that are larger than the zeolite
pores are able to adsorb into deformed pores, because
the framework of the zeolites is not a rigid structure.

* Corresponding author. TEL/FAX: +81-6-6850-6255. E-
mail: ueyama@cheng.es.osaka-u.ac.jp.

' Osaka University.

* Waseda University. TEL/FAX: +81-3-5286-3850. E-mail:
mmatsu@mn.waseda.ac.jp.

For example, m-xylene (0.68 nm x 0.38 nm)!® and
naphthalene (0.74 nm x 0.38 nm)!! are able to adsorb
in MFI. Separation factors; a(n-hexane/2,2-DMB), of
17-2580 were reported in the vapor permeation meas-
urement.>*~? Compared with the separation of butane
isomers, less is known about the feed composition
dependence in separating mixtures of hexane isomers.

Funke et al.! and Baertsch et al.!? found that the
same MFI membranes showed high selectivity for the
n-octane/isooctane mixture! and no selectivity for the

p-xylene/o-xylene mixture.? They reported that subtle

differences in molecule size and shape could result in
opposite trends in permeation behavior.

In this study, an MFI membrane was prepared by the
vapor-phase transport (VPT) method.*13-17 To compare
with our previous studies on the separation of xylene
isomers,}? the same MFI membrane as that used in the
previous study!” was employed for the pervaporation of
hexane isomers. The separations of n-hexane/2-meth-
ylpentane (2-MP) and n-hexane/2,3-dimethylbutane
(DMB) binary mixtures were performed at 303 K. The
feed composition dependence in separating n-hexane/
2,3-DMB binary mixtures was studied.

2. Experimental Section

2.1. Preparation of Parent Gel. A flat porous
o-alumina disk (NGK Insulators, Ltd.) with a mem-
brane area of 1.0 x 107 m? and an average pore
diameter of 0.1 um was used as a support. The alumina
support was treated with colloidal silica with pH of 10
to depress the dissolution of alumina from the support
during synthesis.

The parent aluminosilicate sol was prepared using
colloidal silica containing 30 wt % SiQ,, 0.04 wt % Al,Os,
0.4 wt % NasO (Nissan Chemical Co., Ltd.), and NaOH
solution (4 N) (Wako Pure Chem. Ind. Co., Ltd.). The
colloidal silica was mixed with an NaOH solution at 303
K. The composition of the parent sol was 1000 Si02/1.0
Al,04/210 Na,0/25000 H,0. The support treated with
the colloidal silica was dipped into the parent sol at 303
K for 1 day.

10.1021/ie000026z CCC: $19.00 © 2000 American Chemical Society
Published on Web 06/03/2000
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Figure 1. Schematic diagram of experimental apparatus for
pervaporation.

2.2. Crystallization of Dry Gel by the Vapor-
Phase Transport Method. The support coated with
the parent sol was dried for 24 h at room temperature.
A mixture of ethylenediamine (EDA; 0.5 cm?), tri-
ethylamine (Et3N; 1.0 cm?®), and water (0.5 cm3) was
poured into the bottom of an autoclave with an inner
volume of 100 cm?® to produce vapor. Crystallization was
then performed at 453 K and autogenous pressure for
96 h. An as-synthesized zeolitic membrane was calcined
in air at 773 K for 4—10 h. The heating rate 0.1 K min~!
was adopted in the range 473—773 K.

2.3. Pervaporation. Figure 1 shows the schematic
diagram of the experimental apparatus for pervapora-
tion. Epoxy resin was used as a sealant between the
membrane and the apparatus. Between each set of
permeation experiments, the membrane was calcined
for 6 h at 773 K to remove adsorbed components and
epoxy resin. This treatment gave reproducible separa-
tion results.

To evaluate the compactness of the MFI membrane,
pervaporation experiments of n-hexane, 1,3,5-triisopro-
pylbenzene (TIPB), and the 95/5 n-hexane/TIPB binary
mixture were carried out at 303 K. The kinetic diameter
of TIPB is 0.85 nm, which is larger than the pore
dimensions of MFI (0.53 nm x 0.56 nm, 0.51 nm x 0.55
nm). The zeolitic membrane was attached on an end of
a glass tube with the cross-sectional area 0.50 x 104
m?2. Feed solutions were poured on the feed side. The
permeation side was kept under vacuum. The permeant
was continuously collected in a cold trap using liquid
nitrogen and analyzed for composition with a gas
chromatograph equipped with a flame ionization detec-
tor. n-Octane (1.5 x 1073 mol, 200 xL) was put into the
trap, and 10—20 uL of the mixture was injected into a
gas chromatograph. The amount of permeant can be
determined by comparing the peak area for the per-
meant with that for n-octane.

The flux and the separation factor o) were calcu-
lated from the following equations

=1
flux = A (D
- (xa/xb)permeate
a(a/b) B (xa/xb)feed (2)

where n, ¢, A, x, and x, are the permeation amount
(mol), the permeation time (s), the membrane area (m?),
the mole fraction of n-hexane (dimensionless), and the
mole fraction of other hexane isomers (dimensionless),
respectively.

Pervaporation of 2-MP and 2,3-DMB was performed
at 303 K. The kinetic diameters 2-MP and 2,3-DMB are
0.50 and 0.62 nm, respectively, which are larger than
the kinetic diameter of n-hexane (0.43 nm). Unary and
binary (n-hexane/2-MP and n-hexane/2,3-DMB) systems
were adopted. The compositions of the feed mixture
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Figure 2. Pervaporation tests for the compactness of MFI
membranes: cal, calcination. :

Table 1. Pervaporation Results in the Unary System

flux (mol m~2s-1) @4 (dimensionless) )

n-hexane 2.2 x 1075 '
2-methylpentane 6.0 x 1077 37
2,3-dimethylbutane 4.4 % 1077 50

@ q;, ideal selectivity.

were determined with the gas chromatograph. Ideal
selectivities were calculated from the fluxes in the unary
system.

3. Results and Discussion

3.1. Compactness of MFI Membrane. Figure 2
shows the pervaporation results of n-hexane, TIPB, and
the 95/5 n-hexane/TIPB mixture through the MFI
membrane. First, the pervaporation test of n-hexane in
the unary system was carried out. After the per-
vaporation test, the membrane was calcined for 10 h at
773 K. Second, the pervaporation test of TIPB in the
unary system was carried out. After storing TIPB for
1500 min, no permeation of TIPB through the MFI
membrane was detected, indicating that the flux of
TIPB was <1.0 x 1072 mol m~2 571, the detection limit
in this experiment. Finally, the pervaporation test of
the 95/5 n-hexane/TIPB binary mixture was performed.
In the pervaporation test of the 95/5 n-hexane/TIPB
binary mixture, only n-hexane permeated through the
MFI membrane. The flux of n-hexane was 2.3 x 1072
mol m~2 571, which was the same as that (2.2 x 1075
mol m~2 s71) in the unary system, indicating that TIPB
did not enter the membrane and hardly affected the
permeation of n-hexane in the binary system. These
results strongly suggest that the MFI membrane has
no pinhole larger than the molecular dimension of TIPB.

3.2. Separation of Linear and Branched Hexane
Isomers. The fluxes of n-hexane, 2-methylpentane (2-
MP), and 2,3-dimethylbutane (2,3-DMB) in the unary
systems are listed in Table 1. The fluxes followed the
order n-hexane > monocbranched hexane (2-MP) >
dibranched hexane (2,3-DMB). The ideal selectivities of
n-hexane/2-MP and n-hexane/2,3-DMB were 37 and 50,
respectively.

The pervaporation test for the 50/50 n-hexane/2-MP
mixture was performed at 303 K. Figure 3 shows the
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Figure 3. Transient profile of fluxes of n-hexane and 2-methyl-
pentane (2-MP) in separating the 50/50 n-hexane/2-MP binary
mixture at 303 K.

transient profile of n-hexane and 2-MP permeation. The
value of the 2-MP flux was multiplied by 10 and plotted
in Figure 3. n-Hexane predominantly permeated in the
early stage and had a maximum in the range 180—400
min. The maximum value of the flux of n-hexane was
smaller than the flux obtained in the unary system,
shown in Table 1. The flux of 2-MP increased monotoni-
cally and reached the steady state after 1800 min. In
the steady state, the separation factor a(n-hexane/2-MP)
was 54, which was greater than the value of 0.91
theoretically calculated by the vapor—liquid equilibrium
with the Antoine equation. The separation factor a(n-
hexane/2-MP) was also greater than the ideal selectivity
(ai(n-henxane/2-MP) == 37) in the unary system.

Vlugt et al.’® reported the adsorption isotherms for
n-hexane and 2-MP on pure-silica MFI. They used the
configurational-bias Monte Carlo (CBMC) technique for
computing the adsorption isotherms for hexane isomers.
Their CBMC simulations of isotherms of the 50/50
n-hexane/2-MP binary mixture showed that n-hexane
was preferentially adsorbed and 2-MP was almost
completely replaced by n-hexane. The preferential ad-
sorption of n-hexane in the binary system seems to
provide a larger separation factor than the ideal selec-
tivity in separating the n-hexane/2-MP binary mixture
using the MFI membrane.

The pervaporation tests for the n-hexane/2,3-DMB
mixture with various feed concentrations were per-
formed at 303 K. Figure 4 shows the transient profile
of the fluxes of n-hexane and 2,3-DMB. The flux of 2,3-
DMB was multiplied by 100 and plotted in Figure 4 a.
The flux of 2,3-DMB was multiplied by 10 and plotted
in Figure 4b or c¢. n-Hexane also permeated predomi-
nantly in the early stage and had a maximum in the
range 180—400 min. The flux of n-hexane was mono-
tonically decreased with the passing of time and reached
the stationary state. The maximum value of the flux of
n-hexane in the binary mixtures was slightly smaller
than the flux obtained in the unary system.

Figure 5 shows the change in the fluxes of n-hexane
and 2,3-DMB and the separation factor a(n-hexane/2,3-
DMB) at the steady states as a function of the feed
concentration of n-hexane. The value of the 2,3-DMB
flux was multiplied by 10 in Figure 5. In the separation
of the equimolar mixture, the separation factor exceeded
100, which was much greater than 0.83 calculated from
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Figure 4. Transient profile of fluxes of n-hexane and 2,3-
dimethylbutane (2,3-DMB) in the pervaporation at 303 K.

the vapor—liquid equilibrium. The separation factor a(n-
hexane/2,3-DMB) was also greater than the ideal se-
lectivity (a;(n-henxane/2,3-DMB) = 50) in the unary
system. The separation factor increased with decreasing
n-hexane concentration in the feed. The separation
factor a{n-hexane/2,3-DMB) at steady state was as high
as 270 when the feed concentration of n-hexane was 10
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Figure 5. Effect of n-hexane feed concentration on the fluxes of
n-hexane and 2,3-DMB and the separation factor of n-hexane/2,3-
DMB mixtures using an MFI membrane.

mol %. While the flux of 2,3-DMB varied almost in
proportion to the 2,3-DMB concentration in the feed, the
flux of n-hexane did not behave linearly with the feed
concentration. It seemed that n-hexane preferentially
adsorbed in the pores of the MFI, even when the
concentration of n-hexane was as small as 10 mol %.
3.3. Comparison of Fluxes in This Study to
Reported Data. Direct comparison of the data obtained
by others seems to be very difficult because both the
permeation method (vapor permeation) used and the
operation temperature are different. However, the fluxes
of hexane isomers obtained by pervaporation may be
comparable to the fluxes of those obtained by vapor
permeation when the adsorption of hexane isomers at
the feed side is saturated. The fluxes of n-hexane in the
unary system (2.2 x 107® mol m™2 st at 303 K)
appeared to be about 2 orders of magnitude lower than
those reported by Gump et al.? (ca. 2 x 1073 mol m™2
s™! at 373 K). Though the operation temperature was
different, the flux obtained in this study was low. This
low flux value took a long time to approach the steady-
state value in both unary system and binary systems.
We previously reported that the compact layer of the
membrane was the zeolite—alumina support composite
layer interior of the alumina support (Nishiyama et
al.1516) The porosity of the alumina support is ap-
proximately 0.4, indicating that the effective membrane
area is smaller than that of the membrane synthesized
on the support surface. Moreover, the MFI membrane
has no pinholes larger than the molecular dimension
of TIPB. The hexane isomers seem to permeate the
pores of MFI rather than the pinholes in this study.

4. Conclusions

n-Hexane preferentially permeated though the MFI
membrane in the pervaporation tests for binary mix-
tures of n-hexane/2-MP and n-hexane/2,3-DMB. The
separation factors (a(n-hexane/2-MP) and a(n-hexane/
2,3-DMB)) were always greater than their ideal selec-
tivities. Moreover, a(n-hexane/2,3-DMB) was larger
than a(n-hexane/2-MP), indicating that n-hexane ef-
fectively blocked the larger 2,3-DMB.

The flux of n-hexane was still larger than that of 2,3-
DMB in the pervaporation tests for binary mixtures of
n-hexane/2,3-DMB, even when the concentration of
n-hexane was small. The separation factor a(n-hexane/

Ind. Eng. Chem. Res., Vol. 39, No. 7, 2000 2437

2,3-DMB) was as high as 270 when the feed concentra-
tion of n-hexane was 10 mol %. The MFI membrane
showed promising potential to separate n-hexane and
branched hexane isomer mixtures.
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Mordenite membranes prepared on «-alumina tubular
--supports by in situ hydrothermal synthesis using organic
template-free media showed high water permselectivity for
pervaporation of water—isopropyl alcohol mixtures.

Zeolite membranes have been widely studied in recent years
because of their great potential applications in separations.
membrane reactors and sensors. A continuous zeolite layer can
be grown on various supports. including «-alumina and
stainless steel generally by in situ hydrothermal synthesis.
Different types of zeolites such as MFI, zeolite A, zeolite Y,
mordenite and ferrierite have been synthesized on flat and
tubular supports. Research has so far mainly focused on MFI
(silicalite and ZSM-5) membranes for gas separation because
their pore sizes, which are close to the sizes of gas molecules.
allow separation of molecules based on their size. In addition.
MFI crystals are easily grown on a support with structure-
directing agents (SDAs). Some MFI membranes showing good
separation of hydrocarbon isomers such as #-butane~isobutane
have been reported by several groups.!-3

With respect to pervaporation separation, not only the pore
sizes of zeolites, but also their surface properties (hydro-
phobicity and hydrophilicity) play an important role. Hydro-
phobic MFI membranes exhibit preferential alcohol permeation
for pervaporation of a water—alcohol mixture although the
molecular size of water is smaller than that of the alcohol. In
contrast, water permeated much faster than alcohols through
hydrophilic zeolite A and Y membranes.>6 Since mordenite
zeolite with large channels of 0.67 X 0.7 nm and small channels
of 0.26 X 0.56 nm is hydrophilic, mordenite membranes would
be selective for permeating water against alcohols.

In 1990, Suzuki et al.” first claimed the synthesis of a zeolite
membrane (mordenite) onto a porous silica—alumina plate using
an in situ hydrothermal synthesis method. Their membrane,
synthesized at 160 °C for 2 days, exhibited Knudsen-diffusion
behavior. Matsukata and coworkers8 applied the vapor-phase
transport method to obtain a mordenite membrane on a porous
a-alumina disk. Their membranes showed a good separation
factor of 160 for pervaporation of a benzene-p-xylene mixture.
Very recently, Santamaria and coworkers®19 synthesized mor-
denite membranes onto a tubular support by in situ hydro-
thermal synthesis using TEAOH and reported the formation of
composite mordenite/ZSM-5/chabazite membranes. They stud-
ied the separation of a water—n-propanol mixture through their
composite membranes by a sweep gas method. Permeance
ratios as high as 70 to 140 for water and n-propanol were
achieved through their membranes. To our knowledge, the
synthesis of mordenite membranes under SDA-free conditions
on tubular supports has not been reported. Here we report the
synthesis of a mordenite membrane onto a tubular support for
pervaporation of a water—isopropyl alcohol mixture.

Mordenite membranes were synthesized on porous 6 cm long
a-alumina tubes (NGK, Ltd.) with 0.1 um diameter pores by in
siti hydrothermal synthesis. The parent aluminosilicate gel was
prepared as follows. An appropriate amount of alumina sulfate
(Wiuko Pure Chem. Ind. Co. Ltd.) was added to a NaOH solution
and stirred at room temperature until it dissolved. Colloidal

DOI: 10.1039/2909867d

silica containing 30-31 wt% of SiO- and 0.6 wt% of Na,O ST-
S. Nissan Chem. Ind. Ltd.) was then added to this solution and
stirred vigorously for 1 h to give a gel of molar composition
0.38N1;0:5i0,:0.025A1,05:40H-0.7 The tubular support
was washed, coated with a water slurry of seed crystals of
zeolite mordenite (HSZ600, 70A. Tosoh Co.), SiO-/AlLO; ratio
= 10.2), and then dried at 100 °C for 15 min. The support was
then vertically immersed in the gel. Crystallization was carried
out at 180 °C for a given period. After the crystallization, the
sample was removed, washed carefully with distilled water, and
then dried at 100 °C.

The membranes obtained were characterized by X-ray
ditfraction (XRD) with Cu-Ka« radiation (Rigaku RINT2000).
Fig. 1 shows the XRD patterns for the products crystallized at
130 °C for 8 and 24 h together with that for the seed powder.
These XRD patterns were consistent with the mordenite
structure. The XRD patterns of the membranes crystallized for
different periods of crystallization showed that the (150)
reflection intensity at 22.24°, became dominant with increasing
crystallization time. Thus, mordenite crystals appear to grow
randomly in the early stages of crystallization, and further
crystal growth occurred mainly with the (150) face parallel to
the support surface. Mordenite crystals were also grown on an
unseeded support and gave almost the same XRD pattern as
those on the seeded supports.

The morphology of the mordenite membranes was studied by
scanning electron microscopy (SEM) (Hitachi S2150) and Fig.
2 shows SEM images for the surface and cross section of the
mordenite membrane crystallized at 180 °C for 24 h. A
continuous, intergrown layer fully covers the surface of support.
The crystal sizes are ca. 6~7 um. and the thickness of crystal
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Fig. 1 XRD patterns for mordenite membranes crystatlized at 180 °C tor (:\)
¥ and (B) 24 h. and (C) mordenite seed powder.
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Fig. 2 SEM images for the surface and cross section of the mordenite
membrane synthesized at 180 °C for 24 h.

layer is ca. 35 um. The SiO5/Al,O5 ratio of the mordenite
zeolites determined by EDAX was ca. 12. In addition, the
mordenite crystals have a rectangular form.

The pervaporation (PV) tests for water—isopropy! alcohol,
and water—n-propanol mixtures were carried out at 75 °C using
the pervaporation experimental apparatus described elsewhere.®
The effective membrane area was ca. 15 cm? and the
permeation side was kept under vacuum. The flux was
calculated by weighing the condensed permeate. The separation
factor was determined as aas = (Ya/Yr)/Xa/Xp). where Xa,
Xg. Y and Yy denote the mass fractions of components A and
B in the feed and permeate sides. The pervaporation results
through the mordenite membranes crystallized at 180 °C for 24

958 Chem. Commun.. 2000, 957958

Table T Pervaporation results through mordenite membranes

Feed solution Separation Flun/

Membranee  (A/B) (wi%. of A) factor (A/BY kg m -
M1 Water-n-propanol (10) 1782 0.2
M2 Water—isopropyl alcohol (103 3360 0.1
M3 Water—isopropyl alcohol (10v 192 0.2

a Membranes were erystatlized at 180 °C for 24 i " PV carried out at 75 ¢,
< Prepared without sceds.

h are listed in Table | and clearly show that water preferentially
permeated through the mordenite membranes. The membrane
synthesized on the seeded support exhibited a very high
separation factor of 3360 for the water—isopropyl alcohol
mixture compared with that of the unsceded support (192). We
propose that the seed crystals increased the density of mordenite
crystals on the support, resulting in a pinhole-free structure in
contrast to the membrane formed on the unseeded support.

Mordenite is formed for Si/Al ratios of ca. 5-0. higher than
those for LTA (Si/Al = D and Y (Si/Al ratio = ca. 2.5). Thus,
in comparison with LTA and Y. mordenite has potential
application in acidic solutions under which esterification can
occur. In addition. it is known that the effective pore size of
mordenite can be precisely controlled in the range of ca. 0.3-0.6
nm by ion exchange, possibly leading to a wide varicty of |
applications such as hydrocarbon separation and use ac
membrane reactors.
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1. &0 &I

HATEER LTS S MO RERESTFIEE Dl <, 82 KR K % B 1940 4F
REBOT YNy & VETEIZBWT, SILETIVIFHHVTSU %0 ORMASENTF b O
PIEEN ThHD. 7F v EHAE LTS 2042, UFeA IV H I, B II™UF, ®UF, O L
LRICB BIBRRDEIZ L DL D TH o7, F0H%, ARESFTFEOBEE 12, WRIEORS
A A DB B CEHR R FE ARV T, BuikkoTwor,

1980 4EMRIC A T, HREHTFHEOBREIEEIER, SO BBEOERMEIE 2 & &
biZ, FUEREAT A SR & LS BN EE LTRESNS L) ko TE L.
1991 4E121E, Ho/NROBESBEREAT1000 # B2 5 7TV T 7 A L) A EFHEE & 1L(Tsapatsis
et al., 1991), ZOWENEohF &% 5T, MBEREHESEIERICR IV BECE-> TS,

ARETIX, FAGEREREORS - SR 2R 18, B0 7 A S EEEOBHRIZ OV T
AL, BBRICBELRTHE,

2., EH X DBIEOERMEHEE

ARESTFEEAV LSBT R, BT e, MERRENE, LlitEEaR
Fo, BEOHHE SO A ThHLEE, RGO, ENAAL V FREE, WRIELZELDERE
RBBEDH B, HADEOSETIE 1980 E4AMH & h TEMIZHVWLRTE L.

e LTS ER RO 3BT, ERERE (B0 EIEICBE), Sani(LELBERKL
RE), FaEHR, AT TV AOTAMIEE)THD, EREOBA I, BFEARES TR
DNELLEMT, poBEVAD, ERESTESTASEOSTFTERLINLIZIE, b 3EHS
WKOWTEREGTFRLEURTE LS > TR EO W LIdGROT L, A VEHTHESDZO1
LUENHL, IAMNEELRLEEDOVE DL, Transport Layer 3 X 2 2B HEBIZH Y, I
BEEDIRA MYy vV 2 MELIZ Lo TKERILEZ RS Z LA EEZBETH S, 9, Bk
DEREFFIREVHISTE L VERREB D 208N, BRESBICLE>THETHS, £-<
DEFTFEOBREHHREIHTTTHY, RUA I FHEETD 200CEETH L. B % B E
ELTHYIE, BETTHATRLZSEESERATEZ LHFESATYS, 2L, BERTIRED
I uHEDOTEN, BEMEEGHETA L ORSIEETALEND S,

—fEmE LT, BB Ot A LB LT, ERIEIC L 25 ER L 2520021, 0.01
cd(STP)s™'em*emHg D EBAEL HIZ L 72 5 (Hsieh, 1996). T 7, D EERBIZS5 ~10 BELE
* BRREAY BIEH S
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T, BWREOERMIED BRI O ST L.

BAHET O 2 s BT, SIS EANDIE A & b 7e, B2 VAD Y — L
e8I =2 DIV ETH LY, BRICBIIAY—VICOWTIRBEO L ZAREIL SN
Hfid e v,

3. | X TRHEDORRENR

ERESHRETHTEMNCEELTNAGEON R EZRIIIRT. INLEVINRL ORI
7 EP N DL OBE VR, BEICETIERLMHTEE LTEMA LV,

KEOBIL - PEHAZ, BE, AN I ANF—EE, SHEEELICBWTEERW
Thb, KEDHEITADHBEOLTFL LTHEELHBHETH Y, L OWREFANHESIITH
5., BHMEKEZEOBEIIOWTIE, ChETCHSIMOBELERBEORBEIEDLNTE, K&
i, ZLOERPICBOTEE - BROUHIREE AT 10K I WILEREE o700, BE L
EREL VS EARORIRWERIC L 2EMEKREOLEEIWFETES. ChFETRFSNTEL
ERB, KEOEBBREDBED S35 T LA %\, RBATEETR, BREERINTOKER
BICHWAZ ENTES,

WEFA 7 VREBDH 2 MLFERBE 7O L AO—HE LT, RATA, BHW, AREEDILE
CRBERERE LT, BECL2HSH AL, KELARE T H AL ) KED S IGEHN A HE
END., ThoDT7ut AT, KEE-BILREOTE, KELBRILREONEILEING, ¥
ABLETOECADBRBRICAY ) —VEBERHF VAR EOALERER 7O A 2 BT 5581213,
FAE %% H, /COUBPEET, Ho/COMERETALDICHATE Y 7 b N—F —%RITT, XK
UTAL T VRIGEFT). SOLE, BEFELHAESLETKESELZIT)HRAIFELOLATVS,
HABERULEED O OMON AIEBLKE, ZBRILREFFEINTVWA7:0, | BREBOBEGEESRT
INOEGHEL, 2RETAEREZSHTZHRAIREINTOD., FARET O L AL LUHRBEOL
ERS 7O AIMET CEESNDLY, BOE 7oL AD 7 14— FRIOBREW TH B ERHN A,
BETULADOFERELD/20, TAIVEF-WICEME RS, RIRFTAELTO LR IZBTHKET
DBEEL A5 EREE, B540C, 5~3BAE, HWEBRILYWD 2 VIIHLKRFEOBREIL 1 %LLTFT
bbH., HAMEHERDBEL, —RIENAA V7B LoTEESIND DS, BEIC L - TR
BMOLESEONRE RS,

T yEZTAEBIE, 500C, 300 KREL Vo BEE R &M THRESNR, KREUSTAZ VYA 70
BULENHL, CTOLEX, FAMIIRARERLTNT Y, A7 PBELTL A0, BEHOKE -

#"1 ERTAGRIEORE

5 % 3 % A =

B KR FE D EY FMATE, BEHELAKERE

KE/ —BILRE/ “BILRE KERWEIZE BARE - SR ABE, ARF AL
AT A4 7 VRBICBITAKENS

KE/ RAbKE AENA 75 226 0KFEFIR

KE/ BE/ TNVNILY - X5 TYEZTEE

ZRMLRE /2R PREEHEH A & O ZRA LR FEEUL

2F%/BE oyl 3

Ay v/ TBALRE - BLKE - BF - BRILKkE | KRRV ASE

AV 4 /0857 14 2REALKE AR

ESURILKE /TR ILAE aimfbEREH
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BFEREINOREGHUT A LT LLENHL,. COEE, MROF FRBUSKI/ BN % I 8T
EhITERERV. 2021, BREBLAAEIHAETHLEND 5.

EEQHRIKEIRACICH T 2EEROE T ) L3, BHICKHBERBL IR E LTTRILRED
BEAHENS O ADRBVED LN TS, T2 TiE, ZELRERISEE, KER, BELVwo7
BDBET AT E DGENRASNTWS, BIEREIIH 400CTH 5.

AWBHETOLADOF 75 A, KFEE C.~COBBRRILKELER, POAMKHEETOE A
BIIAKEOFTRIIFHMOEEILE L D IZHIMO—EEWoTWwDE, LizdoT, F7HANLDK
EOTHENLE, AMERICBTHELZRRANRTH L. T/, RILKFEORAE O AL L4
B B RILKE L KREDGTEOEHTHS.

RIRIWAZYAET B120ODNA T 54 T, EF - ZBLRE - bkFEQXH »a) —-ETBIU
NRATFGAVDREDRRE LS., #2T, INOEREFBICL > TRERTADLSBRETH5HRER
TOL APKRE SN TS (Meyer and Gamez, 1995). D& %, I A & V258 +1id,
BAEOLEN: CEMMUICAERNE 5. ,

HARRAOKFREWOTHED, ERTASEREONRE LTHBHINTH S, C,~CDFL 74
YENTT A VOGREE, T T4 JEBRELE LT, AL 71 IEBILEREE L ToOMELE W
720, THBEOMENFEIN TS, /1, EHRILKELSERRILKEDOSBEDL, At
KBWTRECRRY S 2. Sie(1994)1d, RUALMBE L A 71 MEEZ M A E bS8 &
B, SHAKRIGKE (B 5 VIR ERRILKE) OBRNAR 7O A ZBE L. $72, ¥V LVRE
Wi R e EBEFRIRACKERETVAOBRSE IO A, RICKERSE S oL A0 ML, Si%
BICL o THNIBWLNETHL., BRET V) VELAGEOEBERTEL, BE b~
VOC(Volatile Organic Compounds) D & LCEEE 2 )220 5.

4. BRI ZSEBRORRER

WART ASTRERL, FESILEIE L IR E (i aN D, FESILMIEICIE, KEORIRIE
BEHME LASEREE, BEOERNEAY B E LABILYE S L. 16k, F&LTHZORE
DRI T L EHLE LTEDONTELN, A5V OBILI Yy 7Y Y FRT IV v O EE
LRIS 2 &, {LEREEE L ToRMMRILKEDFEROHESBILSOER* B L T, BEEAN
ALY L BRI ED SNDL LI > TEL.

IR, FERE ) R OSBRI, ¥4 51 M LRI 7 o SILE,
LILEAREELSD ), FRENEBRUICEREITOATVS.

4.1 BB B

4. 1. 1 &BE

NI T AERER, SUEBBELTOTINHLNTWAY, BETILEAREOREE /S5 Y
TLADIAMHIRE BIEL T, BEBO- X, {LFEFEMNIM(CVD), ASv sy v 7R & HWT,
SIBERCHERCEBE T A HEIRF SN TS, X598 a, BD2O0MESL LB A 2
NMILoTRE) = FUAHERIT20, BRICBITAKERZIHVS LEEEOKT AT S
N, Zo7zw, Ag LEEILLIEBEDRELIKSND. 400C, 685UE, 254 m DEER D
D Pd-Ag &R T, 4.1X10*Barrer( 1 Barrer=10""cii(STP)/cns 'em*emHg) D HEEEA G S T
BY, KEDMBE99.9999% L L2152 Z Lid#EL v, EBEOH TIREISNICE VBIRMEHE
RKENTWBHITH 5.

Kikuchi(1997)13, B RO XICLoTa-TVIFEILELH B LICBEES pm BE T TH /S
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I AMEERET S LN L, SEOZMKFERESSNDIGN 2 AT DL, A5 DK
HEWHE T, KEOSEICL > TPEHA2EL CEBPHAY 7 S22 LICLD, FUSRENL
BALYHRECH B L RR LA, — IS, KEOBBIIKEORELNS £/ /ST T a0k
OEFULBEREEICIE S . BEORBREL, KESBEDN LETH), SO EILILETH L.
B, LES99NE, BEERD > SFEC Lo THEMEBEORBIIKI) L. EARKEEYIL 2T
v, BEEBEOESICOKREORIRNEBIRELZEFRBEN. N VT ABEEREL
T, BEEEICERHEYE, MbRZCHTI2MMEIHIRTE L. 6%, 37 VY S0 SRE
WOEESHETLLEDNS,

4. 1. 2 BAHiE

BRERIGEAE L LT, ®EMALI Va7 (YSZ)DEH L LML TV 5. B LW & O -T- Rk
EVBET L0, BEORRNEAIRZ L., 7Ty, 7TV OMHSEALEIGHOREIG O
MR ELTHRE SN TYE(ITE, 1997). YSZHOWTEEZEN o258t 2R3 0id, BifeEE
MA0CLL L ERRE V20, CeO. % EMMDBALYADHEFT bIET > T b,

HERTTAAA PRIOBALWIC L ABEHREBREANEH SN, A8 Y EBEPOLOERAT ARER,
BALH v 7)) Y 7l & B CoULEDRIUKFEDOER A Y, S F&F LBILUSIKIUG S 2T 5
HATOIR TS, LiL, HLDORUT 204 FEIOBRILINIE, KIS L o THEFERFEISERIZH
BN LEOBEIRETLIV, BO%EkIZ/KITS. Balachandran & (1997) i3 8%, Sr-Fe-
Co /NI T AN A b (SrFen:CousOx) LD THEVWHKZ b2, JERT T AH A MEE{LY SrFeCoOx
ZPRELTVS, CORZAY VEBENPOOAGHRT AREICHV2 &, 850CTIZB VT 40 HELLIC
DloTIROBIRIIEEZ 2V L, TOM CO IR B8R LEEZMREL -2 L2t s hmtkie
RETLEINTBY, SHROBHAMNRFINS,

4. 2 BIMRE
SILHRI, ZOMILEL BBSTOHA L L 50T 5DV, &5\ IdMITLEE L 5 T-0M1 I
RIS & BREIEIC L o T, BOSBMEESRET L 2 EAWF STV D,

4. 2. 1 JESAHEHE

EREOLILBADEEE LT, S ML o & HIERICHIEINR TS, VYV VR
LoTEEEN, 1omUTOI 02 b 2BEOEKOME L X D DdH 5. Tsapatsis & (1991)
&, YUNBICEOTKE/BEOGHLIT, KEOEBRHIE#H 7 X107 "cd(STP)s ™ em *emlig
EREVL DD, 1000~5000 & FIFIC K E BB ROEB v #HE L. BE, ToHREEY
HOBMEREEPOMMAMILC L > THFLEL VN EARITMEIA R LA LA IR TWE, W
5(1994)1%, CVDEICI WA LY ) R HWT, KE/BEZOSBEICBVLTERRHG 1 X
10~°caf(STP)s™ 'em™ *cmHg {2 BV THBELRER T2 3 ER L TV 5.

UNTPVELL o TV FEAKL, CheiHklbica—F4 7352 6TH/ HH0
BH7H I Ar—VoOMILEL b OEOARPIHETH S, Asaeda 5(1994)1F, Y MFIVEIZ LD
EHHILE I om LTFO L) HEEZ AL, 3BTIZBWTTa L /7 a8y O uR 5 30 % iy
LTWwa., MEZEODTEIBZBEAEEDLLT, BTFHLVHRIIUFETCELRVOT, BWIEiEDE
BUIHIILANO 7O L Y OBIRWEF I L 22 EZ 26N Twa, 29 LIZHHLANOWRE I & 5E
BEEREORBE, BB T2EHICI 7 0fifLe b o0 EEIC BV TR TS WAL Lol &
BRAHIENREWZEFHLNIENDDOH B,

JROEBBFEOL R ZHWE LT, BOREBHATULIELIEME SN LI h->TEZ, 7+
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ST hFTANE)r— F(TEOS) DKM L WAL L7222 ) AR CMFa—F 1 > 745
ZEWEY, ¥y TNIFEIUROKM M TS 2 EATTE B (Cho et al., 1995, Lange et al.,
1995). Lang #:(1995)ix, T DHHAZL Y 200CICBWTKAT/ A § v HTH0, KE/AVTH v F
T20 EEVERESRHAT LI E2HE LA, ucd, v-7VIFEILBEOXREEZ 7V Y
IEXTUTUREDYT T v IEERCTCESi R ARG (Hym et al., 1996), U 7#
BORERLZ y-TVIFHEBICTI—F 4 7 L726(Naira et al., 1996)EMNHME STV 5.
o, WINLBERROEREEEORET HE LTEY, 4% L L ZOHMOWRIZIERIC S
LHEBbNhS,

Takaba &(1996)i, - FEINFEHEIC L ) 2R LIRE, SEOBER - SO VWTIRE L, &
BICBVWTLATFEHILBEOHEERIGEE T, S8 TBILREZHRCBETHHEI T I LY
CEEHELTEY, HEBMEOEAD L bEES - THIC BT 2 REHFOEESRH S LT
5.

2L, YUMBED L) HIEREEE, KEFRICLBEV ) R, EIREOKT R
BERLTV., BROFVAGEIIEHT 2BIIZEESLETH L.

4. 2. 2 ¥4 Mg

A T4 M2 03~0.Tnm BEDH —THIEZMILE 2T VI /2 ) r—rOBKTH S, M
#BELTIE, 474 POMILSKEREEICET I E2S, BRCB AN, B X UHIETLED
B—S3IEICBVGERE(G TS5 WERPHHFEEINTEY, BEIRBLTEA LGB TH S
(Matsukata and Kikuchi, 1997). 5T 52 WIERILAHC Y, HMIFLAOBESC X 58N ik,
BBRER &L D G E ORI I NS,

YA T4 MEGHRIZIE, BRREATA FOERFETHLKREAES L CHVONRS, HIEIE
BROREICZ L, SILXFRLICEBET LI EFETI LY. IR RoMEL LTIE, BELR
(Geus et al., 1992, 1993), «-7 )V 3IF(Yan et al., 1995, 1997), y -7 3 +(Bai et al.,1994)
EMHVONG. ZSM-5 €4 5 4 F(HRHITLE 0.55nm 12HE) A%, S DBEAMENHE ShTw
5. B2, Kapteijn 5 (1995) 238k L7z, KFEE n-74 Y OBMA(K 1(2), RER(E2(D)
DTN BT BFEFE 2 EABEHRT. BICEREER LICBE L2 )54 M7 rI=w L
ZEIRVISMS) VLN, n-T7 8 Y OFEN 5 kPa, KFED 95kPa THH. HIHKRTIIHT
BEHNE L, WENEEL, FTEOBVKEOEBIEEMICKRE V. —F, BERTRUHIIBNT
KREDEXNLZEBSAOLNLY, 7¥ D EATLEIINC R EAEOEFRIZEL{HESR, 7
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] UM EBRT AL D, UV F—TRK )
L J DREVT Y ICL o THIILAPEE I NERLEZZONS,

M1 O RIIAE/RICKFEORERIIBVTEL T/ ME%
R 7 ALK FEOBIRIERDRETH 5 T & & EERIIZEEH
L7zbDThHD, /357 ABEIKEORREBEEZRT S
Ll EmeNTWAEY, FREBEMOBENCRETHY, -
B TRKEY. T2, BERTAACBLTE, EREEREDOY
LR, FA XL QREEIEREREIRAHTDH

FIOLEsE
N
FERHEETS N

P I FXEE BT EERFLTWA, &, Kusakabe &(1997)i%, Y Bl¥ 4
W 54 MEOREZ TV, 0CIBWTZBILKZ/BFE DO

, “ 23 20~100 &, FERWICEHVOBRBEYEI L. ZRBLKE
\——/ OFEBED 100" molm s Pa ' L HEHIKE W, ZOHA

| b, BEMOKIVIEBLRENEA S 4 P OMILE ST
B2 REHRECE2EAI4 MEERA A I LICXh, BRMIGEALZLINTVS.
A Yok T4 ML, BT 5 AR LSRR SRk
LTHEONE0, ZOBBRRAELDZEA—N, 7T
7 OEBR - SRR T ARBEE AR TEEL 2. 4, B THYHAZZBIIZIZY v k-
V7Y —LELLNTWED, ¥4 T4 MEOWEELFMET 5B, LIELIEn-TF Y& iso-TF ¥
OFEBREOLDSIEENS., — KR E Y FR— VBRI BEEn-TF VANBIRMIZENRT S,
Erh—Nadogailitiso-79 v BREE L2 HLLITHS. THIFE YR VA
WEDE N iso-T ¥ YHEERMTHLOLHERBIND, Yan 6(1997)i%, P AV 7o~y
¥ (HFE0.8nm) X BICHE S L L, ZSM-5BEF T4 F OHILHEBICA S B/ € vk —
WORIEEL, ThEHSETH I LIZX Y (Post-coking Treatment) ¥ v k— LAt HBE 70 v
JENBIERBE LY. TOHFEILLST, n-7% v/iso-7 % v FOBBAEERIAT, 185TiC
BWT45 &, MEHEESTARBRLET 2, 220, €474 MEOE Y F— Vb D IH RO
MFHEIELINTEHY, RROoMAERE L Ebh 5.

KBABEUADEF 54 MEAHTFHEE LT, [BEEICLILZEA 74 MESEPRESINT
VW5 (Matsukata et al., 1993, 1994a). Xu 5(1990)i2 & W s S /- GKAHE A EIX, TOK—HK
Bt I4 bValiEE LTHIZENTEZ(Kim et al., 1994, Matsukata et al., 1994). 5AH
Bk ECIIKBERERZVERILAZE TRV ATVIF I VERBL, —HERsEes. 2
OEAREBOERES NV e KSR 2 EOCRAP CRET I LICL IV EREAz VY VhicRES E,
TA 54 PANEFERILE LS. Matsukata 5(1994a, b)ERICH W/ A7 L =T %l 1
Ry, A= b7 L—7HhBIERIVERS, EBICIEHERR B L UKETET 5.

COFEEHVTERLZENVTFF A4 ME(Nishiyvama et al., 1996 ; #1FL1% 0.65X0.75nm) B &
U729 x5 4 ME(Matsukata et al., 1994b ; #1FL1E 0.35X0.48nm) % A>T, 30~100°C o i Y
THEBFTADEARREToLEEEZHIIRT. HIILEOKEVELTFA METIX, 2HHZEK
EVEBHEARLTYSD, ELFFA MEICET A Ha, He, CHUXGRETH) oML R L7,
72y Y YBOBEICIEB L) OERE L DIXT T, ZOHRIZKE, NV VA AFLDE
BLELTA PHILAC BT AHEELAENIENTHHZ LEZRL TS, T2, EOMDOEEIR
WENRLB/MEZRL, COTLE2EBEULOBZEBBIFET LI LE2TRET S, COEAHR
THBETALOIC, EGSFIEES T MTLARMSELZEBTAHOOL, MILEELE X ) EWHTE
VER GRILBE~OWE) 2 b b 22 0B R8T 200 2 BENFET 5 L+ 5, Parallel diffusion
model ##%% L 72(Nishiyama et al., in press). BRI CIIRBVXENTH Y, REIHNIILE
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State-of-the Art of Hydrocarbon Separation through
Inorganic Membranes

Masahiko Matsukata

Department of Applied Chemistry, Waseda University
3-4-1 Okubo, Shinjyuku-ku, Tokyo 169-8555, Japan

State-of-the art of hydrocarbon separation technology by inorganic membranes is reviewed. Targets

for hydrocarbon separation are classified into five groups : H,/Lower hydrocarbons, alkane/alkene,

straight chain hydrocarbons/branched hydrocarbons, aliphatic hydrocarbons/aromatic hydrocarbons,

and aromatic hydrocarbon mixtures. Various types of microporous inorganic membranes, amorphous

silica, zeolites and carbon membranes, have been under development. Some of them show very high

permselectivities, indicating the promising prospects of inorganic membrane technology. While molec-

ular sieving property has long been anticipated to appear on the basis of size recognition by micro-

pores smaller than 1 nm, there have been a few reports with conclusive evidence on the separation by

molecular sieving. On the other hand, the difference in adsorption properties into a membrane can

lead to the appearance of permselectivity particularly at lower temperatures.

Keywords : inorganic membranes,“carbon zeolites /silica /hydrocarbon separation

1. [FLC®HIC

93 1 UL OS N T RE IS ERRBAR I 5 7 -
TOREWEY 4y M, BH - AV -7z
FNF—EETHD, BHTHHEHRD LRI
F—IiE LchmideR s L TEERMEE S
THY, MBIEIC X 2 LlRRIKRESY D5
ARSI, RS ISR T X 208 Th 3.
LIRS 8% b BRKFE DR A

ThHY, BESHEMOFENRE LTHRIFO S —
Ty hThHb. L OESTEOMEYED MR
A°C T, hofFRARIcEd 2 - A
R & 78 5708, AhFRRILKED I TR
EAgEE LLWEEbRTVA, BLL 1k
F—FHOXETH 2 KERH ZIE C1-C4 DERALIK
#, Ny, CO, DIREWITHD, =xINLF—KE
THEB ORISR D > T, BB R
HINTVDBD, KRA AL



56 A IREERGIC X B ALK EE

A
T 1
perfluorotri-n-butylamine  -------- 1 40
-9
1,3,5-triisopropylbenzene --------
1,3,5-rimethyibenzens =~~~ 8
p-diisopropylbenzene -------- .
m-xylene, o-xylene -~~~
cyciochexane ------- <+ &
p-xylene, toluene, benzene ~-------
5
FCqHyp T 5

Y

2 Ol e

BEA (beta)

[ mrw@Esmiz |

MF1 (ZSM-5) |
FER {ferrierite)

S LTAA) U

DDR (deca-dodecasile)

= ANA {analcime)

H L E] Ll 1
10 20 50 100 o0
Si0y/ Al 04 ratio

Fig.1 Relation between micropore size of zeolite and molecular diameter.
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I"ig. 2 Mass Balance of H, recovery process from refinery waste with SSF membrane.
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Pervaporation of TIPB
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Fig. 3 Pervaporation results for a benzene/p-xylene mixture through a MORmembrane at 295 K.
O : Flux of benzene, @, M : flux of p-xylene and /\ : separation factor.
Dashed line : theoretical separation factor (11.3) determined at the vapor-liquid equilibrium.
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ing an FER membrane at 303 K.
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PX, 1.34 ; PX/0X, 0.96.
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Table1l Vapor permeation results through an
MFI-type zeolitic membrane. Carrier

gas : He
Temperature/°C 25 150 150 500 500
Water/vol 9% 0 0 7 0 7
Permeation
0,(20 %) yes yes yes yes yes
CH (1,000 ppm) yes yes yes yes yes
C3H4(1,000 ppm) yes yes yes yes yes
C3Hg(1,000 ppm) yes yes yes yes yes
Toluene (1,000 ppm) yes yes yes yes no
p-xylene (500 ppm) yes - - - -
m-xylene (500 ppm) no no no no no
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Microscopic Structure of a Ferrierite Membrane
Synthesized by a Vapor-phase Transport Technique

Masahiko Matsukata, Norikazu Nishiyama, Takaaki Matsufuji,
and Korekazu Ueyama,
Department of Chemical Engineering, Osaka University,
Machikaneyama, Toyonaka, Osaka 560, Japan

Introduction: Zeolites are strong candidates for inorganic membrane materials
which enable high temperature operation with separation at a molecular level.
Most of the studies on the synthesis of zeolitic membranes have so far adopted
conventional hydrothermal synthetic method. On the other hand, we have
developed a new method for zeolitic membrane synthesis [1,2], the method of
which adopted a vapor-phase transport method [3-5].  Pinhole-free ferrierite
(FER) and mordenite (MOR) membranes have been successfully prepared on a
porous alpha-alumina support[1,2]. In this study, we focused on the analysis
of microscopic structure of a FER membrane.

Experimental: Aluminosilicate gel with Si02/A1203 ratio = 25 was prepared
by mixing colloidal silica (Nissan Chemical Co., Ltd.), Al2(SO4)3 and NaOH.

A porous alpha-alumiha plate (NGK Co., Ltd.) with an average pore diameter of
0.1 um was dipped in the parent gel. After 1 day, the plate was taken out of
the gel, and dried at room temperature. The plate was placed at the middle of
the autoclave where a mixture of ethylenediamine, triethylamine and water was
poured at the bottom.  Crystallization was performed at 453 K for 1-4 days at
autogeneous pressure. The structure of the autoclave and preparation
procedure for a FER membrane were previously described [2]. Characteriza-
tion of the product was mainly carried out with XRD and FE-SEM.

Results and Discussion: After 4 days of crystallization by the vapor-phase
transport method, no amorphous phase remained. SEM observations showed
that flake-like FER crystals were formed on the surface of the alumina support
and that the parent gel penetrated into the pores of the support in the course of
preparation. The top FER layer cannot be pinhole-free because there are
numerous voids among FER crystals. We scraped the top layer with sand
paper. After confirming by SEM that all FER crystals were removed, XRD
measurements were carried out.  The XRD results showed that randomly-
oriented FER formed in the pores of alumina support with no amorphous phase.

Figure 1 showed the cross-sectional views of (a) the porous alumina support and



(b) the FER membrane. Taking the XRD results into consideration, we
conclude that the pores of the alumina support were filled with FER crystals.

It should be noted that the continuous layer observed for the FER membrane
consisted of tiny particles with diameters of several tens nanometer. Figure
1(c) shows an FE-SEM image for the edge of a flake-like FER crystal
synthesized by the vapor-phase transport, clearly indicating that this FER
crystal are composed of needle-shaped nano-units with a diameter of 20 - 40 nm.
We thus believe that nano-particles observed in the membrane are FER
nanocrystals. In conclusion, a FER nanocrystals-porous alumina composite
layer is formed and this layer can be pinhole-free.

13:04 4~JUN-98

Figure 1 FE-SEM images for (a)
the cross-section of porous alumina
support, (b) the cross-section of an
FER membrane and (c) the edge of
a flake-like FER crystal.
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Introduction

Gas separation process using membrane is beneficial for various fields such as petrochemical and gas
industﬁes. Development of pinhole-free zeolite membrane is one of the most active research arcas,"”
because it is suggested that molecules of different sizes can be separated with a zeolite membranc by
molecular sieving effect. Recently unique preparation method called “vapor phase transport method”
was developed to make zeolite membranes by Matsukata et al.>> In this method, an amorphous dry gel
coated on the substrate is converted to a zeolite membrane in the atmosphere containing water vapor at
elevated temperature. Comparcd with the conventional hydrothermal method, this method would be
suitable to prepare zeolite membranes on the inner surface of tubular substrate, when an amorphous gel is
uniformly coated on the surface of the substrate.

In this paper, an MFI type and an MFI/FER type zeolite membranes were prepared by the vapor phase

transport method on an @ -Al;O; porous substrate and their permeation properties of various
hydrocarbons were investigated.

Experimental

Zeolite membranes were prepared as follows. A parent silicate gel suspension was prepared by
mixing colloidal silica (Nissan Chemical Co., Ltd.) and a NaOH aqueous solution. In the case of
aluminosilicate gel suspension, aluminum sulfate anhydride, Al;(SO4); (Wako Pure Chem. Ind. Co., Ltd.)
was added into the mixture. The SiOx/ALLO; ratio of the aluminosilicate gel mixture was 25/1 in molar
ratio. * Then the porous @ -Al,0; substrate (¢ 13mm x 3mm circular plate, NGK Insulators, Ltd.) was
dipped into the silicate or aluminosilicate gel suspension at 303 K for 1 day, and dried to obtain the
substrate coated with the gel. The substrate had an asymmetric membrane structure, and the mean pore
size of the top layer was 0.1 © m. The coated substrate was treated in vapor of triethyleamine (Et;N),
ethylenediamine (EDA), and water at autogeneous pressure at 453 K for 4 days to crystallize zeolite at the
surface of the substrate. The treated membranes were calcined in air at 773 K for 4 hrs.  Crystal phascs

were characterized by XRD and morphology of membranes on the surface of the Al,O; substratc was

observed by a scanning electron microscope.
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Figure 1. Schematic representation of experimental apparatus for gas permeation.

The permeation behavior was examined by the apparatus shown in Figure 1. Permeation of various
hydrocarbon vapors such as methane, p‘ropane, propylene, toluene and m-xylene were tested at 298-773 K.
Hydrocarbons were carried with N, and supplied to the feed side of the membrane, while nitrogen
containing about 10 ppm of O, was supplied to the permeation side. At the outlet of the permeation side,
the oxygen concentration was measured with a zirconia oxygen meter. Permeation of hydrocarbon was
detected by measuring the electromotive force (EMF) of sensor cell. When a flammable component,
namelybhydrocarbon, permeated through the membrane, oxygen concentration measured should decrease
with the consumption of oxygen on the surface of the zirconia sensing element. Influence of water on

permeation behavior was also examined by adding the water vapor into the feed gas.

Results and Discussion
(1)CHARACTERIZATION OF MEMBRANES

The XRD patterns in Figure 2 revealed that the crystal phases of membranes formed on the ALO,
substrate were MFI and MFI/FER which were prepared with silicate gel and aluminosilicate gel,
respectiveiy.

Surface and cross-sectional views of the membrane prepared with silicate gel are shown in Figure 3.
Although needle-like crystals, which seems to be MFI crystals, grew on the surface of substrate, the
surface of the Al;O; substrate itself was also observed. Therefore, the MFI membrane did not seem to
cover the whole surface of substrate. However, as a result of cross-sectional observation, zeolite secemed

to grow inside the Al,O; porous layer as well as the Al,Os surface, because a dense layer was formed in

the 0.1 & m porous layer after preparation.
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Figure 2. XRD Peak patterns of membranes formed on Al,O; substrate.

(a)Surface of substrate (b)Cross-section of substrate

Figure 3. Surface and cross-sectional views of membrane prepared with silicate gel.

(2)JHYDROCARBONS PERMEATION BEHAVIOR
When 1% O, or 100ppm CH, was supplied to the feed side of the membrane in order to check the

response of zirconia meter, the EMF of sensor cell changed rapidly and leveled off within 10 minutes.
Therefore this technique is thought to be suitable to investigate the permeation behavior of membrane.
Table 1 summarized the hydrocarbon permeation results. Both the MFI and MFI/FER membranes
showed almost the same properties for hydrocarbons permeation except for toluene permeation.
When relatively small hydrocarbons such as propane and propylene were suppficd at room lemperature,

a decrease of oxygen concentration was observed for both membranes.  This behavior was maintained up

to 773K even in the prescnce of 7 vol. % water.  On the other hand, no permeation of m-xylene was
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detected at each temperaturc.

Toluene permeation behavior was influenced by the temperature and water addition.  Though toluence
permeated through both membranes at room temperature and 423K, toluene did not permeate through
both MFI and MFI/FER membrancs at 773K in the absence of water. Water addition led to the tolucne
permeation through the FER/MFI membrane at 773K.

Based on these results, the membrancs prepared in this study were practically pinhole-free and thercby
a molecular sieving property appeared for the permeation of hydrocarbons of different molecular size.
However, further investigation on permcation behavior is required for understanding the changes of

toluene permeation by temperatures and water contents.

Table 1 Hydrocarbon permeation results,

Membrane MFI MFI/FER

Test Condition |Temperature(K) |R.T.|423|423{773|773|R.T.{423|423|773|773

Water (%) |o|lo| 7o 7|oflo| 7|07
Test Gas Oxygen YES|ves | YES|YES|YES|YES|YES|YES|YES]YES
Methane YES | YES | YES|YES|YES|YES|YES | YES|YES|YES

Propane YES|YES | YES|YES[YES|YES|YES | YES|YES|YES

Propylene YES | YES | YES| YES| YES|YES|YES | YES|YES | YES

Toluene YES|YES | YES| NO | NO [ YES|YES|YES| NO | YES

m-Xylene NOo [ NO [ No [ No [NO [ NO [ NO [ NO | 'NO [ NO

Conclusions

MFi-type and MFI/FER type zeolite membranes were prepared by a vapor phase transport method on
a @- ALOjsubstrate. Dense zeolite membrane was formed inside the 0.1 £ m @- Al,O; porous layer
as well as the surface of the substrate. A dense zeolite and Al,O; composite layer was considered to be

practically pin-hole free and thereby a molecular sieving property appeared for the permeation of

hydrocarbons of different molecular size.
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To separate butane isomers with similar boiling points, MFI-type
zeolitic membranes were prepared by a vapor-phase transport method” on
porous ¢ -alumina flat disks. A parent aluminosilicate gel with SiO,
/AL O, ratio of 1000 was prepared using colloidal silica containing 30 wt%
of SiO, and 0.4 wt% of Na,0 (Nissan Chemical Co., Ltd.). At first,
colloidal silica was mixed with NaOH(4N) at 303 K. A porous alpha-
alumina support (Nihon Gaishi Co., Ltd.) with an average pore diameter of
0.1 um was dipped into the parent gel at 303 K for 1 day. Then, the gel
was forced to penetrate into the pores of alumina support by evacuating the
support from one side for an hour. Before the dip-coating process, the
support was treated with colloidal silica with pH value of about 10 to
depress dissolution of alumina during crystallization.

Crystallization was carried out in an autoclave. A mixture of
ethylenediamine(EDA), triethylamine(Et;N) and water (EDA: 2.0 Et,N :
H,O, volume ratio) was poured in the bottom to produce vapor. The
support coated with the parent gel was horizontally set on the partition.
Crystallization was performed at 453 K for 72 h at autogeneous pressure.
The weight gain of alumina support during synthesis was ca. 100 mg.
As-synthesized MFI membranes were calcined in air at 773 K for 10 h.
The heating rate of 0.05-0.1 K min' was adopted at 473-773 K. The
crystallinity and structure of the products were analyzed by X-ray
diffraction (XRD) with CuKa radiation (Philips X’s Pert-MRD).

We prepared two membranes under the same conditions, however their
permeation characteristics were different to each other. The membranes
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are called membrane A and B hereafter.

For evaluating the compactness of MFI membranes, the pervaporation
of 1, 3, 5-triisopropylbenzene (TIPB) , which has a kinetic diameter
larger(0.85 nm) than the pore dimensions of MFI(0.53 x 0.56 nm), was
carried out for 10 h at 295 K. No permeation of TIPB through membrane
A was detected by a gas chromatograph with an FID, which indicates that
the flux of TIPB was less than 1.0 x 10” mol m2s?. It was the detection
limit in this experimental procedure. Therefore, it is concluded that
membrane A was pinhole-free. On the other hand, the permeation of
TIPB was detected for membrane B and its flux of TIPB was 1.2 x 10 mol
m?s™. . Thus, membrane B has some pinholes larger than TIPB molecule.

The permeation behavior of n-butane and i-butane was studied with two
types of gas permeation measurements at 375 K: Pressure gradient (PG)
and concentration gradient (CG) methods. Figure 1 shows the schematic
diagram of experimental apparatus for the permeation measurements. In
the PG method, the total pressure difference between the feed and
permeation sides was 60 kPa. The total pressure on the both sides of the
membrane was kept at atmospheric pressure in the CG method. Helium
was used as a sweep gas. The total feed rates were 50-60 cm’/min. The
permeate was analyzed by a gas chromatograph with a TC detector. Ideal
selectivity was calculated from the flux ratio of n-butane to i-butane in the

single gas permeation tests. Separation factor was calculated by the
following equation,

(Xn/Xi)permeate

(Xn/Xi)feed
where Xn = mole fraction of n-butane [%] and Xi = mole fraction of i-
butane [%].

Figure 2 shows the fluxes of butane isomers through compact
membrane A and incompact membrane B as a function of mole fraction of
n-butane in the feed. In the permeation test with membrane A, the flux of
n-butane increased with increasing mole fraction of n-butane in the feed.
However, the flux of i-butane had a maximum which was larger than those
for the pure gas permeation measurements. This seems to reflect the

Separation factor =
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effect of the enhancement of permeation in the mixed-gas system. Kinetic
diameter of i-butane(0.50 nm) was larger than that of n-butane(0.43 nm).
For the diffusion of two kind of molecules in a micropore system, the
molecules with a slower permeation rate generally control the diffusion
phenomena. The pores of MFI are so narrow that n-butane and i-butane
cannot pass through each other, possibly except at an intersection. The
diffusion in such a narrow pore is generally controlled by a molecule with
a smaller permeation rate, that is, i-butane molecule. The flux of i-butane
for mixed-gas is expected to be lower than that in unary system. The
results shown in Figure 2 for the mixed-gas system shows unique trend.
n-Butane molecules might squeeze into thie pore with accompanying i-
butane molecules.

Compared with the CG method, the PG method gave a higher flux of
i-butane and a lower flux of n-butane in the mixed gas measurements using
membrane A. i-Butane molecules adsorbed in the micropores of MFI
might have blocked the pores. Such pore-blocking seems to play an
important role in the permeation behavior of mixed-gas permeation
measurements.

Figure 3 shows the separation factor of the mixture of butane isomers
through the compact membrane A and the incompact membrane B as a
function of the mole fraction of n-butane in the feed. The ideal selectivity
of n-butane to i-butane for membrane A was 60 in the PG method and 95 in
the CG method. The separation factor depends on the method of gas
permeation. Those of n-butane to i-butane were ca. 10 in the PG method
and 20-60 in the CG method.

On the other hand, the ideal selectivity of n-butane to i-butane using
membrane B was only 1.6 in the PG method and 2.0 in the CG method.
The separation factors of n-butane to i-butane were ca. 1.0 in the PG
method and 1.1 in the CG method, leading to a conclusion that the

compactness of MFI membrane is essential to separate butane isomer
mixtures at 375 K.

1) Nishiyama, N., “Synthesis of zeolitic membranes by vapor-phase
transport method and their separation properties”, Ph.D. thesis, 1997
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Abstract

Zeolite with BEA structure was prepared using a new crystallization method called ‘Dry Gel Conversion Technique’. This
dry gel conversion technique is a convenient method to prepare zeolites and enables one to synthesize zeolite BEA with
Si0,/Al;0; ratios from 30 to infinity using tetraethylammonium hydroxide (TEAOH) as a structure directing agent. Zeolite
BEA with SiO,/Al,O; ratios from 30 to 730 were rapidly crystallized in 3 and 12 h, respectively. The ’Al NMR spectrum for
BEA with SiO;/Al,0; ratio of 30 confirmed the absence of octahedrally coordinated aluminum. The crystallization rates were
higher for BEA with low SiO./Al,0; ratios than for those with high Si0,/Al,05 ratios. BEA crystallized by this method had
uniform particles of about 60 nm. Higher Na™ ion concentrations in the gel promoted the formation of high silica BEA.
Elimination of occluded TEA cations took place at lower temperatures (around 623 K) in high silica BEA than that in BEA

with low Si0,/Al,0; ratios (around 900 K). This method also allowed to synthesize BEA in the form of self-bonded pellets.
© 1998 Elsevier Science B.V.

Kevywords: Zeolite BEA (beta); Dry gel conversion; High silica zeolite; Crystallization; Self-bonded zeolite pellet

1. Introduction amount of structure-directing agent required in this

method is very small as compared to that used in the

New crystallization methods for zeolite synthesis
are interesting, as they may enable us to prepare
zeolites with new structures, compositions and con-
venient forms such as membranes and films. One such
vapor-phase transport method has been successfully
employed for synthesis of powdery zeolites [1-3] and
zeolitic membranes [4—6]. This method involves crys-
tallization of dry aluminosilicate gel in the presence of
volatile structure-directing agent(s) and steam. The

*Corresponding author. Tel.: +81-3-5286-3203; fax: +81-3-
5286-3203; e-mail: mmatsu@mn.waseda.ac.jp.

0926-860X/98/$19.00 .T: 1998 Elsevier Science B.V, All rights reserved.
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hydrothermal method. However, this method cannot
be applied for the preparation of all types of zeolites,
since many of them need non-volatile structure-direct-
ing agents for their crystallization. Recently, we have
reported a new crystallization method Dry Gel Con-
version Technique for crystallization of zeolite BEA
[71.

Zeolite BEA, a three-dimensional wide-pore, a high
silica zeolite, has potential technological applications
in petrochemical processes and organic synthesis.
Zeolite BEA synthesized by a hydrothermal method
[8] always has a low product yield and could not be
synthesized with SiO,/Al,05 ratios above 250 using
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TEAOH (tetraethylammonium hydroxide), TEAOH-
diethanolamine, TEABr-NH; or TEAOH-TEABr-
triethanolamine [8,9]. van der Waal et al. [10] have
reported an all silica BEA zeolite using dibenzyldi-
methyl ammonium cation, an expensive and not easily
removable structure directing agent. Recently, Cam-
blor et al. [11] have reported an all silica BEA using
TEAOH and HF, however, its industrial production
may not be possible since HF was used in the pre-
paration.

In this study, we investigated the synthesis of zeolite
BEA with various Si0,/Al,0; ratios using TEAOH as
a structure-directing agent. We shall show that this
method allows one to prepare zeolite BEA with higher
Si0,/Al,03 ratios than those which have been
obtained by the conventional hydrothermal synthesis
method.

2. Experimental
2.1. Synthesis

Dry gels having compositions,
Si0; : a Al;03 : bNa,0 : ¢ TEAOH

where a=0-0.033, 5=0.014—0.092 and
¢ = 0.16 — 0.50 were prepared as follows.

Aluminum sulfate (Wako Pure Chem.) was dis-
solved in 10 g of distilled water at 353 K. A given
amount of NaOH (4 M, Wako Pure Chem.) aqubous
solution and TEAOH (20% in water, Wako Pure
Chem.) were added to 10g of colloidal silica
(30.3% SiO,, 0.42% NaO and 700 ppm of Al,Os,
Nissan Chem.) at room temperature (298-303 K)
while stirring. Fumed silica was used in the syntheses
of all silica BEA. After 30 min, an appropriate amount
of the aluminum sulfate solution and 5.5 g of water
were added to the mixture and stirring was continued
for 2 h. Then, the mixture was heated to 353 K and
dried while stirring. When the gel became viscous, it
was stirred using a teflon rod till it became a dry gel.
The dry gel was crushed to powder and placed in a
special autoclave (Fig. 1) where water as a source of
steam was poured at the bottom. Crystallization of the
dry gel was carried out in steam at 453 X and auto-
genous pressure for 3 to 12 h. All silica BEA was
crystallized at 418 K for 120 h.

1

—

[ Teflon disk

Dry Gel
(8i05 + AI203 +Nay0 + TEAzo)

Water

Fig. 1. Schematic diagram of the autoclave used in crystallization
of BEA.

The product was washed thoroughly with deionized -
water and dried in air at 363 K for 12 h. The organic
material was removed by calcination in air at 773 XK.
X-ray diffraction patterns were recorded on Philips
X’s Pert-MRD instrument using Cuk, radiation. Field
Emission SEM (FE-SEM) images were taken by
Hitachi S-S000L FE-SEM. Solid-state NMR measure-
ments were carried out with GSX-400 (JEOL) spectro-
meter. *°Si-NMR spectra were recorded at 79.30 MHz
with a pulse length of 5.2 us, a pulse interval of 10
and a spinning rate of about 6 kHz. 2’ AI-NMR spectra
were recorded at 104.05 MHz with a pulse length of
5.1 ps, a pulse interval of 5 s and a spinning rate of
about 6 kHz. TG-DTA experiments were performed
with Shimadzu DTG-50/50H thermogravimetric
analyzer,

3. Results and discussion

Fig. 2 shows the XRD patterns of the products
obtained by crystallization of dry gels having different
Si0,/Al,03 ratios and all silica BEA. Highly crystal-
line BEA samples with SiO,/Al, 05 ratios from 30 to
730 were obtained directly in powdery form after
crystallization was carried out for 3-12 h at 453 K.
Zeolite BEA with Si0,/Al,0; ratios from 30 to 730 in
which colloidal silica was used as a source of silica
were fully crystalline without any impure phases
(Fig. 2a-f). The crystallinity of all silica BEA
(Fig. 2g) (fumed silica was used as the source of
silica) was about 85% which has an additional reflec-
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Fig. 2. X-ray diffraction patterns of as-synthesized BEA with

different SiO;/Al;O; ratios. SiO,/Al,O; ratio: a, 30; b, 100;
¢, 200: d, 380; e, 480; f, 730; g, infinity.

tion at around 26 = 5.6°. Further work on all silica
BEA is in progress.

Fig. 3 shows the crystallization curves for samples
with Si0,/Al,0; ratios from 30 to 730. Relative
crystallinity was evaluated from the intensity of the
most intense (302) reflection peak appearing at
20 = 22.4°. For the sample with SiO,/Al,0; ratio
of 30, crystallization was rapid and was completed
within 3 h (Fig. 3a). The X-ray diffraction pattern of
the sample is given in Fig. 2(a). The sample, which
was amorphous even after 150 min of crystallization,
converted to fully (100%) crystalline prod:  after
180 min of crystallization. Crystallizati rate
decreased with increasing SiO,/Al,O; ratio a; i crys-
tallization took as long as 12 h for the samp ¢ with
Si0,/Al;03 ratio of 730. The relative crystalliity of
product with SiO,/Al,0; ratio of 730 (Fig. 3 {) was
lower as compared to that with SiO,/Al;05 rati » of 30
(Fig. 3a). However, as shown in Fig. 3(c) (X-ray
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Fig. 3. Rate of crystallization of BEA with different chemical
composmcms Si0,/Al, 05, 8i0x/Na,O and Si0;/SO:™ ratios: a,
30, 23.8 and 20.9; b, 380, 23.8 and 528; ¢, 730, 10.9 and 10; d, 730,
23.8 and 0, respectively.

diffraction pattern is presented in Fig. 2f), its relative
crystallinity could be improved to 100% by the addi-
tion of 0.005 mol of NaHSO, to the parent gel con-
sisting of 0.05 mol of SiO,. Recently, it was reported
that anions such as sulfates can increase the rate of
crystallization in hydrothermal synthesis [12]. In our
experiments, owing to the use of aluminum sulfate as a
source of aluminum, the suifate ion concentration
varied from 2.4 x 1073 to Omol (SOZ*/SiO; =
0.048-0) in the gels with SiO,/Al,0; ratios from
30 to 730. For Si0,/Al,0;3 ratio of 730, the addition
of 0.71 g of NaHSO4, (98%, 0.005 mol of sulfate ions)
increased the relative crystallinity from 75 to 100%.
However, in this experiment, Na™ ion concentration
also increased by the addition of NaHSQ, and it is not
clear which (Na™ or SOﬁ"") ions are responsible for the
increase in crystallinity.

Fig. 4 shows the XRD patterns of calcined samples.
As shown in Table 1, the products were calcined
between 723-823 K in air for 12h to remove the
occluded organic material present within the pores
of BEA. They were stable after calcination. In order to
remove organic material from BEA with SiO,/Al,03
ratios of 30, a temperature as high as 823 K was
required, whereas for the sample with Si0,/Al,03
ratios of 730 a calcination temperature of 723 K was
sufficient. As shown in Table 1, BEA samples after
calcination had BET surface areas in the range of 500~



100 - PR. Hari Prasad Rao et al./Applied Catalysis A: General 166 (1998) 97-103

Intensity/a.u.

26/degree

Fig. 4. X-ray diffraction patterns of calcined BEA with different
$i0,/Al,0; ratios. SiO;/Al,0; ratios: a, 30; b, 100; ¢, 200; d, 380;
e, 480; £, 730.

Table 1

8i0,/Al;0; ratios of parent gel and product and BET surface area
of product '

8i0,/Al,0; ratio Calcination  BET surface  Langmuir
e+ l€IDpETAtUre  area’ surface area
Gel Product  (X) (m%*g™Y) (m%g™)
30 30 823 599 787
60 60 823 — —
100 100 773 507 —
380 380 723 529 —_
480 480 723 595 720
730 730 723 580 653

* Surface areas are at liquid nitrogen temperature by single point
BET method.

600 m”g~". This indicates that zeolite pores were not
blocked by any non-removable occluded material.
Chemical analysis of BEA samples were compared
with those of their gels in Table 1. SiO,/Al,O5 ratios
of BEA samples are the same as those of their initial
gels suggesting that the gel was completely trans-
formed into zeolite.

Fig. 5 shows the %’ Al and *Si NMR spectra for the
sample with SiO,/Al, 05 ratio of 30. The absence of a
peak at O ppm in the Al NMR spectrum indicates
that no extra-framework aluminum was present in the
sample. The SiO,/AlL0; ratio calculated from *Si
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Fig. 5. Si-NMR (2) and “Al-NMR (b) spectra of BEA with
§i02/Al,0; = 30.

NMR as well as chemical analysis matches with that
of the initial gel, such results confirm the complete
transformation of gel into the zeolite phase.

Fig. 6 shows the FE-SEM images for BEA with
SiO,/ Al, O3 ratio of 30 (crystallized from the gel with
Si0,/Al,03, Si0,/Na,0 and SiO, /SO ratios of 30,
23.8 and 20.9, respectively). Uniform particles of
about 60 nm in Jength were obtained. No amorphous
phase seems to exist in the sample. Formation of
uniform nano-crystals from dry gel powder is of
particular interest to understand the mechanism of
zeolite formation.

Table 2 compare the effect of Na' ions on the
product. BEA can be synthesized using wide ratios
of Si0,/Na,O from 10 to 71. As shown in Table 2,
when Si0,/Na,O ratio was 71 (which was originally
present in the colloidal silica), the products from the
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Fig. 6. FE-SEM images for BEA crystallized from the gel with
Si0,/Al1;03, Si0y/NayO and Si0;/SO;™ ratios =30, 23.8 and
20.9, respectively. Crystallization time: a -~ 3h; b -~ 120 h,

Table 2
Effect of sodium content on synthesis of BEA ®

Slo;/Al;O; SlOz/Nazo

135 20 23.8 29.4 71
30 —_ BEA BEA BEA Amorphous
60 BEA BEA BEA BEA —
100 — BEA BEA — BEA
200 — BEA BEA BEA  BEA
380 _ BEA BEA BEA MTW
430 — BEA BEA BEA MTW
730 BEA — BEA® BEA® Amorphous

% 8i0,/TEA;0 = 5.4. Relative crystallinity of BEA is 100%.
® Relative crystallinity around 75%.

gels with Si0,/Al,0; ratios from 100 to 300 were
BEA. On the other hand, the gel with SiO,/Al,04
ratio of 380 and 480 produced MTW and the gel with
Si0,/Al,05 ratio of 30 gave amorphous material. In
the gel with SiO,/Al,05 ratio of 380 and 480, when
Si0,/Na,0 ratio changed from 71 to 29.4 highly
crystalline BEA with no MTW impurity was obtained.
This shows that for the gels with Si0,/Al,O; ratios of
380 and 480, higher sodium concentrations promoted
the formation of BEA rather than MTW. In our
experimental conditions, an insufficient amount of
Na™ could not initiate crystallization when SiO,/
AlO3 ratios of the gel were either low (SiO,/
Al; O3 = 30) or very high (SiO, /AL, 03 = 730). Even
with the small concentrations of Na® jons
(8i0,/Na,0 = 71), gels with SiO,/Al,0; ratios
between 100 to 480 were crystallized and the type
of product depended on SiO,/Al,0; ratio. When
Si0,/Al,05 ratios of 380 and 480, the product was
MTW. When the concentration of Na™ ion in the gel
was increased (Si0;/Na,0 = 29.4), the product was
BEA instead of MTW. This clearly shows that higher
Na™ ion concentrations promoted the formation of
BEA rather than MTW for gels with SiO,/Al,0;
ratios of 380 and 480.

Table 3 lists the products formed by using different
SiO,/TEA,O ratios. While several patents claim the
formation of BEA with Si0,/TEA,O ratio from 4 to
20 [13], in most of the published papers BEA was
synthesized using SiOo/TEA,O ratios around 4.
Recently, Clearfield et al. [14] reported synthesis of
BEA with 8i0,/Al,0; ratios from 14 to 32 using
Si0,/TEA,O ratio of 12. Using our method, it is
possible to synthesize BEA with SiO,/Al,0; ratios
30-480 using SiO,/TEA,O ratio of 8.

When water was not added in the autoclave, the
product was always amorphous. A small amount of
steam can still be formed by the dehydration of gel at

Table 3
Effect of SiO;/TEA,O ratio on the synthesis of BEA

S10,/TEAO Product

4.0 BEA

54 BEA

8.0 BEA

12.5 BEA+MTW

Si0,/Al,0; = 60.



102 PR. Hari Prasad Rao et al./Applied Catalysis A: General 166 (1998) 97-103

R 95
B
<
~ 85t a
b

75 ;
Yo |
.'525 lfs
g2 £
g ! 3
g 3
2,5 -3
< N <
3 =z

.5

473 673 873 1073
Temperature/K

Fig. 7. TG-DTG patterns of BEA samples treated in the stream of
air. a and b: TG patterns for BEA with Si0O,/Al,0; ratios 30 and
730, respectively; and a’and b’: DTG patterns for BEA with SiO,/
Al,0, ratios 30 and 730, respectively.

the crystallization temperature of 453 K. Such a small
amount of steam is, however, insufficient to transform
the amorphous gel into a crystalline phase. A small
amount of additional water to produce a sufficient
amount of steam is essential for the crystallization of
the dry gel.

Hydrothermal crystallization of BEA from the gel
with a composition of SiO,: 0.033 Al,O3: 0.05 NayO:
0.37 TEAOH: 20 H,0 (similar to the one used in the
dry gel conversion method) at 453 K failed and the
product was amorphous.

Fig. 7 shows the TG-DTG patterns of BEA samples
with SiO,/Al,05 ratios 30 and 730 in the stream of air.
The elimination of TEA ions from as-synthesized
BEA with Si0,/Al,0; ratios of 30 and 730 was
completed at around 723 and 950 K, respectively.
The TG-DTG pattern for BEA with SiO,/Al,05 ratio
of 730 has three steps. The first step appearing
between 300-423 K was due to elimination of water.

Most of the organic material was removed in the
second step between 423-623 K and the third step
between 623-723 K was due to either partial or com-
plete oxidation of a small amount of remaining
organic material. The TG-DTG pattern for BEA with
Si0,/A1,05 ratio of 30 has four steps that include
elimination of water between 300-423 K, partial elim-
ination of TEA ions between 423-623 K, oxidative
decomposition of TEA ions between 623-773 K and
complete elimination of remaining organic material
between 773-923 K. The second step appearing
between 423-623 K is minor as compared to that
for BEA with SiO,/Al,05 ratio of 730, indicating
that only a small amount of organic material is elimi-
nated in this temperature range. TEA ions in BEA with
Si0,/Al;05 ratio of 730 possibly have interactions

(a)

Fig. 8. SEM images of surface (a) and inner (b) portions of a self-
bonded BEA with Si0,;/Al,03 = 150,
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mostly with oxygens of Si—~O-Si linkages as fewer Si—
O-Al groups are present compared to BEA with
$i0,/Al,05 ratio of 30. Since the interaction between
TEA ions and oxygen of Si-O-Si linkages is believed
to be weaker than that between TEA ion and oxygen of
Si-O-Al linkage, TEA ions were eliminated at lower
temperatures in BEA with SiO»/Al,0; ratio of 730.
The TG-DTG pattern for BEA with SiO,/Al,0; ratio
of 30 is in consistent with previous results on BEA
synthesized by the hydrothermal method [15]. This
shows that neither decomposition nor degradation of
TEA ions occurred while preparing the dry gels.

Fig. 8 shows the SEM images of surface and inner
portions of a self-bonded BEA pellet with SiO,/Al,0;
ratio of 150. This method enables one to synthesize
zeolite in convenient forms such as self-bonded pel-
lets. Self-bonded pellets with 4 cm diameter (equiva-
lent to the inner diameter of the gel container) were
formed when the SiO,/Al,05 ratios > 100. Depend-
ing on the form of support used, we can synthesize
convenient forms of self-bonded BEA. Crystallinity
and particle sizes are uniform both at surface and inner
portions with crystallinity as high as that for powder
forms of BEA.

These experiments confirm that zeolites with a high
crystallinity and a uniform particle size can be synthe-
sized from amorphous dry gel powder in the presence
of steam.

4. Conclusion

A new method was developed for the crystallization
of zeolites, where BEA can be rapidly crystallized.
BEA with §i0,/Al,0; ratios 30-730 were synthesized
using TEAOH as a structure-directing agent. Com-
plete conversion of gel to zeolite was obtained. Par-
ticle size of the products synthesized using this
method was uniform even for high silica BEA zeolite.
This method enables reduction in template concentra-
tion and synthesis of zeolite in convenient forms such

as self-bonded pellets. This method may be useful for
the synthesis of zeolitic membranes. Also this method
might enable continuous production of zeolite, reduc-

tion in reactor volume and elimination of waste water
treatment.
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Phase Transformation of High Silica BEA to OU-1 and MTW
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Phase transformation of high silica BEA to OU-1 and MTW
was demonstrated for the first ime.  Zeolite OU-1, an analogous
material to SSZ-31 and NCL-1, was synthesized using
tetracthylammonium hydroxide (TEAOH) as a structure directing
agent. The influence of Na and Alions on stabilization of BEA
phase during crystallization is presented.

Zeolites are materials widely used in catalysis, adsorption
and ion exchange.  Zeolite pore structure and chemical
compositions are very important since they determine shape
selectivity and catalytic activity. A major part of recent research
on zeolites is focused on synthesis of zeolites with new
structures, synthesis using low cost organic materials as structure
directing agents and new crystallization methods to perform
crystallization in a dense media,' from or in a gas phase.*”

Barrer described the transformation of zeolite structures
during crystallization.®  Transformation of LTA to hydroxy-
sodalite and zeolite P was reported.” Norby pointed out such
transformation as one of the possible routes for the synthesis of
zeolites.'®  We recently reported the synthesis of highly
crystalline BEA by dry gel conversion method. This method
allowed to prepare BEA with SiO,/ALO, = 30 to infinity using
TEAOH as a structure directing agent in an alkaline medium.**
In this study, we report the transformation of high silica BEA to
zeolite OU-1 (an analogous material to SSZ-31'' and NCL-1'%)
and MTW and the effect of gel compositions on the phase
transformation.

Dry gels having compositions, Si0, : 0.0013 - 0.33 ALO, :
0.042-0.94 Na,O : 0.37 - 0.38 TEAOH, were prepared as
described elsewhere.>®  Crystallization of the dry gel was carried
out in the presence of steam at 453 K and autogeneous pressure

for 3 t0 120 h.  The products were characterized by XRD, SEM
and N, adsorption.

Highly crystalline BEA was obtained by crystallization of
dry gels with SiO,/AlLO, ratios = 30 - 73C for 3 - 12 h under
autogenous pressure at 453 K. Crystallization was completed
for the gels with Si0,/Al, O, = 30 within 3 h and produced highly
crystalline BEA as previously reported.”® No change in the
crystallinity as well as particle sizes was observed in the products
obtained from these gels (5i0,/AL O, ratios = 30) even after 120 I
of crystallization (Figure 1A). However, gels with SiO,/AL O,
ratios = 380 and 730, which produced pure BEA after
crystallization for 12 h, transformed to other phases after
prolonged crystallization. The products formed depended on the
gel compositions as well as crystallization time. As shown in
Figure 1B, a gel with SiO,/AL,O, = 380 produced BEA after
crystallization time of 12 h.  When the crystallization was carried
out for 24 h, the product showed additional reflections in its XRD

pattern typically at 2 8 = 6.2, 7.4, 8.2, 21.2 and 24.9°, other than
those for BEA. These reflections can be atiributed to a new
phase OU-1.  Enrichment of these reflections and diminish of the
reflections for BEA continued till 60 h of crystalllization,
suggesting that BEA is transforming to another phase. Further
prolonged crystallization led to the formation of cristoballite.
The product crystallized for 60 h, after calcination at 723 K did
not contain BEA, and a different phase OU-1 (an analogous
material to SSZ-31 and NCL-1) was produced. XRD patterns of
Figure 1B do not show any broad peak characteristic of
amorphous material.  Similarly, SEM images also show the
absence of any amorphous phase. These results suggest the direct
phase transformation from BEA to OU-1. SSZ-31 and NCL-1

were synthesized using N,N,N-trimethyltricyclo[5.2.1.0>%
¥ 1 i 1 | 1 I 1 I
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Figure 1. Effect of gel composition and crystallization time on zeolite product.
Si02/A1203 and Na,O/SiO, ratios : A, 30 and 0.042; B, 380 and 0.042; C, 730 and 0.094, respectively.

Copyright € 1998 The Chemical Society of Japan
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decaneammonium and hexamethylene bis(triethylammonium
bromide), respectively, as structure directing agents.'''*> These
structure directing agents are comimercially not available. Lobo
et al.'' have shown that BEA, MTW and SSZ-31 have a similar
(related) framework structure (projection). These zeolites have
12 membered pore opening with the difference in the connectivity
of T-atoms and rearrangement of these T-atoms may lead to the
formation of different structures. Our method enables to
synthesize these three structurally related zeolites using TEAOH
as a structure directing agent.

When the Na' jon concentration in the gel having
Si0,/AL O, ratio = 380 was Na,O/SiO, ratio = 0.014, the product
was transformed to MTW instead of OU-1. When the Na* ion
concentration of the gel was raised to Na,0/SiO, ratio = 0.094,
stability of BEA phase was improved and product did not
transform to other phases even after 60 h of crystallization. This
suggests Na’ ions play an important role in directing the structure
of product. A lower Na” ion concentration (Na,0/SiO, = 0.014)
favors the formation of MTW and an increased Na' ion
concentration (Na,0/SiO, = 0.042) is required for the formation
of OU-1. A further higher Na’ ion concentration (Na,0/Si0, =
0.094) improves: the stability of BEA with Si0,/AlL,O, ratio = 380
during crystallization. The gel having SiO,/AL O, ratio = 730
and Na,0/SiO, ratio = 0.014 did not crystallize and the product
remained amorphous. When the Na,O/SiO, ratio was raised to
0.042, the products after 12 and 48 h of crystallization were BEA
(relative crystallinity = 75 %) and MTW, respectively. Gel with
Si0,/AL O, ratio = 730 and Na,0/SiO, ratio = 0.094 formed
highly crystailine BEA after 12 h of crystallization. However,
when the crystallization was prolonged to 48 h, the product
transformed from BEA to MTW (Figure 1C).  This suggests that
during crystallization, the stability of BEA phase decreases with
increasing SiO,/ALO, ratios, though their stability could be
improved by increasing Na,0/SiO, ratios to a certain extent.
After crystallization, pure BEA samples with SiO,/AL O, ratios =
380-730 were found to have high thermal stability and after
transforming to H-form: They were stable even after calcination at
1373 K®  This suggests that a less stable phase during
crystallization needs not be thermally a less stable phase.

Figure 2 shows FE-SEM images of BEA and OU-I.
OU-1 crystals are rectangular in shape with 2 pum length and
1 pm width: Namely, the crystal shape of this phase is totally
different from that of BEA. The BET surface areas of BEA, QU-1
and MTW were 529, 290 and 310 m® g, respectively. Sorption
capacities for cyclohexane and m-xylene were measured at 303 K
by TG. These two kinds of hydrocarbons saturated at 298 K in
a stream of helium were supplied. The sorption capacities were
about 4 and 2 wi% for cyclohexane and m-xylene, respectively.

Chemistry Letters 1998

Figure 2. FE-SEM images of BEA (A) and OU-1 (B).
Si0,/Al,0,, Na,0/AL O, and crystallization time: A, 400,
18.4 and 12 h; B, 380, 15.96, 60 h.

These adsorption properties strongly indicate that OU-1 is a high
silica zeolite with 12-membered ring opening. Our preliminary
studies on structural analysis by HRTEM and XRD confirmed
that OU-1 is a large pore molecular sieve and has pore opening
similar to that of $SZ-31.1

One of the authors (PRH) thanks Japan Society for the
Promotion of Science for a research fellowship.
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Abstract

Zeolite BEA with SiO,/ALLO, ratios ranging from 30 to 740 were crystallized at 413 and 453 K by the dry gel
conversion technique. The particle size of the products increased with increasing SiO,/Al,O; ratio as well as with
increasing crystallization temperature. In as-synthesized BEA, the TEA* ions interacting with Si-O~ decomposed
between 473 and 673K and those interacting with Al-O~ were cleaved between 673 and 798 K. During their
elimination, the TEA™ ions interacting with Al-O~ underwent higher degradation than those interacting with
Si-O~. Chemical compositions showed the least influence on the fractions of decomposition product during the
elimination between 473 and 673 K. The framework of H-BEA and NH,-BEA zeolites with SiO,/AL,0; ratios ranging
from 400 to 740 were stable even at 1373 K, whereas H-BEA with SiO,/Al,0, =30 was stable only up to 1173 K and
became amorphous when calcined at 1373 K. After calcination at 1373 K, Na-BEA with Si0,/Al,0,=400 and 730
were transformed to tridymite (dense phase) whereas that with SiO,/A1,0, =30 became amorphous. The elimination
of Na* ions is necessary to have a BEA remain stable above 1173 K. © 1998 Elsevier Science B.V. All rights reserved.

Keywords: Zeolite BEA (beta); Dry gel conversion; High silica zeolite; Crystallization; Interaction of TEA* ions with
zeolite; Thermal stability

1. Introduction using a specific structure-directing agent and some

by using two or more kinds of structure-directing

Zeolites are mostly synthesized by hydrothermal agents. Recently, new crystallization methods [2-

crystallization methods at autogenous pressure.
Numerous types of aluminosilicate, metallosilicate
and aluminophosphate molecular sieves have been
prepared by this method [1]. Each zeolite has a
definite structure and a unique pore size and most
of them have limitations on their chemical com-
positions. Some zeolites can be synthesized by

* Corresponding author. Tel./fax: (+81) 3 5286 3203;
e-mail: mmatsu@mn.waseda.ac.jp

1387-1811/98/819.00 € 1998 Eisevier Science B.V. All rights reserved.
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7] have been developed in order to reduce
the consumption of structure-directing agents
employed and to prepare zeolites in convenient
forms such as membranes. We have recently shown
that a new crystallization method, the dry gel
conversion technique, is useful for the synthesis of
BEA with SiO,/Al,O; ratios ranging from 30 to
infinity. In this method, BEA was crystallized from
dry gels containing tetraethylammonium hydrox-
ide (TEAOH) as a structure-directing agent [6,8-
10]. This method has the following advantages
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over the hydrothermal crystallization method:
preparation of zeolites in convenient forms such
as membranes [8]; possible development of new
structures [10]; reduction of limitations on chemi-
cal compositions [8-10]; improvement in catalytic
activity [11]; reduction in template concentration
[8,9].

In this study, BEA was synthesized from gels
having different compositions at 413 K and at
453 K by the dry gel conversion method. The
crystallization behavior of BEA, including the
interaction of TEA * ions with the framework and
their sorption properties, and thermal stabilities
were investigated.

2. Experimental

Table 1 describes the compositions of gels for
the samples BEA-30-1, BEA-400-1, BEA-730-1,
BEA-400-2, BEA-730-2, BEA-400-3 and BEA-
730-3, where figures in the middle represent
Si0,/Al1,0, ratios of the parent gel and those on
the right represent run number. Dry gels, having
the compositions given in Table 1, were prepared
by mixing 0.8 ml of NaOH (4 M aqueous solution,
Wako Pure Chem.; 2.05ml in the case of
BEA-730-2) and 13.7 g of TEAOH (20% aqueous
solution, Wako Pure Chem.) with 10 g of colloidal

Table |
Chemical compositions

silica (30.3% SiO,, 0.42% Na,O and 700 ppm of
Al,O,, Nissan Chem.) while stirring at room tem-
perature. After 30 min, a desired amount of ‘alumi-
num sulfate dissolved in deionized water was added
to the mixture and the resultant gel was aged for
about 2 h. For the gels of BEA-730-1, BEA-400-2
and BEA-730-3, 0.005 mol of NaHSO, was added
after aging the gel for 1 h. Finally, the gel was
heated to 353K and dried for all cases. The.
resultant dry gel was crushed to powder and placed
in a special autoclave of 100 ml volume containing
1 ml of water at its bottom as a source of steam.
The dry gels for BEA-400-3 and BEA-730-3 were
crystallized in steam at 413 K for 60 h and those
for other samples were crystallized at 453 K for 3
to-'12h at autogenous pressures. The products
were calcined in air between 723 and 823 K for
12 h to remove organic material. They were treated
with a 1 M NH NO, solution at 333K for 3 h,
filtered and washed with deionized water. This
procedure was repeated twice for each sample. The
samples were dried at 388 K for 12 h and subse-
quently calcined at 723K for 12h to get the
H-form of BEA.

X-ray diffraction patterns were recorded on
Rigaku RAD-IC instrument with Cu Ko radia-
tion. The chemical analysis of the products was
carried out by ICP (ICAP 575 11). Field emission
scanning electron microscope (FE-SEM) images

Sample Chemical composition/molar ratio

Gel As-synthesized form H-form

5i0,/A1;0; Na,0/AL,0,* TEA,0/5i0, OH/SIO,® S8i0,/ALO; Na,0/AlL0; Si0,/ALO, Na,0/ALO,
BEA-30-1° 30 1.39 0.185 0.434 30 0.034 34 0.012
BEA-400-1* 400 18.4 0.185 0.434 400 1.72 387 0.050
BEA-730-1° 730 70.0 0.190 0.444 730 1.31 782 0.127
BEA-400-2° 400 37.2 0.185 0.434 404 1.21 377 0.040
BEA-730-2° 730 68.6 0.190 0.540 682 1.38 653 0.080
BEA-400-3¢ 400 184 0.185 0.434 398 1.32 — —
BEA-730-3¢ 730 70.0 0.190 0.444 740 2.56 — —_

* Na,0/A1;0;=([Na;O from colloidal silica]+0.5 x [NaOH ]+0.5 x [NaHSO,])/([Al,0, from colloidal silica] + [Al,(SOL):D:

[1=concentration in moles.

® OH/Si0, =([NaOH]+[TEAOH])/[SiO,]; [] =concentration in moles.
¢ Crystallization at 453 K.
4 Crystallization at 413 K.
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were taken using Hitachi (S-4500S) FE-SEM
apparatus.

Temperature-programmed desorption mass spec-
trometry (TPD-MS) experiments were performed
by heating about 50 mg of an as-synthesized zeolite
sample in a specially designed cell for the TPD-MS
instrument (Bell Company Inc.) in a stream of He
(50 ml min~?"). The sample was heated to 423 K
at a rate of 10 Kmin~! in a stream of He and
kept for 1 h at 423 K under the flowing carrier
gas. Then the sample were evacuated for 10 min
and heated to 1023 or 1173K at a rate of
10 K min~?, The relative concentrations of the
following molecules were measured by mass spec-
trometer (TPD-MS) during heating: H,, NH,,
C,H,, EANH,, C§, Et,NH and Et;N.

Thermogravimetric differential thermal analysis
(TG-DTA) experiments were performed with a
Shimadzu DTG-50/S0H thermogravimetric ana-
lyzer in a stream of N,. The heating rate was the
same as that used for TPD-MS experiments.

As-synthesized samples were treated between
473 and 673K in vacuum and their sorption
properties were compared with those of the
calcined samples. Surface areas (BET method) and
micropore volumes (t-method) of BEA were deter-
mined using an AUTOSORB-3B gas sorption ana-
lyzer (Quantachrome Corp.). Care was taken to
ensure that samples were outgassed prior to their
analyses at conditions that did not alter their
original structure.

Thermal stabilities were tested by calcining
about 100 mg of H-BEA at 973, 1173 and 1373 K
with a heating rate of 3 K min~! and the sample
was kept at the final temperature for 2 h.

3. Results and discussion
3.1. Crystallization

Fig. 1 shows the X-ray diffraction patterns of
the products with SiO,/Al,O; ratios of 30, 400
and 730 (BEA-30-1, BEA-400-1 and BEA-730-1
respectively) crystallized at 453 K and the product
with SiO,/Al,0; =740 (BEA-730-3) crystallized at
413 K. The crystallization of the gel (BEA-30-1)
with  composition SiO,:0.033 Al,0,: 0.042

A BEA-730-3 A W

ﬂww

5 10 20 30 40

Relative Crystallinity/a.u,

2 6 /degree

Fig. 1. X-ray diffraction patterns of as-synthesized BEA.,

Na,0:0.37 TEAOH occurred very rapidly at 453 K
and completed within 3 h to give a highly crystal-
line BEA with SiO,/Al,0;=30, as previously
reported (8]. When the Al concentration was
decreased to 0.0013 mol of ALO; per mole of
SiO; (8i0,/Al,0,=730) its crystallization took
longer than 12 h to complete. The relative crystall-
inity of this product remained at about 75% after
12 h of crystallization (not shown in the figure)
and prolonged crystallization resulted in the
appearance of other phases. Relative crystallinity
was evaluated from the intensity of the most
intense (302) reflection peak, which appears at
20=22.4°. However, the addition of 0.005 mol of
NaHSO, or NaOH to the parent gel consisting of
0.05mol of SiO, to make a gel (BEA-730-1)
having a composition SiO,:0.0013 ALO,:
0.093 Na,0:0.37 TEAOH increased the relative
crystallinity of the product to 100% after 12 h of
crystallization. In our previous study [8], we found
that a higher Na concentration in high silica gels
promoted the formation of BEA rather than
MTW. Our previous experiments on all-silica BEA
also showed that higher Na concentrations are
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required to crystallize silicious gels [10]. Gopper
et al. [12] have reported similar observations on
the synthesis of all-silica MTW.

Table 1 lists the chemical compositions of the
products. The gel for BEA-730-2, which had a
higher OH™ ion concentration (OH ™ /Si0,=0.54)
compared with that for BEA-730-1 (OH~/SiO, =
0.44), gave a product with SiO,/Al,0;=682. This
Si10,/AlL,0; ratio is lower than that of BEA-730-1
(S10,/A1,0; of the product was 730). It is interes-
ting to note that, in spite of having an excess
amount Na (Na,O/Al,0;=1.39) in the gel for
BEA-30-1, the product retained only a negligible
amount of Na (Na,O/Al,0;=0.034), indicating
that in the product most of the Al-O~ groups
were compensated by TEA™ ions. However, the
products of BEA-400-1 and BEA-730-1 retained
excess amounts of Na compared with the amounts
of Al ions (Na,0O/Al,0;=1.72 and .31
respectively).

We found that high silica BEA could be crystal-
lized at a lower temperature of 413 K, though
a longer crystallization time was required.
Crystallization of the gels for BEA-400-3 and

BEA-30-1

“BEA-730-2

BEA-730-3 at 413K for 60h produced BEA
with §i0,/A1,0;=398 and 740 respectively.
Si0,/Al,0; ratios of these products were compary-
ble with those of BEA-400-1 and BEA-730-1 crys-
tallized at 453 K (SiO,/Al,O;=400 and 730
respectively). BEA-400-3 and BEA-730-3 crystal-
lized at 413 K also retained excess amounts of Ny
compared with the amounts of Al ions found iy
the cases of BEA-400-1 and BEA-730-1 crystallized
at 453 K. As shown in Fig. 1, the as-synthesized
BEA-730-3 showed an additional reflection peak
at around 20=5.6°. This, however, disappeared
after calcination at 723 K. We have also observed
the appearance of this peak in all-silica BEA [8,10)
and BEA-400-3.

Fig. 2 shows the FE-SEM images for the pro-
ducts of BEA-30-1, BEA-400-1, BEA-730-1.
BEA-730-2 and BEA-730-3. The particle sizes
of the products BEA-30-1, BEA-400-1 and
BEA-730-1 are about 60 nm, 250 nm and 400 nm
respectively. This shows that the particle size
increased with increasing SiO,/Al, 05 ratio. The
product of BEA-730-2 (SiO,/Al,0,=0682) has a
particle size (550 nm) larger than that of

SR g e e

BEA-730-

Fig. 2. FE-SEM images for BEA crystallized from gels having different compositions and at different temperatures.
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BEA-730-1 (8i0,/A1,0,="730, 400 nm). This may
be due to the OH™ ion concentration of the gel
for BEAID2L OB S0, =053 ‘peng mgner
than that for BEA-730-2 (OH ™ /Si0, =0.44). With
increasing SiO,/Al,0, ratio, as well as OH™/SiO,
ratho, the mamber of nesled formed may tr seduced,
resulting in an increase in particle size. The particle
size of the product of BEA-730-3 crystallized at
413 K is about 300 nm and is about 100 nm smaller
than that of BEA-730-1 crystallized at 453 K. This
shows that crystallization at lower temperatures
produces smaller particles.

Fig. 3 shows the thermal decomposition spectra
of TEA™ ions occluded in as-synthesized
BEA-730-1 and BEA-30-1 in a stream of He. In
BEA-T30-1, which has Si0,/A1,0; =730, most of
the occluded TEA™ ions decomposed and were
eliminated between 473 and 673 K. Major decom-
position products at this temperature included
EtNH, and C;H,. H,, NH, and C; hydrocarbons
were also evolved as minor products. Lami et al.
[13] have reported a mechanism for the decomposi-
tion of TEA 7 ions in BEA with SiO,/Al,O, ratios
of 27.6-55 when BEA was treated in Ar and air.
Tney proposed degradation of TEA™ lons via
Hofmann elimination:

(C2H5)4N *X - "'"’CzH‘g + (C2H5)3N +XH

where X~ can be §-0O~ or Al-O™; the formation

10 T T 1
a

=: - o
=
- I EWNH,
& s 8
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2 ‘
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@ 4
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“ ]
P )
=
ot
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of amines occurs by successive B elimination:
(CHhN—-CH +(C.H)2NH
(C,H;s),NH-C,H,+(C,H,)NH,
(C;Hs)NH,—-C,H,+ NH,

Most of the products observed in the decomposi-
tion spectra are explained by these successive elim-
inations of C,H,. Ethylene was the only product
eliminated between 673 and 823 K. The absence
of evolution of other products along with ethylene
between 673 and 823 K suggests that C,H, formed
during the decomposition of TEA* ions at around
573 K might have been readsorbed. The TEA™*
taa decomgpasition pattern for  as-synthesized
BEA-730-3  (SiO,/ALQ,=740} crystallized a¢
413 K is similar to that of BEA-730-1.

We have observed a different decomposition
spectra for the product with a lower SiQ,/Al,0,
ratio (see Fig.3). The TEA* decomposition
pattern of as-synthesized BEA-30-1 (SiO,/
Al,0,=30) showed the evolution of various
TEA™ decomposition fragments between 473 and
673 K and between 673 and 798 K. The decompo-
sitinn products between 472 and £73 K mere sivn-
lar to those for BEA-730-1, although the
ntensities of these evolved products were smaller.
Between 673 and 798 K the decomposition pro-
ducts of TEA™ ions include mainly C,H,, NH,
and H,. It can be seen from Fig. 3 (BEA-30-1)

10 ¥ ¥ T

Intensity X 101 Ya.u.
(%, ]

423 623 823 1023
Temperature/K

Fig. 3. Thermal decomposition spectra (TPD-MS) of TEA™ ions occluded in as-synthesized BEA-730-1 (a) and BEA-30-1 (b) in a

stream of He.
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that NH, was desorbed at a slightly higher temper-
ature than were C,H, and H,, suggesting that it
was adsorbed on acid sites and then desorbed.
Hydrogen was another major product; its forma-
tion was accompanied by C,H,. We observed that
hydrogen was also formed from the decomposition
of TEA™* ions in amorphous gel (not shown in the
figure), suggesting that H, might form during the
decomposition of TEA™ ions. BEA-30-1 remained
black, even after treating at 1173 K in He, indicat-
ing the presence of carbonaceous materials.
However, BEA-400-1 and BEA-730-1 (SiO,/
Al,03;=400 and 730 respectively) became white
after treating them in a flow of He at 1023 K.

The elimination pattern of TEA™ ions from
BEA with SiO,/Al,0;=400 was similar to that
from BEA with SiO,/Al,0,=730 (not shown in
the figure). The desorption of readsorbed C,H,
occurred at a temperature slightly Jower than that
from BEA with Si0,/Al,0,=730, but still higher
than that from BEA with SiO,/Al,0,=230.

Judging from the results described above, we
concluded that the decomposition products
between 473 and 673 K probably evolved through
the decomposition of TEA™ ions interacting with
Si-O~ and those between 673 and 798 K evolved
through the decomposition of TEA* ions inter-
acting with Al-O~. As the interaction between
TEA™ ijons and Al-O~ seems to be stronger than
that between TEA™ ions and Si-O~, a higher
temperature is presumably required to decompose
TEA™Y ions associated with Al-O~. BEA-730-1
had fewer Al-O~ groups because of the high
Si0,/Al,O0; ratio (SiO,/Al,0;=730) and an
Na,0/Al,0, ratio of 1.31, suggesting the absence
of free AI-O~ groups to interact with TEA ™ ions.
Hence, we concluded that in BEA-730-1 most of
the TEA™ ions interacted with Si-O~ groups and
decomposed between 473 and 673 K. In contrast,
the as-synthesized form of BEA-30-1 had an
Na,0/Al,0, ratio of 0.034, indicating the presence
of free AI-O~ groups. Therefore, in BEA-30-1
the TEA™ ions interacted with these free Al-O"
groups and gave decomposition peaks between 673
and 798 K. The appearance of decomposition
peaks at 473-673 K for BEA-30-1 inferred that
‘'some TEA ™ ions still interacted with Si-O~.

Fig. 4 shows the differential thermogravimetry

0.001 T T

0
-0.001
-0.002

-0.003

(d(AW/W)/dt)/min-1

-0.004

-0.005
273 523 73 1023

Temperature/K

Fig. 4. DTG patterns of TEA* ions occluded in as-synthesized
BEA-30-1 and BEA-730-1 in a stream of N,.

(DTG) patterns of BEA-30-1 and BEA-730-1 in a
stream of N,. The DTG pattern for BEA-730-1
showed two major peaks for weight loss. The first
peak between 300 and 423 K may be due to the
loss of water, and the most intense peak between
423 and 673K indicates the elimination of most
of the TEA" ions. A minor peak appearing
between 673 and 798 K may be due to the elimina-
tion of the readsorbed materials, such as C,H,,
NH; and other molecules undetected by TPD-MS.
The DTG pattern for BEA-30-1 showed three
major peaks for weight loss. As with the case of
BEA-730-1, the first peak between 423 and 673 K
may be due to the loss of water, whereas the
second and third peaks at 423-673 K and
673-798 K could be due to the elimination of TEA
ions associated with Si~-O~ and Al-O~. The DTG
pattern for BEA-730-3 (Si0,/Al,05 =740, crystal-
lized at 413 K)) was similar to that for BEA-730-1
crystallized at 453 K.

The TEA™ ion decomposition patterns and the
DTG patterns clearly confirm that TEA™* ions in
BEA with SiO,/Al1,0,="730 can be eliminated at
a lower temperature than those in BEA with Si
0,/A1,0,=130.

3.2. Sorption properties and thermal stability

Table 2 compares the results of nitrogen sorption
measurements at 77 K for the samples treated
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Table 2
Surface area and micropore volume of BEA

Si0,/ALO, BET surface area/m® g ™!
Vacuum treatment temperature/K Air calcination temperature/K
473 573 673 473 573 723 823 973 1173 1373
BEA-30-1 — 538 765 198 483 — 770
(0.15) (0.023) (0.014) 0.1 (0.27)
H-BEA-30-1 — 726 716 618 —
BEA-400-1 529 724 — 175 597 730 —
(0.16) (0.27) (0.021) (0.17) (0.34)
BEA-730-1 467 734 — 146 613 633 —_
(0.17) (0.31) (0.023) 0.17) (0.29)
H-BEA-730-1 631 674 656 587

Values in parentheses indicate micropore volume/cm® g™ 1.

in air at 473-823K (as-synthesized form),
723-1373 K  (H-form) and in vacuum at
473-673 K (as-synthesized form). The sample with
Si0,/Al,0,=30 after pretreatment in vacuum at
673 K showed a BET surface area of 765m?g™!,
which is similar to that of the sample calcined in
air at 823 K (770 m? g™?). It should be noted that
this sample appeared black even after the treatment
in vacuum at 673 K, indicating the presence of
carbonaceous materials which might have formed
by the interaction between decomposition products
of TEA ™ ions and acid sites. However, such carbo-
naceous materials did not block the micropores of
BEA. For this sample, a pretreatment temperature
of 573 K in vacuum was insufficient to decompose
TEA™ ions present in the zeolite pores, as indicated
by its lower BET surface area: 538 m? g~!. For
BEA with SiO,/Al,0;=400 and 730, the heat
treatment in vacuum at 573 K gave almost the
same results as the calcination in air at 723 K,
clearly indicating that the TEA ™ ions occluded in
the micropores of these as-synthesized high silica
BEA can be decomposed and removed without
oxidants. When these samples (BEA with
Si0,/A1,0, =400 and 730) were calcined in air at
723 K, the occluded materials were completely
removed and they had high BET surface areas
(730 m? g~ ! and 633 m? g™ ! respectively). For the
sample with SiO,/Al,0,=730 the calcination in
air at 723 K led to a decrease in its surface area,
which may indicate the loss of crystallinity.

However, this sample remained stable even after
calcination at 823 K and, after transforming to the
H-form, remained stable even at 1373 K. These
experiments clearly indicate that an oxidant is
necessary to eliminate TEA™ ions from BEA with
Si0,/Al,05; =30, whereas such an oxidant is not
necessary for the samples with SiO,;/Al,0,=400
and 730.

Fig. 5 shows the X-ray diffraction patterns for
H-BEA with SiO,/Al,0,=782 (H-BEA-730-1)
calcined at temperatures between 723 and 1373 K.
It can be seen that H-BEA-730-1 is stable even
after calcination at 1373 K. With increasing
calcination temperature from 723 to 973 K, the
intensity of the peak appearing at a lower angle,
i.e. 20=7.5°, increased, whereas the peaks appear-
ing at 26~22° remain unchanged. As shown in
Table 2, this was accompanied by a small increase
in BET surface area from 631 to 674 m?* g~ . The
X-ray diffraction patterns for the samples calcined
at 973 and 1173 K have the same intensities for
all reflection peaks, indicating that no change in
the structure has occurred at these temperatures.
When the calcination temperature was further
raised to 1373 K, a small decrease in the intensity
of the peaks at 20~22° was observed, with no
change in the intensity of peak at 20~7.5°. This
was accompanied by a decrease in the surface area
from 656 to 587 m? g, indicating a small reduc-
tion in the degree of crystallinity. The H-form
samples of BEA-400-1, BEA-400-2 and BEA-730-2
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a
Calcined at 1373 K

JL\N\__/,J/\»WC»‘M
Calcined at 973K

SiOzlAhOJ =34 H .-BEA
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2 0 /degree

Relative Crystallinity/a.u.
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Calcined at 1173K
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Fig. 5. X-ray diffraction pattern of H-forms of BEA-30-1 (a)
and BEA-730-1 (b) calcined at different temperatures (indicated
in the figure).

crystallized from the gels having different Na*,
OH "~ and SO2" ion concentrations and BEA-730-3
crystallized at 413 K were also stable at 1373 K.
This shows that Na*, OH~ and SO2* ion concen-
trations in the gel and crystallization temperature
do effect the thermal stability of the product.

In contrast, H-BEA with SiO,/Al,0,=34
(H-BEA-30-1) lost its crystallinity and became
amorphous when calcined at 1373 K in air, though
it was stable at 1173K. Compared with
H-BEA-730-1, the Al content of H-BEA-30-1 is
23 times greater and that of H-BEA-400-1 is twice
as great. Thus, Al possibly reduces the thermal
stability of zeolite BEA. Na-BEA-30-1, when
calcined in air at 1373 K, gave amorphous mate-
rial, whereas Na-BEA-400-1 and Na-BEA-730-1
formed a dense phase, namely tridymite. This is

not surprising, since it is known that Na cleaves
Si-0O-Si bonds and promotes the formation of
dense phases.

4. Conclusions

Zeolite BEA with Si0,/A1,0;=30 to 740 were
crystallized by dry gel conversion. Temperatures
in the range 413-453 K can be employed for the
crystallization of BEA in this method. The particle
size of BEA increased with increasing SiO,/Al,0,
ratio as well as with increasing crystallization
temperature. In a stream of He, the TEA™* ions
presumably interacting with Si-O~ were decom-
posed at around 573 K and those interacting with
Al-O~ decomposed at around 743 K. Sorption
studies confirmed that the TEA™ ions occluded in
BEA with SiO,/Al1,05;=400 and 730 can be elimi-
nated by evacuation at 573 K. Zeolite H-BEA
with Si0,/Al,0,=1387 and 782 are stable even at
1373 K and have higher thermal stabilities than
those with Si0,/A1,0;=34. The elimination of Na
from the BEA structure improves the thermal
stability of BEA. BEA crystallized at 413 K and
at 453 K has similar thermal stabilities.
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ABSTRACT :

Pure silica Beta and Al-free Ti-Beta were crystallized using tetraethylammonium
hydroxide (TEAOH) as a structure-directing agent by dry gel conversion technique. A higher
concentration of Na ion in the gel promoted the formation and stabilization of Beta phase during
crystallization. Pure silica Beta crystallized at higher temperatures (at 433 K for 24 h and then at
453 K for 12 h) was thermally stable even at 1173 K and lost its crystallinity partially at 1373
K. Presence of impure phases reduces the thermal stability of Beta. Under similar
crystallization conditions, Ti-Beta was successfully obtained even in the absence of Al. The
incorporation of Ti into the framework of Beta was suggested by the appearance of an intense
band at 960 cm” in the IR spectra and at 205-225 nm in the UV-VIS spectra for the sample that
was treated with aqueous NH,NO, solution after calcination and recalcined at 773 K.

INTRODUCTION

Pure silica and high silica large pore zeolites with high thermal stabilities are of interest,
specially for high temperature applications such as gas clean up and separation processes, since
they have less acidity so that less coke formation is anticipated. Incorporation of Ti into these
structures imparts them oxidation activity for various organic intermediates. Hydrothermal
synthesis of zeolite Beta with SiO/AL O, ratios = 10 - 250 were reported using TEAOH,
TEAOH-diethanolamine, TEABr-NH, and TEAOH-TEABr-triethanolamine. van der Waal etdl.
(1) and Camblor etdl. (2) have reported the formation of pure silica Beta using dibenzyldimethyl
ammonium cation and TEAOH-HF, respectively. Several reports have appeared on the
synthesis and catalytic activity of Ti-Beta (3,4). We have recently reported a new crystallization
method, Dry Gel Conversion Technique, and shown the crystallization of zeolite Beta from dry
gels containing TEAOH as a structure-directing agent (5-7). In the present study, the
crystallization of pure silica Beta and Al-free Ti-Beta from dry gels containing TEAOH and their
characterization were performed. We also compare thermal stability of Beta with different
compositions.

EXPERIMENTAL

Pure silica Beta and Al-free Ti-Beta were prepared from dry gels having compositions
given in Table 1. These gels were prepared, typically by mixing 1.5 g of fumed silica, 15 nl of
15615
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deionized water, a required amount of NaOH (4M aqueous solution, Wako Pure Chem.) and
TEAOH (20 % in water, Wako Pure Chem.). A solution containing 1 ml of H,0, 1 ml of H,0,
and 0.17 g of Ti(OC,H,), was added after aging for 2 h while stirring for the case of sample C.
The mixture was heated to 353 K after stirring for 2 h and dried while stirring. When the gel
became viscous, it was stirred using a teflon rod till it became a dry gel. The dry gel was
crushed to powder and placed in a special autoclave where water as a source of steam was
poured at the bottom. Crystallization of samples A and D was carried out at 433 K for 24 h and
then at 453 K for 12 h and that of samples B and C was carried out at 413 K for 168 h. Beta
samples E and F with SiG,/Al, O, ratio = 400 were prepared as reported elsewhere (6,7).

X-ray diffraction patterns were recorded on Rigaku Miniflex instrument with Cu K ¢
radiation. Field Emission SEM images were taken with a Hitachi (5-4500S8) FE-SEM
apparatus. Thermal stabilities were tested by calcining about 100 mg of H-Beta (calcined Beta
after treating with NH,NO, solution to remove Na' ions present at silanol sites) at 1173 -1523
K with a heating rate of 3 K min"' and the sample was kept at the final temperature for 2 h.

Sample Gel Composition Cryst. Temp. /K~ Product  Rel. Crystal-
Si/Ti Si0,/AlLO; Na,0/ SiO, TEA,O/SiO, and Time linity/%

A - - 0.160 0.185 433 (24 h) & Beta 70
453 (i2 h)

B - - 0.096 0.220 413 (168 h) Beta 80

C 50 - 0.096 0.220 413 (168 h) Ti-Beta 80

D - - 0.160 0.220 433 (24h) & Beta (90%) + 60
453 (12 h) MFI (10%)

E - 400 ' 0.042 0.185 453 (12 h) Beta 100

F - 400 0.042 0.185 453 (36 h)  Beta (92%) + 80

8% OU-1

Table 1: Effect of gel compositions on the crystallization of Beta.

RESULTS AND DISCUSSION
Pure silica Beta

Figure 1 shows the X-ray diffraction patterns of as-synthesized pure silica products A
and B. The X-ray diffraction patterns show relatively high crystallinity of the products. The
relative crystallinity of sample A crystallized at 433 K for 24 h and then at 453 for [2 h is
slightly lower than that of B crystallized at 413 K for 168 h. As shown in Fig. 1, the as-

synthesized sample B showed a minor additional reflection peak at around 20 = 5.6°. This peak
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Figure 1. XRD patterns of as-synthesized pure silica Beta and Al-free Ti-Beta.

Relative Crystallinity

disappeared after treating the sample at temperatures above 453 K. A similar peak also appeared
in Al-containing Beta crystallized at 413 K (6,7). Such an additional peak did not appear in
sample A. When the samples A and B were crystallized oﬁfy at 453 K, the product remained
amorphous. However, when Al was introduced into these gels and crystallized at 453 K,
highly crystalline Beta was produced.

Using the synthesis conditions used for sample A, pure silica Beta was successfully
synthesized from the gels having molar ratios SiO,: 0.15-2.0 Na,O: 0.16-0.22 TEA,O, though
the composition SiO,: 0.16 Na,0: 0.185 TEA,O is more suitable. A further increase in the
concentration of either structl;re-directing agent or NaOH makes it difficult to obtain fine dry gel
and that leads to the appearance of other phases such as MFI, along with Beta. Similarly when
the crystallization was prolonged, the product contained impure phases such as MFI and MTW.
When the crystallization of gel having same composition as that of sample B was carried out at
433 K for 24 h and then at 453 K for 12 h, the product was a mixture of MF1, Beta and MTW
phases. In our previous study (8), we showed that high silica Beta transforms to other phases
such as MTW and OU-1 depending on the gel composition during crystallization. The gel with
Si0,/Al, O, ratio = 380 and Na,O/SiO, ratio = 0.094 formed Beta after 9 h of crystallization and
the product was stable even after 48 h of crystallization. The gel with SiO,/Al,O, ratio = 380
and Na,0/SiO, ratio = 0.014 formed Beta initially and transformed to MTW after 12 h of
crystallization, suggesting that such a higher Na ion concentration in the gel stabilized the Beta
phase. Similarly, when the crystallization of gel having same composition as that of sample B
was carried out at 433 K for 24 h and then at 453 K for 12 h, the product might transform to
MFI1 even before full crystallization. Table 2 compares the chemical compositions and BET
surface areas of samples A-C. As-synthesized samples retained a large amount of Na.
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However, most of them were eliminated by treating the products with a NH,NO, solution. The
Na ions which were retained in the samples even after the treatment with NH,NO, might be
present at defect sites as Si-O-Na.

Figure 2 shows the FE-SEM images for the products. The particle sizes of products A
and B are about 1.1 and 0.9 pm, respectively. In our previous report (7), we showed that the
particle size of Beta increased from 60 to 400 nm, when SiO,/Al, O, ratio was raised from 30 to
730. A particle size of about | um for pure silica Beta is in accordance with our previous
results. The absence of hetero atoms might have reduced the number of nuclei formed leading
to the products with larger particle sizes.

Sample Chemical Composition BET Surface Area
As-synthesized After treating with NH,NO, (m*g")
SifTi Na/Si Si/Ti Na/Si
A - 0.017 - 0.0015 530
B 0.030 - 0.0022 506
C 41.73 0.052 41.05 0.0002 520

(A

268R8 B 15H.@0kY

©

Figure 2. FE-SEM images of obtained Beta.

Table 2: Chemical compositions of products.

(B)

(D)

Pure silica Beta; samples A and B, and Al-free Ti-Beta; C.
Beta having SiO,/Al,O, molar ratio = 730 was also shown in D.
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Figure 3 shows the X-ray diffraction patterns of samples A and B calcined at
temperatures between 773 -1373 K. The as-synthesized samples were calcined at 773 K (Na-
Beta) and treated with NH,NO, and recalcined (H-Beta) before testing their thermal stability at
higher temperatures. Sample A was stable even after calcination at 1173 K. It, however, lost
crystallinity partially and a reflection peak at 26 = 26.4° probably due to crystoballite appearing
after calcination at 1373 K. Sample B was thermally less stable and turned to amorphous
material after calcination at 1173 K. The high thermal stability of sample A may be due to the
presence of fewer defect sites. In our previous report (7) we have shown that Beta with
SiO,/AlLO, ratio = 34 was stable at 1173 but turned to amorphous at 1373 K, and Beta with
SiO,/ALO, ratio = 782 was stable even at 1373 K. Sample A has higher thermal stability
compared to Beta with SiO,/AlLO, ratio = 34 though being less stable compared to high silica
Beta with SiO,/Al,O, ratio = 782.

Sample A Sample B
d 1373 K

A ¢ A UMK c 173K
_,__—/\.

b 773K b' FI3K

ﬂ a | 773 K A a A 73K

10 20 30 40 10 20 30 40
20/degree

Figure 3. XRD patterns of sample A and B calcined at temperatures indicated in figure.
A and a', Na-Beta; b-d and b' and c', H-Beta.

Sample D n I Sample E Sample F
d2 n A
.A——‘M- LA Jde,

Relative Crystallinity

2

e3
€2
dl l el ‘ f1 I
| P cabton: ‘
10 20 30 40

10 20 30 40

20/degree

Figure 4. Comparison of thermal stability of samples D, Eand F.
D1, el and f1, as-synthesized; d2, e2 and {2, calcined at 723 K; e3, calcined at 1373 K.
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Figure 4 shows the effect of impure phases on the thermal stability of Beta. Sample D,
a pure silica Beta which contained about 10 % of other phases such as MFI, was prepared under
similar conditions used for preparation of sample A. This sample is thermally less stable and
lost most of its crystallinity even when calcined only at 723 K. This suggests that the presence
of impure phases may destabilize the structure of pure silica Beta. In order to confirm the effect
of these impurities on the thermal stability Beta, high silica Beta samples E and F with
SiO,/ALO, = 400 were prepared. Samples E is a pure Beta which does not contain any impure
phases. Sample F is a Beta containing about 8 % of zeolite OU-1. The sample E was stable
after calcination at 773 K and after treating with NH,NO, it was stable even after calcination at
1373 K. Whereas sample F which contains OU-1 impurity lost most of its crystallinity after
calcination at 723 K. As a result, we presume that a pure high silica Beta has high thermal
stability and the presence of any impure phases reduce its thermal stability.

Ti-Beta

The crystallization method used for preparation of sample B was used to crystallize Al-
free Ti-Beta using TEAOH from the gels containing Na* ions. Khouw et al. (9) showed that the
presence of small amounts of alkali (Si/Na = 100) promotes higher incorporation of Ti into
zeolite framework and also improves the catalytic activity, and that in the presence of a larger
amount of Na* ion (Si/Na= 10) Ti precipitates as TiO,, resulting in difficult incorporation of Ti
into the lattice. Recently Tatsumi et al. (4) have reported the crystallization of highly active Al-
containing Ti-Beta in the presence of Na* ions using dry gel conversion method. In our
experiments, the precipitation of Ti as TiO, was prevented by treating the Ti source with an
aqueous H,0, solution before adding to the gel containing Na' ions. By this method, the gels
remained clear even bfter containing higher Na' ion concentrations (Si/Na= 5) and no
precipitation was observed.

As shown in Figure Ic, highly crystalline Ti-Beta was obtained by the crystallization of
sample C at 413 K for 168 h. No amorphous material was present after crystallization. The
particle sizes of Ti-Beta were about 0.2 um, suggesting that the presence of Ti in the gels
reduced particle size of the products. This also supports that hetero atoms such as Al and Ti
increase the number of nuclei formed, leading to smaller particle size of the products. We have
not succeeded to prepare Ti-Beta using the gel and crystallization conditions used for the
preparation sample A.

Figure 5 shows the IR spectra of Ti-Beta calcined at 773 K (Na-Ti-Beta) and after the
treatment of calcined Na-Ti-Beta with NH,NO, and successive recalcination (H-Ti-Beta). H-Ti-
Beta showed an intense absorption peak appeared at 960 cm’, whereas the IR spectra of Na-Ti-
Beta showed only a shoulder peak at around 985 cm®. Khouw et al. (9) showed that after
treating TS-1 with NaOH the absorption band at 960 cm’ transformed to a shoulder peak at 985
cm’ and reappeared by acid washing. In our experiment due to the presence of Na” ions in the
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gel, the crystallized product might have contained Na' ions at exchangeable positions and hence
the shoulder peak possibly appeared in the Na-Ti-Beta. These Na ions were exchangeable with
NH,NO, and after the ion exchange the intense absorption peak appeared similar to Ti-MFI
prepared in the absence of alkali (9). These results may suggest the presence of Ti at
framework positions.

Figure 6 presents the UV-VIS spectra of H-Ti-Beta. The spectra has an intense band in
the region between 205 -225 nm and a weak band around 270 nm. It was previously reported
that the band at around 270 nm comes from partially polymerized hexacoordinated Ti species
(10). A band at around 225 nm has been assigned to the ligand to metal charge transfer (CT)
involving isolated Ti atoms in octahedral coordination. After dehydration, the peak at 225 nm
shifts to 205 nm and the peak at 205 nm is characteristic of charge transfer spectra for
tetrahedral Ti. This spectrum suggests the presence of Ti at framework positions. However, a
weak band 270 nm and an absorption edge starting from 330 nm may also suggest the presence
of a part of Ti either at distorted positions or as extra-framework Ti. These IR and UV-VIS
results suggest the incorporation of Ti into the framework of Beta though a part of Ti may exist
at extra-framework positions.

The catalytic activity of this Al-free Ti-Beta was tested in oxidation of cyclohexene. As
shown in the Table 3, the calcined Ti-Beta which was not treated with NH,NO, solution
showed only negligible activity for the oxidation of cyclohexene in the presence dilute H,0, and
acetonitrile as a solvent. The oxidation products were cyclohexene epoxide and 1, 2
cyclohexene-di-ol. After treating the calcined Ti-Beta with NH,NO, and recalcined the catalytic

activity increased by about 11 times and the oxidation products were cyclohexene epoxide, 1, 2

8 a

= w

g 2

E £

2 3

g b Z

= <

1600 1200 800 400 200 36() 400
Wavenumber/cm™! Wavelength/nm

Figure 5. FTIR spectra of Ti-Beta. Figure 6. UV-VIS spectra
a: Na-Ti-Beta; b : H-Ti-Beta. of H-Ti-Beta.
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cyclohexene-di-ol, cyclohexene-1-0l and cyclohexene-1-one. When the experiment was
conducted using methanol as solvent instead of acetonitrile cyclohexene conversion was
increased from 9.4 % (total products/(total products + cyclohexene) to 11.6 percentage and the
products are mainly 1, 2 cyclohexene-di-ol, glycol ether, cyclohexene-1-ol and cyclohexene-1-
one. However, products does not contain any epoxide. This suggests that initially formed
epoxide was cleaved and secondary products were formed. van der Waal et al. (11) have
suggested that Ti-Beta has strong acidic properties and the formation Brgnsted acid centers on
catalytically active Ti centers by the adsorption of either alcohol or peroxide. In our experiments
also Brgnsted acid sites might have formed by the adsorption of peroxide and these Brgnsted
acid sites might be responsible for cleaving the initially formed epoxide.

Sample Solvent Cyclohexene Product Selectivity

Conversion® Epoxide | 1-ol | l-one | Ether | di-ol

NaTiBeta Acetonitrile 0.85 28.6 - - - 71.4
HTiBeta Acetonitrile 9.40 16.2 6.9 12.1 - 64.7
HTiBeta Methanol 11.6 - 2.0 148 | 27.2 | 56.0

Table 3: Oxidation of cyclohexene.
Reaction conditions: Catalyst, 100 mg; Cyclohexene, 17 mmol; Cyclohexene/H,0,, 3 (mole
ratio); Solvent, 10 ml; Temperature, 333K, Duration, 3 h.
* : Total products/(Total products + Unreacted cyclohexene)

CONCLUSIONS

Pure silica Beta and Al-free Ti-Beta were crystallized using TEAOH as a structure-
directing agent by dry gel conversion method. The pure silica Beta is stable even at 1173 K and
lost crystallinity partially after calcination at 1373 K. Presence of impure phases in high silica
and all silica Beta detreases the thermal stability of the products. IR and UV-VIS spectra
confirm the incorporation of Ti into the framework of Beta. Catalytic experiments confirm the
appearance acidic properties even on Al-free Ti-Beta.
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ABSTRACT

A new high silica zeolite OU-1 was synthesized by a dry gel conversion technique using
tetraethylammonium hydroxide as a structure-directing agent. ~ OU-1 was formed via the phase
transformation from Beta with prolonged crystallization.  Structural analysis of OU-1
was performed by means of XRD, electron diffraction (ED), and high resolution TEM
(HRTEM). It was concluded that OU-1 has one dimensional pore system with 12-membered
ring opening, probably being analogous to SSZ-31 and NCL-1. The most striking
characteristic of OU-1 is that similarly to Beta OU-1 is a highly faulted intergrowth of at least
two distinct zeolite frameworks: The topological features of these two types of frameworks
are the same as those of polymorphs A and B of Beta when the frameworks are projected
from the direction of pore opening, while three dimensional T-O-T linkages of OU-1 are
different from those of Beta.  Phase transformation of Beta to another type of zeolites having a
related-structure appears reasonable to occur.  Such phase transformation could be a new route
to develop a new structure.

INTRODUCTION

We have found that Beta zeolite is easily crystallized by the dry gel conversion]1-3]. In
the dry gel conversion synthesis, an aluminosilicate aqueous solution or gel containing an
organic structure-directing agent is dried to obtain a dry gel and then the resultant dry gel is
crystallized not in continuous water phase but in steam at autogeneous pressure. This method
allows us the synthesis of Beta with a broad range of SiO,/AlL0, ratio = 30 - ©© using
tetracthylammonium hydroxide (TEAOH), a common structure-directing agent, and extremely
rapid crystallization of Beta; for instance, only 3 and 12 h for SiO,/Al O, ratios = 30 and 700,
respectively.  We have recently found that high silica Beta zeolite transformed into
another phase with prolonged crystallization[4].  Under appropriate conditions, a new phase,
OU-1, was found to form via such phase transformation.
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In the present study, the structure of OU-1 was discussed on the basis of the results of
XRD, ED and HRTEM study. A interesting, highly faulted structure of OU-1 is presented.

EXPERIMENTAL

An aluminosilicate gel with a composition of SiO, : 0.0026 ALO, : 0.042 Na,O : 0.37
TEAOH was prepared at room temperature.  After being aged for 2 h while stirring, the gel
was dried at 353 K. When the gel became viscous, it was stirred using a Teflon rod till it
became a dry gel. The resultant dry gel was crushed and placed in the middle of a special
autoclave where water as a source of steam was poured at the bottom. Crystallization was
carried out at 453 K for 60 h.

The products were characterized with XRD, ED and HRTEM.

RESULTS AND DISCUSSION

Highly crystalline Beta with SiO,/ALO; ratio = 380 was formed after 12 h of
crystallization.  As reported elsewhere|4], a new phase, OU-1, appeared with prolonged
crystallization. As shown in Figure 1, the reflection peaks for Beta disappeared and the
i)ure phase of OU-1 was formed after 60 h of crystallization. Further prolonged crystallization
led to the formation of crystoballite (not shown). Typical positions of reflection peaks with
Cu Ka radiation are 2q = 6.12 (70), 7.42 (21), 8.20 (36), 21.14 (100), 22.44 (62), and 22.68
(22). The figures in the parenthesis represents relative intensities. The XRD pattern of OU-1
is similar to NCL-1|5] and SSZ-31]6].

{

B Calcined
OU-1

As-synthesized Crystallization time |

OU-1 60 h

| As-synthesized 12h
Beta
10 20 30 40
20/degree

Fig. 1. XRD patterns of Beta and OU-1.
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Figure 2 shows a typical morphology of OU-1. This zeolite is plate-like thin crystal.
Judging from the results of XRD measurements and SEM observations, no amorphous phase
was formed during the phase transformation from Beta to OU-1.

We have analyzed X-ray and electron diffraction patterns and concluded that OU-1 has
one dimensional pore system with 12-membered ring opening as described in elsewhere|7].
Briefly, this zeolite is a highly faulted intergrowth of mainly two types of polymorphs. Figure
3 shows the schematic representation of these two types of framework structures: Type A is
ABAB... stacking and type B is ABCABC... stacking. Figure 4 shows the HRTEM views of
OU-1. The directions of observation are indicated in the figure. OU-1 has 12-membered
oxygen ring opening along the longitudinal direction of crystal, though no pore opening is
observed from the top of the plate, being in good agreement with the results of structural
analysis.

As mentioned above, the XRD pattern of OU-1 is very similar to that of SSZ-31 of which
the structure was recently solved by Lobo et al.]6] They concluded that SSZ-31 has a very
complicated structure and a combination of several types of polymorphs. Though itis difficult
to conclude clearly because of such complexity of structure, OU-1 would be analogous to SSZ-
31.

Fig. 2 FE-SEM image of OU-1.
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Fig. 3 Framework structures of OU-1.
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Fig. 4 HRTEM images for OU-1 observed along {301} and 010} directions
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It is noteworthy that the framework projections viewed along pore for OU-1 are the same
as those for Beta zeolite:  The projections for type A and B are the same topological features as
those for the Beta framework structures of polymorph A viewed along [010] and polymorph B
viewed along [110], respectively. Three dimensional linkage of T-O-T are different between
the structures of Beta and OU-1, whereas their two dimensional projections of pore opening are
the same.

As shown in Fig. 2, OU-1 has a morphology very different from Beta. Taking it into
account that crystallization occurred in a gas medium and OU-1 was formed without formation
of amorphous phase, we consider that intermediate species formed via hydrolysis of Beta
migrates over the surface of Beta crystals and contributes to the nucleation of OU-1 there. The
topological similarity of Beta and OU-1 probably rationalize the occurrence of phase
transformation from Beta to OU-1. ‘We suppose that intermediate species formed from Beta
keeps sub-unit of Beta structure and OU-1 forms by rearrangement of such sub-units.
Further, judging from the structures of OU-1 and Beta, the framework density of QU-1 would
be greater than that of Beta. The transformation to a denser phase is possibly reasonable to

OCcCur.

CONCLUSIONS

It was found that high silica Beta containing TEA,O as a structure-directing agent was
transformed to a new zeolite OU-1 under the synthetic conditions of dry gel conversion. OU-
1 is a very unique aluminosilicate zeolite from a view point of structure which is characterized
by an one dimensional pore system with 12-membered ring opening and a highly faulted
intergrowth of at least two distinct zeolite frameworks very similar to those of polymorphs A
and B of Beta when the frameworks are projected from the direction of pore opening. Phase
transformation between zeolites having similar structures would provide a possible new route to

develop a new structure.
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Conversion of dry gel to microporous crystals in gas phase
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Recently the dry gel conversion (DGC) technique, where a hydrogel is dried and the resultant dry gel is converted into microporous
crystals in steam or in a mixed vapor of steam and organic structure-directing agents (SDAs), has been developed. It has been shown that
a wide variety of microporous crystals, pure silica microporous crystals, aluminosilicates, metallosilicates, and aluminophosphates, can be
synthesized using the DGC method. Remarkable results have been reported in the synthesis of BEA types zeolites, namely aluminosilicate,
titaniumsilicate, zincosilicate, and borosilicate with BEA topology, using tetracthylammonium hydroxide, a commercially available SDA.
1t has also been found that zeolite OU-1, probably analogous to SSZ-31 and NCL-1, is formed via phase transformation from BEA.
Dense zeolite coatings like membranes are possible using this method. Characteristics of the DGC method are discussed in detail.
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1. Introduction

Zeolites have so far been synthesized by hydrothermal
methods that are solution-mediated methods using excess
water. On the other hand, Bibby and Dale first reported
the crystallization of silica sodalite in an ethylene glycol
media in 1985 [1]. It has been reported that various types
of zeolites including MFI and FER were synthesized in or-
ganic solvents without additional water [2,3]. These results
suggest that water is not always essential as a media for
zeolite synthesis.

In 1990, Xu et al. reported that a dry aluminosilicate
gel could be transformed to MFI by contact with vapors of
water and volatile amines [4]. Since then, such methods to
transform dry gel to zeolite in vapor have extensively been
developed and found a lot of applications for synthesizing
microporous crystals with new compositions and structures.
In this paper, the state of the art of the dry gel conversion
(DGC) technique will be surveyed.

2. What is dry gel conversion technique?

Figure 1 presents the schematic presentation of synthetic
methods for microporous crystals. Figure 1(a) shows a
conventional hydrothermal synthetic method where a hy-
drogel containing all sources, for instance, aluminum, sili-
con and sodium, are converted to a crystalline microporous
phase. Organic structure-directing agents (SDAs) are often
included in the hydrogel. Crystallization is performed in
a confined system, an autoclave, to maintain autogeneous
pressure when crystallization needs a temperature above
373 K, as is well known.

Figures 1(b) and (c) are the schematic diagrams of re-
actors used for DGC methods. In using volatile SDAs
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such as ethylenediamine (EDA), a mixture of water and
SDAs is poured into the bottom of the autoclave and then
a dry gel, that does not contain SDAs, is placed in the mid-
dle [4-6]. Upon heating, steam and SDAs vaporize, reach
the dry gel and bring about crystallization. This synthetic
method is designated as “vapor-phase transport (VPT)” by
Kim et al. [5].

Quaternary amines such as tetrapropylamine (TPA) hy-
droxide are often used as SDAs and are not volatile. When
being used, such a non-volatile SDA can be involved in a
dry gel, as shown in figure 1(c). Only steam is supplied
from the gas phase. We call the last method “steam-assisted
conversion (SAC)” here.

3. Crystallization using dry gel conversion methods
3.1. Vapor-phase transport synthesis

Table 1 Iists the typical results of VPT syntheses found
in the literature [4-6]. As mentioned above, Xu et al. [4]
first reported the successful results of MFI synthesis using
the VPT method: MFI zeolites are crystallized from dry
gels with Si0,/Al,0; ratios = 44.8 and 86.4 in the pres-
ence of vapors of water, EDA and triethylamine (Et3N) at
453—473 K. Kim et al. [5] and Matsukata et al. [6] fol-
lowed their study and confirmed that the VPT method has
wide applications in synthesizing various types of zeolites,
MFI, FER, MOR and so on. While co-existence of EDA
and Et3N is essential to crystallize FER [6], without an or-
ganic SDA MFI can be obtained from a dry gel with an
appropriate composition [5].

Figure 2 compares the compositions of the parent gels
used in the VPT synthesis of MFI and FER with typi-
cal compositions of gels which have been reported in hy-
drothermal synthesis. It is noteworthy that the compositions
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Figure 1. Schematic diagram of the methods for microporous crystal
synthesis. (a) Hydrothermal method, (b) vapor-phase transport (VPT)

method, and (c) steam-assisted crystallization (SAC) method. The latter
two are the dry gel conversion (DGC) methods.

used in the VPT method can be plotted around the bor-
der of MFI and FER formation. For instance, MFI with a
Si0,/Al,03 ratio = 25 is obtained in the VPT method even
at a NayO/SiO; ratio of 0.48 which is higher than those used
in the conventional hydrothermal synthesis. These results
suggest that the VPT method has the possibility of expand-
ing the compositions of zeolite formation.

3.2. Steam-assisted conversion of dry gel

3.2.1. Crystallization of aluminosilicate and pure silica
BEA zeolite
Zeolite BEA, a three-dimensional large-pore, high sil-
ica zeolite, has potential technological applications in

petrochemical process, organic synthesis and adsorption
processes. Growing interest has been paid to the syn-
thesis of zeolite BEA. In hydrothermal synthesis BEA
using tetraethylammonium hydroxide (TEAOH), TEAOH-
diethanolamine, TEABr-NHj3, or TEAOH-TEABI-trietha-
nolamine as SDAs has always given a low product
yield and its SiO/Al,Os ratio produced has been lim-
ited up to about 250 [16-18]. Van der Waal et al. [19]
and Burkett and Davis [20] have reported the forma-
tion of pure silica BEA hydrothermally using diben-
zyldimethyl ammonium cation and 4,4’-trimethylenebis(N-
butyl-N-methylpiperidinium) cations, respectively. These
two kinds of SDAs were, however, not commercially avail-
able. Camblor et al. [21] successfully synthesized high
silica BEA from a dense hydrogel with TEAOH-HF. Rao
and Matsukata [22] first reported that the SAC method en-
ables us to easily synthesize BEA having a wide range of
Si0,/Al; 03 ratios from 30 to infinity by using TEAOH, a
commercially available SDA.

Synthetic method

Figure 3 shows a typical SAC synthetic method for the
synthesis of BEA. Dry gels having compositions

Si02 .a A1203 . bNa20 :¢cTEAOH

where a = 0-0.033, b = 0.014-0.092, and ¢ = 0.16-0.50,
are typically used for crystallization. A given amount of
aluminum sulfate is dissolved in distilled water at 353 K
except for the case of pure silica BEA synthesis. Given
amounts of NaOH aq. and TEAOH aq. are added to a
silica source (colloidal silica or fumed silica) at room tem-
perature (298-303 K) while stirring. After 30 min, the alu-
minum sulfate solution is added and stirring is continued
for 2 h. Then, the mixture is heated up to 353 K and dried
while stirring. It is very important for good crystallinity
that when the gel becomes viscous, it should be stirred till
it becomes a dry gel, for instance, using a Teflon® rod.
The dry gel is crushed to a powder and placed in the mid-
dle of the autoclave, as shown in figure 1(c). The amount
of water required for crystallization is only 1.0 ml when
one tries to crystallize 1.5 g of dry gel in 45 ml of auto-
clave.

Crystallization behavior

Figure 4 shows the crystallization curves of dry gels with
Si02/A1,03 ratios = 30-730 to BEA at 453 K [23]. The
value of relative crystallinity shown in the ordinate was
calculated using the intensity of the most intense (302) re-
flection peak appearing at 26 = 22.4° in the XRD patterns
with Cu-Ko radiation. For the products with Si0;/A1,03
ratio = 30, crystallization was very rapid and was com-
pleted within 3 h, though no BEA phase was observed in
the XRD pattern even after 2.5 h of crystallization. Al-
though the crystallization rate decreased with increasing
Si02/Al; 05 ratio, the dry gel with Si0O2/Al,03 ratio = 730
was fully converted to BEA after 12 h.



M. Matsukata et al. / Conversion of dry gel 1o microporous crystals

79
Table 1
Typical results of zcolite synthesis using vapor-phase transport methods.
Reaction composition/molar ratio Crystallization Products References
Amorphous gels Liquid-phase®
1.4 Na;O: Al,03 :44.8 Si0;:228 H,O EDA 4.3 E3N:2.8 H,0 200°C, 5 days MFI [4]
1.5 NayO: Al;03 : 86.4 SiO; : 325 H;0 EDA 7.7 EtsN:10 H,0 180°C, 5 days MFI [41
1.5 NayO: Al05: 86.4 SiO, EDA:7.7 EtzN: 10 H,O 180°C, 7 days MFI [4]
4.0 NayO: Al O3 :20 SiO; H,0 175°C, 7 days MOR 5]
8.0 NayO: AL O3 : 40 SiO; H,0 175°C, 7 days MF1 [5]
2.0 Na; O : Al 04 : 40 SiOy H,0 175°C, 7 days MFI [5]
2.0 Na0: AL O3:10 Si0; Pr3N:H;0 175°C, 7 days MOR [5]
4.0 NayO: Al,O3:20 SiO, PrsN:H,;0 175°C, 7 days MOR (5]
4.0 NayO: Al O3 : 40 SiO, Pr;N:H,0 175°C, 7 days MFI [5]
2.0 Na;O: AL O3 : 10 SiO, Pr,NH: H,0 175°C, 7 days MOR [5]
8.0 Na; O : AL, 04 :40 SiO, Pr;NH:H,0 175°C, 7 days MFI [5]
Na;0: AL O3 : 10 Si0; Pr,NH:H,0 175°C, 7 days MOR (5]
4.0 Na; O : Al;03:40 SiO; Pr;NH :H,0 175°C, 7 days MF1 {5}
Na;0: AL, O3 : 20 SiO, PryNH:H,0 175°C, 7 days MFI [5]
0.25 NayO: Al, O3 : 20 SiO, PryNH:H,0 175°C, 7 days MFI {5}
2.0 NayO: AL O3 : 10 SiO; PrNH; : H,O 175°C, 7 days MOR [51
16 NayO: AL, 03 : 80 SiO; PrNH; : H;0 175°C, 7 days MFI (5]
0.50 Na;O: Al,O3 : 5.0 SiO, PrNH, : H,0 175°C, 7 days FER (51
NayO: AL O5: 29 SiO, PrNH; : H,0 v 175°C, 7 days MFI [5}
0.25 Nay0: Al;03: 20 SiO; PiNH; : H,0 175°C, 7 days . MFI {51
4.0 NayO : AL, O3 : 20 SiO; DAP:H,0 175°C, 7 days MOR 151
Na2;0: AL O3 : 10 SiO; DAP:H,0 175°C, 7 days FER {5]
4.0 NayO: AL O3 :40 Si0O; DAP:H,0 175°C, 7 days MFI 5]
0.50 Na,O : Al,O3 : 20 SiO; DAP:H,0 175°C, 7 days MFI [5]
0.25 Na,O : AL O3 : 20 SiO; DAP:H,0 175°C, 7 days MFI [5]
Naz0: AL O3 1 80 SiO;, DAP:H,0 175°C, 7 days MFI {51
0.10 TPABr: TEOS 60 H,O:EDA 175°C, 7 days MFI (5]
14 Na,O: Al O3 :29 SiO; EDA:53 EN:2.5 H,0 180°C, 3 days FER [6]
6.0 NayO : AL, O3 : 26 SiO; EDA:5.3 EtN:2.5 H,0 180°C, 3 days MFI (6]
15 NayO: Al,03 : 31 SiO; 1-PrOH: 2.0 BN 160°C, 6 days MFI [6]
2EDA: ethylene diamine; DAP: diaminopropane.
300 Al2(S04)3 + H20 SiO2
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Figure 2. Compositions of parent gels for synthesis of MFI and FER.
Figures given in the neighborhood of each plot correspond to the reference

numbers.

mally synthesizing BEA with TEAOH as a SDA [15], as
described above. The SAC method using conventional
TEAOH, easily gives even pure silica BEA. Very fast crys-
tallization of BEA is also noteworthy. Generally, hydrother-
mal synthesis needs at least a few days for crystallization
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Figure 4. Crystallization curves of BEA with different chemical compo-

sitions at 453 K. Si0;/Al; 03, Si0;/Na; O and SOi‘/SiOzratios: (a) 30,

23.8 and 20.9; (b) 380, 23.8 and 528; (c¢) 730, 10.9 and 10; (d) 730, 23.8
and 0, respectively.

of BEA and it is difficult to crystallize a parent gel fully
even after 1 week. Another feature to be noted in the SAC
method is that BEA is crystallized at a higher tempera-
ture, as high as 453 K, in contrast to that hydrothermal
synthesis of BEA which is performed up to 413 K. Crys-
tals of uniform size are always formed, as shown in fig-
ure 5 where typical scanning electron micrograph (SEM)
images for BEA via the SAC method are presented. BEA
with SiO;/Al,03 ratio = 30 are the crystals of about 100-—
180 nm. Larger crystals of BEA are formed with increasing
Si10,/A1,05 ratio and BEA with SiO,/AlL O3 ratioc = 730
gives about 400 nm size crystals. Such a trend has also
been reported in hydrothermal synthesis of BEA [18].

Thermal stability

It has been found [23] that high silica BEA prepared
by the SAC method has high thermal stability. Fig-
ure 6 presents the thermal stability of H-form BEA with
Si02/Al,0;3 ratio = 782. Up to 1173 K, no change in crys-
tallinity was observed in the XRD pattern. In agreement
with the XRD results, its BET specific surface area was
almost unchanged: 631 and 656 m? g~ ! after calcination at
723 and 1173 K, respectively. It should be noted that even
at 1373 K, the BEA structure remained though the BET
specific surface area was slightly decreased to 587 m? g~!
along with a small decrease in the reflection intensities as
shown in figure 6. The high thermal stability shown here
may be due to the high crystallinity. It has been known that
BEA is a highly faulted zeolite consisting of polymorphs A

and B which are stacked along the c-axis [25]. It is strongly
suggested that such stacking defaults in the BEA structure
do not cause the instability against temperature.

3.2.2. Phase transformation of BEA to MTW and OU-]

In the SAC synthesis, high silica BEA has been found
to transform denser phases with prolonged crystallization,
As shown in figure 7(a), BEA with SiO,/Al;03 ratio =
380 is gradually transformed to a new phase, OU-1, after
60 h [26]. Typical reflection peaks appear at 26 = 6.2, 7.4,
8.2, 21.2 and 24.9°. With increasing SiOy/Al,0; ratio,
BEA begins to transform to MTW, as shown in figure 7(b).
Morphological features of OU-1 and its image of high res-
olution transmission electron micrograph (HR-TEM) are
shown in figure 8. OU-1 possesses a one-dimensional,12-
membered oxygen ring opening system (figure 8(b)), and
forms very thin plate-like rectangular crystals (figure 8(a)).
The large pore of OU-1 observed in figure 8(b) runs along
the longitudinal [010] direction. The HRTEM images for~
OU-1 and its electron diffraction pattern suggest that OU-1
is a highl)) faulted zeolite containing at least two types of
polymorphs.

Judging from the results of structural analysis [26,27],
OU-1 is probably analogous to SSZ-31 [28] and NCL-1 [29].
SSZ-31 and NCL-1 were synthesized using N,N,N-trimeth-
yltricyclo{5.2.1.0%%]decaneammonium and hexamethylene-
bis(triethylammonium bromide), respectively. It is interest-
ing that OU-1, analogous to these zeolites, can be formed
via the phase transformation from BEA containing conven-
tional TEAOH as a SDA. Figure 9 shows plausible two-
dimensional projections for the two types of polymorphs
A (ABABAB... stacking) and B (ABCABCABC. .. stack-
ing) of OU-1 [27]. These two-dimensional projections are
the same as those for polymorphs A and B of BEA and
MTW. This fact reveals that the difference in up-down se-
quence of T-O-T bonds (three-dimensional connectivity of
T-atoms) can lead not only to various polymorphs but to
different micropore systems. The phase transformation of
BEA to OU-1 or MTW in the SAC method may be caused
by the rearrangement of those T-atoms without complete
destruction of BEA framework.

3.2.3. Synthesis of FAU and EMT with ctown ethers

Delprato et al. reported that crown ethers whose sizes
fit well in the supercage of faujasite, act as SDAs
for its hydrothermal synthesis {30]. They found that
among crown ethers, 1,4,7,10,13,16-hexaoxacyclooctade-
cane (18-crown-6) and 1,4,7,10,13-pentaoxacyclopentade-
cane (15-crown-5) selectively give hexagonal faujasite
(EMT) and cubic faujasite (FAU), respectively. Their syn-
thetic method using crown ethers as SDAs produce high
silica FAU and EMT.

The DGC method can be applied to zeolite synthe-
ses using SDAs other than amines. We have attempted
to synthesize high silica EMT and FAU using the SAC
method [31]. Table 2 lists the synthetic results using the
SAC method together with the hydrothermal one. Col-
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Figure 5. Typical SEM images for BEA synthesized via the SAC method. Si07/A1 03 ratio: (a) 30; (b) 730.

loidal silica and aluminum hydroxide were used as silica
and alumina sources, respectively. The chemical composi-
tions used were 10 SiO; : Al,O3 : £ Na;0:0.75 R: 140 H,O
(z = 2.1-3.3, R = 18-crown-6 or 15-crown-5). The hydro-
gel was aged at 308 K for 24 h. The resultant parent gel
was hydrothermally crystallized in an autoclave at 388 K
for 7 days. In the case of the SAC method, the parent gel,
after aging, was dried and crushed into powder, and then
crystallized in steam at 388 K and autogeneous pressure.
The hydrothermal synthesis using 18-crown-6 gave EMT
when x < 2.7. Pure FAU was formed with increasing val-
ues of z. It was found that EMT was formed using the
SAC method whereas the range of the value of x to give
EMT was narrow. Though FAU was also formed with in-

creasing sodium content in the dry gel, GIS was easy (o
form as impurity. In agreement with the previous report
by Delprato et al. [30], 15-crown-6 gave FAU by both hy-
drothermal and SAC methods.

Field emission SEM observations of EMT crystals give
great insight into the zeolite growth mechanisms. Figure
10 compares the morphological features of EMT prepared
by the hydrothermal and SAC methods. It is worth noting
that EMT crystals synthesized hydrothermally consisted of
thin hexagonal plates and have obvious facets randomly
aligned at the edges of plates. The thickness of ecach sheet
observed is ca. 10-20 nm. Such characteristic morphology
observed is in good agreement with a layer-by-layer growth
mechanism which has been proposed for the formation of
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EMT by Burkett and Davis [32]. On the other hand, EMT
crystals prepared by the SAC method have very different
morphological features. As shown in figure 10(b), stripes
indicating steps less than 10 nm thick, are observed on the
surface of EMT crystals and have smoothe edges. In the
SAC method, EMT crystals may grow by a spiral growth
mechanism. Detailed investigation of crystal growth of
EMT will be reported in the near future [31].

3.2.4. Synthesis of metallosilicates

Metallosicilates, a class of microporous silicates contain-
ing T-atoms other than silicon and aluminum, have found
vast development and subsequent applications. The DGC
method, especially the SAC method, has recently been
shown useful for incorporation of heteroatoms into the ze-
olite framework.

LM&
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Figure 6. X-ray diffraction patterns of H-exchanged BEA with

Si0,/A1;05 ratio = 782 [23]. Calcination was carried out in air for 2 h.
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Titaniumsilicates

Titaniumsilicates having MFI topology (TS-1 and TS-2)
have been shown to be highly active catalysts for the partial
oxidation of a wide variety of organic substrates such as
alkenes and aromatics, using HyO, as the oxidant [33].
Because of its three-dimensional large-pore system, many
efforts, including conventional hydrothermal syntheses [34—
36], cogel method [37], seeding method [38], gas-solid [36,
39] and liquid-liquid {40] isomorphous substitution have
been tried in an effort to obtain BEA containing Ti in its
framework (Ti-BEA).

Tatsumi et al. [41,42] have reported that the SAC (they
use the term “DGC”) method is a useful technique for syn-
thesizing Ti-BEA with high oxidation activity and in high
synthesis yield. They pointed out that while Al in the
framework of BEA has detrimental effects for oxidation
activity and selectivity, the SAC method enables us to
crystallize high silica Ti-BEA with high yield. Table 3
lists their typical crystallization results of Ti-BEA [41,42]
together . with our recent results on the syntheses of Al-
free Ti-BEA [43]. Tetrabutyl orthotitanate was used as Ti-
source by both groups. Zeolite yield is easy to manipulate
to exceed 90%. All the Ti-BEA samples listed in table 3
gave a narrow UV band appearing at 205-225 nm [41,43],
typical UV-Vis spectroscopic features for Ti-containing ze-
olites. It was reported that the treatment of as-made Ti-
zeolites with 1 M H,S0y effectively removes TiO, nanopar-
ticles which can be occluded in the micropores of zeo-
lites [32]. The SiO/TiO; ratio was not decreased seriously
by the H;SO4 washing. These results strongly suggest that
most of Ti in the parent dry gel can be incorporated in
the framework positions without forming anatase and rutile
phases.

Crystallization
OuU-1 u .. 60h B i
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Figure 7. Phase transformation of BEA with prolonged crystallization at 453 K. Si05/Al,03 and Na,O/SiO; ratios: (A) 380 and 0.042; (B) 730 and
0.094.
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OU-1 polymorph B along [110]

Figure 9. Framework topologies of polymorphs in OU-1.

There are some points to be noted in the SAC synthesis
of Ti-BEA. First, the addition of Na is essential for the
success of crystallization of Ti-BEA by the SAC method.
Camblor et al. have reported [34] that the addition of al-
kali cations leads to a low crystallinity in the synthesis
of Ti-BEA. This is not the case. Second, crystallization
should start at a lower temperature of 403 K compared
with the cases of BEA syntheses (453 K) described above.
All attempts to crystallize Ti-BEA at 453 K directly have
always failed, while an increase of temperature to 453 K af-
ter 96 h of crystallization at 403 K is effective to facilitate
crystallization [41]. In addition, we have recently found
that the gel aging temperature is critical. All the Al-frec
Ti-BEA samples listed in table 3 were the cases where their
parent hydrogels were aged at 293 K for 2 h. When a hy-
drogel was aged at 273 K, the products were amorphous.
With increasing aging temperature from 293 K, the crys-
tallinity of the product decreased and became amorphous
at 323 K of aging. In addition, Al-free TS-1 and TS-2 are
also formed by the SAC method [43].

Tatsumi et al. reported that though cyclohexene is not
oxidized with H,O, over TS-1, because it is difficult to
enter into the micropores of MFI, Ti-BEA gave high con-
versions of H,O, and selectivities in the oxidation of cyclo-
hexene [41,42]. They reported that the oxidation of C¢—Cg
cyclic alkenes and alcohols also effectively proceeds over
Ti-BEA obtained by the SAC method, followed by calci-
nation and H,SO4 washing.

Borosilicates

While being interesting in their catalytic properties,
boron-substituted zeolites (borosilicates) are important ma-
terials since boron incorporated in the zeolitic frame-
work can be extracted under mild conditions and replaced
with other T-atoms [45]. Bandyopadhyay et al. per-
formed the crystallization of dry gels with the compositions
of Si0;:0.002-0.033 B,0;:0.028-0.050 Na;0:0.36-1.2

Table 2
Typical results of EMT and FAU syntheses.?
SDA T Products
HTS SAC
18-crown-6 2.10 EMT (8.18) Amorphous
2.20 EMT EMT (8.00)
2.40 EMT (7.14) EMT (7.66)
2.55 EMT EMT + GIS
2.70 EMT + FAU FAU
2.85 FAU FAU + GIS
3.00 FAU FAU + GIS
3.30 FAU -
15-crown-5 2.10 Amorphous -
2.40 FAU (7.40) FAU (7.21)
2.55 FAU -
2.85 FAU -

# Synthesis conditions: 388 K, 7 days. Gel composition: 10 Si0; : Al O3 :x Na;0:0.75 R : 140
H;0 (R = 18-crown-6, 15-crown-5). Figures in parentheses are Si0,/Al, 03 ratios determined

by #Si-NMR.
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Figure 10. Field emission-SEM images for EMT synthesized by (a) the hydrothermal method and (b) the SAC method.
Table 3
Typical resuits of Ti-Beta synthesis.
Gel Crystallization Calcined H;S04-washed References

Si0,/TiO, §i0,/A1;03 Nay 0/8i0;

Si02/TiOy Si02/Al; 03 NayO/Si0, Si02/Ti0, Si02/AL 03 Nay 0/Si0,

304
30.2
583
89.4
58.3

50
100
300

662
664
664
660
660

0.0051
0.0100
0.0051
0.0051
0.0051

0.0960
0.0960
0.0960

403 K, 4 days + 448 K, 18 h 313 704 0.0053 36.6 1304 0.00094 {41]
403 K, 4 days + 448 K, 18 h 284 648 0.0100 30.5 1416 0.00160 [41]
403 K, 4 days + 448 K, 18 h 555 926 0.0054 N.d. N.d. N.d. {41]
403 K, 4 days + 448 K, 18 h 784 756 0.0053 92.4 1364 0.00079 [41]
403 K, 5 days 56.4 682 0.0053 N.d. N.d. N.d. [41]
413 K, 7 days 03 - 0.0340 45 - N.d. [43]
413 K, 7 days 76 - 0.0245 67 - N.d. 43}

413 K, 7 days 207 - 0.0265 173 - N.d. {43]
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Table 4
Zincosilicates synthesized by the SAC method.?
Si03/Zn0O ratio Structure
10 VET
20 VET + BEA
100 BEA
200 BEA
500 BEA + MTW
o BEA + MTW

2Gel composition:

Si0;:0.10 Li;0:0.020

Na;0:0.40 TEAOH:a ZnO, a = 0-0.10.
Crystallization temperature: 423 K. Crystal-

lization time: 48 h.

TEAOH by using the SAC method at 448 K for 72 h
and found that phase selection of borosilicates strongly de-
pended on the composition of dry gel. B-BEA was formed
with TEAOH/SIO, ratios of 0.8-1.2 and Si0,/B,0; ra-
tios = 30-50, while B-MTW was found to form with
Si0,/B,05 ratios = 50-100 and TEAOH/SiO; ratios =
0.8-1.0. B-MFI was formed with increasing SiO;/B,0;
ratio to 100-200. Apart from the postsynthesis of vari-
ous metallosilicates using borosilicates as parent zeolites,
mechanisms concerning such phase selections will be an
interesting issue.

Zincosilicates
Zincosilicates are anticipated to realize a new class of
molecular sieves having void spaces in excess of 50%, and

Figure 11. FE-SEM image for Zn-BEA.

Table 5

Examples of the DGC synthesis of ALPO4.*

Synthetic method

Gel composition

SAC

VPT

AL O;
AlLOs
Al O3
AlLO3
Al O3
Al O3
AlLOs
AlLO;
AL O3
Al O3
AlLO3

Al O3
AL O3

: P05 :1.02 TMAOH
:P;0s5:1.02 TEACH
:P;05:1.02 TEACH
1P205 :1.02 TEABr
:P05:1.02 TPAOH
:P,05:1.20 TPAOH
:P,05:1.02 TBACH
:P,05:1.02 TBAOH
:P20s5 : 1.02 N-methyldiethanolamine
: P05 : 1.02 Piperidine
:P;05:1.02 EtsN

: P05 : 1.02 Cyclohexylamine
: P05 : 1.02 Ethylenediamine

Crystallization time Products

60 h ALPO4-41 + dense phase
30 h ALPO4-18

40 h ALPO4-5 + dense phase
40 h Dense phase

60 h ALPQO4-5 + dense phase
30h ALPO4-5

30h Amorphous

40 h Dense phase

30h Unknown

30h Unknown

30h Unknown

30h Unknownb

30h Unknown®

2 Crystallization temperature, 453 K.

5 In the XRD pattern, a distinct reflection peak appea.red‘ at 26 = 4.8°.
< In the XRD pattern, a distinct reflection peak appeared at 26 = 8.8°.
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Figure 12. Effect of the amount of water at the bottom of autoclave in the synthesis of BEA by the SAC method. The synthetic procedure is the

same as that shown in figure 3. The composition of dry gel, Si0;:0.033 Al,03:0.036 Na,O: 0.37 TEAOH, the inner voluine of autoclave, 45 ml;

the amount of dry gel used for crystallization, 1.50 g; crystallization temperature, 453 K; crystallization time, 24 h. The amount of water used in ml:
(a) 0; (b) 0.22; (c) 0.5; (d) 1.0; (d) L.5; () 2.0; () 2.5.

large ion exchange capacities beyond the upper limit of
zeolites with Si0,/Al, O3 ratio = 2. Hydrothermal meth-
ods have been developed for synthesizing a variety of zin-
cosilicates, including a series of VPI-7 to VPI-10 [46-49]
and RUB-17 [50].

The SAC method is also useful for synthesizing zin-
cosilicates [51]. Dry gels having the compositions of
Si0;: 0.1 Li;0: 0.4 TEAOH : ¢ Zn(CH3COO0); (a = 0-0.1)
were crystallized at 423 K for 48 h. It was reported [48,49]
that hydrogel having similar chemical compositions (a =

0.01-0.1, H,0/8i0; ratio = 32) successfully gave VPI-8
(VET) in a hydrothermal synthesis at 423 K, though MTW
was formed when a = 0. Typical results of the SAC syn-
thesis are listed in table 4. Similar to the results of hy-
drothermal synthesis [49], the dry gel having Si0,/Zn0O
ratio = 10 gave VET. It is worth noting that Zn-containing
BEA is formed when the Si0O,/Zn0O ratio = 100. An FE-
SEM image of Zn-BEA with Si0,/Zn0O = 100 is shown in
figure 11. With a further increase in Si0,/ZnO, MTW was
found mixed with BEA.
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3.2.5. Microporous aluminum phosphates

Microporous aluminumphospates (ALPO4) have been
crystallized using hydrothermal synthesis in acidic condi-
tions. The VPT and SAC methods are useful for synthe-
sizing ALPQy, as listed in table 5. ALPOs;-5, -18, and
-41 are formed with conventional SDAs under appropriate
conditions.

3.2.6. Membrane applications

Rapidly growing attention has been paid to zeolite mem-
branes in this decade [52]. Compared with organic polymer
membranes which have been commercialized for dialysis,
gas separation and so on, zeolites are good candidates as
novel membrane materials because of their molecular siev-
ing properties, stability against higher temperatures and var-
ious solvents, easy control of hydrophobic and hydrophilic
nature, and catalytic properties.

Zeolitic membranes are possible to synthesize using the
DGC method. Matsukata et al. [53,54] have previously
reported the. synthetic results of supported-zeolitic mem-
branes by using the VPT method using EDA and EgN as
SDAs and the resulting membrane separation properties.
A general preparation method is as follows. Porous alu-
mina support was immersed in aluminosilicate hydrogel.
After being taken out from the hydrogel, the resultant thin
gel layer formed on the support surface is dried and crys-
tallized under VPT conditions. Previodsly, MFI [53-55],
FER [54,56,57], and MOR [54,57,58] membranes have
been synthesized by the VPT method. Their synthetic re-
sults and separation properties for inorganic gas and hydro-
carbon mixtures have mostly been reviewed in [59].

4. Role of water in crystallization by the DGC method

Perhaps the most profound question to be raised for the
DGC method is the role of water during the synthesis.
What is the difference between a conventional hydrothermal
method and the DGC method? Though we have not had
the final answer, we will discuss this problem here as far
as possible.

As an attempt to check on the role of water in the DGC
synthesis, especially the SAC synthesis, we carried out the
crystallization of a TEA-containing dry gel with various
amounts of water. Figure 12 shows the XRD patterns of the
as-made products. One can notice that the amount of water
should carefully be chosen since it significantly influences
the crystallization results. Without the addition of water
into the bottom of autoclave, no crystallization occurred,
in agreement with the previous results of Ti-BEA [41] and
B-BEA [45] synthesis. Taking into account that the satu-
rated vapor pressure of steam is 10.224 atm at 453 K, the
amount of water to produce the saturated vapor pressure of
steam in the autoclave used in this study is 0.22 ml. As
shown in figure 12, however, no crystallization occurred
after 24 h of crystallization with 0.22 ml of water. While
further increasing the amount of water added resulted in the

formation of BEA, the crystallinity of product had a max-
imum when 1.0 ml of water was added to the autoclave.
It should be noted that no crystalline phase was obtained
with 2.5 ml of water. Since the water content in dry gel
was typically 3.0-10.0% [54], water in the dry gel did not
contribute to the total amount of water existing in the au-
toclave all that much, even if all water contained in the
parent gel would come into the gas phase. As a result,
keeping a certain saturated vapor pressure of steam is not
enough to initiate crystallization of BEA, suggesting that
adsorption and condensation of water on/in the dry gel are
essentially required for crystallization. However, a large
excess of water is detrimental to crystallization, the result
of which seems to be worth discussing in understanding the
difference in hydrothermal and SAC methods.

The requirement of an appropriate amount of water ex-
ceeding the exact amount to keep the saturated vapor pres-
sure suggests that condensation of water would take placc
particularly in the pores of dry gel. One may consider that
the SAC method is a hydrothermal synthetic method that
is performed under extremely dense conditions. However,
this idea cannot explain the result that BEA was not formed
in the presence of a large excess amount of water.

Many of SDAs like quaternary ammonium cations, espe-
cially TEA™, are unstable in an alkaline aqueous solution.

"TEA™* cations in an as-received aqueous solution are easy

to decompose even at 363 K giving a brown product. How-
ever, the dry gel system stays white at 423 K in an air oven,
implying no degradation of TEA™ cations contained in dry
gel at this temperature. Stabilization of TEA™ cations in
the dry gel was confirmed by a temperature-programmed
decomposition experiment (not shown) where TEA™ cat-
ions decomposed above about 450 K. It has previously
been reported [23] that in as-made BEA, TEA" cations
are occluded and stabilized by interacting with the BEA
framework by forming Al-O~ TEA™ bonds (decompos-
ing above 600 K) and Si-O®~TEA%* bonds (decomposing
above 450 K). In conclusion, TEA™ cations in a dry gel
are forced to interact with (alumino)silicious species in the
absence of a continuous phase of water. In principle, such
stabilization of SDA molecules (or cations) is impossible
in an alkaline hydrogel used in conventional hydrothermal
synthesis. _

Zeolite syntheses using SDAs can be regarded as com-
petitive reactions between degradation of SDA molecules
and a series of zeolite-forming reactions that includes hy-
drolysis of silicious species to give intermediates and de-
hydrocondensation to give T-O-T networks. Possible crys-
tallization of BEA at a temperature as high as 453 K
by the SAC method [22-24] is probably due to success-
ful stabilization of TEA™ cations in the dry gel, leading
to rapid crystallization within 1 day. Crystallization of
Ti-containing BEA by the SAC method still needs about
1 week. We suppose that in this slow crystallization the
degradation of SDA is not negligible. In these cases, 4
lower crystallization temperature like 413 K [41-43] should
be selected. Though zeolite-forming reactions require wa-
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ter as easily expected, the SDA would partially escape from
the dry gel into the aqueous phase and then its degradation
would take place when water condenses in the dry gel in
large excess and forms a continuous phase. This is probably
the case observed in figure 12(f).

Figure 13 gives the SEM images for the same position
with repeated crystallization of a dry gel layer, which was
formed on a porous alumina support [60]. The crystalliza-
tion of the dry gel layer was performed by using the VPT
method. As indicated by the arrows in figure 13, the growth
of FER crystals is clearly observed with the consumption of
dry gel. These SEM observations suggest that aluminosili-
cate intermediate species possibly formed by the hydrolysis
of amorphous dry gel, migrate over the surface of the gel

EAP
] )
Figure 13. SEM images for the top views of (a) a gel layer formed on a porous alumina support, and products after crystallization times of (b)
1 day, (c) 2 days, (d) 5 days and (e) 7 days. A parent aluminosilicate gel with SiO;/Al;O3 ratio = 18 was applied on the surface of a porous
alumina disk. Crystallization was carried out at 453 K by the VPT method using a mixture of EDA:2.0 EizN:H;O. Since the same sample was

repeatedly crystallized, the crystallization time represents total time for crystallization. From the XRD pattern of product, FER was found after 1 day
of crystallization, and fully crystallized after 7 days.

layer and participate in the crystal growth. However, since
the positions and shapes of the parent dry gel are mostly
retained, full dissolution of the dry gel did not occur.
Similar results were observed in the phase transforma-
tion from BEA to OU-1 [26,27]. No indication of the
full dissolution of the parent dry gel and of the forma-
tion of amorphous phase was observed in the XRD pat-
terns and SEM images during the phase transformation.
OU-1 seemed to directly grow among the crystals with-
out significant dissolution. While various possibilities have
been suggested concerning phase transformation of zeo-
lites [61,62], plausible mechanisms from BEA to OU-1
would be surface-mediated nucleation and growth: Par-
tially hydrolyzed species are formed, and migrate over the
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surface of BEA crystals, and then OU-1 crystals nuclcate
and grow on the BEA surface.

In conclusion, we believe that the most striking charac-
teristic of the DGC method is the stabilization of SDAs. In
order to keep SDAs stable in the gel and product phases
throughout crystallization, the amount of water should be
as small as possible. Though keeping the saturated vapor
pressure of water is essential for zeolite-forming reactions,
a large excess amount of water condensing in the gel pos-
sesses a detrimental effect probably due to the degradation
of SDA in the aqueous phase.

5. Concluding remarks

The DGC synthesis of microporous crystals is not a mere
technique alternative to conventional hydrothermal synthe-
sis. A wide variety of successful applications have been
demonstrated in this paper. Syntheses of novel microporous
crystals and crystallization mechanisms are worth inves-
tigating further. , We consider that the DGC method has
a great merit in studying crystallization mechanisms: All
species expected to form the frameworks of microporous
crystals stay in the solid phase, in contrast to the cases
of hydrothermal syntheses where the information on crys-
tallization is concerned with species dispersed into aqueous
and gel (solid) phases. Elucidation of crystallization mecha-
nisms involved in the DGC synthesis would also contribute
to a better understanding of hydrothermal synthesis.

Apart from the scientific aspects described above, some
advantages for industry can be drawn as follows: (1) Pos-
sible synthesis of zeolites possessing the same Si0,/M O,
ratio to that of the parent gel, (2) possible continuous pro-
duction of zeolites, (3) reduction of the consumption of
expensive SDAs, (4) rapid crystallization, and (5) in the
SAC method, no need for waste water treatment. Zeolite
coatings using the DGC method are believed to be useful
for creating novel structured catalysts and membranes.

We anticipate that these scientific and industrial merits
will motivate the further study and development of the DGC
method.
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Abstract

Crystallization of zeolite using an organic compound as a structure-directing agent
(SDA) and phase transformation of zeolite into another phase were investigated by means of a
new crystallization method of dry gel conversion (DGC). Different types of zeolite were
crystallized by DGC with SDAs having different sizes in alkyl chains of organics. Not the
size of SDAs but the type of them determines the phase crystallized. Phase transformation
of zeolite beta occurred into a new phase of zeolite OU-1, which has the same topology as
zeolites SSZ-31 and NCL-1. From XRD and SEM observations, it can be concluded that the
phase transformation occurs via surface-mediated nucleation and growth without significant
dissolution nor destruction of zeolite structure.

Introduction

Zeolites, microporous aluminosilicate crystals, have so far been crystallized by using
hydrothermal synthetic method [1]. We have recently developed an alternative new method
to synthesize zeolites [2]. In this method, powdery aluminosilicate dry gel containing
organic structure-directing agents is crystallized to zeolites in the presence of steam (Dry Gel
Conversion method). Aluminosilicate hydrogels containing tetracthylammonium (TEA)
cation were prepared, and dried at 353 K. The resultant dry gel was placed in a special
autoclave and crystallized in steam at autogeneous pressure and 453 K. We have found that
fully crystallized zeolite beta (BEA) having a three dimensional micropore system of
0.55x0.55 nm in [001] direction and 0.76x0.64 nm in <100> direction with a wide range of
Si/2Al ratio from 30 to infinity could be obtained in this DGC method, whereas the range of
Si/2Al ratio to give BEA is limited to ca. 20-250 in conventional hydrothermal synthesis.
Moreover, high silica BEA was found to transform to other phases, zeolite MTW or OU-1
that is a novel phase found in our previous study [3], with prolonged crystallization, possibly
via a surface-mediated phase transformation process. Phase selection of MTW and OU-1
was governed by sodium concentration in the parent dry gel.

In this presentation, we will report crystallization of zeolites by the dry gel conversion
method using organic compounds with different lengths of alkyl chain in them, and further
phase transformation of BEA to another phase of zeolite, OU-1, with prolonged
crystallization.

Experimental

Zeolites were prepared from dry gel having compositions of Si0: 0.033AL0;:
0.44SDA: 0.096Na,0. An aqueous solution including a hydroxide of SDA,
tetramethylammonium (TMA), tetraethylammonium (TEA), or tetrapropylammonium (TPA)
was used. An aqueous solution containing a required amount of Al,(SO,), was added to the
mixture. The mixture was heated to 353 K after stirring for 2 h and dried while stirring.
The dried gel was crushed into powder and placed in a Teflon cup inside an autoclave, at the
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bottom of which a small amount of water as a source of steam was poured. The amount of
water poured was 0.5 ml. The volume of the autoclave was 45 crr, and the saturated water
vapor pressure at 453 K was 10.2 atm. The amount of water in the autoclave was, thus,
enough to achieve the saturated water vapor pressure during crystallization. Crystallization
of the dry gel was carried out at 453 K for 12 h, followed by filtration and washing with
distilled water.

Phase transformation of BEA into OU-1 was investigated using a dried gel of SiQ;:
0.0026A1,0;,: 0.042TEAOH: 0.096Na,0. Crystallization was prolonged to 60h at 453 K.

X-ray diffraction patterns were measured by RINT 2000 (Rigaku instrument Co.) with
CuK, radiation. FE-SEM images were taken with Hitachi 25008S.

Results and Discussion

Figure 1 shows the X-ray diffraction patterns of products obtained by the DGC method
with various organic amines in dry gels. When TMAOH, TEAOH, or TPAOH was used as a
SDA, a zeolitic phase attributable to offretite (abbreviated to OFF), beta (BEA), or ZSM-5
(MFI) appeared after crystallization at 453 K, respectively. OFF has a three-dimensional
structure with 0.36x0.52 nm pore-opening, while BEA and MFI has those with 0.64x0.76 and
0.55 nm, respectively. This result does not mean that either length or size of alkyl chain in
amin¢ molecules determines a crystal phase.

SDA:
TPAOH
5
«
=
1]
o
[+)]
E TEAOH
)]
2
©
[
o
TMACH

10 20 30
2Theta/degree

Figure 1. XRD patterns of products obtained by DGC method, using TMAOH, TEAOH,
and TPAOH as structure-directing agents.

We have discussed about the crystallization of BEA by DGC [2]. In our previous
study, TEA cation was found to interact with anionic silicon and aluminium oxides of Si-O
and Al-O" to form Si-O-TEA and Al-O-TEA bondings. Many of SDAs like quaternary
ammonium cations, are unstable in an alkaline aqueous solution. A stabilization of SDA
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Figure 2. XRD patterns during phase transformation of BEA into OU-1.

BEA ( crystallized for 12 h) BEA + OU-1 (48 h) OU-1 (60 h)

D  —
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Figure 3. FE-SEM images of BEA and OU-1 in the course of phase transformation.
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molecules or cations is impossible in an alkaline hydrogel used in conventional hydrothermal
synthesis. TEA cation in an as-received aqueous solution is easy to decompose, while it is
stabilized inside the BEA framework that is confirmed by thermal decomposition of TEA
with as-made samples. The DGC allowing stabilization of SDA might lead us to obtain
zeolites which cannot be obtained by hydrothermal synthesis.

We have already found that phase transformation of BEA occurs to form denser phases
with prolonged crystallization [3]. As shown in Figure 2, a new phase in XRD pattern came
after 60 h crystallization in the case of crystallization conditions of BEA with SiO,/Al,0,=380
and Na,0/510,=0.042. Typical diffraction peaks appear at 6.2, 7.4, 8.2, 21.2 and 24.9
degree. The new phase has been named as OU-1, which has a topology analogous to the
zeolite SSZ-31 [4] or NCL-1 [S]. From the results of structural analysis, OU-1 possesses
one dimensional 12-membered oxygen ring pore-opening system, which runs along the
longitudinal [001] direction. It is interesting that OU-1 can be obtained through the phase
transformation using TEA as a SDA, more easily than the syntheses of SSZ-31 and NCL-1
requiring N,N,N-trimethyltricyclo[5.2.1.0**]decaneammonium and
hexamethylenebis(triethylammonium bromide), respectively. BEA and OU-1 have a similar
type of polymorphs A (ABAB...stacking) and B (ABCABC...stacking). The phase
transformation of BEA to OU-1 in DGC method might be caused by the rearrangement of T-
atoms without complete destruction of BEA framework.’

- Figure 3 shows the SEM images of BEA and OU-1 formed during crystallization. 1t is
clearly observed that tiny particles of BEA were transformed gradually into thin and plate-like
rectangular particles, which are typical for OU-1. The results of SEM observation and XRD
measurement indicated that dissolution of parent dry gel occurs, and that a formation of
amorphous phase is not observed during the phase transformation. OU-1 seems to be
crystallized among the BEA particles without significant dissolution. While various
possibilities have been suggested, concerning phase transformation of zeolites [6], plausible
mechanisms from BEA to OU-1 would be surface-mediated nucleation and growth: partially
hydrolyzed species were formed, and migrated over the surface of BEA crystals, and then
OU-1 crystals nucleated and grew on BEA surface.

Conclusions

The role of SDA during crystallization of zeolite is mainly on determination of crystal
structure; nevertheless larger the molecular size of SDA is used, smaller the pore size of
zeolite 1s crystallized. For example, TPA cation larger than TEA is used as a SDA, zeolite
MFI having a smaller size of pore than that of BEA is formed. The most striking
characteristic of the DGC method is the stabilization of SDAs during crystallization. Phase
transformation of zeolite BEA occurs into much denser phase of OU-1, which has a same
topology of SSZ-31 and NCL-1. Significant dissolution of zeolitic crystal structure is not
observed in the course of the phase transformation. This phenomenon is attributed to the

rearrangement of T-atoms according to a surface-mediated nucleation mechanism without
destruction of zeolite structure.
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Dry Gel Conversion Synthesis of beta and EMT Zeolites

Masahiko Matsukata, P. R. H. Prasad Rao, Department of Chemical
Engineering, Osaka University,
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Kouichi Kizu, Eiichi Kikuchi, School of Science and Engineering,
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Okubo, Shinjyuku, Tokyo 180, Japan

Introduction: Recently, zeolites have been synthesized using amorphous
aluminosilicate dry gel under the vapors of organic compounds and water.
Since Xu et al.[1] have reported the synthesis of ZSM-5 using a vapor-
phase transport method, several reports have appeared on the synthesis of
zeolites such as ferrierite [2, 3] and zeolitic membranes[4]. Only a few
kinds of zeolites can be synthesized using volatile organic compounds. We
thus attempted to crystallize various zeolites by adding structure-directing
agents to dry gel prior to crystallization and have previously reported that
beta with a very wide range of Si02/A1203 ratio of 30 - 900 can be
crystallized from dry gel containing TEAOH in steam at 453 K within 72 h
[5]. Inthis paper, we report further results of beta synthesis by a dry gel
conversion technique. In addition, we first report that EMT can be
crystallized from dry gel with 18-crown-6 ether.

Experimental: Aluminosilicate gel having a given Si02/A1203 ratio was
prepared by mixing colloidal silica (Nissan Chemical Co., Litd.), an
aluminum source(Al2(SO4)3 or AI(OH)3) and sodium hydroxide. An
amount of TEAOH or 18-crown-6 ether was added to the aluminosilicate
gel as structure-directing agents. After drying up the aluminosilicate gel
containing a structure directing agent, we transferred this parent gel in an
special autoclave and then crystallized in steam at autogeneous pressure.

Results and Discussion:

Synthesis of beta In this study, we varied crystallization time to follow
the progress of crystallization. The range of parent gel composition was
S102/A1203=30-900, Si02/Na20=10-30, Si02/TEA20=4.0-8.0. Beta was
always obtained in this composition range at 453 K. The XRD patterns
indicated that crystallization surprisingly completed within 3 and 12 h for
Si02/Al1203 ratios = 30 and 900, respectively. Judging from FE-SEM
observations, the crystal size was about 60 nm and very uniform. Crystal
size distribution interestingly became broader with prolonged crystallization.
This result suggests that exchange of silicon and/or aluminum species
occurred among crystals even after crystallization completed.  Since



crystallization was carried out in gas phase, that is, there was no continuous
water phase, these species might be mobile on the solid surface under the
synthetic conditions.

Synthesis of EMT  For the synthesis of EMT, a typical dry gel
composition used in this study was 108102:A1203:2.4Na20:0.75 18-crown-
6:xH20. Crystallization was carried out in steam at autogeneous pressure
in the temperature range of 388 - 423 K.  Table 1 lists typical
crystallization results. We first found that EMT can be synthesized by
the dry conversion technique. Pure EMT was obtained in the temperature
range of 378 - 398 K after 4 days. Other phases like mordenite were
observed when crystallization was carried out above 408 K.  Taking into
account that the boiling point of 18-crown-6 ether was ca. 403 K, the ether
probably escaped from the dry gel at temperatures above 408 K, leading to
the formation of other phases.

Table 1 Typical crystallization results for EMT synthesis

Crystallization Temperature/K
time/day
378 388 398 408 418 428
2 Am. Am. EMT, EMT EMT, EMT,
4 EMT EMT EMT EMT, GIS EMT, EMT,
MOR, Am. MOR, Am.
6 EMT EMT EMT EMT, EMT, MOR, Am.

MOR MOR, Am.

Am. Represents amorphous.

Conclusions: The dry conversion technique is useful to synthesize
various kinds of zeolites. This synthetic method enables rapid
crystallization, complete conversion of parent gel, elimination of waste-
water treatment and continuous production.  Further, it is possible that
some of zeolites which are difficult to produce by conventional
hydrothermal synthesis are produced by this dry gel conversion technique
like the case of the synthesis of high silica beta.

References:

1. W. Xu, J. Dong, J. Li and F. Wy, J. Chem. Soc. Chem. Commun., (1990) 755.

2. M.H. Kim, H.X. Li and M. E. Davis, Microporous Mater., 1 (1993) 191.

3. M. Matsukata, N. Nishiyama and K. Ueyama, ibid., 1 (1993) 219, 7(1996) 109.

4. For example, M. Matsukata, N. Nishiyama and K. Ueyama, Stud. Surf. Sci. Catal,, 84
(1994) 1183, Miéroporous Mater., in press.

5. P.R.H. Prasad Rao and M. Matsukata, Chem. Commun., (1996) 1441.



5 F iRt A a iR — I

— S;REJAL‘EZNHON

RS A4 L33 8 —
XS4 MER

Synthesis of Zeolites by Dry Gel Conversion Method

=0 ~ (e 3

MAEE" hE BT
EA54 ORI, RROKAEILS —, BEH, MEE O SEHFHD, HEB
Y=, REHEBEALBRICRELODH 5, MEMMHLLTELS A METT

B OMFEESTHY, 5HABEILOLD ICHRLRECHT 2NR 0K
LERTRTHS, FWTE, DNOASBRELEESS A FOFRARECHLT, &
RLRBOET - Btz BEL UHRERE PLICEBT 5,

ERIA45)INaN—a > (DGC) k&EHD
5 DA A # = : N7 Nl < 1 = G i i B AN
VERFRI T HERRE S 72D T &, ko Gk
ThHHKRBETRESNRWEL T RGN
ETHHIEREEHSMILTEL, B4 51
PR IZEEFEIZERO 3 XCHIFLET L, %

1. IC®IC

AT MIRRETI I /20— bOKFKR
THO, H—THERSTL NN OWALEHT
Y, Fiz, Tho 0L 3EKREEE U THBIEL
TORRMBERICED, BEIMOEM SR

b EoERALTOERITHWEN TS, —F,
YA T4 bOKECEBCEL T3, EFEEN
WENESBETNTVREY bODOWEFIZHS
MTRWENEN, B4 71 FOEREHITIZHE
B7IEMLELIEHVWSNSY 28, Zhof
%ﬁ?@t71‘7’f O RICBRRICBIT B RE:
I MACKRBHTH 5, t7.1“54 ~ DfiE D 5
i ;U&%%Ut LTOSERNA, Haen L, Hr8ieg
RETEMEIOBE, 2512 ;t%}’r%m%m% HOtA T
1 S DOERIZIE, REARCEEE OGRS Tldm
NBVWEHBERHETH S,
bhibhid, 87 ICELREORELLHZE
OEIRT N 2 KELKECE T CTUET S Z LITX
DEFSA MERTAHZE2RIBL, AHMIE

WAL D BEALToEZTULLIEHWS
NTWBHBMFIEIEA S~ (BBFEI0BERR) 1Tl
N5 EZFOMABIIRELS (X—% 1 0.74nm,
MFI : 0.55nm, 1), KON F 720 FO
OEA~O#ERM I ThWDEEF 51 bo--D
ThHbd, VAT bX—=%F, KEHK. DGC
EE Lo akiE HAVWETRIITILT E
Z U LNFA L (TEA) 75 EStructure-direct-
ing agent (SDA) OHEEIZHNDST, MW,
polymorph ALBDiRESE & L THET %, poly-
morphDAIZF IV T, ZHUIRBIRMIZHIRTE
AU BRI K D FEENRIFFE N TO
%, HBAET Hpolymorph AP 2 EBD SN
RN R SR AR Bk D 57— TH D,

* 1 Masahiko Matsukata SFEHIKYE

* 2  Masaru Ogura BEFiHKYE HIT¥H

64

L
JSHHE R

IV e 3

B oRE M OH 200041088 Vol.20 No.10



B1 MFAEFSA FBLUR—% (BEA) ¥F 51 ~OBIRIRIE

AT, A4 bRX—=F DODGCILIZEL S
GILUIR DR R ED, TOERTE Foh
ok e i G NOL /U (el 2 o bl = el QYA
foE

2. RSA5INaAYN—=TariEEld

9 DGCIEIZEAEAT 1 FAEMIEIZDL
CfEEzE Lm0, BT (V) U
— R AL TH D, FORETIELEE DK
Gk E DD, EN R E B DARIES L
A EE O SRR, MEAL THILERL
REE S, BEEDNODOAHN TV S EEREL
SOCTH B, 7L ANLERNSRAMIE
LS D ET, ToIcik - B LET S
TEN BRIINT DU AEF T BR=Y B
TLHZTDIINTIO—DTHD, HoHNI
Ear L AR TI L, ZHER2IRT LD
+— koL =7 AL, Rizd o T,
FTOTERLE D KR QD IHEMBETH D, ZDJ
WA — k7 L =TI R EZERM LWL D DR
O KAE AN D, 2 hoko BT S5 %
LmDeT<TH-0FELTHD, ERIZIIL
CAESOMIONEREL DA~ L —TTH
UE, 05~ 2mifEDKTHrTHD, KOE
HUBEITH D EfEME LR T &S,

B OaE o M 20001088 Vol.20 No.10

[ ]

]

KIA 5

HEK

2 DGCEHETRWAA—roL—T

3. KRSA4INaAUyN—=2arviEllLD
¥AS54 bR—FDERK

YAS4 hR—=%L, THITFILTEZD
LkEE(LY (TEAOH) % Structure-directing
agent (SDA) &4 5 /KHGMIETIESIO/ALO;,
B10~300f @M TH> NS, Ll
DGCETIEEONA P U histEd T4 F =%
MBS, X oITiEA—IL ) HR—=F G
RETH D, AEIZLDERINZEFTA A
— 513, K FRASL0~50nmTH D IEF MM T
H5 (E3),

Vo1 NOWHKNT IV 2 LAFRIEEHER
GH A RTH Y, WA BB EE 2R S AR
(LR ETHET N IZT LT —0EFFA b

65



B

B3 DGCETARLAEASA hR—2

MEEND, Bk 50, HEAICTIZRDAA
FETi-RN—% Y F+I14 bOWH A F AT
m,7ws:7A7u*®«~5;%a§ALt
Ti-Si-R—F BITRF > KEREOHHEA T
hEmpZepvRang",

—H. %i&bﬂbh@7)b~—7”f(i Si0./
ALO, =707 NI ZTLEHBRNPRELS, 7
DIEF ISR TS RDEATA FX=F 7
GRENDIEERIBUET, BRI RO E
LEHELAEEIC, BREE<DDIENEER
THhdI&iZnD if%ﬂé&, W& DR TENE D3
FARURTH DM, KEITERENEA T 1
RAR—=#131100°CTHERL L THREDHMEFF S 1,
KEEH TS INTHRT NI T LERTD
LizwZ Eabho 2", ZHUd, MERME
55—V (Si-OH) MiFLALnt
A4 MR—=FPERTESARLEORFETHD L
b b,

4. THSA4 bNRN—FDERILBIED
1B HF

K EE OB IR S LB T O NI
(FERM &IV SHAHDO (L2 ’@@W}L - B
Eﬂﬂb‘/’]‘ 952 EMBETH DA, DGCILD

SR E R ST R D EE & L ToKAD
ffﬁ Lz, A J10 M EIRRT D5
A DRICT N TEMEAUZTEEL TWd., Z0/k

66

¥, kMRS OWFFEIZ 37 - TS A A - 1)
MEBICET A I &, EHOARRITTD
I ETHRRBLICETOIERDGSND (B4),
ZToBEEEMNL, EFS1 FERIIBTD
SDADOEZEENCELTHERHL, A 71 O
{K%%%éfﬁaﬁbf:o

SN TA b R=FHIZHEEND {THRS
aa{lﬁﬁ‘J@TEAﬁ%ﬁ/éﬁz SRS O
MEEROSMEHITERELLETA, WA
Mg tEA S 1 MEHBOU ATV K
SIKGELTWB I ENbMr-Hz (K5)., 7L
T LEFEAEG TR (S0 /ALLO.=730)
YA 54 hXR=YOHE, 200°CHiT S il
wmmssN, TOEZY, TFILTI. VL
FINT EZTL, PUIFINT BT LGE
MEWmEnE, —HFT7INI 2V LELE
(Si0./A1.0,=30) ¥4 71 hX—=F D,
Ef- 20 ARY FIViZ400CEL L TR, 20
ERMIT BT EIFLTHH .

RICHHE T 2 AIAKIER TR 7 2 i

XV iRFBEMFKR RS S, TEAN T
COBEERIOCHETHRSIIHRTLS, 0
TEHEEETDHE, TEANFA GEAT 1
N—FBERANTTIVIZU L (A0, ) BT
UH (Si07) LRI EGEENRL TWhWh &
EZZ5N5, TEANWF A ORT oIz
TOHRISEICIE, Iy —7 =4 > OBEYE
MEETHH, HEMEOSWOH EFETD
B TIRTEARRR S I ML TLE SN, AlO.
2Si0” FOH Eib# L THEIEMEE N hE L, &
NG EMHEMM UTEAN F 4 72006 TC 46
SLERTHMT 5 2 <A T 0 M
CENCEHS O SRR L 7=,

LR ORE - EORKZ{LEFE-SEM%
MOWTERLZ (B6), XRDTHEREINSdD
frE E M E B E SRR T D DAz, b
nmdhmwﬂnﬁhJ%D%'W$#ﬁmk*zlcmt;
Si-NMR TS (LB THETEA 7 7o 2 B
ZHRWTOFY GO R Ak
T T A EMWI S ARz Thow

3O M o 200051088 Vol .20 ho1o



TKEATE

[EAH & HRAHIC
A

4k
[ﬁ?ﬂ”i’f r@&@a@f;j 4 R -
R R 2 REFRE
1k gL - ~
induction periodk
) 1 RBESe -
s
DGCit #5 B LR R
SRz EEA i
el 5L ORINAES ¢
4 DGCEOYH
AIOTEA SiOTEA
—Al-OH + NHs + C2Hs —Si-OH +EtsN + EtNHz+ C2Hs
Si/2A1=30 Si/2A1=730

NHs

EtsN

Il

100 200 300 400 500 600 700
wE (C)

B5 454 b~X—% (Si0,/ALO,=30,

SRRAND BV

7 2000 10H8 Vol.20 No.10

100 200 300 400 500 600 700
mE (C
730) ICHUUAENITEADF A DORE

67



8

fadh L O Bl (}\74’711/)

7.@k~

E’{l:lZH#FE}

458KV

£ B2 RS

' ’EB Grin

1S, Bk

uaaﬂ: 8 HFfi]

#&fh L 16K

L2 AR

K6 EAS54 bX—% (Si0,/AL0,=730) ERILBIEICEITIZENT O —E(L

ZEMS, FAEIZESTEAN FA4 2 8 MBS
B IO T — NEE OB ERE 2 8 T

FET S &M T ERE, TIULRGE X A EHA
FEBRINHDINIEA T N THo 22D TH

D, KIEDOREELNL THRIUTELZLDOTH S,

5. RW\EEEIHEASA FOU-1
DER"

FASA hR—% DR
ERPET, ThETHEINTY

ZEEL T 5
LY+ 71 boX

68

.

{3

B IAS A Rl = NP A RANRY - 1 M i A
PAX—=Fn S OHERICEDER I T0LD &
Lih L7z, Si0, : 0.0013~0.33, Al.O. :
0.042~0.094, Na,O : 0.38 TEAOHD L% %
HOTII /) — MR IV E 180TCIZTHS
b L7 & E DR OXRD/NY — > 2 7 |
7T Si0./ALLO.JEIE30, 380, 7300 35 b
THs, Si0/AL O, =30DE&I213HT 7 311
BITAR=24m L, 1204 LESHXRD
ING —AZZEAEEEE L. ) Si0

B O M o 2000 10B & Vol.20 M»10



Si0,/ALO3=30
Na:0/8i0,=0.042

S102/Al:03=380
Na,0/Si0,=0.042

Si0;/Al1,03=730
Na:0/810,=0.094

1 ¥ I i ] i 1 ) i
A B s ) ©
N il ou-1 ll 60h - i
E , ! ]
Sk, | PRESE I BEA+OU- ash P R AR
# Lw\—ﬁ MTW 48h
i _BEA+OU~51> 24h
A N J T Y
BEA 3h BEA 12h
10 20 30 40 10 20 30 40 10 20 30 40
26 (%)
R7 €454 hR—SOHAEBICLB0U- 1EASA b, MTWEA S FOER
Si0/ALO,=30 (A), 380 (B), 730 (C)

AL O,=73008EIC1E, 12EBEOSETIEX
— S HIAERT B0, 4SEFRIRICIZN—F Mi3E
HEHKRL, BHOIZMTWEA S bATERL /-
F£7-, Si0./A1,0,=100~400BE DO NWHH T
LT HHEEA S0 FEOU-1 EA D7,
OU-1 ®XRDNF — IR —F E X< PUTW
Z7H%, 60BFRIBICIIR—Y BT HERL /-,
ZOMENESEMICEOBRLAELEZA, #if
CENS HEHEEFEDEWIHLNTH >/, XRD
IZHENH0U- 1 OR#IREFRIE, CuKa ZX
BB BE 2 0 =6.2, 7.4, 8.2, 21.2, 24.9
ZHENBE, ZOXRDNRY -2, 12F®
National Chemical Laboratory/m™ 5 ¥R I iz
NCL-1", yrz7u #hbREEIN/FSSZ-
31 LA ALSTED, OU-1 28597
3HEOY AT ML, #iERICanalogous & B
N5, NCL-1@NA1UHRTIVI ) Ur—
~C, N, N, N-trimethyltricyclo [5,2,1,
0 "] decaneammonium#%SDA& L, SSZ-31
HEHROL U4 — T, hexamethylene bis
(triethylammonium bromide) #SDA& L TH
RaEnd, WIFNhOSDALHRAETIE/AZL, »
RONIVF—IBSDATH S, /-, MBI
LH5HOTIERL, KESIVN ‘5*?&35&2?2‘3(:& D
BohThwd, —4, OU-1IETEAL WD B

W O H # 2000510A8 Vol.20 No.10

BHEEEZDBDOSDANS, €454 MXRX—=Fnh5
DHBLIZE > THESND Z EFEKRFEN, 29
L= bOMHAEIICEAL TE, KEAGHRD
IR a OBEAIREINTLS Y A,
DGCIEIZ L H0U- 1 ERDBHE IR S
MNFEELROWRHETERL TWSDT, X—%
BRO—EMRLTT7IVI /Uy —ho
RARNERL, XR—FHEHEMIBNTOU-1
NERELEEBEDNS, 3RTHILEEEZ DD
N=Fht, X—=FLLHEEdE, LDEK
EO&EW, 1LRTMILZSDEL T 1 MaER
THZEIRIBELUTHD (H8).
OU-1DES5REL DEBRWEET S EA
1 N OWERITIES TR, EEETFRE
B2 E2TRICHBETIIEE > TRV, ET,
OU-1DHEEZEBbALHOMIITE I &MY
HOBETHD, ISICEAFITA IR—F LD
BRME Dzl & SIEE R S HEL & DR
BRAEEDHEKHLHETH 5,

6. TASA MR—FANDF& > DEA
ERAN-L I RICLZEMEELY

RESWIizk->T, DGCIEICL D EREN/-
Ti-R—=&VYF+ 1 b ranFd Rl
BMEBNDTTHEEBHEAL 74 > DLHRF

69



B8 OU-1t+54 o [301] LU [010] ﬁﬂb‘%@%ﬁﬂTEM@

MERISWCEMTH D &, Alabid s
UTRIFECLDERENATI-R—F A S
1 NSBKETH D Z ENBIRMAR T RF L K&
RICEETHDZENBEINE, Dhbhod
DERLERZFMHLT, PIIZTATY—0
Ti-Si-X—=F X514 b 2ERTHI L 2HL
oo TWIZULBEGDR—F EHNTH—)L
UANR—ZI3E DY 72 AR H AR,
2, R OVEERE A O Na B AN EIK A B4 o
FERILEICGEADEENKEVT Enbho /-,
Si-N—FEROBICTizHALEEZ S, Ti-
Si-N—F DBTi-Al-N—% & [[F% O & ks L
TEHES N/,

A=W UHDEF T b N—& R AE A
TOTIREEATARET>=E T3, ki)
(A AE) SI3FERECEILHSYTI=20~300T
Ti-N—=FZNERAEETH - 7=, KEASKRIETIE
febEOEWTI-YA 51 A0S/

70

TIEAETAHETHDI I EAWMEINTLSL
P, AR KIUL 210/ A7 f £ TTio# A7)
AHETH D, TIBARNKE LD TN
YA T bER [302] HICHIYS T 2 2theta=
22deg AL D EHHROTHING E) 2T |1
ROMBETKREL B> (F9)., 20T &4Ti
DEMET A MIEKEASNTND Z & A5RL
TW2HDEEbND, £/-UVAARY Lok
S TTIORAMIREZRI L2 s, wWIht
220~250nmf i A SN, Zhids
Do —bEENICIDAZN 4680 TF 5 28
YT S, DLEOERNS, T 51 FEk
NANEASH, 1A EROANE LTI L DU
T4 MEFHEIBIILARS NS Z ENDh- /-,
Ti-Si-RX—Z BT BTIORIREEZ UV 2 A
7 MVBIEICEZ DLz, BREOH 7)1
220~250nm L DIENIZ270nm i W At o
N5, AT 4RMTICENT 250 T, % H1L
2 A I

20007F108 % Vol.20 Noin



Si/Ti=30
Si02/Ti0-E VIt
Si/Ti=50
395 3(})0 190 59 3'o
3 0
g 3.9451
| Si/Ti==100
= ~ 394} .
< 3935! o
pi
Si/Ti=300 ® gg3] ©
w\"&‘ N PN
3.925}
Si/Ti==00(Si-Beta) ?
A : 3.92 . ‘ : X
10 20 30 40 0 05 1 15 2 25
260 (CuKa) (%) (8i02)64-x (TiO2) P DxfE
9 DGCEICLATISIiIN—IEAS5 4 FDOARK
H I OXRDINY — > EHERNTIRIZH T H5BEA [302] #&EOEDEL
K ENBMI Lz A 51 B EBATIRICER L 450

TWbHDEEZLSNTWS, I ORIGIEERE
(Na/Ti-Si-~X—%) IIsEMNNS <ok, ¥
+ 514 EBAOTIEZED RS Hiks UTHER e!
WHCH. SO TR T2 AiENI SN TS
O, BERATICNHINO,ICTH]RHFT 2 HikEdb
UTEORRERHF LEEIZ A, H,SO/Ti-Si-
=%, NH.NO/Ti-Si-X—% & b IZBHND
TiENEEAEAGNAR Ao/, LML,
H.SO,#k# CIRBHOSUTILAKEL 2> TH
D (THROBETIARK I D), NH.NO,#EH TIZ
FOBH Mo, TOTEMSDGCIEIZ L R
DMBE NTI-Si-R—F hOTiIEIIFEAET 0 05

300 -

At vz s -

KEEE ml-g™h)

. 1.0
NTHBANIIHEELTWS DO EBEbN S, £ /-, HxtFEP/Po
NH.NO,IZX OH,OMEFET S LD IRTifEAK B10 Ti-R—FtEF 54 bADHOEEZE B EHOR
= A SE & N = p— (a) Na/Ter-’\“-57. (b) H;SOJ%?@*TI-Sl—/\*-—&,
H.OMAFRARZME L, BOUREOF & 17 () NHLNO, 1 7 > e Ti-Si- X — %, (d) Ti-Al-~—
7 (B10). Na/Ti-Si-~N—# 1213 Ti-Al-~<X— % (8i0/AL0,=730), (e)Ti-Al-~—% (Si0/ALO,=
380) ‘

4 (Si0./A1,0,=380) &LIZFREOH.OMK
HFaIN, BBNOAIREZHDEIEL I &I
T (Ti-Al-X—% (Si0./A1.0,=730)), H.O
WG RAH DL TOWA I b5, X612,

B OB 7 M 20005E10H S Vol.20 No.10 ‘ 71



K1 ARLATFR—5€1 54 b ETOIRF ARG

¥ 27 Ty anFH IHAFTR
bR (%) B (%)
Si-beta 0 0
Na/Ti-Si-beta 19 45
H.SO./Ti-Si-beta 28 62
NH.NO./Ti-Si-beta 35 89
Ti-Al-beta730 11 98
Ti-Al-beta380 11 98

BOS G

2Ot 30mmol, @ /KE ¢ 10mmol,
G 7 R UL, B 50mg,

R

—-111
—112
—115

NH.NO3/Ti-Si-beta

et

—111

\‘— 115
H,;S0.4/Ti-Si-beta } \
M/—Jl N

—115

-~102 V\

Na/Ti-Si-beta |
v

M N pAM A a A
L i

—50 —100
AN T7 (ppm)

\‘M"“Mf"\“"‘“ o P

i
~150
EH11 TSR~ F 54 FOPSI-MASNMR AR S L

H,SO.#%#%, NH,NO,F >3tk > TH.O
WEBNAEIZH DLz, NH,NO,/TI-Si-X—
FIZDWTIL, TXXTOY TN TEOEKY
Wbl EMPEsMhERSZ, F27Si-NMRIZ
L BRFMS, NH.NO, 1 F | TIEHITQ’
B b BERKY N BRAICHESS S Z
Enbnok B,
NS0TV ERAWTI 7OAFH>OL

72

50°C, KIGERHE ¢

2h

RFACRIEETo 2 (1), NH,NO./TI-Si
R=NEHENNEL, TRFS RO
MANH,NO, A A il k> T35 2 &0
BHSMn &L,
UlbEEDHDE, DGCIEIZL DA =L U AN
— & NANTIZEHALZESWiEaRE %S DTi-Si-
N—FMMERAIEETH 2 Z & NH,NO, 1+ > %
2 LV BRI RIS Y 1 R AETH D &
Bl RECXOERINER=FEF T T
MINH.NO, 1 A2 3cfizfgd ZLicdk D, H.O
WEBDDVRNEL T MIKHET S LA
1B, ZHUIBRANORMET A ML T
HZEERLTHD, MKBEENEZAELEIED
BHMEGRAR - 22 ) ELTHFTES.

7. BHLYIC

FHYAZA MERETHDRI05)0 a2 N
—Ya iEBLUAREIZLDESREA T B
DI DOWT, B4 540 hX—=FE &L T
BEaR U7z RIEEIXRN—=FEF T FEF TR
MTW, OU-1, MFI, SSZ-31" ik &nt+
A FHEMTE, —RITEA T 1 bORRIITf
B HETH D, £z, FAL -2tk
STHLEBAELERD ZEMMTEL L EERT T
EMTE, REORHEENT I LITX DG
{LBROBIMTIREE 2D, FIELEE T 1 L9m
BHEE A 51 FPOERANEFRET D I LTS
ns,

B o B H

2000 10A % Vol.20 Noan



BEE AWETEL, UREIR BT TR EIRY & AR A kLRI B
PO, Yoy bo--HELT, T
TILF - PEEIINR G (NEDO) 2250
WK A2 TERL 25O TH S, ZIIZEL
TGS D,

X

1) Wik R, U T hORESISHE, ekt
H LT 1707 (1987)

23 R. Ravishankaret al., J. Phys. Chem., B103,
4960 (1999)

3) M. E. Davis, S. 1. Zones, Synthesis of Porous
Materials * Zeolites, Clays and Nanostructures,
pl, Marcel Dekker, New York (1996)

1) M. Matsukata et al., Topics in Catalysis, 9, 77

O M 0#H 200051088 Vol.20 No.10

(1999)

5) P.R.H.P.Raoet al., Proc. 12th International
Zeolite Conference, Mater. Res. Soc., 1515
(1999)

6) M. Ogura et al., submitted for publication

7) A. Mitra et al., submitted for publication

8) P.R. H. P. Raoet al., Microporous and
Mesoporous Mater., 21, 305 (1998)

9) P.R.H. P.Raoet al., Chem. Lett., 1998, 311

10) R. Kumaret al., U.S. Patent 5219813 (1993)

11) R.F. Loboetal.,J Am. Chem. Soc., 119, 3732
(1997)

12) P.Norby, J. Am. Chem. Soc., 119, 5215 (1997)

13) T. Tatsumi, Jappar, J. Phys. Chem.,B102, 7126
(1998)

14) T.Blascoetal.,J. Am. Chem. Soc., 115, 1806
(1993)

15) R. Bandyopadhyay et al., Chem. Lett., 2000,
300

73



