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Abstract

MFI-type® zeolitic membranes were prepared by a vapor-phase transport method on @@lonsina 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 measurementdef€H;, N, O,, CO, and Sk
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 wa80 kPa.

In the mixed gas permeation measurements, the value of separation factor depended on the method of gas permeation. The
separation factors ofbutane td-butane were ca. 10 in the PG method and 30-60 in the CG method. ©2000 Elsevier Science
B.V. All rights reserved.
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1. Introduction The catalytic activity can be modified according to
the needs of the reaction involved [1]. For example,
In this decade, much attention has been paid to the acid activity of siliceous zeolites can be adjusted
zeolitic membranes for gas separation, pervaporation by the amount of trivalent elements (especially alu-
and membrane catalysis [1-22]. Zeolitic membranes minum). Substitution by a trivalent element such as
can be useful for separating mixtures of isomer with aluminum introduces a negative charge. The charge is
similar boiling points but different molecular sizes. to be balanced by cation exchange with proton and
Most of the zeolitic membranes reported in the litera- alkaline earth metal cations.
ture are MFI-type zeolitic membranes synthesized bya  Suzuki [2] presented a large number of examples
hydrothermal technique, which is conventional for of membrane catalysis with ultrathin zeolitic mem-
the preparation of granular zeolites. branes. He added reactants to one side of the zeolitic
Zeolite has been known to be a catalyst for catalytic membrane and removed products from the other side.
cracking. Zeolitic membrane also possesses catalyticA good example of the zeolitic membrane reactor is
activity, either acid activity, or metal activity, or both. for a feed of hydrogen/propemddutane mixture over
a Pt—Ca A-type zeolitic membrane. Only hydrogen
* Corresponding author. Tel./fax:81-3-5286-3850. and propane appeared on the permeate side, indicat-
E-mail addressmmatsu@mn.waseda.ac.jp (M. Matsukata). ing that hydrogenation and separation simultaneously
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Table 1

Results of the separation of butane isomers with MFI-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 - [3]

v-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]
403 - 23

a-Almunia/disk CG 373 1.5-12 18-26 [9]

v-Alumina/tube PG 300 14-Alumina) 33 (365K) [11]

a-Alumina/tube PG 461 4.8o(-Alumina) 18 (383K)

occurred. They did not report the information on In this study, MFI-type zeolitic membranes were

numerical values of fluxes or stabilities of the mem- prepared by vapor-phase transport (VPT) method
branes. These results would significantly expand the [23—-30]. Both single gas permeation measurements
potential application of membrane catalysis using and mixed gas separations were carried out to evalu-
zeolite. ate the influence of the method used for permeation

The quality of the membrane is important for the measurement of butane isomers (pressure or con-
application of zeolitic membranes in industrial pro- centration gradient) on the selectivity and on the
cesses. Many research groups reported the pure anccounter-diffusion of the sweep gas with compact and
mixed gas permeation measurements of butane iso-less compact MFI-type zeolitic membrane.
mers, as listed in Table h-Butanei-butane perms-
electivity shows good indication of the quality of
MFI-type zeolitic membrane. For single or mixed
gas permeation measurements of butane isomers2. Experimental
two types of measurements have generally been per-
formed: pressure gradient (PG) and concentration 2.1. Preparation of parent gel
gradient (CG) methods.

In the PG method, the flux is determined at a given A parent aluminosilicate sol with SgAI O3 ratio
PG. On the other hand, the total pressure on both sidesof 1000 was prepared using colloidal silica containing
of membrane is generally kept at atmospheric pres- 30wt.% of SiQ, 0.5wt.% of ALO3 and 0.4 wt.% of
sure in the CG method. Helium or argon was gener- Na,O (Nissan Chemical Co., Ltd.). First, colloidal sil-
ally used as a sweep gas in the gas permeation meadica was mixed with NaOH(4N) at 303 K. A flat porous
surements. These sweep gases seemed to diffuse te-alumina support (Nihon Gaishi Co., Ltd.) with a
the feed side during permeation measurements. Tocross-sectional area of 1:010~4m? and an average
evaluate the permeation measurements, van de Graapore diameter of 0.Am was dipped into the parent
et al. [13] compared the data obtained from both PG sol at 303K for 1 day. Then the sol was forced to
and Wicke—Kallenbach methods. They claimed that penetrate into the pores of alumina support by evac-
the sweep gas significantly influenced permeation and uating the support from one side for 1 h, as shown in
such effect depended on the nature of sweep gas and orFFig. 1. As a pretreatment of an alumina support, the
the magnitude of its counter permeation. It is difficult support was treated with colloidal silica at the pH of
to conclude that previous permeation data were free about 10 to depress the dissolution of alumina during
from the effect of the counter-diffusion of sweep gas. membrane synthesis.
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Fig. 1. Schematic diagram of experimental apparatus for coating Feed gas

a-alumina support with aluminosilicate sol. ) o ]
Fig. 2. Schematic diagram of experimental apparatus for perme-

ation measurements.

2.2. Crystallization of dry gel by vapor-phase

was kept under vacuum. The permeant was collected
transport method

for 10h in a cold trap using liquid nitrogen and ana-
lyzed by a gas chromatograph with a flame ionization

Crystallization was carried out in an autoclave. detector.

A mixture of ethylenediamine (EDA), triethylamine

(EtsN) and water (EDA: 2.0 BN: H20, volumeratio) 2 4. Gas permeation measurements

was poured in the bottom to produce vapor. The sup-

port coated with the parent gel was horizontally set 2.4.1. Pure gas permeation measurement

on the partition in the middle of the autoclave. Crys- The pure gas permeation tests fop,HHe, CH;,
tallization was performed in gaseous environment at N2, Oy, CO,, n-butane,i-butane and SFwere per-

453 K for 72 h at autogenous pressure. As-synthesizedformed using the PG method at 375K. Fig. 2 shows
MFI membranes were calcined in air at 773 K for 10 h. the schematic diagram of experimental apparatus for
The heating rate of 0.05-0.1 K mit was adopted in  determining the permeance. Epoxy resin was used as
the temperature range from 473 to 773 K. The weight a seal material between a glass tube with a membrane
gain of alumina support during gel coating, crystal- and an apparatus. As a pretreatment for a gas perme-
lization and calcination was ca. 100mg. The crys- ation test, water adsorbed in the zeolitic membrane
tallinity and structure of the products were analyzed was removed by evacuating at 420 K for 2 h. The heat-
by X-ray diffraction (XRD) with Cu kx radiation ing rate of 0.5-1.0 Kmin! was adopted. The total
(Philips X’s Pert-MRD). The morphology of prod- pressure of feed side was measured using the pressure
ucts was examined by scanning electron microscopy transmitter. Helium was used as a sweep gas in the

(SEM) (Hitachi S-2250). permeate side at atmospheric pressure. The permeance
of Hp, He, CHy, N2, Oz, COy, n-butane j-butane and

2.3. Evaluation of the compactness of zeolitic SFs through an MFI membrane at 160 kPa was deter-

membranes mined by using the rate of pressure reduction of the

feed side from 165 to 155kPa. They were calculated

For evaluating compactness of MFI membranes, the PY using Egs. (1) and (2):

pervaporation of 1,3,5-triisopropylbenzene (TIPB), an  dp %4

which has a kinetic diameter (0.85nm) larger 3; = 3; * RT 1)
than the pore dimensions of MFI (0.530.56, an 1
0.51x 0.55nm), was carried out for 10h at 295K. Permeancémolm s 1Pal)= — x ——
A zeolitic membrane with a cross-sectional area of gt AAp
0.50x 10~4m? was attached on an end of a glass wheren represents the amount of permeant (mgl),
tube, and placed in liquid TIPB. The permeation side time (s), p, pressure on the feed side (P¥),dead

)
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volume on the feed side (7.08)n R, gas constant (2) Pressure gradient (PG) method
(8.314JImot1 K1), T, temperature (K)A, effective
membrane area (0.5010~*m?) andAp, partial pres- — Permeate
sure difference between the feed and permeant sides + Sweep gas
(Pa)_ Feed —

—~—— Sweep gas
2.4.2. Evaluation of counter-diffusion of helium )

160 kPa > Atmospheric pressure

The total pressure of feed side was kept at 180 kPa
by feeding purar-butane, after the pretreatment. After
24 h! feeding oh-butane was Stopped by CIOSing stop (b) Concentration gradient (CG) method
valve 2 shown in Fig. 2. The measurement was started

the feed side by a gas chromatograph (Ohkura, Model
802) with a TC detector and a packed column (Porapak  Atmospheric pressure
Type Q, 2mx 1/8 in. (3.2mm)). Similar procedure . o _
was used for measuririgbutane permeation, whereas Fig. 3. Schematic diagram of gas permeation measurements.
only the total pressure of feed side was measured.

after the total pressure of feed side was decreased to ¢ Zeolitic membrane
160 kPa. Helium was used as a sweep gas and the pres-  geeq —» —» Permeate
sure of permeate side was kept at atmospheric pres- + Sweep gas
sure throughout the permeation measurements. The
feed gas was analyzed for the mole fraction of gas in S—

-~ ~+—— Sweep gas

Atmospheric pressure

amount of helium permeation was observed. The qual-

2.4.3. Mixed gas permeation measurement ity of the membranes after calcination was tested by

In the PG method, the total pressure difference the pervaporation of TIPB. After calcination, we ob-
between the feed and permeation sides was kept attained three polycrystalline MFI-type zeolitic mem-
60 kPa, while both sides of the membrane were kept branes (membranes A, B and C) which were gas-tight
at atmospheric pressure in the CG method, as shownbefore calcination.
in Fig. 3. Helium was used as a sweep gas. Inthe CG  Table 2 shows the flux of TIPB through the
method, the total feed rates of butane isomers were MFI membranes. After the pervaporation test, no
50-60cnimin~t. The permeate and retentate gas permeation of TIPB through membrane A was de-
were analyzed by gas chromatograph. Ideal selectiv- tected, indicating that the flux of TIPB was less than
ity was calculated from the flux ratio of-butane to  1.0x 10-2molm2s~1, the detection limit in this
i-butane. Separation factor was calculated from the experiment. Therefore, it was concluded that mem-
following equation, brane A was practically pinhole-free. On the other
(X,/ X;) permeate hand, the permeation fluxes of TIPB were 3.0~/

n/ 2 (3) and 1.2x 10 %molm—2s~1 for membrane B and

(Xa/ Xi) feed C, respectively. Membranes B and C have pinholes
whereX, andX; represent mole fractions ofbutane  larger than TIPB molecule.

(%) andi-butane (%), respective'y_ F|g 4 shows the SEM imageS of tOp and
cross-sectional views of membrane A. On membrane

Separation factoe

3. Results and discussion Table 2
Flux of TIPB through the MFI membranes

3.1. Compactness of MFI-type zeolitic membrane
Flux of TIPB (molnt2s1)

Almost half synthesized membranes were gas-tight Membrane A <1.0x l<7Tg
of helium<1.0x 108 molm=2s~1) after syn- ~ Membrane B 3.0<10°
(flux = ) y Membrane C 1.% 108

thesis. When crystallization was not complete, a small
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(b)

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.
20pm thick and MFI zeolite was also formed in the
interior of support was also ca. gtn thick.

3.2. Pure gas permeation measurement

Fig. 5 shows the permeances of,HHe, CH;, Ny,
Oz, COy, n-butane,i-butane and S§through mem-
brane A as a function of kinetic diameter of molecule
at 375K. Molecules such as GOand n-butane
smaller than the channels of an MFI (0.53.56,

10-8
- (@]
T H €O O n-butane
09k He P o
'—uw o OO CH4
(\‘lE 02N2
=5 1010 i-butane
g o
g SF,
§ 10-11¢ o 6 4
5
& 012

0.2 03 0.4 0.5 0.6

Kinetic diameter [ nm ]

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

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 fractionebutane 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 theé-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. Namelyn-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 80 kPa, 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

0.51x 0.55nm) showed greater permeances. On the 80.0 kPa.

other hand, the permeance idbutane (0.50 nm) and

On the other hand, in the permeation test with mem-

Sk (0.55nm), whose sizes are comparable to the brane B, the mole fraction afi-butane on the feed

size of the channels of MFI, were very low. The per-
meance ratios ofi-butanei-butane and-butane/Sk
were 60 and 385, respectively.

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 ofn-butane in the feed side with membrane A.  Fig. 7. Time course of (a) the total pressure of feed side and (b)

Temperature: 375K. the mole fraction ofn-butane in the feed side with membrane B.
Temperature: 375K.

pressure change of the feed side was measured, and ithe effect of pore filling possibly would still dom-
quickly and monotonously approached to atmospheric inate the permeation behavian-Butane molecules
pressure. filling the micropores of MFI crystals may in-
The compactness of MFI membrane would be es- hibit the entrance of helium into the micropores of
sential to explain these permeation behavidButane MFI.
molecules adsorbed might have filled the micro- On the other handn-butane seemed to perme-
pores of MFI crystals. Such pore filling would par- ate through pinholes in membrane B rather than
ticularly be apparent with a compact membrane the micropores of MFI crystalsn-Butane and he-
at lower temperatures. Even if the total pressure lium can pass through each other in the pinholes of
of feed side was lower than atmospheric pressure, membrane B.
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(2) Compact membrane A 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 trendi-Butane molecules might squeeze into
the pore, accompanied hybutane molecules. In the

10-3

Pure n-butane <

10-4

:l"’ @ n-butane, PG method . .

3 m i-butanc, PG method CG method, the flux oh-butane is higher than the

g O n-butanc, CG method flux of i-butane at lown-butane concentration for the

fn O i-butane, CG method . . .

5 o6 . membrane A. We suppose that a preferential distribu-

= Pure i-butane tion of n-butane and-butane in the zeolite channels
5 , , ‘ ‘ strongly depends on the concentration of the butane

10%7""20 40 60 80 100

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
MFI crystals.

The PG method, where 60 kPa of total pressure dif-
ference was employed, gave a higher flux-biitane
and a lower flux ofn-butane using membrane A,
compared with those for the CG methaeButane
molecules, adsorbed in the micropores of MFI, seem

to reduce the diffusion and permeability iwbutane.
O i-butane, CG method On the other hand, the fluxes of botkbutane and
T i-butane in the PG method with membrane C were
Mole fraction of n-butanc [%] greater than those in the CG method.
Takaba et al. [31] presented the MD simulation of
Fig. 8 Fluxes of butgne isomers thrpugh MFI membranes as a the mixed gas separation of butane isomers at 373K.
e e o oy e " They reported thal the permeatiorbutane was ob
served, whereasbutane did not permeate. However
the diffusion of both isomers into the zeolite pores
was observed. They concluded that the few diffused
3.4. n-Butaneli-butane mixed gas separations i-butane molecules reduced the diffusion and perme-
ability of n-butane. The kinetic diameter dfbutane

The permeation behaviors nfbutane and-butane (0.50 nm) is larger than that ofbutane (0.43 nm). The
were studied with two types of gas permeation mea- micropores of MFI crystals are so narrow thetutane
surements at 375 K; PG and CG methods. It is not nec- andi-butane cannot pass through each other, possibly
essary to consider the effects of the counter-diffusion except at an intersection. The diffusion in such a nar-
of helium with membrane A, because the total pres- row pore seems to be controlled by a molecule with a
sure of feed side was always above 80kPa in thesesmaller permeation rate, i.é-putane molecule.
experimental procedure. Fig. 8 shows the fluxes of Fig. 9 shows the separation factor of butane isomer
butane isomers through compact membrane A and mixture through compact membrane A and incompact
incompact membrane C as a function of the mole membrane C as a function of the mole fraction of
fraction of n-butane in the feed. n-butane in the feed. In the unary gas system, the ideal

In both permeation measurements using the PG andselectivity ofn-butane ta-butane for membrane A was
CG methods with membrane A, the flux nfbutane 60 in the PG method and 95 in the CG method. For
increased with increasing mole fractionrebutane in binary mixtures, the separation factor also depended
the feed. It should be noted that the fluxidbutane on the method of gas permeation: thatnelbutane to
had a maximum at around 25% of the mole fraction of i-butane was ca. 10 in the PG method and 30-60 in
n-butane in the CG method and 10% in the PG method, the CG method.

Mole fraction of n-butane [%]

(b) Incompact membrane C

10-3

10-4

@ n-butane, PG method
W i-butane, PG method
O n-butane, CG method

Flux [ mol m2sl ]
%

10-6



272 T. Matsufuji et al./Catalysis Today 56 (2000) 265-273

(a) Compact membrane A In the permeation measurements, the compactness of
MFI membrane is essential to obtain data, which are
intrinsic to discuss the permeation through zeolitic

100 ' o LY layer. Using compact membrane, the permeation data
— st Ideal selectivity ] free from the effects of counter-diffusion of helium
- \ were obtained by both PG method and CG method
§ 60 [ 2 b were free from the effects of counter-diffusion of he-
E lium. On the other hand, inert sweep gas permeated
R | through pinholes of incompact membranes.
§ 20t ] In the unary system using a compact membrane,
A A Aa small molecules such as G@nd n-butane showed
00 20 40 & 80 100 greater permeances than those for large molecules,
Mole fraction of n-butanc [%] such asi-butane and S The permeance ratios of
n-butanei-butane and-butane/SE were 60 and 385,
respectively.
(b) Incompact membrane C In the binary system, the flux ¢fbutane had a max-
imum at around 25% of mole fraction ofbutane in
20 r/’T the CG method and 10% in the PG method, respec-
_ [deal selectivity < ¢ tively. This result reveals that permeationidfutane
| ] was encouraged in the binary system.
§ 4 W2 A Aa The PG method gave a higher fluxidbutane and a
g 10 A A lower flux ofn-butane, compared with those for the CG
E method.i-Butane molecules may fill the micropore of
5 o057 1 MFI crystals and block their pore mouth. For binary
mixtures, the separation factor depends on the method
00020 40 60 80 100 of gas permeation. The separation factors-tiutane

to i-butane were ca. 10 in the PG method and 30-60
in the CG method at 375K.

Mole fraction of n-butane [%]

Fig. 9. Separation factor of butane isomers as a function of mole
fraction of n-butane in the feed. Temperature: 375K; closed key:

PG method; open key: CG method. Acknowledgements
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