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Introduction

Meimbranes made from inorganic materials are generally superior to organo-polymeric materials in
thermal and mechanical stability, and chemical resistance. Among inorganic materials zeolite is a
promising candidate for a high performance membrane because of the unique characteristics of zeolite
cryslals such as molecular sieving, ion exchange, selective adsorption and catalysis. Although there
arc many recent reports! on the preparation of zeolite membranes and the gas permeation through the
membranes, only a limited number of publications<™ deal with pervaporation studies. Recently, we
have reporled a high pervaporation performance of NaA zeolite membrane for the separation of
water/organic liquid mixtures.*”? and of NaY zeolite membrane for the separation of
methanol/MTBE.0.7 Here, preparation of zeolite (LTA,“’5 ZSM-5% and FAU6‘8) membranes and
their permeation properties are discussed.

5-15¢cm Reject
NaA Zeolite Membrane '

NaA membrane was grown hydrothemally on
the surface of a porous cylindrical alumina
support (10 or 12 mm outer diameter, 15 cm =~ =
length and 1 pm average pore size). The
hydrothermal synthesis of NaA zeolite membrane
was performed as follows. An aluminatc Fig. 1 /Feed
solution was prepared by dissolving sodium
hydroxide and aluminium hydroxide in distilled
water. A silicate solution was prepared by
dissolving sodium silicate in distilled water. The
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Table 1 Pervaporation and vapor permeation performances of zeolite

membranes
aluminate solution was added to the silicale "Zeolite  Feed solution (A/B)  Temp Separation  Flux
solution and the resulting mixture was stirred (W% of A) (°C) factor (A/B) (kg/m2h)
vigorously, producing a homogeneous gel. The NaA  Waler/Methanol (10) 50 2100 057
molar composition of the resulting gel was WaterEthanol (10) '7”55 “5)(7)33 ;51‘:
Si0/Al03=2.0, Nay0/8102=1.0 and 105 30000 453
HpO/NayO=60. The porous support coated by Water/2-Propanol (10) 75 10000 176
the seed crystals of NaA zeolite was placed in the Water/Acetone (10) 50 s600 091
gel. After hydrothermal treatment at 100°C for 3 Water/Dioxane (10) I(:;’S 3332 ;2(7)
hours, the support was taken out, washed by Water/DME (10) 0 §700 095

water and dried in reduced pressure.

The zeolite membrane was characterized by X-ray diffraction (XRD) and the surface morphology
of the membrane was observed by a scanning clectron microscopy (SEM). The XRD pattern of the
membrane grown on alumina support consists of strong peaks corresponding to NaA zeolite and weak
ones of alumina support. The surface of the alumina support was completely covered with NaA zeolite
crystals, 2-4pum in size. These crystals tend to be very closely bound together with little space between
them.  The thickness of the membrane was about 30 um judging from the cross-sectional view of SEM
observation.

Gas permeation and pervaporation experiments were carried out using the apparatus ilustrated in
Figure 1. Feed was introduced to the outer side of the zeolite membrane in the staipless-sicel module
that was placed in a thermostated air-bath. The effective membrane area was 47 ¢m2. Gas permcation
rates through the membrane were measured by a soap film flow meter. Composition analysis for
mixed gas was performed with a gas chromatograph. In pervaporation, the flow ratc of the feed was
held at 30-37 cm3min-! and the downstream pressure was maintained below 13.3 Pa throughout the
cxperiment.

Table 1 shows the flux and the separation factor of pervaporation lor water/organic liquid mixturcs
through NaA zcolite membrane.  The membrane was highly selective for perincating water
preferentially with the high permeation {lux because of the micropore filling of water in the zeolite
pores or the intercrystalline pores belween zeolite crystals to afford water-selective permeation through
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the membrane. Figure 2 Hzb (105):

shows the cffect of metha- T T 1o’ R.GTXIO)
nol concentration of the T a '8 [ e
feed mixture on the perm- 16 |-
selectivity of the mem- = 08f o . 5
brane at 50°C. In water/ & o BT
methanol mixture, a high Zm“ ©qw i - 200‘/‘
separation factor was = o ~ /'
[o VXY 4 . E 105

observed. Furthermore, P o g s %
quite large flux and high 0z ] g, 3
separation factor were also ] 3
observed for dehydration 0 T 1 § 6}
of DMF or dioxane, where ©o® [7v0vt% ]ao o “:
most of the organo-poly- ] ) _ 2 Y
meric membranes become Figure 2. Pervaporalion flux and 5elec1.|vny of zeolite «

. . membrane lor waler{W)/melhanal{M} mixiures as a lunction APwlatm
very SWOI len, resullmg n of the leed concentration al 50 *C. L ! .

reduction of the selectivity. 0
Figure 3 shows gas permeation rates through NaA membrane are

depend on the inverse of square root of molecular weight of gases. Vermention raies thromgh NeA

This dependense seens to suggest Knudsen diffusion. However, Fig. 3 seolite meubrane vs. the inverse of

water vapor can permeate at about 2 order larger rate than these o 10 of mleeulur werght

gases. Furthermore, adsorption of water 1o the membrane results in a

decrease of the gas permeation rates.  Vapor apie 2 Pervaporation performances of representalive mombranes

permeation propertics of the membranc are also  for waterleihanol sysiem

shown in Table 1. The NaA zeolite membrane

0 0.2 04 0.6 08
VW

5 h Membrane Temp Feed Q a
showed a high performance also in the vapor Cl 120 W% [Kgim2h| (]
permeation fqr \\'atcr/oyga|1|c hquid MIXIUTES. 5 iiotis study) 76 0 215 10000
Vapor permeation is considered to be applicable to 75 5 110 >10000
a reversible reaction such as csterification in order  Modilied-porous glass 79 5 010 1630
to shift the equilibrium in favor of the product and ~ Jceriamics o p o e
to improve the conversion of the reaction. The CMEN fon) 10 0 0.052 2470
combincd process provided almost completc  PAATolyion complex 60 5 163 3500
conversion in a short rcaction time by removal of ~ Chitosan 60 10 0.4 6000

{ i ' NaA b f the  Polvimide 75 10 00 850
water vapor through NaA membrane from the REC, L 10 022 200

gaseous mixture consisting of alcohol and water.
The membrane was quite stable at 200°C and no change  Tuve Size: 800"x1.5% 1200 mm

in separation performance was observed after a few Membrane Area: 0.03-10 mZmodule Prohet
months. Max Temp.: 150°C ’

The versatility of NaA zeolite membrane for MaxPres: 10 Kgiem?g 65
dehydration of aqueous ethanol is shown in Table 2. : 3
The performance of NaA zeolite membrane is the most o
favorable one for pervaporation membranes which have e Irememic e
been. published so far. Thus, a tubular type module for Mg PR i
dehydration of organic llqunds are now on sale. Figure ”""""// ‘7/ 7 -
4 shows an example of module where length of lhe (4\5 r,:{ I Frvite wesnivon
tubular membrane is 80 cm and 17 tubes are bundled. 10 g ’

} Frexltrpir! Flg 4

ZSM-5 Zcolite Membrane o Ty

ZS5M-5 zcolite membranes were preparcd by hydrothermal synthesis as described in the literatures.3
The membrane was further caleined at 500°C for 20 h in order to remove tetra-n-propylammmonium
bromide used as a template for ZSM-5 growth. LSM 5 membrane prelerentially permeated alcohol
from aqueous solution as suggested by Sano et al.3  The scparation factor of ZSM-5 membrane
prepared on the alumina support was smaller than that of silicalite membrane with high hydrophobic
propertics prepared on a porous stainless-steel support. For organic liquid mixtures pervaporation
through ZSM-5 zeolitc membrane was not suitable since the flux was very low duc to the strong
adsorption of organic molecules (Table 3).



Table 3 Pervaporation and vapor permeation performances of zeolile
membranes

Zeolite Feed solwtion (A/13) Temp Scparation Flux
(w1%a of A) (°C) laclor (A/B) (kg/m2h)

ZSM-5 Methanol/Water (10) 50 10 265
Ethanol/Waler (1) 75 24 229

! 105 1 1.33
n-Propanol/Water (10) 75 100 0.62
2-Propanol/Water (10) 75 32 0.59
Acetone/Water (5) 50 107 0.34
Dioxane/Water {5) 75 I 0.0
DMF/Water (5) 75 1 018
Methanol/Benzene 50 5 0.06
Methano/MTBE S0 3 0.02

NaY Zcolite Membrane

NaY membrane was also grown hydrothemally on the surface
of a porous cylindrical alumina support. The aluminosilicate gel
used in the synthesis of NaY zcolite membrane was prepared by

mixing water glass solution and alkaline aluminate solution.

After formation of the gel, the reaction mixture was Tal
stored for 12 hours. The molar composition of the mn
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Figure S Gas permeation rates through
NaY zeolite membrane vs. inverse of
square rool of molecular weight of
gases

ble 4 Pesvaporation performance of NaX and NaY zeolite

embrancs

resulting gel was SiOzlAl203=IO, N820/5i02=14 Zeolite Fecd:olu!ion (A/B) ‘Temp Separation I:Im(2
and HyO/NayO=60. After aging, the porous support —— Wali:;::'/;‘::ﬁ()lo) o) r"“‘;’(((;vm ";5;:‘ h)
. : : 2

coated by the secd crystals of NaY zeolite was placed Methanol/Benzene(10) 50 4128

in the gel. After hydrothermal treatment at 100°C for Methanol/MTBE(10) 50 320 026

5 hours, the support was taken out, washed by water 7 m:f‘m:‘/‘g‘t‘:fc'“oc)m) o e o
. . < o 4 O

and dried in reducc_d pressure. Gag permeation and Methanol/MTBE (10) 50 3300 L1

pervaporation experiments were carried out using the 60 530170

apparatus described above. Ethanol/ETBE (10) 50 1200 021

The existence of NaY zeolite was also verified by
XRD. The surface of the alumina support was 10 [O=——0—0——0—0-

completely covered with randomly oriented, 3
intergrown NaY zeolite crystals, 0.5-1um in size. The zo8r
thickness of thg membrane was about 20 un . %

. . 06
Figure 5 shows gas permeation rates through NayY :
membrane.  The deviation from ideal Knudsen 5 o4

) , . §o.
behavior was observed. High permeation rates for g
condensable gases such as COp and CHy indicate the So2

transport of the gases is enhanced by surface diffusion.
The binary gas permeation was measured for CO7/Ny 00
through the membrane. The Ny permeation rate from  Fig. 6

Pervaporation

0o 0.2 0.4 06 08 1.0

Mole lraclion of MeOH in liquid

the mixture was signiﬁcamly reduced comparcd to that  Fig. 1 Fervaparation selectivity at S0 *C thrngh Na¥ cofite membrane
from pure N, due 1o the sélcclive adsorption of CO, and vapoue -lieqaidt equilibrivm (VLE) at 101 kPa in the methanol-MTBE
3 .

xystem

Thus, NaY zeolite membrane provides one of

promising candidates for the separation of CO2/Ny 04
mixture,

Table 4 shows the flux and the separation factor of
pervaporation for liquid mixtures through NaY and
NaX zeolite membrane. The membrane preferentially
permeated  water  from  water/alcohol  mixturcs.
However, both the separation factor and the flux of
NaY and NaX zeolitc membrane were smaller than
those of NaA zeolite membrane, probably due 1o the

- 10000

hydrophobic properties of the zeolite. On the other . °°
hand, NaY zeolite membrane showed a high alcohol Fig. 7
permselectivity  for several fecd mixtures with  Fie2ieo

L L It '
100
02 04 086 0.8 10

Mole Iraction: of Madn inImod

10y and separation factor o () as a function of methanol feed

concentration for pervaporalion of methanol- M| DE miziures throngh NaY

methanol or ethanol.  Especially high scparation  seslitc membrane at 50 °C



factors were observed for Tables

methanol/mcthyl lCl‘I—bUly] ether  various membranes far the vervapsration sesaration of MIBE/methane! mixtures
(MTBE) separation.  In Figure 6 00 MeOH  Tewp o (NeOW/MTBE) Flux Rel."
pervaporation selectivity expressed as (wt%) (c) () s/ mth)
methanol mol fraction in the permeate

: ) Cellulose acetate 0.83-6.9 23-49 14-454 0.05-1.4) ]
is shown as a function of methanol Peixtvinyt atcomon) 530 45 3-4 0.12-0.16 2
o . . BFDA Polyimide 4.1 60 1400 0.6 3
mol fraction in the feed mixture. It Poly(phenylene oxide) 120 2 248 0.18-0.65 4
can be observed that pervaporation Yafion 417 3253 %0 35 0.64 5
. Poly(stylene-co- 14.3-5.0 25 2500035000 0.02-0.001 6

through  NaY  zeolite  membrane siyienesattonic acid)(ig ion foras)
cnsures MTBE enrichment in the feed  P/asna polymer $-21ELOH) 80 0/ 0z 7
. Silicalite/Stainless stesl 5-50 30 2-4 8
phase by preferential methanol transfer.  kav zeotite/atuming 1-50 0 84010000  0.35-1.4 9

The  corresponding  vapor-liguid
equilibrium (VLE) curve is given in
the same figure, which shows the
methanol/MTBE  system  exhibits a
mintmum boiling azeotrope. It is clear
that  pervaporation through Nay
zeolite membrane can break up the
azeotrope and is more sclective than distillation (VLE). The pervaporation of methanol/MTBE has
attracted recent interest. Although methanol/MTBE mixtures were separated by pervaporation using
polymer or inorganic membrancs, membranes that have both high sclectivity and High permeation flux
werc not available. The performance of NaY zeolite membrane is good enough to put this membrane
into practical use (Table 5).

It 1s well known that the overall selectivity of a pervaporation process is determined by mobility
selectivity and sorption selectivity. In the case of methanol/MTBE mixtures, the kinetic diameters of
these two molecules are approximately 0.38 and 0.62 nm, respectively, and are simaller than intrinsic
NaY zeolite pores of 0.74 nm. Therefore, the sorption process presumably determines the
pervaporation performance. Methanol sarption into the membrane increases with increasing methanol
feed concentration and an increasing sorption causcs an increase in the pervaporation flux. When the
methanol sorption approaches saturation, the flux becomes constant as shown in Figure 7. Thus, the
high permselectivity of NaY zeolite membrane may be attributed to the selective sorption of methanol
into the membrane.
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