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Abstract—FAU-type zeolite membranes with different Si/Al ratios were hydrothermally synthesized on the outer
surface of a porous-Al,O, support tube. The permeances of the membranes toGEDand N were then meas-
ured at 308 K for single-component and equimolar binary systems. The separation properties were dependent on both
the Si/Al ratio and the ion-exchange treatment. For single-component systems, a lower Si/Al ratio resulted in the in-
corporation of a larger number of Nans. For a CQCH, mixture, both C@permeances and GGOH, selectivities
were approximately half the values obtained for a binaryXCOnixture. The highest selectivities, obtained using
the NaX(1) zeolite membrane, were 28 for, @01, and 78 for C@N,. The RbY, RbX(1) and RbX(2) zeolite mem-
branes showed larger C@ermeances, compared with those of the original Na-type membranes. lon-exchange with
K* ions was the most effective for the NaY zeolite membrane in that both thpe@®eance and the GOH,
selectivity were increased.
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INTRODUCTION a decrease in the Si/Al ratio. Kusakabe et al. [1998, 1999] further
investigated the permeation properties of Y-type zeolite membranes,

Zeolite membranes have considerable potential for use in the sevhich had been ion-exchanged with alkali and alkali-earth cations.
paration of small-sized molecules, and a number of studies havéhe Y-type zeolite membranes, ion-exchanged withRK', Cs
been reported for MFI [Acoki et al., 2000a; Dong et al., 2000; Gumpand Md" ions, showed high G\, selectivities, compared to NaY-
et al., 2000; Lai et al., 2000; Matsufuji et al., 2000a; Millot et al., type zeolite membranes.

2000; Nelson et al., 2001; Noack et al., 2000; Pan and Lin, 2001; Vapor permeation [Kita et al., 2000; Jeong et al., 2001] and per-
Tuan et al., 2000; Van de Graaf et al., 2000; Xomeritakis et al., 2000japoration [Kita et al., 2000; Li et al., 2001] of organic compounds
LTA [Aoki et al., 2000b; Okamoto et al., 2001; Xu et al., 2000], have also been studied using FAU-type zeolite membranes. Nikolakis
FAU [Hasegawa et al., 2001; Kita et al., 2000; Li et al., 2001; Ni- et al. [2001] separated a benzene-cyclohexane mixture using an NaX-
kolakis et al., 2001], MOR [Bernal et al., 2000; Lin et al., 2000], type zeolite membrane and obtained the maximum benzene/cyclo-
FER [Matsufuiji et al., 2000b], SAPO-34 [Poshusta et al., 2000, 2001hexane selectivity of 160 at 373 K with a benzene permeation flux
and MCM-48 [Nishiyama et al., 2001] membranes. The FAU-typeof 0.27 mmol-rt-s*. Similar results were reported by Kita et al.
zeolite has relatively large pores, which are composed of 12-memf2000] and Jeong et al. [2001]. Nikolakis et al. [2001] attributed
bered oxygen rings of approximately 0.74 nm in diameter. Thusthe high permeation selectivity to the adsorption selectivity of the
FAU-type zeolite membranes do not show strict molecular-sievingpermeates on the feed-side surface of the membrane. However, Jeong
properties, as do the MFI-types, and separation by FAU-type zeoet al. [2001] showed that the adsorption selectivity on the feed-side
lite membranes is usually achieved by differences in the adsorptivsurface of the membrane was not a major factor. Thus, the interac-
ities of permeates. The larger pores of FAU-type zeolite membranetions of pore walls and permeating molecules are important for the
are, however, beneficial for higher permeation rates, compared tpermeation selectivities of FAU-type zeolite membranes, but the
the MFI- and LTA-type zeolite membranes. mechanism is not fully understood.

The FAU-type zeolite includes X- and Y-types, Si/Al ratios of  In the present study, we report on the preparation of FAU-type
which are 1-1.5 and 1.5-3.0, respectively. Thus, the number of cazeolite membranes with different Si/Al ratios on the outer surface
tions, which can be coordinated in the X-type structure, is largerof a-Al,O, support tubes by means of a hydrothermal synthesis.
than that in the Y-type structure. Kusakabe et al. [1997, 1998] preThe membranes were ion-exchanged with &ial K ions, and
pared NaY and NaX zeolite membranes on pomeis$,O, sup- their permeation properties were investigated by using equimolar
port tubes and investigated their properties in terms of the separanixtures of CQCH, and CQ-N, at 308 K. The role of the inter-
tion of CQ from N.. The CQN, selectivity reached a maximum  actions between the pore walls and permeating molecules was then
of approximately 100 for the NaY-type zeolite membrane at a perdiscussed.
meation temperature of 308 K. Permeance tg @0reased with

EXPERIMENTAL

To whom correspondence should be addressed.
E-mail: kusaktcf@mbox.nc.kyushu-u.ac.jp FAU-type zeolite membranes were prepared on the outer sur-
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face of porousi-Al, O, support tubes (NOK Corp., Japan) by the — T
same procedures as were reported previously [Hasegawa et al., 20(
Kusakabe et al., 1999]. The properties of the support tube were
length=200 mm,; outside diameter=2.1 mm; inside diameter=1.7
mm; void fraction=0.39; and pore size=120-150 nm. A solution
used for synthesis was prepared by mixing water glass, MaAlO
and NaOH. The composition of the starting solution wa®-Al
Si0, : NaO : H,0=1:x:17:975, where the Si@tio, X, was 12.8
for NaY-type zeolite [Hasegawa et al., 2001], 6.4 and 4.8 for NaxX-
type zeolites. Hereafter, the samples, which were prepared using the
solutions, are referred to as NaY-, NaX(1)- and NaX(2)-type zeo-
lites, respectively. The solution was stirred for 4 h at room tempera
ture prior to the synthesis. The outer surface of the support tube we
rubbed with NaX zeolite particles (Tosoh Corp., #F-9; Si/AI=1.25,
crystal size=3-pim). The seeded alumina tube was then placed
into a tubular autoclave, which was filled with the synthesis solu-
tion. This autoclave was then horizontally positioned into an oven,
and kept at 363 K for 24 h. The prepared zeolite membranes wer
ion-exchanged with a 0.10 mottisolution of either KCI or RbCl,
rinsed with deionized water, and then air-dried. NaY, NaX(1) and
NaX(2) zeolite particles were also prepared under the same conc
tions as were used for the synthesis of the membranes. The Si/t
ratio and the degree of ion-exchange were determined by energ'
dispersive X-ray analysis (EDX, Kevex Delta Class).
Permeation tests [Kusakabe et al., 1997] were carried out usingig. 1. Permeances through NaY-, NaX(1)- and NaX(2)-type zeo-
single-component COCH, and N, as well as equimolar mixtures lite membranes for (@) CQ-CH, and (b) CO-N, systems.
of CO-CH, and C@N,. Helium was used as a sweep gas. The total S: Single-component; B: equimolar binary mixture
pressure of both sides of the membrane was maintained at 101.3
kPa, and the permeation temperature was fixed at 308 K througt
out the experiments. Permeance was calculated from the followin
equation.
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The selectivity was defined by the ratio of permeances. The iso
therms of single-component G@H, and N were determined us-
ing an adsorption unit (Bell Japan, FMS-BG). The micropore size
distributions were decided by an adsorption method (Micromet-
rics, ASAP2001).

N WA OO

Amount adsorbed [mol/kg] Amount adsorbed of CO, [mol/kg]
o

RESULTS AND DISCUSSION 1.2 B
B CHy
: 1.0 NaY.

The formation of the FAU-type structure was confirmed based or —
XRD by Kusakabe et al. [1997]. The Si/Al ratios, as determined by 0.8r NaX(2
EDX, were 1.54 for NaY, 1.26 for NaX(1) and 1.16 for NaX(2) zeo- 06+ NaX(1
lite samples. Each membrane consisted of two zeolite layers [Kusal —
abe et al., 1997]: an inner layer formed in the voids of the suppor 041
(ca. 5um in thickness) and an outer layer formed on the surface (ce 0.2 B
3 um in thickness). For all membranes, the top surface was smoott s NaY, N,

Figs. 1(a) and (b) show the permeation data foy-Ci) and 0 Y S

o

20 40 60 80 100

CO-N, for the FAU-type zeolite membranes, respectively. For all
O-N, typ P Y. Pressure [kPa]

cases, COpermeated faster than &hd CH. This can be explained
by the fact that COs adsorbed more strongly than Gind N as Fig. 2. Adsorption isotherms for single-component C¢ CH, and
shown in Fig. 2, and by the smaller kinetic diameter,{0G3 nm, N, on NaY, NaX(1) and NaX(2) zeolite particles.

N,: 0.36 nm, Cht 0.38 nm) [Breck, 1974]. The permeances were

the highest for the NaY-type zeolite membrane and decreased witand CH were not significantly influenced by the Si/Al ratio. The
a decrease in the Si/Al ratio. However, the adsorptiviies of CO number of Naions which were originally incorporated in the zeolite
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Fig. 3. Size distributions of micropores for K and Rb and ion-ex-
changed zeolites. Numbers refer to the degree of ion-ex-

change.

structure was dependent on the Si/Al
NaX(2)>NaX(1)>NayY. These results

ratio, and was of the order ¢
suggest that the permeatior

rates are related to the size of zedlitic pores, although the pores a
larger than the permeating molecules as shown in Fig. 3.

The CQ permeance of the NaY-type zeolite membrane for the
binary CQ-N, system was larger, and thepérmeance was much
smaller than those for single-component systems. However, the re

Table 1. CO, selectivities of FAU-type
different Si/Al ratios

zeolite membranes with

Si/Al molar Selectivity
Membrane . System
ratio COJ/CH, CGJ/N,
NaY 1.54 Single 28 6
Binary 12 30
NaX(1) 1.26 Single 51 9
Binary 18 60
NaX(2) 1.16 Single 18 5
Binary 13 53
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verse tendencies were observed for the-Cli) system; namely,
the CQ permeance for the binary system was smaller than that for
the single component system. As a result, thg@Eq) selectivity
for the binary system was significantly low, compared to the ideal
CGQOJ/CH, selectivity (ie., selectivity calculated from permeances
for single-component systems), as indicated in Table 1. Kusakabe
et al. [1997, 1998, 1999] reported that these results could be attrib-
uted to the preferential adsorption of G@m the binary mixture
of CO, and N. Similar permeation behaviors were obtained in the
present study for the NaX(1)- and NaX(2)-type zeolite membranes.
Furthermore, they explained the permeation properties using a sorp-
tion-diffusion model, and diffusion coefficients of Cand N were
calculated. The diffusion coefficient of C@as one order of mag-
nitude smaller than that of,Nbecause CQwas the strongly ad-
sorbed component on zeolites. The reverse tendency of thhe CO
CH, selectivity was caused by diffusion coefficients.

Figs. 4(a) and (lghow the relationship between (g@rmeances
and CQ selectivities for the binary systems of &CH, and CG-
N,, respectively. The permeances and selectivities gff@Qhe
CO-CH, system were half the values found for the-GBIQsys-
tem. When the NaX(1)-type zeolite membrane was used, the maxi-
mum selectivity was determined to be 28 for the-CH, system
and 78 for the CEN, system. The high GETH, selectivities of
these FAU-type zeolite membranes (pore size=0.74 nm) were largely
the result of the preferential adsorption of,J»shusta et al. [2000,
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Fig. 4. Relationship between permeance and selectivity of Gfor
NaY-, NaX(1)- and NaX(2)-type zeolite membranes for (a)
CO,-CH, and (b) CO-N,systems.
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2001] synthesized an SAPO-34 zeolite membrane (pore size=0. CO, permeance x 107 [motm*™s™"Pa’]

nm), which was able to separate 30m CH, The highest se-  Fig. 6. Relationship between permeance and selectivity of Gor
lectivity was 36 for an equimolar mixture of @CH, at 300 K. The NaY-, KY- and RbY-type zeolite membranes for (a) CQ
single-component COpermeance was 2.0x1énhol-m?s'-Pa CH, and (b) CO-N, systems.

under the same conditions. Amorphous silica, which has smaller

pores than the Y-type zeolite, is often used as the material for mem-

branes. Silica membranes [De Vos and Verweij, 1998; Tsai et alimercial processes [Watanabe, 1999].

2000] can recognize small gaseous molecules on the basis of their

size, and Hland CQ permeate at higher rates than,@Rd N. Tsai CONCLUSIONS
et al. [2000] prepared dual-Hlayer microporous silica membranes using
a sol-gel method. The GICH, selectivity was 200 for an equimo- FAU-type zeolite membranes with different Si/Al ratios were

lar binary mixture at 299 K. However, the Qt@rmeance was re- prepared by means of a hydrothermal synthesis. Permeances for

latively low (107 mol-m?-s*-Pa'), compared to that of Y-type zeo-  single-component systems at a temperature of 308 K were in the

lite membranes. order of C@>N,>CH,, and decreased with decreasing Si/Al ratio.
Figs. 5(a) and (b) show the effect of Rims on permeation pro- Permeances and selectivities of ,@® the CQ-CH, system were

perties for equimolar CECH, and CQ-N, systems, respectively. approximately half the values obtained for the-8iOsystem. The

For the Y-type zeolite membrane, the permeances t{caGtHN NaX(1)-type zeolite membrane showed the maximurp se@c-

greatly decreased by the ion-exchange treatment, and as a restiijties, which were 28 for the G&H, system and 78 for the GO

both CQ/CH, and CQN, selectivities increased. For the X(1)- and N, system, respectively. In an attempt to increase thes€l€xtiv-

X(2)-type zeolite membranes, however, the permeance to all pelity, the incorporated Naons were exchanged with Rivhe effect

meants increased. Thus, STH, and CGN, selectivities were not  of the ion-exchange was the highest for the NaY-type zeolite mem-

improved. Based on these results, the NaY-type zeolite membraniarane. The CQOseparation ability of the NaY-type zeolite mem-

was ion-exchanged with*Kin an attempt to further increase the brane was further improved by ion-exchange with e CQY

CO, selectivities. As shown in Figs. 6(a) and (b), both thee® CH, selectivity of the KY-type zeolite membrane was in the range

meance and the G@Gelectivity were improved. This suggests that of 25-40, and the C(permeance was in the range of (7.5-9.0)x

the incorporation of Kions caused a slight decrease in the zeolitic 107 mol-ni?.s*-Pa'.

pores, and increased the adsorption of. dBe CQ permeance

and CQ/CH, selectivity of the KY- type zeolite membrane was in ACKNOWLEDGEMENTS
the range of (7.5-9.0)xT0nol-m?.s*-Pa" and 25-40, respectively.
These values can be assumed to be suitable fae@Oval in com- This work was supported by the Japan Society for the Promo-

March, 2002



Separation of COCH, and CQ-N, Systems Using lon-exchanged FAU-type Zeolite Membranes with Different Si/Al Ratios 313

tion of the Science (JSPS) and the New Energy and Industrial Tech- isopropyl Alcohol MixturesChem. Commun957 (2000).
nology Development Organization (NEDO) of Japan. We sincerelyMatsufuii, T., Watanabe, K., Nishiyama, N., Egashira, Y., Matsukata,
acknowledge the support of NOK Corporation, Japan and Tosoh M. and Ueyama, K., “Permeation of Hexane Isomers through an MFI
Corporation, Japan. Membrane;ind. Eng. Chem. Re8§9, 2434 (2000a).
Matsufuji, T., Nakagawa, S., Nishiyama, N., Matsukata, M. and Ueyama,
REFERENCES K., “Synthesis and Permeation Studies of Ferrierite/Alumina Com-
posite Membraned¥licropor. Mesopor. Mater38, 43 (2000b).

Aoki, K., Tuan, V. A., Falconer, J. L. and Noble, R. D., “Gas Permea- Millot, B., Méthivier, A., Jobic, H., Moueddeb, H. and Dalmon, J.-A.,

tion Properties of lon-exchanged ZSM-5 Zeolite Membrai@sp- “Permeation of Linear and Branched Alkanes in ZSM-5 Support
por. Mesopor. Mater39, 485 (2000a). MembranesMicropor. Mesopor. Mater38, 85 (2000).

Aoki, K., Kusakabe, K. and Morooka, S., “Separation of Gases with anNelson, P. H., Tsapatsis, M. and Auerbach, S. M., “Modeling Permea-
A-Type Zeolite Membrandhd. Eng. Chem. Re89, 2245 (2000b). tion through Anisotropic Zeolite Membranes with Nanoscopic De-

Bernal, M. P, Piera, E., Coronas, J., Menéndez, M. and Santamaria, J., fects;J. Membr. Scj 184, 245 (2001).
“Mordenite and ZSM-5 Hydrophilic Tubular Membranes for the Se- Nikolakis, V., Xomeritakis, G., Abibi, A., Dickson, M., Tsapatsis, M.

paration of Gas Phase Mixturé€3atalysis Todgyp6, 221 (2000). and Vlachos, D. G., “Growth of a Faujasite Zeolite Membrane and
Breck, D. W., “Zeolite Molecular Sieves, Wiley, New York (1974). its Application in the Separation of Saturated/Unsaturated Hydro-
De \os, R. M. and Verweij, H., “Improved Performance of Silica Mem- carbon MixturesJ. Membr. Scj184, 209 (2001).

branes for Gas Separatioh;Memb. Sci143 37 (1998). Nishiyama, N., Park, D. H., Koide, A., Egashira, Y. and Ueyama, K.,

Dong, J., Lin, Y. S., Hu, M. Z.-C., Peascoe, R. A. and Payzant, E.A., “A Mesoporous Silica (MCM-48) Membrane: Preparation and Char-
“Template-removal-associated Microstructural Development of Po-  acterizationJ. Membr. Scj182 235 (2001).
rous-ceramic-supported MFI Zeolite Membrandgropor. Meso- Noack, M., Kéisch, P., Caro, J., Schneider, M., Toussaint, P. and Sieber,
por. Mater, 34, 241 (2000). ., “MFI Membranes of Different Si/Al Ratios for Pervaporation and

Gump, C.J., Lin, X., Falconer, J. L. and Noble, R. D., “Experimental ~ Steam Permeatiomlicropor. Mesopor. Mater35-36 253 (2000).
Configuration and Adsorption Effects on the Permeation, t§a= Okamoto, K.-l., Kita, H., Horii, K., Tanaka, K. and Kondo, M., “Zeo-
mers through ZSM-5 Zeolite MembrandsMembr. Scil173 35 lite NaA Membrane: Preparation, Single-Gas Permeation, and Per-
(2000). vaporation and Vapor Permeation of Water/Organic Liquid Mix-

Hasegawa, Y., Watanabe, K., Kusakabe, K. and Morooka, S., “The Se- tures;Ind. Eng. Chem. Rggl0, 163 (2001).
paration of CQUsing Y-type Zeolite Membranes lon-exchanged Pan, M. and Lin, Y. S., “Template-free Secondary Growth Synthesis of
with Alkali Metal Cations;Sep. Purif. TechngP2-23 319 (2001). MFI type Zeolite Membranedylicropor. Mesopor. Mater43, 319

Jeong, B.-H., Hasegawa, Y., Kusakabe, K. and Morooka, S., “Separa- (2001).
tion of Benzene and Cyclohexane Mixtures Using an FAU-type Poshusta, J. C., Tuan, V. A., Pape, E. A., Noble, R. D. and Falconer, J. L.,
Zeolite Membrane; Submitted &ep. Sci. Technp(2001). “Separation of Light Gas Mixtures Using SAPO-34 Membranes;

Kita, H., Asamura, H., Tanaka, K. and Okamoto, K., “Preparation and AIChE J, 46, 779 (2000).

Pervaporation Properties of X- and Y-Type Zeolite Membranes; Poshusta, J. C., Noble, R. D. and Falconer, J. L., “Characterization of
ACS Symposium Series 744, Membrane Formation and Modifica- SAPO-34 Membranes by Water AdsorptidnMembr. Scj 186
tion, American Chemical Society, Washington D.C., 330 (2000). 25 (2001).

Kusakabe, K., Kuroda, T., Murata, A. and Morooka, S., “Formation of Tsai, C.-Y., Tam, S.-T., Lu, Y. and Brinker, C. J., “Dual-layer Asym-

a Y-type Zeolite Membrane on a Porouglumina Tube for Gas metric Microporous Silica Membrane3, Memb. Sci169 255
Separation]nd. Eng. Chem. Re86, 649 (1997). (2000).

Kusakabe, K., Kuroda, T. and Morooka, S., “Separation of Carbon Diox-Tuan, V. A., Falconer, J. L. and Noble, R. D., “Isomorphous Substitu-
ide from Nitrogen Using lon-exchanged Faujasite-type Zeolite Mem-  tion of Al, Fe, B, and Ge into MFI-zeolite Membrani&itropor.
branes Formed on Porous Support TubBesflemb. Sci148 13 Mesopor. Mater41, 269 (2000).

(1998). Van de Graaf, J. M., Kapteijn, F. and Moulijn, J. A., “Diffusivities of

Kusakabe, K., Kuroda, T., Uchino, K., Hasegawa, Y. and Morooka, S., Light Alkanes in a Silicalite-1 Membrane Lay#ffcropor. Meso-

“Gas Permeation Properties of lon-Exchanged Faujasite-Type Zeo- por. Mater, 35-36 267 (2000).

lite MembranesAIChE J, 45, 1220 (1999). Watanabe, H., “CCRemoval from Synthetic Natural Gas for City Gas
Lai, R. and Gavalas, G. R., "ZSM-5 Membrane Synthesis with Organic- Use;J. Memb. Scil154 121 (1999).
free MixturesMicropor. Mesopor. Mater38, 239 (2000). Xomeritakis, G., Nair, S. and Tsapatsis, M., “Transport Properties of

Li, S., Tuan, V. A., Falconer, J. L. and Noble, R. D., “Separation of 1,3-  Alumina-supported MFI Membranes Made by Secondary (seeded)
Propanediol from Aqueous Solutions Using Pervaporation through  Growth; Micropor. Mesopor. Mater38, 61 (2000).
an X-type Zeolite Membrangiid. Eng. Chem. Re40, 1952 (2001). Xu, X., Yang, W,, Liu, J., Chen, X, Lin, L., Stroh, N. and Brunner, H.,
Lin, X., Kikuchi, E. and Matsukata, M., “Preparation of Mordenite Mem- “Synthesis and Gas Permeation Properties of an NaA Zeolite Mem-
branes om-alumina Tubular Supports for Pervaporation of Water-  brane;Chem. Commun603 (2000).

Korean J. Chem. Eng.(Vol. 19, No. 2)



	Separation of CO2-CH4 and CO2-N2 Systems Using Ion-exchanged FAU-type Zeolite Membranes with Diff...
	Yasuhisa Hasegawa, Takeshi Tanaka, Kaori Watanabe, Byeong-Heon Jeong, Katsuki Kusakabe† and Shige...
	Department of Applied Chemistry, Kyushu University, Fukuoka 812-8581, Japan (Received 23 July 200...
	Abstract�-�FAU-type zeolite membranes with different Si/Al ratios were hydrothermally synthesized...
	Key words:�FAU-type Zeolite, Membrane, Ion Exchange, Gas Separation, Selectivity
	INTRODUCTION
	EXPERIMENTAL
	RESULTS AND DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES






