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Three types of silica-zirconia membranes of different zirconia content were prepared by the sol-gel
method to test their stability and H, separation performance in hydrothermal conditions. Some silica-
zirconia membranes were prepared by “steam-firing” in which firing was carried out in steamed air in
order to increase the hydrothermal stability, and then tested in hydrothermal conditions. The activation
energy of H, and He permeation increased with increasing zirconia content, suggesting that the networks
of silica-zirconia matrix were densified with increasing zirconia content. In the hydrothermal condi-
tions, the activation energy of Hand He permeation also increased, indicating clearly that silica-zirconia
membranes were also densified by water vapor at high temperature. The pores for,NCO, and CH,
permeation decreased with the increasing zirconia content and vanished in the hydrothermal conditions,
leaving some pinholes. Some silica-zirconia membranes were prepared by firing in steamed air in order
to increase the hydrothermal stability. This method appeared to be effective to increase hydrothermal
stability of the silica-zirconia membrane.

Introduction the demand for electricity will continue to increase in
the near future, causing more Cémissions. For the

In recent years, CQemissions from fossil fuels stable energy supply, we will be required to reducg CO
combustion are considered one of the major causes oémissions from thermal power stations by developing
global warming. In compliance with the conclusion of new systems for CQreduction.
the Kyoto Protocol in COP3 (The 3rd Session of the Many researches have been reported on thg CO
Conference of the Parties to the United Nations Frame-reduction from the boiler flue gas by chemical absorp-
work Convention on Climate Change in 1997), Japantion, physical adsorption or membrane separation
is obliged to reduce her overall emission of the green-(Mimura and Stumi, 1998, Mimurat al., 1998, 2000;
house gases by at least 6 per cent below the 1990 leveMatsumiyaet al., 1999). In case of CQecovery from
in the commitment period 2008 to 2012. The electric the conventional fossil fuel power generation systems,
power companies have been conducting activities tohowever, a higher power cost would be inevitable be-
form energy supply structures with less G&haust  cause of the cost increase on the extra equipment and
such as promoting nuclear power generation and in-the decline of thermal efficiency. On the other hand,
troducing high-efficiency power generation systems. as one of the most efficient strategies of the reduction
Until now, we have depended on a lot of electricity in CO, emissions from thermal power stations has been
from thermal power stations, consuming coal, petro- proposed “the LNG reforming combined cycle power
leum and natural gas. This trend would be continuedgeneration system with the deparation membrane”
for a while, since the new energy systems such as so{Morinagaet al., 1992; Takahaskét al, 1999). In this
lar power generation systems, wind power generationsystem, natural gas is reformed intg BO, etc. His
systems and fuel cell systems will take many more removed from the reforming reactor simultaneously by
years to be put in practice in a large scale. In addition,using H-separation membranes. The residual gases
including CH, and CO are burned at an after-burner
Received on September 6, 2000. Correspondence concerning/Vith pure Q to give exhaust gas of a high C&ncen-
this article should be addressed to K. Yoshida (E-mail address: tration, which can be easily recovered.reimoved from
352357@pnet.energia.co.jp). the reactor is fed to a gas turbine generation system.
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Table 1  Starting composition of silica-zirconia colloidal sols and average diameters of colloidal
particles measured by laser light scattering system

Composition TEOS ZTBO H,0 HCI@35%) C,H,OH Colloidal diameter*

[ZrO, mol%)] ) 0] o] o] o] [nm]

10 (S9-71) sol-A 4.15 0.85 1.99 0.59 207 49.1
sol-B 3.32 0.68 1.60 0.59 165 35.3
sol-C 1.66 0.34 0.80 0.59 82.7 10.2

30 (S7-23) sol-A 5.59 4.41  3.45 0.59 179 33.7
sol-B 4.19 3.31 2.59 0.59 134 19.5
sol-C 1.83 1.44 1.13 0.59 117 7.6

50 (S5-25) sol-A 5.10 9.40 4.41 0.59 229 47.9
sol-B 4.41 7.45 3.50 0.59 181 22.4
sol-C 1.41 259 1.22 0.59 94.6 8.3

*after boiling the polymer solution for about 30 hours adding water and acid to the solution

Methane steam reforming involves the following Composite membranes of silica with the inorganic
main reactions: oxide such as titania (Tip and zirconia (ZrQ) are
reported as better alternatives to silica membranes.
CH,+H,0 ~ CO +3H; AH%, =206.1 kJmot These materials may combine the processing flexibil-
ity of silica together with better stability against ther-
CO+HO - CO,+H,,  AH%  =-41.2 kmot mally and chemically aggressive environments.
Nogami and Moriya (1977) reported that the addition
High temperature and low-pressure are thermodynami-of TiO, or ZrQ, to SiQ, was effective for the improve-
cally favorable conditions for the reactions, becausement of alkali resistance. The silica-zirconia (3iO
the overall reforming reaction is endothermic and it ZrO,) composite H-separation membranes were suc-
gives the increase in mole number of the participating cessfully prepared by the sol-gel method (Tsetral.,
gases. If His selectively removed from the reaction 1996). Efforts to improve the hydrothermal stability
system, the thermodynamic equilibrium position of of the SiQ membrane by adding alumina (@l,) are
these reactions can be shifted to the product side, givalso in progress (Hat al, 1998). For an application
ing a higher conversion of GHo H, and CQeven at  to the iodine-sulfur process, the CVD derived silica
lower temperatures (Kikuchi, 1996). The key technol- membranes were examined inrH,O-HI gaseous mix-
ogy in the system mentioned above is the developmentures (Hwanget al.,, 2000). The CVD derived SiC-based
of thermally stable Hseparation membranes in LNG membranes were also examined inH{O-HBr sys-
reformed fuel gas processes. Inorganic separation memtem (Seaet al, 1998). The hydrophobic silica mem-
branes could be such membranes because of their provbranes were also prepared by incorporation of methyl
able high stability at high temperature. groups in the silica microstructure (de \@sal.,, 1999).
Inorganic membranes have attracted increasingOn the other hand, Si@nembranes were reported to
attention in the field of membrane science and tech-become quite sable against steam at high temperature
nology because of their thermal and chemical stabil-by keeping coated membranes in humid air for a few
ity. Many researchers have studied on the fabricationdays and firing them in steam (Asaeda and Kashimoto,
procedures of ceramic membranes by the chemicall998).
vapor deposition (CVD) and sol-gel methods. Amor- In this work, three types of SiZrO, membranes
phous silica (SiQ) membranes have been shown to with different ZrQ, contents were prepared by the sol-
have a high Hselective permeance and high stability gel methods. The SicZrO, membranes were fired in
in dry gases at high temperature (Gavalas and Megrisair and in steamed air to test their stability andeépa-
1989; Kitaoet al., 1990). In hydrothermal conditions, ration performance in hydrothermal conditions. The ef-
however, the Hpermeance of the CVD derived SiO fects of ZrQ contents and steam treatments on H
membrane decreased drastically probably because opermeance are discussed in details.
densification of silica matrix by water vapor at high
temperature (Tsapatsis and Gavalas, 1994; Kim and1
Gavalas, 1995). Since the gas mixtures from LNG ~
reforming processes contain high concentration of 1.1 Preparation of colloidal sols
water vapor, the membranes are essentially required SiO,-ZrO, composite colloidal sols of molar ra-
of the high stability in hydrothermal conditions. tios 9/1, 7/3 and 5/5 were prepared by hydrolysis and

Experimental
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Fig. 1 Schematic diagram of the experimental set-up

condensation reactions of tetraethoxysilane (TEOS)Table 2 Experimental conditions (feed) of hydrothermal
and zirconium-tetra-butoxide (ZTBO). TEOS was par- stability tests

tially pre-hydrolyzed in ethanol and then added ZTBO
for 30 minutes of hydrolysis and condensation reac-
tions to obtain SiGZrO, polymer sol at 4C. After

adding a large amount of water and hydrochloric acid Test| 40 130 130 300 13
. . Test Il 100 100 100 300 773
in order to control the concentration and pH, the solu- 1 |y 200 200 200 600 773
tion was boiled for 30 hours to obtain a colloidal sol.

The starting compositions of the sols prepared are
shown inTable 1. The average colloid diameters of ) )
the sols were measured by a laser light scattering sysf@nge of 200—50T by using an apparatus schemati-

tem (Zetasizer2000HS, Malvern Instruments). cally shown inFig. 1. The gas flow rate on the feed
1.2 Preparation of SiQ-ZrO , membranes side was controlled by mass flow controllers and a pres-
) 2

Three types of SiPZrO, membranes of molar sure control valve to maintain the pressure difference
2

ratios 9/1 (S9-21), 7/3 (S7-23) and 5/5 (S5-Z5) were 8Cr0Ss the membrane at 0.1 MPg, while the permeate
prepared by coating the sol on cylindricelumina side was kept at the atmospheric pressure. The per-
porous tubes (average pore diametermi, outer di- meation rate was measured by a soap film flow meter
ameter: 1 cm, length: 9 cm). First of adl;alumina (SF-1, STEC). )

particles of average diameters 1.84, 0.64 andui? In the second step, the SiarO, membranes were
were coated on the outer surface of the tubes with sollydrothermally treated at 580 in a gas mixture (f

A as a binder to make the surface sufficiently flat and N> @nd HO). The composition of the gas mixture was
to reduce the pore diameter. The hot coating methodc@ntrolled by mass flow controllers and by a micro-
(Asaedaet al., 1992) was applied. The substrate, which SYTinge pump. The experimental conditions of hydro-
was heated approximately up to 280was coated with thermal stability tests are shown'ﬁabl_e 2 _The pres-

the diluted sol solution, then it was fired at 8¢dfor ~ Suré on the permeate side was maintained at the at-
15 minutes in a temperature-controlled electric furnace. MOSPheric pressure in these tests. After specified time
These procedures were repeated several times with thé1tervals of hydrothermal treatments, the water feed
sols of larger particle diameter to smaller one. SomeWas stopped and the permeation cell was dried com-

of the SiQ-ZrO, membranes of molar ratio 9/1 were pletely before measurements of purg &hd N
also prepared by firing in steamed air (50 vol% of Pérmeances. After 10 hours of each hydrothermal sta-

Partial pressure [kPa] Total pressure Temperature
HO H N, [kPa] (K]

steam) at 57TC. bility test, the temperature dependency of the
1.3 Measurements of gas permeance permeances of the pure gases were measured in the
In the first step, permeances of pure He, M, temperature range 200-5@

CO,, CH, and SE were measured in the temperature

VOL. 34 NO. 4 2001 525



Test I Test II

o (Hy/Np) [—]

Permeance [m3(STP)m2s kPa™']

H,0: 40kPa H,0: 100kPa

0 300 600 900 1200
Time [min]

Fig. 2 Permeances of pure,ldnd N, anda (H,/N,) at 500C as a function of hydrothermal time. Partial pressure,0f. 40
kPa (0-600 min), 100 kPa (600—1200 min)
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Fig. 3 Arrhenius plots of permeances through the S9-Z1 membrane before and after hydrothermal stability tests

2. Results and Discussion membrane showed a permeability ratiaH,/N,) of
190 and H permeance of 0.% 10° m*(STP)m?
skPa?, which are larger than the targets of a mem-
brane performance suggested by Morinagaal.
S(1992). On the other hand, the &hd N, permeances

of S5-Z5 membrane did not show any change after

igoig Int:]he test | (partial p;ﬁzsur?hof Witesrgvgior; 1,200-minute exposures to high temperature steam in
2), the permeances of N roug - tests | and 1, resulting in a constant selectivity of 4.0.
and S7-Z3 membranes decreased drastically during the Figures 3-5 show the Arrhenius plots of

first 60 minutes, and slightly from 60 to 600 mmu'ges, ermeances before and after hydrothermal stability
and approached to constant values. Under a hlgheF

. : ests for the S9-7Z1, S7-Z3 and S5-Z5 membranes, re-
partial pressure of water vapor (100 kPa) in test Il, the

spectively. The permeation of He and tHrough the
H, permeances of S9-Z1 and S7-Z3 membranes dejy pectively P I J "9

fresh S9-Z1 membrane (Fig. 3(a)) showed a character-
creased gradually, while dermeance of S9-Z1 mem- (Fig. 3(a)) W

: istic of activated diffusion (permeation), in which the
brane decreased drastically, but that of S7-Z3 mem- ; ;
) ' ermeance becomes greater with the temperature in-
brane showed little change. After test Il, the S9-Z1 P g P

2.1 Hydrothermal stability of SiO,-ZrO, mem-
branes
Figure 2 shows the observed permeance change
of pure H and N during the hydrothermal tests at
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6 Permeances for S9-Z1, S7-Z3 and S5-Z5 membranes &€ 3@dore and after hydrothermal stability test as a func-

tion of kinetic diameters:<§) fresh, (J) after test I, {\) after test Il andX) Knundsen diffusion (based on SF
permeate)

crease. This tendency was strengthened after hydrodecreased drastically, and showed nearly the same
thermal stability tests and the permeances pahkt value after test Il. On the other hand, $lermeance

He decrease as shown in Figs. 3(b) and (c). The perdid not change before and after the hydrothermal sta-
meation of N and CH through the fresh S9-Z1 mem- bility tests. In case of the S7-Z3 membrane (Fig. 4),
brane showed characteristics of activated diffusion, the permeances of He and $howed a tendency simi-
while CQO, permeation seems to be due to surface dif- lar to those of S9-Z1 membrane after the hydrother-
fusion. After test |, the permeances qof BH, and CQ mal stability tests. Although the permeation of N
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Table 3  Activation energy of Hand He permeation through the silica-zirconia
membranes [kJ/mol]

Partial pressure of water ,H He
[kPa] S9-z1 S7-Z3 S5-75 S9-7z1 S7-Z3 S5-Z5
0 (fresh membrane) 3.4 8.1 44 4.7 7.6 22
40 (test 1) 9.2 17.0 — 8.0 12 30
100 (test II) 13 30 — 10 15 32

through the fresh S7-Z3 membrane (Fig. 4(a)) showedTable 4 BET surface areas of the S{arO, powder after
the characteristic of activated diffusion, the permea- firing 30 minutes in air or in steamed air at 5¢0
tion behavior changed into the Knudsen-like diffusion [m?/g]
after. test | (Fig. 4(b)), and it did not change after te.st Firing conditions _ Pure Si0_S9-21 _ S7-23 _ S5.25
Il (Fig. 4(c)). The CQ permeance decreased drasti- i 206.7 5197 774 75 0
cally after test I, and it did not change further after te.stIn steam 2779 4824 633 70.4
Il. These results seem to show that the pores which
allowed the permeation of He and became smaller
during hydrothermal stability tests, while the pores for ] ) o
N,, CH, and CQ permeation changed into larger pores the pinholesTable 3 summarizes the.actllvatlon en-
in which the Knudsen diffusion prevailed. The S5-z5 €rgy of H and He permeation. The activation energies
membrane (Fig. 5) showed a poor selective permea—Of H, and He permegtlon increased with increasing
tion for H, and He. The He permeation showed acti- ZfO, content, suggesting that the network of SKBO,
vated diffusion, but the Hpermeation showed the Matrix was densified with increasing Zy@ontent.
Knudsen-like diffusion after test | (Fig. 5(b)). For larger They also increased, in the hydrothermal conditions,
molecules such as,NCH,, CO, and S, the permea- |nd|c§1t.|ng clearly that SlQZrOZ_membranes were also
tion mechanism is the Knudsen-like diffusion. This densified by water vapor at high temperature.
tendency was unchanged through the hydrothermal sta- [N order to elucidate the effects of Zr@ontent
bility tests as shown in Figs. 5(a)-(c). The results in @nd water vapor at high temperature on the pores for
Figs. 3-5 indicate that the,Hermeance decreases with N, pPermeation, specific surface areas of pure, S30-
increasing ZrQcontent, giving a poor ideal selectiv- £1, S7-Z3 and S5-Z5 powders were measured by BET
ity of a (H,/N,). method (Mlcromentlc_s, ASAPZOQO). These powders
Figures 6show the gas permeances as a functionWere prepared by drying Sj@nd SiQ-Zro, sol solu-
of kinetic diameters before and after hydrothermal sta-tions at 150C, and then fired in air or in steamed air
bility tests at 308C. The dotted curves in these fig- (H,O: 50 kPa) at 57 for 30 minutesTable 4shows
ures are obtained by assuming the Knudsen diffusionth® BET surface areas of Siénd SiQ-ZrO, powders.
based on the Sfpermeance. Comparing the observed Th(_a specific surface area of §|dlacr_eased dra_sncally,
results with these dotted curves, the permeation,of N While that of S9-Z1 decreased slightly. This clearly
CH, and CQ through the S9-Z1 (Fig. 6(a)) and the shoyvs that introduction of Zr?C_Dnto SiQ, matrix Ig_ads
S7-Z3 (Fig. 6(c)) membranes shows the Knudsen-liketo higher hydrothermal stability. But the specific sur-
diffusion after hydrothermal stability tests. In case of face area of S9-Z1 powder seems to decrease further
the S5-Z5 membrane (Fig. 6(c)), the permeation of N by firing in higher water vapor pressure, as shown in
CH,, CO, and H, did not change even after hydrother- Fig. 6(a). On the other hand, specific surface areas of
mal stability tests, and shows the Knudsen-like diffu- S7-Z3 and S5-Z5 powders were small, suggesting that
sion. The results in Figs. 6(a) and (b) show that thethe pores for Npermeation decrease_ with increasing
pores through which N CO, and CH can permeate, ZrO, content, as can b(_a_seen from Figs. 6(b) and (c).
have vanished during hydrothermal stability tests, leav-2-2 Hydrothermal stability of membranes prepared

ing some pinholes which seem quite stable in hydro- by steam-firing
thermal conditions. Figure 7 compares the pure,ldnd H permeances

He and H can be considered to permeate through of a steam-fired mt_ambrane and an gir—fired membr_ane
small pores in dense Sj@rO, networks by activated afc 500C as a function of treatment time. At the begin-
diffusion. The activation energy probably depends on NiNg, H, permeances through both membranes showed
the ZrQ, content and the tightness of the dense phase@lmost the same value. In test |, thg &hd N,
as shown in Figs. 3-5. The activation energy can beP€rmeances of an air-fired membrane decreased dras-
obtained from the temperature dependency oftically during the first 60 minutes, and slightly from
permeance after subtracting the contribution of the 60 to 600 minutes, as described previously. Thartd
Knudsen diffusion, based on, germeance, through N, Permeances of a steam-fired membrane did show
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Table 5 Activation energy of H permeation through a membrane fired in
steamed air and in air

Partial pressure of water vapor Activation energy ppermeation [kJ/mol]
[kPa] A membrane A membrane
firedin steam firedin air
0 (fresh membrane) 6.6 3.2
40 (test 1) 7.4 9.1
100 (test ) 12.9 12.4
200 (testll) 15.2 15.5
Test I Test I Test I
10 E 450
—_ 400
g 10° 8 350 ’5?“
= - 300 5
& 100 9
® - 250 &
E o
o 107 200 f?
2 2 150 8
§ 150 g
Du‘:, 1078 | 100 cg_)
50
H,0: 40kPa H,0: 100kPa H20: 200kPa
107 ’ ' ’ 0
0 300 600 900 1200 1500 1800
Time[min]

Fig. 7 Permeances of pure,Mnd H and permeability ratiar (H,/N,) at 500C as a function of hydrothermal treatment
time (@, A, B: a membrane fired in strea®, A, O0: a membrane fired in air)

gradual decrease from the beginning of the test I. ThisConclusion
is probably due to the water vapor pressure lower than

that in the membrane preparation. In tests Il and lIl,
where water vapor pressure was higher than that in th
membrane preparation, the, ldnd N, permeances
through the steam-fired membrane showed the sam
tendency as those through the air-fired membrane. Af-
ter the hydrothermal stability tests, however, the H
permeance of a steam-fired membrane showed a high
value than an air-fired membrane, while the N
permeance showed almost the same valadle 5

Three types of silica-zirconia membranes with
edi1‘ferent zirconia contents were prepared by the sol-
gel methods. Their hydrothermal stability angsidpa-
éation performance were tested. Some silica-zirconia
membranes were also prepared by firing them in
steamed air to test their stability and separation
eperformance in hydrothermal conditions.

The activation energy of Hand He permeation
increased with the increase in zirconia content, sug-
compares the activation energy of, Bermeation gesting thr:_lt_ the qetwork_ of the siI_ica—_zirco_nia matrix

were densified with the increase in zirconia content.

through a steam-fired and an air-fired membrane be- .
fore and after the hydrothermal stability tests. The ac--”_]e pores for '3‘. COZ_and .CH permeation decreased
with the increasing zirconia content. In the hydrother-

tivation energy for the steam-fired membrane increased o L
mal conditions, the activation energy of Bnd He

slightly after test | and increased drastically after test . . S -
permeation also increased, indicating clearly that silica-

[l, while that of an air-fired membrane showed a step-". : T

wise increase after each hydrothermal stability test, 2lfeonia membranes were also densified by water vapor

Though a steam-firing membrane would be also at high temperature. In the hydrothermal conditions,
the pores for Iy CO, and CH permeation vanish, leav-

densified in higher water vapor pressure at high tem-. ) L
perature, the steam-firing methods seem to be effec!N9 SOME pinholes. The steam-firing method appears

tive to increase the hydrothermal stability of the mem- t(_)_be e_ffectl_ve to increase hydrothermal stability of
branes. silica-zirconia membranes.
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