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Introduction

Silica membranes, which are often prepared by chemical
vapor deposition (CVD)' or sol-gel® methods, have hydrogen-
permselective characteristics and have been studied by many
researchers. In addition, many applications of hydrogen-
selective membranes have been proposed.%5 Generally,
hydrogen permeance and its selectivity through silica mem-
branes are inferior to those of palladium membranes and palla-
dium alloys. However, palladium is an expensive, rare metal,
and so it is desirable to prepare a hydrogen-selective mem-
brane that has a comparable performance using a cheaper ma-
terial, such as silica. In fact, there exist some reports on silica
membranes that match palladium membranes in performance.

From the viewpoint of practical use, a severe problem
remains unsolved. Silica membranes are not thermally or
hydrothermally stable. Exposure to moisture, in particular,
quickly leads to deterioration of the membrane performance.
It is often pointed out that this probably results from *“den-
sification” of the silica.>” Under thermal or hydrothermal
conditions, the structure of the silica membrane changes by
rearrangement of siloxane bonds or dehydration of silanol
groups into siloxane groups. To overcome this lack of stabil-
ity, several kinds of metal-doped silica membranes have been
proposed and investigated. Kanezashi et al.*® have reported
numerous excellent silica membranes. One of them was a
nickel-doped silica membrane, prepared by the sol—gel
method, which exhibited high hydrogen permeance, of the
order of 107" mol m > s~ ' Pa', and high hydrogen/nitrogen
selectivity of 400, even after exposure to steam at 873 K.'°
Oyama and coworkers'""'? also reported many fruitful articles
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on silica membranes. Recently, this group reported a silica-
alumina composite membrane prepared by dual-element CVD
and elucidated that the membrane showed high hydrogen per-
meance, of the order of 1077 mol m 2 s~ ' Pa~', even after
exposure to 16 mol % water vapor for 520 h at 873 K’. Our
group has also been developing silica membranes with excel-
lent performance and stability. A membrane prepared by coun-
ter-diffusion CVD using tetramethoxysilane (TMOS) and
oxygen maintained hydrogen permeance of the order of 10~®
mol m? s~' Pa~' to 107’ and high hydrogen/nitrogen
selectivity of around 1000 under 76 kPa of steam at 773 K for
21 h.® In addition, we recently developed a silica membrane,
prepared by one-sided diffusion CVD using dimethoxydiphe-
nylsilane and oxygen, that showed higher hydrogen perme-
ance, nearly 107® mol m~2 s~! Pa~!, under humid conditions
containing 3.4 kPa of steam at 573 K.'* However, almost all
of these studies were conducted below 873 K, and silica mem-
brane performance under higher temperature conditions above
873 K has hardly been reported.

In this study, we prepared silica membranes by counter-
diffusion CVD at 873 K using TMOS and oxygen, and we
investigated their performance, especially under higher tem-
perature and humidity conditions from 873 K to 1073 K.
This research broadens the possible applications of silica
membranes, for example, as hydrogen-selective membranes
in a membrane reactor used to decompose hydrogen sulfide.

Experimental

Silica membranes, which consisted of w«-alumina with
100 nm diameter pores as a substrate, a y-alumina layer to
reduce the pore size to 4 nm, and a silica layer for gas sepa-
ration with around 0.3 nm of pores, were prepared by CVD
at 873 K using TMOS and oxygen, according to the previous
reports.'>™'> Silica membrane was synthesized at the center
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Figure 1. (a) Temperature profiles during membrane performance tests from 873 K to 1073 K, and Arrhenius plots
of (b) hydrogen and (c) nitrogen permeance through the TMOS-derived membrane during the tempera-

ture profiles.

of the substrate (50 mm), and the other parts were glazed
with a sealant. The permeation test using hydrogen and
nitrogen was conducted to investigate the performance of the
prepared membrane. The performance from 873 K to
1073 K was investigated using the temperature profiles as
shown in Figure la. A high-temperature stability test at
1073 K and steam stability tests at 973 K and 1073 K were
also performed using the same apparatus. In the steam stabil-
ity test, nitrogen was bubbled at 200 mL/min through pure
water kept at 318 K and fed to the membrane.

Results and Discussion
Membrane performance above 873 K

After preparation, the fresh membrane showed hydrogen
permeance of 2.7 x 1077 mol m2s 'Pa'at873 K and 1.1

x 107" mol m 2 s~ ' Pa”! nitrogen permeance. The separa-
tion factor of hydrogen or nitrogen was over 2 x 10°. These
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values are reasonable, compared with our previous study.'*'*

Figure 1b, ¢ show Arrhenius plots of hydrogen and nitrogen
permeance, respectively, through the membrane. These perme-
ances were measured 1 h after the temperature was raised and
stabilized. During the hydrogen permeance experiments
shown in Figure 1b, in the first temperature profile, hydrogen
permeance increased according to the Arrhenius law as tem-
perature increased to around 923 K, and it slowly decreased
above this temperature. During the second and third tempera-
ture profiles, all permeance data fell on the same line in the
Arrhenius plot. During the fourth temperature profile, hydro-
gen permeance decreased slowly with increasing temperature.
Finally, during the fifth, sixth, and seventh temperature pro-
files, each data fell on a line nearly overlapping the other two.
Conversely, the nitrogen permeance shown in Figure 1c was
observed not to depend on the temperature during each tem-
perature profile. In addition, the separation factor of hydrogen
or nitrogen was above 2000 during every temperature profile.
It should be noted that after the membrane was exposed to a
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Figure 2. Time course of the permeance of hydrogen
and nitrogen through the membrane at 1073 K.

temperature higher than the membrane synthesis temperature,
hydrogen permeance did not change after cooling and raising
the temperature again. Meanwhile, in our previous study,'? we
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reported the possibility that the silica membrane was damaged
by exposure to temperatures higher than the CVD temperature.
However, the CVD temperature was 573 K or 673 K in that
case.'® There would be significant differences between mem-
branes prepared at 573 K or 673 K and the membranes pre-
pared at 873 K, in terms of surface and structure. The mem-
brane deposited at low temperature may change its structure
easily at higher temperature, whereas the membrane deposited
at high temperature, such as 873 K, may have a more stable
structure or surface even at higher temperature. Currently, this
scheme is a speculation and needs more quantitative investiga-
tion, but the fact that our silica membrane prepared by CVD at
873 K can be used at 973 K or 1073 K is valuable and promis-
ing for some applications.

Membrane performance with time at 1073 K
under dry condition

For industrial application of hydrogen-selective silica
membranes, stable performance with time is one of the
important factors. The permeance of hydrogen and nitrogen
through the membrane at 1073 K and its separation factor
over time are shown in Figure 2. The permeance of hydro-
gen and nitrogen decreased slightly over about 18 h, but the
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Figure 3. Time course of the permeance of hydrogen and nitrogen through the membrane at (a) 973 K and (b) 1073 K
under humid conditions, and (c) Arrhenius plots of hydrogen and nitrogen permeance through the mem-
brane after preparation, after the steam stability test at 973 K and after the steam stability test at 1073 K.
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Pa ' and 107" mol m % s™' Pa~', respectively. Conversely,
the separation factor increased to some degree because a
slight decrease in nitrogen permeance had a large effect on
the selectivity value. Neither permeance nor separation factor
decreased drastically, meaning that severe deterioration of
the membrane structure did not occur. In general, when a
silica membrane deteriorates, permeance of hydrogen
decreases drastically in around 1 h, and permeance of nitro-
gen increases as a result of densification and pinhole genera-
tion. Thus, we can say that our silica membrane was
thermally stable at 1073 K for 18 h under dry condition.

Membrane performance with time at 973 K and 1073 K
under moist condition

Our silica membranes prepared with TMOS and oxygen
by our method at 873 K were stable under steam, as reported
elsewhere,13 but the steam stability test was conducted at
773 K. In this study, we investigated the steam test at higher
temperatures, such as 973 K and 1073 K. The permeance of
hydrogen and nitrogen over time under humid conditions at
973 K and 1073 K is shown in Figure 3a, b, respectively. At
973 K, permeance of hydrogen and nitrogen dropped slightly
in the first 1 h and then remained nearly constant for around
6 h. The selectivity remained high at over 1000. Conversely,
at 1073 K, hydrogen permeance decreased gradually over
12 h, whereas nitrogen permeance decreased slightly in the
first 1 h and remained almost constant up to 12 h. The sepa-
ration factor was around 1000. Compared with Figure 3a, b,
the performance decrement under the condition of 1073 K
was recognized slightly. Figure 3c shows the Arrhenius plots
of hydrogen and nitrogen through the fresh membrane, after
the steam test at 973 K and after the steam test at 1073 K.
The permeance of nitrogen was almost the same in all three
cases, but the hydrogen permeance was affected by steam
treatment. The fresh membrane had the highest permeance,
followed by the membrane treated at 973 K, and finally the
membrane treated at 1073 K. However, the activation energy
for hydrogen permeance through the membranes was 26 kJ/
mol in all the three cases. One of the reasons of this decreas-
ing permeance was probably deterioration of the y-alumina
layer or change in the interfacial structure between the
y-alumina layer and the silica layer, because y-alumina is a
metastable phase that transforms into o-alumina with
increasing temperature.'® However at this stage, this is just
an assumption. We should continue studying about this issue
for practical applications.

Conclusions

Hydrogen-selective amorphous silica membrane was pre-
pared by CVD using TMOS and oxygen at 873 K, and the
performance under thermal and hydrothermal conditions was
investigated under various conditions from 873 K to 1073 K
using the permeation tests of hydrogen and nitrogen. Under
dry conditions, hydrogen permeance decreased slightly at
temperatures above the fabrication temperature; however,
once the membrane went through the higher temperature,
hydrogen permeance did not change even when it was

exposed to high temperature again. In humid conditions,
hydrogen permeance through the TMOS-derived silica mem-
brane was comparatively stable at 973 K, but slight perform-
ance deterioration was observed at 1073 K. These character-
istics in performance are probably attributed to the micropo-
rous structure of the membrane prepared at such higher
temperature as 873 K. We are now working for elucidation
of the relationship between membrane structure and mem-
brane performance quantitatively.

Acknowledgements

Part of this research was supported financially by a grant from the
General Sekiyu Research and Development Encouragement and Assis-
tance Foundation. We also thank NOK Co., Japan, for kindly supplying
the o-alumina capillary.

Literature Cited

1. Gavalas GR, Megiris CE, Nam SW. Deposition of H,-permselective
SiO, films. Chem Eng Sci. 1989;44:1829-1835.

2. da Costa JCD, Lu GQ, Rudolph V, Lin YS. Novel molecular sieve
silica (MSS) membranes: characterisation and permeation of single-
step and two-step sol-gel membranes. J Membr Sci. 2002;198:9-21.

3. Jeong BH, Sotowa K, Kusakabe K. Catalytic dehydrogenation of
cyclohexane in an FAU-type zeolite membrane reactor. J Membr
Sci. 2003;224:151-158.

4. Itoh N, Tamura E, Hara S, Takahashi T, Shono A, Satoh K, Namba T.
Hydrogen recovery from cyclohexane as a chemical hydrogen carrier
using a palladium membrane reactor. Catal Today. 2003;82:119-125.

5. Nomura M, Seshimo M, Aida H, Nakatani K, Gopalakrishnan S,
Sugawara T, Ishikawa T, Kawamura M, Nakao S-I. Preparation of a
catalyst composite silica membrane reactor for steam reforming
reaction by using a counter diffusion CVD method. Ind Eng Chem
Res. 2006;45:3950-3954.

6. Tsapatsis M, Gavalas G. Structure and aging characteristics of H,-perm-
selective SiO,-Vycor membranes. J Membr Sci. 1994;87:281-296.

7. Gu Y, Hacarlioglu P, Oyama ST. Hydrothermally stable silica-
alumina composite membranes for hydrogen separation. J Membr
Sci. 2008;310:28-37.

8. Kanezashi M, Fujita T, Asaeda M. Nickel-doped silica membranes
for separation of helium from organic gas mixtures. Sep Sci Technol.
2005;40:225-238.

9. Kanezashi M, Yoshioka T, Tsuru T, Asaeda M. Stability of Ni-
doped silica membranes for H, separation at high temperature. Trans
Mater Res Soc Jpn. 2004;29:3267-3270.

10. Kanezashi M, Asaeda M. Hydrogen permeation characteristics and
stability of Ni-doped silica membranes in steam at high temperature.
J Membr Sci. 2006;271:86-93.

11. Lee D, Oyama ST. Gas permeation characteristics of a hydrogen selec-
tive supported silica membrane. J Membr Sci. 2002;210:291-306.

12. Gu Y, Oyama ST. Novel silica/alumina multiplayer membranes with
graded structures. J Membr Sci. 2007;306:216-227.

13. Nomura M, Ono K, Gopalakrishnan S, Sugawara T, Nakao S-I.
Preparation of a stable silica membrane by a counter diffusion
chemical vapor deposition method. J Membr Sci. 2005;251:151-158.

14. Ohta Y, Akamatsu K, Sugawara T, Nakao A, Miyoshi A, Nakao S.
Development of pore-size-controlled silica membranes for gas sepa-
ration by chemical vapor deposition. J Membr Sci. 2008;315:93-99.

15. Yoshino Y, Suzuki T, Nair BN, Taguchi H, Ito N. Development of
tubular substrates, silica based membranes and membrane modules
for hydrogen separation at high temperature. J Membr Sci. 2005;
267:8-17.

16. Lin YS, de Vries KJ, Burggraaf AJ. Thermal stability and its
improvement of the alumina membrane top-layers prepared by sol-
gel methods. J Mater Sci. 1991;26:715-720.

Manuscript received July 11, 2008, and revision received Nov. 18, 2008.

2200 DOI 10.1002/aic

Published on behalf of the AIChE

August 2009 Vol. 55, No. 8 AIChE Journal



