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Abstract—Microporous silica membranes for hydrogen separation were prepareg-alaonasina coatedi-alumina
tube by sol-gel method. The reactants of sol-gel chemistry were tetraethoxysilane (TEOS) and methacryloxypropyl-
trimethoxysilane (MOTMS). The silane coupling agent, MOTMS, was added as a template in order to control the pore
structure to the silicon alkoxide, TEOS. In particular, the microporous membranes were prepared by changing the molar
ratio of MOTMS with respect to other substances, and their pore characteristics were analyzed. Then, the effects of
thermal treatment on the micropore structure of the resulting silica membranes were investigated. The pore size of the
silica membrane prepared after calcination at 400C@®@as in the range of 0.6-0.7 nm. In addition, permeation rates
through the membranes were measured in the range of 10G-88ihg H, CO,, N,, CH,, CH;, CH; and SE The
membrane calcined at 68D showed a kHpermeance of 2x107x10” molm™?s'Pa* at permeation temperature
300°C, and the separation factors for equimolar gas mixtures were 11 and 36,/60amixture and 54 and 132
for a H/CH, mixture at permeation temperatures of ID@nd 300C, respectively.
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INTRODUCTION sorbates and pore surfaces [Yamasaki and Inoue, 1991]. Moreovetr,
surface diffusion becomes important as the pore size becomes as
Inorganic membranes have attracted considerable attention fasmall as the permeating gas molecules, since physicochemical in-
use in gas separation processes under conditions where organic pagractions between the pore wall and the permeating molecules be-
mer membranes cannot be used. Among others, porous inorgan@mme pronounced. It is thus important to reduce the pore size to a
membranes that possess molecular-sieving permeation characterizano-scale without pinholes or cracks.
tics offer potential advantages over polymeric membranes for the Amorphous silica with pores smaller than 1 nm is suitable as a
separation of gases either at elevated temperatures or in the prasaterial for highly selective membranes. However, diffusion through
ence of organic vapors [Burggraaf and Cot, 1996]. Inorganic memsuch narrow pores is usually slow. In order to improve both the per-
branes also offer considerable promise in applications to catalytieneance and the selectivity of silica membranes, a number of studies
membrane reactors [Sarocco et al., 1994; Zaman and Chakmaave been reported on attempts to control the pore structure. Chem-
1994]. ical vapor deposition (CVD), which is one of the methods used for
The important mechanisms of gas separation via a porous menpreparation of such membranes, provides pore properties that are
brane are Knudsen flow and surface diffusion. Knudsen flow oc-appropriate for gas separation. The modification of mesoporous
curs when the mean free path of the gas molecule is sufficiently larembranes by a CVD technique results in very high separation fac-
ger than the pore diameter and the collisions between the permedbrs. Specifically, Tsapatsis and Gavalas [1991, 1994] prepared a
ing gas molecules and the pore wall are the dominant transpo€VD-modified membrane, of which the/N, selectivity was as
mechanism. Gas flux due to Knudsen flow is inversely proportionalhigh as 750, and the, ldermeation was 0molm*s*Pa* at 600
to the square root of molecular weight. Thus separation is limitedC. Yan et al. [1994] also reported on the preparation of silica mem-
by the ideal separation factor, which is too low for practical appli- branes with high selectivities and permeabilities. So et al. [1998,
cations. When the interactions between the permeating gas mold999], Jung et al. [1999] and Lee et al. [1994, 1995a, b] prepared
cules and the pore wall become significant, the adsorption of gasilica-alumina composite membranes withilumina supports
molecules on the pore wall becomes important, and molecules ader hydrogen separation by the multi-step pore modification. The
sorbed on the porous solid surfaces may have considerable mobilit-alumina supports they used were ultrafiltration membranes and
This gives rise to an additional contribution to gas transport [Uhl-were composed of two distinctively different layers: a dense skin
horm et al., 1989; Cho et al., 1995]. The surface diffusion rates artayer with small pores and a coarse support layer with relatively
determined by the surface diffusion coefficient and adsorption equitarge pores. The composite membrane was formed as an interme-
librium, both of which are related to the interactions between ad-diate layer in the vicinity of the interphase between the dense skin
layer and the coarse support layer. The preparation proceeded by
To whom correspondence should be addressed. two consecutive stepm situ silica sol-gel reaction followed by
E-mail: smyang@kaist.ac.kr soaking and vapor deposition. However, amorphous silica mem-
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branes formed by CVD using TEOS were not capable of permeatembedding matrix so that pores are created only by template re-
ing molecules larger than GO moval; (3) template removal should be achieved without collapse

Sol-gel method is frequently adopted in membrane synthesis oof the matrix, so that the pores created preserve the original size
membrane pore modification because of its controllability and ho-and shape of the template; (4) after the first three criteria are sat-
mogeneity [Kim et al., 1995; Roh et al., 1999; Lee et al., 1995c].isfied, pore connectivity may be achieved by exceeding some per-
Gas permeation rates through inorganic membranes prepared lgplation threshold of the organic ligands.
sol-gel process are relatively high, because of the very thin top lay- The key to improving permeability and permselectivity is con-
ers of 50-200 nm thick. The pore structure of the membranes is ddrol of the pore structure of the membrane top layer. In this study,
pendent on the size of the primary sol particles, as well as the thresilica membranes were prepared gradumina coatedi-alumina
dimensional polymeric sol network formed by the condensation oftube via the copolymerization of TEOS and methacryloxypropyl-
precursors. Brinker et al. [1994] and Raman and Brinker [1995]trimethoxysilane (MOTMS) which has organic ligand. In particu-
used methyltriethoxysilane (MTES) to modify silica membranes lar, the microporous membranes were prepared by changing the
that were formed by using tetraethoxysilane (TEOS) and reportednolar ratio of MOTMS with respect to other substances, and their
that the resulting membranes showed both high i@@neances  pore characteristics were analyzed. Then, the effects of thermal treat-
and CQ/CH, selectivities. de Vos et al. [1998, 1999] also preparedment on the micropore structure of the resulting silica membranes
hydrophobic membranes using MTES. Kusakabe et al. [1999] andavere investigated. For illustrative purposes, the permeance and perm-
Kim et al. [submitted] prepared defect-free silica membranes byselectivity of the membranes for single and binary systems of var-
sol-gel process using a mixture of TEOS and either octyltriethsysiious gases were examined at elevated temperatures.
lane (OTES) or dodecyltriethoxysilane. The alkyl groups in the pre-
cursors were decomposed during calcination, which permitted a EXPERIMENTAL
reasonable degree of controlling the size of the micropores. Asaeda
et al. [1991] also modified silica membranes by sol-gel technique. TEOS and MOTMS were dissolved in anhydrous ethanol at 60
However, roles of the chemical structures of the silica precursorsC, followed by stirring for 2 hr. HCI and water were then added
in the formation of micropores have not yet been understood. dropwise to the solution at 80 to hydrolyze the ligands, after

Fig. 1 represents the organic template approach showing the pravhich the mixture was stirred additionally for 2 hr. The composi-
gressive densification of the inorganic matrix and creation of micro-tion of the final solution was MOTMS:TEOS: EtOHM®IHCI=
pores by temple removal during calcination. Organic ligands em-x:(1-x):9:1:0.2 on a molar basis. In the present study, the mole frac-
bedded in a dense inorganic matrix are removed to create a contition of MOTMS, X, was varied in the range of 0-0.3. Unsupported
uous network of micropores. Ideally, the organic ligand volume frac-silica was prepared by casting a sol on a glass plate and then al-
tion is used to control porosity and hence flux, independently of selowing it to dry overnight in ambient air. The dried gel was cal-
lectivity, which depends on the ligand size and shape. For this apeined at 500, 600 and 78D for 2 hr. Temperature was increased
proach to be successfully implemented, the following criteria mustat a rate of 1C/min. The pore size distribution of the silica powders
be satisfied: (1) the organic ligands must be uniformly incorporatedvas determined from Ar sorption isotherm for micropore and N
in the inorganic matrix without aggregation or phase separation tdor mesopore (ASAP2010/ASAP2000, Shimadzu Micromeritics).
avoid creating pores larger than the size of the individual ligands:The thermal behavior of the gel powders in air was determined by
(2) the synthesis and processing conditions should result in a densieermo-gravimetry analysis (TGA) and differential thermal analy-

sis (DTA) using a heating rate of&min (Shimadzu TGA-50).
A porousa-alumina tube was used as a support (outer diameter:

Microparous 2.1 mm, inner diameter: 1.9 mm, porosity: 0.39, average pore size:
norganic 150 nm) provided by NOK Co., Japan. Except for the permeation
: Hﬂf’ﬂ* Matrix portion, which was approximately 12 mm in length, the outer sur-
face of the tube was sealed with a glass sealant. The support tube
Crganic was dipped in a boehmite sol for several minutes and pulled out at
Template the rate of 14 cm/min. The dip-coated membrane was then dried

overnight in ambient air. The green layer was calcined &80

air for 1 hr, resulting iry-alumina layer. After this process was re-
peated three times, telumina coated a-alumina tube was dip-
ped in the silica sol, air-dried overnight, and then calcined at 400,
500, 600 and 70 for 2 hr. Temperature was increased at a rate
of 1°C/min, and the samples were maintained at each maximum

T hamey i
LT

WA temperature for 2 hr. This dipping-calcinating process was repeated
Matrix . . -
three times, to give a silica membrane. The morphology of the mem-
branes was observed by scanning electron microscopy (SEM, Hita-
* Micropara chi S-900).

Fig. 1. Organic template approach showing the progressive densi- Fig. 2 shows a schematic diagram of the permeation test appara-
fication of the inorganic matrix and creation of micro- tus used. Each end of the membrane was connected to a stainless
pores by temple removal during calcination. steel tube. Permeation rates through the membranes were deter-
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Fig. 2. Schematic diagram of gas permeation apparatus. Temperature [°C]
1. Gas cylinder 7. Membrane : . o
2. Stop valve 8. Six-way valve Fig. 3. Weight loss of the gel prepared with x=0.1.
3. Mass flow controller 9. Soap film ] ) ) ] )
4. Flow meter 10. Thermocouple weight loss, which occurs around 320 is attributed to the oxida-
5. Pressure gauge 11. Thermo-regulator tive pyrolysis of the precursors. The total weight loss after the initial
6. Electronic furnace 12. Gas chromatograph vaporization stage is approximately 9 wt% and is not consistent with

the weight loss of the substituents in the precursor molecules. The-
mined in the range of 100-380 by using K CO, N,, CH,, CH;, oretically, a weight loss of 17.47 is expected if all methyl groups
C,H; and SE Argon was introduced as the sweep gas into the perthat are initially introduced in the synthesis are removed in this way.
meate side, with the result that the partial pressures of permeanBe Vos et al. [1999] reported similar behavior for methyltriethox-
on the permeate side were negligible. The total pressure on botysilane (MTES). From their work, this behavior can be explained
sides of the membrane was maintained at ambient pressure. Gas follows: (1) the relatively low concentration of methyl groups
flow rates were determined by using bubble flow meters, and thanakes it unlikely that all methyl groups can participate in a reac-
compositions were determined by using a TCD-Gas Chromatograption, which makes not an Si-O-Si bond but Si-&Hbond; (2) it
(Shimadzu, GC-8A). The permeance toitabemponentP, is de- is unlikely that all methyl groups initially added during synthesis
fined as follows: are actually incorporated in the calcined material; (3) the actual con-
densation mechanism is not clear yet and the formation of, for in-
(€h) stance, -CH groups has never been found up to now. In the case
of MTESU, the weight loss continued at higher temperatures. How-
The partial pressure difference of the permeant between the feezler, the DTA results of all samples showed a unique peak at 320
and permeate sides was calculated by logarithmically averagin€C, which indicates that the degradation of substituted structure oc-
the differences at the inlet and outlet. Permeances to equimolar mixcurs in a narrow range of temperature.
tures were also determined for systems composed@DH CO/ For the pore sizes that fall into a range in which capillary con-
N,, CO/CH,, H,/CH, and H/SK. The selectivity of thécompo- densation or molecular sieving is dominant, the hyrophilicity be-
nent to thg-component was defined as the ratio of permeanges, P comes important because the separation process is determined by
P.

]

_ (moles permeated
(membrane arggpartial pressure differenge

RESULTS AND DISCUSSION

1. Structure of Silica

Sol formation was strongly influenced by the addition of tem-
plating reagents. Since hydrolysis and condensation rates of the ter
plates were higher than those of TEOS, aggregation occurred du
ing the sol formation [1975]. However, hydrophilic bonds of the 600°C
templating reagents served to form clear sols at a fraction of x=0.1
This is due to the hydrophilicity of the substituents of the templat-
ing reagents. Hereafter, sols were prepared at x=0.1, if not othe 500°C
wise specified.

The organic components embedded in a dense inorganic matri
were removed by calcination. Fig. 3 shows the weight loss, as dete . L . L L . L L
mined by TGA, for the gel prepared with x=0.1. The initial weight 4000 3500 3000 2500 2000 1500 1000 500

700°C

change is caused by the vaporization of residual water and ethanc .. v [em-]
Densification occurs mainly due to continued condensation reacrig. 4. Comparison of infrared spectra of silica gel calcined at
tions that expel water from the gel network up to about@20he different temperatures.
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the affinity between gases and the pore wall. The infrared analyse 0.14
show that some -OH groups remain in the product up t6C700
see Fig. 4. Dehydroxylation begins in the early stage of the therme — 012 1 —e— MOTMS 10% at 60°C
treatment and proceeds up to T00The precise evolution of this £ T oS A gg‘é
phenomenon cannot be established from the TGA curve. The -Ot £ o010 —— MOTMS 20% at 80°C
groups are characterized by two absorption bands in the IR spe <
trum: 3,000-3,800 cthand 960 cri. It is possible to choose the g
calcination temperature for the desired quantity of -OH in the final §
product resulting in the change of hydrophilicity. These results are 2
similar to those obtained by Larbot et al. [1989] and Bertoluzza e o
al. [1982]. £
Fig. 5(a) and 4(b) show the micropore size distributions of the E’
membranes prepared in the presence of MOTMS with x=0.1 ant ©
in the absence of MOTMS, respectively. All the silica samples show
a peak at 0.6-0.7 nm. However, the addition of MOTMS greatly

increased the volume of the micropores and narrowed the size di ! Pore dia:ieter o] 100
tribution. The micropores of the silica sample, which was preparea

from TEOS, i.e., x=0, nearly disappeared, when the green fimFig- 6. Mesopore size distribution calcined at 60€C.

was calcined at 70C, while those for the sample with x=0.1

were preserved.

. L CH
When pinholes or cracks are developed, the selectivity is greath H.1CO.| N 4CH CH. SF
deteriorated because gas molecules larger than the pore size ¢ i ’ S N °
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Fig. 5. The effect of calcination temperature on the pore size dis- 100 °C: (a)x=0.1, (b) x=0. Calcination temperature;V =
tributions: (a) x=0.1, (b) x=0. 400 °C, @=500 °C,ll =600 °C,<{>=700 °C.
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pass through the membrane. Fig. 6 shows mesopore distribution d¢,, N,, CH, increased, while those to ¢énd Sk remained un-
unsupported silica. At x=0.2, an increase of MOTMS/TEOS ratio changed. The effective activation energy for permeatigiis He-
develops mesopores. An increase in hydrolysis temperature woulfined as follows:
be expected to promote the hydrolysis reaction. This tends to form
smaller particles and pores. Yoldas [1973] showed that the hydro- P=P expg—% 2)
RT

lysis of aluminium alkoxides at a low temperature is unstable and
converts to a less condensed state, whereas the hydroxide forméudwhichE, is composed of the energy required for diffusion in pores
at a high temperature is stable. Thus, &C80nesopore density and the heat of adsorption. When the separation of molecules is
was decreased. based on the difference between the molecules and the micropores,
2. Permeation of Silica Membranes E, has a positive value. If molecules permeate through macropores

Fig. 7 shows the permeances to single component gases throudgly a Knudsen diffusion mechanism, fgay assume a small ne-
the silica membranes, which were prepared in the presence dfative value. When adsorption is dominant in the permeatjon, E
MOTMS with x=0.1 (a) and in the absence of MOTMS (b). The can be negative. The values gfvizere 9.1, 0.09, 16.8, 13.7 and
permeances decreased with increasing the molecular size of the pérkJ for H, CO,, N,, CH, and SE respectively. The small values
meant. Permeances tg, N, and CH at a permeation temperature for CO, and Sk are due to the adsorptivity of these permeants.
of 100°C were 3.2x10, 3.9x10° and 2.7x10 mol-nm*s*Pd’, re- Table 1 also shows the permeances to gases for binary mixture sys-
spectively, for the case of a membrane which was prepared wittems. The Hpermeance decreased for the cases of binary systems.
x=0.1 and calcined at 600. The presence of MOTMS increased This suggests that the diffusion ofidolecules through the micro-
the H permeance by approximately 40 times relative to the casgores is hindered by the presence of slowly diffusing molecules.
without MOTMS. This shows the pore structure developed by py-For a mixture of Hand CQ, the CQ permeance is also decreased,
rolysis of MOTMS at a temperature over 30thas pore size small  implying that the adsorption of G@ear the entrance of the micro-
enough to pass only,ldnd CQ. The increased pore volume shown pores on the surface of the membrane is decreased, as a result of
in Fig.5 also represents the role of added MOTMS. The perthe collision of H molecules present in the gas mixture.
meance to kiwas approximately five times higher than the highest Table 2 shows the selectivities of the membrane that was used
values obtained for the silica membrane which had been prepardd the tests shown in Table 1. The selectivity is defined;athe
from a sol containing octyltriethoxysilane, as reported in the previ-selectivity for single component systems (referred to as the ideal
ous study [Roh et al., 1999]. Fig. 7 also shows the effect of calciselectivity), and,,, the selectivity for binary mixtures (referred to
nation temperature on the permeance. The permeances of bo#fs the binary selectivity). When a membrane is used to separate
membranes (with x=0.1 and 0) were not greatly changed for theyases, its performance should be evaluated based on the binary se-
calcination temperatures at 400 and ®R0For the case of mem-  lectivity. As shown in Table 2, the binary selectivity increased with
branes which were calcined at 7Q0) however, the Jpermeance  increasing the permeation temperature for mixtures/af® H,/
for the membrane formed with x=0.1 was considerably decreasedCH,, H,/SF;, but the trend was the reverse for mixtures of Ci)

In Table 1, the permeances for the single component systems aed CQ/N.,.
listed. The membrane was prepared with x=0.1 and calcined at 600 In the case of vapor mixture systems, vapor is condensed into
°C. As the permeation temperature increased, the permeances ttwe pore structure at low temperatures. Fig. 8 shows the effect of

condensed water for hydrogen and carbon dioxide. The condensed

" N water diffused into the membrane pores with the aid of capillary
Table 1. Permeances of a silica membrane formed with x=0.1 for . -
various gases at various temperatures. Calcination tem-  fOrCe, preventing the gases from passing through the membrane.
perature is fixed at 600 °C and permeances are in To  Therefore, low permeation rates were obtained compared to single
molm~2s'Pa™ component systems. As permeation temperature increased, the per-
meance of a gas was increased and approached the result for the

System Gases 100°C 200°C 300°C . -
single component system, while vapor was decreased.

Single-component  H 240 404 680

(N:ZOZ 2:(3). 1 125 ;g Table 2. Se!ectivities of the silica membrane used in Table 1 at

various temperatures

CH, 1.0 2.2 5.9

Sk, 05 0.4 05 Mixture Selectivity 100 °C 200°C 300 °C
H,/CO, H, 105 183 295 H,/CQ, of 12 22 34

Co, 9.7 9.1 8.2 o, 11 20 36
H,/CH, H, 94 133 248 H,/CH, Q 235 185 115

CH, 1.7 1.9 19 Oy 54 72 132
COJCH, Co, 16 18 24 CO,/CH, of 19 8.5 34

CH, 0.9 2.0 5.0 o, 18 9.0 438
COJN, Co, 20 20 21 COJ/N, of 6.1 41 0.9

N, 15 3.3 13 o, 13 6.0 16
H,/SF; H, 98 165 293 H,/SK Q, 488 976 1380

Sk 04 0.4 04 Oy 239 413 792
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