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The sol-gel method was applied in the fabrication of homogenous polyhedral oligomeric silsesquioxane (HOMO-POSS)-
derived silica membranes. Single gas permeation characteristics in a temperature range of 100–500�C were examined to
discuss the effect of silica precursor on amorphous silica networks. HOMO-POSS-derived membranes showed a CO2

permeance of 1.1 � 10�7 mol m�2 s�1 Pa�1 with a CO2/CH4 permeance ratio of 131 at 100�C, which is a superior CO2/
CH4 separation performance by comparison with tetraethoxysilane (TEOS)-derived silica membranes. Normalized
Knudsen-based permeance (NKP) was applied for quantitative evaluation of pore size. HOMO-POSS-derived membranes
had loose amorphous silica structures compared to TEOS-derived membranes and pore size was successfully tuned by
changing the calcination temperatures. The activation energy for a HOMO-POSS-derived membrane fired at 550�C with a
uniform pore size of � 0.42 nm increased linearly with the ratio of the kinetic diameter of the gas molecule to the pore
diameter, � (¼dk/dp), and showed a trend similar to that of DDR-type zeolite membranes. VVC 2011 American Institute of

Chemical Engineers AIChE J, 58: 1733–1743, 2012
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Introduction

Zeolites are crystalline aluminosilicate materials with
micropores (zeolitic pores) in their structures. They are built
up by various connections of TO4 (T ¼ Si or Al) tetrahedral
units, which result in various zeolitic pore sizes and struc-
tures.1–3 As zeolite channel size and surface chemistry
(hydrophobicity, hydrophilicity) can be controlled by the Si/
Al ratio in the framework, various types of zeolite mem-
branes, for example, large-pore (Y-type,4,5 MOR6,7), me-
dium-pore (ZSM-58–11), and small-pore (A-type,12 SAPO-
34,13–15 and DDR16,17) zeolite membranes, have been pre-
pared and used for gas separation and pervaporation. How-
ever, the presence of intercrystalline gaps in a membrane
degrades the separation performance of zeolitic pores, so the
zeolite layer, which is active in separation, needs to be thick
enough to prevent the formation of intercrystalline gaps. A
large number of studies seeking the fabrication of a thin zeo-
lite layer with fewer intercrystalline gaps are in progress.

Compared to zeolite membranes, it has been reported that
amorphous silica membranes derived by chemical vapor depo-
sition (CVD) and the sol-gel method show high hydrogen sep-
aration performance, due to a very thin active separation layer

with an average pore size of � 0.3 nm.18–22 The sol-gel

method is generally much more flexible for control of the

pore size of amorphous silica membranes. There are two

ways to control silica membrane pore size: the polymeric sol-

gel route and the colloidal sol-gel route.23 The polymeric

route for the control of pore size is preferable in the prepara-

tion of gas separation membranes, since colloidal sol-gel

route, in which spaces between colloidal particles are assumed

to be pores in a membrane, it is very difficult to control the

spaces to the level of several angstroms. For the polymeric

route, pore size is thought to be made up of spaces within

amorphous silica networks, which consist of random networks

containing 3-, 4-, 5-, 6-, 7-, and 8-membered siloxane rings.24

An amorphous silica structure, prepared by molecular-dynam-

ics simulation, was recently reported to have a negligible

number of pores larger than 0.35 nm.25 The pore sizes of

these silica membranes are appropriate to separate hydrogen

(kinetic diameter: 0.289 nm) from small molecules such as N2

(kinetic diameter: 0.364 nm) and CH4 (0.38 nm), but appear

to be small for the separation of, for example, CO2/CH4, H2/

organic gas mixtures and C3 isomers. Thus, the appropriate

design and control of pore size for amorphous silica structures

would be a breakthrough for the practical application of silica

membranes.
An organic-template approach was applied by several

research groups to control amorphous silica network sizes.26–32
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The concept for the control of pore size by the organic-tem-
plate method is as follows. Organic groups in silica gels
derived from copolymerization of TEOS, which is a com-
monly used precursor for silica membranes, and alkyltriethoxy-
silane having methyl and/or phenyl groups, will burn out after
pyrolysis in an air atmosphere and leave pores, i.e., the size
and shape of the pores in a membrane can be determined by
the size and shape of the organic groups. Inorganic networks
prepared using amorphous silica with pyrolysis of methyl
groups in air gave high CO2 permeance, on the order of �
10�7 mol m�2 s�1 Pa�1, with CO2/CH4 selectivity higher than
70.26 Kusakabe et al.28 also investigated the effect of the
length of alkyl groups on pore structure as well as the permea-
tion properties of silica membranes, which were prepared by
copolymerization of TEOS and octyl-, dodecyl-, or octadecyl-
triethoxysilane. Another advantage of utilization of organic-
inorganic hybrid alkoxides is improved hydrothermal stability
of amorphous silica membrane.30–32 Methylated microporous
silica membranes were successfully fabricated by acid-cata-
lyzed sol-gel hydrolysis and condensation of a mixture of
TEOS and MTES.30,32 The incorporation of methyl groups in
microporous silica membranes with controlled silica network
size was proven to enhance the service time in the dehydration
of a butanol-water mixture from a few weeks to more than 18
months (water flux: 4 kg m�2 h�1 with selectivity 500–
20,000).30 Duke et al.31 also reported the improved hydrother-
mal stability of the carbonized silica membrane because car-
bon templates block the micropore spaces, thereby inhibiting
the silanol migration and condensation that leads to micropore
closure.

Recently, we proposed a ‘‘spacer’’ technique to control the
pore sizes of silica membranes using a bridged alkoxide,
which consists of organic functional groups between two sili-
con atoms. Hybrid silica membranes derived by bis (triethoxy-
silyl) ethane (BTESE, SiACACASi unit structure) showed H2

permeance approximately one order of magnitude higher (�
10�5 mol m�2 s�1 Pa�1), compared with previously reported
TEOS-derived silica membranes (single Si unit structure), and
a high H2 to SF6 permeance ratio (� 20,000) with a low H2

to N2 selectivity (� 20).33,34 Pore size distribution, as deter-
mined by single-gas permeation, showed BTESE-derived
silica membranes had loose amorphous silica structures com-
pared with TEOS-derived silica membranes due to the differ-
ences in the minimum units of the silica networks. These
results suggest that changes in the minimum units can control
the average pore size of amorphous silica networks.

Polyhedral oligomeric silsesquioxane (POSS), which has a
cage structure consisting of (RSiO3/2)8 (R¼¼H or organic
groups) units and a well-defined nanometer-sized structure,
is one of the most attractive nano building blocks (NBB) for
the preparation of advanced nanocomposites (Figure 1).35

They are usually prepared by careful hydrolysis of the corre-
sponding trifunctional silicanes.36–38 Only a few papers have
reported on the gas permeation properties of polymer mem-
branes with POSS particles incorporated (mixed-matrix
membranes) for membrane fabrication.39–41 Dasgupta et al.40

reported that the gas permeability of CH4, N2, O2, and CO2

through POSS-polyimide nanocomposite membranes
increased significantly with comparable selectivity, due to an
increase in the fractional volume caused by the bulky POSS
cages within the polymer. However, no work has been pub-
lished on the fabrication and gas permeation properties of
silica membranes fabricated using pure components of
POSS. This article reports on the synthesis of homogeneous
(HOMO)-POSS-derived silica membranes by the sol-gel
method and their single gas permeation characteristics in the
temperature range of 100–500�C. Normalized Knudsen-based
permeance (NKP) for the determination of membrane pore
sizes less than 1 nm,42 which is based on the gas translation
model originally proposed by Xiao and Wei43 and Shelekhin
et al.,44 was applied for quantitative evaluation of the pore
size of HOMO-POSS-derived silica membranes prepared at
various temperatures.

Experimental

Preparation of HOMO-POSS-derived silica sol and
membrane fabrication

HOMO-POSS-derived silica sol was prepared by dehydrogen-
ation and polymerization of polyhedral oligomeric silsesquiox-
ane (HSiO3/2)8 (0.30 g, 0.71 mmol) with H2O in a mixed sol-
vent of tetrahydrofuran (THF) (30 ml) and benzene (40 ml)
under N2 atmosphere (POSS/H2O molar ratio: 1/8).38 N,N-dieth-
ylhydroxylamine (1 ll, 9.7 lmol) was added as a catalyst, and
the mixture was stirred at 0�C for 90 min. The solvent was
then removed by evaporation under reduced pressure, followed
by the addition to THF to prepare a coating sol of 0.5 wt %.

Porous a-alumina tubes (porosity: 50%; average pore size:
1 lm; outside diameter: 10 mm) were used as supports for
the HOMO-POSS-derived silica membranes. a-alumina par-
ticles (average particle diameter: 0.2, 1.9 lm) were coated
on the outer surface of a porous support using silica-zirconia
colloidal sol as the binder, and the support was fired at
550�C for 30 minutes to make the surface smooth. These
procedures were repeated several times to cover large pores
that might result in pinholes in the final membrane. Then,
SiO2AZrO2 (Si/Zr ¼ 1/1) sol diluted to about 0.5 wt % was
coated on the substrate to form an intermediate layer with
pore sizes of several nm.22,33,34 After coating, the membrane
was fired at 550�C for about 30 min. Finally, the HOMO-
POSS-derived silica layer was fabricated by coating with the
HOMO-POSS sol, followed by drying and calcination at 300
and 550�C, respectively, in air for 30 min.

Single gas permeation measurement

Figure 2 shows a schematic diagram of the experimental
apparatus for single gas permeation measurement. A single
gas of industrial grade (He, H2, CO2, N2, CH4, SF6) was fed
on the outside of the membrane at atmospheric pressure,
while the permeate side (downstream) was evacuated by a
vacuum pump. The permeation cell was kept at a given tem-
perature between 100 and 500�C. The permeances were cal-
culated from the observed pressure difference across the
membrane and the permeation rate, which was obtained by a

Figure 1. Molecular structure of polyhedral oligomeric
silsesquioxane (POSS).
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calibrated critical nozzle placed between the permeation cell
and the vacuum pump.45

Results and Discussion

Characteristics of a HOMO-POSS-derived silica
membrane

Figure 3 shows the SEM image of the cross section of a
HOMO-POSS-derived membrane. Although it is quite diffi-
cult to distinguish the silica layer from the SiO2AZrO2 in-
termediate layer with an average pore size of approximately
1–2 nm, as measured by nanopermporometry,46 a thin con-
tinuous silica separation layer can be seen on the top and/or
inside of the SiO2AZrO2 intermediate layer. The thickness
of the active separation layer was clearly less than 1 lm.
Figure 4 shows the inverse of H2 permeance for a HOMO-
POSS-derived membrane fired at 300�C as a function of the
number of sol coats applied. It should be noted that 0 coats
indicates the membrane performance of the SiO2AZrO2 in-
termediate layer. There are two types of slopes for the
inverse of H2 permeance as a function of the number of
coats. The inverse of H2 permeance increased greatly by
the third coat, and after that increased slightly with addi-
tional coats, while the H2/SF6 permeance ratio increased
linearly by five coats and approached a constant of � 1000.
The H2/CO2 permeance ratio showed � 5.8 despite the
number of sol coats and was almost same as Knudsen se-

lectivity (4.69). This is because molecular sieving effect
between H2 and CO2 was not sufficient due to smaller mo-
lecular size of CO2 (kinetic diameter: 0.33 nm) than SF6
(kinetic diameter: 0.55 nm). This indicates that HOMO-
POSS-derived membrane fired at 300�C seems to be suita-
ble for separation of H2 from organic gas mixtures rather
than H2/CO2 separation. In the case of no penetration of
HOMO-POSS-derived sol to the inside of the intermediate
layer, which corresponds to layer-by-layer coating, the per-
meation resistance, which can be expressed with the inverse
of H2 permeance, increased linearly without changing
slope. So Figure 3 shows that some HOMO-POSS-derived
polymers seemed to penetrate into the intermediate layer. It
is preferable, for improved gas permeability of a mem-
brane, to prevent the penetration of sol into the intermedi-
ate layer, so further studies are now in progress to optimize
the coating properties of HOMO-POSS polymer (molecular
weight, polymer structure) as well as the average pore size
of the intermediate layer. In the present study, a HOMO-
POSS-derived silica membrane was fabricated by coating
five times with HOMO-POSS-derived sol (molecular
weight: 30,000 g mol�1 38).

Estimation of average pore size of HOMO-POSS-derived
silica membranes

The pore size distribution of porous silica membranes was
estimated by measuring several gas permeances at 200�C.

Figure 3. SEM image of a cross section of a HOMO-POSS-derived silica membrane.

Figure 2. Schematic diagram of experimental apparatus for gas permeation measurement.
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Figure 5 shows gas permeances at 200�C for HOMO-POSS-
derived and TEOS-derived silica membranes fabricated by fir-
ing at 300 and 550�C as a function of kinetic diameter. A
HOMO-POSS-derived membrane fired at 300�C showed high
hydrogen permeance of 2.0 � 10�6 mol m�2 s�1 Pa�1 with a
high H2/SF6 permeance ratio of 1200 and a low H2/N2 perme-
ance ratio (� 20) at 200�C. On the other hand, a TEOS-
derived membrane fired at 300�C showed H2 permeance one
order of magnitude lower than that of a HOMO-POSS-derived
silica, with a moderate permeance ratio of H2 to CH4 (� 60).
It should be noted that the permeance of SF6 was less than
10�10 mol m�2 s�1 Pa�1, which is the detection limit of this
gas permeation system. The permeance of gases with a mo-
lecular size larger than CO2 (kinetic diameter: 0.33 nm) for a
HOMO-POSS-derived membrane fired at 550�C were one to
two orders of magnitude smaller than for those fired at
300�C, resulting in a slight decrease in H2 permeance with an
increased H2/CH4 permeance ratio of 1000. A TEOS-derived
membrane fired at 550�C46 showed gas permeances one to
two orders of magnitude smaller with a molecular size larger
than H2 (kinetic diameter: 0.289 nm), in comparison with
those fired at 300�C, resulting in highly selective of H2 to N2.
These results suggest that firing at 550�C shifted the pore size
distribution of both membranes (TEOS-derived46 and HOMO-
POSS-derived) to a smaller size, in comparison with firing at
300�C, due to sintering of the amorphous silica structure (con-
densation of SiAOH groups).

Recently, we proposed a modified gas translation model
and derived NKP for the determination of pore sizes less
than 1 nm42 based on an original proposal by Xiao and
Wei43 and Shelekhin.44 NKP is the ratio of permeance of the
i-th component to that predicted for the j-th component
under the Knudsen diffusion mechanism, expressed as Eq. 1.

NKP ¼ Pi

Pj

ffiffiffiffiffiffi
Mi

p
ffiffiffiffiffiffi
Mj

p ¼ Pi

PHe

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MHe=Mi

p (1)

When He, the smallest molecule, is taken as a reference

(j-th component), PHe

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MHe=Mi

p
is the permeance of the i-th

component predicted from He permeance under the Knudsen
diffusion mechanism, and therefore, NKP corresponds to the
ratio of experimentally obtained permeance to predicted per-

meance based on He. It should be noted that NKP equals 1
for the Knudsen mechanism, and NKP indicates how much
the experimentally obtained permeance is decreased due to
the molecular sieving effect. The gas translation (GT) or
activated Knudsen diffusion model was derived for diffusion
through microporous inorganic membranes using probability,
qi.

Pi ¼ eidpqi

ffiffiffiffiffiffiffiffiffi
8RT

pMi

r
1

RTsiLi
(2)

Membrane structural factors (pore size, porosity, tortuosity,
thickness) are expressed as dp, ei, si, and Li. Since the proba-
bility, qi, is expressed in Eq. 3 with the pre-exponential, qg,i,
and the kinetic energy, Ep,i, to overcome the diffusion barrier,
the permeance in Eq. 2 can be expressed in Eq. 4.

qi ¼ qg;i exp �Ep;i

RT

� �
(3)

Pi ¼ eidpqg;i

ffiffiffiffiffiffiffiffiffi
8RT

pMi

r
1

RTsiLi
exp �Ep;i

RT

� �
¼ k0ffiffiffiffiffiffiffiffiffiffiffiffi

MiRT
p exp �Ep;i

RT

� �
(4)

where k0 ¼ eidpqg;i
siLi

ffiffi
8
p

q
is the structural parameter. Equation 4

covers the activated diffusion (Ep,i [ 0), surface diffusion
(Ep,i \ 0) and Knudsen diffusion (Ep,i ¼ 0). The activation
energy can be determined by interactions between permeating
molecules and the pore wall, based on the Lennard-Jones
potential using the size (membrane pore size, molecular size of
permeating molecules) and the interaction parameters. Be-
cause qg,i, which is the probability of the i-th component at an
infinite kinetic energy, corresponds to the geometrical
probability, that is, the effective area for permeation, it can
be defined by the following equation.

Figure 5. Gas permeances at 200�C for HOMO-POSS-
derived silica and TEOS-derived silica mem-
branes fired at 300 and 550�C as a function
of kinetic diameter.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 4. Inverse of H2-permeance, H2/SF6 and H2/CO2

permeance ratio at 200�C for a HOMO-POSS-
derived silica membrane fired at 300�C as a
function of the number of coats.
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qg;i ¼
1

3

Ai

A0

(5)

where Ai is the area of the pore opening for effective
permeation of the i-th component, and A0 is the cross-sectional
area of the pore. The GT model assumes no structural size of
permeating molecules, so k0 is independent of any permeating
molecules, that is, the k0 of a large gas such as SF6 is exactly
the same as a small gas such as He. In the modified GT model,
the diffusion distance in Eqs. 2 and 4 is assumed to be (dp �
dk,i) instead of dp for the i-th component (molecular size: dk,i),
since the center of the i-th component cannot approach the
wall. Therefore, Ai, the area of the pore opening effective for
diffusion, is proportional to the effective pore area, which
leads to the modified GT model as follows (Eq. 7).

qg ¼
1

3

Ai

A0

¼ 1

3

pðdp � dk;iÞ2=4
pd2p=4

¼ 1

3

ðdp � dk;iÞ2
d2p

(6)

Pi ¼ ei
3siLi

ðdp � dk;iÞ ðdp � dk;iÞ2
d2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8

pMiRT

r
exp �Ep;i

RT

� �
(7)

Based on the discussion above, which is quite similar to
the derivation of Ferry’s equation commonly used and
accepted for the analysis of solute permeation in ultrafiltra-
tion, the following expression for NKP can be obtained.

NKP ¼ Pi

PHe

ffiffiffiffiffiffi
Mi

p
ffiffiffiffiffiffiffiffiffi
MHe

p ¼ k0;i
k0;He

� exp �EP;i � EP;He

RT

� �

¼ ðdp � dk;iÞ3
ðdp � dk;HeÞ3

� exp �Ep;i � Ep;He

RT

� �
ð8Þ

It should be noted that membrane structural factors, such
as tortuosity, si, and membrane thickness, Li, are rationally
assumed to be the same irrespective of the molecule, due to
a cylindrical pore structure. Equation 8 indicates that NKP
can be expressed with the configurational factors (pore size
dp, molecular size dk,i) and the activation energy of the per-
meances of He and the i-th component, which require a set
of experimental data on the temperature dependence of per-
meances. Once k0,i and Ep,i are obtained by fitting a set of
experimental data on the temperature dependence of perme-

ances with Eq. 7, one can derive the following equation,
which consists of configurational parameters (pore size dp,
molecular size of permeating molecules, dk,He, dk,i) and cor-
responds to NKP at infinite temperature.

k0;i
k0;He

¼ ðdp � dk;iÞ3
ðdp � dk;HeÞ3

(9)

In this section, for simplicity, the assumption has been
made that the activation energies, Ep,i, are the same for any
type of gas, to easily evaluate the pore sizes of microporous
membranes, leading to the following expression for NKP.

NKP ¼ ðdp � dk;iÞ3
ðdp � dk;HeÞ3

(10)

Figure 6 shows the NKP plot at 200�C for HOMO-POSS-
derived (a) and TEOS-derived (b) silica membranes fired at
300 and 550�C, respectively, as a function of kinetic diame-
ter. It should be noted that NKP for CO2 molecules was not
plotted, due to adsorption by silica even at 200�C. Pore size,
dp, was estimated by fitting experimentally obtained NKP
with Eq. 10. Judging from fitted curves based on Eq. 10 for
HOMO-POSS and TEOS-derived silica membranes, the
order of pore size can be estimated as follows: TEOS-
derived silica fired at 550�C (0.34 nm) \ HOMO-POSS-
derived silica fired at 550�C (0.40 nm) \ TEOS-derived
silica fired at 300�C (0.41 nm) \ HOMO-POSS-derived
silica membrane fired at 300�C (0.50 nm). A high H2/N2

permeance ratio can be attained by membranes with an aver-
age pore size of 0.35 nm, while a high H2/SF6 permeance ra-
tio can be attained by membranes with a much larger average
pore size (0.50 nm). HOMO-POSS-derived silica membranes
showed larger pore sizes than TEOS-derived silica membranes,
despite different calcination temperatures (300 and 550�C).
The reason for the larger pore size of HOMO-POSS-derived
silica than TEOS-derived silica can be attributed to the mini-
mum unit of amorphous silica networks. Figure 7 shows a
schematic image of amorphous silica networks derived from
TEOS (a) and POSS (b). For amorphous silica networks
derived from POSS, POSS can be the minimum unit. In this
case, the intercubic pores formed by covalent linking of silox-
ane cage compounds via SiAOASi bonds are the pores

Figure 6. NKP plot at 200�C as a function of kinetic diameter; symbols are experimental, and curves are calculated
based on Eq. 10 for HOMO-POSS-derived silica (a) and TEOS-derived silica (b).
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through which gas molecules can permeate, because the intra-
cubic pores are too small for hydrogen molecules to perme-
ate.47 In conclusion, the spaces formed from POSS were con-
firmed to be much larger than that those formed from TEOS,
due to the larger minimum unit of amorphous silica networks.

Temperature dependence of gas permeance for
HOMO-POSS-derived silica membranes

Figure 8a shows the temperature dependence of gas perme-
ance in the temperature range of 100–300�C for a HOMO-
POSS-derived silica membrane fired at 300�C. The permean-
ces of H2 and CH4 were approximately independent of tem-
perature. The permeance of He increased slightly with
increasing temperature, while the permeance of N2 and SF6
increased with decreasing temperature (Knudsen-like permea-
tion behavior). Similar temperature dependence was reported
in a silica membrane with a larger average pore size.34 It is
thought that the permeation behavior of He and H2 through
amorphous silica networks strongly depends on the average
pore size and pore size distribution of amorphous silica net-
works. When the pore size of silica networks is close to He
and H2 in molecular size, these molecules can permeate via
an activated permeation mechanism (gas permeance increases
with an increase in temperature), i.e., the permeance of He is
higher than that of H2 due to its smaller molecular size. On
the other hand, when the pore size of the silica network is
much larger than the molecular size of He and H2, He and H2

can permeate by the Knudsen permeation mechanism (gas
permeance increases with a decrease in temperature), i.e., the
permeance of H2 is higher than that of He due to its smaller
molecular weight. Therefore, He and H2 permeation behavior
can be governed by the balance of flow through activated
and/or Knudsen permeation, depending on the ratio of molec-
ular size to pore size of an amorphous silica network. The
HOMO-POSS-derived silica membrane seems to be mostly
controlled by Knudsen selectivity through loose silica network
pores for small molecules, and by molecular sieving for large
molecules (moderate H2/N2 permeance ratio: 20; high H2/SF6

permeance ratio: 1000). The permeance of CO2 increased
with decreasing temperature because of higher adsorption of
CO2 on the silica surface at a lower temperature, due to a
strong affinity in comparison with other gases.

Figure 8b shows the temperature dependence of gas per-
meance in the temperature range of 100–500�C for a
HOMO-POSS-derived membrane fired at 550�C. The perme-
ance of SF6 was below the detection limit of the permeation
equipment (\10�10 mol m�2 s�1 Pa�1). The permeances of
He, H2, N2, and CH4 greatly increased with increasing tem-
perature, which is the activated permeation mechanism. The
H2/CH4 permeance ratio was higher than 300 in this temper-
ature range and increased with decreasing temperature,
because CH4 permeance is more temperature-dependent than
H2 permeance. The permeation tendency of CO2 molecules
was similar to that fired at 300�C, i.e., the permeance of
CO2 increased greatly with decreasing temperature, giving a
larger CO2/CH4 permeance ratio of 131 with high permeance
of 10�7 mol m�2 s�1 Pa�1 even at 100�C. Most papers have
reported Knudsen permeation of N2 and CH4 molecules for
H2 permselective membranes, because these molecules can
only permeate through pinholes created by the large size of
siloxane rings and/or spaces between colloidal particles.46

However, a HOMO-POSS-derived membrane fired at 550�C
showed activated permeation behavior of N2 and CH4 mole-
cules that can be achieved by uniform pores with fewer pin-
holes (sharp pore size distribution).48,49 Thus, the formation
of a uniform pore size is possible in the case of calcination
at 550�C for a HOMO-POSS derived membrane.

The activation energy and membrane structural factor k0
were obtained by regressing Eq. 4 with the experimental sin-
gle permeation data above 100�C for a membrane fired at
300�C and above 300�C for one fired at 550�C, and are sum-
marized in Table 1. CO2 was not calculated because surface
diffusion may contribute greatly to permeation due to an
adsorption effect between the CO2 molecules and the silica
structure below 300�C. It should be noted that the pre-expo-
nential term, k0, which indicates the structural factors of

Figure 7. Schematic images of amorphous silica networks derived by TEOS (a) and POSS (b).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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amorphous silica networks, only reflects the pore structure,
including pore area and volume, in the amorphous silica.

According to the GT model, k0 ¼ eidpqg;i
siLi

ffiffi
8
p

q
is independent of

any permeating molecules. However, Table 1 shows that the
value of k0 decreased with increased molecular size for both
membranes, suggesting that the GT model (Eq. 4), which
assumes constant diffusion distance, dp, for any type of gas,
is not applicable to the present permeation data.

Figure 9 shows the k0,i/k0,He ratio, which corresponds to
NKP at infinite temperature, for HOMO-POSS-derived
membranes fired at 300�C (a) and 550�C (b), as a function
of kinetic diameter. It should be noted that the predicted
curves for dp ¼ 0.50 and dp ¼ 0.40 nm for membranes fired
at 300 and 550�C, respectively, obtained by Eq. 10, are also
shown in the figure as dotted curves. Judging from the fitted
curves using the k0,i/k0,He ratio for HOMO-POSS-derived
silica membranes, pore size can be estimated as 0.49 nm for
HOMO-POSS-derived silica fired at 300�C and 0.42 nm for

HOMO-POSS-derived silica fired at 550�C, indicating no
large difference in comparison with that obtained by Eq. 10.
This is because the fitted curves were obtained without the
NKP plot of CO2, which is an adsorptive gas, as shown in
Figure 8. Lee et al.42 reported that in the case of verification
of this model by DDR-type zeolite, which has a defined
channel size of 0.36 � 0.44 nm, the NKP plot for CO2

decreased from 4.97 to 0.72 with an increase in permeation
temperatures from 100 to 400�C due to a decrease in the
contribution of surface diffusion at high temperatures, and
the calculated curve for dp ¼ 0.44 nm showed good
agreement with experimental data measured at higher
temperatures.

Analysis of the pore size of HOMO-POSS-derived silica
membranes by activation energy

The activation energy of gas permeation, which is calcu-
lated as the interaction between permeating molecules and
the pore wall in a membrane, can be a good indicator for the
evaluation of pore size where gas molecules can permeate,
i.e., activation energy increases with smaller pore size
because of a larger repulsive force.24 Figure 10 shows the
He/H2 permeance ratio and H2 permeance at 300�C as a
function of the activation energy of H2 permeation of
HOMO-POSS-derived silica fired at 300 and 550�C, as well
as sol-gel34,50 and CVD-derived21,51–54 silica membranes
(Bis (triethoxysilyl) ethane (BTESE)-derived, TEOS-derived,
and Tetramethylorthosilicate (TMOS)-derived). The upper
part of this figure shows H2 permeances for HOMO-POSS-,
BTESE-, TEOS-, and TMOS-derived silica membranes at
300�C. A correlation between the He/H2 permeance ratio
and the activation energy of H2 permeation was obtained,

Figure 8. Temperature dependence of gas permeances for HOMO-POSS-derived silica membranes fired at 300�C
(a) and at 550�C (b) (broken curves fitted with Eq. 4).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table 1. Activation Energy and Pre-exponential Parameters

(k0) Fitted with Eq. (4)

Membrane Gas k0 (�) Ep (kJ mol�1)

HOMO-POSS-derived
silica fired at 300�C

He 4.51 � 10�4 3.06
H2 2.51 � 10�4 1.39
N2 3.75 � 10�5 0.42
CH4 3.71 � 10�5 1.89
SF6 1.37 � 10�6 0.21

HOMO-POSS-derived
silica fired at 550�C

He 8.19 � 10�4 6.38
H2 5.25 � 10�4 7.79
N2 2.88 � 10�5 11.2
CH4 1.17 � 10�5 14.5
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despite the different silica precursors (TEOS, TMOS,
BTESE, HOMO-POSS) and different membrane fabrication
methods (sol-gel, CVD). It should be noted that the He/H2

permeance ratio, which indicates the pore size distribution of
the amorphous structures that He and H2 molecules can per-
meate, increased with increasing activation energy of H2 per-
meation. Sol-gel derived silica membranes (TEOS) after ex-
posure to steam (500�C; partial pressure of steam: 300–400
kPa)50 showed much larger activation energy with larger He/
H2 permeance ratios, due to the densification of amorphous
silica networks, than those without exposure to steam.21,51–54

A HOMO-POSS-derived silica membrane fired at 300�C
showed activation energy with a small He/H2 permeance ra-
tio, similar to BTESE-derived silica membranes, confirming
much looser amorphous networks than TEOS-derived silica.
On the other hand, HOMO-POSS-derived membranes fired
at 550�C showed much larger activation energy with larger
He/H2 permeance ratios than those fired at 300�C, which is
consistent with the membrane pore size predicted by the
NKP plot. The H2 permeance of a HOMO-POSS-derived
silica membrane fired at 300�C was comparable to that of
BTESE-derived silica, and decreased with increasing activa-
tion energy due to the decrease in the pore size of the silica
membranes.

As shown in Table 1, the activation energy of a membrane
fired at 550�C increased as molecular size increased. Similar
trends were reported in silica and modified zeolite mem-
branes.48,49,55 Kanezashi et al.55 reported that for high qual-
ity DDR-type zeolite membranes, the activation energy of
diffusion increased as the size of the permeating gases
increased (He: 6.66 kJ mol�1\H2: 9.62 kJ mol�1\CO2:
12.8 kJ mol�1\CO: 15.5 kJ mol�1) under conditions of neg-
ligible adsorption (at temperatures above 300�C). The high
temperature diffusion data for small gases in the DDR-type
zeolites, measured by the macroscopic membrane permeation
method, are consistent with the theory of translational gas
diffusion in zeolites proposed by Xiao and Wei.43 That is,
for small gases with weak adsorption affinity with zeolites,
molecules in the zeolite pores retain their gas characteris-
tics and must overcome the energy barrier imposed by the
zeolite pore structure. Therefore, the activation energy

depends strongly on the ratio of the kinetic diameter of
the diffusion gas molecule to the zeolite pore diameter,
k (¼dk/dp).

43

Figure 9. k0,i/k0,He ratio as a function of kinetic diameter; symbols are experimental, and curves are calculated
based on Eq. 8 (solid curve) and Eq. 10 (dotted curve), respectively, for HOMO-POSS-derived silica mem-
brane fired at 300�C (a) and at 550�C (b).

Figure 10. He/H2 permeance ratio and H2 permeance at
300�C as a function of activation energy of H2

permeation for HOMO-POSS-derived silica
fired at 300 and 550�C as well as sol-gel34,50

and CVD-derived21,51–54 silica membranes
(BTESE-derived, TEOS-derived, TMOS-derived)
(closed symbols: membrane performance after
exposure to steam; open symbols: membrane
performance without exposure to steam).

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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Figure 11 compares the activation energy of counter-diffu-
sion CVD-modified DDR-type (open square symbols),55

MFI-type (open circle symbols)56 zeolite, and HOMO-
POSS-derived membranes fired at 300�C (closed circle sym-
bols) and 550�C (closed square symbols), as well as simu-
lated cyclosiloxane n-membered rings (n ¼ 6–8),24 as a
function of the ratio of the kinetic diameter of the gas mole-
cules to the pore diameter k (¼dk/dp). For the calculation of
k for HOMO-POSS-derived membranes, dp ¼ 0.49 nm was
used for the membrane fired at 300�C and dp ¼ 0.42 nm
was used for that fired at 550�C (values obtained by Eq. 8).
The activation energy of DDR-type zeolite membranes was
larger than those of MFI-type zeolite membranes, due to the
smaller zeolite channels of the former type. The activation
energy increased approximately linearly with k (¼dk/dp) of
above 0.5. Even though some experimental data was scat-
tered, the activation energy of HOMO-POSS-derived silica
membranes also increased linearly with k (¼dk/dp), and a
membrane fired at 550�C showed values similar to those of
DDR-type zeolite membranes, due to similar pore size.
These results suggest that a HOMO-POSS-derived silica
membrane fired at 550�C has a uniform pore size of � 0.42
nm with a negligible number of pinholes. The formation of a
uniform pore size in the case of calcination at high tempera-
tures using a POSS is probably due to the uniform size of
the minimum unit of a POSS, which has a stable structure
even at high temperatures. The activation energy data of He
and H2 permeation through H2nSinOn (n ¼ 6–8) cyclosilox-
ane n-membered rings by ab initio calculation24 were also
plotted as a function of k in the same figure, confirming a
similar tendency with different absolute values. Direct com-
parison of the absolute values of the activation energy

obtained by the permeation experiments with the simulation
might be difficult, because the absolute value calculated
from the permeation data depends on membrane structural
factors such as overlap of the permeation path, but the latter
was only calculated as the interaction between permeating
molecules and one cyclosiloxane n-membered ring without
thermal vibration. However, it is important to show a similar
trend, that is, the activation energy that increased with k
(¼dk/dp).

HOMO-POSS-derived silica membranes fired at 550�C
were expected to show gas separation performance similar to
that of DDR-type zeolite membranes, which are one of the
candidates for the separation of CO2/CH4 mixtures. Table 2
summarizes CO2 permeance and the CO2/CH4 permeance ra-
tio for HOMO-POSS-derived silica as well as inorganic mem-
branes (SAPO-34,13–15 DDR-type zeolite,16,17 TEOS-derived
silica,26,29,57,58 and carbon59). It should be noted that all the
data in this table were obtained by single gas permeation. In
general, the CO2/CH4 permeance ratio decreases with increas-
ing CO2 permeance due to the trade-off relationships. The
scattered CO2/CH4 permeance ratios for TEOS-derived silica
membranes probably result from the difficulty of precise con-
trol of the pore size for the separation of CO2 and CH4 mol-
ecules. High CO2 separation performance can be seen in
both zeolite membranes (DDR-type, SAPO-34) at 25�C, due
to the high molecular-sieving effect and adsorption by the
appropriate zeolite channel size. The permeance of CO2 and
the CO2/CH4 permeance ratio for both zeolite membranes
decreased greatly as temperature increased (25–100�C), due
to the permeation mechanism of CO2 by surface diffusion.
HOMO-POSS-derived silica membranes fired at 550�C
showed approximately the same CO2 permeance (� 4.0 �
10�7 mol m�2 s�1 Pa�1) and CO2/CH4 permeance ratio (�
131) at 100�C as DDR-type zeolite membranes at 100�C.
High CO2 separation performance at 100�C of HOMO-
POSS-derived silica membranes was achieved by molecular

Figure 11. Activation energy for counter-diffusion CVD
modified DDR-type (open square symbols),55

MFI-type (open circle symbols)56 zeolite, and
HOMO-POSS-derived membranes fired at
300�C (closed circle symbols) and 550�C
(closed square symbols), as well as simu-
lated cyclosiloxane n-membered rings (n ¼
6–8),24 as a function of the ratio of the ki-
netic diameter of a gas molecule to a pore
diameter k (¼dk/dp).

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Table 2. CO2 Permeance and CO2/CH4 Permeance Ratio

for HOMO-POSS-Derived Silica as well as Inorganic
Membranes (SAPO-34,

13–15
DDR-Type Zeolite,

16,17

TEOS-Derived Silica,26,29,57,58 Carbon 59)

Temperature
(�C)

Membrane
Material

CO2 Permeance
(10�7 mol m�2

s�1 Pa�1)

CO2/CH4

Permeance
Ratio (�)

Literature
Cited

100�C HOMO-POSS 1.1 131 This work
3.7 67
1.0 68
3.1 64

SAPO-34 0.6 12 13
0.6 18 14

DDR zeolite 0.8 80 16
1.0 100 17

25�C SAPO-34 1.5 20 13
1.1 23 14
3.6 227 15

DDR zeolite 2.9 422 16
3.3 183 16
0.8 400 17
4.4 600 17

TEOS-derived
SiO2

0.7 72 26
10 10 29
60 6 54
0.2 30 55

Carbon 0.026 127 56
0.068 102 56
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sieving effect rather than adsorption by uniform pore size of
amorphous silica and a thin active separation layer.

Conclusions

The sol-gel method was applied for the fabrication of
HOMO-POSS-derived silica membranes. A thin, continuous
silica separation layer for selective gas separation was suc-
cessfully formed on a silica-zirconia intermediate layer. Sin-
gle gas permeation characteristics in the temperature range
of 100–500�C were examined to determine the effect of the
silica precursor on amorphous silica networks. NKP for the
determination of membrane pore sizes less than 1 nm was
applied for quantitative evaluation of the pore size of
HOMO-POSS-derived silica membranes prepared at various
temperatures.
(1) HOMO-POSS-derived silica membranes had loose

amorphous silica structures compared to TEOS-derived silica
membranes, due to the difference in the minimum unit of
silica networks, and pore size was successfully tuned by
changing the calcination temperatures. A HOMO-POSS-
derived membrane fired at 300�C showed high hydrogen per-
meance of 2.0 � 10�6 mol m�2 s�1 Pa�1 with a high H2/
SF6 permeance ratio of 1200 and a low H2/N2 permeance ra-
tio (� 20) at 200�C. A HOMO-POSS-derived membrane
fired at 550�C showed permeances of gases with molecular
sizes larger than CO2 (kinetic diameter: 0.33 nm) that were
one to two orders of magnitude smaller than the membrane
fired at 300�C, resulting in a slight decrease in H2 perme-
ance with an increased H2/CH4 permeance ratio of � 1000.
(2) A correlation between He/H2 permeance ratio and acti-

vation energy of H2 permeation was obtained, despite differ-
ent silica precursors (TEOS, TMOS, BTESE, HOMO-POSS)
and different membrane fabrication methods (sol-gel, CVD),
i.e., He/H2 permeance ratio increased with increasing activa-
tion energy of H2 permeation. HOMO-POSS-derived mem-
branes fired at 550�C showed much higher activation energy
with larger He/H2 permeance ratios, in comparison with
those fired at 300�C, which was consistent with the mem-
brane pore size predicted by the NKP plot.
(3) The activation energy of a HOMO-POSS-derived

silica membrane fired at 550�C increased linearly with the
ratio of the kinetic diameter of the gas molecule to the pore
diameter, k (¼dk/dp), under conditions of negligible adsorp-
tion, and showed values similar to those of DDR-type zeolite
membranes. These results suggest that a HOMO-POSS-
derived silica membrane fired at 550�C has a uniform pore
size of � 0.42 nm, which was predicted by the NKP plot.
(4) HOMO-POSS-derived silica membranes showed

approximately the same CO2 permeance (� 4.0 � 10�7 mol
m�2 s�1 Pa�1) and CO2/CH4 permeance ratio (� 131) at
100�C as those for DDR-type zeolite membranes at 100�C,
which are one of the candidates for the separation of CO2/
CH4 mixtures. High CO2 separation performance can be
achieved by uniform pore size of the amorphous silica and a
thin active separation layer.

Notation

Ai ¼ area of the pore opening for effective permeation of i-th
component, m2

A0 ¼ cross-sectional area of the pore, m2

dk,i ¼ molecular size of the i-th component, m
dp ¼ pore diameter, m
Ep ¼ kinetic energy, J mol�1

k0,i ¼ structural parameter of i-th component, dimensionless
L ¼ membrane thickness, m
M ¼ molecular weight, g mol�1

NKP ¼ normalized Knudsen-based permeance, dimensionless
P ¼ permeance, mol m�2 s�1 Pa�1

R ¼ gas constant, J mol�1 K�1

T ¼ temperature, K

Greek letters

e ¼ membrane porosity, dimensionless
k ¼ the ratio of kinetic diameter of the gas molecules to the pore

diameter, dimensionless
s ¼ tortuosity, dimensionless
q ¼ probability, dimensionless

qg,i ¼ probability of i-th component, dimensionless
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