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Organic/inorganic hybrid silica membranes were prepared from 1,1,3,3-tetraethoxy-
1,3-dimethyl disiloxane (TEDMDS) by the sol-gel technique with firing at 300–550�C
in N2. TEDMDS-derived silica membranes showed high H2 permeance (0.3–1.1 �
10�6 mol m�2 s�1 Pa�1) with low H2/N2 (�10) and high H2/SF6 (�1200) perm-selectivity,
confirming successful tuning of micropore sizes larger than TEOS-derived silica mem-
branes. TEDMDS-derived silica membranes prepared at 550�C in N2 increased gas perme-
ances as well as pore sizes after air exposure at 450�C. TEDMDS had an advantage in tun-
ing pore size by the ‘‘template’’ and ‘‘spacer’’ techniques, due to the pyrolysis of methyl
groups in air and SiAOASi bonding, respectively. For pore size evaluation of microporous
membranes, normalized Knudsen-based permeance, which was proposed based on the gas
translation model and verified with permeance of zeolite membranes, reveals that pore
sizes of TEDMDS membranes were successfully tuned in the range of 0.6–1.0 nm. VVC 2011

American Institute of Chemical Engineers AIChE J, 57: 2755–2765, 2011

Keywords: silica membranes, 1,1,3,3-tetraethoxy-1,3-dimethyl disiloxane (TEDMDS),
pore size tuning, micropore

Introduction

Amorphous silica membranes can be used in various types
of separation applications because of their chemical and
physical stability and low energy consumption. Silica mem-
branes derived by chemical vapor deposition (CVD) and the
sol-gel method have been studied most extensively for gas
separation.1,2 In general, tetraethylorthosilicate (TEOS) has
been used as the silica precursor for the fabrication of silica
membranes. The CVD process generally provides denser
structures, resulting in lower permeance and higher selectiv-
ity for hydrogen,3–6 while the sol-gel process usually pro-
duces more open structures that offer higher permeance but
relatively lower selectivity.7,8 Silica membranes prepared

with TEOS consist of amorphous silica networks with micro-
pores of �0.3 nm that allow small molecules such as helium
and hydrogen, to permeate. The pore size is appropriate for
the separation of hydrogen from small molecules such as N2

(kinetic diameter: 0.36 nm) and CO2 (0.33 nm), but appears to
be too small for separation of the mixtures with large mole-
cules such as n-C4H10 (0.43 nm) and i-C4H10 (0.50 nm). The
design and control of membranes is, therefore, quite important.

Pore size control of microporous silica membranes was
first proposed by Raman and Brinker9 in 1995 as the ‘‘tem-
plate’’ technique. Silica sols derived from structured-alkoxides
that have organic ligands such as methyl and phenyl were
coated and fired in an N2 atmosphere to a covert organic/inor-
ganic mixed matrix, followed by firing in air. Organic ligands
that are burned out in air, making pore spaces, can be used
as a ‘‘template’’ to control pore size and porosity. Structured
alkoxides used with this method include methyltriethoxysilane
(MTES)10–12 and other alkyltriethoxysilanes such as
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octyltriethoxysilane (C8TES), dodecyltriethoxysilane
(C12TES), octadecyltriethoxysilane (C18TES),13 and metha-
cryloxypropyltrimethoxysilane (MOTMS).14 Several research
groups have also reported on possible pore size control with
the CVD method, using structured alkoxides consisting of a
single silicon atom with phenyl15–18 or alkyl functional
groups (methyl and propyl).18

Our group recently proposed another strategy to control
the pore size of silica membranes using a bridged alkoxide,
which is one of the structured alkoxides and consists of or-
ganic functional groups between two silicon atoms. This is
called the ‘‘spacer’’ technique. The design of silica networks
was reported previously using bis(triethoxysilyl) ethane
(BTESE, SiACACASi unit structure) as a silica precursor in
the development of a highly permeable hydrogen separation
membranes with hydrothermal stability.19,20 BTESE-derived
silica membrane showed extremely high H2 permeance (as
high as 10�5 mol m�2 s�1 Pa�1) with separation factors
moderate for H2/N2 (�20), and quite high for H2/SF6
(�20,000), showing higher permeance and a lower H2/N2

permeance ratio than pure SiO2 membranes. Gas permeation
results suggested that BTESE-derived silica membranes had
a looser structure than silica membranes prepared with single
Si atom unit precursors such as TEOS. The average pore
size was estimated to be �0.5 nm and 0.3 nm, respectively,
based on qualitative evaluation of permeance dependence on
the kinetic diameter of permeation gases. The membrane
with moderate H2/N2 and high H2/SF6 perm-selectivity
which corresponds to relatively large pore size �0.5 nm
could be used for separation of mixtures in many industrial
applications, including CO2/CH4, H2/organic gases and or-
ganic/organic gas mixtures such as propylene/propane.

Generally, for the estimation of pore size distribution less
than 1 nm, the permeances of several gases with different mo-
lecular sizes were measured at high temperatures to reduce the
effect of surface flow, and the pore sizes were determined only
qualitatively, based on permeance ratios such as He/N2 and He/
SF6, since no theoretical model is available for the determina-
tion of subnano-meter pore sizes. The determination of pore
sizes is very important for the preparation, characterization and
application of porous membranes, and it is crucial to evaluate
and choose appropriate alkoxides for specific separation sys-
tems. The bubble-point method and bubble-point with gas per-
meation method allow the measurement of pore sizes larger
than 50 nm, while pore sizes in the range of 0.5–30 nm, or
more practically 1–20 nm, can be measured by NanoPermpor-
ometry.21 Duke et al. reported the use of positron annihilation
lifetime spectroscopy for measurement of subnanometer pores
using amorphous molecular sieving silica bulks.22 However,
positron annihilation lifetime spectroscopy is a quite new tech-
nique, and is not yet commonly available. Although N2 adsorp-
tion method could be used for measurement of pore size, it is
difficult to measure less than 3.64 Å (molecule size of N2).

In the present study, we propose the normalized Knudsen-
based permeance for the determination of membrane pore
sizes less than 1 nm, which is based on the gas translation
model originally proposed by Xiao and Wei23 and Shelkhin
et al.24 Based on the contribution of Knudsen diffusion to
experimental permeance, pore size can be quantitatively
determined. The proposed model was verified with the per-
meance of zeolite membranes such as MFI and DDR, which

were reported to have intrinsic pores 0.55 � 0.56 nm and
0.36 � 0.44 nm, respectively. Moreover, 1,1,3,3-tetraethoxy-
1,3-dimethyl disiloxane (TEDMDS) with SiAOASi bonding
(thermally stable) as a ‘‘spacer’’ as shown in Figure 1, was
selected to control the loose silica networks. Since TEDMDS
has organic ligands (methyl-group) as shown in molecular
structure (Figure 1), TEDMDS is a promising alkoxide, the
pore size of which could be tuned by both ‘‘template (methyl
group)’’ and ‘‘spacer (ASiAOASiA bonding)’’ technique,
depending on firing gas atmosphere during the calcinations.
Single gas permeation properties and the thermal stability of
TEDMDS-derived silica membranes prepared by the sol-gel
method were evaluated. The pore size for TEDMDS-derived
silica membranes prepared at various temperatures in a nitro-
gen atmosphere was estimated using the proposed model.

Proposal of normalized Knudsen-based permeance
for pore-size determination

Permeation mechanisms of gases through porous mem-
branes can be categorized as viscous flow (molecular diffu-
sion), Knudsen, surface diffusion, and molecular sieving,
depending on the structures (molecular size and shape, pore
size), the interaction between permeating molecules and mem-
brane pore walls, and operating conditions (pressure, tempera-
ture). In viscous flow, permeating molecules collide with one
another more frequently than with the wall, resulting in the
absence of separation properties for mixed gases. On the other
hand, permeating molecules collide with pore walls more fre-
quently than with one another in Knudsen diffusion, resulting
in separation ability based on Knudsen diffusivity. In the
Knudsen mechanism, the permeance, PK, through a membrane
(pore radius, dp; membrane porosity, e; tortuosity, s; thick-
ness, L) is formulated as follows, using the molecular weight
of the permeating component, M, and the temperature, T.

PK;i ¼ e
dp
3

ffiffiffiffiffiffiffiffiffi
8RT

pMi

r
1

RTsL
(1)

Surface diffusion occurs for molecules having a large
interaction with pore surfaces, but this plays a minor role at

Figure 1. Structures of tetraethoxydimethyl disiloxane
(TEDMDS) and bis (triethoxysilyl) ethane
(BTESE).
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high temperatures due to a decreased amount of adsorption.
The following permeation equation, which is referred to as
the gas-translation model (GT model) or activated Knudsen,
was derived for diffusion through microporous inorganic
membranes, using probability, q, which indicates the proba-
bility of diffusion through the micropore.23–26

Pi ¼ eidp;iqi

ffiffiffiffiffiffiffiffiffi
8RT

pMi

r
1

RTsiLi
(2)

Membrane structural factors (pore size, porosity, tortuos-
ity, thickness) are expressed as dp,i, ei, si, and Li, due to pos-
sible dependence on molecular sizes. Since the probability,
q, is expressed in Eq. 3 with the pre-exponential, qg, and the
kinetic energy, Ep, to overcome the diffusion barrier, the per-
meance in Eq. 2 can be expressed in Eq. 4.

qi ¼ qg;i exp �Ep;i

RT

� �
(3)

Pi ¼ eidp;iqg;i

ffiffiffiffiffiffiffiffiffi
8RT

pMi

r
1

RTsiLi
exp �Ep;i

RT

� �
(4)

qg,i, which is the probability of the i-th component at an
infinite kinetic energy, corresponds to the geometrical
probability, that is, effective area for permeation, and can be
defined by the following equation.

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 fraction 1/3 indicates the one-
dimensional direction through the membrane pore. According
to GT model, Eq. 4 covers the activated diffusion (Ep [ 0),
surface diffusion (Ep \ 0) and Knudsen diffusion (Ep ¼ 0).
The activation energy can be determined by the 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.24

Herein, we propose the following normalized Knudsen-
based permeance, f, that is, the permeance ratio of the i-th
component (Pi), to that predicted from j-th component based

on Knudsen diffusion mechanism Pj

ffiffiffiffi
Mj

Mi

q� �
.

f ¼ Pi

PHe

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MHe=Mi

p (6)

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

(j-th component), PHe

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MHe=Mi

q
is the permeance of the i-th

component predicted from He permeance under the Knudsen
diffusion mechanism, and therefore, f corresponds to the
ratio of experimentally obtained permeance to predicted per-
meance based on He. It should be noted that f equals one for
the Knudsen mechanism, and f indicates how much the
experimentally obtained permeance is decreased due to the
molecular sieving effect.

As schematically shown in Figure 2, following Xiao and
Wei,23 the diffusion distance dp,i in Eqs. 2 and 4 is assumed to
be (dp � dk,i) for the i-th component (molecular size: dk,i),
since the center of the i-th component cannot approach the
wall. The present model considers the sizes of permeation
molecules, while in the original GT model as well as Knudsen,
the molecular size is not explicitly incorporated. Moreover,
the i-th component can access a pore area with a diameter of
(dp � dk,i). Therefore, Ai, the area of the pore opening effec-
tive for diffusion, is proportional to the effective pore area.

qg ¼
1

3

Ai

A0

¼ 1

3

ðdp � dk;iÞ2
d2p

¼ 1

3
1� dk;i

dp

� �2

(7)

Based on the above discussion, 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 normalized Knudsen-based
permeance can be obtained by combining Eqs. 4, 5, and 7.

f ¼ Pi

PHe

ffiffiffiffiffiffi
Mi

p
ffiffiffiffiffiffiffiffiffi
MHe

p ¼ dp;iqg;i
ei
siLi

dp;Heqg;He
eHe

sHeLHe

� exp �EP;i � EP;He

RT

� �

¼
1� dk;i

�
dp

� �3

1� dk;He
�
dp

� �3
exp �EP;i � EP;He

RT

� �
ð8Þ

Equation 8 indicates that f can be expressed with the con-
figurational factors (pore size dp, molecular size dk,i) and the
activation energies of the permeances of He and the i-th
component, which need a set of experimental data on the
temperature dependence of permeances. In the present study,
for simplicity, the assumption has been made that the activa-
tion energies, Ep,i, are the same for any type of gas, to pro-
pose a convenient and easy-to-use measurement to evaluate

Figure 2. A schematic of micropore permeation of
a molecule of molecular size dk through a
cylindrical pore (pore size: dp).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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the pore sizes of microporous membranes. It should be noted
that the present model is intended to characterize pores of
relatively large size (from several to 10 Å), leading to acti-
vation energies which are relatively small or zero (Knudsen
diffusion), as was the case for BTESE-derived membranes.20

Moreover, membrane structural factors such as tortuosity, si,
and membrane thickness, Li, are rationally assumed to be the
same irrespective of the molecules, due to a cylindrical pore
structure, leading to the following expression for f.

f ¼
1� dk;i

�
dp

� �3

1� dk;He
�
dp

� �3
(9)

The procedure to obtain the pore sizes, dp, of microporous
membranes is as follows. First, experimentally obtained per-
meances are plotted after conversion to normalized Knud-

sen-based permeance, f (¼ Pi

PHe

ffiffiffiffi
Mi

pffiffiffiffiffiffi
MHe

p ), as a function of molecu-

lar size, and are then best-fitted with Eq. 9, using dp as a fit-
ting parameter.

Experimental

Preparation of TEDMDS-derived silica membrane

TEDMDS-derived silica sol was synthesized by hydrolysis
and polymerization of TEDMDS, according to previously
published methods.27 The specified amounts of TEDMDS
and water in ethanol, with CH3COOH as an acid catalyst,
and were stirred at 60�C for 24 h. The composition of the
solution was TEDMDS: H2O: CH3COOH ¼ 1: 40: 0.2 in a
molar ratio.

A porous a-alumina tube (NOK, Japan, O.D. ¼ 3.0 mm,
pore size ¼ 100–150 nm) was used as a support for the
TEDMDS-derived silica membrane. An intermediate layer
was formed with SiO2-ZrO2 (Si/Zr ¼ 1) sol solutions by hot
coating followed by firing at 550�C. After formation of an in-
termediate layer, the TEDMDS-derived silica membrane was
fabricated by coating 0.5 wt % of TEDMDS sol at 180�C,
followed by firing between 300 and 550�C in an N2 atmos-
phere. The morphology of TEDMDS-derived membrane was
observed using a scanning electron microscope energy disper-
sive spectroscopy (SEM-EDS, JCM-5700, JEOL, Japan).

Characteristics of TEDMDS Gel

The decomposition behavior of the organic components
was measured by thermogravimetric mass spectrometer
(TGA-DTA-PIMS 410/S, Rigaku, Japan). TEDMDS-derived
gel powder was prepared by drying at 40�C in air and
ground using a mortar. TG-MASS analysis was conducted
on the TEDMDS-derived powder, to evaluate the decompo-
sition behavior of organic components with a ramping rate
of 20�C�min�1 up to 1000�C with 300 ml min�1 of He and
He/O2 (¼4/1). The TEDMDS-derived film coated on the
KBr plate was fired between 300 and 550�C in an N2 and
air atmosphere, and characterized by Fourier transform infra-
red (FTIR) spectroscopy (FTIR-8300, Shimadzu, Japan).

Single gas permeation measurement
and thermal stability test

Figure 3 shows a schematic diagram of gas permeation
equipment. Before measurement, the membranes were pre-
treated to remove the adsorbed water with helium flow at
250–300�C overnight. A single gas (He, H2, N2, or C3H8)
was fed to the outer surface of the membrane at fixed pressure
at 150–200 kPa, keeping the permeate stream at atmospheric
pressure. SF6 was fed to the gas permeation equipment at 600
kPa. The temperature of the permeation cell was kept at 50–
550�C. The permeation rate was measured by a bubble film
meter. For in situ heat treatment in air for a membrane, the
temperature in the membrane cell was increased at a ramping
rate of 2�C�min�1 up to 300, 450, and 550�C in air atmos-
phere. The time courses of air permeance were measured at
300, 450, and 550�C to confirm the steady-state.

Result and Discussions

Verification of normalized Knudsen-based
permeance by various porous membranes

Figures 4a,b shows permeances, reported for MFI28 and
DDR29 membranes, as a function of kinetic diameters. A
permeation temperature of 200�C was chosen to reduce the
contribution of surface diffusion, since the present model is
based on the GT model. The dotted curves show predicted

permeance, PHe

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MHe=Mi

q
, which is based on He permeance

under the Knudsen diffusion mechanism, since He is the

Figure 3. A schematic diagram of the gas permeation apparatus.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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smallest molecule with no adsorption properties. The experi-
mentally obtained permeances agreed well with the predicted
ones for small molecules such as H2, and deviated for larger
molecules due to the molecular sieving effect. SF6 showed
101–103 times smaller permeance than the Knudsen-based
prediction. The ratio of experimentally obtained permeance
to Knudsen-based predicted permeance, f, indicates the
degree of permeance reduction due to molecular sieving.

Figures 5a,b shows normalized Knudsen-based permeance
as a function of molecular size, for MFI28,30,31 and
DDR29,32,33 membranes, respectively. MFI and DDR mem-
branes are reported to have pores of 0.55 � 0.56 nm and
0.36 � 0.44 nm, respectively. By assuming dp ¼ 0.55 for
MFI membranes, normalized Knudsen-based permeances
experimentally obtained at 200�C were predicted well by a
curve calculated by Eq. 9. Normalized Knudsen-based per-

meances for DDR membranes were calculated for dp ¼ 0.36
and 0.44 nm and are shown with solid and dotted curves,
respectively. Van den Bergh et al.33 measured the permean-
ces of He, H2 and N2 in the range of 30–600�C, while the
CO2 and CO permeances through DDR membrane were
measured up to 400�C. Normalized Knudsen-based perme-
ance for CO2 and CO decreased from 4.97 to 0.72 and from
0.66 to 0.19, respectively, with an increase in permeation
temperatures from 100 to 400�C. As shown in Eq. 8, nor-
malized Knudsen-based permeance consists of configura-
tional factors (temperature-independent) and the interaction
between permeating molecules and the membrane (expressed
as the activation energy, temperature-dependent). CO2,
which is an adsorptive gas, showed larger normalized Knud-
sen-based permeance than the calculated values even at
400�C, probably due to the contribution of surface diffusion

Figure 5. Normalized Knudsen-based permeance as a function of molecular size; points are experimental, and
curves are calculated based on Eq. 9 using 0.55 nm for MFI (a), and 0.36 and 0.44 nm for DDR (b).

Figure 4. Gas permeance at 200�C as a function of kinetic diameters: points are experimental; dotted line shows
predicted permeance using Pi ¼ PHe

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Mi=MHe

q
; (a) MFI membrane28 and (b) DDR membrane.29

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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and/ or large interaction with the membrane. Since the expo-
nential term in Eq. 8 approaches to unity and the contribu-
tion of surface diffusion decreases at high temperatures, per-
meation experiments at high temperatures are preferable to
obtain pore size based on Eq. 9. As a whole, the calculated
curve for dp ¼ 0.44 nm showed good agreement with experi-
mental data measured at higher temperatures.

The proposed technique, ‘‘normalized Knudsen-based perme-
ance,’’ which is derived from the GT permeation model with
clear assumptions, offers a convenient and easy-to-use measure-
ment to evaluate the pore sizes of microporous membranes.

Characteristics of TEDMDS-derived silica gel

Figures 6a,b show the intensity of mass signals and TGA/
DTG curve of TEDMDS-derived silica gel powder under He
and He/O2 atmosphere as a function of temperature, respec-
tively. TEDMDS-derived silica gel powder in He atmosphere
showed only a slight weight loss up to 100�C, and residual
weight showed a decrease from 100 to 300�C and a drastic
decrease from 450 to 850�C in Figure 6a. The weight loss of
TEDMDS-derived gel powder up to 300�C was 3.1%, and
this can be explained by the evaporation of adsorbed water,
ethanol solvent, acetic acid catalyst and/ or decomposition of
unreacted ethoxy groups in TEDMDS. On the other hand,
the weight loss from 450 to 850�C was 12.9%, probably due
to decomposition of unreacted ethoxy groups and/ or methyl
groups in TEDMDS polymer. The detection curve of mass
number 28 and 16, which can be attributed to C2H4, C2H6,
and CH4 from the decomposition of unreacted ethoxy groups
and methyl groups, appeared around 450�C, respectively. A
high peak for m/z ¼ 16 appeared at 550�C, due to the
decomposition of methyl groups. The detection curve of

CH4 (m/z ¼ 16) and H2 (m/z ¼ 2), which appeared at tem-
peratures higher than 700�C, can be explained as the loss of
methyl groups, as at high temperatures, methyl groups
(BSiACH3) were reported to form BSiACASiB and release
H2, CH4, and C2H4.

34

On the other hand, Figure 6b shows the intensity of mass
signals and TGA/DTG curve in He/O2 atmosphere as a func-
tion of temperature. TEDMDS-derived powder under He/O2

atmosphere showed exothermic reaction from DTG curve at

Figure 7. FTIR spectra of TEDMDS-derived silica on
the KBr plate fired at different temperatures
in a N2 and an air atmospheres.

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

Figure 6. TGA-DTG-MASS curve of TEDMDS-derived silica gel powder in a He and a He/O2 (54/1) atmosphere as
a function of temperature; (a) He atmosphere, (b) He/O2 atmosphere.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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lower part of Figure 6b. It could be due to combustion of
carbon compounds such as unreacted ethoxy or methyl
groups in TEDMDS polymer. The detection curves of H2O
and CO2 from the combustion of carbon compound groups,
appeared around 350, 500, and 600�C as mass numbers 18
and 44, respectively. Especially, the detection curves of H2O
and CO2 showed high intensity around 500�C with drastic
weight loss due to the combustion of methyl groups in
TEDMDS-derived gel powder under He/O2 atmosphere. The
detection curve of H2 (m/z ¼ 2), which appeared at the
same temperatures as m/z ¼ 18 and m/z ¼ 44, can be
explained as a part of methyl groups released H2 even
though He/O2 atmosphere. If methyl groups were completely
decomposed in TEDMDS-derived powder, in theory the
weight loss could be 22.4%. However, the total weight
losses of the TEDMDS-derived silica powder were 16.5 and
18.0% at He and He/O2 atmosphere, respectively. It suggests
that a few of CH3 groups were remained in TEDMDS-
derived silica powder under He and He/O2 atmosphere.

Figure 7 shows the FTIR transmission spectra in the range
of 500–5000 cm�1 for TEDMDS-derived films, which were
coated on the KBr plate and fired at 300, 450, and 550�C in
air and N2. The two peaks of SiAO bonding were assigned
as follows: the main high frequency band at about 1070
cm�1 was due to the asymmetric stretching of the oxygen
atoms; the band at frequency near 800 cm�1 is ascribed to
the symmetric stretching of oxygen atoms.35 The bands at
1260 and 2900–3000 cm�1 were ascribed to the SiACH3

bands,35 suggesting the methyl groups still existed in the
film fired at 550�C in a nitrogen atmosphere. However, 1260
cm�1 from the SiACH3 band almost disappeared at 550�C
in air, suggesting combustion of methyl groups might start
between 450 and 550�C. FTIR result coincided with the
result of TGA-DTG-MASS in Figure 6.

Gas permeation characteristics of
TEDMDS-derived membrane

Figures 8a,b show a SEM and SEM-EDS images of the
TEDMDS-derived silica membrane prepared at 450�C in an
N2 atmosphere. A crack-free silica layer was successfully
formed on a SiO2AZrO2 intermediate layer in Figure 8a,
although the boundary was not clearly observed. The inter-
mediate layer combined with the separation layer was

approximately 400–500 nm thick on the porous a–alumina
layer, which consisted of a–alumina particles 200–300 nm in
size. EDS line analysis in Figure 8b suggested that the sepa-
ration layer consisting of Si and C element was approxi-
mately 100–200 nm in thickness based on the intensity of C
component.

Figure 9 shows the gas permeance at 200�C for
TEDMDS-derived silica membranes (M-1, M-2, and M-3), a
TEOS-derived silica membrane,8 and a BTESE-derived silica
membrane20 as a function of gas kinetic diameter. The
BTESE-derived membrane showed a high hydrogen perme-
ance of 1 � 10�5 mol m�2 s�1 Pa�1 with a high H2/SF6
perm-selectivity of 1000 and a low H2/N2 perm-selectivity
(�10). TEDMDS-derived silica membranes were prepared at
300�C (M-1), 450�C (M-2), and 550�C (M-3) in an N2

atmosphere. All gas permeances for TEDMDS-derived silica
membrane increased as the firing temperature increased.

Figure 8. SEM and SEM-EDS images of TEDMDS-derived silica membrane on an a–alumina tube; (a) SEM image,
(b) EDS signal of Si, C, and Zr by line analysis.

Figure 9. Gas permeance of TEDMDS (M-1, M-2, M-3),
TEOS,8 and BTESE20-derived silica membrane
at 200�C as a function of kinetic diameter.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Similar pore size distributions were observed despite the dif-
ferent calcination temperatures, probably due to the decom-
position of methyl groups and resintering at high tempera-
tures. An M-3 TEDMDS-derived membrane also showed a
high H2/SF6 perm-selectivity of 660 and a low H2/N2 perm-
selectivity (�10) with a high hydrogen permeance of 1.1 �
10�6 mol m�2 s�1 Pa�1, and showed a pore size distribution
similar to BTESE-derived silica membrane. On the other
hand, a TEOS-derived silica membrane showed a high H2/
N2 perm-selectivity of 1000 with a low hydrogen permeance.
Interestingly, TEDMDS and BTESE-derived silica mem-
branes showed higher H2 permeance than He, while He per-
meance was higher than H2 permeance for the TEOS-derived
silica membrane. This suggests that the permeation of He is
governed by Knudsen diffusion through the loose amorphous
networks, confirming that TEDMDS and BTESE-derived
silica membranes had a much looser structure than TEOS-
derived silica membrane.

Normalized Knudsen-based permeance for TEDMDS (M-3),
TEOS,8 and BTESE-derived silica membranes20 at 200�C as a
function of kinetic diameter is shown in Figure 10. It should
be noted that normalized Knudsen-based permeance (NKP)
equals to unity under Knudsen diffusion mechanism, therefore,
TEDMDS, TEOS, and BTESE-derived silica membranes
showed NKPs smaller than one due to molecular sieving
effect. Fitting curves were calculated using Eq. 9. Judging
from fitting curves based on Eq. 9 for TEDMDS, TEOS,
and BTESE-derived silica membranes, the order of pore size
can be estimated as follows: TEOS-derived silica membrane
\M-3 TEDMDS-derived silica membrane % BTESE-
derived silica membrane. BTESE and TEDMDS-derived
silica membrane showed a larger pore size distribution than
TEOS-derived silica membrane. This suggests that silica

membranes created by a Si single unit alkoxide (TEOS)
showed smaller pore size distribution than silica membranes
prepared by a bridged alkoxide unit, such as SiAOASi or
SiACACASi. It can be concluded that the membrane pore
size or membrane structure can be tuned for larger pore sizes
with TEDMDS-based SiAOASi bonding.

Pore size tuning by in situ heat treatment

Siloxane compounds having organic groups such as
methyl or phenyl were used for a template to create a con-
tinuous network of micropores by the removal of organic
ligands embedded in a dense inorganic matrix.9–18 The
pyrolysis of organic groups in a membrane matrix showed
the loose structure of the membrane network. Since the
TEDMDS silica precursor consists of thermally stable
ASiAOASiA bonding as a main chain, and has two methyl
groups that can be used as a template by pyrolysis in an
air atmosphere, TEDMDS has an advantage in tuning pore
size by the ‘‘template’’ (methyl group) and ‘‘spacer’’
(ASiAOASiA bonding) techniques. M-4 membrane prepared
at 550�C under a N2 atmosphere, having few or no defects,
was used for the investigation of pore size tuning by in situ
heat treatment. Figure 11 shows the time course of air per-
meance for M-4 TEDMDS-derived silica membrane during
exposure to air at 300, 450, and 550�C where the tempera-
tures were increased under He flow after confirming a steady
flow at each temperature. Air permeance for M-4 membrane
during the exposure to air was constant at 300�C and
increased slightly at 450�C, showing thermal stability at
300–450�C. However, air permeance drastically increased
from 10�7 to 10�6 at 550�C, which was close to that of the
intermediate layer, resulting in a broken membrane structure
of the combustion of methyl group, as shown in Figure 7.

After confirming a steady-state of air permeance at each
temperature, gas permeances at 200�C were measured to
evaluate the pore size distribution. Figure 12 shows gas per-
meances of M-4 membrane at 200�C before (fresh mem-
brane) and after exposure to air at 300 and 450�C. All gas
permeances were similar before and after treatment at 300�C
in air. On the other hand, H2/N2 and H2/SF6 perm-selectivity

Figure 10. Normalized Knudsen-based permeance of
TEDMDS (M-3), TEOS,8 and BTESE20-derived
silica membranes at 200�C are calculated as
a function of kinetic diameter curves.

Normalized Knudsen-based permeance for TEDMDS (M-
3), TEOS, and BTESE-derived silica membranes were cal-
culated for dp ¼ 6.5, 3.2, and 6.8 Å, respectively, using
Eq. 9. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Figure 11. Time course of air permeance for TEDMDS-
derived silica membrane (M-4) during expo-
sure to air.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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for M-4 membrane treated in air at 450�C showed 4.9 and
39.3, respectively, and gas permeation increased compared
with fresh membrane, suggesting that the pyrolysis of methyl
groups in the membrane surface enlarged the pore size of
the ‘‘template.’’

Figure 13 shows the dimensionless permeance for M-4
membrane, fresh and after exposure to an air atmosphere at
different temperatures. Judging from the fitting curve based
on Eq. 9 for M-4 TEDMDS-derived silica membranes, the
order of pore size can be calculated as follows: fresh M-4
membrane �M-4 membrane treated at 300�C in air \M-4
membrane treated at 450�C in air. Judging from normalized
Knudsen-based permeance, the pores appeared to be enlarged
�3 Å, which possibly corresponds to the size of the methyl
groups. These results suggest that the pore size of
TEDMDS-derived silica membrane can be tuned by different
temperatures and gas atmospheres.

Table 1 shows the perm-selectivity of He/H2 at 200�C and
activation energy before and after exposure to air at each tem-
perature. The activation energy obtained by Eq. 4 for M-4
membrane after exposure to air at 450�C decreased from 5.62
to 2.90 kJ mol�1 for He permeation and 2.63 to 1.10 kJ mol�1

Figure 13. Normalized Knudsen-based permeance of
TEDMDS-derived silica membranes at 200�C
before and after exposure to air at 300 and
450�C as a function of kinetic diameter.

Normalized Knudsen-based permeance for fresh M-4
TEDMDS-derived membrane, and after exposure to 300
and 450�C in an air atmosphere, was calculated for dp ¼
7.0, 7.2, and 10.0 Å, respectively, using Eq. 9. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

Table 1. Perm-Selectivity of He/H2 and Activation Energy
at 200�C Before and After Exposure to Air

at Each Temperature

He/H2

Ep [kJ mol�1]

He H2

Fresh 0.70 5.62 2.63
300�C Air 0.70 5.71 1.94
450�C Air 0.69 2.90 1.10

Figure 12. Gas permeance for TEDMDS-derived silica
membrane (M-4) at 200�C before and after
exposure to air at 300 and 450�C.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 14. He/H2 permeance ratio as a function of acti-
vation energy of H2 permeation at 200�C for
TEDMDS-derived silica membranes (M-1 to
M-4), Sol-gel37 (after hydrothermal treatment)
and CVD derived silica membranes,4,17,18 and
BTESE-derived silica membranes.20
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for H2 permeation, respectively. Hecarlioglu et al.36 reported
activation energy for the permeation of He and H2 through
silica membranes in an ab initio calculation study. They clearly
showed that activation energy increased with a decrease in
silica members rings, which corresponded to pore sizes. The
activation energy of TEDMDS-derived silica membrane also
decreased as firing temperature increased, which is consistent
with membrane pore size as shown in Figure 13.

Figure 14 shows the He/H2 permeance ratio as a function
of the activation energy of H2 permeance at 200�C for
TEDMDS-derived silica membranes, sol-gel37 and CVD
derived silica membranes,4,17,18 and BTESE-derived silica
membranes.20 The He/H2 permeance ratio increased with
increasing activation energy of H2 permeation. This is
because a He/H2 permeance ratio can be considered a mea-
sure of pore size distribution of silica where He and H2 can
permeate.20 Silica membranes prepared by sol-gel and CVD
showed activation energies in the range of 10–40 kJ mol�1.
On the other hand, the activation energy of BTESE and
TEDMDS-derived silica membrane was in the range of 1–10
kJ mol�1. Judging from the activation energy, the structure
of the TEDMDS and BTESE-derived silica membrane is
more open, due to ASiAOASiA and SiACACASi, than that
of silica membrane prepared by the sol-gel and CVD
method. The upper part of Figure 14 shows H2 permeance
for TEDMDS-derived silica membrane, silica membranes by
sol-gel and CVD, and BTESE-derived silica membranes.
Although both TEDMDS and BTESE-derived silica mem-
branes showed an activation energy in the range of 1–10 kJ
mol�1, the H2 permeance of BTESE-derived silica mem-
brane was one order higher than that of TEDMDS-derived
silica membrane. The reason is not yet clear, but one possi-
ble reason might be the existence of a methyl group in the
case of TEDMDS. The methyl group in the silica networks
might exert a strong influence on hydrogen permeation
through TEDMDS-derived silica membranes, or reduce the
effective pore area for the permeation of gases.

Conclusions

Normalized Knudsen-based permeance was proposed for
pore size determination. TEDMDS-derived silica membranes
to control the amorphous structure were prepared with
TEDMDS by the sol-gel technique at different firing temper-
atures.
(1) A normalized Knudsen-based permeance, which was

derived from the GT permeation model with proper assump-
tions, was proposed as a convenient and easy-to measure
technique to evaluate the pore sizes of microporous mem-
branes, and verified using the permeance of zeolite mem-
branes.
(2) Crack-free TEDMDS-derived silica membranes (mem-

brane thickness: 200 nm) showed high H2 permeance (0.3–
1.1 � 10�6 mol m�2 s�1 Pa�1) with low H2/N2 (�10) and
high H2/SF6 (�1200) perm-selectivity compared with TEOS-
derived silica membrane at 200�C. Pore size distribution,
determined by single gas permeation, suggested TEDMDS-
derived silica membrane had loose amorphous silica struc-
ture due to the existence SiAOASi as a ‘‘spacer.’’
(3) TEDMDS-derived silica membrane prepared at 550�C

in an N2 atmosphere showed thermal stability before and after

exposure to air at 300�C, while gas permeance increased with
low perm-selectivity during air exposure between 450 and
550�C. The pyrolysis of methyl groups in the membrane sur-
face enlarged membrane pore size as a ‘‘template’’ technique,
presenting the possibility of membrane pore size tuning with
organic ligands by changes in the calcination temperature.
(4) TEDMDS-derived silica membranes showed a good cor-

relation between the He/H2 permeance ratio and the activation
energy of H2 permeation. The activation energies of TEDMDS-
derived silica membrane were in the range of 3–6 kJ mol�1.

Notation

PK ¼ permeance in the Knudsen mechanism, mol m�2 s�1 Pa�1

dp ¼ pore radius, m
L ¼ membrane thickness, m
M ¼ molecular weight, g mol�1

T ¼ temperature, K
R ¼ gas constant, J mol�1 K�1

Ep ¼ kinetic energy, J mol�1

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

Ao ¼ cross-sectional area of the pore, m2

f ¼ normalized Knudsen-based permeance
dk,i ¼ molecular size of i-th component, m

Greek letters

e ¼ membrane porosity
s ¼ tortuosity
q ¼ probability

qg,i ¼ probability of i-th component
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