Pore size tuning of bis(triethoxysilyl)propane (BTESP)-derived membrane for gas
separation: Effects of the acid molar ratio in the sol and of the calcination temperature
Ryota Inoue,* Masakoto Kanezashi,®* Hiroki Nagasawa,* Kazuki Yamamoto,® Takahiro

Gunji, and Toshinori Tsuru

? Department of Chemical Engineering, Graduate school of Engineering, Hiroshima
University, 1-4-1 Kagamiyama, Higashi-Hiroshima 739-8527, Japan

® Department of Pure and Applied Chemistry, Tokyo University of Science, Noda, 278-
8510, Japan

*Corresponding author: kanezashi@hiroshima-u.ac.jp

Abstract

Bis(triethoxysilyl)propane (BTESP) is a bridged-type organoalkoxysilane with a Si-
C3He-Si bond. It was utilized for membrane fabrication via a sol-gel method to achieve
high permselectivity for large molecules. Membrane fabrication parameters such as the
acid molar ratio (AR) in the sol and calcination temperature were evaluated for their effect
on the network pore size and on gas permeation properties, as evaluated by the molecular
size dependence (0.26-0.55 nm) and temperature dependence (50-200 °C) of gas
permeance. BTESP membranes with different ARs (107!, 10°, and 10) showed H2/N» and
H2/CF4 selectivities of 20-30 and 640-32000, respectively. As AR was increased, each
gas permeance also increased, but H» selectivity that corresponds to network pore size
was decreased. FT-IR analysis indicated that the density of the Si-OH groups (Si-OH/Si-
O-Si) of unfired gels was decreased with a higher AR, so that condensation of the Si-OH

groups during the calcination process formed a dense network structure in the case of
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BTESP membranes with a low AR (107"). Calcination temperature also affected the
network structure of BTESP membranes. BTESP membranes calcined at different
temperatures (350, 450, and 600 °C) showed H2/N> and H»/CF4 selectivities of 10-30 and
410-32000, respectively. A BTESP membrane calcined at high temperature (600 °C)
showed loose networks since the linking units derived from BTESP were decomposed at
temperatures above 500 °C, which resulted in the formation of methyl groups. In
conclusion, the AR in a sol is suitable for tuning small pore sizes, while calcination
temperature as a membrane fabrication parameter offers the advantage of controllability

for loose network structures.
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1. Introduction

Porous silica membranes have amorphous structures with high thermal and chemical
stabilities, and these membranes are fabricated via chemical vapor deposition (CVD) [1-
3] and/or sol-gel [4-6] methods. Tetraethoxysilane (TEOS)-derived conventional silica
membranes with an average pore size of 0.3-0.4 nm show high selectivity for small gases
such as H> (0.289 nm) /N> (0.364 nm) or H2/CO> (0.33 nm) [7-13]; the pore sizes of
conventional silica membranes are too small for H,/hydrocarbon or C3-C4 hydrocarbons
separation, however, so that the development of silica membranes with a loose network
structure is preferable.

There are many reports on the tuning of silica network structures and the improvement
of hydrothermal stability by using organic/inorganic silica precursors [14-28]. In
particular, bridged-type organosilica membranes have a loose network structure because
organic linking units between the Si atoms assume the role of a spacer, and the Si atomic
distance can remain large [19, 20]. The effects that a spacer species of bridged-
organoalkoxysilane exerts on microporous structures and gas permeation properties have
recently been discussed [29-36]. Organosilica with short linking units (CnH2q, n = 1, 2)
creates a rigid silica network, and membranes with a microporous structure and molecular
sieving properties have dominant gas permeation properties similar to conventional silica
membranes. On the other hand, long linking units (CyH2,, n = 3-10) such as alkyl chains
make the silica network more flexible and the permeable pores were blocked at 77 K,
which demonstrated a nonporous structure. Thus, a solution-diffusion mechanism that is
based on the thermal vibrations of alkyl chains [37, 38] dominates the gas permeation
properties of organosilica membranes.

In terms of H2/C3Hg separation, organosilica membranes with C1-C3 alkyl chains



have achieved the upper bounds of the trade-off between H, permeance and H»/C3Hg
selectivity [39]. It should be noted that bis(triethoxysilyl)propane (BTESP)-derived
membranes with a propylene group as the linking unit have shown a high H, permeance
of 2 x 10° mol m? s Pa' and an H»/C3Hs selectivity of 6000. This indicates that BTESP
membranes have a moderately loose network structure, which makes them suitable for
the separation of H» from large molecules, but the performance of these membranes is
yet to be optimized.

The membrane fabrication process has been used to control the silica network
structure. In sol-gel processing, the H>O/Si [40,41] and HCI/Si [42,43] ratio in a sol can
facilitate/inhibit hydrolysis and condensation of Si-OEt and Si-OH groups for network
formation and can make the membrane pore size small/large. In the calcination process,
pendant-type organosilica membranes can form large pores via the decomposition of a
pendant group under an air atmosphere [44-46], while in the case of bridged-type
organosilica, a densification of the network structure occurs at high temperature (> 300
°C) via the pyrolysis of a bridged alkyl chain and the forming of a SiO»-like structure
[47]. However, it is unclear how membrane fabrication conditions affect either the
network structure or the gas permeation properties of BTESP membranes.

In the present study, we evaluated the effect that the HCI/Si (acid molar ratio, AR) in
a sol and the calcination temperature exerts on network pore size and on the gas
permeation properties of BTESP membranes. BTESP-derived sols were prepared with
ARs=1072,10", 10°, and 10, and calcination temperatures were controlled at 350-600 °C
under a N> atmosphere. The chemical and microporous structure were evaluated by
Fourier transform infrared (FT-IR) and N> adsorption, respectively. The effect of

calcination temperature on the C/Si ratio and the state of carbon in the BTESP network



was evaluated by thermogravimetric-mass spectrometric (TG-MS) analysis and nuclear
magnetic resonance (NMR). We measured the molecular size and temperature
dependence of gas permeance for BTESP membranes and evaluated the network size via

gas selectivity and activation energy.

2. Experimental
2.1 Preparation of BTESP sol and membrane fabrication

BTESP is not commercially available, so we synthesized a BTESP monomer in our
laboratory by following a procedure found in the literature [38]. The BTESP sols were
prepared by hydrolysis and condensation. BTESP, water (H>O/BTESP=200), and HCI
(HCI/BTESP=102-10) were added to ethanol (>99.5 vol%) in this order, and 5 wt%
BTESP sols were prepared by stirring the solution (500 rpm) for an hour at 50 °C. The
weight-based compositions of the prepared BTESP sols are summarized in Table S1.

BTESP membranes were fabricated on a-alumina porous tubes (Nikkato Ltd, Japan)
with an average pore size of 1 um. The membranes were composed of three layers: a
particle layer, an intermediate layer, and a separation layer. Each layer was formed by
wipe-coating with a cloth and calcination. A particle layer with a pore size of 0.9 um was
formed by a-alumina particles (particle size: 1-2 and 0.2 pm) mixed with a Si02-ZrO>
sol and calcined at 550-700 °C under an air atmosphere for 10 min. The intermediate layer
had an average pore size of approximately 0.6 nm and was formed in the same manner
using a Si02-ZrO; sol (particle size: 5-100 nm) diluted to 0.5wt% using distilled water.
Then, the BTESP layer was formed with a coating of 0.5wt% BTESP sols followed by
calcination at 350-700 °C (N2 atmosphere for 10 min). The thickness of the BTESP

separation layer was difficult to identify because there was no change in the thickness



after coating the BTESP sol onto the Si02-ZrO; intermediate layer, but the uniform nature
of the BTESP separation layer was confirmed from the SEM images of the surface, as

shown in Fig. S1.

2.2 Characterization of BTESP-derived films and gels

The FT-IR spectra of BTESP films coated onto KBr plates were measured utilizing a
FT-IR spectrometer (FT/IR-4100, JASCO, Japan). BTESP sols (5 wt%) were deposited
on KBr plates by spin-coating at 5000 rpm for 30 s, and prior to calcination the BTESP
films were obtained by drying at room temperature. The dried film was then calcined at
350 °C under a N2 atmosphere to observe the effect of calcination. BTESP gel powders
were prepared by drying and gelation at 40 °C with calcination at 350-800 °C under a N>
atmosphere. TG-MS (TGA-DTA-PIMS 410/S, Rigaku, Japan) was used for
thermogravimetry analysis of evolved gas from BTESP powders, and the chemical
structures of the samples were analyzed via nuclear magnetic resonance (NMR, Varian
600PS solid NMR spectrometer). Solid-state 2°Si MAS-NMR was measured at 119.2
MHz setting the recycle delay at 70 s for 400 scans. We use a 3-(trimethylsilyl)propionic-
2,2,3,3-d4 acid sodium salt as the reference for the peak position. *C CP MAS-NMR
measurements were conducted at 150.9 MHz by '*C-'H dipolar couplings, and the spectra
was obtained by setting the recycle delay at 70 s for 360 scans. The peak position was

referenced using hexamethylbenzene.

2.3 Single-gas permeation measurement
Fig. 1 shows a schematic diagram of the single-gas permeation device. Single gases

(He, H2, CO2, N2, CH4, CF4, SF¢) were supplied to the outside of the membrane, and the



gas permeation temperature was controlled at 50-200 °C. Upstream and downstream
pressure was maintained at 200-300 kPa and atmospheric pressure, respectively. The
permeation rate was measured by utilizing a soap film flow meter (SF-U, Horiba Ltd,

Japan), and the measurement error for each permeance was less than 5%.
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Fig. 1 Schematic diagram of the experimental apparatus for single-permeation

measurement.

3. Results and discussion
3.1 Effect of the acid molar ratio in the sol on the physicochemical properties and
membrane permeation properties of BTESP

Fig. 2 (a) shows the FT-IR spectra in the range of 600-3200 cm™ for BTESP films
with different acid molar ratios of the sol (ARs =102, 10", 10°, and 10) before calcination.
Peaks centered at 1000-1100 cm™! assigned to Si-O-Si asymmetric stretching vibrations
[48] were detected in all samples, and indicated that a silica network had formed during

the hydrolysis of Si-OEt and the condensation of Si-OH. It was apparent that the ethoxy



groups were completely hydrolyzed even with AR values as small as 102, due to the
absence of -CH3 peaks (2974 cm™ [49]) originating from Si-OEt, which was detected in
the FT-IR spectra of the BTESP precursor, as shown in Fig. S2. The detected peaks at
1270 cm™ and 2932 cm™! were attributed to the silsesquioxane bonding (SiC) [50,51] and
C-Hy stretching vibrations of -CH»- fragments [52], respectively; thus, it was suggested
that the linking units for BTESP (Si-C3He-Si) were retained in the silica networks
regardless of AR.

After calcination at 350 °C under N2, as shown in Fig. 2 (b), the peak height assigned
to SIOH (890 cm! [53]) was clearly decreased by comparison with that before calcination
because of condensation during the calcination process, which led to an increase in the
peak height of Si-O-Si centered at 1030 cm™. No changes were confirmed in the peaks of
the Si-C and -CH2- groups that originated from the linking units. It should be noted that
FT-IR analysis for BTESP films before/after calcination was performed on the same film
for each acid molar ratio. Also, more than 2 films were used for each AR analysis to
confirm the reproducibility.

The density of the Si-OH groups with different acid molar ratios in the sol used to
produce the BTESP film was assessed via the Si-OH/Si-O-Si peak area ratios derived
from Fig. 2. Fig. 3 shows the Si-OH/Si-O-Si peak area ratios for BTESP films as a
function of the acid molar ratio in the sol. The Si-OH/Si-O-Si peak area ratios for the
films before calcination were greatly decreased with increases in the AR in the sol,
suggesting that condensation proceeded at a higher degree with a higher AR. In contrast,
the peak area ratios for the films after calcination at 350 °C were comparable, and were
almost independent of the AR. This indicates that BTESP-derived networks with different

ARs in the sol have a comparable density of silanol groups after calcination at 350 °C,



and that the degree of condensation during the calcination process is low for a sol with a
high AR. A similar trend was confirmed in BTESE-derived membranes with -C2Hzs-
linking units [43], suggesting that the effect of the AR on the silica network structure is

common among organosilica membranes.
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Fig. 2 FT-IR spectra in the range of 600-3200 cm™ for BTESP-derived films prepared
with ARs = 102, 10", 10°, and 10 ((a) before calcination, (b) after calcination at 350 °C

under N»).
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Fig. 3 Si—OH/Si—O-Si peak area ratios for BTESP films as a function of the acid molar
ratio in the sol (open symbols: before calcination, closed symbols: after calcination at 350

°C under N»).

The network pore size of the BTESP membrane was evaluated according to the
molecular size dependence of gas permeance at 200 °C where molecular sieving is
dominant during permeation due to the diminished effect of adsorption. Fig. 4 shows the
molecular size dependence of gas permeance (a) and dimensionless permeance
normalized by He permeance (b) at 200 °C for BTESP membranes with ARs = 102, 10!,
10° and 10 when calcined at 350 °C. In Fig. 4 (b), each measure of permeance was
divided by He permeance, corresponding to gas X/He selectivity, to discuss the average
pore size of each BTESP membrane. In the present study, to minimize the effect of
intermediate layer on membrane performance, BTESP membranes were fabricated on

intermediate layers that had approximately the same average pore size and gas permeance,
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as shown in Fig. S3. All the BTESP membranes showed H> permeance higher than 1 x
107 mol m? s”! Pa’!, and the BTESP membrane with an AR = 10" showed selectivity for
H2/N> of 30 and for H2/CF4 of 32000. Each gas permeance was increased with increases
in the AR, while H» selectivity, which corresponds to network pore size, was decreased
with a higher AR. For example, the membrane with an AR = 10 showed H2/N> selectivity
of 20 and H2/CF4 selectivity of 640. H2/CF4 selectivity of the membrane with an AR =
102 was lower than that with an AR = 107" despite the latter value being a lower AR.
These results show that a BTESP-derived loose network structure can be formed by using
a sol with a high AR.

Fig. 5 features a schematic image showing the effect that the acid molar ratio has on
the formation of the BTESP network structure before/after calcination. The important
point is that the number of Si-OH groups in the silica network before calcination is
dependent on the AR in the sol. The number of Si-OH groups before calcination is
increased with a lower AR in the sol, as shown in Fig. 3, which indicates that a large
number of Si-OH groups are available to be condensed via calcination. In the calcination
process, a dense network structure is formed by utilizing a sol with a low AR because the
calcination process creates small pores via the condensation of closely aligned silanol
groups, which are abundant in the sol. By contrast, a sol with a high AR has fewer silanol
groups, which creates a loose network structure due to a slight change in the network

structure during the calcination process [43].
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Fig. 4 Molecular size dependence of gas permeance (a) and dimensionless permeance
based on He permeance (b) at 200 °C for BTESP membranes prepared with ARs = 107,

107!, 10°, and 10 (calcined at 350 °C under N»).
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Fig. 5 Schematic image of the formation of the BTESP network structure before/after

calcination: effect of the acid molar ratio on BTESP networks.

H>/CF4 selectivity is reportedly correlated with H»/C3 hydrocarbon selectivity
because the molecular size of CF4 (0.48 nm) is comparable to that of both propane (0.50
nm) and propylene (0.47 nm). Fig. 6 shows the H2/CFs selectivities for
bis(triethoxysilyl)methane (BTESM) [29,38], BTESE [38,43,47], and BTESP-derived
membranes as a function of H, permeance at 200 °C. In order to confirm the
reproducibility of membrane with different ARs, in the present study, at least 2
membranes for each AR was fabricated and each point in Fig. 6 corresponds to one
membrane. Membranes with high permeance generally show low selectivity, and the
broken lines in the figure show the trade-off relationships for BTESM and BTESE
membranes. The Hz permeance of BTESP membranes was significantly increased from
6.3 X 107 to 4.6 x 10°° mol m? s™! Pa! and the H2/CF4 selectivity was decreased from
32000 to 200 with an increase in the AR in the sol of from 107! to 10. Based on the results
of N2 adsorption at 77 K (Fig. S4), the total pore volume of BTESP powders was large
with an increase in the AR, which demonstrated that an increase in gas permeance is
related to a larger effective area for gas permeation as well as to the effective enlargement
of the network pore sizes. The BTESP membrane with an AR = 10"! showed the highest
H2/CFj4 selectivity of 32000, which was beyond the trade-oft relationship.

H»/CF4 selectivity of the membrane with an AR = 10 was lower than that with an
AR=10" despite the latter value being a lower AR. Although a lower AR creates a denser

network structure, the high degree of condensation during the calcination process allowed
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large network pores to simultaneously form, which promoted the permeation of CF4.
According to the above results, the BTESP membrane with an AR = 10! proved to be
suitable for H2/C3 hydrocarbon separation. Binary separation performance at 200 °C for
a BTESP membrane with AR=10"! was conducted and the results appear in Fig. S5. The
permeance of both H, and C3Hg was independent of the mole fraction of C3Hg in feed,
and the H2/C3Hg permeance ratio was approximately the same as that obtained by single-
gas permeation (2900), due to a negligible adsorption of the adsorptive molecules at

temperatures above 200 °C.
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Fig. 6 H2/CF4 selectivity for BTESM [29,38], BTESE [38,43,47], and BTESP-derived

membranes as a function of H, permeance at 200 °C.
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3.2 Effect of calcination temperature on the decomposition properties of linking units and
on the network pore sizes of BTESP membranes

The thermal stability and decomposition properties of the linking units were evaluated
via TG-MS measurement under a He atmosphere. BTESP gel prepared with an AR=10"!
was heated at 200 °C for 120 min to remove any adsorbed water, and then heated to 1000
°C at a rate of 10 °C min™'. Fig. 7 shows the TG curves and mass signals for BTESP gels
prepared with an AR = 10" under a He atmosphere. The relative weight was decreased by
3% for temperatures ranging from 200-500 °C. This was caused by desorption of the
adsorbed water and condensation of the Si-OH groups [54-56]. A significant weight loss
(5%) was observed for temperatures ranging from 500-700 °C where mass peaks derived
from methane and hydrogen were detected, and, therefore, the propylene linking units of
BTESP were considered to be thermally decomposed. Hence, calcination temperature is
considered an important parameter for controlling the C/Si ratio and decomposition

properties of linking units within the BTESP network structure.
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Fig. 7 TG curve and mass signals of BTESP gels prepared with an AR = 10"! under a He

atmosphere.

Fig. 8 shows the 2Si MAS-NMR spectra of BTESP gel powders (AR=10"") calcined
at different temperatures (350, 600, and 800 °C) under a N> atmosphere. These powders
were prepared for analyzing BTESP-derived chemical structures over the wide range of
the calcination temperature including that before/after the thermal decomposition. A T2
unit (-55 ppm) with a Si-OH group was detected in a powder calcined at 350 °C, but the
peak was shifted to that of a T? unit (-65 ppm) that corresponded to Si-O-Si [57] when
calcined at 600 °C. A deconvolution of the T unit (T?+T>) was conducted and the results

appear in Fig. S6 and Table 1. The BTESP powder calcined at 350 °C showed T?/Tiotal
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peak area ratio of 0.75. As the calcination temperature increased, the peak area ratio was
decreased to 0.02 in the powder calcined at 800 °C. This indicates that condensation of
the Si-OH group had proceeded under the high calcination temperature.

The Q unit (Q*+Q%*) derived from SiO, was increased with a higher calcination
temperature, so that a rearrangement of siloxane bonds had occurred due to pyrolysis of
the linking units under high calcination temperatures [58]. Also, the T/(T+Q) peak area
ratios for BTESP powders calcined at different temperatures are summarized in Table 1.
The peak area ratio of the powder calcined at 350 °C was 1.00, which indicated that the
propylene groups between the Si atoms had completely remained in the BTESP network
structure. As the calcination temperature increased, the T peak area ratio was decreased,

but the powder calcined at 800 °C continued to show a high T peak area ratio of 0.84.
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Fig. 8 22Si MAS-NMR spectra of BTESP-derived gels (AR = 10™!) calcined at different
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temperatures under a N> atmosphere.

Table 1 Peak area ratio of BTESP gels calcined at different temperatures under a N>

atmosphere.

Peak area ratio Calcmation temperature [°C]

[-] 350 600 800
T%/To1al 0.75 0.20 0.02
Ttotal/(Qtotal+Ttotal) 1'00 091 0.84

To analyze the effect of calcination temperature on the carbon status of BTESP, the
13C CP MAS-NMR spectra of the gel powders (AR=10"") calcined at 350, 600, and 800
°C were measured and the results appear in Fig. 9. Assignment of the chemical shift of
the propylene group in BTESP solid-state '*C NMR was performed based on assignment
of the BTESP precursor, as shown in Fig. S7. A peak at 13 and 19 ppm assigned to the
propylene group was detected in the powder calcined at 350 °C, which is consistent with
the results of 2°Si-NMR (Fig. 8). In the powder calcined at 600 °C, three peaks were
detected due to pyrolysis of the propylene groups. These peaks were assigned to the
propylene, ethylene (6 ppm), and methylene (-1 ppm) groups, respectively. This indicates
that a BTESP network structure calcined at 600 °C has various carbon structures. The
peaks derived from the bridged alkyl chain between the Si atoms had approximately
disappeared, and a peak assigned to the methyl group (-6 ppm) was only detected [59-61]

in the powder calcined at 800 °C.

18



800°C N,

:
:
:
:
: °C N,
|
:
:
I

L | I L L L |
40 20 0 -20 -40
3C chemical shift [ppm]

Fig. 9 '*C CP MAS-NMR spectra of BTESP-derived gels (AR = 107!) calcined at different

temperatures under a N2 atmosphere.

Fig. 10 shows the molecular size dependence of gas permeance (a) and dimensionless
permeance based on He permeance (b) at 200 °C for BTESP membranes (AR = 107)
calcined at different temperatures (350, 450, and 600 °C). The BTESP membrane calcined
at 350 °C showed a H2/N> selectivity of 30 and a H2/CF4 selectivity of 32000; the H2/N»
selectivity was slightly increased by calcination at 450 °C. This indicates that
condensation of the Si-OH groups in the network structure had occurred at 450 °C, and
the network pore size was decreased. A membrane calcined at 600 °C showed a relatively
high N2 permeance of 5.5 x 107 mol m? s Pa! with low H2/N2 and high N2/SFs
selectivities of 11 and 780, compared with those of the membrane calcined at 350 and

450 °C, respectively. This indicates that the BTESP membrane calcined at 600 °C had a
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moderately loose network structure. In this case, molecular sieving for small gases such
as H» and N> was decreased, resulting in decreased H2/N» selectivity. Since large
molecules such as CF4 and SF¢ cannot permeate a moderately loose network structure,
this showed low H2/N> selectivity that was nonetheless highly selective for N> over SF¢
molecules. Based on the results of the *C CP MAS-NMR spectra of BTESP-derived gels
when calcined at 600 °C, a moderately loose network was formed via a change in the state
of the carbon to methyl groups.

Fig. 11 features a schematic image of the formation of a BTESP network structure
(AR = 10" and the effect of calcination temperature on BTESP network structures.
Calcination temperature acts on the progression of the condensation of Si-OH groups in
the network and promotes pyrolysis of the linking units. In the case of low calcination
temperature (350-450 °C), however, the condensation occurs without pyrolysis of the
linking units, so that a dense network structure can be formed. On the other hand, when
a BTESP membrane is fabricated at high calcination temperatures (500-600 °C), the
thermal decomposition of propylene groups forms methyl and methylene groups in the
networks (condensation is completed according to the TG curve), and a loose network

structure is formed.
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the effect of calcination temperature on BTESP network structures.

3.3 Evaluation of a BTESP network by activation energy and He selectivity

Fig. 12 (a) shows the temperature dependence (50-200 °C) of gas permeance for a
BTESP membrane (AR = 107! calcined at 350 °C. The gas permeance of He and H»
showed an increasing trend with increases in temperature, and N2 and CH4 showed gas
permeation that was based on activated diffusion. On the other hand, CO», the most
adsorptive molecule, showed surface diffusion due to a strong affinity for SiO».

Fig. 12 (b) shows the temperature dependence (50-200 °C) of gas permeance for a
BTESP membrane (AR = 10™") calcined at 600 °C. The gas permeance of neither He nor
H> depended on temperature, and that of N», CH4, CF4, and SF¢ were decreased with
increases in temperature (Knudsen diffusion). Large molecules such as CF4, and SF¢ are
considered to permeate the loose network pores created by the pyrolysis of propylene
groups. No change was observed in the permeation properties of CO> molecules after

calcination.
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Fig. 12 Temperature dependence of gas permeance for a BTESP membrane (AR = 10)

calcined at 350 °C (a) and that calcined at 600 °C (b).

The effects of calcination temperature on the gas permeation properties and network
structures for the BTESP membranes (AR=10"") were compared with those of
microporous SiOj-based membranes. Fig. 13 shows He/H» selectivity (a), He/N»
selectivity (b) at 200 °C, and activation energy for He permeation (c) as a function of
calcination temperature for BTESP, BTESE [47], and SiO, (TEOS) [62] membranes.
Small gases such as He and H» can permeate small network pores. Therefore, an increase
in Ep ne and He selectivity indicates the densification of a network structure via
condensation at high temperature [63]. As calcination temperature was increased, Ep me
and He selectivities (He/N2, He/H») were increased for BTESE and SiO> membranes.
The network structures of BTESE and Si02 membranes were densified at high calcination

temperatures. Moreover, Ep n. and He selectivities of BTESE membranes were
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comparable to that of Si0> membranes at 550 °C. This suggests that a BTESE membrane
calcined at 550 °C develops a SiO»-like network structure due to the pyrolysis of ethylene
groups and a decrease in the proportion of carbon in the network structure.

BTESP membranes showed no apparent trend for increases in He selectivity as
calcination temperature increased, and the selectivities were lower than those for BTESE
and SiO2 membranes at 350-700 °C. Therefore, it seems reasonable to speculate that the
BTESP membrane maintained a looser network structure regardless of calcination
temperature. Ep, ne for the BTESP membrane was largely decreased at calcination
temperatures ranging from 450 to 600 °C, where a large weight loss was confirmed in

TG-MS measurement, due to changes in the state of carbon.

He/H, [-]

He/N, [-]

Ep, te [kJ mol]

Calcination temperature [°C]
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Fig. 13 He/H; selectivity (a), He/N2 selectivity (b) at 200 °C and activation energy for He
permeation (c) as a function of calcination temperature for BTESP (AR = 10!), BTESE

[47], and SiO; (TEOS) [62] membranes.

Activation energy and the H2/N»> permeance ratio were used to evaluate the effect that
the membrane fabrication parameters, the acid molar ratio in the sol, and the calcination
temperature exert on the network pore size. Fig. 14 shows the activation energy of He
permeation and H2/N> selectivity as a function of the activation energy of H> permeation
for BTESP membranes calcined at 350 °C with different ARs in the sol (a) and for
membranes calcined at different temperatures with an AR = 107! (b). Activation energies
and H>/N; selectivity were decreased with increases in the acid molar ratio in the sol.
BTESP membranes with a lower AR showed a particularly high activation energy of H»
permeation that amounted to approximately 5-9 kJ mol! for the membrane with an AR =
102, where H2/N> selectivity was more than 20. Therefore, the AR of the sol is suitable
for the tuning of small pore sizes. This is reasonable because small network pores can be
formed by the condensation of Si-OH groups via the calcination process. In contrast, the
activation energies and H»/N> selectivity were decreased with increases in the calcination
temperature, and produced activation energies of 1-3 kJ mol™! and H2/N; selectivities of
7-10 under high calcination temperatures (500-700 °C). Calcination temperature as a
membrane fabrication parameter offers the advantage of controllability in a loose network

structure.
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Fig. 14 Activation energy of He permeation as a function of the activation energy of H»
permeation for BTESP membranes calcined at 350 °C with a different AR in the sol (a)

and for membranes calcined at different temperatures with an AR = 107! (b).

4. Conclusions

Bis(triethoxysilyl)propane (BTESP) is a bridged-type organoalkoxysilane with a Si-
C3Hs-Si bond, and it was used for membrane fabrication via the sol-gel method. The
effects that membrane fabrication parameters such as the acid molar ratio (HC1/Si, AR)
and calcination temperature exerted on the network pore size and gas permeation

properties were evaluated.
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BTESP membranes with different ARs showed high H, permeance of approximately
1 x 10 mol m? s™! Pa”! with H2/N, and H,/CF; selectivities of 20-30 and 640-32000,
respectively. Each gas permeance was increased with increases in the AR. H» selectivity,
however, corresponded to the network pore size, and was decreased with a higher AR.
The density of Si-OH groups (Si-OH/Si-O-Si) was decreased with a higher AR prior to
the calcination process (condensation proceeded well with a high AR), so that many Si-
OH groups were condensed during the calcination process when utilizing a sol with a low
AR.

H» selectivity was decreased with higher calcination temperatures, since the linking
units of BTESP were pyrolyzed at 500-700 °C under a N> atmosphere, and the state of
carbon was changed from propylene groups to methyl groups by the higher calcination
temperature.

Activation energies were decreased with increases in the AR in the sol. BTESP
membranes with a lower AR showed a high activation energy of H> permeation that
amounted to approximately 5-9 kJ mol™! for the membrane with an AR = 1072, Therefore,
the AR in a sol is considered suitable for the tuning of small pore sizes. In contrast, the
activation energies were decreased with increases in the calcination temperature, which
resulted in activation energies of 1-3 kJ mol! at high calcination temperatures (500-700
°C). Calcination temperature as a membrane fabrication parameter offers the advantage

of controllability in a loose network structure.
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