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Although microporous organosilica membranes have proven their excellent hydrothermal stability and
permeability in H,/CO, separation, it is still challenging to meet the permselectivity requirements of
industrial applications. In this work, microstructures of 1,2-bis(triethoxysilyllethane (BTESE)-derived
organosilica membranes were tailored through the tuning of calcination parameters including calcination
temperature (T.), heating rate (r) and dwelling time (t). A series of organosilica powders were prepared to
optimize the calcination conditions for fabricating BTESE-derived organosilica membranes with excellent
H,/CO, separation performance. It is found that the organic bridge groups in organosilica networks are
sensitive to calcination conditions. The organosilica membranes calcined at 600 °C with an expeditious
calcination (r = 10 °C min~%, t = 5 min) show a high cross-linking degree in their network and contain
a high content of organic bridge groups. This expeditious calcination enables organosilica membranes to

have a H, permeance of 4.61 x 1078 mol m™2 s~ Pa™' and a H,/CO, permselectivity of 17.5. The
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Accepted 23rd October 2017 organosilica membrane calcined at 600 °C with a slow calcination has a high H,/CO, permselectivity of

36.4. The mechanisms of using expeditious or slow calcinations for developing organosilica membranes

DOI: 10.1039/c7ta07117e with outstanding separation performance are further confirmed, which may offer a novel method for
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1. Introduction

Amorphous silica membranes which contain irregular pores
with a size in the sub-nanometer level are some of the most
important members in the inorganic microporous membrane
family." Due to their high permeability and molecular sieving
capability, amorphous silica membranes are widely used in
applications such as pervaporation®* and gas separation at high
temperatures.>>*

Hydrogen is a clean energy carrier which is mainly produced
from methane steam reforming and water gas shift reactions.>’
An effective in situ separation of H, and CO, is critical for effi-
cient H, production and CO, capture. During the past few
decades, a vast variety of silica-based membranes have been
developed and used for H, and CO, separation.>**' These
membranes can be prepared by depositing an ultrathin and
defect-free silica separation layer on a porous support. Ultrathin
silica membranes that always exhibit acceptably high
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preparing desirable organosilica membranes.

permeance (10~° to 107° mol m~> s~" Pa~ ") are usually fabri-
cated through chemical vapor deposition (CVD) and sol-gel
methods."*

However, to efficiently separate H,/CO,, a silica membrane
must show simultaneously high H, permeance and H,/CO,
permselectivity. Generally, sol-gel derived silica membranes
show higher permeance but lower permselectivity than those of
CVD derived silica membranes due to their looser porous
structure.’ Additionally, compared with CVD, the sol-gel tech-
nique has the advantages of low-cost, ease of control and
assembly capability at the molecular scale. Therefore, the sol-
gel technique is more widely used to prepare silica membranes
for H,/CO, separation.

For sol-gel derived silica membranes, tetraethoxysilane
(TEOS) is typically used as a precursor, but they are unstable
under hydrothermal conditions.'” Besides, a series of bridged
silsesquioxanes (O, 5Si-R-SiO; 5, R represents an organic bridge
group), including bis(triethoxysilyl)methane (BTESM), 1,2-bis
(triethoxysilyl)ethane ~ (BTESE), 1,8-bis(triethoxysilyl)octane
(BTESO), bis(triethoxysilyl)benzene (BTESB) and 1,2-bis
(triethoxysilyl)acetylene (BTESA), etc.,"*** could be used to
prepare silica-based membranes as well. Because hydrothermal
stability is another crucial criterion for silica-based membranes
in practical H,/CO, separation applications, among those
organosilica membranes based on bridged silsesquioxane,
BTESE-derived membranes have proven themselves as good
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candidates for H,/CO, separation as they also exhibit unique
hydrothermal stability.**"”

Nevertheless, the permselectivity of BTESE-derived organo-
silica membranes for gas mixtures of H,/CO, is still unsatis-
factory."”'® To improve the permselectivity of BTESE-derived
organosilica membranes, many efforts have been made to
tailor the structure of the organosilica membranes in the sol
synthesis process, including changing the organic bridge
groups,* optimizing the sol synthesis parameters®'® and
incorporating metal into the network.>*** In our previous
studies, we have attempted to improve the H,/CO, permse-
lectivity of organosilica membranes by optimizing the sol
synthesis parameters®* and by doping with metals (Zr and
Nb).?*?* Moreover, Castricum et al. also found that the perm-
selectivity of organosilica membranes can be significantly
improved when the relative humidity of the supports decreases
from 90% to <0.5%."°

Calcination is an indispensable process in the fabrication of
BTESE-derived membranes since it is carried out to enhance the
condensation reaction (Si-OH groups condense to form a Si-O-
Si network) that increases the cross-linking degree of the silica
network structure.”* The cross-linking degree of the silica
network is closely related to the pore structure of silica-based
membranes. BTESE-derived membranes have hierarchically
porous structures (Fig. 1). The internal pores are formed as
network structures which contain Si-O-Si and Si—-CH,-CH,-Si
groups. Owing to the low cross-linking degree, there are also
unconnected pores formed as spaces between the sol/gel
particles, which are harmful to the permselectivity. Thus, the
pore structure of the BTESE-derived membranes could be
controlled by changing the calcination parameters. This might
be an efficient way to improve the permselectivity of organo-
silica membranes.

In this work, we systematically investigate the influence of
calcination parameters (i.e. calcination temperature, heating
rate and dwelling time) on the porosity and chemical structure
of BTESE-derived organosilica powders. Subsequently, the gas
permeances of the organosilica membranes prepared with
different calcination parameters were measured and compared.

Internal pore

Unconnected pore

Fig. 1 Schematic illustration of two types of pore in organosilica
networks derived from BTESE.
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The pore sizes and gas transport behaviors of the membranes
were also discussed to shed further light on the effects of
calcination parameters on the gas separation performance of
the membranes.

2. Experimental
2.1. Chemicals

1,2-Bis(triethoxysilyl)ethane (BTESE, a purity of 97%) from
ABCR was selected as the precursor. Ethanol (EtOH) was
purchased from Merck. They were used as received without any
further purification. Nitric acid (HNO3, 65 wt%) was purchased
from Lingfeng in Shanghai. Prior to further use, the concen-
trated nitric acid was diluted to 0.1 M with deionized water.
Home-made y-Al,0; mesoporous membranes (pore diameter of
3-5 nm) were used as the support.

2.2. Preparation of the sols, gels and membranes

Organosilica sols were prepared in a clean room (class 1000
conditions) to avoid dust contamination. The details of the
synthesis procedure for the organosilica sols are described in
the ESLt Briefly, the composition of the BTESE sol is
BTESE : EtOH : H,O0: HNO; = 1:19.6:22.24:0.04 (molar
ratio). Organosilica gels were obtained by drying the corre-
sponding sols for 12 h in Petri dishes at room temperature. The
obtained gels were then ground into fine powders. After that,
the powders were calcined under a N, atmosphere with
different calcination conditions which are given in Table S1.7

To prepare the BTESE-derived organosilica membranes, the
same BTESE sol was diluted to a solution of 0.17 M Si in
concentration. Then, the diluted sol was coated on home-made
v-Al,0; mesoporous membranes through a dip-coating
method. Subsequently, the membranes were calcined under
a N, atmosphere. Four BTESE-derived membranes were
prepared following the same calcination conditions used for
powders P2, P6, P8 and P9 (see Table S17). The four membranes
are marked as M1 (T, = 400 °C, r = 0.5 °C min~ ", ¢ = 180 min),
M2 (T. = 600 °C, r = 0.5 °C min"*, ¢ = 180 min), M3 (T, =
600 °C, r = 10 °C min "', ¢ = 180 min) and M4 (T, = 600 °C, r =
10 °C min ', ¢t = 5 min), respectively. The calcination for all the
organosilica powders and membranes was conducted in a tube
furnace (GHA 12/1050, Carbolite).

2.3. Characterization of the gels and membranes

Fourier transform infrared (FTIR) spectroscopy (NICOLET 8700,
Thermo Nicolet Corporation) tests were conducted to verify the
chemical structure of the powders with KBr as the reference. N,
adsorption-desorption isotherms at 77 K were conducted with
a physical gas sorption instrument (ASAP 2460, Micromeritics).
Prior to measurements, the samples were degassed under
vacuum at 373 K for 12 h. The calculation of the pore size
distributions was performed by applying the non-local density
functional theory (NLDFT) method. An X-ray photoelectron
spectrometer (XPS, ESCALAB250xi, Thermo Scientific) equipped
with an Al Ko X-ray source (1486.6 eV) was utilized to analyze the
chemical composition of the powders. The Si 2p peaks of the

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Cross-sectional SEM images of the (a) M1, (b) M2, (c) M3 and (d) M4 membranes.
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Fig. 3 FTIR spectra of the P2, P6, P8 and P9 powders.

organosilica powders were deconvoluted by the software
package (XPSPEAK41) and relevant details are presented in
Table S2.}

Scanning electron microscopy (SEM SU3500, Hitachi) was
performed to study the morphology of the membrane cross-
sections at an acceleration voltage of 15 kV. The gas separa-
tion performance of the as-prepared organosilica membranes
was measured on a home-made permeance apparatus. The
single gas permeances of He, H,, CO,, N,, CH, and SF, were

This journal is © The Royal Society of Chemistry 2017

obtained at a temperature range of 100-200 °C and repeat
experiments of the gas permeances were conducted 9 times.
The pressure difference through the membranes was main-
tained at 0.3 MPa. The gas permeance (P) was calculated by the
formula:

F,
Pi= AP

where P; is the permeance of gas i (mol m > s~ ' Pa™ %), F; is the
molar flow rate (mol s~ '), 4 is the effective membrane area (m?),
and AP is the transmembrane pressure (Pa).

The ideal separation factor («, ie. permselectivity) was
defined as follows:

where P; and P, are the permeance values for components i and
J, respectively.

The activation energies (E,) for H, and CO, permeating
through the membranes were obtained by regressing the
following equation:

E,
P=P exp{—ﬁ}

where P, is a temperature independent coefficient and T is the
test temperature.

J. Mater. Chem. A
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Fig. 4 (a) N, adsorption—desorption isotherms and (b) pore size distributions of P2, P6, P8 and P9 powders.

3. Results and discussion

3.1. Characterization of BTESE-derived organosilica
membranes

As discussed above, the sol-gel process plays a crucial role in
the preparation of high performance organosilica membranes.
A series of BTESE-derived organosilica gel powders were
prepared to determine the chemical states and the pore struc-
tures of the organosilica network. Details can be found in the
ESL.T Based on these organosilica networks obtained by
different calcination conditions, four organosilica membranes
(M1, M2, M3 and M4) were prepared accordingly under the
same calcination conditions used for the preparation of
powders P2, P6, P8 and P9.

Fig. 2 shows the cross-sectional SEM images of the four as-
prepared organosilica These organosilica
membranes exhibit an asymmetric structure with an ultrathin

membranes.

separation layer (i.e. the organosilica layer) and an intermediate
layer on top of the support. The separation layers of the four
membranes have a similar thickness of about 100 nm irre-
spective of the calcination conditions.

Fig. 3 shows the FTIR spectra of the P2, P6, P8 and P9
powders which indirectly reflect the chemical structures of the
organosilica networks in the M1, M2, M3 and M4 membranes. It
can be seen that a notable absorption band at around
1020 cm ™" appears in all four organosilica powders which is
assigned to the asymmetric stretching vibration of Si-O-Si
groups.”®*¢ This is a typical characteristic of silica based

materials.?>*® The broad absorption band at 3450 cm ™" can be
ascribed to the stretching vibrations of hydroxyl groups in the
silanol groups (Si-OH).>>* It is well known that silanol groups
would condense to form a Si-O-Si network (i.e. dehydroxylation
process) during the calcination process. Moreover, a higher
calcination temperature leads to an enhanced dehydroxylation
process (namely, a relatively higher cross-linking degree of the
silica network). As shown in Fig. 3, the signal peak for Si-OH is
obvious when the calcination temperature is 400 °C (powder
P2), but the peak for Si-OH disappears when the calcination
temperature increases to 600 °C using the same heating rate
and dwelling time (powder P6). The intensity of the signal peak
for Si-OH decreases with the increase of the calcination
temperature, and it becomes negligible when the calcination
temperature is above 500 °C (Fig. S1at). More details about the
effects of calcination temperature on the chemical structure of
the organosilica powders can be seen in Fig. S1.}

The peaks at 1410 cm™ " can be ascribed to CH, (in Si-CH,-
CH,-Si) asymmetric bending vibrations and the peaks at
approximately 700 cm ! are assigned to Si-C stretching vibra-
tions.”**® The above-mentioned peaks are clearly detected in the
spectrum of powder P2, while no vibration peaks at 700 and
1410 cm™ " are observed in the spectra of powders P6 and P8.
This suggests that the thermal degradation of the organic
bridge groups in the organosilica powders occurs at higher
calcination temperatures. This is attributed to the thermally-
sensitive nature of organic groups. In fact, when a slow calci-
nation (r = 0.5 °C min~', ¢ = 180 min) is implemented,

Table 1 Pore structure data of organosilica powders calcined under different calcination conditions®

Thermal treatment parameters

r t
Powder Tc (OC) (DC minil) (Inll’l) SBET (mz gil) Vtotal (Cm3 gil) Vmicru (Cm3 gil) Vmicro/Vtotal (Om)
P2 400 0.5 180 338 0.173 0.140 80.9
P6 600 0.5 180 122 0.060 0.048 80.0
P8 600 10 180 178 0.097 0.050 51.5
P9 600 10 5 222 0.114 0.073 75.3

“ Tey 7, 8, SeETy Viotaly Vinicro @A Viniero/Viotal TEPresent calcination temperature, heating rate, dwelling time, BET specific surface area, total pore

volume, micropore volume and microporosity, respectively.
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Fig. 6 Performance comparison of the M1, M2, M3 and M4
membranes with other organosilica membranes reported in the
literature under a testing temperature of 200 °C.

a majority of the organic bridge groups in the organosilica
powders have decomposed as the calcination temperature is
equal to or higher than 500 °C. This change trend can be seen in

the decreasing intensity of the peaks at 700 and 1410 cm™ " in

Fig. S1a.t The pyrolysis of the organic bridge groups is also
confirmed by the color change of the organosilica powders
(Fig. S2at). It is obvious that the color of the organosilica
powders turns gradually from white to yellow when the calci-
nation temperature increases.

There is no distinguished difference in the FTIR absorption
spectra of powders P6 (r = 0.5 °C min~ ') and P8 (r =
10 °C min "), indicating that the organic bridge groups
decompose under these conditions (T = 600 °C, ¢t = 180 min)
regardless of the heating rates. Additional details about the
effects of the heating rate on the chemical structure and
appearance of the organosilica powders are shown in Fig. S1b
and S2b.{ All samples show a high cross-linking degree of the
silica network since negligible peaks of the silanol groups are
observed in the corresponding FTIR spectra (Fig. S1b¥). The
absence of the FTIR absorption peaks at 700 and 1410 cm™ ' and
the yellow color of the organosilica powders indicate that most
organic bridge groups have decomposed under these
conditions.

The organosilica powders calcined at 600 °C with a heating
rate of 10 °C min~" and a dwelling time of 5 min (powder P9)
show no obvious peak at 3450 cm ™. But obvious peaks at 700

Table 2 Comparison of the as-prepared membranes in this work with other reported inorganic membranes in terms of H,/CO, separation

performance

Test temperature H, permeance H,/CO, permselectivity
Membrane materials (°Q) (molm2s ' Pa) -] References
Pd 150 2.93 x 10784 22.3 35
Carbon Ambient 2.7 x 1078 14.2 36
MoS, 35 8.19 x 10’ 4.4 37
ZSM-5 500 1.2 x 1077 23 39
ZIF-7 220 4.55 x 1078 13 40
ZIF-90 200 2.5 x 1077 7.2 41
Sio, 200 5x 1077 70 2
M1 200 2.92 x 1077 9.47 This work
M2 200 1.62 x 1078 36.4 This work
M3 200 1.7 x 1078 19 This work
M4 200 4.61 x 1078 17.5 This work

“ This value is expressed in permeability (barrer) in the literature, 1 barrer = 1 x 10~ *° cm*(STP) cm cm™

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Temperature dependence of H, (red) and CO, (blue) permeances of the (a) M1, (b) M2, (c) M3 and (d) M4 membranes.

and 1410 ecm ! are detected for powder P9. Furthermore, FTIR
absorption spectra of organosilica powders calcined at 600 °C
with a heating rate of 10 °C min~" and various dwelling times
are displayed in Fig. Sic.t All samples show negligible silanol
peaks. Interestingly, the signal peaks of the organic bridge
groups appear when the dwelling time reduces to 10 min and
the signal intensity becomes stronger as the dwelling time
continues to decrease. Notably, organosilica powders show
a white color when the dwelling time is equal to or less than
10 min (Fig. S2ct). This indicates that a silica network structure
with a high cross-linking degree and with organic bridge groups
can be obtained using an expeditious calcination, even at
600 °C.

N, adsorption—-desorption measurements at 77 K were con-
ducted on organosilica powders to probe the pore structure of
the corresponding organosilica membranes. Fig. 4a describes

Table 4 The pore sizes of the organosilica membranes obtained from
the normalized Knudsen-based permeance (NKP) method

Membrane Pore size (A)
M1 4.54
M2 3.62
M3 3.78
M4 4.03

the N, adsorption-desorption isotherms of the P2, P6, P8 and
P9 powders. All samples exhibit type I isotherms that corre-
spond to microporous structures.” The pore structure data
derived from the N, adsorption-desorption results are dis-
played in Table 1. It can be seen that the organosilica powders

Table 3 Apparent activation energies (E,) for gas permeation through the organosilica membranes

Calcination conditions

Membrane T. (°C) r(°Cmin™") ¢ (min) Eom, (K mol™) Eaco, (K] mol™)
M1 400 0.5 180 1.29 —4.61

M2 600 0.5 180 14.19 —4.93

M3 600 10 180 10.27 —10.09

M4 600 10 5 1.12 —11.81

J. Mater. Chem. A
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calcined at 400 °C (powder P2) have a Brunauer-Emmett-Teller
(BET) surface area of 338 m g~ * and a pore volume of 0.173 cm®
g '. When the calcination temperature rises to 600 °C, the BET
surface area and pore volume of the organosilica powders
(powder P6) dramatically decrease to 122 m g~ ' and 0.06 cm®
g™, respectively. These results suggest that the organosilica
powders calcined at higher temperatures have denser struc-
tures. And these results are in line with previous reports for

silica membranes.> In contrast, when the calcination

(a) Slow calcination
at low temperature

m Slmmirnn
O Low cross-linking degree
O Rich in organic groups

O High cross-linking degree
O Poor in organic groups

-

5

(b) Slow calcination
at high temperature

temperature is 600 °C and the dwelling time is 180 min, the gas
adsorption capacity, BET surface area and pore volume of the
organosilica powders increase with the increase of the heating
rate from 0.5 to 10 °C min ™" (powders P6 and P8). Additionally,
when the calcination temperature is 600 °C and the heating rate
is 10 °C min~", the organosilica powders (P8 and P9) show
increases in the BET surface area (from 178 to 222 m g~ ') and
pore volume (from 0.097 to 0.114 cm® g~") as the dwelling time
decreases from 180 to 5 min. Table S11 shows more details

(c) Expeditious calcination

at high temperature
:

11

' %
1

O High cross-linking degree
O Rich in organic groups

d; d,>d, d,

Internal pore with organic groups

Internal pore without organic groups

Fig. 9 Schematic illustration of the BTESE-derived organosilica membranes calcined under different calcination conditions.
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about the effects of the calcination parameters on the pore
structure of the BTESE-derived organosilica powders.

To further explore the pore structure of the as-prepared
membranes, the pore size distributions of the P2, P6, P8 and
P9 powders were analyzed using the NLDFT method and are
displayed in Fig. 4b. Obviously, all samples have multimodal
pore size distributions. This is ascribed to the hierarchically
porous structure of organosilica (as shown in Fig. 1). This
hierarchically porous characteristic of organosilica is similar to
that of typical sol-gel derived silica.*** The internal pores (also
known as intraparticle pores by Tsuru') in pure silica are formed
by the Si-O-Si network structure while the internal pores in
organosilica are formed by a Si-O-Si and Si-CH,-CH,-Si hybrid
structure. It is believed that small molecules such as helium and
hydrogen can permeate though these internal pores while larger
molecules fail to pass through.' As a result, both silica and
organosilica membranes show H,- and He-selective properties.
Unconnected pores (also known as interparticle pores') are
generated as voids between sol/gel particles. Because large
molecules can permeate through these pores, they have nega-
tive effects on membrane selectivity. Therefore, in order to
improve H, selectivity, the undesirable unconnected pores
should be eliminated within the structure rather than linked
together. It is worth noting that the majority of pores in orga-
nosilica powders are micropores (pore size < 20 A). By changing
the calcination temperature from 400 to 600 °C, the organosilica
powders show a dramatic decrease in the pore volume.
Conversely, the pore volume of organosilica powders increases
with the increase of the heating rate from 0.5 to 10 °C min™".
However, the pore size distributions of organosilica powders are
broadened by increasing the heating rate. This may result in
lower permselectivities of the corresponding membrane. From
Fig. 4b, it can also be deduced that the pore volume of orga-
nosilica powders increases when the dwelling time reduces
from 180 to 5 min.

3.2 Gas separation performance of BTESE-derived
organosilica membranes

Fig. 5a displays the single gas permeances of organosilica
membranes under a test temperature of 200 °C. It can be seen
that all four membranes show much higher permeances for H,
(kinetic diameter: 2.89 A) and He (kinetic diameter: 2.6 A) than
for other gases with larger kinetic diameters, indicating that all
membranes have high H, and He permeabilities. This is
because small gas molecules (H, and He) can permeate through
both the internal and the unconnected pores, while larger gas
molecules permeate only through the unconnected pores which
have a relatively larger size. Obviously, the membrane calcined
at 400 °C has much higher gas permeance than the membranes
calcined at 600 °C. For example, the H, permeance of
membrane M1 is as high as 2.90 x 107" mol m > s Pa ?,
while the H, permeance of membrane M2 is 1.62 x 10 ® mol
m~>s~' Pa~". This indicates that membrane M2 has a denser
pore structure than that of membrane M1. On the other hand,
the H, permeance of membrane M3 is a little higher than that of
M2 (1.70 vs. 1.62 x 10"® mol m > s~' Pa~') while the CO,, N,,
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CH, and SF, permeance of M3 is much higher than that of
membrane M2. This indicates that membrane M3 has more
unconnected pores through which CO,, N,, CH, and SFg
molecules can pass through. Furthermore, membrane M4
prepared by an expeditious calcination at 600 °C has a higher H,
permeance than membrane M3 (4.61 x 10 % vs. 1.70 x
10"% mol m 2> s! Pa™'), suggesting that membrane M4 has
a looser pore structure than that of membrane M3.

Fig. 5b presents the H,/CO, permselectivities of the as-
prepared organosilica membranes. It can be seen that all four
membranes have good H,/CO, permselectivities (9.47, 36.4,
19.0 and 17.5 for membranes M1, M2, M3 and M4, respectively),
which are higher than the corresponding Knudsen diffusion
factor. Up to now, most BTESE-derived membranes reported in
the literature show moderate H,/CO, selectivity (close to the
corresponding Knudsen diffusion factor of 4.69). Our
membranes exhibit extraordinary molecular sieving properties
for H,/CO,. Fig. 6 presents the performance comparison with
respect to H, permeance and H,/CO, permselectivity of our
membranes and other reported BTESE-derived membranes
(test temperature: 200 °C).'*1921233133 [t can be seen that the Hy/
CO, permselectivities of the organosilica membranes in this
work are higher than those of other pure BTESE membranes. In
addition, the H,/CO, separation performances of membranes
M1, M2 and M4 exceed the Robeson upper bound.** Besides
organosilica membranes, numerous membranes have been
used for gas separation.’**! Table 2 compares the H, permeance
and permselectivity of our organosilica membranes with those
of other types of membrane, including Pd,* carbon molecular
sieve,*® MoS,,*” ZSM-5,% ZIF-7,* ZIF-90 (ref. 41) and SiO, (ref. 2)
membranes. It is apparent that there is an inevitable trade-off
between the H, permeance and the H,/CO, permselectivity for
all membranes. For instance, the MoS, membrane has a H,
permeance as high as 8.19 x 107" mol m~> s~ ' Pa™", but it has
a low H,/CO, permselectivity of 4.4 which is close to the cor-
responding Knudsen diffusion factor (4.69),%” while the Pd
membrane shows a good H,/CO, sieving capability but a relative
low H, permeance.* It is noteworthy that the SiO, membrane
shows outstanding H,/CO, separation performance,” however,
it has been proven to be unstable in hydrothermal conditions.
Therefore, compared with other inorganic membranes, the as-
prepared organosilica membranes are relatively competitive in
H,/CO, separation performance.

The temperature dependence of gas permeance is of great
importance to gas transport behaviour which is closely related
to the pore structures of the membranes. Therefore, the H, and
CO, permeances of organosilica membranes were measured at
different testing temperatures. Fig. 7 shows the temperature
dependence of gas permeance for the four membranes. For all
organosilica membranes, H, permeances show an upward
tendency varying with the increase of the testing temperature,
while CO, permeances show a downward tendency with
increasing testing temperatures. The apparent activation ener-
gies for H, and CO, permeation through the organosilica
membranes are summarized in Table 3. All apparent activation
energies for H, are positive, which suggests that H, molecules
pass through our membranes by activated diffusion.*” In
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general, a higher activation energy is required to permeate
through denser pores since higher repulsive forces must be
conquered by the molecules in denser pores. We also found that
the apparent activation energies for H, molecules through the
M2 and M3 membranes are much higher than those of
membranes M1 and M4. This indicates that membranes M1
and M4 have looser pore structures than those of membranes
M2 and M3. The different pore structures of the organosilica
membranes may be attributed to the crossing-linking degree of
the silica network and the amount of organic bridge groups. It
should be noted that all four membranes have negative
apparent activation energies for CO, permeation, suggesting
that the transport of the CO, molecule through the organosilica
membrane is dominated by an adsorption-based mechanism
(i.e. surface diffusion).

We also applied the normalized Knudsen-based permeance
(NKP) method* to calculate the effective pore size of the orga-
nosilica membranes. A brief introduction of the NKP method
can be found in the ESL{ The calculated pore sizes of the
organosilica membranes are presented in Table 4. The effective
pore sizes are estimated to be 4.54, 3.62, 3.78 and 4.03 A for
membranes M1, M2, M3 and M4, respectively, which are
consistent with the results discussed above.

3.3 Tailoring the pore structure by tuning the calcination
parameters

To quantitatively analyze the structure of the organosilica
membranes calcined under different conditions, XPS analysis is
conducted on the corresponding organosilica powders. Decon-
volutions of XPS Si 2p peaks are shown in Fig. 8 and the
deconvolution details are provided in Table S2.1 For powder P2,
the Si 2p peak can be decoupled into three peaks (103.7, 102.9,
and 102 eV) corresponding to SiO,/,, XSiO3z,, and X,Si0,), (X
represents organic groups) in the organosilica powders.>® The
content of SiOy,, XSiO3/, and X,Si0,), is 41.1%, 49.1% and
9.8%, respectively. The sole peak at 103.7 eV in the spectrum of
powder P6 corresponds to the inorganic moieties, suggesting
that the organic moieties have been decomposed completely.
These results agree with the above-mentioned FTIR results. For
powder P8, the Si 2p peaks can be decoupled into two peaks
corresponding to SiO,/, (82.3%) and XSiO3, (17.7%), while the
peaks of the organic moieties are observed in the spectrum of
powder P9. Moreover, the amounts of XSiO3, and X,SiO,),
reach 49.7% and 11.4%, respectively.

Based on the results and discussion above, the difference in
the pore structure of organosilica membranes calcined with
various calcination parameters is schematically illustrated in
Fig. 9. The BTESE-derived organosilica membrane calcined with
a slow calcination process at low temperature (e.g. T. = 400 °C,
r = 0.5 °C min~" and ¢ = 180 min) shows a low cross-linking
degree of the silica network and a high amount of organic
bridge groups (Fig. 9a). A slow calcination at higher temperature
(e.g. T. = 600 °C, r = 0.5 and 10 °C min~", ¢ = 180 min) leads to
a high cross-linking degree but to much destruction of the
organic bridge groups (Fig. 9b). An expeditious calcination
causes a high cross-linking degree without much destruction of
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the organic bridge groups in the BTESE-derived organosilica
network (Fig. 9¢). Both the cross-linking degree of the silica
network and the amount of organic bridge groups have signif-
icant effects on the pore structure of the organosilica
membranes. On the one hand, a higher cross-linking degree
results in a denser pore structure. On the other hand, organo-
silica membranes with a higher amount of organic bridge
groups have looser structures. Molecular dynamics simulations
and numerous experimental studies'”**-*® have confirmed that
organosilica membranes have looser networks than pure inor-
ganic silica membranes due to the space effect of the organic
bridge groups between the Si atoms. The space effect of the
organic bridge groups on the internal pores of the network
structure is also graphically presented in Fig. 9. The size of the
internal pores decreases (from d, to d,) when the organic bridge
groups are removed from the network structure.

It can be deduced that the organosilica membrane prepared
at a low temperature shows high H, permeance but moderate
H,/CO, permselectivity. The organosilica membrane calcined at
a high temperature with a slow calcination has low permeance
but high permselectivity. Notably, based upon an expeditious
calcination at a high temperature, the organosilica membrane
can simultaneously display good H, permeance and H,/CO,
permselectivity.

4. Conclusions

A series of BTESE-derived organosilica powders were prepared
under different calcination conditions and used to investigate the
effects of calcination parameters on the organosilica pore struc-
tures. Four BTESE-derived organosilica membranes were prepared
based upon four typical calcination conditions. The microstruc-
ture and H,/CO, separation performance of the as-prepared
membranes were studied. It is found that tuning the calcination
parameters can tailor the pore structures of the BTESE-derived
organosilica membranes and consequently improve the H,/CO,
separation performance, especially the permselectivity. The
mechanism behind this result was further investigated and pre-
sented. The following conclusions can be drawn.

(1) The organosilica membrane calcined at 400 °C with
a slow calcination process (r = 0.5 °C min ™', ¢ = 180 min) shows
a moderate H,/CO, permselectivity (9.47). Increasing the calci-
nation temperature to 600 °C results in a significant improve-
ment in H,/CO, permselectivity (up to 36.4) but a reduction in
H, permeance (a decrease from 2.92 x 10”7 to 1.62 x 10 % mol
m~? s~ " Pa~') when the heating rate and dwelling time remain
the same. The organosilica membrane calcined with an expe-
ditious calcination (r =10 °C min~", ¢ = 5 min) at 600 °C shows
a H, permeance of 4.61 x 10 *mol m 2 s * Pa ' and a H,/CO,
permselectivity of 17.5.

(2) The organic bridge groups in organosilica are sensitive to
the calcination conditions. The organic bridge groups decom-
pose when the samples are calcined at a high temperature for
arelatively long time, while an expeditious calcination results in
less destruction of the organic bridge groups. The amount of
organic bridge groups is closely related to the pore structure of
the organosilica membranes, as evidenced by the fact that
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a higher content of organic bridge groups leads to more porous
structures yielding higher H, permeances, accordingly.
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