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Abstract: The membrane separation process for targeted CO2 capture application has attracted much
attention due to the significant advantages of saving energy and reducing consumption. High-
performance separation membranes are a key factor in the membrane separation system. In the
present study, we conducted a detailed examination of the effect of calcination temperatures on the
network structures of organosilica membranes. Bis(triethoxysilyl)acetylene (BTESA) was selected
as a precursor for membrane fabrication via the sol-gel strategy. Calcination temperatures affected
the silanol density and the membrane pore size, which was evidenced by the characterization of
FT-IR, TG, N2 sorption, and molecular size dependent gas permeance. BTESA membrane fabricated
at 500 ◦C showed a loose structure attributed to the decomposed acetylene bridges and featured an
ultrahigh CO2 permeance around 15,531 GPU, but low CO2/N2 selectivity of 3.8. BTESA membrane
calcined at 100 ◦C exhibited satisfactory CO2 permeance of 3434 GPU and the CO2/N2 selectivity of
22, displaying great potential for practical CO2 capture application.

Keywords: organosilica membranes; CO2 capture; calcination temperatures; pore size tailoring

1. Introduction

The excessive emission of CO2 molecules has presented serious problems in the eco-
logical environment. It is very necessary to develop novel and effective methods to control
CO2 emission [1,2]. To keep a temperature rise within 1.5 ◦C, greenhouse gas emissions
must be halved by 2030, and a further emission reduction of 29 billion to 32 billion tons
is required [3]. The emission of CO2 mainly comes from the decomposition, fermenta-
tion, and pyrolysis of organic matter and the combustion of fossil energy. Specifically,
CO2 (CO2/N2 mixtures) produced by the combustion of fossil energy accounts for the
vast majority. How to capture and concentrate CO2 after pretreatment and further con-
vert and utilize high-purity CO2 is a huge challenge for environmental protection and
economic benefits [4,5].

The CO2 capture and removal are key issues in the process of CO2 emission reduction.
The ethanolamine (solvent) absorption method currently used in industry has a high CO2
adsorption capacity. Nevertheless, its absorption capacity is related to the CO2 dissolu-
tion rate and solvent regeneration performance. The complex process flow, huge energy
consumption, and high operating costs restrict further application. Effective and energy-
efficient separation strategies must be developed urgently and utilized for CO2 capture [6].

Membrane separation technology has significant advantages of saving energy and
reducing consumption [7,8]. It is one of the common technologies that support major issues
in the fields of water resources, energy, transformation and upgrading of traditional indus-
tries, and environmental pollution control [9]. Therefore, membrane separation technology
is known as the most strategic new technology for the process industry in the 21st century.
Over the past few decades, many kinds of membranes, such as inorganic, organic, and
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organic–inorganic hybrid membranes, were extensively studied for enhancing CO2 cap-
ture efficiency [7,10–12]. Among them, organosilica membranes with high hydrothermal
stability and excellent molecular sieving properties have attracted great interest and demon-
strated great advantages in CO2 capture [8,13]. For research, improving CO2 selectivity and
maintaining CO2 permeance are considered to be more innovative work. However, high
CO2 permeance is more important than high CO2 selectivity in industrial application [14].
It has been reported that increasing CO2 selectivity above 30 does not significantly reduce
operating costs, but increasing CO2 permeance can effectively control costs [14]. Therefore,
it is very necessary to develop organosilica membranes with ultra-high permeance for the
CO2 capture process.

Bis(triethoxysilyl)ethane (BTESE), a classic organosilica precursor, was extensively stud-
ied in the development of organosilica membranes for the application of pervaporation,
reverse osmosis, and gas separation [15–19]. In light of CO2 separation, Yu et al. fabricated
BTESE membranes utilizing BTESE sols synthesized in acidic pH via the pH-swing strat-
egy [20]. The pH-swing method-derived BTESE sols have a larger size, which further restricts
the penetration of BTESE sols during the membrane fabrication process. As a result, the
BTESE membrane exhibited high CO2/N2 and CO2/CH4 selectivity around 28 and 90, re-
spectively. Nevertheless, the low CO2 permeance of 1 × 10−7 mol m−2 s−1 Pa−1 (300 GPU,
1 GPU = 3.348 × 10−10 mol m−2 s−1 Pa−1) still needs to be further improved [21]. Consid-
ering the cost efficiency in practical application, the membranes with CO2 permeance higher
than 1000 GPU and CO2/N2 selectivity larger than 20 can satisfy industrial requirements [22].
In contrast to ethane-bridged BTESE membranes, the acetylene-bridged bis(triethoxysilyl)
acetylene (BTESA) membranes demonstrated much higher gas permeance profiting from
enlarged membrane pore sizes [23]. BTESA membranes calcined at 300 ◦C displayed po-
tential in C3H6/C3H8 separation with a C3H6 permeance of 1~2 × 10−7 mol m−2 s−1 Pa−1

and C3H6/C3H8 selectivity of 11~14 [23]. Even though BTESA membranes also showed
ultrahigh CO2 permeance, their CO2/N2 selectivity was only 7–13, which should be
carefully treated and enhanced to satisfy practical requirements [13]. In previous work,
(3-aminopropyl)triethoxysilane (APTES) was incorporated into BTESA networks via co-
polymerization reactions. The incorporation of amino groups indeed enhanced CO2-philic
properties and well controlled the pore sizes of composite membranes [13]. These compos-
ite membranes achieved an unprecedented CO2 permeance ranging from 2550 to 3230 GPU
and a CO2/N2 selectivity of 31–42 in CO2/N2 mixtures separation. This is a successful
attempt for the development of hybrid organosilica membranes in CO2 capture. In fact,
fabrication parameters, such as calcination temperature, calcination atmosphere, and wa-
ter/organosilica precursor ratios, also play a vital role in the pore structure properties of
organosilica membranes [24,25].

In existing studies, BTESA membranes were fabricated via a classic sol-gel strategy.
The effect of calcination temperatures on structural properties, including pore sizes and
surface chemistry, was extensively studied. FT-IR, SEM, TG, N2 sorption, and gas perme-
ation properties were utilized for the investigation of membranes. Specifically, the CO2
capture performance was discussed in detail. BTESA membranes calcined at relatively
lower temperatures exhibited attractive advantages in CO2/N2 separation.

2. Experimentation
2.1. Preparation of Organosilica Sols and Membranes

In this experiment, BTESA was selected as a precursor and ethanol as a solvent.
The BTESA precursor was hydrolyzed and polymerized under the combined action of
hydrochloric acid and deionized water for the synthesis of BTESA sols. During the synthesis
process, a certain amount of BTESA precursor was fully dissolved in ethanol/HCl mixtures,
and then a certain amount of deionized water was added dropwise and stirred at 50 ◦C
for 2 h. In the process of synthesizing hybrid silica sol, the molar ratio of components
is BTESA: H2O: HCl = 1:240:0.01, and the mass fraction of BTESA in the mixed solution
is controlled at 5 wt%. In fact, a large number of experiments in the preparation of the
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BTESA sols have been conducted. BTESA sols with too high concentration, such as 10
wt%, were always unstable during the synthesis process. The partial precipitation of the
BTESA monomer could be found. In comparison, BTESA sols with the concentration of 5
wt% (or lower than 5 wt%) were still transparent after the synthesis process. Hence, the
concentration of BTESA sols were controlled at 5 wt%.

In the case of membrane fabrication, firstly, α-Al2O3 particles with SiO2-ZrO2 sols
as a binder were coated on the α-Al2O3 support (average pore size: 0.2 µm, Nanjing
Tech University, Nanjing, China) with calcination at 550 ◦C for 30 min. This step was
repeated 3–5 times for the fully cover of pinholes and macropores. Secondly, SiO2-ZrO2 sols
(0.5 wt%) was coated on the support with calcination at 550 ◦C in a tube furnace to form an
intermediate layer. Finally, the BTESA sol (0.25 wt%) was coated on the intermediate layer
and calcined at 100 ◦C, 300 ◦C, and 550 ◦C for 30 min to obtain a separation layer.

2.2. Characterization of Organosilica Films and Powders

Fourier transform infrared (FT-IR) spectrometer (FT-IR, Nicolet iS50, Thermo fisher,
Waltham, MA, USA) was used to characterize the structural properties of BTESA materials
calcined at different temperatures. Organosilica gel powders were prepared by drying at
50 ◦C and ground using a mortar. The thermal stability of BTESA materials calcined at
different temperatures was characterized by a thermogravimetric analyzer (NETZSCH Co.,
Free State of Bavaria, Germany). N2 sorption isotherms of BTESA materials calcined at
different temperatures in N2 atmosphere were studied by using a gas adsorption analyzer
(Micromeritics ASAP 2020, Micromeritics Corporation, Norcross, GA, USA) at −196 ◦C
for the analysis of pore structures. BTESA samples were outgassed at 100 ◦C for 12 h to
remove the adsorbed water prior to the measurement of N2 sorption. The morphologies
and structures of membranes were examined using a field-emission scanning electron
microscopy (SEM, SUPRA55, carl zeiss, Oberkochen, Germany).

2.3. Gas Permeation Properties of BTESA Membranes

The gas permeation of BTESA membranes was measured by using the experiment
equipment which can be found elsewhere [23]. Highly purified gases (He, H2, CO2, Ar, N2,
CH4, CF4, and SF6, Huayang Gas Co., Ltd., Changzhou, China) were utilized to probe gas
permeation properties of BTESA membranes at different temperatures. He gas with a flow
rate of 50 mL min−1 was fed into the membrane module to remove any adsorbed water
molecule and gas before a gas permeation test. In the case of binary CO2/N2 separation,
the composition of the gas mixtures was determined by the gas chromatography.

3. Results and Discussion
3.1. Structural Properties of BTESA Materials

Figure 1 presents the FT-IR spectra of BTESA materials calcined at 100 ◦C, 300 ◦C, and
500 ◦C, respectively. Clearly, the peak intensity of C≡C bonds located at about 2060 cm−1

decreased as calcination temperature increased, indicating the pyrolysis of C≡C bonds
at high temperatures [26]. The C≡C bond of BTESA-500 disappeared, proving complete
decomposition at a calcination temperature of 500 ◦C. Similarly, the intensity of Si-OH
groups was also weakened as calcination temperature increased from 100 ◦C to 500 ◦C [27].
This was due to the enhanced condensation reaction between Si-OH groups [24]. The
Si-OH groups were formed by the hydrolysis reactions of ethoxy groups within BTESA
monomers. Subsequently, the Si-OH groups further reacted with each other and formed the
Si-O-Si groups under the high calcination temperatures. Further, the formation of Si-O-Si
groups arranged from 1012 to 1063 cm−1 for each BTESA material confirmed the existence
of amorphous organosilica networks [25]. In a word, the evolution of typical peaks shown
in the FT-IR spectra illustrated the effect of calcination temperatures on BTESA networks.
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Figure 1. FT-IR spectra of BTESA materials calcined at 100 ◦C, 300 ◦C, and 500 ◦C.

Figure 2 shows a thermal stability test of BTESA powders. It should be noted that
BTESA powders were calcined at 100 ◦C, 300 ◦C, and 500 ◦C in the N2 atmosphere prior
to the measurement of TG, respectively. In the case of the experiment process, BTESA
powders were firstly placed in the pan and calcined at 100 ◦C for at least 1 h to eliminate
the effect of adsorbed water molecules. A slow decline of weight residues can be found for
each sample before 300 ◦C, which may be partially attributed to the condensation of the
Si-OH groups and the decomposition of C≡C [27]. In addition, it is obvious that weight
residues of BTESA-100 and BTESA-300 are more profound than those of BTESA-500. This
indicated that the pyrolysis of C≡C bonds already started at the temperature below 300 ◦C,
which is consistent with the characterization results of FT-IR spectra. With the temperature
further increased to 800 ◦C, BTESA-100 featured the lowest weight residue in comparison
with BTESA-300 and BTESA-500 samples, which was ascribed to the complete existence of
the C≡C bonds under the calcination at 100 ◦C before the measurement of TG analysis [28].

Figure 3 presents the XRD patterns and N2 sorption isotherms for BTESA-100, BTESA-
300, and BTESA-500 powders. Figure 3a shows that all the BTESA samples featured
smooth and broad Si-O-Si peaks in the 2θ range of 15◦~30◦, indicating amorphous network
structures of BTESA at different calcination temperatures [29]. The calcination temperatures
did not destroy the amorphous structures of BTESA. The N2 sorption isotherms presented in
Figure 3b show type-I isotherms based on the classification of IUPAC [30], which suggests
that the microporous structure of BTESA samples has nothing to do with calcination
temperature. The information in Table 1 clearly reflected the evolution of pore structures.
As calcination temperature increased from 100 ◦C to 500 ◦C, both the pore volume and
surface area increased, indicating that the higher calcination temperature is beneficial for
the construction of looser structures. The acetylene bridges that had completely degraded
at a calcination temperature of 500 ◦C tended to generate greater porosity in the resultant
membrane network, hence, contributing to an increased gas permeance. In other words, the
loose structure of BTESA material was constructed under the high calcination temperatures.



Membranes 2022, 12, 470 5 of 11
Membranes 2022, 12, x FOR PEER REVIEW 5 of 12 
 

 

 
Figure 2. TG analysis of BTESA materials calcined at 100 °C, 300 °C, and 500 °C in the N2 atmos-
phere. 

Figure 3 presents the XRD patterns and N2 sorption isotherms for BTESA-100, 
BTESA-300, and BTESA-500 powders. Figure 3a shows that all the BTESA samples fea-
tured smooth and broad Si-O-Si peaks in the 2θ range of 15°~30°, indicating amorphous 
network structures of BTESA at different calcination temperatures [29]. The calcination 
temperatures did not destroy the amorphous structures of BTESA. The N2 sorption iso-
therms presented in Figure 3b show type-I isotherms based on the classification of IUPAC 
[30], which suggests that the microporous structure of BTESA samples has nothing to do 
with calcination temperature. The information in Table 1 clearly reflected the evolution of 
pore structures. As calcination temperature increased from 100 °C to 500 °C, both the pore 
volume and surface area increased, indicating that the higher calcination temperature is 
beneficial for the construction of looser structures. The acetylene bridges that had com-
pletely degraded at a calcination temperature of 500 °C tended to generate greater poros-
ity in the resultant membrane network, hence, contributing to an increased gas perme-
ance. In other words, the loose structure of BTESA material was constructed under the 
high calcination temperatures. 

200 400 600 800
88

90

92

94

96

98

100

BTESA-500

BTESA-300

Temperature [°C]

W
ei

gh
t r

es
id

ue
 [%

]

BTESA-100

Figure 2. TG analysis of BTESA materials calcined at 100 ◦C, 300 ◦C, and 500 ◦C in the N2 atmosphere.

Membranes 2022, 12, x FOR PEER REVIEW 6 of 12 
 

 

 
Figure 3. (a) The XRD patterns and (b) N2 sorption isotherms for BTESA-100, BTESA-300 (Data from 
[23]), and BTESA-500 powders. 

Table 1. The specific pore structure of BTESA powders calcined at different temperatures. 

Sample 
Surface Area 
S [m2 g−1] 

Pore Volume 
Vp [cm3 g−1] 

BTESA-100 513 0.29 
BTESA-300 594 0.33 
BTESA-500 619 0.34 

To further probe the structure of BTESA composite membranes, the BTESA mem-
branes calcined at 100 °C were characterized by FE-SEM, as shown in Figure 4. The com-
posite membranes can be divided into four layers: separation layer, intermediate layer, 
particle layer, and the alumina support layer from top to bottom [29]. However, it is diffi-
cult to clearly distinguish the boundary between the separation layer and intermediate 
layer due to the thin thickness. The figure shows that the top layer of the BTESA composite 
membrane is flat and defect-free, which is beneficial for the highly selective CO2 separa-
tion. 

 
Figure 4. The SEM image of the surface and the cross-section of BTESA-100 membrane. 

  

10 20 30 40 50

BTESA-500

BTESA-300

2θ [°]

BTESA-100

(a) (b)

0

50

100

150

200

 BTESA-100
 BTESA-300
 BTESA-500

Vo
lu

m
e 

ad
so

rb
ed

 [c
m

3  S
TP

 g
−1

]

Relative pressure [P/P0]
0      0.2      0.4      0.6      0.8      1.0

Figure 3. (a) The XRD patterns and (b) N2 sorption isotherms for BTESA-100, BTESA-300 (Data
from [23]), and BTESA-500 powders.

Table 1. The specific pore structure of BTESA powders calcined at different temperatures.

Sample Surface Area
S [m2 g−1]

Pore Volume
Vp [cm3 g−1]

BTESA-100 513 0.29
BTESA-300 594 0.33
BTESA-500 619 0.34

To further probe the structure of BTESA composite membranes, the BTESA membranes
calcined at 100 ◦C were characterized by FE-SEM, as shown in Figure 4. The composite
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membranes can be divided into four layers: separation layer, intermediate layer, particle
layer, and the alumina support layer from top to bottom [29]. However, it is difficult
to clearly distinguish the boundary between the separation layer and intermediate layer
due to the thin thickness. The figure shows that the top layer of the BTESA composite
membrane is flat and defect-free, which is beneficial for the highly selective CO2 separation.
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3.2. Gas Permeation Properties of BTESA Membranes

The present study intended to discuss the effect of calcination temperatures on the
microstructure and gas permeation properties of BTESA membranes. Hence, the resul-
tant membranes should obtain different structural properties after calcination at different
temperatures. BTESA membrane calcined at 100 ◦C retained all the acetylene bridges
and a large number of Si-OH groups. The acetylene bridges partially decomposed, and
the number of Si-OH groups further decreased for BTESA-300 membranes. Additionally,
BTESA membrane calcined at 500 ◦C featured complete decomposition of acetylene bridges
and condensation of Si-OH groups. The relationship between the structure and the gas
permeation properties can be discussed in-depth for BTESA membranes calcined at dif-
ferent temperatures. Figure 5 illustrated the molecular size dependence of gas permeance
at the measurement temperature of 100 ◦C for BTESA-100, BTESA-300, and BTESA-500
membranes. Obviously, the permeance of each gas molecule enhanced as the membrane
calcination temperature rose. With an increase in calcination temperature, membrane
structures of the traditional silica or BTESE-representative organosilica membranes tended
to be more densified due to the enhanced hydrolysis and condensation reactions [24,25].
BTESA obtaining rigid C≡C bonds and a long Si-Si distance exhibited totally different
network structures in comparison to silica or BTESE membranes [23,27]. With a rise in
the calcination temperature, the partial or complete pyrolysis of rigid C≡C bonds con-
tributed to loose structures. The H2/N2 selectivity, which can be used to characterize the
evolution of membrane pore sizes, decreased for BTESA-100 (20), BTESA-300 (13), and
BTESA-500 (4.9) membranes [23,31]. This clearly certified the enlargement of pore sizes
with a rise in calcination temperature. For the ideal separation of CO2/N2, BTESA-100
membranes have the highest CO2/N2 selectivity around 13, reflecting great potential in
CO2 capture application. The reproducibility and reliability of gas permeation properties
for the BTESA membranes calcined at different temperatures were evidenced by the test of
at least 3 membrane samples. The error values for the gas permeation test were controlled
within 5%–10%.
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The temperature dependent gas permeance of CO2 and N2 for BTESA membranes
calcined at 100 ◦C, 300 ◦C, and 500 ◦C has been presented in Figure 6a–c. BTESA-100
membrane was measured at the temperature from 100 ◦C to 25 ◦C. In comparison, the gas
permeation properties of BTESA-300 and BTESA-500 membranes were studied within the
temperature range of 200 ◦C to 50 ◦C. The CO2 permeance experienced a rising trend with
a decrease in measurement temperature, which indicated that the CO2 permeation through
the membranes was dominated by the surface diffusion mechanism [21]. Nevertheless,
the N2 permeation displayed a totally different evolution trend in comparison to the CO2
permeation. In the case of BTESA-100 and BTESA-300 membranes, the N2 permeance
decreased as the temperature decreased. For BTESA-500 membrane, the N2 permeance
increased as the temperature increased. Different N2 permeation behaviors showed that
the N2 permeation through BTESA-100 and BTESA-300 membranes was governed by the
activated diffusion mechanism and that of BTESA-500 membrane was dominated by the
surface diffusion mechanism, respectively [21]. The enlarged pore sizes or the generated
defects attributed to the decomposed acetylene bridges determined the N2 permeation
properties of BTESA-500 membranes. As a result, the CO2/N2 selectivity presented an
enhanced trend as the measurement temperature decreased. Specifically, the evolutional
trend of BTESA-100 membrane was more profound than those of BTESA-300 and BTESA-
500 membranes. In comparison to BTESA-300 and BTESA-500 membranes, BTESA-100
membrane featured the highest CO2/N2 selectivity around 26 and a high CO2 permeance of
1.2 × 10−7 mol m−2 s−1 Pa−1 (3584 GPU) at 25 ◦C, satisfying the requirement of competitive
separation performance for industrial application [22].

Furthermore, as shown in Figure 6e, the activation energies (Ep) of CO2 and N2 were
calculated based on the temperature dependent gas permeance of BTESA-100, BTESA-300,
and BTESA-500 membranes [32–34]. As the membrane fabrication temperature increased,
the activation energies of CO2 and N2 for each membrane decreased, demonstrating that
membrane pores expanded with the increasing calcination temperature. In previous stud-
ies, Yu et al. reported that the Ep(CO2) and the difference between Ep(CO2) and Ep(N2)
could reflect the potential for CO2 permeation and CO2/N2 separation, respectively [12,35].
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As shown in Figure 6f, BTESA-100 membranes featured the largest potential for CO2/N2
separation, while BTESA-500 membranes displayed the hugest potential for CO2 perme-
ation. In fact, the preferred region is located at the left-bottom of Figure 6f, which will be
a future target for CO2 separation to develop novel organosilica membranes with high
potential for CO2 permeation and separation.
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Figure 6. Temperature dependence of gas permeance for (a) BTESA-100, (b) BTESA-300, and
(c) BTESA-500 membranes. (d) The selectivity of CO2/N2 at different temperatures. (e) The ac-
tivation energy (Ep) of CO2 and N2, and (f) the relationship between Ep(CO2) and Ep(CO2)-Ep(N2)
for BTESA membranes at different calcination temperatures.

In terms of CO2/N2 mixtures separation, BTESA-100 membrane was adopted for
analysis measurement. To confirm the stability of its separation performance, a test for
the long-term operation stability of binary CO2/N2 (15/85) separation was conducted at
50 ◦C, and the results were shown in Figure 7. Clearly, there was no obvious reduction in
CO2/N2 separation performance for both the CO2 permeance and CO2/N2 selectivity in
a continuous operation up to 26 h. The BTESA-100 membrane was verified to be reliable in
a long-term separation test and have great potential in CO2 capture application. Neverthe-
less, the membrane stability under a humidified condition also needs to be considered due
to the existence of moisture in the practical CO2/N2 separation process.

Figure 8 presented the trade-off of CO2/N2 separation performance between BTESA
membranes and other state-of-the-art membranes [14,20,22,36–45]. The yellow-marked
region located in the range of CO2 permeance higher than 1000 GPU and CO2/N2 selec-
tivity higher than 20 represented a target for practical CO2/N2 separation, as reported by
Merkel et al. In contrast to traditional BTESE membranes, which exhibited high CO2/N2
selectivity around 28 and low CO2 permeance of 1 × 10−7 mol m−2 s−1 Pa−1 (300 GPU),
BTESA membranes at different calcination temperatures displayed unprecedentedly high
CO2 permeance. As the calcination temperature increased from 100 ◦C to 300 ◦C, an exact
change in CO2/N2 separation properties was observed for BTESA membranes. BTESA-100
membrane demonstrated satisfactory CO2 permeance of 3434 GPU and CO2/N2 selectivity
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of 22 for binary CO2/N2 (15/85) separation at 50 ◦C, outperforming most reported mem-
branes in the literature. Moreover, the CO2 capture performance of BTESA-100 membrane
far exceeded the minimum requirement for industrial application, which may promote the
development of novel organosilica membranes for CO2 separation.
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Figure 7. A long-term stability test of CO2/N2 (15/85) mixtures separation for BTESA-100 membrane
at 50 ◦C.
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Figure 8. The comparison of CO2/N2 separation performance between BTESA membranes and other
state-of-the-art membranes.

4. Conclusions

In conclusion, the effect of calcination temperature on the structural and gas per-
meation properties of organosilica membranes have been elucidated in detail. BTESA
membranes calcined at low temperatures retained more silanol groups and relatively densi-
fied network structures. As the calcination temperature rose from 100 ◦C to 500 ◦C, C≡C
bridges decomposed and yielded more porosity, which enlarged membrane pore sizes.
As a result, the resultant membranes present totally different CO2 capture performance.
BTESA-300 and BTESA-500 membranes showed high CO2 permeance, but low CO2/N2
selectivity. In contrast, BTESA-100 membrane showed satisfactory CO2 permeance of
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3434 GPU and CO2/N2 selectivity of 22 for CO2/N2 (15/85) mixtures separation at 50 ◦C,
outperforming most reported membranes. This paper studies the effect of calcination
temperature on organosilica membranes in detail and may pave the way for the highly
efficient CO2 capture application.

Author Contributions: Conceptualization, Q.J. and M.G.; validation, Q.J. and M.G.; investigation, Q.J.
and M.G.; data curation, Q.J.; writing—original draft preparation, Q.J.; writing—review and editing,
M.G.; supervision, M.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zhang, S.; Li, H.; Li, H.; Sengupta, B.; Zha, S.; Li, S.; Yu, M. Negative charge confined amine carriers within the nanowire network

for stable and efficient membrane carbon capture. Adv. Funct. Mater. 2020, 30, 2002804. [CrossRef]
2. Xie, K.; Fu, Q.; Qiao, G.G.; Webley, P.A. Recent progress on fabrication methods of polymeric thin film gas separation membranes

for CO2 capture. J. Membr. Sci. 2019, 572, 38–60. [CrossRef]
3. Saravanan, A.; Vo, D.-V.N.; Jeevanantham, S.; Bhuvaneswari, V.; Narayanan, V.A.; Yaashikaa, P.; Swetha, S.; Reshma, B. A comprehen-

sive review on different approaches for CO2 utilization and conversion pathways. Chem. Eng. Sci. 2021, 236, 116515. [CrossRef]
4. Yan, J.; Zhang, Z. Carbon capture, utilization and storage (CCUS). Appl. Energy 2019, 235, 1289–1299. [CrossRef]
5. Pera-Titus, M. Porous inorganic membranes for CO2 capture: Present and prospects. Chem. Rev. 2014, 114, 1413–1492. [CrossRef]
6. Kenarsari, S.D.; Yang, D.; Jiang, G.; Zhang, S.; Wang, J.; Russell, A.G.; Wei, Q.; Fan, M. Review of recent advances in carbon

dioxide separation and capture. RSC Adv. 2013, 3, 22739–22773. [CrossRef]
7. Bandehali, S.; Moghadassi, A.; Parvizian, F.; Hosseini, S.M.; Matsuura, T.; Joudaki, E. Advances in high carbon dioxide separation

performance of poly (ethylene oxide)-based membranes. J. Energy Chem. 2020, 46, 30–52. [CrossRef]
8. Guo, M.; Kanezashi, M.J.M. Recent progress in a membrane-based technique for propylene/propane separation. Membranes 2021,

11, 310. [CrossRef]
9. Dai, Z.; Ansaloni, L.; Deng, L. Environment, Recent advances in multi-layer composite polymeric membranes for CO2 separation:

A review. Green Energy Environ. 2016, 1, 102–128. [CrossRef]
10. Vinoba, M.; Bhagiyalakshmi, M.; Alqaheem, Y.; Alomair, A.A.; Pérez, A.; Rana, M.S. Recent progress of fillers in mixed matrix

membranes for CO2 separation: A review. Sep. Purif. Technol. 2017, 188, 431–450. [CrossRef]
11. Han, Y.; Wu, D.; Ho, W.W. Nanotube-reinforced facilitated transport membrane for CO2/N2 separation with vacuum operation.

J. Membr. Sci. 2018, 567, 261–271. [CrossRef]
12. Yu, L.; Kanezashi, M.; Nagasawa, H.; Tsuru, T. Role of Amine Type in CO2 Separation performance within amine functionalized

silica/organosilica membranes: A Review. Appl. Sci. 2018, 8, 1032. [CrossRef]
13. Guo, M.; Kanezashi, M.; Nagasawa, H.; Yu, L.; Ohshita, J.; Tsuru, T. Amino-decorated organosilica membranes for highly

permeable CO2 capture. J. Membr. Sci. 2020, 611, 118328. [CrossRef]
14. Ji, Y.; Zhang, M.; Guan, K.; Zhao, J.; Liu, G.; Jin, W. High-performance CO2 capture through polymer-based ultrathin membranes.

Adv. Funct. Mater. 2019, 29, 1900735. [CrossRef]
15. Moriyama, N.; Kawano, Y.; Wang, Q.; Inoue, R.; Guo, M.; Yokoji, M.; Nagasawa, H.; Kanezashi, M.; Tsuru, T. Pervaporation

via silicon-based membranes: Correlation and prediction of performance in pervaporation and gas permeation. AlChE J. 2021,
67, e17223. [CrossRef]

16. Dong, G.; Nagasawa, H.; Yu, L.; Guo, M.; Kanezashi, M.; Yoshioka, T.; Tsuru, T. Energy-efficient separation of organic liquids
using organosilica membranes via a reverse osmosis route. J. Membr. Sci. 2020, 597, 117758. [CrossRef]

17. Tsuru, T. Silica-based membranes with molecular-net-sieving properties: Development and applications. J. Chem. Eng. Jpn. 2018,
51, 713–725. [CrossRef]

18. Li, J.-Y.; Wang, D.K.; Lin, Y.-T.; Wey, M.-Y.; Tseng, H.-H. Homogeneous sub-nanophase network tailoring of dual organosilica
membrane for enhancing CO2 gas separation. J. Membr. Sci. 2022, 644, 120170. [CrossRef]

19. Li, J.-Y.; Wang, D.K.; Tseng, H.-H.; Wey, M.-Y. Solvent effects on diffusion channel construction of organosilica membrane with
excellent CO2 separation properties. J. Membr. Sci. 2021, 618, 118758. [CrossRef]

20. Yu, X.; Meng, L.; Niimi, T.; Nagasawa, H.; Kanezashi, M.; Yoshioka, T.; Tsuru, T. Network engineering of a BTESE membrane for
improved gas performance via a novel pH-swing method. J. Membr. Sci. 2016, 511, 219–227. [CrossRef]

21. Guo, M.; Qian, J.; Xu, R.; Ren, X.; Zhong, J.; Kanezashi, M. Boosting the CO2 capture efficiency through aromatic bridged
organosilica membranes. J. Membr. Sci. 2022, 643, 120018. [CrossRef]

http://doi.org/10.1002/adfm.202002804
http://doi.org/10.1016/j.memsci.2018.10.049
http://doi.org/10.1016/j.ces.2021.116515
http://doi.org/10.1016/j.apenergy.2018.11.019
http://doi.org/10.1021/cr400237k
http://doi.org/10.1039/c3ra43965h
http://doi.org/10.1016/j.jechem.2019.10.019
http://doi.org/10.3390/membranes11050310
http://doi.org/10.1016/j.gee.2016.08.001
http://doi.org/10.1016/j.seppur.2017.07.051
http://doi.org/10.1016/j.memsci.2018.08.061
http://doi.org/10.3390/app8071032
http://doi.org/10.1016/j.memsci.2020.118328
http://doi.org/10.1002/adfm.201900735
http://doi.org/10.1002/aic.17223
http://doi.org/10.1016/j.memsci.2019.117758
http://doi.org/10.1252/jcej.17we235
http://doi.org/10.1016/j.memsci.2021.120170
http://doi.org/10.1016/j.memsci.2020.118758
http://doi.org/10.1016/j.memsci.2016.03.060
http://doi.org/10.1016/j.memsci.2021.120018


Membranes 2022, 12, 470 11 of 11

22. Merkel, T.C.; Lin, H.; Wei, X.; Baker, R. Power plant post-combustion carbon dioxide capture: An opportunity for membranes.
J. Membr. Sci. 2010, 359, 126–139. [CrossRef]

23. Guo, M.; Kanezashi, M.; Nagasawa, H.; Yu, L.; Yamamoto, K.; Gunji, T.; Ohshita, J.; Tsuru, T. Tailoring the microstructure and
permeation properties of bridged organosilica membranes via control of the bond angles. J. Membr. Sci. 2019, 584, 56–65. [CrossRef]

24. Yu, X.; Nagasawa, H.; Kanezashi, M.; Tsuru, T. Improved thermal and oxidation stability of bis (triethoxysilyl) ethane (BTESE)-
derived membranes, and their gas-permeation properties. J. Mater. Chem. A 2018, 6, 23378–23387. [CrossRef]

25. Wang, J.; Kanezashi, M.; Yoshioka, T.; Tsuru, T. Effect of calcination temperature on the PV dehydration performance of alcohol
aqueous solutions through BTESE-derived silica membranes. J. Membr. Sci. 2012, 415, 810–815. [CrossRef]

26. Xu, R.; Ibrahim, S.M.; Kanezashi, M.; Yoshioka, T.; Ito, K.; Ohshita, J.; Tsuru, T. New insights into the microstructure-separation properties
of organosilica membranes with ethane, ethylene, and acetylene bridges. ACS Appl. Mater. Interfaces 2014, 6, 9357–9364. [CrossRef]

27. Guo, M.; Kanezashi, M.; Nagasawa, H.; Yu, L.; Yamamoto, K.; Gunji, T.; Ohshita, J.; Tsuru, T. Pore subnano-environment engineering
of organosilica membranes for highly selective propylene/propane separation. J. Membr. Sci. 2020, 603, 117999. [CrossRef]

28. Yamamoto, K.; Ohshita, J.; Mizumo, T.; Tsuru, T. Efficient synthesis of SiOC glasses from ethane, ethylene, and acetylene-bridged
polysilsesquioxanes. J. Non-Cryst. Solids 2015, 408, 137–141. [CrossRef]

29. Yu, L.; Kanezashi, M.; Nagasawa, H.; Guo, M.; Moriyama, N.; Ito, K.; Tsuru, T. Tailoring ultramicroporosity to maximize CO2
transport within pyrimidine-bridged organosilica membranes. ACS Appl. Mater. Interfaces 2019, 11, 7164–7173. [CrossRef]

30. Thommes, M.; Kaneko, K.; Neimark, A.V.; Olivier, J.P.; Rodriguez-Reinoso, F.; Rouquerol, J.; Sing, K.S. Physisorption of gases,
with special reference to the evaluation of surface area and pore size distribution (IUPAC Technical Report). Pure Appl. Chem.
2015, 87, 1051–1069. [CrossRef]

31. Guo, M.; Kanezashi, M.; Nagasawa, H.; Yu, L.; Yamamoto, K.; Gunji, T.; Tsuru, T. Fine-tuned, molecular-composite, organosilica
membranes for highly efficient propylene/propane separation via suitable pore size. AlChE J. 2019, 66, e16850. [CrossRef]

32. Yoshioka, T.; Kanezashi, M.; Tsuru, T. Micropore size estimation on gas separation membranes: A study in experimental and
molecular dynamics. AlChE J. 2013, 59, 2179–2194. [CrossRef]

33. Lee, H.R.; Kanezashi, M.; Shimomura, Y.; Yoshioka, T.; Tsuru, T. Evaluation and fabrication of pore-size-tuned silica membranes
with tetraethoxydimethyl disiloxane for gas separation. AlChE J. 2011, 57, 2755–2765. [CrossRef]

34. Nagasawa, H.; Niimi, T.; Kanezashi, M.; Yoshioka, T.; Tsuru, T. Modified gas-translation model for prediction of gas permeation
through microporous organosilica membranes. AlChE J. 2014, 60, 4199–4210. [CrossRef]

35. Yu, L.; Kanezashi, M.; Nagasawa, H.; Oshita, J.; Naka, A.; Tsuru, T. Pyrimidine-bridged organoalkoxysilane membrane for
high-efficiency CO2 transport via mild affinity. Sep. Purif. Technol. 2017, 178, 232–241. [CrossRef]

36. Kim, S.; Han, S.H.; Lee, Y.M. Thermally rearranged (TR) polybenzoxazole hollow fiber membranes for CO2 capture. J. Membr. Sci.
2012, 403, 169–178. [CrossRef]

37. Wang, S.; Xie, Y.; He, G.; Xin, Q.; Zhang, J.; Yang, L.; Li, Y.; Wu, H.; Zhang, Y.; Guiver, M.D. Graphene oxide membranes with
heterogeneous nanodomains for efficient CO2 separations. Angew. Chem. Int. Ed. 2017, 56, 14246–14251. [CrossRef]

38. Li, S.; Wang, Z.; Zhang, C.; Wang, M.; Yuan, F.; Wang, J.; Wang, S. Interfacially polymerized thin film composite membranes
containing ethylene oxide groups for CO2 separation. J. Membr. Sci. 2013, 436, 121–131. [CrossRef]

39. Wang, B.; Qiao, Z.; Xu, J.; Wang, J.; Liu, X.; Zhao, S.; Wang, Z.; Guiver, M.D. Unobstructed ultrathin gas transport channels in
composite membranes by interfacial self-assembly. Adv. Mater. 2020, 32, 1907701. [CrossRef]

40. Fu, Q.; Kim, J.; Gurr, P.A.; Scofield, J.M.; Kentish, S.E.; Qiao, G.G. A novel cross-linked nano-coating for carbon dioxide capture.
Energy Environ. Sci. 2016, 9, 434–440. [CrossRef]

41. Karunakaran, M.; Villalobos, L.F.; Kumar, M.; Shevate, R.; Akhtar, F.H.; Peinemann, K.-V. Graphene oxide doped ionic liquid
ultrathin composite membranes for efficient CO2 capture. J. Mater. Chem. A 2017, 5, 649–656. [CrossRef]

42. Nikolaeva, D.; Azcune, I.; Sheridan, E.; Sandru, M.; Genua, A.; Tanczyk, M.; Jaschik, M.; Warmuzinski, K.; Jansen, J.; Vankelecom, I.
Poly (vinylbenzyl chloride)-based poly (ionic liquids) as membranes for CO2 capture from flue gas. J. Mater. Chem. A 2017, 5,
19808–19818. [CrossRef]

43. Ahmad, A.; Jawad, Z.; Low, S.; Zein, S. A cellulose acetate/multi-walled carbon nanotube mixed matrix membrane for CO2/N2
separation. J. Membr. Sci. 2014, 451, 55–66. [CrossRef]

44. Dai, Y.; Johnson, J.; Karvan, O.; Sholl, D.S.; Koros, W. Ultem®/ZIF-8 mixed matrix hollow fiber membranes for CO2/N2
separations. J. Membr. Sci. 2012, 401, 76–82. [CrossRef]

45. Sutrisna, P.D.; Hou, J.; Zulkifli, M.Y.; Li, H.; Zhang, Y.; Liang, W.; D’Alessandro, D.M.; Chen, V. Surface functionalized UiO-
66/Pebax-based ultrathin composite hollow fiber gas separation membranes. J. Mater. Chem. A 2018, 6, 918–931. [CrossRef]

http://doi.org/10.1016/j.memsci.2009.10.041
http://doi.org/10.1016/j.memsci.2019.04.072
http://doi.org/10.1039/C8TA07572G
http://doi.org/10.1016/j.memsci.2012.05.073
http://doi.org/10.1021/am501731d
http://doi.org/10.1016/j.memsci.2020.117999
http://doi.org/10.1016/j.jnoncrysol.2014.10.024
http://doi.org/10.1021/acsami.9b01462
http://doi.org/10.1515/pac-2014-1117
http://doi.org/10.1002/aic.16850
http://doi.org/10.1002/aic.13966
http://doi.org/10.1002/aic.12501
http://doi.org/10.1002/aic.14578
http://doi.org/10.1016/j.seppur.2017.01.039
http://doi.org/10.1016/j.memsci.2012.02.041
http://doi.org/10.1002/anie.201708048
http://doi.org/10.1016/j.memsci.2013.02.038
http://doi.org/10.1002/adma.201907701
http://doi.org/10.1039/C5EE02433A
http://doi.org/10.1039/C6TA08858A
http://doi.org/10.1039/C7TA05171A
http://doi.org/10.1016/j.memsci.2013.09.043
http://doi.org/10.1016/j.memsci.2012.01.044
http://doi.org/10.1039/C7TA07512J

	Introduction 
	Experimentation 
	Preparation of Organosilica Sols and Membranes 
	Characterization of Organosilica Films and Powders 
	Gas Permeation Properties of BTESA Membranes 

	Results and Discussion 
	Structural Properties of BTESA Materials 
	Gas Permeation Properties of BTESA Membranes 

	Conclusions 
	References

