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(BTESE) as the precursor. Particle size distributions of the BTESE-derived sols are systematically investigate
by carefully adjusting the synthesis parameters (i.e., water ratios, acid ratios and solvent ratios) in the sol proces
In certain conditions, increasing the water ratio or the acid ratio tends to cause larger sol sizes and bimoda
particle size distributions. However, higher solvent ratios lead to smaller sol sizes and unimodal particle size dis
tributions. The organosilica membranes prepared from the optimized sols show excellent H2 permeances (up t
4.2 × 10−7 mol·m−2·s−1·Pa−1) and gas permselectitivies (H2/CO2 is 9.5, H2/N2 is 50 and H2/CH4 is 68). Th
study offers significant insights into the relationship between the sol synthesis parameters, sol sizes and mem
brane performance.
© 2017 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved
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1. Introduction

Recently, amorphous organosilica materials have attracted growin
research interest due to their functional characteristics originated from
the organic groups in the organic–inorganic hybrid network architectur
[1]. They are excellent candidates in membrane preparation becaus
of the desirable characteristics, such as tunable affinity to water [2
easy-to-form films [3], and unique stability under hydrothermal cond
tions [4,5]. Many precursors, such as alkylene- and aromatic-bridge
silsesquioxaneshavebeen selected to fabricatemolecule separationmem
branes. Ethane-bridged silsesquioxane ((C2H5O)3Si(CH2)2Si(OC2H5)
BTESE) is one of the most studied precursor molecules [6–9].

The BTESE-derived organosilica membranes have been widely use
in various membrane separation technologies, such as pervaporatio
[4,10–12], gas separation [13–16], reverse osmosis [17] and membran
reactors [18]. Kanezashi et al. [16] first developed organosilica mem
branes by usingBTESE as the precursor. BTESE-derivedmembranes pos
sess better permeabilities than pure silica membranes in gas separatio
because of the loose networks of the former. Themechanismshave bee
investigated by molecular dynamics simulation [19] and numerous ex
perimental studies [16,20–22]. Besides, the BTESE-derived membrane
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generally have high hydrothermal stabilities. Therefore, organosilic
membranes have been considered as good alternatives to pure silic
membranes that have poor hydrothermally stabilities.

However, the loose networks of organosilica membranes result i
unsatisfactory gas selectivities. To improve gas separation performanc
of organosilica membranes, four strategies have been proposed i
the sol process. Thefirst approach is to adjust the structure of the organ
ic bridge groups. Castricum et al. [8] found that organosilicamembrane
with short alkylene (CH2 and C2H4) bridging groups showed highH2/N
permselectivities. Xu et al. [9] reported some microporous organosilic
membranes with ethane, ethylene, and acetylene bridges and foun
that incorporation of rigid bridges into organosilica networks resulte
in a looser membrane microstructure. The second method is to contro
the pore size of organosilica membranes by using the BTESE–TEO
(tetraethoxysilane) mixture as the precursor. The average pore size o
the BTESE–TEOS derived membrane is larger than that derived from
TEOS, but smaller than that derived from BTESE [22]. Thirdly, dopin
metals into the organosilicamatrix is also an effectivemethod to deve
op high performance ceramic membranes. Nb and Zr-doping results i
denser structures [23–25] and Pd-doping leads to lager micropore
[26]. Lastly, optimization of the synthesis parameters of the organosilic
sols is the most straightforward approach.

To fabricate membranes with uniform pore size distributions an
zero defects, desirable sols should fulfill the following requirement
The particle size of the sols used for coating should fall within a suitabl
range inwhichdefects caused by penetration of sols intomesopores an
cracks resulted from large particles can be avoided. Furthermore, so
should have a narrow particle size distribution that determines th
pore size distribution of the derived membranes. The dynamic ligh
Industry Press. All rights reserved.
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Table 1
Molar ratio of the ingredients for the synthesis of organosilica sols

Sol n(EtOH):n(BTESE) n(H2O):n(BTESE) n(H+):n(BTESE)

1 13.08 2.29 0.04
2 5.56
3 11.16
4 22.24
5 13.08 3.44 0.06
6 0.08
7 0.09
8 0.12
9 19.62 22.24 0.04
10 0.08
11 0.1
12 0.12
13 0.16
14 26.12 22.24 0.2
15 0.3
16 0.4
17 6.54 22.24 0.04
18 26.16
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scattering (DLS) technique is widely used as a diagnostic tool for deter
mining the particle size distribution of sols [24,27,28]. Hereinafter, th
availability of sol was evaluated using a fast evaluation based on th
DLS technique.

In the sol–gel process, a number of parameters, such as the syn
thesis temperature, reaction time, water ratio (i.e. molar ratio o
water to the precursor, n(H2O):n(BTESE)), acid ratio (i.e. mola
ratio of acid to the precursor, n(H+):n(BTESE)) and Si concentratio
play important roles in sol properties and thus membrane perfor
mance. For BTESE and Zr-doped BTESE systems, low synthesi
temperatures led to uniform particle size distributions, while hig
synthesis temperatures resulted in large sol sizes even gelation du
to the rise in reaction rates [24]. Long reaction time or high hydroly
sis ratios tended to form polydisperse particle size distributions [15
Increasing Si concentration can also cause large sol sizes [8]. Kreite
et al. [29] found that increased acid and water ratios both result i
larger particle sizes for BTESE. High acid ratios also lead to sol gela
tion due to the liquid–liquid immiscibility and cluster formation
Polydisperse particle size distributions and gelation are common is
sues in the sol–gel process to prepare high performance membranes

In this work, a careful control of the sol process was applied to min
imize the chance of cluster formation. The particle size distribution o
the organosilica sol was tuned by adjusting the synthesis parameter
including the water ratio, the acid ratio and the solvent ratio (i.e
molar ratio of ethanol to precursor, n(EtOH):n(BTESE)) during the so
process. Additionally, sols with suitable particle sizes and narrow
particle size distributions were selected to prepare gas separatio
membranes. Effects of the particle size on membrane performanc
were investigated by gas permeance experiments.

2. Experimental

2.1. Sol synthesis and characterization

BTESE from ABCR was used as the precursor. Ethanol (anhydrous
was purchased from Merck. Nitric acid (HNO3, 65 wt%) was purchase
from Lingfeng in Shanghai. All chemicals were used as received withou
further purification.

Organosilica sols were prepared by the following procedure
Briefly, 5 ml BTESE and 5 ml ethanol were well mixed in a glove
box under a nitrogen atmosphere. Meanwhile, 0.54 ml nitric acid so
lution (1 mol·L−1) was mixed with 5 ml ethanol in a 50 ml beake
and the mixture of HNO3 aqueous solution and ethanol was the
dropwise added into the as-prepared BTESE–ethanol mixtur
under vigorous stirring (120 r·min−1) in an ice bath. Along with con
tinuous stirring, the final mixture was refluxed in a water bath at 60 °
for 90min. To obtain homogeneous organosilica sols with different parti
cle size distributions, different amounts of ethanol, water and HNO3wer
investigated and the detailed ingredients in molar ratio are given i
Table 1. All organosilica sols were prepared in a clean room and the pre
pared sol solutions were stored at−16 °C prior to further use.

Particle size distributions of the freshly synthesized sols were mea
sured by a dynamic light scattering analyzer (DLS, Zetatrac, NPA152
Microtrac Inc.) at 30 °C. 1 ml sol was used for every measurement. Th
particle size distribution and mean particle size of sols were derive
from the calculation in the Microtrac software.

2.2. Gel preparation and characterization

Dried flake gels were obtained by drying the corresponding sols fo
12 h in petri dishes at room temperature. The obtained gels were the
ground into fine powders followed by a thermal treatment under N2 at
mosphere. The thermal treatment procedure included a heating up pro
cess at a rate of 0.5 °C·min−1, heat preservation for 3 h at 400 °C an
subsequently a cooling down process at a rate of 0.5 °C·min−1.
Thermal behaviors of the organosilica powders were evaluated by
thermogravimetric analysis (TGA) apparatus (STA-449-F3, Netzsch
with a heating rate of 10 °C·min−1 from room temperature to 800 °
under N2 atmosphere. Fourier transform infrared (FTIR) spectroscop
(NICOLET 8700, Thermo Nicolet Corporation) tests were conducted t
verify the chemical composition of the powders calcined at 400 °
with KBr as the reference. The solid-state 29Si magic angle spinning nu
clear magnetic resonance (MAS NMR) spectra of the powders calcine
at 400 °Cwere recorded at 79.48MHzon aNMR spectrometer (AVANC
III 400 MHz, Bruker). CO2 (purity = 99.99%) from the Nanjing Specia
Gases Companywas used to evaluate themicrostructure of the powder
via the gas adsorption method. N2 adsorption–desorption isotherms a
77 K and CO2 adsorption isotherms at 298 K were conducted with
physical gas adsorption instrument (ASAP 2460 and ASAP 2020
Micromeritics). Prior to the measurements, samples were degasse
under vacuum at 373 K for 12 h.

2.3. Membrane preparation and characterization

The organosilica sols were diluted to the same Si concentratio
(0.17 mol·L−1) and then used for dip-coating on γ-Al2O3 mesoporou
membranes (pore diameter of 3–5 nm). To avoid the effect of dusts
coating was performed under clean room condition. Subsequently, th
coated membranes were dried in a humidity chamber (25 °C, 20% RH
for 3 h. Finally, themembranes underwent the same thermal treatmen
as described above.

Cross-sections of the prepared membranes were visualized by scan
ning electronmicroscopy (SEM, LEO1530VP)with an accelerating voltag
of 15 kV. Single gas permeation tests were conducted with a dead-en
setup. Gas permeances of the organosilica membranes were measure
at 200 °C under a transmembrane pressure of 0.3 MPa. Membrane
were tested using various gases with different kinetic diameters, includ
ing He, H2, CO2, N2, CH4 and SF6. For each membrane, its gas permeanc
was measured for three times at a time interval of 10 min. The ga
permselectivity is equal to the permeance ratio between two gases.

3. Results and Discussion

3.1. Particle size distributions of organosilica sols

Organosilica sols were synthesized through acid-catalyzed hy
drolysis and condensation reaction. In hydrolysis reaction, the eth
oxy groups (\\OC2H5) of BTESE are transformed into hydroxy
groups (\\OH), then the products of the hydrolysis reactio
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condense together.\\Si\\O\\Si\\networks are formed in the con
densation reaction [30]. The hydrolysis and condensation reaction
of BTESE can be described as follows:

Hydrolysis

R−Si OC2H5ð Þ3−n OHð Þn þH2O→
Hþ

−Si OC2H5ð Þ2−n OHð Þnþ1 þ C2H5OH

ð1
Condensation
Þ
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 n(H
+
):n(BTESE) =0.04  (sol 9)

n(H
+
):n(BTESE) =0.08  (sol 10)

n(H
+
):n(BTESE) =0.1  (sol 11)

n(H
+
):n(BTESE) =0.12  (sol 12)

n(H
+
):n(BTESE) =0.16  (sol 13)

(b) n(BTESE): n(C
2
H

5
OH): n(H

2
O)=1: 19.62: 22.24
R−Si OC2H5ð Þ2−n OHð Þnþ1 þ R0−Si OC2H5ð Þ2−m OHð Þmþ1→
R− OC2H5ð Þ2−n OHð Þn−Si−O−Si− OC2H5ð Þ2−m OHð ÞmR0 þH2O

ð2

where R and R′ represent the organic groups together with other part
and m and n can be 0, 1, or 2.

Because the improvement of particle size highly depends on the ex
tent of condensation reaction, a careful control of the operational pa
rameters by adjusting the water ratio, acid ratio and solvent ratio i
the condensation process is critical in yielding a sol with suitable an
narrow particle size distribution [6,15].

Fig. 1 describes the particle size distributions of the synthesize
organosilica sols with different water ratios. A homogeneous organosilic
sol (sol 1)with clear and transparent appearancewas obtained at amola
ratio of 1:13.08:2.29:0.04 for BTESE:EtOH:H2O:H+. Sol 1 has a unimoda
particle size distribution within 1.6–20 nm and a mean particle size o
3.3 nm. Another organosilica sol (sol 2) synthesizedwith lowwater ratio
[n(H2O):n(BTESE)=5.56] exhibits a similar unimodal particle size distr
bution ranging from 1.9 to 43 nm and the mean particle size is large
(5.4 nm) comparedwith that of sol 1. It suggests that increasingwater ra
tios can increase the particle sizes of organosilica sols under unimoda
particle size distributions. This observation is consistentwith the previou
finding [29]. However, further increasing the water ratios causes bimoda
particle size distributions (sol 3 and sol 4). Two core-level peaks of th
particle size distribution for sol 3 are at 1.6 and 7.4 nm, respectively. So
4has relatively larger particle size than sol 3. The polydispersity of particl
sizes canbe explainedby thehigh reaction rate due to the highwater con
tent at highwater ratios. In Eq. (1), water is one of the reactants in the hy
drolysis step of BTESE. According to the reaction kinetics, a higher dosag
of water leads to a higher reaction rate.

Fig. 2 shows the effects of acid ratios on the particle size distribution
of organosilica sols. The organosilica sols synthesized at different aci
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Fig. 1. Particle size distributions of the organosilica sols formed at different hydrolysis
ratios.
ratios (hydrolysis ratio 3.44 and solvent ratio 13.08) show similar particl
size distributions [Fig. 2(a)]. Particle size distribution results of sol 5–
show that all these sols are unimodal with mean particle sizes o
3.6–3.8 nm and that the acid ratios have little effect on the particle siz
distributions of the sols. However, when the water ratio and solven
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Fig. 2. Particle size distributions of the organosilica sols formed at different acid ratios.
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ratio increase, the acid ratio has a decisive effect on the particle size distri
butions of organosilica sols and the particle size increases with the in
crease of the acid ratio [Fig. 2(b)]. A similar tendency was observed b
Kreiter et al. [29]. Sol 9 and sol 10 synthesized at lower acid ratios (0.0
and 0.08) have unimodal and narrow particle size distributions and th
meanparticle sizes are 5.1 and 6.3 nm, respectively,while sols 11–13 syn
thesized at higher acid ratios [n(H+):n(BTESE) ≥ 0.1] have bimodal parti
cle size distributions with core-level peaks at around 8 nm and shoulde
peaks at several hundred nanometers. The intensity signal in the large
size region (N100 nm) indicates that some particles aggregate into clus
ters. The aggregation can be explained by the fast reaction rate due t
the large amount of catalyst.

A similar change trend was observed whe
n(BTESE):n(EtOH):n(H2O) = 1:26.16:22.24 [Fig. 2(c)]. Sol 14 with
lower acid ratio (0.2) has a mean particle size of 7.1 nm and a relativel
narrow particle size distribution (4.5 to 18.06 nm). Sol 15 and sol 1
with higher acid ratios (0.3 and 0.4) show bimodal particle size distribu
tions. Meanwhile, acid (HNO3) acts as the catalyst of the hydrolysis reac
tion of BTESE as shown in Eq. (1). It is noteworthy that the effects of th
acid ratio on the particle size distribution of BTESE-derived sols are obvi
ously different under water-poor and water-rich conditions. Unde
water-poor conditions, the acid ratio has little effects on the particle siz
[Fig. 2(a)], while under water-rich conditions, high acid ratios result i
large particle sizes [Fig. 2(b) and (c)]. There are 6 hydrolysable ethox
groups in each BTESE molecule. Thus when the water ratio is below
(e.g., n(H2O):n(BTESE) = 3.44), the hydrolysis reaction of BTESE is re
stricted, though the acid ratio increases. When the water ratio is highe
than 6 (e.g., n(H2O):n(BTESE) = 22.24), the hydrolysis reaction become
acid ratio dependent. Hence, high acid ratios lead to the increase of parti
cle sizes.

Fig. 3 exhibits the particle size distributions of the organosilica sol
synthesized at different solvent ratios (water ratio 22.4 and acid rati
0.04). The sols synthesized at lower solvent ratios (6.54 and 13.08
have bimodal particle size distributions with core-level peaks at severa
nanometers and shoulder peaks at hundreds nanometer, while the sol
synthesized at higher solvent ratios (19.62 and 26.16) show unimoda
particle size distributions and the corresponding mean particle size
are 5.1 and 4.1 nm, respectively. Higher solvent ratios resulting i
narrower particle size distributions could be explained by the followin
twomechanisms. First, high solvent ratios cause low reactivity and thu
small particle sizes. Second, high solvent ratios lead to high dispersion o
the products from the hydrolysis and condensation reaction, preventin
particle aggregation into clusters.
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Fig. 3. Particle size distributions of the organosilica sols formed at different solvent ratios.
3.2. Organosilica powders after thermal treatment

All the BTESE-derived sols show clear and transparent appearance
without any gelation. Since the support layer has a pore size of 3–5 nm
sols with mean particle sizes larger than 5 nm and uniform particle siz
distributions are desirable for dip-coating. Sol 9 and sol 14 were selecte
for membrane preparation due to their narrow particle size distribution
and suitable mean particle sizes (5 and 7 nm, respectively). Sol 9 and so
14 were further denoted as BTESE5 and BTESE7, respectively. Powder
BTESE5 and BTESE7 have similar thermal evolutions under N2 atmo
sphere heating from room temperature to 800 °C (Fig. 4). Three-stag
mass loss can be clearly observed in the TG curves. In the first stage,
vast mass decline (9.5% and 11.5% for BTESE5 and BTESE7, respectively
wasmonitored below 250 °C, which can be attributed to the loss of phys
ically adsorbed water and solvent (i.e. dehydration and desolvent pro
cess). Next, a dehydroxylation step took place at 250–540 °C and cause
about 4% mass loss. A gradual decomposition of the organic moieties i
the organosilica powders started at 540 °C [31]. Therefore, the therma
treatment of organosilicamembraneswas selected at amoderate temper
ature of 400 °C to maintain the organic moiety in the network.

FTIR spectra of the organosilica powders calcined at 400 °C under N
atmosphere (Fig. 5) showa dominant peak at around1020 cm−1,whic
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Fig. 5. FTIR spectra of the organosilica powders calcined at 400 °C under N2 atmosphere.
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is corresponding to the asymmetric stretching vibrations of th
Si\\O\\Si bond. The two peaks at approximately 700 and 1410 cm−

correspond to Si\\C stretching and C\\H (in Si\\CH2\\CH2\\Si) asym
metric bending vibration. The broad band at 3200–3700 cm−1 agree
with the stretching vibration of hydroxyl groups in Si\\OH (absorptio
peak: 3450 cm−1) and adsorbed water (absorption peak: 3250 cm−1

[7,32].
Fig. 6 shows 29Si MAS NMR spectra of the organosilica powders ca

cined at 400 °CunderN2 atmosphere. Bothpowders showapparent signa
peaks of the Tn structure (CSi(OSi)n(OH)3− n,n=1, 2 and3). These peak
can be ascribed to the overlapping signal peaks of the T2 (CSi(OSi)2OH
approximately at−60) and T3 (CSi(OSi)3: approximately at−68) struc
tures [32–34], indicating highly branched networks. A negligible broa
resonance region of the Qn structure (Si(OSi)n(OH)4 − n, n = 2, 3, an
4) occurs in the range of −97 to −110 [32,33], suggesting that almos
all organic groups are integral after thermal treatment, which also agree
with the FTIR data.
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Fig. 7.N2 adsorption–desorption (a) and CO2 adsorption (b) isotherms of the organosilica
powders calcined at 400 °C under N2 atmosphere. 1 mmHg= 133.322 Pa.
Fig. 7 describes the N2 adsorption–desorption and CO2 adsorption iso
therms of powder BTESE5 and BTESE7. The type I N2 adsorption–desorp
tion isotherms are observed for the two samples, suggesting that th
organosilica powders have microporous structures. The specific surfac
areas of organosilica powders were calculated by the BET metho
(based on N2 adsorption–desorption results) and the Dubinin metho
(based on CO2 uptake data) [8]. The specific surface areas and pore vo
umes of powders BTESE5 and BTESE7 are displayed in Table 2. Obviousl
powder BTESE7 has higher specific surface area and pore volume tha
powder BTESE5, suggesting that powder BTESE5 has a denser (i.e. less po
rous) structure comparedwith powder BTESE7 due to the smaller sol siz
of BTESE5. Moreover, powder BTESE5 has higher microporosity tha
powder BTESE7. This may lead to higher gas permselectivity for mem
brane BTESE5 compared with membrane BTESE7.

3.3. Membrane morphology

Fig. 8 displays the cross-sectional SEM images of membrane BTESE
and BTESE7. A three layered structure of the membrane, i.e. an α-Al2O
macroporous support, a γ-Al2O3 mesoporous intermediate layer and a
organosilica layer is clearly observed. The two membranes have ver
similar intermediate and top selective layers. The thickness of th
intermediate layer is around 1.5 μm,while the thickness of the top selec
tive layer is about 130 nm.

3.4. Performance evaluation of organosilica membranes

Single gas (including He, H2, CO2, N2, CH4 and SF6) permeances of th
organosilica-coated membranes were measured at 200 °C (Fig. 9). Ga
permeances of the orgaosilica membranes show good reproducibilit
under the test condition (200 °C and 0.3 MPa). The experimental erro
was as low as ~1%. It can be seen that the single gas permeance of th
organosilica membranes decreases as the molecular kinetic diameter in
creases due to the molecular sieving effect [35]. The organosilica mem
branes show excellent gas permselectivities (inset in Fig. 9). The H2/CO
H2/N2 and H2/CH4 permselectivities of membrane BTESE5 are respective
ly 9.5, 50 and 68, and those of membrane BTESE7 are respectively 7.1, 3
and 46. These results are much higher than the corresponding Knudse
diffusion factors (4.7 for H2/CO2, 3.7 for H2/N2 and 2.8 for H2/CH4). More
over, membrane BTESE7 has higher gas permeances for all the gases tha
membrane BTESE5. Particularly, membrane BTESE5 has a H2 permeanc
of 2.9×10−7mol·m−2·s−1·Pa−1,while theH2 permeance ofmembran
BTESE7 is as high as 4.2 × 10−7 mol·m−2·s−1·Pa−1 due to its more po
rous structureswhich is beneficial for gases passing through. These result
agree well with the results of gas adsorption.

Desirable membranes for efficient gas separation should hav
high permeances for small molecules (e.g. H2) and high selectivitie
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Fig. 8. Cross sectional SEM images of membranes (a) BTESE5 and (b) BTESE7.

Table 2
Porous structure data of the organosilica powders calcined at 400 °C under N2 atmosphere

Sample AN2
/m2·g−1 ACO2

/m2·g−1 Vtotal/m3·g−1 Vmicro/m3·g−1 (Vmicro/Vtotal)/%

BTESE5 229 194 0.117 0.102 87.2
BTESE7 298 215 0.156 0.122 78.2

Note: AN2
and ACO2

represent the specific surface area determined from N2 adsorption desorption and CO2 adsorption, respectively. Vtotal, Vmicro and Vtotal/Vmicro denote total pore volume,
micropore volume and microporosity, respectively.

0.25 0.30 0.35 0.40 0.45 0.50 0.55

10-9

10-8

10-7

10-6

0

20

40

60

80

P
er

m
se

le
ct

iv
it

y

Knudsen diffusion factor
BTESE5
BTESE7

H
2
/CO

2
H

2
/N

2
H

2
/CH

4

 BTESE5
 BTESE7

Pe
rm

ea
nc

e/
m

ol
·m

-2
·s

-1
·P

a-1

Kinetic diameter/nm

He H
2

CO
2

N
2

CH
4 SF

6
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for gas pairs (e.g., H2/CO2). Fig. 10 presents the performanc
comparison in the terms of the H2 permeance and H2/CO
permselectivity of BTESE membranes and doped BTESE membrane
measured at 200 °C [13–15,24]. Membranes BTESE5 and BTESE
show higher H2/CO2 permselectivity than that of the BTESE, Nb
BTESE, Ta-BTESE and B-BTESE membranes reported in literature
Compared with the state-of-the-art Zr-BTESE membrane, mem
branes BTESE5 and BTESE7 have lower H2/CO2 permselectivities
but much higher H2 permeances. Such difference can be attribute
to the relatively dense microporous structure of the Zr-BTES
membrane.

4. Conclusions

BTESE-derived organosilica sols with different particle size distri
butions were systematically investigated by tuning the synthesi
parameters, including water ratios, acid ratios and solvent ratios
Organosilica sols with uniform particle size distributions can bewell con
trolled through our facile method. In certain conditions, increasing th
water ratio or the acid ratios tends to cause larger sol sizes and bimoda
particle size distributions. However, higher solvent ratios lead to smalle
sol sizes and unimodal particle size distributions. After thermal treatmen
at 400 °C, organic groups in powders BTESE5 and BTESE7 are integral. Ga
adsorption results demonstrate that powder BTESE5 has a denser struc
ture than powder BTESE7. Membrane BTESE5 shows a relatively hig
H2 permeance (2.9 × 10−7 mol·m−2·s−1·Pa−1), and high H2/CO2, H2

N2 and H2/CH4 permselectivities (9.5, 50 and 68), which aremuch highe
than the corresponding Knudsen diffusion factors. Moreover, mem
brane BTESE7 shows better gas permeances but lower permselectivitie
thanmembrane BTESE5. Ourwork offers significant insights into the re
lationships between sol synthesis parameters, sol sizes and membran
performance.
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