Journal of Membrane Science 382 (2011) 231–237

Contents lists available at ScienceDirect

Journal of Membrane Science
journal homepage: www.elsevier.com/locate/memsci

Effect of calcination temperature on carbon dioxide separation properties of a
novel microporous hybrid silica membrane
Hong Qi ∗ , Jing Han, Nanping Xu
State Key Laboratory of Materials-Oriented Chemical Engineering, Membrane Science and Technology Research Center, Nanjing University of Technology, Nanjing 210009, China

a r t i c l e

i n f o

Article history:
Received 20 April 2011
Received in revised form 25 July 2011
Accepted 8 August 2011
Available online 16 August 2011
Keywords:
CO2 separation
Hybrid silica membranes
1,2-Bis(triethoxysilyl)ethane
Niobium penta(n)butoxide
Calcination temperature

a b s t r a c t
A novel microporous hybrid silica membrane for the separation of carbon dioxide, fabricated through
sol–gel deposition of a microporous Nb-doped ethylene-bridged silsesquioxane layer on a multilayer
porous support, was reported. Effect of the calcination temperature on H2 /CO2 separation properties of
Nb–BTESE membrane was investigated. Low CO2 permeance was imparted by doping acidic niobium
centers into the hybrid silica networks. Denser hybrid silica networks as well as more Lewis acid sites
were generated as the calcination temperature elevated, which imparted very low CO2 permeance to the
novel hybrid membrane while retaining its relative high H2 ﬂux in the order of ∼10−7 mol m−2 s−1 Pa−1 .
Dominant densiﬁcation occurred in the Nb-doped hybrid silica networks when the calcination temperature was lower than 400 ◦ C. Meanwhile, the Nb–BTESE membrane showed relatively weak acidity which
was induced by niobium doping. Dual effects are working when the heat-treated temperature was higher
than 400 ◦ C. On the one hand, the increased surface acidity reduced the number of sites and/or afﬁnity
for adsorption of CO2 as the calcination temperature elevated. On the other hand, membrane densiﬁcation occurred during the calcination process. Therefore, the permselectivity of H2 /CO2 for Nb–BTESE
membrane could be tuned by altering the calcination temperature. The Nb–BTESE membrane calcined
at 450 ◦ C showed both relative high hydrogen permeance (∼9.7 × 10−8 mol m−2 s−1 Pa−1 ) and excellent
H2 /CO2 permselectivity (220), as compared with Nb–BTESE membranes calcined at other temperatures.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Inorganic membrane technology for the separation of gases is
foreseen to play an important role in reducing the environmental
impact and costs of many industrial processes. Several materials
have been proposed to be used as molecular sieving membranes,
including zeolites, carbon, silica and metal oxides. These generally
consist of a thin separation layer with thickness between a few
tens nanometers up to a few microns superimposed on a mechanically strong porous support. Supported membranes prepared from
amorphous silica with pore sizes (2–5 Å) tailored to the kinetic
diameter of the gas phase molecule of interest have received major
attention due to their high performance, i.e., ﬂux and selectivity,
at elevated temperatures [1–6]. However, the modest stability of
amorphous silica under humid conditions severely limits its application in many industrial processes. To improve the hydrothermal
stability of silica membranes, modiﬁcation of silica with metal
oxides [7–13] or hydrophobic silanes [14,15] have been put forward as alternative approaches, which can be found in Table 1.
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Those modiﬁed silica membranes do exhibit higher stability in the
presence of hot steam, in comparison with that of pure silica membranes. However, if we pay attention to the separation property
with respect to H2 /CO2 (or He/CO2 ), we can ﬁnd that H2 (or He) permeances of those modiﬁed silica membranes were normally in the
range of ∼10−8 to ∼10−7 mol m−2 s−1 Pa−1 . Although a H2 permeance as high as 4.24 × 10−6 mol m−2 s−1 Pa−1 [15] can be obtained,
the H2 /CO2 permselectivity for ﬂuorocarbon-modiﬁed silica membrane was only 11, which is only a bit higher than Knudsen value.
Battersby et al. [9] reported that the Co-doped silica membrane
provided with an increased H2 /CO2 permselectivity, measured in
their study as high as 1000. However, much lower H2 permeance
of 6 × 10−9 mol m−2 s−1 Pa−1 was observed.
Recently, a promising He/CO2 separation membrane
was fabricated through sol–gel approach, by using 1,2bis(triethoxysilyl)ethane (BTESE) and niobium penta(n)butoxide
as precursors [16]. Results showed that not only high helium permeance and low CO2 ﬂux can be obtained, but also the membrane
retained its permselectivity as high as 3700 towards He/CO2 in the
presence of hot steam, indicating a superior hydrothermal stability
required to be applicable to industrially relevant gas steams. It
is well known that properties of microporous membranes are
determined by many factors, such as polymeric sol structure,
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dip-coating parameters and heat-treated conditions. Taking into
account that the calcination temperature of 450 ◦ C is close to
the decomposition of the bridging groups (∼470 ◦ C) reported
by literature [14], and more important, calcination temperature
plays a key role on the surface acidity of catalysts [17–19], more
information regarding the effect of calcination temperature on
properties of Nb-doped hybrid silica membrane, especially on
gas separation behavior, is needed. In this paper, we report the
micro-structural characteristics and gas permeation properties of
disk Nb–BTESE membranes calcined at different temperatures.
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2.1. Fabrication of polymeric sol and hybrid silica membranes
Niobium-doped hybrid silica sol was prepared by using
1,2-bis(triethoxysilyl)ethane ((C2 H5 O)3 Si–CH2 –CH2 –Si(C2 H5 O)3 ,
BTESE, purity 97%, ABCR) and niobium penta(n)butoxide (NPB,
purity 99%, ABCR) as precursors. 5 ml BTESE was added to 5 ml
absolute ethanol (dried, Secco Solv, max. 0.02% H2 O, Merck) in
nitrogen glove-box. 0.54 ml of nitric acid was drop-wise added
into the BTESE solution under vigorous stirring. The mixture
was then reﬂux at 60 ◦ C in water bath for 90 min. Subsequently,
3.75 ml of NPB dissolved in 13 ml absolute ethanol, together
with another 0.54 ml of nitric acid, were drop-wise introduced
into the above-mentioned sol with mol ratio for Si:Nb was 3:1.
The reﬂuxing was maintained at 60 ◦ C for an additional 90 min
with the ﬁnal mol ratio of sol for BTESE:NPB:ethanol:HNO3 :H2 O
was 1:0.33:6.3:0.08:4.45. The polymeric hybrid silica sol was
cooled down to the room temperature and diluted for 6 times
with ethanol before dip-coating. Supported membranes were
fabricated through dip-coating the above-mentioned sol onto
home-made disk ␣-alumina supported mesoporous ␥-alumina
layer under clean room (class 1000) conditions. After that, the
Nb–BTESE membranes were calcined under dry nitrogen in the
temperature range of 300–500 ◦ C for 3 h (hereafter referred to as
Nb–BTESE 300, Nb–BTESE 350, Nb–BTESE 400, Nb–BTESE 450 and
Nb–BTESE 500, respectively), with the heating and cooling rates
of both 0.5 ◦ C min−1 . Nb–BTESE powders were obtained by drying
corresponding hybrid silica sol in a Petri dish overnight, followed
by calcination procedures which are the same as that found for
supported membranes.

Membrane
materials

Co–SiO2
Nb–SiO2

Co–SiO2

Al2 O3 –SiO2

Pd–SiO2

Me–SiO2 (M = Co,
Ni, Fe, Al)
Ni–SiO2
B2 O3 –SiO2
Hybrid SiO2

Fluorocarbonmodiﬁed
SiO2

Support/conﬁguration

␥-Al2 O3 /platelet
␥-Al2 O3 /disk

␥-Al2 O3 /tubular

␥-Al2 O3 /tubular

SiO2 –ZrO2 /tubular

SiO2 –ZrO2 /tubular

SiO2 –ZrO2 /tubular
␥-Al2 O3 /tubular
SiO2 –ZrO2 /tubular

␥-Al2 O3 /disk

Sol–Gel
Sol–Gel

Sol–Gel

CVD

Sol–Gel

Sol–Gel

Sol–Gel
Sol–Gel
Sol–Gel

Sol–Gel

2.2. Characterization

Fabrication route

Table 1
Progresses regarding the microporous modiﬁed silica membranes for gas separation in recent 3 years.

2. Experimental

The phase compositions of dried gel powders, as well as powders heat-treated at different temperatures, were probed by X-ray
diffraction (XRD, Bruker D8 Advance diffractometer) with Cu K␣
radiation. Fourier transform infrared (FT-IR) spectroscopy was
performed both on dried and on calcined powders at room temperature in a wave-number region from 4000 to 400 cm−1 on a
Tensor 27 FT-IR spectrometer (Bruker Optics), using a transmission cell and KBr as reference. Gas adsorption measurements were
conducted at 77 K (N2 ) and 298 K (CO2 ), respectively, both on
ASAP 2020 (Micromeritics) instruments. Prior to measurements,
all samples were degassed under vacuum at 300 ◦ C for 48 h. Temperature programmed desorption (TPD, TP5080, Xianquan Co. Ltd.
Tianjin, China) technique was used to evaluate the acidity of the
Nb–BTESE powders heat-treated at different temperatures. 40 mg
of powder was pre-treated in helium (ﬂow rate: 35.5 ml/min) at
300 ◦ C for 1 h prior to ammonia adsorption, which was carried
out at 100 ◦ C for 1 h. Helium was subsequently introduced once
again till the baseline was stabled. After that, the system reached
a temperature of 900 ◦ C at a heating rate of 10 ◦ C min−1 , under
which desorption process occurred. NH3 -TPD signals were detected
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Fig. 2. XRD patterns of Nb–BTESE, BTESE, BTESE–Nb2 O5 and Nb2 O5 powders. All the
powders are dried at room temperature.

Fig. 1. XRD patterns of Nb–BTESE powders calcined in nitrogen at different temperatures. Also shown are data for Nb–BTESE gel powders dried at room temperature.

with TCD detector. X-ray photoelectron spectroscopy (XPS) measurements were performed on a PHI 5000 VersaProbe equipped
with a monochromatic Al K␣ X-ray source (1486.6 ev). The binding energies (BE) of O 1s were determined by computer ﬁtting the
measured spectra and were referenced to the C 1s peak of the
adventitious carbon (283.8 eV). Single gas permeation measurements were conducted in a dead-end mode set-up. The pressure
difference across the membrane was 0.3 MPa, while the permeate
side was vent to the atmosphere. The gas ﬂow rate was measured with a soap-ﬁlm ﬂow meter. Gas permeances of hybrid
silica membranes were measured in a sequence starting with
the smallest kinetic diameter, from He (0.255 nm), H2 (0.289 nm),
CO2 (0.33 nm), O2 (0.346 nm), N2 (0.365 nm), CH4 (0.382 nm) to
SF6 (0.55 nm). All gas permeances were measured at 200 ◦ C and
0.3 MPa.
3. Results and discussion

ior. Fig. 3 recorded FT-IR spectra of Nb–BTESE powders calcined
at 300 ◦ C, 350 ◦ C, 450 ◦ C and 500 ◦ C (denoted as Nb–BTESE 300,
Nb–BTESE 350, Nb–BTESE 450 and Nb–BTESE 500), respectively.
One of the pronounced features in Fig. 3, is the intensity of
Si–OH stretching vibration at 3410–3430 cm−1 diminished apparently as the calcination temperature increased. It may be the case
that silanol groups were consumed by further condensation to
form more densiﬁed silica structures during heat treatment. The
characteristic absorption bands at 2870–2980 cm−1 for the sp3
C–H stretching vibrations [22,23], together with CH2 vibrations
at ∼1270 cm−1 and ∼1410 cm−1 [24,25] can be regarded as evidences for the presence of Si–CH2 –CH2 –Si in those powders. It
should be noted, however, that intensities of those peaks decreased
with calcination temperature, and tended to disappear at a calcination temperature of 500 ◦ C. This result lines up with our previous
TG/DTA observation [16] for Nb–BTESE powders, showing partial
pyrolysis occurs at an onset temperature of ca. 470 ◦ C. Peaks at
about 1678 cm−1 was due to the deformation of water molecular,

3.1. Characterization of dried gel powders
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X-ray diffraction (XRD) patterns of Nb–BTESE powders dried
at room temperature (25 ◦ C) as well as thermally treated in the
range of 300–500 ◦ C, are given in Fig. 1. Fig. 2 presents XRD patterns of micrometer-sized Nb2 O5 powders and a simple mixture
of BTESE with micrometer-sized Nb2 O5 powders. For comparison,
also shown in Fig. 2 are XRD patterns of BTESE powders as well as
Nb–BTESE powders, both dried at room temperature. The absence
of any Bragg reﬂections in the powder XRD patterns shown in Fig. 1
indicated the formation of amorphous phases, which are well dispersed on hybrid silica. However, it cannot be excluded that the
niobium composites had crystallite sizes smaller than the detection
limit for Cu-K␣ radiation, as proposed by Francisco and Gushikem
[20], and Pereira et al. [21]. Francisco and Gushikem [20] reported
that no crystallization form is found for niobium-doped silica powder with Nb loading amount in the range of 2.5–7.5% when the
calcination temperature was lower than 800 ◦ C. Crystallization of
Nb2 O5 can be detected after thermal treatment above 1000 ◦ C,
depending on loading amount.
Fourier transform infrared (FT-IR) spectroscopy was employed
to monitor the incorporation of Nb into the ethylene-bridged
polysilsesquioxane networks and to study the calcination behav-
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Fig. 3. FT-IR spectra of Nb–BTESE gel powders calcined under nitrogen at (1): 300 ◦ C,
(2): 350 ◦ C, (3): 450 ◦ C and (4): 500 ◦ C, respectively (denoted as Nb–BTESE 300,
Nb–BTESE 350, Nb–BTESE 450, Nb–BTESE 500).
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Fig. 4. Single gas permeances of BTESE membrane (calcined at 450 ◦ C) and
Nb–BTESE membranes (calcined in the range of 300–500 ◦ C) as a function of kinetic
diameter of the permeating gas molecule measured at 200 ◦ C and 0.3 MPa.

and the amplitude tended to reduce with the calcination temperature. Stretching vibrations at around 1000–1100 cm−1 [26]
were caused by Si–O–Si and obvious shifting can be found from
1022 cm−1 (for Nb–BTESE 300), 1059 cm−1 (for Nb–BTESE 450)
to 1070 cm−1 (for Nb–BTESE 500). Results of infrared absorption
bands for Si–OH and Si–O–Si networks varied with thermal treatment conditions, are agreed with the data reported in literature
[27,28].
3.2. Gas permeances properties of Nb–BTESE membranes and its
H2 /CO2 separation mechanism
Single gas permeances of BTESE membrane (calcined at 450 ◦ C)
and Nb–BTESE membranes (calcined in the range of 300–500 ◦ C)
as a function of kinetic diameter of the permeating gas molecule,
measured at 200 ◦ C and 0.3 MPa, are displayed in Fig. 4. As can be
seen in Fig. 4, BTESE 450 membrane showed high helium permeance of 3.45 × 10−7 mol m−2 s−1 Pa−1 with He/CO2 permselectivity
of 4.4, which is similar to the corresponding Knudsen value (3.3).
Nb–BTESE 300 membrane, although calcined at 300 ◦ C, exhibited
helium permeance of 1.89 × 10−7 mol m−2 s−1 Pa−1 while maintained similar variation tendency if compared with that of the
BTESE 450 membrane. Additionally, single gas (H2 , CO2 , O2 , N2
and CH4 ) permeances of Nb–BTESE 450 membrane were one order
of magnitude lower than that of BTESE 450 membrane, with He
permeance and He/CO2 permselectivity of Nb–BTESE 450 membrane being 9.68 × 10−8 mol m−2 s−1 Pa−1 and 220, respectively.
The result conﬁrms that the incorporation of niobium into the
hybrid silica networks leads to a more densiﬁed membrane structure, like Nb-modiﬁed silica membranes, as reported by Boffa
et al. [8]. Nb–BTESE 350 membrane, with helium permeance of
1.38 × 10−7 mol m−2 s−1 Pa−1 , showed almost the same gas permeances (except for SF6 ) as that found for Nb–BTESE 300 membrane,
indicating a higher calcination temperature of 350 ◦ C did not alter
the membrane structures too much. If we compare gas permeances
of Nb–BTESE 400 membrane with that of Nb–BTESE 450 membrane,
we can ﬁnd that the higher of the calcination temperature, the
lower of the corresponding gas permeances. The result is reasonable since a higher temperature could leads to a much more dense
membrane structure.
It should be noted in Fig. 4 that hydrogen permeance of
Nb–BTESE membrane is always higher than that of helium, regardless of calcination temperature. Kanezashi et al. [29] proposed
that microporous silica membranes, prepared by sol–gel method,

consist of interparticle pores and intraparticle pores. The interparticle pores are formed by spaces between gel particles, while
silica network structure provides the intraparticle pores. Hydrogen and helium, with relative small kinetic diameter, can permeate
through both types of pores. Gases with larger size, such as N2
and SF6 , can ﬂow through only the interparticle pores formed
by spaces between gel particles, which are believed to be much
larger than intraparticle pores. The transport mechanisms for gases
permeate through interparticle pores and intraparticle pores are
molecular sieving (governed by activated diffusion) and Knudsen diffusion, respectively. With respect to hydrogen and helium
transport through Nb–BTESE membranes fabricated in this study,
the governed mechanism should be activated diffusion if taken
account of the membrane permselectivities regarding H2 /CO2 (or
He/CO2 ), which are all well above Knudsen values. Ikuhara et al.
[30] observed that H2 permeance of Ni-doped silica membrane is
approximately ﬁve times higher than that of helium. They ascribed
the result to the reversibly adsorbed hydrogen property of Nidoped amorphous silica materials, which resulted in increased
number of solubility sites for hydrogen and hence improved hydrogen permeance. It might be the case that enhanced hydrogen
adsorption led to increased H2 permeance of Nb–BTESE membranes, as a result of incorporating Nb into hybrid silica matrix.
Table 2 shows H2 /CO2 and (He)/CO2 permselectivities of
Nb–BTESE membranes calcined at various temperatures. The
H2 /CO2 permselectivity increased remarkably with the calcination temperature, from 10.2 (Nb–BTESE 300) to 220 (Nb–BTESE
450), which could be assigned to the fact that the CO2 permeance declined appreciably from 2.2 × 10−8 mol m−2 s−1 Pa−1
(Nb–BTESE 300) to 4.4 × 10−10 mol m−2 s−1 Pa−1 (Nb–BTESE 450)
as the calcination temperature elevated. Meanwhile, H2 permeance of Nb–BTESE membrane maintained at a relative high value of
1–2 × 10−7 mol m−2 s−1 Pa−1 . This phenomenon indicated that the
gradually advanced calcination temperature reduced CO2 permeance by the membrane structure densiﬁcation. de Vos and Verweij
[1] also observed a large increasing of permselectivity for H2 /CO2
from 7 (for Si-400 membrane) to ca. 70 (for Si-600 membrane). On
the one hand, the higher calcination temperature leads to densiﬁcation of silica membrane structures and a smaller pore size. On
the other hand, the reduced amount of hydroxyls makes the material more hydrophobic, resulting in a lower (surface) occupation
and hence, a lower CO2 permeance. Therefore, the permselectivity of H2 /CO2 and (He)/CO2 for Nb–BTESE membrane could be
tuned by altering the calcination temperature. However, it should
be noted that gas permeances of the small molecules, such as
helium and hydrogen, did not vary too much, and maintained
at about 1–3 × 10−7 mol m−2 s−1 Pa−1 . With respect to Nb–BTESE
membrane calcined at 500 ◦ C, it lost molecular sieving properties
and Knudsen diffusion was the dominant mechanism. This can be
ascribed to the breakage of the –Si–CH2 –CH2 –Si– structure due to
a much higher calcination temperature, as evidenced by TG-DTA
curves [16]. Most to our surprise, however, was that CO2 transportation through Nb–BTESE 400 and Nb–BTESE 450 membranes
showed an irregular tendency as that found for other gases, which
should demonstrate a reduced gas permeance with increasing of
kinetic diameter of the gas. We [16] have proposed recently that
the altered density and strength of the acidic surface centers of
hybrid silica membranes might be imparted by niobium incorporation, and subsequently resulted in a much lower CO2 permeance.
To conﬁrm the hypothesis, CO2 adsorption isotherms of Nb-doped
hybrid silica powders that heat-treated at various temperatures
were measured at 298 K and the result, as compared with that
of BTESE 450, are given in Fig. 5. As can be observed in Fig. 5,
CO2 adsorption capacity of Nb–BTESE powder decreased as the
calcination temperature increased. By comparison CO2 adsorption
capacity of Nb–BTESE powders with that of BTESE 450 powders,
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Table 2
H2 /CO2 and He/CO2 permselectivities of Nb–BTESE membranes calcined at different temperatures in the range of 300–500 ◦ C.
Calcination temperature T/◦ C

Membranes

300
350
400
450
500

Nb–BTESE

Gas permeance ×10−8 mol m−2 s−1 Pa−1

Permselectivity

He

H2

CO2

He/CO2

H2 /CO2

18.9
13.8
9.4
9.7
18.6

22.5
18.5
10.7
9.7
–

2.2
1.7
0.19
0.044
4.61

8.6
8.1
49
220
4.0

10.2
10.9
56.3
220
–

we can ﬁnd that 300 ◦ C or 350 ◦ C heat-treated Nb–BTESE powders
showed similar, even higher CO2 sorption capacity than that found
for BTESE 450 powders. However, Nb–BTESE 400, especially for
Nb–BTESE 450 and Nb–BTESE 500 powders, exhibited lower CO2
sorption volume than that of BTESE 450 powders, showing either
the strength of the acidity and/or density of acidic sites of the powders might increased, or more densiﬁed membrane structures was
formed with the calcination temperature. To clarify the effect of
calcination temperature on Nb–BTESE membrane structures, effective surface areas of Nb–BTESE powders were calculated with the
Dubinin method [31] based on the CO2 adsorption isotherm data
shown in Fig. 5, as represented with Eq. (1).


log n = log nm + D log

p0
p

2
(1)

Subsequently, effective surface areas A can be calculated according
to Eq. (2).
A = nm am NA

(2)

where n is the gas adsorbed at relative pressure p0 /p. nm is the
monolayer adsorption capacity of the surface (mol/g adsorbent).
D is an adsorbate-dependent constant. NA is Avogadro’s number
and am is the area occupied by a molecule in the completed mono2

Powders

CO2 surface
area A, m2 /g

|D| (CO2 )

log nm

BTESE 300 [27]
BTESE 450
Nb–BTESE 300
Nb–BTESE 350
Nb–BTESE 400
Nb–BTESE 450

422
120
119
126
88.4
26.8

0.176
0.206
0.170
0.206
0.173
0.217

–
−2.96
−2.96
−2.93
−3.09
−3.61

the same in the range of 300–350 ◦ C, while decreased 29.8% from
350 ◦ C to 400 ◦ C and 70% from 400 ◦ C to 450 ◦ C, respectively). The
above-mentioned results, i.e., reduced CO2 sorption data and effective surface areas with calcination temperature, might be ascribed
to either densiﬁcation of the membrane structures or increased
acidity of the powders (including density of acidic sites), or both.
However, in the temperature range of 300–450 ◦ C, if we compare
the reduction amplitude of CO2 permeance with that of O2 , N2 or
CH4 , as shown in Fig. 4, acidity of the Nb–BTESE membrane with
the calcination temperature cannot be neglected.
To ensure that the acidity of the powder plays a causal role
on its CO2 adsorption capacities, NH3 -TPD test was conducted on
Nb–BTESE powders with the results shown in Fig. 6. As can be seen
in Fig. 6, two signals at temperatures in the range of ∼144 ◦ C and
576–618 ◦ C can be clearly distinguished in TPD spectra, which are
corresponding to weak and strong acid sites in Nb–BTESE powder, respectively. Nb–BTESE powders exhibited stronger acidity
as the calcination temperature elevated from 300 ◦ C to 450 ◦ C,
which can be conﬁrmed with the fact that ammonia desorption
temperature increased from 576 ◦ C to 617 ◦ C, respectively. Meanwhile, enlargement for intensity of the corresponding peaks was
another evidence, indicating stronger acidity of powder. It should

BTESE450
Nb-BTESE300
Nb-BTESE350
Nb-BTESE400
Nb-BTESE450
Nb-BTESE500

TCD Signal / (Mv)

layer. Based on Eq. (1), log n is directly proportional to (log(p0 /p)) .
Effective surface area as well as parameter D, log nm , can be calculated by Eqs. (1) and (2), with the results presented in Table 3. As
shown in Table 3, effective surface area reduced with the calcination temperature from 119 m2 /g (for Nb–BTESE 300) to 26.8 m2 /g
(for Nb–BTESE 450), down by 77.5%. It should be noted, however,
that the reduction of effective surface area was not proportional
to the increment of temperature (surface area maintained almost

Table 3
Surface areas, absolute values of the parameter D and log nm calculated from Eqs.
(1) and (2).

200

400

600

800

T / (ºC)
Fig. 5. CO2 adsorption isotherms at 298 K for Nb–BTESE powders calcined in the
range of 300–500 ◦ C, as compared with that of BTESE powders calcined at 450 ◦ C.

Fig. 6. NH3 temperature programmed desorption (NH3 -TPD) curves of BTESE 450
powder and Nb–BTESE powders calcined in the temperature range of 300–500 ◦ C.
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Fig. 8. X-ray photoelectron spectrum of the O 1s region for Nb–BTESE powder,
which is ﬁtted with a Gaussian distribution (dashed line: ﬁtted peaks).
Fig. 7. XPS spectrum of Nb–BTESE powder. Also shown inset is the spectrum showing the Nb(3d) peaks.

be noted that Nb–BTESE powder calcined at 500 ◦ C showed the
weakest acidity because the pyrolysis of Si–C–C–Si hybrid silica networks occurred when the calcination temperature reached 500 ◦ C.
If we compare NH3 -TPD result of BTESE 450 powders with that
of Nb–BTESE 450 powders, we can ﬁnd that the peak area under
NH3 -TPD curve for Nb–BTESE 450 powder is much larger than
that of BTESE 450. The result indicated that the higher acidity for
Nb–BTESE 450 powder was obtained because of the incorporation
of Nb dopant [32]. If we analyze the gas permeances of Nb–BTESE
membranes, CO2 sorption data and TPD records of corresponding
powders, which are displayed in Figs. 4–6, respectively, evolution
for microstructures of Nb–BTESE membranes with the calcination
temperature can be proposed as follows. When the calcination
temperature was lower than 400 ◦ C, Nb–BTESE membrane showed
relatively weak acidity and the density of acidic sites induced by
niobium doping was comparatively low. Nb dopant accelerated
the densiﬁcation of pure BTESE membrane, as evidenced by the
lower gas permeances of Nb–BTESE membrane calcined at 300 ◦ C
in comparison with that of the BTESE membrane calcined at 450 ◦ C.
Dominant densiﬁcation occurred in the Nb-doped hybrid silica networks. Dual effects are working when the heat treat temperature
was higher than 400 ◦ C. On the one hand, the increased surface
acidity reduced the number of sites and/or afﬁnity for adsorption
of CO2 as the calcination temperature elevated. On the other hand,
membrane densiﬁcation occurred during the calcination process.
XPS was used to analyze the surface composition of the Nb–BTESE
membranes. The XPS spectra showed the energy absorption from
Si, Nb and O elements, which can be found in Fig. 7. The Nb 3d
XPS spectrum suggested that the sample produced a single symmetric 3d5/2 component which, on the basis of its binding energy
(207.0 eV), can be assigned to Nb (V) [33]. The results agreed with
previously reported binding energy data for Nb2 O5 and SiO2 supported Nb2 O5 catalyst [34], which also indicated the presence of
Nb5+ sites in the Nb-doped silica materials. Fig. 8 shows the resulting O 1s photoelectron peak of the Nb–BTESE membrane. It can be
seen that the O 1s peak was not symmetrical and can be deconvoluted into two peaks (531.2 eV and 529.7 eV for Si–O and O–Nb,
respectively), which suggested the presence of Nb–O–Si linkage
[35].
It is widely accepted that pure silica has neither Brönsted nor
Lewis acidity. The strong interaction between Nb and hybrid silica networks leads to generation of new acid (Lewis and Brönsted)
sites [36]. Several models have been proposed to illustrate the gen-

eration of Lewis and Brönsted acid sites [37]. The Lewis acid sites
are caused by coordinative unsaturated Nb atom, while the Brönsted acidity is associated with the presence of Nb–O–Si bridges.
Protons are required to compensate the imbalance charge of the
oxygen in Nb–O–Si band, and therefore the Brönsted acidity is generated. Burke and Ko [38] reported that the Lewis acid is the main
acid between Lewis and Brönsted acid sites. Additionally, Lewis to
Brönsted acid sites (L/B ratio) increased as the treatment temperature elevated. It is well-known that the calcination process can
promote transformation of Brönsted acid sites to Lewis acid sites.
In the present study, we proposed that Lewis acid site, rather than
Brönsted acid site, was the dominant factor during the calcination
process. A large number of hydroxyl groups on Nb–BTESE membrane surface were lost with the formation of H2 O molecule during
the calcination process, and thereby the Lewis acidity was generated. The more Lewis acid sites of Nb–BTESE membrane might be
generated as the calcination temperature elevated, which reduced
the net absorption of CO2 by altering density and strength of the
acidic surface centers on the Nb-doped hybrid silica membranes.

4. Conclusions
Niobium modiﬁed hybrid silica membranes exhibiting excellent
H2 /CO2 separation performances and high enough hydrothermal
stability, were fabricated using sol–gel method. The observed excellent H2 /CO2 permselectivity is due to the incorporation of Nb into
hybrid silica networks, therefore creates new Lewis and Brönsted
acid sites. Effect of the calcination temperature on H2 /CO2 separation properties of Nb–BTESE membrane was investigated in detail.
When the calcination temperature was lower than 400 ◦ C,
Nb–BTESE membrane showed relatively weak acidity and the density of acidic sites induced by niobium doping was comparatively
low. Dominant densiﬁcation occurs in the Nb-doped hybrid silica
networks. Nb dopant accelerated the densiﬁcation of pure BTESE
membrane, as evidenced by the lower gas permeances of Nb–BTESE
membrane calcined at 300 ◦ C in comparison with that of the BTESE
membrane calcined at 450 ◦ C. Dual effects are working when the
heat treat temperature was higher than 400 ◦ C. On the one hand,
the increased surface acidity reduced the number of sites and/or
afﬁnity for adsorption of CO2 as the calcination temperature elevated. On the other hand, membrane densiﬁcation occurred during
the calcination process. Therefore, the permselectivity of H2 /CO2
and (He)/CO2 for Nb–BTESE membrane could be tuned by altering
the calcination temperature.
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The Nb–BTESE membrane calcined at 450 ◦ C showed both relative high hydrogen permeance (∼9.7 × 10−8 mol m−2 s−1 Pa−1 )
and excellent H2 /CO2 permselectivity (220), as compared with
Nb–BTESE membranes calcined at other temperatures.
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