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ABSTRACT

Silica-based microporous membranes for the separation of gases with relatively small kinetic
diameters, like hydrogen, carbon dioxide, nitrogen and oxygen under harsh industrial processes, will
offer great potential for integration in CO, capture technologies. Development of membranes with
integrated performances of permeability, selectivity and stability in the presence of hot vapor, is one of
the prerequisites for their successful implementation. Herein, we reported a novel microporous hybrid
silica membrane, fabricated through sol-gel deposition of an ethylene-bridged silsesquioxane layer on
a multilayer porous support, by adjusting the amount of niobium alkoxide precursor. When the Nb
content was less than 50% (in mole), both hybrid siliceous microporous networks and generated Lewis
acid sites imparted very low CO, permeance to the membrane while retaining its comparatively high
H, permeance. Dominant densification shall take effect when Nb content was higher than 50%, which
leads to both low H, permeance and H,/CO, permselectivity. Hybrid silica membranes with niobium
loading amount of 17% and 33% respectively, showed excellent stabilities in the presence of 150 kPa
steam under 200 °C, as evidenced by steady H, permeances and exceptionally high H,/CO, permselec-
tivities ( > 700) during long-term stability test up to 300 h, which demonstrating a promising CO,

separation membrane.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The reduction or elimination of CO, emissions from electricity
generation power plants fueled by coal or gas, which is approxi-
mately account for one third of the main anthropogenic sources of
CO, [1], will greatly reduce green house gas emissions, which are
generally believed to be responsible for global warming. There are
three main approaches to CO, capture for power plant applica-
tions, as post-combustion, oxy-fuel combustion and pre-combus-
tion, which corresponds to the separation of CO,/N,, 0,/N, and
H,/CO,, [2]. The disadvantages of existing technologies for the
separation of above-mentioned gas mixtures, like cryogenic dis-
tillation, solvents absorption and adsorption (PSA), include high
energy costs, consumption of sorbents, and complicated proces-
sing [3]. Therefore, developing more viable and effective gas
separation technology is urgently needed for CO, mitigation. As
an environmental-friendly alternative to the conventional gas
separation technologies, membrane-based separation processes
have drawn a great deal of attention in recent two decades, due to
its high energy efficiency and simple continuous processes [1].
Inorganic membranes technology for the separation of gases,
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especially which with the kinetic diameter smaller than 0.5 nm
(e.g. Hp, CO,, CO, Ny, Oy, CHy), is foreseen to play an important
role in reducing the environmental impact and costs of many
industrial processes, owing to their thermal, mechanical, and
chemical stability under harsh environments where its polymeric
counterpart cannot be applied [4,5]. Inorganic membranes that
can separate hydrogen from CO,-containing gas streams with
subsequent CO, sequestration, offer great potential for integration
in pre-combustion CO, capture technologies and, hence, being a
rather hot topic in the present membrane research field. Several
inorganic materials have been proposed to be used as gas
separation membranes for such purpose, including zeolites
[6-9], carbon [10-13], silica [14-34] and metal oxides [35,36].
Among these, silica-based microporous membranes with the pore
size tailored to the gas molecular range is one of the most
promising materials since Uhlhorn et al. [37] firstly found their
molecular sieving performances in 1989. Since then, silica-based
membranes are by far the most extensively investigated gas
separation materials. Although TEOS-derived pure silica mem-
branes displayed both high flux and high selectivity [14], the low
stability of this membrane in the presence of steam at a tem-
perature as low as 60°C [38] prevent from application in
industrial processes. Further researches that focused mainly on
metal or transition-metal (e.g. Ni, Co, Mg, Al, Zr, Ti, Fe, Nb, Pd.)
doped silica membranes [16,17,19,25,27-29,39-44] came into
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scope because highly enhanced hydrothermal stability can be
provided. Meanwhile, transition-metal alkoxides were also used
as alternative precursors to TEOS for the synthesis of microporous
metal oxide membranes, such as TiO, and ZrO, [35,36]. Unfortu-
nately, the permselectivities of these membranes were only a bit
higher than the Knudsen value, which is far from implementation
in gas separation. Recently, hydrophobic functional groups mod-
ified alkoxysilanes [45,46] as well as bridged silsesquioxanes
[47-50] were chosen as precursors to develop microporous
hybrid silica membranes, whose hydrophobicity can reduce the
interactions between hot vapor and membrane materials and,
hence, increasing the hydrothermal stability of these new type of
membranes. It can be found in the references cited above,
however, that the comparatively high H, permeance was often
obtained at the expense of the reduction of the H,/CO, selectivity
and vice versa, as evidenced in Fig. 1. More important, although
sol-gel or CVD derived silica-based membranes exhibited both
high permeability and selectivity; the inherently low hydrother-
mal stability severely restricted their broad implementation in
industrial processes, where hot steam is often encountered.
Imparting microporous membranes with sufficient high H, per-
meance (>5x10"%molm~2s~!pa~!) and H,/CO, selectivity
( > 30), while maintaining excellent stability in the presence of
hot steam, is one of the prerequisites for their industrial applica-
tion in Steam Reforming (SR) and/or Water Gas Shift (WGS)
reactions, which comprise the pre-combustion capture process.
Unfortunately, none of the attempts up to now have succeeded in
developing microporous membranes that provided with long-
term hydrothermal stability to the degree required for application
in SR and WGS reactions. To design and successful fabrication of
such membranes that can be used in SR and WGS reactions still
remains one of the main challenges for membrane researchers.
The high structural stability of ethylene-bridged silsesquiox-
ane-derived hybrid silica membrane under hydrated conditions
can be ascribed to the hydrophobic -Si-CH,-CH,-Si- bridged
construction, which was proposed by Castricum et al. [51] and
Kanezashi et al. [49]. The niobium doping to the silica mem-
branes should be responsible for the high H,/CO, selectivity,
which was reported by Boffa et al. [16,27]. Inspired by observa-
tions made by Kanezashi et al. [47] and Boffa et al. [16], we [3]
reported a promising sol-gel derived hybrid silica membrane by
using ethylene-bridged silsesquioxane and niobium butoxide as
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Fig. 1. Comparison of performances of NS membranes (this work) with that
of microporous silica and modified silica-based membranes in terms of H,
permeance and H,/CO, permselectivity.

precursors, which exhibited both high enough H,/CO, permselec-
tivity and hydrothermal stability. The H,/CO, permselectivity of
such membrane measured at 200 °C varied from an initial value of
220 to a value of ca. 3700 after 311 h of in-situ exposure to
100 kPa stream, while the H, permeance retained fairly stable at
4x10"8mol m~2s~' pa~'. Subsequent study [52] indicated that
dual effects of densification and surface Lewis acidity render the
hybrid membrane high performances, which are of great impor-
tance for the separation of CO, from CO,-containing streams.

As a water-tolerant solid acid catalyst [53,54], niobium doping
amount into the bridged silsesquioxane derived hybrid siliceous
host structures will inevitably affect the membrane perfor-
mances. Herein, we systematically studied the Nb content on
H,/CO, separation properties of the Nb-hybrid silica membranes,
especially on long-term stability in the presence of hot steam
under a partial pressure as high as 150 kPa.

2. Experimental

2.1. Synthesis of niobium-BTESE derived polymeric sols and
fabrication of hybrid silica membranes

Niobium-hybrid silica sols were synthesized by using 1, 2-bis
(triethoxysilyl) ethane ((C;Hs0)3Si-CH,-CH,-Si(CoHs0)s, BTESE,
purity 97%, ABCR) and niobium penta (n)butoxide (NPB, purity
99%, ABCR) as precursors. 5.0 mL BTESE was added to 5.0 mL
absolute ethanol (dried, Secco Solv, max. 0.02% H,0, Merck) in
nitrogen glove-box. 0.54 mL nitric acid was drop-wise added into
the BTESE solution under vigorous stirring. The mixture was then
heated to reflux at 60 °C in a water bath for 90 min. Subsequently,
1.9 mL NPB dissolved in 13.0 mL absolute ethanol, together with
another 0.54 mL nitric acid, were drop-wise introduced into
above-mentioned sol with the mol ratio of 1: 0.17 (Si:Nb). The
refluxing was maintained at 60 °C for an additional 90 min with
the final mol ratio of 1:0.17:6.3:0.08:4.45 (BTESE:NPB:ethanol:
HNOs: H,0, henceforth referred to as NS-1 sol). The niobium-
BTESE derived polymeric hybrid silica sol was cooled down to the
room temperature and diluted for 6 times with ethanol before
dip-coating. For the synthesis of NS-2 (with mol ratio of 1:0.33:
6.3:0.08:4.45 for BTESE:NPB:ethanol:HNO3:H,0), NS-3 (1:0.5:6.3:
0.08:4.45) and NS-4 (1:0.75:6.3:0.08:4.45) sols, similar procedure
for the preparation of NS-1 sol was adopted, except that the total
adding amount of NPB was 3.75 mL, 5.68 mL and 8.50 mL, respec-
tively. Supported membranes were fabricated through dip-coating
afore-mentioned sols onto a home-made disk o-alumina supported
mesoporous y-alumina layer under clean room (class 1000) condi-
tions. After that, niobium-hybrid silica membranes (henceforth
denoted as NS-1, NS-2, NS-3 and NS-4 membrane, respectively)
were calcined under dry nitrogen atmosphere at 450 °C for 3 h,
with the heating and cooling rates of both 0.5 °C min~'. Nb-hybrid
silica powders (henceforth designated as NS powders) were
obtained by drying corresponding Nb-hybrid silica sols in a Petri
dish overnight, followed by calcination procedures which are the
same as that found for supported membranes.

2.2. Characterization

Effective particle size in the NS sol was measured by dynamic
light scattering (DLS) using a Zetatrac analyzer (Microtrac Inc.).
The average hydrodynamic diameters of NS sols reported in
this study are the intensity weighted mean diameter derived
from a cumulant analysis in the Microtrac software. Thermal
evolution of dried sol-gel derived NS powders was measured
using a combined thermogravimetry and differential thermal
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analysis (TG/DTA) apparatus (STA-449-F3, Netzsch). Measurements
were conducted in nitrogen atmosphere (flow rate: 30 mL min~1)
with a heating rate of 10 °C min~'. Phase compositions of 450 °C-
calcined NS powders as well as powders after steam treatment
under a pressure of 1000 kPa, were probed by X-ray diffraction
(XRD, Bruker D8, Advance diffractometer), using a target of Cu Ko
operated at 40 kV and 40 mA. Fourier transform infrared (FT-IR)
spectroscopy was performed both on 450 °C-calcined NS powders
and powders after steam treatment in a wave-number region
from 4000 to 400cm~! 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 (N;) and
298 K (CO;) on ASAP 2020 (Micromeritics) and Belsorp-mini (Bel
Inc.) instruments, respectively. Prior to measurements, all sam-
ples were degassed under vacuum at 300 °C for 48 h. Tempera-
ture-programmed desorption of ammonia (NHs-TPD, TP5080,
Xianquan Co. Ltd. Tianjin, China) technique was used to evaluate
the acidity of NS powders before and after steam treatment.
40 mg powders were pre-treated in helium (flow rate:
35.5mLmin~') 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~!, under which desorption process occurred. NH;-TPD
signals were detected with TCD detector. X-ray photoelectron
spectroscopy (XPS) measurements were performed on an ESCA-
LAB 250 spectrometer (Thermal Electron) equipped with a mono-
chromatic Al Ko X-ray source (1486.6 eV). Binding energies (BE)
of Nb 3d and O 1s were determined by computer fitting the
measured spectra and were referenced to the C 1s peak of the
adventitious carbon (284.8 eV). The type of acid sites presented in
NS membranes was determined by a Perkin-Elmer 2000 FT-IR
spectrometry using pyridine as the probe molecule. Dried NS
powders were first evacuated (102 Pa), followed by activation
procedure carried out under 400 °C for 1 h, then cooled down to
the room temperature. The powders were subsequently exposed
to pyridine vapors at room temperature for 1h, followed by
desorption of pyridine at 200 °C for another 1 h. Pyridine adsorp-
tion infrared spectra were recorded at room temperature in a
wave-number region from 1700 cm~! to 1400 cm~!. Solid state
295i MAS NMR spectra were used to qualitatively determine the
silanol groups presented in BTESE and NS-2 powders, which were
recorded using a Bruker Avance 400D spectrometer with a
spinning frequency of 5 kHz.

Single gas permeation measurements of NS membranes were
conducted in a dead-end mode set-up. The membranes were
sealed in a stainless steel module using fluoroelastomer O-rings
with the separation layer exposed to the feed side. The pressure
differential across the membrane was 0.3 MPa, while the perme-
ate side was vent to the atmosphere. Prior to measurements,
all membranes were dried overnight at 200 °C. The gas per-
meances of niobium-hybrid silica membranes were measured at
a temperature of 200 °C in a sequence, starting with the smallest
kinetic diameter, from H, (0.289 nm), CO, (0.33 nm), O,
(0.346 nm), N, (0.365 nm), CH4 (0.382 nm) to SFg (0.55 nm). All
gas permeances were measured at 200 °C and 0.3 MPa. Since no
difference was observed for the single gas permeances of NS
membranes when the different test sequence was carried out, i.e.
that a second measurement with H, immediately after CO,
permeation leads to the same results than before, gas permselec-
tivity of the membrane, also known as an ideal selectivity, was
calculated based on ratios between permeance values for pure gas
throughout this study. Hydrothermal stability of the membranes
was tested by measuring their single gas permeances at 200 °C,
before and after in-situ exposure to steam at a pressure of 150 kPa
over a total period of 300 h. Further stability tests were carried

out by subjecting NS powders to saturated steam at 180 °C
(corresponding to a pressure of 1000 kPa) in an autoclave for
30 h and 300 h, respectively. N, and CO, gas adsorption measure-
ments, FT-IR, XRD, XPS as well as NH3-TPD characterizations were
conducted on those samples and compared with that of corre-
sponding NS powders without steam treatment, so as to assess
the hydrothermal stability of NS powders with the steam
exposure time.

3. Results and discussion

3.1. Effect of Nb content on H,/CO, separation property
of hybrid silica membranes

Single gas permeances of BTESE-derived membrane containing
various niobium contents as a function of kinetic diameter of
permeating gas molecule, measured at 200 °C and 0.3 MPa, are
displayed in Fig. 2. As can be seen in Fig. 2, all niobium-hybrid
silica membranes exhibited decreased single gas (Hj, CO,, O, No,
CH4 and SFg) permeances as the kinetic diameter of gases (except
for CO;) increased, indicating membranes provided with mole-
cular sieving characteristic. No difference was observed for the
single gas permeances of NS-1 and NS-2 membranes when the
different test sequence was carried out, i.e. that a second
measurement with H, immediately after CO, permeation leads
to the same results than before and, hence, gas permselectivity of
the NS membranes, also known as an ideal selectivity, was
calculated based on ratios between permeance values for pure
gas. NS-1 and NS-2 membranes, containing niobium amount of
17% and 33% respectively, showed similar single gas permeances,
as evidenced by the hydrogen permeance and H,/CO, permselec-
tivity were 6.28 x 10" mol m~2s~ ' pa—', 108 (NS-1 membrane)
and 5.1 x 1078 mol m~2s~ ! pa—!, 121 (NS-2 membrane), respec-
tively. A small decline in gas permeances was observed for
NS-3 membrane, which provided a more Nb adding amount of
50%. Much lower gas permeances, with the hydrogen permeance
as low as 2.1x10"°molm~2s 'pa~!, was found for NS-4
membrane. It should be noted that CO, transportation through
NS-1~NS-3 membranes showed an irregular tendency as that
found for other gases, which should demonstrate a reduced gas
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Fig. 2. Single gas permeances of 450 °C-calcined BTESE and NS membranes as a

function of the kinetic diameter of the permeating gas molecule measured at
200 °C and 0.3 MPa.
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permeance with increasing of kinetic diameter of gases. Addi-
tionally, NS membrane showed a decreased H,/CO, permselec-
tivity with the niobium content increased, as displayed in Table
S1. It has been reported by Boffa et al. that the increase loading of
Nb into silica frameworks led to the densification of materials
[16]. The same phenomenon was observed for niobium-hybrid
silica membranes in this study, as evidenced by the reduced
single gas permeances in comparison with that of pure BTESE-
derived hybrid silica membranes. Furthermore, we previously
proposed that acid sites arose from the Nb incorporation into
hybrid silica membranes may play an important role in obtaining
exceptionally low CO, permeance.

To clarify the dominant factor in obtaining a high H,/CO,
permselectivity of NS membranes, NH3-TPD test was conducted
on NbyOs, BTESE and NS powders, with the results shown in
Fig. 3. As can be seen in the upper part of Fig. 3, Nb,Os powder
showed an intensive desorption peak at a temperature around
87 °C, indicating the presence of a weak acid site. It is reported
[55,56] that NH3-TPD measurement of TEOS-derived powders
displayed a desorption peak below 200 °C, which is the contribu-
tion of homogenous Si—O-Si networks and silanol (Si-OH) groups
presented in silica membranes. Two peaks were recognized for
pure BTESE-derived hybrid silica powders, demonstrating a
physical adsorption (at ca. 67 °C) [57,58] and a strong acid site
(at ca. 624 °C), which may be the indication of the existence of the
Si-CH,-CH,-Si frameworks. In comparison with that of Nb,05 and
pure BTESE powders, all NH3-TPD curves of NS powders showed
similar profile with two desorption signals occurred at tempera-
ture range of 130-197 °C and 550-630 °C, respectively, indicating
both a weak and a strong acid site generated. It is worthwhile to
note, however, that NH3-TPD curves of NS powders were not the
simple deconvolution of NH3-TPD data of Nb,Os and pure BTESE
powders, as evidenced by the shift of desorption peaks shown in
the lower part of Fig. 3. For example, the weak acid site presented
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Fig. 3. NH3-TPD curves of hybrid SiO,(BTESE), Nb,Os and NS powders.

in niobium oxide at ca. 87 °C shifted to higher temperatures of
130°C, 137 °C, 175°C and 197 °C in NS powders, respectively.
While an opposite variation tendency was apparent for the strong
acid site presented in BTESE powder, i.e. the shift of desorption
peak at 624 °C to lower temperatures of 618 °C and 547 °C,
respectively. It may be the case that niobium was successfully
incorporated into hybrid silica networks, with the formation of
new microstructures and, hence, altered the acidity of pure BTESE
powders.

To verify the presence and type of the acid sites, pyridine
adsorption infrared (Py-IR) spectra was carried out on NS-2
powders, with the spectra recorded in the range of 1400-
1700 cm ™', are depicted in Fig. 4. As can be seen in Fig. 4, the
adsorption peaks occurred at wave numbers of 1415 cm~! and
1463 cm~! can be assigned to Lewis acid sites [59]. The absence
of any peaks at around 1540 cm~! demonstrated that either no
Bronsted acid site or very few Bronsted acid sites presented in NS
powders which cannot be detected by Py-IR instrument [60].
Burke and Ko [61] also found that Nb,0s-SiO, mixed oxide
prepared through co-precipitation showed Lewis acidity, which
diminished with the Nb content increased. The results also
corroborated our previous hypothesis [52], that it was Lewis acid
site rather than Bronsted acid site presented in Nb-BTESE mem-
branes and, hence, affected the CO, transportation through
microporous hybrid silica membranes.

XRD was employed to determine the status of Nb presented in
the Nb-BTESE membranes, with the patterns shown in Fig. S1.
Unfortunately, the absence of any Bragg reflections in NS powders
indicated the formation of amorphous phases. It may be the case
that the niobium composites are either well dispersed on hybrid
silica frameworks, or have crystallite sizes smaller than the
detection limit for Cu-Ko radiation, as proposed by Francisco
and Gushikem [62], and Pereira [63].

It is worthwhile to note that the peak height and area of NHs-
TPD curves of NS-3 and NS-4 powders shown in Fig. 3 were
remarkably diminished as compared with that of NS-1 and NS-2,
indicating that the acid strength and/or acid sites (density) may
greatly reduced with the Nb content [55]. It cannot be excluded,
however, that the densification took place in the materials resulted
in much lower specific surface area and ensuing narrowed pore size
and, hence, prevented ammonia from entering into the membrane
pores for adsorption, thus leading to much lower NH3 desorption
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Fig. 4. Py-IR spectra of NS-2 powder before and after steam treatment (1000 kPa
for 300 h) that measured at 200 °C.
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peaks [55,64]. We [3] and Castricum et al. [38] have previously
found that nitrogen gas adsorption at 77 K cannot be observed for
NS and BTESE powders, which can be interpreted by the kinetic
restrictions either at low temperatures or the relative large kinetic
diameter of nitrogen (0.364 nm), as also proposed by Rios et al. [65].
In this study, the same results were found for NS-1~NS-4 powders.
Taking into account that CO, has relatively small kinetic diameter
of 0.33 nm, CO, adsorption isothermals of 450 °C-calcined NS
powders with different Nb content, were measured at 298 K and
the data, as compared with that of 450 °C-calcined BTESE powders,
are given in Fig. 5. As can be seen in Fig. 5, CO, adsorption capacities
of NS powders decreased with the Nb content, implying that either
the acidic strength of powders may increased or more densified
material structure was achieved with the niobium adding amount.
To clarify the effect of Nb adding amount on NS membrane
structures, effective surface areas of NS powders were calculated
with the Dubinin method [51] based on the CO, adsorption
isotherm data shown in Fig. 5, as represented with Eq. (1).

log n = lognm +D(logp® /p)* M

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

A=nnanNa (2)

where n is the gas adsorbed at relative pressure p°/p. n,, is the
monolayer adsorption capacity of the surface (mol/g adsorbent).
D is an adsorbate-dependent constant. N4 is Avogadro’s number
and a,, is the area occupied by a molecule in the completed
monolayer. Based on Eq. (1), log n is directly proportional to (log
p°/ p)?. Effective surface area as well as parameter D, log n,,, can be
calculated by Egs. (1) and (2), with the results are displayed in
Table S2. As shown in Table S2, effective surface area of NS
powders reduced with the niobium adding amount, from
85.6m2g~!' (NS-1) to 10.1 m?> g~ ! (NS-4). It should be noted,
however, that the reduction of effective surface area was not
proportional to the increment of niobium content. If we study the
niobium addition dependence of the CO, adsorption capacities of
NS powders, together with NH3-TPD data displayed in Fig. 3, we
can draw a conclusion that the densification was the dominant
factor in determining the microstructure of NS powders (or NS
membranes). Otherwise, CO, adsorption capacities of NS powders
should increase with niobium adding amount. NH5-TPD curves of
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NS powders, on the other hand, are another evidence to identify
densified material structures, taken into account the relative
smaller kinetic diameter (0.26 nm) of ammonia.

Fourier transform infrared (FT-IR) spectroscopy was emp-
loyed to monitor the incorporation of Nb into the ethylene-
bridged polysilsesquioxane networks, with the FT-IR spectra of
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BTESE powders containing various Nb contents are displayed in
Fig. S2. All NS powders, together with pure BTESE powder,
showed similar spectra regardless of Nb adding amount. The
broad vibration at 3500-3000cm~' should be assigned to
stretching of the OH bonds for both H,0 and silanol groups. The
band at 1600 cm~! should be assigned to H-O-H bending vibra-
tions. Strong absorption bands appeared in the region of 1000-
1100 cm~' as well as the peaks occurred at around 450 cm ™!,
were caused by Si-O-Si siloxane bridges [66]. The peaks at
2920cm~! and 1420cm~' which are slightly visible, were
related to the stretching of C-H bonding [38,67] and CH, vibra-
tions [68]. Although all NS powders, together with pure BTESE
powder, showed similar spectra regardless of niobium content,
difference still can be observed in IR spectra of NS powders in
comparison with that of BTESE powder in the range of 700-
1000 cm~'. As can be seen in Fig. S2, the characteristic symmetric
stretching peak of Si-O-Si band at 780 cm~! [69,70] (for pure
BTESE powder) is displaced to 901 cm~' (for NS powders). This
may be ascribed to the fact that niobium incorporation leads to
the formation of Si-O-Nb bondages at silica-niobia interface and,
hence, disturbs the vibration of Si-O-Si groups [66]. On the other
hand, several authors [71,72] reported that IR bands in the region
of 700-900 cm~! is due to Nb-O-Nb modes in bridged niobia
compounds, or the Nb-O vibration would produce the asym-
metric widening of bands in this region [72]. Therefore, the
absence of Nb-O-Nb band in NS powders (this study) is probably
due to a very weak and wide intensity, and on the other hand,
may be ascribed to the overlapping with the Si-O-Si band at
901 cm™".

To further probe the micro-structure of niobium-hybrid silica
materials, XPS was used to analyze the membrane surface
composition as well as the interactions of niobium with the
hybrid silica frameworks. The XPS spectra, showing the energy
adsorption from Si, C, Nb and O elements, are displayed in
Fig. 6(a). Also shown the inset of Fig. 6(a) are the Nb(3d) XPS
spectra of NS-2 and NS-4 powders, which suggested that both
samples produced a single symmetric 3ds;, component which, on
the basis of its binding energy (207.8 4+ 0.2 eV), can be assigned to
Nb(V) [73,69]. Table 1 shows the elemental composition analysis
of NS-2 and NS-4 powders by XPS characterization. The quantita-
tively elemental composition of NS powders, on the other hand,
ensured that successful loading of Nb into the hybrid silica micro-
structures, and further indicated that the amount of Nb presented
in NS powders enhanced as Nb alkoxide precursor addition
increased. Fig. 6(b) shows the resulting O 1s photoelectron peak
of NS-2 and NS-4 powders. It can be seen that the O 1s peaks for
both powders were asymmetrical and can be decoupled into two
peaks (530.9 eV (531.1 eV) and 532.2 eV (532.6 eV)) correspond-
ing to O-Nb and Si-O bonds, respectively), which demonstrated
the presence of Nb-O-Si, Nb-O-Nb bridges and Si-O-Si siloxane
bridges [63,74]. If we compare the O 1s spectrum of NS-2 and
NS-4 powders shown in Fig. 6(b), we can observe the slightly shift

Table 1
Binding energies (BE, eV), full width at half maximum (FWHM, eV) and Nb/Si
atomic ratios for NS powders as determined by XPS.

O 1s peak Nb 3ds/, peak
Sample Nb/Si atomic ratio
BE FWHM BE FWHM
532.2 (0.71)* 1.65 2075 143 0.27
NS-2 powder 5,9 0290 165 - - -
a
NS-4 powder 532.6 (0.55)* 1.89 2073 1.52 0.56

531.1 (0.45)° 1.89 - - -

? Peak area percent of O 1s at ca. 532.2 eV.
b peak area percent of O 1s at ca. 530.9 eV.

of the simulated peak at 530.9 eV and 532.2 eV. Additionally, the
intensity of the peak at 530.9 eV strengthened as the Nb adding
amount increased. While a reverse tendency was apparent for the
peak at 532.2 eV. It can be concluded [55,73,74] that the propor-
tion of Nb-O bridge amounts increased, while O-Si siloxane
bridge amounts decreased with the niobium loading based on
the calculated area under the corresponding peak and increased
FWHM (Full width at half maximum) of O 1s peak, as also
evidenced by the XPS results shown in Table 1. To make sure
that more Nb-0O-Si and/or Nb-O-Nb bridges are formed as Nb
incorporated into BTESE powders, solid state 2°Si MAS NMR
spectrum was used to qualitatively determine the silanol groups
presented in BTESE and NS-2 powders, which on one hand could
determine the degree of polymerization by using BTESE and NPB
as precursors. 2°Si MAS NMR is capable of discriminating by
characteristic chemical shifts between the five different SiO4
tetrahedra connected with 0-4 other such tetrahedra, i.e. Q°, Q',
Q?, @3, and Q* (the superscript gives the number, m, of Si-O-Si
siloxane bridges of the Si(OSi),(0-)4-m structural units). The usual
values for the mean chemical shifts used to fit the spectra of
glasses are —107 ppm (Q%), —92ppm (Q3), —82ppm (Q?),
—69 ppm (Q'), and —63 ppm (Q°), as reported by Du et al. [75].
Solid state 2°Si MAS NMR spectra of BTESE and NS-2 powders are
shown in Fig. 7. It can be observed in Fig. 7 that the intensity of Q°
and Q! for NS-2 powder was obviously lower than that of BTESE
powder. Although the samples were different from Na,0-B,03-
SiO, glass that was studied by Du et al. [75]. The Q™ distribution

BTESE

Intensity (a. u.)

-200 -150 -100 -50 0
Chemical Shift (ppm)

Fig. 7. 2°Si MAS NMR spectra of the BTESE and NS-2 powders.

a b
Fig. 8. Schematic representation of Nb-hybrid SiO, networks (a) Nb-hybrid SiO,
with low Nb content, (b) Nb-hybrid SiO, with relatively high Nb content.
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Fig. 9. Hydrothermal stability test of NS-1, NS-2 and NS-3 membranes.
(Shown are the H, and CO, gas permeances at 200 °C and the calculated

single gas H,/CO, selectivity as a function of the time of exposure to 150 kPa
steam).

Table 2

H, and CO, permeances of NS-2 membrane before and after steam treatment for 30 h.

still can reflect the hydroxyl content, as reported by Drake et al.
[76]. Therefore, it can be qualitatively inferred that a greater
degree of polymerization occurred in NS-2 powder, as evidenced
by the amount of hydroxyl groups presented in NS-2 powder was
obviously lower than that of BTESE. The results can further
interpret the NH3-TPD curves of NS powders shown in Fig. 3, i.e.
the shift of desorption peaks should be assigned to the formation
of Si-O-Nb bridges, inducing a moderate acid site. It is reported
that Si-O-Nb shows moderate or strong Lewis acidity [55], which
is between the acidity of Nb-O-Nb and Si-C-C-Si bonds. On the
other hand, the increasing Nb content leads to the condensation
of Nb-OH and Si-OH groups, producing self-condensation (Nb-O-
Nb bridges) or cross-condensation (Nb-O-Si bridges) and, hence,
results in more densified structures (i.e. densification of NS
powders and NS membranes) as was schematically represented
in Fig. 8.

3.2. Hydrothermal stability of niobium-hybrid silica membranes

It is well known that silica-based microporous membranes
suffer from a serious defect of modest stability under humid
conditions [27-29], where industrial processes are often encoun-
tered. We [3] have reported that an Nb-hybrid silica membrane
exhibited excellent hydrothermal stability over 300h in the
presence of 100 kPa steam. In the above-mentioned sections, we
have found that BTESE-derived membranes containing various
niobium contents retained relative high H, permeance (4 x
108 mol m~2s~ ! pa—') as well as sufficient high H,/CO, perms-
electivity ( > 50). In this part, the hydrothermal stability of this
kind of promising membrane, i.e. BTESE-derived hybrid silica
membrane with various niobium amounts, like NS-1, NS-2 and
NS-3 membranes, was investigated in detail. The hydrothermal
stability of NS membranes was tested by in situ exposure to the
150 kPa steam. Fig. 9 shows H, and CO, gas permeances at 200 °C
and the calculated H,/CO, permselectivity as a function of the
time of exposure to 150 kPa steam. With respect to NS-1 and NS-2
membranes, it can be seen that after a small decline during an
initial ca. 30 h exposure to steam, the H, permeance of both
membranes remained fairly constant at a value of ~2x
108 molm~2s~'pa~!, over the entire duration of the steam
exposure test. Meanwhile, the CO, permeance remained low,
decreasing with steam exposure time to reach ultimately a value
below the detection limit (ca. 1 x 10~ " molm~2s~! pa~!). Thus,
the H,/CO, selectivity of those two membranes at 200 °C was
found to increase during steam treatment, from initial values of
108, 121 to values of ca. 720, 1500, respectively, after 300 h of in-
situ exposure to 150 kPa steam. The H, permeance of NS-3
membrane varied similar to that found for NS-1 and NS-2
membranes, that is, decreased in the first 30 h and then reached
a constant value. Much to our surprise, the CO, permeance of
NS-3 membrane, although as low as 2-3 x 10" molm~2s~ ' pa~1,
was fairly constant during the 300 h steam treatment process. The
CO, permeance decreased with steam exposure time and reached
ultimately a value below the detection limit, as observed in NS-1

21 -1

Gas AP (MPa) NS-2 membrane (x 10 8molm~2s~'pa~')

NS-2 membrane after steam treatment for 30 h (x 10~ ®molm~—2s~' pa— ')

60 °C 100 °C 125°C 150 °C 200°C 60 °C 100 °C 125°C 150 °C 200°C
H, 0.3 0.42 1.1 2.6 3.2 6.9 0.63 1.1 1.4 1.5 3.1
Cco, 03 0.012 0.02 0.023 0.037 0.06 0.042 0.055 0.054 0.033 0.015
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and NS-2 membranes, was not found for NS-3 membrane. There-
fore, the H,/CO, selectivity varied from an initial value of 50 to a
value of ca. 10, after 300 h of in situ exposure to 150 kPa steam.
Nevertheless, those results showed a promising new type sol-gel
derived microporous membrane with sufficient high Hy/CO,
separation property and excellent hydrothermal stability that
may hold great promises in membrane reactor application.

Single gas permeances (H, and CO,) of NS-2 membrane as a
function of temperature, before and after steam treatment, are
shown in Table 2. The permeances of H, and CO, across the NS-2
membrane versus temperature are shown in Fig. 10, from which
the apparent activation energy (E,) can be obtained based on the
modified Fick law (Eq. (3)) [25], with the calculated E, displayed
in Table 3.

Eq
P = Pyexp (— ﬁ) 3)

where P is the membrane permeance, E, is the apparent activa-
tion energy, Py is a temperature independent coefficient.

As can be seen in Table 3, the apparent activation energy of
permeance in the NS-2 membrane (after steam treatment for
30 h) were 14 kj mol~! for H, and -9.3 k] mol~! for CO,, which
are all lower than that of corresponding E, (26.5 k] mol~! for H,
and 15.1 k] mol~" for CO,) of permeance in the freshly prepared
NS-2 membrane. Since E, in Eq. (3) is the sum of two contribu-
tions of E,, (activation energy of mobility) and Qs (isosteric heat
of adsorption) with opposite signs, the apparent activation energy
can be positive or negative depending on their relative magni-
tudes [25]. The smaller E, of H, permeance in NS-2 membrane
may be explained by either a smaller E,, or a higher Qs or both
[77]. A larger E,, is possible when taking into account that much
denser structure of NS-2 membrane was obtained after steam
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Fig. 10. Arrhenius plot of the H, and CO, permeance through NS-2 membrane
before and after steam treatment for 30 h.

Table 3
Apparent activation energies (E;) for NS membranes before and after steam
treatment for 30 h.

Gas E, (kJ/mol) NS-2 E, (k]/mol) NS-2 membrane E, (kJ/mol) NS-4

membrane after steam treatment membrane
H, 26.5 14 14.8
CO, 15.1 -93 -9.7

treatment. However, Qs is expected to be much larger after the
NS-2 membrane was steam treated, which leads to the lower, or
even negative E, values. The apparent activation energy of
permeance in the NS-4 membrane displayed in Table 3 shows
similar variation tendency, which also exhibited denser mem-
brane structures in comparison with NS-2 membrane. Never-
theless, more sorption studies of NS membrane materials under
relative conditions are expected to lead to a better quantitative
understanding of the interaction between Nb and hybrid silica
networks.

To shed light on the hydrothermal stability mechanism of this
promising Nb-BTESE membrane, the corresponding NS powders
that steam-treated in an autoclave for different time intervals
were used to probe the alternation of membrane micro-struc-
tures. Fig. 11 shows CO, isothermal adsorption data of NS-1~NS-3
powders before and after steam exposure. As can be seen in Fig. 11,
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—A— NS-2 powder after steam treatment for 300 h
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Fig. 11. CO, adsorption isotherms (at 298 K) for the 450 °C-calcined NS powders

before and after hydrothermal treatment (powders were hydrothermally-treated
in an autoclave at 180 °C for 300 h).
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despite of the niobium adding amount, CO, sorption capacities of
all NS powders were greatly reduced after steam treatment,
indicating that either densification took place, or the acidic strength
of powders surface increased, as discussed above. With respect to
the NS powders steam-treated for different time intervals, little
variation of CO, adsorption quantity was noticed, indicating that
the membrane structures did not alter much as steam exposure
time extended. If we study the NH3-TPD curves shown in Fig. 12, it
may be the case that the densification process played a dominant
role as the NS powders exposed to the hot steam. As can be seen in
Fig. 12, the intensities of desorption peaks for NS powders dimin-
ished dramatically with the exposure time to steam. However,
it should be noted that NS-1 powders retained acidic character-
istic peaks after steam treatment. While NS-2 and NS-3 powders
showed fairly weak acidity since almost no desorption peak can
be discriminated in Fig. 12. If we analyze the H, and CO,
permeances of NS-1 and NS-2 membranes, CO, sorption data
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—— NS-1 powder after steam treatment for 30 h
—— NS-1 powder after steam treatment for 300 h

>
< 20
=
2
a
I}
3
< 10
el
I
=z

600 °C

200 400 600 800
Temperature / °C

—— NS-2 powder
—— NS-2 powder after steam treatment for 30 h
—— NS-2 powder after steam treatment for 300 h

137 °C

NH; desorption / Mv

200 400 600 800
Temperature / °C

—— NS-3 powder
——— NS-3 powder after steam treatment for 30 h
—— NS-3 powder after steam treatment for 300 h

20 -

NH; desorption / Mv

200 400 600 800
Temperature / °C

Fig. 12. NH5-TPD spectra of the calcined NS powders before and after steam
treatment.

and NHs-TPD records of the corresponding powders, before and
after steam treatment, as displayed in Fig. 9,11 and 12, we can
interpret the H, and CO, permeances variation of NS-1 and NS-2
membranes during the steam treatment as follows. The densifica-
tion of the membrane should be responsible for the reduction of
H, permeance for the initial 30 h, and the subsequently invulner-
able membrane structure resulted in a steady H, permeance as
steam exposure time prolonged. Meanwhile, if we pay attention
to the decreasing rate of the CO, permeance, we can inferred that
both densification process and acid sites presented in the mem-
brane surface centers should be responsible for the dramatically
decreased CO, permeance, as NS-1 and NS-2 membranes being in
contact with hot steam. As for NS-1 membrane, CO, permeance
decreased dramatically, giving the fact that the CO, permeance
was below the detection limit after the membrane was steam-
treated for only 50 h. While this decreasing rate was much more
delayed for NS-2 membrane, which displayed a CO, permeance
that was below the detection limit only after 100 h. If the acid
sites presented in the membrane do not affect the CO, transpor-
tation, NS-2 membrane should exhibit higher decreasing rate of
CO, permeance in comparison with that of NS-1 membrane. The
result lines up with the fact that the Lewis acidity of Nb,05-SiO,
powders decreased as the Nb adding amount increased, as
reported by Burke and Ko [61]. The Py-IR spectrum of NS-2
powders after exposed to 1000 kPa steam for 300 h shown in
Fig. 4 displayed absorption signals reflecting Lewis acidity, which
in part corroborated the generated acid sites in the membrane
surface centers. As for NS-3 membrane, CO, permeance can
always be detected, even if the steam treatment time was as long
as 300 h. This phenomenon was totally different as that found for
NS-1 and NS-2 membranes. It seemed that both densification and
acidity of membrane surfaces have little effect on CO, transporta-
tion through NS-3 membrane. The calculated effective surfaces of
NS powders before and after steam exposure by using CO,
adsorption data as shown in Fig. 11, confirmed aforementioned
discussion, which can be found in Table S2. The XPS results of NS-
2 powders before and after steam treatment shown in Fig. 13
verified the stability of membrane micro-structures, as evidenced
by no visible shift of O1s peaks took place. Meanwhile, the XPS
spectra (Table S3) indicated that the membrane structures were
always composed of Nb-O-Nb, Nb-O-Si bridges. XRD patterns
and FT-IR spectra of the NS-1~NS-4 powders after steam treat-
ment was illustrated in Figs. S3 and S4. In comparison with the
corresponding NS powders before steam treatment, all NS pow-
ders showed amorphous phase after exposure to 1000 kPa steam
for as long as 300 h. Additionally, the NS powders displayed
almost the same absorption bands as that found for untreated
powders, indicating the integrity of the membrane structures
retained although undergone harsh steam treatment.

4. Conclusions

Niobium-BTESE derived hybrid silica membranes exhibiting
sufficient high H,/CO, separation performances and excellent
hydrothermal stability, were fabricated by using sol-gel method.
The observed excellent H,/CO, permselectivity is due to the
incorporation of Nb into hybrid silica networks and, hence,
creates new Lewis acid sites. Effect of the niobium addition
amount on H,/CO, separation properties of NS membranes,
especially on hydrothermal stability, was investigated in detail.

With respect to the NS-1 and NS-2 membranes, both densified
hybrid siliceous microporous networks and generated Lewis acid sites
imparted very low CO, permeance (~4x 10" °molm~2s~'pa~1)
to membranes due to the incorporation of Nb into the sol-gel derived
bridged polysilsesquioxanes structures. One the other hand, as the Nb
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Fig. 13. XPS spectrum of the O 1s region for the calcined NS powders before and
after hydrothermal treatment, which is fitted with a Gaussian distribution. (a) NS-
2 powder. (b) NS-2 powder after hydrothermal treatment for 30 h. (c) NS-2
powder after hydrothermal treatment for 300 h.).

content was less than 50% (in mole), those membranes re-
tained comparatively high H, permeance in the order of ~6 x
10~8molm~2s~ ! pa~!, which allows the H,/CO, permselectivity
reached a value as high as 120. Dominant densification shall take
effect when the Nb content was higher than 50%, which leads to both
low H, permeance and H,/CO, permselectivity of NS-3 and NS-4
membranes. The variation of amount and/or density of linkages,
including Nb—-O-Nb, Nb-O-Si and Si-O-Si bonds, which comprised
Nb-hybrid silica membranes, should be responsible for the variation
of membrane performances. Both NS-1 and NS-2 membranes showed

excellent stabilities in the presence of 150 kPa steam under 200 °C,

as evidenced by the steady H, permeance (~2 x 10~8mol

m~2s~!pa~!) and exceptionally high H,/CO, permselectivity

(ca. 1500) during long-term stability test up to 300 h. The densifi-
cation of the membrane in contact with the hot vapor should be
responsible for the reduction of the H, permeance for the initial
30-100 h, and the subsequently invulnerable membrane structures
resulted in a steady H, permeance as steam exposure time
prolonged. The results indicated that Nb-hybrid silica membranes
hold great promises for integration in pre-combustion CO, capture
technologies.
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