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Homogeneous zirconium-doped hybrid organosilica membranes are successfully prepared through the
sol—gel route via co-hydrolysis and co-condensation of 1,2-bis(triethoxysilyl)ethane (BTESE) and zirco-
nium n-propoxide (ZrP). Gas permeation measurements and hydrothermal stability tests are carried out
for the prepared membranes. Smaller sols are more prone to form a dense structure and thus lead to low
gas permeability. Hybrid organosilica membranes with low zirconium content have high hydrogen
permeability and H,/CO; selectivity. As zirconium content in the sol increases, membrane structure
becomes denser and gas permeability decreases. Excellent hydrothermal stability can be achieved by
incorporating Zr into the hybrid silica membranes. This is caused by the improved hydrophobicity due to
the presence of hybrid organic-inorganic groups (—Si—CH;—CH,—Si—) and the dense, robust membrane
structure that formed after zirconium-doping. A ball-and-stick model is proposed based on the char-
acterization data. Our results offer significant insights into understanding the correlations between
particles (e.g. size and distribution), structure (e.g. porosity and pore size) and performance (e.g. gas

permeability and hydrothermal stability) of organosilica membranes.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Globally, efficient Hy/CO, separation has great significance to
both energy security and climate change [1—3]. Hydrogen (H;) is
considered as clean and efficient energy carrier since it has zero
greenhouse gas emission during combustion and highest energy
content per unit of weight among all the known fuels [4]. H, and
CO, are the major products of water-gas shift (WGS, i.e.
CO + H0 — CO; + H») and steam-methane reforming (SMR, i.e.
CH4 + 2H,0 — CO, + 4H>) reactions. H/CO; separation is the key
step in both hydrogen purification and pre-combustion carbon
capture. However, the tiny difference in their kinetic molecular size
between H; (0.289 nm) and CO; (0.33 nm) [5] makes most sepa-
ration methods very energy intensive.
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Membrane separation is one of the most cost-effective and
promising technologies for H,/CO, separation. Compared with
conventional hydrogen purification methods such as cryogenic
distillation and pressure swing adsorption (PSA), membrane sep-
aration has the advantages of low energy consumption, low in-
vestment cost, ease of operation and possibility for continuous
operation [2,4,6]. Various membranes have been extensively
investigated for gas separation, including those based on polymer
[7], zeolite [8,9], metal [2], metal oxide [10,11], graphene oxide (GO)
[12], silica [13,14], metal-organic frameworks (MOFs) [15] and
carbon [16,17].

Desirable membranes for efficient H,/CO, separation should
have high H, permeability and high H;/CO; selectivity. They should
also possess excellent mechanical, thermal and chemical stabilities
in harsh environments such as high pressure, elevated temperature
and steam vapor conditions. However, developing a membrane
with all these properties is difficult. For example, palladium
membranes are well known for their high H, permeance and high
H,/CO, selectivity, but suffer from hydrogen embrittlement and
contaminant poisoning, resulting in a short lifespan [3,4]. Silica
membranes are good candidates for H,/CO, separation due to their
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high permeability and selectivity as well as the relatively low cost
[13]. Nevertheless, silica membranes exhibit unsatisfactory hydro-
thermal stability due to the presence of the mobile silanol groups in
the membrane matrix [18,19]. Considerable research efforts have
been directed to the fabrication of hydrothermally stable silica-
based membranes by introducing transition metals or organics
[19—25].

Recently, bis(triethoxysilyl)ethane (BTESE), a hydrothermally
stable organosilica material with an organic-inorganic struc-
ture, has been employed for the fabrication of gas separation
membranes [20,26—32]. The presence of hybrid organic-
inorganic groups (—Si—CH;—CH;—Si—) instead of the original
inorganic groups (—Si—0—Si—) in the organosilica membrane
matrix increases the hydrophobicity, which prevents water
sorption onto or into the material. Thus, the hydrothermal
stability of the hybrid organic-inorganic membrane can be
effectively improved [20,27,33]. However, the membrane
selectivity for H/CO; is generally not high enough for practical
applications [31].

Increasing attention has been paid to zirconia due to its
outstanding thermal stability (e.g. melting temperature up to
3043 K) and chemical resistance [34—37]. Zirconium alkoxide has
been used to prepare hydrothermally stable silica-zirconia mem-
branes [22]. However, fabrication of defect-free silica-zirconia
membranes is still challengeable as zirconium alkoxide is very
sensitive to water during the synthesis process of homogeneous sol
[35,37]. On the other hand, the membrane pore size is relatively
small due to network densification, leading to a low gas permeance
[38]. To overcome these issues, recently ten Hove et al. have
selected zirconyl nitrate as the precursor to fabricate silica-zirconia
membranes [38].

In our previous study [11], pure zirconia membranes with a
hydrogen permeance of ~5 x 10~8 mol m~2 s~! Pa—! and a H,/CO,
permselectivity of ~14 were successfully prepared. In the current
study, we fabricated a new hybrid silica-zirconia membrane based
on BTESE and zirconium alkoxide via the sol—gel method. The
prepared membrane shows excellent hydrothermal stability and
high hydrogen permeance due to the special composite network
structure. The effect of the zirconium content in the sol on mem-
brane gas separation performance and hydrothermal stability is
systematically investigated.

2. Experimental
2.1. Sol preparation

1, 2-bis(triethoxysilyl)ethane (BTESE, a purity of 97%) and zir-
conium n-propoxide (ZrP, a purity of 70% in n-propanol) from ABCR
were used as precursors. 5 mL BTESE and 5 mL absolute ethanol (a
purity of 99.7%, Merck) were mixed in a nitrogen glove-box. To
obtain a homogeneous BTESE-ethanol solution, the mixture was
vigorously stirred with a magnetic stirring apparatus. 0.54 mL nitric
acid solution (1 mol/L) was added to the BTESE solution in an ice
bath to inhibit the hydrolytic activity of BTESE. Along with
continuous stirring, the prepared mixture was kept in a water bath
at 60 °C and refluxed for 90 min.

A mixture of ZrP (1.7 mL), n-propanol (20 mL) and acetylace-
tone (AcAc, 0.1 mL) was introduced into the prepared BTESE sol,
followed by adding another 0.54 mL nitric acid solution (1 mol/L).
To achieve a uniform mixture, the solution was stirred for 4 min
in an ice bath. The Zr-doped hybrid silica (abbreviated as ZS) sol
with a molar ratio of 0.14:1 for Zr:Si (abbreviated as ZS14 sol),
was synthesized after the reaction at 60 °C for 90 min in a water
bath. The ZS14  sol has a molar ratio of
1:0.14:3.27:10.05:2.29:0.04:0.035 for Si:ZrP:C;Hs50H:n-propanol:

H,0:HNOs3:AcAc. To obtain homogeneous ZS sols with similar size
distributions but different zirconium contents, different amounts
of ZrP, n-propanol and AcAc were used for preparation of other ZS
sols (Table 1). The prepared sols were kept at —20 °C to avoid
aggregation prior to further use.

2.2. Characterization of sol and xerogel

The particle size distribution of freshly synthesized ZS sols was
measured using a Zetatrac analyzer (NPA152, Microtrac Inc.) on the
basis of dynamic light scattering. The hydrodynamic particle
diameter was obtained through the detection of light fluctuation
caused by Brownian motion of non-spherical hybrid particles.
Crystal structure of the unsupported powder calcined at 450 °C was
detected by X-ray diffractometer (XRD, MiniFlex 600, Rigaku) with
a Cu K, radiation operated at 40 kV and 15 mA. Fourier transform
infrared (FTIR) spectroscopy (NICOLET 8700, Thermo Nicolet Cor-
poration) was used to detect the chemical structure of ZS powders
calcined at 450 °C with KBr as the reference. X-ray photoelectron
spectroscopy (XPS) measurements were performed on an ESCA-
LAB250xi spectrometer (Thermo Scientific) equipped with a mono-
chromatic Al Ko X-ray source (1486.6 eV). The Ol1s core-level
spectra of ZS powders were deconvoluted by the software pack-
age (XPSPEAKA41) and relevant details were summarized in Table 2.
N> and CO, (99.99%, Nanjing Special Gases Company) were used to
detect the microstructure of ZS powders via the gas adsorption
method. N, adsorption—desorption isotherms at 77 K and CO,
adsorption isotherms at 298 K were conducted with a physical
adsorption instrument (ASAP 2020, Micromeritics). Prior to the
measurements, the samples were degassed under vacuum at 373 K
for 12 h.

2.3. Membrane fabrication

To avoid the formation of cracks caused by the capillary force at
high Si concentration, the prepared ZS sol was diluted seven times
with absolute ethanol before coating. Home-made disc-type -
Al,03 mesoporous membranes with pore diameter of 3—5 nm were
used as the support for Zr-doping. Dip-coating of the ZS sol onto the
disc support, was performed with an automatic coating apparatus
(Pervatech B. V., the Netherlands) at a velocity of 12 mm s~ under
clean room conditions. The calcination was carried out at a rate of
0.5 °C min~! until reaching 450 °C, and was then maintained for
3 h. Next, a cooling procedure was conducted at the same rate of
0.5 °C min~ L The calcination and cooling procedure was conducted
under N, atmosphere to avoid oxidation. The resultant disc-type
samples were the final Zr-doped hybrid silica membranes
(referred to as ZS membranes).

2.4. Membrane characterization

2.4.1. Single gas permeation

Single gas permeance of the ZS membrane was measured us-
ing a home-made testing apparatus (Fig. 1) [19,39], in which the
feed side pressure and the temperature of the membrane module

Table 1
The used quantity of the ingredient in ZS sol preparation (the ingredient of hybrid
silica sols was invariable: n(Si): n(C;HsOH): n(H20): n(HNO3) = 1: 3.27: 2.29: 0.04).

Zr-doped hybrid silica sols ZrP/mL n-propanol/mL AcAc/mL
7514 1.7 20 0.1

7525 3 20 0.28
7534 4 25 0.55
7550 6 30 0.7
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Table 2
XPS deconvalution details of O1s peaks of the four ZS membranes.
Sample “BE (eV) PFWHM (eV) Assignment Percentage (%)
7514 533.11 1.8 Si—0-Si 534
532.02 1.62 Si—0—Zr 34.7
530.94 1.57 Zr—0—Zr 11.9
7525 533.06 1.8 Si—0-Si 45.8
532.15 1.62 Si—0—Zr 36.7
530.95 1.57 Zr—0—Zr 17.5
7534 533.13 1.8 Si—0—Si 394
531.99 1.62 Si—0—Zr 40.5
530.86 1.57 Zr—0—Zr 20.1
ZS50 533.28 1.8 Si—0—Si 19.6
531.88 1.62 Si—0—Zr 54.6
530.82 1.57 Zr—0—Zr 25.8

2 BE = Binding energy.
> FWHM = Full width at half maximum.
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N, pressure was maintained at 0.3 MPa with a pressure gauge. The
water vapor pressures were controlled between 8 and 100 kPa by
adjusting the steam temperatures. After hydrothermal treatment,
the membranes were dried for 2 h with a N, sweep at the same
temperature (i.e. 200 °C). Single gas permeation tests were then
performed as described above.

2.4.3. Water contact angle measurement

To evaluate the hydrophobicity/hydrophilicity of the ZS mem-
branes, water contact angle measurements were performed at
room temperature by the sessile drop method using a contact
angle goniometer (DropMeter A-100P) equipped with a video
camera recording system operated using software for drop-shape
analysis.

Steam/N2 mixture gas

Vent
9
7
X
Vent
10
| TC

[ Thermal blanket insulation

1. Stop valve 2. Pressure controller 3. Pressure gauge 4. Water bubbler 5. Three-way valve

6. Temperature controller 7. Electric furnace 8. Membrane module 9. Gas washing bottle 10. Soap film meter

Fig. 1. Experimental apparatus for single gas permeation and hydrothermal stability tests.

were precisely controlled with a pressure controller and a
temperature-adjustable furnace, respectively. The membrane was
sealed in a stainless steel module with fluoroelastomer O-rings.
The permeate side pressure was maintained at the atmospheric
pressure. Thus, the transmembrane pressure equaled to the feed
side pressure, which was invariably maintained at 0.3 MPa. The
test temperature was maintained at 200 °C. The permeation rate
was measured with a soap-film flow meter. The membranes were
tested with various gases with different kinetic diameters (dy),
including Hy (dx = 0.289 nm), CO, (dx = 0.33 nm), CHyg
(dx = 0.369 nm), O; (dx = 0.345 nm), N, (dx = 0.364 nm), and SFg
(dx = 0.55 nm). The gas permselectivity, known as the ideal
selectivity, which is equal to the permeance ratio between two
gases, then can be obtained.

2.4.2. Hydrothermal stability measurement

In the hydrothermal stability measurement, the ZS membranes
were treated at 200 °C in a gas mixture of N, and water vapor for at
least 8 h with the same apparatus (Fig. 1) described in Section 2.4.1
[39]. First N2 was humidified and heated in a steam generator. The

30
—— 7814 sol (average particle size: 8.1 nm)
I — — -Z825 sol (average particle size: 7.8 nm)
© 25 - —— ZS34 sol (average particle size: 7.5 nm)
) |l Z850 sol (average particle size: 8.1 nm)
[
& 20 —
c
m -
o
Q15
Q L
5
5 10+
> .
5+
0 s s P | . e
1 10 100
Size / nm
Fig. 2. Particle size distribution of the Zr-doped hybrid silica (ZS) sols.
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3. Results and discussion
3.1. Zr-doped silica sol characteristics

Fig. 2 describes the particle size distribution of the Zr-doped
silica sols. It can be seen that the four sols have very similar par-
ticle size distributions (the dispersity peak is within 7—8 nm) and
average particle sizes (~8 nm), particularly for ZS14, ZS25 and ZS50.
However, compared with the other three sols, the ZS34 sol shows a
slightly lower polydispersity and a slightly smaller average particle
size. These small differences may result in a denser membrane with
lower gas permeances but high permselectivities, which is
confirmed for the ZS 34 sol by the data in Table 3.

The photograph inset into Fig. 2 shows the appearance of the
ZS25 sol, which was similar among all sols. It reveals that trans-
parent, homogeneous sols were successfully synthesized under the
clean room conditions. For coating to be successful, the particle size
of the sol used must fall within a particular range. If the sol particle
size is smaller than the pore size of the intermediate layer, then sol
will penetrate the intermediate layer, giving the prepared mem-
brane a very low permeability. If the sol particle size is too large,
pinholes and defects may occur, giving the prepared membrane a
very low selectivity for gases.

Compared with other preparation methods, the sol—gel method
is an effective way to fabricate silica membranes with controlled
pore sizes [27]. It is known that the sol—gel property has a signif-
icant effect on the membrane property [31,40]. For example, the
high sintering activity of the relatively small sol particle of ZS34
may lead to a dense structure of the separation layer and thus a low
gas permeance. This is confirmed by the following gas permeation
data.

3.2. Powder characteristics

Fig. 3 presents the XRD patterns of the ZS powders calcinated at
450 °C. It is obvious that the four XRD patterns are similar and no
sharp diffraction peaks of crystalline phase but broad bands can be
observed in all the XRD patterns. These results are in agreement
with the characteristics of typical microporous materials.

To further understand the chemical composition of the micro-
porous structure, the oxygen atoms and chemical bonds were
characterized by XPS and FTIR, respectively. Fig. 4 shows the
deconvolution of the XPS O1s peak of the ZS powders with different
zirconium contents. It can be seen that the core-level spectra can be
decoupled into three peaks with Gaussian contributions corre-
sponding to Si—0—Si (533.10 + 0.2 eV), Si—0—Zr (532.00 + 0.2 eV)
and Zr—0—Zr (530.90 + 0.2 eV). The binding energy of Si—0—Si and
Zr—O—Zr is slightly higher than pure SiO; and ZrO; [41]. This
suggests more complex chemical states of the oxygen atoms in the
ZS powers compared with the pure oxides [42]. These results
indicate that the networks of the ZS powders consist of Si—0—Si,

Table 3
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Fig. 3. X-ray diffraction patterns of the Zr-doped hybrid silica (ZS) powders calcined at
450 °C with different zirconium contents.

Si—O—Zr and Zr—O—Zr structures. In Table 2, it is clear that the
content of Si—0—Si decreases when the doped zirconium increases,
which is also reflected in Fig. 4. On the contrary, the peaks of
Si—O—Zr and Zr—O—Zr become stronger as the zircinium content
increases. These results suggest that Si—O—Si bridges decrease but
Si—O—Zr and Zr—O—Zr bridges increase in the network structure.

Fig. 5 reveals FTIR spectra of the ZS powders. The broad bands at
approximately 1060 cm ™! can be ascribed to asymmetric stretching
vibrations of the Si—O—Si groups [43]. The absorption peak at
around 1410 cm ! can be assigned to the bending vibrations of CH,
in the Si—CH,—CH,—Si unit [43]. Combining with the results from
both XPS and FTIR, we expect that Si—CH,—CH,—Si, Si—0-Si,
Si—O—Zr and Zr—O0—Zr are present in the network structures of the
ZS powders.

In this study, N, adsorption could not be detected likely due to
the relatively dense membrane structure. CO, adsorption isotherms
of the ZS powders, hybrid SiO, powder and ZrO, powder are
compared in Fig. 6. Obviously, the hybrid silica powder (i.e. orga-
nosilica BTESE) shows the highest adsorption capacities, and the
pure ZrO, powder exhibits the lowest adsorption capacities. The
CO, adsorption capacities of the Zr-doped silica powders (i.e. ZS
powders), decrease as the zirconium content increases. Lower
adsorption capacities generally mean denser powder structures.
Namely, densification of the ZS powders occurs as the zirconium
content increases. Looking carefully, we can also observe that there
is no much difference in CO, adsorption capacities between the
7534 powder and the ZS50 powder. This can be explained by the

Gas permeance and permselectivity of Zr-doped hybrid silica (ZS) membranes measured at 200 °C.

Membranes Permeance (x10 8 mol m2s~' Pa ') Permselectivity
H, o, 0, N, CH, SFq H,/CO, Hy/N, H,/CH,

Z514 7.84 0.66 0.30 0.14 0.10 0.02 12.1 549 83.6
7525 3.06 0.39 0.13 0.11 0.08 0.03 7.9 29.0 37.8
75834 1.15 0.05 0.05 0.02 * * 23.0 74.0 >1150.0
ZS50 1.03 0.06 0.01 0.03 0.02 0.01 18.5 40.3 50.4
Zr0;y [11] 4.78 0.32 1.32 1.50 1.29 0.63 14.9 3.2 3.7
Hybrid Si0, [31] 46.2 124 N/A 44 40 * 37 105 115

* Permeance is below the detection limit of the equipment.
N/A = relevant data is not available.
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Fig. 4. Deconvolution of the XPS O1s peak of the Zr-doped hybrid silica (ZS) powders calcined at 450 °C with different zirconium contents.
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Fig. 5. FTIR spectra of the Zr-doped hybrid silica (ZS) powders calcined at 450 °C with
different zirconium contents.

smaller particle size of the ZS34 sol (Fig. 2), which is more prone to
result in a denser structure.

The specific surface area was calculated by the Dubinin method
modified by Kaganer [33] based on CO; uptake data. The results
were 120 m? g ! for the hybrid silica powder; 105, 46.8, 27.7 and
25.8 m? g~ for the four ZS powders, respectively; and 13.8 m? g1
for the ZrO, powder. These results are in good agreement with the
CO, adsorption isotherm data (Fig. 6), suggesting that the powder
becomes less porous (i.e., denser) from the hybrid silica to the ZS
powder to the ZrO; powder. It can be summarized that the extent of

—&— Hybrid silica powder
8 —e—ZS14 powder
—w— ZS25 powder
[ —&—ZS34 powder
_ —%— ZS50 powder
o) 6 —A— ZrO, powder

§ | calcined at 450 °C
>

0.025

1 1 1
0.015 0.020 0.030

P/IP,

O L
0.000 0.005 0.010

Fig. 6. CO, adsorption isotherms of the hybrid silica powder, Zr-doped hybrid silica
(ZS) powders, and ZrO, powder.

densification follows the order of: hybrid
silica < ZS14 < ZS25 < ZS34 < ZS50 < pure ZrO,. This offers sig-
nificant insights into the pore structure of the prepared
membranes.

3.3. Gas separation performance of ZS membranes
The single gas (including Hj, CO,, CHy, O3, N, and SFg) perme-

ation results of the ZS membranes are shown in Table 3. The single
gas permeance of the ZS membranes decreases as the molecular
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kinetic diameter increases, which is due to the molecular sieving
effect [44]. The H, permeance of the ZS14 membrane reaches
7.84 x 10-8 mol m~2 s~ Pa—!, and the ideal selectivity for Ho/CO; is
12.1 (Table 3). From Table 3, we can see that the H, permeance of
the four ZS membranes decreases as the zirconium content rises.
This change trend is also applied to other gases with relatively
small molecular sizes, such as CO;, O, and Ny. It suggests that the
permeation mechanisms of these small gas molecules through the
ZS membranes may be the same or similar. The data also agree well
with the gas adsorption results (Fig. 6), indicating that a low zir-
conium content is preferable for a porous structure that will
improve gas permeability.

Table 3 shows that the hybrid silica membrane derived from
BTESE has the highest gas permeabilities. For example, the per-
meabilities for H; and CO; are one order of magnitude higher than
those of other membranes. However, the hybrid silica membrane
has a lowest H,/CO; selectivity (Table 3). This can be attributed to
the relatively open microporous structure of the material [26].
Table 3 also indicates that SFg permeance of the ZS34 membrane is
below the detection limit of the gas flow meter. This is caused by
the small particle size of the ZS34 sol and the resultant densifica-
tion of the network structure as discussed above. The dense
structure of the ZS34 membrane leads to the highest gas selectiv-
ities as shown in Table 3. The high gas permeabilities of the hybrid
silica membrane and the relatively low gas permeabilities of the ZS
membranes are contributed to their special network structures.

Based on all the characterization results above, the difference in
the network structure between the hybrid silica membrane and the
Zr-doped hybrid silica membrane is schematically illustrated with
the ball-and-stick model in Fig. 7. The hybrid silica membrane has
relatively large intra-particle pores and loose networks when
compared with the Zr-doped hybrid silica membranes. In metallic
(e.g.Zr) doping, metal atoms are introduced into the silica networks.
As a result, the larger Zr atoms replace the smaller Si atoms in the
inherent network structure, leading to a less porous structure.
Therefore, the Zr-doped hybrid silica membranes have much lower
gas permeabilities than the hybrid silica membrane, and the gas
permeabilities decrease with the increase of the Zr content in the
membranes (Table 3). Although, incorporating Zr into the hybrid
silica networks reduces the membrane intra-pore size and thus the
gas permeabilities, it may also increase the hydrothermal stability of
the membrane. This is confirmed by the following results.

Hybrid silica

H. Song et al. / Microporous and Mesoporous Materials 224 (2016) 277—284

3.4. Hydrothermal stability evaluation

Fig. 8 shows the changes in gas permeance and permselectivity
of the four Zr-doped hybrid silica membranes under various water
vapor partial pressures. For the ZS14 membrane, H, permeance
does not obviously decrease, while CO, permeance slightly drops in
the first 24 h where the water vapor partial pressures are relatively
low (8 or 16 kPa). With further increasing the water vapor partial
pressure, H, permeance slightly reduces, while CO, permeance
obviously drops. As a result, Hy/CO, permselectivity increases as
the water vapor partial pressure rises. This indicates that the ZS14
membrane has excellent hydrothermal stability.

For the other three ZS membranes, the gas permeances clearly
falls in the first 8 h under low water vapor partial pressure (8 kPa),
but becomes relatively stable upon further increases in water vapor
partial pressure. This phenomenon is similar with that reported by
Fotou et al. [18] in silica-alumina catalysts.

From Fig. 8, it can also be seen that the CO, permeances of the
7534 and ZS50 membranes are very low, even below the detection
limit of the equipment. This is mainly caused by the dense network
structures of these membranes. The ZS50 membrane has a dense
network structure because of its high Zr content. The structure of
the ZS34 membrane is dense mainly due to the smaller particle size
of the ZS34 sol (Fig. 2) that is more likely to cause a dense structure.
After steam exposure, it is observed that the color of the ZS
membranes changes from white to yellow brown as shown in Fig. 9.

In the current study, high hydrothermal stabilities of the ZS
membranes can be explained by two reasons. First, the hybrid
organic-inorganic groups (—Si—CH;—CH,—Si—) in the composite
material make the derived ZS membranes less hydrophilic, which
helps prevent water penetrating into the membrane structure
[20]. The measured water contact angles of the ZS membranes
with increasing zirconium content are 77.3°, 74.2°, 73.5° and
69.7°, respectively. Compared with typical pure silica membranes
(water contact angle: ~50°) [45], our ZS membranes are less hy-
drophilic. The pictures of water drops on the ZS membranes are
shown in Fig. 10. The water contact angles decrease with the rise
in zirconium content, which can be attributed to the replacement
of organic groups by inorganic groups (Zr—O—Zr) when the zir-
conium content in the ZS membranes increases. This is confirmed
by the FTIR data (Fig. 5). The absorption peaks of Si—CH,—CH,—Si
become increasingly weaker as the zirconium content increases.

Zr-doped hybrid silica

i
IR T

Intraparticle Pore

Gel Particle

o<

Separation layer

-«—Intermediate layer
<+——Support

CHO®c 000 @

Fig. 7. Schematic comparison of the two types of silica-based membrane.



H. Song et al. / Microporous and Mesoporous Materials 224 (2016) 277—284 283

(A) ZS14 membrane (C) ZS34 membrane
1E-6 60 1E-6 120
— HZ — HZ
n ——co, |l - ——C0, 100
& tETE —e—H,/CO, By g7l —e—H,/CO, >
@ > < =
’ = g >
i ——t {40 8 g {805
5 1E8E 2 £ Pioy | Puo= | Puo™ | P | Pao™ | Piao” ]
E i\<>-\4 la0 E © |E.g h8KPa\ | 15kPa | 30kPa | 40kPa| GOkPa | 100kPa 60 E
o .\ 8 = 151
S 1EoL 3 o 2 L =
£ <
g d {20 © g — . — w08
5 —— ™ E1Eol / o =
& qE10 p— s — _ T
Puo™ | Puo= | Puo™ | Pac™ | Puo™ | P 110 o 120
8kPa | 15kPa | 30kPa. 40kPa | 60kPa| 100kPa
1E-11 L 0 1E-10 0
0 8 16 24 32 ! 40 48 56 0 8 16 24 32 40 48 56
Steam exposure time / h Steam exposure time / h
1(?6 2825 membrane 60 (D) ZS50 membrane
a 1E-6 60
—=—H, Hz
"o +—C0, |50 —e—CO
a 1E7 ¢ —e—H /CO, > o > 1%
K — = S1E7 L ——H/CO,|
o~ 440 9 N 2
£ e — 3 " I
f: ot 2 E Puo™ | Pu™ | Puo™ | Puo™ | Puo™ | Puo® El
- =430 & o
= g 21E.gpBkPa | 15kPa | 30kPa | 40kPa| GOKPa | 100kPa |, g
2 1E9 o 2 : =
3 120 © c —— Q
£ — “ g 1200
T =
&1E-10 ¢ 10 E1E0 LN 1 e
= Pao™ | Puo™ | Puo™ | Pt Prao™ 1 & \ . 410
15kPa | 30kPa | 40kPa | 60kPa | 100kPa —
1E-11 . 0 —
0 8 16 24 32 40 48 56 1E-10 1 1 1 1 0
Steam exposure time / h 0 8 16 24 32 40 48 56

Steam exposure time / h

Fig. 8. Gas permeance and permselectivity changes of the four Zr-doped hybrid silica (ZS) membranes under various water vapor partial pressures.

Fig. 9. Photographs of the Zr-doped hybrid silica (ZS) membranes before (a) and after (b) a hydrothermal stability test.

ZS14 2525 72534 2550

A 0 O

Fig. 10. Pictures of water drops on the four ZS membranes in the water contact angle measurement.

Second, the incorporation of Zr ions into the silica matrix results 4. Conclusions

in more stable architectures [22] and a denser structure which

was proven by its CO; adsorption (Fig. 6). Here, the Zr is We have successfully prepared homogenous Zr-doped hybrid
considered to be a network former rather than a network modi- organosilica membranes using the sol—gel method. Gas perme-
fier, resulting in a robust structure under thermal and hydro- ation measurements and hydrothermal stability tests are carried
thermal conditions [18]. out for the prepared membranes. It is shown that the particle size of
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the sol has an important role in formation of the network structure
of the membrane. Smaller sols are more prone to forming a dense
structure and thus having low gas permeability. The hybrid orga-
nosilica membrane with low zirconium content shows high
hydrogen permeability and high H;/CO, selectivity. As the zirco-
nium content in the sol increases, the membrane structure be-
comes denser and the gas permeability decreases. Excellent
hydrothermal stability can be achieved by incorporating zirconium
into the hybrid silica membranes. This is mainly caused by the
improved membrane hydrophobicity due to the presence of the
hybrid organic-inorganic groups (—Si—CH;—CH,—Si—) and the
formed dense and robust structure of the membrane after Zr-
doping. We also propose a ball-and-stick model based on the
characterization data. The results of this study offer significant in-
sights into understanding the relationships between the mem-
brane material (e.g. particle size), structure (e.g. porosity and pore
size) and performance (e.g. gas permeability and hydrothermal
stability).
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