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In the present study, the effect of alumina on the pore structure and hydrothermal stability of
nanostructured silica was investigated. SiO, and SiO-15wt%A1,0; membranes were prepared by
dip coating on mesoporous y-Al,O3 coated macroporous o-alumina support. The particle sizes of
sol were increased by adding of alumina to silica sol. Through the addition of the alumina up to 15
wt% and heat treatment at 500 °C, the silica structure was remained amorphous and the thickness
of the top layer was in the range of 200-500 nm because of an increase in the sol viscosity. FT-IR
analysis showed the formation of Si-O-Al bonds after heat treatment in the SiO,-15wt%Al,053
membrane. After placing the membranes under hydrothermal test, the pore volume and size were
slowly decreased by means of alumina addition in that order. Furthermore, the permeability of gas
molecules (Hy, He, CO,,...) from the silica membrane was abruptly decreased compared to the SiO,-
15wt%Al,0; membrane. Therefore, the membrane containing the added alumina had a more

suitable hydrothermal stability due to the formation of more stable Si-O-Al bonds.

1. INTRODUCTION

The separation technology has been improved in
industries to reduce their expenditures. Adsorption and
separation using membrane are two developed
technologies which represent a great advantage in
research and improvement [1,2]. In the process of gases
separation, four different membranes such as organic
(polymeric), inorganic (ceramic), metallic and hybrid
(polymeric-ceramic) materials have been utilized [3-6].
Ceramic membranes have several advantages, such as
high mechanical strength, high longevity (10-14 years
old), thermal and chemical stability, easy access,
reasonable cost, high flux, selectivity and reliability [7].
These membranes have relatively narrow pore size
distribution and are also suitable for high-pressure
environments [7]. The selection material for membrane
application is the first issue in designing of any
separation process. Among ceramic membranes, silica-
based ones are the most attractive because of their
amorphous structure, pore sizes less than 1 nm, thickness
control capability, access to high permeability flux, the
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feasibility of control the size and structure of the porosity
and high selectivity [8]. The drawback of the silica
membranes is its poor hydrothermal stability when they
expose to the water and water vapor [9]. Therefore,
improving the stability of these materials is an important
issue to increase the separation efficiency of these
membranes. Khatib [9] has investigated the thermal and
hydrothermal stability of the silicon membrane prepared
by the CVD method in the atmospheres of nitrogen gas
at 440 °C and vapor pressure of 0.04 bar. The silica
hydrothermal stability can be increased through
hydrophobic silica with the addition of methyl groups in
the silica network and heat treatment of the membrane
under the water vapor [10], or providing a hybrid
membrane of silica-organic material [11]. Moreover, the
porous membranes with improved hydrothermal stability
can be prepared using crystalline materials such as
zeolites [12]. Because of the limitation in single crystal
growth and the formation of a thin layer on the surface in
zeolites, the resistance of these membranes against the
gas permeation is higher than that of silica membranes.
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Other methods for increasing the stability of the
microporous silica network are the addition of metal [ 13-
17] and metal oxides such as titanium, zirconium, iron,
aluminium, chromium, cobalt, niobium, cerium and
yttrium oxides [18-23]. Another approach is the
development of ceramic membranes such as TiOa, ZrO,,
and Al>O; for the gas separation process in hydrothermal
conditions [24]. These membranes are less efficient than
the amorphous silica materials because it has less
structural density than amorphous titanium, zirconium
and aluminium [24]. Therefore, the amorphous silica has
a more open structure with extra pores, which is more
suitable for application in a gas separation unit [24].
Hence, the addition of a variety of additives to the silica
is an effective method to improve the stability in steam.
Kageyama [25] and Gu [26] have reported the
hydrothermal stability of the silica-alumina membrane
fabricated by the CVD method. In the present study, a
defect-free and smooth silica-alumina nanoporous top
layer was prepared by polymeric sol-gel method on an
intermediate layer of gamma-alumina coated on the a-
AL O3 substrate. The effect of alumina on pore structure
and hydrothermal stability of the nanostructured silica
membrane was studied. To evaluate the membrane
characteristics, DLS, FTIR, XRD, FESEM, N
adsorption-desorption methods and gas permeation test
were used. It is intended to investigate the performance
of silica-alumina membrane for the separation of binary
gas mixtures like H»/CO» or Ho/CHy in future researches.

2. MATERIALS METHOD

2.1. Alumina substrate preparation

Alumina substrates (2mm thickness and 1.7 cm diameter)
were prepared by uniaxial pressing of a- ALOs powder
(with a purity of 99.99 %, average particle size about 0.3
um, French Baikalox) under the pressure of 150 psi. The
substrates were sintered at 1400 °C for 2 h. Then, the
surface of the substrate was polished with 400 to 1200
grit sandpapers, washed by deionized water and dried at
110 °C for 2 h.

2.2. PREPARATION OF ALUMINA COLLOIDAL SOL

The intermediate layer was coated using alumina
colloidal sol to prepare the surface of the substrate for top
layer deposition and reduction of the porosity gradient on
the a-Al,O; substrate. To prepare the colloidal sol,
aluminium tri-sec-butylate (C12Hz7A103, Merck), ethanol
(Merck), polyvinyl alcohol (PVA, MW:72000, Merck),
nitric acid 65% and distilled water were used as raw
materials. At first, 5 mL aluminium tri-sec-butylate was
added to the solvent, and the solution was stirred by a
magnetic stirrer. After 30 min, water (molar ratio of
water:aluminium alkoxide= 1:100) was added drop by
drop to the solution to complete the hydrolysis reaction.
After leaking the alcohol, nitric acid 1M was added to the
solution as a flocculation agent. After the addition of the

acid, the appearance of the solution was changed from
milky to semi-transparent. At that time, the solution was
refluxed for 16 h. Before coating, the polyvinyl alcohol
solution was added to the alumina colloidal sol to control
the drying stage of the intermediate layer.

2.3. Preparation of polymeric sol

The membrane top layers were prepared from the silica
and silica-alumina polymeric sols. Because of the
difference in the hydrolysis rate of aluminium and silicon
alkoxides, each of the alumina and silica polymeric sol
was first prepared separately and then added to each
other. Initially, 50 mL of the silicon alkoxide (TEOS:
Tetra-ethylorthosilicate, Merck, 99.99%) was dissolved
in 30 mL of isopropanol alcohol, and after stirring for 30
min, 0.1 mL of the nitric acid was added to the solution.
After stirring for 30 min, 2.5 mL of distilled water was
added to the solution so that the transparent silica sol was
obtained after stirring for 3 h. To prepare the alumina sol,
aluminium isopropoxide (Merck, 99.99%) was added to
isopropanol and the ransparent sol was obtained by
adding the distilled water and stirring for 2 h. In the
preparation of the silica-15wt% alumina sol, alumina sol
was added to the silica sol drop by drop. Si02-15%A1.0;
polymeric sol was obtained after stirring for 2 h on a
magnetic stirrer at a rate of 500 rpm.

2.4. Memberane preparation

At this stage, the alpha alumina substrate was coated by
dipping method with the alumina colloidal sol and then
polymeric silica and SiO>-15%AL0O3 sols. The dip-
coating process was performed using an automatic dip-
coating device. The intermediate layer was deposited on
top of the substrate with dipping and withdrawal speed of
10 mm/min and holding time of 10 s. The polymeric sols
were coated on gamma-alumina layer with dipping and
withdrawal speed of 5 and 30 mm/min, respectively and
holding time of 50 s. The samples were maintained for
12 h in a container with a moisture content of 60%
(measured by a moisture controller) and then were dried.
The samples were heated at 80 °C with a heating rate of
0.5 °C/min and kept for 15 min at this temperature. Then,
they were reached at the temperature of 110°C with the
same heating rate and kept at the same temperature for 30
min. After heating at 200 °C and keeping the samples for
45 min, they were sintered at 500 °C for 1 h. It should be
noted that to achieve the layers with appropriate quality
and thickness, intermediate and top layers were prepared
after coating and heating for 3 and 4 times, respectively
[7]. Unsupported membranes were prepared by drying
the sols onto a petri dish and heating at the desired
temperature (500 °C) for 1 h.

2.5. Membrane characterization
A roughness test was implemented by roughness checker
(Surtronic 25) to inspect the roughness of the substrate
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surface. Apparent porosity of the substrate was measured
based on the ASTM C20-92 standard. A dynamic lighter
scattering analyzer (DLS, Malvern device ZEN3600)
was used to measure the particle size distribution of the
sols. Unsupported membranes were characterized by X-
ray diffraction (XRD, Bruker AXS D-8 X-ray
diffractometer with Ka waveform in length of 1/454.1
°A) and Fourier transform infrared (FTIR, Nexus Nicolet
Spectrophotometer Nicolet IR100) at the range of 400-
4000 cm! to determine the phases and bonds. Pore size
distribution and specific surface area related to the
unsupported membranes were measured by N
adsorption-desorption  analysis (BET & BIJH,
Micrometric Tristar devices). Characterizations analyzes
were carried out on the unsupported membranes by
assuming that their properties are similar to those of the
supported membranes. The topography and thickness of
the membrane were observed by scanning electron
microscope (SEM & FESEM, Hitachi 4160). Gas
permeation tests were carried out in a house-developed
set-up. Measurement of the single gas permeation was
accomplished using bubble flow meter and gas
chromatography (GC, 8430 magnetic) at 25 °C and
pressure difference at both sides of the membrane was
selected within the range of 1-8 bar. In order to tudy the
hydrothermal stability, the membrane and unsupported
membrane were first exposed to a water pressure of 0.56
bar at 110 °C for 72 h in an autoclave. The samples were
then dried at 200 °C for 2 days.

3. RESULTS AND DISCUSSION

Alpha-alumina was selected as the support because of its
high mechanical and chemical stability in the harsh
environment [2]. The apparent porosity of the obtained

substrate was 34%. According to the other reports, the
proper apparent porosity for the support was 30-40% for
the membrane preparation [1, 7, 23]. For coating of the
perfect membrane layer on a macroporous substrate, it is
necessary to modify the surface of the substrate to
prevent film cracking (due to surface roughness) and
infiltration of the solution into the substrates [23].
Therefore, the polishing of the substrate was proposed to
meet these goals. The features of the substrates roughness
are shown in Table 1. It is observed that the surface
roughness has been reduced by comparing the polished
and unpolished substrates.

Figure.l shows the FESEM image of the surface and
cross-section of the substrate after sintering. The support
pore size should be large enough to build a pore size
gradient from the support through the top layer. The
gradient in the pore size effectively prevents early
clogging of the membrane during its performance [2].
According to Figure.l, the substrate with pores having
almost less than 300 nm size can be considered as the
macroporous support.

TABLE.1. The roughness of unpolished and polished alumina
substrate

Average Maximum Maximum
roughness height of depth of
(um) peak (um)  valley (um)
Unpolished 1.67 2.86 6.97
substrate
Polished 0.394 1.78 1.84
substrate

Figure 1. FESEM image of a) cross section and b) surface of alpha-alumina substrate
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When the substrate exposes to the polymeric sol, the
infiltration of the sol particles leads to partial obstruction
of the substrate porosity in later stages that results in a
resistance against the gas permeation which is
undesirable. Branches should be formed at the entrance
of the pores, to prevent the excessive infiltration of the
polymeric sol particles into the pores of the
substrate.This stage is called the first step of the film
formation. Using dipping sol containing larger particles
before polymeric SiO,-15%Al,03 sol inhibits the
infiltration of the particles into the substrate pores.
Consequently, it is required to use the alumina colloidal
sol to coat the intermediate layer. Figure.2 displays the
particle size distribution of both sols without and with

PVA additive. As can be seen, the maximum particle size
in the alumina sol without and with PVA was 37 nm and
40nm correspondingly. According to the particle size
distribution curve, the particle sizes of the alumina
colloidal sol are in the range of 20 to 90 nm. PVA
addition is led to increasing the viscosity and
agglomeration of the particles and a slight shift in the
particle size distribution chart toward the larger particle
size. To investigate the stability of the colloidal, zeta
potential was measured. Zeta potential of the prepared
colloidal sol was 44 mV. According to the literature,
stable alumina colloidal sols have zeta potential higher
than 41 mV [27].

1000 10000

Size (d.nm)

Figure 2. The particle size distribution of boehmite colloidal sol a) without PVA and b) with PVA obtained by DLS

The intermediate layer must be as the mesoporous
structure and has enough mechanical and chemical
stability. The y-Al,Os intermediate layer is appropriate to
achieve these properties simultaneously. X-ray
diffraction pattern of prepared the colloid sol in order to
cover the intermediate layer after calcination at 600 °C
for 3 h is presented in Figure.3. As can be seen that the y-
ALOs peaks are observable. Similar results have been
reported in another research work [23].

N, adsorption-desorption isotherm and BJH pore size
distribution of the unsupported y-AlO; intermediate
layer after calcination at 600°C are shown in Figure. 4. In
accordance with the ITUPAC standard, the adsorption
isotherm shows a type IV one with an H2 hysteresis loop
which is a representative of the mesoporous substances
with the pores in the form of bottle ink (see Figure.4a)
[1]. According to Fig. 4b, the pore diameters varies in the
range of 2 to 100 nm and the average pore size, which is
calculated by the BJH method, is about 8 nm. This result
indicates that a major fraction of the pores is in the
mesopore range.

The FESEM image of the intermediate layer surface on
the a-ALO3 substrate before and after polishing is shown
in Figure. 5a. When surface roughness increases, the sol
particles trap in the cavities of the rough surface and
cause non-uniformity and non-continuity in the
intermediate layer which is coated on the substrate. As
can be seen in Figure.5b, after polishing, the layer surface
was continuously and without imperfections formed.
Figures 5¢ and 5d present the effect of the PVA on the
formation of the y-AlO; intermediate layer. In fact,
because of the penetration of small particles to the
substrate, the intermediate layer does not form before the
addition of the PVA. The particles stay together due to
the interparticle connection after the PVA addition. As a
result, the intermediate layer is deposited with a thickness
less than about 460 nm (see Figure. 5d). The particle size
distribution of the polymeric silica and SiO»-15A1,03 sols
are shown in Figure. 6. According to the curves, a
significant fraction of the particles of the polymeric sols
has a diameter less than 1nm, and their particle size is in
the range of 0.5-5 nm.
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Figure 3. XRD pattern of boehmite xerogel calcined at 600 °C for 3 h
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Figure 4. a) N2 adsorption-desorption isotherm and b) pore size distribution of gamma-alumina unsupported membrane calcined

at 600 °C for 3 h

It seems that using low water levels in the preparation of
the polymeric sols is led to reduce the hydrolysis rate of
the aluminum alkoxides which is caused forming
particles with nanometric dimensions in the sols [23].
According to the obtained graphs, the average particle
size in the sol is increased with the addition of alumina,
and the particle size distribution becomes wider.
According to the studies, the silicon alkoxides (Si(OR)4)
have no significant activity for the water reaction.
However, aluminum alkoxide has a higher reaction rate
with the water and is hydrolyzed as soon as contact with
the water during an exothermic hydrolysis reaction. For
that reason, the aluminum alkoxide rapidly consumes the
water in the sol so that the concentration of the sol

increases. As a final point, the probability of the
agglomeration and growth of the particles increases.

Infrared Fourier-transform spectroscopy (FTIR) is a
proper and developed method for determining chemical
bonding of the mixed oxides. The results of this analysis
are shown in Fig. 7. In the FTIR spectroscopy pattern, the
absorption band at 470.53 cm™! shows the presence of Si-
O-Al bonding [28]. The symmetric and asymmetric
stretching vibrations of Si-O-Si also show the bands at
1054 cm™ and 1094.49 cm!, respectively [28]. The

peak at 799.83 cm! is attributed to the A1-OH band [28].
Moreover, the peaks at 1630, 3198, 3740, and 3400 cm’!
indicate the presence of the hydroxyl groups and water
which is absorbed by the sample in the environment [29].






