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Abstract
A multilayer composite ceramic membrane was prepared by depositing a nano-scale layer of SiO2 on 
top of a modified porous alumina support by chemical vapor deposition (CVD) method. The modi­
fication of the support was carried out by adding a graded layer of Al2O3 (γ­alumina phase), using 
sol-gel method. An optimized temperature of 700 K for intermediate layer calcination was gained by 
XRD analysis. Cross­sectional images obtained from SEM showed that the intermediate γ­alumina 
layer had a thickness of about 2 μm and the top selective silica layer was quite dense and uniform 
with a thickness of about 90­100 nm. Permeation tests showed a very good flux of 10-6-10-7 mol m-2 
s-2 Pa-1 for H2 with selectivities over CO2, N2 and CH4 up to 500. By performing different tests with 
various deposition times, it was concluded that by changing CVD time from 3 h to 6 h H2/CO2 selec-
tivity increased from 32 to 573, although H2  permeation flux reduced about 50 percent.
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 Introduction  
Ceramic membranes with porous structure are known 
for their high performance in separation of small gas 
molecules from gas mixtures with selectivities and 
permeation fluxes greater than polymeric membranes. 
Therefore, they have attracted a great deal of attention 
in the membrane gas separation field, especially hydro­
gen purification [1­3]. The production of hydrogen from 
membrane base reformers is one of the most important 
applications of these kinds of membranes [4]. In order to 
achieve high efficiency in reformers, the membrane must 
be capable of separating the produced H2 under harsh 
operating conditions and silica membranes are consid-
ered as good candidates for this purpose because of their 
hydrogen separation ability and large hydrogen perme-
ability [5-6].
   Silica membranes synthesized by sol-gel or chemical 
vapour deposition methods have been shown to be very 
effective for H2 selective separation [7-10]. Okubo et 
al. [11] deposited silica into the pores of a porous glass 
with 4 nm mean pore diameter by tetraethylorthosili-
cate (TEOS) hydrolysis. Oyama et al. carried out CVD 
of TEOS on γ­alumina supports [12] and obtained thin 

silica layers with very high selectivities for hydrogen 
(>500).
    The initial membranes used macroporous supports for 
silica deposition and had low selectivites for gas perme-
ation. Hwang et al. [13] used CVD method to deposit 
TEOS on a porous ceramic tube with mean pore size of 
about 100 nm and obtained a H2/N2 selectivity of only 
5.2 after 32 h of deposition. This low selectivity indicat-
ed the presence of large pore defects. A solution to this 
problem is adding an intermediate layer before deposi-
tion of top selective layer [14-15]. Morooka et al. [15] 
covered macroporous α­alumina tubes with 110­180 nm 
pore size by a γ­alumina layer with pore size of 6­9 nm to 
obtain a composite support. Addition of a selective silica 
layer by CVD method to this modified support resulted 
in preparation of a membrane with H2 selectivity over N2 
in the range of 100­1000, but low permeation fluxes of 
about 10-8 mol m-2 s-1 pa-1.
   In this work, we prepared a composite ceramic 
membrane by depositing a very thin selective silica layer 
on a modified porous support. The tubular α­alumina 
support was covered with five layers of γ­alumina by 
dip-coating with different bohemite solutions using sol-
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gel method and top selective silica layer was prepared by 
co-current CVD of TEOS at atmospheric pressure and 
high temperature of 873 K. Morphology of different lay-
ers of membrane was studied by SEM and the amount 
of permeation flux and H2 selectivites over CO2, N2 and 
CH4 at different deposition times were investigated.

Experimental
Synthesis of intermediate layer 
Bohemite (AlOOH) solutions with different mean par-
ticle sizes were prepared by careful control of hydrolysis 
of TEOS followed by acid peptization of the bohemite 
precipitate obtained. The intermediate graded layer was 
obtained by coating with three bohemite sols with median 
particle sizes of 52, 94 and 592 nm. The general proce-
dure is reported in the literature [16]. Shortly, a quantity 
of 0.1 mol of aluminium tri isopropilate (Merck,.>98%) 
was added to 150 ml of distilled water and the mixture 
was quickly heated to 353 K in 0.5 h with high speed stir-
ring. The solution was maintained at this temperature for 
3-20 h for the hydrolysis. The resulting precipitate was 
then heated to 363 K and peptized with a quantity of ni-
tric acid (Merck, 65%) with a molar ratio of H+/alkoxide 
in the range of 0.1­0.25. The solution was then refluxed 
at this temperature for about 20 h to obtain a clear sol.
    A series of thin uniform γ­alumina layers were coated 
on a macroporous α­alumina support by sol­gel method. 
A commercial tubular membrane (GMITM Corpora-
tion, i.d=9 mm, o.d=13 mm) with a nominal pore size of 
500 nm was used as support. This tube was first cut to a 
length of 6 cm, washed in an ultrasonic bath (BANDE-
LIN, Sonorex digital 10P) with 10% power for 15 min 
and dried at room conditions for 24 h. The bohemite so-
lutions were diluted by mixing with polyvinyl alcohol 
(PVA, Biochemical, M.W.=7200) as a binder in a 3 to 2 
ratio. The resulting solution was then stirred at 363 K for 
3 h and the support was dipped into this dipping solu-
tion and withdrawn after 10 s. The coated support was 
then dried in ambient air for 24 h, heated to 923 K in an 
electronic furnace at a rate of 1 K min-1 and calcined at 
this temperature for 2.5 h. This coating process was car-
ried out five times by 3 different solutions in the order 
of decreasing sol particle size to get a graded structure 
intermediate layer.

Synthesis of selective silica layer 
A composite membrane was synthesised using the as-
prepared multilayer support to deposit a thin silica layer 
by an atmospheric chemical vapour deposition (CVD) 
method. This results in placing SiO2 on the support by 
thermal decomposition of TEOS at high temperatures. 
The experimental setup is shown in figure 1. Shortly, the 
CVD process took place in a quartz tube and the silica 
deposited into the inner side of the support. After heating 
the apparatus to 873 K at a rate of 1 K min-1 in an inert 
atmosphere, an argon flow was introduced on the outer 
side and a dilution argon flow to the inner side of the 
membrane. Then a carrier gas was passed through a bub-

bler filled with TEOS at 300 K at a known flow rate us­
ing a mass flow controller, mixed with dilution flow and 
introduced to the inner side of the graded intermediate 
substrate. Table 1. shows the CVD process parameters 
used in one of the coatings. The concentration of spe-
cies in membrane structure can be analysed by EDAX 
analyser. With the following flow parameters, the TEOS 
concentration is about 0.02 mol m-3.

Fig. 1: Schematic of experimental CVD setup.

Table 1: CVD process parameters for silica deposition

Parameter Amount

CVD temperature (K)
TEOS concentration (mol m-3)
Dilution gas flow (µmol s-1)
Carrier gas flow (µmol s-1)

Outer side gas flow (µmol s-1)

873
0.02
13
3.5
17

Results and discussion
Calcination temperature of intermediate layer
XRD analysis was carried out to identify the alumina 
phase and the calcination temperature of the intermedi-
ate layer. The alumina support cannot stand temperatures 
higher than 1173 K. Also, if the calcination temperature 
is not high enough, bohemite (AlOOH) still exists in 
membrane structure, which is less stable than γ­alumina 
(γ­Al2O3). Coated supports are put in an electric furnace 
to be heated at a rate of 1 K min-1. Fig. 2 shows two 
membrane samples calcined at two different tempera-
tures. As the result of this analysis indicates, at 650 K, 
XRD patterns still show existence of bohemite phase in 
membrane. However, at 700 K, all the bohemite changes 
into γ­alumina and therefore this temperature would be 
suitable for calcination.
Characterization of the membranes
The cross­sectional images of the modified support with 
γ­alumina layer and ultra­thin silica membrane obtained 
by scanning electron microscopy (SEM, Philips, XL30) 
are shown in fig.3 (a)­(b). Fig.3 (a) shows a graded 
γ­alumina multilayer with a porous structure coated on 
the support and has a thickness of about 2 μm.  As shown 
in figure (b), silica top layer deposited on the graded lay­
er has a uniform, dense structure with an ultra thin thick-
ness of about 90-100 nm. These images indicate that gas 
permeation through different layers of the membrane is 
performed by different mechanisms. 
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Fig. 2: XRD analysis of intermediate layer calcined at different temperatures

Fig. 3: SEM cross-sectional images; (a) intermediate layer; (b) silica top layer

The gas permeation tests were carried out at 973 K on H2, 
CH4, N2 and CO2 before and after CVD by introducing 
pure gases at a relative pressure of 160 kPa into the outer 
tube side of a quartz module. An argon flow at a known 
flow rate was used as the sweep gas and the composition 
of the permeated stream was measured by a bubble flow 
meter. Also a GC (Agilent, 7890A) analyser was used 
to determine the concentration of permeated gases. As 
shown in figure. 4, before deposition of silica layer, per­
meation fluxes are very high and in the order of 10-5-10-6 

mol m-2 s-1 Pa-1. This is due to the porous structure of the 
substrate, which causes the permeation of gases through 
Knudsen diffusion mechanism. This mechanism predicts 
that gas permeance would have a dependency on the in-
verse square root of temperature. Thus, increasing the 
temperature lowers the permeance values in multi-layer 

substrate. Using CVD deposition, there is a reduction in 
fluxes, but H2 selectivities increase rapidly, which is be-
cause of adding selective SiO2 dense layer on top of the 
γ­alumina multilayer. 
    As shown in the figure, for the first 3 hours of de­
position, there is a large decrease in fluxes, which can 
be explained by the fundamental change in permeation 
mechanism. It is claimed that gas permeance through 
this dense silica layer is achieved by an activated diffu-
sion transport through the membrane [17]. This theory is 
based on a mechanism involving jump of gas molecules 
between solubility sites of the dense silica layer. These 
sites have a very small size less than 0.3 nm. Therefore, 
membrane structure can exclude permeance of gases 
with larger kinetic diameter like CH4 (0.38 nm) or CO2 
(0.33 nm).

° 2 θ
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Figure. 4: (a) permeation fluxes of four different gases at 973 K; (b) H2 selectivity over other gases

Conclusion
A hydrogen selective membrane composed of a nano-
scale silica layer deposited on a graded alumina support 
by CVD method was successfully prepared to operate at 
high temperatures. Crystal structure of the intermediate 
layer was investigated and an optimum calcination tem-
perature for γ­alumina layer was obtained by XRD anal­
ysis. SEM images confirmed the preparation of different 
layers as expected and indicated that the structures of 
intermediate and top layers are quite different, which re-
sulted in a fundamental difference in permeation mecha-
nisms through these layers. Permeation tests showed that 
as silica deposition proceeded, H2 selectivities consider-
ably increased, which is supposed to be related to the 
hopping mechanism of permeation in dense layer.
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