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Abstract

The formation of silica films via sol–gel route on disordered mesoporous and macroporous supports is reported. These films are structurally
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haracterised by TEM, XRD, XPS and permporometry. It has been found that the ordered mesoporous silica layer does not grow d
esoporous support. Instead it grows on a structurally disordered interface of 10–20 nm thickness. This observation differs consid

tudies on film formation on dense supports as reported in the literature. Water transport experiments were carried out on the silica film
n porous supports. The results suggest that the disordered interface layer of the film deposited on the mesoporous support does n
ignificantly to the total resistance for water transport.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Since the first development of surfactant templated MCM-
ype silica materials[1], ordered mesoporous silica systems
chieved a lot of attention of scientists from different fields

2–4]. In the 1990s the effort was mostly given to the prepara-
ion and characterization of surfactant templated silica powders
nd thin films[5,6]. Powders were prepared from different silica
ources, using different types of surfactants to achieve regular
ore geometries[7,8]. Thin films were made either in self-
upported form or were supported by different dense substrates
6–13]. Edler and Roser has published a comprehensive review
n surfactant templated silica films[14]. In the last few years
considerable amount of work on the application of ordered
esoporous silica layers as membranes was reported[15–24].
his dealt with the formation of mesoporous silica films on
acroporous supports[15,16] and preparation of defect-free
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mesoporous silica layers on macroporous supports through
porary modification of the support[17]. Zirconia-doped silic
membranes to get an alkali resistance membrane has als
reported[18]. These mesoporous silica membranes have
used for gas permeation and separation[19,20], pervaporatio
[21], ultrafiltration and nanofiltration[19–24].

In this article we describe the preparation of surfactant
plated silica layers on disordered mesoporous and macrop
supports. A detailed structural characterization of these
ers has been carried out. We are able to show that both
diffraction (XRD) and transmission electron microscopy (TE
measurements can be carried out directly on the membran
face. The water permeability through the layers was mea
and this allowed us to establish a correlation between the
structure and the water transport properties.

2. Experimental

2.1. Membrane preparation

The silica sol synthesis was carried out as describe
Honma et al.[25]. In this method, 8.0 ml of silica sour
376-7388/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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tetraethoxyorthosilicate (TEOS) (Aldrich, purity 99%) was
mixed with 17.5 ml 1-propanol, and this mixture was stirred in
a 100 ml flask at 600 rpm for 5 min. The TEOS was then hydrol-
ysed by an HCl solution in deionised water (0.33 ml 36 (N)
HCl solution in 2 ml water) and stirred for 60 min. Co-solvent
2-butanol (8.8 ml) was added and stirring was continued for
another 30 min. In the last step, 1.75 g of CTAB was dissolved in
4.5 ml of de-ionized water. This surfactant solution was prepared
separately and then poured into the silica solution. The final solu-
tion was stirred again for 60 min. The sol was deposited on two
different types of substrates with varying degree of porosity.�-
Alumina and�-alumina supported�-alumina disks were used as
macroporous and mesoporous supports, respectively. The prepa-
ration of these supports has been described elsewhere[26]; the
�-alumina layer was calcined at 900◦C. The porosity of macro-
porous�-alumina supports is∼30% and the average pore size is
in the range of 80–120 nm. The porosity of the�-alumina layer
is ∼55% with an average pore radius of∼4.3 nm, and its layer
thickness on the�-alumina support is 3�m.

The silica sols were coated twice on both the�-alumina
disks and the�-alumina supported�-alumina layers using the
dip coating technique, with a coating speed of approximately
1 cm s−1. The silica coated supports were calcined at 450◦C for
90 min in air with heating and cooling rates of 0.2◦C min−1.

2.2. Structural characterization of supported silica layers
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support, an�-alumina supported�-alumina membrane, an�-
alumina supported double coated silica membrane, and�-
alumina/�-alumina supported double coated silica membranes.
The volume of the filtration cell was 1 dm3 and the operating
pressure range was kept in the range of 2–14 bar. Liquid stirring
was done with a mechanical stirrer at a constant stirring speed
of 200 rpm throughout the permeation experiments.

3. Results and discussion

3.1. Structural characterization

Permporometry experiments were carried out on silica layers
supported on�-alumina and on�-alumina supported�-alumina
membrane discs.Fig. 1 shows the oxygen flux through open
pores versus the relative vapor pressure of cyclohexane. In the
absence of cracks or large defects in the layer, the oxygen flux is
zero at relative cyclohexane pressures above 0.5. This indicates
that no pores with Kelvin radii larger than approximately 1.5 nm
are present in the membranes. Hence, the layers derived from the
silica sol on both macroporous and mesoporous supports were
defect-free. The figure also illustrates the microporous nature of
the silica layer on macroporous supports. As the Kelvin equa-
tion is not valid for microporous systems, no reliable pore size
distribution can be calculated from the permporometry mea-
s int at
a ore
r sil-
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The supported silica films were characterized by X
iffraction (XRD), transmission electron microscopy (TEM
lectron diffraction (ED), and permporometry. XRD was car
ut directly on supported membranes using a Philips SR
ith Cu K� radiation. Transmission electron microscopy (TE
nd electron diffraction (ED) were carried out with a Phi
M30 Twin (S)TEM with a LaB6 filament. A 120–200 kV elec

ron beam was used for TEM. The samples for TEM w
repared by sandwiching and glueing the membrane, follo
y cutting them vertically into slices of 1 mm thickness. Th
ere mechanically polished in several steps to 90�m thickness

ollowed by grinding with a dimpling wheel down to a thic
ess of∼15�m. Finally, the samples were thinned by Ar+ ion
illing (Gatan model 691 Precision Ion Polisher, 5.0 keV) un
n angle of 4.5◦ to minimize damage.

The pore size distribution of the supported silica layers
etermined by permporometry measurements using cycl
ne as condensable vapor[27]. The method was also used
heck for the absence of large pores and/or other defects
lm. X-ray photoelectron spectroscopy (XPS) was carried
ith a PHI Quantum 2000 Scanning ESCA Microprobe. X
epth profiling of the�-alumina supported silica layer was c
ied out with a 3 keV argon ion beam with an etching rat
nm min−1.

.3. Water permeation experiments

Steady state water permeability measurements were c
ut in a dead end filtration cell with different membran
he membranes used for this experiments were an�-alumina
6
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urements on this system. The cyclohexane saturation po
relative pressure of∼0.3 corresponds with an average p

adius of approximately 0.9 nm. The oxygen flux through the
ca membrane supported on an�-alumina supported�-alumina
ayer shows three different regions with varying cyclohex
ressure. When the relative pressure was higher than∼0.4, all
ores were blocked by condensed cyclohexane and no o
ux was observed. Reduction of the relative pressure from
o 0.3 led to a strong increase of the oxygen flux, due to de
ion of cyclohexane from the pores in the capillary condens
egime. A further decrease in relative pressure resulted in a
ncrease of the oxygen flux. This is thought to be mainly
o the (partial) desorption of thet-layer inside the pores. Th

ig. 1. Oxygen flux vs. relative vapor pressure of cyclohexane through
ayers deposited on�-alumina and on�-alumina.
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Fig. 2. XRD diagram of a double silica layer deposited on a�-alumina substrate
layer after calcination.

cyclohexane saturation point at a relative pressure of∼0.4 cor-
responds to an average pore radius of∼1.2 nm.

The silica membranes supported by�-alumina and�-alumina
were subjected to XRD analysis. The layer deposited on�-
alumina did not reveal any diffraction peaks in the 2θ range of
0–10◦, which may be caused by the small thickness (∼250 nm)
of this layer[15,23]. However, the layer deposited on�-alumina
supports showed clear peaks around 2.5◦ and 3.4◦, as shown in
Fig. 2. These are characteristic of an ordered mesoporous struc-
ture[18].

A TEM micrograph of the�-alumina supported silica layer is
shown inFig. 3A. A superstructure is clearly visible in the silica
layer. It has a periodicity of about 4 nm, and was found to be
oriented in different directions in different mesoscopic domains
along the�-alumina interface. An interfacial layer of 10–20 nm
thickness can be observed in between the ordered silica layer and
the �-alumina substrate layer. Dark field imaging (not shown)
indicated that this interface layer has an amorphous structure.
EDX point analyses in the centre of the silica film, the�-alumina
film, and the�-alumina substrate yielded atomic concentrations
as listed inTable 1. The electron beam diameter in this experi-
ment was approximately 6 nm. From the EDX line scans it could
be concluded that the interfacial layer consists mainly of silica.
Together with the results from TEM contrast imaging and mor-
phology, it is reasonable to assume that the amorphous interfacial
region has a similar chemical composition as the ordered meso-
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Fig. 3. (A) TEM image showing an ordered silica layer on a mesoporous�-
alumina layer with a structurally disordered silica-rich interface of 10–20 nm
thickness; (B) enlarged TEM image showing ordering of silica layer parallel to
the interlayer.

facial layer. Apparently, the ordered silica layer does not grow
directly on top of the�-alumina layer outwards starting from
the�-alumina/silica interface. In that case the highest degree of
ordering is expected to occur near the interface at which growth
starts[28]. Instead, there is a structurally disordered interfa-
cial region of about 15 nm thickness located between the silica
and�-alumina layers. Growth of the ordered phase appears to
occur outwards from the disorded–ordered silica interface. A
possible explanation for this phenomenon may be as follows.
At the time of dip coating the silica sol comes into contact with
the mesoporous�-alumina substrate. The�-alumina pores of
∼4.3 nm radius may exert a very large capillary suction pres-
sure on the sol liquid. The pressure�Psuction is of the order
orous SiO2 film. As can be seen from the enlarged TEM pict
n Fig. 3B, in the first few nanometers of the ordered silica ph
here appears to be an alignment parallel to the amorphous

able 1
tomic compositions of different layers of a supported silica memb
eposited on a�-alumina layer

ayer O (at.%) Al (at.%) Si (at.%

esostructured silica 66.4 1.7 31.9
nterfacial layer 66.1 1.4 32.5
-Alumina 61.1 33.2 5.7
-Alumina 60.0 39.8 0.2

ata determined from EDX point analyses.
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Fig. 4. Product of water flux and viscosity vs. applied pressure of different
membranes.

2γ l /r, with γ l andr the surface tension of the sol and pore size
of the �-alumina phase, respectively. Hence�Psuction is about
10–25 MPa. The suction by the support may enhance the drying
rate of the silica film near the interface so drastically that the sil-
ica framework freezes before any self-organization has occurred
The suction force is also sufficiently large to cause turbulence
locally, disrupting any ordered micellar domains, resulting in
no ordered mesostructure near the interface. As soon as th
�-alumina capillaries near the surface are saturated by the so
liquid, the suction force vanishes and further growth of the sil-
ica structure can take place in the form of an ordered structur
on top of the interface. This mode of growth differs from what
is commonly reported in literature, namely that ordered silica
layers grow directly on the dense substrate, with growth start
ing at the interface[29]. The experiment that we present here
suggests that film formation may be quite different on porous
substrates.

3.2. Water transport through the silica layers

The steady state water fluxes through an�-alumina sup-
port, an�-alumina supported�-alumina membrane,�-alumina
supported silica membranes, and an�-alumina supported sil-
ica layer are shown inFig. 4. According to Darcy’s law, when
the transport mechanism obeys the viscous flow model, the liq

uid flux is proportional to the applied pressure, irrespective of
the type of liquid. The mathematical formulation of Darcy’s
law is:

J = −1

η
km�P (1)

whereJ is the volumetric flux,η the liquid viscosity,�P the
applied pressure difference across the membrane andkm is the
overall liquid permeability of the membrane. The ratioJ/�P
is commonly referred to as the permeability of a membrane.
For the two membranes with a silica top layer the permeability
varied between∼1.5 and∼2.4 L m−2 h−1 bar−1. This is in good
agreement with the permeability of a supported MSU-type silica
membrane with similar pore size and layer thickness, where a
permeability of 2.5 L m−2 h−1 bar−1 (at 10 bar) was reported
[15].

The overall transport resistance of liquids through a stacked
�-alumina/�-alumina or�-alumina/�-alumina/silica membrane
can be regarded as two (or three, depending upon the number of
layers) resistances in series. The overall membrane permeability
coefficientkm can therefore be deconvoluted into the permeabil-
ities of the individual layers according to:

k−1
m = k−1

� + k−1
� + k−1

Si , (2)

wherek�, k� andkSi are the permeability coefficients of the�-
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alculated permeability coefficientskp of different individual layers from sta

ayer Support L (�m) kp (×10−14 m)

-Alumina �-Alumina 3.0 1.68± 0.01
ilica �-Alumina 0.60 0.79± 0.05
ilica �-Alumina 0.25 1.19± 0.07

orresponding layer thicknessesL as determined from SEM and XPS dept
adii determined from permporometry experiments and tortuosityτ calculated
.
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lumina support, the mesoporous�-alumina layer, and if presen
he silica top layer, respectively.Table 2summarizes the perm
bility coefficients (kp) for water of the individual layers aft
econvolution.

To compare the intrinsic permeabilities of the different po
tructures (i.e. independent of the actual layer thickness
roductkpL was calculated. From TEM analysis and XPS de
rofiles of silica layers deposited on�-alumina and�-alumina
e know that the silica layers have thicknessesL of ∼600
nd ∼250 nm, respectively. Comparison of thekpL values in
able 2indicates that the�-alumina pore structure is more p
eable than the silica films. However, the�-alumina layer ha
n average pore radius of∼4.3 nm, while we can estimate t
ore radii of the�-alumina and�-alumina supported silica la
rs from permporometry experiments to be∼1.2 and∼0.9 nm,
espectively. Under conditions where Darcy’s law is valid,
ermeability coefficient of a single layerkp with pore radiusr is
iven by:

p = εr2

8τL
(3)

membranes

kpL (×10−20 m2) ε (%) rp (nm) τ

5.0 55 4.3 ∼25
0.47 58 1.2 ∼22
0.29 58 0.9 ∼21

filing experiments; porosityε estimated from nitrogen sorption data[13,26]; pore
Eq.(3).
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whereε is the porosity of the membrane material andτ is the
tortuosity of the pore structure[30]. We showed recently that
Darcy’s law is valid down to pore radii of 1.6 nm or smaller
when water is used as the permeating medium[31], and we
assume here that it is still valid down to pore radii of∼1 nm.
Taking the porosities of�-alumina and the silica layers as 55%
[26] and 58%[13], respectively, the tortuositiesτ of the indi-
vidual layers can be estimated from Eq.(3). The results are
shown inTable 2. Irrespective of the actual physical signifi-
cance of the tortuosity, it expresses an effective coefficient of
resistance against diffusion. The tortuosities of the�-alumina
and silica layers are similar within experimental error. The
tortuosity of the�-alumina layer agrees reasonably well with
earlier findings[32]. The high tortuosities of the two silica
layers indicate that no highly permeable pore structures were
formed in either case. This can possibly result from a lack of
connected mesoporosity, and/or an unsuitable orientation of the
mesopores (alignment parallel to the surface instead of through-
surface). In any case, the permeability differences between the
layers can be fully explained by differences in layer thickness,
pore size and porosity. Since the two silica layers have simi-
lar permeabilities, this result also suggests that the structurally
disordered interface layer does not have a significant resis-
tance for water permeation through�-alumina supported silica
membranes.
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