+ Model

Available online at www.sciencedirect.com

sclsucs@nmscre journal of

MEMBRANE
SCIENCE

Journal of Membrane Science xxx (2006) XXX—XXX

www.elsevier.com/locate/memsci

Influence of porous substrate on mesopore structure and
water permeability of surfactant templated
mesoporous silica membranes

Sankhanilay Roy Chowdhuty Alisia M. Peters, Dave H.A. Blank,
Johan E. ten Elshdf

Inorganic Materials Science, MESA+ Institute for Nanotechnology and Faculty of Science and Technology,
University of Twente, P.O. Box 217, 7500 AE Enschede, The Netherlands

Received 5 September 2005; received in revised form 4 December 2005; accepted 7 December 2005

Abstract

The formation of silica films via sol—gel route on disordered mesoporous and macroporous supports is reported. These films are structur
characterised by TEM, XRD, XPS and permporometry. It has been found that the ordered mesoporous silica layer does not grow directly o
mesoporous support. Instead it grows on a structurally disordered interface of 10-20 nm thickness. This observation differs considerably fi
studies on film formation on dense supports as reported in the literature. Water transport experiments were carried out on the silica films depos
on porous supports. The results suggest that the disordered interface layer of the film deposited on the mesoporous support does not cont
significantly to the total resistance for water transport.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction mesoporous silica layers on macroporous supports through tem-
porary modification of the suppoft7]. Zirconia-doped silica
Since the first development of surfactant templated MCM-membranes to get an alkali resistance membrane has also been
type silica material{1], ordered mesoporous silica systemsreported[18]. These mesoporous silica membranes have been
achieved a lot of attention of scientists from different fieldsysed for gas permeation and separafit®20], pervaporation
[2—4]. In the 1990s the effort was mostly given to the prepara{21], ultrafiltration and nanofiltratiofll 9—24]
tion and characterization of surfactant templated silica powders |n this article we describe the preparation of surfactant tem-
and thin filmg5,6]. Powders were prepared from different silica plated silica layers on disordered mesoporous and macroporous
sources, using different types of surfactants to achieve regulajupports. A detailed structural characterization of these lay-
pore geometrie$7,8]. Thin films were made either in self- ers has been carried out. We are able to show that both X-ray
supported form or were supported by different dense substratgfifraction (XRD) and transmission electron microscopy (TEM)
[6-13]. Edler and Roser has published a comprehensive revieheasurements can be carried out directly on the membrane sur-
on surfactant templated silica filnj$4]. In the last few years face. The water permeability through the layers was measured
a considerable amount of work on the application of orderend this allowed us to establish a correlation between the layer

mesoporous silica layers as membranes was repfitfee?4]  structure and the water transport properties.
This dealt with the formation of mesoporous silica films on

macroporous suppor{d5,16] and preparation of defect-free 2, Experimental

) 2.1. Membrane preparation
* Corresponding author. Tel.: +31 53 489 2695; fax: +31 53 489 4683.

E-mail address: j.e.tenelshof@utwente.nl (J.E.t. Elshof). . . . .
1 Present address: Ecole Nationale &igure de Chimie Mulhouse, 3, Rue The silica sol synthesis was carried out as described by

Alfred Werner, 68093 Mulhouse Cedex, France. Honma et al.[25]. In this method, 8.0 ml of silica source
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tetraethoxyorthosilicate (TEOS) (Aldrich, purity 99%) was support, anx-alumina supporteg-alumina membrane, as-

mixed with 17.5 ml 1-propanol, and this mixture was stirred inalumina supported double coated silica membrane, @nd

a 100 ml flask at 600 rpm for 5 min. The TEOS was then hydrol-alumina#-alumina supported double coated silica membranes.

ysed by an HCI solution in deionised water (0.33ml 36 (N) The volume of the filtration cell was 1 dhand the operating

HCI solution in 2 ml water) and stirred for 60 min. Co-solvent pressure range was kept in the range of 2—14 bar. Liquid stirring

2-butanol (8.8 ml) was added and stirring was continued fowas done with a mechanical stirrer at a constant stirring speed

another 30 min. In the last step, 1.75 g of CTAB was dissolved irof 200 rpm throughout the permeation experiments.

4.5 ml of de-ionized water. This surfactant solution was prepared

separately and then poured into the silica solution. The final solu3, Results and discussion

tion was stirred again for 60 min. The sol was deposited on two

different types of substrates with varying degree of poroaity. 3.7, Structural characterization

Alumina andx-alumina supporteg-alumina disks were used as

macroporous and mesoporous supports, respectively. The prepa-pPermporometry experiments were carried out on silica layers

ration of these supports has been described else®g&fehe  supported om-alumina and om-alumina supporteg-alumina

y-alumina layer was calcined at 900. The porosity of macro- membrane discFig. 1 shows the oxygen flux through open

porousx-alumina supports is30% and the average pore size is pores versus the relative vapor pressure of cyclohexane. In the

in the range of 80-120 nm. The porosity of thalumina layer  absence of cracks or large defects in the layer, the oxygen flux is

is ~55% with an average pore radius-e#.3nm, and its layer  zero at relative cyclohexane pressures above 0.5. This indicates

thickness on the-alumina support is gm. that no pores with Kelvin radii larger than approximately 1.5 nm
The silica sols were coated twice on both e&@lumina  are presentinthe membranes. Hence, the layers derived from the

disks and thex-alumina supporteg-alumina layers using the silica sol on both macroporous and mesoporous supports were

dip coating technique, with a coating speed of approximatelyjefect-free. The figure also illustrates the microporous nature of

1cms L. The silica coated supports were calcined at45@r  the silica layer on macroporous supports. As the Kelvin equa-

90 min in air with heating and cooling rates of 0@min~1. tion is not valid for microporous systems, no reliable pore size
distribution can be calculated from the permporometry mea-
2.2. Structural characterization of supported silica layers surements on this system. The cyclohexane saturation point at

a relative pressure of0.3 corresponds with an average pore
The supported silica films were characterized by X-rayradius of approximately 0.9 nm. The oxygen flux through the sil-
diffraction (XRD), transmission electron microscopy (TEM), jca membrane supported on aralumina supporteg-alumina
electron diffraction (ED), and permporometry. XRD was carriedlayer shows three different regions with varying cyclohexane
out directly on supported membranes using a Philips SR5056ressure. When the relative pressure was higher tiad, all
with Cu Ka radiation. Transmission electron microscopy (TEM) pores were blocked by condensed cyclohexane and no oxygen
and electron diffraction (ED) were carried out with a Philips flux was observed. Reduction of the relative pressure from 0.4
CM30 Twin (S)TEM with a LaB filament. A 120-200kV elec- to0 0.3 led to a strong increase of the oxygen flux, due to desorp-
tron beam was used for TEM. The samples for TEM weretion of cyclohexane from the pores in the capillary condensation
prepared by sandwiching and glueing the membrane, followegegime. A further decrease in relative pressure resulted in a slight
by cutting them vertically into slices of 1 mm thickness. Theseincrease of the oxygen flux. This is thought to be mainly due
were mechanically polished in several steps tp.B0thickness,  to the (partial) desorption of thelayer inside the pores. The
followed by grinding with a dimpling wheel down to a thick-
ness of~15um. Finally, the samples were thinned by*Aon
milling (Gatan model 691 Precision lon Polisher, 5.0 keV) under z ***%%] —=— silicalayer on y-alumina support
Lo b —e— silica layer on a-alumina support
an angle of 4.5to minimize damage. K 2005'007'_\
The pore size distribution of the supported silica layers was £ 18080074\
determined by permporometry measurements using cyclohex: € 1.60e-007 -
ane as condensable vag@7]. The method was also used to 1.40E-007 4
check for the absence of large pores and/or other defects intheg 5oz 007 ], _,
1.00E-007 3\ ““\
8.00E-008 \ .\
6.00E-008 L
\

s Pa)

film. X-ray photoelectron spectroscopy (XPS) was carried out
with a PHI Quantum 2000 Scanning ESCA Microprobe. XPS
depth profiling of thex-alumina supported silica layer was car-

ried out with a 3keV argon ion beam with an etching rate of

Accumulated oxygen permeance (mol/m

7 nm mir?! 4.00E-008 '\
. ] X
2.00E-008 - ° "'\
2.3. Water permeation experiments 0.00E+000 . —y .\ . ; ' T :
0.0 02 0.4 0.6 0.8 1.0

Steady state water permeability measurements were carries Relative pressure (p/p,)

out in a dead end filtration cell with different membranes.rig. 1. oxygen flux vs. relative vapor pressure of cyclohexane through silica
The membranes used for this experiments were-@umina layers deposited os-alumina and ory-alumina.
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Fig. 2. XRD diagram of a double silica layer deposited gralumina substrate
layer after calcination.

cyclohexane saturation point at a relative pressure@# cor-
responds to an average pore radius-Gf2 nm.

The silicamembranes supportedbglumina andy-alumina
were subjected to XRD analysis. The layer depositedxen
alumina did not reveal any diffraction peaks in thierange of
0-10, which may be caused by the small thicknes&%0 nm)
of this layer{15,23] However, the layer deposited gralumina
supports showed clear peaks around 215d 3.4, as shown in
Fig. 2 These are characteristic of an ordered mesoporous stru
ture[18].

A TEM micrograph of they-alumina supported silica layer is
shown inFig. 3A. A superstructure is clearly visible in the silica

ordered
silica

C

layer. It has a periodicity of about 4 nm, and was found to be ¥
oriented in different directions in different mesoscopic domains &
along they-alumina interface. An interfacial layer of 10-20nm
thickness can be observed in between the ordered silica layer an&
the y-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, fralumina ¥

film, and thea-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 couldg. 3. (A) TEM image showing an ordered silica layer on a mesopoyeus

be concluded that the interfacial layer consists mainly of silica
Together with the results from TEM contrast imaging and mor
phology, itis reasonable to assume that the amorphous interfaci

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.
al

region has a similar chemical composition as the ordered meso-

porous SiQ film. As can be seen from the enlarged TEM picture
in Fig. 3B, in the first few nanometers of the ordered silica phase

facial layer. Apparently, the ordered silica layer does not grow
directly on top of they-alumina layer outwards starting from

there appears to be an alignment parallel to the amorphous intgfie _aymina/silica interface. In that case the highest degree of

Table 1
Atomic compositions of different layers of a supported silica membrane
deposited on g-alumina layer

Layer O (at.%) Al (at.%) Si (at.%)
Mesostructured silica 66.4 17 31.9
Interfacial layer 66.1 14 325
y-Alumina 61.1 33.2 5.7
a-Alumina 60.0 39.8 0.2

Data determined from EDX point analyses.

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~y-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. Theg-alumina pores of
~4.3nm radius may exert a very large capillary suction pres-
sure on the sol liquid. The pressutePgction is of the order
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12 uid flux is proportional to the applied pressure, irrespective of
® galumina the type of liquid. The mathematical formulation of Darcy’s
104 ®  g-alumina +silica law is:
A g+yalumina
¥ oty alumina +silica J = —}kmAP (1)
8 n

whereJ is the volumetric flux,y the liquid viscosity,AP the

: applied pressure difference across the membranggqiigithe

overall liquid permeability of the membrane. The rafia\P

is commonly referred to as the permeability of a membrane.
S For the two membranes with a silica top layer the permeability

> varied betweer-1.5 and~2.4L m2h1bar®. Thisisin good

27 v agreement with the permeability of a supported MSU-type silica

J(10™ bar m)

¥ membrane with similar pore size and layer thickness, where a
0 : : : : : permeability of 2.5Lm?h~1bar! (at 10bar) was reported
0 2 4 6 8 10 [15].
Pressure (bar) The overall transport resistance of liquids through a stacked

Fig. 4. Product of water flux and viscosity vs. applied pressure of dil‘ferentO(_alumlmjw_rjlll'lmIna ora-alumlna/y-alumln'a/smca membrane
membranes. can be regarded as two (or three, depending upon the number of
layers) resistances in series. The overall membrane permeability

coefficientky, can therefore be deconvoluted into the permeabil-

2y/r, with y, andr the surface tension of the sol and pore sizeities of the individual layers according to:

of they-alumina phase, respectively. Hen&®sction is about R R R @)
10-25 MPa. The suction by the support may enhance the drying" =~ "¢ Y Si>

rate of the silica film near the interface so drastically that the silyyhereg,, k, andks; are the permeability coefficients of the
icaframework freezes before any self-organization has occurregdy;mina support, the mesoporopaluminalayer, and if present
The suction force is also sufficiently large to cause turbulencene silica top layer, respectiveljable 2summarizes the perme-
locally, disrupting any ordered micellar domains, resulting ingpjity coefficients &) for water of the individual layers after
no ordered mesostructure near the interface. As soon as thconvolution.

y-alumina capillaries near the surface are saturated by the sol 1 compare the intrinsic permeabilities of the different porous
liquid, the suction force vanishes and further growth of the sil-srctures (i.e. independent of the actual layer thickness), the
ica structure can take place in the form of an ordered structurﬁroductka was calculated. From TEM analysis and XPS depth
on top of the interface. This mode of growth differs from whatprof"eS of silica layers deposited epalumina andx-alumina

is commonly reported in literature, namely that ordered silicaye know that the silica layers have thicknesgesf ~600
!ayers grow directly on the dense_substrate, with growth startyng 250 nm, respectively. Comparison of thgl. values in

ing at the interfacg29]. The experiment that we present here Tapje 2indicates that the-alumina pore structure is more per-
suggests that film formation may be quite different on porougpeaple than the silica films. However, thealumina layer has

substrates. an average pore radius 6.3 nm, while we can estimate the
pore radii of they-alumina andx-alumina supported silica lay-
3.2. Water transport through the silica layers ers from permporometry experiments to-b&.2 and~0.9 nm,

respectively. Under conditions where Darcy’s law is valid, the
The steady state water fluxes through @@lumina sup-  permeability coefficient of a single laykg with pore radius-is
port, ana-alumina supporteg-alumina membraneg-alumina  given by:
supported silica membranes, and @alumina supported sil- 5
ica layer are shown ifig. 4. According to Darcy’s law, when &r 3)

the transport mechanism obeys the viscous flow model, the lig-" 8L

Table 2

Calculated permeability coefficients of different individual layers from stacked membranes

Layer Support L (um) kp (x1074m) kpL (x10729m?) & (%) rp (NM) T
vy-Alumina a-Alumina 3.0 1.68+ 0.01 5.0 55 4.3 ~25
Silica v-Alumina 0.60 0.79£ 0.05 0.47 58 1.2 ~22
Silica a-Alumina 0.25 1.19+ 0.07 0.29 58 0.9 ~21

Corresponding layer thicknessesis determined from SEM and XPS depth profiling experiments; poregisfimated from nitrogen sorption d4t8,26} pore
radii determined from permporometry experiments and tortuesigiculated using Eq3).
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