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Abstract

The structural and solvent transport properties of supported mesoporous�-alumina and MCM-type silica membranes
are reported. Templated mesoporous silica layers and powders were characterized by XRD, permporometry, XPS and BET
measurements. The results indicate that the�-alumina membrane is∼1�m thick, while the silica membrane is∼30 nm thick,
has a pore size of 2.8–3.4 nm and possesses the MCM-48 structure. Pressure-driven solvent flow experiments on�-alumina
supported�-alumina and MCM-48 membranes indicate that the permeabilities of the mesoporous layers depend on the
chemical nature of the solvents. The permeability of hexane and toluene through�-alumina with 4.5–7.5 nm pores is lower
than that of hydrophilic alcohols and water. The permeability of water and alcohols through MCM-48 appears to be affected
by solvent–pore interactions on molecular scale. The MCM-48 layer has a higher permeability than�-alumina, which can be
attributed to its much smaller thickness.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Nanofiltration (NF) membranes can be used to sep-
arate solvents from multivalent ions and small organic
molecules. The separation through these membranes
is thought to be controlled by a combination of size
and charge effects. Sandwich-type ceramic compos-
ite membranes with NF characteristics typically have
pore radii in the range of 0.5–3.5 nm[1,2]. The sur-
face charge of the pores depends upon pH and can be
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either positive or negative, depending on the pH rela-
tive to the iso-electric point (IEP) of the oxide surface.
Under moderate process conditions the pore size and
structure of ceramic membranes is fixed. Inorganic NF
membranes have been prepared from�-alumina[1,3],
titania [4,5], and silica–zirconia[6,7], and were em-
ployed for the rejection of large organic molecules[7],
and the retention of small[5,6] and complex ions[3].

Although solvent permeation through polymeric
NF membranes has been demonstrated successfully
in many cases[8–11], one of the advantages of in-
organic membranes is their resistance to virtually
all solvents. The permeation of pure alcohols as
non-aqueous solvents through inorganic membranes
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has been discussed in detail[12], but only very few
papers to date have reported on the application of
inorganic nanofiltration membranes to separations of
non-aqueous solutions, one exception being a separa-
tion process in a supercritical medium[4].

One of the main disadvantages of conventional
inorganic membranes such as�-alumina is the wide
pore size distribution and the high tortuosity of the
separating layer, which affects the intrinsic separation
selectivity and permeability negatively. These disad-
vantages may be overcome by employing template-
directed synthesis methods for the formation of the
mesoporous top layer. A well-known example of a
templated inorganic material is mesostructured silica,
which is one of the major members of a larger class
of mesoporous inorganic materials with long-range
ordered pores. Templated silicas can be synthesized
using arrays of self-assembled surfactant molecules
as structure directing templates, around which the
inorganic precursor species are polymerized[13]. De-
pending upon surfactant concentration and processing
conditions, the final pore structure of silica will ex-
hibit hexagonal, cubic or lamellar symmetry, which
are denoted as MCM-41, MCM-48 and MCM-50,
respectively[13,14]. In view of their high porosity
and well-ordered pore geometries with narrow pore
size distributions and low tortuosities, thin films of
templated mesoporous materials are potential candi-
dates for membrane applications. Although thin film
formation on dense substrates has received consider-
able attention lately[15,16], only few works on film
formation on porous supports have been reported to
date[17–22].

The principal disadvantage of the 2D hexagonal
MCM-41 structure for membrane applications is that
the surfactant assemblies tend to align themselves
parallel to the membrane interfaces during synthesis,
which finally results in ordered pore structures with
main transport paths parallel to the substrate. This
geometric feature does not add any value to the im-
provement of tortuosity of porous thin films in the
direction perpendicular to the membrane surface. Cu-
bic MCM-48 on the other hand has an interconnected
3D channel system[23], so that a low tortuosity in
all directions is expected. This feature should lead to
a high permeability of the layer.

Although our final aim is to apply mesoporous ce-
ramic membranes in nanofiltration applications, we

limit the scope in the present work to the characteriza-
tion of the transport behavior of several liquids (both
hydrophobic and hydrophilic) through two different
inorganic membranes, i.e. a conventional supported
mesoporous�-alumina membrane and a supported
mesostructured silica MCM-48 membrane.

2. Experimental

2.1. Preparation of α-alumina supported mesoporous
γ-alumina membrane

The �-alumina membrane consists of a macro-
porous �-alumina support and a thin mesoporous
�-alumina layer. The�-alumina supports were made
by colloidal filtration of well-dispersed 0.4�m
�-alumina particles (AKP-30, Sumitomo). The dis-
persion was stabilized by peptizing with nitric acid.
After drying at room temperature, the filter com-
pact was sintered at 1100◦C. Flat disks of∅ 39 mm
and 2.0 mm thickness were obtained after machining
and polishing. The final porosity of these supports
is ∼30% and the average pore size is in the range
of 80–120 nm. Mesoporous�-alumina membranes
of ∼0.5�m thickness were prepared by dip-coating
the above-mentioned porous�-alumina supports in
a boehmite sol, followed by drying and calcining at
600◦C for 1 h (heating/cooling rates 0.5◦C/min) [3].

2.2. Preparation of supported surfactant-templated
mesoporous silica membrane

Surfactant-templated silica sols were synthesized
using the cationic surfactant cetyl-trimethyl-ammonium
bromide (CTAB, Aldrich) and tetraethoxy-orthosilicate
(TEOS, Aldrich) derived sols as described elsewhere
[24]. The required amount of TEOS was mixed
with 1-propanol and stirred for 5 min. TEOS was
then hydrolyzed at pH 2.5 by addition of an aque-
ous HCl solution. The solution was stirred for 1 h.
2-Butanol was added to the hydrolyzed sol and stir-
ring continued for another 30 min. The surfactant
solution was prepared separately and slowly added
to the sol while stirring. A typical sol formulation
was TEOS:1-propanol:2-butanol:H2O:HCl(N) =
8:17.47:8.75:6.63:0.33 ml and TEOS:CTAB =
7.62:1. Spin-coating and dip-coating techniques were
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used to deposit thin silica films on silicon wafers
(004 type) and�-alumina supports, respectively. Af-
ter coating the layers were dried at room temperature
and heated to 450◦C in air for 2 h (heating/cooling
rates 0.5◦C/min) to calcine the silica film and remove
any residual organics.

X-ray photoelectron spectra (XPS) and depth pro-
files of the elemental composition of silica films were
made using a PHI Quantum 2000 Scanning ESCA
Microprobe. X-ray diffraction (XRD) patterns of sup-
ported silica layers were recorded using a Philips
SR5056 with Cu K� radiation. BET measurements
(Micromiretics) were performed at 77 K on dried and
calcined silica powders with N2 as the condensable
gas.

2.3. Solvent permeation experiments

Steady state liquid flux measurements were car-
ried out using water, ethanol, 1-propanol, 2-butanol,
toluene and hexane in a dead-end nanofiltration cell on
�-alumina supports, supported�-alumina composite
membranes and supported mesoporous silica mem-
branes. The volume of the cell is 700 ml and the oper-
ating pressure range was kept in the range of 2–14 bar
[3]. The stirring speed in the cell was kept constant at
209.44× 10−1 rad/s (200 rpm) throughout all experi-
ments. Subsequent liquid permeation experiments on
the same membrane were carried out in a sequence
that started with the most hydrophobic (hexane) and
ended with the most hydrophilic (water) solvent. Prior
to the experiments, the supported membranes were left
over night in 2-propanol to leach out any condensed
water from the membrane mesopores. It was not
necessary to carry out this pre-treatment step for the
permeation experiments on bare�-alumina supports.

3. Results and discussion

3.1. Characterization of the templated silica
membrane

Fig. 1 shows a small angle XRD pattern of a
100 nm thick uncalcined silica film after deposition
on a dense silicon wafer. The X-ray pattern matches
the pattern of an ordered mesoporous MCM-48
phase with unit cella ∼ 9.2 nm [25]. The marked

Fig. 1. XRD diagrams of uncalcined air-dried and calcined silica
layer on silicon (0 0 4) wafer.

sharp peaks are probably from crystalline CTAB and
they disappear upon calcination. The sample retains
its mesostructure after calcination but with smaller
d-spacings (Fig. 1, a ∼ 6.3 nm). We did not ob-
serve diffraction at low angles in the films that had
been deposited on porous�-alumina supports. This
is likely due to the roughness and texture of the alu-
mina support, which promotes local nucleation and
growth of ordered domains with different orienta-
tions at length scales that are probably too small to
be detectable by XRD. Moreover, the XPS depth
profile of an alumina supported MCM-48 membrane
shows only a very thin silica film (20–30 nm), as il-
lustrated inFig. 2. Permporometry experiments with
cyclohexane[26] on the alumina-supported MCM-48
membrane indicated that the calcined silica films are
porous and defect-free. The Kelvin radius of all pores
was below the experimental lower limit of∼1.7 nm
of the permporometry method. However, this agrees
with nitrogen sorption data on unsupported MCM-48
powder, from which an average pore diameter of
2.8–3.4 nm was calculated.

3.2. Liquid permeation through macroporous
α-alumina support

Fig. 3 shows the volume liquid flux as a function
of pressure. The volume flux at steady state is pro-
portional to the applied pressure, which indicates that
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Fig. 2. XPS depth profile of calcined silica MCM-48 membrane
on porous�-alumina support.

pressure difference is the only driving force for the
permeation of solvents. When the transport mecha-
nism obeys the viscous flow model, the flux versus
pressure plot can be expressed as a straight line that
goes through the origin, irrespective of the type of liq-
uid (Darcy’s law). InFig. 3 it can be seen that the liq-
uid flux through the support decreases with increasing

Fig. 3. Solvent fluxes through�-alumina support.

viscosity of the solvent according to

J = −1

η
km 
P (1)

whereJ is the flux,η the bulk liquid viscosity,
P
the applied pressure gradient across the membrane,
and km the overall membrane permeability. This is
further illustrated inFig. 4, which shows the prod-
uct of flux and solvent viscosity as a function of ap-
plied pressure. It is clear from this figure that the flux
through�-alumina membranes with a pore diameter
of ∼100 nm is only influenced by applied pressure and
solvent viscosity, as is expected for macroporous sys-
tems. A linear fit to the data ofFig. 4 yields a value
km = (1.17±0.08)×10−14 m for the permeability of
the�-alumina layer.

3.3. Solvent permeation through supported
γ-alumina membrane

The pore size distribution of the�-alumina mem-
brane as determined by permporometry is shown in
Fig. 5. The Kelvin radius is 2–3.5 nm.Fig. 6 shows
the fluxes of several liquids through a composite
�-alumina membrane. In general, when the pores of
the �-alumina layer were pre-filled with a certain
solvent, the permeation of a more hydrophilic solvent
could be initiated easily upon applying a low pressure,
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Fig. 4. Viscosity-corrected fluxes through�-alumina support.

while initiation of liquid transport of a more hy-
drophobic solvent required a very high pressure. This
was attributed to the higher affinity that hydrophilic
liquids have for the (hydrophilic)�-alumina matrix in
comparison with hydrophobic liquids. For this reason,
transport experiments with different solvents were
always carried out in a sequence that started with the
most hydrophobic (hexane) and ended with the most
hydrophilic (water) solvent. The figure indicates that

Fig. 5. Pore size distribution of�-alumina membrane determined by permporometry.

water passes most easily through the membrane at a
given pressure. As for the�-alumina support, the flux
decreases with increasing solvent viscosity.Fig. 7
presents the same liquid fluxes through�-alumina
after correction for differences in solvent bulk vis-
cosity. Some remarkable features can be observed in
this figure. In contrast to macroporous�-alumina, the
transport of solvents through mesoporous�-alumina
appears to depend on the chemical nature of the
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Fig. 6. Solvent fluxes through supported�-alumina membrane.

solvent. The hydrophobic liquids have a considerably
lower permeability than more hydrophilic alcohols
and water. This indicates that the small pore size
of �-alumina influences the permeability of liquids
with different chemical nature. Linear fits of the flux
data shown inFig. 7 indicate that water and alcohols
have a zero flux at zero applied pressure, i.e. these
liquids appear to follow Darcy’s law even when they
are transported through the narrow�-alumina pores
of 4.5–7.5 nm diameter. In contrast, the hydrophobic

Fig. 7. Viscosity-corrected fluxes through supported�-alumina membrane.

liquids toluene and hexane require a certain thresh-
old pressure before transport through the hydrophilic
pores of the�-alumina membrane is observed. It is
known that the behavior of liquids in confined geome-
tries of only a few molecular diameter dimensions
can deviate largely from the behavior of bulk liquids
and is not understood in detail[27]. One possible
explanation for the differences in permeability of hy-
drophilic and hydrophobic liquids may be related to
differences in their wetting behavior inside narrow
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pores. Hydrophilic liquids will wet the internal pore
surface easily due to the favorable hydrogen bond
interactions between the liquid and the hydrophilic
�-alumina surface. These liquids may therefore use
the entire cross-sectional area of the membrane pore
for transport. On the other hand, hydrophobic liquids
may tend to stay away from the�-alumina interface
due to unfavorable hydrophobic-hydrophilic inter-
actions. Such molecules may therefore use less of
the cross-sectional area of the membrane pores for
flow, i.e. the effective pore size is smaller in this
case, which decreases the permeabilities of such liq-
uids. However, there are probably several alternative
or additional factors involved, such as differences
in molecular size, rigidity of the solvent molecules
and/or near-surface ordering phenomena.

It is clear fromFig. 6 that hexane and toluene both
need a certain threshold pressure to be exceeded before
flow through the�-alumina layer commences. The ap-
proximate values of the threshold pressures are listed
in Table 1. The reasons for a non-zero threshold pres-
sure are not clear. Toluene appears to have a slightly
lower threshold pressure than hexane, which might be
explained by the more favorable interactions between
the electron clouds of the aromatic ring of toluene with
the charged�-alumina surface at very small distances.
This may facilitate toluene to enter and wet the pore
in comparison with hexane.

The overall transport resistance of liquids through a
stacked membrane can be regarded as a series of two
transport resistances in series. The overall membrane
permeabilitykm can be therefore be deconvoluted into
the permeabilities of the individual layers according to

1

km
= 1

k�
+ 1

k�
, (2)

Table 1
Permeabilities and threshold pressures for mesoporous�-alumina
and MCM-48 layers

Solvent k� (10−14 m) Threshold
pressure (bar)

�-Alumina MCM-48

Water 0.40± 0.06 22± 3.1 0
Ethanol 10–20 0
1-Propanol 0.35± 0.07 6.9± 1.3 0
2-Butanol 0.37± 0.08 0
Toluene 0.24± 0.07 0.8± 0.4
Hexane 0.11± 0.02 1.4± 0.7

where k� and k� are the permeabilities of the
�-alumina support and the mesoporous top layer,
respectively.Table 1 summarizes thek� values of
the �-alumina top layer for several solvents. Thek�

values of water and alcohols are the same within ex-
perimental error, while those of hexane and toluene
are substantially smaller.

3.4. Solvent permeation through supported
MCM-48 membrane

Figs. 8 and 9show directly measured and viscosity-
corrected fluxes of several hydrophilic liquids for the
supported MCM-48 membrane. Unlike�-alumina,
the permeabilities of different hydrophilic alcohols
are different. The permeability reduces upon going
from water to 1-propanol. It is noted that the pore size
of MCM-48 (∼3 nm) is substantially smaller than
that of �-alumina (4.5–7.5 nm), which may indicate
that specific interactions between solvent molecules
and the MCM-48 surface become significant at these
small pore sizes. The variation between different
liquids can probably be attributed to differences in
hydrophobic–hydrophilic interactions between the
pore walls and the solvents, and/or to alkoxylation of
surface≡Si–OH groups by ethanol and 1-propanol,
which yields ≡Si–OR surface groups (R= C2H5,
C3H7) that are somewhat bulkier than≡Si–OH groups
[28]. Alkoxylation may therefore reduce the effec-
tive pore radius, resulting in an effectively smaller
cross-sectional pore area and therefore a lower per-
meability for higher alcohols. This effect is reflected
in the permeabilitiesk� of the MCM-48 layer listed
in Table 1. Thek� data of MCM-48 are estimated val-
ues, as the overall resistance of the stacked membrane
is determined primarily by the resistance 1/k� of the
�-alumina support. For the specific experiments with
water and ethanol shown inFig. 9, the resistance of
the MCM-48 layer was even negligible in comparison
with the resistance of the support.

The silica MCM-48 membrane shows much higher
liquid fluxes than the�-alumina membrane for sim-
ilar liquids, and the permeabilityk� of the MCM-48
layer is higher as well. However, these differences can
be explained largely by taking into account that the
MCM-48 layer is much thinner than the�-alumina
layer (∼30 and∼500 nm, respectively). A measure
for the intrinsic permeability of the mesoporous
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Fig. 8. Solvent fluxes through supported silica MCM-48 membrane.

Fig. 9. Viscosity-corrected fluxes through supported silica MCM-48 membrane.

structure is given by the productk�L�, whereL� is
the thickness of the mesoporous layer. Upon com-
paring thek�L� values of�-alumina and MCM-48,
it appears thatk�L� is still approximately a factor of
1.2-3 higher for MCM-48 (depending on the type of
solvent). Most likely this can be attributed to differ-
ences in porosity and tortuosity of the two systems:
�-alumina has a porosity of 40–50% and a high tortu-
osity of 5–15[29], while the porosity of MCM-48 is
>60%[30], and the tortuosity of MCM-type materials
is smaller than 3[31].

4. Conclusions

Mesoporous silica MCM-48 layers can be deposited
defect-free in 30 nm thick layers on/into macroporous
�-alumina supports. The transport resistance of the
resulting stacked�-alumina/MCM-48 membrane is
dominated by the transport resistance of the sup-
port. In contrast,�-alumina is normally applied in
500–1000 nm thick layers, and it was shown that the
resistance of this layer contributes significantly to the
overall transport resistance. The higher permeability
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of MCM-48 layer in comparison with�-alumina can
be accounted for mainly by the difference in layer
thickness.

Pressure-driven solvent flow experiments on
�-alumina supported�-alumina and MCM-48 mem-
branes indicate that the permeability of the meso-
porous layers is influenced by the chemical nature
of the liquids. This feature opens up possibilities to
apply mesoporous inorganic membranes for the sepa-
ration of immiscible solvents or the removal of traces
of hydrophilic liquids from hydrophobic solvents.

Depending on ambient conditions, the mesopores
of �-alumina and MCM-48 are often blocked by
condensed water, which cannot be removed easily
by hydrophobic solvents even when pressures up to
15–20 bar are applied. For permeation of hydropho-
bic solvents it is therefore necessary to pre-treat the
membrane with a solvent in which water can dissolve
well, and that is soluble in the hydrophobic solvent
that has to be transported.

The small pore size and narrow pore size distribu-
tion of MCM-48 are promising features for achieving
high selectivity in size- and charge-based nanofiltra-
tion processes.
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