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Introduction

Separation membranes have been developed for applications
in aqueous systems such as desalination and drinking water
treatment. It has recently been proposed that membrane sepa-
ration could be expanded to a variety of applications such as
the separation of nonaqueous solutions and the filtration of
nonaqueous solutions. Several types of polymeric membranes
have been investigated for possible use in the regeneration of a
wide variety of solvents (Bhanushali et al., 2001; Machodo et
al., 2000; Whu et al., 2000). However, such polymeric mem-
branes do not cover all the potential applications. On the other
hand, ceramic porous membranes, which have excellent resis-
tance to most organic solvents and can be used over a wide
temperature range, have the potential for use in the separation
and filtration of nonaqueous solutions (Tsuru, 2001a; Tsuru et
al., 2000a, 2001b).

From the perspective of surface chemistry, most ceramic
membranes have hydrophilic properties because the surface of
the metal oxide is hydrated, thus forming hydroxyl groups such
as silanol (–SiOH) groups (Brinker and Scherer, 1990). On the
other hand, organic materials have a wide variety of surface
characteristics, although their thermal resistance is low. There-
fore, it would be expected that the use of organic/inorganic
hybrid materials could result in improved thermal and chemical
resistance and that the surface chemistry could be well con-

trolled. Several techniques have been proposed for preparing
porous organic/inorganic hybrid membranes. In the sol–gel
processes, organic/inorganic hybrid sols were prepared by hy-
drolysis and condensation of tetraethoxysilane (TEOS) and
alkylsilane, including methyl-triethoxy-silane (Benes et al.,
2000; Raman and Brinker, 1995), and coated and fired to
produce porous hybrid membranes. The surface modification
of porous inorganic membranes is another technique for pro-
ducing organic/inorganic membranes; organic functional
agents such as trimethylchlorosilane (TMCS) (Yazawa et al.,
1988) and perfluorinated silanes (Miller and Koros, 1990) can
be reacted in the gas or liquid phase.

Another issue that needs to be addressed is the mechanism
by which molecules permeate through pores in the range of
several nanometers. For microfiltration (MF; pore size: 100
nm–several micrometers) and ultrafiltration (UF; pore size:
several nanometers–100 nm) membranes, the viscous flow
mechanism satisfactorily explains the permeation of a liquid
through a porous capillary. In the case of polymeric reverse-
osmosis (RO) membranes, the pore size of which is thought to
be �1 nm, the permeation mechanism has been explained by
the solution–diffusion model where the solvent first dissolves
in the membrane materials and then diffuses to the permeate
stream along the chemical potential gradient. On the other
hand, the mechanism of transport through nanofiltration mem-
branes, which have pore sizes intermediate between UF and
RO (that is, 1–2 nm) is not yet clear (Tsuru et al., 2001a; Tsuru
et al., 2000b). It should be noted that several mechanisms for
gaseous permeation, including the viscous flow, Knudsen flow,
surface diffusion, and molecular sieving, have been proposed
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as a function of Knudsen number, which is the pore size
normalized with the gaseous mean free path (Xiao and Wei,
1992). On the other hand, the mechanism by which liquid is
transported through porous materials with pore sizes of several
nanometers has not yet been investigated in detail. Ceramic
membranes have an advantage in that the swelling effect by
solvents, which is unavoidable for polymeric porous mem-
branes, is negligible. However, a limited number of articles
have reported the effect of types of solvents on the permeabili-
ties; the surface chemistry of porous membranes has been
reported to affect the permeabilities of polar and nonpolar
solvents not only for microporous membranes (Al2O3–ZrO2,
SiO2–ZrO2, SiO2–TiO2), with approximate pore sizes of 1 nm
(Guizard et al., 2002), but also for commercial �-alumina
membranes with an average pore size of 10 nm (Dafinov et al.,
2002; Font et al., 1996).

In this study, silica–zirconia porous membranes were fabri-
cated by a sol–gel process, and modified with TMCS to pro-
duce organic–inorganic hybrid membranes in the nanometer
scale. The effect of solvent types and temperatures on perme-
abilities through such nanoporous membranes was then inves-
tigated to discuss the mechanism of liquid permeation through
porous membranes with a controlled surface chemistry.

Experimental

Silica–zirconia colloidal sol solutions, having a Si/Zr molar
ratio of 9/1, were prepared by the hydrolysis and condensation
of TEOS and zirconia-tetrabutoxide (ZrBT), and coated on
�-alumina supports to give silica–zirconia porous membranes.
The pore sizes of the porous silica–zirconia membranes were
controlled in the range of 1–5 nm by an appropriate choice of
colloidal diameters of sol solutions. Details of this preparation
have been described elsewhere (Tsuru et al., 1998). The porous
silica–zirconia membranes, the surface of which is covered
with silanol groups, were modified at 20 and 100°C by a
gas-phase reaction with TMCS, fed with nitrogen as a carrier
gas. After a controlled reaction period, temperatures were
increased up to 200°C to remove adsorbed TMCS and to allow
for completion of the reaction.

The pore size distribution of the porous membranes was
estimated, using water and carbon tetrachloride vapor, based on
nanopermporometry (Tsuru et al., 2001c), which is also re-
ferred to as permporometry or dynamic flow-weighted porom-
etry (Fain, 1989; Katz and Baruch, 1986). In the case of
nanopermporometry, where a mixture of a noncondensable gas
such as N2 and a condensable gas (vapor) such as H2O is fed
to the porous membranes and the permeability of the noncon-
densable gas is measured, the vapor is assumed to be capillary-
condensed in membrane pores that are smaller than the follow-
ing Kelvin diameter dK, thus blocking the permeation of the
noncondensable gas.

dK � �4��� cos �/�RT ln(P/Ps)] (1)

where � is the contact angle, � is the surface tension, v� is the
molar volume, P is the vapor pressure, and Ps is the saturation
vapor pressure. The Kelvin diameters increase with the vapor
pressure of a condensable gas in the feed. By measuring the
permeability of the noncondensable gas as a function of rela-
tive pressure P/Ps, it is possible to estimate the pore size

distribution. Details of the experimental apparatus can be found
in our previous article (Tsuru et al., 2001c).

Permeation experiments using pure solvents (hexane, meth-
anol, ethanol, toluene) were carried out in a stainless-steel cell
under conditions of continuous stirring. The feed solution was
pressurized up to 1.0 MPa using a plunger pump and recycled
to the feed tank, while the permeate stream was maintained at
atmospheric pressure. The permeation temperature ranged
from 30 to 60°C. The water concentration of 10–100 ppm was
determined by injecting several-10 �L of hexane into a TCD
gas chromatograph (Shimadzu GC14BT).

Results and Discussion
Characterization of silica–zirconia membranes by
nanopermporometry

The silanol groups on the surface of silica–zirconia mem-
branes were reacted with TMCS, resulting in a monolayer
modification, which resulted in a hydrophobic surface. Reac-
tions using silica–zirconia membranes having different pore
sizes (average pores sizes before modification: 1–3 nm) was
investigated by monitoring nitrogen permeabilities, which were
measured at 200°C after purging TMCS with nitrogen, as a
function of reaction time. As shown in Figure 1, nitrogen
permeability decreased with reaction time, suggesting that
TMCS reacted with silanol groups on the membrane surface or
on the inner surface of the membranes pores, resulting in a
reduction in the effective pore size for the permeation of
nitrogen. After a short reaction time (�30 min), the nitrogen
permeability reached a steady state. The introduction of methyl
groups into the membranes was confirmed by infrared spectro-
photometry using the specular reflection mode (Shimadzu
FTIR-8600).

Figures 2 and 3 show the pore-size distribution based on
nanopermporometry in terms of the dimensionless permeability
of nitrogen (DPN), which was normalized with the permeabil-
ity of pure nitrogen, for membrane M4 before and after mod-
ification with TMCS, using H2O and CCl4 as condensable
vapors, respectively. It should be noted that the Kelvin diam-
eters were calculated assuming a contact angle of zero (com-

Figure 1. Time course of N2 permeability as a function of
reaction time [M1-TMCS (average pore size,
dp � 3 nm), M2-TMCS (dp � 1.5 NM), M3-TMCS
(dp � 1 nm); N2 permeability was measured at
200°C].
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plete wetting), irrespective of the types of vapors. As shown in
Figure 2, before modification with TMCS, the DPN using H2O
as a condensable gas decreased to zero with an increase in
vapor pressure in the feed stream, that is, an increase in Kelvin
diameter. Concerning the effect of the type of vapor, nitrogen
permeation through an unmodified silica–zirconia membrane

was reduced to zero by condensed vapors for both H2O and
CCl4. It should be noted that the DPN curves for H2O shifted
to a slightly larger distribution, compared to CCl4, probably
because of an insufficient assumption of a contact angle of zero
for both condensed vapors. The physical properties needed to
calculate the Kelvin diameter are the contact angle � and the
surface tension �. The applicability of these physical proper-
ties, which were measured in a bulk solution, for the calcula-
tion in nanopores is not yet clear, but it should be noted that we
reported that pore sizes down to 0. 5 nm showed a reasonable
agreement with the separation properties (Tsuru et al., 1998,
2001c). On the other hand, as shown in Figure 3, after TMCS
modification, nitrogen permeation was blocked for CCl4 as a
condensable vapor, whereas the DPN did not decrease to zero,
when H2O was used. Inside the hydrophobic pores, produced
by TMCS modification of the hydrophilic pores covered with
silanol groups, it is possible that CCl4 could capillary-con-
dense, whereas H2O might not. Therefore, application of the
nanopermporometry technique verified that the inner surface of
the membrane pores with diameters of several nanometers can
be successfully modified with TMCS.

Figure 4 shows DPN curves for TMCS-modified silica–
zirconia membranes with different pore sizes using water as a
condensable vapor. The DPN decreased in the range of 0 to 2
nm, becoming constant for Kelvin diameters larger than ap-
proximately 2 nm for the two membranes. This indicates that
capillary condensation or the adsorption of water vapor oc-
curred at a Kelvin diameter � 2 nm, which corresponds to a
relative vapor pressure P/Ps of 0.38, probably because of the
hydrophilic property of the pores. This suggests that the inner
surface of the pores � 2 nm was not completely modified with
TMCS because of steric hindrance to TMCS penetration and
reactions inside pores � 2 nm.

The TMCS-modified membranes were fired in air to remove
methyl groups, leaving only silicone atoms as the silica layer.

Figure 2. Dimensionless permeability of nitrogen curves
by H2O and CCl4 for an unmodified membrane,
M4.

Figure 3. Dimensionless permeability of nitrogen curves
by H2O and CCl4 for a membrane modified
with TMCS (M4-TMCS, which was prepared by
modifying M4 with TMCS).

Figure 4. Dimensionless permeability of nitrogen curves
by H2O for membranes modified with TMCS
(M5-TMCS, M6-TMCS).
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A comparison of DPN curves of silica–zirconia membranes
before TMCS modification and DPN curves after firing the
TMCS-modified membranes provides information in terms of
the sites where the TMCS reaction occurred. As shown in
Figure 5(a), the average pore size of M7, which was approxi-
mately 3 nm, decreased to 2 nm after the TMCS modification-
firing process. The pore size would be reduced at the thickness
of –SiOO from the original pore wall (� 0.5 nm), as shown
schematically in Figure 6. The subsequent TMCS modifica-
tion-firing process shifted the average pore size by 0.5 nm,
from 2 to 1.5 nm. As shown in Figure 5(b), the average pore of
1.5 nm, using membrane M8, was also shifted by 0.5 nm to 1.0
nm after the modification-firing process. By considering DNP
curves measured using water and CCl4, we conclude that
pores � 2 nm, which showed a reduction in average pore sizes
of approximately 1 nm, were nearly completely modified,
whereas pores from 1 to 2 nm, which decreased by 0.5 nm,
were partially modified, probably because no spatial freedom
was available after reaction of one molecule of TMCS inside
pores with diameters of several nanometers. Therefore, mem-
branes having pore sizes � 2 nm would be preferable to discuss

the effect of the surface chemistry (hydrophilicity and hydro-
phobicity) on liquid permeation.

Permeation of pure hexane

Figure 7 shows the time course for the permeabilities of pure
hexane Lp, through unmodified and modified silica–zirconia
membranes, the average pore size of which was controlled at 3
nm, as shown in Figure 8. Hexane was chosen as a represen-
tative nonpolar solvent, and has no significant interaction with
unmodified membranes or TMCS-modified membranes. The
unmodified membrane shows a gradual decrease in hexane
permeability, whereas the modified membrane showed approx-
imately a constant permeability. Because the difference be-
tween the two membranes was their surface chemistry (hydro-
phobicity and hydrophilicity), the reason for this is likely

Figure 5. Dimensionless permeability of nitrogen curves before TMCS modification and after firing of the modified
membranes [(a) M7; (b) M8; vapor: CCl4].

Figure 6. Change in surface structure by a TMCS reac-
tion and firing process. (Silica surface grows
approximately by 0.5 nm by TMCS modifica-
tion and firing process.)

Figure 7. Lp as a function of time for pure hexane using
M9 (unmodified) and M10-TMCS (modified).
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attributable to the adsorption of a small amount of water
dissolved in the hexane.

The effect of small amounts of water in the hexane was
investigated by adding a small amount of water in hexane in the
range of 10 to 100 ppm, and the permeation properties in terms
of permeability Lp and Lp� through the hydrophilic (unmodi-
fied) and hydrophobic (modified) silica–zirconia membranes
are summarized in Figure 9a and 9b, respectively. M10-TMCS,
a modified silica–zirconia membrane, shows approximately the
same permeability Lp, irrespective of the water concentration in
the hexane. On the other hand, M9, an unmodified membrane,
shows a decrease in Lp with an increase in water concentration,
and this tendency was pronounced at low temperature. Negli-
gible permeation occurred for the case of a water concentration
of 100 ppm and at a permeation temperature of 30°C. This can
be explained as follows. A preferential adsorption of water
occurred on the inner surface of the hydrophilic membrane
pores, resulting in a reduction in the effective pore sizes for
hexane permeation. It should be noted that the amount of
adsorption is usually larger at low temperature and high con-
centrations, and this is consistent with the permeation property
as shown in Figure 9(a). Another explanation is the formation
of a meniscus by the adsorbed water. This might be formed
after a certain adsorption amount of water accumulates inside
the micropores, thus blocking the permeation of hexane. Once
a meniscus is formed in the nanopores, the mechanical force
required to expel the meniscus can be estimated by applying
the Kelvin–Laplace equation:

�P �
4� cos �

d
(2)

Figure 8. Dimensionless permeability of nitrogen curves
for four silica–zirconia membranes used for
permeation experiments (M9, M10-TMCS,
M11, M12-TMCS; DPN curves were obtained
before modification, vapor: CCl4).

Figure 9. Lp and Lp� of hexane with a small amount of water as a function of temperature for unmodified (M9) and
modified (M10-TMCS) membranes.
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By assuming an interfacial tension � between water and hexane
inside micropores 2 nm in diameter to be 50 � 10�3 Nm�1,
although the physicochemical properties inside nanopores
might be different from those in bulk solutions, the pressure
difference across a membrane was 100 MPa, indicating that
hexane permeation was completely blocked. Because water in
a nonpolar solvent such as hexane was found to affect the
solvent permeability through hydrophilic porous membranes,
even in the range of 10–100 ppm, the water concentration
needs to be reduced �10 ppm.

Another point that should be addressed is the temperature
dependency of Lp. Lp, which is defined as a volumetric perme-
ability in the dimension of m3 m�2 s�1 Pa�1, increased with
temperature for the both membranes. To discuss the perme-
ation mechanism of solvents through nanopores, the viscous
flow mechanism should be examined as the first priority in
consideration. If the permeation mechanism obeys the viscous
flow mechanism Lp�, permeability Lp multiplied by the vis-
cosity � should be constant, irrespective of the types of sol-
vents used and the permeation temperature, as shown in the
following Hagen–Poiseuille equation:

Lp �
Jv

�P
�

	rp

8�x
�

N

�
(3)

where rp is the effective pore radius �x is the effective mem-
brane thickness, and N is the number of pores.

Lp� for the unmodified membranes increased drastically
with temperature, especially in the case of high concentrations
of water, whereas Lp� for the modified membrane increased
slightly with temperature. It can be concluded that hexane
permeation through the modified membrane is consistent with
the viscous flow mechanism.

Permeation of various types of pure solvents

Figure 10(a) shows Lp and Lp� for polar and nonpolar
solvents through the M11 membrane (unmodified hydrophilic
membrane). The water content of hexane was reduced to �5
ppm by distillation and this solvent was used in a permeation
experiment immediately after membrane preparation. A large
Lp�, which was nearly independent of permeation temperature,
was obtained; therefore, the viscous flow seems to be a prob-
able permeation mechanism for the case of hexane and unmod-
ified hydrophilic porous membranes.

However, the following repeated permeation experiments of
alcohols showed a lower Lp� than the case for hexane, and the
Lp� of methanol was larger than that of ethanol, a larger
molecule. The present result was consistent with our previous
data, which showed the permeability ratio of methanol over

Figure 10. Lp and Lp� of several types of pure solvents through unmodified (M11) and modified (M12-TMCS)
membranes.
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ethanol increased with a decrease in pore diameter (Tsuru et al.,
2000a). In terms of the temperature dependency of Lp� for
alcohols (methanol, ethanol), Lp� increased with temperature.
There are several possible explanations for this tendency, in-
cluding the effects of molecular sieving, adsorption, and vis-
cosity (Tsuru et al., 2000a,b). In terms of the effect of molec-
ular sieving, molecules receive friction forces (energy
potential) from pore walls, and the friction force can be con-
sidered to be larger for large molecules, resulting in a larger
permeability for small molecules, as was the case of methanol
and ethanol in Figure 10(a). The permeating molecules, which
have larger kinetic energy at elevated temperature, show an
increased permeability with temperature; this is similar to an
activated process for molecular sieving membranes for gas
separation (Yoshioka et al., 2001).

Another explanation could be possible based on the viscosity
in a small pore. Viscosity near the surface might have a
different value as well as a different dependency on tempera-
ture from bulk solution (Ternan, 1987), given that molecules
receive potential from the wall. This could be simply inter-
preted as the change of adsorption thickness on the surface.
Alcohols, which are hydrophilic polar molecules, become ad-
sorbed to the surface of silica–zirconia membranes covered
with silanol groups by hydrogen bonding. The adsorbed mol-
ecules are tightly bound to the surface and could be a source of
hydrodynamic resistance to the permeation of the permeating
molecules, resulting in increased viscosity (Assabumrungat
and White, 1996; Tsuru et al., 2000a). The number of adsorbed
molecules decreased with temperature and consequently the
effective pore diameter available for solvent permeation in-
creased. The Lp� of hexane, after repeated permeation exper-
iments with ethanol and methanol, showed a smaller value than
that of hexane in the first permeation experiment, probably
because of the reduction in effective pore sizes for permeation
by the adsorbed alcohols. For the case of �-alumina mem-
branes having an average pore size of 10 nm, the adsorption of
alcohol was suggested to explain a lower permeability of
cyclohexane than that of ethanol (Font et al., 1996).

Lp� through a modified membrane, M12-TMCS, the pore
size of which before TMCS modification was also approxi-
mately 3.0 nm as shown in Figure 8, is demonstrated in Figure
10(b). The surface of M12-TMCS was covered with methyl
groups and hydrophobic, and thus the interaction between
solvents and pore surface would be small in comparison with
M11. Similar to M11, the Lp� of hexane is independent of
permeation temperature. Moreover, the differences in Lp�
among the various types of solvents were relatively small, and
the values for hexane before and after repeated permeation of
alcohols were nearly the same. Another point that should be
addressed is that Lp� was nearly constant, irrespective of
permeation temperature. By considering the permeation per-
formance through unmodified and modified membranes, the
effect of adsorption on permeation performance appears to be
a more likely explanation, given that molecular sieving effect
was not observed for the modified membrane M12-TMS,
which should have smaller pore sizes than those of the unmod-
ified membrane M11.

It can be concluded that the mechanism of permeation
through pores several nanometers in diameter does not obey the
viscous flow mechanism for a system having the interactions
between the pore surface and solvents. On the other hand, the

mechanism of permeation is consistent with the viscous flow
for a system where the interactions are small for porous mem-
branes approximately several nanometers in diameter, indicat-
ing the interactions between solvent molecules were significant
in comparison to the interaction between solvent molecules and
pore walls.

Conclusions

Silica/zirconia (SZ; Si/Zr molar ratio � 9/1) membranes
having pore sizes in the range of 1–5 nm were prepared by the
sol–gel process. Organic/inorganic hybrid membranes were
developed by modifying the surface of the SZ porous mem-
branes by a gas-phase reaction with trimethylchlorosilane
(TMCS) to give a surface that was modified with a monolayer
of TMCS. Using nanopermporometry, where the vapor is as-
sumed to be capillary-condensed in membrane pores that were
smaller than the Kelvin diameter and block the permeation of
noncondensable gas, it was found that the inner surface of
membrane pores with diameters larger than several nanometers
were successfully modified with TMCS.

TMCS-modified membranes showed approximately the
same permeability Lp, irrespective of water concentration (10
and 100 ppm) in hexane. In contrast, an unmodified membrane
showed a decrease in Lp with increasing water concentration,
which was pronounced at low permeation temperatures. This
suggests that small amounts of water adsorbed to the inner
surface of unmodified SZ membranes and blocked the perme-
ation of hexane.

The permeation of various types of pure solvents in the
temperatures range of 20–60°C was examined. The collected
data show that the transport mechanism of pure solvents
through the unmodified membranes does not obey the viscous
flow mechanism, given that pure solvent permeabilities multi-
plied by the viscosity Lp�, which should be constant in the case
of the viscous-flow mechanism, increased with temperature.
On the other hand, SZ membranes modified with TMCS
showed a relatively constant Lp� for nonpolar solvents (hexane
and toluene) as well as polar solvents (methanol and ethanol),
suggesting that the viscous flow mechanism holds for porous
membranes in which the pore diameter is several nanometers.
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