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The transport behavior of toluene and n-hexane in γ-alumina membranes with different pore diameters
was studied. It was shown that the permeability of water-lean hexane and toluene is in agreement with
Darcy’s law down to membrane pore diameters of 3.5 nm. The presence of molar water fractions of 5-8‚10-4

in these solvents led to a permeability decrease of the γ-alumina layer by a factor of 2-4 depending on
pore size. In general, a lower permeability was found for hexane than for toluene. Moreover, in the presence
of water a minimum applied pressure of 0.5-1.5 bar was required to induce net liquid flow through the
membrane. These phenomena were interpreted in terms of capillary condensation of water in membrane
pores with a size below a certain critical diameter. This is thought to lead to substantial blocking of these
pores for transport, so that the effective tortuosity of the membrane for transport of hydrophobic solvents
increases.

1. Introduction
Nanofiltration (NF) membranes are used to separate

solvents frommultivalent ionsandsmall organicmolecules
using pressure as driving force. Two parameters are of
crucial importance in membrane separation processes,
namely, the level of molecule or ion retention and the
solvent permeability. The permeability of liquids depends
to a large extent on the interactions between solvent and
membrane pore surface. This will be a dominant factor
especially when narrow pores of a few molecular diameters
wide are considered. It has been demonstrated for
polymeric membrane how solvent/membrane interactions
influence solvent transport.1-4 The permeation of pure
alcohols as nonaqueous solvents through inorganic mem-
branes has also been discussed in detail.5 However, to
date only few papers6-9 have reported on the application
of inorganic nanofiltration membranes to separations of
nonaqueous solutions.10

In this article, we report on the effect of systematic
variation of the γ-alumina membrane pore size on the
liquid permeation behavior of toluene and n-hexane. We
demonstrate how the presence of low concentrations of

water affects the liquid permeability of these hydrocarbons
considerably. We propose a hypothesis to explain the
permeability change of hydrocarbon liquids through
γ-alumina membranes in the presence of small amounts
of water in the hydrocarbon liquid feed. These phenomena
are also of practical importance for industrial liquid
separation processes involving mesoporous membranes,
since industrial organic solvents usually contain small
amounts of water that are not considered explicitly.

2. Experimental Section

2.1. Preparation of r-Alumina Supported Mesoporous
γ-Alumina Membranes. The γ-alumina membrane consisted
of a macroporous R-alumina support and a thin mesoporous
γ-alumina layer. The R-alumina supports were made by colloidal
filtration of well-dispersed 0.4 µm R-alumina particles (AKP-30,
Sumitomo). The dispersion was stabilized by peptizing with nitric
acid. After drying at room temperature, the filter compact was
sintered at 1100 °C. Flat disks of Ø 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 diameter is in
the range of 80-120 nm. Three different mesoporous γ-alumina
membranes of ∼3-µm thickness were prepared by dip-coating
twice the above-mentioned porous R-alumina supports in a
boehmite sol, followed by drying and calcining at 450, 600, or 800
°C for 1 h (heating/cooling rates 0.5 °C/min), respectively. These
membranes are designated hereafter as γ-450, γ-600, and γ-800,
respectively.

2.2. Preparation of γ-Alumina Powder. Three different
γ-alumina powders were prepared by drying the boehmite sol in
air, followed by calcination at 450, 600, or 800 °C for 1 h (heating/
cooling rates 0.5 °C/min), respectively. These powders were
subjected to nitrogen adsorption/desorption experiments (Mi-
cromiretics) at 77 K.

2.3. Solvent Permeation Experiments. Steady-state liquid
flux measurements were carried out in a dead-end nanofiltration
cell at room temperature on R-alumina supported γ-alumina
composite membranes using water-rich toluene (0.005 mol H2O/
l), water-rich hexane (0.006 mol H2O/l), water-lean toluene
(<0.001 mol H2O/ l) (Aldrich), and water-lean hexane (<0.001
mol H2O/l) (Aldrich). The water concentrations were determined
using a Metrohm KFT 756 Karl Fischer coulometer. The volume
of the permeation cell is 1000 mL and the operating pressure
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range was kept in the range 2-14 bar. The stirring speed in the
cell was kept constant at 200 rpm throughout all experiments.
Liquid permeation experiments were done on fresh membranes
for each run. Liquid permeation tests with water-lean solvents
were carried out in the presence of 1-nm pore-sized dry molecular
sieves (2-mm bead diameter, Merck) inside the permeation vessel
to remove trace amounts of moisture from the vessel. Fluxes
were measured with increasing and decreasing pressure steps
after reaching (pseudo-)steady state conditions, and all mea-
surements were usually done within the first 3 h of operation of
the membrane. Permeation tests with water-rich and water-
lean hexane for longer times to observe the effect of operation
time on membrane permeability were carried out on γ-450
membranes at a constant pressure of 8.6 bar.

3. Results

The γ-450, γ-600, and γ-800 powders were subjected to
nitrogen adsorption/desorption experiments. From Figure
1, it can be seen that the pore size increases and the pore
size distribution becomes broader with increasing calci-
nation temperature. The main physical properties of the
powders are listed in Table 1.

Figure 2 shows the volumetric solvent fluxes versus
applied pressure through γ-800 membranes with water-
rich hydrocarbons. According to Darcy’s law, when the
transport mechanism obeys the viscous flow model, the
flux is proportional to the applied pressure, irrespective
of the type of liquid. The mathematical formulation of
Darcy’s law is11

where J is the volumetric flux, η the bulk liquid viscosity,
and ∆P the applied pressure difference across the mem-
brane.Themembranepermeability coefficientkp ofasingle

membrane layer with pore radius r is defined as12

where ε is the porosity of the membrane material, τ the
tortuosity of the membrane layer, and L the membrane
layer thickness. From eq 2 it is clear that kp is a constant
that depends only on the structural properties of the
membrane material, not on the physical properties of the
permeating liquid. This is illustrated in Figure 3, which
shows the product of flux and solvent viscosity as a function
of applied pressure. The slope of the fitted straight line
is the overall permeability coefficient km of the membrane
for a given solvent. It is clear that the permeability through
γ-800 membranes with a pore diameter of 6-8 nm is not
influenced by the nature of the solvent.

Figure 4 shows similar viscosity-corrected fluxes of
water-rich hydrocarbons through γ-600 and γ-450 mem-
branes. In comparison with Figure 3, some remarkable
features are observed. Both toluene and hexane require
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Figure 1. Pore size distribution of γ-alumina powders calcined
at 450, 600, and 800 °C.

Table 1. Physical Properties of γ-Alumina Powders

calcination
temperature

(°C)

BET
area

(m2/g)

pore
diameter

(nm)
porosity

(%)

450 373 3.5 55
600 285 4.4 55
800 196 5.9 55

Figure 2. Volumetric liquid fluxes versus applied pressure
through γ-800 membranes.

Figure 3. Product of volumetric liquid flux and liquid viscosity
versus applied pressure through γ-800 membranes.

kp ) εr2
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a certain threshold pressure to be exceeded before
transport through the γ-alumina membranes is observed.
These two liquids also have different permeability coef-
ficients, and it appears that the permeability of hexane
through γ-alumina is smaller than that of toluene.

Figure 5 shows viscosity-corrected fluxes of water-lean
liquids through γ-800, γ-600, and γ-450 membranes.
Comparison with the data in Figures 3 and 4 shows that
the permeabilities of these liquids through γ-450 and γ-600
are 2-4 times higher than the permeabilities of the
corresponding water-rich liquids through the same mem-
branes. Moreover, in contrast to water-rich liquids, no
threshold pressure for liquid transport with water-lean
liquids was observed within experimental error.

Figure 6 shows the time dependence of water-lean and
water-rich hexane fluxes at constant pressure through
γ-450 membranes. The figure shows that both liquid fluxes
decrease with time, but the permeability decrease of water-
rich hexane occurs slightly faster.

4. Discussion
The experiments showed that when water-lean or water-

rich hexane or toluene pass through membranes with
relatively large pores, for example, the γ-800 membrane

with ∼6 nm pores, the permeability coefficients of all
liquids are the same, and the liquid behavior appears to
obey Darcy’s law, eq 1.

The overall transport resistance of liquids through a
stacked R-alumina/γ-alumina membrane can be regarded
as a series of two transport resistances in series. The
overallmembranepermeability coefficient km cantherefore
be deconvoluted into the permeabilities of the individual
layers according to6

where kR and kγ are the permeability coefficients of the
R-alumina support (kR ) 1.17‚10-14 m) and the mesoporous
γ-alumina top layer, respectively. Table 2 summarizes
the kγ values of different γ-alumina top layers for different
liquids. The permeabilities of water-lean toluene and
hexane in all three membranes appear to follow Darcy’s
law, that is, these kγ values and the values of pore size
and porosity as presented in Table 1; the effective τ values
of the mesoporous top layers were calculated from eq 2.
Table 3 lists these τ values. The tortuosities of the γ-800
and γ-600 membranes fall in the range of tortuosities of
5-13 reported in the literature for γ-800,13 while a slightly
larger τ value is found for γ-450. It is known that the
crystallite shape of the primary oxide particles is one of

(13) Leenaars, A. F. M.; Burggraaf, A. J. J. Membr. Sci. 1985, 24,
245.

Figure 4. Product of volumetric liquid flux and liquid viscosity
versus applied pressure through γ-600 and γ-450 membranes.

Figure 5. Product of volumetric liquid flux and liquid viscosity
versus applied pressure of water-lean solvents.

Figure 6. Volumetric fluxes of water-lean and water-rich
hexane through a γ-450 membrane at constant applied pressure
of 8.6 bar. Drawn lines serve as guide to the eye.

Table 2. Permeability Coefficients kγ of Water-Lean and
Water-Rich Organic Liquids through Mesoporous

γ-Alumina Membrane, Calculated from Eq 3

permeability coefficient kγ (10-14 m)

solvent γ-800 γ-600 γ-450

water-rich hexane 3.1 ( 0.22 0.30 ( 0.063 0.13 ( 0.011
water-rich toluene 3.1 ( 0.26 0.66 ( 0.13 0.19 ( 0.034
water-lean hexane 3.1 ( 0.29 1.32 ( 0.15 0.54 ( 0.059
water-lean toluene 3.1 ( 0.15 1.32 ( 0.085 0.54 ( 0.044

Table 3. Tortuosities of Mesoporous Top Layers
Calculated from Eq 2

mesoporous top layer tortuosity τ

γ-800 6.4 ( 1.2
γ-600 8.2 ( 1.6
γ-450 16 ( 1.8

1/km ) 1/kR + 1/kγ (3)
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the main parameters that controls the tortuosity τ of a
porous material.13 For spherical particles τ has a value
close to 5, but for platelet-shaped crystallites its value
will be larger. Since the morphology of γ-alumina crys-
tallites changes from plateletlike into spherical with
increasing calcination temperature,13 the τ-values listed
in Table 3 reflect the change of crystallite shape with
increasing calcination temperature.13

According to the data in Figure 4 and Table 2, the
permeability coefficients appear to depend on the nature
of the permeating liquid when the pore size is smaller
than in γ-800 and water-rich hydrocarbons are employed.
Moreover, the permeabilities of the water-rich hydrocar-
bons are substantially smaller than those of the corre-
sponding water-lean equivalents, while the transport of
water-rich liquids through γ-600 and γ-450 also requires
a nonzero threshold pressure to be exceeded before net
transport occurs. These phenomena are in disagreement
with Darcy’s law. The threshold pressures of the different
liquids through γ-450 and γ-600 membranes, calculated
from the intercepts of the extrapolated flux versus pressure
plots, are listed in Table 4.

Several factors may possibly contribute to these effects
and they should be considered in order to interpret the
permeability differences between different solvent-
membrane combinations. The first factor to consider is
the extent to which the use of bulk liquid viscosities in eq
1 is still allowed. It has been reported that the density
and viscosity of non-hydrogen-bonded liquids that are
confined between two smooth surfaces can be strongly
influenced by the close presence of these surfaces.14,15

However, the roughness of the internal γ-alumina mem-
brane surfaces that are considered in the present study
will probably smear out the solvation forces16 that are
responsible for the density gradient in a liquid in narrow
confinement.14 This suggests that mostly van der Waals
type of interactions occurs between liquid molecules and
pore wall and that the liquid viscosities in these 4-7-nm
wide pores will therefore be similar to the viscosities of
the corresponding bulk liquids.

The second factor is the possibility of phase separation
of water from hydrocarbon-water binary liquids. This
process can be regarded as a conventional capillary
condensation process occurring in systems of poorly
miscible liquids and was described experimentally by
Christenson16-19 and theoretically by Evans.20 A phase-
separated water phase may form capillary water bridges
in narrow pores, effectively leading to complete blocking
of these pores for transport.17 In thermodynamic equi-
librium phase separation and subsequent capillary con-
densation of the water phase in a pore with an effective
Kelvin radius, rK will occur spontaneously when

where xw and øw are the molar fraction of water and the

activity coefficient of water in the solvent, respectively,
γsw is the surface tension between water and hydrocarbon,
Vm is the molar volume of water, and R and T are the gas
constant and temperature, respectively. The surface
tensions γsw of water-hexane and water-toluene can be
estimated to be ∼50 mN/m.21 For very dilute solutions,
the product xwøw can be replaced by the ratio of water
concentration cw and saturation concentration cw

0.20 Since
the solubility limit of water in toluene and hexane are
∼0.015 mol/l and∼0.0067 mol/l,22 respectively, the relative
activities xwøw of water in toluene and in hexane are∼0.35
and ∼0.9, respectively. Hence, the critical pore sizes at
which capillary condensation will occur in thermodynamic
equilibrium fall in the 1-10 nm range, and the critical
poresize is substantially larger forhexanethan for toluene.
The critical pore size may be different from the predictions
of eq 4 under nonequilibrium transport conditions.

Pores that are wider than the critical size predicted by
eq 4 will not become completely filled with water, but
their effective pore radius (for hydrocarbon transport) may
be reduced because of the formation of an annulus water
phase that is adsorbed on the pore walls. This phenomenon
is more or less similar to the well-known t-layer adsorption
of condensable gases on surfaces.23 In the present case,
the formation of a water film will be driven by hydrogen-
bonding-type interactions between water and the OH-
functional γ-alumina pore walls, which are energetically
more favorable than the van der Waals type interactions
between hydrocarbon and pore wall.

The physical significance of water bridge formation on
hydrocarbon liquid transport is that it decreases the
effective porosity ε of the membrane medium. More
importantly, it also increases the effective tortuosity τ of
the membrane medium, because several transport paths
become blocked for hydrocarbon transport and alternative
(longer) paths have to be taken by the liquid. Hence, the
reduction of permeability of water-rich liquids in γ-600
and γ-450 membranes can be understood in terms of a
collective effect of porosity and tortuosity changes. The
ratio ε/τ in eq 2 decreases in the presence of water, and
therefore the permeability coefficient of water-containing
liquids is smaller. This effect is most pronounced in the
γ-450 membrane, which has the largest fraction of small
pores. Because of the higher solubility of water in toluene,
the critical pore size rK for phase separation is larger in
the water-hexane system. The fraction of pores that is
blocked by water will therefore be smaller when toluene
is used than when hexane is used. This could explain why
the permeability differences between water-lean and
water-rich hydrocarbons are larger in the γ-450 membrane
than in the γ-600 membrane and why toluene is trans-
ported more easily than hexane. Since no substantial
differences were observed between the permeabilities of
water-lean and water-rich hydrocarbons in the γ-800
membrane, it seems that the pores in that membrane are
wide enough to prevent spontaneous capillary condensa-
tion of water.

As was shown in Figure 4 and Table 4, water-rich hexane
and toluene both need a certain threshold pressure to be
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Table 4. Threshold Pressure for Water-Rich Solvent
Transport through Mesoporous Alumina Membrane

threshold pressure (bar)

solvent γ-600 γ-450

water-rich hexane 0.86 ( 0.34 1.36 ( 0.20
water-rich toluene 0.85 ( 0.37 1.34 ( 0.28

rK <
-γswVm

RT ln(xwøw)
(4)
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exceeded before liquid flow through the membrane com-
mences. This phenomenon may be understood by con-
sidering the occurrence of two different types of flow under
the experimental conditions, namely, spontaneous imbi-
bition (displacement of a less wetting fluid by a more
wetting fluid) and pressure-driven drainage (displacement
of a more wetting fluid by a less wetting fluid).24 These
two competitive processes make the permeation process
complicated to describe. The threshold pressure is most
likely required to open up some of the water-blocked
membrane pores by drainage working against the capillary
pressure (or Laplace pressure) of the condensed water
phase inside the largest blocked membrane pores.25 Under
completely water-free conditions, the flux versus pressure
plot should follow Darcy’s law once the pores have opened.
However, since we are dealing with water-rich hydro-
carbon feeds, spontaneous recondensation of water17 may
occur as soon as a sufficiently large volume of water-rich
hydrocarbon has entered and passed the membrane pores.
This would ultimately lead to pore blocking again if no
sufficient pressure is applied to keep these pores open.

The spreading coefficients of toluene and hexane on
water should also be considered in this discussion.
Although the alumina surface is a high-energy surface on
which any type of liquid can spread spontaneously, it is
reasonable to assume that at least a very thin layer of
physisorbed water has formed on the inner and outer
alumina surface, over which the hydrocarbon liquid has
to pass to be transported. The equilibrium-spreading
coefficient of toluene on water is zero, whereas the same
coefficient for hexane is negative (-0.5).26 A value of zero
is a sufficient condition for spontaneous spreading, but a
negative value suggests that only partial wetting will
occur. It is therefore possible that full wetting of the
membrane pores by hydrocarbons and net hydrocarbon
transport will occur only when a certain minimum
pressure is applied on the liquid.

Figure 6 illustrates how the liquid fluxes tend to
decrease slowly with time for both water-lean and water-
rich hexane. The decline of permeability of the water-rich
liquid seems to occur slightly faster than with the water-
lean liquid. The permeability decrease of both liquids may
be attributed at least partly to ongoing capillary conden-
sation of water from the hydrocarbon feeds that are
constantly being supplied during the experiment. As the

amount of water that is supplied per unit time is small,
the blocking of pores that are small enough for capillary
condensation may continue for a considerable period of
time during which the permeability decreases gradually.
This explanation may also hold for the water-lean system
as it also does contain some water (<0.001 mol/l).

Alternatively, it is also possible that the gradual flux
decrease is somehow related to phenomena occurring in
the hydrocarbon phase. It has been reported8 that solvent
molecules may become strongly adsorbed and immobilized
on γ-alumina surfaces during organic liquid transport.
Such an adsorption process would lead to a gradual
reduction of the effective pore size available for transport
and thereby to a reduction of solvent permeability. In the
case that traces of water are also present, phase separation
of water and adsorption of organic molecules may work
synergistically in reducing the permeability with time.

5. Conclusions

We have shown that the permeability of liquids is
affected by the membrane pore size and the water content
of organic liquids. A very low molar fraction (∼5‚10-4) of
dissolved water in hydrophobic solvents was shown to
decrease the permeability of toluene and hexane through
γ-alumina membranes with pore diameters <6 nm
considerably. This effect was explained by the occurrence
of phase separation and capillary condensation of water
from the hydrocarbon phase, which leads to pore blocking
of small pores. The presence of water as a trace component
was also shown to lead to phenomena like a nonzero cutoff
pressure for liquid flow, which was not observed with
water-lean solvents. Water-lean hexane and toluene had
similar permeability coefficients for a given membrane,
but different permeabilities were observed when water
was present. In the latter cases, the less polar solvent
hexane exhibited a lower permeability than toluene. This
is probably related to the higher relative activity of water
in hexane than in toluene, which leads to blocking of larger
pores, and possibly to more physisorption of water on
nonblocked pore walls.

Acknowledgment. Financial support of the Com-
mission of the EC in the framework of the Growth Program
contract no. G1RD-2000-00347 (SUSTOX) is gratefully
acknowledged. S.R.C. thanks Dr. H. K. Christenson, The
University of Leeds, U.K. for constructive discussions and
encouragement.

LA0364237

(24) Hashemi, M.; Dabir, B.; Sahimi, M. AIChE J. 1999, 45, 1365.
(25) Schneider, P.; Uchytil, P. Membr. Sci. 1994, 95, 29.
(26) Dobbs, H.; Bonn, D. Langmuir 2001, 17, 4674.

4552 Langmuir, Vol. 20, No. 11, 2004 Roy Chowdhury et al.


