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ABSTRACT: The asymmetric aluminum ion exchange
polysulfone membranes have successfully been prepared
for the dehydration of ethanol-water mixture. The relation-
ship between the membrane morphology, separation per-
formance, and the ion content of membranes were dis-
cussed in this study. The experimental results showed that
the separation performance of those membranes was
increased upon increasing the degree of aluminum ion
exchange in polysulfone membranes. Both permeation rate
and separation factors of those membranes increased with
increasing the degree of ion exchange. The increase in sep-
aration performance of aluminum ion exchange mem-
branes was mainly attributed to ion crosslinking in poly-

mer network and the hydration effects of exchanged ion in
membranes. On the other hand, the operating temperature
in the PV process showed a significant influence on the
dehydration of water molecules in the permeate. An
increase in temperature increased the permeation flux of
permeate but slightly decreased its selectivity. The alumi-
num asymmetric ions in membranes showed a strong
influence on permselectivity of asymmetric ion exchange
membranes. � 2007 Wiley Periodicals, Inc. J Appl Polym Sci
106: 1412–1420, 2007
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INTRODUCTION

Dehydration of organic mixture by pervaporation
process is an important topic in the field of mem-
brane technology. Previous studies1–3 showed that
the hydration of water and hydrophilic groups of or-
ganic compounds play important roles in the dehy-
dration process of organic mixtures. The balance
between hydrophilic and hydrophobic moieties in
membrane materials is a key factor in preparing a
high-performance pervaporation membrane.4–5 Pre-
vious studies have demonstrated the use of hydro-
philic polymers such as PAA, PVA, and chitosan, for
preparing pervaporation membranes.6–7 However,
the content of hydrophilic moiety in the membrane

usually induced an excessive swelling during the
pervaporation process and loss their permselectivity.
Therefore, the grafting technology or composite
hydrophilic membranes were used to modify poly-
meric membrane for avoiding the excessive swelling
during the pervaporation process. But grafting and
composite methods decreased the permeation rate of
modified membranes because of the increase in per-
meation barrier.

Therefore, the application for the dehydration of
an organic azeotropic mixture by using ion electro-
lyte membranes is a new approach to achieve high
separation performance in pervaporation. Many pre-
vious investigations have focused on the develop-
ment of a new polyelectrolyte material using hydro-
philic composite membranes to enhance the dehy-
dration performance of pervaporation.8–11 Recently,
Nafion and Alginate membranes showed a good
potential to achieve a high separation performance
for pervaporation. Because of the strong interaction
between water and the ionic group of membrane,
they presented rich hydrophilic properties and then
enhanced the permselectivity of membranes in the
separation process. However, the permselectivity
of water and permeate permeation rate of those
membranes were still too low for the pervaporation
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application.8,12 On the other hand, highly hydrophilic
alginate materials were also prepared for dehydration
application. Many modified and composite alginate
membranes were reported in the literature.13–17 Their
pervaporation experiments showed that the permea-
tion behavior of alginate membranes were the same
as that of Nafion membranes. The dominant factor of
those membranes was almost contributed by the
counter ion hydration effect in membranes. But the
solvation effect usually swells the polymer matrix
and reduced the permselectivity. Those membranes
still cannot balance the swelling properties and the
hydration effect on the permeate transport during the
pervaporation process. Therefore, developing a new
type of ionic polymer for pervaporation is still a chal-
lenge for membrane research.

The purpose of this study is to prepare asymmet-
ric ion exchange polysulfone membranes with
hydrophilic counter ion distributed in the polymer
matrix for dehydration of water/ethanol mixture. To
clarify the influences of hydration effect of counter
ion on the separation performance of membranes,
the corresponding influencing parameters on the
membrane formation of asymmetric ion exchange
polysulfone membranes were studied. We measured
the degrees of swelling with different degrees of ion
content in membranes and analyzed the sorption
content of permeate in those membranes to clarify
the permselectivity and diffusion properties of modi-
fied membranes. Therefore, the permeation rate and
degree of swelling of ion exchange membranes were
measured independently to make sure the permea-
tion and diffusion properties of ion containing mem-
branes. The influence of counter ion on the morphol-
ogy of asymmetric membrane and polymer packing
density of those membranes was investigated by
DSC and SEM measurements. The influence of alu-
minum ion content in casting solution on the mem-
brane formation behavior will also investigate by the
light transmittance measurement.

EXPERIMENTAL AND METHODS

Material

Udel1 Polysulfone P-3500 was obtained from Am-
oco Performance Products. N-Methyl-2-pyrrolidone
(NMP) was used as casting solvent. Chlorosulfonic
acid was used as the sulfonation agent in cholorform
solution. Butanol was used as cosolvent additive in
casting solution. Those solvents were chemical grade
and supplied from Merck Chemical Co which were
used in this investigation without further purifica-
tion. The deionized water was used as coagulant in
wet phase inversion process.

Membrane preparation

The slufonated polysulfone were prepared from
direct sulfonation method by adding chlorosulfonic
acid.18 The sulfonation method of polysulfone was
obtained by means of chorosulfonic acid at 08C.

The aluminum ion exchanged polysulfone was
prepared by ion exchanged method with the sulfo-
nated polysulfone19,20 in 0.1N AlCl3 ethanol solution
over 12 h and precipitation in methanol and then
dried in vacuum oven for 24 h. The asymmetric alu-
minum exchange polysulfone membranes were pre-
pared from a casting solution in NMP and n-butanol
was added as cosolvents. Then those membranes
were prepared by wet phase inversion method in a
water coagulation bath. The casting solution con-
tained 20 wt % aluminum ion exchanged polysul-
fone in NMP. With various amount of cosolvent (n-
butanol) adding, the polymer solution was casted
onto a glass plate to a predetermined thickness of
400 lm using a Gardner Knife. Then the casting
films were immersed into de-ionized water bath at
258C. The asymmetric membranes was formed after
30 min and then peeled off, and finally put into vac-
uum oven for 24 h before sorption and pervapora-
tion measurements. The dense ion exchanged mem-
branes were prepared from the chloroform solution
for at room temperature. The polymer solution was
casted onto a glass plate to a predetermined thick-
ness of 400 lm using a Gardner Knife at room tem-
perature.

Pervaporation experiment

A traditional pervaporation process was used.21 In
pervaporation, the feed solution of 90 wt % ethanol
solution was in direct contact with the membrane
and kept at 258C. The effective membrane area was
10.2 cm2. The down stream pressure was maintained
at about 5–8 Torr. The permeation rate was deter-
mined by measuring the weights of permeate. The
compositions of the feed solution permeate and solu-
tion adsorbed in the membranes was measured by
gas chromatography (GC model 8990, China Chro-
matography). The separation factor, aA/B, was calcu-
lated by the formula:

aA=B ¼ ðYA=YBÞ=ðXA=XBÞ

where, XA, XB and YA, YB are the weight fractions of
A and B in the feed and permeate, respectively (A
being the more permeative species).

Swelling measurement

The degrees of swelling of ion exchanged mem-
branes were determined in distilled water and in

SEPARATION OF WATER/ETHANOL MIXTURE 1413

Journal of Applied Polymer Science DOI 10.1002/app



aqueous ethanol solution at 258C. The weight of dry
membrane (Wdry) was first determined. After equi-
librium with water or ethanol solution, the fully
swollen membrane was wiped with tissue paper and
weighted. Since the ethanol evaporated very fast, it
is difficult to read the real weight directly. The
weight of the membrane was measured every 5 s
and plotted as a function of time for 30 s after wip-
ing dry. The weight at time zero could be extrapo-
lated and was taken as swollen weight (Wwet) of the
membrane. The degree of swelling was calculated by
following equation:

Degree of swelling ð%Þ ¼ ðWwet �WdryÞ=Wdry 3 100%

Sorption measurements

The dense membrane was immersed in the ethanol–
water mixture for 24 h at 258C, then blotted between
tissue paper to remove excess solvent and placed in
the left half of a twin tube set-up. The system was
evacuated to 1023 torr after immersing the left tube
in liquid for 30 min. Then the tube was heated with
hot water for 30 min and the right tube was cooling
in liquid nitrogen. The composition of the condensed
liquid in the right tube was determined by gas chro-
matography. The separation factor of sorption was
calculated by:

Sorption Selectivity ¼ ðYw=YeÞ=ðXw=XeÞ

where Xe, Xw, and Ye, Yw are the weight fraction of
ethanol and water in the feed and membranes,
respectively.

Scanning electron microscope

Hitachi S4100 SEM observed the surface and cross-
section structures of asymmetric membrane. In SEM
studies membranes samples were immersed in liq-
uid nitrogen and then fractured membranes for pre-
paring samples. The SEM samples were then depos-
ited with gold using a sputter coater.

Light scattering

Light transmission experiments have been pre-
formed to measure the time of onset of liquid–liquid
demixing in phase inversion. For the detail experi-
mental setup and procedures, one can refer to the
work of Mulder and Hideto et al.22,23

Contact angle measurement

Water contact angle was used to measure the hydro-
phobicity of a polymer surface. A contact angle mea-

surement of water drop was based on a setup as
description in literature.24

RESULTS AND DISCUSSION

Degree of aluminum substitution by
polysulfone membrane

The aluminum containing polysulfone was prepared
by ion exchange method with sulfonated polysul-
fone. Elementary analysis, XDS, and atomic adsorp-
tion spectrum were used to identify the degree of
aluminum substitution. Figure 1 shows the effect of
the degree of sulfonation of polysulfone on alumi-
num content and their ion exchange capacity (IEC).
It can be seen that both the aluminum content and
IEC of modified membranes increased with increas-
ing the degree of sulfonation of polysulfone. It is
indicated that the IEC value is almost proportional
to the degree of aluminum ion substitution in mem-
branes. Therefore, it can be concluded that the ion
exchange occurred almost completely in those mem-
branes. It is suggested that the degree of sulfonation
of polysulfone dominated the ion content in the ion
exchange membranes.

Contact angle measurements

Figure 2 shows the experimental values of the water
contact angles as a function of aluminum ion content
in ion exchange membranes. The contact angles of
the ion exchange membrane rapidly decreased with
an increase in the molar ratio of aluminum in the
polysulfone unit. The contact angles of asymmetric

Figure 1 Effect of degree of substitution of polysulfone
on the degree of aluminum substituted and asymmetric
ion exchangecapacity (IEC) of modified polysulfone.
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ion exchange membranes decreased upon increasing
the Al ion content and then level off with increasing
the mole ratio of Al/PSF up to 0.31. As expected,
inducing aluminum ion in the polymer unit
increased the hydrophilicity of ion exchange mem-
branes because of the ion hydration effect. This
result showed that the presence of Al ion on the
membrane surface enhanced the hydrophilic nature.
On the other hand, it was found that the high degree
of Al substitution on membranes could not further
improve the hydrophilic properties. It was proposed
that the hydration water molecules saturated on the
membrane surface at high degree of Al ion exchange
and then the contact level off after ion ratio becomes
higher than 0.1 (molar ratio). It was implied that the
hydration of water molecules occurred on the mem-
brane surface and then the hydrophilic property of
exchanged membranes became slightly different
with further increasing of Al content in membranes.
Therefore, the swelling properties in aqueous solu-
tion would also be affected by the hydration of
water molecules. However, based on the viewpoint
of solution-diffusion mechanism, the permeate was
transported through the membrane not only because
of the sorption but also due to the diffusion mecha-
nism. The hydrophilic properties affected the perme-
ate sorption in membranes, and, on the other hand,
the diffusion of permeate as a result of free volume
in the membranes were also important in the perme-
ate transport. The membrane swelling induced an
increase in free volume of the exchanged membranes
and also enlarged the permeation flux. Therefore,
the increase in free volume of membranes lead to

high diffusion rate of permeates and low diffusion
selectivity. Therefore, the swelling property of those
membranes is an important factor to determine the
selectivity of asymmetric ion exchanged membrane.

Effect of the degree of substitution on the
swelling property of membranes

Figure 3 shows the effect of degree of Al substitution
on the swelling property of asymmetric ion exchange
membranes in 90-wt % ethanol solution. It can be
seen that the degree of swelling slightly increased
upon increasing the degree of Al substitution. There-
fore, it can be expected that the asymmetric ion
exchange membranes present a low permselectivity
of water to ethanol because of the increase in swel-
ling in those asymmetric ion exchange membranes.

Effect of Al substitution on the
membranes’ structure

The skin layers formation of asymmetric membranes
is mostly dominated by the demixing rate of casting
solution in the coagulation solvent during the phase
inversion process.23 Generally, the rapid liquid–liq-
uid demixing of casting solution in coagulation bath
formed a porous sublayer structure and defective
surface. In this investigation we induced 8 wt % bu-
tanol in the casting solution to delay the demixing
rate of casting solution in the coagulation bath. If the
delay demixing can be achieved in this way, it can
be expected that the weak solvent-coagulant interac-
tion lead to a delay demixing and a dense surface

Figure 2 Water contact angles of aluminum ion exchange
membranes.

Figure 3 Effect of degree of Al substitution in polysul-
fone on the swelling property of ion exchange membranes
for 90-wt % ethanol solution in feed.
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layer on the porous support in this wet phase inver-
sion process. On the other hand, the interaction
between polymer and coagulant usually plays ano-
ther important role in affecting the demixing pro-
cess. Upon increasing the aluminum ion substitution
on polymer, it can be expected that the hydration of
aluminum ion will enhance the interaction between
polymer and coagulant (water).

The effects of aluminum substitution on mem-
brane morphology were observed by SEM. Figure 4
shows the degree of aluminum substitution on the
cross-sectional structure of asymmetric membranes.
As shown in Figure 4, dense skin layers and finger-
like porous sublayer were found in all membranes
with 8 vol % butanol additive in the casting solution.
The support sublayer of asymmetric membranes
showed a finger type structure and the bottom of
membranes presents a sponge layer. It can be seen
that similar skin layer structure were formed in non-
ion exchanged asymmetric membranes. It was found
that no detectable defects were observed in SEM
images. In Figure 4, with increasing the molar ratio
of Al ion to polymer unit, the sub layer thickness of

bottom sponge structure was inhibited. It was indi-
cated that the Al ion in polymer present a remark-
able influence on the membrane sub layer structure.
As far as the permeate separation by asymmetric
membranes are concerned, the skin layer structure
plays a more important role than the sub layer struc-
ture to determine the permselectivity of membranes.
The skin layer structures of asymmetric membranes
is dominated by the demixing rate of casting solu-
tion during the phase inversion process, which can
be changed by the interaction between polymer and
coagulant.20 Thus the relationship between the
degree of Al ion substitution and the thickness of
skin layer should be clarified for further understand-
ing the membrane formation in the wet phase inver-
sion process.

Figure 5 shows the effect of the molar ratio of Al/
PSF unit on the skin layer thickness of prepared
membranes. It can be seen that the thickness of skin
layer was only slightly increased with increasing the
molar ratio. It was found that the difference in inter-
action between Al substituted polymer and water
(coagulant) in casting solution did not significan-
tly affect the skin layer thickness. On the basis of
the liquid–liquid demixing view point, the ion
exchanged membranes own the similar skin layer
which can be proposed that the similar demixing
rate of the casting solutions with various degree of
Al substitution should be found in coagulant bath.
The skin layer of asymmetric membrane was domi-
nated by the precipitation rate during the phase
inversion process. Usually, the light transmittance

Figure 4 Cross section structure of asymmetric ion
exchange membranes. Degree of substitution with alumi-
num: (A) 0.08, (B) 0.14, (C) 0.19, (D) 0.25, and (E) 0.31.

Figure 5 Effect of different mole ratio of Al/PSF unit on
the skin layer thickness of ion exchange membranes.
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measurement was used to determine the rate of
phase separation.20

Light transmission measurement

The delay demixing phenomena can be observed by
measuring the light transmittance measurement
through the casting solution. The transmittance
curves with water as the coagulant are presented in
Figure 6. It can be seen that various Al substitutions
in polysulfone only show a slight influence on the
light transmittance of casting solution. It was indi-
cated that the demixing rate of those casting solu-
tions nearly followed a similar behavior and the
different Al substitution form similar skin layer
structures. The light transmittance measurements
evidenced the expectation of liquid–liquid demixing
behavior of ion exchange polymer solution in the
coagulation bath.

Glassy transition temperature measurement

The effect of the degree of substitution on glassy
transition temperature (Tg) of the Al ion exchange
polysulfone membrane is shown in Figure 7. The
glassy transition temperature of the aluminum sub-
stituted membrane slightly increased with increasing
the degree of Al substitution. The glass transition
temperature of polysulfone is 1898C. This result indi-
cates that the polymer packing density of Al substi-
tuted membrane will be slightly increased with

increasing the degree of substitution. Therefore, it
can be expected that the polymer packing in those
substituted membranes own a more dense structure
than those with less substitution. Because of the
dense packing of polymer chain in ion exchange
membranes, an increase in polymer packing den-
sity leads to a decrease in permeation flux and an
increase in selectivity. Thus, the ion substituted
membranes may increase in permselectivity and
decrease the permeation rate with increasing the Al
ion substitution.

Pervaporation properties of aluminum substituted
polysulfone membranes

The pervaporation performance of Al substituted
membranes as a function of degree of substitution
for the 90-wt % ethanol solution is shown in Figure
8. It can be seen that the permeation flux almost
keep constant but the separation factor significantly
increased upon increasing the degree of substitution.
On the basis of the result of Tg measurement, it was
implied that the ion exchange membranes should be
presented with a higher selectivity and lower perme-
ation rate. But the result was contradictory as shown
in Figure 8. The constant permeation rate can be
explained by the increase in the degree of swelling
and a dense skin layer structure with increasing the
Al ion in membranes. The constant permeation rates

Figure 6 Plots of the transmittance curve of different
mole ratio of Al/PSF casting solution. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

Figure 7 Effect of the degree of substitution on glassy
transition temperature (Tg) of Al substituted polysulfone
membrane. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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of modified membrane usually show a less influence
on its separation factor. But the Al substituted mem-
branes showed the inverse results of permselectivity.
Thus, it is necessary to further understand the possi-
ble transport mechanism of water and ethanol in
asymmetric ion exchange membranes. To further
distinguish the dominant factor of water and ethanol
transport through membranes, the sorption property
of Al substituted membranes were measured.

Sorption properties of aluminum substituted
polysulfone membranes

Figure 9 shows the relationship between the degree
of substitution and the weight fraction of alcohol
content in the membrane with 90 wt % ethanol solu-
tion at 258C. It can be seen that the weight fraction
of alcohol content in the membrane decreased as the
degree of substitution increased. The sorption selec-
tivity of water to ethanol was calculated by dividing
the amount of water content by the amount of etha-
nol content in Aluminum substituted membranes.
On the basis of the solution-diffusion mechanism,
the diffusion selectivity (ad) can be defined as the ra-
tio of permeation selectivity (ap) and sorption selec-
tivity (as)20: ap 5 ad as.

Figure 10 shows the effect of degree of ion substi-
tution on solubility selectivity and diffusion selectiv-
ity of water to ethanol. It can be seen that the sorp-
tion selectivity increased and the diffusion selectivity
slightly decreased upon increasing the ion substitu-
tion in membranes. It is also implied that the ion
substitution in membranes increased the sorption se-
lectivity and decreased the diffusion selectivity of
asymmetric ion exchange membranes. Moreover,

Figure 8 shows the constant permeation rate and an
increase in the separation factors with increasing the
Al ion substitution in membranes. Therefore, it is
proposed that the constant permeation rate may be
required to restrain the degree of swelling and poly-
mer packing density of skin layer. On the other
hand, the increase in separation factors may be due
to the increase in sorption selectivity, which was

Figure 8 Pervaporation performance of Al substituted
membranes for the feed of 90-wt % ethanol solution.

Figure 9 Effect of degree of substitution on the weight
fraction of alcohol content in the membrane with 90 wt %
ethanol solution at 258C.

Figure 10 Effect of degree of substitution on solubility se-
lectivity and diffusion selectivity of water to ethanol Al
substituted membranes.
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caused by the ion hydration in pervaporation. The
increase in water permeation rate is due to the
enhancement in the hydrophilicity of ion substituted
membrane by inducing hydrophilic groups (ion) on
the PSf matrix. On the other hand, the swelling
properties did not show anye significantly decrease
in permselectivity of asymmetric ion exchange mem-
branes. Therefore, the hydration of ion substitution
in polysulfone membrane enhanced the degree of
swelling and sorption selectivity of water to ethanol.
Thus the diffusion selectivity slightly decreased with
increasing the degree of swelling. It can be con-
cluded that the increase in separation factor was due
to the increase in sorption selectivity, but the rela-
tively less decrease in the diffusion selectivity of
membrane was caused by the swelling effect in poly-
mer matrix and hydration of ion in pervaporation.

Effect of ethanol concentration on the PSI
value of asymmetric ion exchange membrane

It has been reported that the value of separation fac-
tor tended to increase and the permeation flux
tended to decrease upon increasing the concentration
of ethanol in the feed solution if the ionic hydration
affects the ionic membranes (Nafion membrane). For
the purpose of exploring the dependence of feed
concentration on the hydration of ion in asymmetric
ion exchange membranes, the effect of composition
in feed solution on the PSI (pervaporation separation
index) value were made. The effect of ethanol com-
position in feed on PSI value of asymmetric ion
exchange membranes with the degree of ion substi-

tution of 0.31 is shown in Figure 11. It can be seen
that the PSI value is increased as the ethanol concen-
tration in the feed is increased. Because of the less
change in permeation rate, the increase in PSI value
mainly contributed by the enhancement on sorption
selectivity of asymmetric ion exchange membranes,
which was contributed by the ion hydration in the
membrane. It was indicated that the degree of swel-
ling increased with increasing ethanol concentration
in the feed. This result implied that the permselectiv-
ity of asymmetric ion exchange membranes were
strongly affected by the ethanol concentration in the
feed. Therefore, the permselectivity of permeates in
asymmetric ion exchange membrane should be con-
sidered during the pervaporation process.

Effect of operation temperature

Figure 12 shows the effect of the feed temperature
on the PSI value of Al substituted membrane with
90% ethanol in the feed solution. The PSI value
showed a rapid decrease with increasing the operat-
ing temperature. It has been shown that the decrease
in PSI value may be due to lost membrane structure
upon increasing the operating temperature. The
loosen structure resulted that the increment of etha-
nol flux was higher than the water flux at high tem-
perature operation in pervaporation process. On the
other hand, it is worth noting that a higher separa-
tion performance is obtained at low temperature
than at high temperature.

Figure 11 Effect of ethanol composition in feed on PSI
value of ion exchange membranes with degree substitution
of 0.31.

Figure 12 Effect of operating temperature on PSI value of
asymmetric ion exchange membranes with degree substi-
tution of 0.31.
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CONCLUSION

The asymmetric ion exchange polysulfone mem-
branes were prepared for dehydration of ethanol–
water mixture by pervaporation process. It was
found that the hydration of Al ion not only
enhanced the solubility ratio of water to ethanol but
also enriched the degree of swelling of asymmetric
ion exchange membranes. Both of them induced an
increase in separation prervaporation performance of
Al ion exchange membranes. The operating tempera-
ture and feed composition showed a significant
influence on the hydration and separation perform-
ance of asymmetric ion exchange membranes.
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