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ABSTRACT: A sodium sulfonate polysulfone membrane
was prepared for the dehydration of a water/ethanol mix-
ture by pervaporation. The separation performances of wa-
ter and ethanol were examined by the testing of the ethanol/
water mixture under operating conditions. The permselec-
tivity of the sodium sulfonate polysulfone membrane was
found to strongly depend on the sodium content in the
membrane. The sodium sulfonate ratio showed a significant
influence on the hydrophilicity and diffusion behavior of the

polysulfone membrane. Moreover, the difference in the dif-
fusion of the permeates played an important role in the
sulfonate polysulfone membrane. It was found that a high-
performance pervaporation membrane could be achieved
with a sodium sulfonate polysulfone membrane. © 2003
Wiley Periodicals, Inc. J Appl Polym Sci 90: 3374–3383, 2003

Key words: polysulfone; membrane; pervaporation

INTRODUCTION

The balance between hydrophilic and hydrophobic
moieties in membrane materials is an important factor
in achieving high-performance pervaporation mem-
branes.1 Some previous studies applied hydrophilic
polymers such as poly(acrylic acid) (PAA), poly(vinyl
acetate) (PVA), and chitosan to the preparation of
pervaporation membranes. However, a high content
of hydrophilic moieties in the membranes induced
excessive swelling during the pervaporation process.
Therefore, membranes prepared from those hydro-
philic polymers were developed with another modi-
fied method to avoid excessive swelling during the
pervaporation process. Polymer crosslinking and
blending were usually applied to modify the hydro-
philic materials.2,3 However, those modified technol-
ogies not only reduced the excessive swelling of hy-
drophilic membranes but also reduced the water per-
meation rate because of the decrease in the free
volume of the membranes. Thus, other methods must
be considered to resolve these disadvantages.

Many previous investigations have focused on the
preparation of an ionic charge membrane to en-
hance the dehydration performance of an organic
solution by a pervaporation process.4,8 The well-

known cation-exchange membrane Nafion showed a
strong interaction between water and the ionic
groups of the membrane, and it presented good
mechanical properties. However, the selectivity of
water to alcohol and the water permeation rate were
still too low for pervaporation applications.4,9 To
improve the separation performance of the Nafion
membrane, researchers proposed some modifica-
tions, such as chemical modification4 and a bilayer
composite method.10 The permselectivity was im-
proved with these methods, but the water perme-
ation rate usually decreased with an increasing de-
gree of modification. The other potential polymers
for the preparation of high-performance pervapora-
tion membranes are polyelectrolyte and alginate
materials. Krasemann et al.11 reported that compos-
ite membranes with ultrathin polyelectrolyte sepa-
ration layers showed good separation performance.
It was also indicated that the separation perfor-
mance of polyelectrolyte membranes was strongly
dependent on the charge density in the membranes.
Alginate is a possible material for the preparation of
membranes with high separation performance. Al-
ginate composite membranes presented an out-
standing performance for the dehydration of or-
ganic solutions.12,13 An alginate membrane was
crosslinked ionically with various divalent and
trivalent metal ions to improve the separation per-
formance. Alginate membranes crosslinked with
Ca2� showed the highest pervaporation perfor-
mance in terms of the permeation flux and separa-
tion factor for the dehydration of ethanol/water and
isopropanol/water mixtures.14 An alginate compos-
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ite membrane15,16 was also prepared for the dehy-
dration of aqueous ethanol. The formation condi-
tions and materials of the alginate membrane
strongly influenced the pervaporation performance
and mechanical properties. The dominant factors of
alginate membranes, including the polymer type in
contact with the feed stream, the NaOH treatment,
and the type of crosslinking agent, play important
roles in performance. Although alginate membranes
have presented good pervaporation performance
with a certain modified method, the weak mechan-
ical properties and stability of alginate membranes
are still a challenge.

In this study, a sodium sulfonate membrane was
prepared by the sulfonation of polysulfone. The per-
vaporation characteristics and the temperature depen-
dence of the sulfonate membrane were examined with
respect to the dehydration of an ethanol/water mix-
ture. The permeation rate and degree of swelling were
measured independently. The relationship between
the microstructural changes of the sulfonated mem-
brane and the pervaporation properties was also ex-
amined in this study. The effects of the feed composi-
tion and operating conditions were studied through
the measurement of the pervaporation properties.

EXPERIMENTAL

Materials

Udel Polysulfone P-3500 was obtained from Amoco
Performance Products, and Merck Chemical Co. sup-
plied chlorosulfonic acid and ethanol.

Membrane preparation

The sulfonated polysulfone was prepared by the di-
rect sulfonation method by the addition of chlorosul-
fonic acid.17,18 The sulfonation of polysulfone was
achieved with chlorosulfonic acid, and then it was cast
at room temperature. The polymer solution was cast
onto a glass plate to a predetermined thickness of 350
�m with a Gardner knife (Braive Instruments, B-4000,
Switzerland). The membrane was dried at room tem-
perature for 30 min, peeled off, and immersed in dis-
tilled water for 12 h. The sodium sulfonate polysul-
fone (Na-PSF) membrane was prepared by the immer-
sion of the sulfonated membrane into a 0.1N NaOH
solution for 12 h and then was dried in a vacuum oven
for 24 h before the sorption and pervaporation mea-
surements.

Figure 1 Effect of the substitution molar ratio of sodium sulfonate to the polysulfone unit on the pervaporation performance
of sodium sulfonate membranes for 90 wt % ethanol solutions in the feed at 25°C.
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Pervaporation experimentation

A traditional pervaporation process was used.19 In
pervaporation, a feed solution of 90 wt % ethanol was
in direct contact with the membrane and was kept at
25°C. The effective membrane area was 10.2 cm2. The
effect of the operating temperature on the pervapora-
tion performance was measured at constant tempera-
tures of 25, 35, 45, and 55°C. The downstream pressure
was kept at about 5–8 Torr. The permeation rate was
determined from the weights of the permeates. The
compositions of the feed solution permeate and the
solution adsorbed in the membrane were measured by
gas chromatography (China Chromatography, Tai-
wan). The separation factor (�A/B) was calculated as
follows:

�A/B � �YA/YB�/�XA/XB�

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

Sorption measurements

The membrane was immersed in an ethanol/water
mixture for 24 h at 25°C. It was subsequently blotted

between tissue papers for the removal of the excess
solvent and placed in the left half of a twin-tube setup.
The system was evacuated while the tube was heated
with hot water for 30 min and the right tube was
cooled in liquid nitrogen. The composition of the con-
densed liquid with the right tube was determined by
gas chromatography. The separation factor of sorption
(�sorp) was calculated as follows:

�sorp � �Yw/Ye�/�Xw/Xe�

where Xe and Xw and Ye and Yw are the weight frac-
tions of ethanol and water in the feed and membrane,
respectively.

RESULTS AND DISCUSSION

Degree of substitution and physical properties of
the sodium sulfonate membrane

The Na-PSF membrane was prepared by the ion-ex-
change method with a sulfonated polysulfone mem-
brane. Elementary analysis and an atomic adsorption
spectrum identified the degree of substitution. Figure
1 shows the relationship between the molar ratio of
the sodium sulfonate groups to the polysulfone units

Figure 2 Effect of the substitution molar ratio of sodium sulfonate to the polysulfone unit on the degree of swelling of
sodium sulfonate membranes for 90 wt % ethanol solutions in the feed at 25°C.
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and the pervaporation performance of the polysulfone
membrane. The permeation rate increased with an
increasing molar ratio and leveled off when the molar
ratio was larger than 0.9; the separation factor in-
creased with an increasing degree of substitution to
0.9 and then decreased. An increase in the permeation
rate of a dehydrated membrane usually reduces its
separation factor because of the high permeation rate
due to the high degree of swelling in the dehydrated
membrane. However, the sodium sulfonate mem-
brane behaved differently than those dehydrated
membranes.20–22 Based on the solution–diffusion
mechanism, an evaluation of the diffusion and sorp-
tion behavior of the sodium sulfonate membrane in a
feed solution could further clarify the permeation
properties. According to the solution–diffusion mech-
anism, an understanding of permeate diffusion and
interaction behavior in membranes could be helpful in
clarifying the transport mechanism of the sodium sul-
fonate membrane. In Figure 1, it can be seen that the
fraction of the permeate content in the membrane
indicated the favorable permeate in the membrane in
a 90 wt % ethanol solution at 25°C. The increase in the
separation factor should be due to increases in the
sorption selectivity (�s), diffusion selectivity (�d), or

both. Therefore, an understanding of the sorption and
diffusion behavior of the Na-PSF membrane should be
obtained to clarify the increase in the separation fac-
tor.

Effect of sodium substitution on the swelling
properties and sorption properties

Figure 2 shows the effect of the degree of substitution
on the swelling properties for 90 wt % ethanol solu-
tions in the feed. The degree of swelling increased as
the degree of substitution increased, and it was almost
constant, whereas the substitution ratio was higher
than 0.5. The increase in the degree of swelling
showed that the flexibility of the polymer chain in the
sodium sulfonate membrane increased with an in-
creasing degree of substitution. On the basis of the
swelling measurement results, it can be implied that
the decrease in �d should be observed with an increase
in substitution. However, it was found that the sepa-
ration factor increased when the degree of substitution
was increased up to 0.9 and then slightly decreased
with the degree of substitution further increasing.
Moreover, it was indicated that the degree of sodium
substitution enhanced the degree of swelling of the

Figure 3 Effect of the substitution molar ratio of sodium sulfonate to the polysulfone unit on the ethanol content in sodium
sulfonate membranes for 90 wt % ethanol solutions in the feed at 25°C.
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Na-PSF membrane in a 90% ethanol solution, and this
increase did not reduce the separation factor at a de-
gree of substitution of 0.9. The results of permeation
and swelling measurements indicated that the perme-
ate transport behavior was dominated not only by the
diffusion behavior of the permeate but also by the
sorption behavior in the membrane.

On the basis of the sorption–diffusion mechanism,
�d can be defined as the ratio of the permeation selec-
tivity (�p) and �s:23 �p � �d�s. To demonstrate the
diffusion behavior through a pervaporation mem-
brane, Figure 3 shows the relationship between the
degree of substitution and the weight fraction of alco-
hol in the membrane in a 90 wt % ethanol solution at
25°C. The weight fraction of alcohol in the membrane
increased with an increasing degree of substitution. �s

of water with respect to ethanol was calculated by the
division of the amount of water by the amount of
ethanol in the sulfonated membrane. �d and �s were
calculated with the previous equation. Figure 4 shows
the effect of the degree of substitution on the solubility
selectivity and �d of water with respect to ethanol in
Na-PSF membranes. �s decreased and �d increased as
the degree of substitution increased. As mentioned
previously, the separation factor (�p) and �s showed

different trends with increasing contents of sodium
sulfonate groups in the polysulfone membranes. The
different trends of the permeation and sorption behav-
ior may be attributed to the interaction force between
the permeate and membrane. Therefore, the increase
in the permeation rate may be due to the high degree
of swelling of the sulfonate polysulfone membrane,
which was caused by the hydration effect of sodium
ions with water and ethanol. The high degree of swell-
ing induced an increase in the permeation flux. Then,
the water molecules had a higher diffusion rate than
ethanol because of the size of the molecules. There-
fore, the higher degree of swelling and high perme-
ation flux were obtained by the introduction of a so-
dium sulfonate group into the polysulfone membrane.
The decrease in the separation factor may be due to
the defect in the membrane with a high sodium sul-
fonate content when the degree of substitution was up
to 0.9. However, the increase in the degree of swelling
was due to the effect of permeate (water or ethanol)
plasticization by the sodium sulfonate group in the
membrane. Huang et al.14 reported that the same be-
havior was found in an alginate/chitosan membrane.
They proposed that the nature of the membrane and
the interaction between the feed compound and mem-

Figure 4 Effect of the substitution molar ratio of sodium sulfonate to the polysulfone unit on �s and �d of sodium sulfonate
membranes for 90 wt % ethanol solutions in the feed at 25°C.
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brane dominated the degree of swelling. Therefore,
the permeation behavior may be attributed to the dif-
fusion behavior, which was due to the solubility dif-
ference in the sulfonate membrane. The higher degree
of permeate plasticization of the Na-PSF membrane
increased the free volume of the membrane and re-
sulted in the decreases in �d and the separation factor.

Effect of the feed concentration on the
pervaporation properties

The effect of the ethanol composition in the feed on
the permeation flux and separation factor of sodium
sulfonate membranes with a degree substitution of
0.9 is shown in Figure 5. The permeation flux was
almost constant, and the separation factor increased
with an increasing ethanol concentration in the feed.
Generally, a change in the permeate flux would lead
to a change in the permselectivity of the pervapora-
tion membrane. As shown in Figure 5, the sodium-
substituted membrane presented a constant perme-
ation rate and an increase in the separation factor
over the entire feed concentration range. The behav-
ior of the sodium sulfonate membrane was quite
different from that of hydrophilic pervaporation
membranes. Thus, it was proposed that the perme-

ate transport behavior may have been influenced by
the hydration effect of the sodium ion with water
when the permeate passed through the membrane.
Figure 6 shows the effect of the water concentration
in the feed on the degree of swelling of sodium
sulfonate membranes. The degree of swelling was
almost independent of the water concentration over
the entire concentration range. Moreover, the de-
gree of swelling was about 20% for all test range.
According to the results of the swelling tests, the
interaction force between the permeates and Na-PSF
membrane did not significantly change with the
feed concentration. In other words, the sodium hy-
dration effect did not influence the degree of swell-
ing or the sorption amount of the feed solution.
However, the separation factor of the sodium sulfo-
nate membrane increased with an increasing etha-
nol concentration in the feed. The increase in the
separation factor may have been due to an increase
in the water permeation rate with an increasing feed
ethanol concentration. This result was further clar-
ified by an analysis of the permeate. As shown in
Figure 5, the water permeation flux increased with
an increasing feed ethanol concentration over the
entire concentration range of the feed solutions. The

Figure 5 Effect of the feed ethanol composition on the pervaporation performance of sodium sulfonate membranes with a
degree of substitution of 0.9 at 25°C.
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permeation behavior was almost dominated by the
diffusion behavior of the permeate in the pervapo-
ration membrane for the separation of the ethanol/
water mixture. Therefore, an understanding of the
diffusion behavior of the permeates in the sodium-
substituted membrane over the entire concentration
range would be helpful for further clarifying the
real transport behavior in the membrane. The effect
of the feed concentration on the sorption composi-
tion in the sodium sulfonate membrane is shown in
Figure 7. The sodium membrane preferred water to
ethanol at all concentrations, and the sodium mem-
brane preferred water to ethanol at 90% in the feed
solution much more. �s and �d were calculated by
the previous equation, �p � �d�s. Figure 8 shows
the effect of the feed concentration on �s and �d of
the Na-PSF membrane. �s increased and �d re-
mained almost constant for all feed concentration
ranges. As shown in Figure 6, the degree of swelling
of the sulfonated membrane was nearly constant
with an increasing ethanol concentration in the feed
solution. This result indicated that the sorption
amount of the permeate in the sodium sulfonate
membrane was not affected by the change in the
ethanol concentration in the feed solution. This re-

sult implied that the hydration effect of water de-
creased with an increasing ethanol concentration
and that the sorption amount of water molecules
also decreased with an increasing ethanol concen-
tration. According to the constant degree of swelling
of the Na-PSF membrane, the sorption amount of
ethanol increased with an increasing feed ethanol
concentration. However, the separation factor of the
Na-PSF membrane increased with an increasing
feed concentration. Therefore, it can be concluded
that the increase in the separation factor was due to
the water molecules being smaller than the ethanol
molecules. This size difference induced the differ-
ence in the diffusion rates between water and etha-
nol. The ethanol content in the membrane increased
with an increasing ethanol concentration in the feed
solution. However, the diffusion rate of water was
faster than that of ethanol in the membrane because
of the molecular size difference between water and
ethanol. Therefore, the influence of the polar inter-
action of the permeate between the permeate and
the membrane resulted in a constant permeation
rate, and the influence of their size difference re-
sulted in an increase in the separation factor at
higher ethanol concentrations in the feed.

Figure 6 Effect of the feed ethanol composition on the degree of swelling of sodium sulfonate membranes with a degree of
substitution of 0.9 at 25°C.
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Figure 7 Effect of the feed ethanol composition on the water content in sodium sulfonate membranes with a degree of
substitution of 0.9 at 25°C.

Figure 8 Effect of the feed ethanol composition on �s and �d of sodium sulfonate membranes with a degree of substitution
of 0.9 at 25°C.



Effect of the operating temperature on the
pervaporation properties

Figure 9 shows the effect of the feed temperature on the
permeation flux and separation factor of the sulfonated
membrane with 90% ethanol in the feed solution. The
permeation flux was almost constant for all temperature
ranges. Generally, the temperature influenced both the
permeate transport behavior and the membrane struc-
ture. The mass-transfer coefficients of both water and
ethanol increased with an increasing feed temperature.
In addition, the polymer chain of the membrane became
more flexible with an increasing feed temperature, and
this resulted in a freer space for permeate diffusion
through the membrane. Therefore, higher permeation
flux and lower separation would be expected in the
pervaporation system at a higher operating temperature.
As shown in Figure 9, the permeation flux was almost
constant for all temperature ranges, but the separation
factor declined with an increasing feed temperature. The
decrease in the separation factor was due to a loosened
membrane structure with an increasing operating tem-
perature. The loosened membrane structure should have
increased the permeation flux, but a different behavior is
shown in Figure 9. The constant permeation flux may be

attributed to both a thermodynamic influence on the
polymer chain mobility and hydrogen bonding between
the permeates and the modified membrane. The degree
of swelling was enhanced by the thermodynamic factor.
However, the increase in the feed temperature reduced
the interaction force between the permeate and the
membrane. Therefore, the degree of swelling was almost
constant for all temperature ranges, whereas the equilib-
rium of the thermodynamic influence and polar interac-
tion was reached under feed conditions. The decrease in
the separation factor with increasing temperature was
due to the coupling effect of the permeate. Because of the
high degree of swelling of the sodium sulfonate mem-
brane at high temperatures, more water and ethanol
were sorbed into the membrane, and the coupling effect
of the permeate resulted in more ethanol transport
through the membrane. These factors were essentially
responsible for the loss in the separation factor at high
temperatures.

CONCLUSIONS

Sodium substitution successfully improved the pervapo-
ration performance of a polysulfone membrane. The in-

Figure 9 Effect of the operating temperature on the pervaporation performance of sodium sulfonate membranes with a
degree of substitution of 0.9 for 90 wt % ethanol solutions in the feed.
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troduction of a sodium group into the polymer unit
increased the hydrophilicity of the polysulfone mem-
brane. The high separation performance of the Na-PSF
membrane was attributed to the ion hydration effect and
the difference in the diffusion rates of water and ethanol
molecules in the membrane. It was also shown that the
sodium sulfonate membrane was strongly affected by
the ethanol concentration in the feed. The transport
mechanism of the sodium sulfonate membrane was
dominated by �d of water with respect to ethanol. Be-
cause of a high degree of swelling, the permeation flux
showed minor changes with the operating temperature,
although the separation factor decreased with an in-
creasing operating temperature. The influence of the po-
lar interaction of the permeate between the permeate
and the membrane resulted in a constant permeation
rate, and the influence of their size difference resulted in
an increase in the separation factor at higher ethanol
concentrations in the feed. Because of the high degree of
swelling of the Na-PSF membranes at high tempera-
tures, more water and ethanol were sorbed into the
membrane, and the coupling effect of the permeate re-
sulted in more ethanol transport through the membrane.
These phenomena induced the loss in the separation
factor at higher temperatures.
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