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ABSTRACT: Poly(vinyl alcohol)/chitosan (PVA/CS)
blend membranes were prepared by mixing the two poly-
meric homogeneous solutions. The interaction between PVA
and chitosan arising from hydrogen bond was analyzed
through intrinsic viscosity determination and Fourier trans-
form infrared (FTIR) spectra, and there existed an incompat-
ibility region in the blend membranes when chitosan content
was 50 wt %. X-ray diffraction (XRD) showed that the crys-
talline structure of PVA and chitosan was disrupted through
blending. The incompatibility of two polymers and dis-
rupted crystalline structure led to a less compact structure.
The blend membranes were used to pervaporative separa-
tion of benzene/cyclohexane (Bz/Chx) mixtures. The effects
of chitosan content in blend membranes, weight fraction of
benzene in feed, and operating temperature on separation

performance of Bz/Chx mixtures were investigated. Com-
pared with pure PVA and pure chitosan membranes, blend
membranes showed much higher permeation flux and
slightly higher benzene permselectivity. As the weight frac-
tion of benzene in feed increased, separation factor de-
creased but total permeation flux increased. And it was
observed that total permeation flux increased and separation
factor decreased with increasing operating temperature. The
total permeation flux of blend membrane with 50 wt %
chitosan was 51.41 g/(m2 h) and separation factor was 49.9
for Bz/Chx mixtures with 50 wt % of benzene at 323 K.
© 2006 Wiley Periodicals, Inc. J Appl Polym Sci 101: 167–173, 2006
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INTRODUCTION

Benzene and cyclohexane are both important chemi-
cals for their versatile applications, and high purity is
often required. Since cyclohexane is usually produced
by hydrogenation of benzene, separating Bz/Chx mix-
tures becomes a routine task in petrochemical indus-
try. However, separation of Bz/Chx mixture is very
difficult because the difference in boiling points and
Lennard–Jones collision diameters of benzene and cy-
clohexane are only 0.6 K and 0.08 nm. The current
dominating separation methods, azeotropic distilla-
tion and extractive distillation, suffer from the com-
plexity and high cost of removing the third compo-
nent from distillate or residue.1 Recently, pervapora-
tion as a novel, efficient, and low-energy separation
technique has attracted considerable research inter-
ests.2–5 Unlike distillation process, pervaporation re-
lies on the difference in sorption and diffusion prop-
erties of components in membranes.

Benzene, which has �-electron clouds, shows a
stronger interaction with the polar or hydrophilic
polymeric materials than cyclohexane. Therefore, var-
ious polar and hydrophilic membrane materials, such
as polyacrylonitrile,6 polyurethanes,7 acetyl cellulose,2

poly(vinyl chloride),8 and poly(vinyl alcohol)9 were
employed to separate Bz/Chx mixtures. Among them,
PVA has been used as a preferred material because of
its high hydrophilicity, good chemical stability, facile
membrane-forming property, and low cost. However,
because of the close packing of polymer chains caused
by intermolecular and intramolecular hydrogen bond-
ing,10 homogeneous PVA membrane often shows low
permeation flux.9 To improve permeation flux of PVA
membrane, chemically and physically modified PVA
membranes had been introduced. Yamasaki et al.9

found that total permeation flux and separation factor
were 4.2 g/(m2 h) and 10 of asymmetric PVA mem-
branes compared with 3.5 g/(m2 h) and 3 of homoge-
neous PVA membranes for Bz/Chx mixtures with 80
wt % benzene. Bryant et al.11 prepared PVA mem-
branes filled with Ag (I) ions as the carrier for sepa-
ration of 8/2 (v/v) Bz/Chx mixtures. Total perme-
ation flux was 30.8 g/(m2 h) and separation factor was
60. Pandey et al.12 prepared chemically modified PVA
(PVAc) and found that permeation flux increased
from 24.8 g/(m2 h) of PVA membranes to 47.0 g/(m2

h) of PVAc membranes for pure benzene. However,
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only few reports on PVA blend membranes for Bz/
Chx mixtures pervaporative separation can be found.
Park et al.13 prepared PVA/poly(allyl amine) blend
membrane, which showed separation factor of 11.0
and permeation flux of 20.6 g/(m2 h) for 50 wt %
Bz/Chx mixtures.

In fact, blending is the most versatile and the least
expensive way of preparing membranes with new
desirable pervaporative separation performance.14

Chitosan may become one of the most commonly used
blending material for following reasons: chitosan is an
abundant natural polymer and can be easily obtained
by alkaline deacetylation of chitin; as a cationic poly-
saccharide, chitosan has some desirable properties
such as high hydrophilicity, good chemical resistance,
biodegradability, and good membrane-forming prop-
erty.15 As a rigid polymer, chitosan has a large free
volume and allowing easy segmental mobility in
glassy state, which results in high permeability. How-
ever, chitosan exhibits low selectivity because of sig-
nificant swelling in Bz/Chx mixtures.

In this study, PVA/CS blend membranes were pre-
pared aiming at obtaining high permeability and se-
lectivity simultaneously for pervaporative separation
of Bz/Chx mixtures. The compatibility of PVA/CS
and crystalline structure of their blend membranes
was examined. Furthermore, the effect of blend com-
position in membranes, feed concentration, and feed
temperature on the permselectivity has been investi-
gated.

EXPERIMENTAL

Materials

PVA (degree of polymerization was 1750 � 50, degree
of hydrolysis was 95%) was supplied by Tianjin
Yuanli Chemical Co. (Tianjin, China), chitosan
(deacetylation was 91.05%) was purchased from Yu-
huan Sea Biochemical Co., Ltd. (Zhejiang, China), ben-
zene and cyclohexane were purchased from Tianjin
Jiangtian Chemicals Ltd. (Tianjin, China). All chemi-
cals were used without further purification. Double
distilled water was used throughout this study.

Preparation of PVA/CS blend membranes

PVA was dissolved in distilled water and stirred at
363 K for 1 h to obtain 5 wt % PVA solution. Chitosan
solution (2.5 wt %) was prepared by dissolving chi-
tosan in 2 wt % acetic acid solution and stirring at 353
K for 1 h. The casting solution was prepared by uni-
formly mixing together the two solutions with a given
ratio, and then cast onto a glass plate with the aid of a
casting knife and dried at room temperature for 24 h.
The mass ratio of PVA to chitosan was varied as 10/0,
8/2, 5/5, 2/8, and 0/10, and the resulting blend mem-

branes were designated as a, b, c, d, and e, respec-
tively. The thickness of dry membranes was about 50
�m.

Intrinsic viscosity determination

Solutions of PVA, chitosan, and their blends in acetic
acid solution were prepared at 353 K for 2 h, and then
filtered. Viscosity measurement was made with an
Ubbelohde dilution viscometer at 298.00 � 0.05 K. The
pass times were recorded with an accuracy of � 0.01 s.
Extrapolation procedure from data obtained for four
concentrations of solutions was used to evaluate in-
trinsic viscosity.

Membrane characterization

The interaction between PVA and chitosan was con-
firmed using FTIR spectrometer (Nicolet, 5DX). FTIR
spectra were recorded in the range of 4000–400 cm�1.
Morphology of the membranes was investigated at
room temperature using a Rigaku D/max advanced
wide-angle X-ray diffractometer. The X-ray source
was nickel-filtered Cu K� radiation (40 kV, 200 mA).
The dried membranes of uniform thickness (about 50
�m) were mounted on a sample holder and scanned in
the reflection mode at an angle 2� over a range from 3
to 50° at a speed of 0.02°/s.

Swelling measurements and sorption experiments

The dried membrane with known weight was im-
mersed into Bz/Chx mixtures with 50 wt % benzene at
323 K for 30 h. When the sample kept constant weight,
it was carefully blotted between filter papers to re-
move surface liquid, and then weighted quickly to
measure the weight of the swollen membrane. All
experiments were repeated at least three times, and
the results were averaged. The degree of swelling (DS)
for the membrane is defined by

DS �
ws � wd

wd
� 100% (1)

where wd and ws are the weights of dry and swollen
membranes, respectively.

In the sorption experiments, the liquid sorbed in
membranes was recovered in a liquid nitrogen trap by
desorbing the equilibrated sample in the purge-and-
trap apparatus. The compositions of Bz/Chx in mem-
branes and in feed were determined by gas chroma-
tography. The sorption selectivity,�sorp,Bz/Chx, can be
expressed as

�sorp,Bz/Chx �
�MBz/MChx�

�FBz/FChx�
(2)

168 LU ET AL.



where FBz and FChx are weight fractions of benzene
and cyclohexane in feed solution and MBz and MChx
are those in membranes, respectively.

According to Solution–Diffusion mechanism, diffu-
sivity selectivity (�diff,Bz/Cxh) could be calculated from
eq. (3),

�diff,Bz/Chx � �PV,Bz/Chx/�sorp,Bz/Chx (3)

Pervaporation experiment

The pervaporation experimental setup is shown in
Figure 1. Pervaporation experiments were per-
formed on P-28 membrane module (CM-Celfa AG
Company, Switzerland). The effective area of mem-
brane was 28.0 cm2 and downstream pressure was
kept below 0.3 kPa. After a steady state (about 2 h)
was obtained, the permeate was collected in the cold
trap immersed in liquid nitrogen. The compositions
of benzene and cyclohexane were determined by gas
chromatography (Agilent 6820) on the condition
that detector temperature and column temperature
were 423 K and 333 K, respectively. The evaluation
of pervaporative separation performance was car-
ried out by using two parameters, i.e., permeation
flux (J) and separation factor (�). J was calculated
from the eq. (4),

J �
w

A � t (4)

where w is the weight of permeate, g; A is the effective
area of membrane, m2; and t is the time, h. � was
calculated from eq. (5),

�PV,Bz/Chx �
�PBz/PChx�

�FBz/FChx�
(5)

where PBz and PChx are the concentrations of benzene
and cyclohexane in permeate, and FBz and FChx are the

concentrations of benzene and cyclohexane in feed,
respectively.

RESULTS AND DISCUSSION

Viscosity determination

Viscometry is a common method to investigate
polymer compatibility because of its simplicity and
reliability. Theoretically, the increase of intrinsic
viscosity may result from expanding of the polymer
coils caused by attractive interaction between the
chains of two different polymers in solution, i.e., it
is larger than that calculated according to the addi-
tivity law, and vice versa for the case of repulsive
interaction. The intrinsic viscosity represents the
effective hydrodynamic volume of a polymer mole-
cule in solution.16 –18 Therefore, the change of intrin-
sic viscosity can be an indication of polymer chain
expanding or shrinking. Figure 2 shows intrinsic
viscosity values of PVA/CS blends with various
weight fraction of chitosan in acetic acid buffer so-
lution at 298.0 K. It can be observed that the intrinsic
viscosity values of the most PVA/CS blends were
not equal to the values simply derived from the
additivity law. Positive deviation was observed
when chitosan content was larger than 0.7, which
reflected the expanding of both PVA and chitosan
coil dimensions due to the strong intermolecular
interaction or compatibility, and the negative devi-
ation was observed when chitosan content was
around 0.5, which reflected the shrinking of both
PVA and chitosan coil dimensions due to the weak
intermolecular interaction or incompatibility.

FTIR spectra

FTIR spectrum is a useful technique for character-
ization of specific intermolecular interactions be-

Figure 1 Experimental setup for pervaporation: 1. thermo-
couple, 2. heater, 3. liquidometer, 4. feed tank, 5. recycle
pump, 6. membrane cell, 7. membrane, 8. liquid nitrogen
trap, 9. permeator, and 10. rotor flow meter.

Figure 2 Intrinsic viscosity of PVA/CS blends.
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tween the groups in different polymer molecules
and conformational changes occurring in compati-
ble blend systems.19 These intermolecular interac-
tions refer to mainly hydrogen bonding interaction,
and result in either frequency shifting or band
broadening of specific functional groups. The FTIR
spectra of PVA/CS blend membranes are shown in
Figure 3. The pure PVA membrane [Fig. 3(a)]
showed characteristic bands at 3340 cm�1 (charac-
teristic of the OOH stretch) and at 1088 cm�1 (char-
acteristic of the COO stretch).15 The characteristic
bands of chitosan membrane were located at 3320
cm�1 for stretching band of OOH group overlap-
ping with N-H stretching band, and 1649 cm�1, 1552
cm�1 for amide I and II, respectively.20 The band
intensity of hydroxyl group for the blend mem-
branes was stronger than that for PVA and chitosan
membranes. Such results might be caused by the
association or dissociation of hydrogen bonding be-
tween hydroxyl group of PVA and hydroxyl group,
amidogen group of chitosan. Moreover, the OOH
stretching band of PVA near 3340 cm�1 broadened
and shifted towards higher frequency regions, with
the increase of chitosan content, and the wavenum-
ber of hydroxyl group in membrane depressed lin-
early with decrease of chitosan content, then dra-
matically went up at the region of chitosan content
from 0.3 to 0.7, and again decreased linearly with
decrease of chitosan content, as shown in Figure 4. It
indicated that an immiscibility region existed in
PVA/CS blend membranes. Meanwhile, COO
stretching band moved to lower frequency regions
with increasing chitosan content, which indicated
hydrogen bonding between OOH of PVA and
COOOC of chitosan.

X-ray diffraction

Figure 5 shows the XRD spectra of various mem-
branes. As shown in Figure 5(a), one peak at 2� � 19.3°
appeared, corresponding to the mixture of 101 and 200
plane of PVA semicrystalline in pure PVA mem-
brane.21 This peak broadened and shifted from 19.3° to
19.9° when chitosan content increasesd from 0 to 80 wt
%, and disappeared in pure chitosan membrane [Fig.
5(e)]. Similarly, when PVA content in membranes in-
creased, the peaks of chitosan around 10° and 15°
disappeared gradually, and the small sharp peaks
lessened. It illustrated that the crystallinity of PVA
membrane was influenced by chitosan content in the

Figure 3 FTIR spectra of PVA/CS blend membranes.

Figure 4 Shifting of hydroxyl group wavenumber with
chitosan content in membranes.

Figure 5 XRD spectra of PVA/CS blend membranes.
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PVA/CS blend membranes, and vice versa of chitosan
membrane. This phenomenon agreed well with Wu’s
work.22,23 For pure PVA membrane, the high crystal-
linity was mainly caused by the intramolecular hydro-
gen bonding. For PVA/CS blend membranes, the de-
crease in crystallinity of the membranes was probably
because of the decrease of intramolecular hydrogen
bonding in PVA moiety and increase of intermolecular
hydrogen bonding between PVA and chitosan.

Swelling and sorption behavior of PVA/CS blend
membranes

Figure 6 shows the effect of chitosan content on the
degree of swelling for the membranes in Bz/Chx mix-
tures with 50 wt % benzene. The degree of swelling for
the blend membranes, which was higher than that of
pure PVA membrane and pure chitosan membrane,
increased with increasing chitosan content in mem-
branes. This result suggested that the arrangement of
the two polymer chains became looser in blend mem-
branes than in pure PVA membrane and chitosan
membrane because of the hydrogen bonding between
the two polymers. On the other hand, the higher de-
gree of swelling illustrated that the structure of the
blend membranes with lower crystallization and in-
compatibility region was much less compact than pure
PVA membrane and pure chitosan membrane. The
composition of Bz/Chx sorbed into the membranes
for 50 wt % Bz/Chx mixtures was shown in Figure 7.
The higher concentration of benzene over cyclohexane
in membranes indicated that the swelling of mem-
branes was mainly due to the sorption of benzene
rather than cyclohexane.

The sorption selectivity and diffusion selectivity of
membranes were calculated according to eqs. (2) and

(3) and are shown in Figure 8 together with separation
factor. It can be seen that the sorption selectivity is
higher than the diffusion selectivity in all membranes,
which suggested that the separation of Bz/Chx was
mainly governed by sorption selectivity.

Pervaporation performance of PVA/CS blend
membranes

Figure 7 shows the effects of chitosan content on total
permeation flux and benzene concentrations in perme-
ate for Bz/Chx mixtures with 50 wt % benzene by
pervaporation. The total permeation fluxes increased
significantly after blending and could be to 51.41
g/(m2 h) at 50 wt % chitosan content in blend mem-

Figure 6 Effect of chitosan content on the degree of swell of
the membranes.

Figure 7 Effect of chitosan content in membranes on the
benzene concentration in membranes and pervaporation
performance through the membranes for Bz/Chx mixtures
with 50 wt % benzene at 323 K.

Figure 8 Effect of chitosan content in membranes on the
separation factor, sorption selectivity, and diffusion selectiv-
ity for Bz/Chx mixtures with 50 wt % benzene through the
membranes at 323 K.
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brane. The changing tendency of benzene flux and
cyclohexane flux was the same as total permeation
flux (Table I). For the blend membranes, the increasing
flux was dependent on an increasing degree of swell-
ing, which could be accounted for that intermolecular
hydrogen bonding between PVA molecule and chi-
tosan molecule resulted in a looser arrangement of the
two polymer chains in blend membranes, conse-
quently an enhancement of the diffusivity of compo-
nents in the blend membranes. As shown in Figures 2
and 4, there was incompatibility of PVA and chitosan
when chitosan content was around 50 wt %.

The membranes exhibited high benzene-permselec-
tivity due to the increased hydrophilic group. The
benzene concentrations in permeate were around 98
wt %, which were higher than those in membranes.
This result indicated that the benzene-permselectivity
was not dependent only on the difference solubility of
benzene and cyclohexane into the membranes.

Figure 9 shows the effect of weight fraction of ben-
zene in feed on pervaporation of Bz/Chx mixtures.
For the membrane (PVA/CS (5/5)), separation factor
decreased as the weight fraction of benzene in feed
increased; but the total permeation flux increased.

Separation factor decreased from 154.0 to 7.7 when
weight fraction of benzene in feed increased from 10 to
90 wt %, and total permeation flux increased from
26.68 g/(m2 h) to 75.90 g/(m2 h). This result might be
due to benzene plasticization effect toward the mem-
brane. Generally, hydrophilic membranes have a
stronger interaction with benzene than with cyclohex-
ane. When the benzene concentration in the feed was
higher, the amorphous region in the membrane be-
came more swollen. Consequently, the polymer chain
became more flexible and the energy required for
diffusive transport decreased, resulting in an in-
creased total permeation flux. The decrease of separa-
tion factor with increasing benzene concentration in
the feed can be explained that the less compact struc-
ture of blend membrane allows more cyclohexane
molecules to pass through.

The effect of operating temperature on pervapora-
tion properties for benzene/cyclohexane mixtures is
shown in Figure 10. It could be observed that perme-
ation flux increased and separation factor decreased
from 303 K to 333 K, respectively. Total permeation
flux could be to 51.41 g/(m2 h), and separation factor
was 49.9 when temperature was 323 K. At higher
temperature, the interaction among benzene, cyclo-
hexane, and membrane became weaker and the plas-
ticizing effect of the membrane became more pro-
nounced, which facilitated the transport of both ben-
zene and cyclohexane molecules, but with the
different enhancement degree.

CONCLUSIONS

PVA/CS blend membranes, which exhibited excellent
pervaporation performance of Bz/Chx mixtures, were
prepared by blending of PVA and chitosan in varying
proportions. The total permeation fluxes of blend
membranes ranged from 33.14–51.41 g/(m2 h) for Bz/

TABLE I
The Pervaporation Performance of Bz/Chx Mixtures

Through PVA/CS Blend Membranes

Sample

Weight fraction
of chitosan in
membranes

Jtotal
(g/m2 h)

Jbenzene
(g/m2 h)

Jcyclohexane
(g/m2 h)

a 0 20.59 20.25 0.34
b 0.2 38.13 37.38 0.75
c 0.5 51.41 50.57 0.84
d 0.8 33.14 32.58 0.56
e 1.0 27.03 26.46 0.57

Benzene in the feed, 50wt%; operation temperature, 323K.

Figure 9 Effect of weight fraction of benzene in feed on
pervaporation of Bz/Chx mixtures through PVA/CS (5/5)
membrane at 323 K.

Figure 10 Effect of operating temperature on pervapora-
tion of Bz/Chx mixtures with 50 wt % benzene through
PVA/CS (5/5) membrane.
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Chx mixtures with 50 wt % benzene, which were only
20.59 g/(m2 h) of pure PVA membrane and 27.03
g/(m2 h) of pure chitosan membrane. The higher per-
meability was due to the intermolecular hydrogen
bonding between PVA molecules and chitosan mole-
cules, which resulted in looser arrangement of the two
polymer chains in blend membranes, consequently an
enhancement of the diffusivity of components in
blend membranes. Furthermore, because of the exis-
tence of sufficient amount of hydrophilic groups in
blend membranes, the separation factors were all be-
tween 40 and 50 for the blend membranes, which is a
bit higher than that of pure PVA membrane. The total
permeation flux increased, but separation factor de-
creased with the increase of weight fraction of benzene
in feed and operating temperature, respectively. The
total permeation flux of the membrane with 50 wt %
chitosan was 51.41 g/(m2 h) and separation factor was
49.9 when 50 wt % benzene in feed at 323 K.
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