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ABSTRACT: Porous poly(vinyl alcohol) (PVA) membranes
were prepared by a phase-inversion method. The influence
of chemical crosslinking and heat treatments on the swelling
degree, resistance to compaction, mechanical strength, and
morphology of porous PVA membranes was extensively
studied. The crosslinking degree and crystallinity of the
membranes, calculated from IR spectra, increased with the
treatment time. The porosity, calculated on the basis of swel-
ling experiments, showed a decreasing trend for heat-treated
membranes but remained almost at a constant value for
crosslinked membranes. Such a change was further proved
with scanning electron microscopy pictures. The behavior
was explained by the rearrangement of PVA chains during
the heat-treatment process, which led to morphological

changes in the membranes. The mechanical properties of the
porous membranes in dry and wet states were measured,
and a great difference was observed between crosslinked and
heat-treated membranes in the dry and wet states. The cross-
linked membranes showed good mechanical properties in
the dry state but became fragile in the wet state. On the con-
trary, the heat-treated membranes were more flexible in the
wet state than in the dry state. This change was explained by
the turnaround of inner stress in the systems during the swel-
ling process. � 2007 Wiley Periodicals, Inc. J Appl Polym Sci 107:
1423–1429, 2008
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INTRODUCTION

Poly(vinyl alcohol) (PVA) is a nontoxic, water-solu-
ble, synthetic polymer. Its low protein adsorption
makes it widely used as a coating for ultrafiltration
(UF) and microfiltration (MF) membranes1,2 because
it can reduce fouling phenomena. In the past few
years, some researchers have prepared porous mem-
branes directly with a PVA matrix. Mostly, PVA
hydrogels have been used as UF membranes,3–5 and
more recently, the phase-inversion method has been
applied to prepare PVA membranes with a porous
structure.6 Because PVA is soluble in water, the sta-
bility of its porous structure is a big problem or chal-
lenge. Furthermore, for applications, a stable struc-
ture and good mechanical properties in water are ba-
sic requirements for membranes used in aqueous
systems. Crosslinking and heat treatments are two
posttreatment methods used to improve the water-
proofing and mechanical properties of PVA films. In
principle, a crosslinking reaction can use chemical
crosslinking agents such as aldehyde,7 carbonyl
groups,8 electron beams,9 g irradiation,10 and ultra-

violet irradiation.11 Yu et al.12 summarized the most
popular chemical crosslinking reagents (Table I).
Heat treatments13,14 are used to increase the crystal-
linity of PVA, which acts as physical crosslinking in
a system.

The influence of posttreatments on dense PVA
films has been extensively studied in the literature,
which provides much information that should be
helpful for the same treatment with porous PVA
membranes. Surely some new differences will
emerge as well, including possible changes in the
structure/morphology and mechanical properties of
porous PVA. It is believable that the morphology
of porous PVA membranes may change because of
chain movement during the post-treatment. From
the point of view of process control, it is necessary
to understand the structural changes of membranes
during the posttreatment, which may help to control
the structure of the final product membrane because
the separation properties are tightly related to the
morphology of the membrane.

In this study, porous PVA membranes prepared
by the phase-inversion method were treated by
chemical crosslinking with glutaraldehyde and heat-
ing. Their properties were extensively studied with
permeation, scanning electron microscopy (SEM), IR,
and mechanical measurements. The different behav-
iors of the membranes caused by the posttreatments
were explained.
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EXPERIMENTAL

Materials

All reagents used in the experiments were reagent-
grade unless otherwise noted. PVA (polymerization
degree 5 1750, saponification degree 5 99%) and
poly(ethylene glycol) (PEG; molecular weight 5
10,000) were purchased from Shanghai Chemical Re-
agent Co. (Shanghai, China). Glutaraldehyde (25%
aqueous solution), sodium sulfate, sulfuric acid, and
other agents were from Shanghai Lianqiao Chemical
Co. (Shanghai, China). Water was double-distilled
and deionized before use.

Membrane preparation

Porous PVA membranes were prepared by the
phase-inversion technique, which has been described
widely in the literature. In brief, an aqueous solution
containing 10 wt % PVA and 0.5 wt % PEG was pre-
pared as the casting solution. After being kept at
508C for 12 h to remove air bubbles, the solution
was cast onto a glass plate at 208C with a glass tube
wrapped with wire at the two ends. The nascent
membrane was immersed immediately into the coag-
ulation bath to form an asymmetric structure; here
acetone was used as a coagulant. After coagulation
for 30 min, the membrane was ready for the post-
treatment. The following procedure was adopted to
get a quick-drying membrane: the membrane was
placed in acetone to replace the solvent and then
dried in a vacuum oven at 258C for 1 h. The thick-
ness of the membranes was about 100 lm.

Posttreatment

For the chemical-crosslinking process, a saturated so-
dium sulfate solution (27.5%, 1 g/100 g) mass ratio
percent was used in place of water to weaken the
swelling of the PVA membranes and to prevent the
deformation of their pore structure. Glutaraldehyde
and sulfuric acid were used as the crosslinking agent

and catalyst, respectively. The solution was prepared
by their dissolution in a saturated sodium sulfate solu-
tion, and their concentrations were 3 and 5 wt %,
respectively. PVA membranes were immersed into the
crosslinking solution at 258C for different times,
washed with deionized water, and dried with acetone.
Finally, crosslinked PVA membranes were dried in a
vacuum oven at 258C and kept in a desiccator before
use. For the heat-treatment process, dry PVA mem-
branes were kept in an oven at 1208C for different
times. Moreover, before and after the posttreatment,
no obvious size change in the membranes was found.

Swelling experiments

Circular membranes were dried in an oven at 508C
for 24 h to achieve a constant weight. Their weight
and size were recorded with an electronic balance
and ruler, respectively. Dry membranes were put in
deionized water and kept there for 24 h to reach the
swelling balance. Filter paper was used to blot sur-
face water before the wet membranes were weighed.
The swelling degree was calculated with the size
change and weight change:

Dimensional swelling degree ¼ d1 � d0
d0

� 100% (1)

Weight swelling degree ¼ w1 � w0

w0
� 100% (2)

where subscript 1 represents the wet state, subscript
0 represents the dry state, d is the diameter of the
membrane, and w is the weight of the membrane.

Permeation experiments

A cross flow UF apparatus was used to carry out
permeation experiments. The effective membrane
surface was 28.26 cm2, and the operating pressure
was 0.2 MPa. Membranes were prepressed under 0.3
MPa for 1 h before the measurements.

IR spectra

The IR spectra of the membranes were recorded
with a Nicolet 5DX Fourier transform infrared spec-
trometer (Waltham, MA) in the range of 400–4000
cm21, and attenuated total reflection was used. The
spectra were obtained through the averaging of 32
scans at a 2-cm21 resolution.

SEM

The morphology of the membranes was measured
with SEM (JSM-5600LV, JEOL, Japan, Tokyo). The
membrane specimens were frozen in liquid nitrogen,

TABLE I
Chemical-Crosslinking Reagents Used

for PVA in the Literature12,17

Polymer Crosslinking reagent

PVA Poly(acrylic acid)
PVA Glutaraldehyde,

acetone, and HCl
PVA Citric acid and maleic acid
PVA N-methylol nylon 6 Formic acid
PVA Amic acid
Carboxymethylated PVA Glutaraldehyde
PVA Sulfur–succinic acid
PVA Formaldehyde,

glutaraldehyde, and HCl
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broken to obtain cross sections, and coated with gold
for SEM observations. The SEM photographs were
observed at 10 kV.

Mechanical measurements

The tensile behavior of the PVA membranes was
determined with an Instron 5567 at a strain rate of 5
mm/min. The tensile strength was calculated by the
division of the force at break across the cross-sec-
tional area of the specimens. For wet specimens,
membranes were immersed in water for 30 min, and
then the water was wiped off with filter paper.

RESULTS AND DISCUSSION

Degree of crosslinking and crystallinity

A list of the posttreated PVA membranes and their
properties and preparation conditions are shown in
Table II. Half were prepared by chemical crosslink-
ing, and half were prepared by a heat treatment.

The related crosslinking degree and crystallinity of
the membranes, calculated from IR spectra (see Fig. 1),
are shown in Table II as well. In the literature, IR spectra
are used to characterize the crosslinking degree15,16 and

crystallinity of PVA;17,18 the absorbance ratio of a func-
tional group to a reference peak is calculated to quanti-
tatively or half-quantitatively analyze structural
changes of PVA. Briefly, in the spectra of PVA, the
C��H stretching vibration at 2920 cm21 is taken as the
reference peak, and the hydroxyl group at 3310 cm21 is
taken as the functional group. During the chemical-
crosslinking process, the number of hydroxyl groups
decreases, whereas the number of C��H groups
increases, so the change in the peak height ratio of two
peaks at 3310 cm21 and 2920 cm21 (H3310/H2920) reflects
the different crosslinking degrees of PVA.

For crystallized PVA, the peak at 1141 cm21 is
crystallinity-sensitive, whereas the peak at 1425
cm21 is quite stable, so the height of these two peaks
(h1425 and h1141) can be used to calculate the crystal-
linity (X) of PVA:17

Xð%Þ ¼ a� h1425
h1141

� b (3)

where a 5 102.6 and b 5 63.6 are constants.
In Figure 1, no peak at 1140 cm21 is present for

crosslinked membranes, and this means that they
are almost amorphous. The results calculated from
the IR spectra are in Table II. With the crosslinking

Figure 1 IR spectra of porous PVA membranes with different treatments. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

TABLE II
Posttreated PVA Membrane Samples and Their Relative Crosslinking Degree, Crystallinity, and Porosity Data

Sample Posttreatment method Treatment time H3310/H2920 Crystallinity (%) Porosity

M-C1 Crosslinking 5 min 2.36 — 0.65
M-C2 Crosslinking 15 min 2.27 — 0.61
M-C3 Crosslinking 30 min 2.26 — 0.65
M-H1 Heat treatment 1 h — 18.7 0.48
M-H2 Heat treatment 2 h — 27.9 0.42
M-H3 Heat treatment 3 h — 48.9 0.39
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time increasing, the peak height ratio decreases,
whereas at a longer crosslinking time, the ratio
changes little beyond the testing error (ca. 1%). This
means that it is not easy to precisely determine a
higher crosslinking degree of a porous PVA mem-
brane with IR spectra. The reason may be that water
molecules in air influence the peak intensity of 3310
cm21 during the measurement, whereas the porous
structure of the PVA membrane shows a higher af-
finity to water molecules than a dense film. For heat-
treated PVA membranes, the crystallinity increases
with the treatment time. This means that PVA chains
are rearranged to form a crystal region during the
heat treatment. All this is in agreement with the
results obtained for PVA films.

Pure water permeation

The pure water fluxes of porous PVA membranes
are shown in Figure 2. Basically, these membranes
are asymmetric UF membranes, and their molecular
weight cutoff is less than 680,000 Da. In Figure 2, a
similar trend can be observed for all membranes: the
water flux decreases with time. Especially for cross-
linked membranes, the curves show no sign of stop-
ping at the testing time. Decreases in the water per-
meation flux are often observed in water UF by UF/
MF membranes for various reasons: changes in the
surface tension of the membrane pores, fouling by
colloidal matter, and changes in the membrane mor-
phological structure. In our case, pure deionized
water was used, and PVA is a highly hydrophilic
polymer, so the main reason for such a change
should be morphological changes in the membranes.
This can be explained as follows: during a water
permeation experiment, water molecules will swell a

PVA membrane and thus weaken its mechanical
properties; at the same time, the membrane has to
endure the transmembrane pressure. These two fac-
tors play together and lead to the deformation of the
membrane. Such a change is virtually irreversible;
repeating the experiment with the same membrane
will cause a very low water flux.

According to Figure 2, the results show that heat-
treated membranes have better anticompression prop-
erties than crosslinked membranes. The reason should
be as follows. For crosslinked membranes, chains are
connected by glutaraldehyde through acetal bands at
crosslinking points, and these points are not strong
enough to act as supporters to resist the transmem-
brane pressure. For heat-treated membranes, the crys-
tal regions act as supporters. They have a better anti-
compression effect than crosslinking points, as shown
in Figure 3. After the water permeation experiments,
virtually all the membranes had shrunk. For cross-

Figure 2 Water flux (J) of PVA membranes at 258C and 0.2 MPa: (a) crosslinked membranes and (b) heat-treated mem-
branes.

Figure 3 Schematic illustration of the structural changes
of PVA chains in membranes through chemical-crosslink-
ing and heat-treatment methods and the swelling process
in water: (a) membrane channel and (b) membrane wall.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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linked membranes, the shrinkage was about 10%, and
for heat-treated membranes, it was 9%.

Swelling degree and porosity

The dimensional swelling degree and weight swel-
ling degree of PVA membranes are shown in Fig-

ure 4. The swelling degree of all membranes
decreases with an increasing crosslinking degree or
crystallinity. This phenomenon can be explained by
the physical or chemical crosslinking function,
which changes the swelling behavior of PVA
chains.

The membrane porosity was further calculated
from the swelling degree, which is listed in Table II.
If the volume occupied by PVA chains in a porous
membrane is assumed to be constant, the density
change caused by the treatment can be neglected.
The density is set at 1.26 g/cm3 for amorphous PVA,
and it is 1.30 g/cm3 for crystallized PVA. Table II
shows that for crosslinked membranes, the porosity
almost remains constant at different treatment times,
whereas for heat-treated membranes, the porosity
decreases with the treatment times. The change in
the porosity means that the micromorphology of the
membranes has changed, and this is also reflected in
the SEM pictures.

Figure 4 Dimensional swelling degree (DS) and weight
swelling degree (WS) of porous PVA membranes.

Figure 5 SEM pictures of the cross sections of porous PVA membranes.
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Membrane morphology

The porous PVA membranes prepared in this study
were typical asymmetrical membranes similar to
those reported in the literature.6 Here, for simplifica-
tion of the discussion, only pictures of cross sections
of membranes are shown (Fig. 5). We mainly discuss
the morphological changes of membranes caused by
the posttreatment. For heat-treated PVA membranes,
the morphology changes greatly. The pore structure
shrinks obviously when the membrane is heat-
treated for 2 h (M-H3). With a longer treatment
time, the membrane pore size decreases, whereas for
crosslinked PVA membranes, no obvious morpho-
logical change can be observed. This result is in
agreement with the porosity changes of membranes
calculated from the swelling experiment. In the
crosslinking process, polymer chains are fixed by a
crosslinking agent, whereas in the heat-treatment
process, polymer chains obtain enough energy to
rearrange and form a new structure, and this leads
to the morphological changes in the membranes, as
well as the pore structure.

Mechanical properties

The mechanical properties of porous PVA mem-
branes in both dry and wet states were measured, as
shown in Figure 6. In the dry state, with an increas-
ing crosslinking degree or crystallinity, the tensile
strength of the membranes increases. This is in
agreement with the normal results of crosslinking.
Moreover, crosslinked membranes have a higher ten-
sile strength and a lower strain ratio than heat-
treated membranes.

However, in the wet state, the membrane behav-
iors are completely different. Crosslinked mem-
branes become fragile, and their tensile strength and
strain ratio decrease in the wet state versus those in
the dry state. For heat-treated membranes, both the

tensile strength and strain ratio increase, and this
means that those membranes are very flexible. Fur-
thermore, the tendency for change with the cross-
linking or heat treatment is in contrast to that in the
dry state. Heat-treated membranes show better elas-
ticity than chemically crosslinked membranes. This
may be explained by the inner stress in the system
during the swelling process. When water molecules
are absorbed into a membrane, polymer chains tend
to extend themselves by an affinity force from water
molecules (see Fig. 3). However, such behavior is
confined by chemical-crosslinking bonds or a crystal
region, so with the crystallinity or crosslinking
degree increasing, the inner stress in the system
becomes stronger and stronger, and thus the me-
chanical properties of the membrane deteriorate.

CONCLUSIONS

A study of the influence of posttreatments on the
water permeation flux, morphology, and mechanical
properties of porous PVA membranes has been car-
ried out. Chemical crosslinking has no significant
influence on morphological changes in membranes,
whereas heat treatments increase the crystallinity of
membranes and thus change their morphology. For
mechanical performance, great diversity exists
among membranes in dry and wet states. Cross-
linked membranes show good mechanical properties
in the dry state, whereas they become fragile in the
wet state. On the contrary, the mechanical properties
of heat-treated membranes are better in the wet state
than in the dry state, and this can be explained by
the inner stress in the system produced by the swel-
ling process.
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