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A useful hydrogel for supporting and/or entrapping living microorganisms has been developed
by the syntheses of graft copolymers based on vinyl alcohol and styrene, PVOH-g-PS, and through
the formation of macro- and microporous structures formed under the slow evaporation of a
toluene/dimethyl sulfoxide, DMSO, mixture of solvents. The PVOH-g-PS copolymer was obtained
by the methanolysis of the vinyl acetate part of a previously bulk-polymerized poly(vinyl acetate)-
g-poly(styrene) copolymer, PVAc-g-PS. To produce the so-called PVOH-g-PS hydrogel, polymer
films formed by the evaporation of a toluene/DMSO mixture were subjected to different freeze/
thaw cycles in order to crystallize the PVOH part of the copolymer. Calorimetric studies carried
out on these types of hydrogels show melting endothermic transitions that correspond to fusion
of the PVOH, and the crystallization areas increase with the number of freeze/thaw cycles. The
low-vacuum scanning electron microscopy and atomic force microscopy images reveal that the
PVOH-g-PS copolymer can form films with homogeneous macro- and micropore size distributions
interconnected by a cheese-like structure where the microorganisms can be supported and/or
entrapped.

Introduction

Hydrogels are polymeric materials that have attracted
the interest of industrial and academic researchers
mainly because they have potential applications (just
to mention a few) in bioreactors and biomedical applica-
tions.1,2

In the bioreactor field a substantial number of hy-
drogels that may be useful materials for supporting or
entrapping the microorganisms required for the biologi-
cal degradation of organic material have been reported.3-5

Hydrogels based in poly(vinyl alcohol)-Ca-alg6 and poly-
(vinyl pyrrolidone)-Ca-alg7 have been proposed; how-
ever, none can support the high shear stress found in
bioreactors,8 and very few can support the coarse
chemical environment found in the treatment of mu-
nicipal wastewater treatment plants, i.e., the high
concentration of phosphates. The hydrogels mentioned
above are chemically degraded because they are pre-
pared with Ca-alginate, a very rigid and ionically cross-
linked polymer matrix.9,10 Therefore, robust hydrogels,

in terms of mechanical, chemical resistance properties
and without detriment in the affinity for the micro-
organisms, are needed in order to see a generalized use
of these materials in bioreactor applications.

To deal with the challenge of producing robust hy-
drogels, research activity has been addressed in two
directions: (1) the formation of highly cross-linked
gels9,10 and (2) the possibility of entrapping or im-
mobilizing microorganisms in highly hydrophobic poly-
mers. It is well known that hydrophobic polymers
usually possess excellent mechanical properties, and
they are used to support biofilms in wastewater treat-
ment plants. In fact, polystyrene11 and polysulfone12

have been studied as possible candidates for the entrap-
ment and immobilization of microorganisms.

In this paper research activity has focused on the
formation of hydrogels made of a copolymer that bears
a hydrophilic polymer, PVOH, grafted to a hydrophobic
polymer, polystyrene, PS. In particular, effort is placed
on synthesis of the copolymer, formation of a macro- and
microporous film of the hydrogel, and evaluation of the
affinity of this material for aerobic microorganisms.

Experimental Procedure

Materials. The vinyl acetate and styrene monomers
as well as the stable free radical 2,2,6,6-tetramethyl-1-
piperidiniloxy, TEMPO, were kindly donated by CID,
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Centro de Investigación y Desarrollo Tecnológico S. A.
de C. V. The aerobic microorganisms were collected from
the wastewater treatment plant of Universidad Ibero-
americana. The benzoyl peroxide, BPO, initiator, tolu-
ene, and dimethyl sulfoxide solvents were reactive-grade
compounds.

Syntheses of the PVOH-g-PS Hydrogel. A typical
synthesis consisted of formation of a poly(vinyl acetate)
homopolymer stabilized with TEMPO at the end of the
bulk polymerization. The synthesis starts with vinyl
acetate and BPO at T ) 60 °C, and after 6 h of reaction
TEMPO is added to the reactor using a molar ratio of
1.3 mol of TEMPO/mol of BPO. After the addition of
TEMPO the temperature is increased from 60 to 140
°C, where it remains for two more hours to produce the
macroinitiatior of PVAc stabilized with TEMPO, PVAc-
T*. The macroinitiator is then precipitated in hexane
and then Soxhlet extracted for at least 2 days with
hexane to wash out any residual monomer and TEMPO.
The macroinitiatior is then used to produce the PVAc-
g-PS under controlled free-radical polymerization at
high temperature using different amounts of styrene as
suggested elsewhere.13,14 The copolymers were synthe-
sized increasing the temperature of the reaction mixture
up to 140 °C for 7 h. The copolymers are precipitated
in methanol and then Soxhlet extracted with methanol
for 2 days to extract the PVAc homopolymer and then
Soxhlet extracted with cyclohexane for two more days
to eliminate the polystyrene homopolymer and styrene
residual monomer.14 Afterward, the copolymers are
carefully dried in a convention oven at 40 °C followed
by a vacuum-drying period of 2 days at 80 °C. The
PVOH-g-PS copolymers were obtained by a methanoly-
sis reaction, which consisted of reacting 2 g of dried
PVAc-g-PS in 100 mL of methanol with 1 mL of an
aqueous 40 wt % NaOH solution at 40 °C for 1.5 h. The
copolymers were then dried overnight in a conventional
oven at 60 °C.

Film and Hydrogel Formation. The films were
formed by solution-casting a 10 wt % PVOH-g-PS
copolymer solution dissolved in a mixture of solvents
composed of toluene and DMSO. A typical solution
consisted of 10 wt % polymer and 70 wt % toluene with
the rest being DMSO. After slow evaporation of the
mixture of solvents, the films were removed from the
glass plates dried in a conventional oven at 40 °C for 2
days, and then vacuum-dried at 80 °C for two more days.
The film’s average thickness was around 1 mm, and
they were somewhat translucent, probably due to their
thickness or to some indication of microphase separa-
tion. To produce the hydrogels the mentioned films were
washed in warm water at 90 °C for 1 h in order to
remove some PVOH not grafted to PS. Afterward, every
film was subjected to three, five, and seven freeze/thaw
cycles to crystallize the PVOH present in the PVOH-g-
PS copolymers. The freeze cycles last 12 h at -20 °C,
whereas the thaw cycles lasted 12 h at room tempera-
ture. These hydrogel copolymers were dried at 40 °C
and then vacuum-dried at 80 °C for 2 days.

Copolymers and Films Characterization. Proton
nuclear magnetic resonance, HNMR, Bruker Avance 400
Spectrometer, was used to characterize the PVAc-T*
macroinitiator and all copolymers, whereas gel perme-
ation chromatography, GPC Waters with a 515 HPLC
pump, 717 auto sampler, and RI 410 Differential Re-
fractometer, was used to determine the average molec-
ular weight of the PVAc-g-PS copolymers. Differential

calorimetric studies, DSC, STA 650 Instrument Special-
ists, were also carried out on PVOH-g-PS hydrogel
copolymers to follow the melting endothermic transi-
tions typical of the crystallization of PVOH, which is
dependent on the number of freeze/thaw cycles. DSC
scans were run at a 5 °C/min temperature ramp from
30 to 300 °C. The affinity of these hydrogels to support/
entrap microorganisms was followed by contacting the
hydrogel copolymer films with wastewater solutions
containing the aerobic microorganisms. Low-vacuum
scanning electron microscopy, JEOL SEM 5600 LV
resolution 3 µm, and atomic force microscopy, AFM,
Nanoscope E Digital Instrument, were then used to
characterize the surface of the hydrogel films with and
without microorganisms.

Determination of the Number of Colony-Form-
ing Units (CFU) Immobilized in Copolymer. Aero-
bic sludge was taken from the reactor of the wastewater
treatment plant of Universidad Iberoamericana, cen-
trifuged, and washed with 0.9% saline solution. A 20
mL sample of the suspension was set in contact with
samples of the copolymer with an area of 1 cm2 in a
medium containing MgSO4 (0.078 g/L), NH4Cl (0.56
g/L), Na2HPO4 (0.022 g/L), KH2PO4 (0.138 g/L), yeast
extract (0.5 g/L), and 2 g/L of glucose as carbon source.
The suspension was incubated for 5 days and bubbled
with air continuously at room temperature; each day
the suspension was centrifuged and a fresh medium
added.

After incubation each copolymer sample was washed
by immersing and removing the films at least three
times in a 50 mL saline solution in order to eliminate
the loosely bound microorganisms. Then the films
containing the entrapped microorganism were smashed
in 10 mL of saline solution; 1 mL was sequentially
diluted, and 0.1 mL of each dilution was spread in
nutrient agar. After 48 h of incubation at room temper-
ature (20 °C) the number of colony-forming units (CFU)
was determined. This procedure was done in triplicate
with three different samples.

Results and Discussion

The PVAc-g-PS copolymers form a white powder that
according to DSC determinations show two glass-
transition temperatures corresponding to poly(vinyl
acetate), Tg ) 40 °C, and polystyrene homopolymer, Tg
) 100 °C. Figure 1a shows a 1H NMR spectrum of such
copolymers where the characteristic peaks for both
PVAc and PS appear at 4.1 ppm for the methine protons
of PVAc and from 6.4 to 7.2 ppm for the aromatic
protons of PS. Figure 2 plots the average molecular
weight, Mn, for the PVAc-g-PS copolymers synthesized
with different amounts of styrene and PVAc-T*. The
average molecular weight of PVAc-T*, which is initially
40 000 Daltons, increases substantially when the amount
of styrene is above 70 wt %. In fact, a copolymer
synthesized with 90 wt % styrene and 10 wt % macro-
initiator PVAc-T* lead to the formation of very nice films
having an average molecular weight close to the 100 000
Daltons.

It was previously mentioned that mechanically robust
materials are needed to support the high shear stresses
in biological reactors,8 but they also need to have
functional groups to promote the affinity between the
material and microorganisms. Thus, the PVAc part of
the PVAc-g-PS copolymer may be transformed into
PVOH to provide the hydrophilic domains. In fact,
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Figure 1b shows the 1H NMR spectrum for a PVAc-g-
PS copolymer synthesized with 90 wt % styrene and 10
wt % PVAc-T*, which was subjected to a methanolysis
reaction for 1.5 h. The signals corresponding to the
aromatic polystyrene fragments (6.40-7.10 ppm), meth-
yl group of poly(vinyl acetate) units (singlet at 2.62
ppm), and hydroxyl group of PVOH (broadened singlet
at 4.88 ppm) can be easily identified. Simple calculations
using integral data show that the copolymer contains
88.76%, 6.21%, and 5.03% of PS, PVOH, and PVAc
units, respectively. This result confirms that some of

the PVAc has been transformed into PVOH, and thus,
a copolymer based on hydrophobic and hydrophilic
domains can be formed. Of course, increasing the
methanolysis reaction time and concentration of NaOH
in the aqueous solution should lead to an increase in
the amount of PVOH; however, this type of study is not
the goal of the present work.

Similarly, to support the microorganisms the material
must have pores that facilitate entrapment of the
microorganisms and wastewater containing the nutri-
ents the microorganism require for living.15,16 Thus, to
produce a porous material a phase inversion process
using a mixture of solvents defined by a good (more
volatile) and poor (less volatile) solvent system was
selected.17 For this work the PVOH-g-PS copolymer was
first dissolved in a mixture of toluene/DMSO, and then
films were formed by allowing slow evaporation of the
mixture of solvents. Complete miscibility of the PVOH-
g-PS copolymers was observed when a 77 wt % toluene
and 23 wt % DMSO mixture of solvents is used for the
dissolution process. Figure 3a is a low-vacuum SEM
image of such films. A very homogeneous pore size
distribution, in terms of both macro- and micropores,15,16

is observed and they seem to be interconnected by a
cheese-like structure. Figure 3b shows the topography
of the same copolymers as viewed by atomic force
microscopy. The diameter of the micropores is around
5 mm, which is in the same range of the typical size
reported by a single living bacterium found in domestic
or industrial wastewater supplies.

To produce the hydrogels the mentioned copolymer
films were subjected to different freeze/thaw cycles.18,19

Figure 4 shows DSC scans for the PVOH-g-PS hydrogels
produced with three, five, and seven freeze/thaw cycles.
There are two well-defined endothermic transitions, one
located at 110 °C and the other in the range of 230-

Figure 1. 1H NMR for (a) PVAc-g-PS and (b) PVAc-PVOH-g-PS.

Figure 2. Average molecular weight measured for the PVAc-g-
PS copolymers as a function of the amount of styrene used in the
synthesis of styrene with the PVAc-T* macroinitiator.
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Figure 3. Low-vacuum SEM (a) and AFM (b) images shown for the dried PVOH-g-PS copolymer films.

Figure 4. Typical DSC scans for PVOH-g-PS copolymers that were subjected to three, five, and seven freeze/thaw cycles. The insert in
this figure summarizes the increase in the crystallization area.

Figure 5. Low-vacuum SEM for PVOH-g-PS copolymers subjected to three freeze/thaw cycles: (a) dried material; (b) hydrogel (the
PVOH-g-PS swollen copolymer containing water at equilibrium).
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270 °C. The first transition corresponds to the glass-
transition temperature of the PS domains, whereas the
second one corresponds to fusion of the PVOH domains.
The melting temperature for pure PVOH is reported as
250 °C, but this value depends on the average molecular
weight of the PVOH. For example, Hassan and Peppas19

reported melting endothermic transitions for pure PVOH
hydrogels in the range of 190-230 °C, and the crystal-
lization region for the PVOH-g-PS copolymer that was
subjected to different freeze/thaw cycles goes, in general,
from 230 to 280 °C. Of course, the presence of PS and
the relatively high average molecular weight of these
copolymers should be playing an important role. Since
the interest of this work is focused on formation of a
hydrophilic/hydrophobic hydrogel copolymer, the insert
in Figure 4 summarizes the crystallization process of
the PVOH domains reached in every freeze/thaw cycle
studied. As observed in the insert, it is possible to
produce hydrogels based on PVOH-g-PS copolymers
since the crystallization area characteristic of the fusion
of PVOH is increasing with the number of freeze/thaw
cycles.

Figure 5a shows low-vacuum SEM images of a dried
PVOH-g-PS copolymer that was subjected to three
freeze/thaw cycles. Figure 5b shows the image of the
same copolymer after contact with water. The image in
part a shows a macro- and microporous material with
a cheese-like structure that may be useful to accom-
modate water on its structure. In fact, the image in part
b reveals the surface morphology of a water-swollen
copolymer, which is typically termed a hydrogel copoly-
mer.

Finally, Figure 6 shows low-vacuum SEM images
of PVOH-g-PS hydrogles with three freeze/thaw cycles
that were incubated in wastewater containing aerobic
microorganisms. The bacteria are the white spots with
a ca. 5 µm diameter. It is interesting to note that the
microorganisms are residing on top of the material, see
part a, and also inside the pores, see part b, of the
hydrogel copolymers made up of a polystyrene matrix
containing some crystalline domains of poly(vinyl alco-
hol). Careful examination inside and on top of some of
the pores may lead to the conclusion that the micro-
organisms are also entrapped beneath a tiny film of the
copolymer. In fact, from the experiments performed to
test the affinity of the microorganisms for the copoly-
mers, the number of microorganisms counted in three
samples of copolymer with an area of 1 cm2 each was 5

× 106 ( 2 × 102 colony-forming units (UFC)/cm2. This
number is in agreement with the CFU reported for other
hydrogels.6

Conclusions

Poly(vinyl acetate)-g-polystyrene copolymers synthe-
sized by stable free-radical polymerization with TEMPO
are useful materials to produce poly(vinyl alcohol)-g-
polystyrene copolymers that lead to formation of hydro-
gels as determined by the crystallization process that
suffers the PVOH domains when the number of freeze/
thaw cycles is increased. Hydrogel copolymer films may
be easily produced with macro- and micropores inter-
connected by a cheese-like structure via the slow
evaporation of an appropriate toluene/dimethyl sulfox-
ide mixture. The resulting materials may be used to
support and/or entrap aerobic microorganisms as dem-
onstrated by the proliferation of bacteria observed by
the low-vacuum SEM technique and counted after
incubation with wastewater sludge.
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