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Abstract

New blend hydrogels based on poly(vinyl alcohol) (PVA) and methylcellulose (MC) were prepared by crosslinking in an aqueous solution
with glutaraldehyde (GA) in the presence of HCI. The state of the miscibility of the blend hydrogel films was examined over the entire
composition range by differential scanning calorimetry (DSC) and dynamic mechanical analysis (DMA). Depressions of the melting and
crystallization temperatures of PVA were observed with increasing MC content and crosslinking density via the DSC. The determination of
the glass transition temperature of blend hydrogels by DMA indicated that they exhibit a higher miscibility than the non-crosslinked blends.

© 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Polymer blending constitutes a most useful method for
the improvement or modification of the physicochemical
properties of polymeric materials. Some of the polymer
blends exhibit unusual properties, unexpected from homo-
polymers. An important property of a polymer blend is the
miscibility of its components, because it affects the mechan-
ical properties, the morphology, its permeability and degra-
dation [1,2]. Numerous investigations regarding the
miscibility in multi-component polymer systems have
been carried out. Among them, the blends between bio-
polymers and synthetic polymers are of particular signifi-
cance because they can be used as biomedical and
biodegradable materials [3—13].

Poly(vinyl alcohol) (PVA) is a water-soluble poly-
hydroxy polymer, employed in practical applications
because of its easy preparation, excellent chemical resis-
tance and physical properties, and because it is completely
biodegradable [14]. Although PVA has good mechanical
properties in the dry state, its high hydrophilicity limits its
applications [14—16]. However, by crosslinking one can
affect its hydrophilicity [17-24]. PVA can generate a physi-
cal hydrogel by freeze—thaw cycles [17,18] and a chemical
hydrogel by the chemical reaction of its hydroxyls with a
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crosslinker [19-21]. It can also form hydrogels through its
complexation with inorganic ions, such as the borate ions
[22-24]. PVA was chemically modified by using aldehydes,
carboxylic acids, anhydrides, and thus its hydrophilicity,
thermal and mechanical properties could be modified. The
chemically crosslinked PVA hydrogels have received
increasing attention in biomedical and biochemical applica-
tions, because of their permeability, biocompatibility and
biodegradability [25-28].

Cellulose, an abundant natural carbohydrate, is not solu-
ble or swellable in water. Its high rigidity and insolubility in
most solvents are due to the hydroxyl groups of the anhy-
droglucose units, which form strong hydrogen bonds which
are responsible for its crystallinity. To solubilize the crystal-
line cellulose, hydrophobic groups such as methyl or hydro-
xypropyl moieties are introduced in the cellulose backbone
[29-34]. In methylcellulose (MC), one of the best known
modified cellulose, some of the hydroxyl groups are
replaced by methoxyl groups. MC can be prepared by react-
ing alkali cellulose with methyl chloride [29]. The conver-
sion of some of the hydroxyl groups of cellulose into
hydrophobic substitutients attenuates the hydrogen bonding,
thus decreasing the crystallinity and increasing the water
solubility. Being a polyhydroxy polymer, MC can be chemi-
cally crosslinked with a dialdehyde in the presence of a
strong acid to generate a hydrogel [19-21,26,27]. So far,
little is known about the structure of the chemically cross-
linked MC hydrogels.
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Table 1

Water content of chemically cross-linked hydrogels of PVA, MC, and
PVA/MC blend for various concentrations of glutaraldehyde. The concen-
tration of HCI was 2.25 X 10™" mol/l. The water content in hydrogel(W,)
was calculated using the expression W, = (W — Wy)/W4 where W; is the
weight of water saturated hydrogel, Wj is the weight of the dried hydrogel.
The hydrogel was dried in a vacuum oven for 3 h at 100°C (sol.; soluble in
water)

Concentration of
glutaraldehyde

Water content in hydrogels (W,)

(mol/l) PVA MC PVA/MC(20/80 wt/wt)
hydrogel hydrogel blend hydrogel

0 Sol. Sol. Sol.

63x107* 0.59 Sol. Sol.

25%x107° 0.51 Sol. Sol.

8.4x107° 0.49 0.56 0.55

There are detailed studies about the miscibility in blends
of cellulose with PVA [4,8,9]. The PVA and MC, which are
polyhydroxy compounds soluble in cold water, exhibit
excellent miscibility in aqueous solutions but only partial
miscibility in the solid state. PVA is a soft and elastic mate-
rial, whereas MC is a more rigid and stiff one. We found that
the blends of PVA with MC posses partial miscibility for
low and intermediate MC contents and higher miscibility for
high MC contents [35].

In the present paper, we prepared PVA/MC blend hydro-
gels by chemical crosslinking with glutaraldehide (GA)
using HCI as catalyst, in an aqueous solution. The thermal
and viscoelastic properties of blend hydrogels were investi-
gated via differential scanning calorimetry (DSC), thermo-
gravimetric analysis (TGA) and dynamic mechanical
analysis (DMA).

2. Experimental
2.1. Sample preparation

PVAM,, 89,000-98,000, degree of deacetylation 99%),
MC (M, 17,000, degree of substitution (methoxy) 1.6—1.9)
and glutaraldehyde (GA, 25 wt% solution in water) were
purchased from Aldrich Chem. Co., and the water was
double distilled. Aqueous polymer solutions (5 wt%) were
first prepared by dissolving polymer powders in water and
by heating at 80°C with stirring. GA and HCI were added
after the polymer solution was cooled to room temperature.
The blend film was prepared by casting the polymer solution
on a glass plate and by drying for 72 h at the ambient
temperature. The polymer solutions were glass filtered
before casting in order to eliminate the insoluble impurities.
The thicknesses of the obtained films were in the range of
50-80 pwm.

2.2. Determination of the water absorbency of the hydrogels

The water content of the hydrogel films after swelling

was calculated using the expression
We = (W — W)l Wy

where W, is the water up-take per gram of hydrogel film, and
W, and W, are the weights of the hydrogel films after swel-
ling and subsequent drying, respectively. The time duration
for swelling was 24 h. The excess water on the swollen films
was wiped out with a filter paper.

2.3. Instrumentations

The DMA analysis was conducted using a DMA
2980 instrument (TA Instruments), in the tensile mode, at
a frequency of 1 Hz, and by heating from —20 to 260°C at a
rate of 2°C/min in a nitrogen atmosphere. The films with
dimensions of about 3 X 10X 0.1 mm were subjected to
sinusoidal deformation with a 5 wm amplitude. The DSC
was performed with a DSC 2010 instrument (TA Instru-
ments) in a nitrogen atmosphere. The thermal properties
of the polymer blends were determined using two scans.
The first heating scan, which was conducted to eliminate
the residual water and solvent, was carried out at a rate of
20°C/min from room temperature up to 150°C and kept at
the latter temperature for 5 min. The second scan was
carried out at a heating rate of 10°C /min from 0 to
260°C. To determine the crystallization temperature, the
samples were heated up to 250°C, kept at this temperature
for 5 min and then cooled down at a rate of 20°C/min. The
thermal decomposition was carried out with a TG/DTA
6200 instrument (Seiko Instruments Co., Japan), by heating
from room temperature to 750°C at a heating rate of
20°C/min under a nitrogen flow. The mechanical properties
of the polymer blends were determined with a Texture
Analyser (Stable Micro System, UK). The tensile strengths
and the elongations of the polymer blend films, which were
conditioned in a 50% relative humidity atmosphere for 48 h,
were determined at an extension rate of 500 mm/min, at
room temperature.

3. Results and discussion
3.1. Swelling behavior

Water constitutes a suitable reaction medium, because
PVA, MC and GA are soluble in water. The blend hydrogel
was prepared by adding GA and HCl to the aqueous solution
of the two polymers. The crosslinking took place through
the reaction between the hydroxyl groups of the polyhy-
droxy polymers and the aldehyde groups of GA. The solu-
tions of PVA and MC were optically clear over the entire
weight ratio PVA/MC range. The solid films of the PVA
hydrogels and MC hydrogels were highly transparent and
clean. They became insoluble in water for sufficiently large
degrees of cross-linking. The solid films obtained from solu-
tions free of GA and HCI were transparent and homoge-
neous when the MC content was over 80 wt%, whereas
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Table 2

Water content of chemically cross-linked hydrogels of PVA and MC for
various concentrations of catalyst(HCI). The concentration of glutaralde-
hyde was 2.25 X 10" mol/I. The water content in hydrogel (W,) was calcu-
lated as in Table 1 (sol.; soluble in water)

Concentration of

Water content in hydrogels (W)

HCI (mol/l)
PVA MC PVA/MC(20/80 wt/wt)
hydrogel hydrogel blend hydrogel

0 Sol. Sol. Sol.

7.0%x1073 0.84 Sol. Sol.

1.0x 1072 0.79 0.81 0.81

2.8%x107? 0.68 0.73 0.70

1.1x107! 0.51 0.58 0.56

23%x107! 0.49 0.56 0.54

the solid blend hydrogel films became transparent for MC
contents greater than 60 wt%. The swelling, expressed as
gram of water up-take per gram of solid film, was used as a
measure of the crosslinking density. The water up-takes of
the hydrogels and the blend hydrogels are listed in Tables 1
and 2, respectively. Table 1 presents the effect of GA on the
crosslinking density and Table 2 the effect of the catalyst
(HCI) on the crosslinking density. The catalyst stimulates
the acetalization between the hydroxyl groups of MC and
the aldehyde groups of GA [26,27]. The MC hydrogels as
well as the blend hydrogels became insoluble in water for
HCI concentrations greater than 1.0 X 10~ mol/l, while the
PVA hydrogel became insoluble in water for HCI concen-
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trations greater than 7.0 X 10~ mol/l. As the crosslinking of
PVA or MC increased, the number of hydroxyl groups of
PVA and MC decreased and, as a result, the water-up-take
decreased with increasing crosslinking density.

3.2. DSC analysis

The DSC thermograms of the PVA/MC blends are
presented in Fig. 1 for various MC contents. PVA exhibited
arelatively large and sharp endothermic curve, with a peak at
230°C, while MC, which is amorphous, had no endothermic
curve. As the content of MC increased, the endothermic curve
of PVA became broader and its peak shifted to lower tempera-
tures. By blending PV A with an increasing amount of MC, the
endothermic peak of PVA became less prominent and disap-
peared for 100 wt% MC. The depression of the melting
temperature and the peak broadening indicate that the ordered
association of the PVA molecules was decreased by the
presence of MC. Fig. 2 presents the DSC thermogram of the
chemically crosslinked PVA/MC blend hydrogels for various
MC contents. The melting temperature of PVA hydrogel was
190.2°C, while the melting temperature of the pure PVA was
230°C. The melting temperature depression is caused by
morphological and chemical modifications. The morpho-
logical changes involve the thickness of the crystallites and
the degree of crystallinity. The chemical changes are results of
the crosslinking and of the branching due to the grafting of the
crosslinker [26]. Of course, the chemical changes affect the
morphological ones. The endothermic peak decreased rapidly
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Fig. 1. DSC thermograms of PVA/MC blends for various MC contents. MC content(wt%): (A) 0, (B) 20, (C) 40, (D) 60, (E) 80, and (F) 100. The measurement

was conducted at a 10°C/min heating rate under nitrogen.
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Fig. 2. DSC thermograms of PVA/MC blend hydrogels for various MC contents. MC content(wt%): (A) 0, (B) 20, (C) 40, (D) 60, (E) 80, (F) 100. The
concentration of GA and of HCI were 8.38 X 10~ mol/l and 2.25 X 10~" mol/l, respectively. The measurement was conducted at a 10°C/min heating rate
under nitrogen.
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Fig. 3. DSC thermograms of PVA/MC blend hydrogels for various concentrations of glutaraldehyde: (A) O mol/l, (B) 6.25x 10™*mol/l, (C)
2.50% 107 mol/l, (D) 8.38 X 10~* mol/ml. The concentration of HCI was 2.25 x 10~ mol/l. The blend wt ratio of PVA/MC was 60/40.
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Fig. 4. DSC thermograms of PVA/MC blend hydrogels for various MC contents. MC content(wt%): (A) 0, (B) 20, (C) 40, (D) 60, (E) 80, and (F) 100. The
concentrations of GA and of HCI were 8.38 X 10™* mol/l and 2.25 X 10™" mol/l, respectively. The measurement was conducted at a —20°C/min cooling rate

under nitrogen.

and disappeared for the samples containing over 60 wt%
MC. The melting temperature depression and the peak
broadening suggest that the PVA molecules are highly
constrained by the entanglement of the two polymers due
to the crosslinking of the blend with GA. Fig. 3 presents
the DSC curves of blend hydrogels for a PVA/MC blend
weight ratio of 60/40 and various GA concentrations. With
increasing GA concentration, the endothermic peak shifted
to the lower temperatures and became broader. A higher
depression of the melting temperature and a larger peak
broadening indicate that the ordered association of the PVA
molecules was altered by both the presence of amorphous MC
and chemical crosslinking of the PVA. For the PVA/
MC(60/40, wt/wt) blend hydrogel, which was prepared
with a GA concentration of 8.38 X 10> mol/l and HCI
concentration of 2.25 X 10~ mol/l, the endothermic peak
almost disappeared, implying the absence of any crystalline
domain in PVA. Fig. 4 presents the crystallization curves of
the blend hydrogels obtained during a cooling process, and
reveals that the exothermic peak of the crystallization
temperature and the exothermic heat of crystallization
decreased with increasing MC content and crosslinking
density. The exothermic peak disappeared for MC contents
greater than 40 wt%. These observations indicate that the
ordered association of the PVA molecules is strongly
constrained by the presence of the MC molecules and cross-
linking.

3.3. DMA analysis

Fig. 5 presents the DMA thermograms of PVA, PVA
hydrogel, MC, and MC hydrogel as mechanical loss tangent,
tan 8, against temperature in the range of —20 to 260°C.
The thermogram of the PVA film exhibits two peaks at 85
and 143°C, and a large peak above 210°C. The first peak at
85°C, designated as the «, relaxation, represents the glass
transition temperature of PVA. The relaxation observed at
143°C, designated as the 3. relaxation, is due to the relaxa-
tion in the PVA crystalline domains. The third relaxation, in
the temperature range of 200—-260°C, is caused by the melt-
ing of the crystalline domains of PVA. In contrast to the
three relaxation peaks of PVA, the PVA hydrogels exhibit
only two relaxation peaks, one below the o, relaxation of
PVA and the other above the {3, relaxation of PVA. The
shifting of the o, relaxation to the lower temperature indi-
cates a decrease in the glass transition temperature of the
PVA hydrogel compared to that of PVA free of crosslink-
ing, which can be explained as follows. In PVA, the hydro-
xyl groups of PVA contribute, because of hydrogen
bonding, to the stiffness of the linear polymer. When the
number of hydroxyl groups decreases, by either branching,
because of the grafting of the crosslinker, or crosslinking,
the hydrogen bonding is attenuated and thus the chain stiff-
ness, and hence the glass transition temperature is
decreased. Fig. 5 also presents the temperature dependence
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Fig. 5. Temperature dependence of tan 6 for PVA (A), PVA hydrogels (B), MC (C), and MC hydrogel (D). PVA hydrogel and MC hydrogel were prepared
with a GA concentration of 8.38 X 10~ mol/l and HCI concentration of 2.25 X 10~ mol/l. All films were vacuum dried at 100°C for 3 h prior to the DMA
measurement.
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Fig. 6. Temperature dependence of tan 6 for PVA/MC blends for various MC contents. MC content (Wt%): (A) 0, (B) 20, (C) 40, (D) 60, (E) 80, and (F) 100.
All films were vacuum dried at 100°C for 3 h prior to the DMA measurement.
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Fig. 7. Temperature dependence of tan 6 for PVA/MC blend hydrogels for various MC contents. MC content(wt%): (A) 0, (B) 20, (C) 40, (D) 60, (E) 80, and
(F) 100. The GA concentration was 8.38 X 10> mol/l and HCI concentration 2.25 X 10~ mol/l. All the films were vacuum dried at 100°C for 3 h prior to the

DMA measurement.

of tan & of an MC film in the temperature range of —20°C to
260°C. Two relaxation peaks, 3 and « can be observed at
26.8, and 200.8°C, respectively. The relaxation peak at
200.8°C corresponds to the glass transition temperature of
MC. In contrast, for cellulose, no glass transition tempera-
ture could be detected before appreciable thermal degrada-
tion took place [4]. The tan § curve for the MC hydrogel is

very similar to that of MC, indicating that the rigidity of the
MC backbone was not changed in a major way by cross-
linking, even though the hydroxyl groups of the anhydro-
glucose units of MC reacted with the dialdehyde groups of
GA and generated a three dimensional structure by inter- or
intramolecular crosslinking.

Figs. 6 and 7 present the temperature dependence of
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Fig. 8. Derivative of the thermogravimetric thermograms of PVA/MC blends for various MC contents. MC content(wt%): (A) 0, (B) 20, (C) 40, (D) 60, (E) 80,
and (F) 100. The measurement was conducted at a 20°C/min heating rate under nitrogen.
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Fig. 9. Derivative of the thermogravimetric thermograms of PVA/MC hydrogels for various MC contents. MC content(wt%): (A) 0, (B) 20, (C) 40, (D) 60,
(E) 80, and (F) 100. The concentrations of GA and of HCI were 8.38 X 10> mol/l and 2.25 X 10! mol/l, respectively. The measurement was conducted at a
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tan 6 of PVA/MC blend and blend hydrogel films in the
temperature range of —20°C to 260°C. Fig. 6 shows that
the blends containing 20 wt% MC exhibit four relaxation
peaks, three near to those of PVA and one near the o peak
of MC. This means that the two components were only
partially miscible. For an MC content of 40—60 wt%, the
relaxation peaks of PVA became increasingly attenuated
and the a peak of MC increasingly prominent. For MC
contents over 80 wt%, a single peak remained, slightly
displaced to a lower temperature when compared to the
a relaxation of MC, implying complete miscibility

between the two constituents. Visual observations indi-
cated that the solid films of the blends were homogeneous
and transparent when the MC content was higher than
80 wt%. Fig. 7 presents the temperature dependence of
tan 6 of PVA/MC blend hydrogels in the temperature
range of —20 to 260°C and shows that the blend hydrogels
containing more than 80 wt% MC have only one relaxation
peak, implying a homogeneous miscible structure. The
blend hydrogels with MC contents from 20-60 wt%
exhibit three pronounced relaxation peaks, two for
the PVA hydrogel and one for the MC hydrogel. Visual
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Fig. 10. Derivative of the thermogravimetric thermograms of PVA/MC blend hydrogels for various glutaraldehyde concentrations: (A) 0 mol/l, (B)
6.25% 10"* mol/l, (C) 2.50 X 107> mol/l, and (D) 8.38 X 10> mol/l. The concentration of HCI was 2.25 X 10~! mol/l. Blend weight ratio of PVA/MC
was 60/40. The measurement was conducted at a 20°C/min heating rate under nitrogen.
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Table 3

Tensile strength and elongation of hydrogels of PVA and MC for various
glutaraldehyde concentrations determined at an extension rate of 500 mm/
min, at room temperature. The films were conditioned in a 50% relative
humidity atmosphere for 48h. The concentration of HCl was
2.3x 107" mol/l

Concentration of ~ PVA MC
glutaraldehyde
(mol/l) Tensile Elongation Tensile Elongation
strength (%) strength (%)
(MPa) (MPa)
0 28.2 19.6 48.0 2.5
63x107* 30.8 18.9 49.2 2.3
25%x1073 31.6 18.0 50.8 2.0
8.4x107° 333 14.0 52.1 1.4

observations indicated that, for the same MC content, the
blend hydrogel films had higher homogeneity and transpar-
ency than the blend films.

3.4. TGA analysis

The TGA experiments with blends and blend hydrogels
were carried out to find the effect of crosslinking on their
thermal stability and thermal decomposition, and Fig. 8
presents the derivatives of the thermogravimetric (DTG)
curves for blends with various MC contents. PVA exhib-
ited one large peak followed by a small one (the latter
above 400°C), while MC displayed a single large peak at
a higher temperature than those of PVA. The blends exhib-
ited two peaks, whose shapes and positions were depen-
dent on composition. Fig. 9 presents the DTG curves of
blend hydrogels. Figs. 8 and 9 show that the PVA hydrogel
was more thermally stable than PVA and involved two
degradation steps, while the MC and the MC hydrogels
displayed a single peak at the same position, indicating
that the crosslinking of MC did not affect its thermal stabi-
lity. With the exception of the cases with MC contents
below 20 wt%, the DTG curves of the blend hydrogels

Table 4

Tensile strength and elongation of hydrogels of PVA and MC for various
concentrations of catalyst determined as in Table 3. The concentration of
glutaraldehyde was 8.4 X 10~ mol/l

exhibited a single peak (Fig. 9), indicating a single degra-
dation mechanism. Fig. 10 presents the effect of crosslink-
ing on the blend hydrogels. The PVA/MC blend with 60/40
weight ratio had two peaks, while the blend hydrogels had
a single peak. This suggests that there is a higher
entanglement between the two components in the blend
hydrogels.

3.5. Tensile strength/elongation measurements

The tensile strength and the elongation of the PVA hydro-
gels and MC hydrogels prepared with various GA and HCl
concentrations are listed in Tables 3 and 4, respectively.
From a structural point of view, PVA can be regarded as a
flexible polymer, while MC as a more rigid one. The tensile
strengths of PVA and MC hydrogels increased with increas-
ing crosslinking density, whereas the elongation decreased.
Table 5 lists the result obtained regarding the effect of the
amount of MC on the mechanical properties of the blend
hydrogels. For the blend hydrogels, the tensile strengths and
elongations depend on the composition indicating that there
is some miscibility between the two components [35].

4. Conclusions

PVA, MC and their blends were chemically crosslinked
with glutaraldehyde in the presence of HCl as catalyst in an
aqueous solution state. The degree of crosslinking of PVA
and MC hydrogels, evaluated in terms of the amount of
water up-take, increased with increasing concentrations of
the crosslinker and catalyst. The DSC revealed that the PVA
crystallinity in PVA hydrogel decreased drastically with
increasing MC content and crosslinking. The depression
of the melting temperature of PVA in the blend hydrogel
was caused by the hydrogen bonding between the hydroxyl
groups of the two polymers, which improved their miscibil-
ity. From the DMA experiments one could conclude that the
PVA/MC blend hydrogel films exhibited partial miscibility
up to 80 wt% MC and higher miscibility above 80 wt%. The
TGA analysis showed that MC had a thermally more stable

Table 5

Tensile strength and elongation of blend hydrogels of PVA/MC for various
contents of MC determined as in Table 3. The concentrations of glutar-
aldehyde and HCl were 8.38X 107 mol/l and 2.25x 107" mol/l,

Concentration PVA MC respectively
of HCI
(mol/l) Tensile Elongation Tensile Elongation Content of MC in Tensile strength (MPa) Elongation (%)
strength (%) strength (%) blend hydrogels MC
(MPa) (MPa) (Wt%)
0 28.2 19.6 48.0 2.5 0 334 14.0
7.0x1073 29.0 19.0 50.9 2.3 20 30.1 6.5
1.0x107? 30.5 17.8 51.2 2.0 40 26.5 4.0
28%1072 31.5 16.9 52.0 1.5 60 35.5 42
Lix10™! 325 16.5 52.0 1.4 80 425 3.9
23x107" 333 14.0 52.1 1.4 100 52.1 1.4
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structure than PVA and that its thermal stability were not
changed by crosslinking, while the thermal stability of PVA
was improved by crosslinking. The PVA/MC blends
(60/40 wt/wt) exhibited two thermal degradation steps,
while the blend hydrogels exhibited only one thermal degra-
dation step. The DSC and TGA experiments indicated that
the PVA and MC in the blend films displayed partial misci-
bility. The relatively good miscibility of the two polymers,
each with abundant hydroxyl groups, over the entire compo-
sition range can be attributed to the hydrogen bonding. The
miscibility of the blend can be improved by crosslinking the
two polymers.
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