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SYNOPSIS

Binary blends of poly (vinyl alcohol) (PVA) with poly (acrylic acid) (PAA) and polyacryl-
amide (PAAm) were characterized by differential scanning calorimetry (DSC), thermal
gravimetric analysis (TGA), and infrared spectroscopy (IR). Molecular weight, blend
composition, and heating time at 150°C were the variables used. Results obtained by DSC
indicated that PAA /PVA blends are miscible in the full range of composition. Similarly,
TGA traces showed that thermal stability was higher for blends than for pure polymers.
Blends of PVA with high molecular weight PAA exhibited a hydrogel behavior after drying
at relatively low temperature (100°C), whereas blends containing low molecular weight
PAA behaved as hydrogels only after they were heated at 150°C. Hydrogel character was
increased for these two PVA/PAA blends with the heating time at higher temperature
(150°C). IR spectra revealed that esterification took place in these blends after thermally
treated at this temperature. In contrast, addition of glyoxal in combination with heating
was necessary to produce hydrogels from PAAm/PVA blends. Furthermore, the cross-
linking degree of these hydrogels was estimated from their absorbency values by applying
the Flory-Rehner equation. © 1993 John Wiley & Sons, Inc.

INTRODUCTION

Structural and physical characterization of hydro-
gels has steadily grown in importance from both ac-
ademic and industrial points of view.}® This is be-
cause these materials can be used as membranes to
separate certain liquids or proteins dissolved in wa-
ter as well as in drug-delivery systems. However,
such a characterization has been a difficult task for
researchers of physical chemistry.® For example,
when polyacrylamide hydrogels are obtained by co-
polymerization of acrylamide and bisethylene acryl-
amide, which works as cross-linking agent, struc-
tural heterogeneity occurs in the polymeric network.
This heterogeneity is difficult to control and causes
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a nonuniformity on the transport properties of the
swollen hydrogels.? However, these water-absorbing
materials can also be prepared by cross-linking a
water-soluble polymer, such as poly (acrylic acid)
(PAA) or polyacrylamide (PAAm). Cross-linking
can be induced in these polymers by either +-
irradiation® or thermal treatment,®’ as well as by
using a cross-linking chemical agent.? Alternatively,
water-soluble polymer blends, in which components
are reactive with each other, can be used to produce
hydrogels. In this case, the distribution of cross-links
is expected to depend strongly on the state of mis-
cibility of the polymer blend under study, corre-
sponding to a homogeneous distribution of cross-
links for totally miscible blends (i.e., blends that are
miscible at the segmental level). Thus, it is of par-
amount importance to determine the miscibility be-
havior of the polymer blends before the cross-linking
takes place in these systems. In this line of thought,
blends of poly (vinyl alcohol) (PVA) with PAA have
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been used as water-soluble packaging films.? How-
ever, to our knowledge, detailed miscibility studies
on this system have not been reported.

In the light of the above discussion, the cross-
linking of blends of PVA with PAA, or with PAAm,
was considered as a promising route to prepare hy-
drogels. In this work, the results of miscibility stud-
ies by differential scanning calorimetry (DSC) on
the PVA/PAA and the PVA/PAAm blends are re-
ported. Infrared (IR ) spectroscopy was also applied
to detect possible structural changes in the thermally
treated blends. The water absorbency of the result-
ing hydrogels was determined as a function of both
the blend composition and the heating time. Fur-
thermore, by applying the Flory-Rehner equation
to the absorbency data obtained for the resulting
swollen hydrogels, the cross-linking degree for each
sample was calculated.

EXPERIMENTAL

Materials

Poly(vinyl alcohol) (PVA), poly(acrylic acid)
(PAA), and polyacrylamide (PAAm) were pur-
chased from Polysciences, Inc. (USA); some char-
acteristics of these polymers are described in Table
I. Glyoxal (Aldrich Chemical Co., USA) was used
as a cross-linking agent. 1-Propanol and chloroform
(Merck, México) were used as suspending liquids
during the measurement of the blend density. All
these materials were reagent grade and they were
used as received,

Preparation of Binary Polymer Blends and Their
Films

Different weights (0-2.0 g) of both polymers, as were
needed for preparing 2 g of each binary blend in the

full range of composition, were separately dissolved
in 100 mL of distilled water by stirring and heating
at 80°C. The resulting solutions of both components
were then mixed and stirred at 60°C for 1 h. Each
one of these homogenized mixtures was transferred
into a Petri dish, which was previously covered in
the inside with polyethylene film. Afterward, films
were cast from these aqueous solutions by evapo-
ration of water in a drying oven at 60°C for 24 h.
Additional sets of the same binary blends, but con-
taining glyoxal as a cross-linking agent, were pre-
pared by adding the glyoxal to the corresponding
aqueous mixture of polymers, being 1% by weight
for PVA/PAA and 5% for PVA/PAAm, and stirring
them for 1 h at room temperature. Films were cast
from these mixtures as above. All blends were pre-
pared in duplicate.

Thermal Treatment

Specimens (films of 0.1 g approximately) of each
one of the blends were previously heated in a vacuum
oven at 100°C for 1 h. Then, samples taken in trip-
licate from these preheated specimens were further
heated by allowing them to stand in a vacuum oven
at 150°C for 0, 15, 30, and 45 min, respectively.
These samples were further tested for water absor-
bency.

Thermal Analysis

Sample specimens were tested in duplicate in a Per-
kin-Elmer thermal gravimetric analyzer (TGA-2)
and in a Perkin-Elmer differential scanning calo-
rimeter (DSC-2C). DSC apparatus was calibrated
with tin and indium. DSC runs were performed on
approximately 12 mg of the sample, using aluminum
sample pan holders ( Perkin-Elmer) under nitrogen

Table I Characteristics and Nomenclature of the Used Polymers®

Hydrolysis Carboxyl
Polymer Nomenclature M, Extent (%) Groups (%)
Poly(vinyl alcohol) PVA(1) 25,000 88 —
PVA(2) 78,000 88 —
PVA(3) 125,000 88 —
Poly(acrylic acid) PAA(1) 1.0 X 108 — 100
PAA(2) 450,000 —_ 100
Polyacrylamide PAAm(1) 5.0-6.0 X 10° — 0
PAAm(2) 200,000 — 70
PAAmM(3) 200,000 — 10

® Carboxyl groups in PAAm polymers are in the form of sodium salt.



(flow rate of 20 mL/min) from 40 to 180°C at a
heating rate of 10°C/min. The DSC runs on PVA/
PAAm blends were carried out from 40 to 200°C.
TGA runs were carried out on about 4 mg of sample
under nitrogen (flow rate 20 mL /min) and furnace
heating rate of 20°C /min from 40 to 500°C. All the
thermally analyzed films were previously dried in a
vacuum oven at 100°C for 24 h.

Infrared Spectroscopy

IR spectra for thin filmms of blends (approximately
0.1 mm thick) were obtained with a Perkin-Elmer
spectrophotometer Model 683, in the transmittance
mode, at scan time of 20 min, between 4000 and 400
cm . These films were previously dried in a vacuum
oven at 100°C for 24 h and then heated again in a
vacuum oven for different lengths of time as above.

Density Measurement®

Samples of the blend films (6-8 mg) previously dried
in a vacuum oven at 100°C for 24 h, or thermally
treated at 150°C for 0, 15, 30, and 45 min, were im-
mersed into 5 mL of chloroform contained in a
graduated cylinder glass. Then, drops of 1-propanol
were added slowly to the chloroform until the film
had floated in the high-half of the volume of the
resulting mixture. After each drop was added, the
mixture was thoroughly homogenized with a mag-
netic bar stirrer and the temperature maintained at
20°C. Measurements were taken when the sus-
pended film was floating at rest into the mixed sol-
vents.

Tests of Absorbency

Samples of blends films (0.1 g), which were previ-
ously thermally treated at various experimental
conditions, were first immersed in distilled water
(100 mL) at 25°C for 24 h and then taken out. (In
preliminary experiments, it was observed that water
retention was practically constant for immersion
time longer than 20 h.) The swollen films were
weighed after the excess of water lying on the sur-
faces was absorbed with a filter paper. Afterward,
the swollen films were dried at 100°C until a con-
stant weight was attained and weighed again. Water
absorbency (WA ) was calculated using the following
equation:

Wt, — Wty
Wt (1)
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where Wt, is the weight of swollen film, and Wt,
the weight of dried film after being swollen.

Extractable Mass during Immersion in Water

The loss of mass experienced by the samples, during
the test of absorbency, was determined by the weight
difference between the weight of the dried sample
used for immersion in water ( W¢,) and that of the
same sample after being swollen and dried ( Wty,).
Calculation for the amount (in wt %) of extractable
mass (EXT) was done using the following equation:

( WtO - Wtsd )

T =
EX [ T

]XIOO (2)

RESULTS AND DISCUSSION

Preliminary Observations

Pure PAA gave transparent, colorless, flexible films
by casting from its aqueous solution. PAAm having
carboxyl groups also gave transparent, flexible, but
slightly yellowish films. PVA rendered transparent,
colorless, but rather rigid films. In contrast, PAAm
having no carboxyl groups rendered partially hazy,
fairly brittle films.

In general, flexibility and transparency showed
by the films of PVA/PAA and PVA/PAAm blends
were roughly a combination of those properties of
pure components, being more flexible the higher the
content of PAA or PAAm having carboxylate groups.
Likewise, blends of PVA with PAAm having no car-
boxylate groups became partially hazy and fairly
brittle as the content of PAAm was increased.

Effect of Temperature and Heating Time

Pure Polymers

All the films made of the pure polymers PAA(2),
PVA, and PAAm were soluble in water and no swol-
len gels were observed after immersion in water, even
though they were previously heated at 150°C for 45
min. In contrast, films of pure PAA (1) swelled after
immersion in water, and a portion of its mass was
removed during this test. Both the absorbency of
the resulting swollen PAA (1) films and the weight
of extractable mass diminished with the time of
thermal treatment (Fig. 1). This behavior of
PAA (1) is explained by assuming that dehydration
took place at these conditions, as has been reported
for PAA after being heated at 150°C or higher tem-
perature. This results in the formation of anhydride
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Figure 1 Effect of heating time (

) on the absorbency and (---) on the weight of

extractable mass of PAA (1) films. Heating condition: at 100°C for 1 h and then at 150°C

for the indicated time.

groups along the polymer chains, %! which cause a

decrease in their solubility in water. On this basis,
both the intramolecular glutaric-anhydride type and
the intermolecular isobutyric-anhydride type may
occur in PAA under these conditions, making it less
soluble the higher the extent of the formed anhy-
dride groups.!® Although only the intermolecular
anhydride moieties can contribute to the gel char-
acter of PAA, these two structures would reduce the
absorbency of the resulting gels. Interestingly, the
absorbency of the PAA (1) gel, which was obtained
by heating its films (100°C for 1 h and then from
100°C to 150°C), was comparable in value to those
of typical superslurpers that are usually produced
by hydrolysis of starch-g-polyacrylonitrile copoly-
mers.'? The same observation is true for the mass
extracted after they were immersed in water.

The cross-linking degree appeared to be high
enough to produce gels in PAA (1), due to its higher
molecular weight (M, = 1.0 X 10°%), but failed to
form a measurable amount of gel in PAA(2) (M,
= 2.5 X 10%). On this basis, the absence of gels in
the heated films of PAAm having carboxylate groups
can be attributed to their lower molecular weights,
as well as to the lesser extent of carboxylate groups,
which are diluted by the contained amide groups, in
comparison to PAA. Films of pure PVA and PAAm
having no carboxylate groups did not experienced
any change in their water solubility after heating.
These pure polymers were also thermally treated to
be used only as controls in the following experi-
ments.

PVA /PAA Blends

Dried films of blends of PAA(1) with PVA(1),
PVA(2), and PVA(3), respectively, were partially
insoluble in water, in spite of being heated at 100°C
for 1 h and then heated for the necessary time (5
min approximately) for the temperature reach
150°C. Insoluble portions of these blends showed
the behavior of a swollen gel having significant ab-
sorbency values (Table II). This gel behavior may
be a result of the highly probable specific interaction
in these blends, as has been suggested by
Sonenstein® and, after studies on this system in so-
lution, by Williamson and Wright.!* Absorbency
values of these films depended upon both the blend
composition and the molecular weight of PVA (Ta-
ble II), at least for the range of molecular weight
studied here. Furthermore, though data in Table II
are the results of a rough screening, it is worthy to
notice that the lowest absorbency values correspon-
ded to blends being intermediate in composition.
Interestingly, this composition corresponds to a
molar ratio of 1 of carboxyl to hydroxyl groups in
these blends. A longer heating time at 150°C pro-
duced a drastic reduction in the absorbency values
of these blends (Fig. 2) and, as a consequence, the
effect of the blend composition was not distinguished
clearly. This may be a result of a combination of
several factors: the strong tendency of high molec-
ular weight PAA (1) to form gels after being ther-
mally treated, the possible strong specific interaction
in PVA/PAA blends, and a probable chemical re-
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Table II Absorbency of PAA(1)/PVA Blends after Immersion in Water*®

Blend Composition (Wt %)

and Absorbency

Blend 100/0 75/25 50/50 25/175 0/100
PAA(1)/PVA(1) 630 100 220 500 Soluble
PAA(1)/PVA(2) 630 60 90 320 Soluble
PAA(1)/PVA(3) 630 70 70 120 Soluble

® Dried blends were preheated at 100°C for 1 h and heated up to 150°C. Absorbency is given
in g of water per g of dried sample of blend. Nomenclature as in Table L.

action between the carboxyl groups of PAA and the
hydroxyl groups of PVA.

On the other hand, a rough screening indicated
that all the blend films of PAA(2) with PVA(1),
PVA(2), and PVA(3), respectively, as well as of
pure polymers, were completely dissolved in water
even though they were heated at the same conditions
(100°C for 1 h and then to 150°C) as those applied
on blends having PAA(1). This result allowed us
to assume that, under these experimental conditions,
effective cross-linking in these blends of PAA(2)
was not high enough to produce a measurable quan-
tity of hydrogel due to the low molecular weight (M,
= 4.5 X 10%) of PAA (2). However, after these blends
were heated at 150°C for 15, 30, and 45 min, they
swelled and partially dissolved in water.

One of the main objectives of the present study
was to determine the influence of the heating time,
as well as the effect of blend composition, upon the

T00

absorbency showed by films of PVA/PAA blend.
Then, taking into account that blends of PVA with
PAA(2) rendered gels only after they were heated
at 150°C for longer time, we selected the PAA(2)/
PVA(2) system to continue this study in more de-
tail, avoiding the masking gel behavior showed by
pure high molecular weight PAA.

PAA(2)/PVA(2) System

The effect of heating time at 150°C, as well as of
blend composition, on the absorbency values of the
resulting gels of the PAA(2)/PVA(2) system is
showed in Figure 3. In this figure, it can be appre-
ciated that the effect of blend composition was more
distinguishable in the extremes of this diagram for
a heating time of 15 min. Also, the lower absorbency
values corresponded to intermediate compositions,
as in the case of PAA(1)/PVA blends. The same

ABSORBENCY
3 ¢ &8 8 8
I B

o
o

(o} s 1

ABSORBENCY

0 25
wWT

5
/o

0
OF PAA

100

Figure 2 Influence of blend composition and heating temperature on the absorbency of

PAA(1)/PVA(3) blends: (

) at 100°C for 1 h and (---) at 150°C for 30 min.
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observations are true for the mass extracted from
these blends after they were immersed in water for
24 h (Fig. 4). These results strengthen the above
assumption that thermal treatment at 150°C in-
duced the occurrence of a cross-linking reaction be-
tween PAA and PVA, which would take place mainly
during the time of 30 min (Fig. 3). This probable
reaction may be the esterification of carboxyl groups
of PAA with hydroxyl groups of PVA, as assumed
above, since it has been reported that PAA experi-
ences this reaction type with glycerol and other poly
hydroxylated compounds.!® Likewise, it has been

n
[

) 15)

claimed that PVA can be cross-linked with citric
acid. 1

PAA(2)/PVA(2)-Glyoxal System

To increase the cross-linking degree in PAA(2)/
PVA(2) blends, glyoxal was added (1 wt % with
basis on the blend weight) when the polymer mix-
ture was in solution. After the films were obtained
and dried, they were heated at 150°C. The absor-
bency values and the percent of mass extracted for
the PAA(2)/PVA(2)-glyoxal system were then
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Figure 4 Effect of blend composition and heating time on the weight of extractable mass

of PAA(2)/PVA(2) blends: Heating time was (

respectively.

) 15, (---) 30, and (- - -) 45 min,
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spectively.

determined (Figs. 5 and 6). Regarding this system,
four effects are worthy of mention: First, the addi-
tion of glyoxal caused a decrease in the absorbency
values only for the blends with high content of
PVA(2) (Fig. 5). Second, the time of thermal treat-
ment from 30 to 45 min had a measurable effect on
the absorbency of blends having a composition of
about 50 wt % of PAA (Fig. 5). Third, the amount
of mass extracted from the blends with glyoxal and
high contents of PVA was lower (Fig. 6) than that
for blends without glyoxal (Fig. 3). Fourth, the ex-
perimental error on the absorbency data was lower

) 15, (---) 30, and (* + +) 45 min, re-

in blends rich in PVA and containing glyoxal (Fig.
5), in comparison to that of blends having no glyoxal
(Fig. 3). This effect of glyoxal can be explained by
taking into account that this reagent reacts with
two hydroxyl groups of PVA, forming acetal struc-
tures.? Eventually, the hydroxyl groups that take
place in this reaction can belong to different chains,
resulting in the formation of cross-links between
chains of PVA in this system. However, pure PVA
remained water-soluble at a low concentration of
glyoxal (1% by weight). This is an indication that
the reaction between PVA and glyoxal, at this level
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Figure 6 Weight of mass extracted from PAA(2)/PVA (2) blends containing 1 wt % of
glyoxal after immersion in water for 24 h at 25°C. Blends were previously heated at 150°C

for (

)15, (---) 30, and (- - -) 45 min, respectively.
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of concentration, had a low contribution to the hy-
drogel behavior, which was shown by PVA/PAA
blends after heating. Then, one must necessarily in-
voke a chemical reaction between both polymers to
explain the synergism arising from the combination
of these three components and the thermal treat-
ment. This explanation is reinforced by taking into
account that 5 wt % of glyoxal, when added to PAA /
PVA blends, produced hydrogels showing a very low
absorbency values, i.e., highly cross-linked hydro-
gels, as was observed in preliminary experiments.
This was the reason for the use of 1 wt % to cross-
link PAA /PVA systems in all the experiments re-
ported here.

PVA /PAAm Blends

In contrast to PVA/PAA blends, all the films of
PVA /PAAm blends were soluble in water, despite
being heated at 150°C for 45 min. However, a severe
reduction of solubility for PVA/PAAm films was
achieved by addition of 5 wt % of glyoxal, even
though they were only preheated at 100°C for 1 h.
The absorbency of the resulting hydrogels of binary
blends of PAAm(1) with PVA (1) is shown in Table
III. As can be seen, absorbency values for these hy-
drogels depended upon the blend composition in the
range from 25 to 50 wt % of PAAm, but such a de-
pendence was unclear for the blends with a higher
content of PAAm(1) (Table III). This indicates that
the cross-linking degree was too high for the blends
rich in PAAm(1) and, as a consequence, the effect
of glyoxal on the blend absorbency might have
masked that arising from the blend composition.
Likewise, the influence of molecular weight of PVA
upon the blend absorbency was not clearly distin-
guishable when these blends were heated at 150°C.
Indeed, the molecular weight effect was noticeable
only in blends of 25 wt % of PAAm(1) with glyoxal

Table III Absorbency of PAAmM/PVA(1)-
Glyoxal Systems®

Blend Composition (Wt %)
and Absorbency

Blend 75/25 50/50 25/75
PAAm(1)/PVA(1) 3.5 4.3 6.3
PAAm(2)/PVA(1) 23.6 13.6 10.7
PAAmM(3)/PVA(Q1) 13.1 5.2 6.9

2 Dried films containing 5 wt % of glyoxal were heated at
100°C for 1 h and at 150°C for 15 min. Nomenclature of polymers
as in Table I.

after being heated at a relatively low temperature
(100° for 1 h). Absorbency for these blends was
higher the higher the molecular weight of PVA (Fig.
7). This latter effect is expected because the number
of chain terminals is higher in the networks for
blends having lower molecular weight PVA and, as
was established by Flory,!® chain terminals do not
contribute appreciably to the character of polymer
network, nor, of course, to its gel behavior.

The combined effect of both the heating temper-
ature and the addition of glyoxal on the absorbency
of the PAAm(1)/PVA(2) blend is shown in Figure
8. As can be observed in this figure, glyoxal induced
a hydrogel behavior for pure PVA at a heating tem-
perature of 150°C. The resulting hydrogel showed
a low absorbency value (approximately 20), which
allows one to infer that a relatively high cross-link-
ing degree was produced in this blend. This result
reinforces the above assumption regarding the
probable acetalization of PVA with glyoxal, which
became evident at this higher level (5 wt %) of
glyoxal content. The effect of heating temperature
on the absorbency of this blend can be appreciated
in the PVA(1)/PAAm(1) blend containing 25 wt
% of PAAm(1): This blend shows a lower absor-
bency value (ca. 6) when heated at 150°C (Fig. 8)
than that of the same composition but heated only
at 100°C (ca. 8) (Fig. 7). Although this latter effect
was present to a small extent, it is evident that the
combination of both the presence of glyoxal and the
high temperature (150°C) favored the formation of
hydrogels. The former is the most important factor
since, as discussed above, PVA /PAAm blends with-
out glyoxal did not show a hydrogel behavior, even
though they were heated at 150°C. In these condi-
tions, these two combined factors were dominant on
the possible effect arising from the heating time, as
can be inferred after inspection of curves depicted
in Figure 8. Indeed, these three curves for the sam-
ples heated for 15, 30, and 45 min are very close to
each other, their differences within experimental
error.

PVA /PAAm-sodium Carboxylate

Blends of PVA with low molecular weight PAAm
containing two different percentages of sodium car-
boxylate groups (10 and 70%, respectively ), without
glyoxal, remained soluble in water even after being
heated at 150°C, like those with PAAm having no
carboxyl groups. However, a hydrogel behavior was
evident for these blends after adding glyoxal and
heating at 100 or 150°C (Table III). As in the case
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of blends of PAAm without carboxylate groups, the
dependence of absorbency on blend composition was
not clearly observed. This behavior may result from
the probable immiscibility of these systems. Unfor-
tunately, as will be discussed below, conclusive DSC
results were not achieved for these systems. Nev-
ertheless, pure PAAm-sodium carboxylate also
showed a hydrogel behavior after glyoxal addition
and being heated (Table III). Since these hydrogels
exhibited a very low absorbency, a chemical reaction
must be invoked to explain this result. Such a re-
action may be of the type reported to occur between

amide and aldehyde groups, resulting in the for-
mation of acetylated amine-alcohols.!® Because of
their complexity, these systems containing PAAm
require a more detailed study in order to understand
the preliminary results reported here.

Estimation of Cross-linking Degree in PVA/PAA
Blends

Cross-linking degree (CD) was estimated in
PVA(2)/PAA(2) blends using the following Flory-
Rehner equation®!:
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Figure 8 Absorbency vs. composition for the PVA(2)/PAAm(1)-glyoxal system after

being heated at 150°C for (

) 15, (---) 30, and (- - <) 45 min, respectively.
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Vo +xVi+In(1—-V,)] (3)

ppVO(V;J/s —1Ve)
where v is the moles of cross-linked units per gram
of polymer, which is inversely related to the molec-
ular weight value of segmental chains between cross-
links; V,, the ratio of the swollen polymer volume
to the total volume of the cross-linked polymer; V,,
the molar volume of solvent (18 cm®/mol for water
as a swelling liquid); p,, the density (g/cc) of poly-
mer; and X, the polymer-solvent interaction pa-
rameter. For water-swellable polymers (hydrogels),
eq. (3) can be simplified by expressing V, as follows®:

(4)

where g = Wt/ Wt,, where Wt, and Wt, are the
weight of swelling liquid (water) and the polymer
weight in the hydrogel, respectively.

To apply this equation, the specific gravity of the
PVA(2)/PAA(2) blend was determined in the full
range of composition. The obtained density values
followed approximately the additivity rule for blend
composition when glyoxal was not added, but
PVA(2)/PAAm(2) blends having 1 wt % of glyoxal
showed a small, positive deviation from this linear
behavior (Fig. 9).

On the other hand, the inaccuracy of the Flory-
Rehner equation arises primarily from the assump-
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tion that X is constant for any solvent-polymer
composition of each system. However, as has been
pointed out,® X is a free-energy-type function; thus,
it depends on the pressure, p, the temperature, T,
and the composition, ¢ (volume fraction of com-
ponents) in a particular studied system. Unfortu-
nately, there is no universal equation for the func-
tion X = (p, T, ¢), nor has an empirical equation
for X has been obtained for any hydrogels of interest.
Furthermore, if the studied hydrogel is made by co-
polymerization of two or more comonomers, or by
cross-linking two or more homopolymers previously
mixed, it is mandatory to express the interaction
parameter X as a contribution of three or more com-
ponents. Thus, for hydrogels being either copolymers
or binary mixtures, X is usually expressed as
follows'8:

X = $1Xys T PaXos — P12X12 (5)

where ¢ is the volume fraction of the component
and the subindexes 1 and 2 refer to components 1
and 2, respectively; s refers to the swelling liquid
(water for hydrogels) . Equation (5) was used to cal-
culate the parameter X of the PVA /PAA-water sys-
tem. The X;, was, in turn, calculated by applying
the following equation®:

X12 = (V,/RT) (8, — &2) (6)
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Here, V. is the reference molar volume, which
corresponds to that of the polymer showing its
smallest value (Vpaa = 51.02 cm®/mol and Vpya
= 35.00 cm®/mol).? The reported solubility
parameter?® for PVA is 25.78 (J/cm?®)!/2 and that
of PAA was calculated [dpas = 23.68 (J/cm®)'/?]
taking into account the contribution of the three
solubility parameters, which arise from dispersion
and polar forces and from hydrogen bonding. These
values were, in turn, estimated from the groups’
contribution.?® As was mentioned above, in the case
of hydrogels made of polymer blends, it is necessary
to know the state of miscibility occurring in those
blends, since the absorbency of such hydrogels is
obviously dependent on the extent of uniformity and
the level at which their components are mixed.

Using egs. (3) and (4) in combination with both
the absorbency and the specific gravity values of the
50/50 mol % PVA(2)/PAA(2) blend, the cross-
linking degree (CD) was estimated for this blend
thermally treated at 150°C for different lengths of
time (Fig. 10). Absorbency values are also included
in this figure for comparison. As expected, the CD
increased with the heating time (up to 3.2 X 1073
for 45 min of heating), presumably as a result of
the esterification reaction between the two blended
polymers. Also, glyoxal produced an additional in-
crease in CD (up to about 5.2 X 107%) for the
PVA(2)/PAA(2) blend, which was heated at the
same conditions (Fig. 10). Such an increase was too
large (ca. 2.0 X 107®) in comparison with the ex-
pected maximum value of about 1.7 X 10~*, which
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was estimated by assuming that all the added
amount of glyoxal (1 wt %) reacted with the blend
components. This result supports the idea that some
type of cross-linking chemical reaction, beside es-
terification, took place between the two blended
components of this system containing glyoxal.

Thermal Analysis

The DSC curves of PVA/PAA blends were highly
reproducible after the first run, which showed an
endothermal peak immediately above its T, (Fig.
11). This peak corresponds to an enthalpic relax-
ation experienced by the PAA in the blend. A similar
enthalpic relaxation was shown by the pure PAA in
these studies and has also been reported by Maurer
et al.?! The DSC thermograms of either pure or
blended PAA did not show thermal events that
might be attributable to some traces of water, in
contrast to the DSC results reported by Maurer et
al.?! This indicates that the drying procedure used
in the present study was very efficient. In turn, DSC
thermograms obtained for all the PVA /PAA blends
exhibited a single T,, which was composition-de-
pendent, as can be appreciated from Figure 12, which
showed a significant deviation from the linear be-
havior. Such a deviation is similar to that shown by
miscible blends in which enthalpic contributions are
responsible for miscibility.?? Thus, it is highly prob-
able that strong specific interactions are taking place
in the PVA/PAA blend, as assumed above. Fur-
thermore, PVA /PAA blends having glyoxal exhib-
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Figure 10 Cross-linking degree (CD) of the 50/50 mol % PVA(2)/PAA(2) blend, as
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Figure 11 Typical DSC thermograms for PAA /PVA blends. Thermograms correspond
to the PAA(2)/PVA(2) blend being 50/50 mol % in composition.

ited a T, higher in value than that for blends without
glyoxal, which reinforces the assumption that cross-
linking reactions took place in this blend with
glyoxal, either during the drying process or during
the first run in DSC experiments.

On the other hand, it is a well-known fact that
fully hydrolyzed PVA markedly differs in some
properties from those of partially hydrolyzed PVA:
The former is a semicrystalline polymer and par-
tially dissolves in water, whereas the latter is amor-
phous in nature and easily dissolves in water.?
Though, from our knowledge, thermally induced
crystallization has not been reported for partially

hydrolyzed PVA used here, it might be suspected
that the unusual high cross-linking degree showed
by its blends with PAA has a substantial contribu-
tion from physical cross-linking. Such a physical
cross-linking would arise from this hypothetical
crystallization after the imposed heating conditions
in this study (150°C, 6 h). To check if there was
any crystallization in pure PVA and PVA/PAA
blends when heated at these conditions, DSC runs
were carried out on respective samples from 50 to
250°C. The obtained DSC thermograms were very
similar in shape to the so-called second run in Figure
11, in which endothermal peaks were absent. This
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Dependence of the glass transition temperature on the blend composition for

the PAA(2)/PVA(2) system (- —) without glyoxal and (---) containing 1 wt % of glyoxal,

respectively. The continuous line (
additivity rule with the blend composition.

) was obtained assuming that the T, follows the



is clear evidence that thermally induced crystalli-
zation did not take place in the PVA /PAA system
and any contribution of physical cross-linking must
be therefore discarded. There were, however, two
changes in these thermograms, which are worthy of
mention, as results of heating for 6 h: (a) The T,
for this system increased in comparison to that of
the system heated for 15 min; the maximum increase
was observed for the 50/50 blend (20°C approxi-
mately). (b) The AC, at the T, decreased in value;
the highest decrease in AC, (approximately 60% )
was observed for the 50 /50 blend. These results hold
up the assumption that a cross-linking chemical re-
action took place, as mentioned above. Since it is
well established that translational degrees of free-
dom strongly contribute to the AC, of polymer
chains in the liquid state,?* the presence of cross-
links causes a reduction on polymer chain mobility
and, in turn, on the AC, at the T, of cross-linked
polymer systems. Interestingly, when revising the
first version of the present paper, results of misci-
bility studies on the PVA/PAA blends were pub-
lished, in which 98% hydrolyzed PVA was used.?
This system was reported to be miscible in the full
range of composition. The melting point for this pure
PVA was of 219°C and a melting-point depression
was observed (of about 20°C for the 50/50 blend)
as a result of dilution effects of PAA. On this basis,
any eventual crystallization induced in the blend
studied here would have been observed in the range
from 50 to 250°C, which was applied on the DSC
runs. In the light of the results reported for PVA/

o
*)
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PAA in the present work, it seems mandatory to
check for the presence of cross-links in the reported
PVA/PAA blends?® in which the 98% hydrolyzed
PVA was used. Cross-linking is highly likely to occur
in this system during the applied annealing condi-
tions, which are required in order to use the Hoff-
man-Weeks method for thermodynamic studies of
melting-point depression on polymer blends. If this
is the case, the recrystallization process is affected
and, as a consequence, the observed melting-point
depression could have two contributions: one arising
from thermodynamic miscibility and the other one
due to a decrease in mobility of cross-linked chains.

In contrast to the results obtained for PVA /PAA,
the DSC thermograms for PVA/PAAm(1) showed
two T, and, judging from the lacking of good repro-
ducibility of these values, one can suspect that these
systems, if partially miscible, were affected by the
rate of evaporation of the used solvent (water).
Likewise, DSC experiments gave ambiguous results
for the PVA/PAAm-sodium carboxylate blends:
When samples of 15 mg were used for DSC runs,
the obtained thermograms did not show a measur-
able T, whereas larger samples rendered irregular
DSC thermograms and the samples looked like foam
after the pan was opened and visually examined.
This may be a result of a probable decomposition
of PAAm contained in the blend.

On the other hand, TGA thermograms of
PVA(2)/PAA(2) blends (Fig. 13) indicate that the
thermal stability of this system was significantly
enhanced by addition of glyoxal. Indeed, the loss
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mass of this blend diminished from almost 90% to
45% by addition of glyoxal (Fig. 13) after being
heated up to 500°C in the TGA apparatus. This
finding agrees with the assumption made above re-
garding the role of glyoxal as a cross-linking agent
in these blends.

Infrared Studies

The IR spectra of PVA/PAA blends, as well as of
that of pure PVA, which were heated at 150°C for
45 min, did not show changes that might be attrib-
utable to some chemical reaction. However, the IR
spectrum of pure PAA film heated at the same tem-
perature for 30 min showed a shoulder at 1805 cm™,
This shoulder can be assigned to anhydride groups,
on the basis of studies previously reported.? To in-
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duce some detectable changes in the PVA/PAA
system, both the blend and the pure components
were heated at 150°C for three successive periods
of 2 h and their infrared spectra were obtained (Fig.
14). Also, the relative intensity of the shoulder at
1805 em™! (anhydride groups) in the spectrum of
PAA remained constant even though this heating
temperature was maintained for 6 h, while the same
conditions did not cause a detectable formation of
these anhydride groups in PVA/PAA blends. On
this basis, one must discard these groups as being
responsible for the cross-linking in the above PVA/
PAA hydrogels. On the other hand, it can be ob-
served that the band intensity in the 1700-1770 cm™
region (carbonyl groups) and that in the 1190-1260
cm~! region (ester groups) are higher in the IR
spectrum of the PVA/PAA blend than in those of
pure components, either in each one alone or in su-
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Figure 14 IR spectra for PAA(2)/PVA(2) blend and its components. The IR spectrum
obtained on the superimposed films of pure PVA and pure PAA is included for comparison.



perimposed films (Fig. 14). This is strong evidence
that an esterification reaction took place in these
blends, as assumed above, involving some hydroxyl
and carboxyl groups of PVA and PAA, respectively.
Since these features were not observed in the IR
spectrum of the PVA /PAA blend heated for 45 min,
despite this system showing a hydrogel character,
one can assume that esterification took place to so
little an extent that was not detectable by conven-
tional IR spectroscopy. This assumption agrees with
the above observed reduction of water absorbency
for these PVA /PAA blends with the heating time.

Regarding PAAm, it can be observed (Fig. 15)
that the band at 1590-1770 cm™ is broader for
PAAm having glyoxal than that for PAAm without
this additive. This result reinforces the idea that a
chemical cross-linking was produced by glyoxal in
this polymer, as well as in its blends with PV A, after
being heated at 150°C. However, systematic studies
should be carried out to elucidate the chemical
structure of such cross-links, varying the concen-
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tration of the cross-linking agent and applying dif-
ferent combinations of heating temperature and
heating time. More powerful spectroscopic tech-
niques than those used here should be applied to
quantify the cross-linking degree and to correlate it
with the absorbency values showed by the resulting
hydrogels.

CONCLUSIONS

The PVA /PAA system was miscible in the full range
of composition, as revealed by DSC studies, and their
blends showed a hydrogel behavior. Water retention
(absorbency) of these hydrogels was reduced by
thermal treatment and their values depended upon
both the heating time and the blend composition.
Esterification was revealed from infrared spectros-
copy in these blends only after a heating time of 6
h. Then, it can be assumed that the cross-linking in
these blends is a result of the esterification reaction
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between the carboxyl groups of PAA and the hy-
droxyl groups contained in PVA. The addition of
glyoxal in the blends, before their films were cast,
increased even more the effect of heating time on
the absorbency values. In contrast, PVA/PAAm
systems rendered hydrogels only when they had
glyoxal as a cross-linking agent. The results obtained
by infrared studies on this latter system were not
sufficiently clear to address the origin of cross-link-
ing in the hydrogels formed by this system.

The cross-linking degree was estimated for the
PVA /PAA hydrogels by using their absorbency val-
ues in the Flory-Rehner equation. Based on this
calculation, the cross-linking degree was higher the
longer the heating time for a given blend composi-
tion. Cross-linking degree values were also increased
by addition of glyoxal in these blends. This additive
improved the thermal stability of PVA /PAA blends.
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