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ABSTRACT: The interpenetrating polymer network hy-
drogels based on poly(vinyl alcohol) were obtained by graft
copolymerization of acrylamide and styrene onto polyvinyl
alcohol in the presence of N,N'-methylene bisacrylamide as
a crosslinking agent. The hydrogels were characterized by
optical microscopy, scanning electron microscopy, infrared
spectral analysis, differential scanning calorimeter, and ther-
mogravimetric analysis. The hydrogels showed enormous
swelling in aqueous medium and displayed swelling char-

acteristics, which were highly dependent on the chemical
composition of the hydrogels and pH of the swelling me-
dium. The kinetics of water uptake and the mechanisms of
water transport were studied as a function of composition of
the hydrogel and pH of the swelling medium. © 2005 Wiley
Periodicals, Inc. ] Appl Polym Sci 95: 1129-1142, 2005
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INTRODUCTION

Hydrogels are three-dimensional networks of poly-
mer chains that swell, but don’t dissolve in water. The
formation of hydrogels is an interesting phenomenon
and could one day supplement tools for the design,
synthesis, and self-assembly of novel biomaterials ap-
plications.'™ The particular suitability of hydrogels as
biomaterials stems from the similarity of their physical
properties to those of living tissues. This resemblance
is due to their high water content, soft and rubbery
consistency, and low interfacial tension. The high wa-
ter content of hydrogel allows the extraction of unde-
sirable reaction by-products prior to implantation and
easy penetration of small molecules such as water,
electrolytes, and metabolities into them in vivo. In
addition to the use of hydrogels in implantation tech-
nology, they also find applications in controlled drug
delivery systems,* soft contact lenses,” wound dress-
ings,® artificial implants,® dialysis membrane,” surgi-
cal prostheses,® agrochemistry,” environmental moni-
toring,10 etc. Their sensitive response to external stim-
uli such as pH,11 ’cemperature,12 ionic s’crength,13
magnetic field,'* and electric field,'® enable them to be
coined “intelligent polymers” or “smart materials.”
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Polyvinyl alcohol has been a polymer of choice for a
long time in biotechnical and biomedical communi-
ties.'®™'? It is used as a basic material for a variety of
biomedical applications including contact lenses,*
skin replacement materials,?! reconstruction of vocal
cards,* artificial cartilage replacement, artificial me-
niscus,?* bioprosthetic heart valve,?® etc., because of
their inherent nontoxicity, noncarcinogenicity, good
biocompatibility, and desirable physical properties
such as elastic nature, high degree of swelling in aque-
ous solution, and good film forming property.*® The
polyvinyl alcohol has also gained wide pharmaceuti-
cal application as drug delivery matrices® or in the
form of powders added to mixture of other excipients
for tablet formation.”” Despite all these, the main dis-
advantage of polyvinyl alcohol is its weak mechanical
strength, although partial crystallization by annealing
can increase the mechanical strength by 100-fold.”

The fundamental property to which all such bio-
medical applications are credited lies in swelling of
the hydrogels when they come in contact with an
aqueous environment.” A study of the dynamics of
water sorption by hydrogel, therefore, is of much im-
portance as it not only monitors the progress of swell-
ing process, but also gives an insight into the mecha-
nism of water transport, which reflects the network
structure of hydrogel framework.*® The use of hydro-
phobic segments into polymer matrix has also been
attempted for altering physical properties of the poly-
mer. In the present investigation, we report results on
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the morphological and thermal characterization of a
hydrogel composed of polyvinyl alcohol (PVA) and
poly(acrylamide-co-styrene) or P(Am-co-ST) and its
water uptake potential.

EXPERIMENTAL
Materials

PVA (hot processed M.Wt., 40,000; degree of hydroly-
sis, 98.6%) was obtained from Burgoyne Burbidges &
Co. (Mumbali, India) and used without further purifi-
cation. Acrylamide (AM) (Research Lab, Poona, India)
was crystallized twice from methanol (G.R.) and dried
under vacuum over anhydrous silica for a week. Sty-
rene (Research Lab) was purified by washing it se-
quentially with 10% NaOH, 2 N H,SO,, and finally
double distilled water. The monomer thus purified
was distilled under vacuum conditions and middle
fractions were collected. N,N'-Methylene bisacrylam-
ide (MBA) (Central Drug House, Bombay, India) em-
ployed as a crosslinking agent and potassium persul-
fate (Loba Chemie, India) as polymerization initiators
were used as received. All other chemicals used were
of analytical grade and bidistilled water was used
throughout the experiments.

Methods
Preparation of the IPN hydrogel

In the present study copolymerization of AM and
styrene (ST) was carried out in the presence of both
PVA and MBA. Prior to performing experiments, the
reactants were degassed by purging dry N, for 60 min
and then into a petri dish (diameter 2 inch, Corning)
were added 1.00 g PVA, 10.5 mM AM, 8.6 mM ST, 0.12
mM MBA, and 1.11 M water. The reaction mixture
was homogenized by manual mixing, deaerated again
by purging N, gas for 1 h, and covered with a lid and
kept at 80°C for 3 h. The interpenetrating polymer
network (IPN) hydrogel so formed was dried at 60°C
for 5 h.

Purification

The end-polymer networks obtained as described
above were equilibrated with bidistilled water for 10
days so that the unreacted monomers and other reac-
tants were leached out of the swollen IPN. Thereafter,
the swelling medium was analyzed for acrylamide
and styrene (unpolymerized double bond estimation),
polyacrylamide, and polystyrene, respectively. It was
found that whereas only 15% of monomers used were
left unpolymerized, almost no homopolymers could
be detected in the outer swelling medium. The swol-
len hydrogels were cut into small circular discs, which
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were then dried at room temperature for a week and
stored in air-tight containers.

Grafting parameters

The percentage grafting yield and efficiency were cal-
culated using the following equations.

(Wg - WO)

% grafting yield = W,

X 100 (1)

(Wg - WO)

% grafting efficiency = X 100, (2)

where Wg, Wy, and m denote the weight of grafted
PVA, the weight of ungrafted PVA, and weight of
monomers (AM and ST) used, respectively.

The various samples, if prepared by taking different
amounts of PVA, monomers (PVA and ST), and
crosslinker (MBA) in the feed mixture, are listed in
Table I. The % grafting yield and % grafting efficiency
are also presented in Table L

Appearance of the IPN hydrogel

In the dry state, IPN hydrogel was like a smooth thin
film, which upon swelling changed into a semi-trans-
parent enlarged mass as is evident from Fig. 1.

Morphology

Optical microscopy. The IPN film surface was exam-
ined by an optical microscope (NICON-E800 Eclipse)
for morphological study.

Scanning electron microscopy. The surfaces of the IPN
films were coated with Au-Pd under a vacuum and
images were recorded with a Hitachi 5-530 Scanning
Electron Microscope at 10 kV and 3000X magnifica-
tion.

IR spectra of semi-IPN hydrogels

The structural characterization of the IPN was per-
formed by recording IR spectra of the end polymer on
a Perkin-Elmer spectrophotometer (Paragon 1000
FTIR).

Thermal analysis
Differential scanning calorimetry

Differential scanning calorimetry (DSC) measure-
ments were carried out on a TA instruments DSC-2C
(Perkin—Elmer, Inc.) with nitrogen as purging gas. The
experiments were performed from 50 to 400°C at a
heating rate of 10°C/min.
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TABLE 1
Data Showing the Variation in Grafting Parameters with Varying Concentrations of Hydrogel Components

PVA (g) AM (mM) ST (mM) MBA (mM) Grafting efficiency (%) Grafting yield (%)
0.250 10.5 8.6 0.12 27.50 = 1.07 46.2 = 1.42
0.500 10.5 8.6 0.12 29.32 = 0.76 50.4 £ 1.53
0.750 10.5 8.6 0.12 29.85 = 1.46 51.2 = 1.09
1.000 10.5 8.6 0.12 30.07 = 1.14 52.0 = 1.11
1.250 10.5 8.6 0.12 31.78 = 1.41 54.1 £ 1.17
1.500 10.5 8.6 0.12 33.54 = 1.01 58.0 = 1.11
1.000 7.00 8.6 0.12 17.57 = 1.36 26.0 = 1.16
1.000 10.5 8.6 0.12 30.07 = 1.14 52.0 £ 1.11
1.000 14.0 8.6 0.12 42.00 = 1.91 78.0 =223
1.000 17.6 8.6 0.12 52.48 = 0.97 117.0 + 3.64
1.000 21.1 4.3 0.12 54.00 = 1.91 120.0 £2.23
1.000 24.6 8.6 0.12 57.00 = 1.47 128.0 = 1.11
1.000 10.5 2.1 0.12 43.00 = 1.81 56.0 = 1.47
1.000 10.5 4.3 0.12 48.00 = 0.95 60.0 £ 2.16
1.000 10.5 8.6 0.12 30.07 = 1.14 52.0 = 1.11
1.000 10.5 13.0 0.12 23.15 +1.20 51.0 = 2.06
1.000 10.5 15.1 0.12 20.02 = 1.31 46.0 £ 1.80
1.000 10.5 17.3 0.12 16.50 = 1.82 415+ 145
1.000 10.5 8.6 0.06 3296 = 1.12 57.0 = 1.80
1.000 10.5 8.6 0.12 30.07 = 1.14 52.0 £ 1.11
1.000 10.5 8.6 0.19 27.10 =143 51.0 = 2.38
1.000 10.5 8.6 0.25 35.85 = 0.48 50.0 = 1.80
1.000 10.5 8.6 0.32 22.00 = 1.47 435 £ 3.14
1.000 10.5 8.6 0.39 17.50 = 1.10 42.0 = 1.47

Thermogravimetry analysis

Thermogravimetry analysis (TGA) was done on a
TA instruments TGA-7 Perkin-Elmer thermogravim-
etry analyser with air atmosphere. Tests were con-
ducted from 50 to 900°C at a heating rate of 10°C/min.

Swelling experiments

The progress of the swelling process was monitored
gravimetrically as described by other workers.*! In a
typical swelling experiment, a preweighed circular
piece of dry hydrogel (0.04 g) was immersed into a
definite volume of bidistilled water, taken out at dif-
ferent time intervals, soaked between two filter pa-
pers, and finally weighed. The swollen ratio was cal-
culated by the equation

Weight of the swollen gel
Weight of the dry gel

Swelling ratio =

3)

Dynamics of water sorption

In order to have insights into the water transport
process through the IPNs, the following equation was
fit into the kinetic data of the swelling process,*

W
Tt kt",

W )

where k is the swelling rate front factor, n is the
swelling exponent, and W, and W, are water intakes
(g) at time ¢ and equilibrium time (min), respectively.
In the above equation the numerical value of n pro-
vides information about the water sorption mecha-
nism, for example, for Fickian kinetics in which the
rate of diffusion is rate limiting (n = 0.5), whereas the
value of n between 0.5 and 1.0 indicates a non-Fickian
process in which the relaxation of polymeric chains of
the hydrogel determines the rate of water sorption.
The value of n can be obtained from the double loga-
rithmic plot drawn between W,/W.,, and time t.

For calculating the diffusion constant of water into
the IPN, the following equation was employed,*

W, (Dt)l/2

W =4 ’7T€2 (5)

where D is the diffusion constant of water (cm? s~ %)
and ¢ is the thickness of the dry IPN measured by a
micrometer.

Statistical analysis

All swelling experiments were performed four times
and the swelling ratios were expressed as the average
of three independent determinations. The values of
percentage grafting yield and grafting efficiency are
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SWOLLEN HYDROGEI

Figure 1 A photograph depicting the dry and swollen grafted hydrogels.

expressed as means * S.D. of at least four indepen-
dent measurements.

RESULTS AND DISCUSSION
Characterization of hydrogel
Morphology

A photograph of dry IPN hydrogel (Fig. 1) shows the
homogeneous surface of semi-transparent film. An
optical micrograph of the prepared dry hydrogel is
depicted in Fig. 2, which clearly shows the presence of
hydrophobic polymeric moieties due to the irregular
location of polystyrene segments in the copolymeric
chains of the network. The optical images also suggest
that polystyrene segments are unevenly distributed
over the film surface. The hydrogel was also analyzed
by SEM analysis, which provides a better insight (Fig.

3) into the dimensions and morphology of the IPN
hydrogels compared to that by an optical microscope.
This image of film again confirms the predominant
presence of hydrophobic microdomains on the hydro-
gel surface. These hydrophobic microdomains of poly-
styrene provide mechanical strength to the gel acting
as reinforcement fillers and regulate the swelling be-
havior of the gel.

IR spectral analysis

The IR transmittance spectra of the end polymer is
depicted in Fig. 4. The spectra clearly show a broad
band around 3500 cm ™!, which is typical of hydrogen
bonded (bridged) O—H stretch from alcoholic OH
and bound water. The observed broad band also im-
plies for N—H stretching due to polyacrylamide and
MBA. Similarly, a strong amide I band at 1596 cm ™"

Figure 2 Optical micrograph of the dry grafted hydrogel.
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Figure 3 SEM image of the grafted hydrogel.

may also be assigned to C=O0 stretching vibration of
polyacrylamide and MBA. The spectra also mark the
presence of methylene (CH,) twisting and wagging
vibrations at 1361 and 1102 cm ™' and C—H stretching
at 2933 cm™'. In addition to the above-observed
bands, the spectra also contain absorption bands in the
range 1400 to 1500 cm ™' indicative of C=C skeletal
in-plane vibrations due to the phenyl ring of styrene.

The spectral analysis further suggests a grafted type of
network structure in which crosslinked AM and ST
chains are grafted onto the backbone of PVA via hy-
droxyls of the preformed polymer.

On the basis of the above spectral analysis, a scheme
of reactions may be proposed for the formation of the
IPN hydrogel as depicted in Fig. 5. The proposed
scheme only explains the formation of the IPN chains:
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Figure 4 IR Spectra of the grafted hydrogels.



1134

PVA 4)\1 ~

o000
IANYARGS

PST
PAM

Crosslink
With MBA **"****

80 °C l

Grafled Hydrogel

Figure 5 A proposed reaction scheme of mechanism for the
synthesis of grafted hydrogels.
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this does not indicate the formation of crystalline do-
mains in the IPN.

Thermal analysis

For the assessment of thermal stability of the prepared
hydrogels TGA and DSC studies were performed and
the respective thermograms are shown in Figs. 6 and
7, respectively. It is clear from Fig. 6 that there is
almost no weight loss up to 100°C, whereas a slight
decomposition begins beyond 100°C, which could be
assigned to the water loss in the hydrogel. The first
major decomposition appears to occur at 164°C, which
may be due to thermal processes involving both melt-
ing of polyacrylamide (PAM) chains and onset of deg-
radation. This value, however, is comparatively low
and may be attributed to the presence of other com-
ponents in the hydrogel. In general, PAM shows three
steps of weight loss located at 100, 200, and 340°C.>*
The former is attributed to moisture loss, the weight
loss at 200°C is due to melting and decomposition, and
the third drop at 340°C is indicative of the occurrence
of more extensive thermal degradation processes. In
the present case also, major decomposition starts at
335°C and continues up to 454°C; thereupon about
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Figure 6 The TGA curves of grafted hydrogel of definite composition of [PVA] = 1.0 g, [AM] = 10.5 mM, [ST] = 8.6 mM,
[MBA] = 0.12 mM, [KP] = 0.073 mM. Thickness = 0.051 cm; heating rate = 10°C/min.
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Figure 7 The DSC thermogram of grafted hydrogel of definite composition of [PVA] = 1.0 g, [AM] = 10.5 mM, [ST] = 8.6
mM, [MBA] = 0.12 mM, [KP] = 0.073 mM. Thickness = 0.051 cm; heating rate = 10°C/min.

75% weight loss is noticed. However, prominent de-
composition occurs at 401°C as revealed by the TGA
curves, which clearly show the greatest weight loss in
the temperature range 250 to 450°C that is believed to
be due to the disintegration of intermolecular and
partial breaking of the molecular structure, as re-
ported elsewhere.® A large peak area of 71% also
suggests the presence of large crystalline domains in
the hydrogel. The melting points of PVA and polysty-
rene (PST) also fall within the temperature range of
200 to 250°C so they were obscured in the TGA curves
and did not appear separately.

The DSC thermogram shown in Fig. 7 clearly de-
picts a minor endotherm at 63°C, which could be
assigned to the glass transition temperature of the
PVA. A minor endotherm also appears near 165°C and
may be attributed to the melting of PAM. The ther-
mogram depicts a sharp melting endotherm at 198°C,
which may be due to the melting of PST crystallite
domains in the IPN. A high value of 31.66 J/g clearly
suggests a higher crystallinity in the IPN. A broad but
deep melting endotherm observed at 288°C may be
because of melting of PVA semi-crystallite regions in
the IPN. The thermogram contains broad and minor
exotherms beyond 340°C that represent degradation
of constituent polymers of the IPN.

Network parameters

Two important structural parameters characterizing
crosslinked polymer are M, the average molar mass
between crosslinks, and crosslink density (g), which
may be determined by the equations,

(0! —v)/2

M. = =Vid, In(1 — v) + v, + Xv.? (6)
M,
q= M/ (7)

where the terms involved have their usual signifi-
cance.*

Other authors define a crosslink density, v,, as the
number of elastically affective chains, totally included
in a network, per unit volume, v, is simply related to
g since

0.=d,Na/M,, (8)

where N, is Avogadro’s number.

Since the IPN in the present study contains a co-
polymeric structure, the molar mass of the polymer
repeat unit, M, can be calculated by the equation
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TABLE 1I
Structural Parameters for the Networks of PVA and Poly(AM-co-ST) of Varying Compositions of the IPNs®

PVA AM ST MBA Average mol. wt. between Crosslink density Elastically effective chains
(8) (mM) (mM) (mM) crosslinkers (M) (g X 10% (V, X 10719)
1.000 7.00 8.6 0.12 20,204 424 3.57
1.000 10.5 8.6 0.12 79,399 1.08 0.91
1.000 17.6 8.6 0.12 21,322 3.83 3.38
1.000 10.5 4.3 0.12 34,607 2.32 2.08
1.000 10.5 8.6 0.12 79,399 1.08 0.91
1.000 10.5 13.0 0.12 21,318 4.18 3.39
1.000 10.5 8.6 0.06 110,625 0.75 0.65
1.000 10.5 8.6 0.12 79,399 1.08 0.91
1.000 10.5 8.6 0.25 15,949 5.38 453

@ Structural parameters calculated for three different concentrations of AM, ST, and MBA.

Mam * Mam + 1t * Mgr
MO =

, )

Man + Hst

where 1,,, and ngr are the mol. numbers of AM and
ST (mol) and M ,, and Mgy are the molar mass of AM
and ST (g mol-1), respectively.

The density of the polymer d, was determined by
pyknometry and found to be 1.2 g cm™>. Other pa-
rameters such as V; and X were noted from the liter-
ature.’’?® Using Egs. (6), (7), and (8) the volumes of
M., g, and v, have been calculated for the IPNs con-
taining different amounts of crosslinkers (MBA). The
values summarized in Table II indicate that the aver-
age molar mass between crosslinks decreases with
increasing MBA content in the networks.

Factors affecting grafting parameters

As shown in Table I the present grafting yield and
grafting efficiency vary with varying composition of
the hydrogel. The obtained grafting data may be in-
terpreted as follows.

When the amount of PVA increases from 0.250 to
1.50 g, both the grafting yield and the grafting effi-
ciency increase, which may be because increasing con-
centration of PVA results in increasing number of
polymer radical, i.e., PVA, which obviously brings
about an increase in grafting parameters.

In a similar way when the concentration of AM is
varied in the range 7.0 to 24.60 mM, the grafting
parameters constantly increase, which can be again
explained on the basis of the proposed grafting mech-
anism. It is clear from the mechanism that increasing
concentration of monomer (AM) increases the avail-
ability of monomer molecules in the propagation step
and, therefore, the extent of grafting increases. How-
ever, an opposing trend is noticed when the concen-
tration of hydrophobic monomer (styrene) is varied in
the range 2.17 to 17.3 mM. The data clearly indicate a
constant fall in both the grafting yield and the grafting
efficiency. The observed decrease in grafting parame-

ters may be because greater concentration of styrene
may lead to the formation of homopolymer, which
will result in a lower grafting yield and grafting effi-
ciency. It is also likely that due to an increased hydro-
phobicity in the reaction mixture phase separation
may also occur, which will lower the yield of grafted
polymer.

It is also revealed by the data that increasing the
concentration of crosslinker (MBA) results in a fall in
both the percentage grafting yield and the grafting
efficiency. The observed results may be explained by
the fact that at higher concentration of crosslinking
agent in the polymerization system, the greater num-
ber of crosslinker molecules add onto the active site on
the PVA backbone rather than the monomers acryl-
amide and styrene.

Mechanism of water sorption

Polymeric hydrogels are normally considered either
IPN, where different polymeric chains are held to one
another via weak interactive forces, or intimate mix-
ture of polymeric chains covalently bonded to one
another. In the present work since the PVA and poly-
(acrylamide-co-styrene) chains offer a chemical inter-
action between themselves, the hydrogel synthesized
may belong to the latter category. Thus, assuming the
nature of the hydrogel as grafted copolymer, it can be
postulated that there are free volume patches present
between the PVA and copolymeric chains according to
the free volume theory.” When the hydrogel contacts
a thermodynamically compatible solvent the pene-
trant water molecules invade the hydrogel surface
and, thus, a moving solvent front is observed that
clearly separates the unsolvated glassy polymer re-
gion ahead of the front from the swollen and rubbery
IPN phase behind it.** Just ahead of the front, the
presence of solvent plasticizes the polymer and causes
it to undergo a glass-to-rubber transition.*' Now, the
following possibilities arise:
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(i) If the glass transition temperature of the poly-
mer (T,) is well below the experimental temper-
ature, the polymer will be in the rubbery state
and polymer chains will have a higher mobility
that allows an easier penetration of the sol-
vent.*? This clearly results in a Fickian diffusion
(Case I), which is characterized by a solvent
diffusion rate, Ry, slower than the polymer
relaxation rate, R.q. (Raist << Rielax)-

(ii) If the experimental temperature is below T, the
polymer chains are not sufficiently mobile to
permit immediate penetration of the solvent
into the polymer core. This gives rise to a non-
Fickian diffusion process, which includes Case
II diffusion and anomalous diffusion depending
on the relative rates of diffusion and chain re-
laxation (for Case II, Ry => R ea and for
anomalous, Ry ~ Rielax)-

It has also been a matter of quest to know about the
status of water molecules in the swollen hydrogel. It
has been revealed by differential scanning calorimetry
measurements®® that water molecules are normally
present in two different states in the hydrogel, viz. free
water and bound water.

Effect of hydrogel composition on swelling

Macromolecular hydrogels generally consist of hydro-
philic (and/or hydrophobic) components and a suit-
able crosslinking agent. Apart from the chemical func-
tions of the hydrogels, the swelling of hydrogel net-
work is also regulated by the physical forces and
subsequent elastic responses of the constituent macro-
molecular chains of the matrix. According to Flory’s
swelling theory,** the following equation can be given,

[(i/2Vy+ SYA) + (1/2 — X))/ V]
(v./V,)

-] L a

where i/Vy is the concentration of the fixed charge
referred to unswollen network, S is ionic concentra-
tion in the external solution, (1/2-X,)/V is the affinity
of hydrogel for water, and v./V,, is the crosslinked
density of the hydrogel. The above equation reveals
that the swelling ratio has direct relations with ionic
osmotic pressure, crosslinked density, and the affinity
of hydrogel for water. Therefore, the swelling of the
hydrogel can be controlled by varying its chemical
composition.

Effect of styrene

An effective route to bring about the desired modifi-
cation in the sorption property of a polymers is by
introduction of a hydrophobic monomer into the hy-
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Figure 8 Effect of ST content on the equilibrium swelling of
hydrogel at fixed composition of [PVA] = 1.0 g, [AM] = 10.5
mM, [MBA] = 0.12 mM, [KP] = 0.073 mM. Temperature
= 27 * 0.2°C; thickness = 0.051 cm; pH 7.0.

drophilic system. This normally results in a change in
the maximum hydration and diffusion of the swelling
agent into the matrix as well as the organization of
water molecules, depending on the chemical compo-
sition and the distribution of the hydrophobic mono-
meric units along the macromolecular chains.*> For
instance, the water gain property of a polymer of
2-hydroxylethyl methacrylate was affected by means
of the introduction of a hydrophobic monomer such as
furfurylacrylate.* Similarly, inclusion of a hydropho-
bic crosslinker into the polymer matrix has also been
attempted for altering physical properties of the poly-
mer.*” The effect of increasing concentration of styrene
on the equilibrium swelling behavior of hydrogel has
been examined by varying its concentration in the
range 2.17 to 17.3 mM in the feed mixture of the
hydrogel. The results are displayed in Fig. 8, which
indicates that with increasing proportion of styrene in
the hydrogel, the equilibrium swelling of hydrogel
increases up to 8.6 mM of styrene content, while be-
yond 8.6 mM a fall in equilibrium swelling of hydro-
gel is noticed. The observed initial increase in swelling
of the gel may be explained by the fact that ST is
hydrophobic and bulky. Moreover, its increasing con-
centration in the feed mixture results in a steric repul-
sion among the PST segments of the IPN chains,
which widens the mesh size of the network pores and
thus facilitates the penetration of water molecules.
This obviously brings about an increased swelling of
hydrogel.

Effect of acrylamide

When the concentration of hydrophilic monomer, i.e.,
acrylamide, increases in feed mixture in the range 7.00
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to 24.60 mM, initially equilibrium swelling of hydro-
gel increases, but after 10.5 mM there is a fall in the
equilibrium swelling of hydrogel (Fig. 9). This may be
explained by the fact that AM is a hydrophilic mono-
mer and when the amount of AM increases the swell-
ing of hydrogel also increases. However, after 10.5
mM the fall observed in the swelling of hydrogel
could be attributed to the reason that further increas-
ing AM concentration results in a greater density of
the network, which obviously results in a drop in
equilibrium swelling. Another reason for the observed
decrease in swelling may be that with increasing hy-
drophilic segments in the hydrogel the polymer vol-
ume fraction decreases, which reduces the mesh sizes
of the free volumes. The mesh size characterizes the
space between the macromolecular chains. Obviously,
a decrease in mesh size will result in a penetration of
a smaller number of water molecules into the network.

Effect of PVA

When the concentration of PVA in the IPN varies in
the range 0.25 to 1.5 g, the swelling ratio also changes
appreciably (Fig. 10). Initially the swelling ratio in-
creases, while in the latter course it constantly de-
creases. The results also reveal that at higher amounts
of PVA, the equilibrium swelling is attained earlier in
comparison to the hydrogel with low PVA content.
The results can be explained by the fact that an in-
creasing proportion of PVA results in a greater hydra-
tion of its chains because of the hydrophilic nature of
the PVA. However, beyond an optimum concentra-
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Figure 9 Effect of AM content on the equilibrium swelling
of hydrogel at fixed composition of [PVA] = 1.0 g, [ST] = 8.6
mM, [MBA] = 0.12 mM, [KP] = 0.073 mM. Temperature
= 27 * 0.2°C; thickness = 0.051 cm; pH 7.0.
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Figure 10 Effect of PVA content of the network on the
equilibrium swelling of hydrogel for fixed composition of
[ST] = 8.6 mM, [AM] = 10.5 mM, [MBA] = 0.12 mM, [KP]
= 0.073 mM. Temperature = 27 * 0.2°C; thickness = 0.051
cm; pH 7.0.

tion (1.0 g) the decrease observed in the swelling ratio
is due to a much greater density of the gel, which
inhibits diffusion of penetrant water molecules into
the gel matrix. The arrival of the equilibrium swelling
of hydrogel at earlier times at higher PVA concentra-
tion may be attributed to the fact that at higher PVA
concentration relaxation of PVA chains becomes diffi-
cult and this obviously leads to much slower penetra-
tion of water molecules, which brings about an early
arrival of equilibrium swelling of the hydrogels.

Effect of crosslinker

The influence of increasing crosslinking of the hydro-
gel on its release behaviour was investigated by em-
ploying different amounts of crosslinking agent
(MBA) while in the network preparation. When MBA
was used in the concentration range 0.06 to 0.39 mM in
the feed mixture of the network, it was observed that
whereas the equilibrium swelling increases up to 0.12
mM, concentration of MBA decrease in equilibrium
swelling was noticed beyond 0.12 mM of crosslinker
concentration (Fig. 11). The observed increase in equi-
librium swelling may be attributed to these reasons.
Since MBA is a hydrophilic monomer, its increasing
concentration in the feed mixture results in an en-
hanced hydrophilicity of network, which in turn in-
creases the degree of swelling. However, beyond 0.12
mM of MBA a significant decrease may be explained
on the basis of the fact that crosslink density increases
to appreciable extent; therefore, swelling of hydrogels
decreases. It is clearly revealed in Table II that when
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Figure 11 Effect of MBA content of the hydrogel on the
equilibrium swelling of hydrogel at fixed composition of
[PVA] = 1.0 g, [AM] = 105 mM, [ST] = 8.6 mM, [KP]
= 0.073 mM. Temperature = 27 * 0.2°C; thickness = 0.051
cm; pH 7.0.

the concentration of MBA increases from 0.06 to 0.12
mM, the crosslink density increases by 50%, whereas
with a further increase in crosslink concentration, that
is from 0.12 to 0.25 mM, the crosslink density increases
by nearly 500%. Some authors® have reported an
increase in the glass transition temperature (T,) of the
polymer with increasing concentration of the
crosslinker. This also results in a restrained mobility of
network chains and, therefore, slows the rate of swell-
ing. As can be seen in Table III, the penetration veloc-
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ity of the solvent also decreased with increasing con-
centration of the MBA; hence, this also supports the
idea of slow penetration of water molecules into the
hydrogel.

Effect of pH

The role of pH in regulating water sorption of poly-
meric hydrogels is of greater significance as a change
in pH of the swelling medium often results in a fluc-
tuation in free volumes accessible to penetrant water
molecules, which, in turn, affects swelling character-
istics of the polymer. In the present investigation, the
effect of pH has been studied in the range 2.0 to 10.0
and the results are depicted in Fig. 12. It is clear that
the equilibrium swelling increases with increasing pH
of the swelling medium. This can be explained by the
fact that with increasing pH of the swelling medium
the polyacrylamide segments of the copolymer un-
dergo partial hydrolysis and consequently produce
anionic charged centers along the copolymeric chains.
These polyelectrolyte chains cause repulsions between
the macromolecular chains and thus widen the free
volumes within the IPN network, which obviously
enhances their water sorption quality.

It was also noticed from the kinetic swelling data
(not given here) that at extreme pH’s, i.e., 2.0 and 10.0,
the equilibrium swelling arrives at earlier times than
at other pH’s. This can be explained by the fact that at
extreme pH’s of 2.0 and 10.0 the copolymeric chains
will be most compactly and loosely packed, respec-
tively, within the hydrogel and, therefore, there will
be further no scope for polymeric chains to shrink or
swell, respectively. This clearly leads to an earlier
arrival of the equilibrium swelling.

TABLE III
Data Showing the Variation of Penetration Velocity (v) for Swelling of IPN and Diffusion Constant (D) with Varying
Composition of the IPNs?

PVA (g) ST (mM) AM (mM) MBA (mM) Thickness (cm) v X 10° (cm/s) D X 107 (cm?/s)
0.5 8.6 10.5 0.12 0.051 1.85 3.76
1.0 8.6 10.5 0.12 0.051 1.60 3.95
1.5 8.6 10.5 0.12 0.051 1.03 1.96
1.0 43 10.5 0.12 0.051 2.08 7.10
1.0 8.6 10.5 0.12 0.051 1.60 3.95
1.0 13.0 10.5 0.12 0.051 1.20 443
1.0 8.6 7.0 0.12 0.051 1.15 2.83
1.0 8.6 10.5 0.12 0.051 1.60 3.95
1.0 8.6 17.6 0.12 0.051 0.95 2.38
1.0 8.6 10.5 0.06 0.051 2.08 3.95
1.0 8.6 10.5 0.12 0.051 1.60 3.95
1.0 8.6 10.5 0.25 0.051 0.80 2.38
1.0 8.6 10.5 0.12 0.017 0.55 5.15
1.0 8.6 10.5 0.12 0.030 1.25 3.60
1.0 8.6 10.5 0.12 0.051 1.60 2.56

2 Values calculated for three different concentrations of PVA, ST, AM, and MBA.
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Figure 12  Effect of pH of swelling medium on equilibrium
swelling at fixed composition of [PVA] = 1.0 g, [AM] = 10.5
mM, [ST] = 8.6 mM, [MBA] = 0.12 mM, [KP] = 0.073 mM.
Temperature = 27 *+ 0.2°C; thickness = 0.051 cm.

Effect of thickness

In the present study, the influence of surface area of
the hydrogels on the swelling kinetics has been stud-
ied by varying the thickness of hydrogels in the range
0.017 to 0.051 cm. The results are shown in Fig. 13,
which indicates that the equilibrium swelling in-
creases with increasing thickness of the hydrogel. Ini-
tially, thinner gels show higher swelling but attained
equilibrium swelling earlier compared to a thicker gel.
Because of the thicker hydrogel, greater force will be
required to stretch it, as evident from the equilibrium
swelling of the thickest gel (0.051 cm). The degree of
swelling of a hydrogel is controlled by a combination
of free energies of mixing between water and the
hydrophilic polymer chains and by the elastic re-
sponse of the rubbery network to the expansion due to
water uptake. Similar type of results have been re-
ported by other workers.*

Analysis of kinetic data

The swelling exponent (1) evaluated from EQ. (4) is of
great significance in looking into the mechanistic in-
sights of the water-transport mechanisms. The data
summarized in Table IV for definite concentrations of
the hydrogel components, may be explained as fol-
lows.

When the PVA content of the hydrogel varies from
0.5 to 1.5 g, a shift in sorption mechanism is noticed
from Fickian to anomalous, thus indicating that an
increased number of PVA chains causes a widening of
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the mesh size of the gel and this, in turn, increases the
rate of diffusion of water molecules. This clearly ex-
plains the equality of rates of diffusion of water mol-
ecules and network chain relaxation (i.e., Ry
~ Rie1ay), Which causes an anomalous type of mecha-
nism.

Variation in the hydrophobic monomer (styrene) in
the hydrogel in the range 4.3 to 13.0 mM results in a
shift of transport mechanism from anomalous to Su-
per Case II. The data indicate that in the concentration
range 4.3 to 8.6 mM, the relative rates of diffusion and
chain relaxation are almost equal (Rgj¢ ~ Ryeiax); how-
ever, at much higher concentration of styrene hydro-
phobic repulsion and steric hinderance cause an over-
relaxation of network chains, thus producing a Case II
mechanism.

When hydrophilic monomer (acrylamide) varied in
the range 7.0 to 17.6 mM, the water-sorption mecha-
nism remains anomalous in nature, thus suggesting
that the relative rates of diffusion of water molecules
and chain relaxation remain almost identical in the
studied range and introduction of hydrophilic mono-
mer does not influence the swelling mechanism.

The effect of crosslinker (MBA) on the swelling
mechanism has been studied by varying its concentra-
tion in the range 0.06 to 0.25 mM. The results summa-
rized in Table IV clearly indicate the water-sorption
mechanism changes from Fickian to anomalous type.
The observed change in mechanism is quite obvious
as, with increasing number of crosslinks in the hydro-
gel, the rate of chain relaxation slows and becomes
almost comparable to that of diffusion of water mol-
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Figure 13 Effect of thickness of the hydrogel on the equi-
librium swelling at fixed composition of [PVA] = 1.0 g,
[AM] = 10.5 mM, [ST] = 8.6 mM, [KP] = 0.073 mM. Tem-
perature = 27 = 0.2°C; pH 7.0.
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TABLE 1V
Data Showing the Variation of Diffusional Exponent #n with Varying Composition of the IPNs®

PVA (g) ST (mM) AM (mM) MBA (mM) Thickness (cm) n Swelling mechanism
0.5 8.6 10.5 0.12 0.051 0.46 Fickian

1.0 8.6 10.5 0.12 0.051 0.80 Anomalous
1.5 8.6 10.5 0.12 0.051 0.60 Anomalous
1.0 4.3 10.5 0.12 0.051 0.80 Anomalous
1.0 8.6 10.5 0.12 0.051 0.80 Anomalous
1.0 13.0 10.5 0.12 0.051 1.20 Super Case II
1.0 8.6 7.0 0.12 0.051 0.66 Anomalous
1.0 8.6 10.5 0.12 0.051 0.80 Anomalous
1.0 8.6 17.6 0.12 0.051 0.60 Anomalous
1.0 8.6 10.5 0.06 0.051 0.58 Fickian

1.0 8.6 10.5 0.12 0.051 0.80 Anomalous
1.0 8.6 10.5 0.25 0.051 0.66 Anomalous
1.0 8.6 10.5 0.12 0.017 0.48 Fickian

1.0 8.6 10.5 0.12 0.030 0.62 Anomalous
1.0 8.6 10.5 0.12 0.051 0.80 Anomalous

2 Values calculated for three different concentrations of PVA, ST, AM, and MBA

ecules, thus resulting in an anomalous transport
mechanism.

Similarly, a variation in thickness of hydrogel from
0.017 to 0.051 cm results in a shift from Fickian to
anomalous type, which implies that at the lowest
thickness the swelling was diffusion controlled, while
at higher thickness the diffusion and relaxation rates
become almost equal. The results are expected and
may be explained by the fact that, with increasing
thickness of the gel, the relaxation of macromolecular
chains becomes slower and the two rates become al-
most identical, i.e., Ry ~ Rielax-

CONCLUSION

Grafting of acrylamide and styrene onto polyvinyl
alcohol in the presence of a crosslinking agent (MBA)
results in a hydrogel with enormous water sorption
capacity. Whereas the IR spectral analysis suggests a
grafted type of network, its morphological study in-
dicates an uneven distribution of hydrophobic poly-
styrene segments in the hydrogel network. The ther-
mal analysis suggests a major decomposition between
250 and 450°C.

The prepared hydrogel displays a large water-ab-
sorbing capacity, which is greatly affected by its chem-
ical architecture. A variation in styrene, acrylamide,
PVA, and crosslinker (MBA) concentrations in the
feed mixture of the hydrogel brings about an increase
in water sorption capacity, while at higher concentra-
tions of the added hydrogel components a fall in the
swelling ratio is noticed.

The swelling property of grafted hydrogel is also
influenced by varying pH of the medium (2.0 to 10.0)
and a constant increase in the swelling ratio is ob-
served with increasing pH of the swelling bath. The
hydrogel also attains equilibrium swelling values at

relatively earlier times at extreme acidic and alkaline
pH. The water sorption capacity of the hydrogel is also
dependent on the thickness of the swelling material
and the extent of water uptake increases with increas-
ing thickness of the hydrogel.
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