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ABSTRACT: A series of nanocomposite hydrogels based
on polyvinyl alcohol containing 0-10 wt % of the organi-
cally modified montmorillonite clay were prepared by
freezing-thawing cyclic method. The morphology of the
nanocomposite hydrogels was observed by the scanning
electron microscopy technique. The structural properties
were determined by measuring the network mesh size,
crosslinking density, and average molecular weight of poly-
mer chains between crosslinks. The swelling behavior and
the effect of swelling medium temperature on the swelling
kinetics and characteristics of the nanocomposite hydrogels
were also investigated. The results showed that two struc-
tural characteristics i.e., network mesh size and average
molecular weight of polymer chains between crosslinks
have inverse dependence on the clay loading level in the
nanocomposite hydrogel, while crosslinking density shows

completely direct dependence. Swelling measurements
demonstrated a linear relation between the degree of swel-
ling and the square root of immersion time at all swelling
medium temperatures. The results indicated that the swel-
ling characteristics of the nanocomposite hydrogels includ-
ing the equilibrium degree of weight and volume swelling
and the equilibrium water content were decreased by
increasing the quantity of the clay incorporated into the
hydrogel as well as by decreasing the temperature of swel-
ling medium. While, the time required to reach to the equi-
librium condition, as another swelling characteristic of the
hydrogels, exhibited a completely opposite behavior. © 2011
Wiley Periodicals, Inc. ] Appl Polym Sci 123: 50-58, 2012
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INTRODUCTION

Hydrogels are crosslinked three-dimensional hydro-
philic polymer networks capable of uptaking and
holding large amounts of water or aqueous solutions
while maintaining the structure.' They have
attracted many scientific attentions as soft materials
and demonstrated excellent potential in numerous
applications, such as superabsorbents,” molecular fil-
tration,” separation and bio-separation processes.*”
In biomedical field, their usages are included
implan’cs,6 artificial 0rgans,7 contact lenses,?® and
wound dressings.”'® They have also gained wide
pharmaceutical applications as drug delivery devi-
ces.''? However, the practical application of the
conventional polymer hydrogels is restricted because
of their weak mechanical properties e.g., low gel
strength, poor stability, and low fracture tough-
ness.>® These disadvantages are mainly attributed
to the restricted molecular motion of the polymer
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chains due to the large number of randomly
arranged crosslinks in the conventional hydrogels."”
Therefore, improvement of the mechanical proper-
ties of the polymer hydrogels is necessary to extend
their applications.

Since 2002, several attempts have been made to
reinforce the structure of hydrogels by incorporating
the nanoparticles or nanostructures to them to obtain
the nanocomposite hydrogels with enhanced me-
chanical, physical, and chemical properties.'"®'? In
the past years, most researches on the nanocompo-
site hydrogels have been focused on the use of clays
such as laponite,®*> montmorillonite,*>° hydrotal-
cite,‘q’l_33 and bentonite® as nanoparticles. Further-
more, some nanocomposite hydrogels have been
prepared using the other types of nanoparticles e.g.,
silver®®® and iron oxide (Fe30,)* particles. We
have previously prepared nanocomposite hydrogels
based on polyvinyl alcohol (PVA) and organically
modified montmorillonite (OMONT) using freezing-
thawing method and investigated their potentials as
novel wound dressing devices.”®*’ Freezing-thawing
is a physical method to produce the PVA hydrogel.
It is a simple method of crosslinking which does not
require any additional chemicals and high tempera-
ture. PVA hydrogels obtained by repeated freezing-
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thawing process are non toxic and strong which
have demonstrated a great potential for various
applications.***!

Reviewing the literatures on the nanocomposite
hydrogels shows that numerous research studies
have been performed on those nanocomposite
hydrogels which their crosslinking process is done
mainly via using chemical crosslinking agents (so-
called as chemical nanocomposite hydrogels). While
nearly no essential attentions have been paid to the
nanocomposite hydrogels crosslinked physically in
the absence of chemical crosslinking agents, like
those which can be prepared via freezing-thawing
technique.

In this work, the PVA nanocomposite hydrogels
were prepared via a physical crosslinking method
(i.e.,, freezing-thawing cyclic technique) using
OMONT as nanoparticle. The effect of clay on some
network properties and structural characteristics of
the PVA hydrogel was studied. The swelling behav-
ior of the prepared nanocomposite hydrogels was
investigated as well. The effect of medium tempera-
ture on the swelling kinetics and characteristics of
these nanocomposite hydrogels was also studied.

EXPERIMENTAL
Materials

All experiments utilized commercial grade PVA hav-
ing a degree of polymerization of 1700 and a saponi-
fication value of greater than 98%, was purchased
from the Nippon Synthetic Chemical Industry, Ja-
pan. Montmorillonite (MONT) was supplied by Zhe-
jlang Fenghong Clay Chemicals, P.R. China. This
clay has exchangeable sodium ions, and a cation
exchange capacity of about 100 meq/100 g. Cetyltri-
methylammonium bromide (CTAB) was supplied by
Dishman Pharmaceuticals and Chemicals, India.
Double distilled water (DDW) was used to prepare
all aqueous solutions.

Preparation of nanocomposite hydrogels

The organically modification of MONT to obtain
OMONT was performed by using CTAB as reported
elsewhere.”®® PVA-OMONT nanocomposite hydro-
gels containing 15 wt % of PVA and 0, 2, 5, 7, and
10 wt % of OMONT (based on PVA mass) were also
prepared via the freezing-thawing cyclic method
according to the procedure mentioned in our previ-
ous work.?®

Scanning electron microscopy (SEM)

SEM technique was used to investigate the morphol-
ogy of the prepared hydrogels. For this purpose, the

hydrogels containing 0 and 5 wt % of clay were fro-
zen in liquid nitrogen and then freeze dried at -40°C
for 4 h until all water had sublimed. Cross sections
of the freeze dried hydrogels were coated with gold.
The morphology of samples was observed using a
scanning electron microscope (Philips  XL30,
Netherlands).

Tensile test

The tensile test was accomplished to determine
some mechanical and structural characteristics of the
nanocomposite hydrogels including the tensile mod-
ulus, average molecular weight of PVA chains
between crosslinks (M), crosslinking density (ve),
and also network mesh size (). Three individual
pieces of each hydrogel were cut into dumbbell
shape samples with a thickness of 3 mm according
to ASTM D-1822-L. Measurements were performed
by recording the stress-strain data of samples using
a 5 tons tensiometer (Pars Paygir, Iran) with a con-
stant crosshead speed of 100 mm min ' at room
temperature (25°C).

The network and structural characteristics of
hydrogels were calculated on the basis of the theory
of rubber elasticity using the obtained stress (1) and
stretching ratio (o) data. In previous works, the
theory of rubber elasticity has been used successfully
for nanocomposite hydrogel.'”***#**3 (M) was cal-
culated as a function of the slop of the linear region
of curve t versus (a— ) for each hydrogel using

the following equation:**

RT 2M. 1
ot G B

where p, (A_/In), and T are density and molecular
weight of PVA, and test temperature, respectively. &
was also calculated using the eq. (2):**

- ZMC 1/2
c=v e ()] @

where v, and M, are the volume fraction of PVA in
hydrogel and the molecular weight of the repeating
unit of the polymer chain, respectively. While, [, C,,
and R are the carbon-carbon bond length (1.54 A),
the Flory characteristic ratio (8.3 for PVA) and the
gas constant, respectively. The crosslinking densities
of the hydrogels were calculated based on the fol-
lowing equation:*

P _ZMC
W—M< M) 3)
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Gel fraction

To perform the gel fraction measurements, three pre-
weighed slices of each sample were dried under vac-
uum at room temperature until observing no change
in their weights. Nearly identical weights of other
slices of the same sample were immersed into the
excess of DDW for 4 days to remove uncrosslinked
species. Subsequently, the immersed samples were
separated from DDW and dried at room tempera-
ture under vacuum until the dried samples showed
constant weights.

The gel fraction of the hydrogels was calculated
on the basis of the weight ratio of dried samples in
rinsed and unrinsed conditions as follows:

Gel fraction (%) = ﬁ x 100 4)
i— VVc

where, Wy and W; are the weights of the dried
hydrogel after and before rinsing and extraction,
respectively, and W, is the weight of organoclay
incorporated into the sample. The average value of
three experiments was reported as the final gel frac-
tion value for each sample.

Swelling measurements

Swelling kinetics and characteristics of PVA nano-
composite hydrogels were obtained by measuring
their initial and swollen weights in DDW at various
temperatures and time intervals. Approximately 1 g
of each completely extracted and dried samples
were weighed and their volume measured and then
immersed into 500 ml of DDW. At desired time
intervals, swollen samples were removed from
DDW and weighed after gentle surface wiping by
absorbent paper. Swelling experiments were per-
formed at 20, 37, and 50°C in thermostatically con-
trolled water bath and data recording continued
until reaching a constant weight value. The final vol-
ume of samples, i.e.,, volume at equilibrium condi-
tion, was also measured as equilibrium swelling
characteristics of the hydrogels.

The degree of swelling which is defined as the ra-
tio of the water weight for swollen gel to the weight
of dried gel, was calculated as a criterion of swelling
kinetics of samples according to eq. (5).

Ws(t) - Wd
d

Degree of swelling (%) = x 100  (5)

where W, is the final weight of the dried sample
and W(t) is the weight of the same swelled sample
at a specified immersion time interval (f).

The equilibrium swelling characteristics including
equilibrium degree of weight swelling (EDWS), equi-
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librium water content (EWC), and equilibrium
degree of volume swelling (EDVS) were also calcu-
lated by egs. (6)—(8), respectively.

Wse - Wd

EDWS (%) =~ x 100 (6)
d
Wee — W,
EWC (%) = “Td x 100 @)
se
Ve — V.
EDVS (%) = “T”’ x 100 8)
d

where W, and V,, are the swollen weight and vol-
ume of the sample at equilibrium condition, respec-
tively, and V; is the final volume of the extracted
and dried sample. All swelling measurements were
repeated three times for each sample.

RESULTS AND DISCUSSION
Morphology and structural characteristics

In our previous study,” the X-ray diffraction (XRD)
and transmission electron microscopy (TEM) meth-
ods were used to determine the morphology of the
PVA-OMONT nanocomposite hydrogels. The results
showed an increase in the d-spacing of OMONT in
the presence of PVA, implying that the PVA without
any serious dependence on the OMONT loading has
intercalated between individual silicate layers during
the freezing-thawing process.

In this work, morphology of the prepared hydro-
gels was observed by SEM and their structural char-
acteristics, i.e., (M), v, and & were determined
using the tensile test. The SEM micrographs of the
clay-free PVA hydrogel and 5 wt % OMONT loaded
nanocomposite hydrogel are shown in Figure 1. It is
seen that the apparent micro-scale pore size
decreases with incorporating clay to the PVA hydro-
gel. Although this may be attributed to the presence
of the clay in the PVA hydrogel matrix and its action
as additional crosslinkers which may create more
densely crosslinked network with smaller pore size,
but it would be better to reach to this conclusion
based on the calculated structural characteristics of
the PVA-OMONT nanocomposite hydrogels.

In Figure 2, representative curves showing the fit-
ting of eq. (1) were demonstrated by plotting t ver-
sus (a—-5) for typical hydrogels. Excellent linear
trends were found in the linear stretching region (o
<1.1) for all samples. Figure 3 shows the tensile
modulus values for PVA and PVA-OMONT nano-
composite hydrogels. It can be seen that incorporat-
ing OMONT to PVA increases the amount of tensile
modulus and reinforces the hydrogel network. For
instance, the tensile modulus of PVA nanocomposite
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(b)

Figure 1 SEM micrographs of the (a) PVA hydrogel and
(b) 5 wt % OMONT loaded nanocomposite hydrogel.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

hydrogel containing 5 wt % OMONT is 1.2 times
greater than of PVA hydrogel.

The effect of clay on (M,) and v, of PVA-OMONT
nanocomposite hydrogels is shown in Figure 4. It

Stress (kPa)
n
=]
o

4 0% OMONT
a5% OMONT
©10% OMONT

0 0.07 0.14 0.21 0.28

Figure 2 Typical stress-strain curves of samples.
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Figure 3 Tensile modulus of PVA-OMONT nanocompo-
site hydrogels.

can be observed that by adding OMONT to the PVA
hydrogel the amount of (M.) and v, have been
decreased and increased, respectively. Figure 4 also
demonstrates that any increase in the clay content
lowers the amount of (M.) and increases the value
of v, as well. Increasing the amount of crosslinking
density simply means that the number of crosslink-
ings or junction points per volume of PVA network
has been increased by adding OMONT into it, which
clearly poses the role of OMONT layers as addi-
tional crosslinking agents in the PVA-OMONT nano-
composite hydrogels. On the other word, the results
reveal that incorporating the OMONT organoclay to
PVA hydrogel results in a more entangled and cross-
linked network.

Figure 5 demonstrates the effect of clay on the net-
work mesh sizes of the PVA-OMONT nanocompo-
site hydrogels. As seen, any increscent in OMONT
loading level leads to some decrease in the network
mesh size of nanocomposite hydrogels. This is in ac-
cordance with the results achieved for the crosslink-
ing density and means that the available free volume
for the transport of the matters is reduced by incor-
porating the OMONT to the PVA matrix, because of
increasing its crosslinking density.

2000

1800

1600

M, (g/mol)
Ve (mol/m®)

1400

1200 1

1000 600

Clay content (wt%)

Figure 4 The effect of OMONT on the structural charac-
teristics of PVA nanocomposite hydrogels.
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Figure 5 The network mesh sizes of the PVA-OMONT
nanocomposite hydrogels.

Gel fraction

The gel fraction of prepared hydrogels and its de-
pendence on the clay content is given in Figure 6. It
can be seen that the gel fraction of samples is
increased by increasing the content of clay from 0
up to 10 wt %. The gel fraction data reveal that the
presence of clay within the three-dimensional net-
work of hydrogel increases the number of cross-
linked PVA chains, thus creates more entangled
structure. The results indicate that when OMONT is
added to the PVA hydrogel, some interactions are
developed between functional groups of organoclay
and those of the PVA chains. These additional inter-
actions between PVA and OMONT, besides the
bonds existed between PVA long neighboring chains
due to crystallization, cause an increase in gel frac-
tion value of the nanocomposite hydrogel. The gel
fraction results are in a good agreement with the
previously obtained results for the structural charac-

teristics ((M.), Ve, and &).

Swelling of PVA nanocomposite hydrogels

As the structural characteristics and gel fraction val-
ues of the nanocomposite hydrogels change by vary-
ing the organoclay loading content, it is expected

88

86

84 4

82 4

Gel Fraction (%)

80

Clay content (%)
Figure 6 Gel fraction of PVA nanocomposite hydrogels.
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that their swelling characteristics and kinetics have
been strongly affected by the amount of clay.

Figure 7 shows the degree of swelling versus the
square root of immersion time for some typical sam-
ples (0, 5, and 10 wt % clay) at 37°C. It can be
observed that an excellent linear correlation exists
between the degree of swelling and the square root
of immersion time for pure and nanocomposite
hydrogels in early stages of swelling period. Similar
observations have been reported by Urushizaki et al.
for pure PVA hydrogels with different numbers of
freezing-thawing cycles.*® Figure 7 reveals that the
swelling kinetics of PVA hydrogel does not alter due
to presence of OMONT. And in general, the swelling
kinetics of both PVA-OMONT nanocomposite
hydrogels and pure PVA hydrogels obeys the diffu-
sion-controlled mechanism. However, it can be seen
that the degree of swelling consistently decreases by
increasing the amount of clay in the samples. This is
related to the network structure and gel fraction val-
ues of hydrogels, where the hydrogel has more
entangled structure and higher gel fraction thus, has
less capability of water uptaking and less degree of
swelling.

Linear slopes of the degree of swelling versus
square root of immersion time curves in Figure 7 are
assumed to represent the relative swelling rate coef-
ficient (SRC) of hydrogels. The SRC of hydrogels
was calculated by dividing the slop values in Figure
7 by 100. The relationship between calculated SRC
values and the gel fraction of pure and nanocompo-
site hydrogels were shown in Figure 8. Excellent lin-
ear relation between the gel fraction and SRC values
is seen in the Figure 8. So, a linear equation can be
used to express the swelling kinetics of PVA-
OMONT nanocomposite hydrogels, as follows:

SRC =a — b x (Gel fraction) )
where a and b are constants which their values

depend on some parameters such as PVA and clay
properties and also processing parameters like the

500
® Without Clay (SRC=1.35)

400 45% OMONT (SRC=1.05)

4 10% OMONT (SRC=0.77)
300

200

Degree of swelling (%)

100

0 05 1 15 2 25 3 35
VTime (h*9)

Figure 7 Degree of swelling versus square root of immer-
sion time for some typical hydrogels.
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Figure 8 Gel fraction curve versus SRC of hydrogels.

number and temperature of freezing and thawing
cycles and so on. Parameter a expresses the
unachievable maximum value of SRC for the nano-
composite hydrogels and the parameter b states the
intensity of dependence of SRC to the gel fraction
value of hydrogel and also gives the decreasing rate
of SRC with increasing the gel fraction amount. For
the PVA-OMONT nanocomposite hydrogels pre-
pared in this study (at swelling medium tempera-
ture of 37°C), the average values of a4 and b are 9.3
and 0.1 (h~%°), respectively.

Swelling characteristics of hydrogels at equilibrium
condition including EDWS and EDVS, EWC and the
time required to reach to the equilibrium state versus
the value of organoclay added into PVA matrix are
shown in Figures 9 and 10, respectively. Figures 9
and 10 demonstrate nearly similar trends for EDWS,
EDVS, and EWC by increasing the value of organo-
clay loading level in hydrogels. It can be observed
that there is an inverse relation between these param-
eters and OMONT loading level. The less values of
these parameters for nanocomposite hydrogels in
comparison to the pure hydrogel is related to their
higher gel fraction values and more entangled struc-
ture as well as higher values of v,, which restricts the
network relaxation and decreases the water uptake
potential. On the other hand, a direct relation exists

AEDVS
550 1 I e EDWS

w0} i

EDWS or EDVS (%)

400 3

0 1 2 3 4 5 6 7 8 9 10
Clay Content (%)

Figure 9 Equilibrium degree of weight and volume swel-
ling versus clay content.

between the time required to reach to the equilib-
rium condition and organoclay loading level in
hydrogels. Figure 10 shows that neat hydrogel has
the least time required to reach to the equilibrium
state and by increasing the quantity of OMONT, its
value is increased, e.g., by adding only 5 wt % of
OMONT an increment of 75% could be observed.
The results indicate that the PVA nanocomposite
hydrogels despite having less capability in water
uptaking and swelling at equilibrium condition in
comparison with pure PVA hydrogel, exhibit a slow
swelling process with prolonged duration. The
slower swelling of nanocomposite hydrogels can be
attributed to the slower and more prolonged mass
transfer process of the medium solution (water mol-
ecules) in the hydrogel network, which may be
explained from two different views. First, as men-
tioned before, the crosslinking density of the hydro-
gel is increased by adding clay into it and its corre-
sponding network mesh size also decreased. So, it is
clear that some additional controlling steps against
diffusion of molecules is created in nanocomposite
hydrogel which may prolong the transport of mole-
cules inside the network and as a result prolongs the
swelling processes. Second, the layers of clay inside
the nanocomposite hydrogel network act as physical
barrier against molecules transport due to creating
more tortuous paths which offers other controlling
steps against mass transfer as well as swelling pro-
cess. So, it can be remarked that the nanocomposite
hydrogel needs more time to reach a specified level
of swelling and therefore, shows slower swelling
kinetics compared to clay-free hydrogel.

It seems that the nanocomposite hydrogels are
suitable candidates for some practical applications
where the swelling of hydrogel should be pro-
longed, e.g., in some drug delivery systems.

Temperature-dependent swelling behavior

To investigate the effect of medium temperature on
swelling kinetics and characteristics of PVA-

82 50
$ 40

I 30

EWC (%)
Time (h)

20

78 T T T T 0

Clay content (Wt%)
Figure 10 Equilibrium water content and the time

required to reach equilibrium condition versus clay
content.
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Figure 11 Degree of swelling against square root of
immersion time at different temperatures for samples con-
taining (a) 0 wt %, (b) 5 wt %, and (c) 10 wt % of
OMONT.

OMONT nanocomposite hydrogels, the swelling
experiments were repeated for some typical samples
(hydrogels containing 0, 5, and 10 wt %) at 20 and
50°C. Figure 11 presents the degree of swelling
curves against the square root of immersion time for
pure hydrogel and nanocomposite hydrogels con-
taining 5 and 10 wt % organoclay at various swel-
ling temperatures. A linear relationship is observed
between the degree of swelling and square root of

Journal of Applied Polymer Science DOI 10.1002/app

SIROUSAZAR, KOKABI, AND HASSAN

750

[
600
L
=
2 4501 - ]
a x
u n
300 - [ ©0% OMONT
[ 5% OMONT
m10% OMONT
150 ; ; : . . . :
15 20 25 30 35 40 45 50 55
T(°C)
Figure 12 Equilibrium degree of weight swelling of

hydrogels at different swelling temperatures.

immersion time at various temperatures for all of
the samples. It means that the swelling kinetics of
PVA hydrogels is independent of medium tempera-
ture and can be expressed by diffusion-controlled
mechanism. However, increasing the medium tem-
perature leads to an increase in the degree of swel-
ling of hydrogels for all periods of immersion time.
As Figure 11 shows, all the SRCs (the slopes of
curves in Fig. 11) are affected by the swelling me-
dium temperature. At higher temperatures, the
hydrogel can uptake more water and poses higher
SRC value.

Swelling characteristics at equilibrium conditions,
ie.,, EDWS, EWC, EDVS, and time required to reach
to the equilibrium state were also determined at 20
and 50°C and the effect of temperature on them was
investigated as well. Figures 12-14 show that the
EDWS, EWC, and EDVS for samples containing 0, 5,
and 10 wt % of organoclay at various temperatures,
respectively. Similar to pure PVA hydrogel, the
EDWS, EWC, and EDVS of PVA-OMONT nanocom-
posite hydrogels are increased by increasing the me-
dium temperature. Figures 12-14 also show that the
differences between these three characteristics of
hydrogels at various organoclay loading levels are
increased by increasing the swelling medium

%
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u
9 3
o 8 i
z z
75 4 ¥ ©0% OMONT
i 45% OMONT
| ® 10% OMONT
70 . -
15 20 25 30 35 40 45 50 55

T(C)

Figure 13 Equilibrium water content of hydrogels at dif-
ferent swelling temperatures.
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Figure 14 Equilibrium degree of volume swelling of
hydrogels at different swelling temperatures.

temperature. For instance, the EDWS of pure hydro-
gel at 37°C is 1.18-fold greater than that of the nano-
composite hydrogel containing 10 wt % of OMONT,
while this ratio at 50°C is 1.5 fold. This may be
attributed to the decrease of the Flory polymer—sol-
vent interaction parameter as well as increase of the
polymer chains flexibility by increasing the swelling
medium temperature.

In Figure 15 the curves of the times required to
reach to the equilibrium state versus medium tem-
perature were plotted for pure and some nanocom-
posite hydrogels. Increasing the temperature causes
a decrease in the required time for reaching to the
equilibrium condition in all samples. It means that
pure and nanocomposite PVA hydrogels reach faster
to the equilibrium swelling level at higher medium
temperatures.

To show the influence of medium temperature on
swelling behavior of PVA hydrogels and to achieve
an appropriate mathematical relation to depict the
affiliation of their swelling characteristics to temper-
ature, the SRCs of the samples were plotted against
medium temperature. For this purpose, the SRC of
samples containing 0, 5, and 10 wt % of OMONT
were calculated by deriving the slopes of their plots
from Figure 11 and dividing them by 100. Then, an

50

04
0% OMONT
45 % OMONT
02 | ® 10 % OMONT

7

32 N‘ 3ls

log(SRC) (h*?%)
o

(1M*1000 (K ™)

Figure 16 SRC curves versus swelling temperature for
some typical hydrogels.

Arrhenius-type curve was prepared by plotting log
(SRC) versus reciprocal absolute temperature (1/T)
of swelling medium for any sample (Fig. 16). Rea-
sonable linear curves were observed for pure and
nanocomposite hydrogels between 20 and 50°C.
Therefore, we may express the temperature depend-
ent swelling characteristics of pure and nanocompo-
site PVA hydrogels (in the range of 20-50°C) by the
following equation:

log(SRC) = ¢ — % (10)

where ¢ and d are constants and similar to the con-
stant values of a and b in eq. (9) they depend on the
amounts and properties of the hydrogel components
(PVA and OMONT) and also on the processing
parameters. Parameters ¢ and d can give us good
measures of dependency of the swelling of nano-
composite hydrogels to the swelling medium tem-
perature. For instance, ¢ may be recognized as a
measure of the maximum SRC of hydrogels in tem-
perature range which swelling experiments have
been performed. On the other hand, d can clearly
tell us about the intensity of dependence of the
hydrogel swelling to the swelling medium tempera-
ture, in a manner which a hydrogel with higher
value of d has stronger dependence to the swelling
medium temperature. The values of the parameters
c and d for some prepared samples have been listed

L in Table L. It can bee seen that increasing the amount
401 L] § of clay in nanocomposite hydrogels causes the value
i I [] of d to decrease, which reveals of a less effect of
g i temperature on the SRC of PVA nanocomposite
g
=20 []
o .0:/0 OMONT 3 TABLE I
1 4 5% OMONT The Values of the Parameters ¢ and d [in eq. (10)] for
= 10% OMONT -
Some Typical Hydrogels
0 ; ; ; ; ; ; .
15 20 25 30 35 40 45 50 55 Sample ¢ (h7%9) d(h K™Y
Tee) 0% OMONT 446 1338
5% OMONT 3.44 1063
Figure 15 The time required to reach equilibrium condi- 10% OMONT 181 596

tion of hydrogels at different swelling temperatures.
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hydrogels compared to the clay-free PVA hydrogel.
This may be attributed to more rigid nature and less
flexibility of the PVA chains in nanocomposite
hydrogel because of interactions created between
polymer chains and clay layers in comparison to the
pure PVA hydrogel, which limit the movements of
polymer chains and as a result restrict the action of
network in absorption of swelling agent in reaction
to the temperature variations.

CONCLUSIONS

From the obtained results, we conclude that the
OMONT acts as an additional crosslinker in the net-
work structure of PVA-OMONT nanocomposite
hydrogels and drastically affects their structural and
swelling characteristics. The results showed that the
swelling ability of the PVA hydrogel would be
decreased by incorporating of the OMONT into it.
This is in accordance with the higher gel fraction
and v, amounts and also lower values of (M.) and &
for PVA nanocomposite hydrogel in comparison
with pure PVA hydrogel. Swelling kinetics studies
showed that linear relations exist between degrees of
swelling and square root of immersion time in early
stages of swelling period for pure and all nanocom-
posite hydrogels. Thus, it can be deduced that diffu-
sion is the main phenomena governing the swelling
of PVA-ONOMT nanocomposite hydrogels in the
early stages of swelling process. The swelling behav-
ior of PVA nanocomposite hydrogels at measured
swelling medium temperatures exhibited that the
swelling characteristics of hydrogels at equilibrium
condition including EDWS, EWC, and EDVS
increase by increasing the temperature, while the
required time to reach to the equilibrium state
decreases. The results also showed that the linear
proportionality of degree of swelling against the
square root of immersion time is still valid for pure
PVA and nanocomposite hydrogels at measured
swelling temperatures. Based on the obtained swel-
ling characteristics of the PVA-OMONT nanocompo-
site hydrogels, we can optimize the clay loading
level in nanocomposite hydrogels and choose the
best one to our desired application, specially in bio-
medical applications, where the performance of the
nanocomposite hydrogel is mainly controlled by its
swelling capability.
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