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ABSTRACT

Polyacrylamide (PAAm) hydrogels were synthesized by partial cross-linking of

PAAm using p-formaldehyde as curing agent. The cross-linking reaction was

studied using differential scanning calorimeter (DSC) and cure kinetics was

determined . The dynamic DSC scans of freshly mixed reaction mixture that

showed an endothermic peak corresponding to cure at 75±1 'C, indicate

multiple reactions . The FTIR studies of curing reactions indicated that alkaline

hydrolysis of PAAm was also occurring during curing as evident by genera-

tion of carboxylic group in the cured PAAror hydrogels . In the initial phase of

cross-linking reaction and at lower temperature rapid hydrolysis occurred
which was endothermic in nature, but at higher temperature curing reaction

was favoured . Isothermal cure kinetics revealed that curing reaction was n ' '

order type and followed third order kinetics . The study also indicates that with

the degree of conversion 0 .25-0.26. both curing and hydrolysis occurs

simultaneously but at higher conversions curing reaction proceedes alone.
The swelling studies also indicates that the swelling index of PAAm hydro-

gels increases with decreasing curing agent concentration : but increases with

increasing swelling duration and curing time, and molecular weight of

polymer.
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INTRODUCTION

	

tion and controlled release devices [L-3] . These

hydrogels can be prepared by partial cross-linking of

Polyacrylamide (PAAm) based hydrogels are blood

	

PAAm using formaldehyde [4] or by copolymeriza-

compatible biomaterials which find application in

	

tion of acrylamide with methylene bisacrylamide or

coating for catheters, support for enzyme immobiliza-

	

its derivatives [3, 5-6] . The curing reaction of PAAm
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and N,N'-methylene bisacrylamide was monitored by
measuring refractive index and ultraviolet spectra by
Osaki et al . [7] . The study of cross-linking reaction
which is primarily due to cyclization reactions [4], is
important as it can be used to alter the swelling and
degradation behaviour of hydrogels.

Differential scanning calorimeter (DSC) is an
effective tool for studying the cure kinetics and it also
helps in establishing cure mechanism [8] . In the
present investigations PAAm hydrogels were prepar-
ed by using paraformaldehyde as cross-linking agent.
The cross-linking reaction has been investigated by
DSC, and the cure kinetics was also determined . The
effect of reaction parameters such as concentration of
curing agent, molecular weight, and the duration of
cure on swelling behaviour of PAAm hydrogel were
also evaluated.

EXPERIMENTAL

Materials
Acrylamide (Sisco Research Lab . Pvt . Ltd ., Bombay),
and paraformaldehyde (Lab . Danpha Chem ., Bombay)
were used in the preparation of polyacryl-amide
hydrogels . Sodium hydroxide and methanol were
obtained from Ranbaxy Lab . Ltd. and potassium
persulphate was obtained from CDH, Delhi.

Equipment
DSC studies were carried out on differential scanning
calorimeter (TA Instruments, Model 2910, USA)
under nitrogen atmosphere using 2-5 mg sample in a
crimple aluminium pan with lid. The FTIR spectrum
of PAAm samples were recorded using Nicolet
(Model Magna 750) in solid potassium bromide pellet
from after completely drying the samples in vacuum
at 60 'C for 8 h.

Method
Polyacrylamide was prepared by reaction of 70 g of
acrylamide dissolved in 700 mL water under nitrogen
with potassium persulphate (0 .4% based on acryl-
amide) at 60 ' C for few minutes with stirring . The
PAAm was obtained by precipitation using methanol .

The PAAm of different molecular weights have been
prepared by using different pHs, i .e. 5 .6, 7 .0 and 8.2.
The molecular weight of PAAm was determined by
viscometry using Ostwald viscometer.

To study the curing reaction 10% aqueous
solution of PAAm (prepared at pH 8 .2) was made in

double distilled water . Prior to DSC scan 10 mL of
above solution was mixed with equal amount of 10%
NaOH solution in which 8% paraformaldehyde (based
on the weight of PAAm) was dissolved for study-ing
the curing. The alkaline hydrolysis reaction was
carried out by mixing 10% aqueous solution of PAAm
with equal amount of 10% NaOH solution (i .e,

excluding paraformaldehyde from the curing
reaction). The dynamic DSC runs were taken at

10 'Clmin heating rate from 40 to 250 'C. The heat of
reaction was determined by integrating the area under
the peak . Isothermal scans were taken at 40, 50, 60,
65, 70 and 75 'C, and these isothermal temperatures
were obtained by heating the sample to isothermal
temperature by using a rapid heating rate of
20 'C/min.

The kinetic parameters of the curing reactions
were calculated using isothermal scans [8] . For
isothermal scans used in calculating cure kinetics, the
base line was drawn as a tangent of DSC curve, where
no thermal changes were detected. The total area
under the curve and the area under curve at time
interval of 0 .5 min (between 10% peak height and
50% of total area) were calculated manually for each
run . From this data fractional conversion `a' and
subsequently plots of log daJdt vs. log (1-a) were
prepared, which were subjected to curing fitting
technique based on the method of least squares for
determining the order of reaction.

For preparing PAAm hydrogels for swelling
studies the 10% aqueous PAAm solution was mixed
with equal amount of 10% sodium hydroxide solute-
ion in which 6-16% paraformaldehyde (based on
weight of PAAm in solution) . Resulting mixture was
poured in small tin moulds which were placed in
electric oven under atmospheric conditions for curing

set at 70 + 2 ' C for 200 min (or the specified time
period) . Different hydrogels were prepared by varying
the paraformaldehyde concentration (8, 10, 13 .3,
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16 .6%), PAAm molecular weight and curing time.
The swelling capacity of these hydrogels was
determined by placing weighed hydrogels (in
triplicate) in 500 mL saline solution (0 .05 N NaCl) at
25 ' C under unstirred conditions. The hydrogels were
removed from solution at regular intervals (24 h or as
specified) and weighed after excess surface water was
removed . The swelling capacity of these gels was
determined using following equation.

Swelling index (%) =

(swollen weight -dry weight) x loo
dry weight

RESULTS AND DISCUSSION

By using three different pHs, i.e . 8 .2, 7 and 5 .6 PAAm
having different molecular weights in increasing order
4 .7 x 105, 7 .2 x 10 5 and 7 .8 x 10 5 were obtained . For
studying the curing reactions a PAAm having mole-
cular weight of 4 .7 x 10 5 was used . The dynamic DSC
scans for the curing of PAAm containing 8% curing
agent at heating rate 10 'C/min is shown in Figure 1.
endothermic, and then it changes abruptly to
exothermic.

The curve shows that the initial reaction is
highly It seems that highly exothermic reaction starts

- 3
.0 45 85 125 165

Temperature (C)
Figure 1 . Dynamic DSC scan of freshly mixed reaction
mixture for preparation of polyacrylamide hydrogel.

in between endothermic reaction due to which the
curve changed abruptly. This indicated that at-least
two reactions were occurring. The peak of endother-
mic reaction occurred at 63 .4 ° C and for exothermic
reaction peak maximum temperature was 75 .1 ' C . The
heat of endothermic reaction was calculated to be
655 .2 k]/g by integrating the area under the peak . The
isothermal scan at 40, 50, 60, 65, 70 and 75 °C were
taken to establish the onset of curing reactions . The
scans at 40 'C did not show any exothermic reaction;
but endothermic reaction was observed for 20 min at
this temperature (Figure 2). The isothermal scan of
40 'C (Figure 2) exhibited a highly endothermic event
from very the start, since from Figure 1 it is clear that
reaction starts at 25 °C or above.

Therefore, as the reaction had started at 40 °C, a
significant endotherm was observed at the beginning
of isothermal runs at 40 °C and 50 °C (Figure 2).
Figure 2 also shows the isothermal scan obtained at
50 ' C exhibits an endo-thermic event in initial 15 min
after which slight exothermic curing reaction is
noticed . The endothermic reaction could be due to the
hydrolysis of PAAm under alkaline conditions [9],
which results in conversion of amide group to
carboxylic group and liberation of ammonia . Further
side reactions in between byproducts, e .g. acid, amine
and base etc, may occur . In order to study the thermal
changes occurring during alkaline hydrolysis of
PAAm, a dynamic DSC scan of 10% aqueous PAAm
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Figure 2 . Isothermal DSC scan of freshly mixed reaction
mixture for preparation of pA hydrogel : 40°C (-), 50 ° C(----)
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Figure 3 . Dynamic DSC scan of freshly mixed reaction
mixture for preparation of hydrolyzed PA.

solution freshly mixed with equal amount of 10%
sodium hydroxide solution was taken at a heating rate
of 10 'C/min, which is shown in Figure 3 . This figure

shows a highly endothermic event from the start,
which finishes at 70 'C with a peak maximum of 53 .4
"C and heat of reaction at 744 kJ/g obtained by
integrating the area under the peak . The heat of
endothermic reaction during PAAm hydrogel
formulation was 655 .2 kJlg (Figure 1), which is
considerably lesser than the above value . This

reduction indicated simultaneous occurrence of
exothermic _curing reaction and endothermic
hydrolysis reaction during formation of PAAm
hydrogel, as part of an endotherm of hydrolysis,
which seems to be nullified by the exotherm of curing
reaction in the temperature range of 50-65 ' C.

It is clear from Figures 1, 2 and 3 that as the
temperature is raised the endothermic reaction
decreased and exothermic reaction takes over
indicating that the endothermic hydrolysis reaction
was not favoured at higher temperatures, but at lower
temperatures (40-50 ''C) rapid hydrolysis was
observed . The above results of isothermal scans are
also in accordance with the Fong and Kowalski [4]
who had studied the cross-linking reaction by Cl3

nuclear magnetic resonance Spectroscopy ; as they had
observed that cross-link formation is favoured at

Wavenumber (cm l )

Figure 4 . FTIR Spectrum of (a) polyacrylamide (b) poly-
acrylamide hydrogel and (c) hydrolyzed polyacrylamide.

higher temperature. They have also started that cross-
linking between PAAm and formaldehyde occurs by
formation of methylol derivative of PAAm and its
condensation leading to cyclization. The curing
reaction was as follows :

\
-CHi -HC

	

C, H-CH, -

aC

	

c4)

H-NI N /N-H

H,

The hydrolysis reaction, which occurs as side reaction
can be given as :

Basic
M (Cg H} + nr + HiO cod:

	

- tCHz-CH } ' +NH 3
CONN1	COOH

mow^-(CH i d~H) ^~ +HCHO

CONH2
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In order to study the products formed during
cross-linking and hydrolysis, the FTIR spectra of pure
PAAm, hydrolyzed PAAm and cross-linked PAAm
hydrogel were determined and are shown in Figure 4.
Pure PAAm exhibits amide absorption band (3425 .7
cm-' ). The spectra of hydrolyzed PAAm showed very
broad band in the range of 3622 .1 to 2944 .96 cm-l
due to presence of amide and hydroxyl group;
alongwith strong band at 1666 .96 cm-' due to
carboxyl group . It is evident from the figure that there
is a considerable increase in hydroxyl group
concentration due to generation of carboxylic group
during alkaline hydrolysis of PAAm. Here a peak at
2359 .1 cm-l corresponding to ammonium band
formed by the reaction of amine to acid is also
observed [10] . This peak is also present in the spectra
of PAAm hydrogel at 2360 cm-' as hydrolysis
reaction occurs to some extent as a side reaction . The
FTIR spectra of PAAm hydrogel (Figure 4), shows
significantly lesser amount of hydroxyl groups as
compared to hydrolyzed PAAm, and the amide band
has also shifted in the lower side possibly due to
hydrogen bonding . The bands at 3080 and 2975cm-'
corresponding to =CH2 and =CH- disappear and a

new peak 1592 .8 at cm-' appears possibly due to
cyclic bisamide structure formation during curing of
hydrogel.

The cure kinetics was determined using

isothermal DSC runs as it records small thermal
changes occurring due to multiple reactions during
cure . The kinetic parameters were determined by the

, isothermal scans taken at 60, 65, 70 and 75 "C of the
curing reaction shown in Figure 5 . Isothermal curves
at 40 °C and 50 'C (Figure 2) did not exhibit any
exothermic reaction therefore they are not considered
in the cure kinetics studies. Isothermal runs at 60 to
75 'C are shown in Figure 5 and were used in study of
ctfring kinetics . At these temperatures after initial
endothermic reactions, exothermic reaction was
observed and due to multiple reactions the shape of
curves is not perfectly identical.

From the Figure 5 it is clear that curing
followed nth order kinetics . In this case the rate of
conversion (da/dt) is proportional to the concent-
ration of material, which has yet to react (I-a). Here
`a' is the fractional concentration of reactants
consumed after time

Figure 6 shows the plots between log (1-a) and
log (daldt) for each isothermal scan, which are
nonlinear in nature. For determining the order of

curing, curve fitting by least square method, using
computer was carried out . A polynomial of third
degree was found to fit in satisfactorily for all four
sets of data (above 90% confidence limit) ; giving
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Figure 5 . Isothermal DSC scans for reaction mixture of PA

hydrogel : 60'' C (---), 65°C (-•-), 70°C (---), 76°C (-)
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Figure 6. Plot of log (i-a) Vs . log da/:It for various

isothermal runs; legends •-60` C, x-65`C, o-70 `C, A-75 'C.
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third order for curing reaction . Here it can be
suggested that curing reaction was found to be of
third order due to simultaneous occurrence of alkaline
hydrolysis of PAAm during cure, which is a second
order reaction [Il] . On examining Figure 6 and
subsequently analyzing the data ; were divided in two
parts at a = 0 .25 and 0 .26 values . Both sets of data
were subjected to curve fitting separately as earlier,
and the results are shown in Figures 7 and 8 . Figure 7
shows the data in the initial conversion region
(approximately upto 25%) and the best fit plot was
obtained for second order polynomial . Figure 8 shows
the plot for higher conversion region (above 25-
26%), which gave a linear plot . The reason for
nonlinearity in Figure 7 could be ascribed to the fact
that the endothermic reaction is competing with the
curing reactions.

The higher conversion region (25% and above)
shows the linear behaviour indicating that only single
type, i .e. curing reaction has occurred. The -rate
constants obtained at the four isothermal temperatures
were plotted against the reciprocal of temperature,
which was linear . The slope and intercept of this plot
gave the activation energy to be 47 .45 KJlmol and

-0 .60

Arrehnious frequency factor to be 3 .76 x 10 6 .
The swelling properties of hydrogels prepared

at different conditions are given in Table I . At
indicates that the swelling index increased by almost
double as formaldehyde concentration was reduced
from 10 to 8%. But for the higher curing agent
concentration this increase is not so sharp as swelling
index increases from 86 .32 to 93 .27% upon reducing
the curing agent concentration from 16 .6% to 13 .3%.

At low cross-linker level (i .e . 8%) the polymer
chains of hydrogels were highly flexible therefore
were able to absorb very high amount of water. But as
the cross-linking agent concentration was raised to
13 .3 and 16 .6% the polymer chains were bound
considerably due to higher number of cross-links;
leading to poorer mobility resulting in reduction of
swelling index. The data also indicate that cross-
linker concentration is very important for regulating
swelling of hydrogels and beyond a certain level the
increase in cross-linker level may not result in
significant changes in swelling index.

The effect of PAAm molecular weight on
swelling is also shown in Table 1, which indicates
that as molecular weight was increased from 4 .7x 10 5
to 7 .2 x 10 5 the swelling index increased from 406 .0%
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Figure 7. Polt of log daldt Vs .log (1-a) for a 5 0 .25-0 .26 for
isothermal temperatures •-75°C, o-70°C, q -65°C, x-60°C .
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Figure 8 . Polt of log daldt Vs .log (1-a) for a >0 .25-0 .26 for
isothermal temperatures o-75°C, •-70 C, o-65 ' C, x-60°C.
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to 430 .2%, but when molecular weight was further
raised to 7 .8 x 105 , a very small increase in swelling
index (430 .8%) was observed.

The reason for the observation could be
attributed to the fact that after cross-linking at various
sites on polymer chain, its chain-like structure
changed to a network leading to similar behaviour for
different molecular weights of PAAm . It is also
important to note that after 24 h of swelling no
significant difference was observed in the swelling
index due to which swelling studies were further
continued to 72 h, after which the hydrogel was
mechanically weak and non-handleable.

An unusual feature of swelling studies was that
swelling index increased with cure time . The swelling
index generally decreases with increasing cure time
but the reverse trend was observed due to loss of
water present in hydrogels as solvent in the process of
curing. As hydrogels cannot be prepared without
water and in the process of drying by additional
heating the cure time data will also change, so exact
effect of cure time on swelling index cannot be
determined.

CONCLUSION

DSC by and FTIR analyses revealed that curing of
PAAm hydrogel with formaldehyde was accompanied
by endothermic hydrolysis of PAAm . The hydrolysis
was favoured at lower temperature (up to 50 C) while
at higher temperature (i .e . ,> 60 'C ) curing reaction
takes over . The curing reaction followed third order
kinetics, and it was observed that as conversion
exceeded 25% the order of reaction changed to unity.
The swelling index of PAAm hydrogel increased
substantially with decrease in curing agent
concentration, on the lower side, it was also observed
that only a marginal increase was observed with

decreasing molecular weight of PAAm.
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