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ABSTRACT: Poly(acrylamide-co-potassium methacrylate)
hydrogels were prepared by free-radical simultaneous po-
lymerization with aqueous solutions of acrylamide (AAm)
and potassium methacrylate (KMA) with a redox initiator.
The copolymerization was performed with eight different
compositions of KMA at a fixed concentration of oil-soluble
crosslinkers, including 1,4-butanediol diacrylate and ethyl-
ene glycol dimethacrylate (EGDMA). For every composition
of AAm/KMA copolymer, the percentage swelling, swelling
equilibrium, and diffusion characteristics were investigated.
The copolymers were further studied for deswelling prop-

erties. The power law relationships of the hydrogels were
evaluated for variation in terms of saline concentration. The
AAm/KMA copolymers were confirmed by IR spectros-
copy. Thermal studies of hydrogels were performed with
differential scanning calorimetry and thermogravimetric
analysis. EGDMA was found to be a better crosslinker for
obtaining higher swelling and deswelling properties for the
AAm/KMA hydrogels. © 2005 Wiley Periodicals, Inc. J Appl
Polym Sci 96: 1153–1164, 2005
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INTRODUCTION

Hydrogels, or superabsorbent polymers (SAPs), are a
very important class of materials and are of funda-
mental and technological interest.1 Hydrogels are
known as loosely crosslinked, three-dimensional net-
works of hydrophilic, swellable polymers that are ca-
pable of absorbing and holding a large amount of
water, with the absorbed water is hardly removable
even under some pressure.1,2 Hydrogels have received
much attention in various fields, including biotechnol-
ogy, bioengineering, medicine, pharmaceutics, agri-
culture, horticulture, the food industry, and other ad-
vanced technologies, due to their excellent inherent
characteristics, including a lack of toxicity, a high
swelling capacity in aqueous environments, hydrophi-
licity, and biocompatibility.3–8 These materials have
established potential utilization in various biomedical
applications, including drug-delivery system, contact
lenses, and implants. Further, these materials are also
exclusively used in many other applications, such as
soil conditioners for agriculture and horticulture, fem-
inine napkins, disposable diapers, water-blocking

tapes, absorbent pads, gel actuators, drilling fluid ad-
ditives, polymer-crack-blocking materials, firefight-
ing, extraction of precious metals, extraction of sol-
vents, and release of agrochemicals.1,9–20

Polyelectrolyte-type hydrogels, such as poly(acrylic
acid),21,22 poly(methacrylic acid),23 poly(acrylamide-
co-maleic acid),24 poly(acrylamide-co-itaconic acid),25

poly(acrylamide-co-crotonic acid),26 dextrin–maleic
acid,27 acrylic acid-containing dextran hydrogels,28

and chitosan/poly(acrylic acid) polyelectrolyte com-
plexes,29 undergo controllable volume changes in re-
sponse to small environmental conditions, such as
solvent composition, pH, ionic strength, temperature,
and electrical stimuli. In fact, pH- and temperature-
sensitive hydrogels are being used for an increasing
variety of novel applications including site-specific
drug delivery, controlled drug-delivery systems, and
immobilized enzyme systems.30,31 Yildiz et al. widely
studied N-isopropylacrylamide based thermorespon-
sive hydrogels, such as poly(N-isopropylacrylamide-
co-N-hydroxymethylacrylamide),32 poly(N-isopropy-
lacrylamide-co-acrylamide),33 and poly(N-isopropy-
lacrylamide-co-acrylamide-co-hydroxyehtyl
methacrylate).34

Because of the increasing importance and wide
range of usage of hydrogels, or SAPs, they require
easy manipulation to attain good physical properties
by a change in the monomers and polymerization
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conditions or processes. Generally, the synthesis of
superabsorbent copolymers or hydrogels involves a
multiple-step method or simultaneous copolymeriza-
tion methods. In recent years, a lot of work has fo-
cused on the characterization and swelling behavior of
hydrogels prepared by simultaneous free-radical co-
polymerization and crosslinking in the presence of an
initiator or initiator pair (redox initiator–oxidizer) and
a crosslinker.35–40 Many studies have also dealt with a
one-step polymerization and the gelation of acryl-
amide (AAm)-based SAPs with free-radical polymer-
ization. In fact, we reported a few series of AAm-
based tercopolymers with various comonomers
through the use of simultaneous free-radical solution
polymerization with various crosslinking agents and
ammonium persulfate (APS) as an initiator at 80°C for
horticulture and agricultural applications.9–15

Many attempts have been made to improve or mod-
ify these SAPs to increase their absorbency, gel
strength, and absorption rates.41–45 Flory explained
the mechanism of water absorption in a nonionic or
ionic network structure for hydrophilic polymers.46

The kinetics of swelling of poly(sodium acrylate) with
a microscope-VTR system and gravimetric and calo-
rimetry techniques were reported by Ogawa et al.47

Many researchers have also reported on the swelling
behavior of the hydrogels. Bajpai studied both the
swelling
and deswelling behaviors of poly(acrylamide-co-ma-
leic acid).48 Karadag and coworkers also reported ki-
netic studies, network structure, and swelling behav-
ior in aqueous salt solutions, apart from the swelling
studies of hydrogel carriers for agricultural usage of
poly(acrylamide-co-crotonic acid)49 and the swelling
kinetics of AAm/crotonic acid hydrogels.35 Isik re-
ported the swelling behavior and diffusion character-
istics of AAm–acrylic acid hydrogels.36

In this study, we prepared hydrogels based on
AAm and potassium methacrylate (KMA) with APS
and N,N,N�,N�-tetramethylethylenediamine (TMEDA)
as the initiating system in the presence of multifunc-
tional crosslinkers such as 1,4-butanediol diacrylate
(BDDA) and ethylene glycol dimethacrylate
(EGDMA). They have shown variation in their swell-
ing behavior as the crosslinker is varied. In this article,
we report the synthesis, characterization, swelling and

deswelling studies, and the swelling kinetics of the
novel superabsorbent copolymers. The swelling and
deswelling properties of the copolymers and the
power law relationships of saline solutions of the co-
polymers demonstrated their use as absorbent mate-
rials for environmental applications; biological, medi-
cal, and pharmaceutical applications; and biomedical
materials.

EXPERIMENTAL

Materials

Double-distilled water was used for all of the copoly-
merization reactions and for swelling studies. AAm,
methacrylic acid, APS, and methanol were supplied
by S. D. Fine Chemical (Bombay, India). EGDMA,
BDDA, and TMEDA were received from Sigma Al-
drich Chemical Co. (Milwaukee, WI). All of the chem-
icals were used as received.

Preparation of KMA

Potassium hydroxide (1 mol) solution was prepared in
methanol and titrated against acrylic acid (1 mol)
taken in a 500-mL conical flask in methanol. The pre-
cipitated solid was filtered and dried in vacuo:

CH2ACH(CH3)COOH�KOH

3 CH2ACH(CH3)COOK2�H2O

The IR spectrum of the KMA showed peaks at 1857
cm�1 (�CAO of the acrylate unit), 2941 cm�1 (OCHO
stretching of the acrylate unit), and 1035 and 1234
cm�1 (OCOOOO stretching coupling interactions of
the acrylate units).

Preparation of AAm/KMA hydrogels

The AAm/KMA hydrogels initiated by APS/TMEDA
were prepared by the mixture of monomer solutions
containing 1 g of AAm dissolved in 2 mL of distilled
water and with various KMA comonomer composi-
tions in the presence of a crosslinker solution of
EGDMA (7.56 � 10�5 mol) or BDDA (7.56 � 10�5

mol). The list of monomers, crosslinkers, and the ini-

TABLE I
Monomers, Crosslinkers, and Initiator used in the Preparation of the Hydrogels

Chemical name Formula Abbreviation

Acrylamide H2CACHCONH2 AAm
Potassium acrylate H2CAC(CH3)COOK KMA
N,N,N�,N�-tetramethylethylenediamine (CH3)2NCH2CH2N(CH3)2 TMEDA
1,4-butanediol diacrylate [H2CACHCOOCH2CH2]2 BDDA
Ethylene glycol dimethacrylate [H2CAC(CH3)COOCH2]2 EGDMA
Ammonium persulfate (NH4)2S2O8 APS

1154 MURALI MOHAN ET AL.



tiator used are given in Table I. The polymerizations
were carried out in poly(vinyl chloride) straws (3 mm
in diameter) at room temperature. The polymerization
reactions were exothermic in nature, and all the ratios
of monomers gave gels within 1 h of reaction time.
However, the polymerization reactions were con-
ducted for 24 h. The polymer gels obtained were cut
into pieces of 3–4 mm in length. They were dried in air
and then in vacuo and used for swelling and other
studies. The conversion of the monomers was con-
firmed by gravimetric analysis, and it was also further
confirmed by the complete incorporation of KMA into
the AAm gel matrix. The complete synthetic details
are given in Table II.

Swelling measurements

The swelling ratio was measured both in distilled
water and in saline solutions. Preweighed dry hydro-
gels were immersed in solutions at a constant temper-
ature until they swelled to equilibrium. It was con-
firmed that nearly 24–30 h was enough for the hydro-
gels to reach maximum equilibrium swelling. After
excessive surface water was removed superficially
with filter paper, the swollen hydrogels were
weighed. The equilibrium water content (EWC) was
calculated with the following expression:

EWC(%)�[(Me � Md)/Me] � 100 (1)

where Me and Md denote the weight of the swollen gel
at equilibrium and the weight of the dry hydrogel at
time 0, respectively. The swelling ratio (S%) was cal-

culated as a function of time with the following equa-
tion:

Swelling ratio(%)�[(Ms � Md)/Md) � 100 (2)

where Ms and Md denote the weight of the swollen
stage of the sample at a given time and at time 0,
respectively.

IR, differential scanning calorimetry (DSC), and
thermogravimetric analysis (TGA)

The IR spectra of the copolymers were recorded on a
PerkinElmer IR Subtech Spectrum ASCII PEDS 1.60
with KBr pellets and scanned from 400 to 4000 cm�1.
DSC experiments were performed with PerkinElmer
DSC 7 (Serial No. 137380) equipment with aluminum
pans under a nitrogen atmosphere at a scanning rate
of 10°C/min. Thermal analysis of the copolymers was
performed with a Universal V1.12E thermogravimet-
ric analyzer from 50 to 800°C under a nitrogen atmo-
sphere at a heating rate of 10°C/min.

RESULTS AND DISCUSSION

In this study, the AAm/KMA SAPs were prepared
with a APS/TMEDA initiating system and BDDA or
EGDMA as a crosslinker at room temperature. Ac-
cording to Karadag and coworkers,35,38 the polymer-
ization process starts with the reaction between APS
and TMEDA to form an activated TMEDA molecule
containing unpaired valence electrons. The unpaired
valence electrons may interact with AAm, KMA,

TABLE II
Reaction Composition of AAm/KMA Hydrogels Crosslinked with BDDA and EGDMA

Sample Hydrogel
AAm

(g)
KMA

(g)

Water
absorbency

(g/g)
Swelling

(%)
EWC

%

1 BDDA1 1.0 0.00 7.44 744 99.9879
2 BDDA2 1.0 0.10 29.75 2,975 99.9986
3 BDDA3 1.0 0.15 50.60 5,060 99.9991
4 BDDA4 1.0 0.20 61.66 6,166 99.9990
5 BDDA5 1.0 0.25 78.25 7,828 99.9994
6 BDDA6 1.0 0.30 65.81 6,581 99.9990
7 BDDA7 1.0 0.50 61.35 6,135 99.9984
8 BDDA8 0.0 1.00 90.85 9,085 99.9989
9 EGDMA1 1.0 0.00 19.66 1,966 99.9920

10 EGDMA2 1.0 0.10 118.60 11,860 99.9993
11 EGDMA3 1.0 0.15 123.88 12,388 99.9992
12 EGDMA4 1.0 0.20 163.22 16,322 99.9994
13 EGDMA5 1.0 0.25 192.33 19,233 99.9996
14 EGDMA6 1.0 0.30 144.00 14,400 99.9992
15 EGDMA7 1.0 0.50 140.00 14,000 99.9995
16 EGDMA8 0.0 1.00 179.50 17,950 99.9996

Reaction conditions: samples 1–8: APS � 4.38 � 10�5; TMEDA � 8.605 � 10�5; BDDA � 7.567 � 10�5; samples 9–18: APS
� 4.38 � 10�5; TEMD � 8.605 � 10�5; EGDMA � 7.567 � 10�5.
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and/or the crosslinker, thereby initiating the polymer-
ization, copolymerization, and crosslinking processes.

In the free-radical crosslinking copolymerization
process, the crosslinking reactions considerably en-
hance the gel effect.40 This is an autoacceleration reac-
tion. This gel effect starts right from the beginning of
the polymerization process, that is, even at zero con-
version.50–51 This copolymerization processes are exo-
thermic in nature, and for the completion of these
processes, it took a few minutes to half an hour only at
any monomeric ratio to obtain the gel form. Karadag
and Saraydin obtained high-water-retaining hydro-
gels within 1 h through the aqueous solution polymer-
ization of concentrated monomers of AAm and cro-
tonic acid.35 However, in our synthetic polymerization
reactions, it took shorter times (�30 min) because we
used higher concentrations of the redox initiator and

crosslinker. However, the polymerizations were con-
tinued for 24 h to obtain good gelation. The gel time
(gelation time or polymerization time) increased as the
KMA comonomer content increased. This was due to
a decrease in the total number of APS and TMEDA
molecules, which were responsible for initiating the
polymerization reaction. Moreover, the gelation times
were varied as the chemical nature of the crosslinker
changed. This effect is clearly shown in Figure 1. The
AAm/KMA hydrogels crosslinked with EGDMA took
higher gelation times than those crosslinked with
BDDA. This may have been due to the structural
variation of the crosslinker and reactivity. The AAm/
KMA crosslinked copolymers obtained with EGDMA
and BDDA as crosslinking agents were transparent in
nature. EGDMA-crosslinked hydrogels were smooth
and elastic in nature in the swollen stage, and BDDA-
crosslinked hydrogels were very stiff and nonelastic in
nature.

IR analysis

The IR spectra of the copolymers showed peaks cor-
responding to the groups present in the copolymer
repeating units. Peaks were observed at 3478 cm�1

corresponding to the NOH stretching of the AAm
unit, at 1619 cm�1 corresponding to the CAO stretch-
ing of AAm unit, and at 1640 cm�1 corresponding to
the CAO stretching of the acrylate unit. In addition to
the previous peaks, peaks were also observed at 1271,
1265, and 1129 cm�1 corresponding to COOOC
stretching interactions of ester groups. The previous
IR analysis of the samples indicated that the mono-
meric units, that is, AAm and KMA, were incorpo-
rated in the copolymer backbone. Figure 2 represents
the IR spectrum of the EGDMA 5 hydrogel with a
higher water absorbency.

Figure 1 Representative graph of KMA content versus po-
lymerization time for AAm/KMA hydrogel synthesis with
(F) BDDA and (E) EGDMA crosslinkers.

Figure 2 IR spectrum of the EGDMA 5 AAm/KMA hydrogel.
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DSC and TGA
The thermal analysis of the AAm/KMA copolymers
was investigated by DSC to obtain the glass-transition
temperature (Tg) and decomposition temperature of
the copolymers. As shown in Figure 3, the copolymers
showed two endothermic peaks. Because the phase

separation was anticipated to exist in the AAm/KMA
copolymers, accordingly, they exhibited two glass-
transition temperatures (Tg

1 and Tg
2).52 Tg

1 and Tg
2

were characteristic of the corresponding Tg values of
their homopolymers, polyacrylamide and poly(potas-
sium methacrylate), respectively. Tg values are found

Figure 3 DSC curves of AAm/KMA hydrogels crosslinked with (a) BDDA and (b) EGDMA.

AAm/KMA HYDROGELS 1157



at 198 and 247°C and 217 and 251°C for the copoly-
mers crosslinked with BDDA and EGDMA, respec-
tively. Similar results were also obtained in their
TGAs. The TGA curves of the copolymers showed two
exothermic peaks that were identified as their Tg val-
ues, corresponding to Tg

1 and Tg
2 (216 and 278°C for

the EGDMA-crosslinked copolymer and 212 and
281°C for the BDDA-crosslinked copolymer). Their
thermal stability was evaluated from the TGA. From
the TGA curve as presented in Figure 4 (from 300 to
500°C), the BDDA-crosslinked AAm/KMA copoly-
mer showed a higher number of decomposition re-
gions, whereas the EGDMA-crosslinked copolymer
showed a lower number of decomposition regions.
The maximum peak decomposition temperature was
identified at 464.75 and 456.75°C for the BDDA- and
EGDMA-crosslinked AAm/KMA hydrogels, respec-
tively. The maximum peak decomposition tempera-
ture value indicated the crosslinking nature of the
copolymers. As the number of crosslinks increased in
the copolymer, the peak temperatures increased. Fur-
ther, this crosslinking nature was also responsible for
the higher absorption properties.

Swelling and diffusion studies

A fundamental and well-accepted property of hydro-
gels, or SAPs, is their swelling behavior in aqueous,
salt, and water-soluble organic solutions.4–15 The
swelling measurements are the main characteristic pa-
rameters for any hydrogel. Therefore, the swelling
behavior of AAm/KMA hydrogels was studied in
detail in this investigation.

In hydrogels, the copolymer ionic content is an im-
portant controlling factor for the swelling of the hy-
drogel apart from the gel structure. The effect of the
AAm/KMA molar ratio on the swelling curve of the
hydrogels was studied by the variation of the KMA
comonomer. In all of the polymerizations, the AAm
amount was fixed to 1 g/2 mL. The AAm/KMA hy-
drogels crosslinked by BDDA and EGDMA swelling
isotherms are presented in Figure 5. As shown in the
swelling curves, the swelling capacity of the hydrogels
increased up to a certain time and remained almost
constant after that. When the swelling reached a con-
stant value for the hydrogels, that constant value was
taken as the equilibrium swelling percentage (S% �
Equilibrium swelling). Table II shows that higher S%
values were obtained when the KMA content was
increased in the copolymeric chains. The increment in
S% values was due to the more hydrophilic nature of
the incorporated chemical groups (OCOO�K�).4–15

This was due to induction of electrostatic repulsion
forces of the ionic charges of networks.4–15

The equilibrium swelling percentage (S%) value of
the EGDMA-crosslinked copolymer of AAm increased
from 1966 to 11,860 by the addition of just 10% of

KMA units in the polymeric structure, and this behav-
ior continued as the insertion of KMA in the AAm
copolymeric structure increased up to 25%. S% was as
high as 19,233 for AAm copolymer containing 25%
KMA. Further increases in the amount of KMA in the
AAm copolymer did not increase the swelling equi-
librium values; instead, there was a slight decrement
in the values. However, the pure KMA polymer
crosslinked with EGDMA had a higher water absor-
bency at the beginning, but this behavior decreased at
the end and showed a lower swelling equilibrium
value than the AAm/KMA (1:0.25) copolymer (Tables
II and III). This may have been due to the formation of
some amounts of soluble matter in the KMA
crosslinked copolymer. The same behavior was also
found in the equilibrium values of AAm/KMA copol-
ymers crosslinked with BDDA. A high swelling equi-
librium percentage was found for the AAm/KMA
copolymer obtained with a molar ratio of 1:0.25. In the
case of the KMA polymer crosslinked with BDDA, this
copolymer had higher swelling equilibrium values
than any of the AAm/KMA copolymers. This can be
explained by the fact that the BDDA crosslinker may
have given a KMA copolymer without any soluble
matter due to its higher crosslinking reaction behavior
than the EGDMA.

One novel observation made in this study was a
high value of variation in S% of the AAm/KMA co-
polymers prepared in the presence of different
crosslinkers.9–15 This was mainly due to the difference
in the crosslink network formation and the free-radical
polymerization method used in this investigation.
Further, the copolymers of AAm/KMA obtained by
crosslinking with BDDA and EGDMA showed higher
swelling equilibrium values when compared with
AAm/CA crosslinked with 1,4-butanediol dimethac-
rylate (BDMA) and Trimethylolpropane triacrylate
(TMPTA)35 and AAm/AA copolymers crosslinked
with N,N1-methylenebisacrylamide (MBA).36 This
may have been strictly due to the difference in net-
work formation or gel structure52 and to the variation
of the chemical structure, which was responsible for
the hydrophilicity.9–15,35,36

The percentage equilibrium water content
(EWC%)53,54 was another parameter of the hydrogel
characteristics, and this was calculated from eq. (1).
The EWC values for the AAm/KMA hydrogels
crosslinked with EGDMA and BDDA were high when
compared with the AAm/CA hydrogels. The values
for AAm/KMA hydrogels were between 99.9920 and
99.9996 and 99.9879 and 99.9994 when crosslinked
with EGDMA and BDDA, respectively. Because of
their higher EWC% values, these copolymers may
behave similar to living tissues containing a high
amount of fluids. Therefore, these crosslinked hydro-
gels may find an application in medicine and phar-
macy as novel biomaterials.

1158 MURALI MOHAN ET AL.



To evaluate the mechanism of swelling processes or
extensive swelling, a simple kinetic analysis was fol-
lowed with a second-order equation55,56 as shown next:

dS/dt � ks�Seq�S�2 (3)

where Seq and kS are the degree of swelling at equi-
librium and the swelling rate constant, respectively.

The integration of this equation over the limits S
(swelling) � S0 at time t � t0 and S � S at equilib-
rium at time t � t, gives the following equation:

t/S � A � Bt (4)

where B � 1/Seq is the inverse of the maximum or
equilibrium swelling, A � (1/kSSeq

2 ) is the reciprocal of

Figure 4 TGA thermograms of AAm/KMA hydrogels crosslinked with (a) BDDA and (b) EGDMA.
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the initial swelling rate (ri) of the hydrogel, and ks is
the swelling rate constant. This relation represents
second-order kinetics. To examine this kinetic model,
graphs were plotted of t/S versus t, and these are
shown in Figure 6 for AAm/KMA crosslinked with
BDDA and EGDMA. The swelling kinetics of the co-
polymers varied as the nature of the chemical groups
(e.g., hydroxyl, carboxyl, carbonyl, amide, and amine)
changed in the AAm copolymer chains. This was
mainly due to the many types of polymer–solvent
interactions.4–8,35,36,57 ri, kS, and the theoretical equi-
librium swelling (Seq) values of the hydrogels were
calculated from the slope and intersection of the lines,
as shown in Figure 6. The calculated values are pre-
sented in Table III. The calculated theoretical equilib-

rium swelling values (Seq)of the hydrogels were in
good agreement with the results obtained by the equi-
librium swelling (S%) of the AAm/KMA copolymers.
From the swelling studies, we concluded that the
swelling phenomena of the copolymeric hydrogels
were directly related to the density of crosslinking
networks35,36,52 and the chemical repeating units
present in the copolymers.4–15,35,36

SAPs, or hydrogels, which are considered as impor-
tant materials in the fields of agriculture, biomedicine,
pharmaceutics, and environmental engineering; it be-
came necessary to know the diffusion mechanism of
water in the polymeric chains. The diffusion of water
takes place when the SAPs, or hydrogels, are brought
in contact with water, and this happens by the migra-
tion of water into the free existing spaces between the
polymeric chains.58,59 The migration of water can be
varied by changing the crosslink network formation in
the copolymer. Crosslink network formation repre-
sents the free space or segmental motion of the poly-
meric chains. The increase in the segmental motion or
free space within the polymeric system results in the
increment in the diffusion of water due to an increase
in the distance of separation between the polymeric
chains. To evaluate the diffusion phenomena of
AAm/KMA copolymers, eq. (5) was followed for up
to 60% of swelling curves:59,60

Fswp�Ms � Md/Md � ktn (5)

where Ms and Md denote the weight of the swollen
hydrogel at equilibrium and the weight of the dried
hydrogel at time t � 0, respectively; k is a swelling
constant related to the structure of the network; and n
is the swelling exponent, a number used to determine

Figure 5 Swelling isotherms of AAm/KMA hydrogels pre-
pared with (a) BDDA and (b) EGDMA crosslinkers.

TABLE III
Swelling Parameters of AAm/KMA Hydrogels

Crosslinked by BDDA and EGDMA

Hydrogel ri
a ks

b Seq
c

BDDA2 21.52853 2.07 � 10�6 3.22 � 103

BDDA3 29.45508 9.28 � 10�7 5.63 � 103

BDDA4 47.01457 1.09 � 10�7 6.56 � 103

BDDA5 61.34969 8.41 � 10�7 8.54 � 103

BDDA6 39.55696 7.12 � 10�7 7.45 � 103

BDDA7 49.45598 1.11 � 10�6 6.69 � 103

BDDA8 66.9344 6.70 � 10�7 9.99 � 103

EGDMA2 18.89288 7.58 � 10�8 1.58 � 104

EGDMA3 27.79322 1.26 � 10�7 1.48 � 104

EGDMA4 29.29974 7.14 � 10�8 2.03 � 104

EGDMA5 41.80602 8.32 � 10�8 2.24 � 104

EGDMA6 34.07155 1.29 � 10�7 1.63 � 104

EGDMA7 79.80846 3.59 � 10�7 1.49 � 104

EGDMA8 84.45946 2.61 � 10�7 1.80 � 104

a (g of water/g of hydrogel)/min.
b (g of hydrogel/g of water)/min.
c g of water/g of hydrogel.
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the type of diffusion. For cylindrical shaped hydro-
gels, the n in which the rate of penetrant diffusion is
rate-limiting is equal to 0.5. If during the swelling,
non-Fickian diffusion occurs, the n values will be be-
tween 0.5–1.0.

To estimate n and k with the previous equation up
to 60% of the swelling, graphs were plotted of ln Fswp
versus ln t and obtained as straight lines, as shown in
Figure 7. The n values were calculated from the slope
of the lines of the ln Fswp versus ln t plots.59,60 The
values of n are presented in Table IV as a function of
the comonomer (KMA). The calculated n values were

between 0.54529 and 0.94501 and 0.62941 and 1.00 for
the BDDA- and EGDMA-crosslinked AAm/KMA co-
polymers, respectively. Hence, the diffusion of water
into the gels was taken to be non-Fickian in character.
In this diffusion, diffusion and relaxation can be said
to be isochronal effective.59,60

Salinity

Salinity has a well-known influence on the swelling
properties of hydrogels. The swelling behavior of the
synthesized hydrogels of AAm and KMA monomers

Figure 7 Diffusion kinetics of AAm/KMA hydrogels
crosslinked with (a) BDDA and (b) EGDMA.

Figure 6 Swelling rate curves of AAm/KMA hydrogels
prepared with (a) BDDA and (b) EGDMA crosslinkers.
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with BDDA and EGDMA crosslinkers were tested for
three different sodium chloride solutions. The swell-
ing capacity decreased as the sodium chloride concen-
tration increased. Swelling studies for different saline
concentrations were plotted, and these are presented
in the form of a graph shown in Figure 8. The power
law relationship was found for the dependence of the
ultimate swelling ratio of the hydrogel on the saline
concentration. The power law constants are presented
in Table V.

Another aspect of the swelling in saline media is salt
sensitivity, which may be evaluated by a dimension-
less factor (�). � is defined as the ratio of the absorp-
tion in a given salinity to swelling in salt free water.61

The � values for three saline concentrations are given
in Table VI. The results indicate that the sensitivity of
absorbance to changes in salinity decreased as the
KMA content increased in the copolymer chain. This
behavior was expected due to the increase in the KMA
content in the copolymer chains, which expanded to
its fullest extent, just as salinity did.62

Deswelling or water-retention capacity of SAPs

To understand the water retention of the AAm/KMA
hydrogels synthesized by the redox free-radical poly-
merization with BDDA and EGDMA crosslinkers, the
water-retention properties of the copolymers were
carried out by deswelling experiments at room tem-
perature.9–15 Equal weights of swollen copolymer gels
were taken in a watch glass, and the weight loss of
water of the swollen gels was estimated by gravimet-
ric analysis at different time intervals. A large varia-
tion in the deswelling behavior of EGDMA- and
BDDA-crosslinked AAm/KMA hydrogels was ob-
served. The deswelling studies indicated that the
BDDA-crosslinked hydrogels had higher losses of wa-
ter content with lower times than did the EGDMA-

crosslinked hydrogels. The deswelling curves of the
AAm/KMA copolymers are illustrated in Figure 9.
The BDDA crosslinked copolymers had 3.88–10.52 in
its gel weight percentage within 2400 min, indicating a
higher deswelling capacity, that is, a lower water-
retention capacity, of these copolymers. In contrast,
there were higher gel weight percentages for
EGDMA-crosslinked hydrogels. This nature was eas-
ily identified when we saw the gels, where the copol-
ymers still had 20% of the water content around the
gels even after 4560 min. From these results, we con-
cluded that the deswelling rates were slow and water-
retention capacity was high for the hydrogel
crosslinked by EGDMA.

TABLE IV
Diffusion Parameters of the AAm/KMA Hydrogels

Hydrogel k n

BDDA2 27.85 0.54529
BDDA3 34.09 0.72425
BDDA4 37.59 0.76757
BDDA5 28.98 0.92750
BDDA6 63.73 0.78088
BDDA7 84.06 0.83399
BDDA8 60.29 0.94501
EGDMA1 22.80 0.62941
EGDMA2 19.21 0.88609
EGDMA3 22.45 0.90666
EGDMA4 43.45 0.83569
EGDMA5 52.31 0.78978
EGDMA6 52.07 0.82597
EGDMA7 50.15 1.00000
EGDMA8 73.15 0.81916

Figure 8 Swelling graph of AAm/KMA hydrogels
crosslinked with (a) BDDA and (b) EGDMA.
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Water-retention capacity of SAPs in soil

The main application of SAPs is for agricultural and
horticultural purposes, for effective use of water, es-
pecially in dry and desert regions.9–15 These SAPs can
be used to transform dry and desert regions into fertile
green lands. In this connection, the water-retention
capacity of the prepared SAPs was preliminarily in-
vestigated experimentally in two different soils, in-
stead of in growing plants. From the water-retention
studies, we concluded that the water storage in the soil
was high in the presence of AAm/KMA SAPs. This
type of behavior is particularly useful for growing
plants in dry and desert regions to convert them into
green and fertile lands.

CONCLUSIONS

Hydrogels based on AAm and KMA were prepared
by simultaneous free-radical polymerization with a
AP/TMEDA initiating system and multifunctional
crosslinkers (BDDA and EGDMA). The hydrogels pre-
pared were characterized in terms of maximum S%,

EWC, swelling, and diffusion. All of the hydrogels
swelled rapidly and reached equilibrium within 24–30
h. BDDA 5 and EGDMA 5 hydrogels showed very
high S% values of 7828 and 19,233 in their AAm/
KMA hydrogel copolymer series and also showed
high EWC values of 99.9994 and 99.9996, respectively.
However, homo-KMA hydrogels had higher values
than AAm/KMA hydrogels due to the more hydro-
philic nature of groups in their polymeric chains. The
hydrogel formation was confirmed by IR spectros-
copy, and the thermal properties were studied with
DSC and TGA. The deswelling properties were also
investigated, and we found that BDDA-crosslinked

TABLE V
Power Law Constants for the Swelling Dependency of

Different Samples on the Salt Concentration
(0–0.1711 mol)

Hydrogel k n

BDDA1 600.31 0.03936
BDDA2 463.33 0.22339
BDDA3 628.43 0.28404
BDDA4 679.71 0.31921
BDDA6 730.24 0.33439
BDDA7 919.74 0.3526
EGDMA2 1347.8 0.35741
EGDMA3 1078.37 0.35644
EGDMA4 1115.73 0.37321
EGDMA6 1159.87 0.34901
EGDMA7 1235.98 0.29192
EGDMA8 1422.89 0.17685

TABLE VI
Dependency of � on the AAm/KMA Hydrogels

Hydrogel �0.017% �0.085% �0.171%

BDDA1 0.92224 0.899504 0.856891
BDDA2 0.415532 0.212023 0.273395
BDDA3 0.402932 0.232593 0.215509
BDDA4 0.407884 0.233977 0.198116
BDDA6 0.440225 0.238059 0.208676
BDDA7 0.633552 0.348806 0.283857
EGDMA2 0.250071 0.176319 0.169757
EGDMA3 0.33268 0.193486 0.173661
EGDMA4 0.298724 0.158886 0.136623
EGDMA6 0.355546 0.190575 0.151622
EGDMA7 0.333608 0.175609 0.149918
EGDMA8 0.326963 0.170785 0.146879

Figure 9 Water retention capacity of AAm/KMA hydro-
gels crosslinked with (a) BDDA and (b) EGDMA.

AAm/KMA HYDROGELS 1163



AAm/KMA hydrogels had higher deswelling natures
than EGDMA-crosslinked AAm/KMA hydrogels. The
power law relation was tested in saline solutions. Hy-
drogels were tested for soil moisture, and we found
that these materials would be very useful as soil con-
ditioners to convert desert or dry lands into green and
fertile lands.

The obtained results from the deswelling and swell-
ing studies of these hydrogels indicates that they will
act as high water retainers for carrying various sub-
stances in aquatic fields, such as in agricultural, phar-
maceutical, biomedical, and environmental applica-
tions.

References

1. Buchholz, F. L. In Superabsorbent Polymers: Science and Tech-
nology; Buchholz, F. L.; Peppass, N. A., Eds.; ACS Symposium
Series 573; American Chemical Society: Washington, DC, 1994.

2. Shvareva, G. V.; Ryabava, E. N.; Shatskii, O. V. Int Polym Sci
Tech 1997, 24, 32.

3. Pappas, N. A.; Mikos, A. G. In Hydrogels in Med and Pharm;
Peppas, N. A., Ed.; CRC: Boca Raton, FL, 1986; Vol. I.

4. Saraydin, D.; Karadag, E.; Guven, O. Polym Bull 2000, 45, 287.
5. Karadag, E.; Saraydin, D.; Caldiran, Y.; Guven, O. Polym Adv

Tech 2000, 11, 59.
6. Rosaik, J. M.; Yoshii, F. Nucl Instr Methods Phys Res B 2001, 60,

203.
7. Karadag, E.; Saraydin, D.; Guven, O. Macromol Mater Eng 2001,

286, 42.
8. Saraydin, D.; Daradag, E.; Caldiran, Y.; Guven, O. J Appl Polym

Sci 2001, 79, 1809.
9. Mohana Raju, K.; Padmanabha Raju, M. J Adv Polym Tech 2001,

20, 146.
10. Padmanabha Raju, M.; Mohana Raju, K. J Appl Polym Sci 2001,

80, 2635.
11. Mohana Raju, K. ; Padmanabha Raju, M. Polym Int 2001, 50, 1.
12. Padmanabha Raju, M.; Mohana Raju, K. J Polym Mater 2001, 19,

149.
13. Mohana Raju, K.; Padmanabha Raju, M.; Murali Mohan, Y.

Polym Int 2003, 52, 768.
14. Mohana Raju, K.; Padmanabha Raju, M.; Murali Mohan, Y.

J Appl Polym Sci 2002, 85, 1795.
15. Mohana Raju, K.; Padmanabha Raju, M.; Murali Mohan, Y. Int J

Polym Mater 2004, 53, 1.
16. Hogari, K.; Ashiya, F. In Advances in Superabsorbent Polymers;

American Chemical Society: Washington, DC, 1994.
17. Sakiyama, T.; Chu, C. H.; Fujii, T.; Yano, T. J Appl Polym Sci

1993, 50, 2021.
18. Shiga, T.; Hirose, Y.; Okada, A.; Kurauchi, T. J Appl Polym Sci

1992, 44, 249.
19. Kobayashi, T. K. J Appl Polym Sci 1987, 36, 1312.
20. Yoshida, M.; Asano, M.; Kumarakura, M. Eur Polym J 1989, 25,

1197.
21. Kazanskii, K. S.; Durivskii, S. A. Adv Polym Sci 1992, 104, 97.
22. Samsonov, G. V.; Kuznetsova, N. P. Adv Polym Sci 1992, 104, 1.

23. Eliassaf, J. J Polym Sci 1965, 23, 767.
24. Saraydin, D.; Karadag, E.; Guven, O. Polym Adv Tech 1994, 6,

719.
25. Karadag, E.; Saraydin, D.; Cetinkaya, S.; Guven, O. Biomaterials.

1996, 17, 67.
26. Malavasic, T.; Osredkar, U.; Anzur, I.; Vizovisek, I. J Macromol

Sci Chem 1994, 23, 853.
27. Kim, S. H.; Won, C. Y.; Chu, C. C. J Biomad Mater Res 1999, 46,

160.
28. Chiu, H. C.; Wu, A. T.; Lin, Y. F. Polymer 2001, 42, 1471.
29. Nge, T. T.; Yamaguchi, M.; Hori, N.; Takemura, A.; Ono, H.

J Appl Polym Sci 2001, 83, 1025.
30. Putman, P.; Kopecek, J. Adv Polym Sci 1995, 122, 55.
31. Li, X.; Huang, Y.; Xiao, J.; Yan, C. J Appl Polym Sci 1995, 55,

1779.
32. Yildiz, B.; Isik, B.; Kis, M. Polymer 2001, 42, 2521.
33. Yildiz, B.; Isik, B.; Kis, M. Eur Polym J 2002, 38, 1343.
34. Yildiz, B.; Isik, B.; Kis, M. React Funct Polym 2002, 52, 3.
35. Karadag, E.; Saraydin, D. Polym Bull 2002, 48, 299.
36. Isik, B. J Appl Polym Sci 2004, 91, 1289.
37. Chen, J.; Zhao, Y. J Appl Polym Sci 1999, 74, 119.
38. Tanaka, T. Sci Am 1981, 24, 110.
39. Durmaz, S.; Okay, O. Prog Polym Sci 2000, 41, 5729.
40. Naghash, H. J.; Massah, A.; Erfan, A. Eur Polym J 2002, 38, 147.
41. Kobayashi, T. Kobunshi 1987, 36, 612.
42. Yoshinobu, M.; Sakata, I. M. M. J Appl Polym Sci 1992, 45, 2031.
43. Kiatkamjorwong, S.; Phunchareon, P. J Appl Polym Sci 1999, 72,

1349.
44. Lee, W. F.; Tu, Y. M. J Appl Polym Sci 1999, 72, 1221.
45. Shimomura, T. Polym Mater Sci Eng 1993, 69, 485.
46. Flory, P. J. Principles of Polymer Chemistry; Cornell University

Press: Ithaca, NY, 1953.
47. Ogawa, I.; Yamano, H.; Miyogawa, K. J Appl Polym Sci 1993, 47,

217.
48. Bajpai, S. K. J Appl Polym Sci 2001, 80, 2782.
49. Caykara, T.; Bozkaya, U.; Kantoglu, O. J Polym Sci Part A:

Polym Chem 2003, 41, 1656.
50. Okay, O.; Nagash, H. J. Polym Bull 1989, 30, 1518.
51. Dotson, N. A.; Dickmann, T.; Macosko, C. W.; Tirrel, M. Mac-

romolecules 1992, 25, 4490.
52. Horkay, F.; Zrinyi, M. Macromolecules 1988, 21, 2630.
53. Ahmad, M. B.; Huglin, M. B. Polymer 1997, 35, 1997.
54. Tighe, B. J. Brit Polym J 1986, 18, 8.
55. Saraydin, D.; Oztop, H. N.; Karadag, E.; Caldiran, Y.; Guven, O.

Appl Biochem Biotechnol 1999, 82, 115.
56. Peniche, C.; Cohen, H. N.; Vazquez, B.; Romen, J. S. Polymer

1997, 38, 5977.
57. Yao, K. J.; Zhou, W. J. J Appl Polym Sci 1994, 53, 1533.
58. Crank, J. Mathematics of Diffusion; Oxford University Press:

New York, 1970.
59. Robert, C. R. R.; Buri, P. A.; Peppas, N. A. J Appl Polym Sci 1985,

30, 301.
60. Peppas, N. A.; Franson, N. M. J Polym Sci Part B: Polym Phys

1983, 21, 983.
61. Omidian, H.; Hashemi, S. A.; Sammes, P. G.; Meldrum, I. G.

Polymer 1999, 40, 1753.
62. Kabiri, K.; Omidian, H.; Hashemi, S. A.; Zohuriaan-Mehr, M. J.

Eur Polym J 2003, 39, 1341.

1164 MURALI MOHAN ET AL.


