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SWELLING DYNAMICS OF A TERNARY

INTERPENETRATING POLYMER NETWORK

(IPN) AND CONTROLLED RELEASE OF

POTASSIUM NITRATE AS A MODEL

AGROCHEMICAL

A. K. Bajpai* and Anjali Giri

Bose Memorial Research Laboratory, Department of Chemistry,
Government Autonomous Science College, Jabalpur 482 001, India

ABSTRACT

An interpenetrating polymer network (IPN) of carboxymethyl cellulose
(CMC), polyethylene glycol (PEG) and crosslinked polyacrylamide
(PAM) has been prepared and dynamic water sorption properties have
been investigated as a function of chemical architecture of the IPN, pH
and temperature of the swelling medium and presence of salt ions in the
bathing medium. Based on the Fick’s law the swelling exponent (n) and
diffusion constant (D) were evaluated suggesting possible modes of water
transport through the IPN’s. The IPN’s synthesized were loaded with
KNO3 as a representative agrochemical and its release dynamics was
studied conductometrically. The influences of percent loading and che-
mical composition of the IPN were also observed on the release rate and
released amounts of KNO3.
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INTRODUCTION

Macromolecular formulations like the graft, random and block copo-
lymers [1], interpenetrating polymer networks [2], and hydrogels [3] are
currently the focus of considerable scientific research due to their potential
for application in a large variety of areas such as medicine, industry, en-
vironmental clean-up, and agriculture. The reason for this vast potential is
not only due to their ability to respond reversibly to external stimuli such as
pH [4], temperature [5], ionic strength [6], electric field [7], etc., but also their
capacity to act as a carrier of a variety of bioactive compounds like proteins
[8], low and high molecular weight drugs [9]. Such loaded polymeric carriers
swell and subsequently deliver the entrapped compounds into the aqueous
reservoirs when allowed to contact a stil release medium. This process forms
the very foundation of the drug delivery technology, which has been an active
area of research in agriculture in recent past. Controlled release polymer
matrix systems offer a number of potential advantages over the conventional
means of applications [10]. The principal advantage is that these systems
allow much less active agent to be used for the desired of activity [11].

Agrochemicals are bioactive agents concerned with the utilization of
chemicals to improve production of crops for a plentiful and high quality
food supply for consumers. Hence, a great increase in the quantities of these
chemicals is necessary for enhancing any substantial increase in farm pro-
duction of food stuffs. However, considering the present mehtod of food-
stuffs, one cannot increase both farm output and ensure a high quality
environment [12]. Depending on the method of application and on the cli-
matic conditions as much as 90% of conventionally applied agrochemicals
never reach their objectives, to produce the desirable biological response at
the present time and in the quantities required [20].

Conventional applications of agrochemicals results in ground water
contamination which becomes a serious issue [13]. Also, over application and
point source contamination increase the pollution potential, this leads to
unnecessary spreading of toxic substances in the environment by leaching or
is run off by rainfall irrigation to ground water and volatilization, as well as
by human factors such as excessive application, spills, and improper disposal.
This may also result in potential hazards to non-target organisms by direc-
tion action or, for instance, by residues in food [14].

One of the most alarming problems is that three fourths of the world
population living in developing countries is facing the nitrate leaching and
subsequent pollution of ground water [15]. Due to increased agricultural
activity, which is necessary for enhanced food production, and also due to
industrial activity, there is an increasing evidence of nitrate pollution of
ground waters. What actually happens is that the excess nitrates leach down
the soil profile with percolating water. The seriousness of the problem can
be assessed by the fact that nitrates and nitrites may result in many fatal
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physiological disorders such as methemoglobinemia in babies [16], oral
cancer [17], cancer of the colon, rectum or other gastrointestinal cancers
[18], Alhzeimer’s disease [19], etc. Craig et al. [20] have shown that nitrate
consumption leads to a decrease in the ascorbate=nitrite ratio in gastric
juice, which regulates the synthesis of potentially carcinogenic N-nitroso
compounds and decrease in the ratio leads to increased risk of gastric
cancer.

Treatment of ground water for the removal of nitrates or prevention of
nitrate from reaching ground water is possible. Chemical methods such as
catalytic removal of nitrate from water [21], abiotic degradation of nitrates
using zerovalent iron and electrokinetic processes [22], biotechnological
methods [23], and physical methods such as reverse osmosis and nano-
filteration [24] have been reported. These processes are at present considered
costly even in advanced countries [25]. Thus, at this situation the application
of a nitrate loaded carrier with a swelling controlled release property could
be proved to be a suitable technology against nitrate pollution of ground-
waters.

Various studies have been carried out to control the release of pesticides
and pharmaceuticals to achieve the desired results over a prescribed duration
[26]. Biodegradable matrices are especially preferred in pesticide formulations
in order to prevent a different kind of pollution created by residues of de-
pleted, non degradable pesticide carriers. Sodium carboxymethyl cellulose
(CMC) can be converted into a hydrogel with ease via chelation with poly-
valent cations [27]. It also possesses the advantages of being biodegradable,
hydrophilic and economic. It was, therefore, aimed at constructing a swel-
lable controlled release system comprising of CMC, polyethylene glycol
(PEG) and crosslinked polyacrylamide (PAM) chains entangled into one
another via physical interactions and thus resulting in a highly hydrophilic
and water insoluble macromolecular network. The use of PEG as one of the
components of hydrogel not only provides hydrophilicity to the network but
also insolubilizes the CMC chains by building up H-bands with them.

EXPERIMENTAL

Carboxymethyl cellulose sodium salt (CMC) was obtained from Loba
Chemie, India and used as received. Polyethylene glycol (PEG) was a liquid
of low mol. wt. (600) supplied by Research Lab, Pune, India and used
without any pretreatment. Acrylamide (Loba Chemie, India) was freed from
the inhibitor by usual crystallization method and dried in vacuum for a week.
The crosslinking agent employed was N,N0-methylene bis acrylamide (MBA)
obtained from Central Drug House, Lucknow, India and used as received.
Other required chemicals were of analytical reagent grade and doubly dis-
tilled water was used throughout the study.
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Method

Preparation of Hydrogel

The hydrogel was prepared by a free radical polymerization method as
described in our earlier communications also [28]. In a typical experiment,
CMC 2.0% v=v, PEG 7.5% v=v, AM 3.75% w=v, MBA 0.05% w=v and
potassium persulphate 0.05% w=v were added into a petri-dish (2 inch dia-
meter, Corning). The whole mixture was homogenized and put into an oven
for 3 hours at 80�C so that the fluid converted into a thick semi-transparent
mass. The gel that formed was dried overnight at 60�C so that it changed into
a thin circular film. The hydrogel film was freed from the unreacted chemicals
by equilibrating it with distilled water for 15 days and then drying it at room
temperature. The dry gel film was cut into nearly Identical sized pieces and
stored in polyethylene bags.

Swelling Kinetics

The progress of the swelling process was monitored by a conventional
gravimetric procedure. In brief, a preweighed piece of hydrogel (0.1 g) was
placed in an aqueous reservoir and allowed to swell for a definite time period.
The swollen piece was taken out at predetermined time intervals, pressed in
between the two filter papers to remove excess water and finally weighed in a
sensitive analytical balance. The swelling ratio was calculated by the fol-
lowing relation:

Swelling Ratio ¼ Weight of the swollen gel

Weight of the dry gel
ð1Þ

The kinetic swelling data was analyzed by the following
equation [29]:

Wt

W1
¼ k tn ð2Þ

where k is the swelling rate front factor and n is the swelling exponent; and
Wt and W1 the water intakes at time t and equilibrium time respectively. The
above equation is a phenomenologically rate law where the swelling exponent
n provides insights into the type of water sorption mechanism that is op-
erative. For instance, (� ¼ 0:5 shows a Fickian kinetics in which the sorption
is diffusion controlled while the value of n between 0.5 and 1.0 indicates a
non-Fickian process (or Case II transport) where chain relaxation also
contributes to water sorption process.
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The diffusion constants D of water through the hydrogel were calcu-
lated according to the following equation [30]:

Wt

W1
¼ 4

Dt2

pl2

� �2
ð3Þ

where l is the thickness of the hydrogel.

Release Study

Loading of Potassium Nitrate

The loading of a hydrogel is normally done by two methods. In the first
method, the compound to be loaded is mixed with the reaction mixture prior
to polymerization and then the hydrogel matrix is prepared by polymerizing
the monomer(s). The bioactive compound is entrapped within the gel matrix
[31]. In the second approach, the dry gel (xerogel) is allowed to swell in the
bioactive compound solution and after the equilibrium swelling the gel is
dried and the device is obtained [32]. The later method has some advantages
over the first one as polymerization could have an adverse effect on the ac-
tivity of the entrapped compound and this purification of the device remains
a problem.

In the present study, the second method was followed by swelling of dry
gel in a known solution of KNO3. The swollen gels were dried and stored
properly. The % loading was calculated by the following equation:

% loading ¼ Amount of KNO3 loaded

Weight of unloaded gel
� 100 ð4Þ

Examination of Released KNO3

In a typical release experiment, a KNO3 loaded gel of known weight and
% loading was placed into 25 mL distilled water as a release medium under
unstirred conditions. The amount of released KNO3 was estimated by
measuring the conductivity of the release medium by a conductivity meter
(Systronics, Model No. 303, India) and knowing the amount of released
KNO3 with the help of a calibration plot. Similarly, the equilibrium amount
of released KNO3 (M�) was determined by measuring the conductivity of the
release medium after 12 days. The release data was analyzed kinetically by
Eqs. (2) and (3), and the diffusional exponent (n) and diffusion constant of
KNO3 (D) were evaluated graphically.

SWELLING DYNAMICS OF A TERNARY IPN 79

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
5
7
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

RESULTS AND DISCUSSION

Dynamic Model for Swelling Release

A loaded hydrogel could be pictured as a network of macromolecular
chains bonded to one another via physical or chemical forces containing
patches of free volumes in between them. These free volumes of varying mesh
sizes are further occupied by the active agent. In the present study, the
macromolecular chians of PEG, CMC and PAM constitute a hydrogel net-
work within that the molecules of potassium nitrate are entrapped in the
loaded hydrogel. When the loaded hydrogel is allowed to contact a still
aqueous release medium, the penetrant water molecules invade the hydrogel
surface and a moving solvent front is observed that clearly separates the
unsolvated glassy polymer region ahead of the front from the swollen and
rubbery gel phase behind it [33] (Fig. 1). Just ahead of the front, the presence
of solvent plasticizes the polymer and causes it to undergo a glass to rubber
transition [34]. Now the following possibilities arise:

1. If the glass transition temperature of the polymer (Tg) is well below
the experimental temperature, the polymer will be in the rubbery

Figure 1. A model depicting the dynamic water-sorption mechanisms (a) Fickian; (b) Non-
Fickian; (c) Release of KNO3.
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state and polymer chains will have a higher mobility that allows an
easier penetration of the solvent [35]. This clearly results in a
Fickian diffusion (Case I) which is characterized by a solvent dif-
fusion rate, Rdiff, slower than the polymer relaxation rate, Rrelax

(Rdiff 	 Rrelax). The whole mechanism is modeled in Fig. 1(a).
As soon as the water molecules diffuse into the pockets of the hy-
drogel, the entrapped potassium nitrate molecules diffuse out into
the bulk of the release medium. Obviously, a Fickian release will be
observed when the rate of diffusion of potassium nitrate is slower
than that of the relaxation of macromolecular chains. The above
swelling or release situations are indicated by a 0.5 value of the
swelling (or diffusional) exponent ‘n’ of Eq. (2).

2. If the experimental temperature is below Tg, the polymer chains are
not sufficiently mobile to permit immediate penetration of the sol-
vent (or release of the active agent) into the polymer core. This gives
rise to a non Fickian diffusion process depending on the relative
rates of diffusion and chain relaxation (For Case II, Rdiff 
 Rrelax

and for anomalous, Rdiff � Rrelax).

Both the possibilities are depicted in Figs. 1(a) and 1 (b), respectively.
Figure 1(c) represents a release mechanism of of KNO3.

Effect of Hydrogel Composition on Swelling

A hydrogel, in general, is made up of hyrophilic (and=or hydrophobic)
components and a suitable crosslinking agent. Apart from the chemical
functions of the hydrogel, the swelling of a hydrogel network is also regulated
by the physical force and subsequent elastic responses of the constituent
macromolecular chains of the matrix. According to Flory’s swelling theory
[36], the following Equation can be given:

Q5=3 ¼ f½ði=2VN � S1=2Þ1=2 þ ð1=2� x1Þ=V1�=ðve=VoÞg ð5Þ

where i=VN is the concentration of the fixed charge referred to unswollen
network, S is the ionic concentration in the external solution, ð1=2�X1Þ=V1

is the affinity of the hydrogel for water, and ve=Vo is the crosslinked density
of the hydrogel. The above equation reveals that the swelling ratio has direct
relation to ionic osmotic pressure, crosslinked density and the affinity of the
hydrogel for water. Thus, varying the composition of the hydrogel has a
direct control over swelling.

PEG, a hydrophilic polymer, exhibits great affinity towards water
molecules. The nature of the association of water with PEGs containing
terminal hydroxyl groups and poly(ethylene oxide) units has been an active
area of research in recent past. It has been shown from various thermal
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measurements that the PEG could give rise to formation of dihydrates via H-
bond formation as depicted in Fig. 2. When the concentration of PEG is
increased in the feed mixture in the range 2.5 to 10.0% v=v, the swelling ratio
constantly increases as shown in Fig. 3. The observed increase may be ex-
plained by the fact that with increasing PEG content in the gel, the hydro-
philicity of the network will also increase and as predicted by the Flory’s
equation the swelling ratio increases.

Carboxymethyl cellulose (CMC) being a modified natural water soluble
polymer (Fig. 4) contains hydroxyls and carboxyl groups which impart hy-
drophilicity to the molecule. When the concentration of CMC is increased in
the feed mixture of the IPN in the range 0.5 to 2.0% w=v, the swelling ratio is
found to increase substantially as shown in Fig. 5. The observed large
swelling ratio can be explained by the fact that increased CMC content in the
IPN renders the network more hydrophilic and, therefore, the degree of
water sorption increases. What actually happen is that as soon as the polymer
matrix contacts the dissolution medium, such as water, the molecules of
water penetrates the gel and swells the macromolecular chains. Molecularly,
individual chains, originally found in their unperturbed state, absorb water
so that their end-to-end distance and radius of gyration expand to the new
solvated state.

When the concentration of acrylamide is increased in the feed mixture in
the range 2.5 to 7.5% w=v the swelling ratio is found to decrease (Fig. 6)
constantly in the whole range of monomer. The observed decrease has been
frequently noticed [37] and can be explained by the fact that increased
monomer concentration results in a greater number of crosslinked PAM
chains which in turn increases the crosslinked density of the IPN and,
therefore, brings about a fall in the swelling ratio.

An effective way of modifying water-sorption characteristics of a hy-
drogel is to vary the concentration of the crosslinker in the feed mixture of
the gel. This effectively affects the elastic response of the macromolecular
matrix which apart from free energies of mixing of polymer chains and sol-
vent is also a decisive factor in regulating the swelling process. In the present

Figure 2. Formation of dihydrates by poly(ethylene glycol) (PEG).
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Figure 3. Effect of variation in PEG content of the IPN’s on their swelling ratio.
[CMC]¼ 2.0% w=v, [AM]¼ 3.75% w=v, [MBA]¼ 0.05% w=v, Temp.¼ 27�C.

Figure 4. Structure of carboxymethyl cellulase (CMC).
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study the concentration of crosslinker (MBA) has been varied in the range
0.05 to 0.30% w=v and the results are depicted in Fig. 7. The results clearly
reveal that with increasing crosslinker concentration the swelling ratio sub-
stantially decreases. The results are quite usual and can be explained by the
fact that with increasing crosslinking density the mesh size, i.e., the space
between the macromolecular chains, decreases which restricts the penetration
of solvent molecules into the IPN thus causing a fall in the swelling ratio.
Some workers [38] have observed an increase in the glass transition tem-
perature of the hydrogel (Tg) with increasing crosslinker concentration and
attributed the increased Tg to the decrease in the swelling ratio.

Another cause for the observed decrease in swelling ratio may be that
due to increasing amounts of crosslinker in the gel, the crosslinked density
increases which shortens the average molecular weight of the polymer be-
tween two crosslink points and thus reduces the mesh sizes of the free

Figure 5. Effect of variation in CMC content of the IPN’s on their swelling ratio.
[PEG]¼ 7.5% w=v, [AM]¼ 3.75% w=v, [MBA]¼ 0.05% w=v, Temp.¼ 27�C.
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volumes. This obviously results in a remarkable fall in the degree of swelling
of the IPN.

Effect of pH

Macromolecular matrices containing either carboxyl groups or car-
boxylate ions as pendent functionals of network chains have been found to
respond greatly to the external stimuli such as pH of the swelling medium.
Such hydrogels or IPN’s have been widely employed as pH-sensitive systems
for targetted drug delivery [39]. In the present study, since the polymer used
was the sodium salt of CMC, the network contained both COO� and COOH
groups along the CMC chains. To investigate the effect of pH on the swelling
ratio of the IPN, the pH of the swelling medium was varied in the range 2.0 to
10.0 and the results are depicted in Fig. 8. The results clearly indicate that the

Figure 6. Variation in the swelling ratio of the IPN’s with varying acrylamide (AM) content
in the IPN’s. [PEG]¼ 7.5% v=v, [CMC]¼ 2.0% w=v, [MBA]¼ 0.05% w=v, Temp.¼ 27�C.
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degree of water sorption constantly increases with increasing pH of the med-
ium.Theobserved increase in the swelling ratio canbe explainedby the fact that
with rising pH of the swelling medium, the ratio COO�=COOH on CMC also
increases because of increasing ionization of carboxylic groups and this results
in a greater repulsions among the COO� bearing CMC chains. Thus, the ex-
isting repulsive forces causes CMC chains to undergo a faster relaxation which
widens the mesh size of the free volumes and, subsequently allow greater
number of penetrant water molecules to swell the IPN.

Another reason for the observed increase in the swelling ratio may be
that with increasing pH, the amide groups (�CONH2) of PAM chains
undergo hydrolysis thus changing into �COOH groups which also enhances
the swelling.

Figure 7. Effect of crosslinker (MBA) concentration on the swelling ratio of the
IPN’s. [PEG]¼ 7.5% v=v, [CMC]¼ 2.0% w=v, [AM]¼ 3.75% w=v, [MBA]¼ 0.05% w=v,
Temp.¼ 27�C.
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Effect of Temperature

The swelling behavior of a hydrogel is greatly concerned with tem-
perature of the swelling medium as a rise in temperature affects the rate of
diffusion of water molecules into the gel as well as that of relaxation of
network chains. In addition a higher temperature may detach water
molecules bound to the network chains and thus cause a fall in the degree of
swelling. In the present study, the temperature of the swelling medium has
been varied in the range 10 to 50�C and the results are depicted in Fig. 9. It is
clear from the results obtained that whereas the swelling ratio of the IPN
increases from 10 to 27�C a fall in the swelling ratio is noticed beyond 27�C.
The results can be explained by the fact that in the initial range of increasing
temperature both the diffusion of penetrant water molecules and relaxation

Figure 8. Effect of pH of the swelling medium on the swelling ratio of the IPN’s.
[CMC]¼ 2.0% w=v, [PEG]¼ 7.5% w=v, [AM]¼ 3.75% w=v, [MBA]¼ 6.05% w=v, Temp.¼
27�C.
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of network chains increase which result in an enhanced water-sorption of the
IPN. However, beyond 27�C the fall observed in the swelling ratio may be
attributed to the breaking of H-bonds between hydrogen of water and oxy-
gen of PEG molecules of the specific hydrates formed during the swelling of
the PEG network as reported elsewhere [40].

Effect of Salts

The swelling of a hydrogel results from a balance between the osmotic
pressure of the swelling system and the elastic response of the network [36].
For a given network with definite elasticity, the swelling is mainly decided by
the osmotic pressure of the gel which results from the difference between the
mobile ion concentrations between the interior of the gel and external
swelling medium. When the concentration of salt ions increases in the outer
solution, the difference of mobile ion concentration between the polymer
network and external solution decreases which, in turn, will reduce the
swelling of the polymer gel.

The quantitative effect of salts on the swelling of the IPN can be best
explained by the Donnan equilibrium theory which reveals that osmotic

Figure 9. Effect of temperature on the swelling ratio of the IPN’s. [PEG]¼ 7.5% v=v,
[CMC]¼ 2.0% w=v, [AM]¼ 3.75% w=v, [MBA]¼ 6.05% w=v.
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pressure pion, responsible for swelling or deswelling of polymer network, is
given by the following equation:

pion ¼
ðDmg � DmsÞ

Vm
¼ 0 ð6Þ

where mg and ms are the chemical potentials of the solvent in the gel and
solution respectively and Vm being the molar volume of the solvent.

Ignoring ion-ion, ion-solvent and ion-polymer interactions, one can
write,

pion ¼ RT
X
i

ðCg
i � Cs

i Þ ð7Þ

where Ci is the mobile ion concentration of species i. The above equation
suggests that larger the difference between the ionic concentrations of gel and
solution, greater would be the swelling.

Effect of Anions

In the present investigation the effect of electrolytes on the swelling of
the IPN has studied by adding 0.05 M of chloride, carbonate and phosphate
of sodium to the swelling medium. The results are depicted in Fig. 10 which
imply that an appreciable fall in the swelling ratio of the IPN is noticed upon
the addition of electrolytes. The observed decrease in the swelling ratio is
obvious as the added salt ions cause a decrease in the term. The relative ef-
fectiveness of the added anions in depressing the swelling ratio obey the se-
quence given below,

CO2�
3 < PO3�

4 < Cl�

The least effect of CO2�
3 ions may be due to the fact that Na2CO3 and

Na3CO4 upon dissolution undergo salt hydrolysis and produce an alkaline
solution which raises the pH of the swelling medium to alkaline range. On the
other hand, sodium chloride gives a neutral solution upon dissolution. Since
the swelling of the IPN increases with pH of the medium, the order of ef-
fectiveness of added anions is clearly explained.

Effect of Cations

The effect of cations on the swelling ratio of the IPN has been in-
vestigated by adding equimolar (0.05 M) amounts of chlorides of sodium,
calcium and iron to the swelling medium. The results are depicted in Fig. 11,
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which indicate that the added cations substantially reduce the swelling ratio
of the IPN. The observed fall in the swelling has already been explained
prevously. The order of effectiveness of the added cations follow the sequence
as given below:

Ca2þ < Naþ < Fe3þ

The sequence of the effectiveness can be attributed to the fact that ferric
chloride upon hydrolysis produces an acidic solution and, therefore, suppress
the swelling of the IPN due to protonation of carboxylate ion. On the other
hand, dissolution of calcium and sodium chlorides results in an alkaline and
neutral solutions respectively which do not cause much fall in the swelling
ratio of the IPN’s as caused by ferric chloride because of acidic pH. Thus, the
effect of pH of the salt solution predominantly regulates the swelling be-
haivor of the IPN’s.

We also studied the effect of salt concentration of the swelling ratio of
the IPN and noticed that a pronounced salt-effect could only be observed
when the concentration of salts were � 0:05 M. At lower concentration, i.e.,

Figure 10. Effect of anions on the swelling ratio of the IPN’s. [PEG]¼ 7.5% v=v,
[CMC]¼ 2.0% w=v, [AM]¼ 3.75% w=v, [MBA]¼ 6.05% w=v, Temp.¼ 27�C.
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< 0:05 M all the salts displayed almost equal effects (results not shown).
Similar type of results were also noticed by Lee et al. [41].

Analysis of Dynamic Sorption Data

Water transport mechanism in a swelling IPN is greatly contributed by
numerous factors such as equilibrium water content, swelling rate, chemical
composition of the hydrogel system, etc. In the present study, the dynamic
water sorption experiments have been performed and the data have been
analyzed in terms of swelling exponent ‘n’ and diffusion constants ‘D’ thus
evolving a possible route of water transport. The following discussion cor-
relates the plausible water transport mechanism and chemical architecture of
the IPN. The whole data is summarized in Table 1.

When the concentration of CMC in the feed mixture of the IPN is in-
creased from 0.5 to 2.0% w=v, the value of n is found to increase in the
anamolous region and attains a value in the Super Case II region. The data

Figure 11. Effect of cations on the swelling ratio of the IPN’s. [PEG]¼ 7.5% v=v,
[CMC]¼ 2.0% w=v, [AM]¼ 3.75% w=v, [MBA]¼ 0.05% w=v, Temp.¼ 27�C.
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reveal that with increasing CMC, the swelling process shifts from less
relaxation controlled to more relaxation controlled (anomalous range) and
ultimately acquires a super case II value. The observed findings can be ex-
plained by the fact that with increasing CMC content in the IPN, the network
density will increase and this will result in a lower relaxation rate of mac-
romolecular chains of the IPN. At much greater content of the CMC the
observed super case II may be due to large hydrophilic nature of the IPN.

In the case of variation in the PEG content of the IPN in the range 5.0
to 10.0% v=v, the swelling exponent is found to increase from an anomalous
range to a super case II value as noticed with CMC also. This clearly implies
that with increasing the content of hydrophilic PEG, the swelling process
becomes increasingly relaxation controlled and finally attains a super case II
value due to increased hydrophilicity of the IPN.

A reverse trend is observed when the concentration of AM increases in
the feed mixture in the range 3.75 to 10.0% w=v. The corresponding n values
summarized in Table 1 suggest that there occurs a decrease in the swelling
exponent n from Super Case II value to anomalous region. This implies that
an increased number of PAM chains in the IPN shifts the swelling process to
decreasing relaxation controlled nature. The results can be explained by the
fact that with increasing AM the molecular weight of PAM chains increases
which facilitate the relaxation of PAM chains and thus causing the swelling
process to become less and less relaxation controlled.

Another important parameter that also affects not only the equilibrium
swelling ratio of the IPN but also the mechanism of water transport is the

Table 1. Data Showing the Swelling Exponent (N) and Diffusion Constant (D) of Varying

Compositions of the IPN’s

Compositions (%)

CMC PEG AM MBA DX107

w=v v=v w=v w=v n cm2s�1 Mechanism

0.5 7.5 3.75 0.05 0.60 6.7 Anomalous
1.0 7.5 3.75 0.05 0.62 7.0 Anomalous
1.5 7.5 3.75 0.05 0.87 4.3 Anomalous

2.0 7.5 3.75 0.05 1.33 6.7 Super Case II
2.0 5.0 3.75 0.05 0.8 2.7 Anomalous
2.0 7.5 3.75 0.05 0.93 8.1 Anomalous

2.0 10.0 3.75 0.05 1.10 10.2 Super Case II
2.0 7.5 3.75 0.05 1.42 6.7 Super Case II
2.0 7.5 5.0 0.05 0.85 2.7 Anomalous

2.0 7.5 10.0 0.05 0.75 4.3 Anomalous
2.0 7.5 3.75 0.1 0.85 5.4 Anomalous
2.0 7.5 3.75 0.2 0.90 4.5 Anomalous
2.0 7.5 3.75 0.3 0.98 2.7 Case II
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crosslinked density of the network. In the present work, an increasing
crosslinked density of the IPN has been achieved by increasing the cross-
linker (MBA) content in the feed mixture in the range 0.1 to 0.3% w=v. The
numerical value of n summarized in Table 1 indicate that the value of n is
increasing in the anomalous region thus implying for an increasing relaxa-
tional controlled swelling process. The results can be attributed to the fact
that with increasing crosslinked density of the IPN, the macromolecular
network becomes more compact and this results in an increasing restriction
in the free relaxation of network chains. Thus, the swelling process tends to
acquire relaxation controlled nature.

Release of KNO3

The release of an active agent from swellable polymeric matrix is based
on the glassy-rubbery transition of the polymer which occurs as a result of
water penetration into the matrix [42]. Whereas interactions between water,
polymer and active agent are the primary factors in release control, various
formulation variables also influence the release rate to a greater or lesser
degree. Thus, the extent of the loaded compound [43], acive agent (or drug):
polymer ratio [44], drug-particle size [45], etc. have been identified as modi-
fiers of the release kinetics. Other important factors which govern the time
course of the release process are the dissolution of the diffusate, surface area
of the diffusate particles and molecular size and permeability of the diffusate
molecules through the network.

The release kinetics of a loaded IPN is closely related to its water
sorption kinetics [46] as it has already been established that a highly swelling
network should release a greater amount of active solute entrapped within
the network. The release of solute from loaded network (initially dried) in-
volves the absorption of water into the matrix and simultaneous release of
solute via diffusion, as governed by Fick’s law. The process can be modelled
using a free volume approach or a swelling controlled release mechanism.

Now, we discuss our results on the release of KNO3 from loaded IPN’s
under varying experimental conditions.

Effect of Loading

An important aspect in the use of hydrogels as the carrier of active
compounds is the effect of percent loading on the rate of solute release. For
this purpose, the IPN’s were equilibrated with KNO3 solutions of varying
concentrations for three days. The loaded IPN’s were placed in release
medium and the progress of the release process was monitored con-
ductometrically. The release profiles are depicted in Fig. 12 which indicate
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that the amounts of released KNO3 increase with increasing percent loading
of the IPN. The results are quited expected as larger the initial load, the faster
is the movement of the solvent front penetrating the surface of the loaded
IPN [47]. A larger loading of the IPN may also facilitate the relaxation of
macromolecular chains.

Figure 12. Effect of %loading of KNO3 on the release profiles of the IPN’s. [PEG]¼ 7.5%
v=v, [CMC]¼ 2.0% w=v, [AM]¼ 3.75% w=v, [MBA]¼ 6.05% w=v, Temp.¼ 27�C.
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Effect of CMC

The effect of CMC content of the IPN has been investigated on the
release profiles of KNO3 by employing 1.0 to 2.0% w=v of the CMC into the
feed mixture of the IPN’s and then equilibrating them with 1.0% solution
of KNO3 for 72 hours. The loaded IPN’s were dried and thus the
device was obtained. The progress of the release process was monitored
conductometrically. The results are displayed in Fig. 13 which indicate that
the release rate as well as the amounts of released KNO3 increase with in-
creasing CMC content in the IPN.

The observed results can be explained by the fact that with increasing
CMC in the IPN’s the hyrophilicity of the network also increases and this
consequently results in penetration of greater number of water molecules into
the gel matrix causing relaxation of macromolecular chains. This obviously
results in a faster diffusion of entrapped KNO3 from within the IPN to the
exterior release medium following either Fickian or non-Fickian release. The
release findings, therefore, are in good consistency with our swelling ex-
periment results.

Effect of PEG

As PEG is another hydrophilic polymer and a constituent of the IPN in
the present study, its effect on the release kinetics of KNO3 has been studied
by varying PEG in the range 2.5 to 7.5% v=v in the feed mixtures of the
IPN’s. The results on the release study are shown in Fig. 14, which reveal that
the both the release rate and released amounts increase with increasing PEG
content in the IPN’s. The observed results are quite obvious and can be at-
tributed to the fact that increasing PEG results in a larger swelling of the
networks and, therefore, will also give rise to a faster release rate of KNO3. It
has also been well recognized that the transport of water-soluble conditions
can be many powers of ten faster in a hydrated hydrogel than in a hyr-
ophobic polymer. In fact a water-swollen hydrogel is a two component
system which may be imagined as a physically strong polymer network
structure between the strands of which are water-filled permeation channels.
Thus, a hydrated network always favors enhanced release.

Effect of AM

The influence of the polymerizable hydrophilic monomer acrylamide on
the release profiles of KNO3 has been investigated by charging the feed
mixture of the IPN’s with increasing amounts of AM in the range 5.0 to
10.0% w=v. The synthesized IPN’s were loaded with KNO3 and subsequent
release results are shown in Fig. 15. The results indicate that both the release
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rate and released amounts increase with increasing AM content in the IPN’s.
The observed findings are not consistent with our swelling results as we
noticed a fall in the swelling ratio with increasing AM content in the swelling
network. However, the results can be explained by the fact that increasing
AM content in the IPN may cause a greater degree of interactions with
the loaded KNO3 and, thus, may facilitate the process of relaxatin of

Figure 13. Effect of CMC content of the IPN’s on the release rate of KNO3. [PEG]¼ 7.5%

v=v, [AM]¼ 3.75% w=v, [MBA]¼ 0.05% w=v, Temp.¼ 27�C.
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macromolecular chains of the IPN network. This will certainly lead to a
higher release rate and released amount of KNO3.

Effect of Crosslinker

When the amount of crosslinker (MBA) increases in the feed mixture of
the IPN in the range0.05 to0.3%w=v the resulting IPN’spossessmore compact
and crosslinked networks which show a decreasing degree of swelling. Similar
type of results have also been observed in release study of these IPN’s. The
results are shown inFig. 16which reveal that both the release-rate and amounts
of released KNO3 decrease with increase in MBA content of the IPN’s.

Figure 14. Effect of PEG content of the IPN’s on the release rate of KNO3. [CMC]¼ 2.0%
w=v, [AM]¼ 3.75% w=v, [MBA]¼ 0.05% w=v, Temp.¼ 27�C.
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The results can be attributed to the fact that a largely crosslinked IPN
produces a matrix with small mesh sized free volumes and, therefore, ac-
commodate less amounts of KNO3. This clearly explains lower release-rate
and lower released amounts of KNO3. Another cause may be that because of
small mesh sizes of the free volumes the diffusion of water molecules into the
gel-matix and that of KNO3 from within the matrix become relatively slower
and this as a consequence, favours lower release rate of KNO3. A fall in the
release rate and released amounts of KNO3 may also be due to a poor
relaxation rate of macromolecular chains of the loaded IPN’s which will
obviously result in a slow release kinetics.

Figure 15. Effect of AM content of the IPN’s on the released amounts of KNO3.
[PEG]¼ 7.5% v=v, [CMC]¼ 2.0% w=v, [MBA]¼ 0.05% w=v, Temp.¼ 27�C.
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Figure 16. Effect of crosslinker (MBA) content of the IPN’s on the release rate of KNO3.

[PEG]¼ 7.5% v=v, [CMC]¼ 2.0% w=v, [AM]¼ 3.75% w=v, Temp.¼ 27�C.
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CONCLUSION

Incorporation of crosslinked polyacrylamide (PAM) chains into a hy-
drophilic network of carboxymethyl cellulose (CMC) and polyethylene glycol
(PEG) results in a ternary interpenetrating polymer network (IPN) with large
water sorption capacity. The IPN exhibits an increasing swelling tendency
when the PEG and CMC contents are increased in the range 9.5 to 10.0%
v=v and 0.5 to 2.0% w=v, respectively. On the other hand, a decrease in the
swelling ratio of the IPN is noticed when the monomer acrylamide (AM) and
crosslinker (MBA) content increase in the feed mixture of the IPN in the
range 3.75 to 10% w=v and 0.05 to 0.30% w=v, respectively. In addition to
the chemical architecture of the network the swelling is also influenced by the
pH and temperature of the swelling medium. In the case of pH the swelling is
found to increase with increasing pH of the external medium in the studied
range of 2.0 to 10.0. A rise in temperature also results in an increase in the
swelling ratio while a fall is observed in the higher temperature range. The
presence of salt ions in the release medium extern a negative influence on the
swelling capacity of the IPN.

The chemical composition of the IPN also influences the mechanism of
water transport. With increasing CMC content in the IPN the swelling
mechanism shifts from anomalous to Super Case II. A similar variation in
sorption mechanism is observed with decreasing AM and increasing PEG
content in the IPN’s. On the other hand, increasing crosslinked density of
the IPN results in a shift of water transport from anomalous to case II
value.

The IPN’s also display potential for acting as a carrier of agrochemicals
(such as KNO3). It is found that the loaded IPN’s continuously release
KNO3 up to 10 days. The release rate and amount of released KNO3 increase
with increasing CMC, PEG and AM while the increasing crosslinker content
slows down both the release rate and released amounts of KNO3.

REFERENCES

1. Long, L.C.; Hoffman, A.S. J. Controlled Release, 1991, 15, 141.
2. Katono, H.K.; Maruyama, A.; Sanui, K.; Ogato, N.; Okano, T.; Sakurai, Y.J.

Controlled Release. 1991, 16, 215.
3. Chen, G.; Hoffman, A.S. Nature. 1995, 373, 49.
4. Snowden, M.J.; Chowdhury, B.Z.; Vincent, B.; Morris, G.E. J. Chem. Soc.,

Faraday Trans., 1996, 92 (24), 5013.
5. Bae, Y.H.; Okano, T.; Kim, S.W. J. Polym. Sci., Polym. Phys., 1990, 28, 923.
6. Siegel, R.A.; Firestone, B.A. Macromolecules. 1988, 21, 3254.
7. Eisenberg, S.R.; Grodzinski, A.J. J. Membr. Sci., 1984, 19, 173.
8. Atkins, T.W.; Peacock, S.J. J. Microencapsulation. 1997, 13, 709.

100 BAJPAI AND GIRI

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
5
7
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

9. Cleland, J.L., in Pharmaceutical Biotechnology, Sanders, L.M.; Hendren,
R.W., Eds., Vol. 10, Protein Delivery; Physical Systems, Plenum Press: New
York, 1997, pp. 1�43.

10. Sung, H.W.; Hsu, H.L.; Hsu, C.S. J. Biomed. Mater. Res., 1997, 37, 379.
11. Yeh, P.Y.; Kopeckova, P.; Kopecek, J. J. Polym. Sci. Part A: Polym. Chem.,

1994, 32, 1627.
12. Kenawy, E.R.; Sherrington, D.C.; Akelar, A. Eur. Polym. J., 1992, 28, 841.
13. Kenawy, E.R. Ind. J. Chem., Sect-B-Organic Chem., 1997, 36, 886.
14. Pfinter, G.; Bahadur, M.; Korte, F. J. Control Release. 1986, 3, 229.
15. Bijay, S.; Singh, Y.; Sekhon, G.S. 15th Trans. World Congress on Soil Science,

1994, Vol. 5a, pp. 174�191.
16. Vittozi, L. Food Addit. Contam., 1992, 9, 579.
17. Badwi, A.F.; Gehen, H.; Mohamed, E.H.; Mostafa, H.M. Dis. Markers, 1998,

14, 91.
18. Paul, K.; Ritva, J.; Jan, D.; Timo, H. Int. J. Cancer. 1999, 80, 852.
19. Tohgi, H.; Abe, T.; Yamazaki, K.; Murata, T.; Isobe, C.; Eshizaki, E. J. Neur-

al. Trans., 1998, 105, 1283.
20. Craig, M.; Andrew, C.; Angela, W.; McColl, Kenneth. Gastroenterology. 1999,

116, 813.
21. Vorlop, K.D.; Prusse, V. Cat. Sci. Ser. (Environmental Catalysis). 1999, 7, 195.
22. Chew, C.F.; Zhang, T.C. Environ. Eng. Sci., 1999, 16, 389.
23. Hunter, W.J. 5th International In Situ On-site Biorem. Symposium, Vol. 4,

1999, pp. 53.
24. Bohdziewicz, J.; Michal, B.; Ewa, W. Desalination. 1999, 121, 139.
25. Subba Rao, I.V., in National Seminar on Developments in Soil Science�1999,

Tamil Nadu Agricultural University, Coimbatore, ISSS, IARI, New Delhi,
Nov. 1999.

26. Arica, B.; Arica, M.Y.; Kas, H.S.; Hincal, A.A.; Hasirci, V. J. Microencapsu-
lation. 1996, 13, 689.

27. Kok, F.N.; Arica, M.Y.; Gencer, O.; Abak, K.; Hasirci, V. Pestic. Sci., 1999,
55, 1194.

28. Bajpai, A.K.; Shrivastava, M. Journ. Mac. Sci., Pure & Appl. Chem., 2000, 37
(9), 1069.

29. Davidson, G.W.R.; Peppas, N.A. J. Controlled Release. 1986, 3, 243.
30. Saraydin, D.; Karadag, E.; Guven, O. Polym. Adv. Technol., 1995, 6, 719.
31. Song, S.Z.; Kim, S.H.; Cardinal, J.R.; Kim, S.W. J. Pharm. Sci., 1981, 70,

216.
32. Caradarelli, N.F., in Controlled Release Technologies. 1980, 7, 55 CRC Press,

Florida.
33. Alfrey, T.; Gurnee, E.F.; Lloyd, W.G. J. Polym. Sci., C, 1966, 12, 249.
34. Thomas, N.L.; Windle, A.H. Polymer. 1980, 21, 613.
35. Grinsted, R.A.; Clark, L.; Koenig, J.L. Macromolecules. 1992, 25, 1235.
36. Flory, P.J., in Principles of Polymer Chemistry, Corner University Press: Itha-

ca, NY, 1953.
37. Firestone, B.A.; Siegel, R.A. J. Appl. Polym. Sci., 1991, 43, 901.
38. Kabra, B.G.; Gehrke, S.H.; Hwang, S.T.; Ritschel, W.A. J. Appl. Polym. Sci.,

1991, 42, 2409.

SWELLING DYNAMICS OF A TERNARY IPN 101

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
5
7
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

39. Yeh, P.-Y.; Berenson, M.M.; Samowitz, W.S.; Kopeckova, P.; Kopecek, J.
J. Control. Rel., 1995, 36, 109.

40. Graham, N.B.; Chen, C.F. Eur. Polym. J., 1993, 29, 149.
41. Lee, W.-F.; Hsu, C.-H. J. Appl. Polym. Sci., 1998, 69, 1793.
42. Hopfenberg, H.B.; Hsu, K.C. Polym. Eng. Sci., 1978, 18, 1186.
43. Ford, J.L.; Rubinstein, M.-H.; Hogan, J.E. Int. J. Pharm., 1985, 24, 327.
44. Xu, G.; Sunada, H. Chem. Pharm. Bull., 1995, 43, 483.
45. Dahl, T.-C.; Caiderwood, T.; Bormethy, A.; Trimble, K.; Piepmeir, E. J. Con-

trol Release, 1990, 140, 1.
46. Colombo, P.; Gazzaniga, A.; Conte, U.; Sanagalli, M.E.; La, M. Release

Bioact. Mater., 1987, 14, 83.
47. Kim, S.W.; Bae, Y.H.; Okano, T. Pharmaceut. Res., 1992, 9 (3), 283.

Received June 10, 2001

102 BAJPAI AND GIRI

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
5
7
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Order now!

 

Reprints of this article can also be ordered at

http://www.dekker.com/servlet/product/DOI/101081MA120006520

Request Permission or Order Reprints Instantly! 

Interested in copying and sharing this article? In most cases, U.S. Copyright 
Law requires that you get permission from the article’s rightsholder before 
using copyrighted content. 

All information and materials found in this article, including but not limited 
to text, trademarks, patents, logos, graphics and images (the "Materials"), are 
the copyrighted works and other forms of intellectual property of Marcel 
Dekker, Inc., or its licensors. All rights not expressly granted are reserved. 

Get permission to lawfully reproduce and distribute the Materials or order 
reprints quickly and painlessly. Simply click on the "Request 
Permission/Reprints Here" link below and follow the instructions. Visit the 
U.S. Copyright Office for information on Fair Use limitations of U.S. 
copyright law. Please refer to The Association of American Publishers’ 
(AAP) website for guidelines on Fair Use in the Classroom.

The Materials are for your personal use only and cannot be reformatted, 
reposted, resold or distributed by electronic means or otherwise without 
permission from Marcel Dekker, Inc. Marcel Dekker, Inc. grants you the 
limited right to display the Materials only on your personal computer or 
personal wireless device, and to copy and download single copies of such 
Materials provided that any copyright, trademark or other notice appearing 
on such Materials is also retained by, displayed, copied or downloaded as 
part of the Materials and is not removed or obscured, and provided you do 
not edit, modify, alter or enhance the Materials. Please refer to our Website 
User Agreement for more details. 

 

 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
5
7
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1

http://www.copyright.gov/fls/fl102.html
http://www.publishers.org/conference/copyguide.cfm
http://www.dekker.com/misc/useragreement.jsp
http://www.dekker.com/misc/useragreement.jsp
http://s100.copyright.com/AppDispatchServlet?authorPreorderIndicator=N&pdfSource=Dekker&publication=MA&title=SWELLING+DYNAMICS+OF+A+TERNARY+INTERPENETRATING+POLYMER+NETWORK+%28IPN%29+AND+CONTROLLED+RELEASE+OF+POTASSIUM+NITRATE+AS+A+MODEL+AGROCHEMICAL&offerIDValue=18&volumeNum=39&startPage=75&isn=1060-1325&chapterNum=&publicationDate=03%2F25%2F2002&endPage=102&contentID=10.1081%2FMA-120006520&issueNum=1%262&colorPagesNum=0&pdfStampDate=07%2F28%2F2003+10%3A48%3A07&publisherName=dekker&orderBeanReset=true&author=A.+K.+Bajpai%2C+Anjali+Giri&mac=mJbU00YhybPJlxohaIwdIA--

