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ABSTRACT: Highly water absorbing and homogeneous
binary biopolymeric blends in bead form were prepared of
calcium alginate and carboxymethyl cellulose by solution
cast method. The prepared blends were evaluated for con-
trolled delivery of KNOj taking it as a model agrochemi-
cal. The beads characterized by Fourier transform infrared
spectroscopy (FTIR) and Scanning electron microscopy
(SEM) were used to investigate the molecular structure
and morphology of beads. The swelling experiments were
performed for different compositions of beads and at vary-
ing pH and temperature of the aqueous media. The release

experiments were performed under static and varying ex-
perimental conditions and the release data obtained were
conductometrically fitted to Ficks equation to evaluate
diffusion coefficients of released KNOj. The release results
were further analyzed by Ficks power law equation, and
the possible mechanisms of KNOj; release were explored at
different experimental conditions. © 2007 Wiley Periodicals,
Inc. ] Appl Polym Sci 106: 961-972, 2007
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INTRODUCTION

Macromolecular formulations like the graft, random
and blocks copolymers,' interpenetrating polymeric
networks,” and hydrogels® are currently the focus of
considerable scientific research due to their potential
for application in a large variety of areas such as
biomedicine,* food industry,” pharmaceuticals,®®
bioengineering,” and agriculture.'” The reason for
this vast potential is not only because of their ability
to respond reversibly to external stimuli such as
pH,ll’12 ’cemperature,13 ionic strength,14 electric
fields,">'® etc, but also to their capacity to act as a
carrier of a variety of bioactive compounds like pro-
teins,'”'® vitamins," drugs,® etc. Such loaded poly-
meric carriers swell and subsequently deliver the
entrapped compound into the aqueous reservoir
when allowed to contact a still release medium.
Such controlled release polymer matrix systems offer
a number of potential advantages over the conven-
tional means of applications.*!

Although various polymeric carriers have been
used for controlled release of pesticides,” agrochem-
icals,®® and pharmaceuticals,24 however, biodegrad-
able matrices are especially preferred as carriers to
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prevent different kind of pollution created by resi-
dues of depleted, non-degradable carriers.

Agriculture represents one of the important areas
of international requirement for health, nutrition,
and economic development. Agrochemicals are bio-
active agents concerned with the utilization of chem-
icals to control either plant or animal life that is dis-
advantageous to humans and animals, and to
improve production of crops both in quality and
quantity. Hence, a great increase in the quantities of
these chemicals are necessary for enhancing any sub-
stantial increase in farm production of food-stuff.>
Depending on the method of application and cli-
matic conditions, as much as 90% of applied agro-
chemicals never reach their target, to produce the
desirable biological response.

A very serious problem that the three-fourth of
the world is facing is nitrate leaching and subse-
quent pollution of ground water. The seriousness of
the problem can be assessed by the fact that nitrates
and nitrites are implicated in many fatal physiologi-
cal disorder such as methmoglobinemia in babies,26
oral cancer, cancer of colon, rectum or other gastro-
intestinal cancers,” etc. Thus, the application of
nitrate loaded carriers with a technology based on
the controlled release of nitrates by the swelling of
polymeric carriers could prove to be a suitable
means against pollution of ground water. These sys-
tems are currently the focus of considerable scientific
research due to their potential technological applica-
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tion in large number of areas such as medicine, agri-
culture, biology, and environmental remediation.
Craig et al.*® have shown that nitrate consumption
leads to a decrease in the ascorbate/nitrate ratio in
gastric juice, which regulates the synthesis of poten-
tially carcinogenic N-nitroso compound and decrease
in the ratio leads to increased risk of gastric cancer.

Recently various polymer-supported or microen-
capsulated biocides have been introduced in agricul-
ture to limit the undesirable side effects associated
with conventional formulation of agrochemicals and
related biocides.” The present study aims at devel-
oping a hydrophilic matrix of binary polymeric
blend of calcium alginate and carboxymethyl cellu-
lose (CMC) and evaluating their potential as con-
trolled release device using KNO; as a model agro-
chemical.

CMC, a major commercial derivatives of cellu-
lose® is a highly water soluble anionic polysaccha-
rides [Fig. 1(a)] which is widely used in pharmaceu-
tical,® cosmetic, and food*” applications. In biomedi-
cal field, it is used to prevent the postoperative
adherences® and epidural scarring.** It also pos-
sesses the advantages of being biodegradable and
economic.

Alginate is an unbranched binary copolymer consti-
tuted of (1,4) linked a-L-guluronic acid and B-p-man-
nuronic acid. It is a high-molecular mass polysaccha-
ride and very useful for application in pharmaceuti-
cals,®®° biomedicals,” and bioengir’teering.38 Several
properties of alginate, like its biodegradability, nontox-
icity, biocompatibility,* immunogenicity,” and ability

H H H ?R
OR
RO CH
w AN
M H
-0 H t
?H’ ° e oR
N |
OR H

H

where R : -H, ~CH;COONa

Structure of carboxymethyl cellulose (CMC).

(@)

\ OH OH ’/
. L
0 oH OH 0

| P | !
OH OH
OH 00" OH 00"

Structure of Calcium Alginate
(b)

Figure 1 Structures of (a) CMC, and (b) calcium alginate.
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to form gel with a variety of crosslinking agents in
mild and aqueous conditions, make it a useful carrier
for controlled delivery of biologically active agents.

EXPERIMENTAL
Materials

Water soluble carboxymethyl cellulose (CMC-Mol.
Wt-90,000) and sodium alginate (SA Mol. Wt-45,000)
were obtained from Loba Chemie, Mumbai, India
and Research Lab, Pune, India, respectively, and
used without any pretreatment. Calcium chloride
(dihydrates) (Loba Chemie, Mumbai, India) was
used as a crosslinker for both carboxymethyl cellu-
lose (CMC) and sodium alginate. All other chemi-
cals used in the study were of analytical quality and
triple distilled water was used throughout experi-
ments.

Preparation of beads

To prepare polymeric beads of CMC and SA, a vis-
cous solution was prepared by dissolving precalcu-
lated amounts of CMC and SA into a definite vol-
ume of distilled water with constant stirring. The
viscous solution so prepared was added dropwise
into 0.1M CaCl, solutions with gentle stirring with
the help of a syringe, and the beads so prepared
were cured in the same solution for 48 h. The hard
beads of nearly identical spherical shapes and sizes
were purified by equilibrating them in distilled
water for a week. The beads so prepared were fur-
ther dried at 30°C for 1 week and stored in air tight
polyethylene bags.

Characterization of beads
IR spectral analysis

The beads prepared as described above were charac-
terized by recording infrared spectra of unloaded
and KNOs-loaded beads on a FTIR spectrophoto-
meter (Perkin—-Elmer, 1000 Paragon, Ontario, Canada).

SEM analysis

Scanning electron micrographs analyses of unloaded
and KNOgs-loaded beads were performed for mor-
phological characterization of their surfaces on a
SEM apparatus (STEREO SCAN, 430, Leica SEM
Zeis-Leica, Heidelberg GmbH, Germany).

Swelling kinetics

Conventional gravimetric procedure*’ was adopted
for monitoring the progress of water sorption pro-
cess. In a typical experiment, preweighed quantity of
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beads were immersed in a definite volume of water
at definite pH and temperature and taken out at pre-
determined time intervals. The swollen beads so taken
out were gently pressed in between the two filter
papers to remove excess water and finally weighed
on a digital balance (APX-203 Denver, Germany).
The swelling ratio (SR) was calculated by the follow-
ing equation.

Weight of Swollen beads (W)
Weight of the dry beads (W)

Swelling Ratio = (1)

Loading of potassium nitrate

In the present work, the loading was performed by
equilibrating preweighed dry beads in the aqueous
solution of KNOj of known concentration (1% w/v)
and thereafter drying and weighing again. The
percent loading was calculated by the following
formula.

1— Mo

%Loading = " % 100 2)

mo

where my and m, are the weights of KNO; loaded
and unloaded dry beads, respectively.

Release of potassium nitrate

To study the release of KNO;, the loaded beads of
known weights were placed in a measured volume
(25 mL) of distilled water (release medium) under
unstirred condition. The released amount of KNO;
at different time intervals (M;) was determined by
measuring the conductivity of the release medium
using a conductivity meter (Model No. 303, Systronics,
Ahamdabad, India). This was related to the amount
of KNO; using a calibration plot. Similarly, the equi-
librium release (M.,) of KNO; was determined by
measuring the conductivity of the release medium
after 5 days. To gain insights into the operative
release mechanisms, the following equations based
on Ficks law but applicable to a spherical device
may to applied****

M

M—* = kt" )
and,
M, D\ %5
i (=) W

where M,; and M, represent the amounts of KNOj;
released at time t, and equilibrium time, respec-
tively, D is diffusion coefficient, k is the swelling
front factor, n is release exponent and r being the
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radius of the dry spherical bead. The value of n de-
termines the nature of release mechanism, i.e., when
n = 0.5, release is Fickian; when n lies between 0.5
and 1.0, the release is said to be anomalous and
when n = 1, the release mechanism is said to be
(Case 1I).

RESULTS AND DISCUSSION
Characterization of beads
FTIR spectra

The FTIR spectra of unloaded binary polymeric
beads are shown in Figure 2, which clearly confirms
the presence of CMC, alginate beads as discussed
below:

The IR spectra clearly marks the presence of CMC
unit bearing carboxylate ion at 1632 cm ™' ( strong
asymmetrical stretching band), 1387 cm ™' (OH bend-
ing of carboxylate ion) and 2933 cm~' due to C—H
stretching. The presence of alginate is confirmed by
O—H stretching of hydroxyls at 3424 cm™' and
C=O0 stretching of carboxylate ion.

SEM analysis

The morphological features of the unloaded and
KNOj loaded blends have been investigated by re-
cording their SEM images as shown in Figure 3(a)
and (b), respectively. A close examination of the
photograph of unloaded beads clearly reveal that the
blends surface is quite heterogeneous and possesses
a multilayer morphology containing agglomerated
clusters of CMC and SA of varying sizes in the
range of 25-150 pm. The surface of the blend also
shows significant fractures having width in the
range of 25-50 um.
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Figure 2 FTIR spectra of unloaded binary polymeric
beads.
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(a) Unloaded

Figure 3 Scanning electron micrographs (SEMs) of (a)
unloaded, and (b) KNOs-loaded beads.

On the other hand, the loaded beads depict a dis-
tinct morphology with shell type structures having
pore sizes in the range 15-80 um. This entirely differ-
ent morphology of KNOj; loaded beads may be attrib-
uted to the fact that during the loading of KNO; onto
the beads the diffusion of water and KNO; molecules
into the polymer blend generates pores on the surface,
which become more prominent upon drying the
loaded beads during the device preparation.

Modeling of release mechanism

In the present study, the KNOj; loaded beads of poly-
meric blend of crosslinked CMC and calcium algi-
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nate (CA) could be visualized as a network of mac-
romolecular chains of CMC and CA bonded to one
another via physical forces and forming pockets of
molecular dimension in between them. These pock-
ets (or voids) of varying mesh sizes are further occu-
pied by the active ingredient like KNOs;. When the
loaded beads come in contact with a still aqueous
release medium, the penetrated water molecules
invade the bead 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** (Fig. 4).
Just ahead of the front, the presence of solvent plas-
ticizes the polymer and causes it to undergo a glass
to rubber transition.*> Now, the following possibil-
ities arise:

i. If the glass transition temperature (T,) of the
polymer is well below the experimental temper-
ature, the polymer will be in the rubbery state
and polymer chains will have a higher mobility
that allows an easier penetration of water mole-
cules into the bead and as a consequence expul-
sion of KNOj into the outer release medium.
Now, if the rate of diffusion of KNO; into
the outer medium (Rgiseqxno,7) is slower then
that of chain relaxation (R,e.x) then the release
mechanism is said to be diffusion controlled or
Fickian and the release exponent n becomes
equal to 0.5.

ii. However, if the experimental temperature is
below T,, the polymer chains are not suffi-
ciently mobile to permit immediate penetration
of the solvent into the polymer core (or release
of KNOs; into the outer medium). Thus,
Ruisekno, ) may be greater than Ry and this
gives rise to a relaxation controlled (or non-
Fickian) release mechanism which is quantified
by a unity value of n. This is also known as
Case II transport.

iii. In an intermediate situation, the two rates, i.e.,
Raiseknos 1) and Ryelax may be nearly equal and
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Figure 4 A hypothetical model depicting (a) Fickian, (b)
anomalous, and (c) non-Fickian release of KNO;.
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this is called an “anomalous diffusion”” or sim-
ply non-Fickian diffusion.

The above three situations are modeled in Figure
4(a—c), respectively.

Effect of bead composition on swelling

A common architecture of a hydrogel consists of
hydrophilic polymer chains crosslinked with a suita-
ble crosslinking agent. The degree of water sorption
is not determined by chemical composition only but
also regulated by the physical forces and subsequent
elastic responses of the constituent macromolecular
chains of the matrix. According to Flory’s swelling
theory,* the following equation can be given for the
swelling ratio (Q),

{(i/2Vn.8'?) + (1/2 - X1)/Vi}
Ve/ Ve

Q¥ = ©)

where i/Vy is the concentration of the fixed charges
referred to unswollen network, S is the ionic concen-
tration in the external solution, (1/2—X;)/V; is the
affinity of matrix for water, and V,/V, is the cross-
link density of the network. 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. Therefore,
the swelling of a hydrophilic macromolecular ma-
trix can be controlled by varying its chemical com-
position.

Effect of CMC

The observed large swelling ratio can be explained
by the fact that increased CMC content in the hydro-
gel renders the network more hydrophilic such that
when the polymer matrix contacts the dissolution
medium, the molecules of water penetrate the gel
and swells the macromolecular chains. Influence of
CMC on the swelling ratio of the beads has been
investigated by varying its concentration in the feed
mixture in the range of 66.6-77.7%. The results
shown in Table I that clearly indicate that the swel-
ling ratio constantly increases up to 75.0% of carboxy
methyl cellulose concentration in the feed mixture of
the bead while beyond 75.0% a fall in degree of
water sorption is noticed. The initial increase
observed in the swelling ratio may be explained on
the basis of the fact that CMC is a linear hydrophilic
polymer and its increasing amount in the bead
results in an enhanced hydrophilicity of the network
that obviously results in a larger swelling. However,
the decrease observed beyond 75.0% g of CMC may
be attributed to the fact that much higher CMC con-
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TABLE I
Data Showing the Effect of Composition of the Blend on
its Equilibrium Swelling Ratio

Sodium Equilibrium

CMC (%) alginate (%) CaCl, (M) swelling ratio
66.67 33.33 0.1 22.0
71.42 28.58 0.1 25.0
75.00 25.00 0.1 34.0
77.78 22.22 0.1 28.0
75.00 25.00 0.1 34.0
66.67 30.33 0.1 18.0
60.00 40.00 0.1 13.0
54.54 45.46 0.1 11.0
75.00 25.00 0.05 11.0
75.00 25.00 0.08 10.0
75.00 25.00 0.10 34.0
75.00 25.00 0.15 9.5

tent in the matrix gives rise to a compact network of
biopolymeric chains, which became of greater inter-
action between the CMC molecules results in a
restrained mobility of the network chains. Moreover,
a compact structure results in small pore sizes of the
network that also slows down diffusion of water
molecules into the bead which also brings about a
fall in the swelling ratio.

Effect of sodium alginate

The effect of sodium alginate, an anionic biopolymer,
on the swelling ratio of the beads has been studied
by varying the concentration of sodium alginate in
the range 25.0-45.4%. The results are presented in
Table I that clearly indicate that whereas the swel-
ling ratio initially increases up to 45.4% of sodium
alginate while it decreases with further increase in
concentration. The observed finding may be attrib-
uted to the fact that alginate is an anionic polymer
and its increasing concentration in the bead produce
greater number of carboxylate ions along its mole-
cules which because of enhanced repulsion between
—COO" ion cause the network chains to undergo a
larger relaxation. This obviously allows greater num-
ber of water molecules to enter the bead and results
in an increased swelling. However, beyond 45.4% of
sodium alginate, when the concentration of alginate
becomes high, the increased number of alginate
chains produces a dense network that permits less
number of water molecules into the beads and thus
results in a decreased swelling.

Effect of CaCl,

Calcium chloride, a known crosslinking agent of
alginate, is assumed to act by complexing carboxy-
late anions of alginate by its bivalent calcium ion,

Journal of Applied Polymer Science DOI 10.1002/app
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thus forming a type of network. In the present work,
the effect of crosslinkers on water sorption capacity
of blend has been studied by varying the concentra-
tion of CaCl, in the range 0.05-0.15M. The results
are summarized in Table I that clearly indicate that
the degree of water sorption constantly increases up
to 0.1M, while beyond this concentration a fall in the
swelling ratio is noticed.

The observed initial rise in the swelling ratio may
be attributed to the fact that with increasing num-
ber of calcium ions in the crosslinking bath, the
alginate beads containing larger cavity are pro-
duced which could accommodate greater amount of
water. This obviously results in a greater swelling
of the polymeric beads. It is also observed that
beyond 0.1M of CaCl, solution the swelling ratio
decreases which is because of the reason that if
number of calcium ions becomes much greater,
they screen the electrostatic repulsion operative
between the carboxylate ions inside the cavity, thus
causing shrinking of the bead. This clearly results
in a decrease in the swelling ratio.

Effect of pH

Macromolecules matrices containing either carboxyl
groups or carboxylate ions as pendent functional of
network chains have been found to respond greatly
to the external stimuli such as pH of the swelling
medium. In the present study, since the polymer
used was the sodium salt of CMC, the network con-
tained both —COO~ and COOH groups along the
CMC chains. In the present study, where sodium
alginate is of anionic nature, the effect of pH has
been investigated on the swelling ratio of the beads
in the pH range 3.0-10.0. The results are indicate an
increase in the swelling ratio that can be explained
by the fact that with rising pH of the swelling me-
dium, the ratio COO /COOH on CMC also in-
creases because of increasing ionization of carboxylic
groups and this results in a greater repulsion among
the —COO™ bearing CMC chains. In Figure 5, which
indicate that the swelling ratio increases up to 8.0
while beyond it a decrease is observed, the results
may also be explained by the fact that with increas-
ing pH of the swelling medium the extent of ioniza-
tion of carboxylic groups of alginate also increases
which produce greater number of carboxylate ions
along the alginate molecule. These anionic charged
centers repel each other and produce a rapid relaxa-
tion in the network. This clearly results in a rise in
the degree of water uptake.

However, beyond pH 8.0, a fall in the swelling
ratio is noticed that may be attributed to the fact
that at higher alkaline range (pH > 8.0) the network
chains acquire greater charge density which restricts

Journal of Applied Polymer Science DOI 10.1002/app

BAJPAI, MISHRA, AND BAJPAI

40

35 A

30

25

20

Swelling Ratio

15

10

Time(h}

Figure 5 Effect of pH of the swelling medium on the
swelling ratio of the beads of fixed composition, [CMC]
= 75% (w/w) [sod. alginate] = 25% (w/w), [CaCl,] =
0.1M, Temp. = (30 = 0.2)°C.

the entrance of polar penetrant water molecules into
the bead and thus the swelling ratio decreases.

Effect of salt

The presence of an electrolyte in a swelling medium
is of importance in agriculture and biomedical fields,
viz., water reservoirs in agriculture and hydrogels as
implants for drug release applications.*” The effect
of electrolytes on the extent of swelling is normally
determined by the balance between the osmotic
pressure and elastic response of the network chains.
The osmotic pressure (m;,,) is given by the following
equation,*®

Tlion — RT E,’ (CIg — CIS) (6)

where C; is the mobile ion concentration of species i
and superscripts g and s represent gel and solution
phases, respectively. The above equation clearly
implies that greater the difference between the con-
centration of mobile ions inside and outside the gel,
larger would be the osmotic pressure and, therefore,
the swelling of the gel.

In the present investigation, the influence of salts on
the swelling of the beads has been studied by adding
various salts of sodium (0.1M) and chlorides of cations
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Figure 6 Effect of addition of anions to the swelling
medium on the swelling ratio of the beads of fixed compo-
sition, [CMC] = 75% (w/w) [sod. alginate] = 25% (w/w),
[CaCl,] = 0.1M, pH = 6.9, Temp. = (30 = 0.2)°C.

(0.1IM) to the swelling bath respectively. The results
are shown in Figures 6 and 7 which indicates that in
both the cases the swelling ratio constantly decreases.
It is also revealed by the Figure 6 that whereas various
anions exert almost identical impact on the swelling
ratio, the effectiveness of cations increases in the fol-
lowing sequence

Na® < Ba?" < APt

The observed results may be explained as below:

The addition of salts into the swelling medium
increases the term C; in Eq. (6) which in turn
decreases the osmotic pressure (m;,,) and thus cause
a fall in the swelling ratio. In case of anion addition,
the added anions because of their negative charges
may not diffuse into the bead network as the net-
work chains also have the same charge. Thus, the
added ions, viz. Cl~, CO3", and POj;~ produce a
nearly similar degree of fall in the swelling.

On the other hand, the added cations may diffuse
into the bead and their concentrations inside the
bead may determine their relative effectiveness.
Since Na™ ion is the larger and AI’" is the smaller
ion, a greater diffusivity is expected with A" ions
which inside the bead network deshield the coulom-
bic repulsive forces and cause shrinking of the gel.
Thus, the Al™ ion obviously produce a largest
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shrinking of the gel. The larger Na® ions may dif-
fuse into the bead in less number and cause lower
degree of shrinking effect.

Effect of temperature

The effect of temperature on the swelling ratio of the
blends has been investigated by varying temperature
of the swelling medium in the range 15-40°C. The
results are shown in Figure 8 which clearly indicates
that the swelling ratio increases with increasing tem-
perature of the swelling bath. The observed increase
may be attributed to the fact that on increasing the
temperature both the segmental mobility and diffu-
sion of water molecules increase, which leads to an
enhanced swelling.

A more quantitative information may be obtained
by applying Clausius-Clayperon equation, according
to which,*

dIn(Wy)
d(1/t)

where R is a gas constant, and AH,, is the enthalpy
of mixing between the dry polymer and infinite
amount of water. When W, is plotted against reci-
procal of temperature (1/T), a straight line with

— —AH,/R @)

40

E)ations ENO Cation oONa* aBatea?® +J

Swelling Ratio

Time(h)

Figure 7 Effect of addition of cations to the swelling me-
dium on the swelling ratio of the beads of fixed composi-
tion, [CMC] = 75% (w/w) [sod. alginate] = 25% (w/w),
[CaCl,] = 0.1M, pH = 6.9, Temp. = (30 = 0.2)°C.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 Influence of temperature on the swelling ratio of
the beads of fixed composition, [CMC] = 75% (w/w) [sod.
alginate] = 25% (w/w), [CaCl,] = 0.1M, pH = 6.9.

negative slope is obtained that implies for an endo-
thermic process. The value of AH,, was calculated to
be 11.9 kcal/mol.

Release study
Effect of percent loading

The release kinetics of a loaded carrier is intimately
related to its water sorption kinetics,” since a highly
swelling loaded gel is expected to release a greater
amount of bioactive agent entrapped within the net-
work. The forthcoming section discusses the results
on KNOj release from the loaded beads and, as may
be seen later on, the release results are very consist-
ent to the swelling results.

The effect of percent loading of KNO; on its
release by the polymeric beads has been studied by
varying the amount of percent loading in the range
0.6-1.0%. The results are shown in Figure 9 which
clearly indicate that the amount of released KNOj;
decreases with increasing percent loading. The
observed decrease in release rate may be attributed
to the fact that a larger loading of the bead results in
an accumulation of KNO; in the pores of the blend
network, which brings about a reduction in mesh
size of the pores. This consequently restricts both the
entrance of water molecules into the network and
subsequent release of KNO; from within the blend

Journal of Applied Polymer Science DOI 10.1002/app
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network into the outer release medium, thus result-
ing in a fall in the released KNOj.

Effect of CMC

The effect of CMC content in the loaded hydrogel
and its release behavior is shown in Figure 10 which
reveal that the release amount of KNO; (in mg)
increases when the CMC content increases in the
feed mixture in the range 66.6-77.7%. The release
results are shown in Figure 10 which clearly reveals
that the amount of released KNO; increases up to
75.0% of CMC while beyond it a decrease is noticed.
The observed results can be explained on the basis
of the swelling results which clearly indicate an
increased swelling up to 75.0% of CMC and a fall
thereafter.

Effect of sodium alginate

When the sodium alginate is varied in the range
25.0-45.4% in the feed mixture of the loaded beads
the amount of released KNO; decreases with
increases of SA. The results shown in Figure 11 can
be attributed to the fact that a large crosslinked pro-
duces a matrix with small mesh sizes of the free vol-

% Loading | 00.6% A0T% ©0.8% ®1%

100

80

80 |

KNO3 Release (%}

40 1

20 1

0 1 2 3 4 5 6 7
Time(days)

Figure 9 Effect of % loading of beads on released amount
of KNO; for fixed composition of the [CMC] = 75% (w/w)
[sod. alginate] = 25% (w/w), [CaCL] = 0.1M, pH = 6.9,
Temp. = (30 * 0.2)°C.
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Figure 10 Effect of CMC content in the bead on the
released amount of KNO; for fixed composition of beads,
[sod. alginate] = 25% (w/w), [CaCl,] = 0.1M, pH 6.9
Temp. = (30 = 0.2)°C, % loading = 50%.

umes and therefore, accommodate less amounts of
KNQO;. This clearly explains the lower release rate
and the lower released amount of KNOj. Another
cause may be that because of small mesh size of the
free volumes, the diffusion of water molecules into
the gel matrix and that of KNOj; from within the ma-
trix become relatively slower and this as a conse-
quence, results in a lower release rate of KNO;. A
fall in the release rate and released amounts of
KNO; may also be due to a poor relaxation rate of
macromolecular chains of the loaded beads of SA
which will obviously result in slow release kinetics.

Effect of CaCl,

The effect of CaCl,, which is a crosslinker of sodium
alginate, has been investigated on the release profile
of KNOj by varying the concentration of CaCl, solu-
tion in the range 0.05-0.15M. The results are
depicted in Figure 12 which clearly indicates that the
amount of released KNOj constantly increases up to
0.1M concentration of CaCl, solution while a de-
crease is observed beyond 0.1M. The results can be
well explained on the basis of the swelling response
of the beads to the variation in concentration of
CaCl, solution.
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Another important consideration could be the pos-
sible interaction between the KNOj3 and calcium ions
within the bead network. With increasing concentra-
tion of Ca®* ions in the crosslinked beads the nitrate
ions favorably interact with the Ca®" ions and
entrapped within the bead. Upon entrance of water
molecules within the loaded beads, the electrostatic
attractive forces between the Ca>" and nitrate ions
get broken and nitrate is released into the outer me-
dium. When the concentration of Ca>* ions exceeds
0.1M, the nitrate ions get so firmly held with the
large number of Ca®>" ions that they do not move
apart on dissolution when water molecules enter the
bead. This obviously lowers the release of KNOs.

Effect of pH

The effect of pH on the release of KNO; has been
investigated by varying pH of the release medium in
the range 3-10 and the results are displayed in Fig-
ure 13. It is clear from the figure that the amount of
released KNOj constantly increases up to 8.0 while a
fall is observed beyond pH 8.0, i.e., in the higher
alkaline range. One of the possible explanations of
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Figure 11 Effect of sodium alginate content in the bead
on the released amount of KNO; for fixed composition of
beads [CMC] = 75% (w/w) [sod. alginate] = 25% (w/w),
[CaCl,] = 0.1M, pH = 6.9, Temp. = (30 £ 0.2)°C, % load-
ing = 50%.
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Figure 12 Effect of CaCl, content in the bead on the
released amount of KNOj for fixed composition of bead,
[CMC] = 75% (w/w) [sod. alginate] = 25% (w/w), [CaCl,]
= 0.IM, pH = 6.8, Temp. = (30 = 0.2)°C, % loading
= 50%.

the observed findings is due to the similar type of
swelling behavior of the beads as explained in the
previous section of the article.

Another cause for the observed results may be
due to the screening effect of added H" ions. At low
pH (say, 3.0) the H" ions enter the bead network
and deshield the electrostatic repulsion operative
between the NO; ions and carboxylate ions of the
alginate molecule. Thus, a decreased repulsion pro-
duces a less relaxation of bead chains and results in
a lower release of KNOz;. When pH of the solution
increases, the lower concentration of H" ions pro-
duces relatively more relaxation of alignate chains
and result in an enhanced release of KNO;. How-
ever, at much higher pH, ie., beyond 8.0, greater
number of hydroxyl ions in the release medium may
restrict the expulsion of the NOj; ions and thus,
results in a lower release of KNOj.

Effect of temperature

When the temperature of the release medium is var-
ied in the range 15-40°C, a constant increase in
KNO; release is obtained as shown in Figure 14. The
observed increase may be explained on the basis of
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a faster relaxation of network chains as well as
greater diffusion of NOj ions into the release me-
dium. Both of these factors bring about an enhanced
release of KNOs.

On applying the Clausius - Clayperon Eq. (7) to
the release process, the value of AH,, may be calcu-
lated with the help of the linear plot drawn between
In M., and 1/T (where M., being the amount of
KNOj released at equilibrium time). The value of
AH.q was calculated and found to be 15.1 kcal/mol.
This clearly indicates that the release process is
endothermic in nature.

Analysis of kinetic data

The kinetics of KNO; release is mainly determined
by the contribution of relative rates of diffusion of
KNOj; into the release medium and relaxation of
polymeric chains of the bead network. The values
of n are summarized in Table II which clearly indi-
cate that in all the cases of bead compositions, the
value of n is almost near to 0.50 which indicate a
Fickian diffusion, i.e., diffusion controlled release
mechanism.
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Figure 13 Effect of pH of the release medium on the

released amount of KNO; for fixed composition of bead,
[CMC] = 75% (w/w) [sod. alginate] = 25% (w/w), [CaCl,]
= 0.1M, Temp. = (30 = 0.2)°C, % loading = 50%.



CONTROLLED RELEASE OF POTASSIUM NITRATE

Temp [0 15% e 2% 0 30% & a°c]

100 -

80
2
h-l
[}
"]
g
¢ g |
&
[
8
<
¢

40

20 |

0 , - - ,
0 1 2 3 4 5 6 7

Time(days)

Figure 14 Effect of temperature of the release medium on
the released amount of KNO; for fixed composition of
bead, [CMC] = 75% (w/w) [sod. alginate] = 25% (w/w),
[CaCl,] = 0.1M, pH = 6.9, % loading = 50%.

The results also reveal that the variation in chemi-
cal composition of the blend does not influence the
nature of the release mechanism. In other words,
with variation in CMC, alginate, and CaCl, concen-
trations, the rate of relaxation of macromolecular
chains is not affected to that extent which can make
it a rate determining step. Thus, under all variations
of chemical compositions, the rate of KNO; diffusion
(Raife) is always smaller than that of chain relaxation
(Rrelax) and this, of course, results in a Fickian re-
lease mechanism.
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CONCLUSIONS

A sequential crosslinking of a polymeric blend of
sodium alginate and CMC by calcium chloride pro-
duces a hydrophilic matrix in the form of beads. The
resulting beads possess a multilayered morphology
with 25-50 pm wide cracks on their surfaces.

The binary polymeric beads display a fair affinity
for water sorption that greatly depends on the chem-
ical architecture of the beads. When the concentra-
tion of CMC varies in the range 66.6-77.7%, the
swelling ratio increases up to 75.0% of CMC and
thereafter a fall is observed. A similar type of swel-
ling behavior is shown by the bead when the other
component, sodium alginate, varies between 25.0%
and 77.7%, in the feed mixture of the beads. The
crosslinkers show different results. When CaCl,
varies between 0.05M and 0.15M, the degree of water
sorption increases up to 0.1M, while a decrease is
observed thereafter.

The swelling ratio of the bead increases with
increase in the pH of the swelling bath in the range
3.0-8.0 while beyond pH 8.0, a decrease in swelling
ratio is obtained. In the case of addition of electro-
lytes into the swelling medium, a depression in the
swelling ratio is obtained. It is found that the added
anions C1~, CO3~, and PO; "~ ions exert almost equal
influence on the swelling while the cations show an
increasing order of depression in the sequence Na"*
< Ca®* < AP’". A constant increase in swelling ratio
is also observed.

The polymeric beads show a great potential for
release of KNOj taken as a model agrochemical. The
release results clearly indicate that the release pro-
cess is directly controlled by the swelling property
of the beads and display a similar type of variation
in released amount of KNO;5; as shown in their swel-
ling ratio. Apart from the swelling quality of the
beads, the release is also influenced by the KNO;-
polymer interaction. A variation in the chemical
composition of the bead results in a Fickian or diffu-
sion controlled release mechanism of KNOs.

TABLE II
Data Showing the Influence of Composition of the Blend on the Release Mechanism of KNO;

CMC (%) Sodium alginate (%) CaCl, (M) n D x 10® (em?S™1) Mechanism
66.67 33.33 0.1 0.40 0.78 Nearly Fickian
71.42 28.58 0.1 0.40 078 Nearly Fickian
75.00 25.00 0.1 0.45 1.23 Fickian
77.78 22.22 0.1 0.42 1.07 Nearly Fickian
75.00 25.00 0.1 0.45 1.23 Fickian
66.67 30.33 0.1 0.50 1.52 Fickian
60.00 40.00 0.1 0.43 1.12 Nearly Fickian
54.54 45.46 0.1 043 1.12 Nearly Fickian
75.00 25.00 0.05 0.50 1.52 Fickian
75.00 25.00 0.08 0.44 1.18 Nearly Fickian
75.00 25.00 0.10 0.50 1.52 Fickian
75.00 25.00 0.15 0.50 1.52 Fickian
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