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ABSTRACT

Polymer-based controlled-release formulations are gaining significant advantage over chemical fertilizers in
recent years as they contribute to the preservation of soil fertility by reducing soil pollution in farm lands. In this
work, urea (a nitrogen source fertilizer) has been entrapped within chitosan-alginate and gelatin-alginate com-
posite beads at three different concentrations. The physical properties of the polymer composite beads namely the
diameter, porosity, yield percentage, Carr's index and Hausner's ratio were determined. These fertilizer-loaded
beads were also characterized by Scanning Electron Microscopy (SEM) and Fourier Transform-Infra Red (FT-
IR) spectroscopy. Urea enhanced swelling of chitosan-alginate beads through the creation of pores whereas in the
case of gelatin-alginate formulations, urea decreased the swelling. The swelling of the polymer composite beads
was found to be maximum at pH of 5.6 when compared to that of pH conditions, 7 and 8.5. The chitosan-alginate
composite beads were found to possess better fertilizer entrapping efficiency than the gelatin-alginate composite
beads. The in vitro urea release studies demonstrated that the urea-entrapped gelatin-alginate beads exhibited
slower urea release than that of the chitosan-alginate beads. These controlled release urea formulations were
found to follow quasi-fickian diffusion mechanism.

Agroecosystem

1. Introduction

An agrochemical (a fertilizer/a pesticide/a herbicide) is defined to be
ideal for its usage in agricultural lands when it is capable of supplying
nutrients required for crops or efficient enough to kill pests/insects that
infect crops and also possesses a sensible cost/benefit ratio by mini-
mizing soil pollution (Gandeza et al., 1991). The efficiency of these ag-
rochemicals can be improved by means of utilizing the Controlled
Release (CR) property of polymers. Controlled release agrochemicals are
granulated agrochemicals that release into the soil gradually from
polymer-based formulations in a controlled and sustained fashion
through the porous channels created in the polymers or polymer com-
posites network. Polymers-based controlled-release formulations are
gaining significant advantage over chemical fertilizers in recent years as
they contribute to the preservation of soil fertility by reducing soil
pollution. Table 1 presents the summary of some reports available in the
literature on such CR agrochemical formulations.
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Urea is a leading nitrogen fertilizer in terms of economic value and
utilization rate in agricultural farms. However, it possesses a drawback of
its susceptibility to get volatilized when dispersed in the soil. About one-
third of fertilizers used in agricultural lands are being lost from the soil
due to volatilization of ammonia (Hargrove, 1988; Kissel and Cabrera,
1988). Researchers have reported that moisture regime, temperature and
the physico-chemical properties of the soil are some of the factors which
influence ammonia volatilization (Hargrove, 1988; Kissel and Cabrera,
1988). Due to repetitive usage of such fertilizers in agricultural farm
lands, the texture and fertility of the soil ceases continuously day by day.
These chemical fertilizers degrade soil fertility by elevating the alkaline
condition of the soil. Ramirez et al. (2007) had stated that the Controlled
Release Fertilizers (CRFs) made up of biodegradable carriers can mini-
mize the application rate, prevent seeding damage, reduce leaching or
volatilization and protects the ecosystem (Ramirez et al., 2007).

While looking in depth on the criteria to be satisfied for selecting
polymers for CR formulations, one must choose polymers that can serve
as a good soil-conditioner and able to biodegrade when added to the soil
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Table 1. Literature review on biodegradable polymer(s)-based CR agrochemicals.

Polymer/polymer
composite(s)

Type of the agrochemical

Name of the agrochemical

Characteristics of formulation

Reference(s)

Polymer(s): polyvinyl
alcohol/alginate-
montmorillonite (PVA/Alg-
MMT); cross linker:
glutaraldehyde

Polymer(s): acrylic acid and
acrylamide; crosslinker:
glutaraldehyde, initiator:
lipase

Polymer(s): sulfur, polymer
and sulphur in combination
with polymer

Polymer(s):
poly(hydroxybutyrate),
poly(hydroxybutyrate-
valerate)

Polymer(s): DURAMON,
controlled release DURAMON
urea with 3% lignosulfonate-
coated with humic acid,
controlled release DURAMON
urea with 5% lignosulfonate-
coated with seaweed extracts
Polymer(s): alginate;
adsorbents: bentonite,
anthracite and activated
carbon

Polymer(s): sodium alginate;
crosslinker: glutaraldehyde

Polymer(s): tapioca starch
modified by PVA and citric
acid

Polymer(s): chitosan and
poly(acrylic acid-co-
acrylamide)

Polymer(s): ethyl cellulose,
cellulose acetate butyrate,
poly (methyl methacrylate)

Polymers: ethyl cellulose for
internal coating and

Pesticide

Nitrogen fertilizer

Nitrogen fertilizer

Herbicide

Nitrogen fertilizer

Herbicides

Botanical insecticide

Nitrogen fertilizer

Nitrogen phosphorous
potassium (NPK) fertilizer,
retention of water

Pesticide

Nitrogen fertilizer

Neemazal

Urea

Urea

Ametryn

Urea

Metribuzin and chloridazon

Azadirachtin (from neem oil)

Urea

nitrogen, phosphorous and

potassium

Ethyl benzoate

Urea

The swelling ratio of the nano
composite decreased with
introduction of MMT and
increase in the PVA content.
The release of neemazal was
inhibited with the addition of
sodium MMT.

The interpenetrating acrylic
acid-acrylamide hydrogel
enhanced the water uptake
capacity up to 6.2 % and 7.2
% in sandy loam and clay soil.
The hydrogels followed non-
fickian diffusion kinetics.

Polymer-Coated Urea (PCU)
exhibited the desired
controlled release property
than that of the Sulfur-Coated
Urea (SCU) and Polymer-
Coated Sulfur-Coated Urea
(PCSCU).

The formulations were found
to follow anomalous transport
mechanism.

Humic acid polymeric
fertilizer helped in
maintaining efficient crop
(wheat) management and also
educed the impact created by
nitrogen loss which is caused
due to the chemical fertilizers.

The sphere formulations
made up of alginate along
with adsorbents exhibited
slow release rates than that of
the formulations made up of
only alginate. Activated
carbon was found to be the
most effective adsorbent than
the other adsorbents in
promoting slower release rate
of herbicide.

The release rate of particles
was faster in with particles
having higher concentration
of neem oil in its composition.
Long-time exposure of
particles to reticulation agent
diminished the release rate of
insecticide.

The formulations were
prepared by Fluidized bed.
Longevity of nitrogen release
from the formulation was
achieved.

The granular formulations
showed slower fertilizer
release rate and also enhanced
the water retention capacity
of the soil.

The microspheres were
prepared by solvent
evaporation technique.
Cellulose matrices were found
to be efficient in delivering
sustained release of ethyl
benzoate than poly (methyl
methacrylate) matrix.

The dual-coated particles
exhibited water absorption

Rashidzadeh et al. (2014)

Saruchi et al. (2016)

Ransom et al. (2020)

Grillo et al. (2011)

Gil-Ortiz et al. (2020)

Flores-Cespedes et al. (2007)

Kulkarni et al. (2000)

Azeem et al. (2020)

Wu and Liu (2008)

El Bahri and Taverdet (2007)

Ni et al. (2009)

(continued on next page)
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Polymer/polymer
composite(s)

Type of the agrochemical

Name of the agrochemical

Characteristics of formulation

Reference(s)

poly(acrylic acid co-
acrylamide) for external
coating

Polymers: polyvinyl alcohol,
chitosan, the blend of
polyvinyl alcohol and
chitosan; cross linker:
glutaraldeyde

Polymers: starch and
polyvinyl alcohol; cross
linker: formaldehyde

Polymers: gelatin; cross
linker: glutaraldehyde

Polymer(s): ethylcellulose

Polymer(s): ethylcellulose

Polymer(s): Fe(II)-
carboxylates

Polymer(s): chitosan;
inducers: peat, humic acid
and humin

Polymer(s): starch-g-
poly(vinyl acetate) (St-g-
PVAc); initiator: K;S,0g

Polymer(s): chitosan and
salicyladehyde

Polymer(s): chitosan

Fertilizer

Soluble fertilizers

Nitrogen fertilizer

Herbicide

Herbicide

Fertilizer

Nitrogen fertilizer

Nitrogen fertilizer

Nitrogen fertilizer

Nitrogen fertilizer

phosphorous

Ammonium

Urea

Alachlor

Norflurazon

Phosphate

Urea

Urea

Urea

Urea

equivalent to 70 times their
own weight and also
exhibited slow fertilizer
release trend.

All the phosphorous
entrapped CRF hydrogels
exhibited quasi-fickian
diffusion kinetics.

Reduction in starch
concentration affected the
compatibility of films whereas
the formaldehyde
concentration influenced the
absorption capacity of films.
The concentration of PVA
influenced the permeability of
films to water and
ammonium.

The gelatin microspheres
prepared by emulsification
method were found to follow
fickian diffusion kinetics. The
gelatin-urea ratio significantly
affected the swelling nature of
gelatin microspheres.

The microspheres enabled
slow and gradual release of
herbicide. Further, the use of
ethylcellulose protected the
herbicide from photolytic
degradation.

The microspheres facilitated
slow and gradual release of
norflurazon. The use of
ethylcellulose reduced the
dosage of norflurazon for soil
applications.

The photosensitive hydrogels
were efficient enough to
reclaim phosphates from
waste solutions and able to
serve as a controlled-release
fertilizer.

The release of urea from the
formulations was found to be
dependent on the pH
conditions. The usage of peat
and humic acid substances
contribute to reduction of
environmental pollution.

In situ graft copolymerization
method was adopted to
prepare urea entrapped St-g-
PVAc biodegradable films.
The swelling ability of the
films decreased in the
introduction of hydrophobic
PVAc.

Urea-entrapped chitosan-
salicyladehyde hydrogel
formulations prepared by in
situ hydrogelation technique
served as an effective
multifunctional soil
conditioner.

Spherical nano-chitosan urea
particles prepared by
ionotropic gelation exhibited
different sizes with respect to
the concentration of urea used
in the formulations. The pot

Jamnongkan and Kaewipirom (2010)

Han et al. (2009)

Tang et al. (2018)

Sopena et al. (2007)

Sopena et al. (2011)

Karunarathna et al. (2019)

Araujo et al. (2017)

Niu and Li (2012)

Iftime et al. (2019)

Kalia et al. (2019)

(continued on next page)
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Polymer/polymer Type of the agrochemical

composite(s)

Name of the agrochemical

Characteristics of formulation Reference(s)

Polymer(s): Poly(butylene Nitrogen phosphorous

succinate) and a butylene potassium (NPK) fertilizer potassium
ester of dilinoleic acid
Polymer(s): polyvinyl alcohol- Nitrogen fertilizer Urea

modified starch biopolymer

Nitrogen, phosphorous and

study conducted with these
nano fertilizers using potato
plant indicated that the
formulations enhanced the
yield of potato than that of the
commercial fertilizer.

A conceptual model was Lubkowski et al. (2015)
formulated based on the

concentration of mineral

components inside the

granules in order to describe

the mechanism of fertilizer

release.

The diffusion coefficient
decreased with increase in the
coating thickness. The coating
thickness and integrity of the
polymer composite films
yielded formulations with
improved controlled release
characteristics.

Azeem et al. (2016)

without leading to soil pollution. Chitosan is a biodegradable cationic
polysaccharide polymer made up of repetitive units of 3-(1-4)-linked D-
glucosamine (deacetylated unit) and N-acetyl-D-glucosamine (acetylated
unit). Chitosan is derived by deacetylation of chitin (a polymer is present
in crustacean and shrimp shells). Chitosan have a widespread range of
applications. They have been used in different types of environmental
(Yong et al., 2015; Kanmani et al., 2017) and biomedical applications
(Singh and Ray, 2007; Zhao et al., 2018). Chitosan has been considered
as an effective biodegradable polymer for its usage as a functional ma-
terial in wide range of applications as they possess excellent properties
such as biocompatibility, biodegradability, adsorption and non-toxicity
(Ravi Kumar, 2000). The physical and mechanical properties of chito-
san can be enhanced for practical applications by blending with other
polymers (Shu and Zhu, 2000).

Gelatin is a biodegradable translucent, colourless, brittle and
flavorless polymeric substance obtained from collagen of animal bones.
It is made up of nineteen amino acids and hence it can be hydrolysed by
several proteolytic enzymes to yield its constituent amino acids. Due to
this degradation property, gelatine has been used by many researchers
in different applications that require purposeful biodegradability
(Chandra and Rustgi, 1998). Gelatin has good wound healing property
(Jang et al., 2018) and it finds many of its applications in the field of
medicine. Narrowed research has been undergone with this proteina-
ceous polymer in the sector of agriculture.

Sodium alginate is an organic linear copolymer made up of (1-4)-
linked B-D-mannuronate and a-L-guluronate residues. Alginate has
been used in wide variety of applications. The ability of sodium alginate

Chitosan
NHs" HO NHz"
HO Q HO
HO 5 o o o
HO 0
HO Hz" HO
AM{«MO Alginate
0 A%A

Figure 1. A schematic representation of the “intermolecular interaction be-
tween chitosan and alginate in chitosan-alginate composite beads.
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to solubilize in water, to form gels, to form films and fibres of calcium
alginate are some of the key properties (http://www.fao.org/3/y47
65e/y4765e08.htm) which enable sodium alginate to be used in
several applications such as textile printing (Wang et al., 2014), food
(Qin et al., 2018), biomedical (Lee and Mooney, 2012), enzyme (Zhao
et al., 2015), agricultural (El-Rehim, 2006) and environmental (Wang
et al., 2019) applications. Alginate gels has the tendency to serve as
excellent matrices for Slow Release (SR) of agrochemicals in the field of
agriculture as they are biodegradable and incorporation of agrochem-
icals using an aqueous system at ambient temperatures is easier (Nna-
monu et al., 2012).

In this work, the mechanical stability of the chitosan and gelatin had
enhanced by using sodium alginate as strengthening agent and
entrapped urea within the biopolymer complexes in order to facilitate
controlled release of urea. These controlled release formulations were
characterized by Scanning Electron Microscopic (SEM) and Fourier
Transform-Infra Red (FT-IR) spectroscopic analysis.

I
o
Gelatin
_____ L o—= ﬂ_ _T—|‘|’

— Quumnny——N

Q
OH X
#
o]
o]

o
=

Alginate

Figure 2. A schematic representation of the “intermolecular interaction be-
tween gelatin and alginate in gelatin - alginate composite beads.
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Table 2. Physical characteristics of urea entrapped chitosan-alginate and gelatin-alginate bead formulations.

Evaluation Parameters

Chitosan-Alginate Beads

Gelatin-Alginate Beads

CA CAu(1) CAu(2) CAu(3) GA GAu(1) GAu(2) GAu(3)

Diameter (mm) 0.9205 =+ 0.03 0.8375 + 0.04 0.892 + 0.03 0.8366 =+ 0.02 1.4 + 0.02 1.403 + 0.04 1.285 + 0.03 1.004 + 0.03
Yield (%) 47.82 51.06 41.66 40.41 55.31 52.08 58.36 54.34
Porosity (%) 75 75 77 78 72 72 73 74
Bulk density (g/cm®) 0.77 + 0.01 0.77 + 0.01 0.83 + 0.01 0.87 + 0.01 0.69 + 0.01 0.69 + 0.01 0.71 + 0.01 0.74 + 0.01
Tapped density (g/cm®) 0.8 £0.01 0.8 £ 0.01 0.87 + 0.01 0.91 + 0.01 0.71 £ 0.01 0.71 £ 0.01 0.74 + 0.01 0.77

+0.01
Carr's Index 3.8 3.8 4.1 4.35 3.45 3.45 3.57 3.70
Hausner's Ratio 1.04 1.04 1.04 1.05 1.04 1.04 1.04 1.04
EWC (%) 94.44 94.91 95.58 95.83 97.72 96.84 96.62 96.25

2. Experimental

2.1. Materials

Chitosan (medium molecular weight ~1,90,000-3,10,000 daltons,
deacetylation degree >75%),
(50,000-1,00,000 daltons in molecular weight and 5.10-5.80 mPa.s in

<200 mPa.s

Swelling Ratio (%)

Figure 3. Swelling behaviour chitosan-alginate beads at pH conditions of (A) 5.6, (B) 7 and (C) 8.5.

Swelling Ratio (%)

Figure 4.

in viscosity,

Time (min)

Time (min)

viscosity), sodium alginate (216.12 g/mol in molecular weight), urea,
calcium chloride (CaCly), acetic acid glacial, potassium dihydrogen
phosphate, dipotassium hydrogen phosphate, disodium hydrogen phos-
phate, sodium acetate, orthophosphoric acid, concentrated sulphuric

gelatin

(B)

Swelling Ratio (%)

P 0 £ 100 10

Time (min)

Swelling Ratio (%)

200

Time (min)

Swelling Ratio (%)

Swelling Ratio (%)

©

Time (min)

S0 100
Time (min)

acid, DiAcetylMonoxime (DAM), thiosemicarbazide, sodium chloride
and ferric chloride was procured from Hi Media Laboratories Pvt. Ltd.
Deionized water was used throughout the experiments.

(CA[-¢], CAu(1) [-m], CAu(2) [-aland CAu(3) [-X-]).

Swelling behaviour gelatin-alginate beads at pH conditions of (A) 5.6, (B) 7 and (C) 8.5. (GA [-¢], GAu(1) [-m], GAu(2) [-A]and GAu(3) [-X-]).
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Figure 6. SEM micrographs of a GA bead at (A) 50 X, (B) 1000 X, (C) 10,000 X magnification, GAu(1) bead at (D) 50 X, (E) 1000 X and (F) 10,000 X magnification.

2.2. Methodology

2.2.1. Preparation of beads

2.2.1.1. Chitosan-alginate beads with and without urea entrapment. A 25
ml of emulsion containing 4% sodium alginate and 50 mg of urea was
added as drops into 50 ml suspension containing 0.5 g of chitosan, 2%
acetic acid and 0.2 M CaCl,. The glass beads obtained were allowed to
stand still for 2 h. The beads were washed with distilled water and
allowed to air-dry (Nnamonu et al., 2012). The same methodology was
carried out to prepare beads with different urea concentrations (50mg,
100 mg and 150 mg). The beads containing 50 mg, 100 mg and 150 mg of
urea were designated as CAu(1), CAu(2) and CAu(3). Followed by the
preparation of urea-entrapped beads, chitosan-alginate beads devoid of
urea (CA) was also prepared. A schematic representation of the antici-
pated intermolecular interaction between chitosan and alginate in
chitosan-alginate composite beads is shown in Figure 1.

2.2.1.2. Gelatin-alginate beads with and without urea entrapment. A 25 ml
of emulsion was prepared by dissolving 0.5 g of gelatin and 4% sodium
alginate in distilled water. The emulsion was constantly stirred using
magnetic stirrer for 1 h in order to obtain a homogenous suspension
(solution ‘A’). The glass beads were produced by adding solution ‘A’ as
drops in 0.2 M CaCl; solution. The so formed round beads were allowed
to stand still for 2 h. The glass beads were then washed with distilled
water and allowed to air-dry. These urea-free glass beads were named as
GA beads (Roy et al., 2009). In order to prepare the urea-entrapped
gelatin-alginate composite beads, 50 mg of urea was added to solution
‘A’ and stirred well. The resultant suspension was then suspended in the
form of drops in 0.2 M CaCl; solution, allowed to stand still for 2 h and
then washed with distilled water and air-dried to obtain urea-entrapped
gelatin-alginate GAu(1) beads (Roy et al., 2009). The same methodology
was carried out to produce gelatin-alginate composite beads loaded with
100 mg and 150 mg of urea. These beads were designated as GAu(2) and
GAu(3). Figure 2 presents a schematic representation of the anticipated
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Figure 7. FT-IR spectra of chitosan-alginate bead: (A) without urea [CA] and (B) with urea [CAu(1)].
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Figure 8. FT-IR spectra of gelatin-alginate bead: (A) without urea [GA] and (B) with urea [GAu(1)].

intermolecular interaction between the polymers, gelatin and alginate in
the gelatin-alginate composite beads.

2.2.2. Physical properties of the beads

The parameters such as diameter, porosity, yield percentage, Carr's
index, Hausner's ratio, equilibrium water content (EWC) and swelling
properties of the urea-entrapped chitosan-alginate (CAu) and gelatine-
alginate (GAu) beads were determined in order to understand the
physical properties of the beads.

2.2.2.1. Diameter of beads. About 20 beads were taken in random and its
diameter was measured using a screw gauge. The least count (LC) of the
screw gauge used was 0.01 mm (Nnamonu et al., 2012).

2.2.2.2. Porosity. The porosity of the chitosan-alginate beads and
gelatine-alginate beads without and with urea were determined by vol-
ume/density method reported by Nnamonu et al. (2012). A definite mass
of beads were taken in a 10 mL measuring cylinder and tapped well. Total
volume (V) and the volume occupied by the beads (V) were noted. The

Table 3. Evaluation of fertilizer release kinetics from CRF beads.

S. No. CRF beads Concentration of urea entrapped by beads (ug/mg) n K Kinetics of fertilizer release R? Equation

01. CAu(1) 11.9 0.3222 1.2912 quasi-fickian diffusion 0.9115 y = 0.0407 x + 3.2459
02. CAu(2) 22 0.3247 1.3656 quasi-fickian diffusion 0.8978 y = 0.0369 x + 3.1755
03. CAu(3) 38 0.3131 1.3710 quasi-fickian diffusion 0.9016 y = 0.0398 x + 3.2047
04. GAu(1) 12.4 0.3178 1.3600 quasi-fickian diffusion 0.9041 y = 0.039 x + 3.2629
05. GAu(2) 20.2 0.3659 1.3466 quasi-fickian diffusion 0.8612 y = 0.0289 x + 2.9637
06. GAu(3) 36.6 0.4029 1.3400 quasi-fickian diffusion 0.8164 y = 0.0227 x + 2.7198
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pore volume (V) was calculated using the following formula (Nnamonu
et al., 2012):

Pore volume (V) = Total volume (V) — Volume of beads (Vy) (@D)]

(V,x100)

v, (2)

Percentage of porosity =

2.2.2.3. Yield. The yield percentage of beads was determined by the
following formula:

(W2 — W)

0

Yield of beads (%) = X 100 3

Where, W; = Sum of the weight of fertilizer, polymer and cross-linking
agents

W, = Weight of the beads generated

—a— CAu (1)
A o— CAu (2)
16 4 —4—CAu (3)
14
12 g
X
$ 104
<
L
®
S s_
Q
=
L
=
4
24
0 T T T T T T
0 50 100 150 200 250 300
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£
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Figure 9. Fertilizer release profile of (A) chitosan-alginate beads and (B)
gelatin-alginate beads.
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2.2.2.4. Carr's index and Hausner's ratio. The Carr's index value and
Hausner's ratio of beads was calculated using the following equation
(Asha et al., 2011):

(Tapped density —Bulk density)

Carr’s index (Ci) = X 100 4
arr’s index (Ci) Tapped density )
. (Tapped density)
H ’s ratio =———————— 5
ausners ratio Bulk density ®)

2.2.2.5. Equilibrium water content (EWC). The imbibition of water by the
beads was determined by calculating the EWC of beads. About 30 mg of
beads were taken in a known volume of deionized water and allowed to
remain still for a period of 24 h. After 24 h, these water-imbibed beads
were taken and its EWC was calculated using the following formula
(Thakur et al., 2012):

(Wag, — Wo)

0

EWC= X 100 (6)

where, Way, is the weight of the beads at equilibrium (at time, t = 24 h)
and Wy is the initial weight of beads (at time, t = 0).

2.2.2.6. Swelling properties. Known weight of beads were taken and
allowed for swelling in acetate buffer of pH 5.6, phosphate buffer of pH 7
and 8.5 at room temperature for a period of 3 h. The swollen beads were
carefully taken using tissue paper at a periodic time interval of 30 min
and their weight was measured. The Swelling Ratio of the beads was then
calculated using the following formula:

(Weight of the swollen beads — Weight of dry beads)

Swelling Ratio(%) = Weighof dry beads

X 100

)

2.2.3. Urea entrapment by beads

The concentration of urea entrapped by CAu(1l), CAu(2), CAu(3),
GAu(1), GAu(2) and GAu(3) beads was determined by DiAcetyl Mon-
oxime (DAM) method using HITACHI U-2900 Spectrophotometer. 50 mg
of urea-entrapped chitosan-alginate and gelatine-alginate beads were
immersed in 5 ml of distilled water and allowed to swell for 48 h. After 48
h of swelling, 0.5 ml of the solution was taken, made into aliquots and
then treated with DAM reagent. The Optical Density (OD) of the DAM
treated sample aliquot was measured spectrophotometrically at 540 nm.
The concentration of urea entrapped by the beads was determined using
the calibration curve constructed for urea in prior by DAM method.

2.2.4. Characterization of beads

The morphological characteristics of the CA, GA, CAu(1) and GAu(1)
beads were recorded using ZEISS EVO Series SEM model EVO 50 avail-
able at Karunya University, Coimbatore, Tamil Nadu, India. The variation
in vibrational characteristics of CA, GA, CAu(1) and GAu(1) beads was
determined using Perkin Elmer SPECTRA 100 Fourier Transform-Infra
Red Spectrometer using KBr pellet at Department of Nano Technology,
K.S. Rangasamy College of Technology, Tiruchengode, Tamil Nadu,
India. The transparent pellet was prepared by mixing 100 mg of KBr with
1 mg of powdered bead and pressed under a pressure of 10,000 to 15,000
pounds per square inch with special disc.

2.2.5. Estimation of urea entrapped in beads

The concentration of entrapped urea was determined by DiAcetyl
Monoxime (DAM) method using HITACHI U-2900 Spectrophotometer.
50 mg of CAu(1), CAu(2), CAu(3), GAu(1), GAu(2) and GAu(3) beads
were immersed in 5 mL of distilled water and allowed to swell for 48 h.
After 48 h of swelling, the solution was filtered to remove polymeric
particles. 0.5 mL of the solution was taken and its absorbance was
measured spectrophotometrically using DAM reagent at 540 nm.
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2.2.6. Kinetics of fertilizer release

The diffusion kinetics of the beads [CA, CAu(1), CAu(2), CAu(3), GA,
GAu(1), GAu(2) and GAu(3)] in swelling media (pH 5.6) were studied
using a semi-empirical model called as Power law or Korsmeyer-Peppas
model (Korsmeyer et al., 1986):
M

=K ®

where M is the amount of fertilizer released at time ‘t’, M, is the amount
of fertilizer released at equilibrium and M/M,, is the fractional release of
fertilizer at time ‘t’. The value of power law exponent ‘n’ will imply the
mechanism of fertilizer release. The power law exponent was determined
from the slope of the plot logarithm of (M;/M,,) versus log t.

3. Results and discussions
3.1. Physical characteristics of beads

Table 2 presents the various physical properties of the CA, CAu(1),
CAu(2), CAu(3), GA, GAu(1), GAu(2) and GAu(3) beads synthesized in
this work. From Table 2, it is evident that type of the biopolymer and
presence of urea had significant impact on the physical characteristics of
beads.

It has been observed that the beads made up of gelatine-alginate
mixture exhibited larger diameter than the beads made up of chitosan-
alginate. Klokk and Melvik had illustrated in their study that diameter
of alginate gel beads produced by means of electrostatic potential bead
generator was found to increase with increase in concentration as well as
the viscosity of alginate solution (Klokk and Melvik, 2002). In our study,
we found that GAu(1) beads was found to have larger diameter followed
by GAu(3), GAu(2), GA, CA, CAu(2), CAu(1) and CAu(3) beads. Thus, we
anticipate that the larger diameter of gelatine-alginate beads is possibly
attributed to the gelling effect of gelatine and alginate.

With respect to the yield percentage of the beads, GAu(2) beads
exhibited a maximum yield percentage of 58.36 % whereas the CAu(3)
beads exhibited a minimum yield percentage of 40.41 %.

It is interesting to note that among the CA and GA beads which are
devoid of urea, the CA beads exhibited higher porosity than the GA beads
indicating the fact that chitosan contributes in the enhancement of
porosity of beads. It can be also observed that apart from the biopolymer
used in conjugation with gelatin, the presence of urea also has its influ-
ence on the porous nature of beads. CAu(3) beads containing higher
concentration of urea possessed a maximum porosity percentage of 78%
whereas GA beads without urea showed the lowest porosity percentage
of 72%. Thus, a direct correlation was observed between the porous
nature of the beads and the concentration of urea used in the
formulations.

Moreover, CAu(3) beads exhibited maximum bulk and tapped den-
sities of 0.87 + 0.01 g/cm3 and 0.91 £+ 0.01 g/cm3 while GA and GAu(1)
beads exhibited a minimum bulk and tapped densities of 0.69 + 0.01 g/
em® and 0.71 4 0.01 g/cm® respectively. The Carr's index and Hausner's
ratio calculated for the CA and GA beads with and without urea are also
shown in Table 2.

EWC of beads was found to be influenced by the hydrophilic na-
ture of the biopolymer and the presence of urea (see Table 2). Urea-
free GA beads were found to exhibit a maximum EWC of 97.72%
whereas incorporation of urea into the gelatine-alginate composite
decreased the EWC percentage. Thus, we anticipate that the hydro-
philic nature of gelatine has led to increased water uptake by GA
beads. However, addition of urea could have lead to degradation of
gelatine (as gelatine is a proteinaceous polymer), thereby leading to
reduced ability of gelatine-alginate beads to retain water. On the
other hand, CA beads with urea had led to increased water uptake of
the beads than that of the urea-free CA beads by facilitating the ab-
sorption of water molecules. This could be attributed to the
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hydrophobicity of chitosan and impregnation of urea in the chitosan-
alginate complex.

3.1.1. Swelling behaviour of the beads

The swelling characteristic analysis of CA, CAu(1), CAu(2), CAu(3),
GA, GAu(1), GAu(2) and GAu(3) beads in sodium acetate buffer (pH 5.6)
and phosphate buffer (pH 7 & 8.5) at room temperature revealed that
swelling of chitosan and gelatin beads was influenced by the pH of the
swelling media as well as concentration of urea entrapped within beads.
Figures 1(A-C) and 2(A-C) presents the variation in swelling behaviour of
chitosan-alginate [CA, CAu(1), (CAu(2) and CAu(3)] beads and gelatine-
alginate composite [GA, GAu(1), (GAu(2) and GAu(3)] beads loaded
without and with urea at pH 5.6, 7 and 8.5.

(a) Effect of pH: The swelling of CA and GA beads was found to in-
crease at acidic pH conditions (as shown in Figures 3 and 4). In case of CA
beads, the swelling nature of chitosan increased with decrease in the
ionic strength of the swelling medium (Figure 3A-3C) (Yao et al., 1994;
Muzzarelli et al., 1999; Pourjavadi et al., 2009). In case of GA beads, at
alkaline environment conditions, the dissociation of -COOH functional
groups results in weakening of physical forces between the two polymers,
gelatin and alginate. This ultimately results in degradation of beads
leading to reduced swelling at alkaline pH conditions (as shown in
Figure 4B and 4C) (Roy et al., 2009).

(b) Effect of urea: Urea is a carbamide and hence it increases the
porous nature of hydrogels (Tyliszczak et al., 2009). So, CA beads with
higher concentration of urea (CAu(3) exhibited a maximum swelling rate
when compared with the rest of the CA beads due to the pores created in
the beads by urea molecules (as shown in Figure 3A-3C). In case of GA
beads, increase in urea concentration reduced the swelling efficiency of
beads (as shown in Figure 4A-4C). This could be possibly due to the fact
that, urea (a protein denaturant) denatures gelatin in the gelatin-alginate
formulation and causes disintegration of beads, thereby leading to
reduced swelling. Thus, urea-free GA beads showed improved swelling
than urea-entrapped beads. Decreased swelling may also result from the
“salting-out” effect. Gelatin being a proteinaceous polymer consists of
greater amount of hydrophobic amino acid residues. Swelling of beads in
the greater ionic strength medium exposes hydrophobic patches of pro-
tein. As a result, the solubility of gelatin also enhances. Above the satu-
ration point, excess ionic strength in the swelling medium has the
tendency to decrease solubility of gelatin. So, urea at increased concen-
tration decreased the swelling nature of GA beads (GAu(3) at all the three
pH conditions. Urea-free gelatin-alginate (GA) beads showed good
swelling ratio when compared with the rest at all the three pH conditions
(as shown in Figure 4A-4C).

3.2. Characterization of beads

Figures 5 and 6 presents the SEM micrographs of CA (Figure 5A-5C),
CAu(1) (Figure 5D-5F), GA (Figure 6A-6C) and GAu(1) (Figure 6D-6F)
beads recorded at 50 X, 1000 X and 10000 X. It is evident from Figure 3
that the chitosan-alginate beads had rough and irregular morphology
(Nnamonu et al., 2012). Gelatin-alginate beads had a regular and
well-packed cubical arrangement in the same magnification. This
arrangement was disordered as a result of incorporation of urea. Addition
of urea within the polymer matrix had a significant impact on the
morphology of chitosan-alginate and gelatin-alginate composites.

The urea-free chitosan-alginate (CA), gelatin-alginate beads (GA) and
urea entrapped chitosan-alginate [CAu(1)], gelatin-alginate [GAu(1)]
beads were characterized by FT-IR analysis. Figures 7 and 8 presents the
overlay of FT-IR spectra of CA and CAu(1) beads. In the FT-IR spectrum
7A, the existence of alginate is defined by the stretching of carboxylate
(C=0) ions at 1643 cm™'. The presence of chitosan is evident by the
stretching of N-H group between 3400 cm ™! and 3300 cm™! and C-H
stretching between 3000 cm™! and 2850 cm™! respectively. In the
spectra 7B, the presence of urea was confirmed by the stretching of pri-
mary amine (NHy) at 3328 cm~ . A band of strong intensity at 1618 cem!
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was attributed to the characteristic of C=0 group. A band of medium
intensity was observed at 1426 cm ™! which may be due to the vibrational
stretching of the C-N bond of urea (Tang et al., 2018). The presence of
C-0-C link is represented by the stretching of bands at 1092 cm ™! and
1043 cm ! (Nnamonu et al., 2012). Thus, the variation in the vibrational
stretching of CAu(1) beads (as shown in Figure 7B) in comparison with
that of CA beads (Figure 7A) confirms the impregnation of urea in
chitosan-alginate matrix.

A FT-IR spectrum of urea-free GA beads is shown in Figure 8A. The
presence of alginate was evident by the stretching of carboxylate (C=0)
ions at 1643 cm™! and bending of amine (N-H) group at 1550 cm™!
confirmed the presence of gelatin. Figure 8B illustrates the FT-IR spec-
trum of GAu(1) beads. The primary amine (NH,) stretching at 3328 cm !
reveals the evidence of urea and stretching at 1652 cm ™! is the charac-
teristic of C=0 group. The stretching of band at 1432 cm™! may be
attributed to the C-N bond of urea (Tang et al., 2018), thereby con-
firming the vibrational changes induced by urea in the gelatin-alginate
complex in the beads.

3.3. Estimation of urea and kinetics of fertilizer release

3.3.1. Urea entrapped in beads

The concentration of urea entrapped in the beads CAu(1), CAu(2),
CAu(3), GAu(1), GAu(2) and GAu(3) was determined spectrophotomet-
rically using DiAcetyl Monoxime (DAM) method at 540 nm. Presence of
urea in the beads resulted in the formation of purple-color complex in
presence of DAM reagent in the hot acidic medium. CAu(3) beads was
found to entrap urea at a maximum concentration of 38 ug/mg of beads,
followed by GAu(3), CAu(2), GAu(2), CAu(1) and GAu(1). Table 3 de-
scribes the concentration of urea entrapped by the beads and diffusion
kinetics of the beads.

3.3.2. Determination of urea release kinetics

Following the estimation of urea concentration entrapped by the
chitosan-alginate and gelatin-alginate beads, efforts were made to un-
derstand the release kinetics adopted by the beads in sodium acetate
buffer (pH 5.6). Figures 9A and 9B represents the urea release profile of
urea-entrapped polymer composite beads (CAu and GAu). It can be
observed from Figure 9 that 10% of urea released at 175 min by CAu
beads and 10, 8 & 6% of urea released at 175 min by GAu(1), GAu(2) &
GAu(3) beads respectively. Thus urea-entrapped gelatin-alginate (GA)
beads exhibited slower urea release than that of the chitosan-alginate
(CA) beads at the end of 300 min.

Till date, a limited number of reports are available in the literature
where researchers have studied agrochemical release kinetics (Grillo
et al., 2011; Jamnongkan and Kaewipirom, 2010; Saruchi et al., 2016;
Tang et al., 2018). Jamnongkan and Kaewipirom (2010) studied the
mechanism of phosphorous release from the CRF hydrogels prepared
from polyvinyl alcohol (PVA), chitosan (CS) and the blend of these two
polymers using Korsmeyer-Peppas equation (Jamnongkan and Kaewi-
pirom, 2010). If n = 0.5, the release mechanism is fickian's diffusion. If
the value of n lies between 0.5 and 1, then the release is non-fickian
diffusion release. In n = 1, then the release kinetics is non-fickian case
II kinetics. If n < 0.5, the fertilizer release kinetics follows quasi-fickian
diffusion. In case of all the phosphorous entrapped in CRF hydrogels,
the researchers found the n values than 0.5, further confirming the
nutrient release kinetics from CRF hydrogels to be a quasi-Fickian
diffusion (Jamnongkan and Kaewipirom, 2010). In this study, it was
observed that the urea-entrapped chitosan-alginate and gelatin-alginate
beads followed quasi-fickian diffusion kinetics in accordance with the
n values (Table 3) calculated using Korsmeyer-Peppas equation [equa-
tion (8)]. Tang and co-workers (2018) had reported that the gelatin
microspheres prepared by emulsification method using glutaraldehyde as
cross-linker exhibited fickian diffusion kinetics (Tang et al., 2018). The
authors have reported the gelatin-urea ratio significantly affected the
swelling nature of gelatin microspheres (Tang et al., 2018). Thus, this
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work illustrates that the type of polymer-based formulation, preparation
methodology, the cross-linker used, the concentration of polymer-
s/copolymers and the concentration of urea entrapped in the formula-
tions influence the fertilizer release from the polymer composites.

4. Conclusions

Chitosan-alginate and gelatine-alginate composite beads entrapping
three different concentrations of urea were prepared and characterized
by SEM and FT-IR analysis. The physical properties of the beads were
evaluated. The porous nature of chitosan and gelatin was modified due to
alginate crosslinking and urea entrapment. The diameter of chitosan-
alginate beads obtained was smaller than the gelatin-alginate beads.
The swelling studies indicated that chitosan-alginate and gelati-
n-alginate beads exhibit enhanced swelling at acidic pH conditions. In
case of chitosan-alginate beads, urea enhanced the swelling of beads
whereas in gelatin-alginate beads, urea decreased the swelling. Chitosan-
alginate beads were found to possess good urea entrapping efficiency
than gelatine-alginate beads. Gelatin-alginate beads exhibited slower
fertilizer release than that of the chitosan-alginate beads. The chitosan-
alginate and gelatin-alginate controlled release of urea formulations
followed quasi-fickian diffusion kinetics. Our studies demonstrate that
these biodegradable polymers-based urea formulations can serve as
effective soil-conditioners, facilitate slow and gradual release of urea into
the soil, and thereby assist in minimizing soil pollution.
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