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In this  study,  water  absorbing  Ca2+ ion  cross-linked  alginate  nanoparticles  were  prepared  and  their  water
holding  capacity  was  assessed.  The  prepared  nanoparticles  were  characterized  by Fourier  transform
infra  red  (FTIR)  and  X-ray  diffraction  (XRD)  spectroscopy,  field  emission  scanning  electron  microscopy
(FESEM),  and  Zeta  potential  measurements  to gain  insights  into  their  structural  and  morphological  fea-
tures  and  to  see  if the  nanoparticles  carried  a charge  over  them.  The  swelling  experiments  were  performed
anoparticles
lginate
low release
eswelling
griculture

for different  compositions  of  prepared  nanoparticles  at varied  pH  and  temperatures.  The  capacity  of  the
nanoparticles  to retain  imbibed  water  was  evaluated  by conducting  deswelling  studies  of  the  pre-swollen
nanoparticles.  These  particles  were  mixed  with  soil  and  soil-pot  experiments  were  conducted.  In order
to  assess  the  sustained  water  release  potential  of nanoparticles  in  agricultural  fields,  the  seeds  were
planted  in  both  native  and  nanoparticle-mixed  soil  pots,  and  moisture  content  of  the soil  was measured
periodically  and  growth  of the  plants  was  observed.
. Introduction

Nanotechnology, the science of working with the smallest pos-
ible particles, has raised hopes to overcome certain problems
ften encountered in agriculture. In agriculture, nanotechnology
as already significantly impacted in areas like breeding of new
rop varieties, development of new functional materials and smart
elivery systems for agrochemicals such as herbicides, fertilizers,
nd pesticides, smart systems integration for food processing and
ackaging, and has affected other areas such as remediation of her-
icide and pesticide residues from plants and soil and effluent water
reatment (Mararu Carmen et al., 2003). In biomedical areas also the
kills of nanotechnology have been successfully used for artificial
mplants (Wang et al., 2003), and enzyme immobilization (Betigeri

 Neau, 2002). Applications of nanosystems also include controlled
elease technology, which is being intensively used in pharmaceuti-
als (Peppas, Bures, Leobandung, & Ichikawa, 2000) and agriculture

Bajpai & Giri, 2003). Controlled-release polymer matrix systems
otentially offer numerous advantages over conventional applica-
ions (Sershen & West, 2002) and the principal advantage of these
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ax: +91 0761 2625514/5045219.
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systems is that they require much less active agents to achieve
desired results (Yeh, Kopekova, & Kopeek, 1994), thus making their
use more economically viable than that of traditional methods.

In modern agricultural practice, many hydrophilic polymers
are used to enhance both the nutritional and water status of
plants. It has been reported that these hydrophilic polymers are
capable of retaining water up to 500 times their initial weight
(Buchholz, 1998) and can build up an additional water reservoir for
the plant–soil system (Bouranis, Theodoropoulus, & Drossopoulus,
1995). Polysaccharides, such as chitosan, alginate, pectin, and cel-
lulose are naturally occurring carbohydrate-based biopolymers.
Apart from being non-toxic, they offer high water solubility, bio-
compatibility, and biodegradability (Philips & Williams, 2000). A
significant feature of these biopolymers is the presence of high
density functional groups (e.g., amino groups in chitosan and
carboxylic groups in pectin and alginate) that can be used for
cross-linking to fabricate functional micro-gels. For example, algi-
nate is known to form complexes with divalent ions such as
Ca2+, Ba2+, and Sr2+ in aqueous solution. In addition, these poly-
mers with moieties, such as the amino and carboxylic groups,
are very sensitive to pH (Denuziere, Ferrier, & Domard, 1996;

Kim, Yuk, & John, 1997; Pillay & Fassihi, 1999). The synthesis of
microparticles from these biopolymers has long been the focus of
intensive research in biomedicine, the pharmaceutical and cosmet-
ics industries (George & Abraham, 2006), as well as agriculture (Oh,
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rumright, Siegwart, & Matyjaszewski, 2008). Alginate is a natu-
ally occurring anionic polysaccharide commonly found in marine
nvironments (Gombotz & Wee, 1998 and Davis, Llanes, Volesky,

 Mucci, 2003). It is probably one of the most frequently studied
ydrogel-forming biocompatible polymers. Structurally it is a lin-
ar copolymer composed of (1,4)-linked �-d-mannuronate and its
-5 epimer �-l-guluronate residues. It is insoluble in water but
issolves in some basic solutions by forming sodium salts due
o its simple gelation with divalent cations such as Ca2+ (Gregor,
enton, Brokenshire, Van Den Brink, & O’Sullivan, 1996).The pres-
nce of water in soil is essential for vegetation. In liquid form,
ater ensures the feeding of plants with nutritive elements that

nable plants to achieve better growth rates. It is very important
o exploit existing water sources by reducing water loss to ensure
etter living conditions for vegetation. Given the water-imbibing
haracteristics of superabsorbent polymer (SAP) materials, the
ossibilities for their application to alleviate certain agriculture
roblems have increasingly been investigated. SAPs are materials
hat absorb water and swell to many times their original size and
eight. They are lightly cross-linked networks of hydrophilic poly-
er  chains. These networks can swell in and hold a large amount

f water while maintaining their internal structure (Buchholz &
raham, 1997; Zohuriaan-Mehr & Kourosh Kabiri, 2008). Com-
ercially used water-absorbent polymeric materials are partially

eutralized products of cross-linked polyacrylic acids or partially
ydrolyzed products of starch-g-polyacrylonitrile and starch-g-
olyacrylic acid copolymers. At present, their biodegradability is
onsidered as an important prerequisite in this field because of
enewed worldwide attention to environmental protection (Lentz,
003). SAP hydrogels potentially influence soil permeability, den-
ity, structure, texture, evaporation, and the infiltration rates of
ater through soils. Moreover, these hydrogels can also reduce

rrigation frequency and compaction tendencies, stop erosion and
ater runoff, and increase soil aeration and microbial activity (Abd

I-Rehirn, Hegazy, & Abd El-Mohdy, 2004).
Thus, the present study focuses on designing alginate-based

anocarriers and evaluating their slow water-releasing potential
or possible agricultural applications in cold desert areas where
ainfall is infrequent and water is scarce.

. Experimental

.1. Materials and methods

Sodium alginate was purchased from Research Lab, Pune, India,
nd used without further treatment. Calcium chloride (Dihydrate)
btained from Loba Chemie, Mumbai, India, was used as a cross-
inking agent for alginate. Liquid paraffin oil (Marck, India) was used
or an oil phase to prepare a microemulsion. Double-distilled water
as used throughout the experiments. Sandy soil that was  used

or pot experiments was collected from the cold desert areas of
eh-Laddakh (India). A digital moisture meter was used to measure
oisture content in the soil.

.2. Preparation of the alginate nanoparticles

The calcium alginate nanoparticles were prepared by the emul-
ion cross-linking method. In brief, an aqueous phase was  prepared
y dissolving 1.0 g of sodium alginate in 30 mL  of lukewarm distilled
ater while an oil phase was prepared using 10 mL  of paraffin oil.

hese two solutions were mixed with a magnetic stirrer (capacity

 MLH  300 rpm, Remi, India) for 30–40 min  to form a stable emul-
ion. In the second step, 10 mL  of cross-linker (0.5 mol/L calcium
hloride) was added dropwise (1 mL  min−1) to the alginate emul-
ion while stirring it with a magnetic stirrer at a speed of 100 rpm.
ymers 102 (2014) 513– 520

The cross-linking reaction was  allowed to take place for 3 h at room
temperature, and as a result, cross-linked nanoparticles of alginate
were produced. The fine nanoparticles were formed which were
allowed to stand for 24 h, then washed several times with toluene
and acetone and finally dried under vacuum.

2.3. Characterization

2.3.1. FTIR spectral analysis
FTIR spectral analysis was carried out for structural charac-

terization of the nanoparticles. The FTIR spectra of cross-linked
nanoparticles were recorded in the range of 4000–400 cm−1 on a
FTIR spectrophotometer (8400S, Shimadzu).

2.3.2. X-ray diffraction analysis
The X-ray diffraction studies of the nanoparticles were carried

out on a Philips PW1820 powder diffractometer. The diffraction
data were collected from 10◦ to 80◦, 2� values with a step-size of
0.02 and counting time of 2 s step−1.

2.3.3. Surface charge (zeta potential) measurements
The sample was  prepared by dispersing a known weight of

nanoparticles in water that had a viscosity of 0.8878 cP and a dielec-
tric constant of 78.3 as a dispersant. The dispersion was placed
in a disposable zeta cell after which the surface charge of the
nanoparticles was  determined using a Zetasizer (Delsa TM Nano
Z Instrument). A Zeta potential distribution curve was  obtained
between Zeta potential (mV) and intensity (kcps). The measure-
ments were performed at 25 ◦C with a count rate of 2272.3 kcps.

2.3.4. Field emission scanning electron microscopy analysis
0.1 mL  of alginate suspension was prepared in distilled water

and Field Emission Scanning Electron Microscopy (FESEM) was per-
formed using a Leo/Zeiss 1530 Field Emission Scanning Electron
Microscope with an acceleration voltage of 5.0 kV.

2.3.5. Swelling experiments
A conventional gravimetric procedure (Barens & Hopfenberg,

1978; Saiyed et al., 2003) was used to monitor progress of the water
sorption kinetics. The water sorption by the alginate nanoparti-
cles was quantified by placing them in water and determining
their weight periodically with a digital balance (APX-203 Denver,
Germany). The nanoparticles were placed in a beaker containing
50 mL  of distilled water and the beaker was covered to mini-
mize water loss due to evaporation. Each nanoparticle sample was
weighed separately; the swelling ratio was calculated using the
following equation,

swelling ratio = Ws − Wd

Wd
(1)

where Ws and Wd are the swollen and dry weights of the nanopar-
ticle samples, respectively.

2.3.6. Deswelling experiments
Retention and release over time of water molecules are the key

properties that the swollen nanoparticles must possess if applied
for sustained irrigation purposes. To evaluate this property, the
water holding potential of nanoparticles was  measured by calcu-
lating the percent deswelling of the nanocarriers at various time

intervals. For this purpose, the nanocarriers were allowed to swell
in water until they attained equilibrium, and thereafter left in air
to lose water. The deswelling nanoparticles were weighed at spe-
cific time intervals and the amount of water lost was calculated. In
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acterize the surface charged properties of nanoparticles (Couvreur,
Barratt, Fattal, Legrand, & Vauthier, 2002). The Zetasizer analyzer
is based on Photon Correlation Spectroscopy (PCS) or Dynamic
Light Scattering (DLS) phenomena, which are used to determine
Fig. 1. FTIR spectra of (a) native alginate, an

his way, the percent deswelling of the nanocarriers was calculated
sing the following equation,

 deswelling = Wi − Wd

Wi
× 100 (2)

here Wi and Wd represent the amount of water released at time
 and equilibrium, respectively,

.3.7. Soil pot experiments
To mimic  the release experiments performed in agricultural

elds, water release studies were performed in a well defined
oil-pot system under conditions similar to those prevalent in a
ommon agriculture field. First, soil samples were collected from a
wo-foot pit making sure that the collected samples were uniform
n all respects. After filling each pot with 2 kg of soil, the nanopar-
icles were added to the pots containing soil and seeds. A separate
oil-containing pot was also prepared without nanoparticles as a
ontrol. The moisture content of the soil was measured with a dig-
tal moisture meter (Mac India Ltd., New Delhi, India) by inserting
he instrument sensor into the soil to a specific depth.

.3.8. Statistical analysis
All experiments were performed at least four times and the data

btained in water absorption and desorption experiments were
resented in tables and figures along with their respective standard
eviation vales and error bars, respectively.

. Results and discussion

.1. FT-IR spectra of calcium alginate nanoparticles

The FTIR spectra of alginate are shown in Fig. 1. It exhibits char-
cteristic peaks of the biopolymer, such as at 3242 cm−1 (OH
tretching) (Lawrie et al., 2007), 1596, and 1407 cm−1 (COO
symmetric and symmetric stretching), 1081–1024 cm−1 (C O C
ntisymmetric stretching), and carboxyl and carboxylate at about
000–1400 cm−1 (Sankalia et al., 2005). In the spectra of calcium
lginate nanoparticles, the asymmetric band of the carboxylate ion

as shifted from 1596 cm−1 to 1606 cm−1, and the hydroxyl band of
odium alginate has shifted from 3282 cm−1 to 3350 cm−1, because
f the interaction of sodium alginate and CaCl2 (Lawrie et al., 2007).
he appearance of two peaks at 1600 cm−1 (asymmetric stretching
alcium cross-linked alginate nanoparticles.

vibration) and near 1421 cm−1 due to symmetric COO stretching
vibration also confirms the presence of alginate.

3.2. XRD spectra of alginate nanoparticles

The XRD spectra of calcium alginate nanoparticles are presented
in Fig. 2 and clearly suggest their crystalline nature, mainly due to
strong intermolecular hydrogen bonding between alginate chains
(Fang, Liu, Jiang, Nie, & Ma,  2011). As is evident from the spectra,
the diffraction peaks observed at 13.5, 21.8, and 38.6 degree 2� may
be assigned to the reflection of their (1 1 0) plane from the polygu-
luronate unit, (2 0 0) plane from the polymannuronate, and others
from amorphous halo (Fabia, Slusarczyk, & Gawlowski, 2005). Sim-
ilar types of diffraction patterns have also been reported elsewhere
(Beherei Hanan, El-Magharby, & Abdel-Aal, 2011).

3.3. Zeta potential measurements

The zeta potential of nanoparticles is commonly used to char-
Fig. 2. XRD spectra of alginate nanoparticles.
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Fig. 3. FESEM image of nanoparticles at 30,000× magnification.

article size by examining the diffusion rates (i.e., the Brownian
otion) of suspended particles. The zeta potential of the nanopar-

icles was measured and found to be −23.29 mV,  which showed
hat the nanoparticles were anionic in nature. The surface charge
lso accounts for their fair stability due to electrostatic repulsion.

.4. Field emission scanning electron microscopy (FESEM)

The swelling and deswelling performance of nanoparticles
reatly depend on their size as they directly enhance the sur-
ace area of their carriers, resulting in greater contact between the
anoparticles and water molecules or air (in deswelling), as the case
ay be. Moreover, the morphology of the nanoparticles is another

mportant factor that regulates their water sorption and desorption
ehavior. The morphological features of prepared nanoparticles
ere studied by recording their FESEM image as shown in Fig. 3.

he image clearly reveals that the size of the nanoparticles varies up
o 100 nm and the particles are present as aggregates with cracks
n the surfaces. The image also reveals that the alginate particles
ormed are almost identical in shape.

.5. Swelling results

.5.1. Swelling kinetics
The swelling kinetics was investigated to see whether the water

orption process follows first order or second order kinetics. To
valuate the kinetic path of the swelling process, the procedures
roposed by Quintana, Valderruten, and Katime (1999) were fol-

owed. It is known that for the first order kinetics, the rate of
welling at any time t is directly proportional to the water imbibed
y the nanoparticles. The rate of swelling may  be expressed as,

dW

dt
= K(W∞ − W)  (3)

here W is the water content of the hydrogel at time t and K is
he proportionality constant between the swelling rate and the
nrealized swelling capacity (W∞ − W).

Upon integrating Eq. (3) between the limits t = 0 to, t and W = 0
o W,  the following expression is obtained:

n
W∞ = Kt (4)
W∞ − W

The swelling process of the nanoparticles is considered to fol-
ow first order kinetics if the plot of ln(W∞/W∞ − W)  as a function
f time yields a straight line. In the present study, the plots obtained
Fig. 4. Plots demonstrating first order kinetic behavior of swelling of nanoparticles
with variation in concentrations of (A) calcium chloride, and (B) alginate.

for varying concentrations of calcium chloride and alginate are
shown in Fig. 4(A) and (B), respectively, and they confirm the first
order kinetic mechanism of the water sorption process.

3.5.2. Effect of alginate
The influence of alginate on the swelling ratio of nanoparti-

cles was investigated by varying the amount of alginate in the
feed mixture of nanoparticles in the range from 0.5 to 5.0 g. The
results shown in Table 1 indicate that the swelling ratio increases
as the quantity of alginate increases up to 1.0 g, while it decreases
thereafter as the quantity of alginate continues to increase. The
observed initial rise in swelling may  be attributed to the increasing
hydrophilicity of the nanoparticles, whereas the decrease observed
with increasing alginate content may  be attributed to the much
greater quantity of alginate in the matrix which gives rise to a com-
pact network of biopolymer chains. The greater interaction among
alginate macromolecules results in restrained mobility of the net-
work chains. Moreover, a compact structure gives rise to small pore
sizes of the network, which also slows down diffusion of water
molecules into the particles, thus also bringing about a decrease
in the swelling ratio. Similar results have been reported by others
(Bajpai & Mishra, 2005).

3.5.3. Effect of a cross-linker
In this study, the effect of cross-linker on the water sorption

capacity of nanoparticles was  studied by varying the concentration
of calcium chloride in a range from 0.5 to 5.0 M.  Water sorption
data are presented in Table 1 which indicates that the quantity
of water imbibed by nanoparticles decreases significantly as the
concentration of the cross-linking agent increases. The results are
quite obvious as the greater quantity of the cross-linking agent
implies the formation of a greater number of smaller size cavi-
ties that provide a lower volume to accommodate water molecules
thus resulting in lower degree of swelling. Similar results have been
reported by other workers (Bajpai & Bhanu, 2004).

3.5.4. Effect of pH
Soil reactivity is often expressed in terms of pH, which is a mea-

sure of the acidity or alkalinity of the soil. The pH of soil normally
ranges from 3.5 to 9.5, as pH values beyond these extremes are
toxic to life (Chang, 1984). Among various factors that influence the
water sorption capacity of nanoparticles, the pH is a prime param-
eter, particularly in those swelling systems in which the water

absorbing materials are ionic in nature. In this study, the calcium
alginate nanoparticles that possess an anionic charge, along their
macromolecules, have been evaluated for their swelling potential.
To see their swelling performance with the pH of the swelling
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Table 1
Data showing the effect of composition of nanoparticles and temperature and pH of the swelling bath on equilibrium swelling ratio, swelling exponents and diffusion
constants.

Sodium alginate (g) Calcium chloride (M)  Temp. (◦C) pH Equilibrium swelling ratio Swelling exponent n D (×10−14 cm2/S)

0.5 0.5 25 7.2 3.20 ± 0.12 0.284 7.85
1.0  0.5 25 7.2 3.85 ± 0.14 0.343 11.5
1.5  0.5 25 7.2 2.90 ± 0.10 0.249 6.10
2.0  0.5 25 7.2 2.64 ± 0.08 0.141 3.10
3.0  0.5 25 7.2 2.12 ± 0.07 0.241 2.68
1.0  1.0 25 7.2 3.23 ± 0.13 0.166 5.39
1.0 1.5 25  7.2 3.01 ± 0.14 0.183 6.55

1.0  2.0 25 7.2 2.58 ± 0.11 0.205 8.2
1.0  3.0 25 7.2 2.20 ± 0.09 0.343 11.5
1.0  5.0 25 7.2 1.68 ± 0.04 0.183 6.55

1.0  0.5 5 7.2 2.22 ± 0.10 0.243 7.34
1.0  0.5 15 7.2 3.40 ± 0.14 0.422 8.21
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1.0  0.5 37 7.2 

1.0  0.5 25 4.2 

1.0  0.5 25 9.2 

edium, the pH of the swelling bath was varied in the range from
.2 to 11. The water sorption data are summarized in Table 1
hich indicates that the quantity of water imbibed decreases as

he pH increases up to 7.4, while it further decreases when the pH
xceeds 7.4. The observed increase in swelling with increasing pH
ay  be explained by the increase in pH of the carboxylic groups

resent along with the biopolymer chains undergoing ionization
hus generating carboxylate anions. These ionic groups produce
epulsion forces among anionically charged chains causing them
o substantially relax, which in turn permit a greater number of
ater molecules to enter the alginate network. This clearly results

n a greater swelling ratio of nanoparticles. The observed increase
n swelling of alginate nanoparticles has also been reported by else-

here (Foss & Goto, 2004).
From the swelling data shown in Table 1, it can be seen that

hen the pH exceeds 7.4, the water sorption capacity of nanopar-
icles decreases drastically. The observed decrease in the degree of
welling may  be explained by the fact that, at a much higher alka-
inity, the calcium ions tend to bind with the hydroxyl anions, thus
reaking bonds with the carboxylate anions of the alginate chains.
his results in a collapse of the egg-box structure of the calcium
lginate and leads to deswelling of the nanoparticle network.

.5.5. Effect of temperature
This study was specifically undertaken to judge the suitability

f swelling-deswelling nanosystems to see if their water holding
nd releasing capability may  be used to solve irrigation problems
rising due to infrequent rainfall in cold desert-like areas. Thus, the
ole of temperature is quite important and must be evaluated to
ee how it affects the water sorption behavior of nanoparticles. To
tudy this effect, the temperature of a swelling bath was  varied in a
ange from 5 ◦C to 37 ◦C. The swelling data at various temperatures
re shown in Table 1, revealing that the swelling ratio increases up
o 25 ◦C, whereas a decrease in the ratio is observed beyond that
emperature.

The greater water uptake as the temperature increases may
e explained by the fact that, at higher temperatures, the kinetic
nergy of penetrant water molecules increases as does the relaxing
f the alginate chains, collectively leading to significant swelling
f the nanoparticles. However, as the temperature rises beyond
5 ◦C, the swelling ratio decreases, which may  be attributed to
he weakening of the van der Waal forces operative between the

ydrophilic alginate and water molecules. This results in expul-
ion of water molecules from the bulk of the nanoparticles into the
elease medium. Some authors (Roy, Bajpai, & Bajpai, 2008) have
ttributed the observed decrease in water holding capacity to the
2.90 ± 0.11 0.393 9.64
2.95 ± 0.13 0.343 11.5
1.65 ± 0.01 0.312 8.8

enhanced tendency of erosion of the alginate nanoparticle layers
which brings about a fall in the swelling ratio of the nanoparticles.

3.6. Deswelling study

The water releasing capacity of swollen nanoparticles is an
important factor in determining the use of nanoparticles for
sustained irrigation in agriculture. Thus, this section describes
deswelling behavior of pre-swollen nanoparticles as a function of
nanoparticle composition and experimental conditions.

3.6.1. Mechanism of water release
To gain insight into the release mechanisms during deswelling,

the following equations, based on Fick’s law but applicable to a
spherical device, were used (Park, Hempleman, & Propper, 2001):

Wt

W
Ktn (5)

Wt

W
= 4

[
Dt

�r2

]
(6)

where Wt and W∞ represent the quantities of water released at
time t and equilibrium, respectively, K is the swelling front factor,
n is the release exponent, and r is the radius of the dry particles.
The value of n determines the nature of the involved release mech-
anism, i.e.,  when n is equal to 0.43, the release is Fickian, and when
n lies between 0.43 and 0.85, the release mechanism is non-Fickian
in nature. Moreover, for n being equal to 0.85, the mechanism is
coined as case II, the most desirable condition in controlled release
technology. Likewise, the numerical value of the diffusion con-
stant, D, when compared to the numerical value of others also
provides information about the internal architecture of the swelling
or releasing network.

In this study, the values of n and D for varied concentrations of
alginate and calcium chloride are presented in Table 1. The values
of n are much smaller than 0.43, whereas those of D do not show a
regular trend in their variation.

3.6.2. Effect of alginate
The effect of variation in the amount of alginate on the

deswelling behavior of nanoparticles has been studied by varying
it in the feed mixture in the range from 0.5 to 5.0 g. The results
shown in Fig. 5(a) clearly reveal that the rate of water loss gradu-

ally increases with increasing alginate content in the nanoparticles.
In other words, by increasing the quantity of biopolymer in the
nanoparticles, the tendency of water to loosen gradually increases
over time. The observed results may  be explained by the fact that
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Fig. 6. Effect of (A) temperature, and (B) pH on % deswelling of nanoparticles at fixed

ig. 5. Effect of variation of % deswelling of water with increasing concentration of
a)  alginate, and (b) calcium chloride.

s the alginate content in the nanoparticles increases, the water
olecules find more cavities to leave from the bulk of the nanopar-

icles, thus resulting in greater loss of water. These findings also
uggest that for a formulation with long lasting water releasing
otential, the alginate content must be kept low. For instance,
hen alginate content is 0.5 g, only 50 percent of water loss occurs
ithin 15 days, while for nanoparticles with 3.0 g of alginate con-

ent almost 90 percent or more of the water is lost in the same time
eriod. Similar deswelling behavior has been reported by other
orkers (Roy et al., 2008).

.6.3. Effect of cross-linker
The influence of cross-linker content on the deswelling rate of

ater was studied by varying the concentration of calcium chlo-
ide in a range from 0.5 to 5.0 M.  The results are shown in Fig. 5(b)
hich indicates that the rate of water loss increases with increased

oncentrations of cross-linker. For example, it is clear from the
eswelling profiles that at 0.5 M cross-linker content, water loss is
bout 80 percent in 15 days, whereas at 2 M concentration, about
00 percent water is lost in the same time period. This obviously
uggests that to have a long sustained release of water, the algi-
ate nanoparticles must be cross-linked to a lesser extent. It is
lso apparent that for nanoparticles cross-linked with 0.5 M cal-
ium chloride, 100 percent water loss requires about 25 days. Thus,
epending on the quantity of water needed for a specific time
eriod and crop, the rate of water loss may  be controlled as desired.
he findings may  be attributed to the fact that nanoparticles with a
ow degree of cross-linking may  have wide pores (cavities) that
xpose a smaller surface area to the atmosphere resulting in a
educed deswelling rate. On the other hand, in greatly cross-linked
alcium alginate nanoparticles, cavities of smaller sizes are devel-
ped that offer a larger surface area of nanoparticles for deswelling
hich results in rapid water loss. Similar deswelling behavior has

lso been reported by other workers (Bajpai, Bajpai, & Mishra,
006).

.6.4. Effect of temperature
In this study, the loss in water from deswelling nanoparticles

as monitored across a temperature range from 4 ◦C to 37 ◦C; the

bserved deswelling profiles are presented in Fig. 6(a). The results
learly reveal that the water loosening tendency of nanoparticles
ncreases as the atmospheric temperature increases. The figure
hows that at 4 ◦C about 80 percent of the water is lost in 8 days,
chemical composition.

while at 25 ◦C; almost 100 percent water is lost over the same
time period. When the temperature is increased to 37 ◦C, 100 per-
cent of the water was  lost after only 6 days. Interestingly, these
results suggest that in colder regions the swollen nanocarriers may
work better, losing water over a longer time than nanocarriers do
in hotter areas where the water loosening tendency is enhanced
and almost complete water loss occurs in a comparatively shorter
time frame. These results are quite expected and may  be explained
by the fact that with increasing temperature, the water molecules
may  not be held firmly by the alginate chains, and as a conse-
quence they are lost a little faster. On the other hand, at lower
temperatures the binding forces between water molecules and algi-
nate chains remain stronger and therefore water is lost somewhat
slower. Alternatively, it is also clear that with increasing temper-
ature the dynamicity of both water molecules and alginate chains
is enhanced, which also accounts for a greater rate and quantity of
water loss.

3.6.5. Effect of pH
The pH of the soil is an important factor that affects the sus-

tainability of irrigated water. To investigate the influence of soil
pH on moisture content, the moisture retention property of the
soil mixed with pre-swollen alginate nanoparticles was studied
by putting a specific weight of swollen nanoparticles in a prede-
termined quantity of soil and then periodically determining the
moisture content of the soil over time. Specifically, the water
released by the nanoparticles was  assessed in terms of moisture
content at varied pH levels from 4.2 to 11.4. The results are shown in
Fig. 6(b), which indicates that at neutral pH of 7.0, the rate of mois-
ture loss is slower than the rate of loss for acidic or basic nature
soil. For example, about 65 percent moisture content is retained
after 6 days at neutral pH, while more than 80 percent moisture
is retained in the same time period. Thus, in the neutral soil, the
moisture content due to release of water by the nanoparticles lasts
longer than in soils having acidic and basic nature. The observed
slower release of water in neutral pH soil may  be explained by the
fact that due to the poor dissociation of carboxylic groups of algi-
nate, there will be less chain relaxation and, consequently, a lesser
quantity of water will be lost to the soil. This situation is very desir-

able if watering of plants has to be sustained for extended time
periods.
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ig. 7. (Left) Comparative variation of moisture content with time in native soil (co
he  difference in plant growth when no nanoparticles are present (left pot) and wit

.7. Soil pot experiments

The soil-pot experiments were performed to evaluate the effi-
iency of the prepared nanoparticles and to see how long they
ould sustain watering of the plants. The moisture content in
he native and nanoparticle-mixed soil at varied time periods is
hown in Fig. 7 (left). The results clearly reveal that in native soil
he moisture content falls rapidly, whereas in the nanoparticle-

ixed soil, the moisture content lasts longer, thus providing a
ore favorable condition for plant growth. The data show that in

he absence of nanoparticles in the soil about 100 percent mois-
ure is lost after 7 days, while for soil mixed with nanoparticles
bout 20 percent moisture is still retained, even after 11 days. The
nfluence of slow, controlled release of water on plant growth is
epicted in Fig. 7 (right), which shows that the plants watered with
anoparticle-mixed soil exhibits better growth. The plants without
ixing of nanoparticles stopped growing after the first two  weeks

nd showed signs of dehydration. All the plants in the mixed soil
ontinued to grow for two weeks and were much healthier.

. Conclusions

Emulsion cross-linking of alginate with calcium ions produces
alcium alginate nanoparticles that function as water reservoirs
nd, therefore, may  prove to be an excellent means to provide sus-
ained irrigation in areas where water is scarce. The XRD spectra of
anoparticles prepared in this way show sharp diffraction peaks at
3.5, 21.8, and 38.6, 2� suggesting for their crystalline nature. The
anoparticles bear a negative potential of 29.3 mV,  which imparts
tability to their aqueous suspension. The FESEM studies revealed
hat the particles are nearly identical in size and have a dimension
f 100 nm.  The nanoparticles exhibit a first order kinetic behav-
or with respect to variation in the concentration of alginate and
ross-linker. When the quantity of alginate in the nanoparticles
s increased, the swelling ratio initially increases and thereafter
ecreases, whereas increasing the quantity of cross-linker results

n a significant decrease in water sorption capacity. The extent of
ater sorption also varies with variation in the pH and temper-

ture of the water reservoir. The water releasing studies suggest
hat a formulation with less alginate but highly in crosslinked state

ay  be best suited for sustained watering of plants. It was  also
bserved that a soil with neutral pH and a low temperature also

avors sustained irrigation. The slow watering potential of nanopar-
icles was also demonstrated with soil-pot experiments, in which
lants exhibited much better growth when nanoparticle-mixed
oil was used. Thus, agricultural applications using the developed
 and nanoparticles mixed soil (5 g NPs with 5 kg soil). (Right) Photograph depicting
oparticles (right pot).

nanocarriers system may  be efficacious for watering plants and
fields, especially in those areas where water is scarce or average
rainfall quite low.
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