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ABSTRACT: A novel nanosuperabsorbent composite
(NSAPC) was prepared by in situ grafting polymerization
and cross-linking on to a novel biopolymer of plant origin
(complex heteropolysaccharide in nature) in the presence of
a clay mineral using a green chemistry technique. The opti-
mization studies of various synthesis parameters, namely,
type of clay, backbone/clay ratio, monomer concentration,
cross-linker concentration, initiator concentration, quantity
of water per unit reaction mass, particle size of backbone,
etc., were done. The NSAPC was characterized by X-ray dif-
fraction and scanning electron microscopy. Swelling behav-
ior of NSAPC in response to external stimuli namely salt
solutions, fertilizer solutions, temperature, and pH was stud-

ied and compared with the performance of P-gel, a commer-
cial superabsorbent material developed earlier in our
laboratory. The NSAPC exhibited significant swelling in var-
ious environments. Effect of NSAPC on water absorption
and retention characteristics of sandy loam soil and soil-less
medium was also studied as a function of temperature and
tensions. Addition of NSAPC significantly improved the
moisture characteristics of plant growth media (both soil
and soil-less), showing that it has tremendous potential for
diverse applications in moisture stress agriculture. VC 2010
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INTRODUCTION

In view of the fast depletion of ground water
reserves, uncertainty of rains in arid and semiarid
regions of the world, coupled with the growing food
demands of the burgeoning human population, effi-
cient use of water available for crops has become
highly relevant. In recent years, the use of superab-
sorbent polymers (SAPs) has been viewed as an
innovative tool to improve water use efficiency in
agricultural operations. Since the report of the first
SAP by United States Department of Agriculture,1

the research on developing better products for use
in agriculture continues world wide. Polymeric soil
conditioners have been known since 1950s.2 These
polymers were developed to improve the physical
properties of soil such as water-holding capacity
(WHC), soil permeability, and infiltration rates, facil-
itating plant development, especially in structure-

less soils in areas subject to drought.2–5 In addition,
purely synthetic as well as semisynthetic hydrogels
have been used for removal of heavy metals from
water as well as controlled release agro-input devi-
ces in agriculture.6–11

However, the effects of hydrogel technology in
agriculture are inconclusive because contradictory
effects on physical properties of growing media
have been reported.12–25 Although a number of com-
mercial hydrogels have been tried and recom-
mended in agriculture and horticulture, their use on
a large scale remains limited primarily because of
high cost, high rate of application, and their inability
to perform under harsh agro-climatic conditions.26,27

To overcome the impediments of the harsh condi-
tions of tropical soils, a SAP of semisynthetic origin
‘‘Pusa-gel’’ has been developed and commercialized
from our laboratory (indicated as P-gel in this
study). Pusa-gel is a cross-linked superabsorber
obtained by a process involving grafting and cross-
linking acrylate onto cellulosic backbone (backbone-
monomer ratio: 1 : 0.75 on % weight basis).28 The
nanocomposite studied in this work was developed
to explore the possibility of a better alternative to
P-gel.
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Superabsorbent composites and nanocomposites
have been receiving great attention in recent years
because of their unusual and enhanced properties
over conventional hydrogels.29 Bionanocomposites
add a new dimension to these enhancements
because of their ecofriendly and biocompatibility
characteristics.30 Utility of this new class of hybrid
materials in biomedical applications such as tissue
engineering, bone reconstruction, etc. has already
been established.31,32 However, little or no research
on their behavior in plant growth environments has
been reported. A critical factor underlying the appli-
cation scope of bionanocomposite properties is inter-
action between chosen matrix and the filler. In view
of this, a series of novel polyacrylate/biopolymer
clay-intercalated nanocomposites was synthesized by
a novel process and characterized.33 The biopolymer
chosen was a plant-based (Cochlospermum sps.) com-
plex heteropolysaccharide containing galactose,
rhamnose, and galacturonic acid units. A distinct
character of this biopolymer is its ability to retain
water (80 g/g, w/w basis).

In this article, the effect of various synthesis pa-
rameters on the water absorbency of novel compo-
sites has been reported and supported by structural
characterization. In the second part of this study, the
comparative evaluation of optimized nanocomposite
[nanosuperabsorbent composite (NSAPC), backbone-
monomer ratio: 1 : 2 on % weight basis] and P-gel in
different salt and fertilizer solutions as well as their
effect on water absorption and retentive capacity of
sandy loam soil and soil-less media has been
presented.

EXPERIMENTAL

Materials

Commercial-grade amorphous resin (complex heter-
opolysaccharide derived from Cochlospermum spe-
cies), dry micropowdered clays, acrylamide, N,N0-
methylenebisacrylamide cross-linker, and a persul-
fate initiator were purchased locally and used as
received without further purification.

Preparation of nanocomposites

The NSAPC were prepared by in situ grafting poly-
merization of acrylamide on the resin backbone in
the presence of clay mineral and cross-linker using
persulfate initiator in microwave-assisted free-radical
polymerization technique.33 To optimize the concen-
tration of various synthesis parameters, a sequential
completely randomized design was adopted. A typi-
cal procedure is as follows: An aqueous solution
containing specific weight ratio of resin and clay,
monomer, and cross-linker was heated upto 80�C for

a period of few seconds, followed by addition of ini-
tiator. The mixture was kept as such for a couple of
hours. The resulting product was washed with dis-
tilled water and air dried under ambient conditions.
The dehydrated sample was further vacuum dried
till constant weight. The dried product was milled
and screened through 300-mesh-size screen.
Wide-angle X-ray diffraction (XRD) measurements

were performed using a Philips PW1710 diffractome-
ter control equipped with Philips PW1728 X-ray gen-
erator. The scanning range was 3–20� 2y, with a
scanning rate of 1.2� 2y/min. Scanning electron mi-
croscopy images were obtained with a Zeiss EVO
Series scanning electron microscope (EVO 50) with
resolution of 2.0 nm at 30 kV.

Water absorbency measurements

A composite sample weighing 0.1 g (particle size
100–240 mesh size) was immersed in the excess of
distilled water (pH 7.0, EC 0.001 mhos/cm) in tripli-
cate and kept at two temperatures, 25�C and 45�C,
separately until equilibrium was attained. Free water
was filtered through a nylon sieve (200 mesh size),
gel allowed to drain on sieve for 10 min, and finally
weighed. The water absorbency (QH2O) was calcu-
lated using the following equation:

QH2O ðg=gÞ ¼ ðw2 � w1Þ=w1;

where w1 is the weight of xerogel (dry absorbent)
and w2 is the weight of swollen gel. QH2O was calcu-
lated as grams of water per gram of dry sample. The
NSAPC exhibiting maximum absorption in distilled
water was further evaluated and compared with P-
gel in different salt solutions.

Salt solution absorbency measurements

Dry P-gel and NSAPC were milled separately to
achieve particle size in the range (100–240 mesh
size). Aqueous solutions of different strengths (5, 10,
15, and 20 mM) of four salts namely ammonium sul-
fate (AS), ammonium nitrate (AN), potassium nitrate
(PN), sodium chloride (SC), and one fertilizer
namely urea (U) were prepared and used. The dried
and milled sample was immersed in salt solution of
a particular strength at 25�C. The swollen gel was
weighed after 24 h, using same equation as above.
Similar experiment was repeated in tap water (pH

7.87, EC 1.099 mhos/cm), hard water, and aqueous
solutions of pH 4, 7, and 9. Hard waters of three dif-
ferent strengths were prepared in the laboratory
according to CIPAC standard method and labeled as
hard water A (hardness 20 ppm, pH 5–6, and Ca : Mg
ratio 50 : 50), hard water B (hardness 20 ppm, pH 8–9,
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and Ca : Mg ratio 80 : 20), and hard water C (hard-
ness 500 ppm, pH 7–8, and Ca : Mg ratio 80 : 20).

Water absorption and retention measurement in
soil and soil-less media

Sandy loam soil and soil-less media (a sterilized
mixture of cocopeat, vermiculite, and perlite in the
ratio 3 : 1 : 1 on volume basis) were collected from
institute farm and protected cultivation nursery,
respectively. Air-dried soil sample was passed
though the 2-mm sieve and mixed with P-gel and
NSAPC at the rate of 0.5% and 0.75% each. Soil-less
medium was dried till constant weight was attained
and used as such.

For water absorption, desired amounts of
amended soil (50 g) or soil-less medium (20 g) were
taken in preweighed plastic cups having perforated
bases fitted with filter papers. Subsequently, each
cup was immersed overnight in water to saturate
through capillary water rise. Water held by the sam-
ple was determined gravimetrically. WHC of soil
and soil-less medium was calculated by the follow-
ing equation:

WHC ð%Þ ¼ M�m=m� 100;

where M denotes weight of wet sample (g) and m
denotes weight of oven-dried sample (g).

Water retention study was done using pressure
plate apparatus at different tensions: 2pF, 2.4pF,
2.7pF, 3pF, 3.7pF, and 4.2pF. Ceramic plates were
kept overnight in water for saturation. Amended
soil and soil-less media were filled in rubber rings
arranged on bar plates and allowed to saturate over-
night. Care was taken to ensure proper contact
between the samples and ceramic plate surface. The
saturated samples along with ceramic plates were

placed in pressure chamber pertaining to different
tensions. The pressure was applied and maintained
till water stopped flowing out of the chamber. Sam-
ples were transferred to moisture boxes immediately
and weighed. The moist samples were dried in a hot
air oven at 105�C for 24 h, air cooled, and
reweighed. The amount of water held at particular
pressure was calculated using following equation:

WC ð% by weightÞ ¼ ðWwet �Wdry=WdryÞ � 100

where WC is the percent water content of soil or
soil-less media on weight basis, Wwet is the mass of
wet soil or soil-less media at a particular tension,
and Wdry is the weight of oven-dried soil or soil-less
medium.

Statistical analysis

The experiments on effect of various parameters on
water absorbency values were conducted using fac-
torial completely randomized design. To identify the
best treatment combinations, the data were analyzed
by one-way classified analysis using PROC GLM
procedure of SAS package (SAS Institute, Cary, NC).

RESULTS AND DISCUSSION

Identification of superabsorbent nanocomposite

The XRD patterns of clay (1 : 1 type) (A), back bone
(B), NSAPC(C), and clay-free gel (D) are shown in
Figure 1. The values of interlayer spacing in A, B, C,
and D (Table I) were calculated using Bragg’s law
(nk ¼ 2d siny). The scattering curve of clay (A)
shows a prominent XRD peak because of layered
crystalline structure corresponding to c-axis spacing
at 7.016 E (2y ¼ 12.6�). The backbone (B) exhibited a
distinguishable peak indicating its ordered structural
configuration corresponding to spacing at 9.29 Å (2y
¼ 9.5�). The same peak is retained in the scattering
curves of NSAPC(C) and clay-free gel (D). In the
XRD pattern of NSAPC, in which clay was incorpo-
rated during polymerization, the peak corresponding
to A at 7.016 Å disappeared, with simultaneous
appearance of a peak, at 2y ¼ 10�; c-axis spacing
was 8.98 Å. The significant difference in the peak
positions corresponding to clay established that the

Figure 1 XRD patterns of clay (A), backbone (B), NSAPC
(C), and clay-free gel (D). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]

TABLE I
Interlayer Spacing Values of in Clay (A), Backbone (B),

Nanocomposite (C), and Clay-Free Gel (D)

Material Spacing (Å)

A 7.016
B 9.29
C 8.98, 9.29
D 9.29
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NSAPC, prepared by in situ solution polymerization
process, was an intercalated nanocomposite.

Surface morphology of nanocomposites under
scanning electron microscope was examined to inves-
tigate arrangement of clay aggregates in the matrix
of the polymers. Figure 2 compares microscopic
surfaces of clay A, backbone B, clay-free gel C, and
composites D, E, and F with backbone/clay ratios 1/
0.1, 1/0.3, and 1/1, respectively. Micrograph of clay
exhibited disordered flakes with ragged and some-
what irregular edges, indicating that the clay mineral
used in the composite synthesis was poorly crystal-
line. This observation is in conformity with observa-
tion reported in Grim.34 Micrograph of backbone (B)
revealed a well-defined layer of polysaccharide uni-

tes of varying lengths. Comparison of morphology of
clay-free gel with the composites showed nearly
smooth surface of clay-free gel because of homoge-
nous grafting and cross-linking of monomer onto the
backbone, whereas the composites, particularly those
containing higher clay proportions (E and F), dis-
played fractured but specific topography, because of
orientation of layered clay particles into the matrix of
backbone. Absence of any nonhomogenous scattering
of clay aggregates was an indication of a good degree
of its participation in the polymerization reaction
leading to composite formation. This fact was further
substantiated by the presence of hydrophilic polar
groups in the lattice of clay, which seemed to have
taken part in the reaction process.

Figure 2 Scanning electron micrographs (�30,000K) for clay (A), backbone (B), clay-free gel (C), and composites of vari-
ous backbone clay ratios (D, E, and F). [Color figure can be viewed in the online issue, which is available at wiley
onlinelibrary.com.]
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Effect of clay type vis-à-vis monomer
concentration on water absorbency

The absorption values for superabsorbent composites
prepared by variation of monomer concentration
with four types of clay are shown in Table II. The
samples containing clay-2 (1 : 1 type) exhibited maxi-
mum water absorption at 45�C. Remaining three
clays, all belonging to 2 : 1 type, showed lesser swel-
ling particularly at 45�C. In clay-1 series, increase in
monomer concentration led to increase in water
absorbency by the sample. In clay-2 series, the water
absorbency increased with increase in monomer con-
tent from 32.96% to 56.73%. Further increase led to
decrease in swelling. Clay-4 series also showed the
similar trend. In clay-3 series, increase in swelling
occurred up to 39.60% monomer content in the feed
after which it decreased significantly. The clay-spe-
cific initial increase in water absorbency could be
due to different extents of grafting (Table II).
Decrease after a particular monomer concentration
could be attributed to increase in homopolymer per-
centage, resulting in increase in soluble fraction at
fixed cross-linking density.35 However, in this study,
because increase in monomer concentration has led
to consistent increase in % add-on in all the series,
the decrease in swelling after a particular monomer
concentration may be explained in terms of phenom-
enon of self cross-linking as a result of grafting of
higher amount of monomer, thus preventing accessi-
bility of more solvent in the matrix.6

As regards the effect of clay type on water absorb-
ency, the clay type is an important factor because
composite formation involves copolymerization reac-

tion between -OH groups of clay and polar func-
tional groups of backbone and the vinyl monomer.
Clays 1, 3, and 4 belong to the smectite group (2 : 1
type), which possess remarkably higher swelling
ability on exposure to water compared with clay-2,
which belongs to the kaolinite group (1 : 1 type).
According to Table II, the QH2O of the composite of
clay-2 was higher than that of clays 1, 3, and 4.
Because clays 1, 3, and 4 are more hydrophilic in na-
ture than clay-2, their hydration and distension in
reaction medium is more than in clay-1, which ulti-
mately leads to higher cross-linking density in their
composites. Higher cross-linking density leads to
lower QH2O values by not providing enough space
for water entry and consequent swelling. This trend
was similar to the one reported by Wu et al.36

Effect of clay content on water absorbency in
deionized water

Water absorbency of nanocomposites in deionized
water as a function of the clay content is shown in
Table III. Water absorbency increased although non-
significantly, with increasing weight percentage of
clay-2. According to Flory’s swelling theory,37 water
absorbency of a gel is directly proportional to the af-
finity of gel toward water, which in this study was
maximum at or below 3 wt %. At molar ratios >3
wt %, water uptake decreased. This observation is in
agreement with reports by Chen and Zhao,38 who
reported that the inorganic clay mineral acts as addi-
tional network point, resulting in increase in cross-
linking with increase in clay content, manifesting in
decreased water absorbency.

TABLE II
Effect of Clay Type vis-a-vis Monomer Content on Water Absorbency

Clay Type Monomer (wt %) % Add-on

QH2O (g/g)

25�C 45�C

Clay-1 32.96 36.00 72.17m 82.16l

39.60 74.00 83.64l 85.48l,k

56.73 216.00 95.10j,i 108.10h,g

66.29 351.00 114.52f,g 121.00e,f

Clay-2 32.96 53.00 68.03n 108.90h,g

39.60 112.00 126.19e 168.93b

56.73 205.00 174.08b 211.20a

66.29 146.00 109.53h,g 171.00b

Clay-3 32.96 03.00 89.85j,l,k 97.87i

39.60 35.00 142.43d 160.13c

56.73 135.00 124.07e 93.67j,i

66.29 306.00 108.70h,g 75.63m

Clay-4 32.96 24.00 95.60j,i 124.23e

39.60 77.00 95.63j,i 128.06e

56.73 200.00 121.13e,.f 159.03c

66.29 368.00 106.40h 109.03h,g

Backbone : clay ratio, 1 : 0.5; backbone : cross-linker ratio, 1 : 0.025.
Least significant difference at 5%: 7.48; Means within columns followed by different superscript letters are significantly

different at 5% level of significance and those followed by the same letter does not differ significantly at 5% level of
significance.
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Effect of cross-linker content on water absorbency

The effect of cross-linker content on water absorb-
ency behavior of composites is shown in Table IV.
The results indicate that the swelling ratio increased
significantly with cross-linker concentration in the
range 0.06–0.12 wt %, beyond which it significantly
decreased with further increase in cross-linker con-
centration. The initial increase can be understood on
the basis of the presence of hydrophilic groups in
the molecular structure of cross-linker. Below 0.12
wt % of cross-linker, the soluble fraction remains
more resulting in lesser absorbency of composite.
Decreasing water uptake above 0.12 wt % can easily
be explained in terms of generation of extensive
cross-link points, resulting in highly cross-linked
structures that cannot expand sufficiently to hold

large quantities of water. This observation is sup-
ported by earlier reports.39 At cross-linker content
smaller than 0.006 wt %, the sample remains in sol–
gel states in water and QH2O cannot be determined.

Effect of volume of water in the feed on water
absorbency

The variation of QH2O with the volume of water in
the feed, expressed as mL/g reaction mass is shown
in Table III. It is clear that increase in quantity of
water from 1.6% to 6.4% resulted in significant and
exponential increase in QH2O values. This could be
due to increase in effective collisions between reac-
tive moieties as the volume of water was increased
upto 6.4%. Further increase led to inconsistent gel
formation and increase in soluble fraction, which
could be due to dilution of cross-linker, thus leading
to poor network formation.

Effect of initiator concentration on water
absorbency

The relationship between initiator concentration and
the water absorbency is depicted in Table IV. Initial
increase in initiator concentration upto 0.64 wt % led
to increase in water uptake, beyond which further
increase led to sharp reduction in swelling ratio. Ini-
tial increment in water absorbency could be attrib-
uted to rise in number of active radicals on the back-
bone. Subsequent decrease in absorbency can be
explained in terms of the phenomenon of ‘‘self-
cross-linking,’’ a term cited by Chen and Zhao.38

This refers to increase in terminating step reaction
rate via bimolecular collisions, resulting in enhance-
ment in cross-link density of the network.

TABLE III
Effect of Clay-2 Content on the Water Absorbencies of

Nanocomposites

Clay percentage
(wt %)

QH2O (g/g)

25�C 45�C

0.0 168.3a 171.23a

3.0 170.50a 172.32a

9.0 145.90b 146.10b

15.0 138.10c 140.33c

18.0 102.30e 119.93d

24.0 89.77f 98.70e

Synthesis parameters: weight ratio of monomer, cross-
linker, and initiator to backbone, 2 : 1, 0.025 : 1, and 0.04 :
1, respectively.
Least significant difference at 5%: 5.32; Means within

columns followed by different letters are significantly dif-
ferent at 5% level of significance and those followed by
the same letter do not differ significantly at 5% level of
significance.

TABLE IV
Effect of Cross-linker Content, Volume of Water Used, and Initiator on the Water Absorption Behavior of

Nanocomposites at 25�C and 45�C

Cross-linker
content1 (wt %)

QH2O Volume of water2

(mL/g reaction mass)

QH2O Initiator
content3 (wt %)

QH2O

25�C 45�C 25�C 45�C 25�C 45�C

0.06 218.1g 232.23f 1.6 63.74f 67.78f 0.32 316.83c 318.8c

0.12 282.8d 323.52b 3.2 185.60 e 187.60e 0.64 344.30b 447.333a

0.20 316.66c 370.23a 4.8 279.80c,d 325.13b 0.96 228.65e 265.917d

0.25 210.96h 250.53e 6.4 288.23c 376.70a 1.90 213.83f 231.533e

0.30 149.60j 189.00i 8.0 190.67e 265.56d

0.75 115.16k 151.27j

1.5 76.36l 77.30l

LSD at 5% 5.70 16.14 10.86

Means within a column followed by different letters are significantly different at 5% level of significance and those fol-
lowed by the same letter do not differ significantly at 5% level of significance.

1 Synthesis parameters: weight ratio of monomer, clay, and initiator to backbone: 2 : 1, 0.1 : 1, and 0.04 : 1, respectively.
VH2O 4.8 mL/g feed.

2 Synthesis parameters: weight ratio of monomer, clay, cross-linker, and initiator to backbone: 2 : 1, 0.1 : 1, 0.006 : 1,
and 0.04 : 1, respectively.

3 Synthesis parameters: weight ratio of monomer, clay, and cross-linker to backbone: 2 : 1, 0.1 : 1, 0.006 : 1, and 0.04 : 1,
respectively. VH2O 4.8 mL/g feed.
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Effect of particle size of backbone polymer on the
water absorbency

The effect of backbone particle size on QH2O values
is shown in Table V. It can be seen that decrease in
particle size up to 100–240 mesh size resulted in sig-
nificant increase in the swelling ratio at both 25�C
and 45�C. Subsequent decrease, however, exhibited
fall in absorbency. This may be explained in terms
of increase in specific surface area of backbone with
decrease in particle size, leading to its superior
expansion and swelling in aqueous medium that
seemed to form a network structure of optimum
cross-link density. Composite prepared with particle
size <240 mesh size exhibited decrease probably
because of inability of initiator to generate sufficient
free radicals on the highly expanded backbone
chains, resulting in low cross-link density.

Absorbency rate measurements

Absorption rates of NSAPC and P-gel were com-
pared in distilled water at three different tempera-
tures. The results shown in Figure 3 indicate that
both the gels exhibit sensitivity toward change in
temperature as QH2O increased with temperature
increase from 25�C to 45�C. Rates of absorption,
however, varied in the two gels. Except at 25�C,

NSAPC attained maximum absorption in 8 h at 35�C
and 45�C, whereas the P-gel attained the same in 12
h irrespective of temperature. Buchanan et al.40 sug-
gested that the swelling kinetics for an absorbent is
a function of swelling capacity, particle size distribu-
tion of the powder, and specific surface area of the
polymer. Introduction of clay into the gel matrix of
NSAPC resulted not only in enhancement of the
absorption rate, but also increase in the QH2O value
compared with that of P-gel. This is primarily
because of the ability of OH groups of clay to bind
water, resulting in formation of a rapid microstream
of water.

Effect of quality of water on absorbency

Water quality plays an important role in perform-
ance of superabsorbents in agriculture. The effect of
water quality on the swelling ratio of NSAPC and P-
gel is shown in Figure 4. Compared with distilled
water, the absorbency values are less in both the
polymers. However, water uptake of NSAPC was
significantly higher relative to P-gel in all water
types. In hard water, the QH2O decreased with
increase in ionic strength. The decrease may be
attributed to screening of anions by the cations in
the hard water, which increased with the strength.
Also, increase in divalent Ca and Mg ions resulted
in increase in degree of cross-linking and the conse-
quent fall in absorbency. This observation is sup-
ported by earlier work by Pourjavadi et al. in 2008.41

Effect of pH on water absorbency

As shown in Figure 5, swelling capacity of both the
‘‘ionic hydrogels’’ was maximum at pH 7.0. Under
acidic pH, swelling is significantly reduced, primar-
ily because of protonation of most of the ACOO�

groups, which, in turn, resulted in elimination of re-
pulsive forces among anions. Increasing the pH of

TABLE V
Effect of Particle Size of Back Bone Polymer on the

Water Absorbency

Particle size (mesh)

QH2O (g/g)

25�C 45�C

10.0–25.0 >302.39g >376.06e

25.0–100.0 >313.20f >390.00d

100.0–240.0 >438.53b >450.50a

<240.0 >405.03c >409.66c

LSD at 5%: 9.53; Means within columns followed by dif-
ferent letters are significantly different at 5% level of sig-
nificance and those followed by the same letter do not
differ significantly at 5% level of significance.

Figure 3 Absorption rate of NSAPC and P-gel in distilled
water. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Figure 4 Water absorbency of NSAPC and P-gel as a
function of water quality. H-A, H-B, and H-C denote hard
water of strengths 20, 326, and 500 ppm, respectively.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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solution from 7 to 9 also resulted in fall in water
absorbency values. Swelling loss in highly basic sol-
utions is attributed to the charge screening effect of
excess Naþ on the carboxylate anions, preventing
expansion and swelling of the network.

Effect of salt type and strength on water
absorbency

Evaluation of the swelling behavior of superabsorb-
ent composites in various types of salt solutions,
particularly those applied as fertilizers and present
in saline soils, is very important in view of their ag-
ricultural and horticultural applications. Figure 6
depicts the comparative swelling of the optimized
composite NSAPC and the commercialized gel, P-
gel, in solutions of varying strengths of (NH4)2SO4,
NH4NO3, KNO3, NaCl, and urea. In all the salt solu-
tions, absorption was lesser compared with that in
distilled water. Both the gels exhibited minimum
decrease in urea solution at all concentrations. This
observation bears significance because for most of
the crops in agriculture, urea comprises an impor-
tant fertilizer in tropics and test hydrogels can be
recommended for simultaneous application with ba-
sal dose of urea. P-gel exhibited relatively more
absorption in all the salt types. In general, water
absorption decreased with the increase in concentra-
tion of salt solution, irrespective of the type of the
salt and gel type.

The result may be attributed to the reduction in
osmotic pressure difference between gel matrix and
external salt solution with increasing ionic strength.
For a given salt, the absorbency pattern was flatter
in NSAPC (composite) compared with P-gel (clay-
free). This observation is in contrast with the obser-
vation by Li et al.,42 who reported that with increas-
ing clay content, the % reduction in absorbency in a
salt solution decreased. It can be explained in terms
of difference in the nature of backbone in two gels.
Inherent presence of -COOH groups in the structure

of backbone in the composite may have led to rela-
tively higher extent of screening by salt cations.
The effect of ionic strength on water absorption

can be understood in terms of following equation by
Hermans:43

Qeq
5=3 ¼ Aþ Bi2=I

where Qeq is the water absorbency at equilibrium, i
is the concentration of charges bound to the gel, I is
the ionic strength of the external solution, and A
and B are the empirical parameters. As seen in Fig-
ure 6, for higher ionic strengths, linear relationship
between Qeq

5/3 and 1/I were observed. This corre-
sponded to counteraction of swelling force by cross-
linked network’s elastic force.35

Effect on water absorption and retention capacity
of sandy loam soil and soil-less medium

Water absorption by gel-amended soil and soil-less
media showed significantly higher degrees of mois-
ture contents compared with control (Fig. 7).
NSAPC-amended soil absorbed more water at both

Figure 5 Water absorbency of NSAPC and P-gel as a
function of pH of solutions. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]

Figure 6 Effect of different salt solutions with varying
ionic strength on water absorbency of (A) NSAPC (com-
posite) and (B) P-gel. AS, (NH4)2SO4; AN, NH4NO3; PN,
KNO3; SC, NaCl; and U, urea. [Color figure can be viewed
in the online issue, which is available at wileyonline
library.com.]
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25�C and 45�C relative to P-gel-amended soil. In
soil-less medium, however, reverse behavior was
observed. P-gel-amended medium absorbed more
water than the NSAPC-amended medium. In soil,
amendment with either gel at 0.75% exhibited signif-
icantly higher absorbency values compared with
0.5% application rate. On the other hand, in soil-less
medium, amendment at 0.5% and 0.75% in each gel
led to almost similar degree of absorption, indicating

that for nursery raising practices using soil-less me-
dium, amendment at 0.5% gel on weight basis is
sufficient.
The above part of study brought out the fact that irre-

spective of the type of absorbent material, % moisture
absorbed by free absorbent was more than when it is
present in the plant growth medium. This is because in
the amendment, the gel particle is surrounded by soil
or media particles, which subject it to confining pres-
sure,44 limiting the degree of its swelling.
Utility of a superabsorbent material for agricul-

tural and horticultural applications is evaluated in

Figure 7 Water absorption capacity of (A) soil and (B) soil-less media as a function of NSAPC and P-gel. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 8 Moisture retention curves of soil (A) and soil-
less media (B) under different matric tensions (pF) in con-
trol and amended condition. [Color figure can be viewed
in the online issue, which is available at wileyonline
library.com.]

Figure 9 Moisture release curves of soil (A) and soil-less
media (B) amended with P-gel and NSAPC. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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terms of its moisture characteristics under tension.
High and positive correlations were found between
soil water content and matric tension using potential
functions (Fig. 8). Compared with control, WHC of
soil and soil-less media amended with both the test
gels remained higher with rise in matric tension. At
field capacity (2.53pF), % water content retained in
P-gel-amended soil was higher than the NSAPC-
amended soil, whereas in case of soil-less medium,
almost equal amount of water was retained in both
the gels, particularly when applied at 0.75% rate.

Moisture release curve (Fig. 9, expressed in terms
of difference in moisture held at zero pressure and
at a particular pressure) indicates that soil amend-
ment with 0.75% NSAPC led to maximum improve-
ment in its water release property. As expected,
0.75% P-gel-amended soil-less medium exhibited the
most superior moisture release pattern.

The effect of gel addition on the water availability
behavior of soil and soil-less medium is shown in
Figure 10. Readily available water refers to differ-
ence in field capacity and soil moisture at a thresh-
old value of matric tension that provokes plant
water stress. Available water in amended soil and
soil-less media was calculated from the following
expression:45

Available Water Capacity ðAWCÞ¼ðFC�PWPÞqb=100

where, FC is percent moisture content in the root
zone on weight basis at field capacity level (2.53pF),
PWP is percent moisture content on weight basis

at wilting point (4.20pF), and qb is bulk density
(g cm�1) of soil/medium.
Addition of test hydrogels to soil and soil-less

media significantly increased the availability of
water to plant compared with control. In case of
soil-less medium, the lower rate of application
(0.5%) was as effective as higher rate (0.75%) for
both the gels. This observation was substantiated by
the values of onset wilting point in amended and
unamended plant growth media (Fig. 11). As is
clear, because of more availability of water in gel-
amended treatments, the permanent wilting point
approached in the amended soil in 4.7–6.3 days com-
pared with 2.4 days in control. Delay by 1.4–3.6
days was observed in soil-less media.

CONCLUSIONS

Effects of synthesis parameters on the swelling charac-
teristics of a series of novel polyacrylate graft biopoly-
mer clay-intercalated nanocomposites were studied.
The study showed that clay/backbone ratio, monomer
concentration, cross-linker concentration, and quantity
of water per unit reaction were critical parameters in
determining the swelling properties of composites.
Characterization by XRD confirmed the formation of
nanocomposites. Scanning electron microscopy analy-
sis showed polymer–clay interaction and participation

Figure 10 Effect of gel addition on available water from
soil (A) and soil-less media (B). [Color figure can be
viewed in the online issue, which is available at wiley
onlinelibrary.com.]

Figure 11 Effect of hydrogel concentration on water stor-
age of sandy loam soil (A) and soil-less media (B). [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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of clay in the reaction. The effect of temperature, pH,
and salinity on swelling behavior was investigated.
Drastic fall in water absorption capacity was not
observed in the presence of urea, a major nitrogenous
fertilizer used in tropics. Water absorbency and reten-
tion behavior of the optimized composite studied
under simulated conditions in soil and soil-less me-
dium as applicable in agriculture and horticulture and
compared with commercially available product P-gel
were found to be significantly higher than the control
and comparable with P-gel under most of the condi-
tions. The findings on effect of addition of nanocom-
posite on the moisture absorption, retention, release,
and availability characteristics of plant growth media
indicate toward its scope in enhancing water use effi-
ciency in conservation agriculture.
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