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Abstract A new type of maize bran (MB)-based superabsor-
bent nanocomposite with fertilizer slow-release property was
synthesized by free-radical graft copolymerization of acrylic
acid (AA) and acrylamide (AAm) monomers onto MB back-
bone in the presence of clinoptilolite (clino) and NPK fertilizer
compound. The FTIR results indicated that the grafting reac-
tion and the nanocomposite formation have been performed,
successfully. Rheological analyses were done to evaluate the
stability of the three-dimensional cross-linked gel network of
synthesized hydrogels. The effect of variable factors such as
salt solution type and concentration, and solution pH on the
water absorbency of hydrogel samples was investigated. Also,
swelling kinetic studies for all hydrogel samples were per-
formed. Rheological measurements revealed that all hydrogel
samples had a strong gel framework with stable crosslinked
network. Moreover, superabsorbent nanocomposite showed
higher gel strength compared with neat hydrogel which was
due to the additional physical crosslinking effect of clino par-
ticles. The equilibrium water absorption capacity of the syn-
thesized hydrogels in all saline solutions was lower than that
of values in distilled water. Additionally, hydrogel samples
showed pH-sensitive swelling behavior. Fertilizer release
studies showed that NPK loaded superabsorbent nanocom-
posite possesses excellent slow-release behavior. Besides, it
had better water retention capacity in soil. These results re-
vealed that the superabsorbent nanocomposite with good

slow-release and water retention properties, being cost effec-
tive and environment-friendly can efficiently improve the uti-
lization of fertilizer and water resources in agricultural and
horticultural applications.
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Introduction

Fertilizer and water are the vital input materials that limit the
production of agricultural crops, thus effective utilization of
them is an important issue [1]. Depending on application meth-
od and soil conditions, about 30–70 % of nutrients of the ap-
plied conventional fertilizers is lost to the environment and
cannot reach to the target plant, resulting in large economic
and resource loss as well as serious environmental pollution
[2, 3]. An effective way to mitigate nutrient loss is to develop
slow-release fertilizer (SRF) formulations, which keep fertilizer
concentration at an active level in soil by liberating nutrients
coincide with plant requirements. These SRF formulations ex-
hibit many advantages over the conventional types, such as
reducing the frequency of application, decreasing fertilizer loss,
sustainable supplying of the nutrients, and alleviating environ-
mental pollution concerns [4, 5]. At the same time, due to the
scarcity of water resources, irrigation water consumption must
be managed, effectively. One of the most important materials
used as polymeric matrix in fabrication of SRF formulations is
superabsorbent hydrogel (SAH). SAHs are three-dimensionally
cross-linked hydrophilic polymers that can absorb and retain a
large amount of water or aqueous solutions [6, 7]. Therefore,
their utilization in agriculture field can exhibit encouraging re-
sults such as reducing irrigation water consumption, improving
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fertilizer retention in soil, enhancing the plant growth rate, and
mitigating environmental pollution caused bywater-soluble fer-
tilizers [8]. Since most of SAHs are based on the synthetic
acrylate monomers, thus their high production cost and
nonbiodegradability are key issues facing extensive develop-
ment of them in agriculture field [9]. In contrast, natural poly-
saccharides such as starch [10], chitosan [11], carboxymethyl
celloluse (CMC) [12], and alginate [13], due to abundance,
non-toxicity, biocompatibility, and biodegradability have been
used widely as useful SAH materials [14, 15].

Nevertheless, the use of maize bran (MB) as most cost-
effective resource of starch for synthesis of SAHs has been
received little attention. The adoption of MB as SAH material
not only provides a new insight in effective utilization of crop
residues, but also improves biodegradation property of SAHs
[16]. In spite of the special advantages of hydrogels in agro-
chemical field, the high production cost makes their practical
application infeasible. To solve this problem, intense efforts
have been devoted to synthesize nanocomposite hydrogels with
clay minerals such as montmorillonite (MMT) [17], attapulgite
[18], kaolin [19], and bentonite [20]. Among the clay minerals,
clinoptilolite (clino), due to the precious physicochemical fea-
tures such as high ion exchange capacity, large surface area,
dehydration activity, and low cost has attained much attention
in agricultural applications [21]. Incorporation of clino into hy-
drogel network not only can reduce final production cost but
also can improve swelling property, mechanical, and thermal
stability of the prepared hydrogel nanocomposite [22].

Encouraging results obtained by incorporation of clino
with MB-g-P(AA-co-AAm) (Hyd) SAH, promoted us to de-
velop a new type of slow release fertilizer formulation through
graft copolymerization of acrylic acid (AA), and acrylamide
(AAm) monomers ontoMB backbone in the presence of clino
and NPK fertilizer compound. The swelling kinetic of the
prepared hydrogels as well as the influence of different salt
and pH solutions on the swelling behavior of Hyd and Hyd/
clino samples was investigated. The fertilizer release behavior
and the fertilizer release kinetics of the NPK loaded hydrogel
samples were also studied.

Experimental

Materials

MBwas purchased fromMahshad company in Yazd, Iran and
was used without further purification. Acrylic acid (AA), ac-
rylamide (AAm), N,N'-methylene bisacrylamide (MBA), am-
monium persulfate (APS), urea, potassium dihydrogen phos-
phate, ammonium dihydrogen phosphate, and acetone were
purchased from Merck company. Clino was supplied from
the Meianah mine in East Azerbaijan, Iran. Dialysis mem-
brane bag (with a molecular cut-off of 12400) was purchased

from Sigma-Aldrich (USA). Other agents used in this study
possessed analytical grade and all solutions were prepared
with distilled water.

Preparation of Hyd/clino superabsorbent nanocomposite

First, a proper amount of grounded MB (particle size = 40–
80 mesh) along with the appropriate amount of clino (0.5–
8 wt%, with respect to MB) were poured into a beaker con-
taining 30mL distilled water, and then were sonicated at 50W
power for 3 min. Thereafter, the resultant suspension was
transferred into a 250 mL four-necked round-bottom flask
equipped with a mechanical stirring rod, a reflux condenser,
a thermometer, and a nitrogen line. With stirring, 2 g AAm
was added into the mixture and temperature was raised grad-
ually to 40 °C using a water bath. Then, a mixed solution of
partly neutralized (70 %) AA (7 mL) and MBA (1 wt%, with
respect to MB) was slowly dropped into the reaction mixture.
After purging with nitrogen to eliminate the dissolved oxygen,
a determined amount of APS (10 wt%, with respect to MB)
was charged into the flask to initiate graft copolymerization
reaction. The reaction mixture was heated to 70 °C, and kept
for 3 h under nitrogen atmosphere to complete the polymeri-
zation reaction. Afterwards, the resultant gel product was
cooled to room temperature and after cutting into small pieces,
immersed in ethanol for 24 h to remove residual unreacted
species. The crud product was dried in a vacuum oven at
70 °C for 24 h, and then was milled and screened using 40–
80mesh sieves. As comparison, the Hyd sample without clino
was synthesized similar to the above described procedure.

Preparation of slow-release fertilizer (SRF) formulation

To synthesize NPK SRF formulation, proper amounts of urea
(10 g), ammonium dihydrogen phosphate (5 g), and potassium
dihydrogen phosphate (5 g) were fed into a stirring reaction
mixture, and then polymerization process was carried out sim-
ilar to the previously described method.

Characterization

The chemical structure of the samples was analyzed using a
FTIR spectroscopy (FTIR, Bruker Tensor 27) in the wave-
number range of 400–4000 cm−1. Prior to the measurement,
the well dried and powdered samples were mixed with KBr
powder, and then compressed into a pellet for FTIR charac-
terization. XRD measurements were carried out using a X-ray
diffractometer (Siemens AG, Karlsruhe, Germany) equipped
with Cu Kα radiation source, and XRD patterns were record-
ed in the scattering angle range from 2 to 70°. Surface mor-
phology of the hydrogel samples was also studied using a
MIRA3 FEG-SEM (Tescan, Czech) scanning electron micro-
scope instrument.
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Property investigation

Measurement of percentage grafting efficiency and gel
content

The grafting efficiency (GE) percent which describes the per-
centage of grafted polymer onto stock polymer was deter-
mined as follows. First, a pre-determined amount of graft co-
polymer was extracted with acetone for 24 to remove any
unreacted species. After drying the extracted gel product in a
vacuum oven at 70 °C for 24 h, it was weighed accurately to
calculate GE (%) using the following equation [23]:

GE %ð Þ ¼ W3 − W1

W2 − W1
� 100 ð1Þ

Where W1 (g) is weight of MB, W2 (g) and W3 (g) are
weight of the grafted MB copolymer before extraction and
after extraction, respectively.

Gel content (GC) of a hydrogel sample which defines its
insoluble part in deionized water was determined as follows.
A given amount of dry hydrogel sample (W0) was immersed
entirely in deionized water for 48 h at room temperature.
Thereafter, the extracted hydrogel sample was dried in a vac-
uum oven at 80 °C for 24 h to a constant weight (W1). The gel
fraction was then measured using the following equation [24]:

GC %ð Þ ¼ W1

W0

� �
� 100 ð2Þ

Rheological analysis

The viscoelastic properties of crosslinked Hyd and Hyd/clino
samples were investigated using a Paar-Physica oscillatory
rheometer (MCR300, Germany) at 25 °C with parallel plates
of 25 mm diameter and gap of 1 mm. A strain sweep test at
frequency of ω = 10 Hz was first executed to find the linear
viscoelastic (LVE) range, in which storage modulus (G′) and
loss modulus (G″) are independent of the strain amplitude. It
was found that below 0.5 % deformation, G′ and G″ of syn-
thesized hydrogels are independent of the applied strain, indi-
cating the LVE behavior. Thereafter, to study the viscoelastic
performance of the hydrogels, frequency-sweep tests at a con-
stant strain (γ = 0.5) were performed over the frequency range
0.1–100 Hz.

Measurement of equilibrium water absorbency and swelling
kinetics

To perform swelling kinetic studies, a known amount (Wd) of
dried hydrogel sample was soaked in 100mL distilled water at
room temperature. Thereafter, the weight of swollen hydrogel
sample (Wt) was measured at certain time intervals (t). All

swelling measurements were carried out in triplicate and av-
erage values were recorded. At equilibrium swelling ratio, the
weight of the swollen hydrogel sample is fixed at a constant
value (We). The swelling ratio (Qt) and equilibrium swelling
ratio (Qeq) were calculated using the following equations:

Qt g
.
g

� �
¼ Wt − Wd

Wd
ð3Þ

Qeq g
.
g

� �
¼ We − Wd

Wd
ð4Þ

To investigate the swelling behavior of the synthesized
hydrogel samples in different salt solutions, various saline
solutions (NaCl, CaCl2, and FeCl3) with different concentra-
tions were chosen as swelling medium. The equilibrium water
absorbency was determined similar to the earlier described
method.

To assess the swelling behavior of the synthesized hydrogel
samples at various pH values, different acidic or basic solu-
tions prepared by diluting aqueous solutions of NaOH (0.1M)
and HCl (0.1M) were adopted as swelling medium. The equi-
librium swelling ratio was calculated according to the above
mentioned procedure.

Fertilizer release studies in water

A pre-determined amount of NPK loaded hydrogel sample
(0.05 g) was placed in a dialysis membrane bag and the bag
was tightly closed by knotting its two ends. This system was
immersed in 100 mL distilled water, and then was stirred
continuously at room temperature (25 °C) using a magnetic
stirrer throughout the release analyses. At given time intervals,
10 mL of the solution containing released fertilizer was with-
drawn and 10 mL fresh distilled water was added to keep the
solution volume constant. All release experiments were per-
formed three times, and average values were considered. The
fertilizer concentration in the withdrawn solution was deter-
mined by measuring its conductivity, and finally cumulative
release was calculated using the following equation:

E ¼
VE

X n−1

1
Ci þ V0Cn

m0
� 100 ð5Þ

Where E is the accumulative release (%) of NPK fertilizer,
VE and V0 (mL) are the sampling volume and the initial vol-
ume of release media, respectively. Ci and Cn are the fertilizer
concentrations (mg/mL), i and n are the sampling times, and
m0 is the mass of fertilizer in the hydrogel samples (mg).

Fertilizer release studies in soil

To study the release behavior of the NPK loaded hydrogel
samples in soil, 1 g fertilizer loaded hydrogel sample was
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well-mixed with 100 g loamy sand soil (below 20 mesh), and
then kept in a 200 mL glass beaker. Thereafter, it was moist-
ened with 70 mL distilled water, and incubated at room tem-
perature (25 °C). At certain time intervals (every 24 h), 10 mL
solution was sampled for fertilizer determination, and then the
same volume of fresh distilled water was introduced into the
soil to keep its moisture content at a constant value. Finally,
fertilizer concentration and cumulative release were calculated
similar to the above described procedure.

Water retention capability of Hyd/clino/NPK formulation
in soil

1 g dried Hyd/clino/NPK hydrogel sample was well-mixed
with 100 g dry loamy sand soil (below 20 mesh), and then
kept in a 250 mL plastic beaker. Thereafter, 50 mL distilled
water was decanted into the beaker, and was weighed (W0). A
control experiment with no Hyd/clino/NPK (W) was also per-
formed. The beakers were retained at room temperature
(25 °C) and were weighed every day (Wt). The water retention
(WR (%)) capacity of soil was calculated using the following
equation:

WR %ð Þ ¼ Wt −W
W0 −W

� 100 ð6Þ

Results and discussion

Synthesis mechanism of superabsorbent nanocomposite

The superabsorbent nanocomposite was synthesized by free-
radical graft copolymerization of AA and AAm monomers
onto MB backbone in the presence of initiator (APS),
crosslinking agent (MBA), and clino. Figure 1a illustrates
the proposed graft copolymerization mechanism. Initially,
thermal dissociation of APS molecules leads to generation of
the sulfate anion-radicals which serve as initiators. These ac-
tive radicals attack on the starch molecules, creating alkoxy
radicals onto their chains which results in grafting of neigh-
boringmonomers on those active sites. During the chain prop-
agation process, end vinyl groups ofMBAmay react synchro-
nously with copolymer chains causing to formation of cross-
linked hydrogel network. The final hydrogel network is made
in the presence of clino particles which can act as physical
cross-linking agent. The images of swollen hydrogel samples
have been shown in Fig. 1b in which the photographs at left
and right sides respectively are assigned to the hydrogel (Hyd)
and hydrogel nanocomposite (Hyd/clino).

In the present study, the amount of GE (%) for superabsor-
bent nanocomposite (Hyd/clino) was about 99.5, which is
higher than that of the corresponding value (98.8) for hydrogel

sample. This is due to the interaction of hydroxyl groups on
the surface of clino particles with the AA andAAmmonomers
which can improve the polymeric network [25]. Also, the
amount of GC decreased from 95.19 % for hydrogel to
86.66 % for superabsorbent nanocomposite with incorpora-
tion of clino into hydrogel network. This is due to the addi-
tional physical cross-linking effect of clino particles which can
lead to the more quickly gelation process compared to the neat
hydrogel. Consequently, gel formation at very early stage of
polymerization can cause to the enhanced water soluble parts,
resulting in decreased GC.

Characterization

FTIR spectroscopy

FTIR spectroscopy was used to characterize the structure and
molecular interactions of functional groups of the synthesized
hydrogels. The FTIR spectra of MB, clino, Hyd, Hyd/clino,
Hyd/clino/NPK, and pure NPK fertilizer have been presented
in Fig. 2. As shown in Fig. 2f for clino, the broad absorption
band at 3446 cm−1 is attributed to the hydroxyl stretching
vibration in Al–OH–Al and Si–OH–Si groups. Also, the peaks
appeared at 1635 and 1049 cm−1 are related to the H–O–H
bending and Si–O(Si),(Al) stretching vibrations, respectively.
Additionally, stretching bridges of Si–O(Si) and Si–O(Al)
groups were appeared as two distinct absorption bands at
796 and 607 cm−1, respectively [26]. In FTIR spectra of MB
(Fig. 2a), the broad absorption band appeared at approximate-
ly 3420 cm−1 is assigned to the –OH stretching vibration of the
glucose unit, while peaks at 1035, 1079, and 1163 cm−1 are
attributed to C–O stretching vibration of the glucose unit in the
starch molecule structure. Also, absorption bands at 1382 and
1461 cm−1 related to the O–H in-plane bending vibration of
the glucose unit appeared as two individual peaks [8].
Moreover, a sharp peak observed at 2926 cm−1 is related to
the stretching vibration of C–H bond [16]. As can be seen
from IR spectra of Hyd (Fig. 2b), Hyd/clino (Fig. 2c), and
Hyd/clino/NPK (Fig. 2d) the absorption bands appeared at
approximately 1678, 1606, and 1622 cm−1 are related to the
overlapped stretching vibration of the carbonyl groups of AA
and AAm as well as the N–H bending mode [27]. Also, the
intense absorption bands of O–H and N–H groups were
emerged between 3300 and 3500 cm−1 which have over-
lapped together. Furthermore, the absorption bands appeared
in wavenumber range of 1150–1350 cm−1 are assigned to
stretching vibration of C–N and C–O groups as well as bend-
ing mode of O–H bond [28]. Two sharp peaks observed be-
tween 2850 and 2980 cm−1 are attributed to the combined
stretching vibration of CH2 groups in both AA and AAm in
hydrogel structure [29]. The characteristic absorption bands of
the C–O group of glucose units in starch molecule have ap-
peared with slight shift in IR spectra of Hyd, Hyd/clino, and
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Hyd/clino/NPK samples, confirming the effective grafting of
AA and AAm monomers onto MB backbone [16]. In

addition, the characteristic absorption band of Si–O group in
clino structure has appeared in IR spectra of Hyd/clino and

Fig. 1 Proposed graft copolymerization mechanism for synthesis of MB-g-poly (AA-co-AAm)/clino hydrogel nanocomposite (a), and photographs of
hydrogel (Hyd) (left) and hydrogel nanocomposite (Hyd/clino) (right) samples (b)
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Hyd/clino/NPK samples which is an evidence for successful
incorporation of clino into the hydrogel network. As shown in
Fig. 2e for pure NPK fertilizer, two absorption bands observed
at 3344 and 3444 cm−1 are assigned to the symmetric and
asymmetric stretching modes of the NH2 groups in urea mol-
ecule. Moreover, the sharp peak emerged at 1600 to
1700 cm−1 is related to the carbonyl stretching vibration of
urea [30]. The peaks appeared at 2804, 1458, 1152, and
1060 cm−1 are corresponded to the O–H stretching, the P=O
stretching, the P–OH stretching, and the HO–P–OH bending,
respectively. Also, the absorption band of PO4 group is ob-
served as an almost sharp peak at 553 cm−1. The characteristic
absorption bands of ammonium dihydrogen phosphate have
appeared between 700 and 900 cm−1 ascribing to the
stretching vibration of O–N=P and –ONO2 groups [29].
Comparing with the IR spectra of Hyd/clino, the characteristic
absorption bands of pure NPK fertilizer have emerged with
slight shift in IR spectra of Hyd/clino/NPK which confirm
well encapsulation of NPK fertilizer compound within super-
absorbent nanocomposite.

XRD patterns analysis

To investigate the structure and crystallinity of the materials,
XRD patterns of the clino, Hyd, Hyd/clino, and Hyd/clino/
NPK were recorded and provided in Fig. 3. The diffraction
peaks of clino (Fig. 3a) appeared at 2θ = 9.85°, 11.19°, and
22.4° are attributed to the Miller indices of [020], [200], and
[400], respectively [21]. These peaks confirm its crystalline
structure. The appearance of two weak broad peaks at 2θ =
22° and 2θ = 38° in XRD patterns of Hyd (Fig. 3b) and Hyd/
clino (Fig. 3c) is an evidence for their amorphous nature [22].

�Fig. 2 The FT-IR spectra of MB (a), Hyd (b), Hyd/clino (c), Hyd/clino/
NPK (d), NPK (e), and clino (f)
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Fig. 3 The XRD patterns of clino (a), Hyd (b), Hyd/clino (c), and Hyd/
clino/NPK (d)
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However, due to the overlapping of amorphous broad peaks of
Hyd component with characteristic peaks of clino in nanocom-
posite composition, typical crystallite reflections of the clino
component have not emerged in XRD pattern of Hyd/clino sam-
ple. According to the XRD pattern of Hyd/clino/NPK (Fig. 3d),
peaks related to the clino and Hyd components have shifted
slightly to higher degrees which can be related to the incorpora-
tion of NPK compound into hydrogel nanocomposite network.

Surface morphology analysis

The surface morphologies of Hyd, Hyd/clino, and Hyd/clino/
NPK samples were investigated through SEM images (Fig. 4).
It can be observed that Hyd sample (Fig. 4a) has a relatively

smooth and lamellar morphology which do not provide more
pores for it. However, in the presence of clino, due to its phys-
ical crosslinking effect, highly porous network structures are
formed which can be obviously seen in SEM images of Hyd/
clino sample (Fig. 4b and c). These interlinked porous structures
increase the contact surface area, leading to easier and faster
diffusion of water molecules into hydrogel network, which fi-
nally induce a larger improvement in water uptake capacity and
water absorption rate compared with the neat hydrogel.
Besides, incorporation of clino into hydrogel network caused
that spherical-like polymeric structures (with dimensions lower
than 100 nm) form within hydrogel matrix, as shown in SEM
image of Hyd/clino sample with higher magnification (Fig. 4d).
As shown in Fig. 4e and f for Hyd/clino/NPK, the crystals of

Fig. 4 SEM images of Hyd (with
1 wt% MBA content) (a), Hyd/
clino (with 2 wt% clino content)
(b-d), and freeze-dried Hyd/clino/
NPK (e) and (f)
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urea, potassium dihydrogen phosphate, and ammonium
dihydrogen phosphate in NPK fertilizer composition have been
distributed finely onto the surface and also within the pores of
the hydrogel nanocomposite. As it is clear, the interconnected
pores in Hyd/clino/NPK network can delay dissolution and
subsequently diffusion of the loaded fertilizer into swelling me-
dium, and thus can control the release rate of fertilizer. As a
result, incorporation of clino into hydrogel network not only
can cause hydrogel absorb larger amounts of water in short time
periods but also can regulate the fertilizer release behavior.

Rheological measurements

To study the gel properties as well as the stability of three-
dimensional crosslinked hydrogel network of Hyd and Hyd/
clino samples, rheological analyses were performed by mea-
suring the mechanical response of the samples versus oscilla-
tory frequencies ranging from 0.1 to 100 Hz. Prior to
frequency-sweep experiments, strain-sweep tests at constant
frequency (ω = 10 Hz) (Fig. 5a) were carried out on the hy-
drogel samples to determine the linear viscoelastic (LVE) re-
gion, where G′ (storage modulus) and G″ (loss modulus) are
independent of the applied strain. As can be clearly seen from
Fig. 5a, the strain amplitude was determined as 0.5 %. The
plots of G′ and G″ versus oscillatory frequencies have been
shown in Fig. 5b. According to Fig. 5b, the values of G′ and G
″ for hydrogel samples showed relatively an increasing trend
over the all frequency range. Also, G′ values remained almost
constant in the frequency range of 0.41–18.9 Hz, indicating
the frequency-independent feature of storage modulus of
hydrogels. Moreover, the values of G′ were greater than that
of G″ throughout the whole frequency range, which is an
indicative of predominant elastic nature of hydrogels over
their viscous nature. These characteristics revealed that all
hydrogel samples had stable three-dimensional crosslinked
network, and thus could form strong gel frameworks. The
results also showed that Hyd/clino sample had higher G′
values compared with the Hyd sample in all frequency range,
implying its stiffest gel network. Besides, G″ of Hyd/clino
sample reached to 32.7 Pa at frequency of 100 Hz, demon-
strating 20.4 % reduction compared to the initial G″ value at
0.1 Hz. While, for Hyd sample, G″ exhibited an increase of
94.5 % at the end frequency value. These observations again
suggested that Hyd/clino was the strongest gel network. The
reason for this phenomenon can be elucidated as follows. The
strong mutual interactions between clino particles and poly-
meric component of hydrogel nanocomposite led to formation
of additional physical crosslinking points within hydrogel net-
work. These physical cross-linkages make polymer chain seg-
ments capable to pack together tightly, and thus build stiff gel
frameworks that presented higher storage modulus.

As it is clear, G′ values of Hyd/clino sample sharply in-
creased at high frequencies (low relaxation times). This can be

interpreted by the poor rearrangement capability of longer
polymer chains of hydrogel nanocomposite at high frequen-
cies. On the other hand, at higher frequencies, longer polymer
chains (with large relaxation times) cannot rearrange them-
selves in the time period of imposed movement [31].
Therefore, the polymer chains of Hyd/clino become stiff, that
identified by a sharp rise in G′ values. In contrast, Hyd sample
showed a sudden fall in G′ values at high frequencies. This can
be attributed to the lower gel strength of Hyd sample which
caused to its structural break by mechanical shear.

Swelling studies

The effect of clino content on the swelling ratio of synthesized
hydrogels in distilled water is found in Fig. 6a. As depicted in
Fig. 6a, the water absorbency increases with increasing clino
content until it acquired the highest value of 1153 g/g at 2 wt%
clino content. Thereafter, the equilibrium water absorbency
decreased with further increasing of clino content up to
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8 wt%. The occurred phenomenon can be explained as fol-
lows. At clino contents less than 2 wt%, lower physical cross-
linking density enables hydrogel to swell more. Besides, due
to the special crystalline structure of clino with negative sur-
face charges, high electrostatic repulsive forces between –
COO− groups of hydrogel and negative surface charges of
clino can result in enhanced expansion of hydrogel network
and higher swelling ratio. However, at clino contents higher
than 2 wt%, physical cross-linking density increases, resulting
in the shrinked hydrogel network, and therefore reduced
swelling ratio [32, 33]. On the other hand, high hydrophilicity
of the hydrogel components compared to clino particles
makes them most liable for water absorbency of the hydrogel
nanocomposite. Consequently, high proportions of clino in the
hydrogel composition will restrict the swelling capacity of the
synthesized hydrogel nanocomposite. According to Fig. 6b,
Hyd sample reached to own equilibrium water absorbency
(677 g/g) within 3230 min, while in the case of Hyd/clino
equilibrium water absorbency (1153 g/g) was achieved within
1500 min. Consequently, incorporation of clino into hydrogel

network not only increased swelling ratio but also significant-
ly improved the water uptake rate.

Swelling kinetics

Swelling kinetic of the hydrogel samples was studied using
Voigt-based equation [34]:

St ¼ Se 1− e
−t
.

τ
 !

ð7Þ

Where St (g/g) is swelling ratio at time t, Se (g/g) is equi-
librium swelling ratio, t (min) is swelling time, and τ (min) is
the rate parameter. The rate parameter (τ ) value is a measure
of the swelling rate so that the hydrogel sample with low rate
parameter will have high swelling rate. The Plot of − Ln (1 −
St/Se) against time (t) for Hyd and Hyd/clino samples yields
straight lines (Fig. 7a), which their slopes give the rate param-
eters, as shown in Table 1. The rate parameters of Hyd and
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Hyd/clino were 625 and 285.71 min, respectively, indicating
the higher swelling rate of Hyd/clino compared with Hyd
sample. To determine the nature of water diffusion into hydro-
gel network, swelling kinetic data obtained from first 60 % of
the equilibriumwater uptakewere fitted to the following equa-
tion [35]:

Wt

W∞
¼ ktn ð8Þ

Where Wt and W∞ are the swelling ratio of hydrogel at
time t and at equilibrium, respectively. The k is a characteristic
constant related to the structure of hydrogel network, and the
exponent n determines the diffusion mechanism of the pene-
trant. When n is 0.5, the diffusion process complies with
fickian diffusion mechanism. For n values between 0.5 and
1.0, the diffusion mechanism is non-fickian, for n = 1.0 the
diffusion mechanism is case-II, and for n > 1.0, the diffusion

mechanism is super case-II [21, 36]. The plot of Ln Wt
W∞

� �
versus Ln tð Þ for Hyd and Hyd/clino samples in distilled water
yields straight lines, as shown in Fig. 7b. The exponents (n)
and swelling constants (k) can be calculated from the slope
and the intercept of the lines, respectively, which have been
provided in Table 1. The value of n for Hyd and Hyd/clino
samples was 0.55 and 1.03, respectively. Thus, water diffusion
behavior of the hydrogel and hydrogel nanocomposite sam-
ples complies with the non-fickian and super case-II diffusion
mechanism, respectively.

Equilibrium swelling in solution of different pHs

The swelling behavior of the synthesized hydrogel samples at
different pH values ranging from 2 to 12 has been demonstrat-
ed in Fig. 8. As can be seen for hydrogel sample, the swelling
ratio increases considerably at pH values ranging from 2 to 5,
and then rises gradually at pH values between 5 and 7 until it
reaches to the highest value of 638 g/g at pH 7. Further in-
crease in pH values to 12 results in the appreciable reduction
of the swelling ratio. The observed trend of swelling capacity
versus pH values can be explained as follows. In acidic media
(pH < 5), higher physical cross-linking density caused by
strong hydrogen-bonding interactions leads to the reduced
swelling ratio. At pH values between 5 and 7, high dissocia-
tion degree of the carboxylate groups results in reinforcement
of the electrostatic repulsions between carboxylate anions, and
consequently enhanced swelling ratio. However, the lower
swelling ratio in basic solutions (pH > 7) is due to the charge
screening effect of excess Na+ counterions in the swelling
medium which shield the carboxylate anions and prevent ef-
fective anion-anion repulsions. In the case of superabsorbent
nanocomposite, a similar trend of swelling ratio versus pH
values is observed but its highest swelling capacity was
achieved at pH 10. At this pH value, surface silanol groups
of the clino particles are deprotonated which result in the
increased electrostatic repulsions between –SiO− centers and
carboxylate anions, and therefore highest swelling ratio. At
pH values higher than 10, enhanced shielding effect of Na+

counterions causes to shrinked hydrogel network, and thus
reduced swelling capacity [21].

Effect of various saline solutions on swelling behavior

The equilibrium swelling behavior of the hydrogel samples in
various saline solutions (NaCl, CaCl2, and FeCl3) with

Table 1 The swelling and diffusion parameters for Hyd and Hyd/clino
samples

Sample τ n k

Hydrogel (Hyd) 625 0.55 0.022

Hydrogel nanocomposite (Hyd/clino) 285.71 1.03 0.0018
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different concentrations has been shown in Fig. 9. As depicted
in Fig. 9, the equilibrium swelling ratio of hydrogel samples
decreased as the concentration of saline solutions increased.
This can be attributed to the charge screening effect of excess
salt cations, causing non-perfect electrostatic repulsions be-
tween carboxylate anions. Besides, osmotic pressure differ-
ence between the polymer matrix and the swelling medium
decreases with rising salt concentration leading to the reduced
swelling capacity [37]. The swelling ratio of the hydrogel
samples is also affected by type of the salt added to the exter-
nal swelling medium. In the case of salt solutions with multi-
valent cations (Ca2+ and Fe3+), ionic cross-linking points gen-
erated between carboxylate anions and cations cause an in-
crease in cross-linking density, and consequently a substantial
decrease in swelling ratio. Additionally, high electrostatic at-
traction between Fe3+ and carboxylate anions compared with
the Ca2+ cations, results in a larger ionic cross-linking density,
and therefore lower swelling ratio [38].

Study on fertilizer release behavior

The fertilizer release patterns of the untreated fertilizer com-
pound (NPK), Hyd/NPK, and Hyd/clino/NPK formulations in
water and also in soil have been exhibited in Fig. 10a and b,
respectively. As shown in Fig. 10a, due to the ease of disso-
lution of NPK fertilizer compound in water, more than 90 %
of fertilizer of untreated NPK compound released within 5 h.
However, because of the barrier effect of polymeric matrix in
hydrogel network, Hyd/NPK and Hyd/clino/NPK

formulations showed a preferable sustained release property.
The NPK fertilizer in Hyd/NPK and Hyd/clino/NPK formu-
lations released 25.33, 49.05, 88.53 %, and 14.71, 32.92, and
72.86 % within first day, 1 week, and 1 month, respectively.
According to Fig. 10b, the release profile of the untreated
fertilizer compound in soil grew upward quickly until the
amount of the released fertilizer reached 98 % within 4 h. In
contrast, the release patterns of Hyd/NPK and Hyd/clino/NPK
formulations in soil indicated more gentle manner which
attained to almost constant levels within 30 days. The amount
of fertilizer released from Hyd/NPK and Hyd/clino/NPK for-
mulations was about 26.59, 46.94, 90.05 %, and 13.67, 29.75,
and 77 % on the first day, 1 week, and 1 month, respectively.
These findings showed that incorporation of clino particles
into hydrogel network can cause hydrogel liberate fertilizer
with a slower rate than that of neat hydrogel. The amount of
the fertilizer released from Hyd/clino/NPK formulation did
not exceed from 15 wt% on the first day and was not above
75 wt% on the 30th day. These results conform to the standard
of slow-release fertilizers of the Committee of European
Normalization (CEN), and thus Hyd/clino/NPK formulation
has an excellent slow-release characteristic [39].

The fertilizer release mechanism of the NPK loaded hydro-
gel samples in soil can be explained as follows. The hydrogel
sample would gradually absorb the soil water and transform
into swollen state after being added into soil. Since, absorbed
water molecules can flow in hydrogel network through
interlinked pathways, therefore, dissolution of the encapsulat-
ed fertilizers would occur, slowly. Afterwards, the fertilizer
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solution would diffuse out by dynamic exchange of water
molecules between soil and hydrogel network. At this stage,
diffusion can be the release rate-limiting step. The fertilizer
release rate would increase with increasing the swelling ratio
until it reaches to an almost constant level at equilibrium
swelling state.

The SRF formulation developed in this work displays sev-
eral advantages over the others which already have been de-
scribed in the literature [40, 41]. First, SRF formulation was
prepared by one step In-situ free-radical polymerization meth-
od in which additional steps such as coating of the fertilizer
granules (coating procedure) did not require. Moreover, the
use of clino as inorganic filler not only reduced final produc-
tion cost of the prepared formulation but also greatly enhanced
its water absorption capacity. Besides, incorporation of the
clino into hydrogel network improved the nutrient-retention
capability of the soil by promoting a slower release of the
essential nutrients from fertilizer loaded hydrogels.

To determine the fertilizer release mechanism of Hyd/NPK
and Hyd/clino/NPK formulations, the fertilizer release data
were fitted with the following equation:

Mt

M∞
¼ ktn ð9Þ

Where Mt attributes to the amount of fertilizer released at
time t, M∞ is the total amount of fertilizer released at infinite
time, t is the release time, k is a constant incorporating the
structural and geometrical characteristics of the release device,
and n is the release exponent indicating the type of fertilizer
release mechanism. For n ≤ 0.5 the fertilizer release follows a
fickian diffusion mechanism. When n value is between 0.5
and 1.0 non-fickian diffusion mechanism is occurred, and
For n = 1.0, fertilizer release mechanism is Case-II or zero-

order type [42]. The plot of Ln Mt
M∞

� �
versus Ln tð Þ for Hyd/

NPK and Hyd/clino/NPK formulations in distilled water
(Fig. 10c) and also in soil (Fig. 10d) yields straight lines.
The slope and intercept of these lines determine the values
of n and k, respectively, which have been provided in
Table 2. The values of n for Hyd/NPK and Hyd/clino/NPK
formulations in distilled water were 0.29 and 0.32,

respectively, indicating that the fertilizer release mechanism
is fickian diffusion type for both formulations. For Hyd/NPK
and Hyd/clino/NPK formulations in soil medium the n values
were 0.3 and 0.48, respectively, indicating that the fertilizer
release mechanism of the both formulations follows fickian
diffusion type.

Water retention capability of Hyd/clino/NPK in soil

The preliminary evaluation of Hyd/clino/NPK formulation for
water retention in loamy sand soil was performed and the
results were shown in Fig. 11. Experimental results showed
that all of the absorbed water in soil without Hyd/clino/NPK
vaporized after 15 days, while soil with Hyd/clino/NPKmain-
tained own water for a longer periods and its water retention
capacity reached to 22.77 and 10.4 % on the 15th and 30th
days, respectively. As a result, the use of Hyd/clino/NPK in
soil can reduce irrigation frequencies and improve the ability
of plants to fight against drought.

Conclusion

In summary, we synthesized a novel functional MB-based
superabsorbent nanocomposite by In-situ free-radical graft co-
polymerization of acrylate-based monomers onto MB back-
bone in the presence of clino and NPK fertilizer compound.
FTIR results showed that grafting of starch molecules onto
acrylate monomers has been performed, successfully. To as-
sess the gel framework stability of the synthesized three-
dimensional cross-linked hydrogels, rheological analyses
were carried out. The obtained results exhibited that both
Hyd and Hyd/clino samples had a stable cross-linked gel net-
works. In addition, Hyd/clino sample presented higher gel
strength compared with the neat hydrogel sample which arises
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Table 2 The parameters of diffusion model for fertilizer release from
Hyd/NPK and Hyd/clino/NPK formulations in distilled water and also in
soil

Sample Fertilizer release medium

Distilled water Soil

n k n k

Hyd/NPK 0.29 0.3 0.3 0.29

Hyd/clino/NPK 0.32 0.24 0.48 0.16
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from the physical crosslinking effect of clino particles. Water
transport behavior of Hyd and Hyd/clino samples was deter-
mined by swelling kinetic studies. The swelling ratio of the
hydrogel samples was affected by salt solution type and con-
centration, pH values, and clino contents. Fertilizer release
results exhibited that Hyd/clino/NPK formulation has good
slow-release property. Study on the fertilizer release kinetics
of Hyd/NPK and Hyd/clino/NPK revealed that both formula-
tions follow a fickian diffusional mechanism. Moreover, the
Hyd/clino/NPK had good water retention capability in loamy
sand soil. These findings suggest that the developed SRF for-
mulation can efficiently improve the utilization of fertilizer
and water resources in agricultural applications.
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