
S
N

A
P
5

a

A
R
R
A
A

K
S
N
M
W
S

1

t
f
i
2
l
i
r
f
m
&
t
o
e
a
a
h
o
W
e
i

h
0

Carbohydrate Polymers 114 (2014) 269–278

Contents lists available at ScienceDirect

Carbohydrate  Polymers

j ourna l ho me  page: www.elsev ier .com/ locate /carbpol

low-released  NPK  fertilizer  encapsulated  by
aAlg-g-poly(AA-co-AAm)/MMT  superabsorbent  nanocomposite

zam  Rashidzadeh,  Ali  Olad ∗

olymer Composite Research Laboratory, Department of Applied Chemistry, Faculty of Chemistry, University of Tabriz, 29 Bahman Street, Tabriz
166616471, Iran

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 1 May  2014
eceived in revised form 7 July 2014
ccepted 1 August 2014
vailable online 17 August 2014

a  b  s  t r  a  c  t

A novel  slow  released  NPK  fertilizer  encapsulated  by  superabsorbent  nanocomposite  was  prepared  via
in-situ free  radical  polymerization  of sodium  alginate,  acrylic  acid,  acrylamide,  and  montmorillonite  in
the presence  of fertilizer  compounds.  Evidence  of  grafting  and  component  interactions,  superabsorbent
nanocomposite  structure  and  morphology  was  obtained  by  a FT-IR,  XRD  and  SEM  techniques.  The  water
absorbency  behavior  of  superabsorbent  nanocomposite  was  investigated.  After  those  characterizations,
eywords:
uperabsorbent
anocomposite
ontmorillonite
ater absorbency

the  potential  application  was  verified  through  the study  of fertilizer  release  from  prepared  formulations.
Results  indicated  that  the  presence  of the  montmorillonite  caused  the  system  to  liberate  the  nutrient
in  a more  controlled  manner  than  that  with  the neat  superabsorbent.  The  good  slow  release  fertilizer
property  as well  as  good  water  retention  capacity  showed  that  this  formulation  is  potentially  viable  for
application  in agriculture  as a  fertilizer  carrier  vehicle.
low release

. Introduction

Fertilizer is one of the vital input materials for the crop produc-
ion. However, more than half of the applied amount of common
ertilizers cannot reach the plant, but it is washed off by rain and
rrigation water (Bajpai & Giri, 2002; Guo, Liu, Hu, Zhan, & Wu,
005). This part of lost fertilizer not only causes large economic

osses but also very serious environmental pollution. The overcom-
ng of these shortcomings can be achieved with the use of slow
elease fertilizers (SRFs). SRFs are designed to gradually release
ertilizers to plants at a rate to coincide with the nutrient require-

ent of a plant, while simultaneously reducing fertilizer loss (Liang
 Liu, 2006; Teodorescu, Lungu, & Stanescu, 2009). At the same

ime, water is one of the main factors that limit the production
f agriculture, so it is very important to use the water resource
fficiently. Recently, investigation on the use of superabsorbent
s water management materials for agricultural applications has
ttracted great attention. Superabsorbent polymers are cross linked
ydrophilic polymers that can absorb water, saline solutions, or
ther liquids up to hundreds of times their own weight (Seetapan,

ongsawaeng, & Kiatkamjornwong, 2011). In agricultural uses,

specially in arid areas, the use of superabsorbents causes to
ncrease the water-holding capacity and therefore the fertility of
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E-mail address: a.olad@yahoo.com (A. Olad).
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the soil (Zohuriaan-Mehr, Omidian, Doroudiani, & Kabiri, 2010).
From the application point of view, the combination of superab-
sorbents and SRFs may  improve the water-holding capacity and
nutrient retention of sandy soils and also increase the soil’s aer-
ation and microbial activity, and mitigate at the same time the
environmental impact from water-soluble fertilizers, lower fre-
quency of irrigation (El-Rehim, Hegazy, & El-Mohdy, 2004). The
majority of superabsorbents are made from synthetic hydrophilic
polymers such as poly (acrylic acid) or its copolymer with poly
(acrylamide) (Ni, Liu, Lü, Xie, & Wang, 2010). However, because
of poor degradability in soil and their accumulation over time,
the demand for using environmentally safe, degradable super-
absorbent is continuously increasing. Alginate, a polysaccharide
obtained from brown algae, due to its biodegradability and low cost
has recently gained great attention in controlled release of drugs
(Wang, Hu, Du, & Kennedy, 2010; Wang, Zhang, Hu, Yang, & Du,
2007) and agrochemicals (Liu, Wu,  & Chang, 2008). Alginate-based
superabsorbents prepared by graft polymerization with acrylic acid
and acryl amide monomers onto a chain of alginate has been widely
used in agriculture (El-Rehim & Hassan, 2006). Nevertheless, in
spite of the advantages of superabsorbent application as fertilizer
carriers, the high price of the product in the market makes its
application unfeasible. To solve the high cost problem, one of the

alternatives is to form a nanocomposite with clay minerals such as
montmorillonite (Wu,  Wei, Lin, & Lin, 2003), attapulgite (Liang &
Liu, 2006), and kaolin (Hussien et al., 2012) in high proportions.
This introduction not only reduces the final cost of the product

dx.doi.org/10.1016/j.carbpol.2014.08.010
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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Table 1
Concentration of MBA, APS and MMT  in superabsorbent samples.

Sample MBA  (wt%) APS (wt%) MMT  (wt%)

Superabsorbent
samples

0.127 1.2 0
0.375 1.2 0
0.75 1.2 0
1.25 1.2 0

Superabsorbent
nanocomposite

0.75  1.2 5
0.75 1.2 10
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0.75 1.2 20

rastically but also improves swelling property, gel strengths and
echanical and thermal stability (Schexnailder & Schmidt, 2009).
oreover, it has been proved that the inclusion of inorganic clays

nto hydrogels decreases the release rate of fertilizer from slow-
elease formulation (Liang & Liu, 2006). Poly acrylamide/methyl
ellulose/montmorillonite nanocomposite hydrogel has been used
or slow release of urea fertilizer (Bortolin, Aouada, Mattoso, &
ibeiro, 2013). To the best of our knowledge, SRF formulation has
ot been prepared by in-situ polymerization of monomers in the
resence of fertilizer solution. Also the fertilizer slow release prop-
rty of prepared formulation based on both montmorillonite and
lginate-g-poly(acrylic acid-co-acrylamide) (Hyd) superabsorbent
as not been investigated so far. Therefore, in the present work we
ttempted to synthesis a novel SRF superabsorbent nanocompos-
te and investigate its water absorbency and fertilizer slow release
roperties.

. Experimental

.1. Materials

Acrylic acid (AA), acrylamide (AAm), N,N′-methylene bisacry-
amide (MBA), ammonium persulfate (APS), urea, potassium
ihydrogen phosphate and ammonium dihydrogen phosphate
ere purchased from Merck. Sodium alginate (NaAlg), (viscosity

f 5.0–40.0 cps for a 1% solution at 25 ◦C), was purchased from
igma-Aldrich and was used without further purification. Sodium
ontmorillonite (MMT), (specific surface area = 20–40 m2/g, cation

xchange capacity = 30 meq/100 g), was obtained from Sigma-
ldrich. Other agents were all analytical grade and all solutions
ere prepared with distilled water.

.2. Preparation of slow released NPK fertilizer formulation

.2.1. Preparation of Hyd/MMT superabsorbent nanocomposite
NaAlg solution (3%, w/v) in distilled water was prepared under

onstant stirring. Then the MMT  suspension (5–20 wt%, with
espect to NaAlg) was added into NaAlg solution while agitation
or 6 h. Thereafter, the solution was charged in a four necked flask
quipped with a mechanical stirrer, reflux condenser, a thermome-
er, and a nitrogen line. After being purged with nitrogen gas for
0 min  to get rid of dissolved oxygen in the solution, and heating to
0 ◦C in a water bath, the APS solution (1.2 wt%) as initiator and 6 g
f AAm were added. Afterwards mixture solution of AA (7 ml)  and
BA (0.1–1.25% wt%, with respect to monomers) was charged into

he flask dropwise. The water bath was heated slowly to 70 ◦C and
ept for 4 h to complete polymerization. The resulting gel prod-
ct was dried in a vacuum oven at 70 ◦C and then was grounded
nd passed through 40–80 mesh sieves. The preparation procedure

f Hyd superabsorbent is similar to that of the Hyd/MMT super-
bsorbent nanocomposite except without the addition of MMT.
able 1 shows the concentration of the materials used in prepa-
ation of superabsorbent samples.
 Polymers 114 (2014) 269–278

2.2.2. Preparation of Hyd/MMT/NPK formulation
In-situ polymerization method was used to encapsulate NPK

fertilizer into the superabsorbent nanocomposite. NPK fertilizer
composed of urea (10 g), ammonium dihydrogen phosphate (5 g)
and potassium dihydrogen phosphate (5 g) was dissolved in dis-
tilled water and then was mixed with NaAlg solution under
constant stirring. In continue a similar procedure was adopted to
synthesize the Hyd/MMT/NPK formulation.

2.3. Water absorbency measurements

To obtain cylindrical shapes samples for water absorbency mea-
surements, superabsorbent samples were synthesized in plastic
tubes of 5 mm internal diameters and about 200 mm long and
dried at 70 ◦C for 4 h in an oven. To investigate water absorbency,
about 0.1 g of the samples was  immersed in the distilled water at
room temperature. Then at regular time intervals the weight of the
swollen samples was determined. Each experiment was performed
twice. The equilibrium water absorbency Qeq (g/g) was  calculated
by using the following equation:

Qeq(g/g) = Ws − Wd

Wd
(1)

where Ws (g) is the weight of the swollen sample, and Wd (g) is the
initial weight of the dry sample.

2.4. Slow release behavior of Hyd/MMT/NPK superabsorbent
nanocomposite

2.4.1. Slow release behavior in water
For release experiments of NPK Fertilizer encapsulated by

superabsorbent nanocomposite, 1 g of Hyd/MMT/NPK sample was
immersed into 100 ml  of distilled water. At certain time intervals,
10 ml  solution was sampled for fertilizer determination, and an
additional 10 ml  of distilled water was  added into the beaker to
maintain a constant amount of solvent. All the release experiments
were carried out twice and the mean value was  used for plotting.
The fertilizer concentration was determined using digital conduc-
tivity meter, and cumulative release was obtained by the following
formula:

E = VE

∑n−1
1 Ci + V0Cn

m0
× 100 (2)

where E is the accumulative release (%) of fertilizer, VE is the samp-
ling volume, V0 is the initial volume of release media, 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 formulation samples
(mg).

2.4.2. Slow release behavior in soil
To study release of NPK Fertilizer in soil, 1 g of dry sample of

Hyd/MMT/NPK was  well-mixed with 100 g of dry sandy soil (below
25 mesh). Then the mixture was filled into homemade glass column
equipped with ceramic membrane and valve. Next, 45 ml  water
was added to soil column until it reached the soil–water saturation
point. The moisture content in the column was maintained approx-
imately constant throughout the period of study by adding water
(25 ml). At certain time intervals, 10 ml  of the water of the soil was
collected and the fertilizer content in the solutions was  tested.

2.5. Water retention behavior of the soil
1 g of Hyd/MMT/NPK was well mixed with 100 g of dry soil
(below 25 mesh) and placed in a plastic beaker, and then 50 ml  of
distilled water was slowly added into the beaker and weighed (Wo).
A control experiment without Hyd/MMT/NPK was also carried out
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W). The beaker was maintained at room temperature and weighed
very day (Wt) over a period of 30 days. The water retention (%WR)
f soil was calculated from the following equation:

R% = Wt − W

Wo − W
× 100 (3)

. Results and discussion

.1. Superabsorbent preparation mechanism

Hyd/MMT superabsorbent nanocomposite was prepared
hrough graft copolymerization of acrylic acid and acrylamide
nto sodium alginate in the presence of MBA  as crosslinking

gent and montmorillonite clay. The proposed mechanism for
reparation of superabsorbent nanocomposite is outlined in Fig. 1.
he mechanism of superabsorbent nanocomposite preparation
as been discussed in detail in our previous work (Rashidzadeh,

SO
-

COONa

O

O

O

O
O

COONa

O

O

O

O

COO

SO
-

+

S2O8
-2

heating

(Na-Al

COONa

O

O

O
O

COONa

O

O

O

COONa OH

O
O

O

OH

H

O
Alg

CH2

CH

CH2

CH

CONH2

COOH(Na)

N
H

N
H

O O

(AAm)

(AA/Na AA)

(MBA)

(Clay)

Fig. 1. Proposed reaction mechanism for synt
 Polymers 114 (2014) 269–278 271

Olad, Salari, & Reyhanitabar, 2014). As it is clear, the MMT  clay
may  act as a crosslinking agent to form superabsorbent network.

3.2. Characterization

3.2.1. FT-IR spectra
The FT-IR spectra of the MMT,  NaAlg, Hyd, Hyd/MMT,

Hyd/MMT/NPK and pure NPK fertilizer are shown in Fig. 2a. In FT-IR
spectra of MMT,  the strong absorption peaks at 1029 cm−1 (Si O
bond stretching), 522 cm−1 (Al O bond stretching) and 462 cm−1

(Mg  O bond stretching) are characteristic peaks of MMT.  The
absorption peak at 1633 cm−1 was  assigned to H O H deforma-
tion and the bands at 3421 and 3622 cm−1 are related to stretching
vibration of structural O H and N H groups of MMT,  respectively
(Olad & Rashidzadeh, 2012). In FT-IR spectra of NaAlg the char-

acteristic peaks of NaAlg can be seen at around 1640 cm−1 and
1419 cm−1 wave numbers (carboxylate stretching vibrations), a
broad band at 3418 cm −1 (hydroxyl groups stretching absorption),
and the bands between 900 and 1200 cm−1 (O C O stretching of

Na OH
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ertilizer (a) and XRD patterns of MMT,  Hyd, Hyd/MMT, Hyd/MMT/NPK (b) (AAm,
 g; AA, 7 ml;  neutralization degree, 70%; APS, 1.2 wt%; MBA, 0.75 wt%; MMT,  15 wt%;
PK fertilizer, 20 g; reaction temperature, 70 ◦C).

ther groups and C O stretching of alcoholic groups) (Pourjavadi,
hasemzadeh, & Soleyman, 2007). In FT-IR spectra of Hyd,
yd/MMT, Hyd/MMT/NPK, the bands at 1623 cm−1, 1676 cm−1 and
680 cm−1 are related to the overlapped stretching vibration of the
arbonyl groups of AA and AAm as well as the N H bending (Owens
t al., 2007). Also, the intense and sharp bands between 3300 cm−1

nd 3500 cm−1 are due to the overlapping the absorption bands of
 H and stretching vibrations of N H groups. The bands appeared
t 2886 cm−1 to 2925 cm−1 are due to the combined stretching
f CH2 groups in both AA and AAm in superabsorbent struc-
ure. The peak of MMT  at 1029 cm−1, due to Si O group, is also
bserved with slight shift in Hyd/MMT and Hyd/MMT/NPK which
ndicates the incorporation of the MMT  into the superabsorbent. It
s worth to mention that the shift of absorbtion bands of carbonyl

−1 −1
rom 1632 cm (in Hyd) to around 1676 cm (in Hyd/MMT) and
692 cm−1 (in Hyd/MMT/NPK) might be due to the formation of
ydrogen bonding between the carboxyl and carbonyl groups of the
ydrogel materials and the hydroxyl groups of Al OH and Si OH
 Polymers 114 (2014) 269–278

in MMT.  Furthermore, the absorption bands of O C O stretching
of the ether groups and the C O stretching of alcoholic groups of
NaAlg disappeared in the FT-IR spectrum of superabsorbent sam-
ples suggesting the grafting reaction of AA and AAm on NaAlg (Hua
& Wang, 2009). In the FT-IR spectrum of pure NPK fertilizer the
peaks between 3300 and 3500 cm−1 are due to stretching modes
of O H and N H in NPK fertilizer consisting of urea, potassium
dihydrogen phosphate and ammonium dihydrogen phosphate. The
peaks at about 2803 cm−1 is corresponded to the O H stretch-
ing, 1465 cm−1 is due to P O stretching, 1150 cm−1 is related to
P OH stretching, 1069 cm−1 is attributed to the HO P OH bend-
ing (Chaki, Deshpande, Tailor, Chaudhary, & Mahato, 2012; Muley,
2012). Also, the band of PO4 vibration is appeared at 555 cm−1. The
peaks between 700 cm−1 to 900 cm−1 are due to the O N P and

ONO2 bond vibration in ammonium dihydrogen phosphate. Also
a sharp peak at 1600 to 1700 cm−1 is assigned to the C O stretch-
ing mode related to urea (Emrani, Davoodnia, & Tavakoli-Hoseini,
2011; Jung, Czarnik-Matusewicz, & Kim, 2004; Rahman, Das, Miah,
& Ahmad, 2008). The FT-IR spectrum of the Hyd/MMT/NPK in
comparison to Hyd/MMT shows the corresponding peaks of NPK
fertilizer with slight shift in place. Therefore it can be concluded
that NPK fertilizer is successfully encapsulated in Hyd/MMT/NPK
superabsorbent nanocomposite.

3.2.2. XRD patterns
Fig. 2b shows the XRD patterns of pristine MMT,  Hyd, Hyd/MMT,

and Hyd/MMT/NPK. The crystalline peak of MMT  is observed at
about 7.33◦ corresponds to the periodicity in the direction of (0 0 1)
of the MMT  (Wang, Nakajima, Manias, & Chung, 2003). In the case of
Hyd/MMT, the (0 0 1) peak is shifted toward a lower angle (7.15◦).
This results from intercalation of hydrogel between the clay layers
which lead to increase the d-spacing in the direction of (0 0 1) for
MMT from 12.019 Å to 12.351 Å. The slight shift in place of peaks
indicated the intercalated structure of Hyd/MMT formulation. The
XRD patterns of Hyd show weak broad peaks at 2� = 22◦ and 2� = 38◦

because of its amorphous structure of hydrogel with low crys-
tallinity. In contrast Hyd/MMT had the typical crystallite reflections
associated with the montmorillonite component. Presence of the
peaks related to the MMT  in the XRD pattern recorded for hydrogel
nanocomposite, confirms the presence of MMT  in the nanocompos-
ite composition. In the case of Hyd/MMT/NPK, the diffraction peak
related to montmorillonite is disappeared which is an indicative
of exfoliated structure. In exfoliated structures no more diffrac-
tion peaks are visible in the XRD diffractograms either because of
a too large spacing between the layers or because the nanocom-
posite does not present ordering. The extensive layer separation
associated with exfoliated structures disrupts the coherent layer
stacking and results in a featureless diffraction pattern (Pavlidou &
Papaspyrides, 2008).

3.2.3. Investigation of surface morphology
The surface morphologies of Hyd (a), Hyd/MMT (b) and

Hyd/MMT/NPK (c–e) were investigated using scanning electron
microscopy (SEM). Fig. 3a shows the SEM image of freeze-dried
Hyd superabsorbent sample with 0.75 wt% MBA. A homogeneous,
high porous with honeycomb-like structure with pore sizes in the
range of several tens of microns was  clearly shown for Hyd sam-
ple, which seemed to indicate a higher absorbtion of water to the
superabsorbent. In comparison the SEM micrograph of freeze-dried
Hyd/MMT in Fig. 3b is composed of more pores with open chan-
nels. By addition of MMT,  due to the montmorillonite role as the
physical crosslinking agent, the homogeneity as well as the pore

size structure of the copolymer decreases, but the number of pores
and channels increases and, consequently, the Hyd/MMT super-
absorbent nanocomposite swelling was expected to increase. SEM
micrograph of freeze-dried Hyd/MMT/NPK can be seen in Fig. 3c.
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ig. 3. SEM micrographs of (a) Hyd, (b) Hyd/MMT, (c) freeze-dried Hyd/MMT/NPK, 

s it is evident, NPK fertilizer is homogeneously deposited on
o the walls of the pores of Hyd/MMT. In the higher magnifica-
ion the tetrahedral urea crystals as well as potassium dihydrogen
hosphate and ammonium dihydrogen phosphate crystals can be
een on the surface of Hyd/MMT. As it is evident, highly porous
tructure of Hyd/MMT/NPK formed by addition of montmoril-
onite to the pure superabsorbent can absorb large amount of

ater and can meanwhile control the release of fertilizer from
t. The SEM images of oven dried cylindered Hyd/MMT/NPK sam-
le were shown in Fig. 3d–e. The fertilizer crystals made up of

 mixture of urea, ammonium dihydrogen phosphate and potas-
ium dihydrogen phosphate are homogenously dispersed on the

yd/MMT Hyd/MMT/NPK sample surface (Fig. 3d). Furthermore,
s was shown in higher magnification image (Fig. 3e), the surface
f the Hyd/MMT/NPK was covered by small urea crystals around
0 nm in size. The characteristics of surface morphology are very
)–(e)) oven dried cylindered Hyd/MMT/NPK (reaction conditions same as in Fig. 2)

significant for water absorbency of superabsorbent nanocomposite.
Therefore, when Hyd/MMT/NPK sample is dipped in water, it can
absorb water quickly to form a swollen hydrogel, which is respon-
sible for the water retention property of Hyd/MMT/NPK sample.

3.3. Water absorbency studies

Examination of water absorbency behavior of superabsorbents
is essential for many applications like agriculture.

3.3.1. Effect of crosslinker content on the water absorbency
behavior
The crosslinking agent plays an important role in the forma-
tion of three-dimensional network structures of superabsorbents
in the polymerization process. Superabsorbents with different MBA
contents, according to Table 1, were prepared. Then the effect of
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Fig. 4. The effect of MBA  content on the water absorbency ((a) and 

BA  content as crosslinking agent on the water absorbency of
uperabsorbents was investigated. Fig. 4a and b shows the effect
f MBA  content on the water absorbency of prepared superab-
orbents with different MBA  content. As one can easily see from
ig. 4a, the observed trends in the water absorbency kinetics for
ll samples with different MBA  content are very similar. Initially,
he rate of water uptake sharply increases, and then followed by

 slower rate until the equilibrium water absorbency is reached at
80 min. In Fig. 4b, the equilibrium water absorbency values versus
t% MBA  was plotted. As it was clear from Fig. 4b, the highest water

bsorbency of 397.2 (g/g) for the superabsorbent samples occurs at
.75 wt% MBA  content. When the MBA  is lower than 0.75 wt%, water
bsorbency decreases because of increasing the soluble materials
f superabsorbent. A further increase in the MBA  content results
n increase the crosslinking density of the superabsorbent network

hich in turn decrease the space among the grids of the super-
bsorbent network for holding of water. This would make it more
ifficult for the network to be swollen by water, which was  respon-
ible for the decrease in water absorbency. Therefore the optimum
mount of MBA  is 0.75 wt%  which gives higher water absorbency
o superabsorbent.
.3.2. Effect of MMT  content on the water absorbency behavior
The effect of MMT  content on the water absorbency of super-

bsorbent nanocomposite was investigated using superabsorbent
anocomposite samples with different MMT  contents, according
t (min)

d the effect of MMT  content on the water absorbency ((c) and (d))

to Table 1, and the results was  presented in Fig. 4c and d. As can
be seen from Fig. 4c, upon introducing MMT  from 5 wt%  to 15 wt%,
the superabsorbent exhibited an increase in the water absorbency
from 225.3 (g/g) to 460.016 (g/g). This phenomenon could be
attributed to reaction between MMT  and superabsorbent. In other
word, because of special crystalline structure of MMT  with neg-
ative surface charge, high repulsive forces between COO− groups
of superabsorbent and negative surface charge of MMT  resulted
in increased expansion of the superabsorbent network and higher
water absorbency. On the other hand, the swelling of superab-
sorbent nanocomposite decreased to 299.4 (g/g) for higher MMT
loading from 15 to 20 wt%. The reduction of water absorbency in
the presence of more MMT  was due to role of MMT  as the phys-
ical crosslinking agent. When the amount of MMT  is low, lower
crosslinking density with smaller MMT  content is created. How-
ever, when MMT  content was higher than 15%, the generation
of more crosslinking points restricts the movement of polymer
chains (Wu & Liu, 2007). Besides that, NaAlg-g-Poly(AA-co-AAm)
superabsorbent is liable for the water absorbency of nanocompos-
ite. The higher the MMT  content, the lower the superabsorbent
in the nanocomposite and consequently the water absorbency of
the superabsorbent nanocomposite is lower. Fig. 4d shows that the

water absorbency of Hyd/MMT is significantly higher than that of
the superabsorbent without MMT.  According to the SEM analysis,
the introduced MMT  generated a loose and more porous material
in comparison with pure superabsorbent. This structure of material
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s convenient for the penetration of water molecules into the poly-
eric network, and then may  be of benefit to water absorbency of

he superabsorbent nanocomposites.

.3.3. Effect of pH on the swelling
The swelling behavior of the superabsorbent samples at various
H values between 2.0 and 12.0 was shown in Fig. 5. As shown in
ig. 5a, the swelling of the superabsorbents was increased with
ncreasing pH from 2 to 5, then it become stable in the pH region
f 5 to 9, but it was decreased in the higher pH values from 9 to 12.

ig. 5. The effect of solution pH on the water absorbency (a), the schematic behavior of su
olutions on the water absorbency (c)
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The behavior of Hyd/MMT in various pH values was  schematically
shown in Fig. 5b. The maximum water absorbency of the Hyd/MMT
was achieved at pH 5. In an acidic solution, because of the pres-
ence of high concentration of H+, most of the carboxylate anions
are protonated, so efficient anion–anion electrostatic repulsion
was prevented. At pH values from 5 to 9, all the COOH groups

were converted to COO−, and this resulted in high anion–anion
repulsion and high swelling capacity. At pH values higher than 9
the swelling of Hyd/MMT decreased. This is due to the presence
of Na+ cations from NaOH in the solution, which shields the

perabsorbent nanocomposite in various pH values (b), and the effect of various salt
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ig. 6. Fertilizer release behaviors of NPK fertilizer, Hyd/NPK, Hyd/MMT + NPK,
nd Hyd/MMT/NPK in water (a), fertilizer release behaviors of Hyd/NPK and
yd/MMT/NPK in soil (b)

COO− groups and prevented perfect anion–anion repulsion. With
nvironment pH enhancement, accumulation of carboxylic ions
nside the Hyd/MMT network increases the water discharge from
t (due to weakening hydrogen bonds between water molecules
nd carboxylic groups) and the Hyd/MMT shrinks.

.3.4. Effect of salt solutions on the swelling property
Examination of swelling behavior of Hyd/MMT superabsorbents

n NaCl, KCl, CaCl2 and FeCl3 saline solutions is shown in Fig. 6c.
ccording to Fig. 5c, the swelling of Hyd/MMT in all salt solutions

s significantly lower than that of the values in distilled water.
his phenomenon is related to osmotic pressure and elasticity of
he superabsorbent network. Also, because of charge screening
ffect or shielding of carboxylate anions with monovalent cations,
xpansion of the superabsorbent network due to low repulsive
orces in superabsorbent and decreased osmotic pressure decreases
Pourjavadi et al., 2007). As can be seen from Fig. 5c, the swelling of
yd/MMT in salt solutions is in the order of Na+ > K+ > Ca2+ > Fe3+,

espectively. In the case of multivalent cations like Ca2+ and
e3+, formation of complexes with carboxylate groups of superab-
orbent resulted in creation of crosslinking points which avoided

he expansion of superabsorbent and decrease the swelling of the
uperabsorbent. Moreover, by increasing the charge of cation from
ivalent (Ca2+) to trivalent cations (Fe3+), degree of crosslinking
ue to the increasing electrostatic attraction between anionic sites
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of superabsorbents and Fe3+ cations increased and swelling is con-
sequently decreased (Bao, Ma,  & Li, 2011; Marandi, Mahdavinia, &
Ghafary, 2011).

3.4. Fertilizer release

In order to investigate the release of fertilizer, conductivity
measurements, reflecting the total concentration of fertilizers,
were performed as a function of time. Fig. 6a represents the
fertilizer release behaviors of untreated fertilizer (NPK), super-
absorbent encapsulated fertilizer (Hyd/NPK), untreated fertilizer
and superabsorbent nanocomposite mixture (Hyd/MMT + NPK),
and SRF superabsorbent nanocomposite (Hyd/MMT/NPK) in water.
Complete release of fertilizers in NPK fertilizer was released within
4 h as shown in Fig. 6a. The fertilizer release rate from NPK fertilizer
mixed with superabsorbent nanocomposite decreased compared
with that of NPK fertilizer, in agreement with the results of other
works (Wu  & Liu, 2008) but it was still obviously higher than that
of Hyd/MMT/NPK. A low concentration of fertilizer was slowly
released to the release medium from Hyd/NPK and Hyd/MMT/NPK
samples. It could be seen from Fig. 6a that the release of fertil-
izer from Hyd/NPK is 29.53%, 39.23% and 68.34% in the first day,
one week and one month, respectively. In contrast, in the case
of Hyd/MMT/NPK release of fertilizer is 14.66% on the first day,
28.54% on one week, and 57.66% on one month. As shown in
Fig. 6a, the fertilizer in Hyd/MMT/NPK possessed excellent slow-
release property. Fig. 6b shows the fertilizer release behaviors of
Hyd/NPK and Hyd/MMT/NPK in soil. As shown in Fig. 6b, the fertili-
zers in Hyd/NPK and Hyd/MMT/NPK released 38.23%, 58.01%, 73.1%
and 13.7%, 39.42%, 60.69% within 1, 7, and 30 days, respectively.
Slower release of fertilizer from Hyd/MMT/NPK than Hyd/NPK can
be related to highly porous structure of Hyd/MMT/NPK formula-
tion. NPK fertilizer encapsulated in Hyd/MMT/NPK formulation can
be released out of formulation slowly, due to the maze or tortuous
path created by montmorillonite layers which retards the diffusion
of fertilizer through the Hyd/MMT superabsorbent to the medium.
The addition of montmorillonite to the pure superabsorbent not
only causes porous structure in superabsorbent nanocomposite but
also controls the release of fertilizer from it. With the sum of fer-
tilizer release lower than 15% on the first day and not above 75%
on the thirtieth day, this indicated that the slow release charac-
ter of the Hyd/MMT/NPK prepared in this work agreed with the
standard of slow release fertilizers of the Committee of European
Normalization (CEN) (Trenkel & Association, 1997).

The fertilizer release mechanism of Hyd/MMT/NPK superab-
sorbent nanocomposite in soil could be illustrated as followings:
The fertilizer encapsulated in Hyd/MMT/NPK formulation is com-
posed of urea, potassium dihydrogen phosphate and ammonium
dihydrogen phosphate which can easily dissolve in water, and
therefore the fertilizer is released out to the medium. At first, after
being added into soil, Hyd/MMT/NPK would be slowly swollen
by the water in soil and transformed to hydrogel. Then the fer-
tilizer encapsulated into Hyd/MMT/NPK formulation or on its
surface could be slowly dissolved. In the next stage, the fertilizer
would slowly be released into the soil through the superab-
sorbent nanocomposite with the dynamic exchange of the water
in the hydrogel and the water in the soil. In this stage, diffu-
sion would be the release rate-limiting step. With the increase
of swelling ratio of superabsorbent nanocomposite, the aperture
size of the three-dimensional network of Hyd/MMT/NPK increases
which benefits the diffusion of the fertilizer into the soil. This

phenomenon continues until the equilibrium swelling ratio of
superabsorbent nanocomposite. After that the fertilizer release into
the soil decreases and becomes constant. The formulations devel-
oped within this work display several advantages over the SRFs
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ig. 7. Water-retention behaviors of the soil with and without Hyd/MMT/NPK

ompositions already described in the literature (Guo et al., 2005;
iang & Liu, 2006). First, the preparation of formulation takes place
n one step by in-situ polymerization in the presence of fertilizer.
o, there is no need to additional steps for coating of fertilizer gran-
les with superabsorbent nanocomposite. Furthermore, the use of
ontmorillonite is more advantageous from the economical point

f view and also due to its water absorption ability. Therefore, the
uperabsorbent nanocomposite can not only absorb a large amount
f water and preserve the soil moisture in arid areas but can also
egulate the fertilizer release behavior.

The mechanisms of fertilizer release from Hyd/MMT/NPK super-
bsorbent nanocomposite using the kinetic release data of fertilizer
n water and soil were analyzed applying Korsmeyer–Peppas and
iguchi models (Higuchi, 1963; Korsmeyer, Gurny, Doelker, Buri,

 Peppas, 1983). From the results, the good fitness was  found with
iguchi and Korsmeyer–Peppas model for release into water and
oil, respectively. This Fickian diffusion mechanism indicates that
ertilizer diffuses partially through a swollen matrix and water
lled pores in the prepared samples. The results are in conformity
ith the findings of previous work (Rashidzadeh et al., 2014) and

ther works (Jamnongkan & Kaewpirom, 2010), which showed that
ertilizer release followed Fickian diffusion type transport mech-
nism. The detailed explanation of fertilizer release kinetics was
rovided in supplementary data.

.5. Water retention behavior of Hyd/MMT/NPK in soil

Fig. 7 shows the water-retention behaviors of the soil with and
ithout Hyd/MMT/NPK. From Fig. 7, we find that the addition of
yd/MMT/NPK to soil could obviously increase the water-retention
nd decrease the water evaporation of the soil. The water retention
atio of soil without Hyd/MMT/NPK had only remained 71.64% and
3.27% on the 15th and 30th days, respectively, while that of the
oil with Hyd/MMT/NPK was 90.44% and 78.09%, respectively.

. Conclusions

A novel Hyd/MMT/NPK superabsorbent nanocomposite was

uccessfully prepared by in-situ polymerization method in the
resence of NPK fertilizer. The FTIR spectra indicated the incorpo-
ation of the montmorillonite within the superabsorbent matrix.
he exfoliated structure of Hyd/MMT/NPK was observed by XRD
 Polymers 114 (2014) 269–278 277

technique. The highly porous structure of Hyd/MMT/NPK formed
by addition of montmorillonite to the pure superabsorbent and that
incorporation increased the water absorption of superabsorbent
nanocomposite. Fertilizer slow release in distilled water and soil
indicated that the fertilizer release properties of Hyd/MMT/NPK
conformed to the standard of slow-release fertilizers. Finally the
superabsorbent nanocomposite designed in this work not only
has excellent slow-release property but has also a good water
retention capacity, which can reduce loss of fertilizer and improve
the utilization of water in agricultural applications.
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