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ABSTRACT: In this work, a novel slow release fertilizer contained 14.98% nitrogen was prepared via free radical polymerization of

acrylic acid, acrylamide, and bentonite in the presence of cross-linker (N,N0-methylenebis acrylamide), initiator (potassium persul-

fate), and nutrient source (urea). The samples were analyzed using a Fourier transform infrared spectrometer, X-ray diffraction, Scan-

ning electron microscopy, Thermogravimetric analysis, and Brunauer, Emmett and Teller analysis. Results showed that the swelling

and release behaviors were strongly dependent on the type and concentration of salt solution added to the medium, pH levels of the

solutions, and temperature. Moreover, the experimental data indicated that the addition of Bent not only improved water absorbency

and water retention capacities but also controlled the release of nutrients. The release kinetic simulation analysis findings showed that

the release of urea was predominated by a Case II release mechanism with skeleton erosion. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym.

Sci. 2016, 133, 43082.
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INTRODUCTION

Fertilizers and water resources are the most important factors for the

agricultural production, and they are commonly considered as being

yield limiting, so it is very necessary to improve the utilization of fer-

tilizer nutrients and water resources.1 However, conventional fertil-

izers used in agriculture, horticulture, and related fields dissolve

quickly. Thus, such fertilizers cannot be utilized efficiently by plants.

The loss of fertilizer not only negatively causes the economic losses

but also leads to very serious health and environmental problems,

such as the contamination with water, air, and so forth.2 To mitigate

these problems, slow release fertilizers (SRFs) have been designed

and applied in various fields. These novel fertilizers can release

nutrients gradually to coincide with the nutrient requirements of

plants, thus can make it available in the field for a longer period than

conventional fertilizers.3,4 Studies that have replaced the conventional

fertilizers with SRFs have reported encouraging results, SRFs not

only help limit fertilizer loss and enhance fertilizer utilization effi-

ciency but also address the contamination caused by common fertil-

izers. Wu et al. synthesized a double-coated slow release nitrogen,

phosphorus, and potassium (NPK) fertilizer with slow release prop-

erty and excellent water-retention capability that is superior to that

of conventional fertilizers. Therefore, this NPK fertilizer would be

used widely in various fields.5

The shortage of water resources is one of the most severe prob-

lems in the 21st century, especially in arid and semiarid regions.

Moreover, the effective utilization of scarce water resources is a

major challenge for farmers and has aroused wide concern in

the public.6 For the purpose of improving the utilization ratio

of water resources and limiting irrigation frequency, a growing

number of researchers has devoted themselves to investigating

the use of superabsorbent polymers (SAP) as water management

materials for agricultural applications.1,4,5 SAP are slightly cross-

linked hydrophilic polymers capable of swelling and retaining

considerable amounts of water or physiological fluids by virtue

of the unique three-dimensional network structure and various

functional groups without undergoing dissolution.4,7,8 The use

of SAP improves the water-holding capacity and fertility of the

soil.4,7 However, the majority of available SAP are mainly based

on synthetic hydrophilic polymers such as p(acrylic acid) or its

copolymer with p(acrylamide), the high cost and poor degrad-

ability in soil ends up making its application unfeasible and

limiting the extensive application in various fields.4,9 To solve

these problems, one of the alternatives is to introduce inorganic

clays such as montmorillonite (MMT), bentonite (Bent), atta-

pulgite, kaolin, and mica in high proportions into pure SAP to

form the organic-inorganic superabsorbent due to its good

degradability and low cost.1,4,7 It has been found that the inclu-

sion of nature clay minerals not only reduces production costs

drastically but also improves some of its properties, like swelling

ability, gel strength, and mechanical and thermal stability.4,7,10

Bent is a low-cost natural clay material that possesses unique
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physical and chemical properties, such as the typical 2:1 layered

structure, high cation exchange capacity, reactive groups on its

surface, the capability to densify polymeric network structures,

and the capability to affect slow release property, it has been

widely used in agricultural applications because of these charac-

teristics.6 Recent works by Bhattacharya et al.11 showed that the

introduction of modified Bent not only effectively increases water

absorbency, but also improves water retention ability. However,

the study on the synthesis of organic–inorganic SRF on the basis

of acrylic acid (AA), acrylamide (AM), Bent, and urea as raw

materials via inversion suspension polymerization has not been

reported. Thus, to develop such SRF and explore their swelling

and slow release behavior in response to external stimuli, namely,

salt solutions, temperature, and pH by stimulating soil environ-

ment is of importance, which is very useful for potential agricul-

ture and horticulture applications.

In this work, a novel SRF with good slow-release and water-

absorbency properties based on AA, AM, Bent, and urea with potas-

sium persulfate (KPS) and N,N0-methylenebis acrylamide (MBA) as

initiator and crosslinker were synthesized. The synthesized samples

were characterized using a Fourier transform infrared spectrometer

(FTIR), X-ray diffraction (XRD), Scanning electron microscopy

(SEM), Thermogravimetric analysis (TGA), and Brunauer, Emmett,

and Teller analysis (BET). Moreover, differences in soil texture, pH

levels, and application temperatures among various regions exert a

significant effect on swelling and nutrient release behavior. Typical

cationic saline solutions in soil (such as NaCl, MgCl2, CaCl2, BaCl2,

and FeCl3), different pH levels and varying temperatures are consid-

ered to investigate the effect of environment factors on the swelling

and release behavior. The release kinetics of the synthesized sample

was also provided. Therefore, the current study is significant to SRFs

production and application and could be expected to be widely

applicable in modern agriculture and horticulture.

EXPERIMENTAL

Materials

AA and cyclohexane were provided by Tianjin Fuyu Fine Chemical

(China). AA was distilled under reduced pressure before use to

remove the polymerization inhibitor and stored in a brown reagent

bottle. KPS (Tianjin Shengao Chemical Industry Limited Company,

Tianjin, China) was recrystallized from water prior to use. AM was

purchased from Tianjin Fuchen Chemical Reagent (China). MBA

was obtained from Tianjin Institute of chemical reagents (China).

Urea and sorbitan monostearate (span 60) was supplied by

Chengdu Kelong Chemical Reagent Factory (China). Dimethylami-

nobenzaldehyde was from Linshu Xiya Chemical Industry (China).

All reagents were of analytical grade and all solutions were prepared

with distilled water. The raw Bent samples were collected from Xia-

ZiJie deposits in Xinjiang Uyghur Autonomous Region of China.

The Bent used was purified using the method of Sun et al.12 The

cation exchange capacity was 98.4 mmol based on 100 g Bent and

the swelling index was 89.5 mL g21.

Preparation of P(AA-co-AM)/Bent/Urea

Preparation of P(AA-co-AM)/Urea Formulation. 5.0 g of AA

was dissolved in 20 mL of distilled water under gentle stirring, and

then it was partially neutralized with a certain amount of sodium

hydroxide solution in an ice bath up to the 70% neutralization

degree. Afterward, 5.0 g of AM, 3.6 g of urea, 1.2 mL of 0.01

mol L21 MBA, and 4.0 mL of 0.04 mol L21 KPS were added into

the monomer solution, successively, and stirred for 30 min at a

constant speed of 300 rpm until the mixture was uniform. After

the reaction completed, the water phase was prepared.

Moreover, 60 mL of cyclohexane was poured into a 250 mL four-

necked flask equipped with a mechanical stirrer, reflux condenser,

a thermometer, and a nitrogen line, and then 1.2 g of span 60 was

slowly added and stirred at 300 rpm for a few minutes at 408C in a

water bath to have span 60 dissolved completely. When the pro-

cess accomplished, the oil phase was obtained.

As stirring continued, the water phase was charged into oil

phase flask dropwise according to the volume ratio of 1:3. After

being purged with nitrogen gas for a few minutes to get rid of

dissolved oxygen in the solution, the water bath was heated

slowly to 708C and last for 2.18 h on the basis of our previous

work. The polymerization was completed under nitrogen atmos-

phere while stirring at a constant speed of 500 rpm. When the

reaction completed, the suspension solution was filtrated after it

cooled to room temperature. The production was purified with

70% of ethanol and dried to constant weight in a vacuum oven

at 708C. Finally, the brown granular p(AA-co-AM)/Urea was

obtained and stored for further use.

Preparation of P(AA-co-AM)/Bent/Urea Formulation. The

preparation procedure was exactly similar to that described pre-

viously with a little difference that 1.0 g of Bent was added into

the monomer solutions in the process of prepare water phase

and make the Bent dispersed uniformly. In continue a same

method mentioned above was adopted to synthesize the p(AA-

co-AM)/Bent/Urea formulation.

Characterization Methods

FTIR Analysis. The spectroscopic characterization of the samples

was investigated using a FTIR spectrometer (Nicolet Avatar 360).

The samples of Bent, urea, p(AA-co-AM)/Bent, p(AA-co-AM)/Urea,

and p(AA-co-AM)/Bent/Urea were completely dried, grounded to

fine powder, and mixed thoroughly with KBr and pressed forming

KBr tablets, respectively. The FTIR spectra of the samples were then

recorded in the wave number range of 4000–400 cm21.

SEM Analysis. The surface morphologies of the p(AA-co-AM)/

Urea and p(AA-co-AM)/Bent/Urea were studied using a SEM

(JSM-6700F, Jeol, Tokyo, Japan). The samples were dried and

adhered to sample holders with carbon LIT-C glue, and their

surfaces covered with a gold thin layer to prevent the collapse

of the porous structure.

XRD. The structural properties of Bent, p(AA-co-AM)/Bent,

p(AA-co-AM)/Urea, and p(AA-co-AM)/Bent/Urea were analyzed

using a XRD (D8 Advance, Bruker) with Cu ka (k 5 1.54056)

radiation at room temperature, operating with an emission tube

acceleration voltage of 40 kV, current of 40 mA. The scanning

velocity used was 1.08 min21 and the samples were scanned in

the angle range of 5–908.

Thermogravimetric Analysis. The TG properties of Bent, urea,

p(AA-co-AM)/Urea and p(AA-co-AM)/Bent/Urea were carried

out using a TGA (STA 449F3, NETZSCH, Germany) with a
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temperature range of 25–8008C at a heating rate of 108C min21

using dry nitrogen purge at a flow rate of 30 mL min21.

BET Measurement. The pore volume, pore size distribution,

and specific surface area of p(AA-co-AM)/Urea and p(AA-co-

AM)/Bent/Urea were measured using an Accelerated Surface

Area and Porosimetry System (ASAP2020, Micromeritics, Amer-

ica) that uses a nitrogen adsorption-desorption method at 77 K.

The specific surface area was calculated using BET equation.

Swelling Measurement

About 0.1 g of the pre-dried samples were immersed entirely in

250 mL of distilled water, various saline solutions (NaCl, MgCl2,

CaCl2, BaCl2, and FeCl3) with different concentration ranging

from 0.05 to 0.25 mol L21 and various pH value solutions ranged

from 2.0 to 12.0 at room temperature until the swelling equilib-

rium was reached. The swollen samples were filtered through a

100-mesh stainless screen and weighed. The equilibrium water

absorbency Qeq (g g21) was calculated by eq. (1).

Qeq5
W22W1

W1

(1)

where W1 and W2 are the weights of dried and swollen product,

respectively. Qeq was expressed as grams of water uptake by per

gram of sample.

To explore the effect of temperature on water absorbency, pre-dried

samples were immersed in distilled water and then put into incuba-

tors whose temperature was set at 5, 25, and 358C. The measure-

ment of water absorbency was the same as described previously.

Determination of the Urea Content

The quantity of cumulative urea released from the samples in the

solutions was determined using a simple spectrophotometric

method proposed by With et al.13 Aliquot (5 mL) was pipetted into

a 25 mL colorimetric tube, and then 10 mL of Ehrlich reagent was

added. Subsequently, the solution was diluted into 25 mL with dis-

tilled water and renewed mixing gently. Dimethylaminobenzalde-

hyde gradually reacted with the urea and generated a bright yellow

color complex that was proportional to urea concentration under

acidic conditions. This color complex was quantified by photome-

try. The absorbance values of the mixture were measured with a

blank using a UV2vis spectrophotometer (752 N, METASH,

China) at a wavelength of 430 nm after 10 min. The mechanism of

this method is according to the following reaction:

The amount of urea released at different time intervals was

determined by measuring the absorbance value of the aliquots

at desired time intervals. The absorbance value is related to the

amount of urea identified as per a calibration plot

(y 5 3.0221x 2 0.0059). Finally, the curve of urea cumulative

release ratio versus release time was obtained.

Slow Release Kinetics and Mechanisms

The slow-release property of the samples can be described as

the cumulative urea release. 0.1 g of the pre-dried samples were

immersed in 250 mL of distilled water, various saline solutions

(0.05, 0.15, and 0.25 mol L21 NaCl, 0.05 mol L21 MgCl2,

CaCl2, BaCl2, and FeCl3) and aqueous solution with well-

defined pH values of 4, 7, and 9. During 30 days at room tem-

perature, aliquots (5 mL) were collected at certain time intervals

for analysis and the same volume of fresh medium was supple-

mented to maintain a constant amount of solvent. The urea

content released from the samples was determined according to

the colorimetric determination described previously.

To explore the effect of temperature on slow release behavior,

pre-dried samples were added into beakers containing 250 mL

distilled water, and then put into incubators whose temperature

was set at 5, 25, and 358C. The measurement of urea content

was the same as described previously.

With the aim of revealing the slow release kinetics and mecha-

nism, the release data into medium were fitted to the empirical

eq. (2) proposed by Ritger and Peppas14:

Mt

M1
5ktn or lnðMt=M1Þ5lnk1nlnðtÞ (2)

where Mt/M1 is the fraction of urea released at time t, k is the

rate constant that incorporates characteristics of the carrier and

the active ingredient, and n is the release exponent which

defines the transport mechanism. The value of n is determined

from the slope of the plot of the ln (Mt/M1) versus ln (t) and

the diffusion constant k was obtained from the intersection with

the vertical axis.

Measurement of the Water Retention of Samples

The water retention of samples at different temperatures was

studied as follows: the samples were soaked in distilled water

until the equilibrium at room temperature, then a certain

quantity of fully swollen samples (marked W1) were placed in

an air oven at 45 and 808C, respectively. The remaining sam-

ples were weighed at different time intervals (marked Wi). The

water-retention ratio (WR %) of the samples were calculated

by eq. (3).

WRð%Þ5 Wi

W1

3100 (3)

RESULTS AND DISCUSSION

Preparation Mechanism of P(AA-co-AM)/Bent/Urea

The p(AA-co-AM)/Bent/Urea product was prepared via free

radical reaction. The specific procedure is described as follows7:

first, the sulfate anion radicals were generated from the thermal

decomposition of the persulfate initiator. Second, these radicals

attacked the monomer molecules of AA and AM that were adja-

cent to the active centers resulting in chain initiation. There-

after, the chain propagation began rapidly and led to the

growth of a branched chain subsequently. Finally, the cross-

linked network structure was formed via the reaction between

the end vinyl groups of MBA crosslinker and the polymer

chains. In addition, it is clear that the Bent may act as a cross-

linking agent to form the network and the urea dispersed uni-

formly in the network.

Characterization

FTIR Spectra. The FTIR spectra of the Bent, urea, p(AA-co-

AM)/Bent, p(AA-co-AM)/Urea, and p(AA-co-AM)/Bent/Urea
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were shown in Figure 1. In FTIR spectra of Bent, the absorption

bands at 1634 and 787 cm21 were related to OAH bending

vibration and the peak observed at 3420 cm21 was associated

with stretching vibration of structural OAH, the band at

522 cm21 was corresponded to the AlAOASi bending vibra-

tion.15 It was worth to mention that the AlAOH and MgAOH

stretching vibration of Bent at 3623 cm21 can almost not be

observed, the SiAO stretching vibration at 1026 cm21 and the

SiAOASi bending vibration at 463 cm21 can be observed in

p(AA-co-AM)/Bent and p(AA-co-AM)/Bent/Urea with a weak-

ened intensity, indicating that Bent participated in polymeriza-

tion reaction. In FTIR spectra of urea, the peaks at 3442 and

3346 cm21 were corresponded to asymmetric and symmetric

stretching vibration of NH2.16 The peak at 3259 cm21 was due

to OAH vibration of absorbed water, 2802 cm21 was identified

as CAH of formaldehyde in the urea.17 The peak that appeared

at 1681 cm21 was attributed to C@O groups stretching, 1623

and 1465 cm21 were corresponded to N-H bending vibration

and CAN stretching vibration,16 557 cm21 was related to

NACOAN bending vibration,18 and these peaks still existed in

p(AA-co-AM)/Urea and p(AA-co-AM)/Bent/Urea, which indi-

cated the involvement of urea in the samples and the chemical

structure of the urea is stable. In FTIR spectra of p(AA-co-

AM)/Bent, p(AA-co-AM)/Urea, and p(AA-co-AM)/Bent/Urea,

the bands at 1673, 1681, and 1673 cm21 were related to the

overlapped stretching vibration of the C@O groups of AA and

AM as well as the NAH bending.19 The bands appeared at

2931, 2931, and 2939 cm21 were due to the combined stretch-

ing of CH2 groups in both AA and AM in superabsorbent

structure.4

XRD Patterns. The XRD patterns of Bent, p(AA-co-AM)/Bent,

p(AA-co-AM)/Urea, and p(AA-co-AM)/Bent/Urea were shown

in Figure 2. It can be observed that the crystalline peak of Bent

at 8.908 disappeared in the XRD patterns of p(AA-co-AM)/Bent

and p(AA-co-AM)/Bent/Urea, suggesting the reaction between

the Bent and monomers weakened the ordered structures of

Bent and the clay sheets of the Bent have been exfoliated during

the reaction and then uniformly dispersed in organic network.9

Furthermore, the presence of the characteristic diffraction peaks

of Bent in the XRD pattern of p(AA-co-AM)/Bent and p(AA-

co-AM)/Bent/Urea confirmed the incorporation of the Bent in

the p(AA-co-AM)/Bent and p(AA-co-AM)/Bent/Urea. In addi-

tion, it was worthy noted that p(AA-co-AM)/Bent and p(AA-

co-AM)/Bent/Urea possess typical crystallite reflections associ-

ated with the MMT component, while the XRD patterns of

p(AA-co-AM)/Urea present two weak broad peaks at 2h 5 228

and 2h 5 388 attributed to its amorphous structure with low

crystallinity.4

SEM Surface Morphology. The SEM images of the SRFs with

and without the Bent were shown in Figure 3. It can be seen

that urea crystals is homogeneously deposited on the surface

of polymer in a lower magnification. For clarification, some

of the urea crystals were shown by arrow signs in SEM

images. Furthermore, in a higher magnification, the SEM

clearly indicates that the p(AA-co-AM)/Urea had compara-

tively smooth, tight surfaces and less porous structure in con-

trast to p(AA-co-AM)/Bent/Urea, which has an undulant,

course surface and more pores and open channels with

honeycomb-like structure due to the introduction of the Bent,

which act as the physical crosslinking agent increased the sur-

face area and facilitated the water molecules penetrating into

the polymeric network finally.

Thermogravimetric Analysis. The TGA curves of Bent, Urea,

p(AA-co-AM)/Urea, and p(AA-co-AM)/Bent/Urea were depicted

in Figure 4. The thermal decomposition process of urea was

divided into two steps, the first step was corresponded to the

urea vaporization, decomposition, and the generation of biuret,

NH(CO)2(NH2)2 as well as the decomposition and self-

condensation of biuret,20 and the second step was associated

with the continuous sublimation and decomposition of the urea

Figure 1. The FTIR spectra of the Bent, urea, p(AA-co-AM)/Bent, p(AA-

co-AM)/Urea, and p(AA-co-AM)/Bent/Urea. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Figure 2. X-ray diffraction patterns of the Bent, p(AA-co-AM)/Bent,

p(AA-co-AM)/Urea, and p(AA-co-AM)/Bent/Urea. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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and other complex samples until complete chemical vaporiza-

tion and degradation.20 The decomposition curve of Bent

showed two-steps decomposition related to dehydration of

adsorbed water and interlayer water (first step),21 and to the

elimination of dehydroxylation water and organic matter (sec-

ond step).21 In addition, p(AA-co-AM)/Urea and p(AA-co-

AM)/Bent/Urea possessed a similar four-steps continuous

thermal decomposition process and the decomposition rate was

follows the series p(AA-co-AM)/Bent/Urea< p(AA-co-AM)/

Urea. The first step was due to the removal of the absorbed and

bonded water in the network,10 the second step was attributed

to the thermal decomposition of amide groups, carboxyl groups

of p(AA-co-AM) chains backbone and crosslinker on the net-

work,22 the third step was implied the formation of anhydride

with elimination of the water molecule from two neighboring

carboxyl groups and the breakage of p(AA-co-AM) chains as

well as the destruction of cross-linked network structure,23 the

last step was assigned to the further decomposition or degrada-

tion of residual organic matter at high temperature.23 In the

end, the residual weight of p(AA-co-AM)/Bent/Urea was about

31.91%, which was higher than that about 26.61% for p(AA-co-

AM)/Urea. The conclusion was easily reached that the incorpo-

ration of Bent obviously caused an increase in thermal stability

of the polymer.

BET Analysis. Specific surface area and pore size distribution

are important sample properties. The pore size distribution and

adsorption/desorption isotherms (inset) for p(AA-co-AM)/Urea

and p(AA-co-AM)/Bent/Urea were shown in Figure 5. It can be

seen that both isotherms were almost similar in shape and

increased sharply at low relative pressure, which is characteristic

features of the Type I isotherms and indicates the existence of

micropores.24 Furthermore, a H3 hysteresis loop, which is a

remarkable characteristic of the Type IV isotherms and is associ-

ated with the capillary condensation taking place in meso-

pores,24 was also observed with the increase of relative pressure.

These findings indicated that both isotherms are clearly a mix-

ture of types I and IV isotherms, suggesting the simultaneous

existence of micropores and mesopores.25 Moreover, the intro-

duction of Bent varied the volume of N2 adsorbed, which sug-

gested Bent as physical crosslinking agent increased crosslinking

density and pore number. That is, the BET surface area and

total pore volume of p(AA-co-AM)/Bent/Urea (5.286 m2 g21

and 0.0034 cm3 g21) were twice as high as those of p(AA-co-

AM)/Urea (2.352 m2 g21, 0.0016 cm3 g21). The p(AA-co-AM)/

Figure 3. SEM micrographs of p(AA-co-AM)/Urea (a) and p(AA-co-AM)/Bent/Urea (b). [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Figure 4. TG curves of the Bent, urea, p(AA-co-AM)/Urea, and p(AA-co-

AM)/Bent/Urea. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 5. The pore size distributions and nitrogen adsorption/desorption

isotherms (inset) for fertilizers. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Bent/Urea also displayed a consistent pore radius ranging from

9 to 60 Å, with an average pore size of 18.9 Å, which indicated

the samples has micro-mesopores structure, corresponding to

the N2 adsorption/desorption results. The higher BET surface

area and total pore volume benefited the water absorbency and

release property. Rashidzadeh et al.4 synthesized a Hyd/MMT/

NPK fertilizer that possessed a slow-release property superior to

that of fertilizer without MMT ascribed to the highly porous

structure originated from the addition of MMT.

Measurement of the Water Retention of Samples

In real circumstance, not only the slow release property and the

water absorbency but also the water retention of the product is of

vital importance, especially in arid and desert regions. Figure 6

showed the water retention capacity of the samples as a function

of time at 45 and 808C. As clearly seen, the water retention

capacity decreased with prolonging the time and the addition of

Bent obviously improved the water retention capacity in contrast

to p(AA-co-AM)/Urea. Under 808C condition, the water loss of

p(AA-co-AM)/Urea almost reached 100% after 6 h, while the

100% of water loss of p(AA-co-AM)/Bent/Urea reached can be

delayed to 13 h. In addition, the p(AA-co-AM)/Bent/Urea and

p(AA-co-AM)/Urea hold 78.9% and 71.1% of distilled water after

drying for 13 h at 458C, respectively. The H-bonding interaction

and Van der Waals forces between the water molecules and the

samples has a direct impact on water retention performance.26

The inherent carboxylate groups on the network chains made this

chemical interaction stronger, furthermore, the Bent has an excel-

lent water absorbency and water retention capacity, which give

rise to an improvement in the water retention capacity.26 From

the results, it could be inferred that the samples had good water

retention ability, which is especially significant for the arid and

desert areas. The samples would be like a subminiature reservoir

to retain and supply moisture to crops over time as the soil

underwent alternate wet and dry, consequently, reduce irrigation

frequencies, prolong irrigation cycles, and strengthen drought

resistance of crops when the samples applied in the soil, conse-

quently, a good environment for crops to grow would be created.3

Influence of the Environmental Factors on Water Absorbency

Effect of Salt Solution on Water Absorbency. The effect of var-

ious ions and concentrations on the water absorbency of fertil-

izers was illustrated in Figure 7. It can be seen that the water

absorbency of p(AA-co-AM)/Bent/Urea was always higher than

that of p(AA-co-AM)/Urea and the trends of swelling behavior in

all swelling media were similar. This result indicated that the

introduction of Bent improved the saline resistance of fertilizers

to some extent. Initially, water absorbency decreased sharply as

the salt concentration of the solutions increased from 0 to 0.05

mol L21 which is related to the expansion of the samples net-

work decreased ascribed to the charge screening effect induces an

imperfect anion-anion electrostatic repulsion and a reduced

osmotic pressure result from the additions of these cations.27 Sec-

ond, the tendency was followed by a gradual decrease with an

increase in salt concentration from 0.05 to 0.25 mol L21. This

finding can be attributed to the fact that ionic osmotic pressure

decreased more significantly with the cationic solution concentra-

tion increased, which in turn prevented water molecules from

penetrating inside the network and limited swelling in the pro-

cess.26 As shown in Figure 7(a), the water absorbency in the NaCl

solution was considerably higher than that in the CaCl2 and FeCl3
solutions at same concentrations, and the degree of suppression on

water absorbency was ordered as follows: Fe31>Ca21>Na1.

When the cation charge increased from monovalent to multivalent,

the complexing ability between metal ions and the carboxylate

group increased and the electrostatic repulsive forces between the

carboxylate groups weakened, which lead to the degree of cross-

linking increased and the expansion of network constrained.28

Besides, the multivalent metal cationic salt solution displayed

higher ionic strength than the monovalent metal cationic salt solu-

tion.23 As indicated in Figure 7(b), the less the radius of the same

valent cation, the larger water absorbency was

(Mg21>Ca21>Ba21). This result may be ascribed to the fact that

the less the cation radius is, the more cations permeate the net-

work. This scenario results in a favorable anion–anion electrostatic

repulsion, thus improving water absorbency. Similar phenomena

had been reported by others.23,28

Effect of pH on Water Absorbency. Swelling behavior of the

samples in solutions of various pH levels that ranged from 2.0

to 12.0 was investigated. The desired pH media were adjusted

using 0.05 mol L21 of HCl and NaOH solutions. The pH levels

were measured with a pH meter (PHS-3C). As displayed in Fig-

ure 8, the water absorbency of p(AA-co-AM)/Bent/Urea was

always higher than that of p(AA-co-AM)/Urea and both samples

continuously swelled up to a pH level of 8 and then decreased

with further increases in pH level, the water absorbency of the

hydrogels was maximized at pH 8. At low pH, the water

absorbency of both samples decreased, this result may be attrib-

uted to the fact that most carboxylate anions were protonated

under acidic conditions, as a result, the efficiency of anion–

anion electrostatic repulsion was restricted, which in turn pre-

vented the entry of water molecules.4 Weak hydrogen bonds

were generated between carboxyl groups at the same time, thus

produced an additional physical crosslinking in the network,

which inhibited the permeation of water molecules into the net-

work.29 Also, an enhancement of the water absorbency was

Figure 6. Water retention ability of swollen fertilizers with and without

Bent as a function of time at 45 and 808C. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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noticed in the pH range of 4–8. This result may be explained by

the fact that some carboxyl groups were ionized and converted

into carboxylate anions that repelled one another and resulted

in a rapid relaxation in the network chains, which eventually

were conducive to the inclusion of water molecules into the

network and increased swelling capacity.4 However, a decrement

was observed beyond pH 8, which may be related to the fact

that the quantity of Na1 cations from NaOH in the solution

increased with an increase in the pH of swelling medium and

then shielded the carboxylate anion groups. This occurrence

prevented perfect anion–anion repulsion, which in turn shrunk

the network and restricted the entry of water molecules.4 Simi-

lar swelling-pH dependencies have been reported by others.7,22

Effect of Temperature on Water Absorbency. Temperature

plays an extremely important part in water absorbency. There-

fore, the swelling behaviors of p(AA-co-AM)/Urea and p(AA-

co-AM)/Bent/Urea were investigated at various temperatures in

distilled water and the results were shown in Figure 9, which

implied that the water absorbency of p(AA-co-AM)/Bent/Urea

was always higher than that of p(AA-co-AM)/Urea and with

increasing temperature, all curves displayed the same tendency.

Initially, water absorbency increased with an increase in temper-

ature, and then decreased with a further increase in tempera-

ture. This result was attributed to the fact that higher

temperature resulted in both greater diffusion of water mole-

cules and larger relaxation of network chains.8 In addition, the

destruction of the hydrogen bonds between carboxyl groups

facilitated network expansion,30 which in turn improved the

water absorbency of the samples. Hydrogen-bonding force, driv-

ing force for water entry, weakens when the temperature in the

feed further increases, resulting in the bounded water in the

composite network transforms into free water or nonbinding

water and then moved rapidly out of the network.31 Further-

more, the network structure shrinks with increasing tempera-

ture, which reduces the space into which water enters.30 Both of

Figure 7. Effect of various ions and concentrations on the water absorbency of fertilizers. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Figure 8. Effect of pH on the water absorbency of fertilizers. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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scenarios accounted for the decrease in water absorbency. A

similar result was reported by Zhang et al.30

Influence of the Environmental Factors on the

Release Behavior

Effect of Salt Solution on Release Behavior. The effect of salt

solution type and concentration on release behavior was investi-

gated and presented in Figure 10, which implies the salt solu-

tion types and concentrations prominently affect release

behavior. It is noted that p(AA-co-AM)/Bent/Urea exhibited a

slow release property that was superior to that of p(AA-co-

AM)/Urea. This phenomenon was ascribed to the fact that the

highly porous structure and the maze or tortuous path gener-

ated with the addition of Bent retarded the diffusion of fertilizer

through the network to the medium.4 As shown in Figure

10(a), the amounts of cumulative urea released from both two

different samples in various salt solutions were appreciably

Figure 9. Effect of temperature on the water absorbency of fertilizers.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 10. Effect of salt solution type and concentration on the release behavior of fertilizers. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 11. Release behavior of nutrients from fertilizers in solutions with

different pH levels. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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lower than that in distilled water, which is attributed to the

charge screening effect of the additional cations and cause the

perfect anion-anion electrostatic repulsion restricted in the pro-

cess, subsequently the network shrunk and inhibited the release

rate of nutrients.27 The most remarkable is multivalent cations

reduced release rate considerably more than monovalent cations

did, which is related to the formation of intramolecular and

intermolecular complexes due to the complexing ability between

multivalent cations and the carboxylate groups, these complexes

increased the cross-linking density of the network and caused

the samples to become hard and rubbery, consequently, the

amounts of nutrients released decreased as charge number

increased.27 As depicted in Figure 10(b), the release values

decreased constantly with increasing concentration. These

results can be explained by the fact that the charge screening

effect and complexing ability were strengthened when concen-

tration increased leading to a decrease in release amounts. As

illustrated in Figure 10(c), the larger the radius of the cations,

the higher the release amounts were. These results were related

to the fact that the complexing ability between divalent cations

and the carboxylate groups become weakened as the radius

increased, consequently, crosslinking density decreased and the

network relaxed, which led to an increase in the release

amounts. On the basis of the discussion above, release behavior

is strongly influenced by the type and concentration of salt

solution added to the release medium.

Effect of pH on Release Behavior. Figure 11 shows the slow

release behavior of nutrients from fertilizers in aqueous media

at pH values of 4, 7, and 9 at room temperature. It is clearly

seen that the release behaviors of the samples were sensitive to

the environmental pH level. What should be noted is that the

release rate of p(AA-co-AM)/Bent/Urea was slower than that of

p(AA-co-AM)/Urea, indicating Bent can contribute to improv-

ing slow release behavior. The proposal was similar to the asser-

tion mentioned above that the addition of Bent created a highly

porous structure and a maze or tortuous path that restricted

the release of urea into media. It is also found that the amount

of nutrients released from the samples with widely varying rates

and the release rate was increased with increasing pH level of

the experiment conditions. The release rates for both samples

were always higher in basic solution than in acidic or neutral

solutions. These results were attributed to the deprotonation of

the carboxylic groups in the basic solution, and the strong elec-

trostatic repulsion between the carboxylic groups also make the

network expand, which is convenient for the nutrients to pass

through the network.32 In contrast, the protonation of carbox-

ylic groups at a low pH level prevented the efficient anion–

anion electrostatic repulsion, and subsequently causes a shrink-

age of the network, which is unfavorable for the transportation

of nutrients.33 Similar phenomena and results have been

reported by Ma et al.32

Effect of Temperature on Release Behavior. The release behav-

iors of nutrients from the fertilizers in distilled water at temper-

atures of 5, 25, and 358C were shown in Figure 12. It could be

Figure 12. Release behavior of nutrients from fertilizers at different tem-

peratures. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Table I. The Release Kinetics Parameters K, n, and R2 for p(AA-co-AM)/Urea and p(AA-co-AM)/Bent/Urea in Different Experimental Conditions

Experimental
conditions

p(AA-co-AM)/urea p(AA-co-AM)/bent/urea

R2 n K R2 n K

0.05 mol L21 NaCl 0.9902 1.6301 0.0283 0.9924 1.649 0.0289

0.05 mol L21 CaCl2 0.9935 1.6845 0.0279 0.9889 1.4538 0.0774

0.05 mol L21 FeCl3 0.992 1.2723 0.1769 0.9716 1.4206 0.1243

0.05 mol L21 MgCl2 0.9956 1.7158 0.0264 0.9515 1.7371 0.0342

0.05 mol L21 BaCl2 0.994 1.7329 0.0216 0.9931 1.8042 0.0174

0.15 mol L21 NaCl 0.9969 1.791 0.0179 0.9946 1.5855 0.0478

0.25 mol L21 NaCl 0.997 1.7652 0.0244 0.9515 1.7371 0.0342

pH 5 4 0.9969 1.791 0.0179 0.9929 1.7405 0.0288

pH 5 7 0.9832 1.6221 0.0246 0.9924 1.649 0.0289

pH 5 9 0.9894 1.5175 0.0328 0.9847 1.5250 0.0367

T 5 58C 0.994 1.7329 0.0216 0.9889 1.4538 0.0774

T 5 258C 0.9832 1.6221 0.0246 0.9848 1.369 0.0797

T 5 358C 0.9891 1.4227 0.0464 0.9805 1.6066 0.0254
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seen that temperature significantly influenced the release behav-

iors of nutrients and urea was released more slowly from p(AA-

co-AM)/Bent/Urea than from p(AA-co-AM)/Urea at the same

temperature in all tested temperature ranges. This result is rea-

sonable on the basis of principle explained above, the introduc-

tion of Bent generated a highly porous structure and a maze or

tortuous path, thus complicating the passage of urea through

the network. Clearly, the higher the temperature, the faster the

nutrient release rates were. The base fertilizer used in the

experiment was urea, whose dissolution rate was increased with

an increase in temperature. Moreover, diffusion rate increased

as temperature increased because of a faster relaxation of net-

work chains.1,8,34 As per the discussion above, it is concluded

that both of higher dissolution rate (due to the increased solu-

bility of urea) and diffusion rate (originated from an accelerated

relaxation of network chains) at high temperature enhanced

nutrient release.2 A similar result was presented by Tao et al.2

Slow Release Kinetics

For spherical matrices, when n� 0.43, the urea release mecha-

nism approaches to a Fickian diffusion, whereas n� 0.85, Case

II transport occurs, leading to a zero order (swelling or erosion

controlled) release mechanism, and when 0.43� n< 0.85,

anomalous transport is observed, involving both Fickian diffu-

sion and polymer chain relaxation.35 The values of K, n, and R2

for nutrients released from p(AA-co-AM)/Urea and p(AA-co-

AM)/Bent/Urea in different conditions were calculated and

summarized in Table I. It was found that the release data had a

good linear fit as shown by the values obtained for the correla-

tion coefficients (R2). It is also apparent that all diffusion expo-

nent n were greater than 0.85 for both two fertilizers in all the

cases, suggesting that release of urea was predominated by a

Case II release mechanism with skeleton erosion.

CONCLUSIONS

A novel p(AA-co-AM)/Bent/Urea slow release fertilizer that con-

tained 14.98% nitrogen was successfully prepared via free radical

polymerization method. The results showed that the p(AA-co-

AM)/Bent/Urea sample displayed exfoliated structures, good

thermal stability and a micro-mesopores structure with more

and consistent pore radius than p(AA-co-AM)/Urea sample did

due to Bent reacting with AA and AM monomer by FTIR,

XRD, TGA, SEM, and BET characterization. The swelling and

release results in the different conditions revealed that swelling

and release behavior was strongly dependent on the type and

concentration of salt solution added to the media, as well as on

solution pH levels and temperature. Therefore, the prepared

samples exhibited excellent stimuli-responsive property to

changes in external environment. The investigation into swelling

and release behaviors indicated that the addition of Bent signifi-

cantly increased water absorbency and water retention capacity

and contributed considerably to improving the slow release

behavior and endowed the product liberate the nutrient in a

more controlled manner than that without Bent. The mecha-

nism of urea release was based on a Case II release mechanism

with skeleton erosion. Thus, the overall results would serve as a

theoretical guide for the potential application of this fertilizer in

agriculture and horticulture and contribute to the realization of

sustainable development of agriculture.
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