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ABSTRACT: A new granular, slow-release fertilizer prepared by a cold-extrusion strategy (GSRFEx) based on urea-
formaldehyde (UF), ammonium polyphosphate (APP), and amorphous silica gel (ASG) was presented. Characterizations
showed that there were strong hydrogen-bond interactions and good compatibility among UF, APP, and ASG in GSRFEx. The
mechanical properties as well as the slow-release properties of GSRFEx were greatly enhanced after the addition of APP and
ASG to UF. Rape pot experiments indicated that GSRFEx could improve N-use efficiency dramatically and thereby facilitate the
growth of rape. Importantly, as an economical, effective, and environment-friendly technology, cold extrusion has great potential
to be applied in horticulture and agriculture. We hope that our work can offer an alternative method for the design of slow-
release fertilizers with desirable properties.
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■ INTRODUCTION

Slow-release fertilizers have received increasing attention lately
because the use of them could improve nutrient-use efficiency
and then reduce environmental hazards.1,2 Coated fertilizers,
prepared by physically coating conventional inorganic
fertilizers with a variety of materials to reduce their solubility
in water, are widely applied as slow-release fertilizers at
present.3,4 The release rates of the core fertilizers are regulated
by controlling the thickness and structures of the coating
layers.5 Various coating materials have been developed by
using synthetic polymers, such as polyolefins, polyurethane,
polystyrene, and polysulfonate.6−9 However, the accumulation
of residual or undegraded synthetic polymers in the soil may
contaminate the environment.10 Therefore, much attention has
been paid to biodegradable coating materials recently because
of their biodegradability, nontoxicity, and environmentally
friendly properties.11 Biodegradable polymers, including
chitosan, starch, sodium alginate, and cellulose, could be
directly used or further processed as coating materials.12−15

Unfortunately, because of their relatively high costs and the
complicated coating processes, biodegradable-coated fertilizers
have still not satisfied the requirements for large-scale
applications, especially in crop fields.16−18

Using chemically controlled-release fertilizers is one possible
way to mitigate those problems.19 So far, urea-formaldehyde
(UF) is the main species used. UF is a long-chain polymer
derived from a reaction between urea and formaldehyde; it can
be degraded by microorganisms, which results in the slow
release of nutrient N to the soil. Unfortunately, the release rate
of nutrient N is too slow to match the requirements for the
normal growth of crops.20 The main reason for this is that the
macromolecules and crystalline regions in UF can hardly be
decomposed by microbial action in a short time. Therefore, the

share of UF in the global market for slow-release fertilizers has
been falling significantly.
The slow-release property of UF could be improved by

decreasing its crystallinity, because water and microorganisms
more easily penetrate the amorphous regions in UF and then
attack the fragile ureido groups.21 Ammonium polyphosphate
(APP) and amorphous silica gel (ASG) contain a large number
of phosphorus−oxygen double bonds and hydroxyls, respec-
tively. These groups could form an extensive hydrogen-bond
network with the ureido of UF.22−24 Hence, when APP and
ASG are introduced into UF, the regular molecular arrange-
ment of pure UF is destroyed; then, UF with reduced
crystallinity is formed, thus improving the slow-release
property. To the best of our knowledge, few papers have
been reported on improving the slow-release property of UF
by decreasing its crystallinity.
Besides the unfavorable slow-release property, poor

processability is another important factor that restricts the
large-scale application of UF. Because the raw material
formaldehyde generally contains 63% water by weight, the
large-scale preparation of UF granules is practically limited.25

For now, some granulation methods for UF have been
developed, such as disc granulation, extruding granulation, and
so on. However, there are many deficiencies in these
granulation processes. For example, the UF product has to
be dried and then crushed into powder before granulation.
These processes inevitably lead to large amounts of dust and
excessive energy consumption, thus causing heavy environ-

Received: May 4, 2018
Revised: May 26, 2018
Accepted: June 5, 2018
Published: June 26, 2018

Article

pubs.acs.org/JAFCCite This: J. Agric. Food Chem. 2018, 66, 7606−7615

© 2018 American Chemical Society 7606 DOI: 10.1021/acs.jafc.8b02349
J. Agric. Food Chem. 2018, 66, 7606−7615

D
ow

nl
oa

de
d 

vi
a 

M
ar

k 
B

ro
uw

er
 o

n 
Ju

ly
 2

6,
 2

01
8 

at
 0

7:
49

:5
4 

(U
T

C
).

 
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

 

pubs.acs.org/JAFC
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jafc.8b02349
http://dx.doi.org/10.1021/acs.jafc.8b02349


mental pollution and significant granulation costs.26,27 To
alleviate these problems, some new granulating processes have
been developed. Guo et al.28 reported that UF hydrogel beads
were prepared by mixing UF with sodium alginate. However,
their preparation technology at large scale is typically a
complex process. Recently, extrusion has been used as another
way to prepare granulated UF.25 In order to shape UF, plenty
of montmorillonites with super plasticity were added into UF
in the extrusion process. However, the nutrient content of
fertilizers produced by this method is limited because of the
presence of a large number of montmorillonites. Moreover, in
order to achieve a good slow-release capacity, UF has to be
inserted into interlayers of montmorillonites under the high
shearing force of the extrusion equipment, which inevitably
leads to excessive energy consumption and therefore to
significant granulation costs.
Flours can be plastically formed when mixed with water

because proteins in flours can form more hydrogen bonds with
water when mechanical force stretches the dough.29 The sticky
mixture of UF and water has a very similar structure to that of
dough; therefore, UF can also be plastically formed, just like
dough.
We describe herein the preparation of a granular, slow-

release fertilizer from UF, APP, and ASG by a cold-extrusion
strategy, which is environmental friendly, easy to operate, and
suitable for industrial production. The introduction of APP
and ASG enhances the mechanical properties of GSRFEx
effectively. In addition, there are strong hydrogen-bond
interactions among UF, APP, and ASG, which can improve
the slow-release property of UF in GSRFEx greatly. Hence,
GSRFEx, as a new UF-based fertilizers, has a great potential to
be applied in horticulture and agriculture.

■ MATERIALS AND METHODS
Materials. Formaldehyde, urea, calcium hydrogen phosphate

(CaHPO4·2H2O), potassium chloride (KCl), potassium hydroxide
(KOH), and ammonium dihydrogen phosphate (NH4H2PO4) were
provided by Damao Factory. Potassium silicate (K2O·2.72SiO2) was
purchased from Guangzhou Suixin Chemical Reagent Company, Ltd.
All reagents were of analytical grade and used directly. A homemade
extrusion device (hole diameter of 3 mm) was used to granulate
GSRFEx (Figure S1). Distilled water was utilized in the preparation
process of GSRFEx.
Preparation of GSRFEx. The synthesis process of GSRFEx is

shown in Figure 1. Here, 24 g of urea and 20.3 g of 37% (w/w)
formaldehyde were added into a 250 mL round-bottom flask and then
stirred constantly. Then, the pH of the solution was adjusted to 9.0
with a 5% KOH solution. The reaction was incubated at 50 °C for 2
h. Next, 9 g of NH4H2PO4 and 7 g of potassium silicate were added
rapidly, and then the reaction was incubated at 60 °C for 1 h.
Fertilizer granules were obtained by a plunger-extrusion molding

process. For this purpose, the above-reaction product was first
solidified at room temperature for 30 min to achieve the desired
viscosity for extrusion molding and then extruded into cylindrical
strips using a homemade extrusion device. Afterward, the cylindrical
strips were placed into the oven and dried at 160 °C for 30 min, then
cooled down to 80 °C, and dried to a constant weight. Finally, the
dried, stripped products were cut up, and the cylindrical fertilizer
granules were obtained.
For comparison, ASG was prepared by mixing NH4H2PO4 and

potassium silicate at 160 °C. Ammonium polyphosphate (APP) was
prepared by the melt polycondensation of NH4H2PO4 and urea at 160
°C. UF was synthesized by solution polycondensation with
methylolurea and urea in an acid medium. The preparation process
of SRNP was similar to that of GSRFEx, except that no raw material
potassium silicate was added. Table 1 lists the compositions and

characteristics of the above slow-release fertilizers, including the
nutrient contents, average dimeters, and lengths of the samples.

Characterizations of ASG, APP, UF, SRNP, and GSRFEx. The
surface functionalities of samples obtained under the optimum
conditions were analyzed by Fourier-transform infrared spectroscopy
(FTIR, Nicolet IS50) with an ATR attachment in the wavenumber
range of 500−4000 cm−1. The surface elemental compositions and
distributions were determined by X-ray photoelectron spectrometry
(XPS, EscaLab 250Xi). The crystal structures of the samples were
recorded by X-ray diffractometry (XRD, HAOYUAN DX-2700B) in
the 2θ range of 5−70°. The thermal stabilities of the samples were
evaluated in a nitrogen atmosphere by thermogravimetric analysis
(TGA, TA Q50). The surface morphologies of the samples were
observed by scanning electron microscopy (SEM, Hitachi U8010).
The surface elemental compositions and distributions were measured
with an energy-dispersive-X-ray-spectroscopy (EDX) detector at-
tached to the SEM.

Measurement of the Processing Properties of GSRFEx with
Different Urea−Formaldehyde (U/F) Mole Ratios. The dynam-
ical rheological properties of the samples were determined with a
laboratory-scale torque rheometer (KECHUANG XSS-300). The
torque curves were recorded with a rotation speed of 20 rpm at room
temperature. The weight was kept constant at 60 g for all samples. To
minimize the test error caused by the evaporation of sample moisture,
all samples were tested for the dynamical rheological properties within
30 min after being made.

Measurement of the Mechanical Strength of UF, SRNP, and
GSRFEx with Different Amounts of Potassium Silicate.
Compression tests of samples were carried out by using a universal
testing machine equipped with a 20 000 kgf load cell (MTS
CMT5105). To achieve uniformly sized samples, the sticky reaction
product was pressed into a homemade meshed board (hole diameter
of 6 mm, Figure S2). After that, the meshed board filled with the
resulting product was dried at 160 °C for 30 min, then cooled down
to 80 °C, and dried to a constant weight. Finally, the cylindrical
samples were obtained. The cylindrical particles were individually
compressed in the longitudinal direction between two rigid plates at a

Figure 1. Synthesis process of GSRFEx.

Table 1. Characteristics of the Slow-Release Fertilizers

characteristics UF SRNP GSRFEx

nitrogen content (%) 40.83 36.02 34.76
phosphorus (P2O5) content (%) 13.19 11.01
potassium (K2O) content (%) 2.12
diameter of sample (mm) 3 3 3
length of sample (mm) 3−10 3−10 3−10
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constant rate of 5 mm min−1 until a maximum deformation of 40%.
All treatments were replicated 15 times, and statistical analysis of the
significant differences between treatments was determined by
Duncan’s multiple-range test.
Measurement of the Slow-Release Behavior of UF, SRNP,

and GSRFEx in Soil. To simulate real application scenarios, the
slow-release experiment was carried out by mixing fertilizer granules
and soil directly. The procedure for testing the slow-release behavior
in this study was similar to the method used by Wu et al.30 First, 1 g
of fertilizer granules was mixed with 200 g of dried soil (<40 mesh)
homogeneously; then, the mixture was kept in a plastic bottle and
incubated at room temperature. In order to ensure the aerobic
respiration of the microorganisms in soil, the bottle was not sealed.
The soil moisture was maintained at about 30 wt % by weighing and
adding tap water regularly throughout the experiment. At each
incubation period (1, 3, 5, 7, 10, 14, 21, 28, 42, and 56 days), the
remaining granulated fertilizer in the bottle was retrieved, washed
carefully with distilled water, and then dried at 80 °C to a constant
weight. The remaining contents of N were estimated by the Kjeldahl
method of distillation.31 The degradation rate was calculated with the
following equation:

=
−

×
M M

M
degradation (%) 100%i0

0

where M0 and Mi are the weights of the fertilizers before incubation
and at each incubation period, respectively.
N-Use Efficiency. A pot trial was carried out to investigate the

effects of GSRFEx on N-use efficiency and N loss. Plastic pots
(diameters of 10.5 cm, heights of 9.5 cm) were used to plant rape
(Brassica campestris L). The soil used in this study was collected from
Taiyuan city, Shanxi province, China. The physicochemical properties
of the soil are listed in Table S1. Four types of treatments with five
replicates each were prepared as follows: (1) CK, soil without
fertilizer; (2) UF; (3) SRNP; and (4) GSRFEx. As shown in Table S2,
for all types of treatments, the same amounts of N (150 mg of N), P
(54 mg of P2O5), and K (9 mg of K2O) were mixed with 450 g of soil
for each pot. Rape seeds were germinated in seedling-bed soil. Each
uniform pregerminated rape seedling with two leaves was transplanted
to one pot. The pots were incubated indoor during the whole period.
Soil water content was maintained at about 60% of the maximum
water capacity by daily watering with deionized water. After 45 days’
of culturing, the rapes were carefully removed from the soil. The root
lengths, fresh weights, dry weights, and chlorophyll contents of the
rape leaves were measured. The N contents of the dried rape samples
were measured by the Kjeldahl method of distillation.31 The N uptake
and N-use efficiency were then calculated.
Statistical Analysis. The statistical analyses were conducted using

SPSS Statistics 20.0. It showed significant differences between means
when P < 0.05, which was determined by Duncan’s multiple-range
test.

■ RESULTS AND DISCUSSION
Synthesis Mechanism of GSRFEx. The synthesis

mechanism of each component of GSRFEx is shown in
Scheme 1. First, methylolurea (MU) and dimethylolurea
(DMU) were obtained by a reaction between formaldehyde
and urea under alkaline conditions. Then UF was prepared by
the polycondensation of MU or DMU with urea in an acid
environment obtained by the ionization of NH4H2PO4.
(NH4)2HPO4, K2HPO4, and H4SiO4 were formed by mixing
potassium silicate with NH4H2PO4. When the resulting
products achieved the desired viscosity, the strip products
were produced by cold extrusion. During the cold-extrusion
process, UF could be plastically formed with the aid of
water in the viscous product. As Scheme 2A shows, the
structural change of the viscous product is similar to that of
dough during the extrusion process.29 Eventually, at high

temperature, APP was prepared by polycondensation of
NH4H2PO4 or (NH4)2HPO4 with urea, and ASG was made
by chemical dehydration of H4SiO4. Scheme 2B exhibits a
schematic illustration of the final product, GSRFEx. As shown
in Scheme 2B, there are strong hydrogen-bond interactions
among UF, APP, and ASG, which might affect the slow-release
behaviors of GSRFEx.

Morphology and Composition of GSRFEx. SEM and
EDX were used to analyze the structure of GSRFEx. In the
SEM images of GSRFEx (Figure 2A,B), some irregularly
shaped micropores were found on the surface of GSRFEx, the
result of air holes produced by water evaporation or urea
decomposition and volatilization at high temperature in the
process of preparing GSRFEx. Meanwhile, some small particles
could be observed, as indicated by the red arrows in Figure 2B.
These particles were mainly made up of APP and K2HPO4,
which could be demonstrated by the elemental-distribution
maps of P and K (Figure 2D). As shown in these maps, most of
the P and K were uniformly distributed on the surface of
GSRFEx, indicating that most of the APP and K2HPO4 were
well dispersed in the UF matrix. Figure 2C shows that GSRFEx
contained the elements C, O, N, P, K, and Si. As shown in
Figure 2D, only the elements C, O, and N were evenly
distributed on the surface of GSRFEx. Distribution of the
element Si on the surface of GSRFEx was uniform but sparse
because of the low amount of ASG. Obviously, GSRFEx is
significantly different from the coated fertilizers in terms of its
structure and composition.5

FTIR Analysis. FTIR spectra were measured to investigate
the interactions in the GSRFEx system. The typical FTIR
spectra of ASG, APP, UF, SRNP, and GSRFEx are shown in
Figure 3. Characteristic absorption peaks at 3023 cm−1 could
be assigned to the N−H stretching vibration of APP (Figure
3Ab).32 SRNP and GSRFEx possessed the characteristic
absorption peaks at 3334, 3026, and 2962 cm−1 (Figure
3Ac−e), which were ascribed to the N−H and C−H stretching
vibration of UF, indicating that both of them had been loaded
with UF.33 Moreover, compared with APP, the P−O
symmetric stretching vibration in SRNP blueshifted from
1062 to 1096 cm−1, and the P−O asymmetric stretching
vibration blueshifted from 875 to 898 cm−1 (Figure 3Bb,d),

Scheme 1. Synthesis Mechanisms of UF, APP, and ASG
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indicating that hydrogen bonds existed between APP and UF
(Scheme 2B).34 In addition, when ASG was combined with

SRNP to form GSRFEx, the main peaks of ASG (1060 cm−1

for the asymmetric stretching vibration of Si−O−Si and 795

Scheme 2. Schematic Illustration of the Structural Change of the Product as a Result of Cold Extrusion (A) and the Structure
of Final Product GSRFEx (B)

Figure 2. SEM images (A,B), EDX spectra (C), and distribution maps (D) of GSRFEx.

Figure 3. FTIR spectra of ASG (a), APP (b), UF (c), SRNP (d), and GSRFEx (e) in the regions of 600−4000 cm−1 (A) and 600−1200 cm−1 (B).
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cm−1 for the vibration of Si−O) shifted to 1115 and 926 cm−1

(Figure 3Ba,e).35 These results may be due to the formation of
hydrogen bonds among ASG, APP, and UF, which would
result in the formation of the ASG−APP−UF network
(Scheme 2B). No new peaks or peak shifts were observed in
the spectra of GSRFEx compared with those of ASG, APP, and
UF, which illustrated that no obvious chemical reactions
occurred among ASG, APP, and UF in GSRFEx.36

XPS Analysis. To further verify the hydrogen-bond
interactions in the GSRFEx system, XPS spectra were
conducted. As shown in Figure 4a, the peak of C 1s, appearing

at 291.47 eV, represented the contribution of the ureido
carbon of pure UF. There was no difference in the C 1s spectra
of SRNP and UF, which suggested that the hydrogen-bond
interactions between UF (−NH−) and APP (PO) had no
effect on the chemical environment of the ureido carbon of UF
in SRNP (Figure 4b). Comparing the C 1s spectra for UF and
SRNP, the peak position of C 1s moved toward a higher-
binding-energy region in GSRFEx (Figure 4c), indicating that
the electron density around the ureido carbon atoms in
GSRFEx had been influenced by the introduction of ASG into
the system, possibly by the formation of hydrogen bonds
between ASG and UF.37

XRD Analysis. XRD patterns were conducted to study the
crystal structures of samples. As shown in Figure 5b, the
characteristic peaks at 2θ = 22.5, 25.0, and 31.3° confirmed the
existence of crystalline regions in cured UF, which were
probably due to the formation of strong hydrogen bonds
between the molecular chains of UF (CO and −NH−) and
could have contributed to the ordered arrangement of the UF
chains at a certain scale.38,39 SRNP possessed the characteristic
reflections of UF at 2θ = 22.5, 25.0, and 31.3° and APP at 2θ =
15.8, 16.9, and 23.9° (Figure 5b,d,e), suggesting the successful
binding of UF and APP.40 Meanwhile, the characteristic peaks
of APP in SRNP had shifted compared with those of pure APP.
These shifts provided vital evidence for the interactions of APP
and UF in SRNP. It was noteworthy that ASG appeared as one
weak, broad peak at about 23° (Figure 5c), suggesting its
amorphous nature. Moreover, the intensities of some main
characteristic peaks of GSRFEx at 2θ = 16.9, 22.5, 23.9, 29.4,
and 45.3° (Figure 5f) decreased after the combination of
SRNP and ASG, implying a uniform dispersion and inter-
penetration of ASG in GSRFEx. Furthermore, the character-

istic peaks of urea at 2θ = 29.4 and 45.3° (Figure 5a) were
observed in SRNP and GSRFEx, demonstrating that the
unreacted substrate urea was embedded in SRNP and GSRFEx
in its initial form.37

Thermal Properties. The TG and DTG curves of UF,
APP, ASG, SRNP, and GSRFEx are shown in Figure 6. The
TG curve of APP had two stages, 253−450 and 450−680 °C,
with weight losses of 15.26 and 64.40%, respectively, indicating
that APP possessed high thermal stability.40 However, SRNP
containing APP and UF had lower thermal stability than UF
alone. The reason is that there were lots of hydrogen bonds
between carbonyl groups and secondary amide groups in pure
UF. As a result, the arrangement of UF molecular chains was
relatively regular. But when added to UF, APP caused the
breakage of the inter- and intramolecular hydrogen bonds of
UF and formed new hydrogen-bond interactions with UF,
which caused a substantial increase in the disordered structure
in SRNP compared with the structure of pure UF.41

Consequently, SRNP could be easily decomposed at a lower
temperature. In addition, ASG possessed superior thermal
stability, and the TG curve showed a maximum 7.97% weight
loss in the temperature range from 110 to 459 °C, which was
attributed to the decomposition of the residual NH4H2PO4
and (NH4)2HPO4 on the surface or in the pores of ASG.
Comparing the TG curve of GSRFEx with that of SRNP, it was
found that GSRFEx had a bit higher thermal stability than
SRNP. The main reason was that there were lots of hydroxyl
groups on the surfaces of the ASG particles; thus, strong
hydrogen-bonding networks were easily formed among ASG
(−OH), UF (CO), and APP (PO) (Scheme 2B). Hence,
UF was firmly adsorbed on the surface of ASG, which strongly
restricted the movement of the UF chain and further
prohibited its decomposition during the heating process. As
a result, GSRFEx had better thermal stability than SRNP.

Processing Properties. The rheological property is the
fundamental manufacturing characteristic of polymers.
GSRFEx undergoes a plasticizing process during extrusion
that can be studied by the torque variation versus time.42

Effects of the different urea/formaldehyde (U/F) mole ratios
on the rheological behavior of GSRFEx are shown in Figure 7.
As seen in Figure 7A, all torque curves of GSRFEx showed a
similar trend: first, in the feeding stage, the torque increased
quickly to the highest value and then gradually decreased as a

Figure 4. XPS spectra of UF (a), SRNP (b), and GSRFEx (c).

Figure 5. XRD patterns of urea (a), UF (b), ASG (c), APP (d),
SRNP (e), and GSRFEx (f).
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result of the breaking of the inter- and intramolecular hydrogen
bonds of the UF chains in GSRFEx and the subsequent
formation of new hydrogen bonds between water and the UF
chains. Finally, the torque tended to a certain value during
blend homogenization.
To facilitate further discussion, GSRFEx is designated as

GSRFEx-m-n, where m and n represent the urea/formaldehyde
(U/F) mole ratio and the amount of potassium silicate,
respectively. As shown in Figure 7A, the steady torque of
GSRFEx-1.2-7 was 0.9 N m. Meanwhile, the extrudates of
GSRFEx-1.2-7 tended to stick together and had poor strength.
The steady torque of GSRFEx shifted to a higher value as the
U/F mole ratio increased, as shown in Figure 7A; the steady

torques for GSRFEx-1.4-7 and GSRFEx-1.6-7 were 1.9 and 4.8
N m, respectively, suggesting that the water content had a
significant effect on the rheological and processing properties
of GSRFEx. The water content of GSRFEx gradually decreased
as the U/F mole ratio increased, which led to higher viscosity,
thereby explaining the increase of torque. Therefore, as seen in
Figure 7B, a lower water content was more conducive to
reduce adhesion among the extrudates and improve the
strength of the extrudates.
However, there was a decrease in the steady torque with the

continuous increase of the U/F mole ratio. The reason for this
might be the UF chain length becoming the dominant factor.
Shorter UF chain lengths caused increases in the molecular-

Figure 6. TG curves (A) and DTG curves (B) of ASG, APP, UF, SRNP, and GSRFEx.

Figure 7. Torque curves (A), corresponding digital photographs (B), and water contents (C) of GSRFEx-m-n after extrusion at room temperature
(m and n denote the U/F mole ratio and the amount of potassium silicate, respectively).

Figure 8. Stress−strain curves (A) and average stresses (B) at 25% of the strain of UF, SRNP, and GSRFEx-m-n. Different letters denotes
significant difference between treatments via Duncan’s multiple-range tests (P < 0.05).
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chain mobility of UF, thus resulting in the decreasing of the
viscosity of GSRFEx. Therefore, the steady torque for
GSRFEx-1.8-7 and GSRFEx-2.0-7 were reduced to 2.9 and
2.2 N m, respectively. Because of this, the extrudates of
GSRFEx-1.8-7 and GSRFEx-2.0-7 exhibited rougher surfaces
and lower strengths (Figure 7B). In summary, the optimal U/F
mole ratio of GSRFEx was 1.6.
Mechanical Properties. Compression strength is an

important indicator of a fertilizer’s mechanical stability. As
seen in Figure 8A, the compression strengths of all the samples
were lower in cases of strains less than 10%, probably because
there were lots of residual micropores after urea decomposition
and volatilization or water evaporation inside these samples at
high temperature. These micropores would gradually be filled
up, further increasing the strain, so the compression strength
rapidly increased. After that, the compression strength and
toughness of UF were dramatically lower than those of SRNP
and GSRFEx. These results indicated that APP possessed
perfect dispersity in the UF matrix, and there existed
compatibility to a certain extent between APP and UF; thus,
APP could bear and disperse the stress applied on the UF
matrix. On the other hand, the UF chains could be free to slide
past one another because of hydrogen-bonding interactions
between APP and UF, so that the SRNP or GSRFEx could
absorb more compression work when compressions were

applied, which resulted in the stronger compression toughness
of SRNP and GSRFEx than that of UF. In order to determine
the variation of the mechanical property of GSRFEx with
different amount of potassium silicate, average stresses at 25%
of the strain of these samples are shown in Figure 8B. The
compression strengths of the samples were 0.25, 0.28, 0.27,
and 0.26 MPa for potassium silicate amounts of 0, 3, 5, and 7 g,
respectively, but the differences were not significant. On the
one hand, ASG, as a rigid particle synthesized by the reaction
of potassium silicate and ammonium dihydrogen phosphate,
could enhance the compression strength of the UF matrix like
APP did. However, on the other hand, the decrease of the
compression strength of the UF matrix resulted from the
decrease of the condensation degree of the UF matrix, which
occurred because the condensation processes of UF were
catalyzed by acids, but the acids were neutralized by the
addition of the highly alkaline potassium silicate. Notably, the
compression strength of GSRFEx-1.6-9 was only 0.14 MPa,
significantly less than those of the other treatments except for
that of the UF treatment. In addition, the reaction product was
difficult to solidify at room temperature, which could lead to
bad extrudates (Figure S3). This was because the excessively
low condensation degree of UF became the major factor that
influenced the compression strength of GSRFEx as the
potassium silicate content further increased. Considering the

Figure 9. Cumulative nitrogen-release rates (A) and degradation rates (B) of UF, SRNP, and GSRFEx in soil.

Figure 10. SEM images of UF (A), SRNP (B), and GSRFEx (C) before degradation (0 days) and UF (D), SRNP (E), and GSRFEx (F) after 56
days of degradation in soil.
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compression strength and the potassium nutrition contents,
GSRFEx-1.6-7 was chosen as the optimal treatment, and was
used to study the slow-release behavior of GSRFEx.
Slow-Release Behavior of UF, SRNP, and GSRFEx in

Soil. Figure 9A illustrates the N-release characteristics of UF,
SRNP, and GSRFEx in soil at room temperature. It could be
seen that more than 30% of the N content was released within
1 day, and about 58% of the N content was “locked” in UF on
the 56th day. Thus, for now, UF is only applied to perennial
plants, such as forests, lawns, and so on, just because of the
long release cycle of nutrient N.43−45 The N-release rate for
SRNP was fast in the first 10 days and then gradually slowed
down. Additionally, the cumulative N release of SRNP reached
only 52.8% after 56 days. In contrast, for GSRFEx, nutrient N
was still smoothly released into the soil after 10 days, and the
cumulative N release was 72.1% within 56 days. Therefore,
most of the nutrient N in GSRFEx could be released in two
months, and thus GSRFEx could be widely used in various
crop fields. In addition, the degradation-rate profiles of these
fertilizers (Figure 9B) were similar to their N-release
characteristics. After incubation in soil for 56 days, the
degradation rates of UF, SRNP, and GSRFEx were 48.2, 58.1,
and 79.9%, respectively. This result further indicated that
GSRFEx, with the highest degree of degradation, exhibited
optimal slow-release behavior.
As shown in Figure 10, the slow-release mechanisms of UF,

SRNP, and GSRFEx were explained by the morphology
changes before and after degradation. The surface of UF before
degradation was relatively smooth and had many evenly
distributed rod-shaped stripes (Figure 10A), which were
evidence of the existence of crystalline regions in UF. Similar
morphology had already been found in polycaprolactone
(PCL).46 After 56 days of soil burial conditions, the overall
structure of UF was not destroyed and only a few small cracks
appeared on the surface (Figure 10D), which resulted from the
quick dissolution of a small amount of unreacted urea and
oligomer of methylolurea with excellent water solubility in UF.
These results illustrated that the macromolecules and
crystalline regions in UF could hardly be hydrolyzed and
biodegraded in a short period of time. Unlike the surface of
UF, parts of needle-shaped phosphate crystals and large APP
crystals were deposited on the surfaces of SRNP and GSRFEx,
and the APP in GSRFEx had smaller grain sizes than those in
SRNP (Figure 10B,C). In addition, during the exothermic
reaction of urea and ammonium phosphate, a large amount of
gaseous resultants, such as water vapor, ammonia, and carbon
dioxide, spilt from the surface of SRNP and GSRFEx;
consequently, lots of void holes were formed both inside and
outside of SRNP and GSRFEx. After 56 days of biodegrada-
tion, there were more large cavities and cracks on the SRNP
surfaces compared with on UF (Figure 10E), resulting from
the quick dissolution of water-soluble phosphate and APP,
which greatly increased the contact area between SRNP and
microorganisms; thus, the degradation rate of SRNP was faster
than that of UF. The UF matrix in GSRFEx was more seriously
eroded compared with that of SRNP, and many irregular
blocks had appeared at the surface of GSRFEx (Figure 10F),
which comprised a complex of ASG and hardly degradable
long-chain UF, suggesting a severe microbial attack. This
illustrated that the degradation rate of GSRFEx was higher
than that of SRNP and further confirmed that the UF chains
were more disordered and easier for microorganisms to
hydrolyze or degrade, because of the relatively short average

chain length of UF and the formation of a strong
intermolecular hydrogen-bonding system among ASG, APP,
and UF. On the basis of the above analysis, the order of
erosion degree is as follows: UF < SRNP < GSRFEx; this is
consistent with the slow-release behavior shown in Figure 9.

N-Use Efficiency. To further evaluate the effects of
GSRFEx on the N-use efficiency, pot experiments were also
conducted. As shown in Figure 11, the growth state of the rape

showed an order of GSRFEx > SRNP > UF > CK, suggesting
that GSRFEx could effectively provide nutrients for the growth
of rape. Detailed data were summarized in Table 2. GSRFEx
significantly increased the fresh weights, dry weights, root
lengths, and chlorophyll contents of the rape plants by 132.76,
74.15, 44.23, and 22.46%, respectively, as compared with UF,
although these values were not significantly greater than those
with SRNP. This obviously confirmed that the application of
GSRFEx benefited plant growth more than the application of
UF. Moreover, the total N-use efficiency of GSRFEx treatment
was 84.14% greater than that of UF treatment, confirming that
introducing APP and ASG into UF can greatly improve the N-
use efficiency. GSRFEx shows great application prospects in
modern agriculture, especially in short-cycle crop fields.

Evaluation of the Cost of GSRFEx. The synthesis of
GSRFEx mainly requires formaldehyde, urea, ammonium
dihydrogen phosphate, and potassium silicate, and their costs
are about $300, $280, $750, and $600 per ton, respectively.
According to the costs of the raw materials and the electrical-
energy consumption, the price of GSRFEx is about $480 per
ton. The main slow-release fertilizers on the market nowadays
are coated fertilizers; the price of a commercially available
polymer-coated-urea (PCU) product produced by Shandong
Kingenta Ecological Engineering Company, Ltd., China, is
about $2500,47 which is five times that of GSRFEx. Moreover,
GSRFEx formation is driven simply by conventional
polycondensation and cold extrusion and thus allows for facile
linear scaling of the formulation from 250 mL to over 20 L

Figure 11. Digital photographs of the rape plants treated with the
different fertilizers.

Journal of Agricultural and Food Chemistry Article

DOI: 10.1021/acs.jafc.8b02349
J. Agric. Food Chem. 2018, 66, 7606−7615

7613

http://dx.doi.org/10.1021/acs.jafc.8b02349
http://pubs.acs.org/action/showImage?doi=10.1021/acs.jafc.8b02349&iName=master.img-012.jpg&w=190&h=245


(Figure S4). Therefore, GSRFEx possess excellent industrial
applications in the area of agriculture.
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Table 2. Fresh Weights, Dry Weights, Root Lengths, Chlorophyll Contents, N Uptakes, and Total N-Use Efficiencies of Rape
under Different Fertilizer Treatmentsa

fertilizer
treatment

fresh weight
(g plant−1)

dry weight
(g plant−1)

root length
(cm plant−1)

chlorophyll content
(mg g−1 plant−1)

N uptake
(mg plant−1)

total N-use efficiency
(%)

CK 2.89 c 0.15 c 6.64 c 1.05 c 6.00 d
UF 22.80 b 1.47 b 19.08 b 1.38 b 57.55 c 34.37 c
SRNP 46.41 a 2.23 a 25.44 a 1.67 a 90.48 b 56.32 b
GSRFEx 53.07 a 2.56 a 27.52 a 1.69 a 100.94 a 63.29 a

aMeans within the same column followed by different letters are significantly different (Duncan’s multiple-range tests, P < 0.05).
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