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KEYWORDS Abstract Nanocomposites are promising materials for the development of novel and environmen-
Nanocomposite fertilizers; tally friendly fertilizers that can delay the release of nutrients. In this study, a novel high-strength
Particle strength; spherical nanocomposite fertilizer was prepared via agglomeration and granulation using montmo-
Spherical; rillonite, urea phosphate, urea, and potassium chloride as raw materials. The properties and mor-
Montmorillonite; phology of the prepared fertilizer were characterized by Fourier Transform Tnfrared Spectroscopy
Polyphosphate (FT-IR), X-ray Diffraction (XRD), Scanning Electron Microscope (SEM), Transmission Electron

Microscope (TEM), Thermogravimetric Analysis (TGA) and X-ray Computed Tomography (XCT)
techniques. FT-IR analysis identified the formation of polyphosphate in fertilizer and hydrogen
bonds between polyphosphate and montmorillonite. XRD analysis showed increased montmoril-
lonite interlayer spacing and confirmed the formation of polyphosphate-montmorillonite nanocom-
posites. The effects of raw material mass ratio, reaction time, and reaction temperature on the
strength and fluidity of nanocomposite fertilizer granules and the optimum preparation process
was obtained by the response surface method (RSM-CCD). The optimum preparation process
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was obtained as follows: reaction temperature, 103 °C; reaction time, 237 min; and mass ratio,
1:1:0.93:1 (urea phosphate: urea: potassium chloride: montmorillonite). Under these optimum con-
ditions, the particle hardness and angle of repose of the prepared fertilizer were 64.75 + 0.48 N and
30.84 £+ 0.95°. Nutrient release and agronomic effectiveness of the fertilizer was evaluated using
column leaching and pot experiments, respectively. The column leaching experiment and XCT anal-
ysis demonstrated that the nanocomposite structure was responsible for the slow nutrient release.
The pot experiment showed that compared with the traditional fertilizer, the soil nitrate and avail-
able phosphorus was increased by 28.02% and 43.45%, respectively, and the maize yield was
increased by 24.27% with the application of prepared fertilizer. This work provides support for
the preparation of high-strength spherical nanocomposite fertilizers and their large-scale applica-
tions in modern mechanical agriculture.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Chemical fertilizers play an irreplaceable role in agricultural produc-
tion and increase crop yield (Xin et al., 2017; Yahaya Et Al., 2022).
However, the agronomic efficiency of traditional fertilizers is generally
low, with high nutrient losses (50% on average) to the soil, water, and
environment, which can trigger serious environmental problems (Ren
et al., 2022). Hybrid nanomaterials have recently received extensive sci-
entific interest owing to their slow-release properties, which can be
used for slow-release fertilizer production (Guha, et al., 2020). Nutri-
ents diffuse slowly through the obstacle in the nanocomposite struc-
ture, volatilization and leaching of nutrients are reduced, and
fertilizer utilization efficiency is improved (Kim et al., 2011; Wang
et al., 2014; An et al., 2017; Pereira et al., 2017).

Montmorillonite is a type of low cost and eco-friendly natural nano
clay material with an alumina octahedral sheet between two silica
tetrahedral sheets in its layered structure (Zhou et al., 2017;
Sandomierski et al., 2020). Montmorillonite has been widely used to
prepare sustained-release nanocomposites because of its nanoparticle
size, large specific surface area, special nano-interlayer domain and
strong cation-exchange ability (Setshedi et al., 2013; Dziadkowiec
et al., 2017; Zhu et al., 2019). Nutrient elements are commonly dis-
persed into the clay matrix of nanocomposites by using mechanical
methods such as extrusion, ultrasound, dipping, and grinding
(Golbashy et al., 2017; Madusanka et al., 2017; Borges et al., 2018;
Jahangirian et al., 2020; Zhang et al., 2020). The lamellar structure
of montmorillonite inhibits the diffusion of nutrients from the inter-
layer domain to the exterior. Golbashy et al. prepared a powdered
montmorillonite-urea nanocomposite material for slow-release nitro-
gen fertilizer using a water suspension technique (Golbashy et al.,
2017). Pereira et al. prepared a cylindrical urea/montmorillonite
slow-release nanocomposite material by intercalating urea into mont-
morillonite using an extrusion process at room temperature (Pereira
et al., 2012). Table S demonstrate the comparison of recent advance-
ments in nanocarrier as fertilizer for slow nutrient release. Based on
our literature investigation, nanocomposite fertilizers generally contain
only one or two nutrient elements. In addition, they are usually cylin-
drical particles or powder at present, which makes it difficult to mix
them with other fertilizers for application. Their properties such as
low mechanical strength and poor flowability are unfavorable for
mechanized fertilization. Moreover, nanocomposite fertilizer particles
break up readily and produce dust during transportation and applica-
tion, resulting in economic loss and posing potential risks to human
health and the environment (Yamamoto et al., 2016; Kabiri et al.,
2020).

Agglomeration granulation is the preparation of particles prepara-
tion from powdery materials using binders under the continuous rota-
tion of a granulator (drum or disc) (Degreve et al., 2006; Mathur et al.,
2016). In the granulation process, the powdery materials mainly under-
goes three main stages: the wetting nucleation, collision growth, and

crushing wear stages (Chai et al., 2017; De Simone et al., 2018;
Obraniak et al., 2019; Heidari et al., 2020). Agglomeration granulation
is widely used because it is simple, inexpensive, and hasa a high gran-
ulation rate (Washino et al., 2013; Albadarin et al., 2017). In addition
to the shape, the strength of fertilizer particles is also an important
index for evaluating their suitability for mechanical fertilization
(Subero-Couroyer et al., 2005, Guo et al., 2018; Kabiri et al., 2018).
Fertilizer particles with low mechanical strength break up during trans-
portation, storage, and fertilization. Ammonium polyphosphate is a
polymer with high nitrogen and phosphorus contents (Lim et al.,
2016). It is usually used as a fire extinguishing agent at high degree
of polymerization (>20) and as a fertilizer with a low degree of poly-
merization (Yang et al., 2019, Asimakopoulou et al., 2020). Polyphos-
phate can be formed by heating urea phosphate and urea (Lewis et al.,
1983, Hodge and Motes 1994, Cichy and Folek, 2005). In this study, a
spherical granular fertilizer was prepared by agglomeration and gran-
ulation using urea phosphate and urea as raw materials, and ammo-
nium polyphosphate with a low degree of polymerization was
formed via a heating reaction. The ammonium polyphosphate chains
cross each other, improving the adhesion between the internal particles
and increasing the particle strength of the fertilizer. Additionally,
montmorillonite’s unique “sandwich” structure can be exfoliated into
graphene-like nanosheets, which are uniformly dispersed and inter-
locked with ammonium polyphosphite molecular chains to enhance
the mechanical properties of nanocomposites (Zhu et al., 2019, Bhat
et al., 2022, Idumah et al., 2022). However, the reaction between urea
phosphate and urea can cause deformation of the fertilizer particles,
which can negatively affect their efficiency and application. Therefore,
in this study, we introduced potassium chloride into the formulation to
alleviate this issue. Potassium ions were adsorbed by the negative
charges of adjacent layers, and the strong interlayer binding also sup-
pressed the interlayer changes of montmorillonite and resolving the
problem of fertilizer deformation caused by high-temperature liquefac-
tion during the reaction between urea phosphate and urea (Yang et al.,
2017, Ren et al., 2021).

In the study, a novel high-strength nanocomposite slow release fer-
tilizer was prepared by using urea phosphate, urea, potassium chloride,
and montmorillonite as raw materials through the process of agglom-
eration granulation followed by heating. The objectives of the research
were (1) to prepare a high-strength spherical nanocomposite slow-
release fertilizer and to characterize its physicochemical properties
and morphology using SEM, FTIR, XRD and other analytical tech-
niques; (2) to optimize the process parameters using response surface
methodology (RSM-CCD) to obtain the optimal reaction conditions
and material ratios; and (3) to evaluate the nutrient release rate and
agronomic effects of the prepared fertilizer through leaching column
and maize pot experiments. This study provides a new method for
preparing montmorillonite-based nanocomposite fertilizers that are
environmentally friendly and suitable for wuse in mechanical
agriculture.
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2. Materials and methods

2.1. Materials and reagents

Urea (CO(NH,),, >99%) was supplied from Luxi Chemical
Co., Ltd. (Shandong, China), potassium chloride powder
(KCl, >98%) was purchased from Qinghai Salt Lake Potash
Fertilizer Co., Ltd. (Qinghai, China), montmorillonite
(>96%) was purchased from Lingshou County Ruixin Min-
eral Powder Factory (Hebei, China), and phosphoric acid
(H;PO4, >85%) was purchased from Kaitong Chemical
Industry Co., Ltd. (Tianjin China).

2.2. Fertilizer preparation

2.2.1. Urea phosphate preparation

In a 500-mL round bottom flask, 236.13 g phosphoric acid was
added to react with 150 g urea at 80 °C for 40 min while stir-
ring. Then the mixture was poured into a 500-mL beaker and
placed in an incubator to crystallize at 20 °C for 24 h. Finally,
the mixture was filtered, and urea phosphate was obtained.

2.2.2. Fertilizers preparation via granulation

Urea phosphate, urea, potassium chloride, and montmoril-
lonite were weighed, ground, sieved (60 mesh), mixed thor-
oughly, and poured into a homemade disc granulator *°.
Subsequently, water (3% by weight) was sprayed slowly on
the powdery material using a small atomizer at a constant
speed to avoid the falling loss of the powdery material. The
agglomerated granules were screened to obtain 3—5 mm fertil-
izer particles, which were heated in the oven at an interval of
10 °C between 30 °C and 140 °C, and 100 min was heated at
each temperature node. To investigate the effect of the mate-
rial ratio on the strength and fluidity of the fertilizer particles,
nanocomposite fertilizers were prepared with various ratios of
raw materials (Table 1).

2.3. Characterization of the prepared fertilizers

The prepared fertilizers were characterized using an infrared
absorption spectrometer (Nicolet IS 10, USA). The solid sam-
ples were ground into powder, pressed into KBr pellets, and
scanned in the range of 4004000 cm '. The morphologies
of the different fertilizers were observed using scanning elec-
tron microscopy (SEM, SU8080, Hitachi Ltd., Japan) and a
transmission electron microscope (TEM, JEM 2100F, JEOL

Table 1 Nanocomposite fertilizers prepared with the raw
materials at different mass ratios and their nomenclatures. The
raw materials used were montmorillonite (M), urea (U),
potassium chloride (K), and urea phosphate (UP).

UP: U: K: M by mass

Nomenclature

UM 0:1:0:1
UPM 1:0:0:1
KM 0:0:1:1
UPU 1:1:0:0
UPUM 1:1:0:1
UPUKM 1:1:1:1

Ltd., Japan). X-ray diffraction (XRD) analysis of the compos-
ites was performed using a Shimadzu XRD 6000 diffractome-
ter (Bruker D8 Advance, Germany). The relative intensity was
registered in a diffraction range (20) of 3-10°, using a Cu Ko
incident beam (A = 0.1546 nm). The scanning speed was 1°
min~' and the voltage and current of the X-ray tube were
30 kV and 30 mA, respectively. Diffraction patterns were ana-
lyzed using JADE 6.0. The prepared fertilizer was analyzed by
thermogravimetric analysis (TGA, TGA/DSC 3+, Mettler
Ettler Toledo, Switzerland) under air flow condition with
ramping rate of 10 °C min~!. Surface areas were calculated
using the BET equation. The surface-area (BET) and pore size
(Dp) measurements of samples were done on gas adsorption
instrument (ASAP 2460, Micromeritics, America) at 77 K.

The 3D internal microstructures of UM, UPUKM, and
UPUKM after elution were observed using 3D X-ray Com-
puted Tomography. Tomographic scans were performed using
a synchrotron beamline for full-field microtomographic imag-
ing. Samples were analyzed with a Nanotom S (Phoenix, Ltd.,
Germany), using a 100 kV 100 pA X-ray source, with a final
image resolution of 2 pm/pixel. A filtered back-projection-
based reconstruction software was used to reconstruct cross-
sectional images from microtomographic projections to 3D
images.

2.4. Particle strength determination

Particle strength or particle hardness was a measure of the
resistance of granules to deformation or fracture under pres-
sure. For the measurement of particle hardness, fertilizer sam-
ples were first screened with a standard sieve to obtain granules
with a size of 3.50-4.50 mm. Then, the particle hardness was
measured for hardness by applying an increasing compressive
force on a single particle with a particle hardness tester (Yinhe
Instrument Factory, Jiangyan, China). The load at which 20
granules of a fertilizer fractured was averaged and reported
as the particle hardness (N) of the fertilizer.

2.5. Particle fluidity determination

The angle of repose is the slope measured at the base of a pile
of uncompressed granular solids when runoff occurs (Dubey
and Mailapalli 2019; Ferreira et al., 2021). It is an indicator
of particle fluidity and roundness. A larger angle of repose
indicates lower particle fluidity, and a smaller angle of repose
indicates higher particle fluidity (Tian et al., 2019). A fertilizer
sample of 100 mL was placed into the funnel of an angle of
repose tester (FBS104, FURBS, China), and the accumulation
height (h) of the fertilizer was measured. Angle of repose (¢)
was calculated according to Eq. (1).

b= (arctan (%)) 180 0

T

2.6. Optimization of UPUKM preparation by response surface
methodology (RSM)

Response surface methodology is a good mathematical statis-
tical method for process improvement and optimization with a
small number of experiments (Danmaliki et al., 2017;
Chelladurai et al., 2021). To investigate the effects of the raw
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material ratio, reaction temperature, and reaction time on the
properties of the prepared UPUKM, a center composite design
(CCD), a standard RSM design, was adopted for model devel-
opment by using the Design-Expert V11.1.0 software.
According to the previous experimental results (Fig. 1), the
reaction of urea phosphate and urea will change the shape of
fertilizer particles, so it is necessary to choose lower reaction
temperature and longer reaction time. First, the optimum mass
of urea phosphate (A) and potassium chloride (B) was evalu-
ated under the reaction temperature of 90 °C and reaction time
of 300 min. In order to obtain the fertilizer with more balanced
nutrient elements, both the amounts of urea and montmoril-
lonite were 1, and the masses of urea phosphate (A) and potas-
sium chloride (B) were set to 0.5 and 1. The parameter range
values in Table 2 are obtained by inputting the parameters into
the design-expert V11.1.0 software. The masses of urea phos-
phate (A) and potassium chloride (B) were selected as indepen-
dent variables (Table 2), and the fluidity and strength of
fertilizer particles were taken as response parameters, with
the matrix design shown in Table S2. In order to obtain the
more energy-saving fertilizer preparation conditions, the reac-
tion temperature was set to 80 °C and 120 ‘C, and the reaction
time was set to 120 min and 300 min, according to the previous
experimental results (Fig. 1). The effects of reaction tempera-
ture (C) and time (D) on the fluidity and strength of fertilizer
particles were analyzed using a 22 full factorial design (Tables 3
and S2). Finally, the results from the two RSM-CCD designs
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were combined to obtain the optimum process conditions for
UPUKM preparation.

2.7. Evaluation of the nutrient release behavior of the prepared
fertilizers

The nutrient release behavior of the prepared fertilizers was
evaluated using a column leaching experiment. Rigid polyvinyl
chloride columns with an inner diameter of 4 cm and a height
of 30 cm were used. The columns were packed with a bottom
layer of 15 cm quartz sand; a middle layer, which was the fer-
tilizer sample; and an upper layer of 5 cm quartz sand
(Fig. S1). Three grams of UPUKM and 2.25 g of conventional
chemical fertilizer (CCF) were used so that the columns had
the same nutrient contents. The CCF was a mixture of urea
phosphate, urea, and potassium chloride. Filter papers were
placed on top of the upper quartz sand layers to minimize sur-
face erosion during rain simulation. A nylon mesh (80 mesh)
was placed at the bottom of each column to prevent sand loss
during the experiments. First, 76 mL water was added to sat-
urate the column. Next, 408 mL more water was added. The
amount of water used was based on the average seasonal rain-
fall in Taian City, Shandong Province (469 mm, National
Meteorological Center of China, https://en.weather.com.cn/)
and the cross-sectional area of the leaching column. The water
flow rate was set to 34 mL h™' using a peristaltic pump
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Particle hardness (a) and images (b) of the prepared fertilizers at different temperatures, FTIR spectra of fertilizer after

preparation (c), and scheme for generation of polyphosphate via the polycondensation reaction between urea phosphate and urea (d). See

Table 1 for details of the fertilizers.
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Table 2 Independent variable values of the fertilizer preparation process and their corresponding levels.
Independent variable Level

—1.1472 —1 0 1 +1.1472
Urea phosphate 0.4 0.5 0.75 1 1.1
Potassium chloride 0.4 0.5 0.75 1
Table 3 Independent variable values of the fertilizer preparation process and their corresponding levels.
Independent variable Level

—1.1472 0 1 +1.1472

Reaction time (min) 83 120 210 300 337
Reaction temperature (°C) 72 100 120 128

(LabN1, Baoding Shenchen Pump Co., Ltd.), and the leachate
was collected for analysis of nitrogen, phosphorus, and potas-
sium analysis. Nitrogen was quantified using the Kjeldahl
method. Total phosphorus content was determined using
potassium persulfate digestion-molybdenum spectrophotome-
try. Total potassium was measured by flame emission
spectrophotometry.

2.8. Evaluation of fertilizer agronomic effectiveness

A pot experiment was conducted at the New Fertilizer Exper-
imental Station of Shandong Agricultural University in Tai’an,
Shandong Province, China (117°13’ E, 36°20' N), from June to
September 2019. The soil used was collected from Binzhou
City, Shandong Province (117°92" E, 37°90’ N). This coastal
salinized fluvo-aquic soil is classified as a Parasalic Ochri-
Aquic Cambosol according to Chinese soil taxonomy. The
basic physical and chemical properties of the soil were as fol-
lows: organic matter 7.69 g kg™, total nitrogen 0.50 g kg™,
total phosphorus 1.83 g kg™!, total potassium 35.94 g kg™,
available nitrogen 85.58 mg kg~', available phosphorus
13.95 mg kg~!, available potassium 186.19 mg kg~!, pH
8.72, and total salt content 0.21%. Pottery pots (30 cm in
diameter and 36 cm in height) were used and maize (Zea mays
L. cv. Zhengdan 958) were grown with one maize plant per
pot. Three treatments were set up with four replicates: CK
(without fertilizer), CCF (conventional chemical fertilizer with
N-P,05-K,0 of 21-14-20), and UPUKM (14-11-16). The
CCF was composed of urea, diammonium phosphate, and
potassium chloride. For the CCF and UPUKM treatments,
each pot received 5.40 g N, 1.44 g P,Os, and 3.60 g K,O at
the beginning of the experiment.

At the jointing stage of maize, soil samples were collected
from each pot for nutrient analysis. Soil NO3-N and
NH, -N were extracted with 0.01 mol L' CaCl, (soil-
solution ratio of 1:10) and determined with a continuous flow
injection analyzer (AA3, Bran. Luebbe, Germany). Soil avail-
able potassium was extracted with 1 mol L™' ammonium acet-
ate and quantified with a flame photometer. Soil available
phosphorus was extracted with 0.5 mol L' sodium bicarbon-
ate and determined with an automatic discontinuous chemical
analyzer (Smartchem200, USA).

2.9. Statistical analysis

All data were subjected to analysis of variance (ANOVA)
using SPSS software (SPSS 22, USA) followed by a mean com-
parison using Duncan’s multiple range test (p < 0.05).

3. Results and discussion

3.1. Preparation of fertilizer based on
polyphosphate/montmorillonite nanocomposites

The particle shape of UM, UPM, KM and UPUKM was
remained spherical at 30-140 °C, while the particle strength
of fertilizer in UM, UPM and KM did not change signifi-
cantly, and the particle strength was low (Fig. la, b). In
UPUKM, the particle strength of the fertilizer gradually
increased, reaching 63.2 N at 140 °C. The FTIR analysis
showed that the peak at 913 cm~' in UPUKM was the tensile
vibration absorption peak of P-O-P (Fig. lc), indicating a
polycondensation reaction occurred between urea phosphate
and urea and polyphosphate was generated (Fig. 1d) (Gong,
2001; Wang et al., 2017; Naraginti et al., 2019), while no such
peak was found in UM, UPM and KM. This also shows that
the formation of polyphosphates increases the particle strength
of fertilizers. The particle strength of fertilizer can be increased
by forming polymer. Yamamoto et al. prepared a kind of urea/
urea—formaldehyde/montmorillonite nanocomposite by extru-
sion and granulation and heating, which increased the mechan-
ical strength of fertilizer based on urea/montmorillonite
nanocomposite (Yamamoto et al., 2016). However, the fertil-
izer prepared by extrusion was cylindrical, which was not con-
ducive to mixed application with other fertilizers and
mechanized fertilization, and formaldehyde was added in the
production process, which may pose a threat to human and
environmental health (Wang et al., 2023). UPU and UPUM
fertilizer granules deform at 80 °C and 100 °C respectively.
Owing to the presence of UP and U, the characteristic peak
(P-O-P) of polyphosphates was observed in the infrared spec-
tra of UPU (895 cm™") and UPUM (911 cm™ ). The peaks
of the P-O-P bond in UPUM and UPUKM shifted to higher
wavenumbers than those in UPU, which may be due to the
hydrogen bonds between polyphosphate and montmorillonite.
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The higher deformation temperature of UPUM than that of
UPU could be attributed to the layered structure of montmo-
rillonite in UPUM, which slows down the contact and reaction
between urea phosphate and urea. On the other hand, it may
be that potassium ions in the inter-layer space of montmoril-
lonite in UPUKM might have been strongly adsorbed by the
negative charges of the two adjacent layers, rendering mont-
morillonite a much more stable structure, slowing down the
contact and reaction between urea phosphate and urea, and
keeping the fertilizer particles spherical (Morrow et al.,
2013). Simultaneously, TGA analysis was performed on differ-
ent treatments of fertilizers, revealing a trend in thermal stabil-
ity following the sequence UPUKM > UPUM > UPU. This
trend was consistent with the observed phenomena during the
reaction process and further showed that the addition of
nanoscale montmorillonite could enhance the stability of the
fertilizer. The addition of potassium chloride further improved
the thermal stability of the fertilizers (Fig. S2). The character-
istic peaks at 3457, 3364, 3427, and 3333 cm~! in the FTIR
spectrum are attributed to the stretching vibration of -NH in
urea phosphate and urea in FTIR (Fig. Ic). The peaks at
1034, 1038, and 1029 cm ™! are related to Si-O-Si in montmo-
rillonite. The peaks at 1080 and 1066 cm ™! are due to the
stretching vibration of P-O. The peaks at 1012 and
1003 cm ™' correspond to the symmetrical stretching vibration
of P02

3.2. XRD analysis of prepared fertilizer

XRD is commonly employed to determine the interlayer
spacing between minerals and nanocomposites (Vo et al.,
2019; Zhang et al., 2020). The larger basal spacing in UM
(d = 1.81) than that in montmorillonite may be due to the
entry of urea into the interlayer of M (d = 1.27) (Fig. 2).
The basal spacing of UPM was the same as that of the mont-
morillonite, but the reflection was weaker because of the par-
tial destruction of the layered structure of the
montmorillonite (Yadav and Asthana, 2002; Pacuta et al.,
2014). UP, U, K and UPU had no characteristic diffraction
peak in the range of 260 = 3 ~ 10°. The interlayer spacings
of KM was 1.15 nm. This distance may be because potassium
ions enter the montmorillonite lattices, strengthening the
bonding of adjacent crystal layers and, thus, reducing inter-
layer spacing (Jiang et al., 2014; Moslemizadeh et al.,
2019). The interlayer spacing of UPUM and UPUKM was
1.43 nm and 1.41 nm, respectively. The difference in the trend
of interlayer spacing between UPUKM and UPUM may be
attributed to the fixation of montmorillonite by potassium
in UPUKM, which reduced the interlayer spacing of mont-
morillonite as discussed in previous sections (Huang et al.,
2018; Wang 2020). Overall, the interlayer spacings of UPUM
and UPUKM were larger than those of the original montmo-

rillonite, indicating the formation of polyphosphate-
montmorillonite nanocomposites in both UPUM and
UPUKM.

3.3. Morphology analysis of prepared fertilizer

Further investigation of the nanostructure was performed
using field emission scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). As shown in

Fig. 3, the raw MMT clay exhibited a thin, flexible plate-like
morphology (Fig. 3al). However, in UPUKM, urea phosphate
reacted with urea to form chain polyphosphate, and montmo-
rillonite was dispersed in the polymer in the fertilizer
(Fig. 3bl). Additional, structural information was obtained
from the TEM micrographs of the as-prepared samples. An
ordered crystal layer structure of montmorillonite was
observed. In UPUKM, the silicate layer of montmorillonite
was dispersed in the fertilizer particles, but the interlayer struc-
ture became disordered and exfoliated. The polyphosphate/-
montmorillonite nanocomposites with an exfoliated structure
were more beneficial to the mechanical properties. The
mechanical properties of the nanocomposites are improved
due to the strong interaction between the nanoparticles and
the polymer matrix and the reduction of the distance between
the particles (Xie et al., 2022).

3.4. Optimum UPUKM preparation process

The UPUKM preparation process was analyzed using
ANOVA to identify the effect of the raw material mass ratio
on the angle of repose (Y;) and hardness (Y>) of the fertilizer
(Table 4). Two polynomial models with statistical significance
were generated using a combination of the parameter
estimates.

Y, =46.50 + 21.63A — 6.45B — 7.48AB (2)

Yy = 31.51 — 0.9466A — 1.61B — 0.7739AB + 0.1496.4>
+0.6075B2 (3)

The regression equations were significant (p < 0.0001), the
lack of fit was not significant (P > 0.05), and R?> and Adj R*
were > 90% (Table 4), indicating that the models could explain
most of the changes in the response variables.

The obtained surface obtained based on the quadratic mod-
els are presented in Fig. 5. When the mass of potassium chlo-
ride was constant, the particle hardness of the fertilizer
increased, and the fluidity gradually decreased with an increase
in the mass of urea phosphate. This finding was expected
because with more polyphosphate generated due to the
increase of urea phosphate, the particle hardness of the fertil-
izer increased. Simultaneously, with an increase in urea phos-
phate, as discussed previously, the reaction between urea
phosphate and urea increases in intensity, and the fertilizer sys-
tem becomes unstable, resulting in the deformation of fertilizer
particles and an increase in the angle of repose or a decrease in
particle fluidity. The optimal raw material mass ratio was
found to be 1:1:0.93:1 (urea phosphate: urea: potassium chlo-
ride: montmorillonite), at which point the particle fluidity and
hardness of the prepared fertilizer were maximized (see
Table 5).

The effects of reaction temperature (C) and reaction time
(D) on the hardness and angle of repose of the fertilizer parti-
cles are expressed by Egs. (4) and (5):

Y, = 60.16 + 4.76C + 16.47D — 3.87CD — 9.14C”
—20.99D7 (4)

Y> = 31.22 — 0.5299C +0.1019D + 0.3250CD
+0.5140C” + 3.69D? (5)
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Fig. 2 XRD patterns of the raw materials (a) and the prepared fertilizers (b). d-spacing was calculated from the Bragg Law: 2d

sinf = nA. See Table 1 for details of the fertilizers.

Fig. 3 The SEM (a;, b;) and TEM (a,, b,) images of montmorillonite (a) and interior of UPUKM (b).

The response surfaces of the response variables are pre-
sented in Fig. 6. Temperature strongly influenced on the hard-
ness and fluidity of the fertilizer particles. The hardness and
fluidity of the fertilizer particles first increased and then
decreased with increasing reaction temperature, indicating that
when the reaction temperature was too high, the reaction
between urea phosphate and urea was so violent that the fertil-
izer particles were deformed, the fertilizer angle of repose
increased, and the fluidity decreased.

The optimum process conditions identified by response sur-
face analysis (Figs. 4 and 5) were reaction temperature, 103 °C;
reaction time, 237 min; and mass ratio, 1:1:0.93:1 (urea

phosphate: urea: potassium chloride: montmorillonite). Under
these optimum conditions, the particle hardness and angle of
repose of the prepared fertilizer were 64.75 + 0.48 N and
30.84 £ 0.95°, respectively, which were close to the
software-predicted values of 62.54 N and 31.21°, respectively.

3.5. Nutrient release behavior of the prepared fertilizers

N, P, and K were rapidly released from the CCF in the first
three cycles (Fig. 6). For CCF, 100% of total N, 93% of total
P, and 100% of total K were released and leached from the
column three times, with up to 68% N, 72% P, and 60% K
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Table 4 ANOVAs for regression models between particle angle of repose (Y;)/particle hardness (Y,) and the masses of the two raw
materials of urea phosphate (A) and potassium chloride (B).

Source® Sum of squares Df. Mean square F-value P-value Significance®
Model Y, 5765.25 5 1153.05 41.02 < 0.0001 o
Y, 4322.77 3 1440.92 75.93 < 0.0001 o
A Y, 3744.34 1 3744.34 197.30 < 0.0001 S
Y, 7.17 1 7.17 52.36 0.0002 2
B Y, 332.56 1 332.56 17.52 0.0024 &
Y, 20.82 1 20.82 152.07 < 0.0001 il
AB Y, 245.86 1 245.86 12.96 0.0058 &
Y, 2.40 1 2.40 17.50 0.0041 &
A Y, = = = = =
Y, 0.1557 1 0.1557 1.14 0.3217
B’ Y, = = = = =
Y, 2.57 1 2.57 18.75 0.0034 &
Residual Y, 170.80 9 18.98 - -
Y, 0.9585 7 0.1369
Lack of fit Y, 145.51 5 29.10 4.60 0.0821 Not significant
Y, 0.6678 3 0.2226 3.06 0.1539 Not significant
Pure error Y, 25.29 4 6.32
Y, 0.2907 4 0.0727
Corr. total Y, 4493.57 12
Y, 33.95 12

Y:: R? = 0.9620, Adj R? = 0.9493; Y,: R? = 0.9718, Adj R* = 0.9516.

b*Significant at p < 0.05, **Significant at p < 0.01.

Table 5 ANOVAs for regression models between particle angle of repose (Y)/particle hardness (Y,) and reaction time (C, min) and
reaction temperature (D, °C).

Source® Sum of squares Df. Mean square F-value P-value Significance®
Model Y, 5765.25 5 1153.05 41.02 < 0.0001 S
Y, 97.59 5 19.52 35.83 < 0.0001 o
A Y, 181.29 1 181.29 6.45 0.0387
Y, 2.24 1 2.24 4.11 0.0822
B Y, 2168.93 1 2168.93 77.15 < 0.0001 R
Y, 0.0831 1 0.0831 0.1525 0.7077 o
AB Y, 60.06 1 60.06 2.14 0.1872 b
Y, 0.4225 1 0.4225 0.7756 0.4077 *
A? Y, 581.62 1 581.62 20.69 0.0026
Y, 1.84 1 1.84 3.37 0.1088
B’ Y, 3064.54 1 3064.54 109.01 < 0.0001
Y, 94.834 1 94.84 174.11 < 0.0001 =
Residual Y, 196.79 7 28.11
Y, 3.81 7 0.5447
Lack of fit Y, 160.78 3 53.59 5.95 0.0588 Not significant
Y, 3.17 3 1.06 6.55 0.0506 Not significant
Pure error Y, 36.01 4 9.00
Y, 0.6453 4 0.1613
Corr. total Y, 5962.04 12
Y, 101.41 12

Y:: R? = 0.9670, Adj R? = 0.9434; Y,: R? = 0.9624, Adj R*> = 0.9355.

b*Significant at p < 0.05, **Significant at p < 0.01.

leached the first time. P was released and leached from the col-
umn five times.

Nutrient release from UPUKM was much slower: 11.60%—
15.67% and 33.59%-55.59% of the three nutrients were
released and leached from the column in the first and second
cycles, respectively. After five leaching cycles, nutrient release

from UPUKM became even slower than that aforementioned,
and after 12 leaching cycles, approximately 92%-94% of the
three nutrients were released. Because UP and urea enter the
interlayer of montmorillonite, polyphosphates are formed via
in situ polymerization. Nutrients in the fertilizer were hindered
by the interlayer of montmorillonite, which reduced nutrient
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leaching. The slow release of potassium from UPUKM may be
because the potassium ions were fixed in the montmorillonite
lattice, forming a structure similar to that of mica, which can
be used as a slow-release potash fertilizer (Said et al., 2018).

3.6. Fertilizer particle structures observed with XCT

To investigate the effect of urea phosphate and urea heating on
the internal structure of fertilizer and the slow-release mecha-
nism of fertilizer, UM, UPUKM, and eluted UPUKM fertil-
izer samples were scanned using XCT. XCT is a
nondestructive method of scanning the internal structure so
that the difference between each sample can be observed intu-
itively. X-ray computed tomography showed a clear core—shell
structure in UM (Fig. 7a23), which is a characteristic of
agglomeration and granulation products. The instability of
this core—shell structure results in its lower particle strength,
which was consistent with the particle strength of UM in
Fig. 1, which was only 10.2 N. There was no core—shell struc-
ture in UPUKM, and the structure was uniform (Fig. 7b2),
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500um

Fig. 7 X-ray microtomography images of UM (a), UPUKM (b), and UPUKM after the leaching experiment (c): (1), (2) reconstructed
3D images, (3) 2D slice images, (4) magnified 2D slice images. See Table 1 for details of the fertilizers.

with larger pores (Fig. 7b34). This may be the result of the
reaction of urea phosphate and urea to form long-chain
polyphosphate, and simultaneously the polyphosphate enters
the interlayer of montmorillonite and exfoliated its nanosheets
to form an interlocking structure, causing the core—shell struc-
ture to disappear and the particle strength to increase (Zhu
et al., 2019). The addition of nano-materials makes the matrix
and nanoparticles maintain uniform dispersion and good
adhesion, and significantly increases the mechanical properties
of the composite (Domun et al., 2015; Heidari et al., 2021;
Garg et al., 2022). The research showed that carbon nanotube
reinforced polymeric composite doubly curved micro-shell
panels (Huang et al., 2021). This has a good inspiration for
our future work, for example, we can explore the effect of dif-
ferent nano-materials on the strength of fertilizer particles.

After the leaching experiment, larger pores are visible on the
montmorillonite skeleton of UPUKM (Fig. 7c4), which may
have been left behind after the soluble matter was leached
out. The montmorillonite skeleton still exists after UPUKM
has been completely eluted (Fig. 7cl), indicating that the sta-
bility of the fertilizer in the soil was relatively high. Further-
more, the structure of the montmorillonite skeleton also
hinders the diffusion of nutrients, thereby slowing down the
release of nutrients in the fertilizer.

3.7. Agronomic effectiveness of prepared fertilizer
The yield, plant height, and stem diameter of maize at the 12-

leaf stage were 24.27%, 3.98%, and 10.13%, respectively, and
were significantly higher in the UPUKM treatment than in the
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20. See Table 1 for details of UPUKM (N-P,05-K,0 of 14-11-16).

CCF treatment (Fig. 8). This finding demonstrates that the
slow release and sustained supply of nutrients from the pre-
pared composite fertilizer (UPUKM) was the key to increasing
the crop yield.

At the jointing stage of maize, the soil nitrate nitrogen con-
tent in UPUKM was 28.02%, significantly higher than that in
CCF, and available phosphorus was significantly higher
(43.45%) (Fig. 8). Maize is a fast-growing crop that requires
a high level of phosphorus at the beginning of its life cycle.
In this study, the UPUKM treatment significantly increased
the soil available phosphorus content and promoted the
absorption and utilization of phosphorus by maize. There
was no significant difference in the soil available potassium
content between treatments. Therefore, the UPUKM in the
formula could be used as a nanocomposite to slow the release
of nutrient elements, prepare a good nutrient resource and
thus improve the crop yield (Salimi et al., 2021).

4. Conclusion

Because of the socioenvironmental problems caused by the highly sol-
uble fertilizers currently used in agriculture, the development of new
environmentally friendly products is extremely important for improv-
ing nutrient management. This study showed that the agglomeration
granulation heating method was an effective way to prepare spherical
nanocomposite slow-release fertilizer using urea phosphate, urea,
potassium chloride and montmorillonite as raw materials. The forma-
tion of polyphosphate and its crosslinking with montmorillonite signif-
icantly enhances the particle strength of the fertilizers. The increase in
interlayer spacing of montmorillonite and the exfoliation of its nano-
platelets, forming polyphosphate/montmorillonite nanocomposites,
were confirmed by FT-IR, XRD, and TEM analyses. The optimal pro-
cess parameters for preparing the fertilizer were obtained using the
RSM-CCD method: reaction temperature, 103 °C; reaction time,

237 min; and mass ratio, 1:1:0.93:1 (urea phosphate: urea: potassium
chloride: montmorillonite). Under these conditions, the fertilizer parti-
cles exhibit good physical properties with a hardness and angle of
repose of 64.75 + 0.48 N and 30.84 + 0.95°, respectively. Leaching
column experiments and XCT analysis demonstrated that the slow
nutrient release was due to the nanocomposite structure. Pot experi-
ments showed that the spherical polyphosphate/montmorillonite
nanocomposite slow release fertilizer has the potential to improve soil
nutrient supply and crop yield. This study provides a feasible method
for the large-scale mechanized application of nanocomposite materials
in agricultural fertilizers.
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