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KEYWORDS Abstract The high cost and difficulty in sustainability have hindered the wide application of the

Pyrophyllite; general synthetic resins in the controlled-release fertilizers (CRF). Here, the degradable castor
Medenediemiesil snodifc- oil-based polyurethane (PU) was filled by the natural pyrophyllite (PY) powders, which were
tion; pre-modified with few amount (<0.5 %) of NDZ-201 coupling agent though a simple and economic
mechanochemical method. Furthermore, the composite materials of PU and the modified PY
(MPY/PU) with enhanced comprehensive properties were prepared and applied in CRF. Moreover,
the release behaviors of the coated fertilizers were investigated while tuning the addition amount of
modifier or the filling amount of MPY, and it was confirmed that the release performance was
highly depended on the hydrophobic and mechanical properties of the composite coating. As a
result, the best optimized MPY/PU coating exhibited significantly superior performance to the pure
PU materials, and the duration of 80 % nitrogen release was more than 40 days. This confirms that
the MPY/PU composite is a promising coating material for the CRF granules.
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1. Introduction

Fertilizer is one of the important factors that limit the production of
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agriculture, and it has drawn intensive attentions to improve the effi-
ciency of their use and minimize the possible adverse environmental
impacts, particularly of nitrogenous fertilizers (Crews and Peoples,
2004). This can be done through the development of diverse slow or
controlled-release fertilizers, including the matrix-formulations, the
low-soluble organic-N compounds and the coated fertilizers
(Kenawy et al., 2019; Kiran et al.,, 2019; Pereira et al., 2015;
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Sempeho et al., 2014; Vejan et al., 2021). The third type is constituted
with a core—shell structure, that is, a fertilizer core is encapsulated by
the inert materials, which play as the barriers to control the diffusion
and release of the water-soluble fertilizers (Azeem et al., 2014). In this
case, these coating materials with relatively low hydrophilicity, supe-
rior hydrolytic stability and good mechanical properties are highly in
demand to resist the fast release of fertilizers. Besides, the cost and sus-
tainability of the applied materials are also important factors that are
considered by researchers (Beig et al., 2020; Fertahi et al., 2021; Tian
et al., 2019; Wang et al., 2016).

Currently, diverse inorganic and synthetic organic materials have
been developed as the coating materials (Lawrencia et al., 2021).
Although the inorganic materials, such as sulfur (Haseeb ur et al.,
2022; Snyder and Gasch, 1976; Zheng et al., 2016), gypsum and sili-
cates (Dubey and Mailapalli, 2019; Eghbali Babadi et al., 2015;
Eghbali Babadi et al., 2021; Souza et al., 2018), are well accessible
and cheap, their controlled-release property are usually disappointing
due to poor mechanical properties. Conversely, the synthetic organic
materials, including polystyrene (Yang et al., 2012), polyether sulfone
and polyurethane (Bortoletto-Santos et al., 2020; Emami et al., 2017;
Liu et al, 2019; Wang et al, 2019), commonly have better
controlled-release performance, but being disadvantaged for the high
cost and poor degradability. While filling the inorganic materials into
the synthetic organic ones (Chen et al., 2021; Hu et al., 2016; Li et al.,
2018; Li et al., 2016; Salimi et al., 2020), the composite materials with
reduced cost often perform comprehensive performance. Therefore,
the inorganic/organic composite materials, especially the natural
biomass-derived ones (Alisani et al., 2022; Das and Ghosh, 2022;
Fertahi et al., 2021; Hu et al., 2021; Lohmousavi et al., 2020), are
highly attractive.

Alternatively, the pyrophyllite (Aly[SiO,0]J(OH),) is a natural clay
mineral with a sheet-like structure, which has been widely applied in
industries because of their unique properties, such as chemically inert
and electrically neutral that makes it highly resistant to the strong acids
and alkalis (Ali et al., 2021; Harvey and Murray, 1997; Qin et al., 2020).
Specially, as a filler in the paint and plastic industry, the pyrophyllite
can increase the resistance to film cracking and promote good disper-
sion due to the platy configuration originated from the silicate structure
of the pyrophyllite sheets (Ali et al., 2021; Haitao et al., 2012). In addi-
tion, the high oil-absorption property of pyrophyllite is advantageous
for excellent mixture between pyrophyllite and oleo-resinous materials
(Pradhan et al., 2015). Commonly, the particles size and the surface
property of the pyrophyllite need to control for the uniform dispersion
of their powders within the matrix, which is depended on the industry in
question. For instance, finely ground pyrophyllite is used in paints as a
pigment extender and suspending agent (Canada, 2014; Erdemoglu
et al., 2004). On the other hand, low cost, low volatility and low toxicity
of the modifiers were also important for the surface modification.
Although the pyrophyllite has been widely used as inorganic fillers in
various materials, its application in the field of controlled-release fertil-
izers is still lack of research.

Herein, the pyrophyllite powders (PY) were employed as the fillers
in the degradable castor oil-based polyurethane (PU), which was fur-
ther coated on the urea granules to produce controlled-release fertiliz-
ers (CRF). To optimize the chemical and structural properties of the
pyrophyllite powders and their composites with the polyurethane
matrix, the pyrophyllite powders were mechanochemically pre-
treated with various amounts (<0.5 wt%) of titanate coupling agent
(NDZ-201) with low toxicity and low volatility. By this method, the
dispersibility of the PY in the polyurethane matrix and their compat-
ibility were adjusted, and the comprehensive properties of the compos-
ite materials were correspondingly optimized, including water swelling,
hydrolytic stability, hydrophobic and mechanical properties. Specially,
the controlled-release properties of the related PY/PU composites were
investigated while coating on the urea fertilizer granules. In addition,
the effect of the filling amount of the modified PY on these properties
of the composite materials was also studied under a certain dosage of
coupling agent.

2. Experimental section

2.1. Materials

Pyrophyllite (Aly[Si4O,0](OH),, PY), titanate coupling agent
(NDZ-201), castor oil and urea granules (less than5 mm) are
industrial grade reagents and used after fully drying. The cas-
tor oil had a hydroxyl number (OH) of 163.0 mgKOH/g and
a saponification number of 176.0-187.0 mgKOH/g. Toluene
diisocyanate (TDI) and p-diamino benzaldehyde are analytical
grade and purchased from Aladdin Reagent (Shanghai) Co.,
I1td. Other reagents are analytical grade and purchased from
Sinopharm Chemical Reagent Co., Itd.

2.2. Preparation of the modified pyrophyllite (MPY)

First, the emulsion solution of NDZ-201 was prepared by stir-
ring the mixture of titanate coupling agent and isopropanol
with a mass ratio of 1 in a beaker. Then, 10.0 g pyrophyllite
and various amount of the prepared NDZ-201 emulsion solu-
tion were added into a cup of ball mill, which contained 60 g
agate balls, and the mass ratio of large balls, medium balls
and small balls was 1:3:6. After that, the modified pyrophyllite
powders were prepared by ball milling at a high speed of 500 r/
min for 45 min, and the products were recorded as xMPY,
where x was the addition amount of NDZ-201 relative to
the PY.

2.3. Preparation of the pyrophyllite/polyurethane (MPY/PU)
composite

The preparation of the degradable castor oil-based polyur-
ethane and its composites were based on previous reports
(Risti¢ et al., 2012; Yeganeh and Mehdizadeh, 2004). Typi-
cally, the castor oil (CO) and toluene diisocyanate (TDI) were
firstly mixed in a round bottom flask with the equal molar
amounts of hydroxyl and isocyanate groups. Then, various
amount of MPY powders were added into the mixture solu-
tion, which was ultrasonically treated without heating for
20 min, so that the MPY powders can evenly disperse in the
precursor solution. Later, this precursor solution was placed
in a vacuum drying oven to remove any possible bubbles.
Finally, the precursor solution was poured into a mold and
cured at 45 °C for 24 h to prepare the MPY/PU composite
films, which were denoted as xMPY/PU-y, where y was the fill-
ing amount of MPY in the polyurethane matrix and x was the
same as mentioned above. The detail information of different
samples was presented in the Table S1 of the supporting
information.

2.4. Preparation of the coated CRF granules

The coated CRF granules were prepared with the urea gran-
ules as cores and the MPY/PU composites as the outer mem-
brane. The urea granules in a size around 4 mm were firstly
placed into a drum coating machine with a rotating speed of
40 rpm, meanwhile preheating the urea granules to reach a sur-
face temperature in the range of 65 to 70 °C. After that, the
above precursor solution was sprayed onto the surface of the
urea granules with a spray gun, and then following a cure pro-
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cess. By repeating these processes for several times, the coated
CRF granules with a mass percentage of the coating mem-
brane about 3 wt% were obtained, and the products were
labeled as xMPY/PCU-y, where x and y were the same as
mentioned above, and the PCU represented the polyurethane
coating urea.

2.5. Characterizations

Fourier transform infrared spectrometer (FT-IR) (Nicolet
6700, Thermo Fisher Scientific Co., USA) was used to record
the FT-IR spectra of series samples. The X-ray powder diffrac-
tion (XRD) patterns for different samples were recorded on an
X-ray powder diffractometer (X’pert Pro, Panalytical, Nether-
lands) with Cu Ko radiation (1.542 nm). The surface composi-
tion and chemical structure of the modified pyrophyllites were
analyzed by the X-ray photoelectron spectrometer (XPS,
ESCALAB 250, Thermo Scientific Co., USA). The N,
physisorption data of the modified pyrophyllites were obtained
from a N, physical adsorption apparatus (ASAP 2020, Mir-
comeritics, USA), and the powders were degassed at 200 °C
for 3 h. In addition, the physical structure of the PY, MPY
and the membrane on the urea granules were observed by a
Field-Emission Scanning Electron Microscope (S-4800, Hita-
chi, Japan).

2.6. Evaluation of hydrophobic property

The surface hydrophobic property of the modified pyrophyl-
lites (MPY) and their composites with polyurethane was ana-
lyzed by recording the water contact angels on a contact angle
measuring instrument (OCA25, Dataphysics, Germany).
Before the measurement, the MPY powders were pressed into
a uniform sheet at 40 kPa, and the water contact angels of the
MPY/PU composites were tested with the films prepared as
mentioned above.

2.7. Evaluation of water swelling property

To further analyze the water swelling property of the MPY/PU
composite films, they were immersed into 200 mL deionized
water. After holding at 25 °C for 24 h, the films were moved
out and wiped off excess water on the surface with cotton
papers before weighing. The formula for the calculating of
water absorbency was as follows:

W,—W,;
Water Absorbency (%) = !

W x 100%

In the formula, W; (g) was the mass of the composite mate-
rials before water-swelling. W, (g) was the mass of the compos-
ite materials after water swelling.

2.8. Evaluation of mechanical property

The uniaxial tensible testing of the pyrophyllite/polyurethane
composites was implemented on an electronic universal testing
machine (C25.101, XinSanSi Enterprise Development Co., 1td,
Shanghai) at a crosshead speed of 5 mm/min under room tem-
perature. Before measurement, the dumbbell-shaped speci-
mens of 4 mm width, 75 mm length and 0.8 mm thickness

were prepared by pouring the degassed precursor solution into
the mold and curing at 45 °C for 24 h.

2.9. Evaluation of hydrolytic stability

To analyze the hydrolytic stability of the pyrophyllite/polyur-
ethane composite materials, a series of the dumbbell-shaped
specimens were immersed into 200 mL deionized water, and
sealed to heat at 60 °C for 7 days. After that, the specimens
were moved out and the excess water was wiped off with cot-
ton papers. According to the same testing method as above,
the mechanical properties of these pre-treated specimens were
evaluated, and the retention efficiency of the tensible strength
was calculated while comparing to the original one.

2.10. Evaluation of the controlled-release behavior

The coated CRF granules about 5.0 g were firstly placed into
nylon filter bags, which were further immersed into 100 mL
deionized water at 25 °C. At the fixed intervals, the solutions
were taken out, and the granules were rinsed fully before
100 mL new deionized water was added. The concentration
of the released nitrogen (N) in the solutions were evaluated
by a UV/Vis spectrophotometer (Lambda 950, Perkin Elmer,
USA). To perform this measurement, the p-diamino benzalde-
hyde dissolved in the mixture solution of absolute ethanol and
concentrated hydrochloric acid was employed as the color
developer, and the absorbance was recorded at the wavelength
of 430 nm. Finally, the N release was analyzed with a timely-
used standard curve, and the cumulative release percentage of
N at an incubation time of t was calculated as follows:

t

. W,
Nitrogen release (%) = — x 100%
Wr
In the formula, W (mg) was the nitrogen release amount at
an incubation time of t, and Wt (mg) was the total nitrogen
content in the original coated CRF granules.

3. Results and discussion

3.1. Chemical and structural properties of the MPY

In this study, a natural clay of layered pyrophyllite (PY) was
modified with few amounts (<0.5 %) of titanate coupling
agent (NDZ-201) via a facile, green and economic mechanical
chemical approach. The modified PY (MPY) was further
employed as a reinforced filler for the castor oil-based polyur-
ethane (PU), which was spray-coated on the urea granules to
produce controlled-release fertilizer. The preparation processes
were proposed and illustrated as shown in Scheme 1.

The chemical structures of the PY and the related MPY
samples modified with 4 wt% NDZ-201 were investigated by
the FT-IR spectra (Fig. 1). The characteristic sharp peaks at
3674 cm™! (v, AI-FOH) and 949 cm™' (vs, Al-OH) were pre-
sented in the FT-IR spectrum of the pyrophyllite (Fig. 1 A).
The broad peak around 3423 cm™! was due to the stretching
vibration of OH from water and Si-OH. In addition, the peaks
at 1120 cm ™!, 1069 cm ™! and 1051 cm™! were attributed to the
stretching vibration of Si-O bonds (Zhao et al., 2003). The
clearly observed doublet peaks at 772 and 796 cm™' and the
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one at 694 cm™! were owing to the stretching vibration of Si-

O-Si from the SiO4 tetrahedron in the presence of quartz
(Temuujin et al., 2003; Yu et al., 2010). Besides, the peak
around 650460 cm ™' were mainly originated from the bend-
ing vibration of Si-O-Si bonds (Monash and Pugazhenthi,
2010). For the FT-IR spectrum of NDZ-201, the characteristic
peaks included the one at 2964 cm ™! for the ~CH5 asymmietri-
cal stretching vibration, the one at 2931 em™! for the -CH,-
asymmetrical stretching vibration, and the wide overlapped
one around 2866 cm ™' for the symmetrical stretching vibration
of -CHj and —CH,- (Liu et al., 2013). Correspondingly, their
bending vibrations resulted in the peaks at 1462 and
1379 cm™!'. In addition, the peaks in the range of 1250—
950 cm ™! were attributed to the stretching vibration of P—O,
and the bending vibration of O—P—O bridge was occurred
around 504 cm™! (Boonchom and Baitahe, 2009; Parekh and
Joshi, 2007).

After mechanochemically treated with NDZ-201, the MPY
sample still held these characteristic peaks of AI-OH and Si-O-
Si as confirmed by the FT-IR spectra in the Fig. | A. However,
the peak at 3674 cm™' (v5, AI-OH) for the MPY sample was
weaker than the related one for the original PY, indicating that
some of the surface AlI-OH groups were reacted with the NDZ-
201. Meanwhile, the broad peak around 3423 cm™' became more
obvious in the FT-IR spectra of MPY, which should be due to
the dehydration of the Ti-OH groups formed during the surface
modification (Song et al., 2019). Besides, three peaks at
2958 cm ™!, 2923 cm ™! and 2853 cm™! were presented by the
MPY sample (Fig. 1 B), which were owing to the C—H stretch-
ing vibration of the alkane groups. However, the wavenumbers
of these peaks were different from the ones (2964, 2931 and
2866 cm™') in the FT-IR spectrum of NDZ-201, and the
adsorptions for the asymmetrical and symmetrical stretching
of —CHj; were clearly decreased. These phenomena were possi-
bly due to the hydrolysis of the alkoxy groups (Ti-O-CH
(CH3),) and the escape of isopropyl alcohol ((CH3),CHOH).

Spray coating
y o
\ TDI

Smaller particles
of modified PYs

Y

b
CH

5 - _____d \\
2T )

I

3

Castor oil

Schematic illustration of the preparation processes for the MPY/PU coated urea granules.

The XPS spectra of the XMPY samples modified with var-
ious amount of NDZ-201 were further measured as shown in
Fig. 1 C-F. The Al 2p XPS spectrum of the un-modified PY
was located at 75.2 eV (Fig. 1 C), which was increased by
0.2 eV for the xMPY samples. Furthermore, the peak for Si
2p was also shifted to a higher binding energy after modifying
the PY with different amount of NDZ-201 (Fig. 1 D). These
results were due to the formation of AI—O—P and Si—O—P
bonds during the surface modification. Meanwhile, compared
to the Ti 2p XPS spectrum of NDZ-201 (Fig. 1 E), the peak
for the 0.5MPY sample was shifted to a lower binding energy,
possibly due to the formation of Ti-OH bonds. Furthermore,
the P 2p XPS spectrum of the NDZ-201 presented a peak at
133.6 eV (Fig. 1 F), assigning to the -PO3;(OH) and -OPOs-
structures of the NDZ-201 (Figure S1) (Amaral et al., 2012),
which was changed to a higher binding energy around
134.8 eV for the MPY samples (Fukushima et al., 2016). These
results were in accordance with the transformation of
Ti—O—P to AI—O—P and Si—O—P bonds, further confirming
the results of the FT-IR measurements. In addition, the TG
curves of PY and 0.4MPY (Figure S2) were respectively
showed a mass loss of 3.70 % and 4.05 % after heating to
1000 °C, revealing a difference of 0.35 %. This value was
closed to the percentage of NDZ-201 added in the original
PY during preparation process, indicating a high utilization
efficiency of the coupling agent.

Besides, the physical structures of the PY and MPY sam-
ples were also investigated. As shown in the SEM images
(Fig. 2 A, B), the original PY powders were irregular morphol-
ogy of particles with layered structures. After the ball milling
treatment, the size of the PY particles were obviously reduced
(Fig. 2 C, D and Figure S3), and the layered structures were
partially destroyed to form some fine flake-like structures. This
was because that the layered peeling can happen along the
interlayer face of the PY particles under strong mechanical
force, and the fracture meanwhile occurred to facilitate the for-



Surface modification of pyrophyllite for optimizing

MPY

(A)

T (%)

NDZ-201

T T T T T T P——
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

e

Intenity (a.u.)

78 77 76 75 74 713 712 T1
Binding energy (eV)

(E)

0.5MPY 0.5MPY

470 468 466 464 462 460 458 456

Intensity (a. u.)

NDZ-201

AT0 468 466 464 462 460 458 456
Binding energy (eV)

Fig. 1

(B) —
— PY
>
| NDZz-201
2964 2931 2866
3200 3100 3000 2900 2800 2700

Wavenumber (cm™)

S

103.3 eV Si2p

Intensity (a. u.)

108 106 104 102 100
Binding energy (eV)

P2p

o

134 132 130

Intensity (a. u.)
3
2
3

NDZ-201

140 138 136 134 132 130
Binding energy (eV)

(A) FT-IR spectra of NDZ-201, pyrophyllite and the MPY sample modified with 0.4 % NDZ-201. (B) The magnified spectra in

the wavenumber range of 2800 to 3000 cm™'. The XPS spectra of the NDZ-201, PY and the related modified PY with different addition
percentage of coupling agent: (C) Al2p XPS spectra, (D) Si2p XPS spectra, (E) Ti2p XPS spectra and (F) P2p XPS spectra.

mation of refined particles (Chen et al., 2012; Lin and Zhao,
2019). Correspondingly, the specific surface area of the PY
powders was 5.98 m? g~!, which increased to 20.28 m? g~!
for the ball-milled PY without the coupling agent (Table 1).
Specially, the PY particles were further refined after adding
NDZ-201 in the ball milling system (Fig. 2 E, F), and the speci-
fic surface area of the XMPY samples were increased as the
increased amount of NDZ-201. This indicated the synergistic

effects of the coupling agent and the mechanical force on the
exfoliation of PY particles. However, the specific surface area
of the xMPY samples were decreased when the addition
amount of NDZ-201 beyond 0.4 wt%, possibly due to the
lubrication effect of the excess coupling agent, which can
reduce the frictional force of the PY particles during ball
milling and result in the production of larger PY particles (Fig-
ure S3 g, h).
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Fig. 2
milled MPY with the NDZ-201 addition amount of 0.4 wt%.

(A) and (B) SEM images of the original PY powders, (C) and (D) the ball-milled PY without NDZ-201, (E) and (F) the ball-

Table 1 The N, physisorption data of the ball-milled PY samples under various addition amount of NDZ-201.

Sample SBET Average Average Pore Micropore volume®
Name (m?/g) pore size" particle size volume” (cm*/g)
(nm) (em) (em’/g)

PY 5.98 17.27 1.00 0.0228 0.0008

B-PY 20.28 15.34 0.29 0.0584 0.0021

0.2MPY 23.21 15.42 0.26 0.0717 0.0018

0.3MPY 25.04 13.83 0.24 0.0722 0.0017

0.4MPY 26.37 2.46 0.23 0.0097 0.0025

0.5SMPY 24.25 2.45 0.25 0.0094 0.0017

0.8MPY 20.87 243 0.29 0.0074 0.0019

2 - ® pealculated from the desorption isotherms by BJH model. © calculated by t-plot method. The sample B-PY was the ball-milled PY without

coupling agent.

3.2. Hydrophobic property of the MPY

In order to confirm the surface modification of the PY pow-
ders, the hydrophobic properties of different samples were
analyzed by the measurement of water contact angles. As
shown in Fig. 3, the water contact angle of the PY sheet was
46.2°. With the addition of NDZ-201, the water contact angles
of the xXMPY sheets became larger, confirming the improved
hydrophobic properties of these XMPY samples, which can

be due to the alkane groups on the modified surface. Besides,
the water contact angel of the xMPY sample was increased as
the increase of NDZ-201 addition amount when it was less
than 0.4 wt%, and the highest contact angle was 120.0° at
an addition amount of 0.4 wt% for the 0.4MPY. On the other
hand, the water contact angle of the 0.5SMPY sheet was
decreased after the NDZ-201 beyond 0.4 wt%. With a smaller
specific surface area and higher addition amount of NDZ-201
than the 0.4MPY sample, this 0.5SMPY sample held lower sur-
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Fig. 3 The water contact angels of the xMPY modified with
various addition amount of NDZ-201.

face molar ratio of O/Al (Table S2), indicating less functional
groups exposed on the surface that can interact with the NDZ-
201 coupling agent, and thus inhibiting the improvement of the
hydrophobic property.

3.3. Chemical and structural properties of the MPY|PU

With a filling amount of 5 wt%, the MPY powders were dis-
persed into the PU matrix, and the properties of the composite
coating on the urea granules were studied. As confirmed by the
FT-IR spectra of the polymer precursors and the composite
materials (Fig. 4 A), the PU polymers were able to physically
blend with the PY and MPY fillers. The peak for the stretching
vibration of N—=C = O (2263 cm™') was observed in the FT-
IR spectrum of toluene diisocyanate (TDI) (Fig. 4 A (a)), while
the FT-IR spectrum of the castor oil (CO) presented the char-
acteristics at 3411 cm™' (v, ~OH), 2926 cm ™' (v, -CH,-),
2855 em™! (v, -CH3) and 1739 cm™! (v, C=0) (Fig. 4 A
(b)). After spraying and curing on urea granules, new peaks
at 3434 and 3371 cm ™! belong to vs (-NH) and v,, (-NH) were
occurred in the FT-IR spectrum of the PU polymer and its
composite coatings (Fig. 4 A (c-e)), along with the peaks for
the vy (C—O) and v, (C—O0) at 1222 and 1057 cm ™!, respec-
tively. Meanwhile, the peaks assigning to N—C = O groups
were almost disappeared in these FT-IR spectra, indicating
the formation of PU polymers. In addition, the characteristic
peaks for vy (AI-OH) at 3674 cm™' and vs (Si-O-Si) at
537 cm ™" and 481 cm™' were shown in the FT-IR spectra of
the PY/PU and MPY/PU composites (Fig. 4 A (d, e)), suggest-
ing the existence of PY in these composite materials.

In order to avoid the effect of the adsorbed urea on the FT-
IR spectra, samples were prepared from the precursor mixtures
that were cured in a mold at 65 °C for 24 h, and the filling
amounts of PY and 0.4MPY were increased to 20 wt%.
Besides, the FT-IR spectra were measured with the crumbs
scraped from the upper layers of the prepared films. Similar
to the FT-IR spectra of the composite coatings on urea gran-
ules, some characteristic peaks relating to the PU polymer and
PY were observed (Fig. 4 B). The magnified ones in the range
of 4000-3000 cm ™! was further shown in Fig. 4 C. Compared

to the FT-IR spectra of PY and 0.4MPY, there was almost no
shifting for the peak at 3674 cm™! after filling in PY/PU or
0.4MPY/PU films. Besides, the variation for the peak at
3324 cm ™' was not obvious for the composite materials while
comparing to pure PU, indicating that the possible interactions
between the PU and MPY (or PY) was not figured out by the
stretching vibration of O—H or N—H. However, some varia-
tions were occurred in the region of 1600-1200 cm™' (Fig. 4
D). Compared to the FT-IR spectra of PU and PY/PU, both
the peaks at 1533 cm™' and 1385 cm™' shifted slightly to a
higher wavenumber for MPY/PU, which meanwhile broaden
a little, indicating the possible hydrophobic interactions
between the PU and alkyl chains on the surface of MPY. On
the other hand, a weak peak appeared around 1240 cm ™! for
the MPY/PU sample, revealing the stronger interaction of
PU with the Si-O of MPY, which may be associated with a
H-bonded Si-OH group (Namazi and Mosadegh, 2011;
Wang et al., 20006).

In addition, the peak at 3674 cm™" for the MPY/PU-20 %
sample was obviously stronger than the PY/PU-20 % (Fig. 4
E). Meanwhile, the FT-IR spectrum for the crumbs from the
bottom layer of the PY/PU-20 % was presented in Fig. 4 F,
the peak at 3674 cm ™! was clearly stronger than the one from
the upper layer. These results indicated that the dispersion sta-
bility of the modified PY (MPY) was obviously higher than the
un-modified one, and thus the MPY powders were easier to
interact with the PU polymer and its precursors. This could
lead to an increase in the crosslink density of the composites,
resulting in the enhancement of the tensile strengths of the
MPY/PU composite films (Park and Cho, 2003). Besides, the
NDZ-201 modified PY that had alkyl chains was able to serve
as the lubricant, which was favorable to improve the elonga-
tion at break (Li et al., 2012; Oshita et al., 2019). However,
the peak at 2272 cm™' belonging to the stretching vibration
of N—C = O was gradually strengthened for the MPY/PU
composites while increasing the filling amount from 7 wt%
to 20 wt% (Fig. 4 E), which indicated that excessive filling of
the MPY would decrease the polyurethane crosslinking density
and decline the mechanical properties of the composite films.
Therefore, the MPY/PU composite coating with a proper fill-
ing amount of MPY was more capable to resist the pressure
damage and improve the release longevity of coated fertilizer.

Accordingly, the surface morphology of the PY/PU and
MPY/PU membranes was further observed by the SEM
images. As revealed by Fig. 5 A, some protrusions with a
diameter larger than 2 pm were presented on the surface of
the PY/PU membrane, causing the formation of wrinkles
around these protrusions. Considering the smaller water con-
tact angle of the PY powders without modification, this phe-
nomenon can be due to the poor compatibility of the PY
particles with the PU matrix, which cuased uneven dispersion
of the PY powders in the PU matrix. While filling the modified
PY powders (MPY) into the PU matrix, the size of the protru-
sions and wrinkles were clearly reduced on the surface of the
MPY/PU membranes (Fig. 5 B-F). Besides, the surface of
the MPY/PU membranes become smoother as the increase
of NDZ-201 amount, and the one with 0.4 wt% NDZ-201 pre-
sented the smoothest surface (Fig. 5 E). This trend was corre-
sponding to the variation of the water contact angles of the
XMPY samples, further confirming the effect of their
hydrophobic properties on the textural structures of the com-
posite materials.
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Fig.4 (A) FT-IR spectra of TDI (a), castor oil (b), and the composite coatings on the urea granules: (c) PU, (d) PY/PU and (e) 0.4MPY/
PU that related to a filling percentage of 5 wt%. (B) FT-IR spectra of the PU, PY, 0.4MPY and the PY/PU and 0.4MPY/PU composite
films filling with 20 wt% PY or 0.4MPY, and their magnified FT-IR spectra in different ranges: (C) 4000-3000 cm ™', (D) 1600-1200 cm ™"
(E) The FT-IR spectra of the upper layers for the composite films of different samples. (F) FT-IR spectra of the PY/PU composite films
with a filling amount of 20 wt%.

3.4. Hydrophobic property of the MPY|/PU material

Furthermore, the hydrophobic properties of the PU, PY/PU
and MPY/PU composite materials were studied by their water
contact angles and water absorbencies. It was figured out that

the water contact angel (84.2°) of the PY/PU was larger than
the pure PU sample (79.3°) (Fig. 6 A). After filling the MPY
powders into the PU matrix, the water contact angles of the
xMPY/PU composites were first increased and then decreased
with the increase of NDZ-201 addition amount (Fig. 6 A),
which was similar to the variation of the water contact angles
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Fig.5 SEM images of the membranes made of the PU polymers that were filled with MPY modified with various amount of NDZ-201:
(A) PY/PU, (B) 0.IMPY/PU, (C) 0.2MPY/PU, (D) 0.3MPY/PU, (E) 0.4MPY/PU and (F) 0.5MPY/PU.

for the XMPY samples (Fig. 3). As discussed above, the alkane
groups were modified on the surface of the MPY particles,
which can promote the dispersion of the inorganic particles
into the PU precursors, and improve the compatibility and
pseudo-crosslinking effect of the MPY particles with the PU
matrix (Li et al., 2018). However, this effect became weaker
for the sample 0.5MPY /PU when the PY particles were treated
by 0.5 wt% NDZ-201. This was because that some hydrophilic
groups on the surface of the MPY caused poorer dispersion of
the MPY particles in PU matrix. Correspondingly, the water
absorbency of these composite materials was changed reversely
to their water contact angles as proven by Figure S4.

3.5. Mechanical property of the MPY/PU material

Accordingly, the mechanical properties of these MPY/PU
composite materials were analyzed by the uniaxial tensible
testing at room temperature. Fig. 6 B showed that the tensile
strength and elongation at break for the PY/PU composite
was slightly smaller compared to the pure PU material. As
mentioned above, it can be attributed to the poor compatibil-
ity of the PY powders with the PU matrix, and stress sites
could be formed around the agglomerates. Specially, these
properties were improved while filling the xXMPY particles into

the PU matrix (Fig. 6 B, xMPY/PU, x = 0.3, 0.4, 0.5). In
addition, both the tensile strength and elongation at break
were first increased and then decreased as the increased
amount of NDZ-201 in the MPY powders, and the highest val-
ues were presented by sample 0.4MPY/PU. Compared to the
pure PU material, these values were respectively increased by
0.61 MPa and 42 %, which can be due to the improved com-
patibility of 0.4MPY in the PU matrix and enhanced crosslink-
ing density in this composite material. While increasing the
NDZ-201 amount to 0.5 wt%, the agglomerates were observed
in the MPY/PU composite material due to the reduced
hydrophobic property of the 0.5MPY (Fig. 5 F), resulting in
the declining of the mechanical properties.

3.6. Hydrolytic stability of the MPY/PU

While employing the composites as the coating materials of
CREF, their resistance to hydrolysis in humid environment is
another important factor influencing the controlled-release
property, and thus the hydrolytic stability of the PU, PY/PU
and 0.4MPY/PU were analyzed by measuring their tensile
strengths after immersing in water at 60 °C for 7 days. As
shown in Fig. 6 C and D, the tensile strengths of these samples
and their elongations at break were all declined to some extent
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and (D) elongations at break for the original PU, PY/PU and 0.4MPY/PU, along with the related ones measured after immersing in water

at 60 °C for 7 days.

while comparing to the ones before water-immersing, which
can be originated from the decreased crosslinking structures
by the hydrolysis. The retention of the elongation at break
and tensile strength were presented in Table S3, which revealed
that the 0.4AMPY/PU sample held the highest retention of these
properties while the PY/PU had the lowest retention values.
This optimized hydrolytic stability of the MPY/PU was possi-
bly due to the improved hydrophobic property and water-
swelling resistance, and thus the water molecules were harder
to enter the networks of the PU matrix.

3.7. Effect of the MPY filling amount on the properties of the
MPY/PU

As discussed above, the PU matrix blending with the MPY
treated by 0.4 wt% NDZ-201 performed the best comprehen-
sive properties, and thus the effect of the filling amount on the
properties of MPY/PU were further studied based on the
0.4MPY powders. The SEM images (Figure S5 al-c2) showed
that the surface of the MPY/PU membranes were relatively
smooth when the filling amount was less than 9 wt%. How-
ever, it turned out to be rough when the filling amount was
increased to 9 wt% and 11 wt% (Figure S5 d1-e2), meanwhile,
protrusions were clearly observed on the surface of the related
membranes. Accordingly, when the filling amount was less
than 9 wt%, Figure S6 and Figure S7 confirmed that the
mechanical properties (tensile strength and elongation at

break) and water swelling resistance of the MPY/PU compos-
ites were increased as the increase of the MPY filling amount.
This was possibly due to the improved pseudo-crosslinking
density in the composite materials. On the other hand, these
properties for the sample 0.4AMYP/PU-7 and 0.4MYP/PU-11
were declined because of the formation of agglomerates in
the PU matrix and the reduction of crosslinking structures
(Figure S5 d1-e2).

3.8. Controlled-release behaviors of the CRF granules

The nitrogen cumulative release curves of the polyurethane
coated urea (PCU) fertilizer, the PY/PCU and xMPY/PCU
with the xMPY filling amount of 5 wt% were shown in
Fig. 7 A. Tt was figured out that the nitrogen in the PY/PCU
was released by a relatively faster rate than the PCU, and
the curve was changed from “S” to an “inverted L” shape.
As mentioned above, the PY/PU for the coating material of
the PY/PCU fertilizer held a higher water absorbency and
poorer mechanical property, resulting in larger cracks during
release process as shown in the SEM images (Fig. 8 C), and
thus the free water exchange and the release of urea were easier
(Liang and Liu, 2006). Reversely, with lower water absorbency
and better mechanical properties, the 0.2MPY/PCU, 0.3MPY/
PCU and 04MPY/PCU performed gradually optimized
controlled-release properties (Fig. 7 A). Moreover, the sample
0.4MPY/PCU had the best performance, which respectively
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released 1.7 %, 10.4 %, 43.2 %, 66.2 % and 76.1 % of N at
3.5th d, 7th d, 14th d, 21th d and 28th d (Table S4). Accord-
ingly, few cracks were observed in the SEM images of
0.4MPY/PCU after immersing in water at 25 °C for 7 days
(Fig. 8 D). These results indicated that the controlled-release
properties of the coated CRF can be optimized by the varia-
tion of the NDZ-201 coupling amount.

In addition, the controlled-release behaviors can be also
tuned by the variation of filling amount of MPY. As shown
in Fig. 7 B and Table S5, the nitrogen release rates of the
CREF granules were decreased by improving the filling amount
of 0.4MPY when it was less than 7 wt% (Table S5), and the
sample 0.4MPY/PCU-7 presented the lowest N release of
33.1 %, 62.0 %, 73.9 % and 78.9 % at 14th d, 21th d, 28th
d and 40th, respectively. With the optimized controlled release
feature and clearly longer release longevity, this CRF should
be more effective to meet the requirement of nitrogen for some
plant growth than the PU-coated CRF (Mayra E. Gavito
et al., 2001; Woli et al., 2017). Accordingly, the duration of

75 % nitrogen release was about 31 days, which was compara-
ble to the recently reported biomass-based PU coatings
(Table S6), including the halloysite-modified PU (75 %, 30—
38 d) (Wang et al., 2022) and the wheat straw-derived PU
(75 %, 32 d) (Yu et al., 2022). While the filling amount beyond
7 wt%, the sample 0.4MPY/PCU-9 and 0.4MPY/PCU-11
released nitrogen in a relatively faster rate (Table S5). This
variation was well corresponding to the mechanical properties
and water-swelling resistance of the related coating materials
(Figure S6 and Figure S7), further confirming the effect of
these properties on the controlled-release performance of the
CREF fertilizers. As confirmed by the SEM images (Figure S5
d1-e2), agglomerates occurred in the coatings of 0.4MPY/
PU-9 and 0.4MPY/PU-11, and the mechanical properties
and water swelling resistance were reduced for the related com-
posites (Figure S6 and Figure S7). These factors would result
in the formation of apertures in the coating during application,
promoting the free water exchange between the solution and
the coating networks, and thus increasing the urea release from
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the cores. Therefore, an excessive filling amount was disadvan-
tageous to the improve the controlled-release performance of
the CRF fertilizers.

4. Conclusions

In summary, the surface of the PY powders were mechanochemically
modified with few amounts of NDZ-201 coupling agent, and the mod-
ified PY (MPY) particles were filled into the caster-oil based polyur-
ethane matrix. As a result, the comprehensive properties of the
MPY/PU composites can be adjusted by controlling the addition
amount of NDZ-201 and the filling amount of the MPY powders.
By the investigations of the chemical and structural properties of the
MPY and the related MPY/PU composites, it was confirmed that
the alkoxy groups from the NDZ-201 were reacted with the AI-OH
groups on the surface of the PY powders under the mechanochemical
treatment, which can improve the hydrophobic properties of the MPY
when the addition amount of NDZ-201 was less than 0.5 wt%. After
filling these MPY particles into the PU matrix with a proper amount,
the dispersibility of the PY particles and their compatibility with PU
matrix were optimized, which promoted the pseudo-crosslinking effect
of the PY particles, and thus improved the mechanical properties of
the MPY/PU composites and their resistance to water-swelling. Syner-
gistically, the controlled-release performance of the CRF with the coat-
ing of MPY/PU composites were obviously optimized.
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