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ABSTRACT: To improve nitrogen (N) use efficiency and minimize environmental pollution caused by fertilizer overuse, novel
bio-based large tablet controlled-release urea (LTCRU) was prepared using bio-based coating materials to coat large tablet urea
(LTU) derived from urea prills (U). Nano fumed silica (NFS) was added to the bio-based coating materials to improve the
slow-release properties. The surface area of the LTU and U was measured by three-dimensional scanning. In comparison to U,
LTU had a smaller surface area/weight ratio, which can reduce the coating materials. Scanning electron microscopy analysis
showed that the addition of NFS in bio-based coating materials reduced the porosity of the coating shells of LTCRUs and, thus,
enhanced the N release longevity of the controlled-released fertilizer. Dependent upon the pores on the coating shells of
LTCRU, two N release patterns were revealed. Because of the good release characteristics, the novel LTCRU shows great
potential to support sustainable agricultural production.
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■ INTRODUCTION

With rapid growth of global populations, agricultural
production is requiring more and more fertilizers to meet
the demand for food.1 Nitrogen (N) fertilizers, especially urea,
should be applied in a controlled-release manner to increase
their efficiency as well as to prevent their loss via ammonia
volatilization and leaching for soil and water pollution.2 A
controlled-release urea (CRU) fertilizer can enhance the crop
yield and nutrient use efficiency (NUE) with lower environ-
ment impact in comparison to traditional N fertilizers.3−6

However, the high cost of coating materials of CRU and
complicated production procedure have limited their larger
scale application in agricultural fields. In addition, most of the
coating materials are derived from petroleum resources, which
are expensive and non-renewable. The coating shells may
present potential risks to pollute the soil environment after the
nutrients are released from CRUs.7,8

Another method to improve the NUE is the use of urea
super granules (USG), invented by the International Fertilizer
Development Center.9 Several studies have shown that the use
of USGs can not only reduce the ammonia volatilization losses
but also reduce the usage of fertilizer in the fields compared to
the traditional fertilizer.10,11 However, USG without coating
must be placed deeply to avoid the burn of seeds or plant roots
and ammonia volatilization by fast dissolving in paddy soil.

The deep placement method of the USG is labor-intensive and
time-consuming, which has limited it use in large-scale
agricultural production systems.12 To solve these problems,
novel large tablet polymer-coated urea (LTPCU) has been
produced using the bio-based coating materials to coat on the
surface of LTU. In comparison to normal CRU (diameter of
2−4 mm), LTPCU is more effective to save the production
cost by decreasing the usage of coating material.13 Therefore,
LTPCU is more suitable to be used in the agricultural
production system.
Many types of materials have been used as coatings for

CRU,14 including sulfur,15 petroleum-based polymers, such as
polyurethane (PU),16 and bio-based polymers derived from
starch,17 cellulose,18,19 and vegetable oil.20 Castor oil could be
used as the biopolyol to produce PU without further
treatments because of its high hydroxyl value. The use of
bio-based polymers as the coating for CRU has attracted much
research attention recently because they are more environ-
mentally friendly than petrochemicals.21 However, most of the
bio-based coating materials are hydrophilic, and the nutrient-
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controlled release longevity is hard to last over 30 days of the
bio-based CRUs.22 With the development of polymer
technology, it is possible to use some new modification
technologies (nanomaterials and hydrophobic organ silicon
compounds) for the bio-based coating to improve the nutrient
release characteristics of bio-based CRU.23−25 In addition,
research efforts have been made in understanding the
controlled-release process and behavior of CRU. The
governing release characteristics and mechanisms of CRU
have been proposed and tested in previous studies. Findings
from those studies have suggested that the release of CRU is
governed by simultaneous transport of both liquid and vapor
water between the inside and outside of the coating.26,27 The
cracks and micropores existing on coatings are the main
tunnels for the release.14 Controlled-release systems have been
developed and often used as mimics to study and evaluate the
controlled-release characteristics of CRUs. However, how
much of the modified bio-based coating shells can influence
the nutrient release characteristics, and the nutrient release
mechanisms of the modified large tablet controlled-release urea
(MLTCRU) have not been established and evaluated in
previous studies.
The objective of this study was to prepare and evaluate the

MLTCRU. Large tablet urea (LTU) was first produced from
urea powder with a tablet machine. Bio-based coating materials
derived from castor oil modified with nano fumed silica (NFS)
were then coated on the LTU surface at different loadings to
obtain the MLTCRUs. The differences between the coatings of
LTCRU and MLTCRU were characterized by scanning
electron microscopy (SEM) and Fourier transform infrared
spectroscopy (FTIR). The nutrient release characteristics of
LTCRU and MLTCRU were evaluated with a laboratory
controlled-release system to quantify the release pattern as a
function of the volume change and N release rate. The ultimate
goal of this study is to develop a high efficiency and
environmentally friendly fertilizer.

■ EXPERIMENTAL SECTION
Materials. Urea prills (U, particle size of 0.5−2 mm with 46.2%

N) were purchased from Luxi Chemical Co., Ltd. (Shandong, China).
Methylene diphenyl diisocyanate (MDI) with 30.03 wt % NCO group
was obtained from Yantai Wanhua Polyurethane Co., Ltd. (Shandong,
China). Biopolyol produced from castor oil and NFS were purchased
from Aladdin Industrial Co., Ltd. (Shanghai, China). Previous studies
demonstrated that biopolyol derived from castor oil is biodegrad-
able.28−31 With a high hydroxyl value of 137.81 ± 0.58 mg of KOH/g,
castor oil is an ideal bio-based coating material. All of the chemical
agents were analytical-grade and used directly as received. Deionized
water was used throughout the experiment.
Preparation of LTU. The LTUs were prepared from conventional

urea prills. The urea prills were mechanically molded into LTU using
an extruder (YST-100T, Changzhou Jiuyajiu Machinery Manufactur-
ing Co., Ltd., China) under the pressure of 10 tons. The height and
diameter of each tablet were 11.20 and 16.00 mm, respectively. The
mass of each LTU was around 1.85−2.15 g, and the N content of
each LTU was about 0.85−0.99 g. The volume and surface area of
LTU were determined using the three-dimensional scanning
technology with a laser scanner (SLP-250, Wuxi SGKs Measurement
Technology Co., Ltd., China), and the surface area/weight ratio was

calculated by surface area/weight.32,33 A three-dimensional laser
scanner was used for this study. The surface area/weight ratio was
used to express the result in Table 1.

Preparation of LTCRU. To make bio-based coated fertilizers, 3 kg
of LTUs was put in a rotating drum in a coating machine (Taizhou
Liming Pharmaceutical Machinery Co., Ltd., China) and preheated by
blasting hot air of 70 ± 2 °C. Then, 30 g of the mixture of coating
materials (15 g of biopolyol and 15 g of MDI) was sprayed onto the
surfaces of LTUs. The heat-curing reaction of the mixed coating
materials was finished in the rotating drum in 15 min, and the coating
materials were coated on the surfaces of the fertilizers by forming a
layer of coating. This process was repeated 6 times to make LTCRU1
and 8 times to make LTCRU2. The actual percentage of coating
material in each coated fertilizer was determined by measuring coating
materials used as the following. The 50 g of a coated fertilizer was
crushed and placed into 80 mL of deionized water to dissolve urea out
of the coating. The remaining material was dried at 60 ± 5 °C for 4 h.
The weight of coating materials used was recoded. The percentage of
both coating material and N contents in the LTCRUs are listed in
Table 2. The actual coating content ranged from 1.83 to 3.04%. The

use efficiency of coating materials is not high with a rotating drum
used in this study and could be much higher with a fluidized bed
coating equipment commonly used for the scale-up production.

To make the modified bio-based coated fertilizers, 2.5 g of the NFS
particles (0.5 wt % of the coating) was first dispersed in both 500.0 g
of biopolyol and 500.0 g of MDI through fast stirring and
ultrasonication for 1 h.34−38 Then, 15.0 g of each dispersion was
mixed and dropped onto the surfaces of the fertilizer particles in the
rotation drum. The same coating procedures were applied to prepare
the modified fertilizers, which were labeled correspondingly as
MLTCRU1 and MLTCRU2.

Characterization of LTCRU and MLTCRU Coatings. The
coatings of LTCRU and MLTCRU were dried at 65 °C for 24 h.
They were then analyzed by FTIR (Nicolet IS10) at the wavenumber
range of 4000−500 cm−1. With the help of scanning electron
microscopy coupled with energy-dispersive X-ray spectroscopy
(SEM−EDS, FEI Quanta 650 and SU8010), the morphologies and
element compositions of the coatings were determined under high-
vacuum conditions. Metal spraying was used to increase the
electroconductivity of these samples for better SEM images. The
water contact angle (WCA) of the coating materials of LTCRU and
MLTCRU were measured with an optical contact angle meter
(JC2000C2, Powereach).

Nitrogen Release Characteristics of LTCRU and MLTCRU.
The percentages of the N content released from LTCRU and
MLTCRU in the first 24 h were measured in still deionized water at
25 °C. Five tablets (10.00 ± 0.75 g, three replicates) were placed in a
glass bottle containing 200 mL of deionized water and kept in an
incubator at 25 ± 0.5 °C. The amount of N released from the coated
fertilizers at 1, 3, 5, 7, 10, 14, 28, 56, 84, 112, and 140 days was

Table 1. Physical Properties of Urea Prills and LTUs

mass (g) volume (mm3) surface area (mm2) surface area/weight ratio (mm2 g−1)

urea prills 0.03 ± 0.01 26.35 ± 5.09 43.65 ± 7.88 1257.78
LTUs 2.00 ± 0.15 1726.25 ± 32.45 733.63 ± 50.39 359.36

Table 2. Composition of Various Coated Fertilizers

fertilizer
design of the coating

content (wt %)
actual coating
content (wt %)

total Na

(wt %)

LTCRU1b 2 2.05 ± 0.06 45.25 ± 0.06
LTCRU2b 3 3.04 ± 0.15 44.80 ± 0.15
MLTCRU1c 2 1.83 ± 0.11 45.35 ± 0.11
MLTCRU2c 3 2.87 ± 0.12 44.87 ± 0.12

aThe total N content was calculated on the basis of the actual coating
content. bLTCRU = large tablet controlled-release urea. cMLTCRU =
modified large tablet controlled-release urea.
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measured with the Kjeldahl method.19 When the cumulative N release
was reached or was over 80% of the total N, the coated fertilizers were
taken out from the bottles. The release characteristics of single
LTCRU or MLTCRU in deionized water were also determined in a
50 mL centrifuge tube at 25 °C. Incubation conditions and the
experimental method were the same. The amount of N released from
the coated fertilizers at 1, 3, 5, 7, 10, 14, 28, 56, and 84 days was
measured with the Kjeldahl method.

■ RESULTS AND DISCUSSION
Comparison of Urea Prill and LTU. Three-dimensional

scanning technology was used to measure the volumes and
surface areas of the fertilizers in graphic models (panels a1 and
b1 of Figure 1). After mechanical molding, urea prills (2.00−
4.00 mm average diameter and 0.03 ± 0.01 g average weight;
Figure 1a1) became LTU (16.00 mm of diameter and 2.00 ±
0.15 g average weight; Figure 1b1). After mechanical extruding,
the shape of LTU was more regular than that of urea prill. The
surface area of the fertilizers was measured (Table 1). The
surface area/weight ratio of LTU was 359.36 mm2 g−1, which is
much less than that of urea prill (1257.78 mm2 g−1). The SEM
analysis with two magnifications was performed to compare
the surface morphology of the urea prill and LTU. For the
images of 30× magnifications, the surfaces of urea prill and
LTU showed no clear differences (panels a2 and b2 of Figure
1). At 200× magnification, the surface of urea prill showed

small bumps (Figure 1a3). As a result, LTU is a better core
than the urea prill for the production of the coated fertilizer
because of its smoother surface and lower surface area/weight
ratio.39,40 The coating of LTU may also use less materials and,
thus, has a lower production cost than that of urea prill.13

Photographs of Coating Materials and Fertilizers.
Biopolyol, biopolyol mixed with NFS particles, MDI, and MDI
mixed with NFS particles were separately put into four glass
bottles and then stewed for 2 months in an incubator at 25 ±
0.5 °C to verify the stability of NFS in coating materials. NFS
remained uniformly dispersed in the bio-based polyols,
demonstrating great stability without coagulation or other
types of interfacial instability (Figure 2Ab). However, NFS
caused solidification in MDI (Figure 2Ad) as a result of the
reaction between Si−O of NFS and NCO groups of MDI.
These results suggest that fumed silica should be dispersed in
bio-based polyols to avoid potential aggregations when used to
prepare coating materials for controlled-release fertilizers. The
coating materials in Figure 2A were uniformly coated onto the
surfaces of LTU in the rotating drum to make LTCRU1 and
MLTCRU1 (Figure 2C). The entire LTUs including edges
were coated with the bio-based material. With the addition of
NFS, the coating of MLTCRU showed a smoother surface
than that of LTCRU, which can improve mechanical
properties.41−44

Figure 1. Three-dimensional scanning images of (a1) urea prill and (b1) LTU and SEM images of (a2, 30×; a3, 200×) urea prill and (b2, 30×; b3,
200×) LTU.
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FTIR Spectra of LTCRU and MLTCRU Coatings. The
coating structures of MLTCRU, LTCRU, MDI, and bio-based
polyol were examined by FTIR (Figure 3). The NH−CO at

1601 cm−1 in panels c and d of Figure 3 suggests the existence
of PU after the reaction between bio-based polyol (Figure 3a)
and MDI (Figure 3b).45 The Si−O stretching of the fumed
silica located at 1100 cm−1 overlapped with the 1080 cm−1

absorption band of the C−O−C stretching. In comparison to
LTCRU, MLCRU showed a larger peak at this wavelength

from the absorption of NFS. It is also noteworthy that the
spectra of MLTCRU and LTCRU show high intensity of NCO
at 2280 cm−1, suggesting that the coating might contain
unreacted isocyanate. In addition, the lowered relative ratios of
peaks at 2280 cm−1 of MLTCRU can be attributed to the
reaction between NFS and MDI via cross-linking of OH
groups as the same phenomenon in Figure 2A.36,38

Morphology of Coatings. The morphologies of the
fertilizer coating surfaces and their water contact angles are
demonstrated in Figure 4. The surface morphology of
LTCRU1 (Figure 4a1) presented a wrinkled and porous
appearance with a water contact angle of 30.57 ± 1.08°. After
modification by NFS, the water contact angle increased from
about 5° to 35.11 ± 0.46°. No clear changes of the
hydrophobic property of coating surfaces were found after
the modification because NFS was dispersed uniformly in the
coatings, including the surface and cross-section. The cross-
section morphologies of the LTCRU1 and MLTCRU1
coatings are demonstrated in panels a3 and b3 of Figure 4,
respectively. Pores with diameters even larger than 20 μm were
found in the coating of LTCRU1 (Figure 4a3). However, large
pores were not detected in the coating of MLTCRU1 (Figure
4b3), indicating that the addition of NFS can reduce the
porosity of the coatings. The images showed the presence and
distribution of NFS in MLTCRU1 coatings (panels b2 and b4
of Figure 4) but not in LTCRU1 coatings (panels a2 and a4 of
Figure 4). NFS particles were found in the surface and cross-
section of MLTCRU1 coatings (panels b2 and b4 of Figure 4).
The differences between LTCRU1 and MLTCRU1 and
between LTCRU2 and MLTCRU2 are only coating contents.

Figure 2. (A) Photograph of coating materials: (a) biopolyol, (b) biopolyol mixed with NFS particles, (c) MDI, and (d) MDI mixed with NFS
particles. (B) Schematic diagram of the synthesis of LTCRU and MLTCRU. (C) Photograph of conventional urea pills (U), LTU, LTCRU, and
MLTCRU.

Figure 3. FTIR spectra of (a) bio-based polyol, (b) MDI, and
coatings of (c) LTCRU and (d) MLTCRU.
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Therefore, the morphology of LTCRU2 and MLTCRU2 was

put in Figure S1 of the Supporting Information.
Nitrogen Release Characteristics of LTCRU and

MLTCRU. The most important characteristic of coated

fertilizers is their slow-release property.18 The N release

characteristic curves of LTCRU1, LTCRU2, MLTCRU1, and

MLTCRU2 are presented in Figure 5, and four mathematical

models were derived on the basis of N release data. The N

release rates can be calculated on the basis of the following four

equations:

for LTCRU1

= + =y x R11.98 ln( ) 39.44, 0.83402

for LTCRU2

= + =y x R0.67 1.99, 0.99672

for MLTCRU1

= + =y x R10.51 ln( ) 31.88, 0.84872

Figure 4. SEM−EDS images and corresponding water contact angles of surfaces of (a1) LTCRU1 (200×) and (b1) MLTCRU1 (200×) and cross-
sections of (a3) LTCRU1 (2000×) and (b3) MLTCRU1 (2000×). EDS spectra of (a2) LTCRU1 surface, (b2) MLTCRU1 surface, (a4) cross-
section of LTCRU1, and (b4) cross-section of MLTCRU1.
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for MLTCRU2

= − =y x R0.60 1.82, 0.97272

where y is the nitrogen accumulative release (%) and x is the
incubation time (days). The N initial release rates during the
first 7 days for LTCRU1 and MLTCRU1 (both had 2 wt %
coating) were almost identical without notable differences.
When the incubation time reached 28 days, LTCRU1 reached
a cumulative N release rate of 89.38 ± 4.13% but the
corresponding release rate of MLTCRU1 was only 74.40 ±
3.75%. The international standard for CRFs (ISO 18644-
2016) is that the cumulative release mass fraction of the
nutrient in 28 days should be less than 75%.46 Therefore,
MLTCRU1 reduced the release rate by 15% compared to
LTCRU1 and met the standard.
When the coating increased to 3 wt % and the incubation

time reached the 7th day, the cumulative N release rates of
LTCRU2 and MLTCRU2 were 7.14 ± 3.12 and 5.44 ± 3.15%,
respectively, which were not significantly different. After 28
days, the cumulative N release rate of LTCRU2 reached 23.87
± 1.32%, almost twice the corresponding release rate of
MLTCRU2 (12.02 ± 1.99%). Even though both LTCRU2 and
MLTCRU2 met the ISO standard, MLTCRU2 showed the
superior release behavior to fit crops, which have slow growth
and a low nutrient demand during the first 28 days.
N release characteristics of the coated fertilizers are

significantly affected by the contents of the coating materials.
In this study, when the coating contents increased from 2 to 3
wt %, the N release longevity of the coated fertilizers increased
significantly. When the coating content was 2 wt %, N release
of LTCRU1 and MLTCRU1 was 92.98 ± 1.24 and 90.05 ±
1.86% after 84 days of incubation, respectively. When the
coating content was added to 3 wt %, N release of LTCRU2
and MLTCRU2 was 58.42 ± 2.10 and 40.25 ± 1.68% after 84
days of incubation, respectively. The N release longevity of
LTCRU2 and MLTCRU2 was prolonged to about 140 days
when the N accumulative release was 93.84 ± 1.15 and 90.24
± 1.83%, respectively. As the coating materials increase on the
fertilizer layer by layer, the liquid pathways of water and

dissolved urea had to diffuse through more layers to get in and
out, which slow the release of fertilizers. Therefore, with more
coating contents, LTCRU2 and MLTCRU2 have a bettter
controlled-release capacity than LTCRU1 and MLTCRU1,
respectively. In addition, the results indicate that NFS
modification can significantly improve the N release longevity
of coated fertilizers. Previous studies have shown that NFS can
modify PU, resulting in improved rheological properties,
hydrophobic surface, mechanical properties, and thermal
stability with a small amount of addition.34 As a result, the
controlled-release property of the modified coating is
enhanced.47

Releasing Patterns of CRU. The N release from the
CRUs may have two different release patterns. For the first
patter (LTCRU), the release can be divided into four stages
(Figure 6). After being dropped into deionized water, LTCRU

fertilizers with pores on their coatings started absorbing water
to show the first release stage, the wetting stage. Water
absorption and wetting of the coating material led to the initial
releasing stage (Figure 6a). During this stage, water passed
through the pores on the coating and dissolved the urea out of
the coating from one side, in which bigger holes existed,
thereby causing the release of N with more urea loss, the urea
core of LTCRU became irregular and incomplete, and there
existed an obvious permeation pressure difference between the
inside and outside of the coating, leading to the fast dissolution
(Figure 6b) and slow dissolution (Figure 6c) stages. The shape
and position of the urea core remaining in the coating
depended upon the locations of the release pores. Finally, the
entire urea core in the coating was dissolved; the nutrient

Figure 5. Nitrogen release characteristics of (a) LTCRU1, (b)
LTCRU2, (c) MLTCRU1, and (d) MLTCRU2 at 25 °C in deionized
water (a, y = 11.98 ln(x) + 39.44, with R2 = 0.8340; b, y = 0.67x +
1.99, with R2 = 0.9967; c, y = 10.51 ln(x) + 31.88, with R2 = 0.8487;
and d, y = 0.60x − 1.82, with R2 = 0.9727).

Figure 6. Relationship between N release rates (%) and volume
change (%) of LTCRU at four stages (a, b, c, and d) of pattern 1. The
top photo showed the actual sizes of LTCRU at these stages: (a)
initial dissolution stage (from 0th to 3rd day, no volume change), (b)
fast dissolution stage (from 3rd to 10th day, no volume change), (c)
slow dissolution stage (from 10th to 28th day, no volume change),
and (d) final stage (after 28th day, no volume change). The figure on
the bottom showed measured fertilizer volumes: (a) 100%, (b) 100%,
(c) 100%, and (d) 100%, at four stages.
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concentration within the coating began to decrease during the
release, slowing the overall fertilizer release rate. The final
permeation stage (Figure 6d) showed a slower steady release
characteristic in comparison to other stages because the N
concentration inside the coating and the permeation pressure
decreased.
MLTCRU fertilizers followed the release pattern 2 (Figure

7). During the wetting stage in the first 3 days, there was no

change in N release and fertilizer volume (Figure 7a). In the
dissolution stage, water or vapor went through the coating and
slowing N release without notable fertilizer volume changes
(Figure 7b). At the end of this stage, a thin layer of water
between the urea core and coating was visually observed. With
more and more urea dissolved in the water inside the coating,
the permeation pressure between the inside and outside of the
coating increased. As a result, the coating was stretched to
decrease the permeation pressure, leading to the increase in
fertilizer volume during the swelling stage (Figure 7c). In this
stage, there existed both urea core and solution inside the
coated fertilizer tablet. As the MLTCRU fertilizer approached
its maximum volume, the release rate sped up. Urea core and
solution left inside the coating spread out steadily during the
final stage (Figure 7d).
A combination of these two release patterns led to a

relatively steady characteristic of N release from the LTCRU.
Findings from this study indicate that NFS modification can
extend the N release longevity of the coated fertilizer. The bio-
based LTCRUs demonstrate good controlled-release charac-
teristics and, thus, can be a promising controlled-release
fertilizer for field applications.
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(24) Lü, X.; Cui, Z.; Wei, W.; Xie, J.; Jiang, L.; Huang, J.; Liu, J.
Constructing polyurethane sponge modified with silica/graphene
oxide nanohybrids as a ternary sorbent. Chem. Eng. J. 2016, 284, 478−
486.
(25) Zhang, S.; Yang, Y.; Gao, B.; Li, Y. C.; Liu, Z. Super-
hydrophobic controlled-release fertilizers coated with bio-based
polymers with organosilicon and nano-silica modifications. J. Mater.
Chem. A 2017, 5 (37), 19943−19953.
(26) Shavit, U.; Reiss, M.; Shaviv, A. Wetting mechanisms of gel-
based controlled-release fertilizers. J. Controlled Release 2003, 88 (1),
71−83.
(27) Shavit, U.; Shaviv, A.; Shalit, G.; Zaslavsky, D. Release
characteristics of a new controlled release fertilizer. J. Controlled
Release 1997, 43 (2−3), 131−138.
(28) Mutlu, H.; Meier, M. A. Castor oil as a renewable resource for
the chemical industry. Eur. J. Lipid Sci. Technol. 2010, 112 (1), 10−30.
(29) Jeon, H.; Kim, M.-N.; Park, E.-S. Thermal, mechanical and
biodegradation properties of pure, epoxidized and methoxylated

castor oil based polyurethane. Plast., Rubber Compos. 2016, 45 (1), 1−
8.
(30) Oprea, S.; Potolinca, V. O.; Gradinariu, P.; Joga, A.; Oprea, V.
Synthesis, properties, and fungal degradation of castor-oil-based
polyurethane composites with different cellulose contents. Cellulose
2016, 23 (4), 2515−2526.
(31) Das, S.; Pandey, P.; Mohanty, S.; Nayak, S. K. Evaluation of
biodegradability of green polyurethane/nanosilica composite synthe-
sized from transesterified castor oil and palm oil based isocyanate. Int.
Biodeterior. Biodegrad. 2017, 117, 278−288.
(32) Igathinathane, C.; Davis, J. D.; Purswell, J. L.; Columbus, E. P.
Application of 3D scanned imaging methodology for volume, surface
area, and envelope density evaluation of densified biomass. Bioresour.
Technol. 2010, 101 (11), 4220−4227.
(33) Sholts, S. B.; War̈mlan̈der, S. K. T. S.; Flores, L. M.; Miller, K.
W. P.; Walker, P. L. Variation in the Measurement of Cranial Volume
and Surface Area Using 3D Laser Scanning Technology. J. Forensic Sci.
2010, 55 (4), 871−876.
(34) Verdolotti, L.; Lavorgna, M.; Lamanna, R.; Di Maio, E.;
Iannace, S. Polyurethane-silica hybrid foam by sol−gel approach:
Chemical and functional properties. Polymer 2015, 56, 20−28.
(35) Hassanajili, S.; Masoudi, E.; Karimi, G.; Khademi, M. Mixed
matrix membranes based on polyetherurethane and polyesterurethane
containing silica nanoparticles for separation of CO2/CH4 gases. Sep.
Purif. Technol. 2013, 116, 1−12.
(36) Pingan, H.; Mengjun, J.; Yanyan, Z.; Ling, H. A silica/PVA
adhesive hybrid material with high transparency, thermostability and
mechanical strength. RSC Adv. 2017, 7 (5), 2450−2459.
(37) Serkis, M.; Poręba, R.; Hodan, J.; Kredatusova,́ J.; Špírkova,́ M.
Preparation and characterization of thermoplastic water-borne
polycarbonate-based polyurethane dispersions and cast films. J.
Appl. Polym. Sci. 2015, 132 (42), 42672.
(38) Wu, S.-H.; Mou, C.-Y.; Lin, H.-P. Synthesis of mesoporous
silica nanoparticles. Chem. Soc. Rev. 2013, 42 (9), 3862−3875.
(39) Ho, L.; Cuppok, Y.; Muschert, S.; Gordon, K. C.; Pepper, M.;
Shen, Y.; Siepmann, F.; Siepmann, J.; Taday, P. F.; Rades, T. Effects
of film coating thickness and drug layer uniformity on in vitro drug
release from sustained-release coated pellets: A case study using
terahertz pulsed imaging. Int. J. Pharm. 2009, 382 (1), 151−159.
(40) Strawhecker, K. E.; Kumar, S. K.; Douglas, J. F.; Karim, A. The
Critical Role of Solvent Evaporation on the Roughness of Spin-Cast
Polymer Films. Macromolecules 2001, 34 (14), 4669−4672.
(41) Han, Y.; Chen, Z.; Dong, W.; Xin, Z. Improved water
resistance, thermal stability, and mechanical properties of waterborne
polyurethane nanohybrids reinforced by fumed silica via in situ
polymerization. High Perform. Polym. 2015, 27 (7), 824−832.
(42) Hassanajili, S.; Sajedi, M. T. Fumed silica/polyurethane
nanocomposites: Effect of silica concentration and its surface
modification on rheology and mechanical properties. Iran. Polym. J.
2016, 25 (8), 697−710.
(43) Sankar, S.; Sanjeev, S.; Sharma, D. Synthesis and character-
ization of mesoporous SiO2 nanoparticles synthesized from biogenic
rice husk ash for optoelectronic applications. Int. J. Eng. Sci. 2016, 17,
353−358.
(44) Wang, X.; Dou, L.; Li, Z.; Yang, L.; Yu, J.; Ding, B. Flexible
hierarchical ZrO2 nanoparticle-embedded SiO2 nanofibrous mem-
brane as a versatile tool for efficient removal of phosphate. ACS Appl.
Mater. Interfaces 2016, 8 (50), 34668−34676.
(45) Yang, Y.; Wei, Z.; Wang, C.; Tong, Z. Versatile fabrication of
nanocomposite microcapsules with controlled shell thickness and low
permeability. ACS Appl. Mater. Interfaces 2013, 5 (7), 2495−2502.
(46) International Organization for Standardization (ISO). ISO
18644:2016(E), Fertilizers and Soil ConditionersControlled-Release
FertilizerGeneral Requirements; ISO: Geneva, Switzerland, 2016.
(47) Cai, D.; Wang, L.; Zhang, G.; Zhang, X.; Wu, Z. Controlling
pesticide loss by natural porous micro/nano composites: Straw ash-
based biochar and biosilica. ACS Appl. Mater. Interfaces 2013, 5 (18),
9212−9216.

Journal of Agricultural and Food Chemistry Article

DOI: 10.1021/acs.jafc.8b04042
J. Agric. Food Chem. 2018, 66, 11265−11272

11272

http://dx.doi.org/10.1021/acs.jafc.8b04042

