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Abstract To minimize a loss of urea to the environ-
ment and also control a release activity, a tunable and
controlled-release urea fertilizer (TCRF) was created.
Composite coating layers of the TCRF were synthe-
sized using a composite of nanoclay (B27), and a
linseed oil-modified polyurethane resin (BURNOCK�
UL65). The concentration of B27 nanoclay was varied
from 0, 3, 5 and 10 wt% and called TCRF, TCRF-3,
TCRF-5 and TCRF-10, respectively. Firstly, nanocom-
posite free-standing films (NFs) with 0, 0.5, 1, 3, 5 and
10 wt% of B27 were synthesized and tested to
demonstrate the mechanical properties of the coating
layer. When the B27 clay content increased, the
Young’s modulus and yield strength were increased.
On the other hand, the elongation at break was
decreased. NFs were also characterized by XRD and

TEM, which showed a partial exfoliated nanocompos-
ite character. The water contact angle measurement
showed that all NFs had hydrophobicity properties
(87�–90� contact angle). Moreover, the microorganism
degradability test showed that the NFs degraded at
37 ± 2�C and 58 ± 2�C in manure, a common agricul-
ture media. The study on coated urea fertilizers found
that the thickness of all TCRFs layers is around 52–
54 lm. The nitrogen release profiles of the TCRF at
60�C in water as a predictive analytic model were
investigated using an elemental analyzer that is a
pathway analysis method to understand the release
profiles of the TCRFs. All release profiles fitted well
with the sigmoidal model, which was suitable for a
common plant growth. The profiles gave diffusion
coefficients (D) in the range of 49–69 lm2 h�1 and
presented an inverse trend to the yield strength of the
NFs. The investigation demonstrated that B27 played
an important role in tuning the strength of the coating
layers that affected the urea release to the plants and
the environment.
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Introduction

Urea is one of the most utilized fertilizers for supplying
nitrogen (N) as an essential nutrient that plants require
in large amount for growth and development. How-
ever, it is well known that the limitations of using the
conventional urea fertilizer are losing of N to the soil
and leaching it into the environment due to its high
solubility in water.1–4 The release of excess nitrogen in
the soil is not only detrimental to the environment but
also lessens the efficiency of conventional urea.

This causes nutrient inefficiency in plant uptake
resulting in reduced biomass production and adverse
environmental impacts. A controlled-release urea fer-
tilizer became an option because of its advantage in
terms of minimizing rate of nitrogen release.5,6 Coated
fertilizers are nutrient particles underneath coating
layers to retard the nutrient release rate. These
fertilizers are categorized into two types: mineral
coating (e.g. sulfur) and polymer coating.7 Sulfur-
coated fertilizers have been reported to have non-
uniform coating layers resulting in a non-uniform
nitrogen release profile.8 In contrast, a polymer coated
fertilizer (PCF) is a nutrient core coated with a single

or multilayer polymer.9–11 An ideal PCF is a fertilizer
coated with natural or semi-natural environmentally
friendly macromolecules and affords the release profile
that meets nutrient requirements for a model crop
growth with a single application.12 However, in the
field of agriculture, the PCFs still need the prolonged-
release nutrient for crop production.8,13

Agricultural nitrogen (N) demand depends on crop
species and soil conditions. Recently, a simulation of the
N demand for a sugarcane production was investigated.
Researchers also reported a model of the N demand for
ratoon crops in cases of seasonal responsiveness to
different climatic and management conditions.14,15 The
result showed that all simulated N uptake profiles
performed an average initial lag period followed by a
rapid linear N release and then a decay period. The total
N uptake increased when the sugarcane had a limited
irrigation allocation or was rain-fed. For a maize
plantation, the N release rate significantly affected the
root exudation quantity and compositions, such as
sugar, sugar alcohol and phenolic components.16–18

Most importantly, a forest category is the main explana-
tory factor of soil N variability both for the forest floor
and the mineral soil layer.19 Due to the N requirement
of an agricultural area differing from an individual plant
growth demand, not only a slow release but also a
tunable controlled-release urea fertilizer is needed.

To understand mechanisms of the nutrient release,
many kinetic models were applied to the release
patterns.9,20–22 The releasing rate of a PCF depended
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on the characteristic features of the PCF such as shape
of the PCF and environmental conditions including
temperature and testing medium.23–25 In order to
match the fertilizer usage with the plant nutrient
uptake for the sustainable crop production, Shaviv
et al. developed a mechanistic-mathematical model to
describe the release using the diffusion mechanism, so
called a sigmoidal model.26,27 The sigmoidal model
explained that the release was controlled by mass
transfer properties of the coating material, nutrient
active properties and the thickness of the coating layer.
According to the sigmoidal model, it described the
‘‘non-Fickian’’ nature of a cumulative release consist-
ing of three stages: a lag period, a constant release, and
a decay stage (shown in the graphical abstract). During
the lag period, water penetrated into the granule and
dissolved an active molecule via an osmotic water
pressure across the coating layer. The lag period was
the time needed to fill the internal voids of the granule
with a critical water volume. This stage could be
attributed to the time needed for the establishment of a
steady stage between the flux of water entering the
granule and the flux of solute leaving it. The second
stage, the constant release, began with a critical volume
of saturated solution occurring inside the PCF. The
release rate remained constant until the equilibrium
concentration presented. The final stage was the decay
stage. The driving force for the release decreased and
the release rate decayed when the internal concentra-
tion decreased to the continuing fluxes of the nutrient
out.

Nanoclays or a layer-silicate nanoparticles were one
of the best natural materials for polymer composites in
order to control the nutrient releasing rate due to the
advantages of good mechanical properties especially
under a water barrier.28–30 In particular, a swelling clay,
termed smectite such as montmorillonite (MMT) and
hectorite clay, is composed of two tetrahedral (T)
silicate sheets sandwiching with one octahedral (O)
structure. The 2:1 of T:O ratio presented exchange-
ability of cations and cationic surfactants between the
intercalating layer to adjust a width and the swelling
ability of the nanoclay. Good swelling in the medium
revealed a compatibility with the polymer system and
also affected the nanocomposite categorization. Gen-
erally, there were three categories in terms of their
structures and configurations; the conventional com-
posites, intercalated nanocomposites and exfoliated
nanocomposites. The mechanical performance of the
polymer–clay nanocomposite dramatically depended
on the nanocomposite configuration category. Nan-
oclay usually improved the tensile strength of polymers
causing the degree of the intercalation/exfoliation and
had a great impact to the Young’s modulus and an
elongation at break. It had been reported that the
intercalated or the exfoliated clay nanocomposites
were used as controlling materials and blended with
nutrients to control the releasing nutrient rate.31,32

Herein, the stronger the coating layer, the lower the
nutrient releasing rate.

To the best of our knowledge, we created a novel
controlled-release urea fertilizer (TCRF) that was also
tunable by integrating a biodegradable polymer-nan-
oclay composite coating layer. A polyurethane modi-
fied long-oil alkyd resin was used as a biodegradable
polymer media. An organic modified nanoclay (B27)
called hectorite clay was used in the nanocomposite
coating layer. TCRF was prepared by a pan coating
process, which was an inexpensive technique and easy
to modify for commercial manufacture. It is well
known that the existence of nano-clay is a key factor
to prove the mechanical property. Thus, the tunable
property depended on the strength of the coating layer
varied in the amount of the B27 content. However,
there is little information to discuss in terms of
controlled release fertilizer. Besides, a study of the
nitrogen release pattern from TCRF is very essential to
understand the release characteristics of TCRF. This
study offers the sigmoidal pattern which appropriates
with the active nutrient plant uptake demand. The
nitrogen release test and kinetic study of TCRF are
evaluated at 60�C as an accelerated condition. This
condition is a predictive analytic model that can
perform the behavior and performance of polymer
nanoclay composite coating layer that are related
between nitrogen release and nanoclay content as the
definition of a characteristic parameter. Finally, this
research provided directions for future research steps
to overcome the nutrient loss risk of fertilizer that can
be applied towards commercial application. This
offered a high potential for agricultural applications
of various plant species and soil conditions.

Materials and methods

Chemicals

Linseed oil-modified polyurethane resin, BUR-
NOCK� UL65 (65% solid content) was supplied by
Siam Chemical Industry Co., Ltd. (Bangkok, Thai-
land). Driers, TroymaxTM Calcium 10NA and Troy-
maxTM Manganese 10 were used as catalysts for the
polymer curing and were from Koventure Co., Ltd
(Samutprakan, Thailand). An unmodified montmoril-
lonite (MMT) nanoclay was used to compare with an
organic modified nanoclay B27. MMT nanoclay and
B27 were from Brenntag Ingredients Public Co., Ltd
(Bangkok, Thailand). B27 chemical composition was
confirmed by wavelength dispersive X-ray fluorescence
spectrometer, WDXRF (Bruker Axs, Germany: model
S4 Pioneer) and the results are shown in Table S1. The
results indicated main elements, Si and Mg of the
hectorite clay. The BARCO� 100% AAA thinner
from TOA Paint Co., Ltd (Samutprakan, Thailand.),
which contained about 80% toluene, was used as a
polymer solvent. Moreover, the deionized water, 18.2
MX-cm, PURELAB� Ultra Genetic Water Purifica-
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tion Systems from ELGA LabWater, was used
throughout this research.

Nanocomposite free-standing films (NFS)
preparation

Nanocomposite films (NFs) to be used as a urea
coating layer were synthesized and tested for mechan-
ical properties. The amount of 0.5, 1, 3, 5 and 10 wt%
the B27 nanoclay was varied with respect to the solid
content of the resin and was slowly added to the
55 wt% of resin solution while being stirred at
800 rpm. The mixture was left overnight at the ambient
temperature of 25�C. After that, 0.5 wt% Ca and
0.1 wt% Mn driers were added to the mixture and
continually stirred for 15 min. The 12.00 g mixture was
poured into the 7 9 15 cm silicone mold and dried in
an oven at 100�C for 6 h to obtain nanocomposite free-
standing films containing the intended wt% of the B27,
labeled as NF for without the B27, NF-0.5, NF-1, NF-3,
NF-5 and NF-10, respectively.

Biodegradability analysis of the NF

A biodegradability test was performed according to
ASTM D5338-98 which determined the degree and
rate of aerobic biodegradation of plastic materials on
exposure to controlled-composting environment under
laboratory conditions and designed to yield a percent-
age of conversion of carbon in the sample to carbon
dioxide. In this research, a stable manure with
107 CFU g�1 total bacteria was used as inoculum while
a cellulose microcrystalline and polyethylene samples
were used as cellulose microcrystalline (R+) and
polyethylene (R�) control samples, respectively. All
samples were mixed with inoculum at 1 wt% and
incubated at 37 ± 2�C and 58 ± 2�C for 28 days before
detecting the CO2 from the systems.

Tunable controlled-release urea fertilizer (TCRF)
preparation

The B27 nanoclay resin mixture was prepared by
stirring with a mechanical overhead stirrer (IKA,
Germany: model RW20) before using as a coating
material in a pan coating process (developed by
NANOTEC, Thailand). The required amount of the
B27 nanoclay was mixed with 1 kg of thinner. The
resulting mixture was added to the 360 g of resin. This
ratio resulted in about 12 wt% of the resin to the 2 kg
of urea. Next, the resin mixture was stirred at 500 rpm
for 2 h and slowed down to 130 rpm for 30 min to
bleed microbubbles in the mixture. After that, 0.5 wt%
Ca and 0.1 wt% Mn, were added to the mixture and
continually stirred for 15 min before the following
coating process.

In a pan coater, 2 kg of urea particles were first
circulated at 8 rpm before slowly added the B27
nanoclay resin mixture. The average particle size of
urea was approximate 3–4 mm. The initial drying with
a blower at 65�C was performed. Afterward, the coated
urea fertilizer was completely dried in the oven at
100�C for 6 h to receive the tunable controlled-release
urea fertilizers (labeled as TCRF for without the B27,
TCRF-3, TCRF-5 and TCRF-10 according to the
percentage of the B27 nanoclay loading).

Characterizations

X-ray diffractometer, XRD Rigaku, Japan: model
TTRAX III equipped with a CuKa tube
(k = 0.15406 nm) was used to study the d-spacing in
d001 plane of the original MMT and B27 nanoclays,
including in the NFs. The analysis conditions: incre-
ment step 0.01� and 2h from 1–10� were used.
Furthermore, the morphologies of the NFs were
studied by a transmission electron microscope, TEM
(Jeol, Japan: model JEM 2100) using an accelerating
voltage of 80 kV. Sample preparations were obtained
via Leica EM UC7 ultra-microtome feeding of liquid
nitrogen at � 90�C resulting in 80 nm thickness of the
NFs. After that, samples were placed onto copper grids
and left in the ambient temperature for at least 24 h
before TEM analysis.

To identify functional groups in the NFs, an atten-
uated total reflection Fourier transform infrared
(ATR-FTIR) spectroscopy technique (Thermo-scien-
tific, USA: model Nicolet 6700) was used in the range
of 4000 to 500 cm�1 in the transmission mode acquired
from 64 scans at a 4 cm�1 resolution. To investigate the
mechanical properties of the NFs, a tensile testing was
performed followed the ASTM D882: Standard Test
Method For Tensile Properties Of Thin Plastic Sheet-
ing. All of the NFs were prepared into a size of
2 9 10 cm prior to the test by a universal testing
machine (Lloyd, USA: model LR 10 k). A water
contact angle technique was used to determine the
hydrophobicity of the NFs using a dynamic contact
angle device (Dataphysics, Germany: model TC/TPC
150). The reported value was an average value of five
measurements. A field emission scanning electron
microscope, FESEM (Hitachi, Japan: model SU5000),
operated at 5 kV was utilized to measure the TCRFs
layer thicknesses and also characterize the morphology
of the TCRFs coating layers before and after the
nitrogen release test. All samples were placed on a
carbon tape and sputter-coated with gold in a sputter
coater (Quorum, Q150RS, UK) for 2 min. Thicknesses
of the coating layer were determined from cross-
sectional SEM images of samples using the public
domain ImageJ software.
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Nitrogen release test and kinetic study of TCRF

Glass containers which contained 5 g of the TCRFs in
20 cm3 of deionized water (DI) were prepared and
placed in an oven at 60�C as an accelerated condition
to obtain the whole state of the nitrogen release profile.
Two-milliliter sampling was collected every hour for
20 h and the total nitrogen release was measured by an
elemental analyzer, CHN Determinator (LECO,
America: CHN628). According to Dumas method,
also known as combustion method, this equipment is
the most economical and innovative nitrogen/protein
analyzer. In this analysis, the instrument was heated to
1,000ºC and 50 ± 2 mg of sample was placed inside tin
capsule, which was dropped into the furnace, where it
was completely combusted. Thermal conductivity
detection was used to measure nitrogen. Each set of
experiments was repeated three times.

The kinetic study was analyzed using a mathematic
model of the sigmoidal equation, equation (1). The
F(t) is the fractional release of nitrogen at time (t)
while a, b, c and d are sigmoidal parameters.33

FðtÞ ¼ a� b

1 þ exp t�d
c

� �þ b ð1Þ

All experiments were carried out in triplicate, and
an average value was reported. The static regression
was applied to calculate the correlation coefficient (R2)
as a measure of the fit line reliability. Furthermore,
important characteristic values according to the release
pattern; lag time (tlag), infection time (tinf), infaction

slope (Sinf) and diffusion coefficient (D) were also
observed as discussed in the literature.24,26,27,34

The value of diffusion coefficient (D) through the
polymer layer can be calculated according to equa-
tion (2), where h is the polymer layer thickness (lm).24

D ¼ h2

6 � tlag
ð2Þ

Results and discussion

Swelling performance and the characteristics
of the nanoclays

For the polymer system compatibility, MMT and B27
performances in toluene were compared. The low
angle XRD patterns of the MMT and the B27
nanoclays are shown in Fig. 1. The interlayer spacing
could be calculated using the 2h value of the d001 via
Bragg’s law. The MMT contained the d001 at 6.05�
which corresponded to the d-spacing of 1.46 nm. On
the other hand, the B27 provided a peak at 2h equal to
4.80�, which corresponded to the d-spacing of 1.84 nm.
The results clearly verified that the B27 contained a
wider interlayer due to an organic molecule modifica-
tion while the unmodified nanoclay MMT only had
sodium ions or H2O molecules inside. This is in good
agreement with the literature.35,36 Furthermore, the
inset of Fig. 1 shows a picture of the MMT and the B27
mixture in toluene media indicating a swelling feature
and dispersing performance of these nanoclays. The
MMT reveals a non-swelling and a non-dispersing
feature in the clear solvent. It settled as dark gray
precipitates at the bottom of the test-tube. In contrast,
the B27 has dispersed and swelled on to the level
slightly higher than that of the MMT, indicated by the
dashed line. The larger volume of the B27 expressed
the same hydrophobicity of B27 and the toluene, in the
manner of like-dissolves-like interaction.35,37,38

Figure 2 shows TEM images of (a) NF-MMT and
(b) NF-3, which contain 3 wt% of the B27 in the resin.
The NF-MMT gave large agglomerations of the MMT
in the resin matrix indicating a poor dispersion. On the
other hand, the NF-3 showed a dispersion of the B27
and some tactoid feature, paralleled intercalation
pattern in the polymer matrix resulting in a partial
exfoliated nanocomposite material. Due to the solvent
and the polymer compatibility, the B27 was chosen to
be a part of the urea coating layer in this research.

Chemical and physical properties of the NF

To characterize functional groups of the resin and a
functional character of the NF containing B27, the
ATR-FTIR was applied. Figure 3 shows ATR-FTIR
spectra of NFs in the range of 500–2000 cm�1
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.)

d = 1.84 nm

B27

MMT
d = 1.46 nm

2 3 4 5 6 7 8
2θ (degree)

9 10

Fig. 1: XRD patterns of the MMT and the B27 nanoclay. The
larger d-spacing of the B27 reveals the presence of the
organic molecules in the modified nanoclay. The inset
shows a higher volume of B27 indicating a swelling feature
and a dispersity performance of the B27. The dashed line
shows the level of the original toluene in containers
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wavenumber. The peak at 1720 cm�1 corresponded to
–C = O stretching of an ester group. Transmittances at
1600 and 1530 cm�1 showed the –C = C of aromatic
and aliphatic unsaturated hydrocarbon, respectively.
Furthermore, the adding of the B27 nanoclay content
resulted in an increasing intensity of the peak at
993 cm�1 due to the rise of the Si–O-Si stretching
vibration of the B27. XRD patterns shown in Fig. 4
corresponded to the d-spacing of d001 planes of the NFs
containing different amount of the B27. The broader
d001 peak characters at 2h equals 1.80� (4.90 nm) of all
NFs are different from the original B27, 2h at 4.80�
(1.84 nm). The result indicated that an intercalation/
exfoliation and a disordered dispersion of the B27
occurred in the polymer matrix. In other words, the
polymer penetrated in between the layers of B27
causing the d-spacing to become wider.

Mechanical and hydrophobic properties of the NFs
are shown in Table 1. The mechanical properties
included Young’s modulus (MPa), yield strength
(MPa) and % elongation at break. It showed that

increasing B27 resulted in higher Young’s modulus and
yield strength, and lower % elongation at break, which
meant more rigid NFs. Generally, more contents of the
B27 increased the Young’s modulus and the yield
strength because of a well-known advantage of rein-
forcement property of nanoclay. However, when the
nanoclay content rises to the 10 wt%, some of the
nanoclays agglomerate and induced some defects.36

The higher rigidity caused lower flexibility of the
sample resulting in the lower mechanical tensile
strength. The results showed that NF, NF-0.5 and
NF-1 had similar yield strength and % elongation at
break, indicating that adding a small amount of the
B27 did not affect overall strength of the NF. Further-
more, the water contact angle test of all NFs indicated
the hydrophobicity listed in Table 1 as well. The water
contact angle values of all NFs appeared to be in the
same range of 87�–90�, indicating similar hydrophobic-
ity of all NFs. According to the results, the hydropho-
bic path of the resin base played an important role in
the NF and the B27 did not have any significance even

Fig. 2: TEM images of (a) NF-MMT and (b) NF-3, which contained 3 wt% of B27 in the polymer matrix. The images on the
right are ten times higher magnification than those on the left
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when the B27 content was raised to 10 wt%. Conse-
quently, the B27 content in the NF films improved the
mechanical properties of the films without having any
impact on the hydrophobicity nor the initial water
barrier property.

Biodegradable ability

Using biodegradable polymer is very important not
only to prevent the early release of the steady stage of
the nitrogen profile but also to be environmentally
friendly.6,8,39 The percentages of biodegradation fol-
lowed the ASTM 5338–98 standard of the NF and
compared to the cellulose microcrystalline (R+) as a
biodegradable standard and the polyethylene sample
(R�) as a non-biodegradable standard are shown in
Table 2. The experiments were performed at two
temperature conditions: 37 ± 2�C and 58 ± 2�C. The
results indicate that the NF has around 50% biodegra-
dation at 37�C and has completely degraded at 58�C
within 28 days. It revealed that the resin used as the
coating layer could be degraded by the microorgan-
isms, especially the microorganisms in the stable ma-
nure generally used in agriculture. Even though only
50% biodegradation occurs at 37�C, the NF showed a
possibility of complete degradation given a longer
period of time.

Nitrogen release mechanism

In the study of release mechanisms, the 0.5 and 1 wt%
of the B27 contents were ignored because they had
similar mechanical strength as shown in Table 1. All
TCRFs (TCRF, TCRF-3, TCRF-5 and TCRF-10) were
tested for the nitrogen release in water media at 60�C
as a predictive analytic model to evaluate the behavior
and performance of polymer nanoclay composite
coating layer, which related to the nutrient-tunable
ability of TCRFs. The uncoated urea fertilizer was
totally dissolved in water within 2 min in this testing
condition. Release parameters and cumulative frac-
tional release profiles of all TCRFs are shown in Fig. 5.
In Fig. 5(a), the tlag and Sinf were given by the release
curve while the tinf was from a derivative release
profile, a release rate curve. Release patterns of all
TCRFs shown in Fig. 5(b), indicated a similar S-curve
pattern, which represented a lag period, a linear
release and a decay phase. The correlation coefficient,
R2, of the sigmoidal pattern indicated the well com-
patibility to the model, > 99% as shown in Table 3.
The sigmoidal parameters of all nitrogen release
patterns are shown in Table S2 (Supporting Informa-
tion). The sigmoidal equation is one of the most
important patterns that relates to the plant uptake,
and consequently, TCRFs are suitable and adapt-
able for any plant growth.7,40 The sigmoidal equation
for the multilayers, the initial stage becomes an
important step for overall nutrient release. There are
three steps that described the diffusion of the dissolved
core nutrient. Firstly, the hydration penetrated to the
permeable polymer layer and dissolved the soluble
nutrient, urea. Secondly, the osmotic pressure devel-
oped and produced the linear release to the environ-
ment via the osmotic pathway. Lastly, the decay stage
began because of the lower osmotic pressure from the
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Fig. 3: ATR-FTIR spectra of NF nanocomposite films with
0, 3, 5 and 10 wt% of the B27 nanoclay. The increasing
intensity of the peak at 993 cm21 represents the increasing
Si–O-Si stretching in the nanoclay
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Fig. 4: XRD patterns of nanocomposite free films (NF), 3, 5
and 10 wt% of B27 in polymer film compared to the original
B27 nanoclay
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reduced nutrient concentration inside the granule. The
early steady decay stage presented in all TCRFs
released before the decay reached 0.60 fractional
release (Fig. 5(b)). This phenomenon revealed the
possibility that the diffusion ability of the soluble
nutrient defeated the strength of the coating layer.
Accordingly, the degradability of the coating layer
became the crucial behavior to overcome this problem,
leading to a complete nutrient release to the environ-
ment. However, the results showed a different lag time,
tlag, (Table 3). The coating layer thickness of TCRFs
shown in Table 3 are all in the same range, 52–54 lm,
due to the same resin used in the coating layer. In other
words, adding B27 does not affect the thickness even at
the high content of 10 wt% B27. As shown in Table 3,
the tlag of all TCRFs increases with increasing B27
content in the coating layer. At the 10 wt% of the B27
content, the tlag decreased to 7.75 h. However, it was
still higher than the 6.62 h of the original TCRF
sample, containing none of the B27. The results
indicated that the penetration of water to dissolve
active urea molecules was slower with increasing B27
in the coating layer. This was an advantage of nanoclay
role through a tortuous part of the diffusion.35,41 Our
results were basically consistent with previous studies.
In 2020, Santos et al. reported the possible reasons
related to the existence of nanoclay in a polymer
matrix, which is the direct effects on the retention
phenomenon in the nitrogen release profile. Firstly, the

physical barrier of composite films occurred by the
lamellar nanoclay in the polymer matrix, thus decreas-
ing the solubilization rate. The second reason is that

Table 1: Mechanical properties and contact angles of NF nanocomposite films

Sample B27 clay
content (wt%)

Mechanical properties Contact
angles (o)a

Young’s modulus (MPa) Yield strength (MPa) Elongation at break (%)

NF – 286 ± 64 9.1 ± 1.8 10.1 ± 2.3 87.9 ± 1.4
NF-0.5 0.5 345 ± 90 10.1 ± 0.7 8.2 ± 5.0 88.6 ± 1.5
NF-1 1 324 ± 67 9.8 ± 1.4 10.1 ± 6.6 90.4 ± 0.8
NF-3 3 503 ± 158 12.7 ± 2.3 6.9 ± 4.5 88.1 ± 0.8
NF-5 5 530 ± 188 13.3 ± 2.4 8.7 ± 5.9 87.9 ± 0.5
NF-10 10 422 ± 120 7.4 ± 0.7 2.9 ± 1.2 90.2 ± 0.4

aData is the mean of 5 experimental values collected for each sample
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Fig. 5: Nitrogen release profiles of TCRF; (a) TCRF-10
fractional release curve including release rate and
characteristic parameters definition and (b) the
cumulative fractional release, F(t) of TCRF series fitting
with the sigmoidal kinetic pattern (R2 > 99%)

Table 2: The percentages of biodegradation via the
conversion yield of carbon in the sample to carbon
dioxide according to the ASTM 5338–98 test method

Sample Percent of degradability

37 ± 2�C 58 ± 2�C

Controla – –
R+a 92.0 100
R�a 0.0 0.0
NF 46.2 100

aControl is a stable manure while R+ is cellulose
microcrystalline and R� is polyethylene sample
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the cations of nanoclay can be exchanged with another
ion in its structure, leading to a promoted retention
effect.11 Thus, it can be indicated that the nanoclay
plays an important role in improving the nutrient-
tunable ability of TCRFs.

Regarding the tinf, the TCRF sample also presented
the lowest time compared to others, revealing an
arrival to its highest release point before samples with
B27. For the Sinf parameter, all TCRFs obtained
similar values except in the TCRF-5 sample, presenting
the highest constant release rate. The result may be
due to the longest tlag of 9.32 h, which implied a high

osmotic pressure persisted in the granule before the
linear release phase occurred. For the diffusion coef-
ficient, D, it was calculated according to the tlag value
and the coating thickness as mentioned in the refer-
ence (25). This character depended on the dissolution
rate of the soluble nutrient and directly fluctuated with
the coating thickness. The D value decreased with
increasing B27 content in the coating layer from 3 to 5
wt%. However, the D raised to 60.87 lm2 h�1 for the
10 wt%. Since the thickness of TCRFs were all in the
same range, the tlag was the main factor affecting the
diffusion coefficient, D.

Table 3: Kinetic parameters and diffusion coefficients of various types of TCRF

Tunable controlled-release fertilizers (TCRF) Thicknessa (lm) tlag (h) tinf (h) Sinf (h
�1) D (lm2 h�1) R2

TCRF 52.3 6.62 8.5 0.0417 68.86 0.9961
TCRF-3 53.7 8.85 11.5 0.0450 54.31 0.9978
TCRF-5 52.3 9.32 11.5 0.0636 48.91 0.9958
TCRF-10 53.2 7.75 11.5 0.0463 60.87 0.9972

aThe thickness value is the average of at least 20 times of at least 5 samples of each nanocomposite coated urea formula. The
standard deviation is around ± 5 lm in all samples

Fig. 6: Cross sectional FESEM images of (a) TCRF and (b) TCRF-3 before and after the release test. The images show
different level of swelling content in the TCRF layer

643

J. Coat. Technol. Res., 20 (2) 635–646, 2023



Cross-sectional FESEM images of the TCRF and
the TCRF-3 before and after the nitrogen release test
are shown in Fig. 6. All TCRFs with an approximate
50 lm thick coating layer before the release test had
similar morphologies with a clear interface between
the layer and the urea core. The morphologies of the
TCRF sample changed after the nitrogen release test.
The TCRF, without B27 added, was swollen and
separated into several sub-layers of about 70 lm
thickness. This may be due to loss of layer strength
during the nitrogen release test at 60�C in water. In
addition, due to its high flexibility from large elonga-
tion at break of the NF shown in Table 1, the
separation of layers occurred instead of cracking of
the coating layer. In contrast, the coating layer of the
TCRF-3 sample after the nitrogen release test still
showed the non-swelling and non-separation of the
coating layer. This was a result of the higher rigidity
and the higher strength of the coating layer than those
of the TCRF sample as shown in Table 1.

The diffusion coefficients, D, of the four TCRFs
samples were an inverse relation with the yield
strength as shown in Fig. 7. The relation indicated that
TCRFs followed the sigmoidal release pattern and
their diffusion degree depended on the strength of the
coating layer. This showed the tunable controlled
release property via the adjusting of the B27 concen-
tration in the coating layer. Moreover, TCRFs con-
tained the biodegradable polymer layer, which offered
an advantage of adjustable nutrient release level of
environmental friendly fertilizer that could be applied
only once to suit each plant growth. A release behavior
in various soil conditions and the actual field test are
under investigation and a subject of a future report.

Conclusions

A tunable controlled-release urea fertilizer (TCRF)
was successfully prepared using a pan coater process.
The coating layer was a composite of the B27 nanoclay
and the polyurethane modified long-oil alkyd resin.
The B27 nanocomposite free-standing films (NFs) with
varied B27 content (0, 0.5, 1, 3, 5 and 10 wt%) were
studied and characterized. The NF-3 had partial
exfoliated nanocomposite character according to
XRD and TEM results. Mechanical properties of NFs
showed increasing Young’s modulus and a yield
strength while decreasing elongation at break occurred
with increasing B27 content. Moreover, the NF had
microorganism degradability under the stable manure,
which is generally used in an agricultural manner at
37 ± 2�C and 58 ± 2�C. Thickness of all TCRF layers
were in the same range of 52–54 lm. A predictive
analytic model of nitrogen release profiles at 60�C in
water was found to fit well with the sigmoidal equation,
which was suitable to most plant growth. Furthermore,
the diffusion coefficient, D, presented an inverse trend
to the yield strength of the NFs indicating that the B27
concentration played an important role to tune the
release of the urea to plant and the environments. In
addition, this information can be a good guideline for
solving the utilization of fertilizer in agricultural
applications.
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