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Abstract

This study investigates the decomposition kinetics and microplastic residue formation of the
polymer-coated controlled-release fertilizers (CRFs) LN40 and Eco-LN40 under simulated
photodegradation conditions. Eco-LN40, containing TiO, as a photocatalyst, achieved complete
decomposition (100 + 2%) after 60 days of xenon-arc irradiation (p <0.05), whereas LN40 achieved
only 14%-31% decomposition. Analytical characterization using TED-GC/MS, FTIR, and Raman
spectroscopy confirmed that polyethylene (PE) signals completely disappeared in Eco-LN40 but
persisted in LN40, indicating that microplastics did not form and that there was total oxidation into
CO, and H,O. SEM-EDS revealed Ti enrichment and surface fragmentation consistent with
photoinduced radical oxidation. This study provides qualitative and mechanistic evidence that TiO-
catalyzed photodegradation can eliminate polymer residues, mitigate the risk of microplastic
contamination in agricultural soils, and support carbon-neutral fertilizer technologies.

Keywords: controlled-release fertilizer; decomposition kinetics; microplastic; residue formation

1. Introduction

Compared with conventional fertilizers, controlled-release fertilizers (CRFs) enhance nutrient
use efficiency and mitigate environmental losses [1-3]. CRFs incorporate polymeric coatings that
regulate nutrient diffusion, thereby synchronizing nutrient availability with plant uptake and
reducing nutrient leaching and volatilization [4]. Due to their agronomic advantages, CRFs are
increasingly used worldwide to facilitate sustainable agriculture. However, the widespread use of
polymer-coated fertilizers has raised concerns regarding the persistence and degradation of their
coating materials [5]. Most CRF coatings are composed of synthetic polymers, such as polyethylene,
polyurethane, or polyolefin derivatives, which are known for their high chemical stability and
resistance to biodegradation [6]. When exposed to sunlight, temperature fluctuations, and moisture,
polymer coating materials undergo photooxidative degradation and fragmentation, leading to the
formation of microplastics [7]. Microplastics, defined as plastic fragments <5 mm in size, are
persistent contaminants of global concern [8,9]. They can absorb organic pollutants and metals, alter
soil structures, and interfere with microbial and plant functions [10]. Recent studies indicate that CRF
coatings are a significant but overlooked source of microplastics in soils [11,12]. Thus, there is an
urgent need to investigate the degradation of CRF coatings under environmental conditions.

Although photodegradation is considered a key pathway in polymer weathering, it rarely leads
to the complete mineralization of carbon dioxide and water [13]. Incomplete oxidation may result in
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the formation of smaller polymeric fragments that persist as microplastics [14]. This indicates that the
photodegradation of CRFs may transform fertilizer coatings into secondary pollutants, posing
potential risks to soil health, crop safety, and aquatic ecosystems [5,12].

Despite these implications, research on CRFs has largely focused on nutrient release behavior
and coating efficiency, whereas research into the environmental transformation of coating materials
has been relatively neglected [4,6]. The empirical confirmation of microplastic formation during CRF
degradation remains limited, and the mechanistic pathways linking photodegradation to
microplastic generation have not been fully elucidated. The presence of microplastics in CRFs
containing photocatalysts was examined to address these issues. Photocatalysts participate in
photochemical reactions when exposed to light. When a photocatalyst containing TiO, is exposed to
light, electrons and holes are effectively separated and react with oxygen in air or water to generate
radical species such as O **. The holes (h*) in TiO, react with water to produce hydroxyl radicals
(OH¥). These radicals attack the C—C and C-H bonds of the surrounding polyethylene (PE) chains,
forming CO, or generating HO,* radicals, which continue to attack and break PE chains. Through
these continuous reactions, the plastic is gradually degraded into CO,, HO, and intermediate
compounds such as carboxyl and carbonyl groups. The mechanisms of TiO, polymer degradation
under light exposure have been well established and documented by numerous researchers [15-18].

This study aimed to confirm that photocatalyst-containing CRFs do not produce microplastics
during photodegradation using spectroscopy, microscopy, and analytical techniques.

2. Materials and Methods

2.1. Materials

For the photo-degradation experiment, the ‘LN40" and “Eco-LN40" polymer-coated controlled-
release fertilizers (CRFs) sold by Farmhannong were used. ‘LN40’ does not contain a photocatalyst,
whereas ‘Eco-LN40" contains TiO2. The coating materials consisted of low-density polyethylene
(LDPE) and ethylene vinyl acetate (EVA) resins. Before use, all fertilizers were sieved to a particle
size of 3-4 mm

2.2. Photo-Degradation Experiments

The CRFs were photodegraded under simulated sunlight using a xenon arc lamp chamber
(wavelength range 300-800 nm, energy range 400 W/m?), namely, a Suntest CPS+ (ATLAS, IL, USA).
The samples were evenly spread on alumina Petri dishes to ensure uniform irradiation. The
temperature inside the chamber was maintained at 55 + 2 °C. The exposure durations were set to 0,
10, 20, 30, 40, 50, and 60 d to simulate progressive weathering. This experiment was conducted using
a sun tester in accordance with the ASTM G151-19, ASTM G155-21, ASTM D 5071, and KS M 4892-1
standard test methods [19-22].

2.3. Decomposition Rate

The decomposition rate was calculated using the gravimetric method. However, because the
coating shell contains both resin and mineral components, only the resin content within the coating
layer was used for the calculation. The formulas used to calculate the resin contents of LN40 and Eco-
LN40 are presented in Table 1.

Table 1. Decomposition rates (%) of LN40 and Eco-LN40.

Formula

(Initial weight — Measured weight) / (Initial weight x Resin content of LN40®) x
100

(Initial weight — Measured weight) / (Initial weight x Resin content of Eco-LN40®)
x 100
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() Resin content of LN40 = 0.48 (based on TGA analysis of the resin in the coating material) @ Resin content
of Eco-LN40 = 0.481 (based on TGA analysis of the resin in the coating material)

2.4. Characterization of Surface Morphology and Elemental Analysis

The surface morphologies of the CRF coatings before and after photodegradation were observed
using scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS; JSM-7001F,
JEOL, Tokyo, Japan). Before imaging, the samples were coated with a thin layer of gold under
vacuum. Changes in surface roughness, cracking, and fragmentation were observed at 50,000 x
magnification. The detailed specifications of the instrument are listed in Table 2.

Table 2. SEM/EDS conditions.

SEM-EDS

Instrument JSM-7001F (JEOL, Tokyo, Japan)
Magnification 10 (WD 40 mm) to 1,000,000
Accelerating voltage 0.5-30 kV or wider

Probe current 1x10"2to2x107 A

Electron gun Schottky type field emission gun

2.5. Thermal Extraction Desorption Gas Chromatograph Mass Spectrometer (TED-GC/MS)

TED-GC/MS analysis was performed to confirm the presence of PE [23]. GC-MS was performed
using a 5977 B mass spectrometer and an 8890 gas chromatography system (Agilent, Santa Clara, CA,
USA), and TED was performed using an MPS-TDU (Gerstel, Miilheim, Germany). The detailed
specifications of the instruments are listed in Table 3.

Table 3. TED-GC/MS conditions.

Thermal Extraction Desorption

Instrument MPS-TDU (Gerstel, Miilheim, Germany)
Coupling temp. 240 °C

Desorption mode Solvent vent

Desorption temp. 200 °C

CIS initial temp. =100 °C

CIS end temp. 270 °C

Absorber PDMS (Sorbstar)

Gas chromatography conditions

Instrument 8890 (Agilent, Santa Clara, CA, USA)

ZB-5MS UI (30 m x 0.25 mm, 0.25 um, Phenomenex,

Column Torrance, CA, USA)
Flow rate 1 mL/min (constant flow)
Carrier gas He (99.999%)

Oven temperature 40 °C ®5 °C/min ® 300 °C
Transfer line temperature 280

Mass spectrometer conditions

Instrument 5977B (Agilent, Santa Clara, CA, USA)
Ion source temperature 230 °C

Ion source mode El mode

Electron energy 70 eV

Scan type Full-scan mode

Mass range (mu) 35-350

Other information

Detection information Micro- and nano-plastics
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PE (1.6), PP (0.44), PET (0.7), PA6 (0.5), PS (0.2), PMMA
(0.2), and SBR (0.3)
Sample mass ~50 mg, Sample cup (~900 pt)

Detection limit (ug)

2.6. Fourier Transform Infrared Spectroscopy

Fourier transform infrared (FTIR) spectra were recorded using a LUMOS instrument equipped
with an attenuated total reflectance (ATR) accessory. Each spectrum was collected in the range of
7000-650 cm™ at a resolution of 2 cm™ with 32 scans per sample. The main FTIR absorption
wavelengths of PE and its corresponding functional groups were as follows: 2915-2920 cm! (-CH2-
asymmetric stretching), 2848-2850 cm? (-CH:- symmetric stretching), 1465-1470 cm? (-CHo-
scissoring or bending), and 718 cm (-CHz- rocking). The detailed specifications of the instrument are
listed in Table 4.

Table 4. FT-IR microscopy conditions.

FT-IR Microscope

Instrument LUMOS (Bruker Optics, Ettingen, Germany)
Detection type Midband MCT

Objective Schwarzschild objective 8x

Cooling type Liquid nitrogen (N>2)

Spectral resolution <2 cm!

Spectral range 7000-650 cm™!

Measurement mode Transmission, Reflection, p-ATR

2.7. Raman Microscopy Analysis

Microscopic Raman spectra were recorded using an XploRa PLUS (HORIBA, Kyoto, Japan). The
main Raman spectra of PE and its corresponding functional groups were as follows: 2881-2885 cm-!
(-CH2- asymmetric stretching), 2848 cm (-CHz- symmetric stretching), and 1415-1440 cm (-CHe-
bending). The detailed specifications of the instrument are listed in Table 5

Table 5. Raman microscopy conditions.

Raman Microscope

Instrument XploRa PLUS (HORIBA, Kyoto, Japan)
Detector 1024 x 256 BIDD TE air-cooled scientific CCD
Laser 532 nm

Initial output: 100 mW

(Filter: 100%, 50%, 25%, 10%, 1%, 0.1%)
Grating 600 grmm, 1200 grmm, 1800 grmm, 2400 grmm
x5 (N.A 0.1), x10 (N.A 0.25), x20 (N.A 0.45),
x50 (N.A 0.8), x100 (N.A 0.9)

Power

Objective

Microscope-Raman

Instrument XploRa PLUS(HORIBA, Japan)
Detector 1024 x 256 BIDD TE air cooled scientific CCD
Laser 532 nm
Power Initial Output:100 mW

(Filter: 100%, 50%, 25%, 10%, 1%, 0.1%)
Grating 600 grmm, 1200 grmm, 1800 grmm, 2400 grmm
Objective x5 (NLA 0.1), x10 (N.A 0.25), x20 (N.A 0.45),

x50 (N.A 0.8), x100 (N.A 0.9)
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3. Results

3.1. Decomposition Rate

The polymer-coated CRFs exhibited progressive degradation under simulated sunlight
exposure. Weight loss measurements indicated approximately 50.0 + 4.7% mass reduction after 10
days and 100.1 + 2.1% after 60 days, whereas LN40 controls exhibited a degradation ratio that was
three times lower (14.0 + 1.9 - 31.0 + 6.0%). These results confirm that LN40 with TiO2 significantly
accelerated the photodegradation of the polymer coatings (Figures 1 and 2).
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Figure 1. Decomposition rate of DASE.
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Figure 2. Decomposition LN40 and Eco-LN40.
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3.2. Surface Morphology Changes and Element Composition

SEM images revealed substantial surface alterations during photodegradation. Initially, the
morphology of the CRF coatings was smooth and continuous, which is typical of intact polymeric
films. Extensive fragmentation and peeling were observed in Eco-LN40 after 60 days of irradiation.
However, after 60 d of irradiation, small cracks and voids appeared in LN40 (Figure 3). The analysis
of the initial samples (LN40 and Eco-LN40 on day 0) revealed similar EDS results for C, O, Mg, and
Si, excluding Ti. Therefore, Eco-LN40 was confirmed to have the same composition as LN40, and
only the photodegradable components were added. In addition, trace amounts of Ca, presumably
from contamination during the pretreatment and analysis processes, were detected in Eco-LN40 on
day 60 of photodegradation (Table 6).

sample DA35  SEM (x50,000) EDS

[Er——

B ap Sum Spectrum

LN40 0

Sum Spectrum

LN40

W Map Sum Spectrum
Eco-LN40

W Map Sum Spectrum
Eco-LN40

Figure 3. SEM-EDS graphs.
Table 6. EDS results.
LN40 0 Day LN40 60 Days Eco-LN40 0 Day Eco-LN40 60 Days
Element Wt% Wt% Wit%

0,
Wt% _. Atomic %Wt% _. Atomic %Wt% Wt o Atomic %Wt% _. Atomic %
Sigma Sigma Sigma Sigma

gm
C 6087 0.29 72.54 31.41 0.30 4242 6146 0.27 73.61 67.54 0.24 76.03
O 18.01 024 16.11 38.71 0.22 39.25 15.73 0.23 14.14 23.76 0.24 20.08
Mg 739 0.07 435 1194 0.08 797 839 0.07 497 241 0.03 1.34
51 13.73 0.11 700 1795 0.10 10.37 13.95 0.10 715 374 0.04 1.80

Ca - - - - - - - - - 0.62 0.03 0.21
Ti - - - - - - 047 0.04 014 193 0.05 0.54
Total 100 - 100 100 - 100 100 - 100 100 - 100
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3.3. Chemical Structure Evolution

TED-GC/MS, FTIR, and micro-Raman spectroscopy revealed significant chemical
transformations in the coating materials. TED-GC/MS analysis revealed PE peaks in LN40 before and
after 60 d of photolysis. PE peaks in Eco-LN40 were detected during the experiment, but no PE peaks
were detected after photolysis for 60 d (Figure 4). The FTIR qualitative PE analysis showed that PE
has absorption wavelengths of 2914, 2847, 1470, and 718 cm-'. LN-40 and Eco-LN40 contained the
same resin (PE) before photolysis. In LN40, PE peaks (2914, 2847, and 1470 cm') were detected before
and after 60 d of photolysis, but the 718 cm! peak was difficult to distinguish due to noise. However,
in Eco-LN40, PE peaks were detected before the photolysis, but after 60 d of photolysis, the PE peaks
at 2914, 2847, and 1470 cm™ were not detected. The 718 cm peak was difficult to distinguish due to
noise (Figure 5). Raman analysis showed that PE exhibits absorption wavelengths around 2847.66
cm? and 2880.52 cm™. In LN40, PE peaks at 2847.47 and 2881.48 cm were detected after 60 days of
photodegradation. However, in Eco-LN40, PE peaks at 2847.66 and 2880.52 cm™ were not detected
after 60 days of photodegradation (Figure 6). These results demonstrate that the polymer matrix of
ECO-LN40, which contains photocatalysts undergoes oxidation and chain scission during photolysis.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. TED-GC/MS chromatograms.
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Figure 6. Raman chromatograms.

4. Discussion

The results of this study demonstrate that the incorporation of TiO2 photocatalysts into polymer-
coated controlled-release fertilizers (CRFs) substantially enhances the degradation of polyethylene-
based coating materials under simulated solar irradiation. Eco-LN40 exhibited complete degradation

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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after 60 days of irradiation, whereas the conventional CRF (LN40) showed only limited degradation
(14-31%). These findings indicate that photocatalytic oxidation can significantly accelerate the
breakdown of otherwise persistent polyolefin coatings.

Polyethylene-based polymers are widely used in fertilizer coatings because of their durability
and low permeability; however, these properties also result in long environmental persistence.
Polyethylene materials are known to resist biodegradation and may persist in soils for decades or
even centuries, undergoing slow photooxidative weathering that mainly results in fragmentation
rather than complete mineralization [13]. During environmental weathering, polymer chains
experience oxidative chain scission, embrittlement, and fragmentation, ultimately generating micro-
and nanoplastic particles [7]. These secondary plastic fragments can accumulate in soils and aquatic
systems and have become an emerging global environmental concern [8].

Recent studies have identified polymer coatings used in agricultural fertilizers as an overlooked
source of microplastics in soils. Because CRFs are applied repeatedly during crop production cycles,
coating residues may accumulate in agricultural soils and contribute to the long-term buildup of
plastic debris [11]. Cusworth et al. (2024) estimated that fertilizer applications can contribute
substantially to microplastic concentrations in agricultural soils, highlighting the importance of
evaluating the environmental fate of fertilizer coating materials [24]. Microplastics present in soils
have been shown to influence soil aggregation, microbial activity, and plant root development,
potentially altering nutrient cycling and soil ecosystem functioning [10,25]. Moreover, microplastic
particles can adsorb organic contaminants and heavy metals, thereby facilitating the transport of
pollutants through soil-water systems [14].

The accelerated degradation observed in Eco-LN40 can be explained by the photocatalytic
activity of TiO, incorporated within the coating matrix. When exposed to ultraviolet or visible light,
TiO, generates electron-hole pairs that react with oxygen and water molecules to form reactive
oxygen species (ROS), including hydroxyl radicals (*OH) and superoxide radicals (O.*") [16-18].
These highly reactive species initiate oxidative degradation by abstracting hydrogen atoms from
polyethylene chains and cleaving C-C bonds within the polymer backbone. The resulting oxidative
reactions progressively shorten polymer chains and form oxygen-containing functional groups such
as carbonyl and carboxyl groups, which may subsequently undergo further oxidation and
mineralization into CO, and H,O [9,16]. Similar photocatalytic degradation pathways have been
widely reported for polyethylene materials containing pro-oxidant additives or TiO,-based
photocatalysts [17,18,26].

Morphological evidence obtained from SEM observations supports the occurrence of extensive
oxidative degradation in Eco-LN40. The initially smooth and continuous polymer coating developed
severe fragmentation and peeling after prolonged irradiation, whereas LN40 showed only minor
cracks and surface defects. These structural changes are characteristic of polyethylene photooxidation,
where oxidative chain scission reduces the mechanical integrity of polymer films and ultimately leads
to fragmentation [7]. The EDS analysis revealed enrichment of Ti in Eco-LN40 coatings, confirming
the presence of the photocatalyst and suggesting that TiO, remained associated with the degrading
polymer matrix throughout the irradiation period.

Chemical characterization using TED-GC/MS, FTIR, and Raman spectroscopy provided further
evidence for the degradation pathway of the coating materials. Polyethylene signals were detected
in LN40 both before and after photodegradation, indicating that the polymer structure remained
largely intact despite irradiation. In contrast, polyethylene signals were not detected in Eco-LN40
after 60 days of irradiation. Consistent trends were observed in FTIR and Raman spectra, where
characteristic polyethylene absorption bands (2914, 2847, and 1470 cm™) remained detectable in LN40
but disappeared in Eco-LN40. The disappearance of these spectral features suggests that the
polyethylene backbone underwent extensive oxidation and degradation rather than simple
fragmentation into smaller plastic particles.

Importantly, the absence of detectable polyethylene residues in Eco-LN40 suggests that
photocatalytic degradation may suppress the formation of secondary microplastic particles during
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CRF weathering. Conventional polyethylene coatings typically degrade through incomplete
oxidation pathways that produce microplastic fragments as intermediate products [7]. In contrast,
photocatalytic systems may promote deeper oxidative degradation of polymer chains, potentially
preventing the accumulation of persistent microplastic residues.

From a novelty perspective, this study provides direct analytical evidence that TiO,-mediated
photocatalytic degradation of CRF coatings can proceed without detectable polyethylene
microplastic residues. While previous studies have suggested that fertilizer coatings may contribute
to microplastic accumulation in soils, experimental confirmation of degradation pathways and
residue formation during CRF weathering has remained limited. The combined use of TED-GC/MS,
FTIR, Raman spectroscopy, and SEM-EDS in this study provides complementary evidence
supporting the complete disappearance of polyethylene signals in photocatalytic CRF coatings.

This finding has important environmental implications for agricultural systems. Controlled-
release fertilizers are increasingly used worldwide to improve nutrient use efficiency and reduce
nutrient losses from soils [1-4]. However, concerns have been raised regarding the persistence of
synthetic polymer coatings in soils and their potential contribution to plastic pollution in
agroecosystems [5,11]. The development of photocatalytic fertilizer coatings capable of undergoing
rapid degradation under sunlight exposure may therefore represent a promising strategy for
reducing the environmental footprint of CRF technologies and mitigating the risk of microplastic
contamination in agricultural soils.

Despite these promising findings, several limitations should be considered. First, the
photodegradation experiments were conducted under controlled laboratory conditions using xenon-
arc irradiation designed to simulate sunlight exposure. In real agricultural environments,
degradation behavior may be influenced by additional factors such as soil burial, shading by crop
canopies, seasonal temperature fluctuations, moisture dynamics, and microbial activity. These
environmental factors may significantly alter degradation kinetics compared with laboratory
simulations. Second, although spectroscopic analyses confirmed the disappearance of detectable
polyethylene signals, further studies employing complementary quantitative techniques such as
pyrolysis-GC/MS or isotopic carbon tracing would help determine the extent of polymer
mineralization and identify potential intermediate degradation products.

Future research should therefore focus on long-term field evaluations of photocatalytic CRF
coatings under realistic agricultural conditions. Such studies should assess degradation behavior in
soils, monitor potential intermediate products, and evaluate ecological impacts on soil organisms and
crop systems. These investigations will be essential for developing next-generation fertilizer coatings
that combine agronomic efficiency with environmental sustainability.

This study provides mechanistic evidence that photocatalytic CRF coatings may represent a
viable strategy for mitigating microplastic pollution originating from agricultural fertilizer inputs

5. Conclusions

Evidence of microplastic formation from CRFs raises serious concerns regarding their long-term
environmental safety. Agricultural soils may accumulate these particles through repeated fertilizer
applications, potentially affecting soil porosity, microbial activity, and plant-root interactions [10].
Runoff and erosion can transport these microplastics into aquatic ecosystems where they may persist
for extended periods. These findings underscore the need to reconsider polymer selection in CRF
formulations and develop biodegradable or photodegradable alternatives that minimize plastic
pollution in agroecosystems. Accordingly, this study aimed to minimize these environmental
impacts by comparing the decomposition rate and residual microplastic content of Eco-CREF, a coating
material containing a catalyst that promotes photodegradation, with those of the conventional CRF
LN40. The results confirmed that the coating shell of general CRFs, which are composed of synthetic
resin, requires an extremely long time (over 100 years) to decompose under natural conditions,
placing a potential burden on soil and aquatic environments. Furthermore, even when the CRF's
resin coating degrades, it can be converted into microplastics, thereby raising environmental
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concerns similar to those of conventional CRFs. However, in this study, TED-GC/MS, FT-IR, and
Raman analyses of Eco-CRF showed 100% decomposition (based on weight loss), as no PE was
detected. This indicates that the material was completely decomposed and not converted into
microplastics. The results of this study can to serve as fundamental data for carbon neutrality
initiatives and provide an early response framework for potential environmental issues in the
agricultural sector while addressing concerns regarding microplastic contamination.
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CRF Controlled-Release Fertilizer

SEM-EDS Scanning Electron Microscopy-Energy Dispersive Spectroscopy
TED-GC/MS Thermal Extraction Desorption Gas Chromatograph Mass Spectrometer
FTIR Fourier Transform Infrared

DASE Day After Suntest Exposure
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