
SAINS TANAH – Journal of Soil Science and Agroclimatology, 22(2), 2025, 395-409 

STJSSA, p-ISSN 1412-3606 e-ISSN 2356-1424 
http://dx.doi.org/10.20961/stjssa.v22i2.100546  
© 2025 The Authors. Published by Universitas Sebelas Maret 
This is an open-access article under the CC BY NC license (http://creativecommons.org/licenses/by/4.0/) 

 

 

SAINS TANAH – Journal of Soil Science and Agroclimatology 
 

Journal homepage: http://jurnal.uns.ac.id/tanah  

 
The influence of plastic mulch degradation on microplastic contamination in agricultural 
soils under different climatic conditions 
 
Muhammad Firman Azima1*, Mersi Kurniati1, Irmansyah1, Rofiqul Umam2 
 
1  Department of Physics, IPB University, Meranti Street IPB Dramaga, Bogor, 16680, Indonesia 
2  Faculty of Life and Environmental Sciences, University of Tsukuba, Ibaraki, 305-8577, Japan 

 

ARTICLE INFO ABSTRACT 

Keywords: 
Agricultural sustainability 
Chemical functional group 
Polyethylene 

Soil pollution  

Plastic mulch is widely used in agriculture to improve crop productivity by regulating soil 
temperature, retaining moisture, and suppressing weed growth. However, its degradation 
produces microplastics that can accumulate in the soil, disrupt microbial communities, and 
potentially enter the food chain. This study examines microplastic contamination in 
agricultural soils under different climatic conditions: Bogor (humid) and Lombok (hot and 
dry). Various analytical techniques were employed to characterize material degradation, 
including FTIR spectroscopy, SEM, UV-Vis, and thermal conductivity measurements. The 
results show that differences in climate and environmental factors, such as high 
temperature, UV exposure, and microbial activity, can accelerate mulch degradation, 
resulting in higher microplastic concentrations in Lombok (455 ± 57.74 particles kg-1) 
compared to Bogor (265 ± 43.59 particles kg-1). FTIR analysis confirmed the presence of 
oxidation-derived functional groups (C=O, O-H). Thermal analysis indicated a decrease in 
the material's thermal conductivity, UV-Vis revealed increased polymer chain scission, and 
SEM showed significant surface degradation. These findings highlight the environmental 
risks of plastic mulch use and underscore the importance of adopting more sustainable 
alternatives to reduce microplastic pollution in agricultural soils.  
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1. INTRODUCTION 
Plastic mulch has become an integral component of 

modern agricultural practices due to its ability to enhance 
crop productivity through several critical mechanisms. As a 
covering material applied on agricultural soil surfaces, plastic 
mulch helps retain soil moisture, regulate temperature, 
suppress weed growth, and improve fertilizer use efficiency. 
These benefits are especially crucial in regions where climatic 
variability poses challenges to sustainable farming. The 
widespread adoption of plastic mulch as a tool for increasing 
yield, conserving water, and mitigating stress on crops 
(Mansoor et al., 2022). However, while the short-term 
advantages of plastic mulch are well-documented, the long-
term environmental consequences associated with its 
degradation remain a pressing concern. 

The predominant material used in plastic mulch is 
polyethylene, a synthetic polymer known for its durability and 
chemical stability. Ironically, the very properties that make 
polyethylene effective in agricultural applications—its 

resistance to degradation, lightweight structure, and low 
cost—also contribute to its persistence in the environment. 
Polyethylene does not readily break down through natural 
processes, which leads to the gradual accumulation of plastic 
residues in the soil over repeated growing seasons 
(Somanathan et al., 2022). As the mulch undergoes 
environmental stress, including UV radiation from sunlight, 
wide temperature fluctuations, and repeated mechanical 
disturbances from tilling and harvesting, it begins to fragment 
into smaller particles. These fragments, often smaller than 5 
millimeters, are referred to as microplastics. 

Microplastics are increasingly recognized as emerging 
contaminants in terrestrial ecosystems, especially in 
agricultural soils. The formation of microplastics from plastic 
mulch presents a silent yet significant threat to soil health 
(Qiang et al., 2023; Xie et al., 2025). Unlike organic matter 
that decomposes and contributes to soil fertility, 
microplastics persist and accumulate, potentially altering soil 
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structure and porosity. This disruption can impede water 
infiltration and retention, two factors essential for 
maintaining healthy plant roots. Furthermore, microplastics 
can interact with soil microorganisms, affecting microbial 
biomass, enzyme activity, and the overall functioning of the 
soil food web. These changes, while subtle in the short term, 
may have profound consequences over time, threatening the 
sustainability of agricultural ecosystems. 

The resilience of microplastics to natural degradation 
processes raises additional concerns. Once incorporated into 
soil, microplastics may remain for decades without significant 
decomposition, particularly in regions with low biological 
activity or extreme environmental conditions (Abbate et al., 
2023). Their interaction with other soil pollutants—such as 
pesticides, heavy metals, or excess fertilizers—can create 
synergistic toxic effects that further degrade soil quality. 
Therefore, addressing the proliferation of microplastics is not 
merely a matter of waste management but a crucial step 
toward ensuring long-term soil sustainability and food 
security (Miao et al., 2023). A number of studies have 
examined how plastic mulch breaks down in soil 
environments. It is now widely understood that this 
degradation is driven by a combination of physical, chemical, 
and biological processes (Rahim et al., 2022; Wang et al., 
2023). Physically, mechanical fragmentation from agricultural 
machinery or trampling by humans and animals contributes 
to the breakdown of the material. Chemically, the process of 
oxidation—particularly photooxidation initiated by sunlight—
alters the polymer structure, making it more brittle and 
susceptible to fragmentation (Sang et al., 2020). Biologically, 
soil microbes in certain conditions are capable of producing 
enzymes that can degrade plastic polymers, although this 
process is slow and highly dependent on environmental 
factors such as moisture and temperature (Broda et al., 2024; 
En-Nejmy et al., 2025). 

Interestingly, climatic conditions play a pivotal role in 
modulating the rate and nature of plastic degradation. In 
regions like Lombok, where the climate is characterized by 
high solar radiation, limited rainfall, and elevated 
temperatures, photodegradation and thermal breakdown 
dominate. The intense UV exposure accelerates the oxidation 
of plastic mulch, leading to faster physical disintegration. In 
contrast, Bogor—located in a more humid region with 
moderate temperatures and frequent rainfall—offers 
conditions favorable to microbial activity. The consistent 
moisture and biologically active soils enhance the potential 
for biotic degradation mechanisms. As highlighted by Rahim 
et al. (2022), such climatic contrasts underscore the need for 
localized assessments of plastic degradation, as generalizing 
degradation behavior across regions may lead to inaccurate 
risk assessments. 

However, detailed comparative studies on how plastic 
mulch degrades under different climatic conditions are still 
limited. While global trends have been identified, region-
specific investigations are essential for developing 
appropriate mitigation strategies. For instance, in areas 
where photodegradation dominates, alternative materials 
with UV-blocking properties or biodegradable options might 
be more appropriate. Conversely, in biologically active soils, 
strategies that enhance microbial degradation could be 
explored. Additionally, the environmental fate of 
microplastics extends beyond mere presence in soil. Research 
by Olesen et al. (2017) and Salama and Geyer (2023) 
emphasizes that microplastics can bind with other organic 
and inorganic pollutants, affecting their mobility and 
bioavailability. These interactions can result in complex 
pollutant mixtures that are harder to manage and remediate. 
Furthermore, as microplastics accumulate, they may reach 
deeper soil layers or even leach into groundwater systems, 
posing risks to broader environmental and human health. 

To address this knowledge gap, the current study 
investigates the degradation of plastic mulch and its resulting 
microplastic contamination in two contrasting agricultural 
regions: Bogor in West Java, Indonesia, and Lombok in West 
Nusa Tenggara. These two regions serve as ideal case studies 
due to their distinct climatic characteristics—Bogor being 
humid and biologically rich, while Lombok is drier with 
stronger sunlight and higher temperatures. The objective is to 
explore how different climatic conditions influence the 
degradation pathways of plastic mulch and the subsequent 
formation of microplastics in soil.  

To achieve this, the study employs a suite of advanced 
analytical techniques. Fourier-transform infrared 
spectroscopy (FTIR) is used to detect changes in the chemical 
bonds of the polymer. Scanning electron microscopy (SEM) 
provides visual evidence of physical degradation, such as 
cracking and surface roughness. UV-Visible 
spectrophotometry helps assess photooxidation effects, 
while thermal conductivity analysis reveals alterations in the 
mulch’s material properties over time. Through these 
methods, the study aims to provide a comprehensive 
understanding of how plastic mulch degrades in situ under 
real-world farming conditions.  

By comparing findings across both regions, this research 
contributes to the growing body of knowledge on 
microplastic contamination in soils. It also offers critical 
insights for policymakers, farmers, and environmental 
scientists seeking to balance agricultural productivity with 
environmental stewardship. Ultimately, it underscores the 
urgent need to rethink the use of conventional plastic 
mulches and to develop more sustainable alternatives 
tailored to specific agroecological zones.

 
Table 1. Characteristics of the Agricultural Study Sites 

Location Climate Type Average 
Temperature (°C) 

Humidity 
(%) 

Dominant 
Soil Type 

Cultivated Crop 

Bogor (Cikabayan Farm) Humid tropical 26-28 80-90 Andosol Tomato (Solanum lycopersicum) 
Lombok (Suralaga) Hot and semi-

arid 
30-33 50-60 Regosol Chili (Capsicum annuum) 
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Figure 1. Research locations map 

 

2. MATERIAL AND METHODS 
The study was conducted from January to December 2024 

in two agricultural sites representing contrasting climatic 
zones in Indonesia: Cikabayan, Bogor (humid tropical climate) 
with location coordinate 6.55214906461462° S, 
106.71871207588052° E, and Suralaga, East Lombok (hot 
semi-arid climate) with coordinate 8,596449° S, 116,522031° E. 
Bogor features an average annual temperature of 26–28 °C, 
high rainfall, and andosol soils, while Lombok exhibits higher 
temperatures (30–33 °C), low seasonal rainfall, and regosol 
soils with low organic matter content (Table 1). These 
locations (Fig. 1) were selected to examine how 
environmental conditions influence plastic mulch 
degradation and microplastic generation in soil. Samples 
were collected for analysis performed at various laboratories, 
including the National Research and Innovation Agency 
(BRIN) Physics Imaging Laboratory in Serpong, Biofarmaka 
Laboratory, and the Oceanography Laboratory at IPB.  

 
2.1. Materials 

The primary experimental material was a commercially 
available black polyethylene (PE) mulch film with a nominal 
thickness of 0.03 mm, widely used by local farmers in both 
study regions. The mulch was deployed at the onset of the 
cropping season, following standard agronomic procedures, 
and remained in place for three months. In addition, a control 
sample of unused polyethylene mulch was analyzed alongside 
field-exposed samples to serve as a baseline reference for 
comparison. This control allowed clear identification of 
structural and chemical changes attributable to 
environmental exposure. The control sample exhibited 
smooth morphology, lower thermal conductivity, and no 
significant oxidation-related functional groups, confirming 
that the degradation observed in the field samples was due 

to combined environmental factors rather than 
manufacturing defects (Narloch et al., 2022). 

 All field and laboratory procedures were conducted using 
pre-cleaned, contamination-free equipment and glassware to 
minimize the risk of extraneous microplastic introduction. 
Three months duration was selected to reflect a typical early-
stage cultivation cycle commonly practiced in Indonesian 
agriculture and corresponds to the early crop cycle (seedling 
to vegetative stage) when mulch usage is most intensive. 
During this stage, the use of plastic mulch plays a crucial role 
in stabilizing soil temperature, retaining moisture, and 
minimizing weed competition, all of which contribute to 
optimizing root zone conditions for seedling establishment 
(Salama & Geyer, 2023).  

 
2.2. Experimental design and sampling protocol 

Soil sampling was conducted at the end of the cropping 
season, following a three-month period of plastic mulch 
application. At each site, 4 independent soil samples were 
collected from the surface layer (0–10 cm) using a stainless 
steel spatula to minimize the risk of contamination (Nguyen 
et al., 2025). Each soil sample was obtained from a separate, 
randomly selected location within the agricultural plot to 
ensure spatial representativeness and to serve as a biological 
replicate (Yang et al., 2024). 

For each sampling point, approximately 50 grams of soil 
were collected and immediately transferred into pre-cleaned 
glass containers. The use of glassware and metal tools was 
strictly maintained throughout the sampling and storage 
process to prevent the introduction of extraneous 
microplastic particles (J. Zhang et al., 2025). All samples were 
clearly labeled, transported to the laboratory, and air-dried at 
room temperature in a clean environment prior to analysis 
(Narloch et al., 2022). 



Azima et al. SAINS TANAH – Journal of Soil Science and Agroclimatology, 22(2), 2025 

398 

2.3. Microplastic extraction and quantification 
Microplastics were extracted from 50 g aliquots of dried 

soil using a density separation protocol with saturated 
sodium chloride (NaCl) solution (Hudson et al., 2023; Noor-ul-
Ain et al., 2022). The soil-saline suspension was vigorously 
agitated and allowed to settle, after which the supernatant 
was filtered through 0.45 μm pore size membrane filters 
(Dong et al., 2025; Pahlawan et al., 2025). The retained 
particles were carefully transferred to petri dishes and 
examined under a stereomicroscope. Microplastics were 
identified based on morphological criteria (shape, color, and 
texture), counted, and measured for size distribution (1–5 
mm) using calibrated image analysis software (Ju et al., 2025; 
Y. Wang et al., 2025). Procedural blanks and negative controls 
were included in each batch to monitor potential laboratory 
contamination. Microplastic abundance was recorded as the 
number of particles per 50 grams of dry soil and extrapolated 
to an estimated number of particles per kilogram for 
comparative purposes using Equation 1. 

Microplastic concentration 
particle count

sample mass (g)
× 1000 ........... [1] 

This protocol was consistently applied at both study 
locations, yielding a total of four replicates per site. The 
resulting data provided quantitative measures of microplastic 
contamination in agricultural soils, enabling robust statistical 
comparison between the two contrasting environments. 
Microplastics were then filtered and subjected to infrared 
spectroscopy for the identification of functional groups (Miao 
et al., 2024).  

 
2.4. Analytical techniques and instrumentation 

The experimental procedures included several analytical 
techniques to study the degradation and microplastic 

contamination of polyethylene (PE) plastic mulch in soil. The 

instruments used consisted of: 

 Fourier Transform Infrared Spectroscopy (FTIR): Bruker 

Tensor II (4000–400 cm⁻¹, 4 cm⁻¹ resolution, attenuated 
total reflectance mode) for chemical functional group 

identification. Instrument calibration was performed using 
certified polystyrene film before each session (Villegas-

Camacho et al., 2024). The obtained spectra were compared 

with standard reference spectra of virgin and weathered 

polyethylene to confirm the presence of degradation-

related functional groups (Sandt et al., 2021). Each sample 
was scanned three times to ensure spectral consistency, 

and spectral noise was minimized by baseline correction 

and normalization (Mecozzi et al., 2016; X. Wang et al., 

2025).  

 Thermal Conductivity Meter: Kemtherm QTM-D3 (0.2–20 
W/m·K, ±5% accuracy, temperature range 10–50°C) for 

thermal conductivity analysis (Kumar et al., 2017). 

Calibration was carried out using reference materials with 

known conductivity values within the target measurement 

range. Each sample was measured three times under the 

same temperature and contact pressure conditions to 

reduce variability. The device was allowed to stabilize 

before each reading to ensure thermal equilibrium. 

 Soil Thermometer: The thermometer was calibrated against 

a mercury standard thermometer before use. Soil 

temperature measurements were taken on the surface of 
plastic mulch and times (hourly from 06:00 to 18:00) over a 

seven-day period to reduce diurnal variability (Romano et 

al., 2024; Xie et al., 2023). The device was cleaned before 

each insertion to prevent cross-contamination between sites. 

 Ultraviolet-Visible Spectroscopy (UV-Vis): Hitachi UH5300 
(190–1100 nm, deuterium & tungsten-halogen sources, 1 
cm quartz cuvette) for optical properties measurement 
(Chong et al., 1997). The UV-Vis instrument was calibrated 
using standard solutions to ensure wavelength accuracy and 
photometric stability. Quartz cuvettes were cleaned with 
ethanol and deionized water before each measurement 
(Marczak-Grzesik et al., 2025). Each sample was analyzed in 
triplicate, and spectra were cross-compared to confirm 
trends in UV absorbance degradation patterns (Klempová et 
al., 2023). The molar absorptivity coefficient (ε) is a key 
parameter in spectrophotometry that indicates how 
strongly a substance absorbs light at a specific wavelength. 
It is determined using the Beer-Lambert law in Equation 2. 

A = ε × c × l ....................................................................[2] 

Where A is absorbance (au), c is concentration (mol L-1), l is 
path length (cm), and ε is molar absorptivity (L mol·cm-1) 
(Fajri et al., 2024). In polyethylene (PE) plastic analysis, UV-
absorbing compounds are extracted into a solvent and 
analyzed using UV-Vis spectrophotometry. Absorbance 
values are then used to calculate ε based on known extract 
concentration and cuvette length (Nugraha et al., 2023). 

 Scanning Electron Microscope (SEM): Thermo Fisher Apreo 
2 (1.2 nm resolution, 0.5–30 kV voltage, up to 1,000,000 × 
magnification) for morphology observation. SEM imaging 
was conducted using standardized settings (e.g., 
accelerating voltage, magnification, beam intensity) (Chou 
et al., 2022; Okubo et al., 2025). The same imaging 
parameters were applied to all samples to allow valid 
comparisons. Surface areas for imaging were selected 
based on consistent criteria, and image quality was verified 
for resolution and contrast .  

The combination of procedural controls, instrument 
calibration, triplicate measurements, and comparison with 
reference standards enhanced the robustness and credibility 
of the analytical data obtained in this study. 

 

3. RESULTS  
3.1. Microplastic concentration analysis 

Microplastic analysis in soil is essential to understanding 
the impact of plastic mulch degradation under varying 
environmental conditions. The high-density flotation method 
has been effectively employed to isolate and quantify 
microplastics from soil matrices (Miao et al., 2024). As shown 
in Tables 2 and 3, there is a significant difference in 
microplastic particle counts between the two study sites with 
contrasting climates. In the Cikabayan agricultural field 
(Bogor), which is characterized by a humid tropical climate 
and andosol soil type, the average concentration of 
microplastics was 265 ± 43.59 particles kg-1. 
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Table 2. Microplastic particles from 50-gram soil samples in 
Cikabayan, Bogor 

Replication Particles/50 
grams 

Estimated 
particles kg-1 

1 10 200 

2 14 280 

3 16 320 

4 13 260 

Average 13.25 265 

Standard deviation (±)  43.59 

 
Table 3. Microplastic particles from 50-gram soil samples in 
Suralaga, East Lombok 

Replication Particles/50 
grams 

Estimated 
particles kg-1 

1 19 380 

2 24 480 

3 26 520 

4 22 440 

Average 22.75 455 

Standard deviation (±)  57.74 

 
In contrast, the agricultural site in Suralaga (East Lombok), 
with a semi-arid climate (low to moderate rainfall) and 
regosol soil, exhibited a higher average concentration of 455 
± 57.74 particles kg-1 (Table 4). This disparity is primarily 
influenced by environmental factors such as temperature, 

humidity, and soil characteristics, which affect the rate and 
extent of plastic mulch degradation (Hou et al., 2019; Yu et 
al., 2025). The drier conditions and elevated temperatures in 
Lombok likely accelerated the fragmentation of polyethylene 
mulch, resulting in a higher release of microplastic particles 
compared to the Bogor site (Bo et al., 2023; Ryu et al., 2025). 
In addition to these abiotic factors, microbial activity plays a 
critical role in the degradation process. Soil microorganisms—
particularly bacteria and fungi—can colonize plastic surfaces 
and secrete enzymes that initiate bio-fragmentation (Peksen 
et al., 2023; Yang et al., 2025). This microbial degradation 
often acts synergistically with photodegradation and thermo-
oxidative mechanisms, collectively weakening the polymer 
structure and facilitating microplastic formation (Nguyen et 
al., 2025). 

Furthermore, as indicated in Table 4, the relatively wide 
range and 95% confidence intervals at both locations reflect 
the spatial variability of microplastic distribution within the 
10 cm topsoil layer (Bai et al., 2024; J. Zhang et al., 2023). This 
variation is expected, given that sampling was conducted 
randomly across multiple points to account for field 
heterogeneity (Jemec Kokalj et al., 2024; Salama & Geyer, 
2023). The use of descriptive statistics—including mean, 
standard deviation, range, and confidence intervals—
provides a comprehensive overview of microplastic 
contamination levels and supports the reliability of the 
estimates at each study site (Sintim et al., 2020; Yang & Gao, 
2022). 

 
 
Table 4. Descriptive statistics of microplastic quantity (particles kg-1 soil) ini Cikabayan, Bogor, and Suralaga, East Lombok 

Location Mean (particles/kg) SD (±) Range (particles kg-1) 95% CI (particles kg-1) 

Cikabayan, Bogor 265 43.59 120 195.65 – 334.35 

Suralaga, East Lombok 455 57.74 140 363.17 – 546.86 

 
Table 5. FTIR’s functional groups analysis  

Wavenumber 
(cm-1) 

Functional Group Control Bogor Lombok Description 

3700 – 3500 O-H Stretching 
(Alcohol/Carboxylic 
Acid) 

None Very weak Weak Slight adsorption of water or carboxylic acid 
formation due to PE degradation (Belhachemi 
et al., 2022) 

2950 – 2849 C-H Stretching 
(Asymmetric, 
Symmetric, 
Aliphatic) 

Present Present Present Typical characteristics of polyethylene (PE), no 
significant change (Baharuddin et al., 2023) 

1715 C=O Stretching 
(Carbonyl) 

None Present More clear Polymer oxidation due to UV exposure or 
environmental factors (Miao et al., 2024) 

1465 – 1460 CH₂ Bending 
(Deformation) 

Present Present Present Basic chain structure of PE remains intact 
(Baharuddin et al., 2023) 

1250 – 1000 C-O Stretching 
(Alcohol/Ester) 

None More clear More clear Oxidative degradation or ester formation due 
to environmental exposure (Wang et al., 2023) 

750 – 700 C-Cl Stretching None Weak More clear Environmental contamination or reaction with 
chlorine from the Lombok environment 
(Somanathan et al., 2022) 

600 – 550 CH₂ Rocking 
(Crystalline 
Polymer) 

Present Present Present Typical PE characteristic indicating basic 
polymer structure is intact (Baharuddin et al., 
2023) 
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3.2. FTIR analysis 
In plastic degradation studies, Fourier-transform infrared 

(FTIR) spectroscopy is widely used to detect structural 
changes in polymers resulting from photo-oxidative, thermal, 
or chemical degradation. One of the most prominent 
indicators of oxidative degradation is the emergence of 
carbonyl (C=O) functional groups, typically observed as a peak 
around 1700 cm-¹ in the FTIR spectrum (Sang et al., 2020). This 
carbonyl peak is associated with oxidative processes, in which 
exposure to UV radiation or heat initiates reactions between 
oxygen and the polymer chains, resulting in the formation of 
detectable carbonyl groups (Maiket et al., 2025). In this study, 
the extent of mulch plastic degradation was assessed based 
on the intensity of carbonyl peaks observed in the FTIR 
spectra of three different samples (Merino et al., 2022; Ryu et 
al., 2025). 

The FTIR spectra compare the chemical characteristics of 
the mulch samples from the control, Bogor, and Lombok sites 
(Fig. 2). Differences in intensity across various spectral regions 
indicate functional group transformations due to 
environmental degradation during field use. Increased 
absorbance in the range of 3500–3200 cm⁻¹ suggests the 
formation of hydroxyl (–OH) groups as a result of oxidative 
degradation, with the Lombok sample showing the highest 
intensity (Merino et al., 2019; Senevirathne et al., 2025). In 
the 1750–1650 cm⁻¹ region, elevated absorbance 
corresponds to the formation of carbonyl (C=O) groups 
caused by photo-oxidation or thermal degradation (Yang et 
al., 2025; Yang et al., 2024). The Lombok sample exhibited a 
higher carbonyl intensity than the Bogor sample, indicating a 
greater extent of degradation (Cunsolo et al., 2021). A 
comprehensive identification of detected functional groups is 
provided in Table 5. 

Decreased intensity within the fingerprint region (1500–
1000 cm-¹) indicates molecular structure modifications 
resulting from environmental exposure, such as polymer 
chain scission and the formation of new compounds. These 
spectral variations reflect the differing environmental 

conditions at each site (Belhachemi et al., 2022; Sang et al., 
2020). The Lombok sample experienced the most 
pronounced degradation due to higher temperatures and UV 
intensity compared to the Bogor. In contrast, the control 
sample maintained stronger spectral intensities, indicating a 
more intact material (Sandt et al., 2021). The FTIR spectra 
clearly demonstrate that the location of mulch application 
affects the extent of plastic degradation, with the highest 
degradation observed in the Lombok sample, followed by 
Bogor, and then the control (Junga et al., 2024). 

Figure 3 and Figure 4 also show that the microplastic 
samples obtained from both locations (Bogor and Lombok) 
exhibit the characteristic "fingerprint region" spectrum of 
polyethylene, indicating that the microplastics found at both 
sites are fragments or breakdown products of polyethylene 
plastic mulch. Plastic degradation reduces both the quality 
and mechanical strength of the mulch, shortening its 
functional lifespan in agricultural applications. Degraded 
plastic loses its ability to retain soil moisture and protect 
crops, while simultaneously increasing the risk of 
environmental microplastic contamination (Olesen et al., 
2017). 

 
3.3. Thermal conductivity analysis 

The thermal characterization in this study demonstrated 
that the thermal conductivity of plastic mulch increased 
following field application, particularly in locations with 
higher average daily temperatures, such as the agricultural 
site in Suralaga, East Lombok. As illustrated in Figure 5, the 
average daily temperatures in Suralaga consistently exceeded 
those in Cikabayan, Bogor, with daytime temperature 
fluctuations in Suralaga being notably more extreme. These 
environmental conditions accelerate thermal and photo-
degradation processes in polyethylene (PE) mulch, as 
evidenced by the thermal conductivity data in Table 6, where 
the highest value was recorded for the Lombok sample 
(0.14015 W/m·K), followed by Bogor (0.13867 W/m·K), and 
the control (0.11962 W/m·K). 

 

Figure 2. Comparison of FTIR spectra mulch samples 
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Figure 3. Comparison of FTIR spectra of Bogor fragments 

 

 
Figure 4. Comparison of FTIR spectra of Lombok fragments 

 
Table 6. The average thermal conductivity values of the mulch 
samples  

Sample Average k (W m·K-1) Standard Deviation 

Control 0.11962 ± 0.0025 
Bogor 0.13867 ± 0.0031 

Lombok 0.14015 ± 0.0042 
Remarks: Higher thermal conductivity in Bogor and Lombok 
indicates mulch degradation, with Lombok's highest value 
suggesting accelerated breakdown due to heat and UV 
exposure. 
 

The increase in thermal conductivity is strongly correlated 
with polymer structural changes resulting from chain scission, 
microcrack formation, and increased porosity induced by 
prolonged exposure to high temperatures and UV radiation 
(Guo et al., 2023; W. Zhang et al., 2023). These alterations 
facilitate easier heat transfer through the mulch, thereby 
diminishing its effectiveness in maintaining soil temperature 
stability. Exposure to UV radiation and elevated temperatures 
accelerates the oxidation and fragmentation of polyethylene, 

thereby enhancing thermal conductivity and compromising 
the mulch’s insulating function in agricultural settings (Wei et 
al., 2024). UV-B exposure and thermal stress not only 
promote polymer chain scission but also contribute to 
increased porosity and microcracking, thereby enhancing the 
rate of heat transfer through the material (Miao et al., 2024). 

The practical implication of this increase in thermal 
conductivity is a reduction in the mulch’s capacity to regulate 
soil temperature, especially under hot field conditions such as 
those in Lombok. This can lead to greater soil temperature 
fluctuations, which may negatively affect plant growth and 
reduce agricultural productivity (Chen et al., 2025; Fernández, 
2023). The primary drivers of increased thermal conductivity 
are photodegradation and thermal oxidation, both of which 
lead to polymer chain scission, microcrack development, and 
changes in material density (Fan et al., 2023). Oxidative 
processes also generate carbonyl and hydroxyl functional 
groups that alter the thermal behavior of the plastic (Miao et 
al., 2024).
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 (a)  (b) 

Figure 5. Comparison of average daily temperature (a) Bogor and (b) Lombok 
 
Therefore, integrating average daily temperature data 

with thermal test results underscores that regions with 
elevated temperatures and intense UV exposure accelerate 
the degradation of plastic mulch (Kim et al., 2021). These 
findings underscore the importance of considering climatic 
factors when selecting mulch materials with enhanced 
resistance to degradation. To support sustainable agriculture, 
the development of alternative mulch materials—such as 
those based on bioplastics or other thermally and 
photochemically stable compounds—is essential (Wang et al., 
2023). 

 
3.4. UV-Vis analysis 

Optical properties were analyzed using UV-Vis 
spectroscopy to evaluate the degradation level of plastic 
mulch based on changes in absorbance across the ultraviolet 
(UV) to visible light spectrum, as shown in Figure 6. Based on 
the UV-Vis spectral measurements, the plastic mulch samples 
from Lombok exhibited a significant decrease in absorbance  
 
Table 7. Absorbance data from UV-Vis spectrum 

Wavelength 
(nm) 

Control 
Sample (au) 

Bogor 
Sample (au) 

Lombok 
Sample (au) 

200 4,2 4.0 0.4 
250 2.2 2.0 0.3 
300 2.1 1.9 0.2 
350 2.3 2.0 0.15 
400 2.7 2.3 0.1 
500 3.3 2.3 0.05 
600 4.0 2.3 0.02 
650 4.5 2.3 0.01 

 
Table 8. Molar absorptivity coefficient values (ε) 

Wavelength 
(nm) 

Control Sample 
(L/mol·cm) 

Bogor 
Sample 

(L/mol·cm) 

Lombok 
Sample 

(L/mol·cm) 

200 392.5 373.8 37.4 
250 205.6 186.9 28.0 
300 196.3 177.6 18.7 
350 214.9 186.9 14.0 
400 252.3 214.9 9.3 
500 308.5 214.9 4.7 
600 373.8 214.9 1.9 
650 420.6 214.9 0.9 

within the UV region (200–400 nm) compared to both the 
control samples and those from Bogor. This indicates the 
degradation of UV-stabilizing additives commonly added to 
polyethylene (PE) plastics, such as benzophenones and 
hindered amine light stabilizers (HALS), which function to 
reduce photo-oxidative damage from sunlight (Belhachemi et 
al., 2022). According to the UV-Vis absorbance data presented 
in Table 7, the control sample showed the highest absorbance 
across all wavelengths, peaking at 4.5 at 650 nm. The Bogor 
sample exhibited lower but still significant absorbance values, 
ranging from 4.0 (200 nm) to 2.3 (650 nm). In contrast, the 
Lombok sample showed notably low absorbance, with only 0.4 
at 200 nm and a steep decline to 0.01 at 650 nm. 

Based on this absorbance data and an extract solution 
concentration of 0.0107 mol L-1, the molar absorptivity 
coefficient (ε) was calculated using the Beer-Lambert law. The 
calculated molar absorptivity values are presented in Table 8. 
The highest molar absorptivity coefficient in the control 
sample was observed at 650 nm, with a value of 420.6 L 
mol·cm-1, while the Bogor and Lombok samples reached only 
214.9 L mol·cm-1 and 0.9 L mol·cm-1, respectively. A similar 
pattern was observed at other wavelengths, where ε values 
were consistently highest in the control sample, followed by 
the Bogor sample, and lowest in the Lombok sample. This 
indicates that the concentration of UV-Vis active compounds 
in the Lombok sample was substantially lower compared to 
the Bogor and control samples (Wang et al., 2019). The 
significant differences in ε values among the three samples 
can be interpreted as evidence of varying levels of PE polymer 
compound degradation or presence within each soil sample 
(Ryu et al., 2025). Lower ε values correspond to a lower 
concentration of photo-degraded active compounds in the 
respective samples (Du et al., 2024). 

The intense solar exposure in Lombok also contributed to 
increased surface porosity and fragmentation of the mulch, 
which in turn enhanced the material’s transparency by 
allowing light to more easily penetrate the fragmented plastic 
layers (Carstensen et al., 2022; Du et al., 2024). These changes 
not only reduce the mulch’s capacity to reflect or absorb UV 
radiation but also increase soil temperature due to the higher 
transmission of energy (Z. Zhang et al., 2025). Previous 
studies have shown that changes in optical properties are 
directly correlated with increased thermal conductivity, 
implying that optical degradation has direct implications for 
the thermal efficiency of the material (Ebert & Vidi, 2024).  
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Figure 6. Comparison of UV-Vis spectra of mulch samples 

 
The reduction in absorbance negatively impacts the plastic’s 
ability to protect soil from thermal stress. UV-degraded 
plastics exhibit diminished sunlight shielding capacity, which 
directly affects soil structural stability, moisture retention, 
and microbial activity (Belhachemi et al., 2022). In this 
context, optical degradation is not merely an indicator of 
material breakdown but also has broader implications for the 
ecological effectiveness of plastic mulch use. 

 
3.5. SEM analysis 

Morphological structure analysis was conducted using 
Scanning Electron Microscopy (SEM) to evaluate the physical 
alterations on the surface of plastic mulch after three months 
of field use in two distinct locations: Cikabayan Agricultural 
Field, Bogor, and Suralaga, East Lombok. This technique is 
crucial for visualizing micro- to nanoscale surface damage on 
plastics, which is otherwise invisible to the naked eye. The 
secondary electron (SE) mode provides a detailed 
visualization of surface topography and morphological 
changes due to physical degradation, while the backscattered 
electron (BSE) mode offers insight into compositional 
dynamics during the degradation process (Chou et al., 2022). 
Observations in Figure 7 reveal significant structural 
degradation of plastic mulch influenced by a combination of 
temperature, humidity, and UV radiation exposure. 

In the control sample, the mulch surface appeared 
smooth and homogeneous, with no visible cracks or large 
pores, indicating the polyethylene (PE) polymer structure 
remained intact. In contrast, the Bogor sample exhibited 
early-stage damage, including microcracks and slight surface 
erosion (Miao et al., 2024). This is likely a result of 
hydrothermal degradation driven by high humidity and 
moderate temperatures, which may accelerate mild oxidative 
reactions and promote microbial activity. Soil microbes 
capable of producing oxidative enzymes, such as peroxidases 

and laccases, can contribute to the cleavage of the carbon 
backbone in polymers (Gkoutselis et al., 2021). 

More severely, the sample from Lombok demonstrated 
extensive structural damage, including deep cracking, surface 
fragmentation, and increased porosity. These features indicate 
advanced photodegradation induced by intense exposure to 
UV-B and UV-C radiation and elevated temperatures that 
subject the plastic to thermal stress (Okubo et al., 2025). These 
conditions facilitate polymer chain scission, morphologically 
evident as porous, fragmented structures, which accelerate the 
release of microplastics into the surrounding environment. 
Continuous UV exposure leads to an increase in the number 
and depth of surface cracks due to the reduction in the 
material's viscoelasticity (Du et al., 2024). 

Damaged morphological structures also have direct 
implications for the increased specific surface area of degraded 
plastics. This not only accelerates subsequent chemical 
reactions (e.g., oxidation or pollutant adsorption) but also 
facilitates microbial colonization and the attachment of other 
particles, such as heavy metals and pesticides (Wang et al., 
2023). In an agricultural context, such conditions may elevate 
the toxicological risks to soil ecosystems and increase the 
potential for pollutant migration into crops (Fan et al., 2023). 

Structural degradation also strongly correlates with 
findings from UV-Vis and FTIR analyses. Cracked and porous 
surfaces reduce the mulch’s UV absorption capacity (as 
confirmed by declining absorbance values) and exhibit new 
functional groups such as carbonyl and hydroxyl, indicative of 
chemical bond scission (X. Wang et al., 2025). Furthermore, 
deep cracks and porous morphology contribute to increased 
thermal conductivity, reducing the mulch’s effectiveness in 
regulating soil temperature (Ebert & Vidi, 2024). Thus, 
morphological structure analysis not only describes physical 
damage but also serves as a critical indicator of concurrent 
chemical and optical degradation processes.
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Figure 7. SEM imaging with 25,000× magnification on mulch samples: (a) control (SE), (b) control (BSE), (c) Bogor (SE),  

(d) Bogor (BSE), (e) Lombok (SE), (f) Lombok (BSE)
  

4. DISCUSSION 
The findings of this study demonstrate that plastic mulch 

degradation significantly contributes to microplastic 
contamination in agricultural soils, particularly under high-
temperature and UV-exposed environments such as Lombok. 
The analytical results from FTIR, SEM, UV-Vis, and thermal 
conductivity measurements provide comprehensive evidence 
of how environmental conditions influence polyethylene 
mulch degradation and subsequent microplastic formation 
(Rodriguez et al., 2025; Zhang et al., 2020). The degradation 
of polyethylene mulch is primarily driven by thermal 
oxidation and photodegradation, where high temperatures 
promote oxidation processes that generate free radicals, 
leading to polymer chain scission and structural weakening 
(Du et al., 2024). This process is further accelerated by UV 
radiation, which provides sufficient energy to break chemical 
bonds within the polymer matrix, resulting in bond cleavage 

and the formation of reactive species (Cunsolo et al., 2021; 
Wang et al., 2023).  

The FTIR analysis revealed a significantly higher intensity 
of oxidation-related functional groups (C=O, O-H, C-O) in 
Lombok samples, indicating advanced oxidative degradation 
due to prolonged UV exposure and elevated temperatures. 
This finding aligns with previous studies showing increased 
carbonyl index in polyethylene mulch exposed to high UV 
radiation (Belhachemi et al., 2022). Moreover, the increased 
thermal conductivity observed in Lombok samples compared 
to Bogor suggests significant structural damage resulting 
from polymer chain scission, microcrack formation, and 
increased porosity (Ebert & Vidi, 2024). As polymers degrade, 
their thermal conductivity increases due to enhanced heat 
transfer through cracks and voids, which is consistent with 
studies reporting higher thermal conductivity in degraded 
plastic materials (Kim et al., 2021).  
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The SEM analysis further confirms this structural damage, 
with Lombok samples exhibiting extensive fragmentation, 
deep cracks, and increased porosity, which contribute to 
higher microplastic concentrations detected in soil (440 
particles kg-1 compared to 240 particles kg-1 in Bogor) (Fan et 
al., 2023). Additionally, the UV-Vis spectroscopy results 
showed a significant reduction in UV absorbance for Lombok 
samples, indicating the breakdown of UV stabilizers and 
increased polymer fragmentation (Wang et al., 2019). 
Polyethylene is particularly vulnerable to UV-induced 
degradation, and previous studies have reported that 
prolonged UV exposure accelerates material degradation 
through the formation of free radicals and chain scission, 
resulting in a loss of mechanical properties and the formation 
of microplastics (Carstensen et al., 2022; Du et al., 2024).  

The findings of this study strongly indicate that tropical 
climates are particularly vulnerable to plastic mulch 
degradation due to the combined effects of heat, UV 
radiation, and mechanical stress (Rahim et al., 2022). While 
temperature and ultraviolet (UV) radiation are the primary 
abiotic drivers accelerating the degradation of polyethylene 
mulch, several other factors can also contribute significantly 
to the degradation process (Mitu et al., 2025; Samphire et al., 
2023). One such factor is microbial activity. Soil 
microorganisms, particularly bacteria and fungi, can colonize 
plastic surfaces and produce enzymes that initiate the 
biodegradation process. These microbial processes often act 
synergistically with photodegradation and thermo-oxidative 
mechanisms, weakening polymer chains and facilitating the 
formation of microplastics (Wang et al., 2021). 

Previous studies have demonstrated that microbial 
biofilms can promote the surface pitting and embrittlement 
of plastic materials, especially in moist and biologically active 
soils such as those found in tropical environments (Rahim et 
al., 2022). Although this study did not include direct 
microbiological analysis, the environmental conditions in 
both study sites—particularly the high microbial activity in 
Bogor—likely contributed to the observed degradation 
features, as supported by the increased surface roughness 
and microcracking seen in SEM images (Doğan, 2021). 

The comparative analysis between the two study sites 
revealed that climatic differences alone do not fully explain 
the variation in mulch degradation and microplastic 
formation (Ebert & Vidi, 2024; Stachowiak et al., 2022). While 
Lombok exhibited more intense thermal and 
photodegradation—as indicated by higher thermal 
conductivity, stronger oxidation peaks (C=O, O-H), and 
greater morphological damage—Bogor showed moderate 
but still evident degradation features. This suggests that 
other factors, such as microbial activity, soil chemistry, and 
farming intensity, may also influence degradation rates. 
Additionally, differences in agricultural practices, such as 
irrigation frequency, tillage, and fertilizer application, may 
alter the micro-environment surrounding the mulch and thus 
affect degradation. For example, the higher moisture levels 
and dense microbial communities in Bogor may promote bio-
fragmentation, whereas the dry, sun-exposed conditions in 
Lombok favor photodegradation and thermal stress. These 
interacting variables underscore the need for multifactorial 
studies that incorporate environmental, biological, and 

management aspects in assessing plastic degradation 
dynamics. 

Despite providing valuable insights, this study has several 
limitations. A three-month observation period may not be 
sufficient to fully assess the long-term degradation of plastic 
mulch and its cumulative effects on soil properties and 
microbial communities. Moreover, the study only analyzed 
polyethylene mulch without considering potential 
interactions with other pollutants commonly present in 
agricultural soils, such as heavy metals and pesticides. Future 
research should focus on conducting long-term studies to 
evaluate the persistence and effects of microplastics in 
agricultural soils, developing and testing biodegradable 
mulch materials that minimize environmental harm, 
investigating the combined effects of microplastics and other 
soil contaminants on soil health and crop productivity, and 
exploring improved manufacturing processes for plastic 
mulch films to enhance durability and UV resistance. 

 

5. CONCLUSION 
This study demonstrates that the degradation of plastic 

mulch leads to significant microplastic contamination, 
particularly in high-temperature and UV-exposed 
environments. The findings emphasize the need for 
sustainable alternatives to mitigate microplastic pollution in 
agricultural soils. Future research should focus on evaluating 
the long-term impact of microplastic contamination on soil 
fertility, microbial health, and plant growth. Developing 
biodegradable mulch materials that can effectively replace 
polyethylene while minimizing environmental harm is 
essential. Furthermore, prioritizing proper waste 
management practices and recycling initiatives is essential to 
mitigate the adverse effects of plastic mulch degradation. The 
findings of this study offer valuable insights for policymakers, 
researchers, and farmers in developing effective strategies to 
promote more sustainable agricultural practices. 
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