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Microplastics (MPs) pollution has increasingly been recognized as a critical
environmental issue impacting terrestrial ecosystems, particularly soil matrices.
This review comprehensively evaluates existing identification techniques for MPs
in soil, highlighting the complexities associated with soil matrices, such as
heterogeneity, organic matter content, and diverse particle sizes. Current
methods, including sieving, filtration, density separation, chemical digestion,
and spectroscopic analysis (e.g., FTIR, Raman spectroscopy), are critically
assessed for efficiency, reliability, and applicability. Our analysis identifies
significant methodological inconsistencies across studies, emphasizing the
urgent need for standardized analytical protocols to enable reliable
comparative assessments. Recommendations include the implementation of
stringent quality assurance/quality control measures to mitigate cross-
contamination and enhance data quality. Given the projected increase in
global plastic production and consequent MPs pollution, it is imperative to
develop standardized, scalable, and cost-effective methodologies for
monitoring MPs in soil environments.
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1 Introduction

Plastics have become indispensable in numerous applications
and industries in daily life. Although many modern plastic
polymers were discovered over a century ago, large-scale use in
most everyday applications did not begin until the 1950s-1970s.
Currently, global plastic production exceeds 450 million tons per
year and is utilized in thousands of applications, including
automobile tires, clothing, agriculture, tobacco filters, packaging
materials, and various consumer goods. Plastics offer exceptional
properties such as malleability, lightweight structure, and cost-
effective production. However, the widespread use of plastics,
particularly in single-use applications, has resulted in materials
with a lifespan of less than two hours before disposal (1-3).

While global plastic production is projected to double by 2045,
there has been no corresponding increase in recycling or recovery
rates. To date, less than 10% of all plastics ever produced have been
recycled or reused, whereas over 90% have been either incinerated
for energy or released into the environment without adequate waste
management (3). Since the beginning of large-scale commercial
plastic production in the 1950s, the accumulation of plastic waste in
the environment has steadily increased (4). Early research and
public awareness primarily focused on plastic pollution in marine
ecosystems, which contributed to the widespread misconception
that plastic pollution is exclusively a marine issue. This perspective
also influenced international policy; for example, the United
Nations’ initiation of the Global Plastic Treaty was largely driven
by concerns over marine plastic pollution (1). However, plastic
waste poses a broader environmental threat—it is now well-
documented not only in the hydrosphere but also as a significant
contaminant in terrestrial (pedosphere) and biological
(biosphere) systems.

The pedosphere, which interfaces with the hydrosphere,
biosphere, and atmosphere, plays a critical role in mediating
interactions between these environmental compartments.
Increasing evidence suggests that challenges in plastic waste
management have led to the accumulation of plastics in terrestrial
ecosystems, particularly agricultural soils, through multiple
pathways such as the use of plastic mulching films, application of
sewage sludge, atmospheric deposition, littering, and road runoff
including tire wear particles. This accumulation poses potential
risks to human health through the food system (4, 5). Recent studies
indicate that terrestrial environments may contain up to 20 times
more plastic than oceanic systems (6, 7).

The term “microplastics” was first introduced in 2004 to
describe plastic debris (<20 wm in diameter) found in marine
environments. Today, plastic waste is classified by size into
macroplastics (>25 mm), mesoplastics (25 mm-5 mm),
microplastics (1 um-5mm), and nanoplastics (<1 um) across all
environmental matrices (3, 8). Among these, microplastics (MPs)
have garnered significant scientific attention in recent years and are
further classified as either primary or secondary MPs based on their
origin. Primary MPs are manufactured as MPs such as microbeads
and nurdles, whilst secondary MPs are resulted from the
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fragmentation of macroplastics. MPs in the environment
originate from a wide range of sources and exhibit diverse sizes,
shapes, and polymer compositions. Since the early 2010s, research
on MPs has intensified (Figure 1), and it is estimated that between
10 and 40 million tons of MPs are released into the environment
annually (3).

Studies comparing MPs pollution in areas with varying levels of
human activity have found significantly lower MPs concentrations
in less anthropogenically influenced regions, such as forests,
compared to highly industrialized and urbanized zones like
landfills (6, 10). While naturally preserved ecosystems, including
agricultural lands and forests, typically exhibit lower MPs levels,
long-range atmospheric transport can introduce MPs even into
remote areas (11).

Extensive research on MPs in aquatic environments has led to
the development of analytical methods primarily suited for water-
based matrices. As a result, common MPs extraction techniques rely
on filtration and sieving, making them more effective for aquatic
systems (12, 13).

Unlike aquatic matrices, soil matrices require more extensive
sample preparation protocols. Analysis of MPs in soil matrices have
several challenges due to soil complexity and heterogeneity, with
several issues related to organic matter content and digestion
process, different ranges of soil particle sizes, and the interference
of non-plastic or natural materials such as natural fibers from
vegetation (14, 15). To date, no standard method is available for
sampling (collected soil quantities are very variable from some
grams to kilos), pre-treatment, extraction and organic matter
digestion and/or identification MPs techniques; once each soil is
different with different complexities and challenges, that made that
each soil can need a different protocol. Additionally, laboratory
contamination is a big problem once MPs are present in the indoor
air or come from laboratory items, which increases some
additional challenges.

Microplastics contamination in the soil presents considerable
obstacles, although it also creates opportunities for interdisciplinary
study that integrates environmental science, analytical chemistry,
and soil science. Comprehending the mechanisms via which MPs
affect soil characteristics, including water retention, nutrient
availability, and microbial activity, is essential for mitigating their
enduring effects on soil health and agricultural sustainability.
Moreover, international policy initiatives, such as the elimination
of microbeads and single-use plastics, highlight the pressing
necessity for standardized and rigorous procedures to monitor
soil contamination. In light of the anticipated doubling of global
plastic output by 2045, the establishment of economical, precise,
and scalable methods for the identification and quantification of
MPs in soils is essential. This study seeks to tackle these urgent
concerns by aggregating and assessing existing approaches and
offering recommendations to enhance research in this vital
domain of environmental science (16, 17). Therefore, this study
aims to systematically recompile, evaluate and discuss appropriate
methods for the identification and quantification of MPs in the
soil matrix.
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FIGURE 1

Global scientific publication on MP contamination under different
ecosystems (water and soil ecosystems, sediments and atmosphere).
The bars represent the number of publications. Only peer-reviewed
articles published between 2010 and 2024 have been selected.
Reviews, book chapters or notes have been excluded. A literature
survey was performed on the Scopus® database using the following
keywords: "MPs” combined with “water”, “soil”, “sediment” or “air".
Source: Updated from Daghighi et al. (9). Copyright the authors,
licensed under CC BY-NC-ND 4.0.

2 Microplastics in soil

Microplastics are characterized as synthetic organic polymer
particles with dimensions < 5 mm that can either arise from
primary sources (e.g., industrial pellets) or secondary sources
(e.g., plastic waste byproduct) (18). These particles enter soil
ecosystems through farm practices (e.g. plastic mulching, sewage
sludge application) as well as diffuse sources (e.g. atmospheric
deposition, runoff) (19-21).

Microplastics have been widely detected in agricultural lands,
forests, urban and industrial soils, grasslands, sediments, wetlands,
and especially in soils near landfills, making soil the largest sink for
MPs (6, 22-24). Recent reviews found that the highest MPs
occurrence in soils ranged from 0 to 106 items kg' and 0 to 104
mg kg'', respectively, with polyethylene, polystyrene and
polypropylene the most frequent plastic polymers (24, 25). As an
example, the highest reported amount has been indicated by Guo
et al. (26) for a landfill surface soil (Hangzhou, Zhejiang province,
China) with up to 3.57 x 106 items kg™

In general, the occurrence of MPs in soil environments is
generally higher in surface layers, depending on related factors;
however, high-density MPs may penetrate deeper soil layers (27-
29). This underscores the importance of sampling subsurface layers
(> £ 25 cm soil depth) in studies on the distribution of MPs in soil
once the majority of studies have been focused on surface layers
(i.e., 0-10 or 0-20 cm). Nevertheless, deep profiling is essential to
reveal a comprehensive MPs profile across soil depths and to
understand the historical distribution of MPs, a question
highlighted for the vertical distribution of plastics in agricultural
and urban areas (i.e. 30, 31). In soil systems, plastics are being
subjected to degradation and can migrate vertically and horizontally
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through the soil profile, usually due to agricultural activities (i.e.
ploughing), bioturbation by soil organisms and/or leaching (9, 24).

While the distribution of MPs in soil may vary among regions
with similar land use types, the abundance of MPs across different
land use types can also be affected by regional variations (32). For
instance, in the Loess Plateau of northwestern China, MPs
abundance was reported to be highest in orchards, followed by
agricultural fields and greenhouses. Akca (6) concluded that open
dumps and scrapyards significantly contribute to MPs
accumulation in soil. Additionally, while the amount of MPs
decreases with soil depth in orchards and greenhouses, it
increases with depth in agricultural fields (33). However, in the
Qinghai-Tibet Plateau, greenhouse soils exhibited the highest MPs
abundance, followed by mulched and unmulched agricultural lands,
with abundance decreasing as soil depth increased (32). The
number of MPs in soils with different land uses is comparable,
and the number of MPs within the medium-size range is generally
higher than that of other size classes at the same site.

In general, the amount and mass of MPs with different types,
sizes, shapes, and compositions in deeper soil layers across land use
types and environmental conditions still warrant further
investigation once comparison studies are sometimes not possible
due to the differences in sampling, extraction and identification
methods. Future research should focus on understanding the
distribution, driving processes, and fate of MPs through long-
term field observations based on standardized methodologies (29).

3 Soil sampling

Microplastic contamination of soil is an environmental
problem, yet currently, there are no standardized sampling
methods for soils. Sampling is the first phase of monitoring MPs
in soil. Before MPs analysis in the laboratories, samples are
collected, stored, and preprocessed (34). The importance of soil
sampling strategies is reflected in research data on the effects of soil
properties, land management practices, and environmental
conditions on the collected data, which show that representative
data collection is less dependent on equipment and is more
dependent on soil sampling strategies. Main types and guidance
for soil sampling for MPs analysis following a broad review of
existing knowledge (14, 15, 35).

Soil is a long-term sink of MPs, their transportation and
representative sampling must be accounted for, as representative
sampling is important when trying to draw significant conclusions
from the data collected (5, 21).

Lack of standardization on approaches used to determine the
extent of soil MPs contamination hinders study comparisons and
produces inconsistent estimates (36-38). Sampling site selection
depends on the research purpose, accessibility, and known sources
of MPs pollution (37, 39, 40). Methods that rely on design, for
instance, random, stratified, and systematic sampling, are often
employed to describe spatial variability (10, 15, 35). Random
sampling is simple, whereas a stratified design allows sites to be
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as sub-regions based on, for example, criteria such as vegetation
type or land-use type (41). Sampling sites close to roads, plastic
mulch fields, or urban sites usually have higher MPs concentrations
(23, 40, 42).

Important accumulation zones, such as hollows or ridges, where
MPs are deposited through surface water runoff or wind
deceleration, need to be considered as well. Indeed, studies
highlight the necessity to enhance sampling strategies for these
environmental challenges (43, 44). Soil is a three-dimensional
matrix; therefore, MPs deposition and build-up in situ can vary
significantly. Therefore, the specific site chosen for soil sampling to
study MP pollution should reflect the spatial distribution of MPs
since these can change dramatically over short distances in the soil.
Second, the management history of the sample location must be
checked when selecting a specific location of interest, assuring the
use of a whole field to a spatially explicit system. MPs distribution
changes with depth in soils. Surface soil (0-10 or 0-20 cm)
sampling is more common because MPs accumulate in the top
few centimeters due to a potentially low vertical transport.
However, as previously mentioned, plastics can migrate
horizontally and vertically due to agricultural management, biota
activity or leaching. Therefore, deeper sampling (>20 cm) is
necessary to study long-term MPs migration (14, 15). Depending
on the depth and volume requirements of the samples, the common
tools used were stainless steel shovels, augers, and core
samplers (45).

Sampling and storing tools that are not plastic (i.e., aluminum
bags or foil, glass bottles or paper) are recommended to avoid
contamination. Field quality controls such as clean equipment and
field blanks for potential contamination during sampling are critical
(15). The amount of soil collected is determined by the need for an
analysis and variability in the site. Composite samples, which are
formed by pooling subsamples, can efficiently capture spatial
heterogeneity while alleviating analytic burden (46, 47). For
instance, Zhang et al. (29) used composite sampling by taking
multiple subsamples in each plot and bulking them into one sample.
An estimate for the number of total sampling points at each site
(single point samples or composite samples) could be made from a
statistical power analysis. Yet, the number of replicates and the
volume of the sample are highly restricted by sample processing and
subsequent analytical methods, which remain the bottleneck of MPs
quantification in any environmental compartments (48). Thus, at
this stage, no recommendation can be made on the minimum of
sampling points per spatial unit to be used.

Soil sample sizes have varied enormously, from 50 g to more
than 4 kg, with greater sample sizes giving a better representation of
heterogeneity (49). After homogenization, a smaller portion (e.g.,
15-50 g) is used for analysis (21, 45), while making sure there is
enough material left for parallel tests and potential backups. So far,
not enough is known for us to be able to recommend the least
amount sufficient for representative soil samples in any of these
models, but it must at least surpass the mass or volume of the
reference unit; otherwise, it leads to an unjustifiable extrapolation.
Item per kg(dry weight) would be the most meaningful reference
unit (mean dry weight was determined from aliquots of the sample
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according to a standard procedure, e.g. (50). In this regard, one
must also consider water content and additional aliquots so that the
field samples should be much greater than 1 kg.

Soil sampling for MPs comes with its obstacles, being as the
complex soil matrix and MPs heterogeneity. MPs bind to soil
organic matter or are embedded in aggregates, complicating
extraction procedures (51). This represents the outline of
challenges in (i) representative sampling; sample design should
adjust the potential of spatial variability of MPs; (ii) quality
assurance, preventing MPs contamination from tools, clothing,
and ambient air; (iii) documentation, specifically documenting
sampling depth, location, and conditions (35, 51). Standardized
protocols for soil MPs sampling are still a major problem for
reproducibility. Establishing common methods (including
standardized operating procedures [SOPs]) is essential to ensure
the comparability of the studies (15, 39, 45). This includes
developing SOPs for sampling design, the depth of sampling,
tools, storage, and contaminant prevention. Advancements in in
situ detection methods and automated samplers are very promising
in improving soil MPs sampling. Highly effective soil sampling is
central to the progress in understanding the terrestrial pollution of
MPs. While progress has been made, we need standardized
protocols to ensure the reliability of data urgently.

In summary, some of the important challenges and solutions to
advance our understanding of MPs impacts on soil health are
proposed to encourage innovative scientific approaches to
quantify better and reduce the effects of MPs on soil health (15, 18).

4 Extraction of microplastics from soil

The extraction of MPs from soil is essential for evaluating their
distribution, composition, and potential environmental hazards. In
contrast to water-based systems, where MPs may be more readily
isolated, soil poses greater hurdles owing to its intricate matrix,
variable particle size, and robust interactions between MPs and
organic or inorganic substances (17, 52). Diverse extraction
techniques have been devised to tackle these issues, roughly
categorized into nature-based solutions and conventional
technologies (53). Nature-based solutions employ eco-friendly
methods, like bio-coagulants, microbial remediation, and plant-
based filtering, to reduce chemical utilization while enhancing MPs
recovery (17, 54). Conversely, conventional procedures depend on
known physical and chemical processes, such as density separation,
sieving, and oxidative digestion, to effectively isolate MPs from soil
samples (55-57). Every method possesses distinct advantages and
limitations for efficiency, selectivity, and sustainability (17, 58). This
section provides a summary of recent research on MPs extraction
from soil, classified into nature-based and conventional methods.

4.1 Conventional methodologies

Conventional extraction methods utilize physical, chemical, and
physicochemical procedures to isolate MPs from soil (Figure 2).
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Density-dependent separation (NaCl, ZnClI2, NaBr)
Organic matter removal + density sep. (H202)
Density-based flotation (NaCl, Nal) | Not Reported

Optimized pre-treatment + DS (ZnCI2, H202)
Density separation (saturated NaCl)

Pressure leaching + others (H2504) - Not Reported

Density separation (no chemicals) | Not Reported
Flotation process (NaCl, MgSO4, Canola oil) |- Not Reported
ZnCI2 DS - Alluvial soil

ZnCl2 DS - Compost

High-Gradient Magnetic Separation (HGMS)

Density Separation (Zinc bromide) |- Not Reported

10.3389/fs0il.2025.1614075

Limitations

95%  Limited detection <10 um (Gupta et al., 2024)
99%\one reported (Gupta et al., 2024)
Operational parameters vary (Han et al., 2019)
Potential MP damage (Hu et al., 2024)
Less efficient, plastic-type sensitive (Kononov et al., 2022)
Adherence to clay particles (Li et al., 2020)
Low recovery for small MPs (Li et al., 2024)
Unsuitable for high-density MPs (Phinikettou et al., 2024)
98%None reported (Prosenc et al., 2021)
High organic matter reduces efficiency (Prosenc et al., 2021)
Requires nanoparticle tagging (Ramage et al., 2022)

Long times, environmental toxicity (Ramage et al., 2022)

40

FIGURE 2

60 80
Recovery Efficiency (%)

100

Visual representation of recovery efficiencies for various MP extraction methods from soil and sediment. Methods achieving high recovery
efficiencies (>85%) are shown in green, moderate and low efficiencies (70-85%) in yellow. Method-specific limitations, accompanied by relevant
citations, are annotated on the right side of the chart to highlight critical considerations in their practical application.

These approaches are extensively employed in laboratory research
and environmental monitoring owing to their efficacy and
reliability. The most commonly applied techniques include
density-dependent separation, organic matter removal followed
by density separation, density-based flotation, and pressure
leaching combined with chemical treatments (Table 1). Density-
dependent separation typically uses saturated salt solutions such as
NaCl, ZnCl,, and NaBr, achieving high recovery rates
(approximately 95%) for both small (10-100 um) and large (100-
5000 um) MPs (61). However, this method has limitations in
detecting micro/nanoplastics smaller than 10 um due to the
resolution constraints of spectroscopy methods like FTIR and
Raman micro-spectroscopy (Figure 2).

Furthermore, NaCl solutions, though economically viable and
safe, have been reported to be unsuitable for extracting high-density
plastics such as PVC and PET, reflecting varying extraction
efficiencies based on plastic density and soil properties (Figure 2).
Organic matter removal coupled with density separation commonly
employs hydrogen peroxide (H20,) to effectively digest organic
matter, resulting in recovery efficiencies of up to 99% (61). This
procedure provides clearer supernatants, significantly facilitating
MPs recovery. Nevertheless, prolonged oxidative digestion may
damage some MPs, thereby affecting the accuracy of identification
and quantification. More complex methods, such as the
combination of pressure leaching, flotation, electrostatic
adsorption, and concentrated sulfuric acid carbonization, offer
simplicity and effectiveness for microsized particles. However,
these methods struggle with the extraction of MPs adhering
strongly to clay particles.
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4.2 Nature-based solvents

Conventional analytical techniques for MPs detection often lack
environmental sustainability due to their reliance on hazardous
reagents (e.g., Fenton’s reagent, zinc chloride), substantial waste
production, and high energy consumption (58, 78). Incorporating
Green Analytical Chemistry (GAC) principles can address these
issues by reducing toxic reagent use, minimizing waste, and
lowering energy consumption (79-81).

In pursuit of a sustainable and efficient method for MPs
extraction from sediments, Bellasi et al. (82) improved density
separation using a NaCl-sucrose mixture, achieving effective
separation of MPs while maintaining environmental safety and
economic feasibility, though issues with smaller particles and
viscosity remain. The method offers an effective and safe strategy
for MPs separation while maintaining economic feasibility.
Although effective for MPs in the 500 um to 3 mm range, further
research is necessary to optimize its application for smaller particles
and mitigate issues related to the solution’s viscosity. Additionally,
challenges such as MPs retrieval from the viscous medium must
be addressed.

Recently, Rede et al. (83) introduced a QuEChERS-inspired
(Quick, Easy, Cheap, Effective, Rugged, and Safe) extraction method
combining oxidative digestion, density separation with NaCl
(density: 1.2 g cm™), and centrifugation, achieving high recovery
but encountering limitations like prolonged processing and
inadequate extraction for dense plastics such as PVC. This
modified density separation method combined with
centrifugation was implemented to enhance sustainability and
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TABLE 1 Overview of studies employing electron microscopy and related imaging techniques for the identification and characterization of MPs in

soil environments.

Sample type

Sample preparation method

Microscope type

Particle size range

Reference

Soil core samples Density separation: Nal SEM MPs: <5 mm; analyzed particles: 0.45- = Zhang et al. (59)
5 mm.
Soil samples Soil samples were air-dried, milled SEM PS-MP size: 0.047 um Luo et al. (60)

Soil samples

and sieved.

Digestion: H,0,
Density separation: NaCl and ZnCl,
or NaBr.

Digital stereo microscope

Analyzed MPs particles ranged from
15 um to 5 mm.

Gupta et al. (61)

Soil samples from
vegetable fields.

Soil samples from five
land-use types.

Soil samples

Soil samples from
paddy fields.

Agricultural soils

Density separation: Nal
Digestion: H,O, (35%) and FeSO,.

Density separation: ZnCl,
Digestion: H,0O, and FeSO,.

Density separation: NaCl

Density separation: NaCl
Digestion: 30% H,O,

Density separation: ZnCl,

Dissection microscope

Digital stereo microscope

SEM, Optical microscope

Stereomicroscope and SEM

Metallographic microscope

0.05-10 mm; 95% of particles were
MPs (0.05-1 mm).

MPs: 20 pm to 5 mm.

PET MPs: <50 um (16.96%), 50-158
um (43.01%), 158-355 pum (31.71%),
355-700 um (8.3%).

MPs ranged from 0.021 to 4.996 mm

MPs: 0-5 mm, 87.08% <0.5 mm,
8.30% 0.5-1 mm, 4.62% 1-5 mm.

Zhang and
Liu (47)
Yoon et al. (62)

Hu et al. (63)

Yang et al. (64)

Yang et al. (65)

Soil samples

Soil samples

Soil was air-dried, mixed with leaf and
root materials, and treated with
fluorescent microspheres.

Soil samples were air-dried, sieved, and
mixed with MPs.

Fluorescence microscope with
phase contrast and
fluorescence modes

Confocal Laser Scanning
Microscope (CLSM), SEM, and
Optical Fluorescence Microscope.

Microspheres used were 1-5 pm
in diameter.

MPs ranged from 29 pm to 485 um.

Kanold et al. (66)

Kim et al. (67)

Paddy soils

Agricultural soils

Density separation: NaCl
Digestion: 30% H,0,

Density separation: NaCl and CaCl,
Digestion: 30% H,0,.

SEM,
Stereomicroscope

Metallographic microscope with
digital camera, and SEM

MPs ranged from 0.042 to 4.856 mm.
F4, F10 soils: 1-3 mm, NF soil: 55.3%
<1 mm.

MPs: 0-0.49 mm (81%), 0.5-0.99 mm,
1.00-1.99 mm, 2.00-5.00 mm.

Yang et al. (68)

Ding et al. (69)

Soil samples

Surface soil samples.

Agricultural soils

PS-MP particles were pre-aged in soil.
Soils were mixed with PS-MP.

Digestion: 30% H,O,
Density separation: NaCl and ZnCl,

Density separation: ZnCl,

Laser Scanning Confocal
Microscope (LSCM) and SEM.

Optical microscope
Optical Microscope and Laser

Direct Infrared Imaging
Analysis (LDIR)

PS-MP size: 24.65 + 5.20 um.

MPs sizes: 0-0.1 mm, 0.1-0.5 mm,
0.5-1.0 mm, 1.0-5.0 mm.

MPs: fibers (<5 mm), polyester wool
fibers (<5 mm), polypropylene
granules (360-600 um)

Liu et al. (70)

Tang and
Luo (71)

Adhikari
et al. (72)

Agricultural soils

Loamy sandy soil
mixed with six types
of MPs.

Agricultural
Chernozem
soil samples

Wet sieving was used to separate particles.

MPs were prepared by cryo-milling,
sieving, and sterilizing by microwaving.

Microparticles added to soil, homogenized

manually, and incubated.

Stereomicroscope with
transmitted light

Optical microscopy, SEM

SEM

MP particles ranged between 1 and
5 mm.

PA beads: 15-20 pm; PES fibers: 5000
pum length, 8 um diameter; PET
fragments: 222-258 um; PP: 647-754
um; PS: 547-555 m.

Microparticles ranged 10-200 um,
most 90-100 um.

Harms et al. (73)

Machado
et al. (74)

Wiedner and
Polifka (75)

Artificially prepared
soil samples.

Soil samples from
coastal wetland regions

Digestion: 30% H,O,

Soil samples spiked with manually
sheared PE MPs, mixed with
environmental materials

SEM combined with Raman
spectroscopy (SEM-Raman).

Light microscope and
fluorescence microscope

PS MPs: 45 um, 10 um; PET MPs:
40 pm.

MPs: 0.5-5 mm, divided into 0.5-1
mm, 1-5 mm.

Li et al. (76)

Huang et al. (77)
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TABLE 1 Continued

Sample type Sample preparation method

Loess, sandy, and Soil samples dried, sieved, mixed with
clay soils LDPE and PP MPs

and analysis

Microscope type

Stereoscopic microscope equipped
with camera for imaging

10.3389/fs0il.2025.1614075

Particle size range Reference

LDPE: <150 pm (50%), 50-100 um

(22%), 100-150 um (23%); PP: <100
um (0.21%), 100-250 um (38.13%),

>250 pm (58.35%).

Zhang et al. (33)

This summary includes sample preparation protocols, microscope types (e.g., SEM, confocal laser scanning, fluorescence), and particle size ranges.
PVC, Polyvinyl chloride; PET, Polyethylene terephthalate; PES, Polyethersulfone; PS, Polystyrene; PP, Polypropylene; LDPE, Low-density polyethylene; PS, polystyrene.

efficiency while reducing reagent consumption and waste
generation (Table 2; 95). Recovery experiments using certified
soils spiked with standard MPs demonstrated a recovery rate
exceeding 91% for larger MPs (3-5 mm) and over 69% for
smaller MPs (15-300 pm).

Alternative oil-based extraction methods demonstrated
promising results, such as canola oil (84), castor oil (85), and
olive oil (86, 87), though challenges remain in extracting high-
density MPs (Table 2). Pre-treatment with Fenton’s reagent
facilitated organic matter removal, and extraction was performed
using polytetrafluoroethylene (PTFE) cylinders. To validate the
method, soil and compost samples were spiked with six MPs:
polyethylene (PE), polystyrene (PS), PVC, polycarbonate (PC),
polyethylene terephthalate (PET), and polyurethane (PU).

Bioremediation offers eco-friendly alternatives, utilizing
microbial degradation processes involving bacteria, fungi
(Pseudomonas sp., Bacillus sp., and Aspergillus sp.), and enzymes
such as PETases and laccases (89, 96). However, efficiency depends
on polymer characteristics and environmental conditions,
indicating the need for further optimization.

Despite the increasing volume of research on MPs
contamination in soils, many analytical techniques are adapted
from methods originally designed for aquatic environments. These
adaptations often fail to fully account for the complexities of soil
matrices, leading to challenges in sample preparation and analysis.
Developing green, renewable, and cost-effective materials for MPs
removal remains a significant challenge. The use of bio-based filters
and green solvents is emerging as a promising approach for MPs
extraction across various environments. Bio-based filters using
biodegradable materials like cellulose and chitosan demonstrate
potential for MPs removal (97, 98). Sun et al. (90) evaluated the
potential of biodegradable chitin-based sponges enhanced with
graphene oxide (GO) and oxygen-doped carbon nitride (O-C;N)
for efficient MPs removal from water. The sponges exhibited high
removal efficiencies (71.6%-92.1%) for MPs (~1 um) with varying
surface charges, primarily through adsorption mechanisms such as
electrostatic interactions, hydrogen bonding, and m-m interactions.
These materials demonstrated biocompatibility, mechanical
durability, and reusability for up to three cycles, while also being
biodegradable in soil. However, incorporating GO and O-C3;N,
increases production costs, posing scalability challenges.
Furthermore, rapid degradation of these materials may lead to
secondary pollution through the release of potentially harmful
byproducts. These factors emphasize the need for further
optimization, particularly for large-scale applications and real-
world implementation.
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Liu et al. (91) introduced cellulose nanofiber-coated delignified
wood (CNF-CDW) as an efficient MPs filter. Wood, an abundant
and biodegradable natural resource, is widely used in construction,
energy storage, water remediation, and flexible electronics. Its
porous structure, composed of cellulose, hemicellulose, and lignin,
provides an ideal network for filtration and adsorption processes.
Balsa wood was selected as a renewable raw material, and various
delignification methods were applied to enhance its surface area and
pore structure, optimizing MPs removal efficiency. The CNF-CDW
filter effectively removed PS MPs, with performance influenced by
CNF concentration, CaCl, concentration, and wood chip thickness.
Optimizing CNF-wood interactions under diverse environmental
conditions could further enhance filtration efficiency.

Green solvents offer environmentally benign alternatives to
traditional chemical solvents, which often contribute to pollution.
These solvents facilitate the extraction of MPs from contaminated
soil, water, and sediments while exhibiting low toxicity and
biodegradability. Among them, Deep Eutectic Solvents (DES)
have garnered attention due to their tunability, biodegradability,
and lower toxicity compared to conventional solvents. DES are
typically formed by combining naturally occurring compounds,
such as choline chloride and urea, to create eutectic mixtures with
reduced melting points.

Recent research has explored the use of hydrophobic Natural
Deep Eutectic Solvents (NADES) as novel extraction media for
micro- and nanoplastics. Hydrophobic NADES are particularly
promising due to their low toxicity and cost-effectiveness. In
2023, three hydrophobic NADES were investigated for MPs and
nanoplastic extraction (92). Experimental studies demonstrated
extraction efficiencies of 50%-93% for PET, PS, and polylactic
acid (PLA) from water samples. Extraction rates depended on
particle size, zeta potential, and specific interactions between
NADES molecules and plastic surfaces. Molecular dynamics
simulations revealed strong interactions between PLA and PET
with NADES, particularly in decanoic acid:menthol (1:1 and 1:2)
systems, resulting in high extraction efficiencies. PET exhibited
slightly lower performance at the two-hour extraction mark,
except in thymol:menthol (1:1), where it matched PLA.
Conversely, PS showed minimal interactions with NADES,
leading to reduced extraction rates. Ishtaweera et al. (93)
introduced a highly efficient nanoplastic extraction method using
hydrophobic deep eutectic solvents (HDES) via liquid-liquid
extraction. Among ten tested HDES systems, three eutectic
mixtures—1:2 tetrabutylammonium bromide:decanoic acid, 1:2
tetraoctylammonium bromide:decanoic acid, and 1:1 thymol:
menthol—demonstrated exceptional performance, achieving
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TABLE 2 Comparison of different natural-based methods for MPs extraction.

Method

Density Separation
(NaCl-Sucrose Mixture)

Modified Density Separation with
Centrifugation
(QuEChERS-inspired)

Advantages

- Cost-effective and widely used

- Environmentally friendly compared to ZnCl,
- Based methods

- Effective for MPs in the 500 pm -

3 mm range.

- High recovery rates (>91% for large MPs,
>69% for small MPs)

- Reduced toxic reagent use and waste
generation

- Environmentally sustainable (AGREE
score: 0.66)

Limitations

- Not suitable for high-density MPs (e.g., PVC).
- High viscosity of sucrose solution complicates
retrieval

- Requires optimization for smaller MPs

- Long processing time due to digestion and
centrifugation

- Fluorescence interference from soil matrices
- NaCl (1.2 g cm™) insufficient for high-
density MPs

10.3389/fs0il.2025.1614075

References

Bellasi et al. (82)

Rede et al. (83)

Oil-Based Extraction
(Canola, Castor, Olive Oil)

- High recovery efficiency (>96%)
- No need for oxidation steps
- Broad applicability across soil types

- Lower efficiency for high-density MPs (e.g.,
polyamide, PVC)

- Requires further validation for different
soil compositions

Crichton et al. (84)
Mani et al. (85)
Scopetani et al. (86)
Lekse et al. (87)

Bioremediation
(Microbial Degradation)

- Eco-friendly and sustainable

- Potential for complete mineralization of MPs
- Utilizes naturally occurring bacteria and fungi
(e.g., Pseudomonas sp., Bacillus sp.)

- Slow degradation rates

- Strongly influenced by polymer properties and
environmental conditions

- Requires enzyme optimization for scalability

Hansda et al. (88)
Cardenas-Alcaide
et al. (89)

Bio-Based Filters
(Cellulose, Chitosan, CNF-CDW)

Green Solvents
(NADES, HDES)

- Renewable and biodegradable
- High removal efficiency (71.6%-92.1%)
- Reusable up to three cycles

- Low toxicity and biodegradable
- High extraction efficiencies (50%-98.4%)
- Selective separation of MPs and nanoplastics

- Production costs increase with graphene oxide
(GO) or oxygen-doped carbon nitride (O-C3Ny)
- Scalability challenges

- Risk of secondary pollution due to

material degradation

- Extraction efficiency varies with plastic type and
zeta potential
- PET and PS show different affinities for NADES

Sun et al. (90)
Liu et al. (91)

Hunter et al. (92)
Ishtaweera et al. (93)
Zhang et al. (94)

PVC, Polyvinyl chloride; PET, Polyethylene terephthalate; PS, polystyrene.

98.4% extraction efficiency for polystyrene nanoparticles (100-1000
nm). Further advancements in HDES technology involve the
incorporation of lignin-derived HDES, leveraging lignin
abundance and renewability for enhanced sustainability. Zhang
et al. (94) synthesized and evaluated five lignin-derived HDESs
for nanoplastic extraction. The study identified Thymol-2,6-
dimethoxyphenol (1:2) as the most promising candidate due to its
stability and superior extraction efficiency for PET and PS
nanoplastics. The primary extraction mechanisms involved
hydrophobic interactions, hydrogen bonding, and =n-m
interactions. While adsorption onto HDES was the rate-limiting
step for most plastics, diffusion of PET NPs toward the HDES phase
became the limiting factor in dilute solutions. This study
underscores the potential of lignin-derived HDES for scalable
nanoplastic remediation.

Natural Deep Eutectic Solvents (NADES) and HDES present
promising, sustainable alternatives to conventional MPs extraction
methods. Their integration with natural filtration or bioremediation
techniques could significantly reduce environmental footprints and
enhance plastic pollution remediation. By refining these green
solvent systems and optimizing their application in real-world
scenarios, researchers can advance more effective and scalable
solutions for tackling MPs contamination.

Frontiers in Soil Science

- Cost and scalability remain challenges

5 Microplastic identifications

The identification of MPs is typically accomplished through two
distinct methodologies. The first method is based on morphological
characterization, while the second method is based on chemical
characterization (Figure 3). Morphological characterization
techniques are indicated for various analyses, including size
determination, optical properties, depth profiling, component
distribution, and detailed surface morphology. Chemical
characterization pathways are differentiated based on the intent to
quantify chemical species and the presence of interfering substances
(water, pigments, or organic compounds), leading to specific
analytical techniques such as pU-FTIR, Raman spectroscopy,
chromatography, and thermal analysis.

5.1 Microscopic identification

5.1.1 Light microscopy

MPs ranging in size from 1 to 5 mm are generally identified
through visual inspection via the naked eye or an optical
microscope (99; Figure 3). Their distinction of MPs from non-
plastic materials is based on physical characteristics such as color,
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shape, and light transmission properties (99). Optical microscopy
facilitates the identification of smaller MPs within this size range
that may not be accurately detected by the naked eye and has been
recognized as an economical method to identify MPs by forming a
magnified image of the sample using image contrast of the light
reflected from the sample. However, visual inspection has been
reported to have an error rate ranging from 20% (100) to 70% (101),
with the error rate increasing with decreasing MPs size. This is
particularly due to the difficulty in differentiating potential MPs
with certainty from sand grains, natural biopolymers such as chitin
etc., leading to a high number of false positives and negatives (102).
Furthermore, optical microscopes are diffraction-limited,
contributing to the inaccurate identification of particles with sizes
closer to the diffraction limit. Thus, visual inspection is not used as a
stand-alone technique. Instead, it is commonly used as a pre-
sorting/pre-selection tool prior to a more detailed and accurate
chemical analysis. Nevertheless, researchers have also devised
mechanisms to avoid false positive identification of MPs through
visual inspection by prodding uncertain particles with the needle
(103), using hot needle tests (103) and subjecting the MPs to high
temperatures for short duration (33).

5.1.2 Fluorescence microscopy

Staining samples with fluorescent dyes is a widely employed
approach to facilitate the identification of MPs in environmental
samples using fluorescence microscopy (Figure 3). The inherently
hydrophobic nature of most plastic polymers enables their affinity
for lipophilic fluorescent dyes; however, this property is not
exclusive to plastics and may also be shared by other hydrophobic
non-plastic particles present in complex environmental matrices,
making selective staining of MPs challenging. The problem is
further compounded by the absence of standardized staining
protocols, resulting in methodological variability across studies
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(104). The limited availability of suitable fluorescent dyes
represents a significant challenge for reliable MPs detection, with
Nile Red being the most commonly employed stain due to its strong
affinity for hydrophobic polymer surfaces (105). Although the
application of Nile Red (NR) staining in aqueous samples is well-
established, it presents challenges such as dye precipitation and
aggregate formation in water, which can lead to false-positive
fluorescence signals (106). These issues, along with concerns
regarding dye stability over time, have significant implications for
protocols involving marine sample analysis (105). However, NR-
based methods have also been adapted and validated for solid
environmental matrices, including soils and sludge. For instance,
Kang et al. (107) demonstrated the effectiveness of a modified NR
plate method (NR-P), which enhances MP detection in complex
matrices like sewage sludge, where conventional staining often fails
due to the presence of organic matter. Similarly, the NR technique
has been successfully applied in terrestrial samples such as street
dust, sludge, and soils with high organic content, following
appropriate pretreatments (108, 109). Despite its limitations, NR
staining combined with robust sample preparation and fluorescence
microscopy continues to be a widely used approach for detecting
MPs across various environmental matrices, including both aquatic
and terrestrial systems.

5.1.3 Electron and other microscopy techniques
Unlike optical microscopy, electron microscopy is not limited
by the diffraction limit; thus, very small particles which cannot be
identified accurately using an optical microscope can be visualized
through an electron microscope because, in contrast to the former,
in electron microscope sample illumination is done using a high-
energy electron beam as compared to visible light — the shorter
wavelength of the electron beam results in higher resolution (110,
111; Figure 3). Visualization of samples using electron microscopy
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requires the surface to be electrically conductive. Therefore, an
additional sample preparation step is often necessary, wherein the
particles of interest are coated with a thin metallic layer to enhance
their conductivity, thereby improving image quality. Electron
microscopes are broadly classified based on their imaging
principles into scanning electron microscopes (SEM),
transmission electron microscopes (TEM), and reflection electron
microscopes (REM). Among these, SEM is the most widely
employed, either as a standalone technique or in conjunction
with chemical characterization methods such as Raman
spectroscopy or Fourier-transform infrared (FTIR) spectroscopy,
to detect and identify MPs within the size range of 1 pum to
1 mm (112).

Various types of microscopes are used for identifying MPs,
each with distinct advantages and disadvantages (Figure 3;
Table 1). Scanning Electron Microscopes (SEM) offer high-
resolution imaging and detailed surface morphology analysis but
are expensive and require extensive sample preparation. Digital
stereo microscopes are user-friendly and cost-effective for three-
dimensional observations but lack the resolution needed for
smaller MPs. Optical microscopes are widely accessible and
simple to use, yet their resolution is limited for particles smaller
than a few micrometers. Metallographic microscopes are excellent
for analyzing the structure of metallic contaminants within MPs
but are specialized and less versatile. Fluorescence microscopes
enable the differentiation of MPs from other materials by using
dyes or autofluorescence, though their application is limited to
fluorescent particles. Confocal Laser Scanning Microscopes
(CLSM) provide 3D imaging and better depth resolution but are
expensive and time-intensive. SEM combined with Raman
spectroscopy (SEM-Raman) integrates the strengths of high-
resolution imaging and molecular characterization, though it is
cost-prohibitive and requires skilled operation. Finally, while light
microscopes and fluorescence microscopes are widely used for the
initial screening of MPs, they cannot provide the molecular-level
insights or high resolution that advanced techniques like SEM or
SEM-Raman can deliver. Each method must be chosen based on
the size, composition, and detail required for MPs analysis. Studies
on the identification of MPs using electron microscopes are

summarized in Table 1.

5.2 Polymer analysis

521 FTIR

Fourier-transform infrared spectroscopy (FTIR) is the most
used method for identifying MPs (113, 114; Table 3). This method is
used to accurately find out what chemicals are in MPs, which makes
it easier to tell the difference between polymers and other chemicals
in the sample (113). FTIR analysis produces an infrared spectrum
for each MPs. The basis is predicated on the principle that the
spectrometer signal, referred to as infrared absorption bands of the
polymer under examination, is dependent upon changes in the
permanent dipole moment of a chemical bond, thereby making it
sensitive to the polar functional groups included in various plastic
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polymers. FTIR is a surface-based method that needs no plastic
particles in any film, coating, or substance in order to identify it
correctly (127). External variables, such as the presence of organic
materials or water, can affect its spectral quality (128). Prior to FTIR
analysis, samples must undergo complete drying to prevent
moisture from affecting identification accuracy (129). Under
precisely controlled experimental circumstances, the FTIR
method has efficiently evaluated the degradation of MPs (130).
Weathering processes, such as photooxidation from sunlight
exposure, often cause degradation, leading to structural
alterations and fragmentation (131). The first stages of this
process include the formation of new C-O, C=0O, and O-H
bonds during oxidation on the exposed MPs surfaces, a
phenomenon that may be seen and quantified by IR spectral
analysis (132).

Users of FTIR can change basic settings like spectral range,
spectral resolution, number of scans per spectrum, measurement
method, and background sample collection (133). The spectral
resolution, commonly ranging from 32 to 4 cm™, indicates the
quantity of information produced at each collecting point, with a
standard resolution of 4 cm™ (133). Typically, once the sample has
been included, the analyst utilizes a spectral range of 3800-900 cm™
at a resolution of 8 cm™!, performing 6-30 sample scans (134). Data
obtained using FTIR can be compared with an online spectrum
library including polymer reference libraries, user-generated
libraries, or scientific journals (135). FTIR analysis indicates the
most likely polymer identification of the particle (136).

The micro Fourier Transform Interferometer (L-FTIR) devices
provide spatial resolutions of up to 5 um (137). This technique
requires a minimum sample thickness of 150 nm (137). In general,
FTIR is very consistent and does not change based on sample color,
fluorescence, or other factors. This means it can be used to find MPs
with a diameter of more than 20 um or materials with strong polar
functional groups (138). The FTIR spectroscopy has been extended
over the years to investigate particles measuring 10-20 um by
methods like W-FTIR, attenuated total reflectance FTIR (ATR-
FTIR), and focal plane array FTIR spectroscopy (FPA-FTIR)
(139, 140). Each method has its own benefits: u-FTIR can look at
MPs bigger than 10 pm, ATR-FTIR is used for particles bigger than
500 um, and FPA-FTIR makes it easier for machines to find MPs
bigger than 20 um (141). Each method has specific benefits and
limitations, hence, the optimal methodology is dependent on the
sample matrix (129).

Specular reflection, transmission, and attenuated total reflection
are the three primary modes of Fourier transform infrared
spectroscopy (142). The operational mode may be flexibly
selected depending on the attributes of the samples. The specular
reflection technique measures the energy that the particle’s surface
reflects, as opposed to the energy that the particle transmits. This
technique offers the advantage of requiring minimal sample
preparation; however, it is applicable entirely to particles having a
flat and reflective surface. This technique may not be suitable for
weathered MPs with irregular shapes. The transmission technique
requires setting a MPs particle between the infrared beam and the
detector. The infrared beam of light transmits through the sample,
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TABLE 3 Summary of studies employing Fourier Transform Infrared (FTIR) spectroscopy for MPs identification in various soil matrices, detailing sample preparation methods, FTIR modes, analyzed size ranges,
MPs densities, identified polymer types, and key findings.

Sample type

Various soil

Metropolitan soil

Agricultural soils

Agricultural soils

Sample preparation
method

Density separation was

performed with ZnBr,

Density separation was
performed with ZnCl, solution

Density separation was
performed with NaCl
and ZnCl,

Extracting MPs using olive oil

FTIR mode

ATR-FTIR

FTIR using a multi-
point ultrafast
mapping detector

ATR-FTIR, p-FTIR

Microscope FTIR using
FPA, ATR-FTIR

Analyzed size range

>70 um

20 - 500 um

20 um - 2 mm

0.2-2 mm with ATR-FTIR;
5 um - 300 um with
microscope FTIR

MPs density

Ranged from 1097 to
5047 MPs kg™

Ranged from
195 to 306 MPs kg™

Identified
polymer types

PE,
PES, PET, PTFE

PE, PP, PS, PMMA, PU,
CA, PET, PET

PE, PP, PET

PE, PU, PS, PC, PVC, PET

Key findings

HGMS is an efficient and reliable
alternative to traditional MPs
separation in soil.

PU was most common in
residential soils, mainly as black
fragments. Agricultural soils had
fewer MPs due to organic
matter interference.

Smaller MPs (<200 pum) were
more common in tilled land and
between greenhouses, likely due to
film weathering over time

Compatible with FTIR, there are
no significant changes in MPs’
spectra or morphology
post-extraction.

Reference

Ramage et al. (115)

Yoon et al. (62)

Park and Kim (116)

Scopetani et al. (86)

Agricultural soils  Density separation was U-FTIR, 0.042 - 4.856 mm Ranged from PES, PE Filmy MPs undergo significant Yang et al. (68)
performed by air flow ATR-FTIR 76.2 to 159.6 MPs kg'1 weathering in soil, increasing
oxygen-containing groups on
PE films.
Agriculture soil Density separation was u-FTIR 80 pum - 300 pm Ranged from Acrylates, PU, PE, PP, PS, MP pollution was highest in Corradini et al. (117)
performed with NaCl <200 to 540 MPs kg'1 NBR, PES, PA, PLA managed lands, with acrylates as
and ZnCl, the dominant polymer.
Agriculture soil Density separation was u-FTIR Min. detectable size: 50 um; Ranged from PE, PP, EVA, PES, PU, Organic fertilizers and irrigation Guo et al. (118)

performed with ZnCl,

Dominant size: 1-2 mm.

445.3 to 896.5 MPs kg

nylon, PLA, PAN,
PET, POP.

water were major MPs sources.

Anthropogenic
soil

Density separation was
performed with saturated
NaCl solution

FTIR-ATR using the
KBr pellet method

1 um - 2 mm

PE, CA

MPs in landfill soil highlight
landfills as long-term
contamination sources in
terrestrial ecosystems.

Afrin et al. (119)

Agricultural soils

Agricultural soils

Soil samples were wet-sieve,
visually inspected

Density separation was
performed with ZnCl,:
CaCl, solution

ATR-FTIR

ATR-FTIR

1-5 mm

0.1-5 mm

Ranged from 0 to 217.8
MPs kg

Ranged from 10 to 7630
MPs kg*

PE, PP, Nylon, PA,
PVDF, PMMA

PP, PE, PS, PVC, PVA, PU,
PTFE, PET, acrylic, nylon,
epoxy resin, rayon, ABS,

PE was the dominant polymer,
likely from mulching films and
silage bags.

MP density declined with depth
despite regular ploughing.

MP abundance was highest in
greenhouse soils, likely from
greenhouse films.

Harms et al. (73)

Kim et al. (120)

(Continued)
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TABLE 3 Continued

Sample type

Sample preparation
method

FTIR mode

Analyzed size range

MPs density

Identified
polymer types

PC, PAN,
ASA, PI

Key findings

Reference

Biowaste soil

Landfill soil

Density separation was
performed with Nal

Density separation was
performed with LMT

u-FTIR

ATR-FTIR
using microscope

500 - 1000 pm fragments and
100 - 500 um beads

Small MPs (<1 mm); large
MPs (1-5 mm)

Ranged from 73.4 to
97.8 MPs kg™

PP, PE, PS, PA, PET,
ABS, PVC

PE, PP
PET, PS, nylon,
PMMA, PVC

The method achieved high MPs
recovery across biowaste types
with minimal polymer
degradation, ensuring

effective isolation.

Secondary MPs contamination was
higher than primary
MPs contamination.

Ruffel et al. (121)

Kim et al. (122)

Agricultural soil Density separation was ATR-FTIR Small MPs: 10 - 100 pm; Ranged from 138.9 to PP, PE, PS PET, Nylon FTIR identified six dominant Gupta et al. (61)
performed with NaCl and large MPs: 100 - 5000 pum. 445.6 MPs kg polymers (PP, LDPE, HDPE, PS,
ZnCl,/NaBr PET, Nylon) in soil, mainly as
fibers and fragments.
Agricultural soil Density separation was ATR-FTIR 500 um - 5 mm Ranged from 6.95 to PE, PP, PVC, PS, PET PE and PP were the dominant Singh et al. (5)
performed with NaCl solution 30.75 MPs kg™ polymers in both regions.
Agricultural soils  Density separation was u-FTIR 0.09 - 3.79 mm Ranged from 81 to 321 PE, PES, Nylon, CR, PP, MPs were mainly found in the top | Heerey et al. (123)
performed with NaCl and MPs kg™ PMMA, ABS 35 cm.
ZnCl, solutions
Anthropogenic Density separation was FTIR using the KBr 2-5 mm - PET, PE, PVC, PP, PS, PA, MPs were widespread in soils, with | Musthafa and
soil performed with MgCl,, KCI pellet method PC, PMMA polymers linked to specific sources | Mandal (124)

and ZnCl, solutions

and land uses.

Various soil Density separation was TGA-FTIR 5um - 2 mm Ranged from 0.047 to PE, PP, PET, ABS Field soils showed high spatial Chen et al. (125)
performed with Nal/ 0.05 to mg MPs kg variability in MPs concentrations,
NaCl solution highlighting uneven
biosolid application.
Agricultural soils Density separation was U-FTIR 10 - 500 um Ranged from PE, PP, PS, PES, FTIR showed higher MPs Heinze et al. (30)
performed with NaCl and 0.06 to 1.5 mg MPs kg acrylics, PA accumulation in sewage sludge-
ZnCl, solutions treated soils than in mineral
fertilizer-treated soils.
Greenhouse soil Flotation with Nal U-FTIR 0.02 - 5.0 mm Ranged from 660-1200 PE, PP, PA, Rayon, PES PE and PP accounted for 45.2% Fu et al. (126)

ABS, Acrylonitrile Butadiene Styrene; ASA, Acrylonitrile Styrene Acrylate; CA, Cellulose Acetat; CR, Chloroprene rubber; EVA, Ethylene Vinyl Acetate; NBR, Nitrile Butadiene Rubber; PA, Polyamide; PC, Polycarbonate; PAN, Polyacrylonitrile; PE, Polyethylene; PES,
Polyethersulfone; PET, Polyethylene terephthalate; PI, Polyimide or Polyisoprene; PLA, Poly Lactic Acid; PMMA, Poly(methyl methacrylate); POP, Polyolefin Plastomers; PP, Polypropylene; PS, Polystyrene; PTFE, Polytetrafluoroethylene; PU, Polyurethan; PVDF,

Polyvinylidene fluoride; PVC, Polyvinyl chloride.

MPs kg!

and 37.4% of total
MPs, respectively.
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with the detector determining the transmitted light to generate a
spectrum. Transmission generates high-quality spectra from
various polymer types, including soluble, thin, and dark polymers
and powders (143). Attenuated Total Reflection exists in two forms:
single-reflection ATR and multi-reflection ATR. Both techniques
utilize a crystal as the internal reflection element. Typically,
diamond, zinc selenide, or germanium make up the crystal due to
their hardness, durability, and elevated reflective index. For both
types of ATR to work, the particle must be in close contact with the
crystal, which is placed between the source and the detector (143).
This mode creates a steady wave that makes it easier to prepare
small samples and get better data on opaque and irregularly shaped
MPs, such as MPs that are as small as the IR beam aperture and
MPs that are bigger than 500 um (144, 145).

The main goal of doing FTIR analysis is to determine the
polymer composition of the measured MPs. This method makes it
easier to learn important things about where these particles come
from and tells the difference between synthetic polymers and non-
synthetic materials in the MPs count (Table 3).

5.2.2 Raman spectroscopy

Similar to Fourier-transform infrared (FTIR) spectroscopy,
Raman spectroscopy is widely employed for polymer
identification in MPs research (146; Table 4). This technique
utilizes laser beams to analyze the distinct molecular and atomic
structures of polymers by measuring the frequencies of
backscattered light. Compared to FTIR, Raman spectroscopy
offers superior spatial resolution and enhanced sensitivity to
nonpolar functional groups (155). With a detection limit as low
as 1 um-—significantly smaller than that of FTIR—Raman
spectroscopy enables high-resolution imaging, allowing for MPs
quantification in the range of 2.2 x 10* to 6.9 x 10° particles per
kilogram (33, 156). Raman imaging is achieved by collecting
spectral data from individual pixels, facilitating detailed
visualization of MPs particles (157).

Raman spectroscopy presents several advantages in MPs
analysis, including (i) low sensitivity to water, allowing for the
examination of wet samples, (ii) the capability to analyze non-
transparent and dark-colored particles, and (iii) reduced
dependency on particle shape and thickness (158, 159). Raman
spectroscopy offers several advantages; however, it also faces
notable limitations in MPs identification, particularly due to
fluorescence interference from biological, organic, and inorganic
contaminants, which can hinder its application to real
environmental samples (12, 110). Consequently, pre-purification
of samples is often required, increasing the overall analysis time
compared to FTIR (159). Furthermore, additives within MPs and
surface-bound contaminants can lead to overlapping Raman
spectra, making polymer identification more challenging (160).
The use of monochromatic laser light sources in Raman
spectrometers may also induce photochemical or thermal
degradation of MPs polymers, further hindering accurate analysis
(161). Furthermore, Raman spectroscopy requires manual selection
of regions for imaging, making the detection process time-
consuming and technically demanding (162).
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Optimized Raman techniques, such as micro-Raman
(u-Raman), have been developed to enhance MPs analysis.
Similar to u-FTIR, p-Raman integrates an optical microscope,
enabling the spatial and chemical characterization of plastic
particles at a spatial resolution of 1 pum, even for particles as
small as 10 pm (163). While Raman spectroscopy is a powerful
tool for MPs detection, the development of standardized protocols
is essential for its widespread application. A multidisciplinary
approach is required to optimize the entire analytical workflow,
from sample collection to spectral acquisition, to ensure accuracy
and reliability in MPs identification.

5.2.3 Photoluminescence spectroscopy

Photoluminescence spectroscopy (PLS) is an emerging
analytical technique in the field of MPs detection that works on
the PL principle, i.e. optical excitation of a material will be followed
by the emission of light at a longer wavelength than the excitation
source due to energy loss seen by the excited carriers in internal
conversion processes (164). In 2018, the first report of PLS
measurements were made on the quantification of MPs in the
sand samples collected from a beach in Italy for commercial PS
samples and partially oxidized low-density PE by using an
excitation range of 200-775 nm with emission spectra recorded
in the range of 200-800 nm (165). In another piece of research,
(164), successfully identified seven different types of MPs, PS, PE,
PP, PET, polymethyl methacrylate (PMMA), polycarbonate (PC)
and polyvinylidene fluoride (PVDF) using a simple 405 nm laser
diode by monitoring the emission spectra recorded in the 400-800
nm range. It is worth mentioning that the emission peaks for all the
different types of MPs were observed in the 10 nm wavelength
window of 455-465 nm. Another study (166) that used PLS for the
detection of MPs as small as 200 um reported that the emission
spectra are dependent on the excitation wavelength, experimentally
identifying optimal excitation wavelengths of 360 nm for PS and
PET, and 370 nm for PP. This finding underscores a critical
consideration in PLS: the necessity of determining the optimal
excitation wavelength for each polymer type to ensure optimal
detection and characterization.

5.2.4 Chromatographic technology

Except for vibration spectroscopy technologies, such as FTIR
and Raman, chromatography-based technologies are also powerful
tools for analyzing MPs (Table 5). The chromatographic analytical
methods are flexible to be coupled with other techniques, which can
endow different features to analyze MPs. Over the last few years, the
amount of published articles applying chromatographic methods to
analyze MPs has increased (174). The chromatographic methods
mainly include Gas Chromatography (GC), Liquid
Chromatography (LC) and Gel-permeation Chromatography
(GPC), and GC is the most used one to couple with other
technologies to characterize MPs. Gas chromatography coupled
with mass spectrometry (GC-MS) plays an important role in
environmental analysis. In GC-MS, samples are first separated in
GC, and then MS, as the detector can identify the compounds
separated in GC. Nowadays, GC-MS is very well used in studying
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TABLE 4 Summary of studies employing Raman spectroscopy for MPs identification across various soil depths and regions.

Soil depth (cm)

Surface soil (NA)

Extraction method

ZnCl, solution (density = 1.5 g cm’®)

Beijing, China

Raman mode

Raman Spectrometer

Raman spectral
range

50 to 3500 cm ™"

MPs abundance

22001.67 + 24482.34
items/kg

Identified
polymer types

PP, PE synthetic fibers,
PS, PVC, PET

Reference

Zhang et al. (147)

0-10 (NaPO3) solution (0.5 mol L) and Taihu Lake, Raman/Microscopy 50-3500 cm !, 147.2-2040.4 MPs kg™ PE, PP, PET, PE-PP, Hao et al. (148)
Saturated NaCl solution (1.2 g cm) Jiangsu, China incident laser:780 nm PAN, PA, EVA, PVA,
PVC, PS
0-30 Saturated NaCl (1.2 g cm’®) Hainan, China Raman/Microscopy Incident laser:785 15461.52 + 16390.78 PE, PP, PS, PVC Khan et al. (45)
particles kg
0-20 Saturated NaCl (1.2 g cm™) Xiamen, Fujian, China Raman/Microscopy 100-3200 cm !, 280 to 2360 items kg™ PE, PP, PS, PET Liu et al. (149)
incident laser: 780 nm
0-6 Saturated CaCl, (15 g cm’3) and Qinghai-Tibet Raman/Microscopy 3000-100/cm; 43.9 + 22.3 items kg'1 PP, PE, PS, PA, PET, Feng et al. (32)
Saturated NaCl (1.2 g cm’®) plateau, China incident laser: PC, PVC
532 nm)
0-15 ZnCl, solution (density = 1.5 g cm™) Tehran, Iran Raman/ 400 to 3000 cm™, 326-2406 particles/kg ™ PP, PE, PES, PA, PET, Salehi et al. (150)
Confocal Microscopy incident laser: 785 nm PU, PS, PVC, PC
0-10 ZnCl, solution (density = 1.6 g Cm'3) Ahvaz, Iran Raman/ 400 to 800 cm™, 80 to 3135 unit kg’1 PET, Nylon, PP, PS Nematollahi et al. (151)
Confocal Microscopy incident laser: 785 nm
0-10 ZnCl, solution (density = 1.6-1.8 g Fars, Iran Micro Raman 400-1800 cm’}, 9.08 to 45.26 MPs g’1 LDPE Rezaei et al. (152)
cm™) incident laser: 785 nm
0-10 ZnCl, solution (density = 1.6 g cm™) Shiraz, Iran Raman/ NA 92.85 + 119.24 particles kg' | PE, PS, PP, Nylon Hoshyari et al. (153)
Confocal Microscopy
0-5 NaCl (1.2 g cm™) and CaCl, (1.5 g Switzerland Raman Spectrometer Laser wavelengths of 55.5 mg kg’1 to 593 PE, PVC, SBR, PS Scheurer and Bigalke (154)

cm™)

785 and 633 nm

particles kg™

Detailed are extraction methods, Raman operational modes and spectral ranges, MPs abundance, and polymer types identified.
EVA, Ethylene Vinyl Acetate; LDPE, Low-density Polyethylene; PA, Polyamide; PAN, Polyacrylonitrile; PC, Polycarbonate; PE, Polyethylene; PES, Polyethersulfone; PET, Polyethylene terephthalate; PP, Polypropylene; PS, Polystyrene; PU, Polyurethane; PVA, Polyvinyl
Acetate; PVC, Polynynil chloride; SBR, Styrene Butadiene Rubber.
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TABLE 5 Overview of studies utilizing chromatography-based techniques for MPs identification in various soil and sediment matrices.

Chromatography @ Soil type Sample extraction Detected Polymer Reference
method method polymer size/concentration
Py-GC/MS Soil with compost Sieving with water PS, PE <200 um Watteau et al. (167)
HPLC-FTIR Farmland soil Density PP (50.51%), 20 ym - 5 mm Liu et al. (168)
extraction, digestion PE (43.43%)
LC-UV Soil, sediment, compost, Alkaline extraction PET below LOQ- 57000 mg kg'1 169
sewage sludge
Py-GC/MS Soil, algae biomass Solid phase PET, PS, PVC, 1-5 mm Sunta et al. (170)
microextraction, PE, PP
thermal desorption
GPC Agricultural soil gravity separation LDPE <106 pum, 300 um-500 um Bonyadinejad et al. (171)
TD-GC-MS/MS Agricultural soil Pyrolysis adsorption, PE, PET, PS 200-400 um Bartnick et al. (172)
thermal desorption
ICP-MS Farmland soil density separation PP (dominant), <0.3 mm Chouchene et al. (173)
Py- GC/MS small fibers

The table details the chromatography methods applied (e.g., Py-GC/MS, LC-UV, GPC, HPLC-FTIR), soil types, sample extraction procedures, identified polymer types, and size or

concentration ranges.

PS, Polystyrene; PE, Polyethylene; PP, Polypropylene; PET, Polyethylene terephthalate; PVC, Polynynil chloride; LDPE, Low-density Polyethylene.

the pollutants in various environmental sources, such as air, water,
soil, sludge and biological samples (174).

Among different GC-MS technologies, Pyrolysis-gas
chromatography/mass spectrometry (Py-GC/MS) is preferred to
be utilized by many researchers thanks to its high sensitivity, which
enables it to characterize MPs with small sizes (Table 5). This
technique employs heat to degrade polymeric material in a
controlled manner in an inert environment (i.e., one without
oxygen). The polymer degradation products can then be analyzed
using gas chromatography according to their size and polarity
before being examined by a mass spectrometric detector (112).
The resulting chromatographic fingerprints can be evaluated
using well-known reference collections of known polymers. When
optimized and with state-of-the-art equipment, this technology is
superior to FTIR and Raman spectroscopy because it can
characterize particles less than 10 ug, and the use of thermal
analysis in conjunction with GC/MS allows the separation and
analysis of chemical additives as well as the polymeric
material (175).

Compared with GC technology, LC technique is less commonly
used on MPs analysis in environmental samples as can be seen in
the literature. MS and ultraviolet detector (UV) are the main
detectors which are used to couple with LC for MPs analysis.
Recently, ultra-high sensitivity in the quantitative and qualitative
detection of MPs has been attained by developments in LC-MS/MS,
which is especially useful for examining nanoscale fragments in
complex atmospheric environments where traditional techniques
are insufficient (176). Instead of using MS/MS, high resolution mass
spectrometry (HRMS) coupled with LC is able to reach the
instrumental limit of detection (ILOD) of 20 pg and methods
limits of detection and quantification around 30 pg L' and 100
pg L', respectively and this LC-HRMS method is equipped with an
atmospheric pressure photoionization source (APPI) (177). In
2020, Miiller et al. (169) first presented the LC-UV method to
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determine the mass content of PET in soil samples, and this method
is more robust and cost-effective than LC-MS/MS, considering the
ultra-high vacuum required for MS measurement is not required,
and sticky char contaminations and other MS maintenance
procedures are not possible.

Gel Permeation Chromatography (GPC) is a widely used
technique in MPs research for determining the molecular weight
and polymer distribution of MPs in various environmental
samples, including soils, water, and sediments. GPC works by
separating polymers based on their size, with larger molecules
eluting first and smaller molecules following behind, based on
their ability to penetrate the pores of a stationary phase (178).
The determination of position and concentration of functional
groups in polystyrene was reached by Warner et al. (179) showed
that the carbonyl groups of copolymers were evenly distributed on
the polymeric chain. The GPC enables researchers to assess the
environmental ageing of MPs by measuring polymer chain length
changes, which can indicate fragmentation, oxidation, or chemical
alteration. A recent study used GPC coupled with ultraviolet
detection (GPC-UV) to detect and quantify PS-MPs in soil
samples efficiently, improving extraction efficiency with an HCI-
assisted method (76). Another study showed that GPC coupled with
fluorescence detection enables semi-quantitative and selective
identification of common MPs in marine sediments. By utilizing
fluorescence detection at 260/280 nm and 370/420 nm excitation/
emission wavelengths, the method successfully distinguished PS
from partially degraded polyolefins (LDPEox) (165).

Chromatographic techniques, including GC-MS, LC-MS, and
GPC, are also widely used for analyzing MPs in soil. These methods
help identify polymer types, quantify contamination levels, and
assess degradation. Py-GC/MS and LC-MS can provide precise
identification and quantification of polymers, even at low
concentrations. The GPC shows great ability to assess the
degradation of MPs based on analyzing the molecular weight
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differences. With chromatographic technologies, the quantification
of MPs is also reachable and even to a low limit. Plus,
chromatographic techniques are able to be coupled with various
detectors, which gives them flexibility to fit specific samples.
However, extensive sample preparation may be needed before
MPs in soil samples analysis with chromatographic technologies,
such as density separation, filtration and chemical digestion, to
remove the organic interferences. Techniques like Py-GC/MS, are
destructive analysis, which makes analysis of individual particle
morphology unreachable. Chromatographic technologies provide
us the opportunity to analyze MPs in soil with high accuracy of both
identification and quantification and they can be applied in other
environmental sample analyses as well. However, it may require
extensive sample preparation, high-cost instrumentation, and
complementary techniques for a comprehensive assessment.
Combining chromatography with spectroscopic (FTIR, Raman)
and microscopic methods enhances MPs detection
and characterization.

5.2.5 Thermal analysis

Thermal analysis techniques are powerful tools applied to
identify and quantify MPs in complex matrices like soil. Recently,
there has been an increasing number of publications applying
thermal technologies to characterize MPs. These methods rely on
the thermal degradation of polymers, which produce characteristic
gases or degradation profiles that can be detected and analyzed
afterwards. There are various techniques included in thermal
technology, such as py-GC-MS), thermogravimetry (TGA),
hyphenated TGA such as TGA-mass spectrometry (TGA-MS),
TGA-thermal desorption-gas chromatography-mass spectrometry
(TGA-TD-GC-MS), TGA-differential scanning calorimetry (DSC)
and DSC (180; Table 6).

TGA can reach quick screening of MPs, and it is considered a
straightforward method for identifying polymers with easy or even
no sample preparation treatments (180). TGA works by gradually
heating samples in the controlled atmosphere (nitrogen or air)
while consistently recording the weight of samples. Considering

10.3389/fs0il.2025.1614075

that different components decompose or volatilize in corresponding
characteristic temperatures, the mass loss would appear in different
temperature ranges. Therefore, the information of polymers can be
directly provided based on the mass losses in specific temperature
ranges. Another advantage of using TGA is its flexibility of coupling
with various technologies, such as MS, or FTIR. By coupling these
technologies and detecting thermal degradation products, analysis
of MPs in complex matrices can be achieved (186). Yu et al. (187)
employed TGA-FTIR to identify and quantify MPs in mussels,
seawater and soil. The polymers of PVC, PA and PS were
successfully quantified; however, PE, PP and PET were not
distinguishable and cannot be reliably determined by this method.
Still, this method is straightforward and cost-effective (187). Dang
et al. (188) proved that TGA-FTIR coupled with chemometrics can
be applied to perform fast identification and quantification of PS in
three matrices: water, liquid skimmed milk and ground coffee 2024.
With their method, the organic removal steps are not necessary,
though the less the complex matrices, the higher the sensitivity it
has (188). David et al. (181) succeeded in using TGA-MS to direct
PET in soil samples which were spiked MPs recycled from PET
bottles. De la Fuente et al. (189) reached swift and accurate
identification and quantification of PS and PE in organic
amendments with minimal sample pre-treatment and no
limitations on particle sizes. Liu et al. (190) developed the method
of TGA-FTIR-GC/MS to study the mussels from coastal China.
Four types of polymers, PE, PP, PVC and PS were quantified, and
PE was found to be the most abundant type of MPs in
mussels (190).

Differential Scanning Calorimetry (DSC) is another well-used
thermal technology for MPs studies. DSC is a rapid, simple, and
low-cost technology (191), and it investigates thermal properties of
polymers, for instance, melting temperature and glass transition
temperature (192). With the specific polymer temperatures, DSC
presents the possibility to identify and quantify the Semi-crystalline
polymer (PE, PP and PS) of MPs (193). In 2023, DSC was suggested
for the detection of semi-crystalline polymer-based MPs by ISO
24187:2023 (194). The real plastic wastes, including ground lids (PP

TABLE 6 Overview of studies utilizing thermal-based techniques for MPs identification in various soil and sediment matrices.

Analytical

Soil sample type = Sample extraction

method method

Analyzed polymer References

type

Polymer
concentration

TGA-MS Freshwater sediment

Density separation with ZnCl, PET

Not specified

David et al. (181)

TED-GC-MS Compost samples

TGA-FTIR-GC-MS Beach sand samples

TGA-DSC Wastewater

effluent solids

TG-FTIR & TED-
GC-MS

Mixed MPs in soil

TGA-FTIR Environmental samples

Density separation with Nal PE

Various
synthetic polymers

Manual preselection

Filtration and PE, PP
density separation

Density separation PP, PET, PVC
Density separation PVC, PS

1.1-3.0 ug mg™
Not specified

PE: 81 mg m’®, PP:
Not detected

Not specified

Not specified

Wiesner et al. (182)

Nel et al. (183)

Majewsky et al. (184)

Cho et al. (185)

Goedecke et al. (186)

The table details the chromatography methods applied (e.g., TGA, DSC, TGA-MS, TGA-FTIR and TED-GC-MS), soil types, sample extraction procedures, identified polymer types, and size or

concentration ranges.

PET, Polyethylene terephthalate; PE, Polyethylene; PP, Polypropylene; PVC, Polyvinyl chloride; PS, Polystyrene.
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and PS), bottle tops (HDPE) and PET bottles, were analyzed with
DSC by Lee et al. (34) and the masses of different polymers were
obtained by applying Gaussian fitting model for amorphous PS and
Asym 2 sig fitting model for semi-crystalline polymers (PET, PP,
and HDPE) with minor range of errors (34). The TGA and DSC can
be coupled as TGA-DSC technology. Abbasi et al. (195) applied
TGA-DSC method to study a real aquatic environment, Maharloo
Lake and its rivers, and the results showed that hydrogenation of
TGA and DSC can help increase data quality of MPs, including
concentrations and polymer type. Majewsky et al. (184) applied
TGA-DSC to analyze two wastewater effluent samples from a
municipal wastewater treatment plant. The samples contained
240 mg m-> and 1540 mg m-* of solid particles ranging from 12
pm to 1 mm. Of these, 34% (81 mg m-*) and 17% (257 mg m-*),
respectively, were identified as PE. Nevertheless, they found that PE
and PP can be clearly observed as separated peaks, and other
selected polymers (PVC, PA, PES, PET, and PU) suffered from

FIGURE 4

implementing blank controls to ensure data integrity.

Difficulties for taking measures against contamination

Level of the contamination

Hierarchy of contamination risks in MP research and corresponding control measures. The figure outlines major contamination sources—ranging
from sampling to laboratory environment—and presents mitigation strategies such as the use of non-plastic materials, pre-filtering chemicals, and

10.3389/fs0il.2025.1614075

overlapping transition temperatures (184). Except for TGA and
DSC-based techniques, TED-GC/MS allow for the analysis of entire
samples, such as filters containing collected solids, without
extensive handling. This reduces the risk of sample loss and
contamination, ensuring more accurate results (196).

Thermal analysis techniques (e.g., TGA, DSC, TED-GC-MS)
offer powerful capabilities for MPs research, enabling both
quantitative analysis and chemical characterization across diverse
environmental matrices. Unlike microscopy or spectroscopy, these
methods provide unique insights into polymer composition,
degradation behavior, and additive content through mass loss
profiles, thermal transitions, and evolved gas analysis. However,
critical challenges remain: (1) the absence of standardized protocols
hinders reproducibility and inter-study comparisons, and (2)
current thermal methods lack the sensitivity to detect
nanoplastics (<1 um), leaving a key gap in understanding the full
environmental impact of plastic pollution.
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6 Quality assurance and quality
control

Quality assurance and quality control (QA/QC) are crucial in
MPs research to ensure the accuracy, reliability, and comparability
of results. Given the pervasive nature of MPs, contamination during
sampling, processing, and analysis is a significant issue (197, 198).
Without rigorous QA/QC measures, studies risk overestimating or
underestimating MPs concentrations, leading to misleading
conclusions about environmental and health impacts (Figure 4).

One of the primary concerns in MPs studies is the potential for
contamination, which can lead to overestimated concentrations and
misleading conclusions. Common errors in MPs studies include
airborne contamination, the use of plastic equipment, inconsistent
methodologies, subjective identification techniques and lack of
cleanliness of working environments. Airborne MPs, especially
synthetic fibers, can contaminate samples if proper controls are not
implemented. Many studies lack procedural blanks or fail to account for
contamination from laboratory environments. The use of plastic-based
lab materials can introduce synthetic particles, affecting data accuracy.

Furthermore, the absence of standardized methods in sampling,
digestion, and polymer identification makes it difficult to compare
results across studies. To minimize contamination, several measures
should be implemented. Conducting work in controlled
environments such as clean rooms, using procedural and field
blanks, and avoiding plastic equipment are key strategies.
Protective measures such as wearing natural fiber lab coats, using
HEPA filters, and filtering all reagents help to reduce contamination
risks. Standardized sample processing and employing spectroscopic
techniques for polymer identification enhance the reliability of
results. The adoption of rigorous QA/QC measures ensures that
data on MPs are accurate and can be used to assess their
environmental and health impacts effectively.

7 Conclusions and recommendations

The current state of MPs research in soil demonstrates
considerable variability in methodology, resulting in challenges to
data comparability and reliability. To address these issues, we
strongly recommend developing internationally standardized
analytical protocols tailored specifically for soil matrices. Future
research must incorporate robust QA/QC frameworks, including
the systematic use of blanks and controls to minimize cross-
contamination. Enhanced methodological transparency and
consistency will significantly improve data quality, facilitate
comparative studies, and bolster policy-making efforts aimed at
mitigating MPs pollution. Future research should concentrate on
maximizing environmentally sustainable alternatives to improve
the extraction efficiency of MPs from soil, while also enhancing the
selectivity of conventional methods. Employing hybrid procedures
that merge physical and chemical methods may enhance recovery
rates and reduce contamination hazards. Furthermore, progress in
automation and the standardization of extraction procedures is
crucial for guaranteeing reproducibility across various soil types.
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Utilizing multi-technique methodologies, such as SEM-Raman
or fluorescence-assisted imaging, enhances the microscopic
detection of MPs form and composition. Subsequent research
ought to investigate Al-enhanced image analysis to augment
detection precision and minimize manual processing duration.
Standardized protocols for microscopy-based identification will
improve comparability between investigations and augment data
dependability. However, existing pyrolysis-based techniques for
MPs detection possess limitations, including incomplete polymer
identification due to interference from complex soil matrices,
potential polymer degradation, and challenges in accurately
quantifying low-abundance polymers. Similarly, conventional
extraction methods often face limitations in effectively isolating
smaller-sized and lower-density MPs due to their adherence to
organic matter and soil particles, resulting in lower recovery rates
and potential contamination risks.

Additionally, emphasis should be placed on enhancing
interdisciplinary collaboration among environmental scientists,
chemists, soil scientists, and policy-makers to foster
comprehensive and integrated research approaches. Efforts must
also be dedicated to understanding the long-term impacts of MPs
on soil health, microbial communities, and agricultural
productivity, thereby informing sustainable land management
practices. Moreover, international collaborative initiatives should
be encouraged to share knowledge, harmonize research methods,
and standardize reporting practices, ensuring cohesive global efforts
in tackling MPs contamination in terrestrial ecosystems.

Recent advances in machine learning (ML) and automated
high-throughput systems offer promising avenues for overcoming
long-standing analytical challenges in MP and NP detection. The
integration of ML with spectroscopic techniques—particularly
FTIR and Raman spectroscopy—enables efficient and accurate
spectral pattern recognition, substantially reducing human error
and processing time (199). These methods can autonomously
extract multidimensional spectral features, improving detection
sensitivity even in complex environmental matrices. Furthermore,
Al-enhanced chemical imaging workflows now facilitate reliable NP
mapping and quantification through algorithmic image processing
and Gaussian surface fitting (200). Although these technologies
remain underutilized in soil environments compared to aquatic
systems, ongoing developments suggest they will play a crucial role
in future environmental monitoring. A detailed comparative review
of ML models and automated workflows is warranted to establish
standard protocols and evaluate their robustness across various
environmental compartments.

Although this study provides essential insights into MP
contamination in selected soil environments, it does not
encompass comparative evaluations across diverse soil types or
propose a fully tiered analytical protocol; nonetheless, we
underscore the need for standardized, matrix-sensitive workflows
and recommend that future studies develop and validate tiered
frameworks—ranging from rapid screening methods to high-
resolution spectroscopic analyses—to improve methodological
consistency, reproducibility, and applicability across environmental
conditions and regulatory contexts.
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