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Abstract

The environmental concerns about microplastics are growing among scien-
tists, policymakers, and the public. Plastic particles smaller than 5 mm are
known as microplastics, and they come from a variety of primary sources, in-
cluding personal care products and industrial abrasives. Additionally, they
come from secondary sources like the degradation of larger plastics. A growing
number of these particles have been found in soil, aquatic systems, and even
atmospheric samples, highlighting the urgent need for further research into the
origin, fate, and impacts of these particles. In this review, we provide an over-
view of the sources, types, and processes that lead to microplastics entering soil
and water systems, focusing primarily on how wastewater, agricultural inputs,
and industrial discharges contribute to their growth. Several sampling strate-
gies are discussed across environmental matrices, highlighting the challenges
associated with collecting samples that are representative and contamination-
free. In the section on microplastics, a wide range of analytical techniques is
discussed, including microscopy, spectroscopy, thermal analysis, chromatog-
raphy, and mass spectrometry. Although significant progress has been made,
several analytical challenges remain, including the lack of standardized meth-
ods, the identification of nanoplastics, and the limitations of quantification.
Various emerging technologies, including machine learning, biosensors, and
advanced imaging tools, are also explored for their potential to enhance cur-
rent approaches. With this review, we aim to synthesize recent advancements
and persistent challenges to support the development of more robust, sensi-
tive, and harmonized approaches to microplastic analysis, ultimately leading
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to improvements in environmental monitoring and risk assessment.
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1. Introduction

As plastic pollution has become a pressing environmental issue in recent decades,
microplastics are one of its most challenging aspects. A microplastic is a fragment
of plastic less than 5 millimeters in size, which is produced either by the degrada-
tion of larger plastic debris or by industrial and consumer products. Environmen-
tal concerns over their impact on human health and the environment have been
raised in marine, freshwater, terrestrial, and even atmospheric environments [1]
[2]. A primary microplastic, which is used in cosmetics or industrial abrasives, is
deliberately made small, whereas a secondary microplastic is produced when
larger plastic items are exposed to sunlight, wind, and water currents that me-
chanically and chemically degrade [3]. Since microplastics are small and persis-
tent, they are difficult to remove from the environment where they can contami-
nate water and soil. They are also capable of adsorbing and transporting hazard-
ous chemicals [4]. While awareness is growing, microplastics have not been sam-
pled or analyzed universally. Techniques have varied widely across studies, affect-
ing their comparability and reliability. Nanoplastic identification is often difficult
using traditional methods, such as optical microscopy. There are new methods
that offer greater precision, but are also more expensive and technically demand-
ing, including FTIR and Raman spectroscopy, thermal spectrometry, and mass
spectrometry. For effective environmental policies and the advancement of the
field, robust, standardized methods are crucial [5]. In this review, we provide a
comprehensive overview of microplastic sources, sampling methods, and current
analytical techniques. In addition, it examines emerging solutions that promise to
improve the accuracy and consistency of microplastic detection across studies, as

well as the challenges associated with microplastic analysis.

2. Sources and Types of Microplastics

Microplastics are broadly categorized into primary and secondary microplastics

based on their origin.

2.1. Sources of Primary Microplastics

Primary microplastics come from a variety of sources and are a major cause of
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environmental contamination. Microbeads are frequently found in toothpaste,
face washes, and cosmetics, making personal care items one of the main sources.
Synthetic textiles also play a substantial role, with fibers shed from clothing and
fabric products accounting for approximately 35% of primary microplastic pollu-
tion. Vehicle tires are another important source, accounting for around 28% of all
primary microplastics. These tires emit microplastic particles as a result of wear
and tear while driving. The environmental impact of microplastics is increased in
industrial settings by the frequent release of plastic pellets employed in production
processes. Other sources include marine coatings, where boat paints and protec-
tive coatings contribute to plastic pollution in aquatic habitats, and road mark-
ings, where microplastic particles are released when road paint deteriorates. Mi-
croplastic pieces from artificial turf, building coatings, and urban infrastructure
are also present in city dust. Agricultural products also contribute, as plastic-based
coatings on seeds, fertilizers, and pesticides introduce microplastics into soil and
water systems. There is growing concern about microplastic pollution, particu-
larly with glitter and other purpose-made pieces of plastic. To reduce this pollu-

tion, we need to understand its source [6] [7].

2.2. Sources of Secondary Microplastics

Secondary microplastics are a common type of plastic pollution that comes from
the breakdown of bigger plastic waste in the environment. Unlike primary micro-
plastics, which are made small on purpose for use in products, secondary micro-
plastics are broken pieces of larger plastic items. When exposed to environmental
factors, these plastics undergo a breakdown process that reduces them to smaller,
often microscopic, pieces. The fragmentation occurs through various mecha-
nisms, including UV radiation from sunlight, mechanical abrasion from wind,
waves, and currents, chemical degradation, temperature fluctuations, and micro-
bial action [8]. Major sources of secondary microplastics include terrestrial and
marine waste, such as discarded fishing gear, shipping waste, and other plastic
debris. Over time, these plastics lose their structural integrity, making them more
susceptible to breaking into smaller fragments. As the plastics break down, their
carbon structure may also undergo chemical changes, contributing to the release
of CO, and further impacting the environment. Bio-fragmentation, assimilation
by organisms, and biodeterioration also contribute to the formation of secondary
microplastics [9].

As of 2024, global plastic waste generation has reached approximately 220 mil-
lion tons, averaging 28 kilograms per person annually. Of this, about one-third,
or 69.5 million tons, is mismanaged and ends up in the natural environment [10]
[11]. Recent studies suggest the problem may be even worse, with research on the
UK’s fishing fleet estimating that between 326 million and 17 billion microplastic
pieces enter the ocean annually from this source alone [12]. While much attention
is given to marine plastic pollution, a significant portion of plastic waste remains

in terrestrial environments, where its sources, degradation pathways, and long-
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term impacts are still not fully understood. These microplastics have a significant
negative impact on the environment, as they are found in ecosystems ranging
from remote mountain summits to vast oceans. Due to their low density, micro-
plastics can float on water surfaces and be carried by winds, leading to their pres-
ence in groundwater, stormwater runoff, and the atmosphere. They are not inert,
they can form toxic biofilms and adsorb pollutants, making them harmful to wild-
life and potentially humans. The widespread and persistent presence of secondary
microplastics in the environment has made them a significant source of micro-
plastic contamination worldwide. The continuous degradation of larger plastics

complicates efforts to address this growing environmental issue [13].

2.3. Sources of Microplastics in Soil

Soil is crucial for storing carbon, purifying water, and growing food, but plastic
pollution is putting it at risk. Microplastics have been found everywhere, from
forests to farms, and can harm soil fertility, crop growth, and microbes by chang-
ing the soil’s structure and chemistry. Human activities, such as agriculture, ur-
banization, and waste disposal, introduce microplastics into the soil, where they
remain for a long time because they do not break down easily. Due to the increas-
ing use of plastic products in farming methods, agricultural activities constitute a
major source of microplastics in soil. The many types of plastic materials used in
agriculture have the following effects on soil contamination [14]. In intensive
farming, plastic mulch films are widely used to boost crop yields, control weeds,
and retain moisture. However, over time, these films break down due to weather,
wear, and UV exposure, turning into microplastics. Research shows that these
films contribute 33% to 56% of the total microplastics found in agricultural soils
[15]. For instance, given the large volumes of plastic used annually in Chinese
agriculture, plastic film mulching has emerged as a critical technique. More than
18.14 million hectares were covered by 1.41 million tons of plastic film in 2014.
As the films decompose over time into microplastics, the widespread usage of
plastic mulch adds to soil contamination. An exact figure of 300,000 tons is not
stated in the search results, but the extensive use of plastic mulch in China and its
effects on the environment are widely known, underscoring the necessity of effi-
cient management and recycling techniques to reduce microplastic contamina-

tion in agricultural soils [16] [17].

2.3.1. Synthetic Fertilizers and Pesticides

They are significant contributors to microplastic pollution in soils, primarily
through the intentional inclusion of microplastics in their formulations. Some
controlled-release fertilizers, for example, use microplastics to encapsulate nutri-
ents, allowing them to be gradually released over time. This practice, often mar-
keted as sustainable, leads to the gradual accumulation of microplastics in the soil.
Similarly, some pesticides contain microplastics to control the release of active
ingredients, which can persist in the environment and negatively affect soil health.

Additionally, while less common, microplastics can also be present in the packaging
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of synthetic fertilizers and pesticides, as well as in additives used in these products.
Another key source is plastic-coated seeds, which are used to protect seeds from
pests. As these coatings degrade, they release microplastics into the soil. These
practices underscore the need for regulatory action to limit the intentional use of
microplastics in agricultural products. Ongoing efforts to develop microplastic-
free alternatives, such as biodegradable seed coatings, aim to mitigate this issue

and reduce the long-term environmental impact [18] [19].

2.3.2. Urban and Industrial Activities

Improper waste disposal, including littering of plastic products, leads to plastics
breaking down into microplastics through weathering and fragmentation. Over
time, these smaller plastic fragments make their way into urban soils via storm-
water runoff, illegal dumping, or wind-blown debris. The presence of plastic waste
in parks, playgrounds, and green spaces increases the likelihood that microplastics
will be incorporated into the soil through human or animal activities [20] [21].
Construction activities contribute significantly to microplastic pollution in soils
due to the widespread use of plastic materials. Plastics like PVC pipes, packing
materials, insulation, and protective films are commonly used in construction.
When exposed to weathering and wear during building and demolition, these ma-
terials can break down into microplastics. In addition, construction and demoli-
tion generate large amounts of plastic waste. For example, Auckland, New Zea-
land, produces at least 25,000 tons of plastic waste each year from these activities.
If not properly disposed of, this waste can contaminate the soil around construc-
tion sites with microplastics [22]. At various phases of construction, including
demolition (mainly from packaging materials), exterior and weatherproofing (us-
ing shrink-wrap and packaging), and services and cladding (where PVC pipes and
fittings are major contributors), microplastics are produced. Plastic waste and the
production of microplastics can be decreased with the use of mitigation tech-
niques, such as implementing circular economy principles that prioritize recycling
and material reuse. By recovering and repurposing valuable construction materi-
als, material recovery plants can also help minimize environmental consequences

at demolition sites [23].

2.3.3. Microplastics in Wastewater and Sludge

Another significant source of microplastics in soil comes from the disposal of
treated wastewater and sewage sludge, primarily due to the presence of microplas-
tics in household products, personal care items, and synthetic fabrics. Microplas-
tics from sources such synthetic fibers shed from clothes and microbeads in cos-
metics are frequently found in wastewater treated by wastewater treatment facili-
ties (WWTPs). Although WWTPs are capable of removing a significant amount
of these microplastics, their effectiveness is not 100%. Despite the fact that sec-
ondary and tertiary WWTPs can remove an average of 88% and 94% of micro-
plastics, respectively, millions of microplastic particles are nevertheless released

into the environment every day because of the sheer volume of wastewater they
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treat [24]. Sewage sludge is the accumulation of the microplastics that are still
present in wastewater. Approximately 1% of the weight of sewage sludge is made
up of microplastic particles, which can number up to 24 per gram [25]. A study
conducted at a wastewater treatment plant in Newport, South Wales, reported up
to 24 microplastic particles per gram of sewage sludge (Cardiff University & Uni-
versity of Manchester, 2020). While this is not a global average, the researchers
extrapolated the findings to estimate that 31,000 to 42,000 tons of microplastics
are applied to European soils annually through sludge-based fertilizers [25]. Fur-
thermore, contamination can extend beyond the initial application’s location due
to their ability to be carried by wind or water [26]. Because more than half of the
biosolids from WWTPs in the US are used on agricultural land, significant
amounts of microplastics are added to the soil. This emphasizes the necessity for
wastewater treatment systems to employ more efficient microplastic removal
techniques and to investigate alternate applications for sewage sludge in order to
lessen its negative effects on soil pollution [27].

All the above elements make it possible for microplastics to enter soil systems
and have detrimental effects on fertility, soil health, and the ecosystem as a whole.
The change in soil fertility and structure is a major concern. Plastic particle
buildup can alter the texture of the soil, decrease water retention and affect aera-
tion, which can therefore impair root development and soil structure and perhaps
lower agricultural productivity [28]. Furthermore, certain microplastics have the
ability to bind to pesticides and heavy metals, which can concentrate these dan-
gerous chemicals in the soil and endanger plant health. Additionally, soil micro-
bial communities which are critical for nutrient cycling, organic matter break-
down, and preserving soil fertility are adversely impacted by microplastics [29].
In addition to obstructing nutrition exchange and clogging pores, the physical
presence of these particles might further suppress microbial activity. The food
chain may bioaccumulate microplastics when they build up in the soil because
they can be absorbed by plants and eaten by herbivores. Humans and animals may
be impacted directly or indirectly by this transfer, particularly as microplastics
may go up the food chain. Microplastics can damage the environment by harming
soil-dwelling species like earthworms, which can then transfer the particles up the
food chain [30].

2.4. Sources of Microplastics in Aquatic Systems

Agricultural activities, runoff from urban and industrial areas, wastewater dis-
charges, and road debris contribute to microplastic pollution. Synthetic fibers
shed by clothes also enter the waterways during washing. Microplastics are intro-
duced to the seas through fishing and aquaculture operations, offshore industries,
and marine tourism. A flood, storm, or typhoon accelerates microplastic transport
from land to water. Additionally, atmospheric deposition and plastic fragmenta-
tion contribute to their widespread spread. Understanding these diverse sources

will help develop effective mitigation strategies.
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In addition to land-based microplastic pollution, urban runoff enters water
bodies through drains and sewage, as well as household and industrial plastics.
Microcapsule fertilizers used by farmers contribute to the pollution. Synthetic fi-
bers from textile washing are shed into the waterways. All of these items wash into
the aquatic systems during rain or runoff, including tires, road markings, and per-
sonal care products [31].

Synthetic ropes and nets, commonly used by modern fishing fleets, are a signif-
icant source of microplastic pollution in aquatic environments. Made from dura-
ble plastics like nylon, polyethylene, and polypropylene, these materials are fa-
vored for their strength and longevity. However, their durability also means they
break down slowly, releasing microplastic fragments over time. While these ma-
terials improve efficiency in the fishing industry, they contribute to the growing
problem of plastic pollution in oceans and waterways. Research shows that new
synthetic ropes can release around 20 microplastic fragments per yard hauled,
while older ropes, due to wear and tear, can shed up to 760 microplastic fragments
per yard [12]. In practice, this means that a single fishing vessel using 220 yards
of rope per haul could release between 2000 and 40,000 microplastic fragments in
one operation. These microplastics are often too small to be easily detected or re-
covered, making them a persistent threat to marine life [32].

Over time, as ropes and nets degrade, they fragment into smaller pieces, which
are then consumed by marine organisms ranging from plankton to larger fish and
seabirds, posing serious risks to their health and survival [33]. The shift from nat-
ural fibers like hemp and cotton to synthetic materials in the maritime industry,
driven by the need for durability and cost-effectiveness, has increased the envi-
ronmental challenge. Unlike natural fibers, which biodegrade, synthetic ropes and
nets persist in marine environments for decades, continuously releasing micro-
plastics into the water [34].

Furthermore, Abandoned or lost fishing gear, commonly referred to as “ghost
gear,” is one of the most harmful contributors to microplastic pollution. Ghost
gear includes synthetic ropes, nets, and lines that are left behind or discarded in
the ocean. These materials not only entangle marine life but also degrade over
time, shedding microplastic fibers into the water. Studies indicate that ghost gear
can remain intact and continue releasing microplastics for up to 30 years. Glob-
ally, an estimated 5.7% of fishing nets, 8.6% of traps and pots, and 29% of fishing
lines are lost or abandoned annually. This makes ghost gear a substantial source
of marine plastic pollution [35].

The equipment used in aquaculture operations contributes significantly to mi-
croplastic pollution. As plastic-based items degrade in harsh marine conditions,
they release microplastic fragments into the water. Moreover, fish farms can dam-
age habitat and degrade nearby ecosystems through direct physical damage and
effluent runoff. When used to clean ponds, tanks, and equipment, chlorine and
copper can also harm aquatic life [36]. While copper and chlorine are not directly

linked to microplastic formation, their presence in effluents may influence
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microplastic behavior or toxicity. However, direct evidence of such interactions is
currently limited [36]. Depending on the farming method, aquaculture equipment
and practices have different environmental impacts. The use of open-net cages in
coastal areas results in antibiotic, pesticide, and fish feces pollution of the sur-
rounding water. It is common for flow-through systems to discharge dissolved
and solid waste without proper regulation, further polluting local waterways [37]
[38]. To mitigate these environmental impacts, the aquaculture industry is in-
creasingly adopting more sustainable practices. This includes siting fish farms in
areas with strong currents to help disperse effluent, periodically moving farms to
prevent long-term ecosystem damage, and developing land-based aquaculture
systems that have minimal impact on local habitats. Additionally, recirculating
and zero water exchange systems are being implemented to reduce environmental
harm while maintaining high production densities. As aquaculture continues to
grow, addressing these environmental challenges is essential for ensuring sustain-

able production of farmed seafood [39].

3. Sampling Methods

3.1. Sampling Methods for Environmental Samples

The compartment of interest has a significant impact on the sampling of micro-
plastics in the aquatic environment. Generally speaking, this can be distinguished
from sampling of the sediment phase (shoreline sediments, riverbed, or lakebed
sediments) and the aqueous phase (surface water, water column) [40]. The choice
of the studied area is where the variations in microplastic studies for coastal sedi-
ment sampling begin. Shore sediments are gathered at various distances from the
shoreline, either randomly or parallel to or perpendicular to it. In the majority of
the studies, grid samples of the upper sediment layer were collected at sampling
depths of 2 to 5 cm [41]. According to other studies, the sampling is based on the
water body’s lowest flotsam line [3] [42]. Between the water line and the lowest
flotsam line, sediment samples are taken from the shorelines of the Rhine and
Main rivers at 35 to 40 randomly selected locations within a 10- to 15-meter ra-
dius. After removing big objects, the samples are taken using a stainless-steel
spoon down to a depth of 2 - 3 cm. To evaluate variability, three duplicates are
gathered at locations R4 and R8. Following three days of drying at 50°C, the silt is
sieved into various fractions, and a modified density separation technique is used
to separate the microplastics. A saturated sodium chloride solution is added to the
sediment, stirred, and left to settle for the night. Plastic particles are isolated after
floating particles are screened. Following an overnight treatment with a hydrogen
peroxide and sulfuric acid mixture to eliminate natural debris, the fractions are
then vacuum filtered, washed, and dried. Weighing the glass fiber filters both be-
fore and after filtration allows to calculate the final plastic weight [43] [44].

3.2. Sampling Methods for Soil Samples

There is growing concern about microplastic contamination in soils, and removing
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these synthetic particles from complex soil matrixes requires specialized extrac-
tion techniques. Microplastics have diverse physical properties and are challeng-
ing to collect due to soil heterogeneity, organic matter interference, and soil het-
erogeneity. Listed below are key techniques and best practices for collecting mi-
croplastics from soil samples. Typically, soil samples are dried (by air or freeze
drying) and sieved (with a mesh of between 2 - 5 mm) to remove large debris and
homogenize the material. For microplastics smaller than 1 mm, extra steps are
needed, including dispersing soil aggregates using surfactants or ultrasonic baths.
A sample quantity of 1 - 1000 g, dry weight, is preferred to analyze soils with low
concentrations for spectroscopic analysis and large volumes for soils with higher
concentrations for spectroscopic analysis [45]-[47]. Most plastics are separated
using density-based separation according to their buoyancy, for example, poly-
ethylene, polypropylene, in high-density solutions: These are cost-effective and
common solutions, such as sodium chloride (NaCl, p = 1.2 g-cm™), zinc chloride
(ZnCl,, p = 1.5 to 1.7 g-cm™?), and sodium iodide (Nal) [48]. It has been found
that the use of optimized approaches, including a mixture of saturated NaCl and
Nal solutions (1:1) with aeration, improves recovery rates for a wide range of pol-
ymers (PE, PET, PP, PVC, PS) [49]. This oil-based separation method is less sen-
sitive to soil texture and organic content, achieving 95% to 98% recovery in agri-
cultural soils on average. Also, canola oil extracted low density polymer (LDPE,
PP) easier than salt solutions Detection of microplastics is complicated by residual
organic matter (e.g., plant debris, humus). Among the effective oxidation methods
are hydrogen peroxide (H,O,), which provides minimal polymer degradation, as
well as Fenton’s reagent, which may damage sensitive polymers like PVC [50].
After treatment, residual reagents are removed from samples by filtering (e.g.,

glass fiber filters) and rinsing with ethanol [51].

3.3. Sampling Methods for Aquatic Matrices

In aquatic environments, microplastic collection presents unique challenges due
to the unique matrices of water and sediment. Field practicality and laboratory
precision are combined in effective methods, which aim to minimize contamina-
tion and maximize recovery rates. It is still preferred to use plankton nets (typi-
cally 330cm) when sampling large quantities of surface water, considering the like-
lihood of microplastics being shed into the samples by manta trawls with fine
mesh nets. A simpler alternative to grab sampling is field-filtered grab sampling
with stainless-steel buckets or telescopic poles (10 to 30 L capacity), which sieve
water through stainless steel filters 20 to 500 m for particle retention immediately.
In-situ filtration systems reduce contamination risk during transportation of wa-
ter in deeper waters with submersible pumps [51]. A Kristineberg Microplastic
Sediment Separator (KMSS) enhanced by a steep incline and glass sediment
chamber facilitates the separation of dense solutions such as Zinc Chloride. In
comparison to traditional funnel systems, valveless glass separators achieve 94%

to 98% particle recovery rates utilizing Nal or ZnCl, solutions [52] [53].
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3.4. Sampling Methods for Atmospheric Samples

As aresult of particle mobility, varying deposition rates, and contamination risks,
collecting microplastics in atmospheric environments can be challenging. Air-
borne particles are captured efficiently while maintaining polymer integrity to be
analyzed later. Below are the main approaches and considerations for sampling
atmospheric microplastics. Air can be collected effectively using active sampling
methods using powered devices, which can draw air through a trap or to a collec-
tion medium. These methods are ideal for sampling high volumes of air over a
short period of time. Air samples collected with high volume air samplers (HV AS)
are typically glass fiber or quartz fiber filters. These samplers can collect fine par-
ticles in PM10, PM2.5, and smaller sizes. A cascade impactor is a particle separator
that uses multiple stages to separate particles depending on their aerodynamic di-
ameter. It is effective for sampling particles based on their size. In electrostatic
precipitators, particles are captured electrostatically, making them ideal for col-
lecting nanoparticles. The deposition of particles onto a collection medium occurs
naturally over a longer period, usually days to months, as a result of passive sam-
plers. The simplest way to collect atmospheric fallout particles is to use collection
plates, petri dishes, or glass trays. Using polyurethane foam (PUF) samplers, air-
borne MPs can be collected by trapping particles within porous foam matrixes. A
standardized device used to measure atmospheric deposition of particles, the
Sigma-2 Sampler [54]-[56]. There are different types of filters for different particle
sizes and types of particles. Glass Fiber Filters (GFF) are suitable for larger MPs
[57] [58]. In addition to their chemical inertness, polytetrafluoroethylene (PTFE)
and polycarbonate (PC) filters are applied to both MPs and NPs for filtration.
Nanodisc filters have nanoscale pores, making them ideal for collecting NPs [58]
[59].

4. Analytical Techniques for Microplastics

4.1. Microscopic Techniques

Microscopic techniques are crucial for detecting microplastics and nanoplastics,
which are becoming a major environmental concern. These tiny particles, with
different shapes and sizes, are difficult to detect using standard methods. Follow-

ing are various techniques used to study microplastics and nanoplastics.

4.1.1. Optical Microscopy for Microplastics Detection

Optical microscopy is a widely used technique for the detection and analysis of
microplastics (MPs) due to its simplicity, cost-effectiveness, and accessibility. It
relies on visible light and optical lenses to magnify and visualize microplastic par-
ticles, making it an accessible and economical method for analyzing microplastics,
particularly those larger than 20 to 100 um. The technique involves observing mi-
croplastics through light microscopes, which reveal features such as size, shape,
and color. To enhance detection, fluorescence staining with hydrophobic dyes like

Nile Red is often used These dyes adsorb onto the hydrophobic surfaces of plastics,
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causing them to fluoresce under specific wavelengths of light, such as blue light.
The fluorescence intensity helps differentiate microplastics from non-plastic par-
ticles in a sample [60] [61]. Digital imaging systems can capture magnified images
of stained particles, which are then analyzed manually or with software like Im-
ageJ to quantify and classify microplastics based on their size, shape, and fluores-
cence properties. Optical microscopy is often combined with supplementary tech-
niques, such as infrared (IR) spectroscopy or electron microscopy, to validate
findings and reduce error rates associated with visual identification. However, or-
dinary light microscopy has limited resolution, making it difficult to detect parti-
cles smaller than 100 um. Environmental factors, sample impurities, and subjec-
tivity in visual analysis can also lead to error rates exceeding 20% for opaque mi-
croplastics and 70% for transparent ones. Additionally, false positives may occur
due to the staining of organic materials or interference from natural fluorescence

in environmental samples [62] [63].

4.1.2. Electron Microscopy

Electron microscopy is a powerful imaging method that visualizes things at the
nanoscale scale by using an electron beam rather than light to achieve incredibly
high magnifications and resolutions. In contrast to optical microscopes, which are
constrained by the visible light wavelength, electron microscopes offer broad de-
tails about the composition, surface texture, and shape of materials. The two most
important of these for identifying and describing microplastics (MPs) at the na-
noscale scale are scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). These methods allow for thorough elemental and morpho-
logical analysis, which is crucial for understanding MPs’ sources, modifications,
and effects on the environment.

1) Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is a powerful imaging technique widely
used for analyzing the surface morphology of microplastics (MPs). The working
principle of SEM involves directing a focused beam of electrons onto the sample
surface. These electrons interact with the sample, producing secondary electrons
and backscattered electrons [64]. The resulting high-resolution images allow re-
searchers to examine the roughness, porosity, and degradation patterns of MPs at
the micro and nanoscale levels. The capability of SEM to identify small surface
textures that can reveal weathering and degradation processes including cracking,
pitting, and biofilm formation is one of its main advantages in the identification
of microplastics [65]. Knowing this information is essential to understanding how
MPs deteriorate under various environmental circumstances.

Furthermore, SEM is very helpful for examining how interactions with pollu-
tants or living organisms alter the surface of microplastics [66]. SEM is frequently
used in conjunction with Energy-Dispersive X-ray Spectroscopy (EDS) to im-
prove microplastic characterization even more. By identifying the characteristic
X-rays released from a material upon electron beam interaction, EDS makes ele-

mental composition analysis possible. Based on their elemental signatures, scientists
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can now distinguish between naturally occurring particles and synthetic poly-
mers. Overall, SEM, in combination with EDS, is an essential tool for microplastic
analysis, providing detailed morphological and compositional insights that aid in
understanding their environmental fate, sources, and potential ecological impacts
[67].

2) Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) offers even higher resolution than
SEM, making it an invaluable tool for studying the internal structure of micro-
plastics and nanoplastics. Unlike SEM, which captures surface details, TEM works
by transmitting a focused beam of electrons through an ultra-thin sample. As elec-
trons pass through the sample, they interact with its internal structures, forming
high-resolution images that reveal fine details at the nanometer scale [68].

When analyzing microplastics that have undergone extensive fragmentation
and broken down into nanoscale particles, TEM is especially helpful. The ability
of High-Resolution TEM (HRTEM) to identify and describe nanoparticles as
small as a few nanometers offers vital information about how MPs degrade with
time This is especially vital for research on nanoplastics, which are more danger-
ous to the environment and to life because of their small size and high surface
reactivity. Moreover, TEM makes it possible to do thorough research on how mi-
croplastics interact with other particles, contaminants, and biological systems. for
example, TEM imaging can reveal whether MPs act as carriers for heavy metals or
organic pollutants, providing insights into their role in environmental contami-
nation. It also helps assess how microplastics are internalized by cells or accumu-
late in biological tissues, aiding in toxicological studies [69].

Recent Advancements in Electron Microscopy for Microplastic Detection

a. Cryo-SEM and Cryo-TEM for Preserving Sample Integrity: Traditional SEM
and TEM often require sample preparation steps that may alter microplastic mor-
phology. Cryogenic techniques such as Cryo-SEM and Cryo-TEM help preserve
MPs in their native state by freezing them before analysis. This method is partic-
ularly useful for studying microplastics in biological samples, water, and sedi-
ments without introducing artifacts [70].

b. Automated Image Analysis and Al Integration: Recent advancements in ma-
chine learning and artificial intelligence (AI) have enhanced the efficiency of mi-
croplastic detection. AI-driven image analysis tools can automatically classify mi-
croplastics based on their shape, size, and texture in SEM and TEM images. This
reduces human error and accelerates large-scale MP characterization [71].

c. Enhanced Elemental Mapping with Advanced EDS: New-generation EDS de-
tectors with improved sensitivity allow for more precise elemental characteriza-
tion of microplastics. This is particularly useful in distinguishing polymer types
based on their elemental signature, aiding in source identification and environ-
mental forensics [72].

d. Electron Tomography for 3D Imaging of Microplastics: Recent develop-
ments in electron tomography enable three-dimensional (3D) reconstruction of
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microplastic structures. This technique provides valuable insights into the internal
composition, degradation patterns, and interaction of microplastics with environ-

mental particles or biological systems [73].

4.1.3. Confocal Laser Scanning Microscopy (CLSM)

It has emerged as a powerful analytical technique for identifying and analyzing
microplastics in environmental samples. By utilizing a focused laser beam and
capturing emitted fluorescence through a pinhole aperture, CLSM effectively
eliminates out-of-focus light, enabling high-resolution imaging and three-dimen-
sional reconstruction. This capability makes it particularly advantageous for dis-
tinguishing different materials and visualizing surface topography in microplastic
studies [74]. Advanced CLSM systems, such as the Keyence VK-X1000, have been
employed in soil and aquatic environments to assess particle morphology and op-
tical properties with high precision. When integrated with spectroscopic tech-
niques like Raman spectroscopy (CM-ESHRS), CLSM not only provides struc-
tural visualization but also facilitates chemical characterization, improving the ac-
curacy of polymer identification. This combination enhances microplastic re-
search by offering both morphological and compositional insights [75]. One of
the key strengths of CLSM is its non-destructive nature, allowing samples to re-
main intact for complementary analyses. Its superior spatial resolution is particu-
larly beneficial for examining small microplastic particles at the microscale. Depth
profiling capabilities enable the study of microplastics embedded in complex ma-
trices, such as sediments and biological tissues, while minimal sample preparation
reduces contamination risks. These attributes make CLSM an indispensable tool
for advancing environmental monitoring and microplastic research [76].

Despite its advantages, CLSM has certain limitations. Fluorescence labeling,
commonly used to enhance detection, may introduce variability due to differing
dye affinities among polymers. Autofluorescence from natural organic materials
can also interfere with accurate differentiation between microplastics and organic
matter. Additionally, the technique is constrained by sample size, typically ana-
lyzing only small quantities, and requires significant time, with a single scan po-
tentially taking up to two hours at high magnification. Moreover, the complexity
of CLSM operation necessitates specialized expertise, which can limit its accessi-
bility and widespread application [77] [78].

4.2. Spectroscopy Techniques

Spectroscopy techniques have become powerful tools for analyzing microplastics
(MPs), offering non-destructive and highly sensitive methods for their identifica-

tion and characterization.

4.2.1. Fourier Transform Infrared (FTIR)
Fourier Transform Infrared (FTIR) is a commonly used technique for analyzing
polymers. It identifies the molecular and functional groups in plastic polymers by

measuring the infrared (IR) radiation absorbed by microplastic samples. This
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creates a unique spectral fingerprint, where absorption peaks represent vibrations
of bonds within the polymer structure. Since each polymer has a different com-
position, no two compounds produce the same spectrum, making FTIR an im-
portant tool for identifying polymers. The IR spectrum is divided into three re-
gions: Near-Infrared (NIR), Mid-Infrared (MIR), and Far-Infrared (FIR). The
Near-Infrared (NIR) region, ranging from 14,000 to 4000 cm™, is sensitive to
overtone and combination vibrations. The Mid-Infrared (MIR) region, spanning
4000 to 400 cm™, is commonly used for microplastic characterization due to its
ability to study fundamental vibrations. The Far-Infrared (FIR) region, from 400
to 10 cm™, is primarily used for studying rotational vibrations [79].

FTIR spectroscopy plays a crucial role in identifying microplastics (MPs) col-
lected from various environmental sources, even when they are contaminated
with organic pollutants. Since MPs often interact with different substances, puri-
fication is necessary before analysis. This is done through chemical digestion
methods, including oxidation (using hydrogen peroxide or sodium hypochlorite),
acid (nitric or hydrochloric acid), alkaline (sodium hydroxide or potassium hy-
droxide), or enzymatic treatments (using trypsin or proteinase K). These methods
help remove organic material while preserving the polymer structure of MPs for
accurate identification.

Once purified, MPs are analyzed using FTIR, which detects the unique vibra-
tional patterns of chemical bonds within the plastic polymers [80]. The choice of
FTIR technique depends on particle size. Micro-FTIR (uFTIR) is used for MPs
smaller than 20 um due to its high spatial resolution, while Attenuated Total Re-
flectance FTIR (ATR-FTIR) is employed for larger MPs as it enables direct meas-
urement [81]. Beyond polymer identification, FTIR detects weathering-related
chemical changes, such as hydroxyl (-OH) groups (3100 to 3700 cm™), alkenes
(1600 to 1680 cm™), and carbonyl (C=0) groups (1690 to 1810 cm™), which in-
dicate environmental degradation. The Carbonyl Index (CI) is often used to assess
photo-oxidation, particularly in polyethylene, as its value increases with pro-
longed exposure to sunlight [82]. Advanced techniques such as Micro-FTIR allow
precise identification of MPs down to the micron level. This technique integrates
infrared spectroscopy with optical microscopy, enabling the simultaneous quan-
tification and classification of MPs, including fibers released from washing textiles
[83].

4.2.2. Raman Spectroscopy (RS)

Raman spectroscopy (RS) is a powerful vibrational spectroscopy technique based
on inelastic light scattering, providing detailed molecular structural information.
When a sample is illuminated with laser light of a specific wavelength, most pho-
tons are scattered elastically without a change in energy (Rayleigh scattering). The
Raman effect, often referred to as Raman scattering, is the process by which just a
small fraction of photons experiences inelastic scattering, where they either gain
or lose energy as a result of molecular vibrations. Each molecule has its own dis-

tinct vibrational energy changes, which provide a distinctive Raman spectrum that
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acts as a molecular fingerprint. It typically spanning from 0 to 4000 cm™, contains
peaks corresponding to specific bond stretching and bending vibrations, making
it an invaluable tool for chemical identification. The technique is highly sensitive,
non-destructive, and requires minimal sample preparation, making it widely ap-
plicable across various scientific disciplines.

Given its excellent spatial resolution, which enables the analysis of tiny plastic
particles, Raman spectroscopy is becoming more and more popular in the study
of MPs. Since plastic pollution is becoming a bigger environmental concern, the
numerical abundance of MPs is thought to be especially significant in aquatic sys-
tems. The Marine Strategy Framework Directive Technical Subgroup on Marine
Litter in European Seas recommends RS and Fourier Transform Infrared (FT-IR)
spectroscopy as the most widely used of the many methods used for polymer iden-
tification. In addition to being non-destructive and needing small amounts of
sample with little preparation, these methods help distinguish between plastic and
natural particles, lowering false positives.

Notably, RS offers significant advantages over FT-IR, including a higher spatial
resolution (down to 1 um, compared to 10 to 20 pm for FT-IR), broader spectral
coverage, higher sensitivity to non-polar functional groups, lower water interfer-
ence, and narrower spectral bands. The use of RS in identifying individual MPs in
tap water was illustrated in a proof-of-concept study that examined microplastic
suspensions including common polymers like PS, PET, PE and PP [84] [85]. A
study has shown the potential for real-time monitoring of microplastics in drink-
ing water and surface water sources by passing water through a specially designed
flow cell at a rate of 1 L/h and adding particulate and fluorescent pollutants. This
method can be used to detect microplastics in various water systems, including
freshwater, groundwater, drinking water, oceanic waters, sea water, wastewater,
and sewage systems [86].

Recent advancements in RS have further improved its capabilities for MPs anal-
ysis. Al-assisted machine learning (ML) has revolutionized microplastic detection
using Raman spectroscopy by improving data processing, feature extraction, and
classification accuracy. By optimizing parameters like laser intensity and exposure
time, Al ensures the acquisition of high-quality spectral data, which is then refined
through preprocessing techniques such as noise reduction and baseline correc-
tion. A automates feature extraction, identifying spectral patterns that are crucial
for detecting microplastics. Machine learning models, including Random Forest
(RF), Support Vector Machine (SVM), and neural networks, are trained on la-
beled datasets to classify microplastics based on spectral features, enabling real-
time monitoring of environmental samples. Additionally, AI integrates multi-di-
mensional data, combining chemical, physical, and environmental parameters to
offer a holistic analysis. The integration of Convolutional Neural Networks
(CNNGs) for imaging analysis further enhances classification by linking visual and
spectral traits. As AI models continuously learn, they remain adaptable to new mi-

croplastic types, while validation mechanisms improve model reliability, making
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the process more efficient, scalable, and accurate for both environmental and in-

dustrial applications [87] [88].

4.2.3. Nuclear Magnetic Resonance (NMR)

Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful analytical tech-
nique that detects and quantifies compounds based on the interaction of atomic
nuclei with an external magnetic field. This interaction provides detailed struc-
tural and compositional information, making NMR an invaluable tool in various
scientific fields. Specifically, it is highly effective for analyzing microplastics (MPs)
due to its ability to provide high specificity and sensitivity, even in complex envi-
ronmental and biological samples. Detecting and quantifying MPs in environ-
mental samples requires precise, reliable, and non-destructive techniques. NMR
is particularly suited for this task because different polymer types exhibit unique
proton signals in their NMR spectra. These distinct signals allow for the accurate
identification and quantification of various microplastic types [89].

In recent advancements, NMR has been applied for the analysis of microplastics
by dissolving them in deuterated solvents such as CDCl; or THF-ds. The addition
of an internal standard allows for precise quantification by comparing the signal
intensities of the microplastics to the known concentration of the standard. Two
key quantification methods are employed in NMR-based microplastic analysis: 1)
Proton Signals with Internal Standard, which achieves lower detection limits (0.2
to 8 ug/mL) and higher accuracy by directly comparing the polymer proton sig-
nals with the internal standard, and 2) Signal-to-Noise Ratio (SNR), which offers
a higher detection range (1 to 10 pg/mL) but with slightly less precision. Statistical
methods such as Mean Absolute Percentage Error (MAPE) and ANOVA confirm
the strong correlation between measured and nominal polymer concentrations.

One of the key advantages of NMR, is its minimal sample preparation require-
ments, making it a cost-effective and efficient alternative. Moreover, NMR enables
the simultaneous analysis of polymer size distribution and concentration in a sin-
gle sample. Its non-destructive nature preserves sample integrity, allowing for fur-
ther analysis if needed. These benefits make NMR spectroscopy an invaluable tool
for microplastic research, offering high precision, reproducibility, and reliability
in detecting and quantifying MPs in environmental and biological samples. In
conclusion, NMR spectroscopy, particularly through quantitative methods like
qNMR, provides a highly efficient, accurate, and scalable approach to microplastic
detection. It addresses the growing need for reliable techniques in environmental
monitoring, offering unique insights into the presence, concentration, and degra-
dation of microplastics in ecosystems [90]. NMR differentiates polymers like PET
and PE by their unique 'H chemical shifts, allowing individual identification even
in mixtures. However, in complex environmental samples, careful sample prepa-
ration is essential to remove matrix interferences and avoid signal overlap. Studies
have shown that with appropriate solvents and purification steps, NMR enables

reliable quantification of coexisting polymers [89] [90].
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4.3. Thermal Analysis

Thermal analysis refers to a group of techniques that measure changes in the phys-
ical and chemical properties of a material as a function of temperature. It has
gained increasing attention as an alternative and complementary approach for
MPs characterization. This method relies on identifying polymers based on their
degradation products and thermal properties, making it particularly valuable for
analyzing MPs with low solubility and additives that are difficult to extract or hy-
drolyze. It encompasses a range of analytical techniques, including Thermogravi-
metric Analysis (TGA), Differential Scanning Calorimetry (DSC), and Pyrolysis-
Gas Chromatography Mass Spectrometry (Py-GC-MS). Additionally, hyphenated
techniques such as TGA-Mass Spectrometry (TGA-MS) and TGA-Thermal De-
sorption-GC-MS further enhance the analytical capabilities. These methods offer
several advantages, including rapid analysis, minimal sample requirements, and
high sensitivity in differentiating various polymers based on their thermal behav-
ior [91].

4.3.1. Pyrolysis Gas Chromatography-Mass Spectrometry (Py-GC-MS)
Pyrolysis Gas Chromatography-Mass Spectrometry (Py-GC-MS) is a highly effec-
tive analytical technique that integrates the processes of pyrolysis, gas chromatog-
raphy (GC), and mass spectrometry (MS) for in-depth characterization of com-
plex macromolecular substances, including both synthetic and natural polymers.
It offers valuable insights into the composition and degradation products of pol-
ymers, making it an essential tool in environmental science, materials research,
and forensic investigations. In Py-GC-MS, the process begins with the thermal
degradation of the sample under an inert atmosphere, typically at temperatures
ranging from 300°C to 1000°C. This pyrolysis step breaks down large macromol-
ecules into smaller volatile compounds. These products are then separated by gas
chromatography based on their volatility and interaction with the stationary phase
of the GC column. The separated fragments are subsequently ionized and ana-
lyzed by the mass spectrometer, providing detailed structural and compositional
information about the polymer and its degradation products [92].

One of the most significant applications of Py-GC-MS is in the analysis of mi-
croplastics in environmental samples. This technique efficiently decomposes
complex polymer structures into identifiable molecular fragments, enabling the
detection of even trace amounts of microplastics and nanoplastics. Due to its high
sensitivity, it can precisely identify and quantify various polymer types, making it
indispensable for understanding pollution sources, assessing environmental im-
pacts, and conducting regulatory evaluations of plastic contamination. Addition-
ally, its compatibility with various extraction methods minimizes interference
from organic matter, making it ideal for the analysis of microplastic particles in
complex environmental matrices Furthermore, Py-GC-MS does not require sam-
ple pre-treatment, unlike traditional solvent extraction procedures, thus reducing

both time and costs. For example, an automated Py-GC-MS method has been
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proposed for analyzing polymer types and organic plastic additives (OPAs) in ma-
rine microplastic particles, offering a streamlined, solvent-free alternative to con-
ventional methods. However, a key limitation of Py-GC-MS in microplastic char-
acterization is the inability to provide information regarding the particle size. De-
spite this, the technique remains invaluable for its sensitivity, speed, and ability to

analyze complex polymeric materials with high precision [93].

4.3.2. DSC-TGA

Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis
(TGA) are powerful thermal analysis techniques commonly integrated into a sin-
gle instrument known as Simultaneous DSC-TGA. This approach simultaneously
measures both heat flow and mass changes of a sample as it undergoes tempera-
ture variations in a controlled environment. DSC detects thermal transitions such
as melting points, glass transitions, and crystallization by comparing the heat flow
between the sample and a reference, while TGA monitors mass loss during heating
or cooling, providing valuable insights into the thermal stability, decomposition,
and other changes in mass due to temperature variations. This technique is highly
effective for detecting and analyzing microplastics and nanoplastics in environ-
mental samples. By analyzing the unique thermal characteristics of different plas-
tic types, such as their melting and decomposition temperatures, this method
helps to identify and differentiate plastics. TGA also allows for the quantification
of microplastic content through the measurement of mass loss during decompo-
sition. Additionally, the size-dependent thermal behavior of plastics enables the
differentiation between microplastics and nanoplastics. This technique requires
minimal sample preparation and can analyze complex environmental samples,
enhancing the accuracy of plastic identification and characterization Plastics ex-
hibit unique thermal characteristics, including melting points, glass transition
temperatures, and decomposition temperatures, which can be measured to iden-
tify and classify different types. The thermal response of plastics is influenced by
particle size, enabling TGA-DSC to potentially distinguish between microplastics
and nanoplastics. While TGA measures mass changes and provides decomposi-
tion profiles that can quantify plastic content, DSC reveals subtle differences in
thermal transitions that may vary with particle size. However, the technique may
face challenges in detecting smaller particles, such as nanoplastics (<1 um), due to
its resolution limits. Nevertheless, advancements in instrumentation and method-
ology continue to improve the sensitivity of TGA-DSC. For comprehensive plastic
particle characterization, this technique is often used in combination with other
analytical methods like FTIR or Raman spectroscopy, particularly for complex en-

vironmental samples containing both microplastics and nanoplastics [94] [95].

4.4. High-Performance Liquid Chromatography (HPLC)

HPLC is a widely used analytical technique for separating, identifying, and quanti-

fying chemical compounds in complex mixtures, particularly useful for analyzing
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non-volatile, polar, and thermally unstable compounds. As a result of a stationary
phase and mobile phase, HPLC allows the separation of a liquid sample in accord-
ance with chemical affinity. In addition to UV, fluorescence, and mass spectrom-
etry, HPLC can also be used to identify microplastics and nanoplastics. Micro-
plastics (MPs) and nanoplastics (NPs) can harm the environment and humans,
whether they originate as small plastic particles or are degraded into larger plas-
tics. HPLC evaluates these particles’ chemical composition, the adsorption and
desorption of organic contaminants, and their breakdown products. As a result,
toxic substances such as phthalates and bisphenol A (BPA) can be detected [96].

HPLC is employed to detect and quantify specific polymeric microplastics, such
as polyamides (nylon 6 and nylon 6.6) and polyester (PET). The process begins
with depolymerizing these microplastics through hydrolysis, acid-catalyzed hy-
drolysis for polyamides, breaking them down into monomers like 6-aminohexa-
noic acid (AHA) and hexamethylene diamine (HMDA), and alkaline hydrolysis
for PET, yielding monomers such as terephthalic acid (TPA). These monomers
are derivatized with a fluorescent tag to enhance sensitivity before undergoing re-
versed-phase HPLC separation using a nonpolar stationary phase with a polar
mobile phase, ensuring efficient separation, while fluorescence detection enables
quantification at ppm and ppb levels. Calibration curves for AHA and HMDA
facilitate accurate concentration measurements in environmental samples such as
wastewater sludge, aiding in pollution assessment It is also utilized to study chem-
ical additives leached from microplastics into aquatic environments. The process
involves preconcentration and cleanup using a monolithic silica column (C;s) to
remove the seawater matrix and concentrate the analytes, simulating environmen-
tal conditions by continuously pumping seawater through microplastic materials
to collect leachates under realistic conditions. The leachate undergoes on-line mi-
cro solid-phase extraction before being injected into the HPLC system, where an
optimized acetonitrile/water gradient is used for separation on a monolithic col-
umn (Onyx C18HD), and UV detection at 240 nm ensures selective identification
of target analytes, including dimethyl phthalate (DMP), diethyl phthalate (DEP),
and BPA. The comprehensive and highly sensitive methodology allows for precise
quantification of polymeric microplastics and chemical additives in complex ma-
trices such as wastewater sludge and seawater, providing valuable insights into
microplastic contamination and its broader environmental implications, ulti-
mately supporting efforts to mitigate its effects on ecosystems and human health
[97].

4.5. Mass Spectrometry (MS)

It is a powerful analytical technique used to separate and identify ions (charged
atoms or molecules) based on their mass-to-charge ratio (m/z). It operates by con-
verting a sample into gas-phase ions, which are then accelerated through an elec-
tric or magnetic field and detected. This process enables the determination of mo-

lecular weight, and, in many cases, the structure of the molecules presents in a
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sample [98]. In recent years, mass spectrometry has become an indispensable tool
for detecting and quantifying microplastics (MPs) and nanoplastics (NPs) in com-
plex environmental and biological samples. Given the widespread presence and
potential environmental and health risks of these small plastic particles, effective
detection is essential for understanding and addressing plastic pollution. MS-
based techniques are particularly valuable in identifying and analyzing the com-
position of MPs and NPs, with various methods offering distinct advantages de-
pending on the sample type and the nature of the particles.

Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) is one of the
leading MS techniques used for surface analysis of MPs and NPs. This method
utilizes ion bombardment to eject secondary ions from the sample surface, provid-
ing detailed information on the polymer composition of the particles. TOF-SIMS
is particularly useful for smaller MPs and NPs, offering high spatial resolution and
sensitivity. Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass
Spectrometry (MALDI-TOF) MS uses a laser to ionize the sample with minimal
fragmentation. It is a soft ionization method, making it suitable for detecting both
low- and high-molecular-weight polymers in complex polymer mixtures.
MALDI-TOF MS allows for precise identification of polymer types without sig-
nificantly degrading the sample [99].

Orbitrap and quadrupole mass spectrometry are widely employed for micro-
plastic analysis. Orbitrap MS excels at analyzing low-molecular-weight MPs (un-
der 50,000 Da) and provides high-resolution mass analysis, making it ideal for
distinguishing between polymers based on their molecular weight. Quadrupole
MS, on the other hand, aids in studying thermal or depolymerized products,
which can reveal information about MPs based on their chemical breakdown
[100].

4.6. Alternative Approaches for Microplastic Detection

Gas chromatography-mass spectrometry (GC-MS), when coupled with MS, pro-
vides an alternative approach for analyzing MPs. This method uses thermal de-
sorption or pyrolysis to introduce polymer degradation products and additives
into the GC-MS system, generating a “chemical fingerprint” that can be used to
trace the sources of microplastic pollution. However, using GC-MS with low-res-
olution quadrupole mass spectrometers presents some limitations, including long
separation times (30 to 60 minutes) and challenges in separating complex pyroly-
sis mixtures. These constraints can hinder the speed and comprehensiveness of
the analysis. To overcome these limitations, high-resolution mass spectrometry
(HRMS) offers a more refined approach. HRMS allows for the determination of
thousands of elemental compositions, providing a more detailed and informative
fingerprint compared to standard GC-MS. This enables the differentiation of mi-
croplastics with similar polymer types, offering better insights into their sources
and environmental impact. Additionally, ambient ionization techniques such as

Direct Analysis in Real Time (DART) have emerged as rapid methods for polymer
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characterization. DART allows for the direct analysis of microplastics with mini-
mal sample preparation, facilitating quick identification and source tracing in en-

vironmental samples [101].

5. Challenges in Microplastics Analysis

5.1. Identification and Quantification Issues

The variety of polymers, sizes, shapes (fibers, films, spheres), and chemical addi-
tives of microplastics make it difficult for them to be identified accurately. Alt-
hough visual microscopy is cost-effective, it misclassifies up to 70% of particles,
particularly those that are transparent or small enough to be subtracted. Although
Pyrolysis-GC/MS allows for the detection of nano-plastics, it requires calibration
curves specific to polymers and struggles with fibers of low mass. FTIR and Raman
vibration spectroscopy are limited in their application in complex matrices like
soil and biofilms, due to interference from organic residues and fluorescence. A
mass-based approach lacks particle-specific data, while a particle-based approach

lacks sensitivity to rare polymers [102] [103].

5.2. Contamination Control

As microplastic studies are typically confounded by airborne fibers, lab plastics,
and synthetic clothing, procedure blanks play an important role in removing
background contamination [104]. In order to reduce contact with plastic, use
metal tools, glass containers, and cotton lab coats. You can also isolate work areas
with HEPA filters to prevent airborne particles from entering your workplace. The
validation of organic digestion protocols to prevent polymer degradation is par-
ticularly important in Arctic studies where logistical constraints exacerbate con-
tamination risks, requiring meticulous quality assurance/quality control measures
[105].

5.3. Standardization of Methods

Microplastics analysis protocols are not universally accepted, resulting in incon-
sistencies between studies. Differences in sampling, processing, and analysis tech-
niques result in variability. The process of selecting filters, digesting samples, and
analyzing results must be standardized in order to achieve comparable and repro-
ducible results [105].

5.4. Limitations of Current Techniques

Nanoplastics are very small and relatively light, so current analytical techniques
often have difficulty detecting them. A number of FTIR and Raman spectroscopy
techniques require extensive sample preparation and may not be able to detect
particles below detection limits due to extensive sample preparation. Developing
advanced, high-resolution analytical tools with better sensitivity and accuracy is
vital [102]-[104] [106].
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5.5. Data Interpretation and Reporting

The accuracy of microplastic data remains challenging due to variations in particle
size classifications, unit expressions, and polymer identification criteria. It is pos-
sible to increase the reliability of results by incorporating comprehensive quality

control measures and standardized reporting formats [57] [102]-[107].

6. Recent Advances in Microplastics Research
6.1. Emerging Analytical Techniques for Microplastics Detection

Research on microplastics has seen significant advancements in analytical tech-
niques, addressing the challenges of detecting, identifying, and quantifying mi-
croplastics. In order to better understand microplastics’ environmental, ecologi-

cal, and public health impacts, these innovations are crucial.

6.1.1. Mass Spectrometry Imaging (MSI) Techniques

The combination of MALDI with time-of-flight or Orbitrap mass analyzers has
been developed for precise in situ imaging of microplastics in biological samples
using Mass Spectra Imaging. Using this technique, it is possible to analyze at high
resolution the chemical composition of microplastics without labeling, which pro-
vides valuable insight into their accumulation and transformation in living organ-
isms [108].

6.1.2. Spectroscopic Methods

In Raman spectroscopy technique, plastic particles as small as 1 pm can be de-
tected with high sensitivity. Its advantages include its non-destructive nature, and
the minimal sample preparation required for real-time analysis. Microplastics can
be identified with Fourier Transform Infrared spectroscopy (FTIR), but opaque
samples and particles smaller than 20 um are difficult. FTIR has improved over
the years, such as focal plane array FT-IR (FPA-FT-IR) [109].

6.1.3. Fluorescence-Based Techniques

Fluorescent staining of microplastics with hydrophobic dyes like Nile Red has
proven to be an effective method for detecting microplastics under microscopy.
As a result of this method, identification processes are streamlined; however, false

positives must be reduced with further development [110].

6.1.4. Machine Learning and Automation

The evolution of machine learning has made it possible to detect microplastics
more efficiently and accurately through spectroscopic and microscopic tech-
niques. In addition to reducing analysis time and increasing precision, models
such as PlasticNet are highly accurate at identifying microplastics from spectral
data [111] [112].

6.1.5. Biosensors and Electrochemical Sensing
Microplastics can be detected using electrochemical biosensors developed in re-

cent years. Despite their potential for low-cost, rapid detection of a wide range of
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environmental samples, these sensors require further optimization before being

applied widely [111].

6.2. Innovations in Sampling and Sample Preparation

In order to detect and analyze microplastics accurately in various environmental
matrices, innovative sampling and preparation methods must be used. A number
of advancements have been made in developing standard protocols, improving

isolation methods, and improving the effectiveness of organic matter removal.

6.2.1. Development of Standardized Protocols for Environmental Matrices

To ensure consistency and comparability across multiple studies, standardizing
sampling protocols is crucial. It is being developed that standardized methods will
be used to collect soil, water, and air samples. Microplastic sampling methods,
such as ambient water, stormwater, sediment, and aquatic life, have been stand-

ardized in California by a group of international experts [113].

6.2.2. Use of Novel Filtration and Density Separation Techniques

The isolation of microplastics from complex environmental samples has been im-
proved using filtration and density separation techniques. Microplastics from sed-
iments and soils are often extracted using density separation techniques such as
sodium chloride and zinc chloride. In recent years, the use of sodium dihydrogen
phosphate (NaH,PO,) has become increasingly popular due to its high extraction
efficiency, cost-effectiveness, and non-hazardous nature [114]. In addition, spe-
cialized equipment like the Kristineberg Microplastic Sediment Separator (KMSS)

has been designed to enhance density separation [53].

6.2.3. Application of Enzymatic Digestion for Biological Samples

Microplastics can be extracted from biological samples by enzymatic digestion,
which has emerged as a powerful tool for removing organic matter from samples.
Microplastics have been thoroughly digested with proteolytic enzymes such as
trypsin without damaging them, demonstrating high digestive efficiency. It has
been demonstrated that trypsin can achieve up to 88% digestion efficiency at low
concentrations, which makes it an efficient and cost-effective way to extract mi-
croplastics from biological samples [115]. Marine organisms have a great deal of

benefit from this approach when analyzing microplastic intake.

7. Conclusion

Microplastics are a growing global concern due to their persistence, widespread
presence, and potential impacts on ecosystems and human health. This review
highlights the diverse sources contributing to microplastic pollution, from agri-
cultural and industrial activities to consumer products and wastewater. While
advancements in analytical techniques such as spectroscopy, microscopy, thermal
analysis, and mass spectrometry have improved detection capabilities, significant

challenges remain. These include the lack of standardized methods, difficulties in
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Table 1. Comparative overview of advanced analytical techniques for microplastic detection and characterization.

Analytical Techniques Microplastic Type Size Detection Limitations Reference
Range
FTIR Most polymers >20 pm struggles with opaque/black MPs; [106]

affected by sample heterogeneity and
environmental factors

Raman Spectroscopy  Most polymers =21 um Prone to fluorescence interference; low  [106]
signal-to-noise ratio; sample heating
may cause degradation

Micro-FTIR Polymer composites ~10 um Resolution-dependent size artefacts; [115]
particle pre-selection required for single-
pixel detectors

Pyrolysis-GC/MS Polymer identification N/A (bulk analysis) Destructive method; cannot provide [106]
particle size or physical properties

SEM-EDX Surface characterization Wide range Complex pretreatment; high cost; cannot [106]
distinguish colors

NMR (gNMR) PE, PET, PS, PB, PI, PVC, Not size-dependent ~ Overlapping signals in mixtures; low [116]
PU, PLA (in solution) (bulk) concentrations challenging; requires
sample dissolution; not particle-specific

DSC-TGA PP, PA, HDPE, LDPE, PET  Not size-dependent Glass transition signal weak; interference [117]
(semi-crystalline); PS, PVC  (bulk) from organic/inorganic matter; not for
(amorphous) individual particle analysis
Mass Spectrometry Polyolefins, polyaromatics, =5 pm (selected ion Destructive; requires individual particle [118]
(MS, ASAP-MS) polyacrylates, (bio)polyesters, mode), 230 um (full handling; limited for routine
polyamides, polycarbonates, scan) environmental screening
polyacrylonitriles
Confocal Laser Most polymers Micrometer to sub-  Requires labeling/fluorescence; limited  [119]
Scanning Microscopy millimeter chemical specificity; not for routine
(CLSM) quantification
HPLC Not standard for Not applicable Not designed for polymer particle [109]
microplastics; some polymer analysis; mainly detects additives or
additives degradation products

nanoplastic identification, and analytical limitations in complex environmental
matrices (Table 1). Addressing these challenges requires collaborative efforts
across scientific disciplines and regulatory sectors. Standardization of sampling
and analytical protocols is essential to ensure data comparability and reliability.
Policymakers must also consider stricter regulations on plastic use in agriculture
and industry, as well as guidelines for the reuse of wastewater sludge and biosolids.
Investment in advanced technologies, sustainable alternatives, and public aware-
ness initiatives will be critical to minimizing microplastic pollution. Ultimately, a
harmonized global approach is needed to monitor, assess, and mitigate the risks

posed by microplastics to environmental and human health.
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