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Abstract: The worldwide adoption of artificial turf in sports facilities and urban landscapes,
alongside the systematic transition from natural grass and soil-based grounds, has raised
growing concerns about its contribution to the significant source of nano- and microplastics
in ecosystems. This review examines current knowledge on the mechanisms of nano-
and microplastic generation from artificial turf systems and their environmental impacts.
Combined mechanical stress, ultra-violet radiation, and weathering processes contribute to
the breakdown of synthetic grass fibers and infill materials, generating particles ranging
from nanometer to millimeter scales. These nano- and microplastics are detected in drainage
systems and surrounding soils near sports facilities. Laboratory studies demonstrate
that artificial turf-derived nano- and microplastics can adversely affect soil microbial
communities, aquatic organisms, and potentially human health, through various exposure
pathways. While current mitigation approaches include hybrid turf, particle retention
systems, and improved maintenance protocols, emerging research focuses on developing
novel, environmentally friendly materials as alternatives to conventional synthetic turf
components. However, field data on emission rates and environmental fate remain limited,
and standardized methods for particle characterization and quantification are lacking.
This review identifies critical knowledge gaps, underscoring the need for comprehensive
research on long-term ecological impacts and highlights the future goal of mitigating nano-
and microplastic emissions from artificial turf systems into the ecosystem.

Keywords: artificial turf; nano/microplastic; sports; environment; wastewater; soil;
health; ecosystem

1. Introduction

Throughout the history of sports, playing surfaces have evolved from traditional
natural grass fields to contemporary artificial turf systems. While natural grass domi-
nated sports facilities for centuries, the introduction of artificial turf in the 1960s marked a
revolutionary change in sports infrastructure, offering improved durability and reduced
maintenance requirements. However, this technological advancement has brought new
environmental challenges, particularly concerning non-biodegradable nano- and microplas-
tics (NMPs). This review aims to synthesize current knowledge regarding the generation
mechanisms of NMPs from artificial turf systems and their environmental impacts. We
examine the physical and chemical processes contributing to particle formation, evaluate
the factors influencing their release and transport in various environmental compartments,
and assess the resulting ecological effects. Additionally, we discuss emerging mitigation
strategies to reduce the impact of NMPs and identify research areas that require further
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attention. Understanding these aspects is crucial for developing more sustainable artificial
turf systems and implementing effective environmental protection measures, ensuring
that the evolution of sports surfaces continues to balance performance requirements with
environmental responsibility.

1.1. History of Sports Venues and Their Playing Surfaces

The development of sports venues reflects humanity’s enduring relationship with
athletic competition and communal gathering [1]. While the ancient Greek stadion and
Roman amphitheaters are well-documented examples, archaeological evidence reveals
sophisticated sporting facilities across various civilizations [2].

In Mesoamerica, the Maya constructed elaborate ball courts with specialized play-
ing surfaces composed of earth and stone-based materials, demonstrating an advanced
understanding of surface engineering as early as 1400 BCE. These courts, found at sites
such as Chichen Itza and Copan, featured carefully designed drainage systems and precise
surface treatments to enable the unique bouncing properties required for their ball games.
In ancient China, the Han Dynasty (206 BCE-220 CE) developed specialized venues for
cuju, an early form of football. These facilities, known as ju chang, featured packed earth
surfaces sometimes covered with fine sand to improve player traction. Similarly, Persian
zurkhaneh, traditional athletic facilities dating back to the Parthian period (247 BCE-224
CE), incorporated specific surface preparations to facilitate wrestling and strength training
exercises. In Japan, sumo wrestling rings (dohyo) developed specific construction tech-
niques, combining packed clay with sand and straw to create resilient surfaces that remain
largely unchanged today.

These examples demonstrate the development of sports facilities in ancient civiliza-
tions and the importance of surface technologies, which indirectly influenced the approach
to surface design in modern sports facilities, including artificial turf systems.

1.2. The Development of Natural Grass and Artificial Surfaces in Modern Sports

The standardization of playing surfaces emerged alongside the codification of modern
sports during the Industrial Revolution [3]. The establishment of natural grass as the
standard playing surface in Britain during the 18th and 19th centuries was facilitated by
several key factors [4]. The region’s temperate climate, characterized by moderate rainfall
and temperatures, proved ideal for year-round grass maintenance. The invention of the
lawnmower by Edwin Budding in 1830 revolutionized ground maintenance, enabling
efficient management of large grass surfaces.

While British public schools were instrumental in developing both sports and their
playing surfaces, the evolution of natural grass surfaces extended far beyond cricket, rugby,
and football. These institutions’ extensive grass fields served as experimental grounds
where standardized playing conditions evolved alongside codified rules. Natural grass
surfaces offered distinct advantages: impact absorption for player safety, adequate drainage
during inclement weather, and consistent ball behavior that enhanced game predictability.

In North America, baseball’s emergence in the mid-19th century led to pioneering
work in turf management [5]. Groundskeepers at venues like Boston’s Fenway Park (1912)
developed innovative techniques for grass cultivation and maintenance that influenced
sports facility management worldwide. The advent of American football brought new
challenges to natural surface management. The sport’s combination of high-impact play
and late-season games in cold weather regions prompted experiments with grass varieties
and soil compositions. The Green Bay Packers’ Lambeau Field became a testing ground for
cold-weather turf management, leading to innovations in grass breeding and field heating
systems. Intriguingly, field hockey’s evolution from natural grass to artificial turf offers
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an interesting case study in surface transition. The sport’s initial development on natural
grass in British India required specific mowing patterns and maintenance techniques to
facilitate fast, precise ball movement. These requirements ultimately contributed to the
sport’s early adoption of artificial surfaces in the 1970s [6].

1.3. Artificial Turf Systems: A Leading Cause of NMP Pollution

The global adoption of artificial turf systems has significantly increased over the past
decades, driven by their durability, safety, low maintenance requirements, and ability to
provide consistent playing surfaces in various weather conditions [7,8]. These synthetic
surfaces, primarily composed of polymeric materials, have become ubiquitous in sports
facilities, urban landscapes, and recreational areas worldwide. However, the widespread
implementation of artificial turf has raised growing environmental concerns, particularly
regarding their role as a significant source of NMP pollution [9-11].

Modern artificial turf systems typically consist of three main components (Figure 1):
synthetic grass fibers made from plastics such as polyethylene and nylon, infill materials
(often including crumb rubber from recycled tires or synthetic alternatives), and backing
materials [12,13]. While these materials provide desired performance characteristics for
athletes and other users [14], their degradation through mechanical stress, ultra-violet (UV)
exposure, and weathering processes generates NMP particles (Figure 2). Infill materials
play a crucial role in most artificial turf systems, as they provide shock absorption, surface
stability, and performance consistency. However, certain sports, such as field hockey, utilize
non-infill artificial turf, where periodic wetting is required to maintain optimal playing
conditions. The presence or absence of infill significantly influences the type and amount
of NMPs released, as systems with infill generate both synthetic fiber fragments and
micro-rubber particles, whereas non-infill systems primarily release fiber fragments [15,16].
Recent studies have identified artificial turf as one of the largest contributors to NMP
emissions in urban environments, with current estimates suggesting that a single full-size
sports field can release several hundred kilograms of plastic particles annually, accounting
for approximately 38% of the total estimated release in European environments [17,18].

Turf

Infills

Figure 1. Artificial turf systems. (a) A photograph from fieldwork on an artificial turf field shows infill
granules (black) spreading out from the artificial grass, leading to NMP pollution. (b) A schematic
diagram of the layered artificial turf system. The artificial turf system consists of multiple layers:
synthetic grass surface with backing, shock-absorbing pad, aggregate base layer, and compacted
subgrade soil with integrated drainage tubes.
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Figure 2. Nano- and microplastic generation and ecological impact pathways. Mechanical stress, UV
radiation from sunlight, and weathering processes induce physicochemical degradation of synthetic
grass fibers and infill materials, generating NMPs. These NMPs pass through the drainage systems
under artificial turf and spread throughout the ecosystem.

The environmental implications of these emissions from artificial turf have become

increasingly apparent. Researchvhasidemonstrated thatartificial turf-derivedparticlesican

about broader ecosystem health [22-2:1].

Despite growing awareness of these environmental challenges, the regulatory frame-
work governing artificial turf systems varies significantly across jurisdictions [25,26]. Recent
international policies demonstrate substantial differences in how countries approach the
regulation of artificial turf components and their environmental impacts [17,27]. This regu-
latory heterogeneity, combined with the complex nature of NMP generation and transport,
highlights the need for a comprehensive understanding of the mechanisms involved and
their ecological consequences. Given the widespread use of artificial turf, efforts should also
focus on identifying universal solutions and protective measures to mitigate environmental
and health risks on a larger scale.

NMPs pose ecological risks through both contaminant adsorption and inherent mate-
rial properties.

particles potentially causing biological effects [29].

2. Generation Mechanisms of Nano- and Microplastics from Artificial
Turf Systems
Artificial turf systems have emerged as a significant source of NMPs in the envi-

ronment, with complex generation mechanisms influenced by both mechanical and envi-
ronmental factors. This section examines the primary mechanisms responsible for NMP
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formation from artificial turf components, including synthetic grass fibers, infill materials,
and backing systems.

2.1. Physical Degradation Mechanisms and Particle Formation

The generation of NMPs from artificial turf systems primarily occurs through mechan-
ical degradation processes, resulting in two main types of particles: micro-sized artificial
turf fragments (MATF) from synthetic grass fibers, and micro-sized rubber particles (MRP)
from infill materials. These particles are continuously generated and accumulated under
mechanical stress caused by foot traffic and maintenance activities [30]. Another study
proposed a model system showing that wear significantly contributes to NMP generation,
particularly under UV exposure [31]. In addition to mechanical stress, environmental
factors such as UV radiation, which varies with latitude and solar radiation intensity, may
further accelerate the degradation of artificial turf components, intensifying NMP release.
For instance, this physical breakdown process on a soccer field is particularly pronounced
in high-traffic areas such as goal mouths and center fields. Thelinteractionramongicleats)
synthetic grass fibers, and infill materials creates critical friction points that accelerate the
breakdowmniprocess [32]. Moreover, the size distribution of NMPs generated from artificial
turf varies depending on the degradation mechanisms involved. A study has reported
that the most frequently detected particles are within the microplastic range (<5 mm),
with a significant proportion falling below 1 mm [32,33]. Incorporating these quantitative
findings provides a more comprehensive understanding of NMP formation and poten-
tial environmental risks. Another fecentistudy specificallyrinvestigatediwastewater/from
synthetic football fields, revealing that the NMPs generated from the physical breakdown
of synthetic grass fibers and infill materials can be transported through drainage and
backingsystems [34]. Their findings suggest that NMP generation primarily occurs at the
surface level, with particles subsequently migrating downward and being transported via
the backing system and drainage structures. Backing systems are typically composed of
polyurethane- or latex-coated woven polypropylene, which provides structural support
and facilitates drainage. Additionally, artificial turf installations often incorporate anchors
or adhesives to secure the turf to the ground, further influencing material degradation and
potential particle release.

Moreover, pathways leading to and from sports fields may act as major accumulation
zones for NMPs due to frequent particle transport by wind, water runoff, and human
activity. These areas could serve as key environmental dispersion routes, further ampli-
fying the spread of artificial turf-derived NMPs beyond the immediate playing surface.
Since environmental factors, including UV exposure, contribute to NMP generation and
dispersion, understanding potential mitigation strategies is essential. While the role of UV
exposure in accelerating this degradation process is well established, the potential impact
of shading or roofing on mitigating NMP emissions remains unclear.

2.2. Environmental Weathering and Chemical Degradation

Environmental factors play a crucial role in NMP generation through various weather-
ing processes. After being discarded into the environment, NMPs experience weathering
effects, but their low degradation rate under environmental conditions hampers the eluci-
dation of long-term aging behavior. To date, laboratory technologies such as light, heat,
chemical oxidation, and y-ray irradiation, are considered to promote NMP aging [35].
Concurrently, chemical degradation pathways significantly contribute to NMP formation.
Huang et al. identified the formation of environmentally persistent free radicals in crumb
rubber infill [36]. Zhang et al. (2024) further elucidated the complex interactions between
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NMP and microbial communities, suggesting that biological processes may also influence
degradation patterns [37].

In addition to microbial interactions, artificial turf fibers can support biofilm forma-
tion [38], where bacteria and fungi colonize surfaces and potentially accelerate degradation
throughrenzymaticractivity: Furthermore, biofilm-coated NMP fragments may act as carri-
ers for microorganisms, influencing their environmental dispersion and potential ecological
impacts [39]. Although this remains an underexplored area, further investigation is war-
ranted to clarify the role of biofilms in NMP degradation and transport. Additionally, recent
studies suggest that certain insect species possess gut microbiota capable of degrading
synthetic polymers, indicating a potential role of insects in NMP degradation [40].

The combination of physical and chemical degradation mechanisms creates synergistic
effects that accelerate NMP generation and degradation. Golmohammadi et al. (2023) re-
ported various NMP elimination methods, including chemical technologies (e.g., advanced
oxidation processes such as Fenton reactions and ozonation), photocatalytic degradation
(e.g., TiO-based photocatalysis), and biodegradation (e.g., microbial enzyme-mediated
degradation) [41]. Notably, the dynamics of NMP generation follow complex patterns
influenced by multiple factors. A study based on Schwartz’s law demonstrated that light-
mediated plastic degradation follows a distinctive pattern: the release rate of NMPs exhibits
a bell-shaped Gaussian probability distribution over time, while their total accumulation
follows a sigmoidal pattern, as expected from the integration of a Gaussian function [42].
While Yu et al. (2024) [43] investigated the environmental persistence of NMP degradation
products, their potential transgenerational effects have not yet been fully explored.

2.3. Environmental Transport and Distribution

Once generated, NMPs encounter various transport processes that influence their
environmental fate [44,45]. Frostretralm(2022)rsuggestedithatiNVPsyparticularlyfibers)
are pervasive in sewage sludge and agricultural soils [33]. Galkina (2023) [46] specifically
investigated the transport of artificial turf-derived NMPs in aquatic environments and iden-
tified endocrine-disruptive chemicals of great concern—PFAS precursors—highlighting
the potential for widespread environmental contamination through water systems. While
identifying the exact sources of NMPs in wastewater treatment plant effluents remains
challenging, a report from Australia has shown that long-chain polyfluorinated polymers
are used in fiber production, as process aids at concentrations below 0.1% by weight, ex-
cludingthe'backingmaterial)[47]. A Swedish study identified polytetrafluoroethylene and
fluoroelastomers in artificial turf, concluding that their poor extractability and oxidation
resistance render them low risk [48].

The mobility and distribution of these particles are influenced by their size, shape,
and environmental conditions [49]. Mousazadehgavan et al. (2024) emphasized the im-
portance of understanding these transport mechanisms for developing effective removal
methodologies such as charge neutralization, adsorption, and sweep flocculation [50]. Shi
et al. (2024) further explored how the transport of NMPs can influence their interactions
with environmental antibiotic resistance genes, underscoring the broader environmental
implications of NMP distribution [51]. Additionally, the atmospheticitransportiof INIVIPs)
especially polyethylene (PE) particles from artificial turf, has become a significant concern,
suggesting that atmospheric transport could be a vector to distribute NMPs to soil and
aquatic ecosystems. Indeed, PE is the most abundant plastic source identified in Arctic
Sea ice [52], although fibrous polyacrylonitrile polymer was the most common in urban
areasisuchrasiiondon [53]. To further illustrate the environmental distribution of NMPs,
Table 1 summarizes reported concentrations across different environmental compartments,
including groundwater, seawater, sediment, and atmospheric deposition.
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Table 1. Characteristics of nano- and microplastics in different environments.

. . Abundance
Sample Location Type (Shape) Size (Concentration) References
South Korean coast PS, PE, PP 0.02-5 mm 0-62,800/m? Eo et al. (2018) [54]
. 2-5in length,
Adelaide Island, fiber <0.1 mm in 0-5/10 mL Reed et al. (2018) [55]
Antarctica .
diameter
. PU, PAT, PA, PEC, PP,
Borehole, China PE, PS, PET 20-150 mm 11-17/L Wan et al. (2022) [56]
Well, China PA, PE, PP, PVC, PS <2500 mm 4-72/L Shi et al. (2022) [57]
South-eastern coastline fiber 0.08-5 mm 257.9 + 53.36— Nel and Froneman
of South Africa ’ 3308 + 1449/m°> (2015) [58]
Gulf of Mexico estuary PE, Pnlzi’lgr?lyesmr’ 2.5 4+ 0.48 mm 5-117/m? Wessel et al. (2016) [59]
Arctic Central Basin fiber, fragment 1-2 mm 0.7/m3 Kanhai et al. (2018) [60]
Well, Korea PP, PE, PVC, PS 20-5000 mm 0.02-3.48/L Cha et al. (2023) [61]
Yangtze Estuary fibers, granules, films 0.5-5 mm 4137.3 + 2461.5/m3 Zhao et al. (2014) [62]
Beaches along the Sea styrofoam, fragment ) > .
of Japan (UDP) 1902.69/m: Kusui and Noda (2003) [63]
Open underground PE, PS, PET, PP, PA,
water, China PVC 1-5000 mm 2.33-9.50/L An et al. (2022) [64]
North Yellow Sea, film, fiber, granule, <05 mm 545 4 282/m3 Zhu et al. (2018) [65]
China pellet
Central London fibrous, non-fibrous, fibrous: 20-25; fibrous: 712 4+ 162;
Atmospher ! film; PS, PAN, PVC, PE, non-fibrous: 75-100, non—fibrous Wright et al. (2020) [53]
osphere PU, PES, PET,PA, PP film (PE): 1080 mm 59 + 32/m?2/d
. . fragment: 65.2%, fibers:
ltalian Alps, Altitude 5 Pgo 1 veter, PA, 39% <100 mm 74.4 +28.3/kg Ambrosini et al. (2019) [66]
of 2580 m PE PP

Notes: PE: polyethylene; PS: polystyrene; PP: polypropylene; PA: polyamide; PAN: polyacrylonitrile; PES:
polyethersulfoneresins; UDP: undetermined plastic particles; PVC: polyvinylchloride; PU: polyurethane; PAT:
polyacetal; PEC: polyethylenechlorinated; PET: polyethyleneterephthalate.

3. Environmental Impacts of Artificial Turf-Derived Plastics
3.1. Thermal Environmental Effects

Artificial turf systems can affect the local thermal environment due to their distinct
physical properties. Studies have shown that artificial turf surfaces exhibit substantially
higher surface temperatures compared to natural grass, contributing to the urban heat
island effect at a localized scale [67]. The low albedo of artificial turf materials, combined
with their limited evaporative cooling capacity, results in increased heat flux into the
surrounding environment. A study demonstrated that artificial turf fields can reach tem-
peratures up to 15-20 °C higher than natural turf under identical environmental conditions,
potentially affecting local microclimate patterns and ecosystem functioning [68]. With
the progression of global warming, the already elevated surface temperatures of artificial
turf may increase further, exacerbating thermal stress on athletes and heightening the risk
of heat-related illnesses such as heatstroke [69]. Additionally, it has been observed that
temperature fluctuations are significantly more pronounced on artificial turf compared
to natural grass [68]. Such climatic conditions may accelerate the degradation of plastic
materials, thereby increasing the release of NMPs; however, definitive evidence supporting
this link remains limited.

3.2. Impacts on Soil and Water Ecosystems

The introduction of artificial turf-derived NMPs into soil ecosystems presents multiple
environmental concerns. These patticlesicanaccumulateinsoilmatrices;potentiallyaltering
soil structure, water retention capacity, and microbial community composition [8]. A
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study has shown that contamination of topsoil with crumb rubber particles does not
inhibit microbial respiration rates or significantly affect earthworm survivorship, but it
may reduce earthworm body weight by approximately 14%, even when heavy metal
levels in the contaminated soil remain within New York State’s background levels and
remediation targets [70]. The persistence of these synthetic materials in the environment
could be particularly problematic, as they do not biodegrade like natural turf components.
Furthermore, studies have indicated that the presencerofiartificialiturfrparticlesiisoilican
impact plant growth and soil organism diversity, though long-term ecological consequences
require further investigation [71].

The migration of artificial turf-derived particles into aquatic systems also represents a
significant environmental concern. As these materials break down, they can enter stormwa-
ter systems and natural waterways, potentially affecting aquatic ecosystems at multiple
trophic levels. An investigation documented the presence of turf-derived particles in urban
runoff systems, underscoring the environmental risk of infills derived from various mate-
rials including recycled tires, virgin thermoplastic elastomers, virgin ethylene propylene
diene monomer (EPDM), and recycled EPDM. Furthermore, the Water=soltblercompounds
leaching from artificial turf materials, including heavy metals (zinc, copper) and organic
additives (phenols, phthalates) can further impact water quality and aquatic organism
health [72]. Another study has revealed a widespread presence of artificial turf-derived
NMPs in both river and sea surface waters, with PE being the most commonly found
polymer, showing that artificial turf contributes significantly to aquatic plastic pollution,
particularly in coastal areas and during the rainy season when their release into the en-
vironmentipeaks)[10]. Although these studies have identified the widespread presence
of artificial turf-derived NMPs in aquatic environments, research focusing on the specific
impacts of these NMPs on water ecosystems remains limited.

3.3. Potential Implications for Human Health

Although few studies have investigated the effects of artificial turf on human health,
it has been demonstrated that aging deterioration increases the generation of NMPs. In
fact, higher concentrations of these particles have been detected in the saliva of athletes
competingionistuchisurfaces [36]. In vertebrate animal studies, mice exposed to aged crumb
rubber particles had lower ovary and thymus weights, although the biological relevance of
these changes was deemed low [73]. Another important study using artificial turf infills
has revealed that leachate from infills injected into the yolk of fertilized chicken eggs trig-
gered mild to severe developmental malformations, and reduced growth. Specifically, the
development of the brain and cardiovascular system was impaired, which was associated
with gene dysregulation such as aryl hydrocarbon receptor, stress-response, and thyroid
hormone pathways [74]. Epidemiological studies examining human health impacts have
shown mixed results. While initial concerns were raised in 2014 about cancer risks in soccer
players exposed to artificial turf, particularly goalkeepers [75], studies implemented in the
United States showed no significant link between artificial turf exposure and cancer inci-
dence [76]. However, a simulation study suggested children’s cancer risk from polycyclic
aromatic hydrocarbon exposure on rubber playground surfaces could be ten times higher
thatvonvsoilisurfaces [77]. Most health endpoints, other than cancer, remain uninvestigated,
and given the many uncertainties, further research is needed. Inhalation of airborne NMPs,
particularly those transported through atmospheric pathways, may also pose potential
health risks, including respiratory inflammation and systemic toxicity. Recent studies have
suggested that chronic exposure to inhaled NMPs could contribute to pulmonary stress
anditranslocationitorotherorgans, although the long-term implications, including potential
immune-related mechanisms in cancer, remain to be elucidated [78].
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4. Field Work and Analytical Methods for NMP Detection in Artificial
Turf Systems

4.1. Field Sampling Approaches

In addition to the established water sampling methodologies [79], the collection and
analysis of NMPs from artificial turf systems require carefully designed sampling protocols
to ensure representative data collection. Recent studies have employed various sampling
strategies for different environmental matrices surrounding artificial turf fields [80]. For
water runoff analysis, researchers have installed collection systems at drainage points
to capture leachate from artificial turf fields [9]. This approach has proven effective in
quantifying the temporal distribution of plastic particles in response to weather events and
field usage patterns. Recent studies have shown that artificial turf exhibits lower water
retention capacity than natural grass, leading to increased runoff after rainfall events [81].
This heightened runoff has the potential to transport NMPs into surrounding environments.

The methodologies for capturing NMPs from aquatic environments, sediments, and
shorelines, where tidal events facilitate exchange between water and coastal areas, could
be adapted for studying runoff from artificial turf fields. Three main sampling techniques—
selective sampling, bulk sampling, and volume-reduced sampling—are used for this pur-
pose. Selective sampling is suitable for beaches and surface waters but risks missing smaller
particles; bulk sampling collects entire samples but can lead to contamination and limited
representativeness; volume-reduced sampling captures specific fractions and can handle
large water volumes, though mesh size affects detection accuracy. These techniques, es-
pecially volume-reduced sampling, could be applied to artificial turf runoff by modifying
mesh sizes and sampling durations to address its unique characteristics.

4.2. Advanced Spectroscopic Techniques for Particle Characterization

Modern analytical techniques have revolutionized our ability to detect and character-
ize NMPs from artificial turf systems. Dark-field hyperspectral microscopy has emerged
as a powerful tool for label-free detection of NMPs, allowing for detailed visualization
and spectral identification of particles [82]. This technique is particularly valuable for
analyzing complex environmental samples where traditional methods might fail to detect
smaller particles.

Fourier transform infrared (FI-IR) spectroscopy remains a cornerstone technique
for microplastic analysis, providing crucial information about particle composition and
degradation state. Several studies demonstrated the effectiveness of FI-IR analysis in
distinguishing different types of synthetic materials commonly found in artificial turf
systems, although FI-IR has limitations in identifying particles smaller than 20 pm [83]. A
recent study developed a sensitive optical imaging technique that can detect and quantify
extremely small plastic particles, finding over 100,000 particles per liter in bottled water.
This technique could be valuable for analyzing NMPs in smaller sizes shed from artificial
turf into the environment [84].

Hydrodynamic chromatography (HDC) separates particles based on size using a
column packed with non-porous beads [85]. Larger particles move faster through the
center of the flow, while smaller particles elute more slowly at the edges. This size-based
separation is particularly useful for analyzing polydisperse samples, such as those from
artificial turf. Although HDC has been shown to resolve particles like polystyrene (PS) and
polymethyl methacrylate (PMMA), challenges remain with quadrimodal or more highly
polydisperse samples. Post-separation techniques, such as multi-angle light scattering
(MALS) and differential refractometry (DRI), can enhance the accuracy of size and molec-
ular weight characterization, addressing the limitations of HDC in highly polydisperse
samples (Table 2).
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Table 2. Potential strategies for detecting nano- and microplastics.
. Detection . Primary
Analy_t ical Limit Size Range Quantification Analysis Advantages Limitations References
Technique (um/nm)
(um/nm) Target
FTIR (Fqurler Not typically Organic Non-destructive, Cannot detect Andoh et al.
transform infrared ~10 pm 10 pm-mm L .
quantitative polymers cost-effective below ~10 pm (2024) [83]
spectroscopy)
. . High spatial Fluorescence Dabrowska
S elétar?:; ~100 nm 100 nm—-mm Nﬁ;ﬁﬁ;ﬁ?gg Co)fgri?elfs resolution, detects interference, etal. (2022)
P Py 4 poly small particles slow analysis [86]
SEM-EDX Sample
(scanning electron . Organic and Shape and preparation Gniadek and
. . Semi- . . . .
microscopy with A few nm 10 nm-mm uantitative inorganic elemental analysis required, Dabrowska.
energy dispersive 4 composition possible polymer ID (2019) [87]
X-ray) limited
Mass spectrometry Highly Molecular High sensitivity, Complex Zhang et al.
A few nm 1 nm—pm T molecular analysis sample
(MS) quantitative structure . - (2024) [88]
possible preparation
TGA (thermogravi- Not Not Quantitative Thgrmal Identifies th.e rmal No size/shape Mansa and
metric analysis) applicable applicable (mass-based) stability and degradation information Zou. (2021)
composition patterns [89]
Hydrodynamic Quantitative Particle size ngh_ljeSOh.ltlon Requires chro- Enfrin et al.
Chromatography A few nm 5nm-10 um - e particle size matography -
(size-based) distribution . (2021) [85]
(HDC) separation setup

Mass spectrometry (MS), including pyrolysis-GC/MS and thermal desorption-GC/MS,
identifies polymer compositions by detecting thermal degradation products, making it

valuable for analyzing weathered NMPs where vibrational spectroscopy may fall short [88].

Thermal gravimetric analysis (TGA) quantifies polymer content based on decomposition

temperatures, distinguishing NMPs from inorganic particles [89]. Scanning electron mi-

croscopy with energy dispersive X-ray spectroscopy (SEM-EDX) provides high-resolution

imaging of NMP morphology and elemental composition, useful for assessing weather-

ing patterns [87]. However, it lacks molecular identification, requiring complementary

spectroscopic methods. Raman spectroscopy is highly sensitive for NMP analysis, de-

tecting sub-micron particles and analyzing pigmented plastics where FI-IR struggles [86].

However, fluorescence interference can pose challenges, sometimes requiring sample pre-
treatment (Table 2).

While various analytical techniques exist for detecting NMPs from artificial turf, there
remains a critical lack of standardized, cost-effective sampling and detection protocols

for monitoring these particles in real-world environmental settings. The absence of har-
monized methodologies, along with the high costs and complexity of instruments like
FT-IR spectroscopy, poses significant barriers to routine environmental monitoring and

risk assessment.

5. Mitigation Strategies and Future Directions Toward Sustainable

Artificial Turf Systems

Current potential strategies for reducing NMPs from artificial turf are summarized

in Table 3. Recent research has focused on two main approaches to minimize the envi-

ronmental impacts of artificial turf systems. The first approach focuses on optimizing

existing systems through improved design and engineering solutions to reduce particle

generation and enhance containment. The second approach explores the implementation

of alternative organic or biodegradable materials to replace conventional synthetic infills.

These mitigation strategies, combined with ongoing developments in the field, are shaping
the future of sustainable artificial turf systems [90].
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Table 3. Potential strategies for reducing nano- and microplastics from artificial turf system.

Method Description Advantages Challenges References
Drainage Filters or adsorbents used Effectiveness
purifica t%on to remove NMPs from Easy implementation evaluation, Verschoor et al. (2021) [9]

Binder material
improvement

Use of organic
materials

Maintenance
optimization

Surface
processing

Rainwater storage
tanks

Hybrid turf

drainage
Adhesives or stabilizers
added to infill materials to
prevent disintegration

Biodegradable materials

Regular cleaning and infill
management based on
usage frequency
Curling and coatings to
prevent particle abrasion

Captures runoff in tanks
for subsequent filtration

Combination of natural
and artificial grass

Reduces material
dispersion, increases
durability
Environmentally
friendly

Cost-saving

Reduces NMP
generation
Reduces discharge
Useful for other
purposes
Reduces discharge
Low maintenance cost

maintenance costs

Difficulty applying to
existing products

High cost
Durability concerns
Limited effect
Durability of the
curling and coating
Space requirements

Maintenance issue

High installation cost

Fleming et al. (2016) [91]

Dickson et al. (2020) [92]

Inside FIFA, FIFA.
Holmberg et al. (2009) [93]
Fleming et al. (2016) [91]

Huijgevoort et al.
(2009) [94]

Thanheiser et al. (2018) [95]
Thoms et al. (2022) [96]

5.1. Optimization of Existing Systems for Emission Reduction

Comprehensive maintenance protocols and strategic end-of-life management practices
are crucial for mitigating the environmental burden of these systems [97]. Afotherapproach
in reducing NMPs from artificial turf systems is to purify wastewater through drainage
systems [9]. Several commercially available systems have been proposed to date, but their
effectiveness should be further evaluated. Furthermore, the ifistallationof rainwater'storage
tanks is a sustainable option to remove NMPs from drainage, and the stored water could
be reused for artificial turf maintenance [94]. More recently, some manufacturers have
implemented techniques like curling artificial turf blades to prevent tearing and reduce
infill material leakage into the environment. Additionally, there is a possibility of reducing
NMP generation through improvements in coating agents and binder materials used on
artificial turf surfaces [91,93]. While hybrid turf systems are utilized in professional sports
venues and cannot eliminate NMP emissions, they are recognized as having demonstrable
reduction effects. However, their high implementation costs present ongoing challenges
for widespread adoption across different regions [95,96].

5.2. Implementation of Alternative Organic and Biodegradable Materials

The most auspicious alternative solutions involve infills made from organic materials
including cork, olive pit, corn starch, wood granulate, and coconut fiber. €otk, which has
a long-standing industrial use in wine bottle stoppers, demonstratesiparticularpromniise
for sustainable applications [90,92]. Innovative developments include the integration of
plant-based materials like flax, sugar cane, and soybean oil in synthetic grass production.
Emerging biodegradable plastic technologies show potential for future artificial turf ap-
plications. More recently, paper=basedrartificialiturfhasibeenicommercializedyandrithas
been confirmed that due to its biodegradability, it does not contribute to NMP generation.
However, several challenges remain in the development of next-generation artificial turf
systems, including the following:

o (Costtherpricerofisomerplant=basedvinfillsrisroftenvhigher than that of traditional
rubber infills.

e Durability: some plant-based infills are prone to degradation when used over ex-
tended periods.
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e Maintenance: exposure to rain and humidity can cause mold and further degradation,
necessitating careful upkeep.

5.3. Regional Adaptation in Artificial Turf Systems

Building on regional innovations in natural grass management [98,99], the devel-
opment of climate-specific artificial turf systems offers the potential for reducing NMPs.
Long-term studies on Scandinavian grassland management have examined maintenance
strategies for climate resilience [100], which may inform the design of artificial turf to
minimize degradation and microplastic release. Similarly, research in Qatar on grass
maintenance under extreme heat may support the development of UV- and heat-resistant
artificial turf to mitigate thermal degradation [101,102]. These regionally adapted systems
could minimize chemical treatments and physical stressors, which are key contributors to
NMP, while maintaining optimal playing conditions across diverse climates. lieveraging
natural grass management strategies for artificial turf development may provide a path to
more sustainable and environmentally adaptive sports surfaces.

5.4. Future Outlook for Sustainable Artificial Turf Systems

Recent technological advances have introduced smart monitoring systems that can
track wear patterns and material degradation in real time. Although these systems have
been successfully implemented in various industries, their application in controlling NMP
emissions from artificial turf remains largely untested. Nonetheless, by utilizing sensors
and artificial intelligence to optimize maintenance schedules, these systems offer promising
potential for predicting and mitigating future hotspots of artificial turf-derived micropar-
ticles. Additionally, some facilities have implemented specialized containment barriers
and filtration systems designed specifically for artificial turf installations. These systems
can significantly reduce the amount of displaced infill materials entering the surrounding
environment, though effectiveness varies depending on system design and local conditions.

In recent years, non-infill systems that eliminate the need for infill have been devel-
oped. These systems achieve shock absorption by employing specific backing sheets and
integrated cushioning layers, and they are expected to offer advantages such as simplified
maintenance and reduced environmental impact.

The development of novel hybrid systems that combine natural and artificial elements
has also shown promise. These systems typically incorporate a base layer of natural soil or
engineered substrate beneath the artificial turf, potentially reducing the overall synthetic
material content while maintaining desired performance characteristics. Somemantifactur
ers have begun experimenting with multi-layer designs that incorporate sacrificial wear
layers, effectively reducing the rate of NMP generation from the main turf structure.

The environmental impacts of artificial turf-derived NMPs remain complex, necessi-
tating ongoing research to develop sustainable solutions that balance practical advantages
with ecological considerations. However, emerging research suggests that a combination of
preventive design measures, active monitoring, and responsive maintenance protocols can
significantly reduce NMP emissions.

6. Conclusions

Artificial turf systems have been identified as significant sources of NMPs, and their
environmental impacts are extensive, while current investigation as well as mitigation
methodology remain limited. Future research addressing these challenges will be crucial
for developing and implementing more sustainable artificial turf systems. Additionally,
differences in NMP generation and migration between dry sports fields with infill and
water-based artificial turf systems should be considered, as their respective degradation
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pathways and dispersion mechanisms vary. Moreoveryasiartificialrturficontintiesitorex:
pand beyond sports facilities into public spaces and urban landscapes, its role in NMP
pollution must be assessed within a broader environmental context. This will require
multidisciplinary collaboration among environmental scientists, technologists, data sci-
entists, athletes, and health professionals, as well as continued technological innovation
to minimize environmental impact while maintaining the practical benefits of artificial
turf installations. A combination of preventive design strategies, advanced monitoring
techniques, and adaptive management approaches will be essential in mitigating NMP
emissions and ensuring long-term sustainability.
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