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ABSTRACT: Microplastics (MPs) and nanoplastics (NPs) are widespread pollutants
present across all environmental matrices, including the atmosphere. They originate
anthropogenically from primary sources, like microbeads, glitters, industrial abrasives, etc.,
and from secondary sources through degradation of larger plastic products, textile fibers, tire
wear, waste incineration, etc. Degradation processes, such as mechanical, photochemical,
chemical, and microbial degradation, break down plastics into smaller particles and gaseous
byproducts. Atmospheric degradation processes of MPs/NPs enhance their area/volume
ratio and introduce oxygenated functional groups at the surface, which increases their
hydrophilicity and interactions with other pollutants in the surroundings. Thus, MPs/NPs
also act as great vectors for toxic substances, including heavy metals, polycyclic aromatic
hydrocarbons, and persistent organic pollutants, amplifying their environmental and health
risks. MPs/NPs have been detected in various human tissues and fluids. Being bio-inert, they
cannot be metabolized and leave the body only through excretory routes. They not only
interact with the human organs directly but also indirectly via releasing additives and adsorbed/absorbed pollutants and, thus, can
exhibit higher toxicity compared to other atmospheric aerosols. Furthermore, atmospheric MPs/NPs influence radiative forcing and
cloud formation, and their photodegradation also releases greenhouse gases, like CO,, CH,, and volatile organic compounds
(precursors of ozone), linking plastic pollution to climate change. Despite their growing recognition, the study of atmospheric MPs
and NPs remains in its infancy, with numerous uncertainties surrounding their behavior, fate, and effects. This review aims to
highlight underexplored degradation pathways of atmospheric MPs/NPs that may be enhancing their environmental, health, and
climatic implications. It also proposes the future directions for atmospheric MP/NP research.

KEYWORDS: greenhouse gases, climate change, particulate matter, health effects, organic aerosols

1. INTRODUCTION Plastic pollution is a direct result of anthropogenic activities,
predominantly originating from single-use items such as
bottles, straws, caps, cups, and carry bags. This form of
pollution contributes significantly to biodiversity loss and the
degradation of ecosystems. Once introduced into the environ-
ment, plastics undergo various degradation mechanisms,
including mechanical, photochemical, chemical, and microbial
processes, leading to the formation of smaller plastic particles
and gaseous byproducts.'”™'* Over time, these processes

Plastics are synthetic organic polymers derived primarily from
products of fossil fuels and are extensively used in industrial
and commercial sectors due to their flexibility, durability, and
cost-effectiveness."”” According to the United Nations Environ-
ment Programme (UNEP), global plastic production reached
approximately 460 million metric tons (Mt) in 2019 and is
projected to increase to 1480 million Mt by 2050.° An

estimated 20 million Mt of plastic waste enters the environ- transform macroplastics into microplastics (MPs) and nano-
ment annually, and this figure is anticipated to rise significantly plastics (NPs). MPs are typically defined as plastic particles
in the coming decades.”’ Improper disposal and inadequate ranging in size from S mm down to 1 ym, while NPs refer to
waste management practices have led to plastics being detected particles smaller than 1 ym.">"

in nearly every corner of the planet, from the depths of the MPs and NPs have emerged as pervasive contaminants
Mariana Trench to the summit of Mount Everest, and from the across all environmental matrices, including the atmos-

polar regions of the Arctic and Antarctic to more temperate

and tropical zones. Plastics are now pervasive in diverse Received: July 30, 2025
environmental compartments, including terrestrial soils,* Revised:  September 22, 2025
freshwater systems,” the atmosphere,6 and marine environ- Accepted: September 29, 2025
ments.”® Among these, oceans serve as the ultimate sink for Published: October 3, 2025

most plastic debris due to hydrodynamic and atmospheric
transport mechanisms.”
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Figure 1. Overview of sample collection, preparation, and instrumentation techniques used for studying atmospheric MPs.

phere.">'® While considerable research has been conducted on
MPs in aquatic and terrestrial environments,'’~** the study of
atmospheric MPs/NPs is yet in the initial stages, with a limited
but growing number of investigations.”” > Atmospheric MPs/
NPs have been detected in diverse settings, including urban
centers, remote regions, and even polar environments,
underscoring their capacity for widespread dispersion and
long-range atmospheric transport.””*°™*> Due to their bio-
inert nature and persistent presence, these plastic fragments
pose significant risks to human health, especially when
airborne. Their small size facilitates inhalation and potential
translocation within biological systems, raising concerns about
long-term exposure and toxicity.”*”” Emerging evidence links
MPs and NPs to various adverse human health effects,
including cancer risk, endocrine disruption, respiratory
dysfunction, and disturbances in gut microbiota.’*™** MPs/
NPs cannot be metabolized in biological systems and thus,
they are eliminated from the body primarily through excretory
pathways.”® They have been detected in human breast milk,
urine, and feces, indicating systemic exposure.”’ > Moreover,
their contact with living tissues within the body can trigger
inflammation and abnormal cellular activity.

Environmental weathering and surface oxidation of MPs
over time lead to the formation of reactive oxygen species
(ROS) and the development of bioactive functional
groups.””* These transformations not only increase the
toxicity of MPs/NPs but also enhance their ability to absorb,
adsorb, and transport harmful substances. In addition, MPs
and NPs can serve as carriers for pathogenic microorganisms
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and antibiotic-resistant bacteria, further exacerbating their
threat to environmental and public health.>>*°

MPs and NPs undergo various physical and chemical aging
and degradation processes, which have important implications
for climate dynamics and environmental sustainability.””**
Existing literature includes several reviews on the photo-
degradation of MPs in marine, terrestrial, and aquatic
environments.””~®> Additionally, studies have examined the
degradation of MPs and associated greenhouse gas (GHG)
emissions in soil and aquatic systems,’*** as well as GHG
emissions from plastics during the production stage.”® It was
estimated that about 4.5% of global GHG emissions were from
plastics in 2015.°° GHGs are emitted into the atmosphere
throughout the plastic lifecycle, from extraction to disposal.
Other reviews have explored the impact of plastic pollution on
soil microbial diversity and its broader implications for the
carbon cycle.””*® However, despite the growing concern over
airborne MPs and NPs, the role of these particles in the
atmospheric environment, particularly in relation to degrada-
tion pathways, GHG emissions, and interactions with climate
processes, remains largely unaddressed. Some reviews have
addressed the sampling, detection, occurrence, abundance,
sources, and health effects of MPs in the atmospheric
environment.””’® Recently, a review discussed MPs aging
and its impacts on various spheres of the atmosphere.”!

The present review article critically evaluates the current
state of knowledge on atmospheric MPs/NPs by addressing
four key aspects: (a) sources and atmospheric abundances, (b)
atmospheric degradation mechanisms, (c) accumulation
mechanisms of pollutants on MP/NP surfaces, and (d) their

https://doi.org/10.1021/acsearthspacechem.5c00210
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Table 1. Technique Used in the Identification of Atmospheric MPs/NPs

technique principle size limit
MFTIR absorption of IR by the >20 pm
chemical bonds required
p#Raman laser scattering identifies >1 pum
molecular structure
Py—GC/MS  thermal decomposition + no limit
chemical analysis mass
optical using magnification >50 pum
microscope
SEM—EDS electron beam interaction 100 nm

with the sample

advantages

non-destructive, minimal sample preparation is

non-destructive, high spatial resolution, and can
detect MPs of different colors

specific and quantitative detection of polymer

inexpensive and quick detection

very useful in fiber detection, particle
morphology, and elemental composition

limitations

cannot detect black particles, and spectra
overlapping can cause misidentification

fluorescence interference in aged MPs and
expensive
destructive, lacks size and shape information

polymer type cannot be confirmed

polymer type cannot be identified and expensive

potential impacts on human health and climate. It also
proposes the future directions for atmospheric MP/NP
research.

2. SOURCES AND ABUNDANCE OF MPs/NPs IN THE
ATMOSPHERE

In order to study the sources and abundances of atmospheric
MPs/NPs, samples are collected and analyzed using various
methods. Their atmospheric abundances are often expressed as
the number of particles per unit volume of air. Abundances of
MPs/NPs in road dust are described as the number of particles
per unit mass of dust or per unit of area of sampling surface. As
of now, there are no uniform criteria for studying atmospheric
MPs/NPs, and thus, the comparison of reported values may be
biased.

2.1. Sampling and Analysis. Numerous active and
passive sampling techniques are available to measure and
report atmospheric MPs (Figure 1), but they are not
standardized. Researchers across the globe often use aerosol
or particulate matter (PM) active sampling measurement
techniques to estimate and report airborne MPs.’ Depending
on the aerosol composition to be analyzed, PM is usually
collected using a high- or low-volume (HV/LV) air sampler
with various filter substrates. Dust or resuspended dust on
roadside and kerbs, indoor dust, snow, and rainfall samples are
collected using passive sampling techniques (Figure 1). A
recent study reported that MPs are also deposited on plant
leaves,”” suggesting their potential for assessing atmospheric
MPs pollution.

In the case of dry deposition and road dust samples, the
samples are first sieved to remove coarse debris and irrelevant
large particles. The sieved material is then subjected to organic
matter digestion using either H,0, or Fenton’s reagent (a
mixture of H,O, and Fe?* catalyst) to break down residual
biological material. This step is essential to eliminate organic
interference during spectral measurements using pFTIR
(Fourier transform infrared spectroscopy) or Raman spectros-
copy. Following digestion, samples undergo density separation
using high-density salt solutions such as sodium iodide (Nal),
zinc chloride (ZnCL,), or sodium chloride (NaCl) to isolate
microplastic particles based on their buoyancy.””*’* The
floating fraction is then recovered via vacuum filtration for
subsequent analysis (Figure 1).

Atmospheric MPs can be identified and quantified
commonly using microscopy, spectroscopy, and mass spec-
trometry techniques.”*’® After sample processing (if needed),
optical microscopy is used initially to determine the size, shape,
and color of the larger MPs; however, this technique may have
a bias in measurement.”’ Atmospheric MPs/NPs are generally
fine fractions mixed with other aerosol particles and are not
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easily detectable using scanning electron microscope (SEM)
and transmission electron microscopy (TEM) due to the
limited availability of information on their chemical character-
istics. Nile red staining for fluorescence microscopy also faced
challenges due to the lengthy workflow and limitations in
optical quantification.’ Vibrational spectroscopy techniques
such as infrared (IR) and Raman, attached to a microscope,
help obtain chemical information, polymer characterization,
and visual identification."> These techniques can differentiate
MPs from other aerosols in the atmosphere. Multiple
techniques used for identification, along with their advantages
and disadvantages, are presented in Table 1.

Extensive libraries of vibrational spectroscopy used in the
polymer industry help identify the polymer in complex
mixtures of aerosols with distinctive spectra (Figure 1).
However, the microspectroscopy technique has its limitations
in particle detection, leading to increased analysis time."
Scanning electron microscopy coupled with energy-dispersive
X-ray spectroscopy (SEM—EDS) is highly effective for
detecting MP fibers, and analyzing their surface morphology
and elemental composition.”® However, it cannot identify the
polymer type, as it lacks functional group specificity. The
alternative method for microspectroscopy to identify MPs is
mass spectrometry, which can identify complex mixtures of
aerosols in the nanometre size range. Pyrolysis gas chromatog-
raphy and mass spectrometry (Py—GC/MS) is an offline
technique which is destructive and requires sufficient
processed samples.”” High-resolution time-of-flight mass
spectrometry (HR-ToF-AMS) is an online technique,®’ that
has recently been shown to be helpful for identifying specific
types of MPs/NPs.*"*> Further, emerging techniques such as
laser-directed infrared (LDIR)*’ and time-domain nuclear
magnetic resonance (TD-NMR)®** are also helpful in
identifying MPs/NPs.

2.2. Primary and Secondary Sources. MPs and NPs are
emitted into the atmosphere from primary and secondary
sources. The primary sources are manufactured MPs for
industrial applications, such as microbeads, pellets, glitters,
industrial abrasives, etc.*> Microbeads are primarily used in
personal care products. Cosmetic industries or personal care
products manufacturers use microbeads in toothpaste, facial
scrubs, and creams. About 4594 to 94 500 microbeads are
released into the atmosphere in a single wash from cosmetic
products.®*

In contrast, secondary MPs/NPs are formed in the
atmosphere mainly through photo and chemical degradation
of plastics present in the environment, such as the breakdown
of plastic bottles and carry bags due to UV radiation and
oxidation. Secondary MPs/NPs are most abundant in the
atmosphere. Synthetic fibers, textiles, fragments, and wear and

https://doi.org/10.1021/acsearthspacechem.5c00210
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Figure 2. Schematic representation of sources, transport, degradation, and removal of atmospheric MPs/NPs and their possible effects.

tear of tires are the major secondary sources.”” MPs/NPs
present in a fibrous form in the atmosphere come
predominantly from textiles and clothes. These fibers are
usually artificial and made up of polyamides (PA) and
polyesters (PES). Non-exhaust emissions, tire wear debris,
and road dust primarily emit particles through the abrasion of
tires [generally comprising polymer styrene—butadiene rubber
(SBR)], generating airborne MPs.”*”*

Further, landfills, solid waste generation, and domestic and
industrial wastes can act as sources of MPs/NPs in the
atmosphere (Figure 2). About 79% of manufactured plastics
are in landfills and natural environments.” Solid waste sent to
landfill sites produces leachates that affect the groundwater and
the surrounding environment in the region, further resulting in
atmospheric MPs (Figure 2). The waste management
activities, such as loading, unloading, sorting, recycling,
composting, and landfill incineration, also contribute to
MPs/NPs in the atmosphere.”® Open dumping and burning
of plastic waste are important source of atmospheric MPs/
NPs.*””’ Laundry and textile washing are the most common
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sources of domestic fiber MPs. The indirect release also
happens through chemical and mechanical wear and stress of
garments and upholstery during washing.”' Effluents from
washing reach the wastewater treatment plants (WWTP) and
contain significant amounts of MPs/NPs in the environment
(Figure 2), and NPs are emitted from sewer pipe repairs.””
Both primary and secondary sources of MPs are present in the
treatment plants.”

Water disposed of from the domestic and industrial
environment, either with or without treatment, reaches the
canals and rivers in the region (Figure 2). These effluents from
domestic and industrial waste contain MPs that travel to the
estuaries and finally reach the ocean. The ocean is believed to
act as a major sink and a minor source for airborne MPs;
however, it is debatable.” The bubble burst ejection from the
sea surface is the expected way plastics (mostly NPs) enter the
atmosphere from the ocean. Earlier studies through inverse
modeling suggested that the ocean was a significant source of
MPs. On the contrary, a recent study on the global distribution
of MPs with the help of chemical transport models proved

https://doi.org/10.1021/acsearthspacechem.5c00210
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minimal emission from the ocean.” Moreover, studies have
established that soil acts as both a sink and source for
atmospheric MPs through particle deposition and aerosol
emission.”* Fertilizers, wastewater irrigation, and plastic
mulching are the common sources of MPs in agricultural soil.”

2.3. Atmospheric Transport and Deposition. Regional
and global meteorology plays a vital role in the distribution of
atmosg)heric MPs/NPs via long-range transport and deposi-
tion.”” The MPs/NPs lifted into the atmosphere could be
transported over long ranges like mineral dust and other
aerosols (Figure 2). This is evident from detecting MPs in
remote environments, poles, and snow environments.”” MPs
have also been detected in uninhabited environments such as
Antarctica, implying their global presence through atmospheric
circulation.”® MPs present in snow or ice could darken the
surface (lower albedo). This could lead to faster melting,
especially in polar and alpine regions. Accelerated melt
contributes to sea level rise and feedback loops in climate
systems.m’32 Airborne MPs undergo complex transport,
transformation, and deposition processes influenced by
weather, particle surface properties, and various human
activities. Atmospheric transport facilitates the release of
MPs/NPs pollutants into the environment.”® The finer
particles have a large surface area, thus degrading faster and
acting as better vectors to carry other pollutants in the
atmosphere,”” along with enhancing particle-to-gas conversion
of inorganic and volatile organic compounds (VOCs) present
as monomers in MPs/NPs.

The transported MPs get settled through wet and dry
deposition (Figure 2). Wet deposition occurs through rain and
snow,'** while dry deposition occurs under gravity, turbulence,
impaction, and interception. The larger the particle size, the
faster the settling velocity of MPs.'”" Fine MPs/NPs generally
remain suspended in the tropospheric air for about a week, as
they take more time to settle from the atmosphere. Higher
deposition has been observed in urban and coastal areas.”'"*
As plants and forests can tra_}) the MPs/NPs from the
atmosphere, they act like a sink.””

2.4. Abundance of MPs in the Atmosphere. As
discussed earlier, airborne MPs have been detected virtually
in every environment, ranging from densely populated urban
centers to remote polar regions, highlighting their pervasive
nature and potential for long-range atmospheric transport.
Their abundance varies significantly with the proximity of
sources, geographic location, meteorological conditions, and
the intensity of human activities. Moreover, concentrations of
MPs differ considerably between indoor and outdoor environ-
ments, with indoor air generally exhibiting higher levels due to
continuous shedding from textiles and other household
sources.”® Table 2 summarizes a few global studies reporting
the size, shape, types of polymers, and relative abundance of
airborne MPs, illustrating regional variability in their character-
istics and environmental presence.

The most commonly identified polymers in airborne MPs
are polyesters (PES) and polyamide (PA), primarily
originating from synthetic textiles, followed by polyethylene
(PE) and polypropylene (PP), typically associated with
packaging materials, containers, and carry bags. Polystyrene
(PS), often derived from foam and food containers, has also
been frequently reported.'””> Morphologically, fibers dominate
the shape profile, accounting for approximately 60—90% of
airborne MPs, followed by fragments and granules (10—30%)
(Table 2). However, it is important to note that most of the
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Table 2. Abundance of MPs in the Atmosphere Observed from a Few Recent Studies across the Globe

sampling
location

Harbin

country/
region
China

reference

types of polymers
PP (26.13%), PET (24.1%), PE (23.87%),

colors
transparent (62.39%), black (13.74%), red (7.43%), white

shapes
fiber (59.01%), fragmented

mean abundance

104

PS (13.51%), and PVC (12.39%)

(6.53%), blue (6.31%), and yellow (3.6%)

(30.18%), and

(10.18%)
fragments (61.9%), fibers

1.76 number of particles/m?

granular

105

PET (23.8%), PE (31.6%), and cellulose

708 + 21.316 items/m?/day

Jiaozhou Bay,

(34.9%)
PP (28.7%), PET (18.7%), PS (15%), PA

(25.6%), and granules (10.5%)

fragment and fiber

the Yellow Sea

Tehran

106

(12.5%), PE and PVC (11.2%)

3—14%), brown

19%), gold (1

(12%), blue (7—10%), yellow (3—5%), and green (2—5%)

black (38—43%), red (17—

1165 + 147.64 items/m?*/day

Iran

0 > o
<) S ) =
— - — N —
2 o]
—~ [ 5
& N =
2 — =]
— Z =
) 5 o
o 23 °
~ L=
e} "o‘%
=] a
A B
~ L=
s %8 U
2 =] O >
N ]
Q L A~
s & A o
A X g -
A 2= T o
< [SASI) [
L T = 2
o g =] 75}
o ﬁgm -9
<+ /| A~y -
SE o umoE
»v H > om m
A Ay A~ A~ A~
-
=]
(o)
9
= -
g g
o -
o] <
hat o
lae] 1Z)
f=1 =1
« g
= B
a1
k =
ey (31
= 2
s g
&h 2
& ~
3
R

= Y SN

=T & =

=t 3

—~ =} 1)

X o < 1]
) g __ & i
o < e o
0 s X T =
=Ry Hwn £

o~ \N « %0
TRES, e &
8 —M X9 X
s =" QEY T
o g -~ *’T:: N~ g
g Qéo\o \./Fc \./o\o <

— w U - w
g thY T £ 32 o
P) NVFD“,.DV,_Q
E H & =] =
o N
, E 3
RS =
~ 3 NE
) —
U o ~
@ ]
] g~ 8
£ s & T
& M=,
[=9 w A ] E
0 -0« a3
o oA —~ vh
= 2HS & =

N ©
+ HY + H
o "o ,, H
@ Q- = © v
o N — <+ O

o0

g = ¢
‘D = It
&35 ¢ 2 2
< © =} 2 o
B K U] <

E
g =
2 ) > 3
‘a "g o N
= s Z

https://doi.org/10.1021/acsearthspacechem.5c00210
ACS Earth Space Chem. 2025, 9, 2338-2353


http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.5c00210?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Earth and Space Chemistry

http://pubs.acs.org/journal/aesccq

Review

@ Cations (Cd*, Cu®, Ni**, Pb**, Mn**, Ca**, Fe**, etc.)

e )
[ | @ Anions (AsO.*, CrO,%, etc.)
! A = Hydrophobic Aerosol Particles
PORE FILLING

Repulsion

9o o

S s 2. 0.0 8.
\competition) 5 /?n
N\ A [ ?o
Attraction 4 ?’o
------------- > @ ; ELECTROSTATIC HYDROPHOBIC
worereee> @ |\ INTERACTION '\ o0 PE /‘ INTERACTION
Qe @ N —o-0—
o0
i‘)\c‘r"’l PA (‘," ??
PET o \‘*U:“"\L
i : (o}
Condensaﬂon. ”oht ~\° ‘ C JD\S‘ \\G,_—.
Je /
& OOy, T F\;v —————— ®
SURFACE / S \ sumrace  C
INTERACTION COMPLEXATION ,,O
~Coo.
. Halogen Bonding B 9
0e® 9 ,.-a
(Co) - Precipitation - C’\‘\. \©
O BOND o)
"""""" mreRaction [
N
/@ .......... @' Oy R
R .
T0=7T interaction Hydrogen Bonding

Figure 3. Adsorption and absorption mechanisms and interaction of organic and inorganic pollutants at the surface of MPs/NPs.

reported studies might have underestimated the abundance of
NPs due to limitations in their detection and characterization
methods.

Recent regional studies further highlight this variability
(Table 2). In China, Harbin recorded 1.76 n/m> (number of
particles/m>®) MPs, primarily fibers and transparent in color,
with PP, polyethylene terephthalate (PET), and PE as major
constituents. > Coastal sampling from Jiaozhou Bay showed
higher deposition (46.7 items/m?/day), with cellulose, PE, and
PET dominating.105 In Tehran, Iran, atmospheric MPs reached
1165 items/m?/day, mainly black-colored fragments and fibers,
with PP being the most abundant polymer.'”° In Taiwan,
Taipei and Taichung reported varying concentrations (~6.4
and 2 particles/m®), with PS, PE, and polytetrafluoroethylene
(PTFE) identified."””'® India’s Goa and Ranchi showed
distinct profiles. Goa recorded 1.46 n/ m?, with high levels of
PVC and poly(methyl methacrylate) (PMMA), while Ranchi
had 465 particles/m®/day dominated by PE, PP, and PS.**'*

In New Zealand, Aotearoa reported 65 ng/m’ identifying
multiple polymers including PET, nylon, and PMMA.""’

These findings underscore the need for standardized
methodologies in airborne MPs monitoring to enable mean-
ingful comparison and improved understanding of their
environmental and health implications.

3. ATMOSPHERIC DEGRADATION OF MPs/NPs

Polymers are of two types, namely hydrocarbon polymers and
heterochain polymers, where the latter may contain oxygen/
nitrogen/sulfur/chloride, etc., along with hydrocarbons.'" ' '*
Depending upon the target products, these plastic polymers
often blended with chemical additives like hardeners [e.g,
bisphenol A (BPA) and bisphenol S (BPS)],'" plasticizers
(e.g, phthalate esters), ultraviolet filters (e.g, oxybenzone),
antimicrobials (e.g., isothiazolinones), and flame retardants
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(e.g., brominated organic compounds) in varying proportions
to make them suitable for the targeted use.''*™''® Plastics
made from these polymers may undergo various environmental
degradation, resulting in the formation of fragments of lower
molecular weight along with the release of additives.

3.1. Degradation Mechanism. Plastic or MPs degrada-
tion in the environment occurs mainly via four processes:
photodegradation, chemical degradation, biodegradation, and
mechanical degradation.117 However, the degradation of MPs
in the atmosphere is a complex process driven primarily by
photochemical and mechanical degradation. Environmental
parameters such as temperature, oxidants, and chemical
interactions influence the degradation processes, while bio-
logical degradation is likely to play a minor role in the
atmosphere. Although photodegradation is primary,®’ the
other phenomena involved are chemical degradation caused
by oxidation and hydrolysis, and mechanical (physical)
degradation by embrittlement and cracking.'®

Photodegradation is the degradation of plastics through
sunlight (Figure 2). Atmospheric MPs undergo weathering in
the ambient environment due to sunlight and moisture in the
air. Weathering oxidizes the surface of the MPs, and the
product may form carboxylic functional groups at the
surface.''” This carboxylic group induces a negative charge
on the surface of the MPs, thus increasing their hydrophilicitgr,
even though the pristine plastics are hydrophobic.'””'*!
Chemical degradation occurs when the MPs/NPs break
down in the atmosphere due to reactions with oxidizing
agents such as ozone (O;), hydroxyl radical (*OH), and singlet
oxygen ('0,).'**”"** The oxidation reaction can happen with
or without sunlight if oxidants are present, a key difference
from photode(i;radation, which requires sunlight, especially UV-
B and UV-C."*® The degradation results in surface cracking,
chemical oxidation, and loss of mechanical integrity, resulting
in emissions of hydrocarbons, VOCs, fragmented MPs,
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carbonyl compounds, oligomers, and monomers of MPs and
GHGs (Figure 2).126_128

Physical degradation of MPs in air involves fragmentation,
embrittlement, and changes in surface texture and mechanical
integrity, primarily driven by environmental factors like UV
radiation, wind, and temperature fluctuations.'* Airborne MPs
originating from both outdoor and indoor sources undergo
continual physical weathering. These transformations often
lead to a reduction in their size, eventually forming NPs.
Evidence of this was observed in studies characterizing MPs in
ambient air, where a range of particle sizes suggested physical
breakdown through environmental exposure.”” Thermal
degradation occurs at high atmospheric temperatures,
especially in urban heat islands or wildfires. It can accelerate
breakdown, leading to volatilization of low molecular weight
fragments and the generation of toxic fumes such as dioxins
and furans from PVC.'*

GHG emission over time may act as slow but persistent
climate forcers, especially in urban or high-UV environments.
The release of monomers (various hydrocarbons/VOCs) may
affect atmospheric O; and secondary organic aerosols (Figure
2)."*" Further, plastics contain chemical additives used in
manufacturing to enhance their properties. These additives can
leach out during degradation and pose a significant environ-
mental threat. They may also cause severe health impacts such
as cancer risk, inflammation, and oxidative stress,”'**7"** as
discussed in later sections.

3.2. Atmospheric MPs/NPs as Vectors. Atmospheric
MPs/NPs are part of the atmospheric aerosols. MPs/NPs are
more toxic than other aerosol particles because they not only
cause serious health effects directly but also through acting as a
vector of other pollutants. As they are anthropogenic organic
polymers, they contribute directly to the atmospheric organic
aerosols abundances, but their fractional contribution is not yet
known. As they undergo fragmentation, MPs break down into
NPs, further enhancing their contribution to atmospheric
effects. Smaller MPs and NPs have a higher surface area to
volume ratio, enhancing adsorption capacity.'>> Atmospheric
degradation processes, including photochemical oxidation and
mechanical weathering, can significantly alter their surface
properties, increasing their reactivity and affinity for environ-
mental pollutants. Aged MPs/NPs can act as better vectors by
adsorbing/absorbing a wide range of toxic substances such as
heavy metals, polycyclic aromatic hydrocarbons (PAHs),
phthalates, dioxins, and polychlorinated biphenyls (PCBs),
thereby concentrating the levels of toxic species in aerosols
(Figure 3).12L13S136 After deposition, these sorbed contami-
nants can later be released back into the ambient environment
(air, soil, water, or human body), posing additional and
enhanced risks to human health and ecological systems.

The adsorption behavior of MPs and NPs in the atmosphere
is governed by a complex interplay of environmental factors
such as temperature, pH, and coexisting organic aerosols,
which can either facilitate or hinder the adsorption of
pollutants onto plastic surfaces. The specific adsorption
mechanisms are primarily determined by the physicochemical
characteristics of both the polymers and the interacting
contaminants (Figure 3).

Hydrophobic interactions are predominant when nonpolar
organic pollutants, such as PAHs and PCBs, interact with
hydrophobic polymers like PE and PP, driven by the mutual
exclusion of water. Electrostatic interactions occur between
ionic pollutants and the charged surfaces of MPs and NPs. The
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charge at the surface may be acquired due to environmental
aging or atmospheric ion deposition. Hydrogen bonding is
another key mechanism, involving interactions between
hydrogen donors (e.g, —OH and —NH,) and acceptors
(e.g, C=0, O, and halogens) found on either the pollutants
or the plastic surface, particularly relevant in aged plastics
enriched with oxygen-containing functional groups.'””

Additionally, 7—x interactions play a role when aromatic
polymers such as PS or PET interact with aromatic pollutants,
resulting in the stacking of z-electron systems."*”'** Other
mechanisms contributing to the adsorption of organic
pollutants include van der Waals forces, halogen bonding,
and surface complexation, further enhancing the affinity of
MPs for a wide range of contaminants.>*'* Likewise, the
adsorption of inorganic pollutants, particularly heavy metals,
primarily involves electrostatic interactions, hydrophobic
forces, and surface complexation'**™"** (Figure 3). These
physicochemical properties enable MPs to act as vectors for
various atmospheric pollutants, potentially prolonging the
atmospheric residence time of certain compounds, altering
their chemical reactivity, and indirectly influencing climate-
related processes.

Further, coexisting atmospheric pollutants such as nitrogen
oxides (NO,), sulfur dioxide (SO,), and VOCs can interact
with MPs, influencing their environmental fate and reactivity.
Earlier studies primarily focused on the interaction between
MPs and hydrophobic organic pollutants, such as pesticides,
due to their mutual nonpolar nature and affinity.'** However,
environmental aging significantly alters the surface chemistry of
MPs, affecting their degradation kinetics and interaction
potential. Photochemical and oxidative weathering introduce
oxygen-containing functional groups onto the MPs surface,
increasing surface polarity, porosity, and hydrophilicity."*>'**
Overall, the degradation mechanisms at the surface of MPs and
NPs are highly dependent on the polymer type, surface
chemistry, and the surrounding atmospheric conditions. As a
result, recent research has increasingly shifted toward
investigating interactions between a§ed MPs and inorganic
pollutants, particularly heavy metals.'*>"*®

4. CLIMATE AND HEALTH IMPACTS

4.1. Climate Effects via GHG Emissions. The GHG
emission during the various stages of the lifecycle of plastics is
a recurring process.”” The warming effect of different GHGs is
measured in CO, equivalent. A study estimated GHG
emissions from all lifecycle stages as 1.79 billion tonnes of
CO, equivalent, and the end-of-life of plastic emitted as 193.12
million tonnes of CO, equivalent, which was calculated using
the existing scientific data."*”'** Studies have estimated that
fossil fuel extraction and transportation alone emit approx-
imately 1.5 to 12.5 million Mt of GHGs into the atmosphere
annually. These emissions are further amplified during the
refining and manufacturing stages, which contribute an
additional 184 to 213 million Mt of GHGs per year.'* ™"
Collectively, these upstream processes represent a significant
share of the total carbon footprint associated with fossil fuel-
based energy systems, as up to 98% of the plastics produced
are from fossil fuels, and only 2% are bioplastics. About 2.24
billion Mt of CO, equivalent was emitted into the atmosphere
from plastic production, which accounts for about 5.3% of total
GHG emissions.>” The next stage is plastic usage, in which
emissions are released in negligible amounts, and the final
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Figure 4. Compilation of reported MPs found in multiple organs in the human body, along with polymer types, size, and proposed health effects

(POM, polyoxymethylene; PU, polyurethane; PC, polycarbonate; PBT, polybutylene terephthalate; and NC, nitrocellulose).

phase is the end of the cycle of plastic or disposal in different
environments.

emission was calculated using the CO, equivalent. GHG

emission from MPs degradation of LDPE alone was estimated
to be 2.9 kilotons (kt) of CO, equivalent per year for CH,, and
CO, was 51.6 kt per year. A detailed calculation has been
provided in Supplement Text S1 of the Supporting
Information. However, it is relevant to state that these
estimates have limitations which can be reduced by further
studies. The estimate does not account for the varying intensity

Global atmospheric emission of MPs stands at 9.6 + 3.6 Tg/
year.">® The present review tries to have a rough estimate of
GHG emissions from atmospheric MPs based on the reported
research,'”*">* which demonstrated that various commonly
used plastics emit GHGs at different rates when exposed to
sunlight under ambient conditions. PE, one of the most widely
used and discarded polymers, emits higher levels of GHGs
during degradation compared to PP."”* MPs with larger
surface areas can further accelerate the release of hydrocarbon
gases into the atmosphere.'>* Coarse and fine fractions of low-
density polyethylene (LDPE) pieces were investigated for the
release of CO, and CH, gases due to photodegradation under
ambient light conditions.”" It was also observed that the
release of gases from fine fractions was twice that of coarse.'”®
Moreover, CH, has an 85 times higher warming potential than
CO, in a short period (less than 20 years), but after 100 years,
it is only about 25 times as per the Intergovernmental Panel on
Climate Change (IPCC) Assessment Report (ARS).">* Hence,

of sunlight at the poles and tropics or the average number of
days of sunlight received. The degradation also depends upon
the environment and region of the study. It also does not
consider the role of additives and catalysts used in polymers
while calculating GHG emissions. However, the Organization
for Economic Cooperation and Development (OECD)'*°
reported that the GHG emissions from the end-of-life plastics
were 180.9 million tonnes of CO, and 10.21 million tonnes of
CH,."*” The OECD report shows that the ratio of CO, to CH,
emissions as 17.71, and in our estimate for the CO, and CH,
emissions from LDPE, this ratio was 17.64, which validates the
our estimates. Despite some limitations in the estimates, the
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exponential growth of plastic in the environment and its role in
GHG emissions and climate change compels the need for
research into MPs degradation for the same.

4.2. Direct and Indirect Effects. The ability of MPs/NPs
to scatter and/or absorb solar radiation is the direct effect,
which is quantified as effective radiative forcing (ERF). ERF of
MPs, which does not include aerosol cloud interactions, and
calculated with the assumption of 1 MP m™ for an altitude of
10 Km, was 0.044 + 0.399 milliwatts per square meter."”’
However, the estimate may have large uncertainties as it does
not consider the spatial and vertical distribution of MPs, as
well as their size and color. In addition, the rapid increase in
plastic production and usage is expected to increase the
abundance of MPs in the atmosphere and thus increase the
estimate.

MPs present in clouds affect the cloud formation process,
which is an indirect effect. MPs/NPs (especially aged particles)
in the atmosphere can act as a cloud condensation nucleus
(CCN) and ice nucleating particles (INP)."**'5% Surface
adsorption, absorption, and photochemical degradation during
the aging can make MPs/NPs a better CCN and thus alter the
cloud albedo, lifetime, reflectivity, and precipitation.'*® Weath-
ering of MPs/NPs dictates the ice-nucleating activities.>®
Recently, lab-based studies estimated the potential of MPs/
NPs of four polymers as INP in both immersion and
deposition freezing regimes.'*”™'°> Among them, PVC
increased the ice nucleating activity more compared to PP,
PET, and LDPE, and these studied MPs proved to be non-
negligible sources of INP.'®> Further, an increase in pH
increased the particle density and ice nucleation efficiency.'®’

A study modeled and accounted for 40% of MPs emitted
from road traffic, which contributed to ice nucleation
compared to dust and sea spray aerosols.'”® A field study
conducted at Mount Tai in eastern China reported MPs
concentrations as high as 463 particles per liter in cloudwater
samples, with the majority (60%) comprising particles smaller
than 100 ym. The study further demonstrated that aged MPs
exhibited greater adsorption capacity and served as carriers for
toxic heavy metals, emphasizing their potential role in pollutant
transport within the atmospheric system.'®* Studies have
shown MPs can influence albedo and thermal absorption
similar to black carbon, though at a smaller scale.'%>1%¢ This
can have regional climate effects, especially in heavily polluted
urban atmospheres.

4.3. Health Effects. Plastics pose a significant threat to
human health by contributing to ambient PM and serving as a
carrier for emerging pollutants, as well as by releasing additives
into the atmosphere.'®””'® MPs and NPs can enter the human
body through three primary exposure pathways: ingestion,
inhalation, and dermal contact.'® These bio-inert or bio-
persistent particles have been detected in various human
tissues and fluids at different concentration levels, polymer
types, and size ranges (Figure 4). Once inside the body, these
bio-inert MPs and NPs cannot be metabolized, and leave the
body primarily through excretory routes. Notably, infants are
particularly vulnerable to MP exposure, with high levels
reported from ingestion via PP feeding bottles.'”’

Laboratory studies on rodents have demonstrated the
detrimental effects of MPs and NPs on multiple organ systems,
including the lun%s, liver, intestines, reproductive organs, and
nervous system.' ' Recent studies have also detected MPs and
NPs in human hair,"”*'”* brain,"”*'”® skin,"”*'”* saliva,*®*'”®

1, 36,177 36,174 172,178 .
breastmilk, sputum, spleen, heart, intes-
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tines, 172174179 Jupoq 172180 [jyop 172,181 Liqnqy 36,182
semen,”®'”* blood vessels,'”>'7* placenta, and
feces,'”>'"* indicating their systemic exposure183 (Figure 4).
Many MPs and NPs contain additives such as phthalates, BPA,
and polybrominated diphenyl ethers (PBDEs), which have
endocrine-disrupting properties and are associated with
developmental toxicity, diabetes, cardiovascular disease,
reproductive dysfunction, and neurotoxicity.'**'%

It is estimated that tens of thousands of MPs and NPs are
inhaled by humans daily,'*® with indoor environments showing
higher concentrations than outdoor settings, thereby increasing
exposure duration.”® Once inhaled or ingested, these particles
may translocate across biological barriers, leading to local or
systemic inflammation.'®” NPs, due to their ultrafine size, can
enter the bloodstream and thus, any part of the body.'®® Their
interactions with biomolecules such as proteins, lipids, and
carbohydrates can potentially alter biological functions.'®’
Preliminary findings suggest that irregularly shaped fragments
may be more harmful than spherical particles due to their
increased surface area and reactivity.'”

In particular, additives such as phthalates and BPA have
been shown to cross the placental barrier, potentially
disrupting embryonic and fetal development.'”’ BPA has
been linked to metabolic disorders, cardiovascular diseases,
and an increased risk of miscarriage.'*'"> PBDEs used as
flame retardants in plastics are known to be neurotoxic and
have been associated with reduced sperm count and adverse
effects on female reproductive health, including oxidative
stress, inflammation, and menstrual irregularities.19 193

Given these emerging concerns, the potential health risks
posed by MPs, NPs, and associated additives are of growing
importance for public health policies and exposure mitigation
strategies. However, the field remains in its early stages, and
more robust, in-depth studies, including in vitro and in vivo
models, are needed to conclusively assess human health
impacts of MPs/NPs and form regulatory frameworks.'”*

172,179

5. FUTURE RESEARCH

To better understand the implications of MPs/NPs for
environmental and climate systems, future research should
address the following critical knowledge gaps:

Emission Inventories: There is a pressing need for
comprehensive emission inventories identifying both primary
and secondary sources of atmospheric MPs and NPs. Detailed
emission profiles based on polymer types are essential for
source apportionment and atmospheric modeling.

Standardization of Methods: The development of
consistent, sensitive, and reproducible techniques for sampling,
measurement, and characterization of atmospheric MPs/NPs
remains a major challenge. Harmonized methodologies are
crucial for interstudy comparability and reliable global
assessments.

Degradation Kinetics and Aging: Understanding the
degradation rates and byproducts of different polymers under
varying environmental conditions is essential. Particular focus
is needed on photodegradation mechanisms, estimating
degradation times under sunlight exposure, and determining
the influence of polymer type and environmental factors (e.g.,
temperature, humidity, and UV intensity) on degradation rates.

Greenhouse Gas Emissions: The release mechanisms and
pathways of CO,, CH, and other gaseous species from
degrading MPs/NPs require detailed investigations. The roles
of additives, binders, and coexisting pollutants in facilitating or
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inhibiting degradation and gas emission processes should also
be elucidated.

Radiative Forcing: Atmospheric MPs/NPs interact with
solar radiation similar to traditional aerosols. Depending on
their size, color, and polymer composition, they may scatter
light (leading to a cooling effect) or absorb it (causing a
warming effect). Better estimates of radiative forcing due to
MPs/NPs are needed.

Hygroscopic Properties: Investigations into the hygro-
scopicity and microphysical behavior of MPs/NPs in the
atmosphere are necessary to understand their role in CCN
activity, as well as in cloud and ice nuclei formation under
different atmospheric conditions.

Health Effects: As MPs/NPs are bio-inert as well as
vectors of contaminants, they may affect health in various ways
after entering the human body. It is important to assess the
effects of MPs/NPs and related additives/binders on human
health.
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