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Microplastics (MPs) are micro-particulate pollutants present in all environments whose ubiquity leads
humans to unavoidable exposure. Due to low density, MPs also accumulate in the atmosphere, where
they are easily transported worldwide and come into direct contact with the human body by inhalation
or ingestion, causing detrimental health effects. This literature review presents the sources of
atmospheric MPs pollution, transport routes, physicochemical characteristics, and environmental
interactions. The document also explains the implications for human health and analyzes the risk of
exposure based on the potential toxicity and the concentration in the atmosphere. MPs' toxicity lies in
their physical characteristics, chemical composition, environmental interactions, and degree of aging.
The abundance and concentration of these microparticles are associated with nearby production
sources and their displacement in the atmosphere. The above elements are presented in an integrated
way to facilitate a better understanding of the associated risk. The investigation results encourage the
development of future research that delves into the health implications of exposure to airborne MPs and
raises awareness of the risks of current plastic pollution to promote the establishment of relevant
mitigation policies and procedures.
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Introduction

Plastic is a material present in several articles of daily use due to
its low cost, versatility, ductility, and durability."> However, only
9% of plastic material is recycled, which, combined with the
outstanding resistance, generates a high accumulation.* More-
over, plastics are quickly released into the environment, and are
fragmented due to the exposure to solar radiation, wind, and
other abiotic or biotic factors, generating smaller particles, even
plastic microparticles.*

In general, the definition of Frias & Nash® is used to define
a “microplastic” as “any synthetic solid particle or polymeric
matrix, with a regular or irregular shape, with a size between 1
um and 5 mm and that is insoluble in water.” Besides, to better
study and categorize these microparticles, Hartmann et al.®
have proposed a framework with descriptors like (a) chemical
composition, e.g., polyethylene (PE), polypropylene (PP), poly-
ethylene terephthalate (PET), polystyrene (PS), among others;
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(b) color, e.g., blue, yellow, green, black; and (c) shape, e.g,
spheres, pellets, foams, fibers, fragments, films. This last form
of classification represents the primary means to quantify MPs
and also facilitates subsequent analysis since a part of these
microparticles is identified, and the others are evaluated based
on similarities.”

Another way to classify MPs is according to their origin:
“primary” and “secondary” MPs.® Those MPs that are synthe-
sized at the micrometric scale for multiple applications (such as
components of personal care and cleaning products) are called
primary MPs.” These MPs end up in wastewater or industrial
water once their life cycle is over, penetrate aquatic ecosystems
due to their incomplete elimination in water treatment plants,
and even penetrate soils when sediments from these plants are
used for agricultural activities."

Otherwise, MPs that arise from the degradation of macro-
plastics are called secondary MPs and contribute to a greater
extent to global microplastic pollution.™ From a regulatory
point of view, this classification is relevant for risk manage-
ment. It can allow the identification of the main parties
responsible for the release of MPs and assign commitments
aimed at improving their processes so that MPs' emissions or
their sources are reduced through regulatory, economic, and
persuasive instruments.®

Although most of the literature published is based on the
categories mentioned above, these are not the only proposals.
Another alternative was proposed by Kooi and Koelmans,'* who
expose that discrete classifications for sizes, shapes, and
densities are unsatisfactory as they do not represent the
continuous nature of environmental MPs. They propose a full
definition of MPs through a three-dimensional (3D) probability
distribution, with size, shape, and density as dimensions. Here
we can see the first challenge, reaching a consensus on the
classification of the MPs.

Due to microparticle size being an essential factor in
defining their interaction with biota and environmental fate,
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the easy MPs migration to other spaces, spreading pollution,
and complicating control and management have been
studied.™

Since their discovery, the study of MPs has focused on
aquatic'®** and terrestrial ecosystems.'>'® However, from 2015,
when MPs were detected for the first time in atmospheric
precipitation,” studies on airborne MPs have dramatically
increased,"®?® as shown in Fig. 1, because the atmosphere is
areservoir and a superhighway through which large amounts of
suspended materials are transported.””** The research on
airborne MPs is divided into three categories: suspended
atmospheric microplastics (SAMPs), atmospheric fallout, and
dust (indoors or outdoors),>* where the density of the MPs is one
of the essential factors for the classification since a higher
particle density leads to faster deposition.”® Each category has
a specific sampling process; the first two categories are based on
passive measurements, and the last one is on active sampling,
which more accurately reflects airborne MP exposure inten-
sity.> MPs' presence in the air causes a particular concern since,
in contrast to those in other environmental compartments, they
can enter the human body by inhalation and ingestion.>**” MPs
in biological systems can cause inflammatory lesions, oxidative
stress, and cytotoxicity. Once inside, they can remain intact for
a long time, translocate to other tissues, and even accumulate in
different organs.” In addition, the inability of the immune
system to eliminate MPs can lead to chronic inflammation and
increase the risk of neoplasia.”®

Therefore, this investigation aims to recognize the attributes
that confer toxic potential to MPs, associated with their physi-
cochemical characteristics and interactions in the environment.
The research also presents the main routes of exposure to these
atmospheric pollutants, their abundance, sources, mechanisms
of transport, and recent findings on their implications for
animals and human health.

Methodology

The investigation was performed for articles published between
2015 and May 2022 using the Scopus and Google Scholar
databases. The literature was obtained from a systematic search

Number of articles

2015 2016 2017 2018 2019 2020 2021 2022

Publication Year

Fig.1 Number of publications about atmospheric MPs per year, since
2015 to May 2022. Source: Scopus database.
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according to the PRISMA methodology - Preferred Reporting
Items for Systematic Reviews and Meta-Analyses.>® Publications
related to the study of atmospheric MPs and their effects
on human health were obtained using the following search
key: (microplastic* OR micro-plastic* OR microfiber* OR fiber*)
AND (air OR atmosphere OR atmospheric* OR airborne) AND
(health OR risk OR inhalation OR toxic* OR exposure).

This search yielded 832 articles filtered by title, abstract, and
general content (Fig. 2). In addition, the search was limited to
documents included in the “Environmental Sciences”; category
and the “English”; and “Spanish”; languages in the Scopus
database. The total number of publications included in this
review was 143, and 81% were published in the last three years,
demonstrating the relevance of the MPs' problem and its
ubiquitous presence in the atmosphere.

Likewise, additional articles were included directly from the
reference search to expand or complement relevant details to
understand better the possible detrimental health effects
caused by MPs.

Abundance of atmospheric MPs

Estimating their abundance in the air is the first step to
analyzing the exposure and risk associated with atmospheric
MPs. MPs' abundance is generally related to their sources and
transport.

Regarding sources of atmospheric MPs, these can be studied
according to the environment, outdoors or indoors, and all are

Studies from Scopus and Google scholar
using the key search: (microplastic* OR
micro-plastic* OR microfiber* OR
fiber*) AND (air OR atmosphere OR
atmospheric* OR airborne) AND (health
OR risk OR inhalation OR toxic* OR
exposure), after duplicates removed,
n = 8899

Identificacion ]

(e

Articles from others
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languages different from
Enghsh or Spanish (125),

— and publication year
- {Ancles selected after filtering by before 2015( 3) J
£

—

(

category "Environmental
Sciences”, language and
publication year,

n=832 Exduded

Tltle (613) or abstract (47) not
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irrelevant discussion (12)

-
=

Eligible articles after title, abstract

and full text review, n = 160 Exduded

’3 repetitive results or outdated

Artlcles excluded by }
information (17)

A

Articles included from the
bibliographic search, n = 143

Articles included from the
reference search, to add relevant
] details (45)

Total articles included in the
review, n =188

Fig. 2 Schematic representation of this review's literature search,
screen, and selection process.
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associated with anthropogenic activities, like industrial, agri-
cultural, or domestic activities.>*

Sources of airborne MPs - outdoor environments

The sources of airborne MPs in outdoor environments are
diverse. For example, synthetic clothing has been mentioned as
a predominant source of microplastic fibers.*® Likewise, abra-
sion of synthetic textiles,** incomplete incineration of plastic
waste,* municipal solid waste,* dust storms,** abrasion from
synthetic rubber tires,* scaffolding mesh on construction sites,
and synthetic turf for ground cover®® are recognized as potential
sources of MPs suspended in outdoor air.

Sources of airborne MPs - indoor environments

In general, site furniture represents an essential source of MPs
in the indoor air because the tiny fibers of furniture, curtains,
carpets and other objects can be released into the air.*” Also, the
use of air conditioners,**® paint coatings, and the type of floor*
influence the concentration of MPs suspended indoors.

Likewise, the levels of MPs in the air depend on the activities
that take place indoors, the number of people present,* and the
plastic contained in the objects used*' since it has been found
that MPs are generated just by opening and handling plastics,
such as containers or wrappers.*>

In addition to these local sources, distant sources of MPs are
also important, especially for remote areas with less anthropo-
genic disturbance,® since atmospheric transport allows the
migration of MPs to sites far from their starting point.>*** The
MPs' presence in air samples from remote oceanic regions****
and even glacial territories** indicates that it is not a local
problem.

Effects of atmospheric processes on MPs abundance

Although MPs are ubiquitous in atmospheric environments,
their abundance varies from one place to another depending on
the altitude, latitude, environmental conditions, and season of
the year, among others.** For instance, a higher concentration
of MPs has been found near the ground than at high altitudes
due to the influence of atmospheric pressure and gravity
(vertical concentration gradient).*” On the other hand, the
vertical temperature gradient helps the ascending movement of
MPs because, in the lower part, the air is warmer and, therefore,
less dense, tending to rise. Still, it may also block MPs in the soft
layers of the atmosphere in case of temperature inversion since
the cold air located at a lower altitude is heavier and cannot rise,
preventing the dispersion of atmospheric pollution and leaving
the pollutants trapped near the surface.”

In addition to these thermodynamic aspects, it is necessary
to consider chemical processes since, in the atmosphere, MPs
can change their size distributions due to the photo-
degradation, influencing their abundance, transport mecha-
nisms, diffusion, reactivity, and interactions with other
contaminants and microorganisms.*® Free radicals mediate
these photooxidation reactions, and they are initiated by solar
radiation, altering the mechanical, physicochemical, thermal,
and surface properties (e.g., such as hydrophobicity, surface

© 2023 The Author(s). Published by the Royal Society of Chemistry
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charge, surface area, and porosity) of MPs, especially for those
with the presence of chromophores.*

Subsequent reactions in photodegradation are associated
with chain scission reactions, which generate lower molecular
weight microparticles that are easier to move in air,*” as well as
gaseous products and soluble organic compounds that can
promote or inhibit microbial growth.*® The molecules of O3, SO,
(in singlet or triplet reactive state), and NO, present in the
atmosphere are responsible for the chain scission of polymers
after the reaction with the carbon-carbon double bonds.* Fig. 3
illustrates these atmospheric processes and their impact on
MPs' transport.

To address these heterogeneous processes on solid particle
surfaces in the atmosphere, the IUPAC Subcommittee on Eval-
uation of Gas Kinetic Data for Atmospheric Chemistry*® deter-
mines absorption coefficients and adsorption parameters to
calculate rates of heterogeneous trace gas reactions. So far, the
interactions between gases and solid surfaces such as ice, acid
hydrates, and mineral dust have been studied. However, due to
the complexity of these heterogeneous atmospheric processes,
current knowledge is insufficient to allow plastics to be incor-
porated into chemical and atmospheric transport models.

Factors associated with the abundance of airborne MPs

For outdoor environments, meteorological phenomena such as
dust storms* and monsoons promote transboundary migra-
tions of MPs.*>*® Climatic factors such as wind and rainfalls
(significant for tropical countries with high intensity and
volume precipitation) positively correlate with MPs abundance,
influencing the transport and settlement of MPs suspended in
the air.*® In coastal regions, air mass trajectory can affect MPs
deposition; when the inflowing air mass is terrestrial
(predominantly from local sources), there is a higher MPs
deposit than when the inflowing air mass is marine. Concern-
ing wet and dry periods, MPs deposition is higher during wet
periods. In this period, the amount of MPs will depend on the
intensity of precipitations that may occur (rainfall, snowfall). In
dry periods, MPs deposition may increase when the mean wind
speed and relative humidity increase. MP particles may increase
in size due to hygroscopic growth, increasing the deposition
rate.”" Fibers represent the type of MPs with the highest abun-
dance percentage found in different atmospheric environ-
ments. These particles are more transportable due to the low
density of plastic particles (0.65 to 1.8 ¢ cm™>) concerning soil
particles (~2.65 g cm ™).

Also, just as atmospheric MPs can be deposited, those
present on land or water can be resuspended in the air, leading
to a cyclical exchange of MPs via air, water, and land.** Even
terrestrial plants could temporarily store MPs in their leaves.*
In this exchange dynamic, airborne MPs contribute significantly
to pollution levels in marine and terrestrial ecosystems by
falling onto their surfaces.”»**** Some studies reported that MPs
atmospheric deposition is the main contributor to MPs' pres-
ence in the ocean.”**®

Regarding indoor environments, the movement of MPs is
influenced by temperature and humidity.”” In addition, the

RSC Adv, 2023, 13, 7468-7489 | 7471
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Fig. 3 Atmospheric processes on MPs. (I) Airborne pristine MP. (ll) Photodegradation of MP by solar radiation and interactions with atmospheric
compounds. (lll) MP degradation, lower weight particles achieve long-range transport, heavier ones achieve short transport distances ©[Abad]

via https://www.canva.com/.

presence of air conditioners is relevant because they can
resuspend sedimented particles or fibers and control their
distribution through indoor air.*” Diverse studies have shown
that the concentration of MPs in the indoor air environment is
much higher than that in the outdoor within the same area,****
which may be attributed to conditions of high population
density and mainly to the poor particle dispersion.**

For the above, the composition of indoor MPs varies signif-
icantly compared to outdoor. Still, in ventilated spaces, similar
patterns are observed® since an exchange of indoor and
outdoor MPs can occur due to an airflow caused by the venti-
lation of a door or window.*®

It is worth mentioning that other factors that affect the
abundance, transport, dispersion, and settlement of MPs in the
air are the shape and length of the particles (associated with
their buoyancy), so these physical characteristics play an
essential role in their movement.>**°

Transport of airborne MPs

Some investigations estimate the influence of distant MPs
sources on the local abundance of these microparticles in
a particular area. For instance, Wright et al.®* studied the long-
range transport of MPs from the time they are suspended in the
air, and the trajectory traveled based on their concentrations,
wind speed, and direction data. The suspension time was
calculated based on the average height of the study site's
boundary layer and the MPs' sedimentation speeds, which were
obtained according to each morphology and the average wind
speed. In addition, they studied the local sources of MPs
through bivariate polar diagrams, which also allowed them to
determine the mean value of the concentration of an environ-
mental pollutant against the direction and speed of the wind.**

To explore the relationship between weather conditions and
atmospheric MPs abundance and also to determine the inner

7472 | RSC Adv, 2023, 13, 7468-7489

connection between environmental factors and MPs distribu-
tion, Liu K. et al.®® calculated a rough estimation of the hori-
zontal transport flux of SAMPs as follows:

hy

Flux(SAMPs) = J Nswydz

0
where Nj, w and z represent the MPs abundance (n m ) (items
per cubic meter of air), the horizontal wind speed (m s~ ') in the
6 direction, and the approximate sampling height (40 m),
respectively.

To track the areas through which the air masses passed
before reaching the reception points and to analyze the domi-
nant airflow directions and possible sources of MPs that affect
the sampling area, Ding et al.*® used backward trajectories. They
used the National Oceanic and Atmospheric Administration
database (in addition to the Global Data Assimilation System
meteorological archives) and the Hybrid Single Particle
Lagrangian Trajectory Integrated (HYSPLIT) model. This
computer model is widely used to calculate the backward
trajectories of airborne MPs to determine how far and in which
direction these microparticles will move.***% Using backward
trajectories allows entering multiple input meteorological
fields, physical processes, and emission sources to estimate
transport, dispersion, and deposition patterns.>®

To assess MP total deposition flux (DF), Kernchen et al.**
used the following equation:

DF = X¥
at
where DF: number (nDF, Nm™~>d ") or mass (mDF, kgha™"a™")
deposition flux, respectively; x: blank subtracted count (N) or
mass (kg) of plastic particles in a field subsample found by uFT-
IR; v: subsample size; a: exposed surface area of the collecting
funnel (0.05187 m?/5.187 x 10 ° ha); ¢: duration of sampling
(days per year).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Exposure routes to MPs

Human exposure to airborne MPs occurs along three routes:
inhalation, ingestion, and dermal contact,>**?* as shown in
Fig. 4.

Inhalation

Inhalation is the most significant route of human exposure to
MPs.® It has been estimated that, on average, a person inhales
between 26 and 130 MPs per day,'® and even with light physical
activity, up to 272 MPs per day can be inhaled.®® Indoors, an
input between 1.9 x 10 ® to 1.0 x 10 ®> MPs per year is estimated,
while a range of 0-3.0 x 10’ MPs per year for outdoor
environments.®’

Akhbarizadeh et al.®® carried out an estimation of MPs intake
via inhalation on average and dusty days using the following
equation:

ADI = C x IR

Where ADI is the average daily inhale (items per person per
day), C is the MPs number (items per m*) and IR is the inha-
lation rate (m® per day).

The possible inhalation of MPs depends on their size, which
determines whether they will reach the respiratory system.”®
Thus, MPs can be inhalable (that is, capable of being deposited
in the upper respiratory tract after entering through the nostrils
or the mouth) or breathable (capable of reaching and being
deposited deep in the lung).* Particles <10 pm are toxicologi-
cally relevant due to their greater probability of crossing
epithelial barriers and increased reactivity with cells and
tissues.'®

Suspended MPs

Translocation

Accumulation

Cytotoxicity

v
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Similarly, the MPs' shape affects exposure, as there is
evidence that MPs in the form of fibers can penetrate deep into
the human lung.” The size and shape of the microplastic
particles are determined by visual or optical microscopy tech-
niques.” For example, the fluorescent microscope, binocular
microscopy, and polarized light microscopy are options for

use.®*”2

Ingestion

MPs intake occurs because their settlement on the food we eat is
more significant than that due to the bioaccumulation of MPs
in the food chain.”

Approximately 33% of domestic dust fallout corresponds to
MPs.” In places to eat and drink, up to 10> MPs m ~>d ~* have
been found with higher exposure rates indoors than outdoors.”

Based on average daily dust exposure (100 mg d '), adult
intake ranges from 17.7 to 75.4 MPs per day’® and varies from 1
x 10 2 to 1.9 x 10 * MPs per year.”’

Zhang et al.”” calculated the Estimated Daily Intake (EDI) of
MPs via ingestion using the:

¢ x AMIMP x Mingestion

EDI =
BW

where Mingestion Is the soil and dust ingestion rate (g d™) rec-
ommended by the United States Environmental Protection
Agency (USEPA); BW is the body weight (kg); ¢ is the concen-
tration of MPs (mg g~ ') in soil; AMIMP is the average mass of
individual MP particle.

For their part, C. Liu et al.”® calculated the EDI of MPs via
indoor and outdoor dust ingestion according to the:

Ji X 1 X mgiy +f2 X €y X Mgin

EDIindoor + EDIoutdoor = BW BW

Dermal contact

Inflammatory
lesions

Oxidative stress

Fig. 4 Exposure routes and potential effects of MPs in humans ©[Abad] via https://www.canva.com/.
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where f; and f, are the indoor and outdoor exposure fractions,
respectively; ¢; and c, are concentrations of the target MPs in
indoor and outdoor dust, respectively; mq;, and mq;, are the
indoor and outdoor dust ingestion rates (mg d~ '), and BW is the
average body weight (kg).

The EDI values of dust are inversely proportional to body
weight,” so EDI values in adults will be an order of magnitude
lower in contrast to children.®®”®# Furthermore, due to
pulmonary mucociliary clearance, microparticles can enter the
digestive tract after inhalation.®

Dermal contact

Dermal contact can occur through the penetration of MPs into
the skin pores, mainly through contact with water contami-
nated with MPs or through cosmetics and other body products
incorporating them.**

This dermal contact with MPs is associated with skin
damage due to local inflammation and cytotoxicity.*” However,
this exposure is a function of individual susceptibility since the
pores of human skin can vary according to each individual.*

It should be noted that physical characteristics such as size
(associated with accumulation and translocation in tissues),
color (visibility and preference for ingestion by animals), and
shape (density and adherence capacity) affect the risks of
exposure to MPs.?*

Toxicity of MPs

The potential toxicity of MPs, from which the magnitude of
their health implications can be measured (in addition to their
mere presence), is described by their chemical nature* and is
related to the possible release of chemical constituents (poly-
mer raw materials and additives).®*® The release of
microorganisms,** heavy metals, and other substances that
have been adsorbed during their residence in the environment
is also a concerning factor.*>*° The adverse effects of this release
will also depend on the translocation of MPs to other cell
tissues.?**4%1

Chemical identity

The original chemical identity of plastics can be made up of
a mixture of approximately 40 000 substances.”” Within this
mixture, polymers are found as the main constituents. Still,
various additives such as plasticizers, stabilizers, flame retar-
dants, flow modifiers, processing aids, impact modifiers, anti-
oxidants, pigments, biocides, fragrances, and even residues of
monomers or by-products formed during production can be
found.®

Polymeric matrix

The characterization of MPs based on their constituent poly-
mers can be carried out through various techniques. For
example, pyrolysis with gas chromatography and mass spec-
trometry is a technique that produces pyrograms of the poly-
mers under study after their thermal degradation, which are
then compared with pyrogram