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Abstract: Atmospheric plastic pollution is now a global problem. Microplastics (MP) have been
detected in urban atmospheres as well as in remote and pristine environments, showing that
suspension, deposition and aeolian transport of MP should be included and considered as a major
transport pathway in the plastic life cycle. This work reports an up to date review of the experimental
estimation of deposition rate of MP in rural and urban environment, also analyzing the correlation
with meteorological factors. Due to the limitations in sampling and instrumental methodology, little is
known about MP and nanoplastics (NP) with sizes lower than 50 µm. In this review, we describe how
NP could be transported for longer distances than MP, making them globally present and potentially
more concentrated than MP. We highlight that it is crucial to explore new methodologies to collect
and analyze NP. Future research should focus on the development of new technologies, combining
the existent knowledge on nanomaterial and atmospheric particle analysis.
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1. Introduction

The global plastic production has increased dramatically in the past 40 years, reaching 359 million
tons in 2018 [1]. The life service of plastic products is variable, from less than 1 year to more than
50 years; therefore, the annual plastic waste is not necessarily correlated to the production in a specific
time range [1]. Waste mismanagement and unauthorized dumping lead to the release of plastic in the
environment and, because of its long environmental lifetime, plastic is easily accumulated in various
environmental matrices [2]. Plastic pollution in marine and terrestrial environments has been widely
reported since the 70 s [3–5] and it is currently a demographic, societal and economic problem [6].

Based on their size, plastic debris can be categorized into five classes: (i) megaplastics (>50 cm),
(ii) macroplastics (5–50 cm), (iii) mesoplastics (0.5–5 cm), (iv) microplastics, MP, (1 µm–5 mm) and
(v) nanoplastics, NP, (<1 µm) [7]. However, there is not a general consensus on the boundary between
MP and NP; recently, Hartmann et al. proposed a definition of NP for plastic particles smaller than 1 µm
and a further subdivision between nanoplastics (<100 nm) and submicron-plastics (between 100 nm
and 1 µm), to match the accepted definition of nanomaterials [8]. The same study propose to define
plastics between 1 and 10 mm as milliplastics or to extend the definition of mesoplastics to this range.
On the basis of their origin, MP are classified into primary and secondary. Primary MP are tiny particles
designed for commercial use, such as plastic microbeads in personal care products or in turf pitches,
as well as microfibers shed from clothing and other textiles, such as fishing nets; while, secondary MP
are produced in the environment by degradation and mechanical abrasion of larger plastic debris [9].
Although primary NP have also been detected in facial cleansers [10], NPs are mainly the unwanted
product of degradation of larger plastics [11].
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Moreover, MP have been further classified based on their shape as microbeads, pellets, fibers, foam
and fragments. Microbeads are synthetized by emulsion, suspension and dispersion polymerization
and can generally be associated with spherical form [12]. Pellets are industrial raw material for
manufacturing of larger products and they can be released unintentionally in the environment during
manufacturing and transport. They are small granules, generally with shape of cylinder or a disk [13].
Synthetic fibers have generally cylindrical shape with average diameter of 10–20 µm and length up to
few mm and they are generated from wear of textile material. Foams and fragments are mainly of
secondary origin; they are produced by mechanical abrasion of larger plastic products and they have
generally an irregular shape [14]. Shape and size have a crucial impact on the transport of MP in many
environmental matrices, like atmosphere and soil; therefore, transport through the environmental
compartments might be peculiar for the different types of MP [15–17].

Due to their environmental persistence and potential health effect, MP pollution has attracted
much attention recently from the research community and the authorities; indeed, the European
Commission is evaluating to restrict intentional uses of MP. Several scientific works in the last decade
show the presence of MP in soil, freshwater and oceans [14,18–20]. Recently, MP occurrence was
also shown in the atmospheric environment, with measurements in particulate matter and in wet
and dry deposition [21,22]. However, the research activity on NP is still at a preliminary state,
due to the difficulties in sampling and detection. Only few works reveal NP occurrence in marine
environments [23,24] while, at the present time, no evidence is reported for the atmosphere.

The goal of this work is to give an overarching and critical point of view on research findings and
current knowledge on MP and NP in the atmosphere. The aim is to embed the atmospheric transport,
transformation and degradation of MP and NP within the concept of plastic cycle introduced by
Horton and Dixon [25] and further developed by Bank and Hansson [26]. After the introduction of this
concept, three main scientific issues are covered in this work. The first one is a general overview and
comparison of sampling methodology and analytical techniques commonly used for the detection of
MP in the atmosphere, as well as future developments for the analysis of NP. The second one is related
to MP occurrence and concentration, to evaluate the importance of atmospheric transport as a source
in other matrices. The third one is focused on the estimation of the atmospheric concentration of NP.
This latter is crucial to assess the environmental impact of NP. Indeed, NP have high surface-to-volume
ratio [27] that affects their reactivity and the way they can adsorb other types of pollutants.

2. Discussion

2.1. The Plastic Cycle

Research on microplastics is currently focusing on separate environmental compartments, such as
soil, vegetation, water bodies (freshwater and sea) and atmosphere. Nonetheless, these compartments
are linked and the transport of MP and NP is made more complex by chemodynamics, intended as
the dynamic changes that take place in the environment because of interaction between MP, NP and
natural compounds [28]. For example, water microalgae are able to grow on MP particles, leading to
an increase in the density and facilitating their sinking in sediments, with a transit from water bodies
to soil [29]. On the other hand, the comb-out effect is responsible for the deposition of atmospheric MP
on the canopy [30], probably facilitated by the wax layer on leaves, which is able to trap hydrophobic
pollutants [31]. The study from Scheurer and Bigalke [32] shows that 90% of Swiss floodplain soils
contain MP, and the main result is that the mesoplastic concentration is correlated with the presence of
bigger plastic waste, while MP were found also in soil not affected by human activity. The authors
suggest that the presence in remote unsettled high mountain areas and the dominance of small MP
(<500 µm diameter) particles, indicate that MP enter soils via diffuse aeolian transport.

The boundaries between compartments are thus blurred and permeable, the occurrence and
abundance of MP and NP depend on the interactions and connections with the adjacent environments.
Therefore, Horton and Dixon [25] and Bank and Hansson [26] have introduced the concept of
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“Plastic Cycle” to indicate the biogeochemical cycle of plastics between environmental compartments
and stressing the global nature of this ubiquitous problem [26]. However, in the “Plastic Cycle”
model the fate and transport of plastic only include the transfer from lands to oceans, considering
mainly a unidirectional flow. The “Plastic Cycle” model is mainly developed for large plastic debris
(meso- and macroplastics). Therefore, it does not consider the possible transfer from seas to soils and,
most importantly, it does not evaluate the atmospheric transport, which could be relevant for MP and
NP. Atmospheric transport of MP is poorly understood, but recent studies have shown that it is likely to
be a crucial transport pathway [33–35]. Even less is known about transport and sources of NP; however,
due to their small size it is plausible to assume that NP could derive from similar sources compared to
MP, and that atmospheric transport of NP may be comparable to MP transport. Atmospheric dynamics
include suspension, transport and deposition of MP and NP. The main sources are urban, industrial
and agricultural activities [21,22,36,37] and traffic [38–40], while secondary sources, like erosion of
contaminated soils [41] and suspension of MP from the ocean during bubble bursting [42], should
also be taken into account. Figure 1 reports the main sources and transport pathways of MP and NP.
Once in the atmosphere, plastic particles are transported following air masses movements [17,43] and
could act as ice nuclei, facilitating the formation of ice crystals [44]. The atmospheric oxidant capacity
probably has a key role in their transformation, since MP and NP are exposed to sunlight [45], gas-phase
oxidants (ozone, hydroxyl and nitrate radicals) [46–49] and aqueous phase oxidants (hydroxyl and
nitrate radicals) [50] with higher concentrations compared to soil and water bodies. However, little is
known about the fate and transformation of MP in the atmosphere. MP and NP shape and dimensions
influence their deposition, and therefore their residence time in the atmosphere. The deposition is
potentially accelerated by scavenging such as precipitations [33,34] and comb-out effect [30].
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In our view, the concept of the plastic cycle may indicate the continuous and complex movement
of plastic materials between a wide range of environmental matrices, also potentially affecting the
biota, including in humans. MP and NP are contaminating even the most remote areas of our planet
and atmospheric dynamic is one of the key processes to understand the global MP and NP pollution.
In addition, mechanical and chemical degradation lead to the fractionation of MP, which induces a
continuous change in the contaminants’ characteristics, in particular, their size distribution strongly
influences their fate in the environment.
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2.2. Critical Review on Sampling Methodology and Analysis

2.2.1. Sampling

To the best of our knowledge no standard operation protocols (SOPs) have been released for MP
and NP analysis in the environment. Conversely, the sampling methodologies of MP in seawater
and freshwater have been extensively discussed [51,52]. The debate for airborne MP is still open:
the sampling methodology is different from one study to another, making comparisons difficult.
Concerning outdoor sampling, two main methods have been used, based on passive and active
collection. The main difference is that the active method allows the determination of the concentration
in the air; this information could be further used for exposure studies. Instead, the passive method
estimates the flux from atmospheric deposition to establish a mass balance. These methods have been
applied with some differences in each study, without defining a standardized procedure. Passive
sampling is generally carried out using a rain samples collector (a sampling bottle for collecting the rain)
or a particulate fallout collector (a funnel). In order to avoid contaminations, the funnel is often made
from stainless steel and the bottle from glass. After collection, the funnel is rinsed with ultrapure water
to remove the particles adhering to the surface, as described, for instance, in Allen et al. [33] and Klein
and Fischer [30]. A passive sampler has been developed to collect representative samples of dry and wet
atmospheric particulate fallout for subsequent analysis by NILU (Norwegian Institute for Air Research,
Particulate Fallout Collector (p.no. 9721)). Besides, the active collection requires a pump for aspiration
of air through filters with well-defined mesh, as usually performed for atmospheric particulate
matter [53,54] and as described for airborne MP [37,42,55]; sampling devices with sequential filters
with decreasing mesh size are also available (cascade impactor). Commonly, to avoid contaminations,
sampling is performed using quartz fiber or polytetrafluoroethylene filters. Although both sampling
methods present pros and cons, the active sampling requires lower sampling time, it is less affected by
meteorological conditions and sampling can be reported for a certain volume of air, leading to an easier
comparison of measurements obtained in different sites. Moreover, it is not affected by resuspension of
the MP. On the other side, passive sampling is important to estimate wet and dry deposition that can
be used in theoretical models to gauge the importance of MP and NP’ atmospheric transport. However,
passive sampling is carried out for long periods, generally of the order of weeks, and resuspension of
the particles deposited on the sampler should be evaluated, especially for dry conditions and high
wind speed.

2.2.2. Purification

Both active and passive collection are not specific for MP; therefore, they need to be separated
from the other particulate matter. Separation is often achieved taking advantage of the lower density of
MP, by washing the filters with NaI or ZnCl2 solutions, as described in Prata et al. [56]; other salts have
been used for MP in seawater, freshwater and sediments [51]. This step can be preceded or followed
by the digestion of unwanted material attached to MP by treatment with H2O2, Fenton reaction or
enzymatic digestion. Other aggressive chemicals such as KOH, HNO3, H2SO4 or HClO4 have been
used for other environmental matrices [51], but, to our knowledge, in atmospheric deposition studies
only NaClO [30] or H2O2 have been used [33]. The unwanted material is composed of organic and
inorganic matter, including also dust and biofilm, and can interfere with the identification of MP in the
further steps. Density separation and sample treatment increase the potential loss of sample and can
damage the plastic particles, especially the ones with smaller sizes. Indeed, both hydrogen peroxide
and the Fenton reaction produce hydroxyl radicals, which were shown to react efficiently with some
NP [50]. For this reason, separation and purification steps have not been employed in several studies,
however this might increase the difficulties in the detection and the identification of MP [34,37,42,55].

It is worth noting that these sampling methodologies and treatments have been applied successfully
to airborne MP, while NP analysis requires improvement in both sampling and sample treatment.
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2.2.3. Analysis

Analysis of MP can be performed via spectroscopic or spectrometric techniques. Both approaches
are generally applied for the analysis of MP in different environmental matrices like sediments,
freshwater and seawater, but, to our knowledge, only spectroscopic techniques have been applied for
the analysis of MP in the atmosphere.

Distinct MP identification (particle by particle) is commonly performed using vibrational
spectroscopy, such as FT-IR (Fourier transform infrared) or Raman spectroscopy. For MP analysis, FT-IR
can be applied in reflection and transmission modes, or as ATR-FT-IR (attenuated total reflection-FT-IR).
Spectroscopic techniques have the great advantage to be non-destructive, even though they are suitable
only to identify MP larger than 100 µm, with a loss of information on smaller particles. They require
extensive sampling preparation, like density separation and matrix digestion, because the IR beam
is not able to reach the MP that are covered by natural organic and inorganic matter. Additionally,
a sufficient amount of plastic is required to obtain significant results, due to the point-by-point analysis
characteristic of spectroscopic techniques. Moreover, spectroscopic techniques are not applicable,
for example, to MP deriving from tire wear, which potentially represent a huge fraction of atmospheric
MP in the coarse mode. Indeed, filler components of tire wear, such as black carbon, completely absorb
IR radiation, preventing the identification of these MP [57].

A different analytical approach is the identification of MP using spectrometric methods: for instance,
py-GC-MS (pyrolysis-gas chromatography mass spectrometry) is a destructive thermoanalytical
method successfully applied for the analysis of seawater MP and NP [58,59]. Ter Halle et al. analyzed
seawater plastic debris of LDPE (low density polyethylene), HDPE (high density polyethylene), PVC
(polyvinylchloride), PET (polyethylenterephthalate), PS (polystyrene), and PP (polypropylene) of
mesoplastics, MP and NP. [23] In this case, for the analysis of the colloidal fraction (NP and MP < 50 µm),
seawater was concentrated by ultrafiltration, using 10 kDa poly(ether sulfone) membrane and pushing
the samples through the membranes using N2. The extract was lyophilized and analyzed by py-GC-MS;
spectra were compared to pyrolysis pattern of pure LDPE, HDPE, PVC, PET, PS and PP, allowing
the first determination of NP composition in seawater. A spectrometric approach was also used by
Eisentraut et al. [57] on MP and tire wear micro particles, with the difference that the sample was
not purified before the analysis (minimal sample preparation). In this case, decomposition of MP
was achieved by heating in a thermogravimetric analyzer, adsorption and pre-concentration of the
products on a thermal desorption unit and cryofocusing before the analysis with GC-MS. Although
py-GC-MS is a powerful technique to determine the chemical composition of the mixture of MP, and it
is the only available technique to analyze NP, the quantification of the number of MP and NP is not
possible with this technique.

The identification of plastics is usually carried out comparing the spectra with standard compounds
and polymers. Often the support of libraries is also used; for example, for the GC-MS analysis the
National Institute of Science and Technology (NIST05 and NIST05s) library may be used [23]. The free
library SpectraBaseTM or Nicodom FTIR Spectra Libraries could be used to identify plastics analyzed
by IR and Raman spectroscopy. Moreover, a list of representative absorption bands to identify plastics
by FT-IR can be found in literature [60].

Käppler et al. [61] carried out a comparison of the spectroscopic and spectrometric approaches
for the analysis of MP (particles and fibers) isolated from river sediments. They have found that
both methods are able to distinguish between plastic and non-plastic debris, showing a useful
complementarity to identify and characterize MP.

The main advantages and disadvantages of spectrometric and spectroscopic approaches are
summarized in Table 1. All these factors should be taken into account when choosing the approach:
in particular, if the goal of the analysis is the determination of the shape and size of MP, spectroscopic
techniques should be preferred, while for the analysis of the composition, spectrometric techniques are
more advantageous, especially for smaller particles.
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Table 1. Advantages and disadvantages of spectrometric and spectroscopic approaches. The arrow
indicates the cost of the two different categories, considering the initial price of the instrument,
the maintenance and consumables.

Spectroscopic Techniques Spectrometric Techniques

pros cons pros cons

not destructive are destructive

size limited (>20 µm)

the analysis is
independent of the shape

and size of the
particle/fiber

detection depends on the
particle/fiber mass

require sample
purification and sample

handling

sample preparation and
handling are limited

need only few minutes
for the acquisition of

the signal

require a longer
acquisition

(~30 to 100 min)

organic additives can
perturb the analysis

organic additives can be
analyzed simultaneously

inorganic contaminations
do not disturb
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2.3. Occurrence of Microplastics in the Atmospheric Deposition

Two interesting review articles from Chen et al. [62] and Zhang et al. [63] (2020) have focused their
attention on the occurrence and abundance of MP in the urban environment, with particular emphasis
on the sampling methodology, sample purification and analysis. They both sum up the recent studies in
urban and remote environments, reporting that the majority of MP in cities (Paris (France), Dongguan,
Shanghai, Yantai (China) and Nottingham (UK)) are represented by fibers. The only exception is MP in
Hamburg (Germany), where most of the detected MP (90–95%) were fragments. The characteristics of
MP in the mentioned studies are reported in Table 2. Both reviews categorize MP on the basis of their
shape, size, color and composition, showing the extreme variability of MP in the atmosphere, mainly
due to the myriad of sources and to the different methodologies used for sampling and analysis.

As mentioned in Section 2.1, a crucial reason for MP spreading worldwide is the atmospheric
transport: atmosphere is an extremely dynamic compartment and MP have been detected in the
most remote areas of the Earth, including the polar region [64] and the Tibetan plateau’s rivers and
lakes [65,66]. In particular, the Tibetan plateau is also known as the “Third Pole”, hosting a huge
number of glaciers and lakes and being situated far from urban, industrial and agricultural activities.
The detection of MP in glacial snow raises the question of the importance of long-distance atmospheric
transport in such remote areas.

Occurrence of MP was also reported for other remote sites. Allen et al. [33] report five month
analysis of wet and dry deposition in the pristine region of Pyrenees mountains, characterized by a
local vicinity scarcely populated and a lack of anthropogenic sources. MP fragments, films and fibers,
with respective proportions of 68%, 20% and 12%, were found and analyzed by µRaman spectroscopy,
showing the presence of different kind of polymers, like PS, polyethylene (PE) and, in minor quantity,
polypropylene (PP) and polyethylene terephthalate (PET), as reported in Table 2. A strong positive
correlation between the number of MP and wind speed was found, while the correlation with the
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amount of precipitations and their duration is less clear. The authors suggest that MP deposition is
probably more affected by the intensity of precipitation than by the duration.

Bergmann et al. [34] report MP contamination in snow from the Alps (Davos, Tschuggen and
(Switzerland) and Bavaria (Germany)), from ice floes in the Artic and from Svalbard. They compared
their results with the ones obtained for analysis of snow samples collected in Bremen (Germany) and
from the Isle of Heligoland (North Sea, Germany). MP are mainly found as fragments and pellets
compared to fibers. The authors did not investigate deeply the correlation of wind speed, direction,
rain and snow event with MP concentration, largely because snow was not freshly deposited for all the
samples. Nevertheless, the remoteness of the sampling sites, especially concerning the Artic region,
strongly suggests that long-range atmospheric transport is responsible for MP occurrence.

Liu et al. [55] and Wang et al. [42] investigated atmospheric MP over the west Pacific Ocean and
the South China Sea and the east Indian Ocean, respectively. Their results show a lower concentration
of MP in aerosol over open ocean, compared to the concentration measured in urban sites (Table 2).
However, they carefully estimate that, once in the atmosphere, suspended MP are transported passively
by complex two- and three-dimensional physical winds, resulting in a large variability over the land
and surface ocean. In particular, Wang et al. [42] performed a statistical analysis and highlight that
four meteorological factors limit the distribution of MP: (i) wind speed is needed for MP transport,
(ii) gust velocity is necessary to suspend MP from the ground or the sea surface, (iii) humidity and
(iv) low pressure (strong turbulence) have an important effect on MP transport. They also infer that the
atmospheric MP over the ocean might originate not only from the adjacent continent but also from the
adjacent oceanic atmosphere polluted by other continental MP emissions.

The recent work from Evangeliou et al. [67] models the global transport of MP produced by
road traffic (tire and brake wear particles) to remote regions, such as the Arctic Ocean, considering
particles of 10 and 2.5 µm. These dimensions are chosen based on the distribution of aerosol particles
in the atmosphere, which are divided in coarse mode (2.5–10 µm, particulate matter (PM) 10) and fine
mode (<2.5 µm, PM 2.5), on the basis of their interaction with lungs. They are in the lower range of
the definition of MP and most of the studies presented here show instrumental limitations for the
detection of particles lower than 10 µm in size. They show that atmospheric transport of MP is an
underestimated hazard to terrestrial and marine ecosystems, and it affects air quality on a global scale.

In our opinion, the results reported for urban and remote sites show two main differences: the first
one is the abundance of fragments that, with the exception of the city of Hamburg, are dominant
in remote environments. This could be related to the size, since fragments are usually smaller than
fibers and can be easily suspended by winds and gusts. In addition, during atmospheric transport,
larger MP fragments might be degraded into smaller particles by mechanical processes and reactivity:
this could explain the larger presence of fibers near the sources (in particular in urban environments)
and of fragments in remote sites. The second difference between urban and remote sites is the
importance of meteorological conditions; wind speed, gust velocity, humidity and pressure are
crucial in long-range transport. For urban sites, it has been observed that minimum wind speed and
atmospheric wet deposition are responsible for the highest deposition rate [21,35]. During temperature
inversion episodes, MP could be blocked in the lower troposphere, creating an episode of pollution and
decreasing the spreading [62]. However, it is difficult to compare different measurements performed
with different sampling methodologies and analyses. Standardized sampling, analysis methods and
more experimental data are needed to understand the importance of atmospheric dynamic on MP
transport to remote sites.
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Table 2. Characteristics of microplastics (MP) in atmospheric wet and dry deposition in remote and urban areas.

Sampling Site Reference Method Shape Abundance Size (µm) Composition

Urban Paris, France [35] Stereomicroscope
+ µFT-IR

Fragments (10%)
2.1–355.4 (# m−2 d−1) 200–1400

Natural fibers, industrially modified
natural polymers, PET, PAFibers (90%)

Urban
Hamburg,
Germany [30] µRaman Fragments (90%)

136.5–512.0 (# m−2 d−1) 63–300 PE, EVAC, PTFE, PVA
Fibers (10%)

Urban Dongguan, China [22] Stereomicroscope
+ µFT-IR

Fibers (80%)
175–313 (# m−2 d−1) 200–700 PE, PP, PSFoam

Films

Urban Shanghai, China [37] Stereomicroscope
+ µFT-IR

Fibers (67%)
1.42 ± 1.42 (# m−3) 23–500 PET, PE, PES, PAN, PAAFragments (30%)

Granules (3%)

Urban Yantai, China [68] Stereomicroscope
+ µFT-IR

Fibers (95%) 115–602 (# m−2 d−1)
<500 PET, PVC, PE, PS

Foam and films 40 (# m−2 d−1)

Urban Nottingham, UK [69] Stereomicroscope
+ ATR-FTIR Fibers 0–31 (# m−2 d−1) 38–5000 Acrylic, PA, PES, PP

Remote Pyrenees
mountains

[33] Stereomicroscope
+ µRaman

Fragments (68%) 249 (# m−2 d−1) <50
PS, PE, PP, PVC, PETFilms (20%) 73 (# m−2 d−1) 50–150

Fibers (12%) 44 (# m−2 d−1) 100–300

Remote Artic snow [34] µRaman + µFT-IR Fragments 1.76 × 103 (# L−1) <100 Varnish, nitrile rubber, PE
Fibers 1.38 × 103 (# L−1) 65–14,000

Remote European snow [34] µRaman + µFT-IR Fragments 24.6 × 103 (# L−1) <100 Varnish, nitrile rubber, PE
Fibers 1.43 × 103 (# L−1) 65–14,000

Remote West Pacific Ocean [55] Stereomicroscope
+ µFT-IR

Fibers

0–1.37 (# m−3)

16–2087 µm

PET, PE, PPFragments 142 ± 99 µm
Granules 94 ± 33 µm

Microbeads 39 ± 22 µm

Remote

Karimata Strait

[42] Stereomicroscope
+ µFT-IR

Fibers 0–0.08 (# 100 m−3) 382
PET, PP, PA,

PEP, PAN, PR
Pearl River

Estuary Fibers 3–7.7 (# 100 m−3) 288–1118

East Indian Ocean Fibers (80%), fragments 0–0.8 (# 100 m−3) 59–988
South China Sea Fibers (80%), fragments 0–3.1 (# 100 m−3) 286–1862

# = number, “Size (µm)” corresponds to the range of sizes of detected MP, EVAC = ethylene–vinyl acetate copolymer, PA = polyamide, PAA = polyacrylic acid, PAN = polyacrylonitrile,
PE = polyethylene, PEP = poly(ethylene-co-propylene), PES = polyester, PET = polyethyleneterephthalate, PP = polypropylene, PR = phenoxy resin, PS = polystyrene,
PTFE = polytetrafluoroethylene, PVA = polyvynilacetate, PVC = polyvynilchloride.
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2.4. Microplastics Degradation

In the environment, MP may undergo physical and (bio)chemical degradation processes. Among
the physical factors that induce deterioration of plastics, the weathering and the mechanical breakdown
are the main ones. A recent study from El Hadri et al. [70] reports a top-down method, based on
mechanical degradation, to obtain NP from MP under laboratory conditions. The size distribution,
morphology and surface charge of the resulting NP are analyzed and the authors found that
they are highly polydispersed with different shapes and negatively charged surfaces. However,
this study has been performed using a planetary ball mill, which is probably not representative of
environmental conditions.

Although plastic is often defined as an almost inert material, it is composed of a carbon skeleton
that is sensitive to oxidation, UV radiation or microbiological activity [27,71–73]. For this reason,
plastic degradation is not likely to stop at the micrometric size.

When a plastic piece is degraded, the exposed area increases drastically and so does the surface
reactivity [27]. MP and NP in the atmosphere are exposed to sunlight and photogenerated oxidants,
such as hydroxyl radical (•OH) or ozone (O3). The main abiotic degradation process of plastics is
photo-initiated oxidation, which leads to polymer chain scission, branching and formation of polymer
fragments as well as volatile compounds [74,75]. This process consists of a complex series of radical
reactions initiated by the breaking of covalent bonds in the main polymer chain; consequentially free
radicals are formed, which can react with oxygen forming a peroxy-radical species. The reactive
species formed in the polymer during this process might react not only with oxygen, but also with
other compounds such as nitrogen oxides. However, until now, only a limited number of studies
investigated the reactivity of MP and NP towards atmospheric oxidants and further studies are needed
to understand the fate of these plastics in the air. For example, Vicente et al. [46] report the formation
of degradation products by oxidation of PS nanoparticles in the presence of O3, while our previous
study [50] estimates the reactivity constant between PS nanoparticles and •OH. To date, the effect
of chemical degradation on plastic has only been studied for macro and mesoplastics, with special
attention to plastic films, while little is known for MP and NP.

2.5. Smaller the Size, Higher the Occurrence? Nanoplastics

As explained previously, plastic pollution represents a current global threat. MP are ubiquitous,
due to their migration through environmental compartments. However, little is known about the
smallest plastic debris, NP, since their size is below the instrumental limit of detection of the techniques
currently used for MP (µFT-IR and µRaman). NP have been detected in the ocean [23] and in soil [76],
although, to the best of our knowledge, there is not any study that reports their concentration in a
specific environment.

NP have some analogies with MP but also some peculiar differences. Although the chemical
composition is the same, as evidenced by py-GC-MS (pyrolysis gas chromatography mass spectrometry)
identification of characteristic polymer signals by Ter Halle et al. [23], the categorization in different
shapes has to be revised. In fact, considering that fibers have an average diameter of 10–20 µm and
length of 100–5000 µm, they can mainly break down in fibers with shorter lengths until they reach
the shape of fragments, with almost the same diameter in each direction. This process leads to the
formation of particles still classified in the range of MP. It is mostly unlikely that fibers break down in
the sense of the length. For this reason, presumably, NP do not have the shape of fibers, but could
be fragments, spheres and granules: the latter are defined as pieces of plastic manufactured as raw
material for larger plastic products. Contrarily to what is observed for MP, which are susceptible to
vertical motion because of their density, in the aquatic environment NP have a colloidal behavior,
due to their size, and they undergo Brownian motion. Another difference is the interaction with biota:
microbial cell can grow on MP, forming a biofilm [77], while NP have the same or even lower size than
a microbial cell [78]. For this reason, they can be incorporated into the microorganism cells, but it is
difficult to imagine that they can serve as a support for microorganism growth. However, they can be
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coated with an eco-corona, composed by natural organic matter. The eco-corona could be important to
evaluate the toxicity of NP [27,79–81], although its structure and composition is not yet completely
characterized. Some of the studies report that eco-corona is composed by humic acids, while some
others describe it as proteinaceous material. This coating could have an effect on the density of NP
making them sink in the aqueous phase, despite the low density of plastic polymers. The eco-corona
can also have an impact on the aggregation of NP, but research in this field is still needed [82].

To our knowledge, no evidence of NP in the atmosphere has been reported until now. Nevertheless,
due to their low weight and small size, they are highly susceptible to suspension by wind.

The works from Allen et al. [33] and Klein and Fischer [30] report the number of fragments
deposed (# m−2 d−1) as a function of the size of the fragments. They both observed that the number of
fragments increased as the size decreased. The insert in Figure 2 shows the data reported in the two
studies: we have fitted both datasets using the power law equation y = axb, where y is the number of
particles deposed (# m−2 d−1) and x is the size (µm). The parameters a and b obtained are reported in
Table 3.
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Figure 2. Theoretical deposition of nanoplastics (NP) as a function of particle size calculated using
the extrapolation of the fit of experimental data presented on the insert. Insert: number of fragments
reported in the study from Allen et al. [33] and Klein and Fischer [30].

Table 3. Parameters obtained for the fit of the datasets reported in the study from Allen et al. [33] and
Klein and Fischer [30]. Equation y = axb.

a b R2

Allen et al. [33] (5.28 ± 3.47) × 104 (−1.49 ± 0.19) 0.9310
Klein and Fischer [30] (2.69 ± 5.36) × 104 (−1.84 ± 0.47) 0.7566

The equation obtained allows an estimation of the potential deposition of NP, as shown in Figure 2.
Following this extrapolation, the number of NP increases quickly with the decrease in size, leading to
a deposition of hundreds of thousands of fragments of sizes lower than 1 µm. These results clearly
indicate that NP are potentially present in the atmosphere and in huge concentrations. However,
this extrapolation is only a theoretical assumption because the deposition and the settling velocity are
related to the size and the density of the NP particle.

Once in the atmosphere, NP would not undergo the same deposition process occurring for MP.
For instance, in the absence of wind, the settling velocity of a particle can be calculated by applying
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Archimedes’ law. The weight of the object (W) is given by the sum of the buoyancy force acting on the
object (Fb) and the drag force (D), as reported in Equation (1).

W = Fb + D (1)

If we consider a spherical object of diameter (d) and density (ρs), W can be expressed as in
Equation (2) (g = gravitational acceleration).

W =
π
6

d3ρsg (2)

While Fb is expressed by Equation (3), with the density of the fluid indicated by ρ.

Fb =
π
6

d3ρg (3)

The drag force can be expressed by Equation (4), where Cd is the drag coefficient, vs. is the settling
velocity and A is the projected area of the sphere.

D =
1
2

CdρvsA (4)

Substituting Equations (2)–(4) in Equation (1), vs. for a spherical particle can be calculated
following Equation (5).

vs =

√
4gd
3Cd

(
ρs − ρ

ρ

)
(5)

While, for a non-spherical particle of equivalent diameter de and projected area Ap, Equation (6)
can be used.

vs =

√
πd3

e g
CdAp

(
ρs − ρ

ρ

)
(6)

The settling velocity is thus proportional to the size and the density of the particle. Considering a
spherical particle (Cd = 0.47) of PS, with ρs = 1060 kg m−3, suspended in air (ρ = 1.225 kg m−3 at 15 ◦C),
applying Equation (6) we can easily calculate the settling velocity vs. as a function of the diameter d.
In the absence of vertical uplift and turbulence, the PS particle falls down. If we consider the time
needed to descend by 1 km and we consider a constant horizontal wind, we can have a brief look at the
distance travelled by the particle as a function of its size. Figure 3 reports the simulation for PS particles
of different diameters, in the range of MP and NP, in the presence of horizontal wind between 1 (light
air in the Beaufort scale) and 13 m s−1 (strong breeze). It is clear that smaller particles are transported
for longer distances and fresh breeze is able to transport particles with diameter of 100 nm for 200 km.
Polymers with lower density compared to PS (for example PE and PP) could even be transported for
longer distances. This is only a simplified schema that does not take into account the vertical uplift of
air masses and the gust speed. However, these calculations provide a first approximation on travelling
distances of NP and MP in the atmosphere and could contribute to an assessment of the importance of
atmospheric transport of NP.

Few studies give an estimation of the distance travelled by MP. Wang et al. [42] use the
back-trajectory calculation, which includes localized updraft, convective mixing and advection,
to evaluate the origin of MP, and they assess that one of the main sources of MP over the South China
Sea and east Indian Ocean is related to the continent. They estimate that MP are transported for
distances of 1000 km: this value clearly indicates that atmospheric turbulence plays a crucial role in the
long-range transport. With the same approach, Allen et al. [33] calculated that the MP source area was
60 km to the east, 75 km to the west and south, and 95 km to the north of the site, showing results in
agreement with the simplified model presented. Bergmann et al. [34] compared the transport of MP to
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the Artic with the transport of large dust particles and mercury: both are transported over distances
of 3500 km from the Sahara to the North Atlantic. Evangeliou et al. [67] presented the first global
simulation of atmospheric transport of MP produced by road traffic (tire and brake wear particles),
suggesting high transport efficiency of these particles to remote regions, such as the Arctic Ocean.
However, they do not report a numeric estimation of the transport and they only assess that smaller
particles have higher speed.
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According to the simulation presented, NP are susceptible to undergo long-range transport
more efficiently than MP. However, since MP have also been detected in remote and pristine
environments, we can affirm with some certainty that NP have also reached the most remote areas of
the globe. Concerning the upper troposphere, no measurements of MP have been performed in the
free troposphere, even if Gateuille et al. [83] have collected MP by deposition in the Alps region at
2100 m a.s.l. (above sea level). More measurements in the free troposphere are needed to understand
the transport of MP and NP and the vertical distribution profile.

3. Conclusions and Environmental Implications

The atmospheric transport of MP causes their presence in both remote and pristine environments
and plastic pollution is now a global problem: suspension, deposition and aeolian transport of MP
should be included and considered as a major transport pathway in the biogeochemical cycle of plastic.

If the research on MP in atmospheric particles and fallout is growing by leaps and bounds, little is
known about NP. Nevertheless, this study shows that NP could be transported on longer distances than
MP, making them globally present and potentially more concentrated than MP. However, experimental
data are needed to estimate their importance in urban and remote environments: this information on
fluxes is fundamental to develop and constrain theoretical models.
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Besides, until now MP and NP have been considered as inert particles while recent studies show
that they can react and interact with light and oxidants, like ozone and hydroxyl radicals [46,50]. Their
degradation in the gaseous and aqueous phase releases a myriad of organic compounds from short
chain carboxylic acids to aromatic and aliphatic compounds with different functional groups, with a
potential non-negligible impact on the composition and concentration of the carbon pool in the gaseous
and aqueous phase. More investigations on the fate of MP and NP in the environment could provide
an insight into the effect on the biogeochemical cycle of carbon.

Sampling and detection are the main issues in MP and NP analysis. Wet and dry deposition of
MP are evaluated using completely different methodologies and standard operating procedures (SOP)
should be defined univocally, in order to be able to compare the deposition rate or the MP concentration
for different particles. Concerning NP, there are no studies reporting a potential sampling method
that could be applied to atmospheric samples. Due to their size, spectroscopic analysis is not suitable.
In our view, the best option would be the development of a spectrometric detection method to analyze
the composition, coupled to a more traditional SMPS (scanning mobility particle sizer), to detect the
particle dimensions.

It is crucial to explore new methodologies to collect and analyze NP. Research should focus
on the development of new technologies, combining the existent knowledge on nanomaterial and
atmospheric particle analysis.
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