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atmospheric deposition: critical review and
applicability towards assessing human
exposure
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Abstract

Over the last several years there has been an increase in studies reporting the presence of microplastic particles
(MPs) in both indoor and outdoor air. Data reported reflect a variety of different types of air samples, which have
helped to demonstrate the ubiquity of MPs in the atmosphere and their potential contribution to atmospheric
particulate matter (PM). The relative quality of the data reporting on MPs in air has not been evaluated, but
represents an important step towards improving our overall understanding of the human health implications in
relation to inhalation exposure to MPs. Adopting recent approaches that have been proposed to assess the quality
of data for those studies reporting concentrations in biota and water samples, we identify a suite of criteria used to
screen studies reporting MPs in air for the purposes of evaluating their usefulness in assessing human exposure.
Here we review and summarize data from 27 studies reporting MPs in various types of air samples and evaluate
each of the studies against 11 separate criteria representing four main categories (sampling; contamination
mitigation; sample purification / handling; characterization and application towards assessing human exposure). On
average, studies scored 48.6% (range 18.2–81.8%) of the maximum score. Only one study received a positive score
for all criteria, implying that there remains a need for future studies to consider strengthening implementation and
reporting of QA/QC protocol. The most urgent areas requiring attention relate to the need for studies to avoid and
verify background contamination and to strengthen the quantification of method recovery efficiencies. The majority
of studies report data for particulates > 10 μm. Due to the associations between exposure to particles < 10 μm and
human health effects, we recommend that prioritization efforts that develop standard protocols, based on existing
air sampling methods capable of characterizing MPs < 10 μm are progressed.
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Introduction
Microplastic pollution refers to the environmental pres-
ence of plastic particles and fibres that are ≤5 mm [1, 2].
Microplastic particles (MPs) can be released throughout
the production, use and disposal of plastic articles and

synthetic textiles, for example, via photo and chemical
degradation and/or abrasion and fragmentation [3–9].
Growing knowledge of the contamination of drinking
water, dust and food by MPs has raised concern for hu-
man exposure and potential subsequent impacts on pub-
lic health [2, 10, 11]. Robust data, characterizing and
quantifying the exposure associated with both inhalation
and oral exposure pathways, however, are limited, a key
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factor that strongly influences the ability to assess the
implications for human health and to perform an assess-
ment of risk [2, 11, 12].
Throughout the development of the research field, a

major challenge towards the acquisition of high quality
data on microplastic occurrence are observations report-
ing false positives that have been attributed to back-
ground air contamination, evidenced by the presence of
MPs in procedural blanks [5, 13]. The presence of MPs
in outdoor air is further supported by studies reporting
on their presence in atmospheric deposition and dust
samples collected from urban, rural and remote loca-
tions [3–6, 9, 14–24]. Observations reported in these
studies demonstrate the ubiquity of MPs and their con-
tribution to atmospheric particulate matter (PM), which
represents a complex mixture of particulates from vary-
ing sources, both natural and anthropogenic [25].
It is well understood that exposure to PM represents a

potential human health risk [26]. For human inhalation
exposure – particles having an aerodynamic diameter <
10 μm (PM10) and ≤ 2.5 μm (PM2.5) represent the great-
est respiratory and cardiovascular hazard [25, 26] and is
therefore a fundamental property to characterize and
quantify in respect to human health implications. Air-
borne PM, with aerodynamic diameters (D) ≤100 μm,
represents an inhalable fraction, with particles ≥10 μm
being deposited in the nasopharyngeal airway [27, 28].
For PM with D ≤ 10 μm there is an increased potential
to reach and deposit in the intrathoracic regions of the
respiratory system and PM with D ≤ 2.5 μm have the po-
tential to reach the alveolar regions of the lung [25]. For
instance, it has been shown that approximately 100% of
particles with D ≥ 10 μm deposit in the nasopharyngeal
region of the respiratory tract when breathing through
the nose and that approximately 40% of PM with D ≥
10 μm depositing in the lower respiratory tract of the
thorax when breathing completely through the mouth
[29]. Inhalation is affected by the particle properties,
concentration and duration of exposure, and by age,
gender, presence of respiratory diseases and possibly
obesity [30–33]. Characterizing and quantifying the con-
centrations of PM relative to D thus represents an im-
portant source of information needed to assess human
inhalation exposure.
The relative quality of the data reporting on MPs in air

has not currently been evaluated. However, as discussed
above, the concentrations of MPs in air, particularly those
with a human health-relevant aerodynamic particle size
(i.e. ≤10 μm), represents an important factor in helping to
assess human exposure and risk as well as future research
initiatives and/or the decision-making process with re-
spect to MPs. Recently, Koelmans et al. [34] conducted a
critical review and quality assessment of several studies
reporting on MPs in fresh- and drinking water. An

important contribution of the review is the development
of guidance proposed towards the application of best prac-
tices with respect to assessing the concentrations of MPs
in drinking water. The guidance and quality assessment
are articulated using a scoring system, whereby studies are
evaluated based on how they addressed several fundamen-
tal quality assessment and quality control (QA/QC) prac-
tices, sample method development, extraction, clean-up
and analytical verification and data reporting. Nine separ-
ate criteria are evaluated, with each criterion quantitatively
assessed based on a score of ‘0’, ‘1’ or ‘2’, depending on
how well the criterion is addressed in the study. Similar
analytical challenges can be defined between characteriz-
ing and quantifying MPs in drinking water and in air. As
with the analysis of MPs in drinking water, for instance,
the absence of readily available standard methods applying
robust QA/QC best practices and adequate reporting, rep-
resents a limiting factor towards estimating exposure. The
need to address current data gaps with respect to the pres-
ence of MPs in air coupled with the lack of standard
methods can therefore result in the application of modi-
fied and/or ad hoc sampling protocols using a variety of
analytical methods. Given the relatively recent and rapid
progress towards characterizing and quantifying MPs in
air, efforts to evaluate initial progress and provide guid-
ance towards future research is important in helping to
strengthen the human exposure assessment.
The aim of this study is to review the available litera-

ture on MPs in air and atmospheric deposition using a
suite of screening criteria. To achieve this, a review of
the literature with respect to the concentration, polymer
type, shape and size distribution across all studies
reporting MPs in air is conducted. Interpretation of how
studies are evaluated against the screening criteria en-
able recommendations for guidance towards best prac-
tices for improving the quality of future environmental
studies on MPs in air for human exposure and health
impact assessment.

Methods
Literature review
A literature search using both Scopus and the PubMed
search engine, provided by the National Center for Bio-
technology Information, and the search term ‘microplas-
tic’ AND (‘air’ OR ‘airborne’ OR ‘atmosphere’ OR
‘ambient’)’ was used. No restrictions on document type
were applied. Only peer-reviewed papers reporting pri-
mary concentration data up to June 2020 were included
for assessment.

Sample type definitions
The papers were categorised by sample type defined as
the following:
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‘Deposition’ - refers to samples consisting of
atmospheric particle fallout (includes wet and dry
deposition), collected over a known surface area and
time, thereby generating a rate of deposition or loading.
These types of samples indicate what is present in the
environment. They may indicate re-suspension or, for
elevated sampling sites, capacity for vertical distribu-
tion, atmospheric transport and wider dispersion. In in-
door settings, these samples may indicate what one is
exposed to via ingestion, such as during a meal [35].
Additionally, studies reporting on microplastic in snow
and moss have been included as these studies specific-
ally refer to the data collected and reported as repre-
senting surrogates for evaluating atmospheric
deposition.
‘Dust’ - refers to samples consisting of retrospectively
collected ground or surface deposits, e.g. via sweeping.
These samples give an indication of levels present and
exposure via passive ingestion could be estimated.
‘Ambient air’ - refers to samples of suspended
particulates collected by actively pumping air proximal
to where exposure would occur, e.g., ground level and/
or at average adult breathing height. These samples
give an indication of inhalation exposure, with
emphasis on particle sizes relevant to the anatomical
site of deposition being dependent on D.
‘Atmospheric air’ - refers to samples of suspended
particulates collected by actively pumping air at a
height, e.g. on a roof top. These samples give an
indication of background levels, vertical distribution
and potential for wider environmental transport.

Screening assessment scoring
The evaluation of the data reported in the retrieved
studies were screened against criteria originally devel-
oped for MPs in biota samples [36], and which was
adapted for evaluating studies reporting MPs in drinking
water by Koelmans et al. [34] and MP ecotoxicological
effects studies [37]. A more qualitative evaluation of
studies aimed at studying the relative importance of the
role that MPs play as vectors of chemical contaminants
has also been recently completed [38]. The valuable
insight and guidance that has been obtained through the
various applications of the approach originally described
by Hermsen et al., [36] implies that adopting the ap-
proach to evaluate studies reporting MPs in air repre-
sents an intuitive and reasonable next step. Therefore,
the criteria and general approach have been modified ac-
cordingly towards an evaluation of studies reporting
MPs in air and atmospheric deposition and are further
supported by recommendations recently reported by
both Brander et al. [39] and Cowger et al. [40, 41]. Each
of the studies identified through the literature review
have been scored by at least two of the authors across

11 criteria. For each criterion, a value of 2 (reliable), 1
(reliable to a limited extent) or 0 (unreliable) is assigned.
The final score is expressed as a total assessment score
(TAS) calculated as the sum of each of the individual
scores to give a maximum value of 22. Following Herm-
sen et al. [36] and Koelmans et al. [34], a reliable study
should not have ‘zero’ scores for any individual criterion,
implying that all criteria are equally important. Table 1
summarizes each of the individual criteria.

Results
Literature review
A total of 27 studies were identified from the literature
review. The literture review was performed until June
2020 and only those studies reporting original concen-
tration data were reviewed. Nine of the studies measure
bulk deposition (wet and dry), nine report concentra-
tions in air, six report MPs in dust samples, with one
study reporting on MPs in snow and another on moss.
In addition, three studies include indoor air samples.

Quality assessment scores
Table 2 summarizes the individual scores for each of the
studies. The average TAS across all studies is 10.3, with
scores ranging between 2 and 18 (Table 2). A detailed
summary of the scoring evaluations are provided in the
Supplementary Information. All but one study received a
score of either ‘1’ or ‘2’ in relation to how the sample
method was reported, with an average score of 1.5
(Fig. 1), causing this criterion to be reported in a consist-
ent and satisfactory manner across all studies. Two stud-
ies included the use of positive controls with all other
studies receiving a score of ‘0’ for this criterion. The lim-
ited application of positive controls is identified as the
criterion receiving the lowest average score across all
studies (Fig. 1). Only one study received no non-zero
scores across all criteria.

Sample methods
Sampling methods employed in the evaluated studies
were assessed to ensure adequate details were included
as per the criteria for each sample type. Deposition sam-
ples have commonly been collected via a simple funnel-
bottle construction, whereby a user periodically rinses
the funnel surface and collects the bottle contents. Glass
bottles and stainless-steel funnels are typically used.
Routine rainfall sampling equipment [20] and assemblies
for bulk deposition collection [20, 22] have also been
used. One study used open glass bottles only [15]. This
collection method results in a small surface area being
sampled, causing extrapolation to the larger geographic
area (e.g., m2) to be accompanied with a higher level of
uncertainty. Optimizing sample surface area is therefore
an important consideration when deriving geographically
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Table 1 The criteria to be met to achieve corresponding scores. The criteria are considered met if they are inferred in a publication

Scores

2 1 0

Sampling 1 Sampling
methods

Dust:
− Location
− Date
− Apparatus
− Mass/area collected
Atmospheric deposition:
− Sampler description (incl.
Collection surface area) and
whether bulk or wet deposition
collected
− Location
− Date
− Height (of sampler and site, if
appropriate)
− Sampling duration (per sample
and per campaign)
− Materials used (e.g. filtered water
in sample collection)
Suspended particulates (air):
− Location
− Sampling instrument (make,
model)
− Aerodynamic size fraction
− Flow rate
− Height (of sampler and site for
atmospheric air)
− Filter substrate
− Sampling duration (per sample
and campaign)
− Date and meteorological
conditions

The study reports only a subset of
the required criteria (e.g., date,
location, materials used), however
is still reproducible.

Insufficient reporting of
sampling methods.

2 Sampling
duration

Atmospheric deposition: typically
coarse resolution (e.g. 1 week or 1
month)
Suspended particles (air): 24–72
h* for low volume (16.7 L/min)
sampler
Sample duration may be shorter,
depending on nature of sample (e.g.
if highly polluted, high organic
content etc), whether a high or low
volume sampler is used and
research question (e.g. if interested
in a specific activity).
*72 h defined as optimum by Liu
et al., 2019a, whilst 24 h typical for
PM10 sample collection (EN 12341).

Application of consistent sampling
resolution to the best of the
authors ability, which is
appropriate to address the
research question.

Inconsistent sampling
durations unrelated to
research question or
sample type, or
insufficient reporting.

3 Sample
processing and
storage

Atmospheric deposition:
Sample collection using filtered
water.
Store sample shortly after
collection in the dark at 4 °C or
filter, dry and store in cool, dark
place.
Suspended particles (air):
Transfer filter to a petri dish. Store
in cool, dark place.

Insufficient storage at room
temperature and/or or storage.
Unnecessary exposure or
contamination risk during
transportation.

Insufficient reporting.

Contamination
mitigation

4 Laboratory
preparation

− Cotton lab coat or non-synthetic
clothes
− Equipment and lab surfaces
wiped and rinsed
− Plastic avoided in the protocol
where appropriate
− All apparatus used is rigorously
cleaned with ultrapure water and/

Criteria only partially met, e.g.,
solely wiping laboratory surfaces
and equipment, not wearing a
cotton lab coat.

No precautions or
insufficient reporting.
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Table 1 The criteria to be met to achieve corresponding scores. The criteria are considered met if they are inferred in a publication
(Continued)

Scores

2 1 0

or filtered solvents
− All reagents and solvents used
are filtered

5 Clean air
conditions

− Clean room or laminar flow
cabinet
− The use of a clean room should
be classified in accordance with
ISO 14644 and/or providing an
indication of the maximum
permitted airborne particle
concentration.

Mitigation of airborne
contamination by carefully keeping
samples closed as much as
possible IF negative samples were
run in parallel and examined for
occurring contamination.

No regard for airborne
contamination, sole use of
normal fume hood, or
insufficient reporting.

6 Negative control
(blanks)

1) Field controls collected either in
parallel to samples (paired) or
throughout the sampling period
(at least in triplicate), but without
exposure to air/deposition.
2) Laboratory (procedural) controls
(at least in triplicate) treated and
analysed in parallel to actual
samples.
Sample concentrations need to be
reported accounting for controls,
i.e. deducting the baseline by
microplastic count, shape and
polymer type.

Insufficient form of a control, e.g.
< 3 replicates, reporting of
negative control results but no
indication of whether sample data
have been blank corrected.

No negative controls or
insufficient reporting.

Sample
purification/
handling

7 Positive control Controls (at least in triplicate) with
an added amount of microplastic
particles treated alongside the
samples, and for which the particle
recovery rates are determined.

Insufficient form of a positive
control (e.g. if only a part of the
protocol is tested).

No positive controls or
insufficient reporting.

8 Sample treatment
(if necessary –
where not
necessary a score
of 2 is assigned)

Dust only:
Sieving
All sample types:
Digestion of sample using a
protocol such as wet peroxide
oxidation (WPO) and/or enzymes. If
another chemical was used, effects
on different polymers should be
tested before application and
reported.
All sample treatments need to be
carried out below 50 °C to prevent
any damage to microplastics or
changes in glass transition
temperature.

If WPO is carried out without
cooling or digestion temperature
exceeds 50 °C.

If proof is missing that
polymers are not affected
by the protocol (e.g.
heated KOH > 50 °C)/
insufficient reporting.

Microplastic
characterisation
and application
towards assessing
human exposure

9 Filter/substrate
composition

Appropriate for the subsequent
analysis i.e. inert, flat/membrane.

Quartz fibre filters (when analysing
directly via micro-spectroscopy)
OR composition which interferes
with analysis

Insufficient reporting.

10 Polymer
identification

Automated, semi-automated OR
rigorous operator-based approach:
Detailed and repeatable method
incl. Whether MP analysed directly
in sample or transferred to new
substrate, spread of particles
analysed across samples OR per
filter ≥25% of the surface area
analysed. High percent of
suspected MPs analysed, i.e.
analysis of all particles for when
numbers of pre-sorted particles are
< 100 or at least 50% when particle

Hit quality indices < 70% when
library matching; low percent of
suspected MP/sample area
analysed; no indication of whether
analysed microplastics are evenly
distributed across samples; no
indication of whether microplastic
were analysed directly in a sample
or manually transferred.
Identification with SEM/EDX to
distinguish polymer vs non-
polymeric materials.

No polymer identification
performed or insufficient
reporting.
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Table 1 The criteria to be met to achieve corresponding scores. The criteria are considered met if they are inferred in a publication
(Continued)

Scores

2 1 0

numbers > 100; high HQIs ac-
cepted (> 70%);
Details of library/database included
OR details of software/programme.

11 Particle
characterisation
for human
exposure

Detailed reporting, including
maximum/minimum particle size,
and particle size limit of detection.
Length and diameter of fibres
reported.
Classified as fibres if aspect ratio >
3:1.

No mention of minimum size/
limits of detection.
Sizes based on suspected
microplastic (not confirmed
microplastic).

Insufficient reporting.

Table 2 An overview of individual and accumulated scores for evaluation criteria from studies reporting microplastic concentrations
in air, atmospheric deposition, snow, dust and moss

Source Sample type Evaluation Criteriaa TAS

1 2 3 4 5 6 7 8 9 10 11

Wright et al. (2020) [42] Deposition 2 2 2 2 1 1 1 2 2 1 2 18

Gaston et al. (2020) [43] Air (outdoor and indoor) 2 2 0 2 0 2 0 2 1 2 2 15

Wang et al. (2020) [44] Air (outdoor) 2 2 1 2 1 1 0 2 1 2 1 15

Klein and Fischer (2019) [22] Deposition 2 2 1 2 1 2 0 1 2 1 1 15

Bergmann et al. (2019) [3] Snow 1 0 1 2 2 1 0 2 2 2 2 15

Vianello et al. (2019) [45] Ambient Air (indoor) 2 2 0 1 2 1 0 2 2 1 1 14

Liu et al. (2019) [46] Air (outdoor) 1 2 1 2 2 0 0 2 1 1 1 13

Stanton et al. (2019) [47] Deposition 1 2 1 2 1 1 0 2 2 0 1 13

Allen et al. (2019) [20] Deposition 2 1 2 0 1 1 0 1 2 1 1 12

Liu et al. (2019) [48] Air (outdoor) 2 1 1 2 2 0 0 0 1 1 1 11

Dris et al. (2016) [5] Deposition 2 1 1 1 0 1 0 2 1 1 1 11

Zhang et al. (2019) [24] Dust 1 0 1 0 0 1 2 2 2 2 0 11

Roblin and Aherne (2020) [49] Moss 2 0 0 2 2 2 0 1 1 0 1 11

Brahney et al. (2020) [21] Deposition 1 1 1 0 0 2 0 2 1 1 2 11

Li et al. (2020) [50] Air / Dust (outdoor) 1 2 0 0 0 0 0 2 2 1 2 10

Su et al. (2020) [51] Dust 1 0 1 1 0 2 0 1 1 2 1 10

Peller et al. (2019) [52] Air (outdoor) 1 1 0 0 2 1 0 0 2 2 0 9

Dehghani et al. (2017) [53] Dust 1 0 1 2 0 1 0 1 2 0 1 9

Abbasi et al. (2019) [54] Air / Dust (outdoor) 2 1 0 2 0 0 0 1 2 0 1 9

Liu et al. (2019) [55] Dust 2 0 2 0 0 1 0 1 1 1 0 8

Tunahan et al. (2018) [18] Air / Deposition / Dust (outdoor) 1 1 2 0 0 0 0 0 1 1 1 7

Cai et al. (2017) [15] Deposition 2 1 1 0 0 0 0 0 1 1 1 7

Dris et al. (2015) [16] Deposition 2 1 0 1 0 1 0 0 1 0 1 7

Dris et al., (2017) [4] Air (outdoor and indoor) / Deposition / Dust (indoor) 1 1 0 0 0 0 0 1 1 1 1 6

Yukioka et al. (2020) [56] Dust 1 0 1 0 0 0 0 1 0 2 1 6

Syafei et al. (2019) [57] Air (outdoor) 2 0 0 0 0 0 0 0 1 1 0 4

Asrin et al. (2019) [58] Air (outdoor) 0 0 0 0 0 0 0 0 0 1 1 2
a Evaluation Criteria: 1. Sampling methods; 2. Sample duration; 3. Sample processing and storage; 4. Laboratory preparation; 5. Clean air conditions; 6. Negative
controls; 7. Positive controls; 8. Sample treatment; 9. Filter substrate; 10. Polymer identification; 11. Particle properties
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relevant deposition rates (i.e. MPs/m2/d). The applica-
tion of duplicate samplers could also help strengthen
understanding pertaining to local scale variation with re-
spect to deposition rates.
The use of filtered water during sample collection is

also identified as being important. Ideally ultrapure
water or water that is filtered through a filter with a pore
size that is below the particle size limit of detection for
the method being employed (for instance, glass fiber fil-
ters with pore size of 0.45 μm are often used), since the
filter pore size directly influences the particle size detec-
tion limit possible for subsequent analysis. For a max-
imum score of 2, the sampler should be described,
including the sample collection surface area and whether
bulk or wet deposition is collected. Additionally, the lo-
cation, date, sampler height, sampling duration and ma-
terials used (e.g. filtered water in sample collection)
should be reported. Scores of 1 are assigned to studies
that report only a subset of the required criteria (e.g.,
date, location, materials used), however is still reprodu-
cible. The height of the sampler is important to infer
whether deposition is atmospheric or a combination of
atmospheric deposition and re-suspension of ground
level MPs. Resuspension might be reflective of local
sources, whereas atmospheric deposition may indicate

potential long-range transport and removal from the at-
mosphere. In the context of assessing human exposure
particular attention will be required towards characteriz-
ing the particle size distribution of MPs, since this can
influence potential differences between inhalation and
oral exposure pathways.
To date, samples assessing MPs in air have been col-

lected using a variety of samplers which actively pump
air across a range of flow rates (8–100 L/min). One study
assessed the effect of sampling volume on MPs and
found a statistically significant logarithmic relationship
between sampling volume and MP abundance, predom-
inantly driven by fibrous MPs [46]. Inter-sample vari-
ation (standard deviation) was observed to be reduced
when sampling volume exceeded 72 m3. None of the
studies reviewed employed an aerodynamic size-selective
inlet, but one study (indoor) did use a Breathing Ther-
mal Mannikin to simulate physiological influence on the
boundary layer flow around the sampler [45]. This is im-
portant when measuring human exposure to indoor air
contaminants, as most of the inhaled air is transported
from lower regions of the room along the body to the
mouth or nose [45]. For a maximum score of 2, the loca-
tion, sampling instrument (make, model), aerodynamic
size fraction sampled, flow rate, sampler height, filter

Fig. 1 Summary of scores for each evaluation criterion across 27 studies assessed
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substrate, sampling duration, and date should be
reported.
Dust samples have been collected either directly from

a vacuum cleaner bag or via sweeping a defined area of
floor (outdoor or indoor). Snow samples [3] were col-
lected by scooping the upper layers of freshly fallen
snow, although it is not possible to differentiate between
the fraction deposited wet and dry with this sample type.
Similar challenges are also attributed to the use of bio-
logical media, such as moss [49], as a bioindicator of at-
mospheric deposition, since both are further
complicated by limited potential to assess the duration
since the particles had been deposited. For a maximum
score of 2, location, sampling date, apparatus used, and
the mass/area collected should be reported.

Sample duration
Sampling duration will differ depending on the sample
type and research question. In some instances, depos-
ition samples are collected at unequal intervals, depend-
ing on accumulative rainfall [5, 16], relative levels of
dust [21] or access to sites [20]. Deposition samples are
generally collected at monthly [15] or fortnightly [22,
47] intervals. This is typical for traditional bulk depos-
ition measurements. Shorter resolutions will enable
stronger interpretation with temporally resolved me-
teorological variables, whilst coarser resolutions will en-
able seasonal differences to be assessed. The minimum
sampling duration will be dependent on the total MP de-
position rates, for example, the duration needed to sam-
ple enough MPs to allow detection that is at least three
times above the standard deviation of the blanks [59,
60].
The sampling duration of air samples is observed to be

highly variable. For example, Dris et al. [5] collected in-
door samples over inconsistent durations, although sam-
pling time was adjusted to best coordinate with indoor
activity, i.e. when people were in the home. Outdoor air
samples, on the other hand, were collected over longer
durations, presumably to reduce the risk of false nega-
tives due to the low concentrations observed [5]. Deh-
ghani et al. [53] collected samples at a relatively high
flow rate (300 L/min) over a short duration (30 min), as
did Liu et al. [48] (1 h sampling duration at 100 L/min).
Vianello et al. [45] collected 24 h samples, as is common
in air quality monitoring. Evidently the sample duration
will vary depending on the flow rate of the sampler, the
nature of the sample (e.g., if highly polluted or high or-
ganic content) and the research question (e.g., if inter-
ested in a specific activity and/or a specific time of day).
Liu et al. [46], however, recommend a sample volume of
at least 70m3 (approximately a 12 h sampling duration
using a high volume sampler (100 L/min)), whilst 24 h is
typical for a PM10 sample collected with a low-volume

sampler (EN 12341). Sampling duration is not relevant
to dust as it is collected in a cross-sectional manner,
with the concentration normalised to mass.
There are potentially several issues that might benefit

from additional method development in relation to sam-
pling air for MPs and ambient particles in general. The
first relates to the potential for particle breakthrough.
For instance, particles of a similar size to the filter pore
size cutoff might penetrate the filter under higher flow
rates. This might result in an underestimate of MP con-
centration in air. Alternatively, high particle loading of
the filter can introduce resistance to air flow, influencing
the relative accuracy of the volume of air estimated to
have been sampled. Consequently, there is a need to en-
sure a balance between flow rate, filter substrate com-
position and sampling duration to avoid these issues,
which have the potential to introduce inaccuracies in the
actual volume of air sampled and/or the actual particle
mass sampled.

Sample processing and storage
Depending on the type and nature of the sample, pro-
cessing steps may not always be necessary (e.g. air [46,
48, 55]) and therefore a score of ‘2’ is assigned automat-
ically to studies where this criterion did not apply. In the
included studies most deposition samples are collected
using water and hence needed to be filtered in the la-
boratory via vacuum filtration. During the rinsing and
filtration processes, there is the potential for either a loss
or gain of MPs. Importantly, most of the included stud-
ies did not assess the recovery rate of positive controls
during these steps, a fundamental QA/QC criterion. In
the absence of positive controls it is therefore not pos-
sible to assess the relative performance of the method in
relation to Type I and II errors.
The importance of sample storage has not yet been fully

assessed in the literature. Whether plastic petri dishes
contribute to microplastic contamination, and/or whether
storage at room temperature, in the fridge or in the freezer
is optimum for analysis whilst preserving the physico-
chemical characteristics of sampled MPs would benefit
from additional research. Recent observations, for in-
stance, have drawn attention to the role of electrostatic at-
traction between MPs and the glass of the petri dish,
which can influence the loss of particles [61]. Conse-
quently, efforts that attempt to address issues associated
with sample handling and storage by adopting cold stor-
age or conducting sample treatment immediately are
scored more highly (n = 16) than those studies which do
not provide any details regarding sample storage (n = 10).

Laboratory preparation
As previously outlined [34], laboratory preparation –
particularly best cleaning practices – is important for
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mitigating background microplastic contamination of
samples and therefore the inclusion of false positives. A
clean laboratory environment, with rigorous cleaning
protocols for apparatus, focusing on a particle-free goal,
is essential for analysis of MPs in air. Studies that ad-
equately described methods to minimize MP contamin-
ation in the lab, including the use of cotton laboratory
coats, plastic being avoided where possible (in the lab
and/or reducing the use of plastic during sample collec-
tion and storage), reagents being filtered and glassware
and all instruments being rinsed (ideally triple rinsed),
sonicated and/or combusted are assigned a score of ‘2’
(n = 11). If a good level of preparation was not indicated
but laboratory and/or procedural blanks were included,
then the study was scored ‘1’ (n = 4). Several studies
(n = 12) did not provide sufficient information to evalu-
ate the potential of background lab contamination and
thus were assigned a score of ‘0’.

Clean air conditions
Maximum scores were awarded to those studies which
used a clean room, clean bench or laminar flow hood
(n = 6). Studies that included the adoption of practices
aimed at protecting samples to minimize contamination
from the air were assigned a score of ‘1’ (n = 5). Eight
studies were assigned a value of ‘0’ for not providing any
details on the handling of samples within clean air con-
ditions and/or or report limited use of an open filter in a
petri dish in the laboratory to monitor contamination.

Negative controls
Negative controls are blank samples collected to quantify
and characterize the extent of background contamin-
ation. Contamination may arise during sample collection
(e.g. from plastic components in the sampling device)
and/or during sample processing. The use of blanks, col-
lected throughout the sampling period (at least in tripli-
cate), but without exposure to air/deposition, and
laboratory/procedural controls, treated and analysed in
parallel to samples, should be included. It is recom-
mended that authors clearly state the application of
blanks following analysis; sample concentrations should
be corrected for results observed in the negative con-
trols, deducting the baseline not only by count, but by
shape and polymer type. Studies that mention proced-
ural blanks but fail to provide all supporting information
needed to determine how the data obtained from the
blanks are applied, were assigned a score of ‘1’ (n = 12).
Four studies were assigned a score of ‘2’, in that they in-
cluded both lab and field blanks in sufficient numbers to
enable a robust statistical analysis of the level of back-
ground contamination, blank correcting the sample con-
centrations accordingly. The relatively poor inclusion of
blanks across several of the studies, however, and how

the information is reported represents a general cause
for concern. Generally, the inclusion of blanks should
represent a fundamental and routine component of any
QA/QC protocol, which is information that can be read-
ily assessed as part of the sample collection and process-
ing of air samples. It is unclear why negative controls
are so poorly represented in the data reported, but this
is a criterion that must be better addressed in future
studies.

Positive controls
Despite the observation that many studies include vari-
ous sample processing steps, such as washing and filtra-
tion, only two studies included the application of
positive controls. Given the potential for microplastic
loss during washing, filtration, digestion, density separ-
ation, etc., an indication of the method recovery effi-
ciency is critical to infer the accuracy of results and
conclusions. Only when samples are collected and dir-
ectly analysed are processing controls not needed. It is
thus recommended that microplastic analysis include
routine checks to monitor recovery performance. Refer-
ence to method recovery efficiency, for instance, based
on data published elsewhere is not sufficient to demon-
strate that the method was similarly as efficient during
the analysis of the samples being processed. Interlabora-
tory comparison studies [62] have documented signifi-
cant variability between labs and it is anticipated that
similar variability could also occur within the same lab
between individuals and on different days. The lack of
attention towards processing a positive control for sam-
ples processed in a particular study therefore results in a
score of ‘0’.

Sample treatment
Following sample collection or filtration, eight studies
did not include any sample treatment, with the
remaining studies using a digestion step followed by iso-
lating MPs via density separation for deposition, air and
dust samples.
For deposition samples, the digestion method was

based on either NaClO (6–14%, 0.15:1 ratio) for 24 h
[22] or H2O2 (30%) at 55 °C for 7 d + extra volume for 7
d [20]. Density separations were based on the use of
ZnCl2 for 7d [20]. For air samples 30–35% H2O2 (8 d)
[18, 54] was used to digest samples and either ZnCl2
[18] or NaI [54] for MP density separation, allowing 90
min for settling of particles. Dust samples were digested
using 30% H2O2 (8 d) [53, 54] and separated using either
ZnCl2 (1.6) [4, 53, 55] or NaI [54].
For studies where a digestion step was necessary, a

score of ‘2’ is assigned where the impact of the digestion
method on different polymers has been assessed and
where incubation temperatures are < 50 °C [34, 63],
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identified as being important for ensuring that damage
to MPs or changes in glass transition temperature have
not occurred. Most studies, however, used temperatures
> 50 °C, and were assigned a score of ‘1’ or provided in-
sufficient information to fully evaluate how the samples
were treated, receiving an evaluation score of ‘0’.

Filter substrate
It is strongly recommended that a flat membrane filter
or substrate is used to enhance optical contrast for visual
assessment and downstream micro-spectroscopic ana-
lysis. Most studies use glass or quartz fibre filters for vis-
ual analysis [4, 15, 16, 46, 48, 55]. The use of glass or
quartz fibre filters is problematic because of the poten-
tial for small particles to become embedded and/or hid-
den within spaces between fibres, causing the
identification of MPs and fibres to be generally difficult
against a fibrous matrix. Thus, studies that use flat
membrane filters comprised of cellulose [18, 22, 47, 53,
54], aluminium oxide [3, 20] or other flat substrates [45]
are assigned the highest score. The choice of filter/sub-
strate composition is also important depending on
whether analysis will be performed directly in the sample
without transfer. For example, a cellulose filter loaded
with (mostly black) PM may burn under relatively low
laser powers during spectroscopy and its signal may
interfere and effect signal-to-noise ratio, such as during
micro-spectroscopy [64].

Polymer characterization (including identification)
All studies that conducted polymer analysis used infra-
red and near infrared spectroscopy (FTIR or Raman) ap-
proaches. These analytical methods can be automated,
semi-automated or operator based. Operator-based ap-
proaches typically involve the analysis of a subsample of
suspected MPs to determine the success rate of the
overall method in accurately identifying MPs. This is
then extrapolated to the entire sample count. Hermsen
et al. [36] recommended that analysis of all particles is
feasible for samples containing < 100 suspected MPs per
study. For studies with > 100 particles, 50% should be
characterized using an analytical approach [34]. If ana-
lysis is based on a per sample basis, it is recommended
that all suspected MPs be analyzed, with a defined mini-
mum of 50% of particles analyzed for samples with > 100
suspected MPs [34]. The minimum of 50% of suspected
MPs is recommended in that it is the perceived minimal
amount defined as enabling a representative assessment
of the ‘average’ or ‘typical’ characteristics related to the
variety of shapes and polymer types associated with the
sample, with increasing confidence in the quality of the
data increasing with the fraction of suspected MPs
analyzed.

Studies that have been assigned the highest score in-
cluded a detailed and reproducible analytical method, in-
cluding a description of whether the suspected MPs
were directly analysed in a sample or manually trans-
ferred to a new substrate. The distribution of analysed
particles across samples and a high hit quality ratio (at
least > 70%) to identify spectra using a reference library
is also an important component reflective of studies be-
ing assigned a value of ‘2’. Intuitively, the specific details
of the library/database or software/programme should
be included as part of the description. Optimally, poly-
mer identification should be either automated or semi-
automated, to eliminate operator bias. Bergmann et al.
[3] was the only study to score 2, using FPA -μFTIR-Im-
aging. Five studies were assigned a value of ‘0’ for not
performing an accepted polymer analysis. Studies were
assigned a value of ‘1’ if no information regarding how
spectra were matched was reported; the total number of
particles and fibres analysed represented < 50% of the
total sample and/or how the analysed particles and fibres
were distributed across samples and their overall repre-
sentativeness to the total was not reported; low HQIs
were used to ID (< 70%); or polymer-only spectral librar-
ies were used, as this could infer bias [4, 5, 15, 18, 20,
22, 45, 46, 48, 55].
Generally, the primary challenge associated with poly-

mer identification is that the relative resource needed to
strengthen the quality of results represents a significant
time intensive component of the overall analysis. Future
research aimed at routine monitoring will thus require
availability of robust high throughput methods. Import-
antly, even when considering the relative success rate of
suspected MPs in a sample, it is not possible to conclude
with 100% confidence that the observations in the ana-
lyzed fraction of the sample can be extrapolated to the
total sample, it is thus difficult to report results quantita-
tively with a high degree of certainty. Intuitively, the
higher the number of particles analyzed in a sample the
more robust inferences can be made regarding the quan-
titative value of the data and can thus help to reduce any
potential uncertainties – a suggestion that has recently
been supported quantitatively by chemometric analysis
[65]. Even so, this is a best estimate without knowledge
of the true number of MPs in a sample, since spectral
quality and subsequent identification may be limited or
erroneous, due to particle surface coatings.

Discussion and guidance
While concern regarding human exposure of MPs in
drinking water, food and food packaging has grown re-
cently, identification of the presence of MPs in air is
emerging [5, 6, 14, 17–19, 24, 66–69]. As with the con-
tamination of surface waters by MPs, the concentrations
of MPs in the atmosphere will be subject to spatial and
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temporal variability, with emissions to the atmosphere
influenced by differences in the relative magnitude of
sources (such as differences between industrial/urban lo-
cations versus emissions from remote locations) and
processes that influence atmospheric transport and mo-
bility (i.e. wet and dry deposition, air speed and direc-
tion) [3, 6, 20, 22, 23].
The primary processes and sources emitting MPs to

air have previously been hypothesized to be the degrad-
ation and fragmentation of textiles [4, 5] and tire abra-
sion (tire road wear, TRW) [3, 7–9, 70]. There are a
variety of additional sources that can also contribute to
presence in air, indicated by the presence of fragments,
and variance in the dominant shapes of MPs that can
vary depending on the location, sample type and size
class. The inherent variability associated with existing
data can thus make it difficult to draw definitive conclu-
sions regarding sources and characteristics of MPs in air.
Research is thus needed to address the inherent com-
plexities and limitations related to the availability of high
quality data reporting MPs in air and the paucity of
knowledge regarding the relative contribution of pro-
cesses and sources of MPs to the total particulate load-
ing, as represented by measurements of PM.
Consequently, guidance with respect to best practices re-
garding QA/QC that adhere to the criteria outlined
above is urgently needed.
Particulate matter in air can be characterized and

quantified using a variety of methods available that
are capable of actively pumping from low to high vol-
ume flow rates. As reviewed and summarized by
Enyoh et al. [6] the methods differ depending on the
target contaminant and research question. Importantly
for MPs, none of the available methods can currently
provide online monitoring capable of discriminating
and differentiating MPs from other types of PM. Air
samples must therefore be collected and analysed
retrospectively.
Existing sampling methods used for gravimetric PM

measurements are amongst the appropriate tools for
assessing concentrations of MPs in air, as they collect
particulates onto a substrate which can be retrospect-
ively analysed. These include low- and high-volume air
samplers fitted with a size selective inlet head (e.g.
PM10) and which include a filter substrate and regulated
flow controller (e.g. Kleinfiltergerat and Partisol sam-
plers). Another widely used sampling method is the Ta-
pered Element Oscillating Microbalance (TEOM), which
collects a sample onto a tape whilst providing real-time
short resolution gravimetric data, although this feature
would only be useful if MP concentrations are to be
assessed for a short-time resolution and therefore occur
at high enough concentrations to detect them over short
sampling durations.

Standard guidelines are available for mass-based PM
measurements, such as the European Committee for
Standardization (CEN) EN 12341, and could be used for
the purpose of contextualising MP concentrations in air
and understanding their mass contribution, such as in
the case of mass-based analysis using pyrolysis- and
thermal desorption-GCMS to measure the mass of syn-
thetic polymers consistent with MPs [71]. Other sam-
pling options for characterizing and quantifying MPs in
air include cascade impactors, which collect and separate
PM on impaction substrate filters or discs across an
aerodynamic size distribution, cyclone samplers and li-
quid impingers. The sample duration using the various
methods will be influenced by the volume of air to be
sampled and the relative level of PM in the air. Where
sensitivity is not likely to represent a concern and/or
longer sampling times are required, low-volume air sam-
plers (≈17 L air/hour) represent an appropriate tool.
Where sensitivity may represent an issue or in instances
where larger volumes of air are required to be sampled,
such as sampling over shorter temporal resolution, high-
volume air samplers (≈70 m3 air/h) may be more appro-
priate. Finally, the use of portable personal samplers,
may provide estimates of exposure at the individual
level, or through the use of low- and high-volume per-
sonal air samplers using conventional impactor or cyc-
lone technologies, may be beneficial in providing
integrated daily, or longer, measurements of size-
separated PM fractions.
In all sampling methods there is always a risk of con-

tamination due to plastic components in the instruments
themselves as well as external variables related to back-
ground contamination and human error. The systematic
collection of blanks is therefore recommended, such as
field blanks, collected alongside samples collected in the
field at predefined intervals (e.g. 1 field blank every 3rd
sample). Additionally, travel blanks may also be included
to assess contamination during transport and handling
of the samples, whereas laboratory blanks, collected to
evaluate background contamination during the process-
ing and analysis of samples, should represent standard
QA/QC procedure in all MP measurement studies.
Related to the collection of blanks is the need to quan-

tify limits of detection more robustly. The limit of detec-
tion (LOD) is the lowest concentration level that can be
determined to be statistically different from an analytical
blank and has been adopted by the International Union
of Pure and Applied Chemistry (IUPAC) as a standard
model for reporting concentrations of trace elements or
chemicals in various sample matrices for several decades
[60]. The general approach adopted is to calculate the
LOD as three times the standard deviation of the blank
value, which requires the processing of a sufficient num-
ber of blanks in order to derive a statistically meaningful
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standard deviation [59, 60]. For studies processing < 3
blank samples as part of their analysis, a robust estimate
of the standard deviation is simply not possible. The
general approach to blank correct samples has thus be-
come a practice of subtracting the (average) number of
particles observed in the blank(s) from the sample.
When no particles are observed in the blank, authors
suggest that background contamination is not an issue,
and no correction to the data is employed. We suggest
that the observation of producing a ‘zero’ blank based on
a limited number of blanks should be challenged and
that efforts to calculate and report the LOD, as well as
the limit of quantification (LOQ; 10x the standard devi-
ation), should be more widely applied (see for instance
Ball et al. [72]). Closely related to the LOD is the
method detection limit (MDL). For MPs, the MDL
would represent the lowest particle size/shape that can
be analysed. The particle size MDL may be confined
based on the pore size of the filter used in collecting
and/or filtering the sample, but also might be confined
to analytical limitations, in that methods such as Raman
and FTIR microscopy, used to verify polymer compos-
ition have a minimum spatial resolution. The particle
size MDL thus needs to be considered relative to the
LOD. Including QA/QC protocols that enable the calcu-
lation and reporting of parameters, such as the LOD,
LOQ and MDL in future studies can only help
strengthen the interpretation of future data.
A caveat to filter-based sampling is that downstream

compositional analysis is required. Typically for MPs this
is achieved via micro-spectroscopy (Raman or Fourier-
transform infrared) either operator-based, semi-
automated, or automated. Careful selection of the ana-
lyte substrate to avoid analytical signal interference or
disintegration during processing, such as in the case of
organic substrates, should be considered, depending on
whether samples will be directly analysed on the filter or
extracted and processed first. Liquid impingers represent
an option that eliminates the need for a sample sub-
strate, reducing the handling time of the sample. A dis-
advantage, however, is related to the extent of
evaporation that can occur during sampling, which
needs to be considered and assessed. Viscous, non-
evaporative liquids, such as mineral oil, are typically rec-
ommended for collection, although these types of liquids
might hinder and interfere with downstream analysis.
Given the relative recent interest in characterizing and

quantifying MPs in air, there are several uncertainties
with respect to method development that need to be ad-
dressed. For instance, except for tire wear, there are no
published data reporting on the aerodynamic size distri-
bution of MPs in air. It is important to evaluate the
aerodynamic size distribution range of MPs to help
guide the adoption of appropriate monitoring tools, such

as differences between using instrumentation that targets
TSP versus those capable of differentiating particle-size
fractions. If MPs are observed to be present in size frac-
tions that have implications towards human health, then
larger scale monitoring programmes to evaluate spatial
and temporal variation would thus be warranted, which
could be readily integrated into existing air quality mon-
itoring and modelling networks. Furthermore, depending
on more refined understanding of the relative levels of
MPs in air, personal exposure assessments may be war-
ranted, with the objective of reducing uncertainties in an
individual’s MP exposure relative to different activities
and microenvironments (such as differences between
home, work and outdoor exposure).
There are several studies reporting the presence of

MPs in air based on the analysis of bulk deposition sam-
ples (Table 3), and which do not enable estimates of in-
halation exposure to be derived via a volume of air. An
example of a study that does attempt to estimate inhal-
ation exposure to MPs from deposition data, however, is
that of Liu et al. [48], who estimate an inhalation expos-
ure of 21 MPs/d for individuals living in Shanghai,
China. The size range of the particles, however, is re-
ported to range between 23.07 and 9955 μm, with an
average of 597.5 μm [48], suggesting that the estimate of
daily inhalation exposure based on monitoring data of
relatively large MPs should be interpreted with caution.
Nevertheless, while particles > 100 μm in aerodynamic
diameter are known to have lower probabilities of enter-
ing the nasal passage [73], the data are still valuable for
providing a relative indication of human exposure of
MPs from air, for which oral ingestion may be relevant.
For instance, particle concentration and composition of
MPs > 100 μm, for which inhalation exposure is less
likely, and that may deposit onto food or otherwise be
ingested along with dust can be quantified and
characterized.
Table 3 summarizes data on MPs in air reported in

studies included in this review. As shown in Table 2, the
only study to receive no ‘zero’ scores is the study by
Wright et al. [42], who report MPs in atmospheric de-
position collected in London, UK, during January and
February 2018. Wright et al. [42] report a dominance of
fibres observed in deposition samples, with fibres having
diameters ranging from between 5 and 75 μm with most
lengths being 400-500 μm. The most abundant non-
fibrous particles were between 75 and 100 μm, with the
smallest particle being 25 μm, consistent with the lower
size particle that could be identified based on the
method used [42]. Deposition rates are estimated to
range from between 575 to 1008 MPs/m2/d. Based on
the particle sizes reported by Wright et al. [42], i.e. >
25 μm, inhaled particles are likely to deposit in the upper
airway and be swallowed, implying potential concern
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Table 3 Summary of studies with TAS > 10 for MPs reported in indoor and outdoor air for both urban and rural locations

Author Sample
type

Lower
size limit
(μm)

Particle
concentration
(average)

Particles in
blanks
(average)

Particle size (μm) Predominant
particle
shape

Predominant
polymer type

Quality
score
(TAS)

Wright
et al. [42])

Deposition 20 712 fibers/m2/d
59 Non-fiber
particles/m2/d

3 cellulose
fibres

Fibre diameters of
between 5 and 75
and most abundant
length 400–500,
average 905. Average
of non-fibrous parti-
cles is 164.

Fibres 17% of fibres synthetic,
dominated by PAN,
PET, and Polyamide.
69% of fibres identified
as cellulose.

18

Gaston
et al. [43]

Air (both in
and
outdoor)

20 3.3 fibres and
12.6 fragments/
m3 (indoor); 0.6
fibres and 5.6
fragments/m3

(outdoor)

2.4 fibres and
12.2 fragments
per filter
(indoor) per
filter; 0.4 fibres
and 6.3
fragments
(outdoor) per
filter

Fibres lengths indoor
641 μm; outdoor
616 μm; approx. 30%
of fibres between 100
and 300 μm;
Fragments outdoor
104 μm; indoor
58.6 μm.

Fragments PS, PET, PE 15

Wang
et al. [44]

Deposition Not
defined

1 MP/100m3 Not reported 851.09 ± 578.30
Fibers: measured
between 288.20 μm
and 2251.54 μm
(935.94 ± 556.63 μm)
in length

88.89% fibres 77% of natural origin,
21% plastic. Natural
particles mainly cotton
and cellulose, artificial
fibers of rayon (50%)
and cellophane. Other
particles were PE, PET,
PP.

15

Klein and
Fischer
[22]

Deposition 50 275 MPs/m2/d;
range 136.5 to
512 MPs/m2/d

7.3 ± 4.8 MPs/
blank

fibes ranged between
300 and 5000 μm;
fragments < 63 μm.

95% of
particles
identified as
fragments

PE (49%), ethylene
vinyl acetate
copolymer (22%).

15

Bergmann
et al. [3]

Snow 11 Non-fibrous:
9.8 × 103 MPs/L
fibres: 0.043 ×
103 to 10.2 ×
103 MPs/L

Vary from 256
to 27,243 MPs/L
(samples blank
corrected)

80% ≤25 μm, 98% <
100 μm; particle
range 11 to 475 μm.
Fibre lengths range
from 65 to 14,314 μm

Fibres – both
natural and
synthetic, with
MPs
accounting for
12% of
particles on
average.

Acrylates,
polyurethane, varnish
most frequently
detected

15

Vianello
et al. [45]

Air (indoor) 11 9.3 ± 5.8
particles/m3

7.7 ± 3.8 MPs/
blank: data not
corrected

36 and 21 for the
major and minor
dimension

13% fibres
87%
fragments

81% PES, 6% PE, 5%
PA, 2% PP, and 6%
other polymers; non-
synthetic - 95% pro-
tein, 5% cellulose; MPs
= > 4% total particles

14

Liu et al.
[46]

Air
(outdoor)

12 0.41 MPs/m3 (0
to 2 MPs/m3)

no MPs in one
blank collected

246.52 μm (12.35 to
2191.32 μm)

Fibres (43%),
fragments
(48%), beads
(9%)

PET (51%), epoxy resin
(19%), PE (12%), and
alkyd resin (8%);
fibrous PET = 87%

13

Stanton
et al. [47]

Deposition 38 Max of 2.9
fibres/m2/d

Synthetic fibres
not detected in
blanks

Not reported 100% fibres 2.1% synthetic 13

Allen et al.
[20]

Deposition 10 365 ± 69
particles/m2/d
(range 297 to
462)

3 ± 1 fibres, 1 ±
1 film and 8 ± 1
fragments per
filter

majority MPs <
50 μm, predominant
fibre lengths of 100–
200 μm and 200–
300 μm (max.
3000 μm), films 50–
200 μm.

Fragments >
fibres > films

PS (as fragments)
followed by PE

12

Liu et al.
[48]

Air
(outdoor)

Not
reported

1.42 ± 1.42
MPs/m3

Not reported 582.2 μm range
between 23.07 to
9555 μm

Fibres (67%);
Fragments
(30%);
granules (3%)

PET, PE, and polyester
comprised 49%

11

Dris et al. Deposition 50 110 ± 96 MPs/ 1–2 fibres/filter Fibre length 50– 100% fibres 17% synthetic (PET and 11
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regarding oral ingestion, insight with respect to inhal-
ation exposure, however, cannot be extrapolated from
the data presented.
For those studies with a TAS > 10, there is a mixture

of studies reporting on MPs measured in atmospheric
deposition, indoor and outdoor air, indoor and outdoor
dust, and in snow and moss, which indirectly assess the
impact of atmospheric deposition due to long-range
transport of MPs. A general observation is that there are
a limited number of studies reporting particle sizes <
50 μm, with several studies reporting a dominance of
particles > 50 μm (Table 3). For instance, Wright et al.
[42] report the average size of non-fibrous particles as
164 ± 167 μm, with particles ranging between 75 and
100 μm representing the most abundant size range; Gas-
ton et al. [43] report that 30% of fibres to be between
100 and 300 μm, with the average particle fragment size
of 104 μm in outdoor air and 58.6 μm in indoor air; the
average particle size reported by Wang et al. [44] is
851 μm; an average of 582 μm and 246 μm is reported by
Liu et al. [46, 48], respectively; Dris et al. [5] report that
most fibres detected had lengths between 200 and
400 μm. The particle size distributions reported, how-
ever, are biased by the analytical method employed, with

the magnification of the microscope used strongly influ-
encing results. Methods that apply an increased level of
magnification, coupled with an appropriate analytical
method, such as Raman microscopy, will enable lower
size particles to be detected. Consequently, the variabil-
ity in particle sizes reported do not necessarily reflect
the particle size distribution actually present in the air,
but are an artefact of the analytical capabilities used in
the study itself.
In several studies, fibres are reported as the dominant

shape of MPs observed, with diameters ranging from 5
to 75 μm. Several studies also report a dominance of
fragments, with sizes ranging from between < 10 μm to
> 2mm. In some instances, particles < 50 μm are re-
ported as dominating the size fraction observed, such as
by Allen et al. [20] and Bergmann et al. [3]. There thus
appears to be considerable variability in the shapes and
sizes reported in the literature, influenced by various fac-
tors, with inconsistencies in sampling, sample prepar-
ation and analysis methods representing the major
factors. The development and application of standard
methods are thus needed to strengthen the
characterization and quantification of MPs in air and
improve our understanding.

Table 3 Summary of studies with TAS > 10 for MPs reported in indoor and outdoor air for both urban and rural locations
(Continued)

Author Sample
type

Lower
size limit
(μm)

Particle
concentration
(average)

Particles in
blanks
(average)

Particle size (μm) Predominant
particle
shape

Predominant
polymer type

Quality
score
(TAS)

[5] m2/d (urban
site);
53 ± 38 MPs/
m2/d
(suburban site)

5000 μm (most 200–
400 μm); diameter 7–
15 μm

polyamide); 21%
cellulose; 12% mix of
natural and synthetic

Zhang
et al. [24]

Dust
(indoor)

150 PET-based MPs
ranged from
between 29
and 110,000
μg/g
PC-based MPs
ranged from
between <
0.11–1700 μg/g

MQLs of PET
and PC were
5.3 and 0.11
μg/g

Not reported Not reported Main focus on PET and
PC based polymers.

11

Roblin and
Aherne
[49]

Deposition
(Moss)

30 0.6 fibres/g 24 fibres/g Fibres ranged
between 0.03–30.25
mm; average is 1.02
mm across all sites.
65% < 0.8 mm.

100% fibres Not reported 11

Li et al.
[50]

Air
(outdoor)

Fibres with
length >
5 μm and
diameter >
3 μm

5.7 × 10−3

fibres/ml
1 × 10− 4 fibres/
ml

Range between 5
and 20 μm

34.6% total fibres as
microplastic

10

Su et al.
[51]

Dust
(Road)

20 range between
20.6 to 529.3
particles/kg

5.6 particles/kg Range between 0.08–
4.7 mm; average 1.2
mm

45.7–100%
fibres

58.6% plastic polymers
of polyester, PP and
rayon. Cotton and
cellulose account for
65.4% of non-plastic
particles

10
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With the objective of working towards better
characterization of indoor human inhalation exposure,
Vianello et al. [45], collected samples from three apart-
ments in Aarhus, Denmark using a Breathing Thermal
Manikin. The mannequin was used to simulate the pres-
ence of a human occupant in the apartment and in-
cluded an inlet at the mouth that was connected to a
low-volume air pump. Samples were collected on filters
that were then analysed by μFTIR, with a lower instru-
mental size LOD of 11 μm. Results suggest a ubiquitous
presence of MPs in inhaled indoor air, with concentra-
tions ranging from 1.7 particles/m3 to 16.2 particles/m3,
with the most abundant polymers present consisting of
polyester (59–92%), polyethylene (5–28%), nylon (0–
13%) and polypropylene 90.4–10%) [45]. The concentra-
tions of non-synthetic particles are reported as being 1–
2 orders of magnitude higher. Fibres represented 13% of
MPs identified, with 87% being fragments [45]. A non-
normal MP size distribution is observed with median
values of 36 μm and 21 μm for the major and minor di-
mensions of particles. The daily MP exposure, estimated
based on the maximum concentration measured, is 272
particles/d, approximately 10 times greater than reported
for outdoor air in Shanghai. Considering that people
spend most of their time indoors, inhalation of indoor
air likely represents an important exposure pathway,
however, due to the LOD of 11 μm, the exposure and
impact of MPs in the central and distal airways remains
poorly understood.
While the data summarized in Table 3 provides a rela-

tive indication regarding the ubiquity of MPs in both in-
door and outdoor air, the sampling methods and the
manner in which the data are reported result in chal-
lenges when attempting to interpret potential implica-
tions in relation to human health. For instance,
inconsistencies with respect to units and lack of stan-
dardized sampling methods introduce difficulties when
comparing studies and for extrapolating to assessing hu-
man exposure [74]. The data, however, imply that air
represents a potentially important pathway for MP ex-
posure. Given that none of the methods report concen-
trations of MPs < 5 μm, limited insight can be gained in
helping to inform exposure via inhalation and therefore
risk assessment. The sizes of MPs characterized in de-
position studies can provide insight regarding oral inges-
tion, either as a result of the direct ingestion of dust or
as a consequence of dust settling on food at different
times throughout all stages of its collection, manufactur-
ing, packaging, distribution and preparation. Currently,
there is only one study that has estimated the import-
ance of air to contaminate food with MPs [35]. Given
the ubiquitous detection of MPs associated with atmos-
pheric deposition, future research is recommended to
improve assessing overall exposure due to air

contamination and prioritizing key stages where MPs
might be introduced as contaminants into food. As in
previous studies evaluating the quality of microplastic
research [34, 36, 37], it is important to emphasize that
the scores assigned to each study should not be per-
ceived as a judgement indicative of the relative value that
a particular study represents to the field of microplastic
research. Studies that receive low scores on various cri-
teria can still provide valuable mechanistic and/or semi-
quantitative insight regarding the potential sources, fate
and transport of MPs in air. Our main objective in the
evaluation presented here largely relates to screening the
existing data with respect to its potential use for asses-
sing human exposure, thereby raising awareness of the
various concerns that influence the ability to apply the
data within that context. To be fit-for-purpose, studies
must receive a score of at least ‘1’ on all criteria, a single
score of ‘0’ would characterize the study as not being fit-
for-purpose, consistent with the approach used in previ-
ous evaluations [34]. Our overall assessment is that there
is a paucity of data that are ‘fit-for-purpose’ and a signifi-
cant need to strengthen the acquisition of high quality
data to inform the human health risk assessment of MPs
in air. As additional studies report the presence of MPs
in air, the ability to evaluate the relative usefulness of
those studies towards strengthening a weight-of-
evidence understanding of the sources, fate, transport
and exposure of MPs in air can only represent a positive
contribution towards a more holistic understanding re-
garding the environmental and human health implica-
tions that MPs represent.

Conclusions
The average TAS across studies reporting MPs in air
and reviewed here is 10.7 out of a maximum total score
of 22 or 48.6%, implying that there remains a need for
future studies to consider strengthening implementation
and reporting of QA/QC protocol. Due to the absence
of data reporting the contribution of MPs associated
with PM10 and PM2.5, it is not possible to reliably esti-
mate human inhalation exposure to the respirable frac-
tion of MPs, which represents an important data need.
In helping to move our overall understanding regard-

ing the characterization and quantification of MPs
present in air there is a need to develop and agree on
the application of standard sampling and analytical
methods. Currently there exists several standard
methods for measuring atmospheric particulates, how-
ever, the reliability of these methods for application to
assessing MPs in air requires validation. Priority should
be directed towards developing standard protocols of
existing methods for application towards MPs, with par-
ticular attention towards the implementation of controls
for reducing potential contamination during sample
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handling and transport. The development and applica-
tion of high-throughput or online methods would repre-
sent important innovative and technological advances
that would likely greatly facilitate improved understand-
ing of processes and sources influencing the concentra-
tions of MPs in air.
In helping to inform human and environmental risk

assessment and align with air quality research needs,
methods aimed at improved characterization and quanti-
fication of MPs < 10 μm, and particularly those < 2 μm,
would be very beneficial. It is notable, however, that
there are significant analytical challenges that accom-
pany the need for monitoring particles < 10 μm, but that
some recent developments coupling size-selective sam-
pling and GC/MS methods may prove beneficial in de-
riving size-resolved mass based estimates of the
distributions of MPs in air. Improved understanding of
the particle size distribution of MPs in air is generally
identified as a key component towards strengthening un-
derstanding of their atmospheric fate and transport, and
implications towards human health and environmental
risks.
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