
Environmental Science:
Atmospheres

CRITICAL REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
O

kt
ob

a 
20

24
. D

ow
nl

oa
de

d 
on

 1
4/

07
/2

02
5 

13
:3

3:
28

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Microplastics in A
aDepartment of Chemical Engineering, Rajal

Chennai, Tamilnadu, India-602105. E-ma

rajalakshmi.edu.in
bDepartment of Chemical Engineering, A.C

Tamilnadu, India-600025
cRSK Environment Ltd, 18, Frogmore Road,

Cite this: Environ. Sci.: Atmos., 2024, 4,
1331

Received 17th July 2024
Accepted 11th October 2024

DOI: 10.1039/d4ea00100a

rsc.li/esatmospheres

© 2024 The Author(s). Published by
sia: overcoming sampling,
analysis, and regulatory challenges to protect the
ecosystem – a review

Sivamani Sivalingam, *a P. Gomathi Priya, b D. Shanthana Lakshmi c

and Srinivas T. G. Srimath c

Microplastics (MPs) are defined as emerging contaminants, named so for the potential danger they pose to

public health and the economy. MPs, defined as plastic particles smaller than 5 mm in size, have become

significant pollutants, leading to extensive research and regulatory action. Various characterization

techniques are discussed, such as FTIR, SEM-EDS, Raman, BET, DSC, XRD, GC-MS, and particle size

analysis. Sampling challenges include uneven distribution, lack of standardized methods, and

contamination risks. Analytical limitations stem from the need for precise detection, with current

methods needing help in differentiating between MPs and other particles. Regulatory frameworks in

Asian nations vary; some have comprehensive policies, while others face economic and infrastructural

barriers. Researchers face critical challenges in controlling MP contamination in outdoor (OD) and indoor

(ID) air. This review examines the current knowledge of the obstacles in sampling and analyzing MPs and

an outline of the regulations in different Asian countries with different characterization methods to

analyze the MPs. Furthermore, this review emphasizes the importance of unified protocols and strong

regulations to improve data comparability and encourage collaborative efforts. By shedding light on the

complexities of MP research and regulation in Asia, this paper aims to promote a better understanding

and advocate for collective action to address these challenges and safeguard ecosystems.
Environmental signicance

Microplastics (MPs) are plastic particles <5 mm in size and constitute a major class of environmental pollutants due to their relevance to human health and the
economy. The challenges to sampling and analysing these compounds in Asia are exacerbated by uneven distribution, lack of standardised methods and
contamination risks. Moreover, the regulatory landscape across Asian countries is diverse. This study is important because it shows the barriers in MP research
and regulation throughout Asia, highlighting the need for standardized protocols and rigorous regulations to improve data comparison among different studies
as well as between countries. By addressing these challenges, this review aims to safeguard ecosystems from MP pollution, highlighting the need for imminent
action and improved pollution control management. This paper advocates for a collective approach to overcome the sampling, analytical, and regulatory
challenges associated with MPs, ultimately contributing to the protection of both public health and the environment.
1 Introduction

Particles and liquid droplets in the air are referred to as particulate
matter (PM) or airborne MPs. PM is classied based on the Aero-
dynamic Equivalent Diameter (AED) of the particles,1 with PM10

(AED < 10 mm) and PM2.5 (AED < 2.5 mm). PM is gaining more
momentum and attention due to its innumerable hazardous
impacts on human health.1 The term ‘Plastic’ is intertwined with
civil society in many aspects due to its social, economic, and
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environmental advantages, viz., shelf-life of medicines and foods,
packaging and several industrial sectors. Fig. 1 demonstrates the
existing classes of MPs based on their particle sizes.

The global use of plastic materials has dramatically
increased3 because of its durability, adaptability, and economic
affordability. Plastics played a vital role during the COVID-19
pandemic,4 which further increased the alarming level of 1.6
MT of plastic garbage generated worldwide every day, with 3.4
billion facemasks being disposed on a daily basis.5 Plastic is not
sustainable and impacts the environment, health, and economy
in addition to societal inequalities.6 Fig. 2 shows the sorting of
several plastics in the environment, including those of Nano,
Micro, Meso, Macro, and Mega sizes and their ranges.

Global plastic production in the year 2021 amounted to 390.7
million tons. Incineration accounted for around 12% of the
Environ. Sci.: Atmos., 2024, 4, 1331–1351 | 1331
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Fig. 1 The four classifications of plastic size (License: Under Creative Commons Attribution 3.0).2
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total plastics generated, while recycling managed to handle 9%.
Unfortunately, approximately 22% of plastic is not properly
managed and ends up either in landlls or in the ecosystem. An
alarming statistic reveals that 60–90% of marine debris consists
of plastic, with over 9 million metric tons making their way into
the oceans in 2015 alone. This highlights the signicant portion
of plastics that ultimately nd their way into landlls or the
ecosystem. It is estimated that on an annual basis, around 20
million metric tons of plastic residues are mismanaged.8
Fig. 2 Classification of different types of plastics discovered in the surro

1332 | Environ. Sci.: Atmos., 2024, 4, 1331–1351
Sharma and Mallubhotla (2019)9 reported that India produced
around 9.4 MMT of plastic waste in 2016. Of this amount, only
60% of the plastic waste was recycled, while the remaining 40%
either went to landlls or continued to circulate in the envi-
ronment. Fig. 3 illustrates the Global plastics treaty aiming to
combat the plastic crisis.

Small plastic debris called MPs (MPs, 1–5000 mm) plays
a critical role in human health in ID and ambient environ-
ments. The widespread occurrence of MPs in air and their
unding environment (License: Under Creative Commons 3.0).7

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Global Plastics Treaty's potential to halt the plastic surge is
being questioned (License: Under Creative Commons CC BY).10
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probable effect on human health and the economy demands
stringent regulations, standard sampling techniques, robust
analytical tools, and reporting units.11 The quantity methods
embraced for PM are largely gravimetric or real-time. PM is
gathered on a surface or lter to be analyzed later using
a gravimetric measurement. Gravimetric techniques can be
carried out in either a passive or active manner, such as by
utilizing a gravimetric collector12 or a vacuum pump. Fig. 4
displays the atmospheric processes on MPs that can be divided
into three parts, (I) emission of pristine MPs which makes them
airborne, (II) MP photodegradation, and (III) MP degradation.

During the fourth session of the UN Environment Assembly
onWorld Environment Day 2018, India announced its pledge to
Fig. 4 Atmospheric processes involving MPs encompass several aspect
airborne. Secondly, the photodegradation of MPs occurs due to solar r
degradation leads to lower weight particles that can be transported ove
(License: Under Creative Commons Attribution 3.0).13

© 2024 The Author(s). Published by the Royal Society of Chemistry
eliminate single-use plastic items by 2022.14 Subsequently, the
Indian Government incorporated two amendments to the
Plastic Waste Management regulations on August 12 and
September 22, 2021, announcing restrictions on 17 troublesome
single-use plastic items effective from July 1, 2022.14,15 As per
these rules, single-use plastics made of composite material are
not included in the bans, but producers must rst get approval
from the Central Pollution Control Board to sell them.14 MPs
have become a major environmental issue due to their impact
on both ID and OD air quality. Characterizing these minute
particles requires sophisticated techniques to identify and
quantify MPs effectively. Recognizing MPs' national and inter-
national importance as an air pollutant is necessary to under-
stand the existing regulations, as well as MP sampling and
characterization techniques and reporting units. This knowl-
edge is crucial because it helps in effectively implementing and
evaluating these measures, ensuring a thorough assessment of
their overall impact on the environment (Fig. 5).

The objective of this review is to bridge the current knowl-
edge gap in the existing sampling techniques, characterization
tools, and reporting units of airborne MPs in ambient and ID
environments in the geographic regions of Asia. This review
provides the following.

(i) An overview of the global regulations of MPs as an air
pollutant (ambient and ID air) with insights from the literature.

(ii) A critical summary of the existing sampling techniques of
MPs for ID and ambient air (a diverse range of techniques
employed) in Asia.

(iii) A summary of the analytical tools for understanding
MPs' quantitative/qualitative value.

(iv) Reporting units of MPs in the air.
This review provides a foundation to steer future endeavours

aimed at addressing the complexity of MPs in air sampling and
their reporting units.
s. Firstly, there is emission of pristine MP particles which makes them
adiation and its interactions with atmospheric compounds. Lastly, MP
r long distances, while heavier ones have shorter transport distances

Environ. Sci.: Atmos., 2024, 4, 1331–1351 | 1333
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Fig. 5 A summary of various pathways of microplastic exposure. Primary sources comprise of clothing and beauty products, while secondary
sources consist of larger plastic items of greater importance. Microbeads found in cosmetics, microfibers present in clothing, and smaller plastic
particles resulting from plastic breakdown can be consumed by humans through food beverages and refreshments or the surrounding nature. If
pregnant women are exposed, the developing fetus can also be exposed (License: Under Creative Commons Attribution 3.0).16
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2 Review methodologies

A thorough literature review was performed on MPs in Asian air
space. Literature searches were further rened using specic
keywords on ambient and ID air, such as “microplastics,” “ID
air,” “ambient air,” “microplastic sampling,” “microplastic
characterization,” and “regulations” (refer to Fig. 6). Based on
the literature search on MPs, the total number of publications
in Asia and Worldwide is shown below.

2.1 Existing techniques of MP sampling in air

The distribution of airborne MPs can be investigated through
two dissimilar air samplings: active and passive air sampling.
The active sample uses a device to force air through a sample
container, whereas passive air sampling relies on diffusion to
gather air for sampling.17

2.2 Active air sampling techniques

The pump is necessary for AAS (Active air sampling). Using
a pump, AAS can either be achieved by the air being drawn
through a tube with a sorbent bed to collect gases and vapors or
particulates being captured onto a lter loaded in a cassette or
size-specic sampler. The gas and vapor measurements are
given in milliliters per minute while the aerosol ow rate is
shown in liters per minute. The calibrator that is designed
specically for the ow rate needs to be set and its accuracy
checked. One of the benets brought about by this type of
sampling is that it can provide exibility in terms of the ow-
rate due to the capability of the pump which has variable
speeds. However, for optimum performance of size-selective
aerosol samplers, a xed ow rate should be maintained.
Various active sampling methods have been validated and
1334 | Environ. Sci.: Atmos., 2024, 4, 1331–1351
published by different government agencies. Although this
sample collection procedure underlies most techniques, some
disadvantages of active air sampling for gases and vapors may
cause certain researchers to turn towards passive alternatives
instead. Active air sampling tends to be less user-friendly and
more costly because one needs to buy a pump as well as a cali-
brator. Pump, container, and collection media are three
essential components involved in active air sampling.18,19
2.3 Passive air sampling techniques

Diffusive sampling, also known as passive air sampling, is
a technique mainly employed for sampling gases and vapors, as
it relies on a natural diffusion process. This technique might be
considered “passive” since it does not require pumping air like
active sampling does. There are different types of diffusion
samplers, but they all share a common basic design. The
diffusive surface, located at one end of the container, is where
gaseous and vapor molecules penetrate.20 The sorbent medium
is located at the opposite end and is where the molecules are
gathered. Diffusive sampling is highly effective for extended
testing periods. Due to its affordability, passive air sampling
could be a more practical option for continuous air monitoring.
This testing method is convenient because minimal expertise is
needed to set up the equipment correctly, and no supervision or
monitoring is necessary. Studying the deposition area is crucial
during the passive sampling of MPs.20 There are also drawbacks
associated with diffusive air sampling. Sampling cannot be
done because certain particles do not diffuse like gases and
vapors. Diffusive samplers have a constant uptake rate deter-
mined by their design, unlike active sorbent tube samplers. A
high uptake rate can cause overload at high concentrations,
whereas a low uptake rate may not gather enough samples for
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Recent research trends of MPs; (a) Asian countries, (b) Worldwide research documents, until 13th July 2024.

Critical Review Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
O

kt
ob

a 
20

24
. D

ow
nl

oa
de

d 
on

 1
4/

07
/2

02
5 

13
:3

3:
28

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
analysis at low concentrations.21 This approach is centered on
dry and wet deposition. Three primary types of diffusive
equipment are categorized by the diffusion path – tube, badge,
and radial.
2.4 Air sampling techniques in Asian countries

A thorough and systematic approach to sampling atmospheric
fallout, with strict measures taken to minimize contamination,
conrms the reliability of the collected data. A glass bottle with
specied dimensions and a xed support is used for sampling.
The sampling site's height is 15 m above the ground, and the
absence of large buildings ensures minimal interference.
Samples are collected at regular intervals, such as monthly
once, and the volumes are observed and recorded. The samples
are promptly transferred on rainy days to avoid loss.22 K. Liu
et al. in 2019 (ref. 23) studied the suspended atmospheric
microplastics (SAMPs) in the West Pacic Ocean during
a cruise. This study provides valuable insights into the atmo-
spheric abundance, composition, and distribution of MPs.
SAMP abundance ranged from 0 to 1.37 nm−3, with a median of
0.01 n m−3. This indicates variability in MP concentrations
within the sampled areas. Fiber, lament, and granule SAMPs
collectively constituted most MPs, with bers being the most
abundant, followed by fragments and granules. Plastic
microbeads were also observed, accounting for 5% of the total
MPs. This suggests a diverse range of MP types present in the
atmosphere. This study also witnessed the differences in SAMP
abundance between daytime and nighttime sampling periods.
On average, twice as many atmospheric MPs were collected
during the daytime (0.45 ± 0.46 n m−3) compared to at night
(0.22 ± 0.19 n m−3). Floating atmospheric MPs are a crucial
contributor to MP pollution in the ocean, specically from
textile microbers.

Liao et al. in 2021 (ref. 24) studied the occurrence of MPs in
the urban and rural regions in Wenzhou City in July and August
© 2024 The Author(s). Published by the Royal Society of Chemistry
2019. Airborne MPs were obtained with an LB-120 F intelligent
middle ow TSP sampler made by Lubo Co. in Qingdao. This
sampler maintained a consistent collection across sampling
sites with an intake of 100 ± 0.1 L min−1. Sampling took place
in 15 urban and 6 rural locations in Wenzhou City, enabling
a comparison of MP levels between urban and rural settings.
Three samples were gathered from each location to guarantee
the accuracy of the data. Around 1 cubic meter of air was ltered
in each sample, creating a signicant amount for analysis.
Particles in the air, which included MPs, were gathered on
Whatman GF/F glass microber lters that had a pore size of 0.7
mm and a diameter of 90 mm. This lter style is frequently
utilized for collecting small particles and is effective in trapping
MPs. The sampler was placed on a tripod made of aluminum
alloy to reach a height of 1.6 m above the ground level. This
height is the same as the average height at which humans
breathe in, which helps in accurately evaluating possible
human exposure to airborne MPs. The research emphasized the
lack of studies on how MP exposure occurs through inhalation
and proposed that inhalation intake could be important.
Measuring MPs suspended in air directly is not done oen,
highlighting the newness and signicance of the research.

Song et al. in 2021 (ref. 25) aimed to assess the effectiveness
of quality control measures in eliminating airborne MP
contamination. Song et al. introduced eight representative
airborne MPs into new borosilicate glass beakers that have been
thoroughly cleaned and dried, and repeated the process three
times for each sample. This step ensures the samples contain
a known quantity and variety of MPs for testing. The MP
abundance is quantied as 496.64 n m−2, presumably indi-
cating the concentration of MPs in the sampled air. This study
employs rigorous methods to prepare and test airborne MP
samples and evaluates two expected quality assurance protocols
for eliminating contamination. The results of these studies
contribute to improving the reliability and accuracy of airborne
MP measurements in environmental research.
Environ. Sci.: Atmos., 2024, 4, 1331–1351 | 1335
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A sampling methodology was conducted in Shanghai, China
between November 2020 and January 2021 by choosing eight
environments including 3 living rooms, 2 office rooms, and 3
OD locations in Shanghai. The air samples were collected IDs
and ODs by using an active air sampler from Gardner Denver
Thomas located in Germany. For the intake 2.5 m3 h−1

ow rate,
the sampling time was 4 hours which accounted for about 10 m3

of air that was then analyzed. In order to have minimal
disturbances during the process of sampling, doors and
windows remained closed for one hour before ID sampling and
no human activities were carried out while sampling was being
conducted. For air suction lter asks were connected with
long-neck funnels through rubber tubes. All atmospheric
particles were caught into sampling bottles containing deion-
ized (DI) water as the trapping solution. To ensure uniformity in
the sampling process samples were taken on alternate days
under similar conditions.26 Chen et al. in 202227 provided
a comprehensive overview of the sampling methodology
employed to collect MPs from ID and OD air during business
hours. This study used 25 mm cassettes from SKC in Dorset, UK
to accumulate MPs during working hours. These cassettes were
equipped with Silver membrane lters, 25 mm in diameter and
with a pore size of 0.2 mm, sourced from STERLITECH in Kent,
WA, US. The airow rate during sampling was maintained at 9
L min−1. This rate ensured the effective ID and OD total sus-
pended particle (TSP) collection during business hours. A total
of 38 samples were collected, with 19 samples each from ID and
OD air. This indicates a balanced sampling approach to
compare MP levels between ID and OD environments. All lters
were stored in a room where the temperature was controlled at
23 ± 3 °C, and relative humidity (RH) was maintained at 40% ±

5%. This controlled environment, both before and aer
sampling, helps preserve the integrity of the samples.

Choi et al. in 2022 (ref. 28) provided valuable insights into
the presence and distribution of MPs in ID and OD environ-
ments, as well as settled dust samples in schools. These nd-
ings contribute to our understanding of MP pollution and its
potential implications for human health and the environment.
Sampling was conducted at ve ID and three OD points. Air
samplers were used for ID and OD air sampling, operating for
48 hours at a suction rate of 7 L min−1, and each sampler
collected approximately 20.16 m3 of air. Cellulose nitrate
membrane lters with a nominal pore size of 5 micrometers
and a diameter of 47 mm were used for air sampling. The
samplers were positioned at a height of 0.6–1.2 m from the
oor. The collected samples were analyzed to investigate
various characteristics of MPs, including number, type, size,
and shape.

Ouyang et al. in 2022 (ref. 29) discussed the MP contami-
nation in study rooms across different educational levels. Five
study rooms were selected across various educational levels,
each with different areas and student populations: kinder-
garten, primary school, junior high school, senior high school,
and a postgraduate study room at a university. Sterile steel
containers were used to take samples. These cans had been
lled with ultrapure water prior to their closure by aluminized
paper leading up to sampling them on desks at certain
1336 | Environ. Sci.: Atmos., 2024, 4, 1331–1351
elevations. Ultrapure water was utilized to rinse the residues
from the containers, and subsequent to ltration onto cellulose
lter membranes, samples were collected. The study discovered
that the proportion of MPs varied from around 37% to 43%,
with an average value of 41.3%. The abundance of MPs differed
across different study rooms, with the highest occurrence
observed in the senior high school classroom. The abundance
of MPs was reported in units of particles per square meter per
day (n (m−2 d−1)), and the senior high school classroom
exhibited the highest abundance, approximately 1.7–4.1 times
greater than other sampling sites. This implies that the number
of students and the duration of human activity in the study
rooms could impact the abundance of brous MPs. Higher
human activity and longer durations of human activity were
associated with increased brous MP contamination.

Similarly, Zhang et al. (2020)30 monitored MP bers in
a dormitory, office, and corridor over a period of three months,
including both weekdays and weekends. The ndings revealed
similar proportions of MPs in brous form across all three
locations, ranging from 35% to 37.5%. The study also identied
seven categories of synthetic or semisynthetic polymers, namely
polyester, rayon, acrylic, cellophane, PP, PS, and PA, with poly-
ester and rayon being the dominant materials, making up over
90% of the total. Most of the MPs collected were in the form of
bers, with the exception of a single PS fragment found within
the office. The primary form of MP fallout was found to be
bers, with polymer compositions comparable to commonly
used textile products in ID settings. The study successfully
identied the compositions of 131 textile products frequently
found in dormitories, providing insights into potential sources
of MP contamination. Another study conducted by Wang et al.
in 2020 (ref. 31) investigated the distribution of atmospheric
MPs over the ocean and utilized a backward trajectory model
and a total suspended atmospheric particulate sampler manu-
factured by Jinshida in Qingdao. The sampler operated at
a sampling ow rate of 100 ± 0.1 L min−1, and each sampling
transect was conducted for a duration ranging from 10 to 48
hours. This extended sampling period and large volume of air
ltered per sample, ranging from 53 to 259 cubic meters,
ensured a comprehensive collection of atmospheric particles,
including MPs.

Sharaf et al. in 2024 (ref. 32) reported that various factors,
including location, usage, and design of ID spaces, inuence
the presence of MPs in ID environments. However, more needs
to be done to ensure comprehensive research on MPs in ID
settings; some air and dust samples taken from ID spaces
sometimes contain higher amounts of MPs than those taken
from the outside. There are also cleaning methods that can
affect the levels of MPs as well as the presence of certain
materials such as carpets. Interestingly, it is not uncommon for
vacuum cleaners to make the ID MP level decline sharply.
Synthetic or semisynthetic polymers like polyester, rayon,
acrylic, cellophane, PP, PS, and polyamide are found typically
IDs. Results of research indicate that ber concentrations
within buildings were as high as 1–60 bers per m3 compared
with the OD atmosphere which had just 0.3 to 1.5 bers per m3

concentration rates while microbers were measured at these
© 2024 The Author(s). Published by the Royal Society of Chemistry
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levels. Such bers tend toward larger diameter averaging
between 50 and 3250 mm unlike those from the open air
measuring 50 to 1650 mm. The high prevalence of such MPs is
due to daily wearing of clothes made from any kind of ber at
all. The number of textiles used and the amount of synthetic
material determines whether non-biodegradable plastic debris
is found IDs or not. In environments dominated by synthetic
ber textile usage atmospheric deposition will comprise
a signicant percentage of MPs. It has been observed that their
dimensions, pigmentation and composition depend on the
properties of the textiles they come from.

Din et al. in 2024 (ref. 32) described an air sampling process
that follows a meticulous protocol to ensure the collection of
accurate data on airborne MPs. To select appropriate places
where human activity, space, and environmental conditions are
considered, a survey of the study area is done prior to sampling.
Quartz lter papers used in sampling are weighed beforehand
and packed in well labeled containers to ensure that their
weights are maintained and minimize chances of contamina-
tion. Glassware used for sample storage and preparation should
be carefully washed with ultrapure water and dried to avoid
contamination. Active air sampling is selected based on its
working efficiency for OD and ID particulate matter (PM2.5)
samples. Quality assurance measures are put in place to prevent
sample contamination during the experiment. The sampling
was carried out on weekdays so as to evaluate the inuence of
human activities on the presence of airborneMPs. A gravimetric
sampler is installed on the roof top with pre-weighed quartz
lter paper inserted in it. It operates at a ow rate of 16 L min−1

for 24 hours per day continuously. Aer this, the lter paper is
removed from the sampler and placed in a labelled Petri dish
sealed with an aluminium foil cover to prevent pollution. Once
again, inside air sampling was conducted using a ow rate of 6
L min−1 for 24 h as previously discussed; MPs will be analyzed
by means of their size, shape and color.

Size categorization is split into ve categories: less than 50
mm, 50 to 100 mm, 100 to 250 mm, 250 to 500 mm, and 500 to 1000
mm. Nandi and colleagues (2024)33 studied the post-monsoon
period and found that there were 23 particles per day of OD
MPs on PM10 and 28 particles on PM2.5. In the winter months,
the particle count rose to 34 per day and 91 per day, respectively.
Stereomicroscopy was employed to visually identify and quan-
tify MPs in the air samples. During post-monsoon (2022) and
winter (2023) spells at Ranchi, Jharkhand in India, ID MPs were
notably more abundant than ODMPs, with 87 and 108 particles
per day, respectively. Fine and coarse particulate matter
samples were gathered at the same time. A respirable dust
sampler collected 28 PM10 samples over a 24 hours period on
glass ber lter papers that were preconditioned. A speciation
air sampler system collected PM2.5 samples by using 28 samples
for 24 hours on 47 mm diameter PTFE and Quartz ber lter
papers with a 2 mm pore size, which were preconditioned. Air
was sampled IDs using a personal sampler on glass ber lters
that were pre-conditioned and had a diameter of 37mm. During
the research period, a sum of 28 air samples from IDs were
gathered. An APM 460 was supplied with a ow rate of 1 cubic
meter per minute while SASS had a ow rate of 6.7 liters per
© 2024 The Author(s). Published by the Royal Society of Chemistry
minute. A personal sampler was used to collect ID air at a ow
rate of 2.9 LPM. This method was used to determine the overall
quantity of MPs present in the ID air. The Central Pollution
Control Board (CPCB) guidelines were adhered to, with samples
being collected every two weeks during the post-monsoon
season (November and December 2022) and winter season
(January and February 2023). Overall 28 samples were collected
in the entire study period, each taken over a 24 hour sampling
duration. To prevent contamination, lters were wrapped in
aluminum foil before being transported and handled in the
laboratory.34

Liu et al. 2019,18 a study conducted in China between
November 2017 and January 2018, examined dust samples from
39 families in 39 major cities. The purpose of the study was to
gain insight into the composition of dust in urban environ-
ments. The sampling sites were chosen as the homes of middle-
income families in each city, which typically consisted of
a couple and a child living in a two-bedroom apartment. Dust
was collected from a total of 4 square meters in each bedroom
and the living room using brushes made of hog bristles, and
both ID and OD dust samples were gathered simultaneously.
OD dust was obtained from windowsills and open-air balconies
connected to the apartments through the same method. To
ensure no contamination, the dust samples were placed in
sealed paper bags lined with aluminum foil that had been pre-
cleaned. Before utilization, the sampling bags and brushes were
rinsed twice with ethanol that had been ltered through 0.22
mm PTFE lters and then dried on a clean surface. Prior to
analysis, the samples were sieved through a 2 mm sieve to
eliminate larger particles. The air samples were transported to
the laboratory within 48 hours of collection and stored at −20 °
C until analysis. Prior to analysis, any foreign matter, such as
hair, sand, bristles from the brushes, and paper debris, was
manually removed from each sample.

Li et al. in 2020 (ref. 35) did detailed research in which
samples were gathered from various elevations and sites
surrounding Beijing's China University of Mining and Tech-
nology. Sampling sites were on top of a building (RB) at a height
of 18 meters and 1.5 meters from the ground, symbolizing the
human breathing level (HRH) and ground level. Minivol
samplers were utilized at RB and HRH locations to gather total
suspended particles over a period of 6 to 8 hours with a ow rate
of 5 L min−1. Samples of airborne particles were gathered using
MCE lters with a pore size of 0.8 mm and a diameter of 47 mm.
During the airborne sampling campaign at the HRH site, parti-
cles were gathered at the GS site. These examples were a collec-
tion of surface dust particles that had built up on the oor.

Construction materials were gathered at a construction site
close to the CUMTB campus in the Dongwangzhuang (DWZ)
community with the help of stainless steel pliers and stored in
sealed sampling bags. Materials for thermal insulation, gypsum
components, and precast cement panels were gathered.

In Hidayat et al. 2024 (ref. 36) the concentrations of antimi-
crobial peptides (AMPs) in TSPs were studied in both Bandung
and Osaka. The levels ranged from 1.03 to 14.27 particles per m3

in Bandung and 0.63 to 3.29 particles per m3 in Osaka. Frag-
mented AMPs were observed in both locations, with dominant
Environ. Sci.: Atmos., 2024, 4, 1331–1351 | 1337
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Feret diameters varying from 1 to 20 mm. This research focuses
on analyzing air quality and aerosol composition in urban envi-
ronments, specically comparing Bandung, Indonesia, and
Osaka (Sakai City), Japan. The sampling was conducted on the
rooops of buildings in both cities, providing specic coordi-
nates for accuracy. The duration of the sampling varied between
the two cities, with Osaka's samples collected earlier than those
in Bandung. Each location underwent four week-long sampling
periods, allowing for a comprehensive understanding of air
quality over time. The researchers utilized a multi-nozzle cascade
impactor sampler to collect three size fractions of ambient
aerosols (PM2.5, PM2.5–10, and PM10) on Teon-coated glass ber
lters. This meticulous approach, along with the specied
equipment and ow rate, ensured accurate data collection on
aerosol particles in the air. The weather conditions during the
sampling period were also documented.

The Dehghani et al. 2017 (ref. 37) study focused on exam-
ining the presence, characteristics, and potential health risks
associated with ingesting MP dust. Instead of using passive dust
collectors to gather deposited street dust, Dehghani et al. took
a different approach. They opted to collect each street dust
sample by gently sweeping an area of approximately 30 m2 next
to the curb on both sides of the road. To ensure cleanliness and
prevent plastic contamination, they utilized a local anti-static
wooden brush made from dry stems of Sorghum bicolor plant
species and a metallic pan. The sub-samples were thoroughly
mixed to obtain a representative bulk sample, with over 1 kg of
composite bulk sample collected at each sampling station.
Through the use of a binocular microscope, the researchers
determined that the plastic load in 10 street dust samples
ranged from 88 to 605 MPs per 30 g of dry dust. The predomi-
nant types of MPs observed were black and yellow granule MPs,
with sizes ranging from 250 to 500 mm. In a separate study
Fig. 7 Schematic representations of the limitations of airborne MP sam

1338 | Environ. Sci.: Atmos., 2024, 4, 1331–1351
conducted by Huang et al. in 2021,38 a total of twelve atmo-
spheric deposition samples, including both dry and wet depo-
sition, were collected over a one-year period from August 2018
to July 2019 in an urban area of Guangzhou, China. The
sampling periods varied from 22 to 40 days. To collect these
samples, a passive sampler consisting of a 22 L stainless steel
bucket (with a diameter of 25 cm and a height of 45 cm) was
placed on a three-story high roof at South China Agricultural
University, approximately 10 m above ground level. Analyzing
the atmospheric wet and dry deposition of MPs revealed depo-
sition uxes ranging from 51 to 178 particles per m2 per d, with
an average of 114 ± 40 particles per m2 per d. The deposition
samples contained various types of MPs, such as bers, frag-
ments, lms, and microbeads, with bers being the most
abundant, accounting for approximately 77.6 ± 19.1% of the
total MPs observed. Fig. 7 and Table 1 provides a detailed
comparison of sampling of airborne MPs in various sources in
Asian countries. Table 2 provides the quantitative measurement
of MPs that have been found in the existing literature.

There were a few limitations found among the comprehen-
sive sampling techniques applied in these studies.

(1) Quantitative measurements of MP polymers were re-
ported in different units, Nm−3, N m−2 d−1, MPs per g, particles
per day, MP per g of dry dust, bers per m3, particles per m3,
and percentage.

(2) Absence of material balance in MPs measurements.
(3) Few polymers are analyzed qualitatively using their color,

whereas several are colorless.
(4) Air sampling devices vary for the measurement of ID and

ambient air.
(5) Several reports did not provide physical parameters like

temperature, pressure, height of the sampling device, humidity,
and wind velocities.
pling.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Quantitative measurement of MPs

S. no Concentration of MPs unit References

1 n m−3 and % 23
2 n (m−2 d−1) 28
3 Particles per m2 per day 22
4 Items per m3 32
5 Particles per m2 per day 33
6 n m−3 41
7 n m−3 26
8 MPs per m3 42
9 MPs per m3 28
10 Items per m2 per day 43
11 n m−3 25
12 Items per 100 m3 31
13 mg kg−1 18
14 % and ber per ml 35
15 Particles per m3 36
16 Particles per m2 per d 38
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(6) Some materials could not be identied in any airborne
collected sample, and such materials in the sample were not
quantied.

3 Characterization and analysis

The characteristics of microplastics (MPs) varied widely in
terms of polymer type, shape, colour and size based on the
origin and geographical locations within the Asian region.44 An
understanding of the nature and magnitude of MP pollution in
air could be important to assess its potential environmental
impacts, including those on human health and economy.45 The
subsequent section discusses the various characterization
techniques to analyze the MPs found in the air. This section
Fig. 8 The important characterization methods to analyze the MPs in a

© 2024 The Author(s). Published by the Royal Society of Chemistry
discusses various characterization techniques and analyzes
their suitability for assessing MPs in air pollution. Character-
ization and analysis of MPs in air pollution involve crucial
methodologies to understand their sources and impacts.
Techniques like Raman spectroscopy analysis (RSA), Fourier
transform infrared analysis (FTIR), gas chromatography-mass
spectrometry (GCMS), X-ray diffraction (XRD), differential
scanning calorimetry (DSC), particle size analysis (PSA), N2-
Brunauer–Emmett–Teller surface analysis (BET) and scanning
electron microscopy-energy dispersive spectroscopy (SEM-EDS)
are utilized for qualitative and quantitative analysis.46,47 MPs
are formed through environmental weathering and degradation
processes, with properties, aerodynamics, and sources inu-
encing their dispersion in the atmosphere. The presence of MPs
in wildlife species, identied through microscopy and spec-
trometry, highlights their widespread distribution and potential
environmental impacts. Standardization of sampling and
analysis methods is crucial to assess health risks and effectively
monitor MP pollution in the air48,49 (Fig. 8).
3.1 Fourier transform infrared spectroscopy (FTIR)

FTIR is a primary characterization technique for analyzing MPs in
ID and OD air pollution.50 FTIR is a powerful tool that can identify
the chemical composition of MPs by analyzing their molecular
structure, aiding in distinguishing different types of plastics
present in air samples. This technique has been utilized in studies
to characterize airborne MPs in various size ranges, providing
insights into the sources and distribution of MPs in different
environments. By employing FTIR, researchers can gain a deeper
understanding of the types and abundance of MPs present in the
air, contributing signicantly to the assessment of human
mbient and ID air.

Environ. Sci.: Atmos., 2024, 4, 1331–1351 | 1341

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ea00100a


Environmental Science: Atmospheres Critical Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
O

kt
ob

a 
20

24
. D

ow
nl

oa
de

d 
on

 1
4/

07
/2

02
5 

13
:3

3:
28

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
exposure to MPs through inhalation.22 Optical microscopy,
including stereomicroscopy and polarized light microscopy,
enables the visual identication of MPs based on their morpho-
logical characteristics. However, it is limited by the size resolution
and inability to differentiate between MPs and other particles.

It has signicant merits in non-destructive analysis; FTIR
allows for identifying MPs without destroying the sample, thus
preserving it for further analysis. Chemical characterization
provides detailed chemical information identifying different types
of polymers within MPs. With high sensitivity and specicity,
FTIR can detect even minute quantities of MPs with high speci-
city to different polymer types. This technique offers relatively
quick analysis compared to other methods, so it is an efficient
technique with immediate spectral results. Advanced FTIR tech-
niques can offer semi-quantitative to quantitative data on MP
concentrations. FTIR is adaptable for ID and OD samples,
providing consistent results across various environments. FTIR
analysis also has some demerits. For instance, MPs may be
contaminated with organic or inorganic substances which could
interfere with the spectra and complicate identication. Further-
more, FTIR might need help distinguishing MPs of petite sizes,
and this is especially true below a few micrometers due to reso-
lution limits. The difference between ID and OD samples is the
concentration variability; ID environments oen contain higher
concentrations of MPs. This is due to human activities and poor
ventilation compared to OD settings. Different types of polymers
might be prevalent in ID vs. OD environments. This is due to
varied sources (e.g., textiles and household items vs. industrial
and vehicular emissions). ID samples may contain more diverse
and complex contaminants (dust, organic compounds). These can
affect FTIR analysis differently than OD samples. Overall, FTIR for
MPs in air pollution offers high specicity and sensitivity where it
faces challenges with contaminant interference and cost, and
notable differences include concentration.

Fig. 9 demonstrates the utility of FTIR in identifying polymer
types based on their molecular vibrations and bonding charac-
teristics. However, sample thickness and preparation might
inuence the technique's effectiveness. Each polymer exhibits
distinct functional group absorbance peaks, facilitating their
identication. The spectral features are observed consistently
across different thicknesses, indicating reliable FTIR character-
ization. PP shows C–H stretching (aliphatic) characteristics at
2950–2838 cm−1 and C–H bending at 1453–1375 cm−1. PE
exhibits C–H stretching (aliphatic) at 2914–2848 cm−1 and C–H
bending at 1463 cm−1. PET displays C]O stretching at
1712 cm−1, C–O stretching at 1240–1092 cm−1, and C–H
stretching (aliphatic) at 2964 cm−1. PA shows N–H stretching at
3292 cm−1, C–N + C]O at 1635 cm−1, and N–H bending at
1542 cm−1. PS displays C–H stretching (phenyl) at 2918 cm−1,
C–H bending at 1491–1450 cm−1, and aromatic stretching at
3024 cm−1 and 1600 cm−1. PVC shows C–Cl stretching at
684 cm−1 and aliphatic C–H stretching at around 2912 cm−1.
3.2 Raman spectroscopy analysis (RSA)

RSA has been utilized in various studies to characterize MPs in air
pollution. RSA provides chemical information about MPs by
1342 | Environ. Sci.: Atmos., 2024, 4, 1331–1351
measuring the vibrational modes of molecular bonds. It offers
high spatial resolution and can identify MPs even in complex
environmental matrices.52 Levermore et al. in 2020 (ref. 52) opti-
mized Raman spectral imaging for identifying MPs in ambient
particulate matter, recommending chemometric techniques for
analysis.53 Additionally, Yoo et al. employed Raman micro-
spectrometry (RMS) in combination with other techniques to
analyze inhalable airborne microplastics (AMPs) in ambient PM10

aerosols, providing detailed morphological and spectroscopic
characteristics of individual AMPs.53 Perera et al. characterized
suspected AMPs, highlighting the dominance of bers and frag-
ments IDs and ODs, with polyethylene terephthalate being
a prominent type, suggesting textile bers as a signicant source
of AMPs in Sri Lanka.54 Furthermore, Wright et al.55 developed
a lter-based sampling method compatible with Raman spectral
imaging for detecting inhalable-sized MPs, facilitating the acqui-
sition of inhalable MP concentrations in air pollution samples.

There are signicant advantages of performing RSA that can
accurately identify and characterize various MPs. This includes
those with complex polymer matrices. RSA does not require
destroying samples, preserving them for further analysis, and
providing detailed chemical Identication. This allows for the
differentiation of polymers even when they are chemically
similar. Raman microscopy can attain high spatial resolution,
making it suitable for analyzing MPs at microscopic scales. The
major limitation in RSA is that many samples cause uores-
cence, so it can overshadow the Raman signal, which compli-
cates analysis. RSA may only be suitable for oversized or opaque
samples, limiting its use in some scenarios. Technological
advances have sped up RSA, but it is still time-consuming for
vast numbers of samples. ID air may have more varied MPs due
to everyday human activities and materials like carpets and
textiles. OD air MPs might include more environmental and
industrial sources. Generally, MPs might be more concentrated
IDs due to conned spaces and less air exchange than in OD
environments. ID samples may have more volatile organic
compounds (VOCs) that could interfere with analysis, whereas
OD samples present more particulate matter from natural
sources. Understanding these may help tailor RSA methods for
specic environments, improving the accuracy and efficiency of
MP analysis in air pollution. Fig. 10 demonstrates the Raman
spectra for the ngerprint and C–H stretching regions of alkyls,
alkenes, and aromatic protons for the various polymers,
including PS, PC, PP, PE, and so on. These shis, measured
in cm−1, help identify and differentiate between polymers based
on their unique molecular vibrations. The “ngerprint” region
provides distinct spectral signatures, while the C–H stretching
frequencies are common but still distinctive for each polymer.
This information is crucial for applications like MP analysis in
environmental studies, where accurate identication of poly-
mer types is essential. The data assist researchers in using
Raman spectroscopy effectively for polymer characterization.
3.3 X-ray diffraction (XRD)

XRD is another signicant technique that aids in analyzingMPs in
air pollution. XRD is a crucial material characterization technique
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Attenuated total reflectance Fourier transform infrared (ATR FT-IR) spectra of polypropylene (PP), polyethylene (PE), polyethylene
terephthalate (PET), polyamide (PA), polystyrene (PS), and polyvinyl chloride (PVC) (License: Under Creative Commons CC-BY).51
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that can provide valuable insights into the crystal structure, size,
orientation, phase identication, and quantication ofmaterials.57

By applying XRD, the researchers can better understand the
© 2024 The Author(s). Published by the Royal Society of Chemistry
composition and characteristics of airborne MPs, aiding in iden-
tifying the sources, levels, and behavior of these pollutants in the
atmosphere.58,59 Furthermore, the future integration of articial
Environ. Sci.: Atmos., 2024, 4, 1331–1351 | 1343
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Fig. 10 RSA of polymers' fingerprint region and region for C–H stretching modes of alkyls, alkenes, and aromatic protons (License: Under
Creative Commons CC-BY).56
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intelligence and machine learning tools with XRD, as suggested in
ref. 60, can enhance the accuracy and effectiveness of MP analysis,
contributing to the development of comprehensive strategies for
mitigating the impact of airborne MPs on human health and the
environment. The advantage of XRD is identifying crystalline
phases of MPs, which helps distinguish between different polymer
types. The non-destructive technique allows the samples to be
preserved for further analysis and provides quantitative insights.
This information pertains to crystalline content within mixed
samples. Its sensitivity is valuable when MPs are present in
a variety of environments. XRD is ineffective for amorphous plastic
materials; this constitutes a signicant portion of MPs. The
interpretation of diffraction patterns can be complex and requires
skilled analysts. XRD may need help with very small MPs as
particle size below a certain threshold may not produce distinct
diffraction patterns. There are differences between ID and OD
samples. ID MPs may come from textiles, furnishings and
domestic products. OD MPs oen originate from industrial
emissions, vehicle wear, and degraded litter. UV exposure and
interaction with other pollutants complicate XRD analysis
compared to relatively controlled ID environments. OD samples
may contain more complex matrices due to soil and biological
contaminants. ID samples might require different pre-treatment
1344 | Environ. Sci.: Atmos., 2024, 4, 1331–1351
steps to isolate MPs effectively. XRD's efficacy in identifying MPs
in various environments depends signicantly on these factors.

Fig. 11 illustrates the intensity (counts) versus diffraction
angle (2q, in degrees) for various polymers. Peaks at specic
angles correspond to the crystalline structures of these poly-
mers, with higher intensities indicating more ordered regions.
PP and PA show the best overall mechanical strength due to
their high crystallinity. At the same time, PE and PET offer
a good balance, and PS and PVC are chosen for specic prop-
erties such as thermal insulation and chemical resistance,
respectively. These peaks' presence and position help identify
and characterize the polymers, determine crystallinity, and
analyze structural properties. This data is essential for under-
standing the material's properties and suitability for various
applications, including environmental and industrial contexts.
3.4 Scanning electron microscopy-energy dispersive
spectroscopy (SEM-EDS)

The SEM-EDS techniques have been pivotal in analyzing MPs in
both ID and OD air pollution. Yoo et al. (2023)53 demonstrated
the efficient characterization of inhalable airborne micro-
plastics (AMPs) in ambient PM10 aerosols using a combination
of uorescence microscopy, Raman microspectrometry (RMS),
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 XRD pattern of PP, PE, PET, PA, PS, and PVC; red refers to small particles and blue refers to large particles (License: Under Creative
Commons CC-BY).51
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and SEM/EDX. Similarly, Gonzalez-Rocha et al. (2023)61 utilized
SEM-EDS for elemental chemical characterization and
morphology analysis of PM10 samples from air quality moni-
toring campaigns. Furthermore, Kim et al. (2022)62 highlighted
the importance of SEM-EDS in speciation analysis of particulate
matter generated by open burning activities. Tsai et al. (2019)63

applied SEM/EDS to study colloid diffusion in geological envi-
ronments, estimating the diffusion coefficient for gold colloids.
Additionally, SEM-EDS analysis emphasized the challenges of
small particles. A methodology was proposed that combined
multiple techniques for improved diagnostics on substrates
with background elements, showcasing the versatility and
signicance of SEM-EDS techniques in various environmental
studies.53,62

SEM-EDS offers high-resolution imaging, which enables
detailed morphological analysis of MPs down to nanometer
scales. EDS provides elemental analysis and identies the
chemical composition of MPs, clearly distinguishing different
types of plastics and quantifying the presence of various
elements. This facilitates an understanding of pollutant sources
and effects. Typically, SEM-EDS is non-destructive, which could
preserve samples for additional analyses. Moreover, this tech-
nique is effective for various sample matrices (e.g., air lters)
and integrates imaging with compositional analysis. This
analysis required meticulous sample preparation to avoid
contamination and ensure representative results. High initial
© 2024 The Author(s). Published by the Royal Society of Chemistry
investment and operational costs are involved for SEM-EDS
instruments and skilled personnel are required to operate the
equipment. This might lead to non-representative data if
samples are heterogeneous and analysis is limited to small
sample sizes due to instrument constraints. ID MPs typically
originate from activities such as textile shedding and household
dust, while OD MPs could include a mix of traffic, industry, and
broader environmental sources. OD samples might be more
complex due to higher particulate diversity inuenced by wind
and atmospheric conditions, potentially complicating SEM-EDS
analysis. ID samples face a higher risk of contamination during
sample collection and preparation due to enclosed environ-
ments. Efficient and accurate application of SEM-EDS for MPs
in air pollution requires consideration of these factors for reli-
able data interpretation and subsequent impact assessment.

Fig. 12 displays SEM images of the MPs that have mostly
irregular surface morphologies observed in these samples' large
PET and small PA sizes. Furthermore, a rough surface was noted
for small PVC and PP, as well as for both sizes of PE, in terms of
surface morphology. The results demonstrated that smooth
surfaces were a characteristic of PET, PS, and PA (all sizes) and
large PP. The presence of a carbonyl functional group in the FT-
IR spectra of small PP particles, along with the identied scent,
suggested the existence of a graing agent, which could explain
the difference in surface morphologies between minor PP
(rough) and large PP (smooth). Spherical in shape and
Environ. Sci.: Atmos., 2024, 4, 1331–1351 | 1345
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Fig. 12 SEM images of PP, PE, PET, PA, PS, and PVC with the magni-
fication of the images ranging from 297× to 50 000× (License: Under
Creative Commons CC-BY).51
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appearing spongy on the surface, little PVC was described. The
material has good potential for organic compound adsorption
based on its tiny particle size and spongy surface shape.
3.5 Gas chromatography-mass spectrometry (GC-MS)

As reported in the literature, the GC-MS techniques have been
extensively utilized in analyzing MPs in air pollution. Py-GC/MS
thermally degrades MPs into volatile compounds, which are
then analyzed using gas chromatography-mass spectrometry.
This technique provides detailed information about polymer
composition and is valuable for source apportionment
studies.64 GC-MS and other mass spectrometric methods play
a crucial role in identifying and quantifying MPs in different
1346 | Environ. Sci.: Atmos., 2024, 4, 1331–1351
environmental matrices.65,66 These techniques enable the char-
acterization of MPs based on their chemical composition, aid-
ing in understanding the sources and levels of MPs in the
atmosphere. The application of GC-MS in combination with
pyrolysis has proven effective in verifying the composition of
lter residues from washing effluents, demonstrating the
presence of microbers released during the washing process.64

Furthermore, GC-MS techniques have been instrumental in the
multimodal analysis of MPs in foodmatrices, offering improved
detection capabilities and aiding in assessing human exposure
levels.67 The use of GC-MS in analyzing MPs in air pollution
showcases its signicance in advancing research on MP pollu-
tion and its potential impact on human health and the envi-
ronment. GC-MS can accurately identify and quantify various
chemical compounds within MP samples. It provides detailed
chemical composition information, which includes identifying
additives and contaminants in MPs. This requires extensive
sample preparation to remove non-plastic materials, including
extraction and purication. It has high operational costs and
a time-consuming nature of analysis.
3.6 Particle size analysis (PSA)

PSA techniques have been crucial in studying MPs in air
pollution. Studies have utilized various methods, such as laser
light diffraction, morphological imaging, and dynamic light
scattering (DLS), to characterize the size distribution of MPs.53,55

For instance, uorescence microscopy, RMS, and SEM/EDS
have been combined to analyze inhalable airborne MPs in
ambient PM10 aerosols, providing detailed insights into the
characteristics of these particles.53 Additionally, Nile red stain-
ing has allowed for estimating plastic burdens in air samples,
revealing the presence of fragmented, spherical, and brous
plastic particles in the respirable fraction of ID environments.68

Furthermore, mFTIR analysis has been employed to detect and
quantify MPs in routine air quality monitoring activities, high-
lighting the prevalence of nylon and polypropylene as the most
abundant polymers in air samples. These diverse techniques
have signicantly contributed to understanding the presence
and characteristics of MPs in air pollution, laying the ground-
work for future research and risk assessment in this emerging
eld. PSA provides detailed information on the size distribution
of MP particles. This is crucial for understanding their behavior
and fate in the environment. It is capable of analyzing a large
number of samples. PSA does not provide information on the
chemical composition of particles like dynamic light scattering
or microscopy. Therefore, these also have limitations in terms
of size range and detection limit. Fig. 13 shows the various MPs
and their sizes from the laser diffraction particle size analysis.

Larger particles generally have higher volume percentages
across all polymers. PP has 25 mm and 100 mm particles and
volume percentages are higher for larger particles, indicating
a broad size distribution. PA has 18 mm and 100 mm particles,
similar to those of PP, and larger particles have higher volume
percentages. PE has 25 mm and 100 mm particles and shows
a consistent size distribution with notable volume percentages
across particle sizes. PS has 13 mm and 100 mm particles where
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 PSA from the laser diffraction: polymers are PP, PE, PET, PA, PS, and PVC. Red = ‘small’ particles; blue = ‘large’ particles. The vertical
dashed line represents the particle size as described by the supplier (License: Under Creative Commons CC-BY).51
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volume percentages increase with larger particle sizes, showing
a wide distribution. PET has 15 mm and 100 mm particles which
exhibit a balanced size distribution. PVC has 10 mm and 100 mm
particles which display a signicant volume percentage at
smaller particle sizes. PE and PET polymers show balanced
distributions, making them easier to analyze using multiple
characterization techniques. PP and PS show broad size distri-
butions, which may require specic techniques like PSA for
accurate characterization. PVC with smaller particle sizes shows
signicant volume percentages, making techniques like FTIR
and Raman spectroscopy ideal for detailed analysis.
3.7 Differential scanning calorimetry (DSC)

DSC techniques have been instrumental in analyzing MPs in ID
and OD air pollution. Studies have utilized DSC to characterize
the thermal properties of MPs, aiding in their identication and
understanding of their behavior in different environments.
Perera et al. (2024)54 highlighted the dominance of polyethylene
terephthalate and polyester MPs IDs, potentially originating
from textile bers. Jenner et al. (2015)68 emphasized the abun-
dance of nylon and polypropylene MPs in OD air, with prevalent
small fragment sizes. Wright and Borm (2018)55 discussed the
importance of DSC in assessing the bio-persistence and toxicity
of MPs, which is crucial for understanding health risks.
Kacprzak and Tijing (2022)58 underscored the need for advanced
testing methods, like DSC, to evaluate the impact of airborne
MPs on human health and the environment. Overall, DSC
techniques play a vital role in characterizing MPs in air pollu-
tion, offering valuable insights into their composition and
potential risks.54,58,68
© 2024 The Author(s). Published by the Royal Society of Chemistry
DSC aids in determining the melting temperatures and
crystallinity of polymers. This further identies different types
of plastics, which help characterize the thermal behavior of
polymers. In addition, this includes the presence of additives
and degradation products. Importantly, it is not challenging to
analyze complex mixtures of different types of MPs without
prior separation and also requires well-prepared homogeneous
samples for accurate results. The provided image illustrates the
heat ow (W g−1) versus temperature (°C) for various polymers
(PP, PE, PET, PA, PS, PVC) at different particle sizes (15–100
mm), revealing critical insights into their thermal properties. For
PP, the larger 100 mm particles exhibit a higher enthalpy change
(DHm) and melting point (Tm), indicating superior thermal
stability compared to the 25 mm particles. PE shows minimal
differences in thermal properties between the 15 mm and 100
mm sizes. In contrast, PET displays lower DHm for 100 mm
particles, suggesting decreased crystallinity relative to 15 mm
particles. PA and PVC maintain consistent thermal properties
across different sizes, while PS demonstrates complex thermal
behavior with multiple glass transition temperatures (Tg) at 100
mm. Overall, larger particle sizes in PP and PE are advantageous
for thermal stability, whereas PET shows reduced crystallinity at
larger sizes, and PA and PVC are stable across sizes. PS's
complexity at larger sizes warrants further investigation. Fig. 14
displays different plastics' DSC results from the literature.
3.8 N2-Brunauer–Emmett–Teller surface analysis (BET)

The BET technique has been used for analyzing MPs in air
pollution. Studies have utilized this method to determine the
surface area, concentration and characteristics of MPs,
Environ. Sci.: Atmos., 2024, 4, 1331–1351 | 1347
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providing valuable insights into their presence and distribu-
tion.68 By combining BET analysis with other techniques like
uorescence microscopy, RMS, and SEM, researchers have
Fig. 14 DSC results of PP, PE, PET, PA, PS, and PVC (License: Under Cre

1348 | Environ. Sci.: Atmos., 2024, 4, 1331–1351
efficiently characterized inhalable airborne microplastics
(AMPs) in ambient PM10 aerosols, shedding light on their
physicochemical properties and sources.53 Furthermore, the
ative Commons CC-BY).51

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The comparative analysis of different characterization techniques for MPs

Technique Major positives Major negatives References

FTIR Identies chemical bonds and functional
groups in MPs

Limited to surface analysis 69

Non-destructive Difficulty in detecting additives and minor components
Can analyze solid, liquid, and gaseous MP
samples

Requires extensive sample preparation

Raman
spectroscopy

Provides molecular ngerprint Fluorescence interference 70
Minimal sample preparation High cost of equipment
Non-destructive and effective for opaque
samples

Lower sensitivity for specic polymers

XRD Determines the crystalline structure of MPs Limited to crystalline materials 60
Quantitative phase analysis Requires a relatively large sample size
Non-destructive Inability to analyze amorphous polymers effectively

SEM-EDS Provides detailed morphology and topography
of MPs

Sample preparation may alter MPs 63

Elemental analysis of the sample Destructive
High resolution Vacuum requirements may affect some samples

GC-MS Identies and quanties organic compounds Destructive 64
High sensitivity and specicity Requires extensive sample preparation
Effective for additive analysis Expensive and time-consuming

PSA Determines particle size distribution Limited information on particle composition 55
Fast and relatively simple
Non-destructive It cannot differentiate between different types of MPs. Requires

dispersing agents
DSC Measures thermal properties and transitions of

MPs
Destructive. Limited to thermal analysis 42 and 67

Identies polymer types by melting points Requires calibration and standard samples
BET Measures surface area and porosity Destructive. Requires outgassing of samples 33 and 38

Provides information on the adsorption
properties of MPs

Limited to dry samples
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BET technique has enabled the measurement of total particles
in the atmosphere, including MPs, highlighting the abundance
of nylon and polypropylene as the most prevalent polymers in
air samples. These ndings underscore the importance of BET
techniques in understanding atmospheric MPs' prevalence,
distribution, and potential health implications, emphasizing
the need for further research and policy interventions to miti-
gate plastic pollution risks.13

As mentioned in the literature the surface area measurement
provides accurate surface area and porosity information. This
can be useful for understanding the adsorption properties of
MPs by studying the surface roughness and specic surface area
of MP particles.

BET analysis does not provide direct chemical or composi-
tional information about MPs and requires dry and adequately
prepared samples. These may not always effectively represent
MPs found in environmental samples. The characterization of
MPs choosing appropriate analytical techniques depends on
the specic requirements of the study. This includes the type of
MP, their sources, and their environmental context (ID vs. OD).
Each technique offers valuable insights. However, it also has
limitations that must be considered in the holistic analysis of
MPs in air pollution. Table 3 demonstrates the comparative
analysis of different characterization techniques for MPs.

MPs in the <1 mm to 1 mm size range are small and complex
in composition. Several advanced techniques, such as RSA,
FTIR, SEM-EDS, and GC-MS, are recommended to characterize
© 2024 The Author(s). Published by the Royal Society of Chemistry
these tiny particles. 1 mm to 5 mm size MPs are easier to handle
and analyze with XRD and PSA techniques that allow for
detailed structural and compositional characterization.
Combined, these methods offer a thorough understanding of
MPs' distribution, composition, and structure, enabling
improved comprehension and control of their environmental
inuence.
4 Conclusions

MP sampling in ID and ambient air has been summarized in
this study. The emerging contaminant MPs were sampled
through active and passive sampling methods in ID and
ambient air environments. Qualitative and quantitative analyt-
ical tools were used to characterize the MPs sampled. Signi-
cant conventional analytical techniques such as XRD, FTIR,
BET, DSC, GCMS, SEM-EDS, RSA, and PSA were discussed in the
literature. A concise summary of sampling tools and analytical
characterization techniques reported in Asian countries has
been provided.

Furthermore, national and international regulatory author-
ities actively strive to establish denitive permissible thresholds
or crucial concentrations of MPs in ID and OD air. The
increasing presence of research organizations and publications
highlights the pressing nature of such guidelines. While MPs
are technically classied under the particulate matter (PM)
pollutant group, their distinct characteristics and potential
Environ. Sci.: Atmos., 2024, 4, 1331–1351 | 1349
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implications necessitate heightened scrutiny within pollution
management. The research underscores the immediate neces-
sity for action, standardized procedures, and stringent regula-
tions to effectively confront the challenges posed by MP
pollution and safeguard public health and ecosystems.
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