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Abstract

Microplastics (MPs) defined as polymeric particles between 1um and Smm in size,
have been reported in every environmental compartment (air, water, sediments). Their
small size facilitates transport and ingestion by animals and humans, and raises

environmental and climate concerns.

Since atmospheric MPs were first reported in 2015 research has grown rapidly, but
significant knowledge gaps remain regarding their extent, transport and impacts.
Inconsistent sampling and analytical methods limit comparison between studies,

particularly between remote and urban environments.

This thesis addresses these gaps by evaluating active atmospheric sampling
parameters, comparing remote and urban environments, and investigating long-
range transport. For the first time, the influence of sampling duration and pumping
rate on MP measurements is assessed. Results show that sampling parameters affect
MP concentrations, particle size distribution and morphologies, but not polymer
composition. Increasing sampled air volume did not proportionally increase MP
concentrations (MP/m?), while shorter sampling durations and lower pumping rates
enhanced particle collection efficiency. Practical recommendations are provided to

guide future atmospheric sampling strategies.

Atmospheric MPs were characterised in suspended and deposited atmospheric
particles in the Artic region for the first time (Svalbard, Norway). The atmospheric
MP content of the urban environment is also examined (Glasgow, Scotland). MPs were
identified in all samples. In both locations, the majority of particles were below <20um
(~70%). Dispersion modelling indicates long-distance transport from the North
Atlantic and continental Europe, highlighting marine-atmospheric and transboundary
pathways. Urban concentrations were several orders of magnitude higher and included

more fibres, consistent with textile sources. Acrylic, Polysulfone, and



Polyethersulfone were common polymers in both locations, indicating industrial and

textile sources.

Overall this thesis that demonstrates that MP are ubiquitous in both remote and urban
environments. Modelling confirms the significance of long-range and marine-
atmospheric pathways and highlights the need for improving detection limits and the
need for harmonised methods to report on polymer composition and particle

characteristics.



Chapter 1. Introduction

1.1 Introduction to Atmospheric Microplastics and Research Focus

The term microplastic (MP) was first used in 2004 from a study examining marine
water samples (Thomson et al., 2004). Since then, MPs have been reported in all
environmental compartments (air, water, sediments, and biota) (Ali et al., 2021), from
remote mountain catchments (Allen et al., 2019; Guo et al.,2024) and the Antarctic
(Aves et al., 2022, Illuminati et al., 2024) to urban megacities (Li et al., 2020; Liu et
al.,, 2019b; Jung et al., 2024; Jia et al., 2024). Understanding the extent of MP
pollution, both in terms of its global distribution and concentration, and its impact on
our ecosystems and human health, is one of the biggest environmental concerns of this

generation and is an ongoing research challenge.

MPs can be defined as “any synthetic solid particle or polymeric matrix, with regular
or irregular shape and within a size range from lum to Smm, of either primary or
secondary manufacturing origin, which are insoluble in water” (Frias and Nash, 2019:
p.146). Primary MPs are plastics that are deliberately manufactured to be in MP form
—e.g. for use in manufacturing or ‘microbeads’ (Jemec Kokalj et al., 2019). Secondary
MPs are formed by the weathering and degradation of larger plastics or macroplastics
(Zhang et al., 2020a). MPs are easily ingested by a wide range of animal species; can
cause a range of issues including starvation and choking; and have been reported to be
endocrine disruptors (Akdogan and Guven, 2019). MPs have been increasingly
reported in the human body, most recently in human lung tissue (Jenner et al., 2022),
brain tissue (Nihart et al., 2025) and blood (Leslie et al., 2022), emphasising the
importance of understanding more about this inhalable pollutant. Given their small
size they can easily be transported throughout the body and there is potential for further
exposure to chemical additives used in their manufacture. Further to this, as MPs have
a hydrophobic surface, it is thought MPs can absorb other organic contaminants and
heavy metals, and act as vectors for these pollutants, which can cause further adverse

effects to humans and animals (Wright and Kelly, 2017).



Atmospheric MP particulates were first reported in 2015 (Dris et al., 2016) and since
then the field of research has increased rapidly (Zhang et al., 2020a). MPs are thought
to be dispersed via atmospheric processes such as wind, precipitation and snow (Yao
et al., 2022). Other weather parameters such as humidity and temperature may also
impact MP transport (Nafea et al., 2024), but there is still a lack of consensus on the
effects of weather parameters on MP dispersion and deposition (Liu et al., 2025).
Despite this increase in research, large knowledge gaps exist in relation to their main
sources, transport, and global extent. MP pollution is known to be transported between
different environmental compartments via the ‘Plastic Cycle’ (Horton and Dixon,
2018). This refers to the transport and retention of MPs across environmental
compartments, whereby particles can migrate between systems and accumulate in
areas far from their original source. Due to the small particle size, atmospheric MP
pollution is thought to be capable of covering large distances, over thousands of
kilometres (Allen et al., 2021). MPs are thought to travel faster and further in the
atmospheric compartment compared to other environmental matrices (Zhang et al.,
2020a). This rapid and distal transport is concerning due to its potential to pollute
environments and cause adverse effects in areas far from its original source. For
example, MP contamination found on ice caps — far from their origin — can absorb
light, reduce the albedo effect and accelerate the melting of polar ice (Revell et al.,
2021). Given the associated risks of environmental toxicity and climate implications,
the ability of MPs to be transported from urban areas with increased human activity
and pollution, to remote areas is of increased interest. This is especially true in relation
to fragile and unique ecosystems such as the Arctic. Scientific knowledge and the
understanding of atmospheric MP transport is, however, in its infancy, requiring
research to quantify the presence of atmospheric MPs in remote and urban areas and

understand the potential long-range transport mechanisms.

The science is also evolving in relation to effective measurement and analysis of
atmospheric MPs. There is demand within the field for the development of consistent
methodologies to report concentrations accurately and facilitate comparison. Due to

the variety of methods used, direct comparison of MP concentrations between studies



with different environmental characteristics remains challenging. As a result, there is
limited information about how atmospheric MP pollution differs between urban and
remote locations. Due to the transboundary nature of this pollutant, understanding
these differences and possible transport mechanisms is crucial in adding to the
knowledge on the global extent of this pollutant and how it could be impacting

different environments.
To address these challenges, this thesis has the following aim:

Box 1.1 Overarching Thesis Research Aim

To improve understanding of atmospheric MP pollution by assessing their
measurement, comparing their presence in remote and urban environments

and exploring potential long-range transport pathways.

1.2 Research Questions

To achieve the stated aim, this thesis addresses four research questions (RQs), each
with specific objectives, that focus on the methods used in the field to measure
atmospheric MP pollution, variances of atmospheric MP pollution between remote and

urban environments, and its global transport:

RQ() How do the parameters used in active atmospheric microplastic (MP)
sampling influence measured particle concentrations relative to environmental

conditions?

e To determine the appropriate pumping rate for optimal filter collection under
field conditions.

e To establish the optimum duration for sampling intervals relative to field
conditions.

e To evaluate the influence of pumping rate and sampling duration on the type
of MP particles collected (polymer composition, shape (fragment/fibre) and

size).



RQ(2) What are the concentrations and main characteristics (polymer
composition, particle concentration, shape, and size) of atmospheric MPs in
remote locations (using a case study of Svalbard, Norway), and how do these

relate to weather conditions and potential transport pathways?

e To quantify the atmospheric MP content in the Svalbard planetary boundary
layer (the lowest portion of the atmosphere), considering both suspended and
deposited particulates.

e To characterise atmospheric MP pollution at this remote location in terms of
particle size, shape, and polymer composition.

e To investigate the relationship between MP concentrations and weather
parameters.

e To compare the characteristics of deposited versus suspended MP particulates.

e To identify the main transport pathways for atmospheric MP pollution at this

remote location.

RQ@3) What are the concentrations and main characteristics (polymer
composition, particle concentration, shape, and size) of atmospheric MPs in
urban locations (based on a case study of Glasgow, Scotland), and how do these

relate to weather conditions and potential transport pathways?

e To quantify the atmospheric MP content in the planetary boundary layer in
Glasgow.

e To characterise atmospheric MP pollution at this urban location in terms of
particle shape, size, and polymer composition.

e To investigate the relationship between MP concentration and weather
parameters.

e To investigate the relationship between MP concentration and local air

pollution.



e To identify the main transport pathways for atmospheric MP pollution at this
urban location and examine the role of particle characteristics in atmospheric

transport.

RQ(4) How do atmospheric MP concentrations, characteristics (polymer
composition, particle concentration, shape, and size), transport pathways, and
relationships with weather conditions differ between urban and remote

environments?

e To compare the concentration of atmospheric MPs found in remote and urban
locations.

e To compare the characteristics (polymer composition, particle concentration,
shape and size) between remote and urban locations.

e To compare the respective relationships between atmospheric MP pollution
and weather parameters between remote and urban locations.

e To compare the transport pathways of atmospheric MP pollution from urban

and remote locations.

1.3 Thesis Structure

The thesis has been constructed through the following Chapters:
Chapter 2: Literature Review

The literature review gives an in-depth context of atmospheric MPs and the current
state of research knowledge. This includes the current state of science on its
measurement and methodologies, transport, and its risks to our environment, human
health and climate. It also identifies the current research gaps and need for further
research. In Appendix I there is a tabulated summary of the atmospheric MP studies
published up to 22" November 2024 and their respective methods and findings.



Chapter 3: Overview of Methods

This chapter gives an overview of the methods used within this thesis. This includes
the methods used to collect, analyse and report on atmospheric MPs in remote and
urban environments. Measures to minimise contamination are also explained which is
an important aspect of quality control in MP research. In Appendix II there is a draft
of a peer-reviewed paper comparing the various analytical methods used to analyse

MP, which the candidate co-wrote in addition to this thesis.

Chapter 4: Examination of the Effect of Sampling Volume and Pumping Rate
on Atmospheric Microplastic Particle Concentration and Representation

This chapter addresses RQ1 by examining the parameters used for active sampling of
atmospheric MPs and their effect on the concentration and representativeness of the
resulting sample. No technical guidance exists to date on how to adjust active sampling
parameters to suit the research aim or research environment. To address this, a field
experiment was designed to test various sampling volumes and pumping rates over the
same time period, to assess their relative importance in terms of particle concentrations

and representation in the same environment.

Chapter 5: Examination of the presence of atmospheric microplastics in the
remote environment: Svalbard, Norway

Chapter 5 addresses RQ2 by examining atmospheric MP in both suspended and
deposited particulates in the Arctic region. A 28-day field campaign with both active
(suspended) and passive (deposited) measurements was conducted and the results are
compared with local weather data to observe potential relationships. Dispersion
modelling was used to observe potential atmospheric transport of MPs to this remote

location.



Chapter 6: Examination of the presence of atmospheric microplastics in the
urban environment: Glasgow, Scotland

RQ3 is addressed in Chapter 6 that presents an examination of suspended atmospheric
MPs in the urban environment from a field study in Glasgow, Scotland. A 28-day field
campaign of active measurements was conducted and the results are compared with
local weather data and air pollution data to observe potential relationships. Particle
modelling was used to observe potential transport and pathways of atmospheric MP
pollution at this urban location. The effect of particle characteristics (polymer density

and size) on the transport mechanisms of atmospheric MP are also examined.

Chapter 7: Discussion of findings, limitations and recommendations for future
research

This chapter summarises the results presented and compares the presence of
atmospheric MP pollution in remote and urban regions. This includes the differences
in particle characteristics (size, shape, polymer composition), concentrations, and
possible transport at both locations. The aims and objectives of this thesis are re-stated

and answers presented, before recommendations for future research are explored.

Chapter 8: Conclusion
The final chapter addresses the answers to the research questions (RQ1-4) and the
objectives of the thesis. It presents the key findings and recommendations for future

work.



Chapter 2. Literature Review

This literature review explores the emergence of MPs research as an environmental
concern; their sources and transport; the challenges facing their collection, treatment
and measurement; risks to environmental and public health; policies for mitigation;

and recommendations for future research and policy.

2.1 Microplastics and Atmospheric Microplastics
2.1.1 Emergence of Microplastics as an Environmental Concern

The plastic problem was originally documented on a larger size scale with research on
macroplastics (>5mm) on beaches and in the digestive systems of marine animals
(Schmid et al., 2021). But due to a study by Thomson and colleagues in 2004 where
MPs were first reported, attention has become increasingly focused on MPs in the
literature, but also public attention, and policy (Catarino et al., 2021). A MP is defined
as any polymeric particle between Smm and 1pm in size (Frias and Nash, 2019), and
the term was first used to document the extent of plastic pollution from sea water and
sediment samples taken from the northeast of Scotland to Iceland (Thomson et al.,
2004). Since then, it has been reported in every environmental compartment, in urban
and remote environments in locations all over the world (Hasan Anik et al., 2021). Due
to the impact of MP pollution on ecosystems, human health, and climate processes (see
Chapter 2.4), and due to its fast-travelling and transboundary nature (see Chapter
2.2), this emerging pollutant that is deserving of the growth in research and public, and

policy attention.

So far, a significant amount of research focus in MPs is concentrated on marine
systems. As much as 96% of MP research is focused in this area (Xu et al., 2020a). It
was originally thought that all plastic originated on land and this was transported to
the marine environment where it remained (Thomson et al., 2004). However, in recent

years there has been a growth in studies reporting MP concentrations in other
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environmental matrices, such as snow, soil, terrestrial biota, and the atmosphere; and
the rate of publications on MP has increased significantly (Allen et al., 2022; Figure
2.1).
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Figure 2. 1 A) Bar graph showing distribution of MP publications across research topics
from studies published up to 31/12/2021 (Allen et al., 2022) (B) Line graph showing MP
research topic trends from 2011-2021 (Allen et al., 2022)

As the field has developed, one of the main themes of MP research appears to be the
‘race to the bottom’, to observe and quantify the smallest sizes of MP present in the
environment (Dong et al., 2023). This is due to the consideration that the majority of
studies have reported that as particle size decreases, there is an increase in the number
of MP particles identified. Reporting on MP concentrations with the inclusion of the
smallest fraction, is important to report accurate quantifications, but also due to their
small size, particles <10-20um are more of a concern due to their efficient transport,
and environmental and human health consequences (Ziani et al., 2023; Xu et al., 2024).
Another theme of MP research is lack of standardisation in terms of methodology and
reporting (Pérez-Guevara et al., 2022; see also Chapter 2.3). However, this lack of
harmony in scientific reporting and communication, should not prevent more MP
research taking place. Although there are still large knowledge gaps in MP research
and its impact, the precautionary principle should be applied, and research should
continue to examine and report on this pollutant. With global plastic production
estimated to increase to 12,000Mt by 2050 (Geyer et al., 2017), and as waste continues
to be mismanaged, MP pollution will become an increasing concern as more is learned

about this pollutant. Therefore, research and resources are needed in this area. The
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mainstream media has been increasingly reporting on this issue (see Figure 2.2), and
it appears to have gathered policy attention (see Chapter 2.5), so research on this topic

is both warranted and in demand.
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Figure 2. 2 (A) Newspaper Article from British Newspaper, ‘The Guardian’ (Mains, 2024);
(B) Newspaper from U.S Newspaper, ‘The New York Times’, published same year as
thesis, showing media attention to MP pollution (Sloat, 2024)

This thesis focuses on MP pollution in the atmospheric compartment, how it is
measured, and how it can differ from remote to urban locations. The following sections
provide some context on the methods used to study this pollutant and its wider

transport and environmental and human health implications.

2.1.2 Atmospheric Microplastics as an Emerging Field

The potential threat of atmospheric MP pollution is often overlooked (Wright et al.,
2020), but there has been an increase in published papers in this field in recent years
(Zhang et al., 2020a). However, there are still large gaps in the knowledge surrounding
atmospheric MPs, this section will cover the research that has been conducted so far

and highlight these gaps.

The first known atmospheric MP study was published by Dris and colleagues in 2016
reporting atmospheric deposition of MP in Paris, France (Dris et al., 2016). Since then,
there have been studies conducted all over the world including cities such as Beijing
(Li et al., 2020), London (Wright et al., 2020) and Mexico City (Shruti et al., 2022a),

and remote locations such as Antarctica (Aves et al., 2022), the Pyrenees (Allen et al.,
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2019), and the Himalayas (Ankit et al., 2024). These studies often report MP presence
in all or the majority of samples, and studies to date have demonstrated that these MP
particles can travel longer distances in the atmospheric compartment (Allen et al.,
2022) than other matrices. Appendix I contains a table which summarises the
atmospheric MP studies published up until the 22" of November 2024, and highlights
the location, type of environment (urban/remote), and main methodologies used for

sample collection and analysis.

Currently, despite an increase in atmospheric MP studies, there are still large
knowledge gaps in relation to the sources, transport dynamics, and environmental
impacts of MP (Peterson & Hubbart, 2021). Also, one of the main threads of contention
throughout atmospheric MP studies is the lack of standardisation in methodology in
atmospheric MP analysis, the lack of harmony when reporting concentrations and the
difficulty in analysing MPs (Zhang et al., 2020a). This is due to the type of equipment
needed to analyse MP samples, and also the different types of samples that can be

collected (see Chapter 2.3).

However, there are some consistencies across the research. Firstly, as particle size
decreases, there is an increase in the number of particles found which is consistent
with all MP research (Ding et al., 2021, Jenner et 1., 2022, Allen et al., 2019; Fan et al.,
2022); larger particles tend to be found in indoor air compared to outdoor air (Dris et
al., 2017; Gaston et al. 2020; Choi et al., 2022); and most studies report MP in the
majority, if not all samples (Wright et al., 2020; Chen et al., 2023; Sharaf Din, et al.,
2024). This highlights that MP pollution in the atmosphere is extensive, that the size
limit of the study can influence the number of particles reported, and that the
environment in which the sample is taken can influence the size of particulates found.
The following sections will cover the main aspects of atmospheric MP research
including sources and transport, MP measurement, and the wider impact of this

pollutant and current policy.
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2.2 Atmospheric Microplastic Sources and Transport Mechanisms

2.2.1 Sources of Microplastics — Primary and Secondary Microplastics

MPs can be deliberately manufactured to be micro in size (<Imm), for example
industrial applications or ‘microbeads’ often found in personal care products (Jemec
Kokalj et al., 2019) and are referred to as ‘primary’ MPs. They are also formed by the
degradation of larger plastic items and are referred to as ‘secondary’ MPs. These
sources include the degradation of synthetic textiles, the breakdown of plastic via
abrasive processes such as waste management and recycling, and the breakdown of
marine plastic debris (GESAMP, 2016, in Zhang et al., 2020a); erosion of tyres,
artificial turfs and mulching (Huang et al., 2020a); and the transport of particles from
sewage sludge (Wang et al 2021). Both sources of MPs can find their way into our

terrestrial, marine and atmospheric ecosystems due to their small size.

It is thought that MP particles enter the atmosphere via a plethora of avenues. To date
the literature has cited multiple sources — textile production and the degradation of
synthetic textile fibres (Dris et al., 2017; Gong and Xie, 2020; Wang et al., 2020a),
clothes drying, plastic packaging (Liu et al., 2019a; Wang et al., 2020), recycling and
waste management activities (Abbasi et al., 2019; Dehghani et al., 2017; Dris et al.,
2016), and landfill leakage (Thinh et al., 2020a; Xu et al., 2020a). It is also known
that the following activities cause MP pollution in aquatic systems but their
contribution to atmospheric pollution is not yet known — for example wastewater
treatment plants (Dris et al., 2016; Liu et al., 2019b), agricultural activities such as the
use of sewage sludge (Mahon et al., 2017; Zhang et al., 2020a), plastic films and
mulching (Huang et al., 2020a; Liu et al., 2019b), and finally the wear and tear of
rubber tires, artificial turfs and road paints (Xu et al., 2020a). Therefore there is no
doubt that human activity can be directly linked with the increase in atmospheric MP
concentrations. Wang and colleagues (2024b) found a correlation with the air quality
index in South Korea and the abundance of atmospheric MPs in total (TSP), and the

PM,o, and PM; 5, size fractions. Furthermore, Beaurepaire et al. (2024) found when
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comparing pre- and post-lockdown atmospheric deposition in Paris, MP
concentrations were significantly lower during the lockdown, highlighting the

contribution of human activity to atmospheric MP pollution.

Source appointment of MPs is a complicated task and given that there is no openly
available ingredient list for the production of polymers, tracking the origins of this
pollution can be difficult. To date, studies have focused on conducting field sampling,
and then making assumptions on possible sources based on based on morphology and
polymer composition of the particles. For example, Kannankai and Devipriya (2024),
who sampled urban locations in Kochi, India and used back trajectory modelling which
indicated that the municipal landfill could be a major source of the atmospheric MP
pollution there, and that this deposition could extend to the Arabian Sea with
atmospheric transport (Kannankai and Devirpiya, 2024). To give more indication of
what is being transported from the landfill itself, the study could have used an
additional sampling site close to the landfill and compared this to their original
location. Furthermore, due to the limitations of the back-trajectory models used, it was
only possible to gain straight line wind parcels. There is not enough time within in the
trajectories to deal with significant changes in wind direction or speed. As a result, the
air mass paths are simplified and approximate rather than realistic representations of
how air parcels move. Therefore, while these models are helpful at estimating where

pollution could be originating, they cannot give a full picture of source appointment.

Some studies have carried out source monitoring, such as a study by Thinh and
colleagues, which monitored atmospheric deposition at a landfill site in Ho Cho Minh
city (Thinh et al., 2020). However, only deposition was measured and the limit of
detection (LOD; the smallest particle identified as a polymer) was <100um. This
means the suspended particulates have not been measured, and the smaller MP size
fraction is not known, therefore the MP concentration for this landfill site could be
much higher. Brown and colleagues (2023) examined the MP pollution from wash
water from mechanical recycling processes at a plastics recycling facility (PRF) and

took atmospheric deposition samples from within the facility while the samples were

15



being collected. Their results showed high levels of atmospheric MP in the facility,
with >61% of deposited particles being <10um (Brown et al., 2023), which as
highlighted above, may have more environmental and human health implications, and
longer-range environmental transport. This study highlights the need for more research
on MP pollution from recycling facilities and its contribution to atmospheric MP

content.

A common approach to allocating the main sources of MPs is using computer models.
The accuracy of computer models is also dependent on the use of correct assumptions,
which can be subject to human bias, and models are only as valuable as the inputs and

variables that are used. These models are discussed further in Chapter 2.2.2.

2.2.2 Microplastic Transport — The ‘Plastic Cycle’

MP contamination has been reported as ubiquitous in all environmental compartments
(Patil et al., 2021). These compartments are usually considered separately but due to
the multiple transport pathways of MPs, they are interconnected (Horton and Dixon,
2018). The term ‘Plastic Cycle’ was introduced by Horton and Dixon (2018) and
describes the processes that control the movement and retention of MPs between the
many different environments affected by MP pollution (Horton and Dixon, 2018). As
can be observed in Figure 2.3, MP sources (in grey) are assumed to originate on land;
however this diagram is missing marine plastic from fishing and tourism (Shahul
Hamid et al., 2018), which can be transported (in blue) to different sinks (in orange))
in the form of freshwater sediments, river waters and eventually marine waters (Horton

and Dixon, 2018.
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Figure 2. 3 Visual Representation of the ‘Plastic Cycle’ (Horton and Dixon, 2018)

In Figure 2.3, Horton and Dixon (2018) have omitted atmospheric MP as they cannot
be attributed to a terrestrial or aquatic environmental compartment and their transport
is unclear. However, although exact source appointment is difficult and there is not a
great deal of consensus of the transport processes and conditions that influence
atmospheric MP pollution (see previous sections), the addition of atmospheric
transport is important to understand the extent of MP pollution across all
environmental compartments. How these processes and mechanisms interact requires
research attention and examining where atmospheric MP fits into the ‘Plastics Cycle’
is vital to understanding the importance of this new field of research. By examining
the atmospheric MP content of urban and remote locations, and using particle
modelling to observe their transport, this study hopes to contribute to the

understanding of the atmospheric compartment of the ‘Plastic Cycle’.

2.2.3 Atmospheric transport - mechanisms of transport, atmospheric dispersion and
deposition

The movement of MPs in the atmosphere, like other atmospheric pollutants, is

considered to be due to transport mechanisms called dispersion and deposition.

17



Dispersion is the process in which pollutants are spread due to local turbulence
(Martina & Trini Castelli 2023). Deposition processes are precipitation, scavenging,
and sedimentation. Particles are removed from the atmosphere by wet scavenging
(snow, rain) or dry scavenging (particles settling from the atmosphere and depositing
onto surfaces), which causes the vertical transport of pollutants toward the ground
(Samson, 1988), including MPs (Nafea et al., 2024). Deposition is sometimes split into
dry deposition and wet deposition. Dry deposition is when deposition happens during
dry weather (non-precipitation events) and causes particles to settle slowly, with larger
particles depositing faster (Giardina, M., & Buffa2018). Wet deposition occurs when
there is precipitation (snow or rain) (Wu et al., 2017). It was originally thought that
processes such as precipitation could increase deposition of particles, but studies have
found both positive (Winijku et al., 2024; Jia et al., 2022; Wang et al., 2022 ; Wright
et al., 2020a; Liu et al., 2019a) and negative (Szewc et al., 2021; Truong et al., 2021
Allen et al., 2019a,) correlations with deposition and precipitation. The effect of other
weather parameters such as humidity and temperature have also been considered to
impact MP transport (Nafea et al., 2024), and have been suggested to have negative
(Chen et al., 2024, Zhang et al., 2023a) and positive (Klein et al., 2023, Jai et al., 2022)
correlations with MP deposition. Therefore, more studies are needed to examine

unique weather events.

The main known mechanism for atmospheric MPs transport is wind, which can
transport particles laterally and vertically (Liu et al., 2019b). Vertical convection
currents can transport particles to higher altitudes and over large distances, even to
remote regions (Chen et al., 2023. The transport of MP is influenced by the
characteristics of the particle such as size, shape, and density (Huang et al., 2024).
Smaller particles are more easily transported by wind, and larger particles may deposit
more quickly (Ward et al., 2024). Given the variability of this pollutant, and the
multiple factors that can affect its transport, this is an area which still needs more
consistent research to monitor transport over time. Atmospheric MP transport has also
been found to be a source of marine MP pollution (Liu et al., 2020b) and conversely

ocean spray is also said to be a mechanism of transport of MP to the atmosphere (Allen
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et al., 2020a). It is thought that wind transport has the potential to move and deposit
MPs from different terrestrial environments (Mbachu et al., 2020). Given the multiple
pathways by which MPs can be transported, understanding their emission, transport

and deposition is crucial to understand the extent of this pollutant globally.

As mentioned previously, models are often used to examine atmospheric transport of
MPs (Allen et al., 2022);however, they are subject to bias and limitations due to the
inputs and simplifications needed to make the model efficient. In other words, “All
models are wrong, but some are useful” (UNEP, 2016: p.74). Due to the many
parameters used in transport models, they will always have to be a “simplification of
reality” (UNEP, 2016: p.74). The most commonly used models are LPDMs
(Lagrangian Particle Dispersion Models) which model the movement of individual
particles by simulating their transport within a moving air mass using their trajectories.
The model then predicts how the particles are affected by wind, turbulence and
settlement via deposition, and also consider other weather parameters such as
temperature and humidity (Brioude et al., 2013). The two most commonly used
LPDMs are FLEXPART (FLEXible PARTicle dispersion model) and HYSPLIT
(Hybrid Single-Particle Lagrangian Integrated Trajectory) which both provide high-

resolution results for understanding particle transport (Nafea et al., 2024).

2.2.3.1 HYSPLIT Back Trajectory Modelling

HYSPLIT was developed by the National Oceanic and Atmospheric Administration
(NOAA) Air Resources Laboratory (NOAA, 2024a) and has been used in atmospheric
MP research to compute backward air parcel trajectories to model MP transport and to
track potential source appointment (Zhang et al., 2020a). The model uses
meteorological data to track how individual particles may be transported by wind
processes (Luo et al., 2022) and can provide detailed atmospheric dispersion modelling
of MP transport over large distances (Nafea et al., 2024). The meteorological data is
uploaded in gridded meteorological fields from weather prediction models (e.g. the

National Oceanic and Atmospheric Administration (NOAA) or reanalysis data from
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the Global Data Assimilation System (GDAS)), which allows the model to move and
disperse particles through wind and turbulence, and remove them through processes
like rain using a Langranian (stochastic) framework. This results in a simulation of
how particles may be transported in the atmosphere (Draxler et al., 2025). It has been
used in studies to suggest where concentrations of atmospheric MPs may have
originated by estimating linear trajectories of MPs at sampling locations (Nafea et al.,
24; Li et al., 2023; Kannankai and Devirpiya, 2024; Abbasi et al., 2022; Wang et al.,
2020); Trainic et al., 2020). Although the model may not be able to include interactions
between atmospheric chemistry and complex terrain (NOAA, 2024b), and its use can
sometimes involve oversimplifications of parameters, it can provide suggestions on
potential sources and the movement of particles in the atmosphere, where empirical
data is lacking. For example, it has been used to understand the differences in transport
between MP and smaller nanoplastic (NP) particles (see Figure 2.4). The modelling
in the study found that NP particles could be transported further distances and had the
potential to remain suspended in the atmosphere for up to 7 days (Allen et al., 2022).
Another study using the HYSPLIT model found that fibres are deposited over a larger
area compared to other particle shapes, and that particle shape should also be included
as a parameter when using the model (Ward et al., 2024). The ease in which the model
can be set up and operated (Stein et al., 2015) can also ensure that particle modelling

1s more accessible and replicable for other studies.
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Fig. 4. Visualisation of particles at or below 10m a.g.1. during the backward trajectory particle modelling.

Figure 2. 4 Figure from Allen et al., (2022) study using HYSPLIT to model global
atmospheric transport of MP and NP at 10m above ground level (Allen et al., 2022)

2.2.3.2 FLEXPART Back Trajectory Modelling

Another Lagrangian particle model commonly used is FLEXPART, and it again uses
meteorological data and simulates the long-range transport of individual particles
(Nafea et al., 2024) using a stochastic approach, and incorporating turbulence and
mixing processes. This model can incorporate more detail compared to HYSPLIT as
it simulates turbulent air motions using stochastic equations, which may represent
vertical and horizontal transport more accurately (Evangeliou et al., 2022). HYSPLIT
can use backward and forward simulations for source appointment and to examine
transport. Evangeliou et al. (2020) used the FLEXPART model to simulate transport
of MPs from road traffic, mainly tyre wear particles and brake wear particles

(Evangeliou et al., 2020; see Figure 2.5).
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Figure 2. 5 Figure from Evangeliou et al (2020) study modelling TWP and BWP transport
in the atmosphere using FLEXPART model; both wet and dry deposition for both types of
MP particulates are displayed using data from 2014 and with the assistance of GAINS

model (Greenhouse gas-Air pollution Interactions and Synergies) (Evangeliou et al.,
2020)

Although data on tyre and brake wear particles was only available for Northern
Europe, they did try to extrapolate the data and adjust for regional differences in
vehicle use and emissions. Adjusting for regional variations and acknowledging
differences in anthropogenic activities between different countries has allowed for a
more accurate representation for the pollution and transport of atmospheric MPs.
This study also suggested that MP from road traffic has high transport efficiencies
and remote regions like the Arctic may receive a high proportion of this particulate
matter, where it may cause accelerated warming of the cryosphere (Evangelou et al.,
2020). This demonstrates the utility of the model when parameters are not over-

simplified.

In a step further to this, in 2024 Evangeliou and colleagues, also studied the
atmospheric MP resuspension from Bare Soil Regions which represent large sources
of dust aerosols. Using an estimate of resuspensions, and the inclusion of two particle
shapes — fibre and sphere; and by utilising a technique that varies input data

(Evangeliou et al., 2024), it was possible for the study to create a more accurate
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representation of MP particle resuspension and dispersion. The FLEXPART model
indicated that fibres have higher concentrations in the atmosphere and are dispersed
more widely than spheres (Evangeliou et al., 2024). This is consistent with Tatsii et
al. (2023) which coupled novel laboratory experiments to investigate the
gravitational settling of MP fibres and utilised FLEXPART to track their transport
using this information. This study found that the settling velocities of fibres were
76% lower than spheres, and that this significantly increases the vertical and
horizontal transport of fibres. This can result in the fibres reaching more remote
regions of the globe, such as the Arctic, and their settling velocities results in
transport higher into the stratosphere. Here, MP degradation by ultraviolet radiation
could release chlorine and bromine and cause damage to this layer of the ozone
(Tatsii et al., 2024). Bucci et al., (2024) used FLEXPART to investigate the ocean as
a source of atmospheric MP pollution and found that models to date have
underestimated MP concentrations. This study used a global oceanic model which
utilised a size distribution estimate for MPs and a sea salt emission scheme, then
used FLEXPART to model their transport. The model showed that MP particles can
be transported swiftly across the globe and that they can remain in the stratosphere
for months, consistent with Tatsii and colleagues (2023) findings. The ocean was
confirmed as a source of atmospheric MP pollution, which is consistent with Trainic
et al. (2020)’s similar study which used HY SPLIT. This highlights that both
HYSPLIT and FLEXPART have indicated that marine MP transport to the
atmosphere is crucial. The study by Tatsii et al. (2023) also demonstrated that by
utilising more data variability, and complementing particle modelling with other
datasets and models, can provide a more detailed picture of atmospheric MP
transport. Although FLEXPART can provide a thorough investigation into
atmospheric MP transport, it is more specialist than HYSPLIT and requires more
resources to operate, and is said to not be as efficient for quick dispersion modelling
(Bakels et al., 2024). Therefore, it might not be as accessible for more standardised

particle modelling.
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2.2.3.3 Community Earth System Model

The Community Earth System Model (CESM) has been used to model global
atmospheric MP transport (Brahey et al., 2021). This is a grid-based model, designed
for the modelling of large-scale atmospheric processes and interactions, within a fixed
spatial or temporal resolution (Hurrell et al., 2013). Brahey and colleagues (2021) used
the model to investigate the sources, movement and deposition of MP. However, the
model relied on a set of assumptions that may be considered as over-simplifications.
For example, the assumption that global deposition of MP particles is consistent with
their emission estimate from roadside MP emissions in the United States (Brahey et
al., 2021). This is not consistent with the literature, which despite the lack of
standardised methodology, reports larger variances in atmospheric MP deposition
across regions (see Appendix I). The study also assumed that as MP particle size
decreases, there is a decrease in the number of particles (Brahey et al., 2021), which is
contrary to the majority of results published in the literature (see Chapter 2.1). The
study assumed that all MPs have the same density, which is not reported in the
literature. These assumptions make it difficult to compare the results to the reality of
atmospheric transport of MPs and their source appointment, and to other particle
modelling studies. Although the multiple variables and parameters that are included in
MP modelling are vast, future research should seek to avoid over-generalising data and
assuming that MP pollution is the same globally. It is also true for all models - there is
a general lack of understanding for the settling rates of all MP particles; their change
in static charge in the atmosphere; and how they interact in the atmosphere (Revell et
al., 2021). Therefore, there is space for more research and improvement for these

models and the input data that is used.

Despite the limitations that can be experienced with using models, given the time-
intensive nature of measuring atmospheric MP content, their small size and the large
distances they can cover, computer models can fill in large knowledge gaps that

empirical data cannot cover. Therefore, their accurate use and improvement will
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hopefully answer more questions about atmospheric MP sources and their transport as

the field progresses.

2.3 Methods of Sampling, Pre-Treatment, and Characterisation Techniques

2.3.1 Methods for Sample Collection — Passive and Active Sampling

The methods used for the collection of atmospheric MP samples, have been mostly
adapted from the collection of samples for more traditional air pollutants, such as
particulate matter (PM) and carbon. The simplest method used, is ‘passive’ or
‘deposition’ sampling, which samples deposited particulates. This can be either dry or
wet deposition sampling - , or both can be measured at the same time (bulk deposition).
This involves leaving a vessel — in this case normally made of stainless steel (see
Figure 2.6A) — in the environment, either with some liquid or dry — for set period of
time, to collect particles being deposited from the atmosphere. This can also be in the

form of a funnel, or beaker, or deposition collected via adhesive (see Figure 2.6B),

however the adhesive method is not recommended for atmospheric MP deposition

collection (Knobloch et al., 2024).

Funnel Adhesive Beaker We position /

|

Figure 2. 6 (A) Passive (Left) and Active (Right) Air Sampling Equipment in the Field,
Svalbard, Norway; (B) Different Methods of Passive/Deposition Sampling used in
Atmospheric MP Research (Knobloch et al., 2024)
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The other approach used is ‘active’ or ‘pumped’ sampling (Wright et al., 2019; Azari
et al., 2023), which can take many different forms. In its simplest form, it involves
using a calibrated pump to draw a known volume of air, through a chamber on to a
filter, where the suspended atmospheric particulates can be collected, and later
removed and analysed. More advanced models can use size diffraction to limit larger
particles being collected, and direct deposition (Ashley and Connor, 2017). These
devices also normally have a cover or ‘hat’ to prevent direct atmospheric deposition of
particulates, so just the suspended particulates are collected (see Figure 2.7). Common
devices used in this field include the active air filter sampler (Figure 2.7A); middle
flow air samplers (e.g. Munro Instruments L10B — Figure 2.7B); and a high-volume

air samplers (e.g. TISCH TSP Figure 2.7C). These measure suspended particulates by

drawing the particulates suspended in the atmosphere into the sampler.

Figure 2. 7(A) Active Sampling Equipment in the Field (Active Air Filter Sampler — Left;
‘Nano-tank Sampler - Right’; Svalbard, Norway); (B) Middle Flow Air Sampler (Munro
Instruments, 2024); (C) TISCH High Volume Air Sampler (TISCH, 2024)

Passive deposition sampling is a convenient method for measuring atmospheric
pollutants without expensive devices, power supply, or monitoring. However, both
active and passive methods are recommended to gain samples of deposited and

suspended particulates, and therefore gain a better understanding of the total picture of
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atmospheric MP content (Zhang et al., 2020a). Another method that is utilised is snow
sampling which normally produces a measurement of MP per unit of snow (usually
litres of melted snow), which can make comparison to measurements of air normally

reported as a concentration per metres.

Given the novelty of the field, there has not been significant advancements in the
techniques and methods used to collect atmospheric MP samples. However, there has
been some efforts made to develop the methods used to suit this emerging pollutant.
One area that is still not fully understood, is the parameters used in sampling, and how
they affect the collection of samples. As can be observed from Appendix I, the flow
rate used to control the volume of air sampled, and the sampling duration, are different
from study to study. However, there is no technical guidance on how to adjust these
parameters to suit your study and its research objectives. In traditional air pollution
research, it is known that the volume of air sampled can affect the sample greatly
(Ashley and Connor, 2017), therefore one of the main aims of this thesis is to examine
the efficiencies of different flow rates and sampling durations on MP concentration. It
is hoped this can be used to evaluate, and provide guidance, on how to adjust these
parameters to produce accurate and representative samples. This is covered in Chapter

4.

2.3.2 Methods for Sample Treatment — Digestion and Density Separation

Environmental samples can often contain organic and mineral material which can
make the identification of MP particles more difficult (Song et al., 2015, In: Enyoh et
al., 2019). Due to the delicate nature of MPs and their small size, treatment of samples
to remove organics has to minimise particle damage and particle loss. There are many
common methods used in the literature to do this in an effective manner, for example
digestion using hydrogen peroxide (H20:) usually at =30% concentration; or Fenton’s
reagent (H2O2 and Iron Sulphate (FeSO4)), is popular for the removal of organics
without chemical damage to the polymers (Mbachu et al., 2020). Other solutions of
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H>0; and sulphuric acid (H2SO4) and nitric acid (HNO3), and enzymic digestion have
also been used (Huang et al., 2020b).

If some organic material remains, some studies use a density separation process to
ensure the samples are suitable for further analysis. This involves separating the
different materials by their relative density using a saturated solution. Materials that
are lighter than the supernatant will float to the top, so a solution with a greater
density that MP is needed (Thompson,et al., 2004). This is normally in the form of
zinc chloride or calcium chloride (Huang et al., 2020b; Mbachu et al., 2020). The
separated sample is treated again with H>O» and transferred on to a filter for further
analysis (Enyoh et al., 2019b). This step may not be necessary for samples with low
levels of organic material, and every additional step can introduce opportunities for
MP contamination. Given their environmental matrix, atmospheric samples can
contain less organic material than marine or terrestrial MP samples (Allen et al.,

2020), therefore sample pre-treatment may not always be needed.

2.3.3 Microplastic Characterisation and Quantification — ‘Race to the Bottom’, The
Pursuit of Smaller Particle Identification

There are multiple options when it comes to analysing samples for microplastics. As
mentioned previously there is no standard method for researching atmospheric
microplastics and the technique used can be chosen based on the focus of the research.
The techniques and equipment used are also typically expensive and time-consuming,

so decisions are often made on an ad-hoc basis.

2.3.3.1 Microplastic Morphology: Shape, Colour and Size

One of the aims of atmospheric MP sample analysis is to characterise the morphology
or physical characteristics of the particles found — this normally includes size; shape;
and colour (Figure 2.8). Some suggest the size can indicate possible sources, as well

as the age of the plastic. Furthermore, smaller particles could indicate more
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degradation and more aging of the particle (Hebner, & Maurer-Jones, 2020). Size will
also determine its transport in the atmosphere — both vertical and horizontal (Tatsii et
al., 2024); and its environmental and human health impact (Ziani et al., 2023; Xu et
al., 2024) as size is said to be crucial for toxicology (Thorton Hampton et al., 2022).
In terms of shape, MP has been categorised as spheres, beads, fragments, foams, fibres,
chips and films (Luo et al., 2024a). The type of plastic, surface properties, additives,
and residency time in the environment can all influence degradation and shape of a
MP particle (Chen et al., 2021). It has been reported that fibres are more easily
transported through the atmospheric compartment and different particle shapes will
have different settling velocities (Tatsii et al., 2024). Given the difficulty defining these
different categories some studies focus primarily on identifying fibres and fragments
(Borah et al., 2024; Allen et al., 2019). A fibre is normally defined as a MP particle
having a 1:3 width to length ratio (Na et al., 2024; Li et al. 2020) and fragments
counted as the particles remaining. It should be noted that a fibres can be the primary

shape of a MP particle or can be formed via the degradation of a larger MP particle.

Colour is also identified in some studies (Zhang et al., 2020a), and it has been thought
to suggest the potential origin of the MP but due to the many processes that can change
the original colour of the plastic, such as abrasion and UV degradation of the plastic
in the environment, and the digestion process for organic removal (Pfeiffer & Fischer,
2020).; Luo et al., 2024a); it is not always measured. Some studies have also suggested
that colour is important in terms of the atmospheric transport of the particle and its
subsequent influence on climate processes (Revell et al.,, 2021); as well as the
degradation and environmental impact of that particle (Zhao et al., 2022). However,
the choice of method used to analyse atmospheric samples can determine if this is

reported in studies.
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Figure 2. 8 Microplastics in their different morphological forms and colours — spheres,
fibres, fragments and films — all <Imm in size, identified from samples from the Caspian
Sea (D’Hont et al., 2021)

2.3.3.2 Microplastic Polymer Composition

The other main aim of identifying and characterising particulates is to measure the
polymer composition. To be accurate, this has to be done via an analytical method
which can identify the main chemical properties or origin of the plastic (Zhang et al.,
2020b; Luo et al., 2024a). Previously microplastics research relied on visual
inspection with a microscope and hot needle testing, but this is subject to human bias
and has a limit of detection (LOD) of <500pum. Therefore, it is recommended that all
research use a form non-visual spectroscopy (Zhang et al., 2020b) to improve the
size range detectable and the accuracy of results. Polymer composition can give
information about the potential origin of the MPs; and given that each polymer will

have a different density, it can influence the behaviour of the particle in the
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atmosphere in terms of suspension and deposition, and lower density polymers

potentially being transported longer distances (Luo et al., 2024a).

2.3.3.3 Scanning Electron Microscopy

One method also used to identify the chemical composition of a MP particle is
scanning electron microscopy (SEM) coupled with energy dispersive X-ray
spectroscopy (EDS) or SEM-EDX (Li et al., 2020). SEM provides a clear high-
resolution image (see Figure 2.9) and EDX identifies the chemical composition of
the particles so that it is possible to discern if the particles are organic, plastic or
otherwise. The EDS allows for plastics to be distinguished from organics by their
unique elemental fingerprints. For example, PVC can easily be identified by SEM
due to the distinct elemental signatures for chlorine and mineral species that may be
misidentified as plastics can also be identified (Wang et al., 2017). However, colours
cannot be identified with this method and it is described as expensive and time-
consuming (Shim et al., 2017). This technique was used by a study in Beijing, China,
with a reported a limit of detection of Sum and its focus was to observe the type, size
and concentration of MP particles in that area (Li et al., 2020). It can be observed
from Figure 2.9 that is possible to gain highly detailed images, and the use of SEM-
EDX has grown in the past two years (Huang et al., 2024; Liu et al., 2024b; Wang et
al., 2022; Shruti et al., 2022a). However, it is often used as a complimentary method

of analysis alongside other analytical methods.
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10 pm

Figure 2. 9 SEM images of MPs identified from atmospheric samples from Beijing and
Shanghai (Liu et al., 2024b)

SEM coupled with EDS or EDX can identify the elemental composition of MPs and
produce high resolution images of particles down to the nano scale (<lum), but it
cannot identify the specific bonds that characterise the polymer type of a MP particle
(Ivleva, 2021). Therefore it is beneficial to compliment this technique with another

technique which can provide information on the polymer spectra.

2.3.3.4 Fourier Transform Infrared Spectroscopy

One of the more popular methods is Fourier transform infrared (FTIR) spectroscopy
which uses infrared light to scan samples. The changes in the patterns of the light
absorption indicate changes in material composition and bond types which are used to
create a spectral fingerprint (Titus et al., 2019) which can be used to identify polymers.
This is sometimes coupled with Attenuated Total Reflectance (ATR) which obtains the
infrared spectrum of the sample by using a crystal (Thermo Fisher Scientific, 2018).
Carbon-based polymers are easy to analyse with this technique as each bond creates a
unique spectra. A reference library is then used to compare the spectra and allow for
the polymer type to be discerned (Shim et al., 2017). FTIR can determine particle
composition and is commonly used in MPs research due to the simplicity of the
equipment, operation and common reference libraries. However, it’s LOD is 20pum
(Vianello et al., 2019) which means missing the smaller fraction of particulates. There
is also micro-FTIR or pu-FTIR which has been found to identify particles down to 11pum
(Gillibert et al., 2019) but with less confidence (Zhang et al., 2020a).
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2.3.3.5 Raman and uRaman Spectroscopy

Raman is an increasingly popular technique and operates in a similar way to FTIR but
at a higher frequency. The infrared laser in the Raman excites the sample to release
photons (Zhang et al., 2020a) which causes Raman scattering (Titus et al., 2019). These
signals can then be compared to reference library to identify the types of polymers
present in the sample (see Figure 2.10). Although it is more resource expensive than
FTIR, it is more accessible to operate and reduces the LOD (Zhang et al., 2020a).
Similar to FTIR, there is micro-Raman (uRaman) which in theory has a LOD as low
as 1um (Thermo Fisher Scientific, 2018) but in atmospheric MP research the smallest
particle size reported to date is 2um (Allen et al., 2019a; Wright et al., 2019). Another
disadvantage to Raman is that some samples produce fluorescence when exited with
the laser which can interfere with the Raman signal, while fluorescence is not an issue
with FTIR. However, this can be prevented by choosing an appropriate laser
wavelength. There are also less reference libraries for Raman spectrometry and it is
more expensive than FTIR. That being said, it is preferable to observe particles below
20pm, which is important given that as particle size decreases, there is an increase in
the number of particles (Morioka et al., 20231; Zhang et al., 2020a; Isobe et al., 2015).
Therefore, it is vital that the smaller fraction of MP size ranges be included in analysis
for accurate reporting of atmospheric MP concentrations. Furthermore, Raman and
FTIR have the option to include an automated particle finder which would make
analysis less subject to human error, less time-consuming and more effective (Thermo
Fisher Scientific, 2018). Another caveat to using techniques like Raman and FTIR is
the effect of weathering on the identification of MP. When MP have been subject to
weathering in the environment it can lead to changes in the peaks in the spectra
(Fernandez-Gonzélez et al., 2021; Phan et al., 2022) which are usually used to

characterise polymers by comparing them to reference libraries.
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Figure 2. 10 Raman spectra used to identify polymer ‘fingerprint’ for common polymers
including PS, PC, PP, PE, PET, PVC, PA, PTFE, PMMA, PLA (Anger et al., 2018)

2.3.3.6 Laser Direct Infrared Spectrometry

One method which is being reported more in the literature recently is Laser Direct
Infrared Spectrometry, or LDIR. It utilises a laser which emits light in the mid- and
far-infrared regions of the electromagnetic spectrum, called a ‘quantum cascade laser’
(Carruthers et al., 2022). It is said that this improves the speed and accuracy of
identifying MPs (Luo et al., 2022; Dong et al., 2023). LDIR offers the opportunity to
identify the polymers, count, size, aspect ratio, and circularity of MP particles with one
method of analysis and it is possible to identity MP particles down to 10um (Dong et
al., 2023) (see Figure 2.11). However, it requires more pre-treatment of samples and
it has been said that it is more susceptible to misidentifying particles compared to other

methods (Tian et al., 2022).
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Figure 2. 11 LDIR chemical imaging and spectra of 8 polymers identified in Svalbard
water samples including PE, PET, PE, PU, PP, PVC and PS (Bao et al., 2021)

2.3.3.7 Pyrolysis and Gas Chromatography

Another method is use of thermochemical techniques such as pyrolysis paired with gas
chromatography and mass spectrometry (Py-/GC/MS). This is a relatively novel
technique within atmospheric MP, with only a few studies to date using Py-GC/MS to
analyse atmospheric samples (Fan et al., 2022; Mizguchi et al., 2023; Agullo et al.,
2024; Gregoris et al., 2023), but it has been successfully used in other forms of MPs
research (Okoffo et al., 2020; Okoffo et al., 2022; Picd & Barcelod, 2020). Py/GC/MS
involves heating the sample and using gas chromatography to separate the sample into
its individual components before then using mass spectrometry to obtain the spectra
of each component, which can be compared with a reference library to identify if
polymers are present (Zhang et al., 2020a). With polymer characterisation certain
indicator ions can be used to identify polymers (Pic6é & Barcelo, 2020) (see Figure
2.12), but the calibration process and set-up can be complicated, and different factors
can affect the identification of these ions (Torres-Agullo et al., 2024) which could

subsequently result in an underestimation of particles. This method also produces a
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mass concentration of particles, rather than giving information on individual particles,
so it is not possible to gain information on colour or shape or particle numbers, which
can make comparison with other studies difficult. This method is destructive as
samples are burned, so it should be paired with another method that characterises the

morphology of MP particles (Lee et al., 2023).
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Figure 2. 12 Pyrolysis products (pyrograms) used to identify three polymers from surface
water samples at Osaka Bay including, PS, PE, PP, using Py-GC-MS (Frontier
Laboratories Ltd., 2024)

However, it can produce fast and reliable results, and the lack of pre-treatment (Lou
et al., 2024a), can make it an attractive option for efficiency. Fan and colleagues (2022)
was the first study to date that utilised Py-GC-MS for the analysis of atmospheric
samples. After conducting deposition sampling in two locations in Auckland, New
Zealand, the study used Py-GC-MS to analyse polymer composition, and Nile Red
fluorescence to report particle size and shape. The study highlights the ability to study

more particulates compared to other spectroscopic methods (Fan et al., 2022) as Py-
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GC/MS can be automated and gives more rapid results. The study characterised 8
polymers, with PE, PC, and PET being the most commonly observed. Although some
spectroscopic methods allow for the identification of a wider variety of polymers, this
method was still effective given the difficulty of most methods to identify polymers
efficiently. Furthermore, due to the use of complimentary methods, it is possible to
gain information on particle shape, size and concentration, rather than just having a
sole mass base concentration of polymers, which is usually presented with
thermochemical methods. A study in Krakow, Poland, also used Py-GC/MS the same
year to report concentrations of deposition samples (Jarosz et al., 2022). Again, the
study used complimentary methods, in this case FTIR, and SEM-EDS, to allow for
both the polymer composition, and shape and size of particles to be reported. From
their methods they were able to identify six polymers (LDPE, Nylon, PE, PET, PP,
PU), which is less than Fan and colleagues (2022), but they were able to use the other

methods to identify other contaminations present on the MPs.

Gregoris and colleagues (2023) were able to identify three of the main polymers — PE,
PP, PS; but also introduced an “aerosol organic baseline” (Gregoris et al., 2023: p.1),
to estimate interference with polymer traces due to the organic matter present on
samples. Mizuguchi and colleagues (2023), found that the identification of polymers
was different based on the three size classifications used to collect deposition samples,
and that by using a double shot method it was possible to detect phthalates from the
samples (Mizuguchi et al., 2023). This method involves conducting two sets of gas
chromatography (GC) analyses on one sample, and here it identified phthalates or
‘plasticisers’, which are the additives used to alter their behaviour — make them more
flexible, durable, transparent — and have been linked to environmental and health
concerns (Eales et al., 2022; Tuan Tran et al., 2022; see also Chapter 2.4). Another
study used Py-GC/MS coupled with an Orbitrap-MS, which uses an ion trap mass
analyser to separate ions and determine their mass to charge ratio (Hofman et al.,
2020), for more accurate mass measurement of polymers for active samples from
indoor air in Spain. The study developed and assessed the performance of the

technique to identify 10 polymers - PMMA; nylon; PP; rubber; PVC; PET; acrylic;
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PE; PC; PS - which is a larger variance in polymers than other studies to date. The
study also reported that pyrolyzing conditions are crucial for getting a high response
for the ions for each polymer and this will depend on the polymers and the matrix of
the sample. It found that some polymers saturated at higher mass concentrations than
others, which meant some polymers were not detected. They highlight that the choice
of polymer standard can influence the indicator compounds during pyrolysis, the ramp
temperature is also crucial for enhancing the sensitivity of the method for indicating
polymers. Furthermore, that the presence of organic matter can influence the response
of polymers (Torres-Agullo et al., 2024), which is contrary to previous studies which
state there is no need for sample pre-treatment and organic removal. It can be said that
Py-GC/MS oftfers a method for the fast characterisation of atmospheric MP samples
and given that this equipment can be more accessible than spectroscopic methods, it
can offer a more affordable and efficient method for polymer analysis. However, given
the complexity of the set-up, and the intricacies of polymer ion identification, there are
still some barriers to this method being accurately employed in the field. That being
said, given the development in the past few years, it may be more commonplace in the

field in years to come.

2.3.3.8 Thermal Desorption and Thermogrametric Analysis

There have been some advancements using thermal desorption and thermogrametric
analysis (TGA) or TDS-GC/MS, could allow for smaller particles to be identified
(Zhang et al., 2020a). One method that has been used more recently in the literature is
TD-PTR-MS (Thermal Desorption-Proton Transfer Reaction Mass Spectrometry),
which is based on the concept that different polymer types will have different melting
points, and they will release volatile organic compounds (VOCs) when they are heated,
and the signal from the VOCs can be used to indicate polymer type. By gradually
increasing the temperature (in comparison to Py-GC/MS which involves a faster
temperature ramp (Materic et al., 2020), and combining this with PTR-MS, it is

possible to characterise atmospheric MP samples and provide a mass-based
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concentration. This again relies on the indicator ions associated with the thermal
products of polymers, but it is also a highly sensitive and challenging method (Materic

et al., 2022a), which means its use is not widespread in the field to date.

However, it has been successfully applied to alpine snow to quantify MPs and
nanoplastics (NP), down to the LOD of <lIng, which is reportedly 100 times more
sensitive than other spectroscopic measures (Materic et al., 2020). By developing an
algorithm to account for sensitivities in the system to organic material, the processing
steps were reduced, and it was possible to identify eight common polymers from the
remote location — PET, PVC, PC, HDPE, LDPE, PP, PS, PPC (Materic et al., 2020;
see Figure 2.13). The same team also applied these techniques to samples from
Sonnblick Observatory in Austria, where 6 polymers were identified, including tire
wear particles, which cannot be identified with spectroscopic methods due to their
inability to reflect light (Baensch-Baltruschat et al., 2020). The study found NP and
MP concentrations in the region to be comparable to similar data at an urban location,
highlighting the importance of studying the ultrafine fraction of MPs. TD-PTR-MS
has also been applied to seawater samples (Materic et al., 2022b), indicating that this
method could be applied in different matrixes, and might be more widely employed in

the field as the method develops.
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Figure 2. 13 Figure from Materic et al., (2020) displaying indicator ions to identify
common polymer types using TD-PTR-MS for the first time including HDPE, LDPE,
PET, PP, PPC, PS, and PVC (Materic et al., 2020)

2.3.3.9 Nile Red Staining and Fluorescence Microscopy

Another method used frequently in microplastics research is Nile Red and fluorescence
microscopy. It is often used as it is less demanding in terms of equipment and cost
compared to FTIR and Raman. Nile Red is a fluorescent dye which is added to samples
to stain microplastics due to its hydrophobic properties (Shim et al., 2016). This dye
causes plastic particles to fluoresce under specific wavelengths of light (see Figure
2.14) and with the assistance of a microscope it is possible to identify plastic particles
down to a few micrometres in size (Maes et al., 2017). Alongside imaging software, it
is possible to take the images captured and count the plastic particulates present in the
sample and gain information on particle morphology (Maes et al., 2017). In theory,

other particles in the sample such as other organic or inorganic particulates, should not

40



fluoresce to the same extent as plastic particles (Tamminga, Hengstmann & Fischer,
2017). Although it has been widely used in numerous atmospheric MP studies (Luo et
al., 2024b; Yadav, Sethulekshmi and Shrivastav (2022); Liao et al., 2021) there are still
some uncertainties in using method. Stanton et al. (2019), reported large over-
estimations of MP particle counts by using Nile Red due to its ability to stain other
organic and inorganic particles. The study discourages the use of this method on its
own for MP analysis and particle counts (Stanton et al., 2017) due to the potential for
Nile Red dye to stain organics and over-estimate MP particle counts. Nile Red also
cannot accurately distinguish between polymer types (Prata et al., 2023). Although
efforts have been made to identify the fluorescence thresholds for different polymers
(Nel et al., 2021). It should also be noted that tyre wear particles do not fluoresce
(Sturm et al., 2023a), therefore their presence is often underreported if this technique

1s used.
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Figure 2. 14 Figure from Iannilli et al. (2020) showing MP particles fluorescing green
with the assistance of Nile Red dye, with normal microscopic images for comparison, from
freshwaters samples taken in Italy (<50um) (lannilli et al. 2020)

However, there is still room for Nile Red in microplastics research. It can be an
effective method to confirm particle counts after the use of pFTIR or pRaman and
remove the possibility of human bias with these methods (Shim et al., 2016). It was
previously thought that Nile Red staining could interfere with spectroscopic methods
such as FTIR and Raman, but recent research suggests this can be avoided by using
lower concentrations of the dye (Maes et al., 2017). Furthermore, given its low cost
and ability to examine a larger number of particles in a more time-efficient manner
(Sturm et al., 2023b; Siissmann et al., 2024; Ho et al., 2024), it is an effective method
for the identification of microplastics, in conjunction with another complimentary
method of analysis, such as Raman, FTIR, or Py-GC/MS. This allows for a larger
number of samples to be processed and both polymer characterisation, and particle

morphology and concentration to be identified.
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2.3.4 Contamination Protocols QA/CC — Minimising the Inevitable

When processing MP samples from all environmental matrices, there is a chance of
contamination of MP from outwith the sample. This may take the form of MP on
researchers’ clothing, from laboratory materials or laboratory environments during
sample processing, or from equipment. To minimise the risk or contamination or rule
out any potential interference with results on polymer type, and particle concentrations
and morphology, there are a number of steps that can be taken. Firstly, equipment used
to collect or store samples can be cleaned and, in some cases, heat treated to destroy
any contamination from manufacturing or storage. This is normally carried out by
heating the material to ~400°C for a set period of time to destroy any polymers present.
To clean equipment, studies normally triple rinse with milli-Q purified water and in
some cases ethanol. Another big step to minimising contamination is to reduce the
possibility of MP from clothing coming into contact with the sample, so cotton lab-
coats and natural fibre clothing is recommended (Prata et al., 2021). Some researchers
will be able to keep clean rooms where plastic products, clothing, and outside
contamination can be controlled. Studies should also carry out laboratory and/or
procedural blanks to account for extra MP contamination from sample processing and
analysis (Munno et al., 2023), and blanks are then analysed in the same manner as the
samples. Procedural blanks can be taken during each step in sample processing to
account for contamination during each stage of the characterisation process. The
resulting MP characterisation data is subtracted from results to account for this, which

means that particles are not overestimated or falsely reported.

2.4 How bad is it? — Environmental and Human Health Risks

2.4.1 Interaction with biota and ecosystems and implications for climate change

MPs have become a significant environmental concern due to their widespread
occurrence and their impact on our ecosystems. They have been reported throughout

the food chain (Pironti et al., 2021) and have detrimental effects on food webs. Due to
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their small size they can easily be ingested by marine organisms and transferred
throughout the food chain (Smith et al., 2018). Once ingested they can cause choking,
digestive issues, starvation and have been reported as endocrine disruptors (Akdogan
and Guven, 2019). MP ingestion is also thought to cause oxidative stress in cells,
leading to cell damage and reduced cell growth. It is also reported to hinder
neurological function and interfere with immune response in organisms (Mao et al.,
2022). In marine ecosystems where they were first reported they can interact with other
persistent organic pollutants (POPs) and increase the toxicity of the pollutants to
organisms (Ali et al., 2024). In terrestrial systems, MPs have also been reported as
vectors for other soil contaminants leading to co-toxicity. When present in soil they
can change the structure of the soil and its ability to hold water; as well as affecting
the soil’s microbial properties which can disrupt the soil habitat (Zeb et al., 2024).
Remote environments are more at risk to MP pollution due to the unique environmental
characteristics and evolution (Horton and Barnes, 2020), which highlights the need for
more research into MP occurrence in remote regions. Furthermore, the research on the
impact of the chemicals used to alter the physical properties of plastics — phthalates or
plasticisers — is also increasing. This has been linked to endocrine disruption, hormone
disruption, and genetic changes in organisms (Net et al., 2024). The consequential
effects this could have on biodiversity loss could be detrimental (de Souza Machado
etal., 2018). The research on the implications of MP on ecosystems is vast and growing
(Roy et al., 2022), and it is evident that there is a demand for research to understand
accurate levels of MP concentrations across the globe, as this will indicate the level of
risk to our ecosystem health and function. This thesis aims to contribute to the

knowledge on the presence and extent of MP pollution in remote and urban regions.

It has also been reported that MP occurrence in our environmental matrices has
implications for climate change. In marine systems, MP pollution has harmful effects
on gas exchange and marine carbon cycling, leading to increased greenhouse gas
(GHG) emissions from ocean environments (Li et al., 2024). In the cryosphere, it has
been reported that MP contamination on ice caps could absorb light and accelerate the

melting of polar ice (Revell et al., 2021). It has also thought to cause radiative effects

44



in the atmosphere by absorbing infrared radiation, which can contribute to greenhouse
warming (Revell et al., 2021). Another study reported that MP could impact cloud
formation processes, which could in turn, impact the Earth’s radiation balance and
climate (Aeschlimann et al., 2022). In the terrestrial environment, MP pollution in soil
has been linked to increase in CO; emissions, causing changes in soil microbiome and
carbon fluxes, and influencing climate feedbacks (Zhao et al., 2024). Given the nature
of plastics being derived from fossil fuels, both their production and degradation is
contributing to GHG emissions (Sharma et al., 2023) in an already fragile climate. It
is estimated that by 2025 GHG emissions from plastic production, use and disposal
will account for 15% of global emissions, which is under the current goal of limiting

global warming to 1.5°C (UNEP, 2021)

It is evident that not only is MP pollution affecting biodiversity and ecosystem
function, it is also negatively impacting overall climate health. If the world is to meet
the current Paris Agreement 2050 targets, and prevent potentially irreversible damage
to our natural environment, MP pollution appears to be a pressing issue at the centre.
By examining the extent of atmospheric MP pollution in remote and urban
environments and examining the most effective way to measure this pollutant, it is
hoped that this thesis can contribute to the field of MPs, and improve the understanding

on the risk this pollutant poses.

2.4.3 Microplastics and Human Health

MPs have been increasingly reported in the human body, most recently in human lung
tissue (Jenner et al., 2022), emphasising the importance of understanding more about
this inhalable pollutant. It has also been reported in the placenta (Regusa et al., 2021),
blood stream (Liddle et al., 2021), and it is a known threat to human health (Chen et
al., 2020). Improved knowledge of MPs is important in relation to the wealth of
research on the impact of air pollution on human health. It is a well-established public
health threat with implications to respiratory health, cardiovascular health and beyond

(Eljarrat et al., 2020). Although the relationship between air pollution and ill-health
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has been established, researching the impact of this in isolation of other public health
factors, is difficult (European Environment Agency, 2018). Correlations and
relationships are made through long-term epidemiological studies and factors such as
environment, lifestyle and occupation can be adjusted for but establishing strong links
is complex. As a result of this air pollution can often be overlooked by the general
public when discussing health. However, in 2020 air pollution was linked as a cause
of death for the first time in the UK (PA Media, 2020) which emphasises the
importance of understanding the impact of manmade activities to our surrounding

environment and the human health impact for those who occupy those spaces.

Similar to traditional air pollutants, it is thought that atmospheric MP inhalation
could cause respiratory and cardiovascular complications and possibly beyond
(Prata, 2018). This is especially of concern for particles <10um which due to their
small size, which can be inhaled deep into the respiratory system and have the
potential to pass through cell walls and travel further into the body (Wright and
Kelly, 2017). Particles above 100um are not usually of concern as they are not
typically inhaled (US Environmental Protection Agency, 2011). Particles below
2.5um and fibres, however, are of most concern due to their potential to cause
damage to the gastrointestinal tract. It is thought that the inhalation of MP can cause
oxidative stress (Wright and Kelly, 2017), dyspnoea (shortness of breath) and
inflammation of the airway and lung tissue (Prata, 2018). Pauly et al., (1998)
reported the presence of MP in human lung tissue, but it has been a considerable
amount of time since this study was published (Pauly et al., 1998). As there has been
an increase in plastic production and a shift in the polymer types and additives used
(Geyer, 2020) in the past 20 years, a more recent study on microplastics in lung
tissue is warranted. Studies have identified a possible link between inhalation of MP
and interstitial lung disease (causes coughing, dyspnoea (shortness of breath) and
reduced lung function (Wright and Kelly, 2017)) but further research is needed to
identify the processes that cause this (Amato-Lourenco et al., 2020).
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Within human health research it has been assumed environmental concentrations of
atmospheric MPs are low (Prata, 2018). However, as discussed earlier, lower
detection limits vary, therefore it is likely that concentrations have been
underestimated. To date there have been no studies on the retention time of MP in the
human body. Research has identified MP in human stool (Hartmann et al., 2024),
urine (Pironti et al., 2022), and human tissue (Enyoh et al., 2023), suggesting intake,
transport, and excretion mechanisms. However, a recently published article
challenged the limited contamination controls in MP human exposure studies and
lack of validation steps which could influence the accuracy of reported
concentrations (Monikh et al., 2025). Therefore, there are still methodological
challenges and gaps in empirical data when it comes to human MP exposure

research.

There has been research on occupational exposure, as some jobs will cause
individuals to be exposed to higher concentrations of MPs. Studies have been
conducted on workers within the textile industry, the flock industry (compacting
small fibres to produce fleece or velvet fabrics), and plastic production (Prata, 2018).
Occupational studies such as Pimental et al., 1975, found that the risk of respiratory
symptoms increased more than three-fold in flock workers working with
polypropylene, compared to controls. They also conducted lung biopsies from
workers exposed to synthetic fibres such as acrylic, polyester and nylons. They found
varying degrees of inflammation, granulomas and interstitial fibrosis (Pimental et al.,
1975, in: Amato-Lourenco et al., 2020). Despite the age of the initial study, it is
consistent with recent literature (Prata, 2018; Wright and Kelly, 2017) and highlights

the danger of increased exposure to inhalable MP particles.

Given that MPs are ubiquitous in the environment there are multiple exposure
pathways for humans and animals (Deng et al., 2017). In humans the ingestion of MPs
is also thought to cause numerous short-term and long-term effects. MP can be ingested
via seafood, salt, bottled water and sugar to name a few (Karbalaei et al., 2018). These

effects have been summarised by Karbalei et al., 2018 and Akanyange et al., 2021 in
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Figure 2.15 and the potential effects range from respiratory stress, to cancer and

obesity.
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Figure 2. 15 Short-term and long-term health effects of MP on humans (Adapted by
Akanyange et al., 202 1from, Karbalei et al., 2018)

Senathirajah et al. (2021) estimated the mass of MPs ingested by the global population.
They summarised data from available publications and found that on average humans
may ingest 0.1-5g of MP weekly through exposure from drinking water, salt, beer and
shellfish. This may vary depending on individual age, size, cultural heritage and
demographics (Senathirajah et al. 2021). Although such an estimation has not been
previously attempted and this study provides an initial assessment of knowledge in MP
ingestion in humans, there were some assumptions made about MP pollution that are
not environmentally representative or have been disputed in other studies. For
example, the paper assumed that all MP are within the 0-1mm size range and are all
spherical in shape which is known not to be the case (see Chapter 2.3). Also, the study
did not include MP ingestion from fish as the MP would be removed during food
preparation (e.g. removing the intestinal systems that contain the MP). However, a
study performed on seabass, a commonly consumed fish, found that MP translocation

from the gut to other parts of the fish was possible via the intestinal tract (Zeytin et al.,
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2020). Therefore, it is possible that this could be an under-estimation of global average

intake.

It is common to use pristine MP in exposure studies (Paul-Pont et al., 2018). Although
it is useful to be sure of the polymer type when studying exposure, this is not an
accurate representation of environmental MP exposure. MP will be exposed to
mechanical abrasion, UV degradation changing their surface area which result in the
sorption of other additives (Santos et al., 2021). The sorption of organic or inorganic
compounds from the environment on to the MP, could cause further health implications
(Wang et al., 2020). For example, the weathering and aging process have been found
to encourage the sorption of pharmaceuticals to MP (Santos et al., 2021). Furthermore,
additives such as phthalates or ‘plasticisers’ used in the production of plastic products
have been found to have long-term human and environmental health implications
(Gustafsson et al., 2020). For example, endocrine disruption, obesity and diabetes
(Benjamin et al., 2017). Another group of additives called ‘PFAS’ (poly-fluorinated
alkyl substances) or ‘forever chemicals’ due to their persistence in the environment
(Fidra, 2021), have also been found to disrupt hormone production and have been
found to affect endocrine function, and low birth weight (Eales et al., 2022).In addition
to this, the concentrations in exposure studies are unlikely to be representative of
realistic current environmental exposure (Paul-Pont et al., 2018). More research is
needed to understand the realistic implications of MP exposure under realistic
conditions and with the added risk of exposure to other organic and inorganic

additives.

There is also little information about the presence of these plastic additives in relation
to atmospheric MP concentrations. Conventional sample analysis methods such as
FTIR and Raman can measure the size, shape and colour of MP but cannot tell us more
about the additives present. Although it is not the focus of this thesis, in future research
there is scope for the use of a technique such as Py/GC/MS to measure the presence of

additional harmful
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2.5 Plastic Pollution Mitigation and Policy Implications

2.5.1 Current policies to reduce microplastic pollution

As discussed previously, the dangers of plastic pollution are well established, so there
have been efforts on many levels to introduce policies to try and reduce plastic
pollution, with varying degrees of success. On the international level, in 2022 the UN
‘Global Plastic Treaty’ resolution was adopted into the UN Environment Assembly.
This is the first legally binding treaty of its kind on plastic pollution which includes
the marine environment (Ellen Macarthur Foundation, 2024). This document aims to
address the whole life cycle of plastic, from production to disposal, and the goal is to
reduce plastic production by 80% by 2040 through the circular economy approach
(UNEP, 2024). This includes a ban of single-use plastics, promoting the reuse of plastic
products, and improving recycling infrastructure (UNEP, 2022).

Circular economy (CE) frameworks tend to be the main mechanisms employed to help
reduce plastic emissions (Ellen Macarthur Foundation, 2024). CE models involve
extending the life cycle of materials and products by keeping them in the loop of
production and consumption via processes such as reusing, repairing and eventually
recycling (European Parliament, 2023; see also Figure 2.16). In the context of plastic
pollution, this would mean moving away from the linear or linear+ systems currently
in place whereby plastic is produced used and recycled or wasted, to a system which
allow plastic to remain within our economy for longer. CE adoption would mean more
reusable plastic items and systems and developing better collection and recycling

infrastructure (Ellen Macarthur Foundation, 2025).
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Figure 2. 16 Butterfly diagram showing Circular Economy Model (Ellen Macarthur
Foundation. 2023)

The United Nations Environment Programme (UNEP) talks in April of 2024, held in
Ottawa Canada, aimed to get as close as possible to the final text of the plastics treaty
(UNEP, 2024). However, it is considered by some as a “failure” (Speed, 2024) and
contains many contradictions and conflicting views. For example, the treaty aims to
be as fair as possible considering the imbalances between developing and developed
countries regarding their production, use, and waste management. This is due to the
fact that developing countries produce the least amount of plastic waste but feel the
impacts of plastic pollution disproportionally to developed countries. States that
produce more fossil-fuels, and therefore make more money from plastic production,
appear to be resistant to measures to limit the production of virgin plastic, and focus
on circularity measures (Speed, 2024). This is related to the ongoing issue in plastics
policy that virgin plastic is more profitable and cheaper to produce (House of
Commons, 2022), which reduces the incentive for states to increase recycling and limit
plastic production. The final stages of this treaty took place at the end of 2024 in Busan,
in the Republic of Korea (UNEP, 2024), and concluded without a legally binding
agreement to combat plastic pollution (European Commission, 2024) and the

rescheduled talks in Geneva, Switzerland in 2025 also failed to reach an agreement.
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This is due to the decisive issues surrounding whether the focus should be on producer
responsibility for managing plastic pollution and the costs involved with pollution
remediation (Stallard and Poynting, 2025). Due to the transboundary nature of plastic
pollution, it requires a collective global effort to limit plastic production, manage waste

effectively and prevent further environmental pollution.

On a European level the European Union (EU) and the European Commission have
addressed measures to address plastic pollution. For example, the ‘EU Directive on
single-use plastics’ which aims to tackle 10 of the most commonly used items such as
plastic bags, cigarette butts, and cotton buds to name a few. These products are to be
limited and if sustainable and affordable alternatives are available the items are not to
be placed on the market of member states (European Commission, 2023). Furthermore,
under the REACH Regulations (the Regulation on the registration, evaluation,
authorisation, and restriction of chemicals) bans the use of intentionally-added MPs,
such as those used in cosmetics (European Commission, 2023). The EU has also
announced plans to move towards a Circular Economy and as part of that has included

measures to address plastic pollution, a summary can be found in Box 2.1.
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Box 2.1 Summary of Initiatives that are included in the EU’s Circular Economy Plan that
address plastic pollution (European Commission, 2020)

European Commission — ‘4 new Circular Economy Action Plan For a cleaner and more
competitive Europe’ (2020)
EU Strategy for Plastics in the Circular Economy

e Set of initiatives to address plastic consumption, the sustainability challenge’s posed by plastic
and to tackle plastic pollution

e To increase plastic recycling and more sustainable use of plastic, EU Commission has proposed a
set of mandatory requirements for recycled content and waste reduction measures for key
issues such as packaging, construction materials and vehicles

e There is the inclusion of measures to address presence of MP in environment including

o restriction of intentionally added MP (e.g. cosmetics)and tackling pre-production
plastic pellets (nurdles)

o developing “labelling, standardisation, certification and regulatory measures on
unintentional release of microplastics in, including measures to increase capture of
microplastics at all relevant stages of products’ lifecycle” (p.10)

o “further developing and harmonising methods for measuring unintentionally released
MPs, especially from tyres and textiles and delivering harmonised data on microplastics
concentrations in seawater”

o Close the scientific gaps in relation to risk and occurrence of MP in the environment

e Aims to address emerging sustainability challenges to plastic by using “bio-based plastics” and
“biodegradable or compostable plastics” (p.10)

e Also includes implementation of Directive Single Use Plastic Products and fishing gear to
address marine plastic pollution

Textiles

e  Proposes a “comprehensive EU Strategy for Textiles” — set of measures including:
o Empowering businesses to choose more “eco-design measures”, to make sure textile
production is more circular
o Incentives for sustainable and circular materials and production processes
o “boosting the sorting, re-use and recycling of textiles” (p.11)

It can be observed from the box that there are a few measures that are the focus of
policy, including waste reduction and the increase of recycling. However, it should
also be noted that there is a focus on harmonising, and standardising methods of
measurement included in the policy wording. As highlighted previously in this review,
this is a key theme in MPs research and the inclusion of this in policy shows how
important it is to develop and standardise MP measurement. It should also be noted
that there is a focus on bio-based, bio-degradable, and compostable plastics. This is
controversial as it has been reported that compostable and bio-degradable plastics can

actually be more toxic than conventional plastics due the chemicals needed to make
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natural plastics durable (Zimmerman et al., 2020). It has also been reported that
bio/bio-degradable/compostable plastics come with their own associated waste
management issues and do not encourage other pro-environmental behaviours needed
to reduce overall waste (MacDonald et al., 2021). Due to the harm already posed to
the environment from plastics, policy should focus on the reduction of all plastic

products, not just conventional plastics.

On a national level, in the UK intentionally added MPs in cosmetics were banned in
2017 (BBC, 2016), and in 2021 a plastic packaging tax was introduced (HM Revenue
& Customs, 2021). In Scotland, a deposit return scheme to increase recycling and
reduce plastic waste, which has been hugely successful in Mexico (Kutralam-
Muniasamy et al., 2023) and Germany (Hailstone, 2022), was met with controversy
due to potential impacts to small businesses and was due to be rolled out in 2025
(Watson, 2023), but has now been delayed until 2027 (Comerford, 2024). This
highlights the contention which is often associated with plastic pollution. India brought
in a ban on single-use plastics in 2022, and banned items such as straws, cutlery, and
certain packaging, but this has had varying degrees of success, with implementation
and enforcement differing across the country, and adverse socio-economic and
environmental impacts reported (Neklebye et al., 2023). France has committed to
reducing microfibre pollution from clothing and clothes washing coming into force in
2025 (Hailstone, 2022) and have also introduced an anti-waste law to mandate reusable
containers in supermarkets, and banning SUPs (European Union, 2020). Despite EU
attempts at introducing legislation on plastic pollution, some countries felt this was not
far enough and in April 2023 Germany, the Netherlands, France, Denmark,
Luxembourg and Germany signed a joint paper to call for EU measures that go beyond
voluntary actions. This paper also calls for a more a more uniform system for the
monitoring of MP in air water and soil (Abnett, 2023), reflecting the sentiments of EU
policy and the MP discipline itself. By evaluating the efficient measurement of
atmospheric MPs, and the global extent of this pollutant, it is hoped this thesis can
contribute to scientific knowledge which can, in turn, inform more effective policies

to target plastic pollution.
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2.5.2 Systemic and Individual Level Approaches — Behaviour Change

So far it can be noted that there have been attempts on an international and national
systemic level to curb plastic pollution, but it can also be argued that plastic pollution
is inherently tied up in human behaviour, especially in relation to its use and disposal.
The current state of science on individual behaviour change and plastic use is limited,
and it can be argued that understanding the behavioural elements of plastic use could
identify key changes in guidance and policy to target behaviours related to plastic
pollution. See Appendix III for a systematic literature review which highlights the
need for more research into understanding individual motivation for plastic use in
relation to behavioural psychology, and the need for policy that takes behavioural

motivations into consideration.

2.6 Gaps in Knowledge and Research - Critical gaps in understanding and key
issues for development of the field — method development, accessibility, and
awareness

This chapter has covered the main topics associated with atmospheric MPs from their
definition, origin, transport and analysis. Although the research has grown on MPs
since they were first reported in the marine environment in 2004, there are still some
considerable gaps in knowledge and some key themes that are associated with the
research. In relation to atmospheric MP transport, there are still large unknowns
when it comes to how particles behave in the atmosphere, their source appointment
beyond particle modelling, and how these particles interact with meteorological
variables. This is related to the ‘Plastic Cycle’ and how particles move between
environmental compartments, and how little is known about what role atmospheric
transport plays in this. Although there has been progress on examining waves as a
method of marine MP transport into the atmosphere, there are still unknowns on how
this pollutant interacts with each environmental compartment and how it is
transported from one to another. Furthermore, once this pollutant is present in the

environment, its true impacts are not fully known. Toxicity studies are often carried
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out on pristine MP (Paul-Pont et al., 2018), rather than environmentally relevant ones
therefore the interaction with additives and other environmental pollutants is unclear.
Although it is useful to be sure of the polymer type when studying exposure, this is
not accurate of environmental exposure. MPs will be exposed to mechanical
abrasion, UV degradation changing their surface area which can mean it is more
susceptible to the sorption of other additives (Santos et al., 2021). The sorption of
organic or inorganic compounds from the environment on to the MP, could cause
further health implications (Wang et al., 2020). For example, the weathering and
aging processes have been found to encourage the sorption of pharmaceuticals to MP
(Santos et al., 2021). It is also not known what is the safe limit for exposure to MP
for both ecosystems and humans is, given the difficulty analysing MP and
understanding their physiological impacts. Furthermore, the research on the

relationship between MP and our overall climate health is still in the early stages.

Another consistent theme in the literature is the lack of harmony with the methods
used to sample, and analyse MP particles. This is often due to the availability and
accessibility of equipment as analysing MP samples is time and resource intensive.
That being said, there is no technical guidance on the correct methods to use for each
type of sample collected (active/passive), taking into consideration the research
question and environment, and any information on margins for error when it comes
to using different equipment or parameters. This can all affect the output of results
especially in relation to reporting the smaller size fraction (<20um), as mentioned
previously, this can lead to under-reporting of concentrations. It has also been
discussed that there is no standardisation when it comes to the reporting MP
concentrations in the literature. This also makes comparison between different
studies, and different countries difficult. This results in a poor understanding of
regional variances of this pollutant and overall global burden. This thesis aims to add
to the discussion of effective atmospheric MP sampling by comparing different
parameters used while conducting active sampling and making recommendations for
future research and policy. Furthermore, by using the same consistent methodology

in both an urban, and a remote location, it is hoped that this thesis can make
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comparisons between regions and environment more accurately. This can give an
indication to how this pollutant differs regionally, and by utilising atmospheric MP
modelling hint to transport of this pollutant globally. In Appendix II there is
research that was conducted alongside this thesis which compares analytical methods
of identifying atmospheric MP to add to the discussion surrounding the

standardisation of methods.

It appears that although policy appears to have a circular economy approach, there is
still the inclusion of ‘bioplastics’ and a focus on recycling. Our waste management
practices do need attention, and plastic will always have a use in our society,
especially in medical and food safety terms, however, both systemic and individual
level behavioural change is needed to tackle this issue. In order for the system to be
circular, waste needs to be avoided and reduced from the outset. Plastic alternatives
that claim to be biodegradable or compostable, have been problematic in terms of
waste management and can be more toxic than traditional plastics. More research and
resources are needed to investigate materials that can provide the same benefits of
plastic in terms of durability and anti-microbial properties, but without the toxicity
that is associated with plastic of all forms to date. Furthermore, the policy attention
should be focused on making waste and plastic reduction the most convenient option
for industry and the individual (see Appendix IIT). Without considerable attention on
the way in which our society uses plastic and manages it, it is unlikely the targets set
out by the UN, EU, or individual states, will be met. As research on this topic grows
and improves, the true extent of this pollutant and its impacts will become more

tangible, and policy will be able to keep up with these developments.
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Chapter 3. General Overview of Methods

The previous literature review chapter gave a brief summary of the various methods
used in the field of atmospheric MPs to sample and characterise environmental
samples. This chapter will provide an overview of the specific methods used in this
thesis to report on environmental concentrations of atmospheric MP in remote and
urban locations. This includes a section covering the contamination protocols used to
minimise MP contamination during the sampling and analysis process and how this
contamination is accounted for. Appendix II contains a draft of a peer-reviewed paper
comparing the various analytical methods used to analyse MP, which the author co-

wrote alongside this thesis.

3.1 Methods used to Sample Atmospheric Microplastics

The two main methods for the collection of atmospheric MP samples are active and
passive. This section will cover the specific techniques used within this thesis to collect

these types of samples.

3.1.1 Active Sampling Techniques

The simplest method for collecting active samples to measure suspended particulates
is a direct air filtration system. This consists of using a calibrated pump to draw a
known volume of air into a chamber, where particulates are collected on a filter. This
filter is later removed for future analysis. This can be repeated, using sterilized new

filters replaced in the filter holder at set intervals (Enyoh et al., 2019) (see Figure 3.1).
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Figure 3. 1 (A)Image of Direct Air Filtration System as set up in the field (Svalbard,
Norway); 3.1(B) Diagram of Direct Air Filtration Sampling System (Active Sampling)

A second technique used in this thesis is a novel technique that is still in development. This
technique, termed the ‘nanotank’, also uses a pump to draw air into a chamber, but in this case
the particulates are collected in milli-Q water within the sealed chamber (see Figure 3.2)
attempting to prevent particles being re-entrained during sample collection. The liquid is
removed and later vacuum filtered on to a filter (see Chapter 3.1.3) for analysis following the

same processes as the air filter method.
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Figure 3. 2 (A) Image of Nanotank System in the field (Svalbard, Norway); 3.2B) Diagram
of Nanotank Sampling System (Active Sampling; the orange arrows indicate air being
drawn throw the chamber assisted by the pump and the green arrows indicate the
movement of air into the chamber with the collected particulates

Both of these techniques were used to examine active air sampling efficiencies and

examine atmospheric MP pollution in the Arctic and Glasgow.

3.1.1 Passive Sampling Techniques

Passive or deposition sampling collects deposited atmospheric particulates via
deposition, and involves using a container which is left open in the environment (see
Chapter 2). In this thesis, a stainless-steel chamber (a NILU deposition collector,
200mm diameter, height 400mm; NILU: Ecomeasure, 2022) (see Figure 3.3) filled
with 500ml of milli-Q and left open at sampling locations for a period of 24hrs. This
liquid sample was then vacuum filtered on to a filter (QMA Whatmann 1.6pm pore

size, 25mm diameter) for later analysis (see Figure 3.3).
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Figure 3. 3 (A)An Image of deposition chamber in the field (with lid, Svalbard, Norway);
(B) image of deposition sample being vacuum filtered on to QMA filter with filtration kit

Liquid was added to the deposition chamber while sampling to aid particle retention
by minimising resuspension of deposited material (Abbassi et al., 2023). In Svalbard,
50 mL of 20% ethanol was added to the milli-Q solution in order to prevent the liquid
freezing in Arctic temperatures. This method was chosen given its simplicity and the

recommendation of using open receptacles for the collection of deposited particulates
(Knobloch et al., 2023).
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Figure 3. 4 Diagram of filtration kit used to vacuum filter liquid samples (nanotank and
deposition samples)
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The filtration of deposition samples (and nanotank samples) involves using a filtration
system in a fume hood or pristine and controlled environment. The filter is placed in
the filtration kit (see Figure 3.4) and the pump induced vacuum within the flask draws
the liquid sample through the filter where the particulates are collected. The filter is
then removed and stored in a covered, sterilized aluminium container until dry for later
analysis. The filtered residual liquid is disposed of and the filtration system is cleaned
thoroughly with milli-Q in triplicate in-between samples to avoid contamination

between samples.

3.1.3 Filters used for Atmospheric MP collection and analysis

There are many different options for the filters used to collect atmospheric MPs and
for filtration of MP samples for analysis. Cotton fibre-based filters have been found to
have a low-retention of microplastics which can lead to an underestimation of particle
count (Cai et al., 2020). Filters made of plastic — such as PFTE (Abbasi et al., 2019)
or polycarbonate (Trainic et al., 2020) or Teflon (Peller et al., 2019) — have been used,
but the contamination from these filters presents challenges when examining the
presence of polymers and the filter material would need to be omitted from the plastic
types investigated. Glass microfiber filters have also been utilised in atmospheric MP
research (Gaston et al., 2020; Liu et al., 2019a, 2019b; Wang et al., 2020) and another
popular filter material is quartz microfibre (QMA) (Akhbarizadeh et al., 2021; Allen
et al., 2020a; Dris et al., 2017; Panko et al., 2019). QMA is advantageous in that it is
not polymer-based so all polymers can be included in sample analysis. Quartz has
previously been commonly used in atmospheric particle research (non-plastic focused
studies) and is well studied and established as an atmospheric sampling collection
material. Although, some particulates can become trapped in the QMA filter (Felsing
et al., 2018). Due to the durability of QMA filters and due to the reduced chance of
polymer contamination, they were deemed to be the most suitable for the research in
this thesis, specifically Whatmann QMA filters with a 1.6um pore size. This pore size

was chosen to ensure that smaller particulates would not pass through the mesh. The
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material itself was chosen due to its frequent use in atmospheric MP studies to date
and to minimise contamination from polymer-based filters. Although some particles
did become trapped on one occasion (see Figure 3.5), overall this filter was durable

and effective during sample collection, treatment and analysis.

Figure 3. 5 Microscope image of trapped microplastic in QMA filter; image taken during
Nile Red staining and imaging atmospheric from Glasgow, Scotland, taken in 2021;
objective x10; see also Chapter 3.3

QMA filters (QMA Whatmann, 1.6pum) were used in the direct air filtration systems

as well as the vacuum filtration of nanotank and deposition samples.

3.2 Method of Polymer Identification - uRaman Spectroscopy

3.2.1 Raman Spectrometry for Dummies

The two main aims when analysing MPs is polymer characterisation and determining
the morphology (size and shape), in order to give an accurate overall picture of
characteristics of the plastic within an environmental sample as well as concentration.
In this thesis, the method of Raman spectroscopy was chosen, specifically micro-
Raman (pRaman), to determine the polymer composition of atmospheric samples.

This involves using an infrared laser to excite the sample causing it to release photons
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(Zhang et al., 2020a). Most photons are elastically scattered, and the scattered photons
have same energy and frequency as the incident photons (see Figure 3.6). However,
when there is inelastic scattering and the scattered photons have a different energy and
frequency than the incident photons (see also Figure 3.6), this is termed ‘Raman
scattering’ named after one of the inventors Sir Chandrasekhara Venkata Raman

(Bumbrah & Sharma, 2016).
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Figure 3. 6 Principles of Rayleigh and Raman Scattering (Horiba Scientific, 2023)

If the resulting scattered radiation has a higher frequency than that of the incident
photons, ‘Stoke lines’ can be observed in the Raman spectrum, and if it is lower than
the incident photons ‘anti-stoke lines’ can be observed. The Raman spectrum is then
presented as an intensity versus wavelength shift (Bumbrah & Sharma, 2016). This
shift creates a unique spectral fingerprint due to the vibrations from each bond type
(see Figure 3.7) which will be different depending on each individual polymer. For
example, part of the Raman spectral fingerprint of polyethylene (PE) is characterised
by bands at 1062 and 1130 cm ™! which is due to vibrations of the C-C (carbon atom)
bonds of the polymer (Nava et al., 2018) (see also Figure 3.8). This will differ
depending on the carbon bonds and atoms that make up each long chain of atoms for
each polymer type (Iowa State University, 2025). This unique fingerprint can then be

compared to reference libraries to identify substances, and in the case of MPs there are
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multiple polymer reference libraries available for comparison (Zhang et al., 2020a).
This method of polymer identification was chosen given its non-destructive nature,
and its ability to observe and identify particles down to 1um and wider spectral
coverage compared to FTIR (Araujo et al., 2018). This is necessary given the trend in
MPs research that as the particle size decreases, the number of particles increase
(Morioka et al., 20231; Zhang et al., 2020a; Isobe et al., 2015), therefore gaining data

on the smallest size fraction is desirable when reporting on MP contamination

accurately.
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Figure 3. 7 Raman Spectral Signals of Fingerprints for common polymer types ((a) PE,
polyethylene; (b) iPP, isotactic polypropylene; (c) PS, polystyrene; (d) PET, polyethylene
terephthalate; (¢) PA, NY66, polyamide; (f) PVC, polyvinyl chloride) (Nava et al., 2021)
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Figure 3. 8 Chemical structure of commonly used polymers (lowa State University, 2025)

When collecting Raman spectra, there are multiple parameters that can be changed in
order to suit the sample you are analysing and the research question you are trying to
answer. Raman spectrometers can be equipped with different lasers but typically
532nm lasers and 785nm lasers are available. Shorter wavelengths from the 532nm
laser can provide stronger Raman signals but can cause fluorescence of the plastic
particles in a sample which can hinder MP identification (Nava et al., 2021). A longer
wavelength laser can also be used — 785nm laser — which produces slightly weaker
Raman signals and can require more time to acquire spectra, but can reduce
fluorescence (Edinburgh Instruments, 2021a). This is a popular laser choice in MP
research due to is fluorescence suppression, cost and overall performance in relation
to MP identification (Nava et al., 2021). The power which the laser omits is also a
variable that can affect your signal. Utilising a higher power output can improve your
signal intensity but can result in burning and degrading your sample (Wieboldt, 2010).
Using a lower laser power, shorter integration times and near infrared wavelengths
(e.g. 785nm) have been shown to reduce the chance of thermal damage to the particles
(Umurhan et al., 2025); therefore, there is a balance to be struck between signal

strength and retaining the integrity of your sample.
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There are also choices to be made for exposure time (the length of time the laser excites
the sample for) and the number of accumulations (how many times the particle is
scanned). By increasing the exposure time, the amount of noise compared to the laser
signal — signal-to-noise ratio — can increase, but this can also encourage fluorescence
or sample degradation (Wieboldt, 2020). Most studies utilise a 1 to 10 second scan
depending on the sample and laser power. By utilising more accumulations or scans,
it is possible to improve the signal quality and reduce background noise (Nava et al.,
2021) and often 3-5 accumulations are used in MP research (Kappler et al., 2016) but
this increases the scanning time which can already be a resource intensive process. In
terms of spectral resolution, the higher the resolution the more accurately the peaks
from the signal (e.g. the fingerprint of the signal) can be identified, but again this
results in a longer scanning time and larger files (Cowger et al., 2020). Again, there is
a trade-off to be made between the resolution needed and the time taken to analyse the
sample, especially for larger datasets. The spectral range usually spans 200-4000cm’!
with polymer peaks often found between 400-1800cm™ (Lenz et al., 2016). By
choosing the correct spectral range it is possible to be more efficient in identifying
peaks and refining data collection. Each Raman instrument will have different
objective lenses, in the case of pRaman common choices range from x10 to x100
objectives (Nava et al., 2021). Higher magnifications can improve spatial resolution
which can be helpful when analysing particles <10um (Primpke et al., 2020). Lower
magnifications — between 10x and 20x — allow for a broader field of view (Edinburgh
Instruments, 2021b). which is beneficial for analysing a larger representative area of
the filter. For this reason, the 10x objective was chosen for the analysis of samples in
this thesis. The following section discusses the parameters chosen for pRaman

spectrometry in this thesis.

3.2.2 The Tale of Two Ramans

Due to technical issues, the pRaman analysis for this thesis was completed using two

different puRaman spectrometers but efforts have been made to keep results consistent.
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After repeated mechanical failures with the pRaman at the University of Strathclyde,
and in interest of time, another pRaman was used at the Helmholtz Association in
Leipzig, Germany. Each machine behaved slightly differently with standard samples,
providing a slight difference in signal to noise ratios and fluorescence. Both
Polyethylene Terephthalate (PET, Sigma Aldrich, 429252, 1.68 g/mL) and Polyvinyl
Chloride (PVC, Sigma Aldrich, 81388, 1.4 g/mL) that were filtered onto the same filter
type used in the field in this thesis (as above, QMA Whatmann 1.6um pore size, 25mm
diameter), and used as pRaman analysis standards. These polymer standards were
examined to observe how the spectra on each pRaman responded using different

settings. Due to the differences in the spectrum created by each pRaman spectrometers

different parameters were used (scan duration, repetition, energy).

Figure 3. 9(A) Image of uRaman Spectrometer at the Technology and Innovation Centre

at University of Strathclyde; (B) Image of Sample Under uRaman microscope (Active Air

Sample on QMA Filter, taken from Glasgow 2021) before points map is added; (C) Image

of Sample Under uRaman microscope with points map added (same Active Air Sample on
OMA Filter, taken from Glasgow 2021)
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The pRaman analysis for the Glasgow samples was completed using the Horiba
Scientific Xplora PLUS (Figure 3.9A). This was conducted using a 785nm laser (red),
using a x10 objective and 1200gr grating. The range was set at 700-2000cm™' and the
exposure time set to ten seconds, coupled with two sets of accumulations. The use and
support of this machine was facilitated by Dr Martin Ward at the Continuous
Manufacturing and Advanced Crystallisation (CMAC) Hub at the University of
Strathclyde. This model did not have automated particle mapping; therefore particles
were manually selected using a point map which allowed for multi-point analysis. The
point map directed the laser to appropriate X and Y coordinates, and an automated Z-
focus made sure the laser focused on the correct particle (see Figure 3.9B). This was
beneficial as it allowed for multi-particle analysis in one scan rather than individual
scans per particle, which made it possible to analyse =100-700 particles per scan if
necessary. This allows for a more representative dataset as it is possible to analyse
more particulates on a filter in a given timeframe. For both instruments, 3 areas were
selected on the filter and the polymer composition and counts were averaged over the
3 scans, and multiplied based on the area of the filter (see Chapter 3.5 for

calculations).

The pRaman located at the Helmholtz Association in Leipzig, Germany, was a WiTec
Alpha 300 RA (see Figure 3.10A and 3.10B), using a 532nm laser and the same
accumulations and exposure time were used. The use and support of this machine was
facilitated by Dr Matthias Schmidt and Dr Dusan Materic at the Helmholtz
Association. The 532nm laser produced a stronger signal with the plastic standard
samples tested than the 785nm, therefore it was decided it was more optimal to choose
this laser. This pRaman had a particle mapping function, but when tested with the
plastic standard samples, it was found that the particle mapping software was missing
lighter coloured particles (presented a particle colour bias). When particle finder
settings were adjusted to focus on lighter particles, darker particles were then missed.
The mapping function was also not as effective at identifying smaller particles. In order
to analyse as many particles as possible in a short-time period, and gain a

representative sample by ensuring as many particles as possible were analysed, Dr
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Matthias Schmidt and the researcher created a method of creating a particle ‘mask’
which mapped out the particles manually, and the resulting file was uploaded to the
Raman to mimic a particle mapping Z‘nction (see Figure 3.10C; also SOP at
Appendix IV). This allowed for accurate multi-point analysis, saving time and
allowing for more particulates to be analysed. The one drawback to this solution is that
the spectrum produced for the particulates cannot be exported as one file, instead each

spectra was manually copy and pasted into its own file. This was time intensive but it

was worth the time spared to gain detailed individual particle spectra.
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Figure 3. 10( A) Image of uRaman Spectrometer at the Helmholtz Association, Leipzig;
3.6(B) Image of Laser used, Helmholtz Association, Leipzig; 3.6(C) Series of images
showing the process of creating a points map to be fed back into the uRaman spectrometer
to mimic particle mapping function; first image shows the original image of Filter
(Deposition Filter Svalbard (QMA Whatmann (25mm, 1.6um))under uRaman
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To ensure samples were analysed accurately, three areas on each sample/filter were
picked at random to analyse particles for polymer composition and then the results are

reported as an average of the triplicates.

3.2.3 Spectral Correction and Multivariate Analysis

Once the spectrum for particles are collected, they can be treated before they are
compared to reference libraries in order to make them clearer and more identifiable. It
is possible to remove baseline signals which removes interference with background
material and make the spectra clearer. The spectra can also be smoothed in order to
help justify for noise in the signal, a common method used is the Savitzky-Golay
algorithm (Bai and Liu, 2020). This technique can reduce the noise in a spectrum and
whilst maintaining spectral features (Barton, Ward & Kelly, 2018; Munno et al., 2023).
It involves fitting the datapoints to a low-degree polynomial using least squares
regression (Savitzky & Golay, 1964). In basic terms, the polynomials are simple
curves which model the data without overfitting them (Smyth, 2014) so the Savitzky
Golay filter smooths the spectra without overcorrecting the peaks. Similarly, the least
squares regression is used to fit the polynomial to the data by using a best-fit line which
minimises the distances from the data points on the curve, so the filter can minimise
noise without losing detail. It is desirable to carefully balance treating the spectrum to
make them clearer, but without over-correcting, as it is possible to lose detail in the
peaks of the spectrum. These peaks are matched with the polymer libraries, therefore
overcorrecting them can make identification more difficult and result in

underestimation.

Both datasets were treated using Spectragryph software (version 1.2.15, Menges,
2022) and the spectrum treated with Savitzky Golay algorithm for smoothing and
baseline correction was also applied. Both datasets were cut from 800 to 1800cm™
(Raman shift), and after their respective treatment the peak data from each dataset was

exported to Excel for multi-variate analysis to identify the peaks in each of the spectra.
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The multi-variate analysis consisted of taking the data from the peaks identified via
Spectragrpyh and using principal component analysis to split the peak data into
categories based on the wavelength data and Raman shift to look for more detail
amongst the peaks. This has been used by previous studies (Jin et al., 2022; Levermore
et al., 2020; Xu et al., 2020b) and has been found to improve accuracy and increase
sensitivity in order to improve the classification of polymers. Reference libraries were
used to confirm polymer identification (SIMPLE, SLOPP and SLOPPE databases and
the laboratory reference plastics spectral (Jin et al., 2022; Levermore et al., 2020; Xu
et al., 2020b). Particles were only confirmed as plastic if a hit quality index (HIT) rate
of >80% was achieved (Cowger et al., 2020; Levermore et al., 2020), and those below
the <80% threshold discounted as non-plastic particles. This threshold has is
considered best practice (Cowger et al., 2020) in order to avoid overestimating

particles.

3.3 Nile Red Staining and Fluorescence Microscopy

3.3.1 Nile Red Staining and Optimisation

The other main aim of MP analysis, is to gain information on the characteristics of the
MP particles — namely morphology or shape (fibre/fragment) and the size of the
particle. Nile Red is a lipophilic dye used to identify MP in environmental samples
(Shim et al., 2016). The Nile Red preferentially binds to plastic particles, which causes
them to fluorescence under specific wavelengths of light. The multiple carbon-
hydrogen bonds in polymers allow for the dye molecules to bond to the hydrophobic
surfaces, which causes the fluorescence (Galvao et al., 2023). This allows for MP
identification that is not economically or time intensive, and avoids extensive sample
preparation (Maes et al., 2016). However, it has been found that Nile Red can stain
organic matter, leading to false positives (Stanton et al., 2019). In order to avoid this,

several steps can be taken.
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To remove any excess organic material, some studies digest their samples with
oxidising agents such as hydrogen peroxide (H20:2) or Fenton’s reagent ((H20:) and
ferrous iron (Fe?)), for a period of 24hrs-48hours (Mbachu et al., 2020; Huang et al.,
2020). This is commonly used with environmental samples containing a heavy amount
of organic material such as terrestrial or marine samples. But due to the nature of
atmospheric samples containing less organic material (Allen et al., 2020), this thesis
chose not to perform an organic digestion step, as the potential for MP contamination
and the risk of losing MPs through this process was deemed more costly than the risk

of false positives. Alternatively, further steps were taken to reduce this possibility.

The main approach to optimise staining conditions was to adjust the concentration of
Nile Red and to incubate samples prior to microscope imaging to enhance the selective
staining of MPs. In the literature it has been found that lower concentrations of Nile
Red can reduce the formation of fluorescent aggregates that could be falsely identified
as MPs (Hernandez et al., 2023). Chatterjee and colleagues (2023) found that with
decreasing concentration, the presence of NR aggregates, which can be mistaken for
MP, also decreases. However, with the decreasing concentration there can also be an
underestimation of particles. A systematic review of the use of Nile Red dye
recommends a concentration of 0.1 and 2 pg ml™! to avoid the dye clumping and false
positives (Shruti et al., 2022b). After studying the staining properties of different
polymer fibres, Galvao and colleagues recommend an incubation time for at least 30
minutes as an effective time for the dye to bond to the particles (Galvao et al., 2023).
Furthermore, it is recommended that dye is carefully spread uniformly and without
excessive use, in order to avoid missing particles that have not been stained, and again
to avoid excessive staining (Shruti et al., 2022b). This thesis recognises that Nile Red
staining is not recommended as a standalone MP quantification method (Shruti, et al.,
2022b). Instead, Nile Red staining is used as a complementary method of analysis to
benefit from rapidly and inexpensively quantifying MP concentration, shape and size

alongside the polymer identification methods.
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With these considerations and recommendations in mind, the following method for
staining the atmospheric samples was taken. A Nile Red Solution was made by taking
Ing of Nile Red powder (Sigma Aldrich, 72485, 318.37amu), and 1L of methanol
(Merick) (same concentration as previous studies examining effectiveness of Nile Red
(Hernandez et al., 2023; Chatterjee et al., 2023; Galvao et al., 2023)), and dissolving
the powder in the methanol in batches of 250mL and 0.25ug of the Nile Red Powder.
This was then vacuum filtered in a fume hood, with the top of the vacuum covered
with foil (see Figure 3.11). The solution was then stored in glass bottle that has been
pre-rinsed in triplicate with milli-Q; this bottle was then covered in foil to prevent light
degrading NR, and stored in the fridge to maintain its stability and effectiveness

(Sigma Aldrich, 2024).

FILTER

HOSE

ATTACHED TO

VACUUM >
FILTERED
SOLUTION

Figure 3. 11 Diagram showing filtering of Nile Red solution via vacuum filtration

Whilst the filter rested in its aluminium storage tin, a pipette was used to drop small
droplets of the NR solution on filter (enough to wet the sample and filter but not
enough to resuspend any particulates). This started lightly around the edges and was
let spread across the filter, then if needed a couple more droplets were dropped in the
middle of the filter. This was then covered as soon as solution is on the filter with the
aluminium tin lid. With the lid covering the filter but not screwed on (to allow for the
filter to dry), the sample was then wrapped carefully in aluminium foil and put in 50°C

oven for 30 minutes to dry the filter out and increase fluorescence stability (Lv et al.,
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2019). After cooling overnight, covered in aluminium foil and within a fume hood, the
lids were then screwed back on tightly and samples were then moved to the fridge until
ready for microscope imaging. Storing the samples in the fridge (4°C) is also an
important step as fluorescent dye can lose its signal faster when exposed to light and
if kept at room temperature (Rumin et al., 2015) so this step can ensure a good
fluorescent signal is maintained. To prevent contamination from using a shared fridge

samples were stored in aluminium trays covered with more foil.

3.3.2 Microscope Imaging and Fluorescence

Samples analysed in this thesis were imaged using a stereomicroscope (Nikon Eclipse
LVI100ND Microscope) with NIS Elements software. A 10x objective was used, and
images were taken with florescence mode coupled with 470nm wavelength light
source. By utilising the 470nm light source, it can increase the fluorescence of stained
MP particles making it easier to identify MP more clearly (Prata et al., 2019) and
improve accuracy. It has also been found that some organic particles do not to
fluoresce under 470nm excitation (Maes et al., 2017), reducing the possibility of false
positives and again improving accuracy. Aluminium foil used to cover the sample
whilst it is being viewed with the microscope. This blocks outside light sources and

prevents contamination in share laboratory facilities (see Figure 3.12A).
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Figure 3. 12(4) An Image of Stereomicroscope used in this thesis, with foil to cover
sample during microscope imaging; (B) Brightfield image of atmospheric sample taken
from Glasgow, Scotland (2021); (C) Fluorescence mode image of same atmospheric
sample taken from Glasgow, Scotland (2021)

Once the filter is under the microscope, the top of the filter is identified and particles
are focused using the manual Z-focus and using the bright field (BF) view (see Figure
3.12B). Once the particles are in clear, the fluorescence mode was used (FL1), to
examine the particles fluorescing (see Figure 3.12C). Images were then taken in a
transect from the top of the filter to the bottom (1.4mm x 0.4mm images). The particles
identified were then multiplied out based on the area of the filter (see Chapter 3.5) to
gain a representative number of the whole sample. This method was chosen in order

to examine a high number of samples and still gain a representative particle count.

3.3.3 Image Processing and Particle Analysis

To analyse the microscope images for MP particle count, and also gain information on
shape (fibre or fragment) and size, images were analysed using Image J software

(ImageJ-win64, Schneider, Rasband, & Eliceiri, 2012). The scale is set manually using

76



an image of a scale (see Figure 3.13A) taken with the same microscope objective

(x10).

A

100 pm

Figure 3. 13 (A) Image of Scale taken with stereomicroscope using x10 objective; 3.9(B)
Image of atmospheric sample taken from Glasgow, Scotland (2021) with ImageJ
processing (brightness and contrast enhanced, threshold (30+255) for particle analysis

The brightness and contrast are enhanced to make the particles more clearly and easily
visible, and then smoothed to contour the particles. The image is then converted to an
8-bit image to make the background black and the particles white (see Figure 3.13B).
The threshold was manually set for each image (range =12-30 and 255 (on a sliding
scale of 0-255) depending on the brightness of the particles). ImageJ then provides
particle information on the size, and shape descriptors (area, perimeter circularity,
Feret diameter (longest distance between any two points along the selection boundary)
to name a few). This information is then copied into an Excel sheet where the samples
can be organised and a summary of the particle count, shape and particle size

distribution can be created.

3.4 QA Contamination Control — Minimising the Inevitable

When collecting environmental samples to examine the presence of MP, the possibility
of external MPs contaminating the sample is a main concern to ensure MP numbers
are reported accurately. Due to the ubiquitous nature of MP in our environment,

contamination can occur while collecting the sample, and when the sample is being
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processed and analysed. There are many steps that can be taken to ensure that this
contamination is kept to a minimum and to report for potential contamination

accurately.

In this thesis, during field sampling campaigns the equipment was set up away from
any potential interference or contamination from the public. In Svalbard, equipment
was placed on the roof of a research station to prevent interference from visitors or
staff present at the research base. In Glasgow, the equipment was placed at the end of
a garden, away from the public and only the researcher collected samples and operated
the equipment. In both locations, only natural materials (cotton, wool) were worn
during sample collection and during sample processing (as recommended by Gao et
al., 2023; Prata et al., 2018). The University of Strathclyde, where the samples were
processed, provided a MP clean lab where entry was restricted, only natural materials
are permitted to be worn, cotton lab coats were used, there was a HEPA air filer in
operation (to filter and collect potential contamination). Surfaces in the laboratory
were regularly cleaned with milli-Q and ethanol to ensure surfaces were clean from
any contamination from MP deposition from the lab environment. The filters used to
collect samples and the stainless-steel tins used to transport samples were heat treated
before use (~450C oven for 15 minutes — temperature selected to burn off any potential
polymer contamination (Gao et al., 2023)). Furthermore, any solutions used in sample
preparation and processing were vacuum filtered before use (Whatmann QMA filters
with 1.6um pore size) and blanks of the milli-Q, ethanol and the milli-Q/ethanol
solution were taken to account for potential contamination in reagents (Bai et al.,
2023). Whilst samples were being processed they were covered with foil or the filter
tin lids were left on, to minimise deposition from the lab environment. All equipment
was plastic free (e.g. glass, stainless steel) and was triple rinsed with milli-Q in order

to remove potential contamination, before and after use.

In addition, procedural blanks were taken during sample collection (field blanks) and
during sample processing (filtering and staining) (as recommended by Brander et al.,

2020; Gao et al., 2023; Prata et al., 2018). Field blanks consisted of leaving a clean
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filter open to the air while samples were being changed over. Procedural blanks
involved leaving a sterilised filter open to potential MP deposition in the laboratory
while Nile Red staining took place. Procedural nanotank blanks consisted of filling the
nanotank with 500 ml of milli-Q after it had been cleaned, which was then collected
and vacuum filtered on to a filter (same QMA Whatmann, 1.6um pore size) to examine
if there was contamination between samples. All blanks were treated in the same way
as the samples, with some being analysed with pRaman spectroscopy to gain an
understanding of polymer contamination, and the rest stained and imaged with Nile
Red to understand the particle size, shape and number of particulates from
contamination. All results have been adjusted (blank corrected) to account for the
contamination found in these field and procedural blanks, based on their particle size
distribution from the Nile Red staining of blanks, and based on the polymers found in

any procedural and field blanks.

3.5 Calculating MP Concentrations and Statistics

To calculate the amount of MPs in each deposited and suspended sample, the following
sets of equations for used.

To calculate the number of MPs per sample (all samples):
uP = (PJ/A;) x Ar

uP = MP per total sample

Ps = MP particles in the subsampled area (count)

A ¢ = area subsampled (mm?)

Ar= area of total filter (mm?)
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For individual suspended samples (direct air filter and nanotank), to calculate the
volume of air per sample, following equation was used:
V = (t; x £5)/1000
ts = time (mins) for the total sample
fs = flow rate (L/min) for the sample
V = air volume sampled (m?)
For the suspended air samples (nanotank and direct active air samples), the total

representative MP per m® is calculated as:

Total suspended MP = uP/V (MP/m?) , which in long had is:

— (PJA ) x Ar)/ ((t; x £5)/1000)

Filters were generally 47mm diameter for direct air filtration samples, and 25mm

diameter for nanotank samples.

One of the main research questions for examining both remote and urban atmospheric
MP pollution, is their potential relationship with weather parameters. In relation to
atmospheric MP pollution in Svalbard, weather data collected at the Ny-Alesund
research station was collated from the Norwegian Centre for Climate Change
repository (Maturilli et al., 2022a, 2022b; Norwegian Centre for Climate Services,
2021) for the sampling period May-June 2022. The main variables of interest here
were precipitation (mm), atmospheric pressure (hPa), snow depth (cm), snow cover
(%), wind speed (m/s), and wind direction. To examine the relationship between
weather variables and urban atmospheric MP pollution, weather data was taken from
the Visual Crossing (Visual Crossing, 2011) for the period of November-December
2021. The same variables were of interest here but snow cover was not included due
to the lack of snowfall in Glasgow from November 2021-December 2021 — when

sampling took place. Due to higher atmospheric pollution levels at the urban location
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(Glasgow), it was of interest to observe if there was a relationship between atmospheric
MP pollution at the site, and other atmospheric pollutants. For this purpose, air quality
was taken from the International Air Quality Index (AQI, 2021) database.

To examine potential relationships between atmospheric MP concentrations and
weather parameters, and air pollution levels respectively, statistical correlation
analysis was performed in Excel. The correlations between MP Concentration and
weather and pollution data were completed using the Correlation function in Excel
which produces a p-value. To examine the significance of this p-value, the r-value was

calculated using Pearson correlation with the following equation:

-
I

2(x1 - X)(yi-y)
VE((xi - D (y-9)>

Where:

> =sum

x' and yi - are the data points
X = mean of x values

¥ = mean of y values

The methods detailed in this section were used consistently throughout this thesis and

research.
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Chapter 4 - Pilot Study: Examination of Active Air
Sampling Efficiencies

This chapter will cover the first research question (RQ1): How do the parameters used
in active atmospheric MP sampling influence measured particle concentrations relative

to environmental conditions?

4.1 Introduction

The field of atmospheric MPs is still considered novel, given the first study was
published in 2016 (Dris et al., 2015), and only 124 studies published as of 2023
(O’Brien et al., 2023). Although the field is rapidly growing in interest and studies,
there is still a lack of understanding and consensus on methods used to sample and
analyse atmospheric MPs. Active sampling (also known as atmospheric concentration
sampling for aerosol particles) is a method used in atmospheric science to collect
particulates, relative to a known volume of air and collects mostly suspended
particulates (those suspended in the air, rather than deposited). This can be carried out
using a variety of instruments and methods, but for atmospheric MPs this mostly
involves a calibrated pump drawing a known volume of air through a chamber on to a
sample medium (filter) onto which particulates are retained (Zhang et al., 2020a). In
atmospheric science, the elements of the sampling process can affect the results and
validity of your study. There are many choices to make sure the methodology and
sampling procedure used are: 1) best suited to your research question; 2) most effective
for the sample you want to attain; and 3) best suited to the research environment.
Factors such as the volume of air sampled, pumping rate, and the environment where
the sampling is taking place are important in terms of representation and accuracy
(Haig et al., 2016;). Sampling too much air, either with an excessive pumping rate or
sampling duration could cause the filter to become overloaded (blinded). Overloading
could result in inconsistencies in the pumping rate as the ability to draw air through

the filter is reduced and could cause particle re-entrainment, leading to lower collection
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efficiencies. Alternatively, if the pumping rate is low or the sample duration is too
short, there could be a limited residence time between the sample and the filter,
resulting in limited material being collected relative to background contamination, also

causing lower collection efficiencies.

Although guidance exists for traditional air pollutants on how to plan and adjust for
these parameters (McCammon, Woebkenberg, & Ashley (2016), limited literature
exists on how this information can be adapted and applied to atmospheric MP sampling
campaigns in areas with different levels of environmental contamination. As no
guidance exists to date on how these parameters can affect MP sampling, this pilot
study was designed to test each of the abovementioned parameters and examine its
significance. It has been observed that there is a positive relationship between
particulate matter (a more traditionally measured air pollutant) and atmospheric MP
and it is considered that atmospheric MPs will contribute to ambient PM
(Akhbarizadeh et al., 2021). It is therefore assumed that some of the principles that

have been established for traditional air pollutants, can be applied to atmospheric MPs.

Air pollution is a long-established field and an international public health concern;
therefore standards have been created to improve the efficiency of sampling. For
example, the US Environment Protection Agency (EPA) and the Environment Agency
in the UK have both published technical guidance on this (Environment Agency, 2011;
US Environmental Protection Agency, 2011). Although this can provide helpful
information on the various methods that are used, the advice on the limits of detection
and reported uncertainty would need to be adapted to suit the differences with MP
research. For example, the LOD of MP can vary from 2um (Allen et al., 2019; Wright
et al., 2019) to Smm (Dris et al., 2017), which is a much larger range than
considerations for PM which is normally measured in the range of 2.5um, and 10pum
(PM2.5 and PM1o). Furthermore, despite an extensive literature search there appears to
be little guidance on how to adjust sampling campaigns relative to the contamination

in the surrounding environment. To address this, a pilot study was designed whereby
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various sampling volumes and pumping rates were tested over the same time period,
to assess their relative importance in terms of particle concentrations and
representation in the same environment. The objectives of this study were to
determine: 1) to determine the pumping rate is appropriate for optimal filter collection
relative to field conditions; 2) to determine the optimum duration for sampling
intervals relative to field conditions; 3) to examine if pumping rate and sampling
duration influence the type of MP particles collected (polymer composition, shape

(fibre/fragment) and size).

4.2 Methods and materials

4.2.1 Field Experiment — Sample Collection and Experimental Parameters

A single moderate density urban location in the city of Glasgow, UK, was used to
ensure consistency in environmental conditions. Glasgow has the population of
633,100 (as of 2019) (Glasgow City Council, 2021), and is still known for its
commercial and industrial economy (IFSDG, 2021). Sampling took place in
Rutherglen which is a town =5 miles from the centre of Glasgow (see Figure 4.1),
which is mostly residential with some urban and industrial activity and a population
of 230,000 as of 2022 (South Lanarkshire Council, 2023). At the time of this research
(Nov-Dec’21) there were still some COVID-19 restrictions in place, including
government advice to work from home where possible. This meant a reduction in
public transport and traffic, but as some activity had returned to the city, it was

determined that a representative sample was still possible.
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Figure 4. 1 Map of Glasgow and Rutherglen, red dot indicating the sampling location (Arc
GIS, 2025)

All samples were taken over the same period and same location to ensure there were
no spatial or temporal variances. Sixteen samplers were set up at =0.75m height, each
with one stainless steel filter holder and a silicone hose attached to a calibrated pump
to draw air through the chamber to the filter (QMA Whatmann 1.6um pore size) (see
Figure 4.2).

Figure 4. 2 Image of Experimental Set-Up in Glasgow, the nanotank samplers can be seen
in the red box; the daily sampling duration direct air filtration samplers are in the yellow
box; the weekly sampling duration direct air filtration samplers are in the green box; the

monthly sampling duration direct air filtration samplers are pictured in the blue box
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Direct air filtration sampling was used whereby the pump draws the particulates on to
a filter (Figure 4.3A) The nanotank sampler operates by using a pump to draw air into
a sealed chamber where the particulates are collected in milli-Q water (see Figure
4.3B), and the milli-Q is later removed and vacuum filtered onto a quartz fibre filter
(QMA Whatmann 1.6pum pore size). The aim of using both samplers in parallel was to
examine if one method was more effective at collecting particulates or collected
different characteristics of MP than the other. The nanotank is a novel design
attempting to prevent particle re-entrainment as particles are drawn into a liquid media

rather than directly onto a filter. A discussion on the design and detail of the nanotank

is provided in Chapter 3.
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Figure 4. 3 Diagram of the two active air sampling systems used, (A) Direct Air Filtration
System; (B) Nanotank System

When designing this research study, published atmospheric MP studies to date were
examined to compare the active sampling parameters used across studies and
locations. Seventeen published studies were identified as relevant (Table 4.1). These
studies examined samples in a range of locations from coastal areas to densely
populated cities and remote mountain catchments. No trend or correlation was
apparent between the quantity of sampled air, duration of sampling periods, and

pumping rates. All samples were collected via pump onto filter (active air sampling).
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Sampling campaigns seemed to be designed on a needs basis; therefore, it would be

advantageous to improve understanding on the limits of detection and improve the

efficacy of sampling campaigns.

Table 4.1 Sampling Information from Research at time of research design (Environment;
Quantity of Sampled Air; Duration; Sampling Rate; Sampler Type) (Syafei et al., 2019;
Peller et al., 2019, Li et al., 2020; Dris et al., 2017; Gaston et al., 2020; Panko et al., 2019;
Abbasi et al., 2019, Trainic et al., 2020; Asrin and Dipareza et al., 2019, Allen et al., 2020;
Liu et al, 2019a; Liu et al, 2019b; Wang et al., 2020, Tunahan Kaya et al., 2018,

Akhbarizadeh et al., 2020)

Reference Environment Quantity of | Duration of | Pumping rate (L/min) Sampler Type
Sampled Air | Deposition (1m® = 1000L)
(m’/sample) Sampled
Syafei et al., City environment Period 1 = 0.9m* 3 days Period 1 =0.2 L/min Stainless steel 1000 mL
2019 — outdoor Period 2 = 19m? Period 2 = 0.4 L/min funnels, and vacuum
pumps (Vacuubrand
pumps)
Peller et al., Lake environment | 8.64-12.96m? 2-3 days 3 L/min 12V DC battery powered
2019 — outdoor small pump and
Li et al., 2020 City environment 1.8-2.4m’ 6-8 hrs 5 L/min MiniVol samplers
— outdoor (Airmetrics, USA)
Dris et al., 2017 | City environment 2-5m’ 4-7hrs 8 L/min Stand-alone sampling
— outdoor pump (GH300, Deltanova,
France)
Gaston et al., City environment 4.6m*? 5 days 11.7 L/min Simple vacuum filtration
2020 (coastal) — (4615L for 8 array and vacuum pump
outdoor hours) (Cole-Parmer Air Admiral)
Panko et al., City environments | LA = 44m? LA = 48hrs LA =16.5 L/min LA =BGIPQ 200
2019 — outdoor London = 75.3m? London = London = 17.4 L/min samplers (Mesa Labs) —
Tokyo = 95.3m’ 72hrs Tokyo = 16.7 L/min PM2.5 inlet
Tokyo = London = Thermo Partisol
72hrs 2025 samplers
(ThermoFisher)
Tokyo = - 2000 FRM
samplers (ThermoFisher)
Abbassi et al., City environment 24m’ 24 hrs 16.67 L /min ECHO PM ambient filter
2019 — outdoor sampler (TECORA, Italy)
Trainic et al., Ocean 12-60m? 10-50hrs 20 L/min Inlet, positioned 15m
2020 environment — above sea level, vacuum
outdoor pump pumping on to a
filter
Asrin and City environment 24.7m’ 13 hrs 31.6 L/min Stainless steel funnels, and
Dipareza, 2019 | — outdoor vacuum pumps
(Vacuubrand pumps).
Allen et al., Ocean 72m’ 24hrs 50 L/min Standard vacuum pump,
2020 environment — Caltech Active Strand
outdoor Cloudwater Collector
(CASCC)
Liu et al., 2019a | City environment | 6m? lhr 100 L/min KB-120F type intelligent
— outdoor middle flow total
suspended particulate
sampler (Jinshida,
Qingdao)
Liu et al., 2019b | Ocean 24-144m? 4-12hrs 100 L/min KB-120F type intelligent
environment — middle flow total
outdoor suspended particulate
sampler (Jinshida,
Qingdao)
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Reference Environment Quantity of | Duration of | Pumping rate (L/min) Sampler Type
Sampled Air | Deposition (1m® = 1000L)
(m’/sample) Sampled
Wang et al, | Ocean 53-259m? 10-48hrs 100 L/min KB-120F type intelligent
2020 environment - middle flow total
outdoor suspended atmospheric
particulate sampler
(Jinshida, Qingdao)
Tunahan Kaya | City environment | 9m? 1/2hr 300 L/min Specially build air pump
etal., 2018 — outdoor device
Akhbarizadeh et | City environment | 12096m’ 6 days 1400-1600 L/min Tisch high volume sampler
al., 2020 — outdoor (TE-6070D, USA)

To address this knowledge gap, the following methodology was devised. A matrix of

pumping rates and sampling duration (and therefore air quantity) were tested. For both

parameters, four values were be tested — one lower limit, two middle values and one

upper limit (see Figure 4.4).

DAILY DIRECT AIR DAILY WEEKLY DIRECT AIR MONTHLY DIRECT
FILTRATION NANOTANK FILTRATION AIR FILTRATION
v v
L/ |[1oL/ i/ oL/ 1L/ | |1oL/ L/ | /10L/
MIN | MIN MIN | MIN MIN | MIN MIN | MIN
25L/ | |50L/ 250/ |l40L/ 25L/ | |50L/ 25L/ | |50L/
MIN | MIN MIN | |MIN MIN | |MIN MIN | MIN

Figure 4. 4 Experimental Set Up- Pumping Rate and Sampling Duration values

The first parameter considered was pumping rate. The lower limit was constrained to

1 L/min, which was the lowest value reported in the literature (Syafei et al., 2019). The

next parameter was 10 L/min which is another lower figure used (Dris et al., 2017;

Gaston et al., 2020) and then 25 L/min. Finally, the upper limit to be tested was 50

L/min, used by Allen and colleagues (2020) in an ocean environment. This also was

the upper limit of the direct air filtration sampling equipment used in this study.

The second parameter tested, sampling duration, followed the same framework. The

lower limit of one day was chosen as this is the shortest period in which any sample is
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thought to be valid in an urban location. This was also used by Abbassi and colleagues
(2019) in an urban environment in Iran (see Table 4.1). This was not the lowest figure
used in the literature (1 hour, Table 4.1); however, that study was for a much larger
urban area and had much higher pumping rate (100L/min). It has also been argued that
24 hours is too little time for the detection limits of some air pollutants (Gaga et al.,
2012). Hence a longer duration of 7 days was also chosen, which was the longest
period reported for MPs in the literature (Akhbarizadeh et al., 2021). Finally, the upper
limit chosen was 28 days. So far, no studies in atmospheric MPs have sampled for this
long. We hypothesised that this limit could extend beyond the maximum limit for
sampling durations. The selection of daily, weekly, and 28 days during a single 28-day
period was to establish the failure point at which the system is no longer effectively
collecting MPs and depositing them evenly across the filter in the pilot study location.
Pump rate and duration were assessed to quantify the atmospheric MP sampling
efficiency. The efficiency is based on the MP count found in each sample relative to
negative controls (field blanks — see Chapter 3). The type of particle collected was
also examined (polymer composition, shape and size). Based on this information
recommendations on the ideal sampling duration and pumping rate, relative to field

conditions, were made.

4.2.2 Micro-Raman (uRaman) spectroscopy

Micro-Raman (uRaman) spectroscopy was used to provide polymer characterisation,
specifically identification of the types of plastic polymers within the different sample
sets. This enables individual particles to be characterised through comparison of their
uRaman spectra with established libraries of known plastic polymers (Enyoh et al.,

2019).

A selection of the samples were analysed with pRaman spectroscopy (58% of samples,
46 unique individual samples completed in triplicate) to gain a picture of the polymer
composition of the dataset. While it would be ideal to undertake analysis of the totality

of all filters using uRaman, the resource (both financial and time) required to achieve
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this with a sample set of 76 sample types and timesteps (n = 228 including triplicate
assessments) make this unviable. Therefore, a selection of daily direct air filtration
samples, nanotank daily samples, weekly and monthly direct air filtration samples,
were selected for pRaman analysis. The pRaman spectrometer (Horiba Scientific,
XPlora Plus, University of Strathclyde) employed a 785nm laser with a 1200mm’!
grating and 50pum split settings. The spectrometer was set to collect spectra between
200-2000 cm™' Raman shift for all particles down to 1.6 um, with an acquisition time
of 10 seconds and 2 accumulations and with power at 35mW. Each sample was
analysed in triplicate across three areas (=1% of the filter in each sub-sample window,
IxImm). There was no bias in the particle selection for analysis based on colour,
shape, or size (all particles were analysed irrespective of appearance), and the filter
was also analysed for background spectra analysis. There were >100 particles analysed
per subsample. This sub-sample area selection was used to provide a representative
sample (>100 particles) (Zhao, Dahal, & Marfil-Vega, 2020; Cowger et al., 2024)
within a sensible and achievable time frame. The resulting spectra were saved as SPC
files and analysed using Spectragryph (version 1.2.15) (Menges, 2022). Multivariate
analysis of each spectra was completed and reference libraries were used to confirm
polymer identification (SIMPLE, SLOPP and SLOPPE databases and the laboratory
reference plastics spectral database (Jin et al., 2022; Levermore et al., 2020; Xu et al.,
2020b)). Particles were only confirmed as plastic if a HIT (hit quality index) rate of
>80% was achieved (Cowger et al., 2020; Levermore et al., 2020), and those below

the <80% threshold discounted as non-plastic particles.

4.2.3 Nile Red staining

In order to gain information on the size and shape of the MP particles and a
comprehensive particle count, samples were also analysed with Nile Red fluorescence
microscopy. Fibres were identified using the standard 1:3 width ratio as used
frequently within MP studies (Na et al., 2024; Li et al., 2020), and the rest are classified
as fragments. A 1% (1ug mL ") Nile Red solution was used to stain the samples, which

were then oven dried at 30°C overnight and then stored in a fridge 4°C in sealed
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aluminium containers to rest before they were imaged with the fluorescent microscope.
This process of drying, cooling and de-energizing (in the dark) can aid with the MP
staining and fluorescence efficiency as well as minimise staining and fluorescence of
organics resulting in false-positives (Galvao et al., 2023). All samples that were not
subject to pRaman analysis were imaged with a fluorescence microscope (Nikon
Eclipse LVI10OND), using a x10 objective and fluorescence mode (with QMA
Whatmann with 1.6um pore size), and a 470nm wavelength lamp. A transect of images
(1.4 x 0.94 mm each) was taken from the top to the bottom of the filters resulting in
20% of the filter being analysed (taking into consideration the sub-sample method
findings of (Huppertsberg and Knepper 2018). The software F1JI/ImageJ (Schindelin
et al., 2012) enabled automated particle count, shape and size. Resulting MP counts
were then calculated relative to the total area of the area analysed and extrapolated for

the total area of the filter.

4.2.4 Microplastic contamination prevention

Multiple steps were taken to ensure that contamination of MPs was minimised at each
step of the data collection and analysis process. In the field, the equipment was set-up
away from any potential interference or contamination. In addition to this, only natural
materials were worn during the collection of samples (wool, cotton) and blanks were
taken during sample collection, in the processing laboratories in Glasgow. The
University of Strathclyde, where sample preparation and all Nile Red staining and
images were produced, has a MPs clean lab where only natural materials are permitted
to be worn, cotton lab coats are used, there is an air filter used, cleaning with ethanol
and milli-Q is conducted regularly and access is limited in order to minimise
contamination. In addition, the filters used to collect samples and the stainless-steel
containers used to store and transport the samples were heat treated before use (~450C
oven for 15 minutes). The ethanol used for field sampling was vacuum filtered before
use (Whatmann QMA filters with 1.6um pore size) and blanks of the milli-Q, ethanol

and the milli-Q/ethanol solution were taken. All blanks were treated in the same way
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as the samples, with one field blank and one procedural blank (see Chapter 3) being
analysed with pRaman spectroscopy to gain an understanding of polymer
contamination, and the rest stained and imaged with Nile Red to understand the particle
size, shape and number of particulates from contamination. All results have been
adjusted to account for the contamination found in these field and procedural blanks
based on their particle size distribution from the Nile Red staining of blanks, and all
samples blank corrected based on the polymers presence in the field and procedural
blanks. The polymers identified in both the procedural nanotank blank and the field

blank taken, which have been subtracted from the particle counts.

4.2.5 Statistical analysis

To calculate the amount of MPs in each deposited and suspended sample, the following
sets of equations for used.
To calculate the number of MPs per sample (all samples):

uP = (PJ/A;) x A
uP = MP per total sample
Ps = MP particles in the subsampled area (count)
A s = area subsampled (mm?)
Ar= area of total filter (mm?)
For individual suspended samples (direct air filter and nanotank), to calculate the

volume of air per sample, following equation was used:
V = (t; x £5)/1000

ts = time (mins) for the total sample

fs = flow rate (L/min) for the sample

V = air volume sampled (m?)
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For the suspended air samples (nanotank and direct active air samples), the total
representative MP per m® is calculated as:

Total suspended MP = uP/V (MP/m?) , which in long had is:

— (PJA ) x Ar)/ ((t; x £5)/1000)

Filters were generally 47mm diameter for direct air filtration samples, and 25mm

diameter for nanotank samples.

4.3 Results and Discussion

4.3.1 MP content for Pumping Rate and Sampling Duration

The particle counts for each pumping rate and sampling duration are reported as a
result of both pRaman analysis and Nile Red staining (see Appendix V for
supplementary data). Time weighted average MP for each parameter expressed as MP
per total filter and MP per m® can be found in Table 4.2. Standard deviations are
included to illustrate variability of daily (n=7) and weekly (n=4) sampling but not
possible for the 28-day sampling (n=1). As the samples were taken on different days
in an environmental setting, the concentrations of MP found on each day will be
subject to daily variations. Therefore the standard deviation is representative of
variability rather than error with the sampling system and parameters tested.
Furthermore, the contamination measured with the field and procedural blanks has
been subtracted from the concentrations reported here and is therefore not part of the

variability found.
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Table 4.2 MP Average Particle Counts Expressed as Total MP per Filter and Average
Particle MP Counts Expressed per m® and MP (Appendix Table V.1)

MP Average Particle Counts Expressed as Total MP Count per Filter
Sampling Duration Pumping Rate Time Weighted Standard Deviation
Average
Daily 1L/min 13700 12300
10L/min 21400 7600
25L/min 23200 39900
50L/min 67200 63100
Nanotank 1L/min 2890 4650
10L/min 3530 4620
25L/min 3460 3360
40L/min 1820 1650
Weekly 1L/min 12500 17200
10L/min 57600 76300
25L/min 15500 18600
50L/min 59500 47100
Monthly 1L/min 1180 NA
MP Particle Counts Reported per m®
Sampling Duration Pumping Rate Time Weighted Standard Deviation
Average
Daily- Direct Air 1 L/min 9440 8740
Filtration 10 L/min 1500 533
25 L/min 649 1120
50 L/min 940 882
Daily - Nanotank 1 L/min 2010 3230
10 L/min 247 3230
25 L/min 96.8 93.9
40 L/min 31.8 28.9
Weekly- Direct Air 1 L/min 1220 1730
Filtration 10 L/min 572 7590
25 L/min 60.9 74.8
50 L/min 118 94
Monthly- Direct Air | 1 L/min 203 NA
Filtration 10 L/min 160
25 L/min 22.3
50 L/min 0.1

MP counts per filter generally increase as pumping rate increases (Table 4.2), which
is expected because of the increased air volume across the filter. Interestingly, the
range of MPs recovered from the weekly and monthly samples is consistent with the
daily samples, suggesting that filters from the weekly and monthly samples are
becoming overloaded (blinded). If these results are converted to MP per m?, as is often
used in atmospheric MP studies, these results can be compared directly. Daily direct

air filtration samples retained the largest amounts of MP particles compared to the
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weekly and monthly sampling or the daily nanotank sampling system (Table 4.2).
Similarly, the slowest pumping rate (1 L/min) retained the most MPs per unit volume
sampled and, as the pumping rate increased, the average particle collection decreased.
The nanotank also displayed a similar trend with average particle collection per m?

decreasing as the pumping rate increased.

Because sampling periods overlapped, the sum of the MP recovered in the daily
samples were compared to the weekly samples that were collected during the same 7-
day period across all four pumping rates (Figure 4.5). The sum of MP in the 7 daily
samples exceeded the weekly samples across all pumping rates (Figure 4.5A). MP
collected per filter increased with as pumping rate increased. Again, normalising to
MP per m® sampled, the lowest pumping rate (L/min) collected the most MP (Figure
4.5B). The average particle collection decreases as the pumping rate increased from 1
L/min to 25 L/min. A small increase was observed as the pumping rate increased to
50L/min, but MP recovered per unit volume remained less than what was recovered
by the 1 L/min and 10 L/min pumping rates. Based on these results, the 1 L/min daily
sampling is the most effective set of conditions among those tested for this location;
however, a lower pumping rate and/or more frequent sampling should be evaluated to

determine optimal sampling conditions.

95



Total MP Count Per Filter

MP/m?

500000
450000
400000
350000
300000
250000
200000

150000

100000

50000
0 | e

1 L/min 10L/min 25L/min 50L/min
m Daily (7-day sum) ®Weekly = Monthly (Equivalent Weekly) ®Nanotank (Equivalent Weekly)

10000
9000
8000
7000
6000
5000
4000
3000
2000

1000

0 - m B

1 L/min 10L/min 25L/min 50L/min*
® Daily (7-day sum) ®Weekly = Monthly (Equivalent Weekly) = Nanotank (Equivalent Weekly)

Figure 4.5 (A) Bar Chart displaying normalised results for each sampling duration and
pumping rate expressed as total MP count per filter; (B) Bar Chart displaying normalised
data for each sampling duration and pumping rate particles per m*; (C) Bar Graph
displaying nanotank daily sampling frequency particle counts expressed as total MP count
per filter (*NB: 40 L/min was the maximum limit for the nanotank sampling but is
presented as 50 L/min here) (D) Bar Graph displaying nanotank daily sampling frequency
particle counts expressed as particles per m’
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4.6.1 MP Size Distribution for Pumping Rate and Sampling Duration

From the Nile Red analysis, it showed that the majority of particles were <250um
(53.7%) but there was variation in particle size between the sampling durations and
pumping rates (Table 4. 3).

Table 3.3 Particle Size Distribution of MP Particulates as Percentage of Particles Identified
(Nile Red) (Appendix Table V.2-5)

Size Range Daily Nanotank Weekly Monthly
1.6-10pum 92.6% 69.4% 83.1% 72.8%
10-20 pm 6.1% 22.4% 13.3% 20.0%
20-30 pm 1.0% 4.8% 1.7% 4.6%
30-40 pm 0.2% 1.6% 1.0% 1.1%
40-50pm 0.0% 0.9% 0.0% 0.5%
50-100pm 0.0% 0.7% 0.2% 0.6%
100-150pm 0.0% 0.1% 0.4% 0.2%
150-200pum 0.0% 0.0% 0.1% 0.1%
200-250pum 0.0% 0.0% 0.1% 0.1%

The daily sampling duration using direct air filtration collected particles with a smaller
size distribution with 92% of particulates identified <1 Opum, followed by 6% in the
10-20 um range. This indicates that daily sampling is more biased to collecting the
smallest MP particulates compared to longer sampling durations. Within the different
pumping rates tested within the daily sampling duration, the particle size distribution
remains fairly similar with the majority of particulates <10 um (see Figure 4.6A) but
there is some variation between the different pumping rates. From Figure 4.6A it can
be observed that the 25 L/min rate collected a wider range of particle sizes compared
to the other pumping rates tested, which may be desirable in order to observe a wider
range of particle characteristics. It is interesting to note that the 50 L/min rate collected
the highest average MP/Filter but shows the smallest range in particle size distribution

for daily direct air filtration.
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Figure 4. 6(A) Box Plot showing particle size distribution of identified MP particles using
Nile Red staining, for samples using direct air filtration and daily sampling duration n =
21 ; (B) Box Plot showing particle size distribution of identified MP particles using Nile
Red staining, for samples using a nanotank sampling system and daily sampling duration
n=15; (C) Box Plot showing particle size distribution of identified MP particles using Nile
Red staining, for samples using direct air filtration and weekly sampling duration n =9 ;
(D) Box Plot showing particle size distribution of identified MP particles using Nile Red
staining, for samples using direct air filtration and monthly sampling duration n= 2 (only

two monthly samples analysed with Nile Red)(Appendix Table V.2-5)

The nanotank sampling system showed a more varied particle size distribution with

69.4% of identified MP particulates <10um, followed by 10-20um (22.4%), and then

20-30um (4.8%). From Figure 4.6B it can be observed that the 1 L/min pumping rate

displayed the largest range of particle size distribution of the pumping rates using this
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system. The particle sizes across all four pumping rates in the nanotank were larger
than particle sizes in the corresponding direct air filtration systems (Figures 4.6A and
B), which suggests that direct air filtration may be more effective at collecting the

smallest particles (1.6-11pm).

In terms of the weekly sampling duration, there is again a high proportion of particles
identified <10pum (83.1%), again followed by 10-20pm. From Figure 4.6C and Table
4.3, it can be observed that the weekly sampling system collected more larger particle
size ranges. It is clear there is a similar average particle size for reach pumping rate,
with the median and mean at similar values. Again, there is not a corresponding
increase in particle size ranges observed with the increase of average MP count per

filter.

The monthly sampling duration shows the biggest range in particle size distribution.
There is still a high proportion in the <IOum range (72.8%), but with a higher
percentage in the >10um size range compared to the other direct air filtration sampling
durations (Table 4.3). In Figure 4.6D it can be observed that there is a bigger range
in size distribution and the average particle size is higher than the other sampling
durations rested. There is an increase in the average particle size as the pumping rate
is increased to 25 L/min and there is a similar range in particle size distribution to the
10 L/min rate, but the range is more unevenly distributed in the lower quartile, with a
larger lower outlier. As the 10 L/min pumping rate was the most effective rate at
collecting MP particles within the monthly sampling duration (Fig 4.6D), it is

promising that this rate could collect a range of particle sizes.

4.3.3 MP Shape Characteristics for Pumping Rate and Sampling Duration

In terms of shape, the MP particles identified were divided into two categories — fibre
and fragment. Fibres were identified using the standard 1:3 width ratio as used
frequently within MP studies (Na et al., 2024; Li et al., 2020). There was some

variation in the proportion of fibre and fragment amongst the different sampling
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durations and pumping rates. The daily sampling duration via direct air filtration
(n=21) did not collect a high number of fibres overall with 98.82% of particles
identified as fragments after blank correction. The 1 L/min pumping rate did not collect
any fibres, but the 10 L/min collected the highest proportion of fibres (0.07%),
followed by 25 L/min (0.04%). Then as the pumping rate increases to 50 L/min again
no fibres were present after blank correction. The nanotank sampling system with daily
sampling (n=15), was much more effective at collecting fibres with 47.1% of identified
particles as fragment, and 52.9% of particles as fibres. This ratio was consistent across
the 1 L/min, 10 L/min and 25 L/min pumping rates with approximately 47% fragment
to 52% fibre. The 50 L/min displayed a slightly larger distribution of fibres (54%) to
fragment (45.8%). Although the nanotank sampling system was not as effective in
terms of average MP collection it is interesting to observe that it appears to be more
effective at collecting a wider range of particle characteristics, and the direct air
filtration method may be more biased at collecting fragments. This may be due to the
fibres being entrained in a liquid medium in the nanotank but they may be re-entrained

with the direct air filtration device as it has a wider inlet than the nanotank.

The weekly sampling duration (n=9) showed a similar distribution of fragment to fibre
as the daily direct air filtration with 1% of MPs being identified as fibres. It also shows
similar trends across the pumping rates with a small percentage of particles being
identified as fibres with the 1 L/min, 10 L/min and 25 L/min rates displaying <=1% of
particles as fibres. When the pumping rate is increased to 50 L/min for the weekly
sampling duration the proportion of fibres increases to 1.5% which may correspond to
this pumping rate collecting the highest average MP particle count per filter for the

weekly sampling duration.

By increasing to a monthly sampling duration there is again a similar distribution of
fibres to fragment with 2.17% of MP particles classified as fibres (n=2). There is a
slight increase in the proportion of fibres as the pumping rate increases from 10 L/min

(1%) to 25 L/min (2%). As the other monthly samples were analysed with pRaman
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which did not have the capacity to report on shape and size, it is not known if the
smaller or higher pumping rate showed similar patterns of shape distribution. It is
interesting to note that the 10 L/min pumping rate collected more particulates than the
25 L/min, but collected less fibres, which makes the difference in fragment and fibre
composition surprising. It should also be noted that by increasing the sampling
duration from weekly to monthly, there is a similar composition of fibre (2%) to
fragment (98%), despite less MP particles being collected with a monthly sampling

duration.

4.3.4 Polymer Composition for Pumping Rate and Sampling Duration

From the pRaman analysis, the polymer composition of 58% of the samples was
examined. Of the polymers identified, the predominant polymers were Polymethyl
methacrylate (PMMA, 16.9%), Polysulfone (PLS, 14.5%), Acrylic (14.2%), and
Polyethersulfone (PES, 11.7%). PMMA is often found in windows, automotive
lighting and road signage given its durability. PLS is used commonly for medical and
laboratory applications as it can withstand repeated sterilisation, and is also used in the
food industry as its resistance to chemicals make it appropriate for food processing
and microwave-safe dishes. Acrylic is a versatile polymer and is used in construction,
for medical, electronic and transport applications. Finally, PES is used for its stability
under high temperatures so it is used for filtration membranes, industrial and aerospace
applications and electrical equipment. High proportions of these polymers would be
expected in an urban environment in which the samples were taken. Each parameter

displayed fairly similar polymer composition, as can be observed from Figure 4.7.
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Figure 4. 7 Pie Charts Showing Polymer Composition of Each Sampling Duration as
Percentage of Polymers Identified n= 9196 A. Daily Sampling Duration Polymer
Composition (Direct Air Filtration) B. Nanotank Daily Sampling Duration Polymer
Composition C. Weekly Sampling Duration Polymer Composition D. Monthly Sampling
Duration Polymer Composition (Appendix Table V.6)

Daily sampling displayed slightly more Polycarbonate (PC, 19%) and Polylactic acid
(PLA, 6%) than other samples. Nanotank sampling displayed slightly more
Polypropylene (PP, 2%) than others. Weekly samples appear to have collected slightly
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more Polyethylene terephthalate (PET,7%), Polyethersulfone (PES 16%), Polymethyl
methacrylate (PMMA, 16%) and monthly samples collected more Polyvinyl chloride
(PVC, 3%), Cellulose (CE, 6%) and Acrylic (15%). These slight differences could be
due to the changing wind patterns over the month period or other localised influences.
However, these are slight differences and overall polymer composition is similar over
the pumping rates and sampling durations which indicates that pumping rate and

sampling duration are not selective for polymer composition.

4.3.5 Thresholds and Recommendation for Future Research

Overall considerations need to be made when choosing the sampling duration and
pumping rate for an active sampling campaign for atmospheric MPs. Although it is
helpful to have definitive thresholds for effective particle collection to prevent under-
reporting particle concentrations, the most effective parameters for collecting the
perfect sample will be different depending on the environment in which the sample is
collected, and the research question that is being asked. It is clear that for all samples,
apart from the weekly sampling duration, the highest parameter of 50 L/min (or 40
L/min for nanotank samples) is the upper threshold, where the sampler is no longer
effectively collecting particulates. But there is nuance in the most effective pumping
rate and sampling duration beneath that threshold. From Table 4.4 it can be observed
that by increasing the pumping rate, there is not necessarily an increase in the ratio of
MP per m® to MP per Filter, which may be expected if you are sampling a higher
volume of air. It would be fair to assume the longer sampling durations would collect
a concentration of MP particulates that is cumulative of the daily sampling regimes,
but it is evident from the numbers presented above that this is not the case. Therefore,
sampling a smaller volume of air may result in a higher payoff when it comes to

choosing the most effective duration and pumping rate for your research question.
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Table 4.4 Ratio of MP per m’ to MP per Filter for Each Sampling Duration and Pumping
Rate

Sample Name Average MP/m® | Average Ratio of MP/m?
MP/Filter to MP/ Filter

Daily 1 L/min | 9435.8 13686.9 0.7

10 L/min | 1498.4 21427.5 0.1

25 L/min | 649.3 23196.0 0.0

50 L/min | 939.6 67184.4 0.0
Nanotank | 1 L/min | 2012.3 2892.3 0.7

10 L/min | 246.7 3528.8 0.1

25 L/min | 96.8 3461.8 0.0

40 L/min | 31.8 1821.4 0.0
Weekly 1 L/min | 1219.5 12470.9 0.1

10 L/min | 572.1 57626.5 0.0

25 L/min | 60.9 15530.6 0.00

50 L/min | 118.1 59498.2 0.00
Monthly |1L/min | 23.2 1177.2 0.0

10 L/min | 162.3 65404.3 0.00

25 L/min | 22.3 22509.6 0.00

50 L/min | 0.1 242.1 NA

One of the aims was to examine if a new method of active sampling for atmospheric
MP — the nanotank — was more effective than the traditional direct air filtration method.
It was assumed that by collecting particulates in a liquid media that there would be a
reduced opportunity for particle re-entrainment into the atmosphere. However, these
results indicate that the nanotank does not perform better than direct air filtration. The
procedural blanks for the nanotank were also higher than the direct air filtration field
blanks (see Appendix V), which indicates that the opportunity for contamination
between samples is more likely with this method. However, it does still collect MP in
a cost-effective manner, and although polymer composition was not too dissimilar to
the other direct air filtration samples, it does appear to collect a different size fraction
to the direct air filtration system. Daily direct air filtration samples collected more
particles in the smaller size ranges (<10 um) and the nanotank sampling system
displayed a more varied particle size distribution. It also showed a more even
distribution of particle shapes, with more fibres identified than the direct air filtration

system. This could be to the larger particle sizes, size distributions, and shapes being
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entrained in the liquid media in the nanotank compared to the filter used in the direct
air filtration system. Furthermore, the nanotank was only tested with a daily sampling
frequency. If the nanotank is to be used, it is evident that the 1L/min pumping rate had
the highest average MP count per m® and collected a wide range of particle sizes
compared to the other parameters tested. The 50 L/min rate tested did collect a slightly
higher proportion of fibres than the other parameters, but the difference between the 1
L/min rate is minimal. Therefore a 1L/min rate for the nanotank is optimal in terms of
average MP particle collection per m* and in terms of collecting a representative
particle size and shape range. However, as Glasgow is an industrial city with a high
population, a higher pumping rate or longer duration may be necessary in more remote
locations. Future research could look to develop the nanotank to improve overall MP

collection efficiency.

The direct air filtration system with a daily sampling frequency was more effective on
average at collecting particulates across the different pumping rates, than the nanotank
system. By utilising a pumping rate of 1 L/min, the highest average MP count per m’
was achieved. The 25 L/min rate tested collected the widest particle size range despite
collecting a much smaller concentration of MP particles per m>. If the research aim
was focused on the size characteristics of atmospheric MP pollution then a 25 L/min
rate may be preferable, but in terms of collecting the smallest particles and reporting
accurate MP concentrations, the 1 L/min rate was more effective than the higher
pumping rates. In terms of shape there was not much difference between the proportion
of fibres and fragments between the pumping rates tested. The longer pumping

durations are not representative of atmospheric MP concentrations in this area.

Therefore, longer sampling durations are not recommended in urban environments.

Sampling duration and pumping rate do not vastly impact the polymer composition
found in the samples, which is an important consideration if monitoring polymer
composition over time is a key aim. In terms of characteristics, the pumping rate and
sampling duration appears to not affect the shape and size of particulate collected.

Longer sampling durations with an effective pumping rate may result in a small
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increase in the fibres collected which may be of note if fibres are the main focus of a
field campaign, but overall the main impact of adjusting the sampling duration and

pumping rate is the number of particulates collected and the size distribution.

Overall, sampling duration and pumping rate impact how representative a sample will
be in terms of particle collection and size distribution. Future studies should keep these
considerations in mind when designing the field sampling campaign. For studies to
report on MP concentrations accurately in a similar urban environment, daily direction
air filtration with a 1 L/min pumping rate is advised. It is clear that using a longer
sampling duration could result in considerably underreporting atmospheric MP
concentrations. Studies looking to examine more remote locations with a potentially
less polluted environment, should look to increase the sampling duration or pumping

rate in order to collect a representative sample.

In order for the field of atmospheric MPs to move towards more harmonious and
standardised methods, consideration for the research environment and sampling
parameters needs to be the focus. To understand the influence of the sampling
environment on the particle collection efficiency this study could be replicated in a
range of environments — remote, rural, semi-rural, urban (more densely populated),
and megacities — to test how the parameters perform relative to local population and
pollution. As the daily sampling frequency was the lowest sampling duration tested in
this study and produced the highest MP collection per volume of air, it would be
interesting to observe if a more frequent sampling duration, such as twice or three
times daily, or slower pumping rate (<1 L/min) would be more effective in more
densely populated areas like cities and megacities. Once the thresholds for each
environment are understood, practical guidance on how to adjust sampling parameters
to produce representative results can be developed and facilitate the standardisation of
methods used in the field. This would in turn enable more accurate comparisons across

studies and environments.
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4.6 Conclusions

This research addressed a key methodological gap in the emerging field of atmospheric
MP by examining how sampling duration and pumping rate influence the effectiveness
of sample collection. Despite increasing interest in atmospheric MPs, limited guidance
exists on optimising these parameters to ensure representative and accurate sample
collection. Different sampling durations and pumping rates were tested at a location in
Glasgow, Scotland, to examine their outcome on the resulting sample. The sampling
durations tested included daily, weekly and monthly direct air filtration sampling, as
well as examining the effectiveness of a new sampling system — the nanotank — using
a daily sampling duration. Alongside this, four pumping rates were tested including 1

L/min, 10 L/min, 25 L/min and 50L/min (40 L/min for nanotank sampling system).

The pRaman spectrometry results showed that the sampling duration and pumping rate
did not vastly impact the polymer composition, which would be of interest if polymer
composition was a main research outcome. Results from both the pRaman and Nile
Red analysis, showed that MP concentration and size distribution were influenced by
sampling parameters. The daily direct air filtration collected the most MP particulates
per m® across the dataset.. Although the nanotank system was more effective at
collecting fibres compared to direct air filtration, it is clear this system needs more
development to ensure representative MP collection. The monthly sampling duration
collected the largest particle size range, and showed a similar distribution of fibre to
fragment to the weekly sampling duration, despite a decrease in overall particle
collection. At 10 L/min monthly sampling achieved similar MP particle concentrations
to the weekly sampling duration. However, after the data was normalised it is clear

that a longer sampling duration is not collecting representative MP concentrations and

the daily sampling duration is more effective in this urban environment.

For all the durations tested the upper failure point was to 50 L/min, likely due to filter
overloading. The lower failure point was not reached, as the 1 L/min rate consistently

collected more MP. Importantly, increasing the pumping rate or sampling duration,
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did not result in a proportional increase in particle collection. The opposite was
observed. Future work should examine pumping rates <l L/min to find the lower
failure point. As Glasgow is an urban and fairly polluted city, pumping rates and

durations may need to be adjusted for research in more polluted or remote locations.

Overall, these findings emphasise that thought and care needs to be taken when
planning an active sampling field campaign for atmospheric MPs. Future research
should consider these parameters as early as possible in research planning, in order to
avoid underestimating particle concentrations and to ensure representative sampling.
Further research could examine these parameters in a controlled laboratory setting with
a set quantity and type of MP to examine if this impacts the outcome of collection
efficiencies. Research examining these parameters in a range of environments is also
warranted to develop technical guidance and standardised methods. As the field of
atmospheric MP expands and evolves, efforts should be made to improve the
consistency of methods used to sample atmospheric MP levels so that the true extent

of this pollutant can be known.
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Chapter 5 — Remote Atmospheric Microplastic
Pollution — Svalbard, Norway

This chapter presents research to answer the second research question (RQ2): “What
are the concentrations and main characteristics (polymer composition, particle
concentration, shape, and size) of atmospheric microplastics in a remote location
(Svalbard, Norway), and how do these relate to weather conditions and potential
transport pathways?”. The manuscript version of this chapter which can be found in
Appendix VI. The manuscript has been submitted to the journal Nature: Earth &

Science Communications on the 5™ of September 2025 pending peer-review.

5.1 Introduction

MPs have been reported in every environmental compartment in locations all over the
world, from remote mountain catchments (Allen et al., 2019) to megacities (Liu et al.,
2019b). MPs have been considered by some to be one of the most pressing concerns
of this generation (Thomson et al., 2024) due to the extent of MP pollution, the
associated risks to ecosystem function (Akdogan & Guven, 2019), human health
(Jenner et al., 2022) and the climate system (Aeschlimann et al., 2022; Revell et al.,
2021). MPs have been examined in marine and freshwater systems (Kye et al., 2023),
but despite a recent increase in attention of the role of atmospheric transport of MPs
(Zhang et al., 2019), there remain notable knowledge gaps. This is especially true in
relation to atmospheric transport processes and the weather patterns that contribute to
MP dispersion, suspension and deposition. Furthermore, given the nature of this
transboundary pollutant, source appointment relies on particle modelling to trace

transport patterns.

It is thought that atmospheric pathways are crucial in the transport of MPs to the
world’s remote regions such as the Arctic (Evangeliou et al., 2020) and Antarctica
(Aves et al., 2022). The Arctic region has been described by some as relatively pristine

due to its remote location and small population, and act as sentinels with regards to
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pollution due to the unique environmental characteristics and ecosystems (Irrgang et
al., 2022). The geographic location and distinctive climate make it an important
indicator of global environmental health. It is also thought that the Arctic acts as a sink
for global pollutants, primarily because of its cold climate and the prevalent
atmospheric circulation patterns that transport pollutants from lower latitudes (Zhang
et al., 2023b). Due to ‘Arctic amplification’ it is hypothesised that the Arctic region is
warming up to four times faster than the rest of the world, which can affect weather
patterns (Rantenten et al. 2022) and the vertical atmospheric transport of pollutants
like MPs (Revell et al., 2021). Furthermore, the extensive and seasonally changing ice
cover within the Arctic and seasonal variations in temperature and precipitation
facilitate the accumulation and release of pollutants (Obbard et al., 2014), which can

impact local ecosystems and the global climate system.

The deposition of atmospheric pollutants, including MPs, in the Arctic is facilitated by
long-range atmospheric transport mechanisms that can transport contaminants and
particulate matter thousands of kilometres away from their source (Zhang et al.,
2020a). When suspended in the atmospheric compartment, MP can be transported by
prevailing winds to the Artic region where they can accumulate in snow and ice. These
precipitously detained MPs can then be transported via ice melt into the Arctic Ocean
and impact wildlife and ecosystem functions (Emberson-Marl et al., 2023). MP
contamination in the Arctic has been studied in the marine environment (Ramasamy
et al., 2021) and has been reported in all levels of the Arctic food web (Bergmann et
al., 2022).

While atmospheric MP deposition in the Arctic has been studied through snow
sampling (Bergmann et al., 2019), measurement of suspended MPs has yet to be
undertaken. Moreover, deposited and suspended particulates have not been measured
in conjunction in the Arctic to date. It has been recommended that both forms of
atmospheric measurements be conducted in order to create a more complete and
comprehensive understanding of total atmospheric content and transport (Zhang et al.,

2020a). This study aims to fill this gap by conducting a continuous 28-day sampling

110



campaign consisting of both active and passive measurements in the Arctic to quantify
and collecting deposited and suspended atmospheric MPs. By examining both forms
of particulates, it is hoped to gain a better understanding of how particle deposition
and suspension influences atmospheric MP concentrations in this region and how this

could be influenced by weather patterns and transport processes.

5.2 Methods

5.2.1 Sample location and collection

Ny-Alesund is located on Svalbard and Jan Mayen, Norway, (Figure 5.1A) and hosts
a number of research stations and activities supporting Arctic research. The station is
located at 78.9237° N, 11.9227° E, and is considered as one of the most northern
inhabited civilizations in the world. A former mining village, the site is now run by
Kings Bay and hosts a range of international research stations (Kings Bay AS, 2021).
The Ny-Alesund research stations are defined and established, through past research
and actions, as a primary Arctic research frontier and one of few truly high latitude
Arctic research locations. From 17 May to 14 June 2022, a continuous 28-day
atmospheric sampling campaign was conducted at Ny-Alesund consisting of daily
active and passive measurements, with the support of the Norwegian Polar Institute

(NPI).
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Figure 5. 1 Black points indicate Ny-Alesund and the location of the research. (A)
indicates the sample location relative to the extreme latitudes, (B) highlights the sample
location within the more detailed visualisation of the Arctic circle. (C) indicates that actual
building location where the sampling was undertaken (D) building and balcony used for
sampling

The sampling equipment was placed on the roof of the Veksthuset research station at
Ny-Alesund (see Figure 5.1D) at ~4.5m above ground elevation (AGL). The
equipment was mounted on a rail, away from the passing footfall of station staff,
researchers and any possible tourists, and in an area where access was limited to

minimise local contamination.

Passive deposition samples were collected using a deposition chamber (see Figure 2A)
filled with a solution of 500ml of milli-Q water and 50ml of ethanol (20%) to collect
deposited particulates and prevent the liquid from freezing at low temperatures. Quartz
filters (Whatmann, QMA, 1.6um pore size; 25mm) and replaced with a new solution

daily.
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Figure 5. 2 (A) Passive (red box) and active equipment set-up on Veksthuset station roof;
(B) Active equipment set-up at the Veksthuset station (air filter and nanotank samplers)

Active suspended atmospheric samples were collected using two comparative methods
in order to capture a wider size range of particulates. The first method uses a pump to
draw air into a sealed chamber and through 500 mL of sample collection solution (the
same 10% ethanol/milli-Q water); this method is identified as the nanotank. The
pumping rate was set at 15 L/min, and the nanotank collection solution was collected
daily and vacuum filtered onto QMA filters (same porosity and make as used for the
deposition samples). The second and commonly used suspended atmospheric
sampling method employed was a standard direct air filtration sampler. Using a
pumping rate of 20L/min, monitored with air flow measurer, air was drawn through
the stainless-steel chamber where particulates were collected on the same QMA filters
(see Figure 5.2B). The filters were then switched every 3 days. All samples were

stored in pre-treated aluminium tins prior to analysis.

5.2.2 Micro-Raman (uRaman) spectroscopy

Micro-Raman (uRaman) spectroscopy was used to provide polymer characterisation,
specifically identification of the types of plastic polymers within the different sample
sets. pRaman uses a laser to excite molecules within the selected particle, causing the
release of photons and the resulting signal provides information on the chemical
structure and molecular interactions. This fingerprint or signal dataset, incorporating
both the chemical makeup and types of bonds, create a vibrational spectrum that is

unique to individual plastic polymer types. Individual particles can be characterised
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through comparison of these pRaman spectra and established libraries of known

plastic polymers (Enyoh et al., 2019).

A selection of the samples were analysed with pRaman spectroscopy (23% of samples,
15 unique individual samples completed in triplicate) in order to gain a picture of the
polymer composition of the dataset. While it would be ideal to undertake analysis of
the totality of all filters using pRaman, the resource (both financial and time) required
to achieve this with a sample set of 65 sample types and timesteps (n = 195 including
triplicate assessments) make this unviable. Therefore, five days of deposition samples,
five days of nanotank samples, and three active direct air filtration samples were
randomly selected across the 28-day period and analysed using the pRaman. The
uRaman spectrometer (WiTec Alpha 300 RA, Helmholtz Association, Leipzig) used
employed a 532nm laser with a 1200mm™ grating and 50um split settings. The
spectrometer was set to collect spectra between 200-2000 cm™ Raman shift for all
particles down to 1.6 um, with an acquisition time of 10 seconds and 2 accumulations
and with power at 35 mW. Each sample was analysed in triplicate across three areas
(=1% of the filter in each sub-sample window, 1x1mm). There was no bias in the
particle selection for analysis based on colour, shape, or size (all particles were
analysed irrespective of appearance), and the filter was also analysed for background
spectra analysis. There were >100 particles analysed per subsample. This sub-sample
area selection was used to provide a representative sample (>100 particles) (Zhao and

Dahal, 2020; Cowger et al., 2024) within a sensible and achievable time frame.

The resulting spectra were saved as SPC files and analysed using Spectragryph
(version 1.2.15) (Menges, 2022). Multivariate analysis of each spectra was completed
and reference libraries were used to confirm polymer identification (SIMPLE, SLOPP
and SLOPPE databases and the laboratory reference plastics spectral database (Jin et
al., 2022; Levermore et al., 2020; Xu et al., 2020b). Particles were only confirmed as
plastic if a HIT (hit quality index) rate of >80% was achieved (Cowger et al., 2020;
Levermore et al., 2020), and those below the <80% threshold discounted as non-plastic

particles.
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5.2.3 Nile Red staining

In order to gain information on the size and shape of the MP particles and a
comprehensive particle count, samples were also analysed with Nile Red fluorescence
microscopy. Fibres were identified using the standard 1:3 width ratio as used
frequently within MP studies (Na et al., 2024; Li et al., 2020), and the rest are classified
as fragments. A 1% (0.1ug mL™!) Nile Red solution was used to stain the samples,
which were then oven dried at 30°C overnight and then stored in a fridge 4°C in sealed
aluminium containers to rest before they are imaged with the fluorescent microscope.
It has been reported that this process of drying, cooling and de-energizing (in the dark)
can aid with the MP staining, fluorescence efficiency and minimise staining of organics

resulting in false-positives (Galvao et al., 2023).

All samples that were not subject to pRaman analysis were imaged with a fluorescence
microscope (Nikon Eclipse LV100ND), using a x10 objective and fluorescence mode
(with QMA Whatmann with 1.6um pore size), and a 470nm wavelength lamp. A
transect of images (1.4 x 0.94 mm each) were taken from the top to the bottom of the
filters resulting in 20% of the filter being analysed (taking into consideration the sub-
sample method findings of Huppertsberg and Knepper (2018)). The software
FIJT/ImageJ (Schindelin, et al., 2012) enabled automated particle count, shape and size.
Resulting MP counts were then calculated relative to the total area of the area analysed

and extrapolated for the total area of the filter.

5.2.4 Microplastic contamination prevention

Multiple steps were taken to ensure that contamination of MPs was minimised at each
step of the data collection and analysis process. In the field, the equipment was set-up
away from any potential interference or contamination from visitors and station staff .
In addition to this, only natural materials were worn during the collection of samples
(wool, cotton) and blanks were taken during sample collection, in the processing
laboratories in Svalbard and in Glasgow. The University of Strathclyde, where sample

preparation and all Nile Red staining and images were produced, has a MPs clean lab
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where only natural materials are permitted to be worn, cotton lab coats are used, an air
filter is used, cleaning with ethanol and milli-Q is conducted regularly and access is
limited in order to minimise contamination. In addition, the filters used to collect
samples and the stainless-steel containers used to store and transport the samples were
heat treated before use (~450° C oven for 15 minutes). The ethanol used for field
sampling was vacuum filtered before use (Whatmann QMA filters with 1.6 um pore
size) and blanks of the milli-Q, ethanol and the milli-Q/ethanol solution were taken.
All blanks were treated in the same way as the samples, with one being analysed with
pnRaman spectroscopy to gain an understanding of polymer contamination, and the rest
stained and imaged with Nile Red to understand the particle size, shape and number of
particulates from contamination. All results have been adjusted to account for the
contamination found in these field and procedural blanks based on their particle size
distribution from the Nile Red staining of blanks (<30% of total plastic particle count),

as there were no identified polymers in the blank subjected to pRaman analysis.

5.2.5 Statistical analysis
To calculate the amount of MPs in each deposited and suspended sample, the following
sets of equations were used.
To calculate the number of MPs per sample (all samples):
uP = (PJ/As) x A
uP = MP per total sample
Ps = MP particles in the subsampled area (count)
A ¢ = area subsampled (mm?)
Ar= area of total filter (mm?)

For individual suspended samples (direct air filtration and nanotank), to calculate the

volume of air per sample, following equation was used:
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V = (t; x £4)/1000
ts = time (mins) for the total sample
f s= flow rate (L/min) for the sample
V = air volume sampled (m?)

For the suspended air samples (nanotank and direct active air samples), the total

representative MP per m® is calculated as:

Total suspended MP = uP/V (MP/m?) , which in long had is:

MP = ((Ps/A ) x Ar)/ ((tsx £5)/1000)
For total deposition samples

MP = uP/ Ay (MP/m?)

V= (Ps/As) x Ar)/Aq

Where Aq = area of the deposition collector open to the atmosphere (m?) (i.e. the

deposition bucket base area).

Filters were generally 47mm diameter for active air samples, 25 mm diameter for
nanotank samples and deposition samples. Sample durations ranged from ~ 1430 mins
for 24 hour (nanotank and deposition samples) or = 4305 mins for 3 day set sampling
durations (direct air filtration samples). Sample flow rates for active samples were 15

L/min for the nanotank and 20 L/min for the direct air filtration samples.

5.2.6 Relationship with Weather Parameters

One of the main research questions was to identify potential drivers of atmospheric
MP pollution in this region and if there was a possible relationship between MP
concentrations and weather parameters. Weather data collected at the Ny-Alesund
research station was collated from the Norwegian Centre for Climate Change

repository (Maturilli et al., 2022a, 2022b; Norwegian Centre for Climate Services,
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2022) for the sampling period May-June 2022. Due to the difference physical
processes represented by the deposition vs the nanotank and active air samples,
correlation analysis was undertaken for each sample type and atmospheric variable
separately. The main weather parameters assessed were precipitation (mm),
atmospheric pressure (hPa), humidity (mean dew point, mixing ratio), snow depth
(cm), snow cover (%), wind speed (m/s), wind direction (and as an extension of this,
whether the wind was land or sea-based). Pearsons correlation coefficient (r) was

calculated for each variable and MP dataset along with the corresponding p-value.

5.2.7 Atmospheric dispersion modelling

The transport of MP to the sampling sites (receptor) was simulated using the
Lagrangian particle dispersion model FLEXPART version 11 (Bakels et al., 2024). The
model was driven by ERAS assimilated meteorological analyses (Hersbach et al., 2020
with 137 vertical levels and a spatiotemporal resolution of 0.5°x 0.5° and one hour.
FLEXPART treats gravitational settling (Tatsii et al., 2024), dry and wet deposition of
aerosols (Grythe et al., 2018), turbulence (Cassiani et al., 2018), unresolved mesoscale
motions (Stohl et al., 2015), and deep convection (Foster et al., 2007). FLEXPARTv11
uses a new feature that simulates non-spherical shapes (Tatsii et al., 2024), which
makes it unique for MP considering that MP are usually in the shape of fragments or

fibres.

Surface concentrations were simulated by releasing computational particles at heights
0-100 m from the receptor in the classic “retroplume” mode. Wet and dry deposition
at the receptor was simulated separately (Eckhardt et al., 2017). Specifically, wet
deposition was reconstructed after releasing computational particles at the sampling
site (receptor) at altitudes of 0-20 km above sea level and wet removal was calculated
using different coefficients for in-cloud and below-cloud scavenging. For dry
deposition, computational particles were released at 0—30 m at the same receptor point,
as this shallow layer is equal to the height of the layer in which, in forward mode,

particles are subject to dry deposition. All released particles represent a unity
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deposition amount, which was converted immediately (i.e. upon release of a particle)
to atmospheric concentrations using the deposition intensity as characterized by either

the dry deposition velocity or wet scavenging rate (Grythe et al., 2018).

The model output consists of a footprint emission sensitivity that expresses the
probability of any emission occurring in each grid-cell to reach and/or deposit at the
receptor. It is converted to modelled concentrations or deposition rates, when coupled
with gridded emissions. Modelled concentrations or deposition rates can be calculated
as a function of the time elapsed since the emission has occurred namely “age
spectrum”, for specific regions/continents (“‘continent spectrum”), and for different
source categories (“‘source spectrum’). Here, we coupled footprints with updated

emissions from Evangeliou et al. (2022) that were derived with top-down approach.

5.3 Results
5.3.1 Microplastic Concentrations.: Suspended and Deposited Particulates

From the pRaman and Nile Red fluorescence particle analysis, the average deposition
rate of MP particles during this period was 37.3 + 30.2 MP/m?. The highest reported
deposition sample was taken on 26 May 2022 with 127.5 MP/m? (Deposition sample
number 9), and the lowest (8.20 MP/m?) was taken on 06 June (Deposition sample
number 20). MP concentrations for each timestep (for deposition) and sample type are

displayed in Figure 5.3 (see Appendix VII for supplementary data).
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Figure 5. 3 MP concentrations for active direct air filtration samples (MP/m’); b) MP
concentrations for active nanotank samples MP/m’ ¢c) MP concentrations for passive
(deposition) samples (MP/m?); error bars indicate standard deviation. Nanotank and
Deposition samples represent daily sampling, while each direct air filtration sample was
collected for three days (Appendix Table VII. 1).

The average MP concentration for suspended particulates was 4.2 + 9.4 MP/m?® (with
nanotank samples 1.5 +1.8 MP/m® and direct air filtration samples at 8.9 at 8.9 + 15.6
MP/m?). The highest concentration of suspended particulates was 49.06 MP/m?, taken
with a direct air filtration sampler between 29 May and 01 June (direct air filtration
sample number 5, Figure 5.4), and the lowest concentration from direct air filtration
samples from 20-23 May with 2.3 MP/m? (direct air filtration sample number 2, Figure
5.4).
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Figure 5. 4 MP Concentrations for Active/Suspended Samples; Direct Air Filtration with
Corresponding Nanotank Values (Appendix Table VII.I)

For the nanotank samples, the procedural blanks were fairly contaminated, which was
likely due to the milli-Q supply (see Appendix VII). The highest nanotank
concentrations were found on 18 May with 7.1 MP/m? (Nanotank sample number 1),
with the lowest day with no particles present after blank correction on 23 May’21
(Nanotank sample number 6). This lower concentration is in line with comparative
lower direct air filtration concentrations on the same day (Air sample number 2) which

could indicate low levels of suspended pollution on this day. After reviewing the
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nanotank MP results, further method development is recommended in order to collect
a representative dataset in a more pristine environment. Furthermore, due the tendency
of Nile Red to stain organic material (Chatterjee et al., 2023), a more conservative
approach was taken to analyse the dataset which may have resulted in a lower particle

count but this was preferred to an over-estimation of results.

It is acknowledged that both nanotank and active air samplers collect particles
suspended and transported in the lower atmosphere. The samplers collect particles in
different media (water vs directly onto a 1.6 um filter respectively) and it is recognised
through past published research that different sampling methods can result in variation

in sample results, especially in the field

With the pRaman analysis, there was a notable difference in the number of MP
particles identified in both the active samples and deposition samples (Table 5.1). The
average MP particle count for all samples identified by pRaman analysis was 1 MP/m?
(+ 0.6 MP/m?® and deposition 12.1 MP/m? (+ 16.6 MP/m?) (Table 5.1). There is also
approximately x 3 to an order of magnitude more particles (all particulate matter, not
just microplastic) in the deposition samples compared to the air samples and
approximately twice as many MP particles in the deposition samples compared to air

samples.

Table 5. 1 Average MP for suspended and deposited particulates (uRaman)

% particles Standard Total MP/m? | Standard
that are Deviation particles/m? Deviation
plastic

Suspended Particulates | 1% 0.1% 34.5 0.4 0.2

- Active Air Filter

Samples

Suspended Particulates | 1% 0% 118.2 1.2 0.5

- Active Nanotank

Samples

Deposited Particulates | 2% 2% 613.5 (m?) 12.1 16.6

— Passive Samples
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5.3.2 Microplastic Characteristics

The majority of MP particles (72%) were <20um in size (Table 5.2). The largest
particle (a fibre) identified was 250um (found in a deposition sample) and the smallest
particle identified was 1.6um (given the lower limit of the 1.6um pore size used on the
filters). The suspended particulates displayed slightly larger particle size distributions
with more particles above >20um than deposition samples (see Figure 5.5).

Table 5. 2 Size ranges of atmospheric MP as a percentage of particles identified for both
suspended (air filter and nanotank) and deposited particulates (Appendix Table VII.2-4)

Particle | Suspended Deposited

Size Nanotank | Nanotank | Air Filter | Air Filter | Deposition | Deposition

Range | Samples Samples | Samples Samples | Samples Samples

(um) (%) (MP (%) (MP (%) (MP
count) count) count)

1.6- 22.0 183.3 48 783 27.1 1214

Sum

5-10um | 26.1 217 45.9 749 39.2 1755.7

10- 34.6 288 5.5 89 25 1120

20pm

20- 12.6 105 0.1 1.7 5.2 232.3

30um

30- 0.8 6.7 0.1 1.7 16 70

40um

40- 1.5 12.3 0 06 25

50um

50- 1 8.3 0.3 4 1.2 53

100pm

100- 0.8 7 0.1 1 0.1

150um

150- 0.2 2 0.1 1 0 1

200pm

200- 0.1 1 0.0 0

250um

250- 0.24

300pm 2.00 0 0 0.00 0.00
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Figure 5. 5 (A) Particle size distribution for suspended particulates (direct air filtration
and nanotank samples) as a percentage of the total particle count; (B) Particle size
distribution for deposition particulates (deposition samples) as a percentage of the total
particle count (Appendix Table VII.2-4)

Fragment and fibre were the two categories chosen for the analysis of particle shape
given the difficultly in defining films (Borah et al., 2024; Allen et al., 2019). The most
common shape found was fragment with only 2% of the particles analysed being
identified as a fibre (Figure 5.6). Both the suspended and deposited particulates
displayed similar percentages of fragment and fibres (both < ~2% identified as fibres).

124

450-500pm -



= Fragment = Fibre (circulinity = 0.3}

Figure 5. 6 (A) Example Nile Red image of fibre found in a nanotank sample on 19 May
2021; (B) Example Nile Red image of fragment found in a deposition sample on 04 June
2021; (C) Example Nile Red image of fragments found in an air filter sample from 04-07
June 2021; (D) Bright field image of the same fragment (figure 6.c) from air filter sample
04-07 June 2021 (x10 objective for all microscope images); (E) Percentage of particles
analysed that are fragments or fibres (<0.3m circularity; n=9229)

5.3.3 Polymer composition (uRaman)

MP particles were identified in all samples (n=15) for both active (suspended) and
deposition samples. The predominant polymers were Acrylic (16%), PLS
(Polysulfone) (14%); PES (Polyethersulfone) and PVA (Polyvinyl alcohol) (both 11%)
(Figure 5.7). Both deposited and suspended particulates had similar polymer
compositions, however PLS, PU, Rbr, PLA, SBR and SAN were more prevalent in

deposition samples.
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Figure 5. 7 (A) Polymer composition direct air filtration samples; (B) polymer composition
of deposition samples; (all expressed as total percentage of polymers identified using
HuRaman); (C) Image of deposition filter from micro-Raman spectrometer (QMA
Whatmann 25mm, 1.6um; x10 objective)(see Appendix Table VII.5)
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Although it is unusual to not see PE, PET, and PVC in the polymer composition of these
samples, this could be due to the small particle size at this location, or the influence of different
local and distal sources. There could have been a lack of localised PE, PET, and PVC during
the sampling period, or due to the degradation and weathering of plastics, they may not have

been identified with this spectral technique with the 80% HIT index specified.

5.3.4 Atmospheric MP pollution and weather parameters at Ny-Alesund, Svalbard

No significant correlation was found between MP concentration and precipitation, and
other meteorological variables such as wind speed, wind direction, atmospheric
pressure, snow cover and snow depth, for both suspended and deposited particulates.
For MP concentration and cloud cover, there was also a moderate positive correlation
with deposition (r=0.454, Pearson Correlation p=0.02), but not with suspended
samples, indicating that deposition of atmospheric MP pollution could be influenced
by cloud cover. A positive relationship between direct air filtration samples and the
mixing ratio (measure of quantity of water vapour in air relative to dry air was
identified (p=0.0001). However, overall, the absence of a strong correlations between
MP numbers and individual local meteorological conditions suggests transport and

deposition of MPs at the local level is complex with a number of contributing factors.

When correlations between MP concentration and the weather patterns were not
strong, the MP concentrations were split into two size categories >20um and <20 pum.
Given that more than 80% of both deposited and suspended particulates identified were
below 20 um, it was thought that this could be a determining factor in the transport of
atmospheric microplastic via weather processes. For snow depth, there was a stronger
correlation for particles <20pm than >20pm, for direct air filtration (suspended)
particulates (r=0.939, p < 0.001) and deposition particulates (r=0.432, p=0.0216), but
a non-significant positive correlation for nanotank samples (suspended) (r=0.183, p=
0.351). This suggests that snow could be driving the deposition and suspension of
atmospheric MP particles below <20um. The depth of snow in this context is the height

of accumulated snow, while precipitation refers to total moisture from the sky
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(including rain, snow, sleet and freezing rain) (Norwegian Centre for Climate Services,
2025). As it is considered that snow is a more effective scavenger of airborne pollutants
than rain, due to its higher porosity (Nazarenko et al., 2017) this could indicate that
Arctic environments are particularly susceptible to being a sink for MPs as they have

more Snow.

For precipitation there was a stronger negative relationship with particles >20um
(p=0.040) than the other samples which is consistent with findings that larger particles
are more easily scoured from the atmosphere via rain than smaller particles (Parashar
and Hait, 2023). There may be less MP removal efficiency from rain due to the
hydrophobic nature of MPs (Revell et al., 2021), which could also explain why the
weaker relationship between precipitation and MP concentrations for all sample types.
For both active sampling methods, there was a positive relationship between particles
<20pum and wind direction (p<0.01), but not deposition, which indicates a possible
trend with wind direction and suspension of smaller particulates. There was a
statistically supported higher concentration when wind direction was on-shore, from
sea to land, for nanotank particulates >20pum but no trend with deposition. For direct
air filtration samples <20pum there was a statistically significant positive relationship
with mixing ratio and the mean dew point average (p=0.02), suggesting that the
suspension of smaller particulates is influenced by water vapour present in the
atmosphere. Overall, even when particles are split into size fractions, it is evident there
are numerous complex processes affecting the transport, deposition and suspension of

MP particulates in Ny-Alesund.

5.3.5 Potential contributing sources of MP in Svalbard

The source contribution to modelled atmospheric concentrations or deposition rates is
shown in Figure 5.8 For this, the calculated source-receptor relationships (footprints)
for the exact sampling dates and times are coupled with updated emissions from
Evangeliou et al. (2022), which are shown in Appendix Figure VIL.1. Active,

nanotank and passive observations are represented by the green line. In general, we
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see that modelled concentrations are overestimated. This points out the general
problem of efficient atmospheric dispersion modelling of MPs, which is associated
with the uncertainty of the current source emissions, both in terms of emission
intensity, but also with the accurate geolocation of the main sources. However,
especially for the observed concentrations, the model represents well the timing of the

highest levels measured (end of May for both passive and nanotank samples).

As regards to the contributing sources to surface concentrations, the prevailing sector
is oceanic MPs, though the concentrations are low. Oceanic macroplastics decompose
over time to smaller MPs, due to photodegradation, and are often remobilised, when
breaking waves cause bubbles of trapped air to rise and burst (Allen et al., 2020). They
are then subject to long-range transport and may deposit on the marine or terrestrial
environment, somewhat similar to the well-known grasshopper effect for persistent
organic pollutants (Gouin, 2021). The peaks of oceanic MPs that coincide with high
observed surface concentrations in Figure 5.8A originate from North Atlantic on June
1* (see Appendix Figure VIIL.2). Today, there is an ongoing debate about whether the
ocean is just a sink for atmospheric MPs or a significant source with many researchers
supporting one or the other approach (Evangeliou et al., 2022; Brahney et al., 2021;
Yang et al., 2025; Bucci et al., 2024). Observations combined with dispersion models
suggest that there is high probability that MP are resuspended from the ocean and
transported over long distances for their source. For instance, GoBmann, et al. (2023)
reported surface concentration of over 30 ng m™ during a ship campaign over the
Norwegian coasts, when air was originating directly from the ocean (west). Ferrero et
al (2022) reported concentrations of 24 + 9 and 45 + 20 items m > in the open Baltic
Sea and to the Gotland Island, very close to those measured in the sea (79 + 18 items
m ). Caracci et al. (2023) showed that samples largely influenced by sea-spray and
air masses originating from coastal South America and the north Atlantic subtropical
gyre were more contaminated by MNPLs along the transect from Vigo (Spain) to Punta

Arenas (Chile).
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Figure 5. 8 Source contribution to modelled MP at Ny-Alesund for (A) active and
nanotank samples (surface concentrations and (B) passive samples (deposition rates). Five
different emission sectors were considered, namely MP suspended from the ocean (sea-
spray), agricultural activity (e.g., agricultural nets), soil (mineral dust), road dust (tire
wear particles) and microfibers (releases from clothes of the population), adopted from an
updated version of the MP emission dataset from Evangeliou et al. (2022). (Figure created
by Nikos Evangeliou)

The modelled results for passive samples deviated more from the respective
observations (Figure 7B), although the highest modelled deposition rates were
obtained for observations that were 50 items m™ d! or higher. However, there were
observations, for which model showed zero deposition (e.g., 21 — 24 May). Although
in the same order of magnitude, modelled deposition rates are again overestimated;
they also show contributions from other emission sectors, such as road dust and
agricultural activity (nets). The largest contribution is again achieved for the same
dates as in the active and nanotank samples (30 May — 4 June). During this period, the
footprint covered not only oceanic domain, but also parts of the United Kingdom and

Europe, which denotes that MP can also originate from there too (Figure Appendix
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VIL.3). Following findings from Brahney et al. (2020) who reported that wet
deposition constitutes around 20% of total deposited MP (wet + dry) after measuring
MP with special buckets that could separate precipitation and settling, we have
assumed that wet scavenging contributes about 20% of total deposition by adjusting
the scavenging coefficients in the model. This is a realistic approach considering that

MP consist of macromolecular polymers that are largely hydrophobic.

5.4 Discussion
5.4.1 Comparison of deposited and suspended particulates

One of the main research aims was to establish if there were differences between
deposited and suspended particulates in the Arctic region. However, there was no
correlation between the highest and lowest reported concentrations for each type of
sample. One of the main research aims was to establish if there were differences
between deposited and suspended particulates in the Arctic region. However, there was
no correlation between the highest and lowest reported MP concentrations for each
type of sample, suggesting that each sample had relative efficiencies at collecting
particulates. In terms of the Nile Red results, the average deposition rate during this
period was 37.3 + 30.2 MP/m?, and the average suspended particulate concentration
was 4.2 + 9.4 MP/m? (with nanotank samples 1.5 + 1.8 MP/m?® and air filter samples
at 8.9 + 15.6 MP/m?). This highlights the difference in reported concentrations of both
methods, and how this can make comparison between studies and countries difficult.
From the uRaman analysis, the deposition rate was reported at 12.1 MP/m? and MP
concentration for suspended particulates was 0.95 MP/m>. This comparison highlights
the effect method of analysis can have on the particulates identified and the need for
more than one method of particle analysis. In terms of polymer composition, the
deposition and suspended particulates displayed similar results. However, the

deposited samples had a slightly higher proportion of some polymers such as PLS
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(Figure 5.7A). It is difficult to pinpoint why this could have occurred due to the

complex relationship between weather parameters and transport identified here.

5.4.2 Potential Relationships with Weather Parameters

When examining the influence of weather parameters with the MPs identified in this
study, it was evident there were multiple parameters and processes driving suspension
and deposition here. There may be a trend with humidity, wind direction and cloud
over here but examining these complex relationships over a longer period of time
would be beneficial to determine their relative significance. Although the studies
examining the relationship with MP and humidity are limited, some have reported
increased MP concentrations with increased humidity (Allen et al., 2020; Szewc et al.,
2021). Furthermore, it has been reported that humidity can accelerate the photoaging
process and lead to increased fragmentation in MP, which could in turn influence MP
concentrations and transport (Wang et al., 2023). Wind direction has been found to be
an important factor for marine-sourced microplastic pollution (Ryan et al., 2023;
Collins and Norton 2024), and given the potential sources of the MP pollution found
in Ny-Alesund, this could be an important factor to monitor and understand. Snowfall
is also regarded as one of the main carriers of atmospheric MPs, transporting them to
remote regions from the Alps (Jurkschat et al., 2025), and Antarctica (Aves et al.,
2022). Studies examining the relationship between snow, microplastics and its
resulting climate impacts are limited, but suggest that MP could affect cloud formation
and accelerate ice melt (Revell et al 2021.; Aeschlimann et al., 2022), therefore
understanding this relationship will be crucial for MP research in the Artic region going

forward.

5.4.3 Potential transport of Atmospheric MP pollution in Svalbard

To further elucidate potential transport from hot-spot regions, from where atmospheric
MP were resuspended before being transported and deposed in the High Arctic

(Svalbard), the average footprint emission sensitivity (FES) was calculated by Dr
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Nikos Evangeliou, for those observations that are below and above a certain threshold.
Here, the 25th and 85th percentiles of the measured samples were used. The basis of
this method is that if a source is located at a given grid cell of the spatial domain, an
air parcel passing through this location indicates that material from the source can be
collected and transported along the trajectory to the receptor site. Figure 5.9 shows
the average FES for the observations that were lower (left) and higher (right) than the
25% of the samples collected in Svalbard.

It is reported that when observed concentrations in Svalbard are low (< 25" percentile),
the source regions of MP to remote high latitude areas of Norway include the North
Atlantic Ocean, Northern Greenland and the High Arctic (Figure 5.9A). Although
these regions present very significant MP emissions, (see Appendix Figure VII.1),
both the FES and MP emissions are weak in the Northwestern Atlantic. On the
contrary, higher MP were measured when long-range transport occurred from the
Northeastern Atlantic, the Norwegian coasts and the United Kingdom (Figure 8b),
while the FES is stronger towards the eastern part of the North Atlantic. As seen in
Figure 5.9, this region corresponds to the main oceanic MP emissions. This shows that
despite that the geographic location of the oceanic sources is likely correct, their
intensity is highly uncertain, causing higher modelled concentrations. While
constraining MP emissions in remote regions requires a large number of robust
observations (the current analytical methodologies have several limitations), the
existing predicted oceanic MP emissions are probably too high in the North Atlantic

Ocean.
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(a) < 25th Percentile (b) > 75th Percentile

FES (seconds)

Figure 5. 9 Average footprint emissions sensitivity for the (a) lowest (left) and the (b)
highest 25% (right) measured surface concentration (active and nanotank samples) and
deposition rates (passive samples) of MP in Ny-Alesund. (Figure produced by Dr Nikos

Evangeliou

5.4.3 Microplastic pollution in the Arctic region

The Bergmann et al. (2019) study of atmospheric fallout in the Arctic region is the
most directly comparable study as it is the only other study reporting atmospheric MP
pollution in this region. While there are some similarities with the present study,
different methods were used, which consisted of snow deposition samples and pnFTIR
as their main method of analysis (thus different analytical windows prevent direct
comparison of the results). The dominance in the present study of Acrylic, PLS, PES
and PVA (is consistent with Bergmann et al. (2019), which compared Arctic and
European snow (deposition) samples, and identified acrylates and polyurethane,
rubber, polyamide and polyvinyl chloride (PVC) as predominant polymer types for
Arctic snow. The high proportion of acrylics in the polymer composition here, could

be due to its common use in marine fishing equipment and outdoor clothing. PLS is
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commonly used industrial membranes and PES is often used for electric insulation,
whereas PVA is also common with artificial textiles as well as food packaging.
However, due to the small size ranges of the particles sampled it is likely that the MPs
identified at Ny-Alesund originated from distal sources and could have travelled from

a range of locations.

Similar to the present study, Bergmann and colleagues (2019) also reported small
particle size ranges with particles identified in the 11um and 475um size range, and
80% of MPs <25um and 98% <100um (Bergmann et al., 2019). This study also
reported much smaller fibres found in Arctic snow, compared to European snow, which
is similar to the small number of identified fibres in the present study (Chapter 3.2).
The distal sources of this pollution in the Arctic region could result in the weathering
and fragmentation of particles whilst in transit, and particles here could have a long
residency time in the environment. This could cause fibres to breakdown into smaller
fragments, or it could be a result of fibres having different transport properties to
fragments in the atmosphere (Chen et al., 2023; Evangeliou et al., 2020). The
differences in polymer composition between the present study and the previous Arctic
study could be due to a number of factors including the methods of sampling, the
differences in analytical equipment, time of year and location of sampling. Bergmann
et al. (2019) reports MP deposition per litres of snow, which makes comparison to the

volumetric data presented in the present study difficult.

Rosso et al. (2024) analysed MP content of the glaciers on Svalbard, again using
LFTIR to analyse material composition. This study reported different polymer
compositions to the present study, but also found small particle size distributions and
the reported concentrations to be in a similar range to the deposition found in the
present study (37.31 + 30.19 MP/m?) (Table 5.3). Rosso et al. (2024) also reported
that the Ny-Alesund station could be a localised source of MP pollution in this region.
Another recent study analysed wastewater effluent as a potential source of MP
pollution in the Arctic (Bach et al., 2024), highlighting that both localised and distal

MP pollution is affecting the region and that both need attention to protect this remote
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environment. Whilst the methods used for sample collection and analysis and the

reported polymer compositions may be different across the existing Arctic MP studies

(Table 3), it is evident that MP are prevalent in this area and are mostly reported in the

smaller size fraction <100um. This highlights the need for harmonisation in

methodology and the reporting of MP concentrations where possible, and the need for

long-term monitoring of the pollutant.

Table 5. 3 Comparison of MP studies in the Arctic, Antarctica, remote and urban regions
(non-exhaustive)

Location | Sampling — Method of | Principal | Principal | LOD | Principal Deposition Weather Reference
Method, Analysis Shape Size Polymers Flux/
Frequency, Reported
Duration Concentratio
n
Arctic Active and Nile Red Fragment | <20um l.6bp | Acrylic, 37.31+30.19 Correlation | Present
(Remote) L PLS, MP/m?/day; s
passive air and m PES. PVA 4154942 with wind study
sampling over pRaman MP/m¥/day direction
28 day period
Arctic Surface snow Microscop | Fragment | <25um Ilp PS, PVC, 0to 14.4 x NA Bergmann
(Remote) sampled on 5 e and m PC, PLA, 103 N liter ™! etal.,
ice floes; 2015- | pFTIR PI (2019)
2017
Arctic Bulk and Microscop | NA <100pm Sum | PTFE, PU, 49.4+7mg NA Rosso et
(Remote) surface glacial e and PARA m?- al., (2024)
snow samples; pFTIR (Polyamide | 227.2+15mg
April 2021; ) ABS m2 (no
multiple sites average
reported)
Arctic Raw wastewater | Microscop | Fragment | <100pm 20pn PP, PE, 217 L7 NA Bach et al.,
(Remote) samples e and m PES 2024
puFTIR
Antarctica | Snow sampling | Microscop | Fibre 200- 50p PET, 294+4.7L7" NA Aves et al.,
(Remote) | — 19 samples e and 1000pum m PMMA, 2022
from different pFTIR PVC, PA
locations Nov-
Dec 2019
Antarctica | Bulk pRaman Fragment | 5-10 um | Sum | PP, PE, PC 1.7 MP NA Illuminiati
(Remote) | atmospheric m2d’! etal., 2024
deposition

samples; Jan-
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Location | Sampling — Method of | Principal | Principal | LOD | Principal Deposition Weather Reference
Method, Analysis Shape Size Polymers Flux/
Frequency, Reported
Duration Concentratio
n
Dec 2020, 7
samples from
different sites
Tibetan Snow pit Microscop | Fibre <200pum 48u PVC, PPO 9.55+09L" | Monsoon Wang et al.,
Plateau sampling; 21* ¢, Raman (43.33%) | m (Poly(2,6- season 2022
(Remote) | May 2020; 16 and SEM dimethyl- affected
samples 10cm 1,4- size, shape,
intervals phenylene colour and
oxide)) polymer
Hydroxypr compositio
opyl n
cellulose
(HPC)
(13.33%)
and
Hydroxypr
opyl methyl
cellulose
(HPMC);
PVA, PB
Pyrenees Deposition Microscop | Fragment | <50pum 10p PS, then PE | 365 +69 m~ No Allen et al.,
(Remote) | sampling; Nov e and m and PP 2q! meteorologi | 2019
2017-March pRaman cal
2018; 12- mechanism
34days driving MP
deposition
London Total Microscop | Fibre <100pm Sum | PAN, PET, 712+162m* | Wind Wright et
(Urban) atmospheric e and PA /d direction al., 2020
deposition; Jan- | pFTIR and wind
Feb 2019; speed
samples influence
collected 2 per
week for 4
weeks
Shanghai Particulate pFTIR Fibre <1000pm | 23p PET, PE, 142+1.42 Strong Liu et al.,
(Urban) sampler m PES, PAN, n/m? correlation 2019b
(active); PAA with wind
100+ 0.1 L/min, direction
sampling in and SAMPs
triplicate over distribution
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Location | Sampling — Method of | Principal | Principal | LOD | Principal Deposition Weather Reference
Method, Analysis Shape Size Polymers Flux/
Frequency, Reported
Duration Concentratio
n
1 hand =6 m*
of air per
sample.

In other remote regions such as Antarctica, the polymer composition and more
common identification of fibres can be highlighted as a main difference (Aves et al.,
2019; Mlluminati et al., 2024). Again, with different methods of sampling used and
differences in reporting, direct comparison is challenging, but values reported are
much lower for Antarctic deposition with 1.7 MP m 2 d! compared to 37.3 + 30.2
MP/m? in the present study (Illuminiati et al., 2024). However, this could be due to the
reasons highlighted above. In the Pyrenees mountains, a higher deposition rate was
reported (365 = 69 m2d ). This study also looked into the relationship with weather
and found that there was no single meteorological variable that was strongly

influencing MP deposition in this region (Allen et al., 2019).

Even in more urban locations, it is unusual to find a study that has simultaneously
measured deposition and total particulates. Wright et al. (2020) reported much higher
concentrations for deposition samples in London, United Kingdom (712 + 162 m? /d)
as well as fibre being the most common particle shape. A study in Shanghai reported
lower values (1.42 + 1.42 n/m? (here the unit n/m? is the number of plastic items per
m?) (Liu et al., 2019b), than the values reported in this study (4.2 + 9.4 MP/m?), which
is similar to the concentrations reported in the present study. This could be due to the
smaller LOD of 23um for the Shanghai study, which could have resulted in missing
the smaller size fraction in this region. Nonetheless, this is concerning given the remote
location of the sampling site in this study, and the stark contrast in the populations in

each of these regions.
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5.5 Conclusions

To answer the research question (RQ2) of examining the concentrations and main
characteristics (polymer composition, particle concentration, shape, and size) of
atmospheric microplastics in a remote location (Svalbard, Norway), the MP content of
the PBL atmosphere in Svalbard was measured over 28-day period. With the use of
nRaman spectrometry and Nile Red fluorescence, the size, shape and polymer
composition of deposited and suspended particulates were investigated. MPs were
found in every sample, and although the differences in methods and reporting make
comparison difficult, results are consistent with other remote locations. The polymer
composition was examined by pRaman spectroscopy and showed higher levels of
Acrylic, PLS, PES, and PVA. This could be due to local contamination from clothing
and fishing gear, or distal sources from food packaging or industrial applications.
Using Nile Red staining coupled with fluorescence microscopy, the characteristics of
this pollutant were examined. Fragment was the most prominent particle shape, which
is consistent with other Arctic studies, and could be due to the small size of the particles
found there, or their transport mechanisms. Most of the particles found here were
<20um (80%) highlighting the importance of researching this pollutant. Its small size
poses a high risk for ingestion, transport and other ecosystem impacts. Furthermore, it
shows the need to examine the small fraction of atmospheric content, as this is where
a large part of the microplastic concentrations lie, and missing this could result in

considerable under-reporting.

In terms of the second part of the research question, which is related to how
atmospheric MP pollution in remote environments relate to weather conditions, and
potential transport pathways, it is evident that the role of weather parameters on the
suspension and deposition of atmospheric MP in this region is complex. There were
significant relationships with humidity, wind direction and cloud cover. Humidity
appears to be correlated with increased MP suspension, and has been found to
encourage the degradation of MPs. Snow also appears to show trends with MP

suspension, and the relationship between snow, MP transport and its influence on
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climate will become an important focus for the field as climate change progresses.
Studying these relationships over a longer time period is recommended to examine the
complex relationship between weather parameters and MP pollution in the Artic
region. Dispersion modelling suggests that the main sources of the MP measured at
this location include the North Atlantic Ocean, Northern Greenland and the High
Arctic. However, higher MP were measured when long-range transport occurred not
only from the ocean, but also from land-based sources (e.g., road dust). There was no
correlation between the highest and lowest reported concentrations for each type of
sample, suggesting the particles behave differently depending on deposition or

suspension and highlights the need to measure both particles in conjunction.

This study confirmed that atmospheric MP pollution is present and ubiquitous in the
Arctic PBL. To date, this is the first time both suspended and deposited particulates
have been studied simultaneously in this region highlighting the importance of
measuring both particulates simultaneously to gain a better understanding of total
atmospheric content. Furthermore, the differences in the outcomes from pRaman
analysis and Nile Red staining demonstrate the need for more than one method of
analysis in MP research, and methods that are complimentary. Gaining accurate
information on both polymer composition and particle morphology and concentration
are needed to fully understand the extent of this pollution. It is essential that more
consistent methodologies are used to sample, analyse and report MP concentrations in
this region and beyond. As more is learned about the risks of MP pollution, it is
essential that the pollutant is monitored and reported effectively in order to understand
the scale of the problem and mitigate its potential impacts on ecosystem function,

human health, and climate processes.
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Chapter 6 — Urban Atmospheric Microplastic
Pollution — Glasgow

The third research question (RQ3) of this thesis was to investigate the characteristics
and extent of atmospheric MP pollution in an urban environment . This chapter focuses
on a central residential location in the city of Glasgow, Scotland. Atmospheric MP
pollution at this location was measured during a field sampling campaign from
November to December 2021, and the pollution has been reported in terms of
atmospheric MP concentration (particle count) and the main characteristics identified
(including polymer composition, and particle shape and size). As per the remote
location, relationships between this pollutant and weather parameters are examined
and atmospheric models are used to examine potential sources of this pollutant. In this
chapter it was also possible to use forward trajectory modelling to examine where this

pollutant could potentially be transported to.

6.1 Introduction

The study of atmospheric MP first occurred in an urban location, in Paris, France by
Dris and colleagues ( 2015). This study was the first to measure atmospheric deposition
for MP content and identified MP in samples in the 100-5000 um range, with a
concentration of 29-280 particles m day ! (Dris et al., 2015). Since then there have
been numerous studies examining atmospheric MP content in urban environments all
over the world including in Beijing (Li et al., 2020), Kochi (Kannakai et al., 2024),
London (Wright et al., 2020), Mexico City (Shruti et al., 2022a), Auckland (Fan et al.,
2022) and Iran (Abassi et al., 2023). It was not until 2025 that an urban location in
Africa was examined, in a study which reported on atmospheric MP deposition in
Thohoyandou, South Africa (Mutshekwa et al., 2025). This represented a large gap in
the knowledge of the geographical extent of atmospheric MP pollution across the
globe. As mentioned previously, the different methods used to sample and examine

atmospheric MPs makes comparisons between different studies and different locations
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difficult. It is therefore not considered an exact science to compare the concentrations
from different studies and locations as differences in data collection can impact results
in considerable ways (Azari et al., 2023). However, it is important to still examine
atmospheric MP content and report concentrations in order to monitor this emerging
pollutant and maintain datasets in order to monitor this emerging pollutant long-term.
This thesis has used the same methods in both a remote and urban environment in

order to facilitate a more accurate comparison.

Measurements of atmospheric MP concentrations have taken place in the UK — in
London (Wright et al., 2020) and the Humber region (Jenner et al., 2022) — but there
have been no studies to date on the atmospheric MP content in Scotland. Given the
influence of local human and industrial activities (clothes drying, waste management,
and industrial activities) which can contribute to atmospheric MP pollution, examining
atmospheric MP concentrations in urban locations is crucial to add to understanding
the extent of atmospheric MP pollution in environments where localised sources are
more prevalent. Furthermore, the risk to human health may be higher due to increased
population in urban areas (see Chapter 2). Daily and weekly active sampling
measurements were taken in November until December 2021. pRaman and Nile Red
staining coupled with fluorescence microscopy was used to report MP concentrations

and characteristics present in the urban atmospheric environment in Glasgow.

As per the chapter that covered remote atmospheric microplastic pollution, it was of
interest to observe if there was a potential relationship between atmospheric MP
pollution and local weather parameters. As discussed in Chapter 2, previous studies
on atmospheric MPs have found both negative and positive, as well as insignificant
relationships with weather parameters. Therefore this chapter compares atmospheric
MP concentrations to local weather data, to examine how weather influences the
concentrations of this pollutant in the Glasgow atmospheric environment.
Furthermore, given the presence of increased human and industrial activity at this
location, it was of interest to observe potential relationships with conventional air

pollutants. Local air pollution data was compared with field observations to examine
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if there is a connection between the various types of atmospheric pollutants present in
this urban environment. Finally, as mentioned previously, there are still considerable
gaps in knowledge and understanding of potential sources and pathways of
atmospheric MP pollution in urban environments. Although more local sources are
expected to play a role in the concentrations observed in an urban environment, particle
modelling is employed to observe other sources and potential long-range transport.
Forward trajectory modelling is then used to observe where this pollutant could be
transported to, in order to gain a fuller picture of atmospheric transport and extent of
atmospheric MP pollution. As well as air mass modelling, individual particles with
characteristics associated with field observations, are modelled to observe if these

characteristics influence transport and dispersion of this pollutant.

6.2 Methods

6.2.1 Field Sampling

As discussed in Chapter 4, Glasgow in Scotland is an industrial city with a population
of 633,100 (as of 2019) (Glasgow City Council, 2021) and is still known for its
commercial and industrial economy (IFSDG, 2021). At the time of field collection in
November and December 2021, Covid-19 restrictions were easing in this area but
working in offices and laboratories was still limited. To allow for these restrictions’
samples were collected at the researcher’s house, at a suburban location near Glasgow
(Figure 6.1). This was chosen to minimise the risks of Covid-19 and due to the
location being easy to access but with limited interference from the public. The
samples were collected whilst examining the relative collection efficiencies of active
sampling equipment in Chapter 4 but only the samples that displayed the most
effective particle collection over the 28-day sampling period have been chosen for

detailed analysis.
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Figure 6. 1 Map of Scotland with Sampling Location (Blue) (Google Earth, 2025)

All samples were taken over the same period and same location to ensure there are no
spatial or temporal variances. Sixteen samplers were set up at =0.75m height, each
with one stainless steel filter holder and a silicone hose attached to a calibrated pump
to draw air through the chamber to the filter (QMA Whatmann 1.6 um pore size) (see
Figure 6.2).

Figure 6. 2 Image of Experimental Set-Up in Glasgow, the nanotank samplers can be seen
in the red box; the daily sampling duration direct air filtration samplers are in the yellow
box; the weekly sampling duration direct air filtration samplers are in the green box; the

monthly sampling duration direct air filtration samplers are pictured in the blue box
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Given the information on the relative efficiencies of the direct air filtration and
nanotank active air sampling systems, the following flow rates for each sample type

were chosen (Table 6.1):

Table 6. 1 Sample type and respective flow rate chosen for Glasgow Atmospheric MP

content
Sample Type Flow Rate
Daily direct air filtration samples 1 L/min
Weekly direct air filtration samples 1 L/min
Nanotank samples 1 L/min

6.2.2 uRaman and Nile Red Staining with Fluorescence Microscopy

The analysis of field samples was conducted following the methodology detailed in

Chapter 4.

Micro-Raman (uRaman) spectroscopy was used to provide polymer characterisation,
specifically identification of the types of plastic polymers within the different sample
sets. This enables individual particles to be characterised through comparison of their
uRaman spectra with established libraries of known plastic polymers (Enyoh et al.,
2019). Given the number of samples in the dataset in Chapter 4, selection of the of
daily direct air filtration samples, nanotank daily samples, weekly and monthly direct
air filtration samples, were selected for pRaman analysis. The pRaman spectrometer
(Horiba Scientific, XPlora Plus, University of Strathclyde) employed a 785nm laser
with a 1200mm™! grating and 50 pum split settings. The spectrometer was set to collect
spectra between 200-2000 cm™ Raman shift for all particles down to 1.6 um, with an
acquisition time of 10 seconds and 2 accumulations and with power at 35mW. Each
sample was analysed in triplicate across three areas (=1% of the filter in each sub-
sample window, 1x1mm). There was no bias in the particle selection for analysis based
on colour, shape, or size (all particles were analysed irrespective of appearance), and
the filter was also analysed for background spectra analysis. There were >100 particles

analysed per subsample. This sub-sample area selection was used to provide a
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representative sample (>100 particles) (Zhao, Dahal, & Marfil-Vega, 2020; Cowger et
al., 2024) within a sensible and achievable time frame. The resulting spectra were
saved as SPC files and analysed using Spectragryph (Version 1.2.15) (Menges, 2022).
Multivariate analysis of each spectra was completed and reference libraries were used
to confirm polymer identification (SIMPLE, SLOPP and SLOPPE databases and the
laboratory reference plastics spectral database (Jin et al., 2022; Levermore et al., 2020;
Xu et al., 2020b). Particles were only confirmed as plastic if a HIT (hit quality index)
rate of >80% was achieved (Cowger et al., 2020; Levermore et al., 2020), and those

below the <80% threshold discounted as non-plastic particles.

In order to gain information on the size and shape of the MP particles and a
comprehensive particle count, samples were also analysed with Nile Red fluorescence
microscopy. Fibres were identified using the standard 1:3 width ratio as used
frequently within MP studies (Na et al., 2024; Li et al., 2020), and the rest classified
as fragments. A 1% (0.1ug mL ') Nile Red solution was used to stain the samples,
which were then oven dried at 30°C overnight and then stored in a fridge 4°C in sealed
aluminium containers to rest before being imaged with the fluorescent microscope. It
has been reported that this process of drying, cooling and de-energizing (in the dark)
can aid with the MP staining, fluorescence efficiency and minimise staining of
organics resulting in false-positives (Galvao et al., 2023). All samples that were not
subject to pRaman analysis were imaged with a fluorescence microscope (Nikon
Eclipse LV100OND), using a x10 objective and fluorescence mode (with QMA
Whatmann with 1.6 um pore size), and a 470nm wavelength lamp. A transect of
images (1.4 x 0.94 mm each) were taken from the top to the bottom of the filters
resulting in 20% of the filter being analysed (taking into consideration the sub-sample
method findings of (Huppertsberg and Knepper 2018). The software FIJI/Imagel]
(Schindelin, et al., 2012) enabled automated particle count, shape and size. Resulting
MP counts were then calculated relative to the total area of the area analysed and

extrapolated for the total area of the filter.
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6.2.3 Microplastic contamination prevention

Multiple steps were taken to ensure that contamination of MPs was minimised at each
step of the data collection and analysis process. In the field, the equipment was set-up
away from any potential interference from the public. In addition to this, only natural
materials (wool, cotton) were worn during the collection of samples and in the
processing laboratories in Glasgow. Blanks were taken during sample collection and
in the processing laboratories. The University of Strathclyde, where sample
preparation and all Nile Red staining and images were produced, has a microplastics
clean lab where only natural materials are permitted to be worn, cotton lab coats are
used. The air is filtered using a HEPA filter and access to the lab is controlled, with
regular thorough cleaning with ethanol and milli-Q conducted regularly and access
limited to minimise contamination. In addition, the filters used to collect samples and
the stainless-steel containers used to store and transport the samples were heat treated
before use (~450°C oven for 15 minutes). The ethanol used for field sampling was
vacuum filtered before use (Whatmann QMA filters with 1.6 um pore size) and blanks
of the milli-Q, ethanol and the milli-Q/ethanol solution were taken. Field blanks were
conducted by exposing a clean filter to the sampling environment while samples were
being changed to account for potential deposition during exposure. Procedural blanks
were conducted by leaving a clean filter exposed in the laboratory environment while
samples were being processed to account for procedural contamination. All blanks
were treated in the same way as the samples, with one field blank and one procedural
blank being analysed with pRaman spectroscopy to gain an understanding of polymer
contamination, and the rest stained and imaged with Nile Red to understand the particle
size, shape and number of particulates from contamination. All results have been
adjusted to account for the contamination found in these field and procedural blanks
based on their particle size distribution from the Nile Red staining of blanks, and all

samples blank corrected based on the polymers presence in the field and procedural

blanks.
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6.2.4 Statistical analysis

To calculate the amount of MPs in each sample, the following sets of equations for

used.

To calculate the number of MPs per sample (all samples):
uP = (Ps/As) x Ar

uP = MP per total sample

Ps = MP particles in the subsampled area (count)

A = area subsampled (mm?)

Ar= area of total filter (mm?)

For individual suspended samples (direct air filter and nanotank), to calculate the

volume of air per sample, following equation was used:
V = (ts x f5)/1000

ts = time (mins) for the total sample

fs = flow rate (L/min) for the sample

V = air volume sampled (m?)

For the suspended air samples (nanotank and direct active air samples), the total

representative MP per m? is calculated as:
Total suspended MP = pP/V (MP/m?) , which in long had is:

= ((Ps/As) x Ar)/ ((ts x £5)/1000)
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Filters were 47mm diameter for direct air filtration samples, and 25mm diameter for

nanotank samples.

6.2.3 Meteorological Data

One of the main research questions was to identify potential drivers of atmospheric
MP pollution in remote and urban locations, and if there is a relationship between MP

concentrations and weather parameters.

Correlation analysis was completed for both the direct air filtration samples and the
nanotank samples in order to examine potential differences between the two methods
of active sampling. The main parameters assessed were precipitation (mm), sea level
pressure (hPa), dew (%), wind speed (m/s) and wind direction (Visual Crossing, 2021)
(Appendix Table VIIL.1). Pearson’s correlation coefficient (r) was calculated for each

variable and MP dataset along with corresponding p-value.

6.2.5 Air Quality Data

It was also of interest to observe if there was a potential relationship between
atmospheric MP concentration at this urban location, and other air pollutants. Given
that Glasgow is an industrial city with some of the highest air pollution levels in
Scotland (The Royal Environmental Health Institute of Scotland, 2016), it was
hypothesised that there could be a potential correlation or comparable trends between
MP and other commonly monitored air pollutants. The location where field sampling
took place is located between two air quality sampling stations (Cambuslang,
55.818802°N, -4.167073°W (Air Quality in Scotland, 2025a) 2.3 miles from sampling
location; and Rutherglen, 55.828408°N, -4.218786° W (UK AIR, 2025b) 1.3 miles
from sampling location). Air quality data is published by Ricardo Group for the
Scottish Government for public via Scottish Air Quality (Scottish Air Quality, 2021).
These stations measure coarse particulate matter (PMio = 10 pm), fine particulate

matter (PM2s= 2.5 um) and ultrafine particulate matter (PM; = 1 um). Particulate
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matter (PM), is defined as solid or liquid particles added to the atmosphere (European
Environment Agency, 2025) and is made up of a range of chemicals and compounds
(DEFRA, 2025). It is one of the most researched air pollutants and poses risks to
human health and is associated with asthma, cardiovascular disease and lung cancer
(DEFRA, 2025). The air pollutant particulates are broken into the different size
fractions (1 um, 2.5 um, or 10 umin size) due to the effects the different sizes can have
on human health, especially the respiratory system and epithelial boundary transfer
(Gunasingam et al., 2024) and absorption by the lungs and into the blood stream (Air
Quality Expert Group, 2005). There are a variety of emission sources of this pollutant

including industrial and domestic contribution (e.g. soot, dust, wood burning).

These stations also measure nitrogen oxide (NOx ; consisting of nitrogen dioxide (NO3)
and nitrogen oxide (NO)), NO, and nitrogen as nitrogen dioxide (NOs; consisting of
NO predominantly and NO2). NOs and NO» are measured via chemiluminescence and
NOx is calculated from these values. These pollutants are important given their
contribution to GHG and climate change, and damage to ecosystem function
(European Environment Agency, 2019). To date these pollutants have not been
compared to atmospheric MPs therefore it was interest to observe any potential

relationship.

Another station located approx. 4 miles from the sampling location also measures
black carbon (BC) (Glasgow Townhead site, 55.865782°N, 4.243631°W (UK AIR,
2025)). Although this is not an accurate measurement of BC at this sampling location,
it is used as an approximation of BC levels in the urban atmosphere of Glasgow at the
time of sampling. Black carbon is a type of particulate matter, which is mostly
elemental carbon formed by the incomplete combustion of fuels such as diesel, petrol,
coal and biomass. It is considered carcinogenic and is thought to accelerate ice melt
when present on snow or ice (European Environment Agency, 2013), similar to
atmospheric MP (Revell et al., 2021). Again, to date these pollutants have not been
directly compared or analysed, therefore it was of interest to observe potential

relationships between these pollutants in the urban environment of Glasgow
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(Appendix Table VIL.2). Pearson’s correlation coefficient was calculated for each

variable and MP dataset along with corresponding p-value.

6.2.6 Particle Modelling — HYSPLIT Trajectory Analysis

The transport and dispersion of atmospheric MP at this location were modelled using
the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model
created by the National Oceanic and Atmospheric Administration (NOAA) (Version
5.3.0; Stein et al., 2015, Rolph et al., 2017). HYSPLIT was used in both forward and
backward modes to simulate potential transport pathways and origins of MP particles
present in the urban atmosphere in Glasgow. Meteorological data from the Global Data
Assimilation System (GDAS) with 1-degree resolution (NOAA, 2021). Using 0.5-
degree resolution would have been preferred but data was only available until 2019,
before the field sampling used in this study took place. This data provides accurate
inputs for wind, temperature and pressure fields during the time of sampling. KML
files were generated for each model and images created using Google Earth (Google
Earth, 2025) to visualise spatial and temporal dispersion. Simulations of air mass
trajectories were carried out for 48 hrs to get a general overview of the atmospheric
transport of particles to Glasgow. This was carried out for three elevations - 10m (the
lowest possible elevation possible in the model, and calculated for above sea-level as
defined by model), 50m, and 100m. Modelling different elevations helps capture the
variability in how particles behave in the lower atmosphere where wind speed,
turbulence and vertical mixing may vary with height. As atmospheric MP can be
emitted, suspended and transported through the various levels of the atmospheric
boundary layer (ABL) (Allen et al., 2019, Evangeliou et al., 2020) it is important to

consider this dispersion when modelling transport, sources and pathways.

In order to gain a more accurate picture of particle transport based on the
characteristics of atmospheric MPs found in the urban environment in Glasgow,
individual particle models were created. Different atmospheric MP size ranges and

polymer densities were modelled using their relative settling velocities. A total of 84
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scenarios were modelled for each day of sampling with three different polymer size
classes (10 pm, 20 pm, 100 um, based on the particle size distribution of the samples
taken at this location) and two different polymer densities (1g density which is an
average polymer density (Stride et al., 2024), and 0.625g which is the polymer density
of PMMA, the most commonly identified polymer at this location). The results of each

of these scenarios can be found in Appendix IX.

Settling velocities were calculated following Allen and colleagues (2019) but relative
to the particle size and density of the particles identified during field observations (see
Table 6.2). This was done using Stokes law which denotes the force and motion of
spherical particles through gas (Tsuda et al., 2013) and given the dataset used in this
chapter was predominantly fragments (see Chapter 4), a spherical shape was assumed
for the purposes of this modelling. Stokes law is as follows:
V = gr’(pp-pm )
18

Where g is the acceleration due to gravity (9.80665 m/s); r is the particle diameter
(m) ; pp is particle density (kg/m®); pm is medium density (kg/m?); and p is medium

viscosity (N.s/m?).

Table 6. 2 Particle Characteristics and Parameters used to Calculate Velocity for

HYSPLIT Model Inputs

Particle Polymer Temperature | Density of | Medium Velocity

Diameter Density (g) | (°C) medium of | viscosity (VT) m/s

(m) air (Pm, ()

kg/m?)

10 um lg 5°C 1.2696 1.74E-05 0.0031
(average)

10 pm 0.625 g 5°C 1.2696 1.74E-05 0.0020
(PMMA)

20 um lg 5°C 1.2696 1.74E-05 0.0125
(average)

2 Oum 0.625 g 5°C 1.2696 1.74E-05 0.0078
(PMMA)

100 pm lg 5°C 1.2696 1.74E-05 0.3127
(average)
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Particle Polymer Temperature | Density of | Medium Velocity
Diameter Density (g) | (°C) medium of | viscosity (VT) m/s
(am) air (Pm, (W
kg/m?)
100 pm 0.625 g 5°C 1.2696 1.74E-05 0.1953
(PMMA)

As dynamic velocity is influenced by temperature (Speed, 2021), the same temperature
was used for this dataset. A 5°C temperature was chosen given the average temperature
during the time of sampling (Visual Crossing, 2021). A generic emission factor for
particles was chosen rather than using the concentration of particles found at this
location. Due to the complexity of particle modelling and the current lack of
knowledge on atmospheric MP release and transport behaviours (Liu et al., 2025),
modelling individual particle release for each day would have been complex.
Therefore, the release factor preconfigured in the model was chosen and settling
velocity adjusted based on the table above. The outputs of these scenarios can be found

in Appendix IX.

6.3 Results and Discussion

6.3.1 Particle Concentration, Shape and Size

The general trend in concentration over the sample period presented a high MP/m?
concentration at the beginning of the sampling period for both methods of daily

sampling (direct air filtration and nanotank) (see Figure 6.3).
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Figure 6. 3 (A) Bar Graph showing concentrations of atmospheric MPs via direct air
filtration with a daily sampling frequency from 17" Nov-23" Nov’21 (n=6, D6.10*
presented as an average of other daily measurements due to data loss); (B) Bar Graph
showing distribution of atmospheric MP concentrations of weekly measurements via direct
air filtration from the 3™ Nov-1* Dec’21 (n=4); (C) Bar Graph showing distribution of
atmospheric MP concentrations via nanotank sampling system with daily sampling
frequency from the 17"-23" Nov’21 (n=7) (Appendix Table V.1)

The average MP concentration for daily air filtration measurements over the week was
9435.8 + 7318.7 MP/m>. The lowest reported value was 58.4 MP/m? on the 5th day
final day of sampling of sampling (21* of Nov) and the highest reported value was
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22200 MP/m> on the final day of sampling (23" of Nov) This is considerably higher
than results reported by Tunahan Kaya and colleagues (2018) which took samples in
urban Sakarya province in Turkey (Tunahan Kaya et al., 2018) . The study reported
MP concentrations in the range of 116-3424 MP/m? However, their LOD was 50um
so, the smaller size fraction of MP has not been reported and only reported deposition
so comparison between concentrations is difficult. A study examining megacities in
China reported MP in the range of between 104-650 MP/m? (Zhu et al., 2021). This is
especially concerning considering the study by Zhu and colleagues (2021) managed to
report on concentrations with a LOD of 5.9 um, meaning the smaller particle size
fraction has been included in these results. Wright and colleagues’ study in London
reported an average concentration of 771 + 167 MP/m? and reported a range of 510 of
925 MP/m? of fibrous MP and 12 to 99 MP/m? non-fibrous MPs. Again this study had
a low LOD with particles down to Sum being identified which indicates the smaller
particle size fraction is included. Methodology differences have significant influences
(Chapter 4) and may have influenced the differences in these findings. In Glasgow,
weekly direct air measurements were also taken over the course of a month and had
an average concentration of 1,730 MP/m? + 1,220 MP/m>. During the first week of
measurements the concentration of atmospheric MP was 1,170 MP/m3. The highest
concentrations were found in the second week, spanning the 10%-17" of November
with 3,680 MP/m>. This was followed by a drop the following week with an average
of 0.69 MP/m>. This sample was analysed with solely pRaman which could explain
the lower particle concentrations as the same measurement using a higher pumping
rate of 10 L/min (from Chapter 4) produced a concentration of 1430 MP/m?. This was
also the week in which daily measurements were made and the reported concentrations
were considerably higher than the value for this sample, suggesting that the
concentrations may have been underestimated due to the analysis type. As can be
observed in Figure 6.3B, the following week there is an increase to 27.50 MP/m?
which is lower than the first two weeks, but again a measurement taken on the same
week with a higher pumping rate of 10L/min produced concentrations of 284.45

MP/m3.
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In order for this sample set to be directly comparable to the measurements taken in the
remote environment of Svalbard and in the interest of gaining more data about the
atmospheric MP content of this urban location, the nanotank measurements have been
included in this research alongside the direct air filtration sampling. The nanotank
sampling system did not perform as well overall (less representative compared to direct
air filtration, Chapters 4 and 5). The average concentration for daily nanotank
measurements was 2010 + 3230 MP/m?>. This concentration drops over the next two
days, and there is an increase to 3,020 MP/m> on the 20" of November 2021. The
concentration of atmospheric MP then drops again to 547 MP/m® on the 21% of
November and increases again before the lowest concentration is found on the final
day of nanotank sampling, on the 23" of November, again consistent with results from

direct air filtration sampling.

The predominant shape found via Nile Red staining was fragment, with only 17.1% of
particles identified as fibres (n=11). In terms of the direct air filtration system with a
daily sampling frequency, there were the smallest number of fibres identified with
100% of particulates being identified as a fragment (n=6) after blank correction. The
weekly samples collected via direct air filtration showed a similar distribution of fibre
to fragment, with 99% of particles identified as fragments (n=2). The nanotank
sampling system showed the most variation in the proportion of fibre to fragment and
displayed a significantly higher proportion of fibres (52%) to fragment (47%),
compared to direct air filtration samples. Fibres present in the field blanks reduced the
overall number of reported fibres (see Appendix V). In terms of other studies in the
UK, Wright and colleagues found mostly fibres (2020), whereas the study in the
Humber region identified more films and fragments (Jenner et al., 2022). This
highlights that the characteristics of atmospheric MP can vary greatly between

different urban environments, even within the same country.

The size range of the particles identified via Nile Red staining were 1-214 pm, with
46% of particles identified < 10pum. In Figure 6.4A, the daily direct air filtration

samples over the course of the week of sampling show a similar particle size
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distribution, with the majority of particles <20 um (98%). This sampling regime also
displays the least variance in particle size distribution across the dataset. It is also clear
from Figure 6.4B that the samples taken using a weekly sampling duration over the
course of a month show a similar particle size distribution. During the first week of
sampling there are more larger particles found (>100 um), and overall across the
weekly samples there are more particles >20 pm than using a daily sampling
frequency. However, again there is a bias towards smaller particles, with the majority

of particles <20 pm (90%).
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Figure 6. 4 (A) Line Graph showing particle size distribution of daily direct air filtration
samples 17" Nov-23" Nov’21 (n=7); (B) Line Graph showing particle size distribution of
weekly direct air filtration samples taken from 3rd Nov-1st Dec’21 (n=7), (C) Line Graph
showing particle size distribution of daily nanotank samples taken from the 17th-23rd
Nov’2 1(n-7) (Appendix Table V2-5)

The daily nanotank samples showed the most varied particle size distribution as can
be observed in Figure 6.3C. The majority of particles identified were <20 um (85%),
but it can be observed that on the third and fourth day of sampling there were slightly
less particles in the 10-20 pm range. There were as many particles in the >100 um
range as there were with the weekly direct air filtration samples. This could be due to

the difference in sampler design not allowing for larger particles to be collected, or
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this could be due to the daily sampling frequency, as the direct air filtration daily

samples had less range in the larger particle size ranges.

6.3.2 Polymer Composition

Across the four weeks of sampling the polymer composition remains fairly consistent,
with Polyethersulfone (PES), Polymethyl methacrylate (PMMA) and Polysulfone
(PLS) being the main polymers identified (see Figure 6.5A). The second week of
sampling was the only week to display Polycarbonate (PC, 1% of polymers) and the
final week was the only week to display Polylactic acid (PLA), nylon, and
Polypropylene (PP) (all 2% of polymers for that week). Furthermore, in the first two
weeks there is some Cellulose (CE) present (3% and 6% respectively), but in week 3
and 4 there is no CE identified. Furthermore, it can be observed that the proportion of
PET increases gradually from each week, beginning at 4% and increasing to 8% in

week 2 and 3, and reaching 15% in week four.
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Figure 6. 5 (A) Stacked Column Graph Showing Percentage of Polymers Identified by
uRaman spectroscopy for Weekly Direct Air Filtration Samples (n=4); (B) Stacked
Column Graph Showing Percentage of Polymers ldentified by uRaman spectroscopy for
Daily Nanotank Samples (n=7) (due to resource restraints daily direct air filtration
samples were mostly analysed with Nile Red staining and there was not a consistent
number of daily direct air filtration samples with polymer composition data in order to
present consistent dataset)

159



In terms of daily measurements, the nanotank samples contained the most consistent
data from the results of pRaman analysis and have therefore been used in this chapter
to discuss polymer composition over the seven days of daily measurements (See
Appendix Figure VII.1) for overview of daily polymer composition). As can be
observed in Figure 6.5B, the first day of daily sampling with the nanotank system
displayed the least variation in polymer composition with only three polymers making
up the proportion of polymers identified, these being acrylic (60%), PES (25%) and
Polyvinyl chloride (PVC, 15%). The rest of the samples taken during daily sampling
display a more varied polymer composition. PMMA, PLS and Acrylic were found in
all the nanotank samples from day 2 to day 7, with PMMA or PLS being the
predominant polymer component across these sampling days. CE was noted in only 4
of the samples at a proportion no greater than 13% of any of the samples. PU and ABS
were found only in one sample (PU: day 4, 2%, and ABS: day 7, 11%).

6.3.3 Relationship with Meteorological Variables

To examine whether there are weather parameters that could be influencing
atmospheric MP pollution in this urban location, local weather data for the same time
period was compared to MP concentrations for the dataset of samples taken over the
28-day period. There was no significant relationship between MP concentrations and
atmospheric pressure, precipitation, humidity, dew and temperature. There was a
significant positive relationship between MP concentrations and cloud cover for
weekly samples taken (r = 0.97; p=0.03). This suggests that cloud cover positively
influences concentrations of atmospheric MP pollution over longer sampling periods.
There is also significant negative correlation between MP concentrations and wind
direction for weekly samples (r=-0.97; p=0.03), which suggests MP concentration at
this location (within the southern area of high-density urban Glasgow residential area)
is influenced by wind direction potentially also that suggesting a local and or distal

source associated with specific wind directions. The negative relationship between
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wind direction is consistent with that found that MP concentrations were significantly

influenced by wind direction in Porto (Logvina et al., 2019.

Taking into consideration the predominantly <20 pm particle size distribution for the
atmospheric MP pollution at this location, it was of interest to consider if size was a
determining factor in the transport of atmospheric MP pollution due to weather
processes. After splitting the MP concentrations into <20 um and >20 pm classes, the
concentrations were compared with the weather dataset. There were no significant
correlations specifically linked to these two size differentiated MP concentrations with
regards to cloud cover or humidity. There were no statistically significant relationships
with particles <20 or >20 um for any of the sample sets taken, which suggests that
there is no clear pattern between weather paraments in the Glasgow environment.
There have been a range of reported relationships between atmospheric MP
concentrations and weather in the literature and the effect of weather on MP
concentration is still a gap in the field (Zhao et al., 2020). The lack of correlation with
daily direct air filtration measurements may be due to the temporal resolution being
too low as they only represent 7 days of sampling in total. There could also be a
stronger influence from local sources of atmospheric MP pollution rather than weather
parameters. However, longer temporal measurements might identify stronger

relationships with weather in future research.

6.3.4 Relationship between Air Pollutants at Urban Location

No statistically significant relationships were found between atmospheric MP levels
and black carbon, PM1o, PM2 5, PM1, NOx, NO>, or NOs. The dataset was again divided
into <20 um and >20 pum size classes to observe if local air pollution could be
influencing specific particle sizes. There were no statistically significant relationships
between BC and any of the datasets from Glasgow. Both BC and MP can originate
from the burning of synthetic materials and tyre wear (Mayer et al., 2024; Evangeliou
et al., 2020) and both pollutants are known to have high concentrations in industrial

and urban zones (Zhao et al., 2020; Park et al., 2025). However, there does not seem
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to be a strong relationship here. Future research could look into longer temporal
measurements of both pollutants and measure the pollutants directly rather than relying

on regional air pollution data.

There were no significant relationships with any of the datasets taken and PM1o ,PM;
PM> s which is interesting given the particle size for this dataset. These forms of
pollution are co-located and share potential local and distal sources (Akhbarizadeh et
al., 2021) Future research could look to measure both pollutants over a longer period
and again using direct measurements rather than using estimates from regional air

quality data.

When compared to the different forms of nitrogen again there were no statistically
significant relationships. Similarly to BC, there are no published studies to date that
compare concentrations of these two groups of atmospheric pollutants. They could
also share similar sources in an urban location such as vehicle traffic and waste
burning. It would be interesting to observe any long-term relationships between the
two pollutants and collect more local primary data. This could be particularly relevant
to the seasonal variations of the pollutant, as both have been found to have higher
levels in winter (Liu et al., 2025; Britton et al., 2022), and this study was carried out
in the winter season in Glasgow. Future research could measure both pollutants in
conjunction over a winter and summer season, to observe potential patterns and gain a

more accurate picture of the occurrence of these two pollutants.

Given the public health, environmental and climate risks posed by both atmospheric
MP pollution and more traditional air pollutants, and their potential co-occurrence,
future research should focus on the potential relationships between these two groups.
Measuring both groups of pollutants in the same location over a longer period could
give more detail on how they interact and help identify potential drivers. Furthermore,
studies on potential chemical interactions between polymers and additives used in their
production, and compounds such as PM, BC and NOs could provide more information
on the transport properties and the environmental and health risk factors associated

with the co-location of these pollutants.
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6.3.5 Results of HYSPLIT Backward Trajectory Modelling and Possible Sources

Modelling of both air mass movement and particle dispersion were undertaken to
investigate how air masses transport atmospheric MP to and from the sampling point,
and also how different particle sizes and densities may be transported in different ways.
In order to gain more detail on the transport of the pollutant to and from the site, the
week of daily sampling was chosen to observe daily movement of air masses and

particles.

From the air mass modelling, it can be observed in Figure 6.6 the three elevations
modelled can be observed (10 m, 50 m, 100 m), which were chosen in order to observe
changes in wind patterns at different heights and in order to gain a realistic picture of

transport pathways.
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Figure 6. 6 (A) Results from HYSPLIT Back and Forward Trajectory Modelling for the
17" Nov’21; (B) Results from HYSPLIT Back and Forward Trajectory Modelling for the
17%" Nov’21; (C) Results from HYSPLIT Back and Forward Trajectory Modelling for the
19" Nov’21; (D) Results from HYSPLIT Back and Forward Trajectory Modelling for the
20" Nov’21 ; (E) Results from HYSPLIT Back and Forward Trajectory Modelling for the
21" Nov’21; (F) Results from HYSPLIT Back and Forward Trajectory Modelling for the

22" Nov’21; (G) Results from HYSPLIT Back and Forward Trajectory Modelling for the

23" Nov’21; Different Elevations Depicted by Red — 10 m; Blue — 50 m; Green — 100 m

(Google Earth, 2025)
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As can be observed in Figure 6.6., there are similarities across the sampling period
with a trend of air masses originating in the North Atlantic before travelling east
towards Glasgow. There was some variability in the precise origins of the air masses
with some originating near the Celtic Sea (see Figure 6.6 A,C,D,F), and others
originating further north near Iceland and the Faroe Islands (Figure 6.6.B), but the
dominant trend was long-range transport from the North Atlantic. At all three
elevations modelled (10m, 50m, 100m), the air mass trajectories were broadly similar,
with minor differences in latitudinal position and higher trajectories originating further
north and lower trajectories moving further southward. In general the air masses
frequently passed over Ireland, Northern Ireland or the Hebrides before reaching
Glasgow, highlighting the influence of both transboundary marine sources and

regional land-based inputs.

6.3.7 Results of HYSPLIT Back Trajectory Particle Modelling — Influence of Particle
Size and Polymer Density

Of the 42 backward trajectory modelling scenarios for the different particle
characteristics, there are some key similarities and differences between MP size classes
and polymer types. In terms of source appointment, for the majority of scenarios, there
appears to be an influence from the Atlantic Ocean, with trajectories carrying particles
from the North Atlantic east towards the sampling location. Furthermore, although
there are some scenarios where the lower trajectories originate in the North Atlantic,
the majority of the lower trajectories appear to be more local in origin which suggests
more of an influence from local urban or industrial sources. The higher trajectories
indicate more long-range transport originating in the North Atlantic Ocean, but also
remote regions such as Greenland and Southern Iceland. This suggests that there are
both long-range marine sources as well as local sources of the atmospheric MP

pollution found at this sampling location.

On the day where atmospheric MP concentrations were highest — the 17" of November

for both direct air filtration and nanotank sampling systems — for the 10 pum MP size,
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there is further long-range transport originating on the south west coast of Greenland
(see Figure 6.7). Despite its remote location Greenland has high levels of plastic
pollution and a recent report has suggested this area of Greenland to have numerous

active local sources of plastic pollution such as commercial fishing, hunting and

municipal waste (Strietman et al. 2021).

I:| Contour Level—1.0E-12 /m*
. Contour Level—1.0E-13 /m*
. Contour Level—1.0E-14 /m*
|:| Contour Level—1.0E-15 /m*

Figure 6. 7 (A) Results from Backward Trajectory Modelling for 48hrs for 10 um particles
with 1 g density 17" of Nov’21; (B) Results from Backward Trajectory Modelling for
48hrs for 10 um particles with 0.625 g density for the 17" of Nov Backward 0.625g density
(Google Earth, 2025)
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The second highest concentration for direct air filtration sampling occurred on the 19
of November. The model of atmospheric particle transport indicates there is a strong
influence from higher trajectories over the Republic of Ireland and Northern Ireland
and the west coast of Scotland (Figure 6.8) suggesting that the lower trajectories could

be picking up pollution from more populated areas and transporting them east towards

the sampling location.

Contour Level—1.0E-12 /m®

Contour Level—1.0E-13 /m®

Contour Level—1.0E-14 /m®

Contour Level—1.0E-15 /m®

Figure 6. 8 (A) Results from Backward Trajectory Modelling for 48hrs for 10 um particles
with 1 g density 19" of Nov’21; (B) Results from Backward Trajectory Modelling for
48hrs for 10 um particles with 0.625g density for the 19" of Nov Backward 0.625 g density
(Google Earth, 2025)

On the second highest day of daily nanotank sampling — the 22°¢ of November — the
higher trajectories originate as far away as the east coast of America and passing over
Greenland again before converging over with lower trajectories over the north Atlantic
as particles move east to the sampling location (see Figure 6.9). This indicates that
long-range transport of atmospheric MP from the east coast of North America and the
North Atlantic played a strong influence in atmospheric MP pollution at this urban

location on this day.
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Figure 6. 9 (A) Results from Backward Trajectory Modelling for 48hrs for 10 um particles
with 1 g density 22" of Nov’21; (B) Results from Backward Trajectory Modelling for
48hrs for 10 um particles with 0.625g density for the 22" of Nov Backward 0.625g density
(Google Earth, 2025)

The lowest reported concentrations were on the final day of sampling for both the
direct air filtration and nanotank sampling systems, and on this day, particles may
have originated from a couple of areas in the North Atlantic before converging and
travelling east to the sampling location. It can be observed in Figure 6.10 that the
trajectories are not as clear and do not follow the typical lateral transport that the other
days of modelled particles followed. This could indicate that wind patterns could be
dispersing particles in a different manner compared to days with higher concentrations.
It can be observed that the trajectories did not pass over land masses before reaching
the sampling location, compared to the other days. This could indicate that smaller
particles are being transported from distal land masses, as well as marine sources,

before reaching the sampling location.
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Figure 6. 10 (A) Results from Backward Trajectory Modelling for 48hrs for 10 um
particles with 1 g density 23" of Nov’21; (B) Results from Backward Trajectory
Modelling for 48hrs for 10 um particles with 0.625 g density for the 23" of Nov Backward
0.625g density (Google Earth, 2025)

The 10 pum particle modelling results also display more scattering and less defined
trajectories suggesting there could be more vertical mixing and smaller particles could
be more influenced by boundary layer turbulence and convective mixing. This is
especially true for the lighter polymer density modelled (0.625 g density). The models
where a heavier polymer density was used (1 g) also display more influence from the
higher trajectories, suggesting that once particles of this density are suspended they
remain within their trajectory air masses for longer, compared to the 0.625g density

which was more concentrated in the lower trajectories.

The modelled 20 pm MP particulates displayed less scattering and had more clearly
defined trajectories (see Appendix IX), when compared to the smaller 10 pm
modelled trajectories. This is especially true for the higher particle density (see Figure

6.11). On the highest day of reported concentrations there was also a wider spatial
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distribution from the lower trajectories compared to the smaller particle size (indicated

by the yellow area on the particle model image).

Contour Level—1.0E-12 /m’

Contour Level—1.0E-13 /m’

Contour Level—1.0E-14/m’

Contour Level—1.0E-15 /m*

Figure 6. 11 (A) Results from Backward Trajectory Modelling for 48hrs for 20um
particles with 1 g density 23" of Nov’21; (B) Results from Backward Trajectory
Modelling for 48hrs for 20um particles with 0.625g density for the 23" of Nov Backward
0.625 g density (Google Earth, 2025)

The same is true for the 19" of November, the second highest recorded day for direct
air filtration, where the lower trajectories display a higher concentration, especially for
the higher particle density which has higher concentrations from lower trajectories
over the Atlantic Ocean (Figure 6.12). This suggests particles of 20 um with a 1g
density are concentrated from marine sources. On the same day the 0.625 g density is
more concentrated in the higher trajectories over the Republic of Ireland and Northern
Ireland and there is more scattering where particles originate in the North Atlantic.
This suggests that particles of a lighter density with a larger particle size remain in the
higher trajectories but are more easily influenced by atmospheric processes, compared

to the higher density particles.
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Figure 6. 12 (A) Results from Backward Trajectory Modelling for 20um particles, 1 g
density, for the 19" of Nov’ 21; (B) Results from Backward Trajectory Modelling for
20um particles, 0.625 g density for the 19" of Nov’21 (Google Earth, 2025)

On the second highest day of nanotank sampling, for the 20 um modelled particle
trajectory, the lighter density particles can also be observed to have two higher
trajectories coming into play on the east coast of North America (Figure 6.13B),
compared to just one with the higher density particles (Figure 6.13A). This indicates
that the lighter particle densities originating from distal sources, are more easily

transported over a wider spatial distribution.
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Figure 6. 13 (A) Results from Backward Trajectory Modelling for 20 um particles, 1 g density, for the 22" of
Nov’ 21; (B) Results from Backward Trajectory Modelling for 20 um particles, 0.625 g density for the 22" of
Nov’ 21 (Google Earth, 2025)

On the final day of sampling where the lowest reported concentrations were found,
there is a wider spatial distribution from particles originating in the North Atlantic in
the higher trajectories compared to 10 um. There are also more defined trajectories
and less scattering compared to the smaller particle size, especially for the higher
particle density (Figure 6.14). This could indicate that 20 um particles originating in

the North Atlantic on this day where less influenced by atmospheric processes.
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Figure 6. 14 (A) Results from Back Trajectory Modelling for 20 um 1 g density for the 23"
of Nov’21; (B) Results from Back Trajectory Modelling for 20 um 0.625 g density for the
23" of Nov’21 (Google Earth, 2025)

The modelled 100 um particle size displayed the biggest differences when compared
to the 20 um and 10 um sizes. The trajectories where much clearer and there is a clear
pattern of higher trajectories being more concentrated where they originate and then
moving to the lower trajectories closer to the sampling location. There was also very
little scattering suggesting that the particles of this size were less influenced by vertical
mixing and turbulence. Furthermore, there were clear differences between the two

polymer densities in terms of source appointment and particle dispersion.

As can be observed in Figure 4.15B, the lower particle density has a larger lateral
spatial distribution for the lower particle density on the 17" of Nov’21, when
concentrations were highest, with the higher trajectories originating further east on the

west coast of Scotland before travelling east to the sampling site. Whereas the higher
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density (Figure 4.15A), the particles originate much closer to the sampling location,

on the mainland in the east of Glasgow.

4 Glasgow '

Contour Level—1.0E-12 /m’®

Contour Level—1.0E-13 /m*

Contour Level—1.0E-14 /m’®

Contour Level—1.0E-15 /m’

Figure 6. 15 (A) Results from Back Trajectory Modelling for 100 um 1 g density for 48hrs
for the 17" of Nov’ 21; (B) Results from Back Trajectory Modelling for 100 um 0.625 g
density for 48hrs for the 17" of Nov’ 21 (Google Earth, 2025)

On the second highest reported day, the difference between the two densities is more
defined, with the higher trajectories for the 1 g density originating over the north coast

of Northern Ireland and with clearly defined trajectories moving east to the sampling

location (Figure 4.16A). The 0.625 g density has higher trajectories originating further
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south in the North Atlantic off the coast of the Republic of Ireland near the Celtic shelf
and then particles are not depositing again until reaching the sampling location (Figure
4.16B). It can also be observed that there is more scattering and less defined
trajectories for the lighter polymer density. This could be due to the role of waves and

sea spray in this area of the Atlantic, which could influence the lighter polymer density

compared to the higher density.

Contour Level—1.0E-12 /m’
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Contour Level—1.0E-15 /m’®

Figure 6. 16 (A) Results from Back Trajectory Modelling for 100 um 1 g density for 48hrs
for the 19" of Nov’ 21; (B) Results from Back Trajectory Modelling for 100 um 0.625 g
density for 48hrs for the 19" of Nov’ 21 (Google Earth, 2025)

A similar trend can also be observed on the 21* of November’21, whereby the higher
particle density has higher trajectories originating in the north Atlantic north east of
the Outer Hebrides islands in Scotland, with some scattering and a break until the
sampling location (see Figure 6.17A). Whereas the lower particle density has a much
stronger influence from the higher trajectories which originate further north in the

North Atlantic to the south east of the Faroe Islands (see Figure 6.17B). These

trajectories also have a much wider spatial distribution and there is more scattering.
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This could indicate that the lighter density is more easily transported from long-range
and marine sources, and is more influenced by processes such as waves and sea spray
in areas of the Atlantic where they are more prevalent, such as near continental shelfs
like the Celtic shelf. This due to a process called wave shoaling with causes the ocean
to swell in the shift from deeper to shallower water over the continental shelf, causing
waves to become steeper and therefore causing more sea spray. It has been reported
that atmospheric MP are transported via waves and sea spray processes (Allen et al.,
2020), which could explain the results of the back-trajectory modelling for this period.
Although this day of sampling did not produce significantly different concentrations
compared to other days (see above), it is interesting to observe the different transport

behaviours of particles of different polymer densities in the 100 pm size.
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Contour Level—1.0E-12 /m*
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Figure 6. 17 (A) Results from Back Trajectory Modelling for 10 Oum 1 g density for 48hrs
for the 21" of Nov’ 21; )B) Results from Back Trajectory Modelling for 10 Oum 0.625 g
density for 48hrs for the 21° of Nov’ 21(Google Earth, 2025)

Again on the 23™ of November when the lowest concentrations were reported there is
a clear difference between the polymer densities. The higher density displays higher
trajectories originating closer to the sampling location north east of Glasgow and there
is a clear definition between trajectories which follow a similar pattern of the lower
trajectories becoming more concentrated closer to the sampling location (Figure 6.18).
The lower density on the other hand, has a mixture of higher and lower trajectories
originating and concentrated in the North Atlantic off the east coast of the Outer
Hebrides, with scattering and a mixing of trajectories. There is a clear gap where these
trajectories originate until there are some higher trajectories that originate north east
of Glasgow which then follows the same pattern of lower trajectories being more

concentrated closer to the sampling location. Again this indicates the lighter polymer
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is more influenced by marine and atmospheric processes. The lack of clear lateral
transport from marine or local sources could have resulted in a lower MP count on this

day, but the modelled smaller particle sizes also indicate a lack of influence from other

populated long-range areas on this day.

Contour Level—1.0E-12 /m’

Contour Level—1.0E-13 /m’®

Contour Level—1.0E-14 /m’®

Contour Level—1.0E-15 /m’

Figure 6. 18 (A) Results from Back Trajectory Modelling for 100 um 1 g density for 48hrs
for the 23" of Nov’ 21; (B) Results from Back Trajectory Modelling for 100 um 0.625 g
density for 48hrs for the 23" of Nov’ 21 (Google Earth, 2025)

Overall there are clear differences for each particle size and polymer density in terms
of where they originate and possible sources which suggest both long-range transport
and marine influence, as well as more localised influence from urban and industrial
sources, especially for the larger particle densities. This highlights the differences in
atmospheric transport for this pollutant and the complexity of source appointment

and understanding their transport as there is so much nuance in how the particles
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behave in the atmospheric compartment and the different processes that could affect

their transport.

6.3.7 Results of HYSPLIT Forward Trajectory Modelling and Potential End Point

In Figure 6.6 it is also possible to observe the forward trajectory air mass modelling
for the daily sampling period 17%-23" of Nov’21. Here it is possible to see the different
air mass trajectories for the different elevations examined as they follow slightly
different transport pathways after leaving the sampling location. Modelling indicates
that after leaving Glasgow, air masses generally travelled eastwards towards the North
Sea, with many continuing into northern and central Europe, including the
Netherlands, Germany, Denmark, Sweden and occasionally as far as Russia (Figure
6.6C, D, E, F). Across the three elevations modelled (10m, 50m, 100m), the overall
transport pathways were similar, though higher elevations generally extended further
east and south, whereas lower trajectories generally extended further north. In some
cases, air masses followed more southerly or south westerly pathways reaching
southern England, France (Figure 6.6A, B, G) or returning to the North Atlantic
(Figure 6.6A), highlighting the potential for MPs to both originate from and be
redeposited into marine environments. Overall, modelling demonstrates the capacity
for atmospheric MPs to be transported both locally and long-distance, with the
potential to reach remote environments and populated regions across Europe within

48hrs.

6.3.8 Results of HYSPLIT Forward Trajectory Particle Modelling — Influence of
Particle Size and Polymer Density

When examining the effect of different particle sizes and polymer densities on the
potential forward trajectory transport, it is evident that the same trends can be observed

in relation to the transport properties of each particle type. These parameters also play
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arole in the end points of atmospheric MP particles present in this urban environment,

as they did with the potential sources.

On the first day of sampling with the highest reported concentrations, particles from
higher trajectories can reach as far as east Russia, Estonia and south into Romania and
Kosovo. The lower trajectories indicate transport south west into Germany and
southern Europe covering Monaco, the south of France and into Northern Spain and
Portugal before reaching the Atlantic Ocean. The results from the modelling from the
second highest reported concentrations, the 19™ of Nov’21 indicate that there is not a
clear transport pathway to Europe as noted the previous day. Results show a wider
spatial distribution covering Eastern Europe and scattering reaching as far south as
Romania and the Black Sea. The nanotank sampling system also had higher
concentrations on the 22" of November and particle modelling indicates that MP
particles on this day could be transported further south into England, across the English
Channel and reach as far south as southern Italy and the Mediterranean. Finally on the
last day of sampling, the 23 of Nov’21, modelling indicates a wider spatial
distribution of particles across England and particles scattering east into northern
Europe, and south to Guernsey. However, results indicate that there is less long-range
particle transport on this date which could be due to the reduced influence of
atmospheric processes or weather on this day. See Appendix IX for more detailed

images of all forward trajectory models ran for this period.

The modelled 10um size range displays further long-range transport and more
scattering and less defined trajectories than other size classes. This is similar to the
back-trajectory scenarios and again suggests the smaller particle sizes may be more
influenced by turbulence and wind patterns. With the different polymer densities, there
are some clear differences between the heavier and lighter densities modelled. For
example, on the 17" of Nov’21 where concentrations were highest, it can be observed
in Figure 6.19B, that the lighter density (0.625 g) has further long-range transport in
the lower trajectories, and similar to the back-trajectory modelling there is more

scattering and less defined trajectories with the lighter density. The 1 g density is also
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more concentrated in the lower trajectories over Eastern Europe reaching further East
into Russia, whereas the lighter density reaches further south into Italy and the
Mediterranean in the higher trajectories. This suggests the lighter particles are more
easily influenced by wind patterns and can be transported further in the higher
trajectories. It can also be observed that both densities diverge over Eastern Germany
which could be differences in atmospheric pressure systems in the region during this

time, or particle settling over this area.
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Figure 6. 19 (A) Results from Forward Trajectory Modelling of 10 um 1 g density for
48hrs on the 17" of Nov’21; (B) Results from Forward Trajectory Modelling of 10 um
0.625 g density for 48hrs on the 17" of Nov’21 (Google Earth, 2025)

On the 19" of Nov’21 when concentrations were high, the 1 g density is more
concentrated in the higher trajectories and the 0.625 g density can be observed to be
more concentrated in the lower trajectories, especially over Denmark and Eastern
Europe (Figure 6.20). The lighter density also has more scattering, especially as the
trajectories reach their endpoint in the Black Sea and the higher trajectories reach

further east into Russia compared to the higher density.
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Figure 6. 20 (A) Results from Forward Trajectory Modelling of 10 um 1 g density for
48hrs on the 19" of Nov’21; (B) Results from Forward Trajectory Modelling of 10 um
0.625 g density for 48hrs on the 19" of Nov’21 (Google Earth, 2025)

On the 22" of Nov’21, it can be observed the 1g density is more concentrated in lower
trajectories, especially over populated areas in England such as Manchester and
Birmingham, and again over the Atlantic Ocean and west of France (Figure 6.21A).
There are also two offshoots in the lower trajectories reaching further south into
southern Portugal and Spain and travelling east into Italy and the Mediterranean Sea.
The lighter density is more concentrated in the lower trajectories over the English
Channel (Figure 6.21B), and there is unusually less spatial distribution of the
trajectories which does not follow the trend of previous scenarios. This could be due
to the role of wet and dry deposition on this day, or increased particle settling over the

lower trajectories.
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Figure 6. 21 (A) Results from Forward Trajectory Modelling of 10 um 1 g density for
48hrs on the 22" of Nov’21; (B) Results from Forward Trajectory Modelling of 10 um
0.625 g density for 48hrs on the 22" of Nov’21 (Google Earth, 2025)

On the final day of sampling, where concentrations were lowest, there is reduced long-
range transport for the 10um size range for both densities, compared to the other days
modelled. The 1 g density again is more concentrated in the lower trajectories,
especially over populated areas such as Newcastle, and as particles move further south
there is more scattering and wider spatial distribution within the higher trajectories
travelling east over the North Sea and Denmark (Figure 6.22). The lighter density is
more concentrated in the higher trajectories close to the sampling location but as
particles travel south they are more concentrated in the higher trajectories, with the
lighter density reaching further east into southern Sweden and further south west into

northern France when compared to the higher density.
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Figure 6. 22 (A) Results from Forward Trajectory Modelling of 10 um 1 g density for
48hrs on the 23" of Nov’21; (B) Results from Forward Trajectory Modelling of 10 um
0.625 g density for 48hrs on the 23 of Nov’21 (Google Earth, 2025)

Overall for the 10 um particle size it is evident that there is long-range transport
possible in lower and higher trajectories, with particles higher trajectories more

susceptible to atmospheric processes and long-range transport.

The modelled 20 um particles surprisingly appear to be more concentrated in the
higher trajectories for the 1g density. On the 17" of Nov’21 it can be observed that
there are greater concentrations in the higher trajectories and more offshoots which
reach further south into Italy and the lower trajectories covering a wider area east in
Romania than the 10 pm transport (Figure 4.23A). The lighter density is more
concentrated in the lower trajectories, and there is more definition between trajectories

and less scattering when compared to the 10 pm size (Figure 4.23B).
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Figure 6. 23 (A) Results from Forward Trajectory Modelling of 20 um 1 g density for
48hrs on the 17" of Nov’21; (B) Results from Forward Trajectory Modelling of 20 um
0.625 g density for 48hrs on the 17" of Nov’21 (Google Earth, 2025)

Again on the 19" of Nov’21, the 1 g density is more concentrated in the higher
trajectories especially as particles move east (Figure 4.24A). Although there is some
scattering and trajectories are more defined than the 10 um, which suggests that the
larger particle size is less influenced by vertical mixing or wind patterns compared to
the smaller size. The lighter density is more concentrated in the lower trajectories when
compared to the higher density, especially as particles move east into Poland and travel
north east into Lithuania, Belarus and Ukraine and south to the Black Sea (Figure
4.24B). Compared to the 10 um lower density, there is still some scattering the
trajectories are more defined again indicating that the larger size class is less

influenced by atmospheric processes.
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Figure 6. 24 (A) Results from Forward Trajectory Modelling of 20 um 1g density for
48hrs on the 19" of Nov’21; (B) Results from Forward Trajectory Modelling of 20 um
0.625 g density for 48hrs on the 19" of Nov’21 (Google Earth, 2025)

On the 22" of Nov’21 when nanotank sampling systems collected high levels of MPs,
the 20 um modelled particles, when compared to the 10 pm modelling, are more
concentrated in the higher trajectories and the trajectories are more defined, but there
is less long-range transport into the Mediterranean which would be expected from
particles with a larger size (Figure 4.25A). The lighter density is more concentrated
in the higher trajectories compared to the lower density, especially over north west
England (Figure 4.25B). There is also more scattering as particles are transported
south, however with the larger particle size there is an inverse situation with the two
polymer densities when compared to the 10um. In this scenario the lighter particle
density as two offshoots reaching further south east into Italy and the Mediterranean,

compared to just one with the higher density. This implies that particles that are larger
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in size but lighter in density are transported via different mechanisms than

particles with a heavier density.
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Figure 6. 25 (A) Results from Forward Trajectory Modelling of 20 um 1 g density for
48hrs on the 22" of Nov’21; (B) Results from Forward Trajectory Modelling of 20 um
0.625 g density for 48hrs on the 22" of Nov’21 (Google Earth, 2025)

The final day of sampling when concentrations were low, the 20 um 1g density can be

observed to be more concentrated in the higher trajectories, especially as particles

travel south. It can also be observed that there is less long-range transport on this day

for the 20 um size for both densities (Figure 4.26). When compared to 10 um there is

less scattering and more defined trajectories, but the higher trajectories appear to have

a wider spatial distribution over Denmark (Figure 4.26A). This suggests that once

suspended, particles of this size may have a more concentrated wider spatial
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distribution. The lighter density has higher concentrations in the lower trajectories
compared to the heavier density, especially over populated areas in England such as
London. This indicates that there could be local urban and industrial pollution being
concentrated in these areas. The lighter density is more scattered and trajectories are
less defined but the higher trajectories appear to travel further north into Sweden
compared to the higher density (Figure 4.26B). When compared to 10 pum with the
same density, there is more spatial distribution in the lower trajectories over populated
areas in England and southern Denmark, suggesting that particles of a 20 pm size are
more concentrated in the lower trajectories and travel further in this elevation. It can

also be observed that there is less long-range transport on this day compared to other

scenarios for the 20 um size for both densities.
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Figure 6. 26 (A) Results from Forward Trajectory Modelling of 20 um 1 g density for
48hrs on the 23 of Nov’21; (B) Results from Forward Trajectory Modelling of 20 um
0.625 g density for 48hrs on the 23 of Nov’21 (Google Earth, 2025)
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As with the back-trajectory modelling, the 100um particle sizes have less spatial
distribution and are more concentrated in local areas. On the 17" of Nov’21 the higher
density is more concentrated in the lower trajectories close to the sampling site and
then becomes more concentrated in the higher trajectories as particles travel further
east (Figure 4.27A), suggesting vertical transport of particles. It can also be observed
that there is no scattering on this day and the trajectories are clearly defined suggesting
that the larger particle size is less easily influenced in vertical transport by atmospheric
processes. The lighter polymer density can be observed to have a further spatial
distribution, highlighting that the lighter polymer density for the larger size classes
results in further transport compared to the higher density (Figure 4.27B).

biscorige)

.....

.....

D Contour Level—1.0E-12 /m’

Contour Level—1.0E-13 /m’®

oooo@®
Edobs . Contour Level—1.0E-14 /m’
|:| Contour Level—1.0E-15 /m’®

i

Figure 6. 27 (A) Results from Forward Trajectory Modelling of 100 um 1 g density for
48hrs on the 17" of Nov’21; (B) Results from Forward Trajectory Modelling of 100 um
0.625 g density for 48hrs on the 17" of Nov’21 (Google Earth, 2025)
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On the second highest day, there is more scattering and less defined trajectories
compared to the previous scenario for both densities in the 100 pm size class, which
could indicate more vertical mixing or turbulence on this day. The higher density is
more concentrated in the lower trajectories near the sampling location but again
becomes more concentrated in the higher trajectories as particles move east from the
site (Figure 4.28A). Again it can be observed that the lighter density has further spatial
distribution and long-range transport, with the higher trajectories travelling further east
over the North Sea, and the lower trajectories being concentrated again in Denmark
(Figure 4.28B). This indicates that the lighter density for the larger size range has a

strong influence on transport and potential pathways of atmospheric MP.
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Figure 6. 28 (A) Results from Forward Trajectory Modelling of 100 um 1g density for
48hrs on the 19" of Nov’21; (B) Results from Forward Trajectory Modelling of 100 um
0.625g density for 48hrs on the 19" of Nov’21 (Google Earth, 2025)
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Then on the 22" of Nov’21 when nanotank sampling systems collected high levels of
atmospheric MP, there is reduced forward transport for the 100 pm size. The higher
density is concentrated in the lower trajectories close to the sampling location and there
is more definition on this day compared to the 19" (Figure 6.29A). This difference
could be due to reduced wind or turbulence on this day. Again the lighter density has
a further spatial distribution concentrated in the higher trajectories as particles move
further south, but there is less scattering than the previous scenario. This suggests that

for both densities there is reduced influence from atmospheric processes on this day.

D Contour Level—1.0E-12 /m’
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Figure 6. 29 (A) Results from Forward Trajectory Modelling of 100 um 1 g density for
48hrs on the 22" of Nov’21; B. Results from Forward Trajectory Modelling of 100 um
0.625 g density for 48hrs on the 22" of Nov’21 (Google Earth, 2025)
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Finally on the 23" of Nov’21, again there is reduced long-range transport on this day
for both polymer densities. For the higher density the lower trajectories are
concentrated close to the sampling site and there is some transport to the north but the
particles are mostly concentrated in the higher trajectories as they are transported south
(Figure 6.30A). The lighter density again shows further spatial distribution, with some
mixing of trajectories but overall, they are defined and there is no scattering, again

indicating the particles were less influenced by vertical mixing and atmospheric

processes on this day (Figure 6.30B).
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Figure 6. 30 (A) Results from Forward Trajectory Modelling of 100 um 1 g density for
48hrs on the 23" of Nov’21; (B) Results from Forward Trajectory Modelling of 100 um
0.625 g density for 48hrs on the 23™ of Nov’21 (Google Earth, 2025)

Overall, from the 42 forward trajectory modelling scenarios, it is evident that there is
more local transport in the lower trajectories to other areas in the UK, especially for
the larger particle sizes of a higher density. There is further long-range transport by

lighter and smaller particles into southern Europe and into other marine environments
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such as the Black Sea, the Mediterranean Sea and back into the Atlantic. This
highlights the need to understand the ‘Plastic Cycle’ and how MP particles can be
transported from their original source to other urban and remote environments via

weather processes.
6.3.9 Limitations of HYSPLIT Dispersion Modelling

Although the HYSPLIT model used here can give an indication of potential transport
pathways of atmospheric MPs, it has limitations. The parameters used here assumed
that particles were fragments due to their predominance in the urban environment in
Glasgow. However, a variety of shapes are actually present (Chapter 4). Whilst this
present study models different size categories and polymer densities, environmental
concentrations are still likely to be more varied and complex. Uniform behaviour is
assumed across all particles (Kaydi et al., 2024). Shape, size, and polymer density
clearly affect particle transport. Further model development should evaluate these

influences.

HYSPLIT also cannot include interactions between atmospheric chemistry and
complex terrain (NOAA, 2024b). These interactions can influence particle deposition
processes and may yield critical differences in MP concentrations in specific areas,

particularly in densely populated or forested areas (Kaydi et al., 2024).

The results of this chapter highlight the transport mechanism between the marine and
atmospheric compartments as source of atmospheric MP pollution; however current
dispersion models like HYSPLIT cannot incorporate the complex dynamics driving
this transport, such as bubble formation, ascent and aerosolisation (Jiang et al., 2025).
Its limitations in depicting interactions between multiple factors such as wind speed,

wave activity and temperature all affect the variability of MP emissions and transport

(Jiang et al., 2025).

Furthermore, HYSPLIT cannot currently incorporate detail and MP physics into its
outputs. Processes like fragmentation, aggregation and surface charge effects could

alter particle mass, shape and therefore how it is transported. However, due to the lack
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of studies on MP aging and their impact on atmospheric dynamics, this aspect of MP
transport will require more research. Due to the assumptions and oversimplification of
MP particle behaviour and atmospheric processes, the outputs of the model in this
chapter are a generalisation of the reality of atmospheric MP transport which is
complex and remains a considerable knowledge gap in the field. However, it can give
an indication of the source, dispersion and transport of atmospheric MP in absence of

empirical certainties.

6.4 Conclusion

The MP content of the urban atmospheric environment in Glasgow was measured in
November-December 2021. Samples were analysed with pRaman spectroscopy and
Nile Red staining coupled with fluorescence microscopy. From this atmospheric MP
concentration, as well as particle characteristics (size, shape), and polymer
composition of suspended particles are reported. MPs were found in the majority of
samples and although differences in methodology make comparison between studies
difficult, concentrations at this location are higher than other urban studies, and other
UK locations. Results from pRaman spectroscopy showed higher levels of PMMA,
PES, PLS, as well as Acrylic, PET and PLA. Given that polymers such as PMMA,
PLS and PES are often used for automotive and industrial applications this suggests
there may be some local influence from industrial activity. PET is often used in food
packaging and textiles, as is Acrylic which suggests degradation of clothing and
clothes washing and drying could influence concentrations at this location. It is
concerning to observe concentrations of PLA which is often seen as a more
environmentally friendly alternative to fossil-fuel based polymers used in food
packaging. However, has been shown to be toxic in laboratory-based studies, and
given its presence in the atmosphere it is evident that it is still contributing to MP

pollution in urban environments.

Nile Red staining showed that the majority of atmospheric MP particles found in

Glasgow were predominantly fragments, but the nanotank sampling system collected
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more fibres during the same period. This is different from atmospheric MP
concentrations in London, however this indicates that perhaps there is more localised
influence from fragments, rather than fibres which are more easily transported long-
range. Furthermore, the majority of particles were <20 um, and 65% of particles were
below 10 pm. The first week of sampling collected more particles >100 pm but overall
there is a bias towards the smaller particle size range at this location. This highlights
the need to identify the smaller size fraction of MP particles in the atmosphere, as it is
evident that as particle size decreases there is an increase in MP, which is consistent

with other field observations to date.

One of the aims of this research was to observe potential relationships between
atmospheric MP concentrations and local weather parameters during the sampling
period. There was a significant positive relationship for weekly samples and cloud
cover, and a significant negative relationship with wind direction. However, there were
no statistically significant relationships between other weather parameters and the
other datasets tested. This suggests that cloud cover positively influences atmospheric
MP concentrations over longer sampling periods. It also indicates that MP
concentrations at this location are influenced by wind direction. When the datasets
were split into <20 pm and >20 pum size fractions and compared with weather data no
further statistically significant relationships between the pollutant and weather were
observed. This could be due to the small temporal range of this data set or could be
related to the ongoing gap in the literature on the influence of weather on atmospheric
MP dispersion and deposition. It could also be due to the influence of more local
sources of atmospheric MP pollution. Future research could examine the relationship
with weather over longer time periods and throughout different seasons to observe if
there is a more complex influence of weather on atmospheric MP pollution in urban

arcas. .

Given the influence of local industrial and human activity, it was also of interest to
observe if there were possible relationships with other air pollutants present in the

Glasgow atmosphere. There were no statistically significant relationships with overall
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atmospheric MP concentrations and any of the air pollutants examined. Even when the
MP concentrations were split into the <20 um and >20 um size fractions, there were
no correlations noted. The lack of relationship with PMi, PMio or PM2 s given the
particle characteristics of atmospheric MPs at this location may be due to comparing
local samples with regional data. There has only been one study to date that examines
this relationship. Future research could examine long-term and simultaneous
measurements of both pollutants during summer and winter seasons to observe
potential trends between the pollutants. To date, there have been no studies that have
measured or compared atmospheric MP and BC or NOs, therefore a study measuring
both pollutants at the same time over a longer period would be beneficial, to
understand trends in their concentration and dispersion. Considering the
environmental, climate and health implications of both atmospheric MP pollution and
the other air pollutants, it is crucial that their interactions be understood and monitored,

in order to understand their true extent and potential risk factors.

When examining back-trajectory transport via air masses using particle modelling, on
days where there were higher concentrations of atmospheric MP pollution, there
appears to be long-range influence from the North Atlantic, as well as local influence
from the west coast of Scotland. Additionally, when different particle sizes and
densities were modelled , there were clear differences in their transport and dispersion
properties. The smaller particles with lighter polymer densities originated further east,
and were more susceptible to vertical mixing and dispersion. On days where
concentrations were higher, long-range transport of particles from the west of
Greenland and the east coast of North America was evident in the higher trajectories,
as well as localised influence concentrated in the lower trajectories. On the final day
of sampling when concentrations were low, trajectories that originated closer to the
site in the North Atlantic, and did not pass over any land masses before reaching the
sampling location, which could indicate that there was less localised influence from
nearby populated areas on this day. The 20 pm size still displayed long-range transport
and were susceptible but trajectories were more defined, suggesting that particles of

this size, once suspended, remain within their trajectories for longer. There was a clear
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difference in the transport and dispersion of the 100 um size, which was significantly
reduced and more concentrated in the lower trajectories, suggesting particles of this
size are more localised in origin. There were also more defined differences between
the polymer densities in the larger particle size, with the lighter density originating
further away in the higher trajectories, indicating that density is an important
characteristic to consider when modelling atmospheric transport, especially in the

larger size classes.

When the potential pathways of atmospheric MP pollution in Glasgow were modelled
using forward trajectory air mass modelling, it was evident that both local and long-
range transport into Europe was possible within just 48hrs. Again, there were clear
differences in the transport and dispersion properties of the different size ranges and
polymer densities modelled. The 10 um size displayed further long-range transport
and was more vulnerable to atmospheric processes and vertical mixing, especially with
the lighter polymer density. The lighter density, which was the predominant density
found at this location, travelled further into Europe and into the Mediterranean in the
higher trajectories, which indicates that once suspended these particles can be
transported long distances within a short period of time. This again highlights the need
to examine and report on the small particle size ranges, as this will produce a more
accurate picture of the extent and transport of atmospheric MPs. The 20 pm size had
reduced long-range transport compared to the 10 um size, but particles were still able
to reach far south into Europe within the 48hrs, especially with the lighter polymer
density. Again the spatial distribution and susceptibility to atmospheric processes was
significantly reduced for the 100 um particle size which suggests larger particles are
less likely to be transported further away from their source. However, there were clear
differences with the lighter density which still displayed transport into northern Europe
in the higher trajectory within 48hrs, which again indicates that once suspended, the

lighter polymers can be transported to locations far away from their origin.

Overall, this study confirmed the presence of atmospheric MP pollution in Glasgow,

Scotland and it is evident that concentrations of atmospheric MP pollution at this urban
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location in Glasgow are considerable. It is also clear that this pollutant can be
transported to and from local and distal sources. Although basic assumptions are made
about the emission rate, size and transport properties of these particles in order to
model their transport, it can provide an estimate on where this pollutant could be
originating, and potential pathways. As the field develops and more is learned about
MP’s physical properties and transport properties, models can be adjusted to gain a
more accurate picture of the extent of this pollutant and the role of the ‘Plastic Cycle’
in its transport and potential sources and sinks. It is also evident that the smaller size
range of atmospheric MP is important in terms of accurately reporting concentrations
and in terms of gaining accurate information on transport. Given the relationship with
other hazardous air pollutants, it is essential that both forms of air pollution are
monitored and reported effectively in order to understand the makeup of pollution in
urban environments, and the potential human, environmental and climate risk factors

associated with their presence and transport.
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Chapter 7 — Discussion of Urban and Remote
Atmospheric Microplastic Pollution

This thesis has examined key topics related to important research gaps in the field of
atmospheric MPs. The efficiencies of active sampling have been examined with
recommendations made to improve future field studies. The characteristics of
atmospheric MP pollution in a remote location — Svalbard, Norway - have been
reported and with the use of modelling, key transport pathways to this remote location
have been examined. Parallel research has been completed for an urban location -
Glasgow, Scotland — and modelling used to examine transport and dispersion of this
pollutant using field observations. This chapter will summarise and discuss key
findings from these studies, and compare the characteristics of atmospheric MP
pollution in remote and urban locations. From this key remaining research gaps are

highlighted, and future recommendations for research and policy discussed.

7.1 Summary and Discussion of Key Findings
7.1.1 Guidance for Active Sampling Measurements of Atmospheric Microplastics

For the first time, the effectiveness of active sampling parameters was assessed for the
measurement of atmospheric MPs. Technical guidance exists for adjusting active
sampling parameters for traditionally measured air pollutants (e.g. PM), but not for
atmospheric MP given the novelty of the field. It was established that studies to date
have used a variety of different pumping rates and sampling durations in field
campaigns, usually designed on an ad-hoc basis. Therefore the aim for the first study
of this thesis (RQ1), was to establish if there is an effective pumping rate and sampling
duration to be utilised relative to the sampling environment. This was assessed by
examining the number of atmosphere MPs collected, as well as shape, size and

polymer composition, of three sampling durations and four pumping rates.
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It was found that pumping rates and sampling durations were not selective for polymer
composition which is beneficial to note if polymer composition is the main aim of a
study. However, it was established that the pumping rate and sampling duration used
does impact the number of atmospheric MP collected. Furthermore results showed that
by increasing the pumping rate, there was no increase in the ratio of MP per filter to

MP/m?. Instead, the opposite trend was observed.

A novel method was also tested, termed the nanotank, which draws particulates into a
liquid media instead of a filter. This method did not perform as well as the direct air
filtration, however it did collect more fibres in comparison; therefore, more
development is needed. Weekly and monthly sampling durations via direct air
filtration provided a wider particle size distribution of MPs identified however, the
longer sampling durations were not as effective in terms of MP collection and are

therefore not recommended for collective representative samples.

In order to gain a representative atmospheric MP sample using active sampling
equipment, it is recommended that the environment in which the sample is collected
and the parameters that are to be used are considered early in research planning to
avoid under-reporting concentrations representative and necessary to address the
specific research question. It is hoped this novel guidance can provide a foundation for

future research to plan and collect effective atmospheric MP measurements.

7.1.2 Remote Atmospheric Microplastic Pollution: Svalbard, Norway

Atmospheric MP pollution has been reported in the Arctic previously, however this
study was the first to measure both suspended and deposited atmospheric MP within
the planetary boundary layer (PBL). This research confirmed that atmospheric MPs
are present and ubiquitous in the Arctic PBL. With the aim of quantifying and
characterising atmospheric MP concentrations (RQ2), a 28-day sampling campaign
using both deposition and active sampling, was conducted at the research station Ny-

Alesund, in Svalbard, Norway. The average deposition rate was found to be to be 37.3
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+30.2 MP/m?, with an average suspended particulate concentration of 4.2 + 9.4 MP/m’
which is comparable with other remote studies but had higher deposition rates than
studies in the Antarctic and Shanghai. Differences in the methods used and the units
reported make comparison difficult, however given the remote location of this site, it

is concerning to observe the prevalence of atmospheric MP in this study.

The MPs identified by Nile Red staining were predominantly <20 um (72%), which
highlights the importance of identifying the smaller size fraction of atmospheric MP
content and improving the LOD when reporting atmospheric concentrations. As per
other studies, the number of MPs increase with the decrease in particle size, therefore
improving methods to accurately identify MPs <20 um is crucial in order to gain an
accurate picture of MP content in the atmosphere. Nile Red staining also identified
fragment as the primary particle shape which is not in line with previous studies, but
this could be due to the small particle size distribution found in this study. pRaman
identified Acrylic (16%), PLS (14%), PES (11%), and PVA (11%) as the most
prevalent polymers. This suggests local contamination from clothing and fishing gear,

or distal sources from food packaging or industrial applications.

A key objective of this study was to examine if there were differences between
deposited and suspended particulates. Deposited samples on average had 1% greater
plastic content and displayed higher levels of PLS than suspended samples. This
highlights the importance of examining both particulates in order to gain a more
detailed picture of total atmospheric content. Another objective of the study was to
examine potential relationships with local weather conditions. Deposited particulates
had a significant positive correlation with cloud cover, suggesting cloud cover could
be influencing MP deposition in this area. There was a significant positive correlation
with suspended MP <20um, humidity and dew point, suggesting that humidity is more
influential on smaller, suspended particulates. Furthermore, there was an increase in
suspended MP concentrations when wind direction was onshore, suggesting a marine

influence on atmospheric MP pollution.
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Particle modelling was used to observe potential sources and transport of atmospheric
MP to the Arctic region. The FLEXPART model established that oceanic sources were
a main contributor via sea spray and bubble bursting. It also identified European and
UK coastlines as a source during higher atmospheric MP pollution periods in early
June. Synthetic fibres and road dust (local sources) were also suggested as potential
sources at this remote location. The model also suggests that the High Arctic could be
a sink for marine and land-based pollutants, as well as a potential source. This
highlights the importance of understanding atmospheric MP transport mechanisms and

monitoring pollution at this remote location given its vulnerable geographic location.

7.1.3 Urban Atmospheric Microplastic Pollution: Glasgow, Scotland

This study aimed to quantify and characterise atmospheric MP pollution in Glasgow,
Scotland, for the first time (RQ3). To achieve this suspended atmospheric MPs were
measured over a 28-day period from November to December 2021. pRaman and Nile
Red staining was used to identify the shape, size and polymer composition, as well as
overall particle count. Concentrations for daily direction air filtration were on average
9440 + 7320 MP/m? and 1,730 MP/m® + 1,220 MP/m? for weekly direct air filtration
measurements, with fragment being the dominant shape. The nanotank sampling
system on average collected 2010 + 3230 MP/m?, with more fibres being identified
than in the air filtration samples. The majority of particles were <20um with over 65%
being <10um, again highlighting the importance of identifying the smaller size

fraction of atmospheric MP pollution.

There was some variance in polymer composition over the sampling period but the
main polymers identified were PES, PMMA, and PLS, as well as some PLA, PET and
Acrylic. PES and PMMA are commonly used in automotive, construction, and
electrical appliances which indicates an influence from local industrial activities.
Acrylic is used in coatings, paints and adhesives and also commonly used in textiles.
PET is one of the most versatile and commonly identified polymers used in food

packaging and textiles which also indicates that there is an influence from local human
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activity and waste management processes. PLA on the other hand is often used as a
‘sustainable’ alternative to fossil-fuel based polymers for food packaging and single-
use plastic products. Given that it has also been identified as toxic, its presence in the
atmosphere is concerning. This again indicates local human activity and waste

management as potential sources of this pollutant.

As with the remote location, this urban focused study examined the potential
relationship between atmospheric MP pollution and local weather conditions. There
was a significant positive correlation with MP concentration and cloud cover, and a
significant negative relationship with wind direction for MPs of all sizes for weekly
samples. When divided into <20 um and >20 pm size classes, there were no significant
relationships with the weather parameters tested. This could be due to the small
temporal range of this data set or could be related to the ongoing gap in the literature
on the influence of weather on atmospheric MP dispersion and deposition. It could
also be due to the influence of more local sources of atmospheric MP pollution. Future
research could examine the relationship with weather over longer time periods and
throughout different seasons to observe if there is a more complex influence of weather

on atmospheric MP pollution in urban areas.

Given the urban location of the study, one of the research objectives was to examine
potential relationships with other monitored air pollutants in the area. There were no
significant correlations with MP concentrations and local air pollution, even when
divided into <20 um and >20 um categories. This could be due to the short temporal
range of the data or due to the data being local air pollution data rather than primary
data collected alongside atmospheric MP measurements which could provide more
accurate comparison. As comparative analysis between MP and BC, and NOx, NO»,
and NOs, has not been carried out before future to understand their co-existence is

needed.

Utilising the HY SPLIT model it was possible to observe air mass trajectories, as well
as individual particle transport based on the characteristics of the MPs identified at the

sampling location. This implicated both long-range marine sources from the North-
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Atlantic, Greenland, Northern Ireland and the Republic of Ireland, as well as local
urban sources on the Scottish mainland. The smaller particle sizes and lighter polymer
densities modelled showed more scattering suggesting greater vertical mixing and
influence from atmospheric processes. They also displayed a greater potential for long-

range transport and dispersion.

It was also possible to use forward trajectory modelling to observe pathways and where
this pollutant might be transported to. This indicates that MPs could be transported
south east to Germany, Russia and the Baltic Sea, and south to Spain, Italy and the
Mediterranean within 48hrs. The smaller and lighter particles presented further long-
range transport in the more elevated trajectories suggesting that once these small,
lighter plastics are suspended, they have a high potential for long-range transport. The
larger particles had a potential for local deposition and the lighter polymers modelled
travelled further into the North Sea and Europe, even with the larger particle size. This
highlights the transboundary nature of the pollutant, and the speed in which MP can

contaminate locations thousands of miles from its original source in a short time frame.

7.2 Comparison of Urban and Remote Atmospheric Microplastics

An overarching research aim of this thesis was to compare atmospheric MP pollution
from remote and urban locations (RQ4). No deposition measurements were taken at
the Glasgow location, however both studies utilised direct air filtration and the
nanotank sampling system to take measurements of suspended particulates over a 28-
day period. The two locations examined in this thesis, Glasgow and Svalbard, are
vastly different in their geographic location, population, and industrial activity. Due to
its remote location in the Arctic Sea it was posited that the remote location would be
more vulnerable to long-range pollution and it was hoped that concentrations would
be significantly lower than the urban location. It is promising to observe that average
daily direct air filtration concentrations for Svalbard (8.9 + 15.6 MP/m?) are orders of
magnitude lower than the Glasgow location (9440 + 7320MP/m?). The same is also
true for nanotank measurements which for Svalbard were 1.5 = 1.8 MP/m?, compared

to 2010 + 3230 MP/m? for Glasgow. However, presence of atmospheric MP in the PBL
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atmosphere in Svalbard is concerning due to the unique ecosystems present and the
potential for accelerated ice melt due to MPs present on snow and ice. Both locations
used the same analytical methods to report on concentration, shape, size and polymer
composition. It is evident that for both datasets there were differences in the numbers
reported from pRaman analysis and Nile Red staining. This highlights the importance
of using complementary methods when analysing atmospheric MPs, in order to gain
information on characteristics and chemical composition, and report concentrations

accurately.

In terms of shape, both locations displayed a higher proportion of fragment to fibre but
Glasgow results displayed a much higher proportion of fibres (17 %) with nanotank
MP particulates displaying a composition of 52 % fibres. The higher proportion of
fibres in the urban location could be due to localised influence form textiles and clothes
drying. The size of MP particles identified at each location displayed a particle size
distribution skewed to the smaller size ranges. In the Svalbard samples, 72 % of
particles were found to be <20 um and 57 % <10 um. It is surprising to observe that
90 % of the particles found in Glasgow were <20 um and 46% of particles were <10
um, compared to the Svalbard samples. As Svalbard is more influenced by distal
sources of atmospheric MP pollution, it was thought that the MPs identified there
would be smaller than at the urban location, as smaller particles may be more easily

transported via atmospheric processes.

Samples taken at both locations were analysed using pRaman spectrometry to identify
polymer composition and as discussed in Chapter 3 due to equipment failures, two
uRaman spectrometers were used in this thesis. Although efforts were made to make
uRaman analysis consistent by sampling three randomised areas, and to keep the
spectra treatment consistent, the different lasers used and resulting fluorescence meant
different parameters used (see Chapter 3). Therefore there is a possibility that there
were differences in the results from using two different pRaman spectrometers. It
would have been desirable to keep the analysis as harmonious as possible across the

dataset used in this thesis, however due to time and resource constraints, utilising two
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spectrometers was the best option to obtain polymer composition data for both
locations. This also reflects the current field of atmospheric MP which is calling for
more harmonised methodologies. But access to equipment such as pRaman
spectrometers is limited and their operation can be challenging. This is one of the
reasons why comparison across studies and geographic locations is difficult in the
field, however until this challenge is overcome it is still important to gain as much
information as possible on atmospheric MP pollution, in order to monitor its presence

and advance knowledge in the field.

That being said there were some similarities between the two locations in terms of
polymer composition. For example, for both locations PLS and Acrylic were two of
the main polymers identified. PLS is often used in medical devices, food processing
and aerospace components and Acrylic is often found in textile fibres and used in
paints and varnish. Therefore, both polymers could be found in local sources in an
industrial and populated like Glasgow, and will also be used in remote locations in
Svalbard, but could also be transported from distal sources. Glasgow displayed higher
levels of PES, PMMA, and some concentrations of PLA and PET, which were absent
from the Svalbard samples. These polymers are used in industrial and automotive
applications and also in single-use food packaging which will be used frequently in an
urban location, and this waste will also be managed local to the urban location in
Glasgow which could be a potential source. Svalbard also displayed high levels of PES
and PVA, which were identified in the Glasgow samples but not in high
concentrations. PES is also used in automotive applications and used in electrical
insulation and water filtration which may be used more locally to the Svalbard
location. PV A is also found in adhesives, textiles and food packaging which could also
be found closer to the sampling location. However, as is highlighted by the particle
modelling used for both locations, and given the small size ranges of particles at both

locations, these could be transported from distal sources.

Atmospheric MP concentrations were compared to local weather data at both locations

to observe potential relationships. Both locations displayed significant correlations
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between cloud cover, wind direction and atmospheric MP concentrations. Although
cloud cover only influenced deposited particles in Svalbard, and in Glasgow it
correlated with weekly direct air filtration, it is interesting to observe the potential role
of cloud cover in the levels of atmospheric MP concentration. For both locations the
concentrations were divided into <20 um and >20 um size classes to observe if weather
parameters were bias to a certain size of particle. It is interesting to observe that at the
urban location there were no significant correlations with weather parameters which
suggests that local weather conditions were less influential on measurements There
were significant relationships with particles <20 pm from daily direct air filtration and
weather parameters in Svalbard. This was the case for mixing ratio, wind direction and
dew point at this location. However, daily nanotank samples >20 um had a statistically
significant positive relationship with atmospheric MP concentrations indicating that
weather parameters at the remote location were more influential on atmospheric MP
concentrations in the smaller particle size range, than in the urban location. It also
highlights that there is clearly a complex relationship between atmospheric MP
concentrations and weather parameters at both locations. Long-term monitoring in
both urban and remote locations may reveal more detailed answers about the potential

influence of weather on the presence of this pollutant.

The final research objective aimed to compare the transport pathways of atmospheric
MP pollution from urban and remote locations. Back trajectory modelling for the
Svalbard sampling period suggested that marine sources heavily influenced
atmospheric MP concentrations at the site, especially from the North Atlantic. This is
linked to the ongoing debate whether the ocean is a sink of atmospheric MP but
observations support that MPs are resuspended from the ocean, potentially via sea
spray and bubble bursting, and transported long-range. The model used also suggested
that the Arctic could be a possible sink for atmospheric MP pollution from distal
sources which again highlights the need to monitor pollution at this remote location.
Back trajectory modelling for the Glasgow atmospheric MP concentrations suggest
marine influences from the North Atlantic, and the role of distal sources near

Greenland and North America, especially for the smaller, lighter particles. However,
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there were also localised concentrations in the lower trajectories on the Scottish
mainland. This indicates that both remote and urban locations are influenced by long-
range marine sources, again showing that MPs have the potential to be transported to
distal end-points via atmospheric transport. Although the models have their relative
advantages and disadvantages, the output of both models are clear in their indication
that the marine environment is a main source of atmospheric MP contamination. Given
that little is known about the plastic cycle and how this pollutant moves between the
different compartments, it appears that the marine-atmospheric pathways are a main
contributor to long-range MP pollution and this could inform future research on the

transport of MP between matrices.

7.3 Recommendations for Future Research and Policy

7.3.1 Recommendations for Future Research

This thesis aimed to fill key research gaps in the field of atmospheric MPs, but in doing
so there have also been some new avenues of research which have become apparent.
The first study in this thesis aimed to provide guidance on the accurate measurement
of atmospheric MPs using active sampling techniques, which have not been examined
to date. This is in line with the current demand in the literature to improve MP
measurement and use more harmonious methods to improve accuracy and make
comparison more precise. It is evident that sampling duration and pumping rate do not
appear to influence polymer composition, but can influence the quantity, size and
shape of particles collected. Due to the samplers being evaluated in the field
environment, variation is to be expected. However, future research could evaluate the
effect of pumping rate and sampling duration in a controlled laboratory setting with a
set concentration of MPs in order to account for this variation and potentially provide
more accurate guidance. Furthermore, this study only evaluated two methods of active

sampling (direct air filtration and the nanotank sampling system), but future research
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could examine how this influences the other main devices used in the field (e.g. TISCH
high volume sampler, TSP middle-flow sampler). Further research in a range of
environments could help improve understanding of these parameters relative to the
sampling environment and move towards standardisation of methods. This could
expand the guidance provided by this thesis and ensure it is adaptable for a wide range

of studies.

Another theme that has occurred in this thesis in relation to the measurement of
atmospheric MP, is the advantage of measuring both deposited and suspended
particulates in order to gain a more accurate picture of total atmospheric content. This
thesis did not examine the relevance of sampling duration on deposition sampling. The
effectiveness of different deposition chambers has been evaluated (Knobloch et al.,
2022), but sampling duration could also influence the effectiveness of particle
retention within the chamber used. Although liquid is used to prevent re-entrainment,
it could be helpful to examine the effectiveness of a range of sampling durations to
observe if there is some particle loss or gain by adjusting this parameter. This could
indicate if this form of measurement could also be improved and provide technical

guidance for future studies that wish to implement it.

The number of particles in atmospheric (and all other environmental) samples is
known to increase with the decrease in particle size. This highlights the need to
improve the LOD in studies and ensure the smaller size fraction (<20 pm) is identified,
in order to report concentrations accurately. Further to this, due to the differences in
capabilities with pRaman spectroscopy and Nile Red staining, it is evident that
complimentary methods are needed to provide accurate information on both polymer
composition and particle count, shape and size. Future research should aim to improve
the LOD reported and use methods that can provide a full picture on the quantity and

characteristics of atmospheric MP pollution.

This study reported on suspended and deposited atmospheric MP in the Arctic PBL
for the first time. Although this novel dataset is helpful at providing information on

the extent of atmospheric MP pollution in remote environments, there is also space for
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further research. The higher pumping rates used for both direct air filtration and the
nanotank sampling system may have caused an under-estimation of MP concentrations
in this location. Furthermore, observations indicate that there are complex interactions
with weather parameters at this location, especially in relation to how it influences
deposited and suspended particulates in different ways. Given the presence and small
particle size of atmospheric MP concentrations at this location, long-term monitoring
with an improved sampling regime, may prove useful to monitor the pollutant in this
remote and vulnerable environment. By also monitoring how long-term measurements
interact with weather parameters, it may be possible to gain more information on how
this pollutant is interacting with local meteorology. Humidity appears to be correlated
with increased MP suspension, and has been found to encourage the degradation of
MPs. Snow depth also appears to show trends with MP suspension, which will be of
increasing interest as more is learned about the influence of MP on ice and snow melt.
Given the unique ecosystems present in the Arctic, and that observations suggest that
the Arctic could be a sink for atmospheric MPs, understanding the environmental
impact of this pollutant is crucial. Therefore, long-term monitoring should also seek to

include ecological impacts.

This study reported on atmospheric MP concentrations in Glasgow for the first time
and it is clear that MP pollution is ubiquitous in the urban environment in Glasgow.
This is also the first time that MP concentrations were compared to BC and NO, NO»,
and NOx. Despite the lack of statistically significant relationships, it may be beneficial
to measure these pollutants in conjunction in order to gain a more accurate picture of
their co-occurrence. Both MPs and NOx have been found to have increased
concentrations in winter due to the reduced temperature reducing the height of the
lower atmospheric boundary layer, which reduces vertical transport. Therefore,
monitoring both groups of air pollutants in a summer and winter season may also
provide more detailed information about how these pollutants interact, and how
weather influences their occurrence. Given the health and environmental risk factors
associated with both groups of pollutants it is important to understand how they, and

other pollutants, are interacting and their extent in our urban environments. This
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research could provide important information on the risk-factors associated with the

co-location of pollutants.

The study in Glasgow also highlighted the high concentrations of atmospheric MP
present in the urban environment. Given the high population of people living in this
environment, and the high levels of MPs <10 um, the human exposure risk is
considerable. Particles <10 pum are more likely to be inhaled and transported
throughout the body. Understanding the toxicity of this pollution when present in the
body should be a focus of human health studies. This study only reported
concentrations at a single residential location in Glasgow, it would be of interest to
measure concentrations at more industrial and rural locations to observe if there are
differences due to local influences. This could also indicate if individual human

activity patterns could increase exposure to atmospheric MP.

In terms of transport, it was interesting to observe the influence of particle size and
polymer density in terms of transport and dispersion. This highlighted the role of the
‘Plastic Cycle’ as particles from oceanic and distal sources could be transported
thousands of miles in a matter of days. It was also observed that particles could be
transported back to their original source in the North Atlantic or to other marine
sources such as the Black Sea or the Mediterranean, as well as to other populated
environments. Although it has previously been identified that atmospheric MPs can be
transported via waves and bubble bursting, further monitoring of this interaction would
be beneficial to help understand the transport mechanisms and extent of MP pollution

in marine, atmospheric and terrestrial environments.

Overall, the field of atmospheric MP is still relatively novel and there are still research
gaps regarding its measurement, transport and extent in our environment. There are
also gaps in understanding of how much of a threat this pollutant poses to our
ecosystems, human health and climate. Although the measurement of this pollutant is
not standardised and harmonious as of yet, efforts to measure and monitor this

pollutant are crucial to examine this pollutant as the field emerges.
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7.3.2 Recommendations for Future Policy

From the observations made in this thesis, atmospheric MP pollution is ubiquitous in
remote and urban environments, and there is potential for transboundary and long-
range transport. Marine sources have been highlighted as a main contributor. Although
marine MP pollution has been the focus of the field of microplastics, it is clear that the
marine-atmospheric interactions present a gap in knowledge. It is thought that in 2019
global plastic leakage to the environment (aquatic and terrestrial) was 22 Mt (OECD,
2022) and given the nature of this pollutant to be transported to various environments,
preventing this leakage should be a policy priority. Given the potential for waste
management activities such as recycling, to cause MP leakage to the environment (see
Chapter 2), it is evident that recycling is not an effective solution to the plastic
problem. Preventing the production and demand for plastic should be the first line of
defence for preventing further MP contamination in our environment. The circular
economy approach where reduction of waste is at the top of the waste management

hierarchy, should be a focus of environmental policy.

As plastic is part of our everyday life, a systems approach would be needed to change
the habits and systems in place that make plastic the easiest and cheapest option.
Although this top-down approach is necessary, it would also be beneficial to
understand the individual drivers of human behaviour related to plastic usage.
Appendix III presents a systemic review that examines existing literature on
behaviour change theory and plastic use. From this review it is clear that there is not
enough research or policy on the individual motivations and habits that are associated
with single-use plastic use. Although attitudes to plastic are changing as the field of
MPs gains more public attention, more needs to be done to alter individual behaviour
away to reduce plastic use. That being said, this needs to be accompanied with
producer accountability, and better waste management policies in order to reduce

plastic use and leakage into our environment.

Although research into the effects of MP on climate are still emerging, there are links

to MP contamination and increased GHG emissions, and accelerated snow and ice
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melt. Therefore, these considerations need to be taken into account when making plans
to limit global warming. If countries are to meet the current Paris Agreement goals to
limit warming to 1.5°C above pre-industrial levels, plastic usage and its presence in

our environment should be a focus of environmental policy.
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Chapter 8 — Conclusion

This thesis aimed to improve understanding of atmospheric MPs, by assessing their
measurement, comparing their presence in remote and urban environments and
exploring potential long-range transport pathways. To achieve this, four overarching
research questions (RQ1-4; see Chapter 1) were posed, each addressing key

knowledge gaps in the field of atmospheric MP pollution.

The first research question (RQ1) asked how the parameters used in active atmospheric
MP sampling influence measured particle concentrations relative to the sampling
environment. Results of this comparative study showed that pumping rate and
sampling duration strongly influence collection efficiency, shape and size distribution,
but not polymer composition Results showed that by increasing the pumping rate and
sampling duration, there was no increase in MP collection per volume of sampled air.
This comparative study took place in an environmental setting where atmospheric MP
concentrations vary over time. A range of environmental conditions could be used to
establish more definitive thresholds. This study highlighted the need to consider the
parameters used in active sampling early in research planning, in order to avoid under-

reporting concentrations and to gain a representative sample.

The second research question (RQ2) investigated atmospheric MPs in remote
locations, using a case study of Svalbard, Norway, and to examine how this pollution
related to weather conditions and potential transport pathways. Results showed, for the
first time, that atmospheric MP pollution is present and ubiquitous in the Arctic
environment in both suspended and deposited samples. Nile Red staining showed that
MPs were predominantly fragments and <20um in size. This highlights the need to
improve the LOD when reporting atmospheric MP concentrations. As is consistent
with other atmospheric MP studies, the number of MPs increase with the decrease in
particle size which emphasises the need to report on the smaller size fraction in order

to gain a representative picture of atmospheric MP content. puRaman analysis identified
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Acrylic (16%), PLS (14%), PES (11%), and PVA (11%) as the most prevalent
polymers. This suggests local contamination from clothing and fishing gear, or distal

sources from food packaging or industrial applications.

This study showed that there are key differences between deposited and suspended
particulates including their polymer composition and relationships with weather
parameters. This highlights the benefit of reporting on both suspended and deposited
atmospheric MP concentrations, as it is evident the two different forms of atmospheric
MP pollution are subject to different influences. Dispersion modelling used to identify
the main transport pathways for atmospheric MP pollution, highlighted the role of
long-range transport from the North Atlantic and marine influence via sea spray. This
indicates the capacity of MPs to be transported from distal sources and reach remote
environments. When higher concentrations of atmospheric MP were recorded, air
masses originated from continental Europe which shows the potential of urban

atmospheric MP pollution to be transported long-range to remote environments.

RQ3 investigated atmospheric MP pollution in an urban location, using Glasgow,
Scotland as a case study. Results from the same Nile Red staining and pRaman
methods used for the Svalbard case study showed that atmospheric MPs were again
ubiquitous in the Glasgow PBL and concentrations were several orders of magnitude
higher than in the remote Arctic environment. Atmospheric MP pollution in the urban
environment was again characterised predominantly by particles <20 pm, with
fragments being the most common shape identified. Results from the puRaman analysis
indicate in terms of polymer composition PLS and acrylic were prevalent polymers, as
well as PES and PMMA implicating textiles and industrial applications as possible
sources. The relationship with weather was also complex and different weather
parameters appear to be influential on atmospheric MP pollution in the urban
environment. This study also investigated relationships with other atmospheric
pollutants, but further long-term monitoring is needed to understand this relationship.
Particle modelling highlighted the role of both local industrial sources and long-range

marine sources, again predominantly over the North Atlantic. This highlights the need
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for more monitoring of atmospheric MP pollution generally using consistent methods
to enable further investigation into transport behaviour and relationships with other

anthropogenic pollutants.

The final research question, RQ4, compared the atmospheric MP pollution
characteristics, relationships with weather, and transport mechanisms, between urban
and remote locations. Atmospheric MP concentrations were orders of magnitude
higher in the urban location, compared to the remote. Given the increased
anthropogenic activity in the urban location, an increased concentration of atmospheric
MPs would be expected. However, given the remote location and vulnerable
ecosystems present in the Arctic, and the potential for accelerated ice melt due to MPs
present on snow and ice, the ability for this remote location to be polluted from long-
range sources is still concerning. It is evident that for both datasets there were
differences in the numbers reported from pRaman analysis and Nile Red staining,
underscoring the importance of using complementary methods when analysing
atmospheric MPs to gain information on characteristics and chemical composition, and

report concentrations accurately.

Results from both case studies showed that although fragments were the predominant
shape in both locations, the urban Glasgow location displayed a higher proportion of
fibres, possibly implicating localised influence from textiles and clothes drying. Both
locations also displayed small particle size distributions with the majority of particles
characterised <20 um. This again highlights the need for studies in the field to improve
the LOD to report on MP concentrations <20 pm in order to report on concentrations
accurately. Differences between the two pRaman spectrometers used for the respective
locations made comparisons on polymer composition challenging. However, this
reflects the current field of atmospheric MP research which is restrained by access to
analytical methods and the need for more harmonised methodologies. Despite this,
some similarities in polymer composition between the two locations can be observed.
For both locations PLS and Acrylic were two of the main polymers identified which

indicate the role of industrial applications, food processing and textiles.

216



Both locations displayed significant correlations between cloud cover, wind direction
and atmospheric MP concentrations. For both locations the concentrations were
divided into <20 pm and >20 pum size classes to observe if weather parameters were
bias to a certain size of particle. The urban location displayed no significant
correlations with atmospheric MP concentrations and weather parameters.
Alternatively the remote location displayed significant relationships with particles
<20um and local weather parameters. This highlights that there is clearly a complex
relationship between atmospheric MP concentrations and weather parameters at both
locations and that particle size can play a role in these relationships. Back trajectory
modelling used at both locations indicates that marine sources, particularly the North
Atlantic, play a role in influencing atmospheric MP concentrations. The results support
the view that MPs can be resuspended from the ocean via sea spray and waves, and
that long-transport of atmospheric MPs is possible to both remote and urban locations.
While each model has limitations, both suggest that the marine-atmospheric pathway
is a key contributor to the global transport of MP pollution. Future research should

focus on quantifying the role of this interaction as a major pathway of MP dispersion.

This thesis has addressed current knowledge gaps related to the measurement of
atmospheric MP concentrations, underpinning the current calls for more consistent and
harmonised methodologies. It is hoped the recommendations made on research design
related to active sampling campaigns can provide guidance for future research to

improve reporting on accurate atmospheric MP concentrations.

Furthermore, atmospheric MP pollution in both a remote and urban location has been
reported using consistent methodologies. This has attempted to provide a more
accurate comparison of this emerging pollutant in both environments. However, more
research and long-term monitoring of this pollutant is needed to understand how this
pollutant varies between environments and its relationship with weather and other

anthropogenic pollutants.

The polymer composition of the atmospheric MP samples reported in this thesis has

indicated the role of industrial applications, food packaging, and textiles as possible
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sources of this pollutant. Therefore, policies that focus on the reduction and limitation
of these products are needed in order to reduce the contribution of emissions from
these sources which can pollute both local and distal environments. This includes both

systematic change and individual behaviour change.

Overall, this thesis demonstrates this emerging transboundary pollutant is ubiquitous
in our environment. It requires coordinated and long-term monitoring and immediate

mitigation policies to protect both urban and remote ecosystems and human health.
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Appendix 1. Table Summary of Atmospheric Microplastics Studies (published up to
22nd of November 2024)

(summary includes location, type of sampling, analytical method, pre-treatment methods, MP concentrations,

particle size distribution, predominant shape, predominant polymers and reference)

Location Type of Sample Analytical Pre-Treatment MP Particle Size Predomina | Predominant Reference
Method Method Concentrations Distribution nt Shape Polymers
Taiwan (low Active Sampling Microscope; De-ionised water; and | Average high 3-5000pum Fragment Polytetrafluoroethyl | Jung et al.,
density — 10L/min; 24hr Raman shaken H202 (30%) density - range; most and films ene (PTFE) and 2024
population, sampling; 3 days for 6 days; 220+2.97 particles in the Polyamide (PA) https://doi.org
and high inarowina ZnCl; solution at particles/m? and 3-25 and 26— /10.1016/j.env
density month Aug-July 1.72 g/cm? (98%) for average low 50um categories res.2024.1199
villages) density separation; density - 96
0.45um filter 1.92 £2.35
particles/m’
Shanghai and | Active Sampling - | Liquid 20 mL of distilled - - - 98 monomers Jia et al., 2024
Hohbhot, daily PM2.5 Chromatography water and shaken; detected; plastic www.elsevier.
China samples taken Mass ultrasonication for additives and com/locate/sci
with high-volume | Spectrometry 30mins; H202 (30%); binders, mostly totenv
cyclone sampler (LC-MS/MS) (methanol and polyethylene glycol | https:/doi.org
potassium hydroxide (PEG); hydroxyl /10.1016/j.scit
added to polymerise terminated otenv.2024.17
into monomers; 10ml polyether (HTPE), 6254
of acetonitrile — for PET, Poly
LCMS/MS) propylene glycol
(PPG), and Nylon
Lahore, Passive Sampling | Microscope; FTIR | Fenton’s reagent Average - Fibre Polyester (PS), Nagqash et al.,
Pakistan — dry deposition; (H202and FeSO4 deposition rate of polyethylene 2024
7 day sampling (iron sulphate))and 2340 £ 1392 terephthalate (PET), | https://doi.org
period hydrogen peroxide particles/m?/day polypropylene (PP), | /10.1007/s113
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Location Type of Sample Analytical Pre-Treatment MP Particle Size Predomina | Predominant Reference
Method Method Concentrations Distribution nt Shape Polymers
(30%) for organic polyethylene (PE), 56-024-
matter removal; and polyurethane 34819-0
sodium chloride for (PUR) were the
density separation; most predominant
Tibetan Active Sampling - | Laser Direct Rinsed with 1.7— 7.15+2.46 MPs 20.34 to Fragments PA,PS,PP,PUand | Guo et
Plateau Infrared Imaging 1.8 kg/LZnCl2 m™ 297.18um, 87% PVC al.,2024
(LDIR) solution; H202 (30%) <100pum https://doi.org
solution for organic /10.1007/s106
matter removal; 53-024-
02125-w
Himalayas, Passive Sampling | Fluorescent H202 (30%) solution 2256 £1221 67 to 2320um; Fragments PE, PET, PP, PS Ankit et al.,
India — 18 weeks, microscope; for organic matter particles/m?/day <400pm (30%) 2024
collected every Raman removal; ZnClz (1.6— https://doi.org
week 1.7 g/cm?) for rinsing /10.1016/j.env
pol.2024.1246
29
Xinjiang, Active Sampling Stereo- Density separation -a | 103.21 +£22.12 par | 83-3919.94um; | Fibres PP, PE, Du et al.,
China — comprehensive microscope and ZnClz solution ticles/m2/day; TSP >1000umy; Celluloid/Cellophan | 2024
ambient air FTIR (p1.6 g/em®) 30% deposition e. https://doi.org
sampler 5L0/min H202 for organic >1000pm; dust /10.1002/etc.5
7hr per day; matter removal 200-400pm 951
Deposition (LOD 80pm)
Sampling;
Atmospheric Dust
Sampling; March-
April 2023
Sao Carlos, Passive Sampling, | Microscope, Ultrapure water, 0.05 | Outdoor - 168.03 | Outdoor - Fragments Polyester, Ethylene | Ferraz et al.,
Brazil one dry and two Raman mol of FeSO4.7H20 items m day"! <60um; Indoor Vinyl Acetate 2024 (pre-
wet seasons, and 8 mL of H2SO4 Indoor - 60.16 500-1000pm (EVA) print)

indoor and
outdoor

(0.1 mol +1,95-97%),
8 mL of H20? (29%)
and stirred; sodium

items m day’!

https://ssrn.co
m/abstract=48

85543
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Location Type of Sample Analytical Pre-Treatment MP Particle Size Predomina | Predominant Reference
Method Method Concentrations Distribution nt Shape Polymers
iodide (Nal; 1.7 g mL-
1) and agitated for
density separation
Nanjing, Active Sampling - | Microscope and 30 % H20z; density DAMPs -302.31 + | 20-5000pm; DAMPs — DAMPs — PA, PE, Rao et al,,
China middle flow FTIR (6.5% of separation using NaCl | 107.40 items/m? most <100pm Fragments; PES, EP, PP 2024
atmospheric particles n=700) SAMPs 1.31 + SAMPs SAMPs — PA. https://doi.org
particulate 0.62 items/m? for Fragments/F /10.1016/j.jha
samplers with SAMPs ibres zmat.2023.13
TSP cut-off; Comparable 2860
100/min
Passive Sampling
— stainless-steel
bucket, monthly
samples Aug’20-
Jul’21
Yellow Sea Active Sampling — | Stereo- 30 % H20: for 1.65 to 16.80 32.48 pm to Fibres Polyamide (PA), Liu, Liang
and Bohia atmospheric microscope; organic matter items/100 m?3 (su 2971.96 pm; Chlorinated (CPE), | and Liu, 2024
Sea, China sampler 100L/min | LDIR removal mmer); 0.38 to average - Polyethylene, PET https://doi.org
14.58 739.13 £630.18 /10.1016/j.scit
items/100 m? (aut | um; otenv.2024.17
umn); average - 1906
7.20
items/100 m?
Mount Tabai, | Active Sampling — | Stereo- ZnCp, for density 0.6-3.1 Mostly 1.6- Fibres PS, PE, PP Wei et al.,
China three samplers | microscope and separation and particles/m3 10pm 2024
(Remote) PMioo, PMio, and | pRaman hydrogen peroxide https://doi.org
PMzs - ; (H20) for organic /10.1021/acs.e
Sept’2020-2021; removal st.4¢00296
100L/min
monthly
Beijing Sampled leaves LDIR 0.01 M sterile 3.62+1.29 items | 9-2464pm; Fragments PA, PE and Rubber | Xuetal,
(urban, May-Sep’22 phosphate-buffered cm-2. mostly <80m; 2024a
suburban, saline (PBS) and (used 10um https://doi.org
village) ultrasonic treatment sieve) /10.1016/j.jha
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Location Type of Sample Analytical Pre-Treatment MP Particle Size Predomina | Predominant Reference
Method Method Concentrations Distribution nt Shape Polymers
and oscillation; DNA zmat.2023.13
extraction; digestion 2789
and CaClz solution for
density separation
Washington Passive Sampling | Microscope and Fenton’s reaction 9 (Mass conc. Fibres PA, PU, PE Adhikari et
State, US —rainfall gauge; 2 | LDIR (H202and FeSO4 particles/(m? day) | used) al., 2024
(rural/ years of sampling, (iron sulphate)) for https://doi.org
agricultural) collected 5 times organic removal and /10.1016/j.scit
ZnCp, for density otenv.2023.16
separation 8883
Beijing, China | Passive Sampling | uFTIR Fenton reagent and Deposition rate - 11.7-1992.3um; | Fragment PES, PET, PE, PA Xu et al.,
— glass jars; dry H202 added after for 33.23 £233.76 mostly 38.4- 2024b
and wet digestion; density items'm2-d! ; 48.6pum https://doi.org
deposition; separation dust - 3.00 +1.79 /10.1021/acs.e
monthly (22- items-mg! st.3¢09271
31days)
collection, Jul’-
Jun’22
Kochi, India Passive Sampling | Stereo- H20: for organic 21.27 particles 18.51- Fibres PE, PP Kannakai and
(urban) — bulk deposition, | microscope and removal and ZnCp for | m2d™". 491723.23um; Devipriya,
stainless steel Raman (27 density separation mostly 200— 2024
containers; Oct’- particles) 500pum https://doi.org
Sep’22; sampling /10.1016/j.scit
period 100 days otenv.2023.16
8235
Guangzhou, Mangrove leaves Stereo- Soaked in 200m 1223 <0.5-5mm,; Fibres Cellulose, rayon, Huang et al.,
China — five species, microscope and distilled water; sieved, | items/m?/day Mostly <Imm polyester 2024

five trees from
each species

SEM

microplastics selected
and water filtered
(45pm filter paper);
SEM prep

https://doi.org

/10.1016/j.jha
zmat.2024.13

3473

253




Location Type of Sample Analytical Pre-Treatment MP Particle Size Predomina | Predominant Reference
Method Method Concentrations Distribution nt Shape Polymers
Wuhan, China | Passive sampling | Microscope, H202 (30%) for 82.85 £57.66 <0.5-5mm; Fibres PET, PP, PE Zhu et al.,
— wet and dry; pRaman organic removal and n'm 2-dayl. Mostly <0.5; 2024
glass bucket; ZnCp (p=1.5— 0.5-1mm) https://doi.org
collected every 3 1.6 g cm™3) for density /10.1016/j.env
months Dec’202- separation pol.2023.1230
Dec’2021 12
Wauliangsuhai | Passive Sampling | Microscope and 50um sieve; 3371 £ 1423 0.05-5mm; Fibres PE, PET, PS Wang et al.,
Lake, China — March — Raman (150 potassium formate n/d-m? mostly - 0.05— 2024a
(semi- Stainless Steel particles) 1.91 g/cm? for density 0.5 mm https://doi.org
rural/sub- and Glass separation and H202 /10.1016/j.scit
urban) containers; dry (30%) for organic otenv.2023.16
deposition; removal 8201
monthly sample
periods; Mar’-
June’21
Anyang City, TSP, PM1o, and Stereo- Zinc chloride TSP -0.19 0.1->1mm; Fibres PET, EVA (Ethyl Wang et al.,
South Korea PM2.5— medium microscope and solution1(.6 g/cm?) itemchs/m?3 mostly 0.1-1mm vinyl acetate) 2024b
(urban) flow air sampler uFTIR for density separation | PMio - 0.26 https://doi.org
with 100L/min and H202 30% and items/m? /10.1007/s106
flow rate for 20hr Fenton reagent PM2s-0.42 61-024-
sampling period (FeSOs solution items/m? 12493-6
over 3 days — low, mixed with H2O»
medium and high solution) for organic
AQI removal
Beijing and TSP-PMio- LDIR, SEM 99.7% ethanol, Beijing - 3.0 27.5-250um; Fibres PA, Rubber, OVC, Liu et al.,
Shanghai, PM2 5 sampler; (Scanning shaken and rinsed; items/m’ Average Beijing PET 2024b
China (urban) | 100 L/min; 20hr Electron ethanol 100uL and Shanghai- 1.7 —25.1um; https://doi.org
sample period Microscopy), dried items/m’ Shanghai — /10.1016/j.scit
EDX (Energy 38um otenv.2023.16
Dispersive X-Ray (LOD=20pm) 9308
Spectroscopy)
Beijing, China | Sep’2021- Stereo- H202 (30 %) for 167.09 £ 92.03 <500->4000y; Fibres PET, Rayon Luetal., 2024
(semi- Feb’2022; microscope; organic removal item'm2-d! Mostly <500pum https://doi.org
autumn-winter; uFTIR /10.1016/].scit
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Location Type of Sample Analytical Pre-Treatment MP Particle Size Predomina | Predominant Reference
Method Method Concentrations Distribution nt Shape Polymers
urban/rural Passive Sampling otenv.2023.16
farmland) —wet and dry 8834
deposition; 1
month sampling
period over 6
months at 6 sites;
airborne particle
sampler 2m? in
20mins
Tibetan Active Sampling Nile Red staining | H202 and shaken in 2.5-58.8 n/m’? 5,9-1000um; Fragments PET, PE, PA, PS Luo et al.,
Plateau — middle flow uFTIR incubator at 60 rpm Mostly <100pm 2024
(urban, rural, TSP sampler; and 55°C for 24 h https://doi.org
wildland) 100L/min; /10.1016/j.jha
zmat.2023.13
3177
Kassel, Passive sampling | uFTIR and Filtered water and pFTIR - 17+ 14 11-130pm; - PP, PE Kernchen et
Germany — wet/dry Raman resuspended on MP m 2 day™! (LOD - 11mm al., 2024
(urban) deposition; Anodiscs Raman - 207 MP PFTIR and https:/link.spr
monthly sampling m 2 day! Raman 0.5um); inger.com/arti
period over 8 average S0um cle/10.1007/s1
months May’- 1869-024-
Dec’19 01571-w
Paris Passive Sampling | Microscope, Sodium iodide (Nal) | Lockdown - 25->500um; - PP, PE, PS Beaurepaire et
(suburban) - bulk deposition; | pFTIR, for density separation | 5.4 MP m2.d™! mostly 75- al., 2024
April-July 2020; (1.7 g/cm®); ultrasonic | Normal - 100pm (2020 https://doi.org
March-July 2021, bath Fenton’s for 292 MP m2.d"! less >50pum) /10.1016/j.env
every 4-11 days organic removal pol.2024.1233
(FeSO4 solution 54
mixed with H2O2
solution)
Kangbao Active sampling — | Stereomicroscope, | - 0.88-0.26 MP/m* 50-2000pm; Fibres - Long et al.,
County, middle flow uFTIR mostly 50- 2024
Northern sampler (AMAE) 400um
100+0.2L/min;
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Method Method Concentrations Distribution nt Shape Polymers
China (remote | sampling every 6- https://doi.org
/farmland) 18 hrs over one /10.1029/2024
month JD041546
Chengdu, Deposition Microscope, H202(30%) for 207.1-364.0 22.9-4165.5pm; | Fibre PP, PE, PET Chen et al.,
China (urban | sampling — LETIR organic removal and N/m?/d (14.17— fibres mostly 2024
and suburban) | stainless steel NaCl (1.2 g/cm®) for 33.75 pg/m%d 50-2000pum https://doi.org
bucket; bulk density separation Fragments - /10.1016/j.env
deposition mostly 20— pol.2024.1241
sampling every 2- 50pm 92
3 weeks
A Coruia, Deposition Stereomicroscope, | Sodium chloride and 73,67 and 101 Fibres mostly Fragments PET, PA, PS Falkadin et
Spain (semi- sampling — bulk Quantum cascade | H202(15%) items per sample 100-500pm; al., 2024
urban) deposition over IR (no deposition fragments 20- https://doi.org
one month; spectrophotometer rate given); leaf 50pum /10.1016/j.env
foliage samples samples - 2735 pol.2024.1239
MP/m2 and 6235 11
MP/m 2
Ranchi, India | Active sampling — | Stereomicroscope, | H202(30%) for PMio - 465 + 27 2.3um-47um; Fibres Outdoor — PE, PP, Nandi et al.,
(urban) outdoor PMio dust | SEM, FESEM- organic removal and particles/m? /day mostly 4.7- PS 2024
sampler for 24hrs; | EDX (Field ZnCl2 (1.5 g/lem’) for | PMas- 12104 + 12.8um, Indoor - PVC https://doi.org
PMas -speciation | Emission density separation 665 and 13833 + /10.1016/j.env
air sampler for Scanning Electron 1152 MP/m? /day pol.2024.1235
24hrs; indoor — Microscopy and Indoor - 43
personal sampler Energy Dispersive 98717+4544
(1m*/min) X-ray), FTIR MP/m?/day
Xiamen, Active sampling — | Stereomicroscope, | - 0-0.062 items <0lmm-5mm; Fibres PS, PET, PE Duetal.,
China (urban) | TSP with Raman m3, with average | mostly <Imm 2024
100+0.1Lmin""; 0.010+£0.012 https://doi.org
24hr sampling items m3. /10.1016/j.jcle
duration, pro.2024.1411
45
Yancheng, Active sampling — | Microscope, - 5-38 MP/m?; 23.8 | 20 to 271pum; Fragments Rubber, PFR Liu et al.,
China (urban) | atmospheric pFTIR, LDIR items/m3 marine — avg (Polytetrafluoroethy | 2024c
sampler 44 9um; lene)
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(Minivol); terrestrial avg - https://doi.org
5L/min; 8hr 47.7um /10.1016/j.jes.
sampling 2023.09.027
durations;

Goa, India Active sampling — | uFTIR H202(20%) for 1.30+0.14 n/m3 20pum-5 mm; Fibres PVC, PMMA Kaushik et al.,

(remote, high volume organic removal and in 2024

coastal) sampler; 24hr NaCl (1.2 g/cm®) for 2016 and 1.46 + https://doi.org
sampling period; density separation 0.12 n/m3 in /10.1016/j.scit
March 2016 and Nov’2020 otenv.2023.16
Nov’2020 8705

Tibetan Snow samples — Stereomicroscope, | H202(30%) for Air—0.12 MP/m? | 50-6000um; Fibre and PP, PET Niu et al.,

Plateau, China | stainless steel LETIR organic removal Glacier - 0.13— mostly <300um | film 2024

(remote) bucket and high 19.8 items/L https://doi.org
volume sampler; /10.1016/j.apg
taken during eochem.2024.
April, August, 106026
October 2021

Nanjing, Dust sampling — Stereomicroscope, | H202(30%) for 143.3 +40.8 <100-2000pm; Fragment PS, PA, PVDF Fan et al,,

China (urban) | portable vacuum LETIR organic removal and particles/m?. mostly <500pm (polyvinylidene 2024
cleaner; ZnCl; solution (1.6— difluoride) https://doi.org
Dec’2020- 1.65 g/mL) for density /10.1016/j.jha
June’2021 separation zmat.2024.13

3733

Pathum Passive sampling | Stereomicroscope, | NaCl for density Wet - 285 Wet - 121- Fibres PP, PU. PET, PE Winijkul et

Thani, —wet and dry FTIR separation MP/m?/day 4990pum; mostly al., 2024

Thailand deposition; rain Dry - 199 <600pm https://doi.org

(semi-urban) sampler; collected MP/m?/day Dry — 132- /10.1016/j.apr.
every 7 days Sept- Total - 325 4541 um; mostly 2024.102242
Jan’ numbers/m*/day <900um

Islamabad, Active sampling — | Microscope, H202(30%) for Indoor - <50pum- Fibres PET, PE, PP, PS Din et al.,

Pakistan gravimetric FTIR, pRaman, organic removal and 4.34+1.93 items/ | 1000pm; mostly 2024

(urban) sampler; 16L/min; | SEM-EDX ZnClz (1.6 g/em®) for | m? <50pm https://doi.org
collected  every density separation /10.1016/].scit

24hrs; Dec’2022
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Outdoor - otenv.2023.16
0.93 +0.32 items/ 8398
m3
Lhasa City, Active sampling — | LDIR H202(30%) for 4.32t08.77MPs | 20.34 to Fragment PA,PS Guo et al.,
Tibetan middle flow TSP organic removal m3; avg - 297.18um; 2024
Plateau, China | sampler; 7.15+2.46 MPs mostly 100pm https://doi.org
(urban) 100L/min; Feb’23 m /10.1007/s106
(Tibetan New 53-024-
Year) 02125-w
Dhaka City, Passive sampling | Stereomicroscope, | - 7.52 x 10° 50-4000pm; Fibre PET, PE, nylon, PP | Islametal.,
Bangladesh — glass petri dish ; | FTIR MPs/m?/day to mostly 50- 2024
(urban) dust samples from 66.29 x 10° 250um https://doi.org
15 households; MPs/m?/day; avg /10.1016/j.heli
Dec’21-Jan’22 -34x10% yon.2024.e36
MPs/m?/day. 449
Thuwal, Saudi | Active sampling— | Stereomicroscope, | - 0.9+0.8x102M | 183um to Fibre PET, PE Martynova et
Arabia (urban, | high-volume Raman Fsm™ 11,87pum; al., 2024
coastal) sampler; 20m’h; mostly https://doi.org
sampling 1-7days; <2000pm /10.1016/j.scit
Sep’2015- otenv.2023.16
Dec’2017 7902
Kuala Nerus, Passive sampling Stereomicroscope, | - 576 to 15,562 - Fibre PES, PE, PP Chenappan et
Terengganu, — glass petri dish; SEM-EDS; FTIR MP/m?/day; avg al., 2024
Malaysia sampling 24hrs; - 5476 £3796 https://doi.org
(urban, Dec’2019 particles/m?/day, /10.1007/5106
coastal) 61-024-
12381-z
Heilongjiang Snow sampling - Nile Red; pFTIR | H202(30%) for (4.52+£3.05) x 10 | 20-3500umy; Fragment EVA, PE Wen et al.,
Province, surface snow, top organic removal 4MPs L™! mostly <50um 2024
Inner 5cm; Dec’2020- https://doi.org
Mongolia and | Jan’21 /10.1016/j.scit
Jilin Province, otenv.2023.16
China (urban 7923

and remote)
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Coimbra, Leaf sampling — Stereomicroscope, | Sodium phosphate Fir leaves — 75-183um; PE, PU, acrylates, Leitdo et al.,
Portugal and fir and pine uFTIR (NaH2POs, 1.30- 2.52+£2.14 MP mostly <250pm rubber 2024
Wageningen, | needles, 1.40 g-cm™) for cm? https://doi.org
the eucalyptus and density separation Pine leaves - /10.1016/j.scit
Netherlands cedar leaves; Feb- 0.5+0.13 MP otenv.2024.17
(urban) March’22 cm™2 4907
Eucalyptus leaves
-0.038 £ 0.003
MP c¢cm™
Cedar leaves -
(0.037 +0.002
MP ¢cm?
China, Passive Sampling | LDIR and Density separation 5.1 items m- 32-109um Fragment PP, PA, PU, and PE | Liu etal. 2024
(17cities, — 50-60days; FESEM with ZnClz (1.7- 2 day-1 in https://doi.org
urban) stainless steel 1.8 g'cm %) and Qinhuangdao and /10.1016/j.jha
basins H202 (30%) for 228.7 items m- zmat.2024.13
organic removal 2 day-1 in Beijing 4024
Lima, Peru Passive Sampling | Stereomicroscope, | H202 (30%) for 0.01 to 33.90 1p-5mm; Fibres PP, PE, EVA Gonzales e al.,
(urban indoor | — settled dust, LETIR organic removal and MPs/mg of dust Mostly 500pm — 2024
dust) organic bristle NaClz (SM) for (11.00411.0 5 mm (82%) https://doi.org
brush density separation MPs/m?); average /10.1016/j.scit
3.00 +4.98 otenv.2024.17
MPs/mg (150.4 + 0353
109.3 MPs/m?)
Sonnblick Active Sampling - | TD-PTR-MS - 35and 21 ngm—* | - - PET, PE, PP Kau et al.,
Observatory, PM o samples with maximum 2024
Austria high volume concentrations of https://doi.org
(remote) sampler 165 and 113 ng /10.1016/j.che
(DIGITEL DH- m—3 for PM10 and mosphere.202
77); PM1 with PM1 4.141410
low-volume
sampler; 23

weekly samples
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Najing, China | Passive — monthly | Stereomicroscope, | H202 (30%) for Deposition - Deposition PA, PE, PES Rao et al.,
(urban) sampling; Active FTIR organic removal and 134.18 to 500.94 — fragments 2024
Sampling — NaCl: for density MP/m?/day; Suspended — https://doi.org
middle-flow separation annual average of fibres /10.1016/j.jha
atmospheric 302.31+£107.40 zmat.2023.13
particulate MP/m?/day 2860
samplers with the Suspended - 0.29—
total suspended 4.88 MP/m>;
particulate cut off; annual average of
100L/min every 4 1.31+0.62
hrs; MP/m?
Shiraz, Iran Passive sampling | Stereomicroscope, | H202 (30%) for Wet deposition — | <100-1000um; Fibres PE, PET, PS, PP Abbeasi et al.,
(city) — dry and wet pRaman organic removal max mostly <250pm 2024
deposition; 130MPm™2h! https://doi.org
stainless steel Dry deposition — /10.1016/j.apr.
dish; four max 2023.101977
sampling sites; 50 MPm2h™!
Dec’2021-
Jan’2022
Espirito Spider webs — Raman KOH 10 % for 3138 MP (total) - Fragment IPP, PET, PU, De Costa et
Santo, Brazil collected March digestion Nylon/PA, and al., 2024
(semi-urban) 2023; DPET. https://doi.org
/10.1016/j.jha
zmat.2024.13
5190
Beijing, China | Passive sampling | Stereomicroscope, | H202 (30%) for 67.06-461.02 30.45um- Fibre PET, RY, PP Zhang et al.,
(rural) — total uFTIR organic removal item'm2-d’!; avg. | 6638.06um; 2023
atmospheric -194.38 mostly <500pm https://doi.org

deposition (wet
and dry); stainless
steel sampling
bottles; monthly
sampling;

item'm™2-d~'.

/10.1016/j.scit
otenv.2023.16

3567
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Sep’2021-
Feb’2022
Patna, India Passive sampling | Microscope, Nile | H202 (30%) for Urban - 1959.6 + 1.3 and Fibre PET, PP Parashar and
(urban) — wet deposition; | Red, FESEM- organic removal and 205.0 4623 pum; mostly Hait, 2023
stainless steel EDX, FTIR ZnCJ? for density MPs/m2/day <50pm https://doi.org
funnel; five month separation Peri-urban - /10.1016/j.jha
sampling period 1320.4 £ 126.0 zmat.2023.13
MPs/m2/day 1883
Guangzhou, Active sampling — | Stereomicroscope, | - 0.01-0.44 Suspended - Fibre PET, rayon Yuan et al.,
China (urban) | middle flow TSP LETIR items/m’ 12.96 to 333.62 2023
sampler (KB- Wet season - 0.19 | pum; mostly https://doi.org
6120); 100L/min +0.01 items/m3 <30-50um /10.1016/j.scit
for 24hrs; Passive Dry season - 0.15 | Deposited - otenv.2023.16
sampling — +0.02 items/m? 29.01 to 1839
stainless steel 184.64um;
funnel, wet and mostly <50-
dry deposition; 70um
Jan-Dec’2021;
samples collected
twice a week
Antarctic Active sampling — | Stereomicroscope, | - 0.020 to Fibres — avg Fibres Rayon, PS, PET Chen et al.,
expedition high volume uFTIR 0.048 nm3; length - 1004.8 2023
cruise 2019- sampler (TISCH); 0.035nm™ + 823.5um and https://doi.org
2020, mid- 1.2m*min"!; 48 h width - 49.8 + /10.1038/s414
Northern sampling; Passive 39.5um. 67-023-
Hemisphere to | sampling — quart Fragments - 43695-0
Antarctica fibres; during lengths were
(remote) Chinese Antarctic 166.2 + 88.6um,
expedition cruise and width - 99.3
2019-2020 + 54.4pm
Peninsular Passive sampling | Nile Red, pFTIR Potassium hydroxide 114 to 689 5-5000pum; Fibre, HDPE, PES Hee et al.
Malaysia (two | —wet and dry (KOH, 10 %) for MP/m?%day mostly <5- fragment 20203
urban sites, deposition; organic removal and 50pum https://doi.org
one remote) stainless steel /10.1016/].scit
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funnel; two week ZnClz (1.37 gecm™) otenv.2023.16
sampling for density separation 6153
duration; Jan-
Feb’22
Quzhou Passive sampling | Nile Red, uFTIR | H202 (30%) for Summer — 892— 3.23-2645um ; Fibres Rayon, PET, PE Lietal., 2023
Experiment —wet and dry organic removal 75,421 mostly 3-50um http://dx.doi.o
Station, China | deposition; MP/m?/day rg/10.1016/j.s
(urban) customised Spring — 735— citotenv.2023.
stainless steel 9428 MP/m?/day 162947
funnel; over all Autumn - 280—
four seasons; 4244 MP/m?/day
Aug’2020- Winter - 86-1347
Aug’2021 MP/m?/day
Plymouth, Passive sampling | Stereomicroscope, | - Suspended - 0.016 | Suspended Fibre Rayon, PVA, PA Kyriakoudes
England — deposition glass | FTIR to 0.238 items <100um and Turner
(urban) funnels; m> Deposited (2023)
Active sampling — Deposited - 0.47 >500pum https://doi.org
air pump with t03.30 m2h! /10.1016/j.che
filter 70-100hr mosphere.202
sampling 3.140258
duration; Nov-
Dec’2021
Seoul, South Active sampling — | pFTIR Lithium metatungstate | 0.33— 24.38- Fragment PP, PET Chang et al.,
Korea (urban) | PMio sampler; (LTM, 1.6 g/mL) 1.21 MP m3; avg | 2278.04um; 2023a
16.7L/min; (KN- solution for density -0.72 MP m?3 mostly <100pm https://doi.org
L25P1) 24hr separation Fenton /10.1016/j.env
sampling reagent and pol.2023.1214
duration; July H202 (25%) for 81
2021 organic removal
Harbin, China | Active sampling— | Stereomicroscope, | - 1.76 MP/m? 1->50um; Fibre PP, PET, PE Liu et al.,
(urban) MiniVol FTIR, SEM mostly <35um 2023a
particulate https://doi.org

/10.1016/j.scit
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sampler; otenv.2023.16
10+0.1L/min; 6040
Manila, Active sampling — | Microscope, FTIR | - 9.11+5.46 MP 159-4807pm; Fibre PS Romarate et
Philippines dust sampler; 1.4 (per sampling mostly al., 2023
(urban) L/min; 12hr station) <1000pm https://doi.org
sampling /10.1007/s113
duration; multiple 56-023-
sampling stations 26117-y
in Manila district;
Dec’2021
Sarakhs, Iran | Passive - MWAC | Microscope, H202 (30%) for 450 g - 20-1000pm; Fibre PE, nylon, PP Abbeasi et al.,
(rural, arid) sediment catchers; | uRaman, SEM. organic removal and 2600 MP m2d™' | mostly <250um 2023
soil samples with | XRD (X-ray ZnClz (1.6~ 2630 MP m2d". https://doi.org
stainless steel Diffraction) 1.8 g cm™) for /10.1016/j.che
sieves; density separation mosphere.202
July-Sep’2021 3.138150
Arizona, Active sampling — | Microscope, Fe (II) solution 0.02to 1.1 5-5000pm; Fibre PVC, PES, and PS Chandrakanth
United States | high volume pRaman prepared from FeSO4 | MP/m?; avg. - 0.2 | mostly 5-100pm an et al., 2023
(suburban) sampler (TISCH); and H202 (30%) for MP/m? https://doi.org
1.13 m3/min for organic removal, /10.1016/j.atm
24 h; Oct’2020- osenv.2023.11
Nov’2021 9617
Lanzhou City, | Passive sampling | Stereomicroscope, | ZnClz (1.55 g/mL) for | 79.5 to 810.0 <100-1000pm; Fibre PA, PE, PET Liu et al.,
China (urban, | —wet and dry FTIR density separation MP/(m?-d) mostly <500pm 2023b
23 sampling deposition; 11-12 https://doi.org
sites) days of sampling /10.1007/s113
each season; four 56-023-
seasons 27581-2
March’21-Feb’22
Ganges River, | Passive sampling | Microscope, FTIR | ZnCl2 (1.55 g/mL) for | 41.12 30-1320pm Fibre Rayon, acrylic, Napper et al.,
India and — plastic funnel; density separation MP/m?/day ™! 2023
Bangladesh May-June 2019 https://doi.org
(10 sites) /10.1016/].scit
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otenv.2023.16
6640
Spain and Passive sampling | Microscope, H202 (33%) for 5.6to 78.6 2-398um; avg - | Fibre PES, acrylic, PP Edo etal.,,
Canary — wet and dry uFTIR organic removal MPs/m%/day . 71um 2023
Islands (10 deposition; https://doi.org
sampling custom metal /10.1016/j.scit
sites, urban, deposition otenv.2023.16
suburban) collectors; 6923
monthly sampling
duration;
Ahvaz, Iran Active sampling — | Microscope, H202 (30%) for 0-0.017 MP/m? <100-1000pm; Fibre PET, nylon, PP Abbeasi et al.,
(urban) PMio sampler; 1.3 | pRaman organic removal mostly <100pm 2023
m?/min; 24hr https://doi.org
sampling duration /10.1016/j.jes.
over four months 2022.02.044
Japanese coast | Active sampling— | Raman - 0.14- 0.3 MP/m? Spm-100pm; Fibre, PE, PP, PS Nagato et al.,
and New high volume mostly 10-80pm | fragment 2023
Zealand North | sampler (V-RW); https://doi.org
Island (urban, | 1000 L/min; /10.1016/j.env
remote, weekly sampling pol.2023.1220
coastal) durations 11
Beijing, China | Passive sampling | pRaman H202(30%) for 7590-136,778 5-500pm; Fragment PS, PE Chen et al.,
(urban) — rainfall organic removal and MP/m? mostly <25um 2023b
samplers, ZnClz (1.2g/mL) for https://doi.org
density separation /10.1021/acs.e
st.3c03474
Venice, Italy Active sampling — | uFTIR H202(30%) for 15-21 MPs/m’3 7-96pm Fragment HDPE, PTFE Rosso et al.,
(urban) high volume organic removal 2023

sampler (Air Flow
PUF);

0.3 m*min™;
24hr sampling
duration; summer
and winter 2020

https://doi.org
/10.1016/j.env

p01.2022.1208
89
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Birmingham, | Active sampling— | Stereomicroscope, | H202(30%) for Suspended - 10-100pm; Fibres PET, PVC Khalid Ageel,
UK (indoor low-volume FTIR organic removal Homes - mostly 10— Harrad and
air, urban) active air sampler; 15.6 £5.4 MP/m* | 25um Abdallah,
6L/min"'; Passive ; Offices - 2023
sampling — glass 13.1 £6.5 MP/m? https://doi.org
petri-dish; ; 24hr Deposition — /10.1016/j.env
sampling Homes - pol.2024.1249
duration; May- 3735 £ 1343 MP/ 60
Sep’23 m?/day; Offices -
3177 + 1860 MP/
m?/day
Pristina, Passive sampling | Microscope H202(30%) for 61.7-107.7 Mostly <2.5mm | Fragments - Cakaj et al.,
Kosovo — wet and dry organic removal MPs/day 2023
(urban) deposition; glass https://doi.org
bottles; March’21 /10.3390/sul5
23 16464
Mumbeai, Passive Sampling | Nile Red; FTIR H202(20%) for 1036 £493 Mostly <100- Fragment (did not use FTIR Yadav,
India (Urban) | — ceramic mug organic removal and MP/person 300 pm on air samples) Sethulekshmi
with distilled ZnClz (1.6-1.8g/mL) and
water; 24hr for density separation Shrivastav
sampling period (2022)
over 7 days https://doi.org
/10.1016/J.EN
VRES.2022.1
13735
Bandung, Active Sampling Microscope; Hot - Urban - 86.52 + Urban samples - | Fibre - Syafina et al.
Indonesia — TSP high Needle Test 45.76 pn g/m3 1000-1400y; (2022)
(urban) volume Suburban - 154.30 | Suburban - 600— https://doi.org
sampler3hr +74.02 p g/m3 1000p m. /10.1016/J.CH

sampling duration
(68.82 m3/h)

EMOSPHER
E.2022.13619
4
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Hangzhou Deposition Microscope, FTIR | ZnClz (1.7 g/em?) for | Residential 200-1000pmy; Fibre PE, PP Zhu et al.
City, China Sampling - Pigtail density separation and | apartments — (2022)
(Urban) brush and H202(30%) for Offices — https://doi.org
stainless steel organic removal Businesses — /10.1016/j.scit
dustpan; 2-5 days Dorms - otenv.2022.15
5256
Muskoka- Passive Sampling | Microscope; Hot - 4-9 MP/m?/day; 20um to Fibre PA,PET Welsh et al.
Haliburton, - stainless steel Needle Test; avg 7 MP/m?/day | 4980um; mostly (2022)
South-central | Teflon-coated pRaman 200-600pm https://doi.org
Ontario, sampler; /10.1016/J.SC
Canada Sampling every 3- ITOTENV.20
(Remote) 48days for 13 22.155426
months
Beijing, China | Passive Sampling | LDIR; FESEM ZnCI2 (1.7-1.8¢g 123.6 items/g 37.7um to Fragment PP, PA Liu et al.
(Urban) -PP, , anti-static (Field Emission cm3) for density (7.2 items/g to 95.78um; (2022)
brush and Scanning Electron | separation; H2O2 481.39 items/g) 66.62um https://doi.org
dustpan; sampling | Microscopy) (30%) average /10.1016/J.SC
once a week — ITOTENV.20
taken from 22.155989
different sites on
different days
Mexico City, | Active Sampling - | Microscope; Hot - PMio-0.205 + 39 and 5000um; | Fibre PE, PA, PET Shruti et al.,
North PMio and PMas Needle; SEM- 0.061 MP/ m™ for | mostly (2022)
America samplers (BGI EDX;FTIR PM?3-0.110 £ 39 and 500pm https://doi.org
(Urban) PQ200 FRM) ; 0.055 MP/ m™? /10.1016/j.scit
16.67 L min™! for otenv.2022.15
dry season 7601
(January—March)
and wet (July—
September)
Shanghai, Passive sampling | Microscope, - 469-12,611.46 31.72 to Fibre PAM PET, PP, PVF | Jiaetal,,
China (Urban) | — stainless steel UFTIR MP/m2-d Bavg - | 4960.13um; (2022)
bucket; 24hr 261.22 £2847.99 | mostly https://doi.org
P-m2d’! <1000pum /10.1016/J.SC
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Location Type of Sample Analytical Pre-Treatment MP Particle Size Predomina | Predominant Reference
Method Method Concentrations Distribution nt Shape Polymers
sampling period; ITOTENV.20
April-July’21 22.157609
Tibetan Snowpit Microscope, - 9.55+09 L <200um Fibre PVC, PPO Wang et al.,
Plateau sampling; 21% Raman and SEM (43.33%) (Poly(2,6-dimethyl- | 2022
(Remote) May 2020; 16 1,4-phenylene https://doi.org
samples 10cm oxide)) /10.1016/J.EN
intervals Hydroxypropyl VPOL.2022.1
cellulose (HPC) 19415
(13.33%) and
Hydroxypropyl
methyl cellulose
(HPMC); PVA, PB
Antarctica Snow sampling — | Microscope and Fenton’s reagent for 204+47 L7 200-1000pm Fibre PET, PMMA, PVC, | Avesetal.,
(Remote) 19 samples from LETIR organic removal (LOD = 50um) PA 2022
different locations https://doi.org
Nov-Dec 2019 /10.5194/TC-
16-2127-2022
Pic Du Midi Active Sampling Microscope, - 0.23 MP/m? 5-163um; Fragment PE; PS; PVC; PET Allen et al.,
Observatory, — TISCH High pRaman (0.09-0.66 mostly <50um 2021
France Volume PMio MP/m?) https://doi.org
(Remote) Sampler; /10.1038/s414
sampling weekly 67-021-
over 4 months; f 27454-7
7880 m3 per
sample
South China Active sampling — | Stereomicroscope, | - 0.013-0.063 50um-2210um; | Fibre PES, rayon, PP, PE | Dinget al,,
Sea (remote, atmospheric FTIR MP/m* avg. - mostly - 2021
coastal) sampler (TISCH); 0.035 MP/m? <200um https://doi.org

12-25hr sampling
duration; Passive
sampling — dry
deposition; Oct-
Nov’24

/10.1016/J.AT
MOSENV.20
21.118389

267




Location Type of Sample Analytical Pre-Treatment MP Particle Size Predomina | Predominant Reference
Method Method Concentrations Distribution nt Shape Polymers

Beijing, Active sampling — | Nile Red, pnFTIR H202 (30%) for 104 to 650 MP/m* | 5.9-1475.3um; Fragment PE. PE, PS Zhu et al.,

Tianjin, middle flow PM organic removal; ;avg- 282 +127 mostly - 2021

Shanghai, sampler (LB- MP/m? <100um https://doi.org

Nanjing, and 120F); 100L/min; /10.1021/acs.e

Hangzhou, Aug’-Sep’2019 st.1c03618

China (urban)

Badain Jaran Sand samples — Stereomicroscope, | NaCl solution (1.2 0.7+15t011.7+ | 40um-5mm; Fragment Epoxy resin, PET, Wang et al.,

Desert, China | top 2cm; 12 uFTIR g/ml) for density 15.5 MP/kg, with | mostly -50- phenoxy resin, PA 2021a

(remote) sampling sites; separation an average of 6.0 200pm https://doi.org
July 2019 + 15.4 MP/kg. /10.1016/j.scit

otenv.2021.14
9529

Ho Chi Minh | Passive sampling | Stereomicroscope | NaCl 71917 MP/2d" | 300-5000pm; Fibre - Truong et al.,

City, Vietham | — wet and dry and FTIR (1.18 £0.02 g cm™) mostly - 2021

(urban) deposition; 3-4 for density separation ~100pum https://doi.org
day sampling and H:O: for organic /10.1016/j.che
duration; glass removal; mosphere.202
funnel; June- 1.129874
May’2019

Qaqulluit Passive sampling | Stereomicroscope | - 2433 MP/day/m? 80-5000um; Fibre PP, cellulose Hamilton et

National — glass petri and Raman mostly >300pm al., 2021

Wildlife Area, | dishes; 24-48hr https://doi.org

Nunavut, sampling /10.1016/j.scit

Canada duration; otenv.2021.14

(remote) 5536

Gdynia, Passive sampling | Microscope, - 0-30 MP/m2-d’!; | 5-5000pum; Fibre PS, PP, PE, PVC Szwec et al.,

Poland —wet and dry LETIR avg. e: mostly -750-900 2021

(urban, deposition; glass 10 £ 8 MP/m2-d” | um https://doi.org

coastal) funnel; weekly ! /10.1016/j.scit

sampling
duration; 2017-
2018

otenv.2020.14
3272
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Method Method Concentrations Distribution nt Shape Polymers
Mount Derak | Passive sampling | Microscope, H202(30%) for 6-19 MP/day/m?; <100->1000 Fibre PP, PE, PS, PET Abbasi and
and —wet and dry pRaman organic removal and avg. - 12 pum; mostly Turner 2021
Shiraz, Iran deposition; NaCl (1.6-1.8 cm™3) MP/day/m? <100 pm https://doi.org
(remote and customised metal for density separation /10.1016/j.scit
urban) deposition otenv.2021.14
collectors; Oct’- 7358
Sept’2020
Sydney, Passive sampling Stereomicroscope, | - 22-6169 50-5000pm; Fibre (only) | PE, PS, PA, acrylic, | Soltani et al.,
Australia — glass petri fluorescence MP/day/m?; avg.- | mostly 200- PS 2021
(indoor, dishes; 30 day microscope, 3095 MP/day/m? 400um, https://doi.org
urban) sampling period; LETIR /10.1016/j.env
2019 pol.2021.1170
64
New Jersey, Passive sampling Stereomicroscope, | H202 (30%) for 1.29 x 10*t0 2.56 | Mostly 35um- Fragment, PS, PET, PVC, PE, | Yaoetal.,
US (urban, (indoor) — quartz pnRaman, SEM- organic removal x 10* MP/day/m?; | 1000pum fibre PP 2021
indoor and filter in glass petri | EDX avg. -327+19 https://doi.org
outdoor) dish; two-week MP/day/m? /10.1016/j.env
sampling period; res.2021.1121
(outdoor) — wet 42
and dry
deposition;
stainless steel
funnels and glass
jars; Active
sampling
(outdoor) —
Thermo Air
Sampler; PMio -
1.67L/min; PM2s-
15Lmin; April-
May’2019
Guangzhou, Passive sampling | Stereomicroscope, | H202 (30%) for 51-178 50-5000pm; Fibre PET, PAN Huang et al.,
China (urban) | —wet and dry uFTIR organic removal MP/day/m?; avg. fibres mostly 2021
deposition; 0.5-2mm;
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stainless steel — 114440 fragments — https://doi.org
bucket; MP/day/m? 100-200pm; /10.1016/j.jha
monthly sampling films — 1-2mm zmat.2021.12
duration (22- 6168
40days) over one
year
Weser River Active sampling — | uFTIR, pRaman Fenton’s reagent Deposition - 4.1pm-5mm; Fragment PP, PE, PET, PVC, | Kernchen et
catchment, pump and filter (FeSO4 + H202), 98+85 MP m?; mostly - 11-20 PS al, 2021
Germany system with enzymatic digestion, Suspended — um https://doi.org
(urban and cascade and density separation | 91+47MP/m? /10.1016/j.scit
rural) impactor; 9 L/mi with ZnCl. otenv.2021.15
n”!; Passive 1812
sampling — total
deposition;
stainless steel
funnel; 3 hr
sampling
duration;
Kavir Desert, | Soil sampling — Microscope, H202 (30%) for 39-66 MP/300g of | <100-1000 pm Fibre PET, nylon Abbeasi et al.,
Iran (remote) | top Scm of soil pRaman, SEM organic removal and sand; avg-51 2021
with metallic NaCl (1.6-1.8 cm™) MP/300g sand https://doi.org
trowel; Oct’2019- for density separation /10.1021/acs.e
Aug’2020 st.1c00615
Aosta Valley, | Snow sampling — Stereomicroscope, | NaCl (1.2 cm™) for 0.39-4.91 MP/L; 50-2000pm,; Fibre PE, PET, HDPE Parolini et al.,
Italian Alps 2L glass jars; 3 uFTIR density separation and | avg-2.32 MP/L avg- 339um 2021
(remote) samples per H202 (30%) for https://doi.org
sampling location organic removal /10.3390/ijerp
h18020768
Collins Snow sampling — Visual, uFTIR - 0.17 to 2292-12,628um | - PS, PU Gonzalez-
Glacier, collected plastic 0.33 items m 2 Pleiter et al.
Antarctica debris from 2021
(remote) glacier; every https://doi.org

10m; additional
sampling every 12

/10.5194/tc-
15-2531-2021
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hours (dry
deposition — no
precipitation)
Wenzhou, Active sampling — | Nile red, pFTIR H202(30%) for Indoor — avg- Spm-5mm; Fragment PE, PA, PP, PS Liao et al.,
China (indoor | middle flow TSP organic removal (1583 +1180 mostly <100 um 2021
and outdoor, sampler; MP/m? 10.1016/j.jhaz
urban and 100L/min; 6 hour Outdoor — avg. -- mat.2021.126
rural) sampling duration 189 + 85 MP/m? 007
Atlantic Active Sampling pRaman H202(30%) for Onshore - 2.9 2.5-300pm; - LD/HDPE; PET; PS | Allen et al.,
Coast, France | — Vacuum Pump; organic removal; Zinc | MP/m? mostly 5-10um 2020
(Remote/Coas | 50L/min; chloride Offshore — 9.6 https://doi.org
tal) Cloudwater solution(ZnCl» MP/m? /10.1371/jour
Collector; 5.8m3; ,1.6 g/em?) for density | (0.02-19 MP/m?) nal.pone.0232
sampling 24hrs; separation 746
Sonnblick, Snow samples — TD-PTR-MS TD-PTR-MS 0-220.5 - - PET, PVC, PC Materic et al.,
Austria surface snow, treatment ng/ml/day; 2 x 2020
(remote) 2cm, daily 1011 NP/m?/year https://doi.org
sampling /10.1021/acs.e
st.9b07540
Beijing, China | Active Sampling SEM-EDX - 5600 MP/m3 Spm — 2mm; Fibres - Li et al. 2020
(Urban) — Mini Volume (5600-5700 mostly <20um https://doi.org
Samplers; MP/m?) /10.1016/].scit
SL/min; sampling otenv.2019.13
6-8hrs; dust 5967
sampling
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California, Active Sampling Microscope; Nile | Digestion and density | Indoor - 7.9 20->3000pm; Fibres PS, PET, PE Gaston et al.
USA (Urban; | — Vacuum Red; pRaman; separation (solutions MP/m? Indoor - mostly 2020
Indoor/outdoo | filtration; FTIR not listed) (3-17 MP/m? 100-300pm https://doi.org
T) 11.7L/min; fibres;2.7-8.3 fibres; <50um /10.1177/0003
sampling 5 days MP/m? fragments) | fragments; 70282092065
Outdoor - 8.33 Outdoor — 2
MP/m? (fibres - mostly 100-
0.7-2.2 MP/m?; 300um fibres;
fragments - 12.5- | 76-100um
19.6 MP/m?) fragments
North Atlantic | Active Sampling Microscope; - 0.0112 MP/m? Spm-5mm; PS, PE, PP Trainic et al.
Ocean — Pump System; pRaman (0-0.079 MP/m?) mostly 17- 2020
(Marine/Rem | sampling 10- 175um; https://doi.org
ote) 50hrs; 20 L/min /10.1038/s432
47-020-
00061-y
Madrid, Spain | Active Sampling Microscope, FITR | - Rural - 1.5 MP/m® | 25um - 5Smm Rural & Rural & Sub-rural - | Gonzélez-
(Rural; Sub- — Cargo Plane Sub-rural - 3.2 (9.8um stated in | Sub-rural — | PE; PA; Acrylic; Pleiter et al.
rural; Urban) fitted with passive MP/m? paper but 25um | Fibres; Urban — PY; PS; PB | 2020
air intake Urban - 8.8 filter used); Urban - https://doi.org
sampling ~4hrs; MP/m? Mostly 30- Fragments /10.1016/j.scit
(1.5-13.9 MP/m3) | 70pum otenv.2020.14
3213
Bushehr port, | Active Sampling Microscope; Nile | H202 (30%) for Dusty - 2.1 <2.5-9500um Fragments PET, PE, Nylon, Akhbarizadeh
Iran — TISCH high Red; pRaman organic removal and MP/m? PS, PP et al. 2020
(Urban) volume sampler; potassium iodide (KI, | Calm-10.3 https://doi.org
1.4-1.6m*min; 1.6 g/cm?) for density | MP/m? /10.1016/.eac
sampling 6 days; separation (0-14.2 MP/m?%) nvres.2020.11
0339
London Deposition Microscope and H202(30%) for 712 £162 m? /d <100 (LOD = Fibre PAN, PET, PA Wright et al.,
(Urban) sampling — rain uFTIR organic removal Spm) 2020

gauge, samples
collected twice a
week for 4 weeks

https://doi.org
/10.1016/j.env
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int.2019.1054
11
Pearl River Active Sampling Stereomicroscope; | H202(30%) for 0.01 MP/m? 58-2252pm; Fibre PET, PP Wang et al.,
Estuary, — TSP Middle FTIR organic removal (0-0.077 MP/m?) mostly <851um 2020
South China Flow Sampler; https://doi.org
Sea, Indian KB-120; /10.1016/j.jha
Ocean 100L/min; zmat.2019.12
(Coastal/Rem | sampling 10- 1846
ote) 48hrs;
Shanghai, Passive sampling | Stereomicroscope, | - 500 -24000 50-5000pum; Fibre PE, rayon Zhang et al.,
China (urban, | — stainless steel LETIR MP/day/m?; 5880 | mostly 50- 2020
indoor) basins; 24hr MP/day/m? 2000pm https://doi.org
sampling /10.1021/acs.e
duration; Feb’- st.0c00087
May 2019
Ho Chi Minh | Passive sampling | Microscope, FTIR | NaClz (1.8 cm™3) for 913-1801 100 - 5000um; Fibre - Thinh et al.
city landfill, —wet and dry density separation and | MP/day/m?; avg. - | mostly — 100- 2020
Vietnam deposition; glass H20: for organic 1356.8 500um https://doi.org
funnel; wet and removal MP/day/m? /10.31276/vjst
dry deposition €.62(3).83-89
North Passive sampling | Microscope, FTIR | - 48-435 4-3000pum; Fibre Polyolefin, PTFE, Brahney et al.
America — wet/dry MP/day/m?; avg. mostly - <25um PE 2020
(remote) deposition — 132 MP/day/m? https://doi.org
collectors; /10.1126/scien
monthly sampling ce.aaz5819
duration over
14months
Idaho and Passive sampling | Microscope - 4344-35,627 - Fibre (only) | - Kapp and
Vermont, — lint traps for MP/m?; avg of Miller 2020
USA electric clothes sample sites - 404 https://doi.org
(suburban) dryers; snow + 192 MP /10.1371/jour

sampling (top
2¢m); stainless

nal.pone.0239
1650
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steel spoon and
glass jars;
Oct’2018
Mt Everest, Passive samples — | Microscope, FTIR | - 3-119 MP/L'}; avg | 18-5000pm Fibre PS, acrylic, nylon, Napper et al.
(remote) snow samples, -30 MP/L! PP 2020
stainless steel https://doi.org
containers; top /10.1016/j.one
Scm of snow; ear.2020.10.0
April-May, 2019 20
Antisana Passive sampling | Microscope NaCl (1.2g/m?) for 270 MP/250 snow | 60-2500um Fibre - Cabrera et al.
glacier, — glacier samples, density separation 89.7MP/10x10m? 2020
Ecuadorian surface sampling; ; avg. - 0.9 MP/m? https://doi.org
Andes metal sampler; /10.1016/j.csc
(remote) Feb’2020 €e.2020.10005
1
Kusatsu Passive sampling | Stereo H202(30%) for 0.2-39.6 MP/m? 75um-5mm; Fragment PE, PP, PS, PET Yukioka et al
(Japan), Da — street dust microscope, FTIR | organic removal and Kusatsu - 2.0 = Kusatsu - 700- 2020
Nang samples; vacuum Nal (1.6 g/cm?) for 1.6 MP/m? in 800um; Da https://doi.org
(Vietnam), cleaner 1 min density separation Da Nang 19.7 £ Nang — 400- /10.1016/j.env
and each; 13.7 MP/m? 500um; pol.2019.1134
Kathmandu Kathmandu - 12.5 | Kathmandu — 47
(Nepal) +10.1 MP/m? 400-500pum
Shanghai, Active Sampling - | Microscope, FTIR | None 1.42 MP/m? 23pum-5mm; Fibres PET, PE, PES Liu K et al,,
China (urban) | middle flow TSP (0-4.18M P/m?) mostly 2019
sampler; <1000pm http://dx.doi.o
100L/min ;1 hr rg/10.1016/j.s
sampling duration citotenv.2019.
04.110
Pyrenees Deposition Microscope and H202(30%) for 365 +69 m2d! <50pm Fragment PS, then PE and PP | Allen et al.,
(Remote) sampling (rain pRaman organic removal and 2019
sampler and ZnCl; for density https://doi.org
NILU deposition separation /10.1038/s415

tank); Nov 2017-
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March 2018; 12- 61-019-0335-
34days 5
Arctic Surface snow Microscope and - 0to 144 x 103N | <25um (LOD = | Fragment PS, PVC, PC, PLA, | Bergmann et
(Remote) sampled on 5 ice LETIR liter™! 11pm) PI al., (2019)
floes; 2015-2017 https://doi.org
/10.1126/sciad
v.aax1157
Sakarya Active Sampling Microscope; FTIR | H202 (30%) for 116-3424 MP/m? 50pm-5mm Fibres PA, PS Kaya et al.
Province, — air pump organic removal and 2019
Turkey device; NaClz (1.5-1.7g- https:/link.spr
(Urban) 9 m? (0.3m3/min); cm3) for density inger.com/arti
sampling 1/2hrs separation cle/10.1140/e
pip/i2018-
12372-7
Surabaya, Active Sampling Microscope, FITR | - 153 MP/m? ~500pm-5mm; Fibres PET, Cellophane, Asrin and
Indonesia — Vacuum Pumps; (131-174 MP/m?) | mostly PS Dipareza,
(Urban) 207.38 mL/min 1000-1500pum 2019
(Period I) and http://dx.doi.o
446.93mL (Period rg/10.12944/C
II); every 2-3 WE.14.2.13
days, not during
rain events
Asaluyeh Active Sampling - | Microscope; H202 (30%) for 0.3-1.1 MP/m? 100pm-1mm; Fragments - Abbasi et al.,
County, Iran PM ambient filter | SEM/EDS organic removal and mostly >100pm 2019
(Urban) sampler; 16.67 L Nal (sodium iodide) https://doi.org
/min; sampling for density separation /10.1016/j.env
24hrs; dust pol.2018.10.0
sampling 39
Surabaya, Active Sampling - | Microscope, FITR | - 109 MP/m? <500-5000pm; Fibres PET, PS Syafei et al.
Indonesia 207.38 mL/min (55.93-174.94 mostly 500- 2019
(Urban) (for Period I) MP/m?) 1500pm https://doi.org

/10.12944/cw
c.14.2.13
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446.93 mL/min
(for Period II) for
3 days
Lake Active Sampling Microscope; Fenton’s reagent for LOD<100um (did | - - - Peller et al.
Michigan, — battery powered | FTIR; Raman organic removal and not exceed 2019
USA (Urban) | pump; 3L/min; ZnCI2 (1.4 g mL1) background due to https://doi.org
sampling 2-3days; for density separation | low LOD) /10.1039/c9e
m00193j
Western Active Sampling Stereomicroscope; | - 0.01 MP/m? 20pm-2mm; Fibre PET, epoxy-resin Liu et al.,
Pacific Ocean | — TSP Middle uFTIR (0-1.37 MP/m?) mostly/avg.318 (EP), PE, PP 2019a
(Shanghai - Flow Sampler; pm https://doi.org
Mariana KB-120; /10.1021/acs.e
Islands) 100L/min; st.9b03427
(coastal/remot | sampling 4-14hrs
e)
Shanghai Active sampling — | pFTIR - 1.42 +1.42 n/m? <1000pm (LOD | Fibre PET, PE, PES, Wang et al.,
(Urban) middle flow =23um) PAN, PAA 2019
sampler (KB- https://doi.org
120F); 100L/min; /10.1016/j.scit
Jan-Feb 2019; otenv.2019.04
samples collected 110
2 per week for 4
weeks
Hamburg, Passive sampling | Nile Red, Sodium hypochlorite 25-800 63um-5Smm; Fragment PE, EVA Klein &
Germany — bulk deposition | pRaman solution (NaClO 6- MP/day/m?; forest | fragments Fischer, 2019
(urban, collectors; 14%) for organic - 428 MP/day/m?; | <63um; fibres — https://doi.org
remote, city) sampled twice a removal rural - 331 300-5000pm /10.1016/j.scit
week Dec’2017- MP/day/m?; city - otenv.2019.05
March 2018 215 MP/day/m? 405
Forni Glacier, | Passive sampling | Visual, pFTIR NaCl (1.2 gem™) for | 37-137 MP/kg™! ; 16-1695pum; Fibre PS, PAM PE, PP Ambrosini et
Italian Alps — supraglacial density separation and | 74 MP/kg™! of al., 2019
(remote) debris collected in sediment https://doi.org

glass jars; July
2018

/10.1016/j.env
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pol.2019.07.0
05
Edinburgh, Passive sampling | Nile Red, FTIR Digestion and organic | 2315-23148 0.2 and>2mm | Fibre (only) | PET, PUR Catarino et al.,
UK (urban, — adhesive pads in removal and NaCl for | MP/m?; avg. - length;0.01— 2018
indoor) petri dishes; 20 density separation 6944 MP/m? 0.05 mm https://doi.org
min sampling thickness. /10.1016/j.env
period pol.2018.02.0
69
Paris, France Active Sampling Microscope, FTIR | ZnCla(1.6 g/cm?) for Indoor - 5.4 50pum-5mm ; Fibres PA, PP, PP, PE Dris et al.,
(Indoor and —Stand-alone density separation and | MP/m3 (0.4-60.0 mostly 50- 2017,
Outdoor, sampling pump H202 (30%) for MP/m?) 250um https://doi.org
Urban) GH300,Deltanova organic removal Outdoor - 0.9 /10.1016/j.env
; Indoor - 8L/min; MP/m? pol.2016.12.0
sampling 4-10 (0.3-1.5 MP/m’) 13
hours; Outdoor -
5-20 m3 at
8L/min; sampling
4-7 hours
Tehran, Iran Passive sampling | Fluorescence H202 (30%) for 88-605 MP/30g 100pum-1mm; ; mostly - - Dehghani et
(urban) — street dust microscopy, organic removal and dust; avg. - 276 mostly 250- 250 to al., 2017
samples; anti- SEM-EDX ZnCl; solution for MP/30g dust 500pum 500pm https://doi.org
static wooden density separation /10.1007/s113
brush; 2 months 56-017-9674-
of sampling; 1
Bushehr, Iran | Passive sampling | Fluorescence H202 (30%) for 210-1658 MP/10g | <100->1000 Fibre - Abbassi et al.,
—road dust microscopy and organic removal and dust; 745 MP/10g | um; mostly 2017
samples; plastic polarized light Nal for density dust 250-500pm https://doi.org
pan and brush; Mmicroscopy separation /10.1007/5126
Sept’2014 (PLM) 65-017-7137-
0
Dongguan, Passive sampling | Microscope, - 175-313 <200-4200pum Fibre PE, PP, PS Cai et al.,
China (urban) | — dry and wet uFTIR, SEM MP/m?/day 2017

deposition, glass
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bottle; monthly https://doi.org
Oct’-Dec’21 /10.1007/s113
56-017-0116-
X
Paris, France Passive sampling Stereomicroscope, | - 2.1-355.4 50-600pum; Fibre Rayon, PET, PA Dris et al.,
(urban) —wet and dry FTIR MP/m?/day mostly 200- 2016
deposition; 600pum https://doi.org

stainless steel
funnel; Feb’2014-
March 2015

/10.1016/j.mar

polbul.2016.0
1.006
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Appendix II. Draft copy of manuscript comparing
analytical methods used in microplastic research

(which the author of this thesis co-wrote alongside this research)

Appendix Il has been removed from this version of the thesis for copyright reasons.
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Appendix III. Manuscript published in Environmental Science: Advances which is a
systematic highlighting the need for more research into understanding individual
motivation for plastic use which was written by the author of this thesis

Environmental Science e
Advances -

ROYAL SOCIETY
OF CHEMISTRY

) Cheok for updates People, plastic, and behaviour change — a comment
on drivers of plastic pollution, barriers to change and

targeted behaviour change interventions+

Anna MacDonald a Deonie Allen Lynn Williams Paul Flowers
Tony R. Walker

There are many studies considering the use and waste management of plastics but these are primarily focused on
recycling. While studies of human interaction with plastics provide some insight into current waste creation and recycling
choices, studies on behaviour change and the human relationship to plastic are limited. In this perspective, we pose that
understanding individual and community behaviour change is key to determining effective and sustainable drivers of
change in the use of plastics. A review of contemporary literature highlights this as a knowledge gap, with only a few
studies undertaken which have primarily focused on the theory of planned behaviour and plastic waste. To help support
more sustainable and effective plastic use and waste management policy, it is recommended that future research focus
on behavioural aspects of the plastic—people relationship with a focus on the Behaviour Change Wheel and the Capability,
Opportunity and Motivation model (COM-B), to advance current understanding of individuals' behaviours relating to
plastic use and waste. It is suggested that understanding the behavioural elements of the people—plastic relationship is
fundamental to identifying effective and sustainable changes in behaviour and the guidance, policies, opportunities, and
restrictions that can help achieve change
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Environmental significance

The challenge of addressing the creation of plastic waste and plastic pollution is complex and is routed in people’s relationship with plastic. Plastic still follows
a linear economy at present; hurdles in shifting to a more sustainable and circular economy include difficulties changing people's behaviour. However, the
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factors driving people’s plastic behaviour are understudied, especially through a human behaviour change lens. This perspective paper presents a focused
literature assessment identifying that knowledge gap in plastic pollution and the confrontation of the plastic waste problem using behaviour change theories
and tools. Specifically, it identifies the potential beneficial implementation of the behaviour change wheel and COM-B tools in identifying plastic behaviour
factors and future targeted intervention design.
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Introduction

Impacts of plastic pollution on environmental
and potentially human health are well-
reported.:Both larger items (macroplastics)
and smaller plastic particles or microplastics
(MPs) are becoming more of a public concern
due to increasing media attention and public
policy.~sAlthough systemic change is needed
to address the current plastic waste problem
and its consequences, complementary
individual action is also necessary to reduce
waste, prevent pollution and decrease
exposure to raising awareness of its impact,
or introducing restrictions.”The
implementation of behaviour change models
and methods to date have resulted in only a
small step rather than a systematic change or
significant individual shift in people's
relationship to plastic. The significant changes
needed to tackle the growing plastics problem
have been slow and increasing awareness of
the issue has not been found to result in
action. A large shift in a broad range of
plastic-related behaviours is needed. To
implement individual level behaviour change
in relation to plastic use, it is logical to
understand the science of behaviour change,
an understanding that has been
predominantly missing in the plastic pollution
discourse.

To simplify the use of behaviour change
theories in designing behaviour change
interventions, various behaviour change tools
have been developed. These tools are used
extensively in the context of public health
(e.g., to examine the drivers of vaccine
hesitancy) and therefore hold promise for
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potential effective use in addressing the
plastic pollution problem. One prominent
behaviour change framework is The
Behaviour Change Wheel (BCW)z2(see Fig. 1).
This model is based on the synthesis of 19
existing behaviour change frameworks and
provides a comprehensive and systematic
meta approach to designing behaviour
change interventions.

At the centre of the BCW is the Capability,
Opportunity and Motivation model (COM-B)
modelss(see Fig. 2). The COM-B model
describes behaviour as the interaction
between an individual's capability,
opportunity, and motivation to engage in the
behaviour with six components that drive
behaviour (i.e., physical capability,
psychological capability, physical opportunity,
social opportunity, reflective motivation, and
automatic motivation).

These COM-B components are linked to
intervention functions (i.e., education,
persuasion, incentivization, coercion, training,
enablement, modelling, environmental
restructuring, restrictions) through which an
intervention can change behaviour, and seven
broad policy categories (i.e., guidelines,
environmental/social planning,
communication/marketing, legislation, service
provision, regulation, fiscal measures).
Intervention functions are then linked to
behaviour change techniques (BCTs), which
are the observable, replicable, and irreducible
active ingredients of an interventions(see
Fig. 1). While we know that these tools have
been used extensively in the health field to
achieve positive and effective behaviour
changes towards behavioural health issues

Environ. Sci.: Adv., 2023, 2, 551-557 | 299



(e.g. language development, rehabilitation
participation, behaviour change for disease
prevention through exercise and diet change,
vaccine acceptance and uptake, see ESIt), the
current paper will explore their use within the
context of plastic-related behaviours.
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Fig. 3 Ajzen's Theory of Planned Behaviour (Ajzen 1991).
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This perspectives paper aims to explore the
extent of the contemporary literature on

behaviour change and plastic related
behaviours and highlight the opportunity to

Opportunity
consider behaviour change models such as

Fig. 2 COM-B System of Behaviour Change (modified from COM-B, BCW and TPB in addressing the

Michie et al. 2011). plastic pollution problem. This study makes a
tentative step towards identifying what
behaviour change concepts and theories have
been used to study the use of individual
plastic consumption, the use of plastic and
waste behaviours. A non-exhaustive literature
review was conducted to establish the extent

Behaviour
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of the literature that has been published on
this matter to-date and to identify gaps in
knowledge which could form the basis for
future research in this area.

Methodology

A keyword search was completed using
SCOPUS, employing a range of terms relating
to plastic and behaviour change (Fig. 4). The
aim of the high-level scoping literature search
was to identify relevant contemporary studies
on behaviour change elements, plastic, and
general pollution. Results are shown in Table
1, presenting the numbers of papers with
titles, abstract or keywords associated with
the ‘main’ and ‘sub category’ keywords
entered into the SCOPUS keyword search. A
Scopus search for each individual
combination of main and sub

@
3 ; -
g s be:awour Behaviour COM-B :Zjen sf
- % . [ hem'ge change o et tl Ieory?1
K] echnique \Wheel planne
taxonomy behaviour
L
2 Human health  Behaviour change Pollution Plastic pollution
5w
o 'g keywords keywords keywords keywords
5 2 Human health Pro-environmental Pollution  Plastic pollution
2 2 Human well-being behaviour Waste Plastic waste
@ Public health Environmental Recycle Macroplastic
awareness Climate change  Microplastic

Environmental
attitude

Environmental
pollution

Fig. 4 Flow diagram showing keywords and resulting
subcategory words from SCOPUS search.

category keywords was conducted and the
resultant papers recorded (see ESIT) to
determine the current use of these four main
behaviour change models and tools relative
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to both plastic specific (plastic pollution
keywords) and pollution, behaviour and
human health research. The search was
completed on 16/ 03/2022 and included all
results published in peer reviewed journals up
to this date. The studies found during this
search were checked manually to ensure they
were relevant, peer reviewed studies.

As can be observed, most of the literature is
biased towards the use of Ajzen's TPB across
all subcategories investigated, with only a few
papers utilising other behavioural change
models and theories, such as COM-B and
BCW in relation to plastic, waste management
or pollution (Table 1). The literature search
identifies a knowledge gap and research need
for plastic pollution studies to address the
human—plastic relationship from a behaviour
change lens to identify why people use and
waste plastic and what creates or potentially
can change this relationship.

Main key words
Category Sub category | Behaviour | Behaviour | COM-B Azjen's
Keywords keywords change change model theory of
technique | wheel planned
taxonomy behaviour
Plastic Plastic 0 0 0 9
pollution pollution
Plastic waste | 0 6 1 28
Macroplastic 0 0 0 0
Microplastic 0 2 0 0
Pollution Pollution 3 20 7 171
Waste 5 23 6 389
Recycle 0 0 69 127
Climate 13 37 2 183
change
Environmental | Pro- 0 3 1 275
behaviour environmental
behaviour
Environmental | 4 13 12 244
awareness
Environmental | 12 37 20 1050
attitude
Environmental | 2 9 4 122
pollution
Human health | Human health | 298 373 317 3474
Human well- 12 16 10 78
being
Public health | 72 104 87 699
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There are more papers published that have
included behaviour change principles in the
context of environmental awareness and
pollution (e.g. Barker et al.’s discussion on
consumer behaviour change for food waste
prevention,zKolodko et al.’s assessment of
the BCW method to modify UK littering
behaviour,“or Lasrado and Zakarina's
examination of BCW organisational factors
that influence environmental attitudes and
self-initiated green behaviours) than directly
focus on plastic pollution, and although there
will be relevant discussion to plastic-related
behaviours within these topics, for the
purposes of this initial review, only papers
specifically associated with plastic and plastic
waste have been included in the plastic
pollution publication counts. The general
litter and pollution based behaviour change
research can provide useful lessons and
insight into the potential success of
implementing the BCW, COM-B and TPB
models to the plastic pollution problem.
Potential early translatable findings include
the identification that awareness does not
translate to action of behaviour change
effectively and that incohesive small reward
driven interventions do not consistently result
in long-term significant behaviour change.

Although the literature on this subject to date
is not extensive, there have been interesting
observations and findings from the existing
studies on behaviour change and plastic
related behaviour.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Plastic, waste management and

behaviour change
Plastic-related behaviours

It is known that plastic is closely related to
many aspects of modern life and therefore
there are many behaviours that may
encourage or modify the use of plastic.
Therefore, plastic related behaviours
encompass a range of actions from waste
reduction, waste management and
responsible consumption through to
individual and societal valuation of the
product or material. Most of the studies
found during this scoping literature search
published to date that examine behaviour
change in relation to plastic focus on waste
management behaviours and recycling. For
example, 196 (11 of these with ‘recycle’ in the
title) out of 4932 studies (the total identified
through the Scopus search for all main + sub
category searches) focused on recycling as
the subject of their study (Table S1, ESIt).
Although this is an important part of
preventing plastic mismanagement, waste
management and recycling are only a
fragment of the behaviours which need to be
addressed to reduce plastic waste, plastic
pollution and plastic environmental and
human exposure. Behaviours which reduce
the production, purchase, use and waste and
behaviours which promote the move towards
a more circular economy are also to be
encouraged. However, there is a large gap in
knowledge about what is known about
behaviour change and current plastic-related
behaviours.
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Ajzen's theory of planned behaviour

Ajzen's TPB is one of the most utilized
behaviour change theories in relation to
plastic and pollution. Despite a general
agreement on the applicability of the TPB in
predicting plastic elated behaviour change, 2
there was is a lack of consensus on which of
the elements of TPB — PBC, subjective norms
or attitude — have the most influence on
plastic-related behaviour change. For some
studies the findings suggested PBC was the
most important in plastic behaviour change,»-
zfor others it was subjective norms,z»and
others it was attitude.»x2However, these
studies took place in a range of locations with
varying cultural approaches to waste
management, and varying access to recycling
facilities. This cultural and facilities
inconsistency could explain the varying
degrees of influence of these elements of the
TPB, or it could be said that the TPB is too
linear in single element focused in its
approach. It is expected that different cultural
and societal norms will play into plastic
related behaviour change, therefore a model
with a more variable and flexible approach
might be better applied to plastic elated
behaviour change research.

Other studies used extended versions of TPB
and included elements such as environmental
awareness, 222 habitsand social norms, 3.2
which were all found to be significant in
predicting behaviour change. This further
emphasises the need for a more extensive
model to examine plastic behaviour change.
Habit is defined as a “response automatically
triggered by the perception of relevant
context cues” (Wood, 2017: p. 389).

© 2023 The Author(s). Published by the Royal Society of Chemistry

Therefore, relevant social and cultural cues
are important for influencing individual
behaviour change, especially if the behaviour
change is to become more permanent and
automatic, and should be factored into
considerations on plastic related behaviour
change.

COM-B model

The COM-B model consists of three
conditions necessary to complete a
behaviour. These include capability, which
consists of psychological or physical ability;
opportunity, which comprises the physical
and social environment needed; and
motivation, which includes reflective
motivation.sOnly one study was identified
during this scoping search that utilised this
model to assess plastic-related behaviour,
Allison et al. (2021) (Table 1, main keyword =
COM-B, category keywords from the plastic
pollution list).+Allison et al. (2021) surveyed
participants on their willingness to purchase
bio-degradable compostable plastic packaging
(BCPP) to identify barriers and enablers.
Survey responses were then organised
according to the COM-B model.»For example,
psychological capability included
understanding the terminology of plastics and
their labelling and understanding the plastic
problem; physical opportunity consisted of
access to the correct waste management and
shopping environment; and social
opportunity included social norms. Finally,
automatic motivation and reflective
motivation included environmental concerns
and believes about the impacts of
biodegradable plastics. The focus on
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biodegradable and compostable plastic may
be inconsistent with current thinking on the
importance of the circular economy rather
than replacing one waste problem with
another, but this paper provides valuable
insights. For example, this paper highlights
the conditions that affect individual-level
behaviour change in relation to plastic. This
study identifies the main barriers and
enablers in terms of psychological capability
are understanding terminology and
awareness of the plastic waste problem;
within physical opportunity: the shopping
environment, access to products, and access
to waste management; and within social
opportunity: social norms; and finally, within
reflective motivation: environmental beliefs
and concerns, and beliefs about capability.
This tells us that to influence willingness to
change behaviour there needs to be access to
an environment where alternatives are
readily available, the social norms need to be
aligned with this change, and their needs to
be an environmental awareness and capacity
for the individual to make the change.

Perceptions and attitudes towards plastic

Understanding individual perceptions of
plastic is a useful starting point in
understanding and potentially changing
people's relationship and behaviour
associated with plastic, as it indicates
whether plastic is viewed as a convenient part
of modern life or if the increased attention on
the environmental impact and human health
consequences have altered perceptions.
Heidbreger et al. (2019) reviewed 187 studies
focused on relevant ‘plastic pollution’ and

© 2023 The Author(s). Published by the Royal Society of Chemistry

‘pollution” and found that the perception of
plastic had changed, especially in relation to
its impact on health with people becoming
more aware of the plastic problem.ssHowever,
as found in many studies including Heidbreger
et al. (2019) behaviour does not always follow
awareness and this is definitely true with
regards to the plastic pollution problem. It
appears most individuals consider the impact
of packaging at the point of disposal rather
than pre purchase despite education and
awareness campaigns.» This is consistent with
research on consumer preferences for
biodegradable packaging.:*Most recently the
COVID-19 pandemic and its associated health
and safety concerns have changed the
function and perception of many plastic and
single-use plastic (SUP) products. The increase
in awareness of public health and viral
transmission, combined with the many
restaurants offering more takeaway services
during the international lockdown, and the
temporary rejection of reusable items by
some retailers due to safety concerns, has
resulted in both an increase in use of SUPs
and shift in public perception of plastic
towards a hygienic and healthy product
rather than a pollutant, thus limiting an
individual's opportunity to make a change to
reduce their use of plastics.s

Food hygiene and environmental awareness
have been highlighted as important but
opposing views influencing plastic behaviour.
Studies have identified food hygiene as a
priority and an associated willingness to pay
for biodegradable alternatives, reflecting the
importance of motivation, while other studies
suggest environmental concerns are more
pertinent and that participants are less willing
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to pay for alternatives, but participants would
still prefer this to outright bans.:Behaviours
associated with single-use items are not seen
as the focus of SUP reduction but rather the
material itself, and that despite a high level of
awareness participants are not willing to
change their purchasing behaviours to reduce
plastic.=Similarly, ease of access to recycling
information has not been shown to directly
relate to appropriate disposal of plastic waste
or recycling actions.«Awareness and
information are not the sole drivers of plastic-
related behaviour change, but merely a
starting point.

Social patterning

There is a general consensus within published
research regarding the influence of
sociodemographic factors on the behaviours
and attitudes associated with plastic. This
consensus identifies that sociodemographic
factors such as age, gender, marital status,
education and income determine the uptake
of anti-plastic behaviours and attitudes, and
also the implementation of plastic reduction
policies.sSimilarly, the influence of
education on plastic and related behaviours
suggests individuals of a younger age will
have a more effective long-term impact and
participate in anti-plastic behaviour, given the
importance of socialisation in the attitudes
we form.»

Many of the studies utilising TPB also
investigated the role of gender, but there was
no consensus or consistency in inclusion of
the gender element. Although it can be
argued that examining the differences in
gender may lead to a gendered approach to

© 2023 The Author(s). Published by the Royal Society of Chemistry

behaviour change,*in order to produce
targeted behaviour change interventions the
role of gender and factors like ethnicity and
income may be important to consider. Such
targeting logic could also be applied to a
wider range of variables (including class,
ethnicity, income) to help advance the
understanding social patterning, individual or
community— plastic interaction and
production of targeted interventions. To
effectively unpick the influential elements on
plastic pollution and use behaviour and
identify potential intervention strategies
there is a need for individual and multiple
factor analysis.

Drivers, obstacles and potentials for
research and policy

Convenience culture is one of the main
drivers of plastic associated behaviours. This
was most apparent in the literature on the
perceptions of plastic and in relation to the
increase in takeaway culture with COVID-19.
Within behaviour change literature, it is
known that the ease by which a behaviour
can be changed affects the success of
interventions. Therefore, successful
behaviour change interventions associated
with plastic will need to ensure that accessing
reusables or sustainable alternatives is just as
easy, if not easier than using traditional
(single use, SUP) plastic. Ideally, circular
approaches (a shift from produce-use-dispose
to reduce, reuse, repair, remanufacture,
recycle,» potentially incorporating elements
such as upcycling of plastic waste«and
implementation of production/waste
management policies and regulations+) would
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be the most accessible and affordable option.
Additionally, socio-demographic factors were
also identified in the literature, although the
degree to which this drives plastic pollution is
not established. However, it appears that
targeted behaviour change interventions (e.g.
by gender, ethnicity, income) are
recommended by most studies and this is an
interesting avenue for future research.

One of the main obstacles to reducing use of
SUP during COVID-19 related to food safety
and hygiene concerns, leading to increased
SUP use of personal protection equipment
(e.g., masks, gloves hand gel, and visors), and
food and drinks containers. This is considered
an obstacle, as many individuals still perceive
a risk with reusable items, and the COVID-19
situation will continue the use of several SUP
items for a considerable period. Habit was
also identified as an obstacle. This is closely
related to our current convenience culture
and has been considered as a barrier. Finally,
money is another major obstacle in terms of
plastic behaviour change, in relation to both
the costs associated with behaviour change
(by the individual, producers and industry,
waste managers and governance bodies) and
the policy change required (e.g. the increased
cost of plastic construction if regulations
require circular economy future
reuse/repair/remanufacture to be
incorporated in product design;
implementation of a plastic levy on plastic use
or tax to cover end-of-life costs).sso

However, despite these drivers and obstacles,
there are some opportunities for change.
COVID-19 could also be an opportunity for
change. As the COVID-19 situation continues

© 2023 The Author(s). Published by the Royal Society of Chemistry

to evolve, there are opportunities for regime
and habit change to be introduced. Also, it is
hoped that as the health and safety situation
improves this will provide more opportunities
for single use items to be reduced. Education
is also another theme which arose within the
literature. Many of the papers reviewed here
recommended education to individuals of all
ages. This is especially pertinent as there
appears to be situations of misinformation in
relation to plastic and the sustainability of
biodegradable alternatives. Part of this
education could involve de-marketing. This is
when a company uses negative messages to
discourage demand for a certain product, and
has been used for health behaviours, such as
tackling obesity.s: It has also been included in
work on behaviour change in relation to
antibiotic misuseszand sustainable tourismss
(behaviour changes identified using one of
the 3 behaviour models; BCW, COM-B, TPB).
Raab et al. (2022) found that it was successful
in motivating a reduction in SUP consumption
amongst tourists in Canada. This was
especially true for those with a stronger
recycling attitude, individual commitment,
and responsibility.s«Future research could
look to the use of negative messaging within
other contexts as it may be more suited to
individuals that already have a sense of
responsibility for their plastic consumption.
Although this review did not focus on pro-
environmental behaviour elements of it
appeared in the literature, for example, the
importance of social norms and locus of
control in motivations behind behaviour
change.ssFuture research could look at what
lessons can be learned from pro-
environmental behaviour change for potential
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transfer or insight into positive change in the
people—plastic relationship and individual
plastic behaviour.

Limitations

This paper acknowledges that this review is
not systemic or extensive. As stated in the
methodology, this search was limited to
papers mentioning ‘plastic’ but this subject
area is related to pollution, waste, recycling
and litter or specific consideration of ‘micro-’
or ‘macro-’ plastic. This may have resulted in
some relevant papers being missed or
excluded during the search. In addition, only
studies published in the English language
were included which will have limited the
scope of this search and will have caused
some bias in the selection of studies covered
in this article. A full systemic review is
recommended, including an extended
selection of terms and investigating papers
not directly associated with plastic.

Conclusions

There needs to be multi-level and systemic
change to alter our relationship with plastic.
Fundamentally this must include individual
change. Clarity regarding a range of new
behaviours to be adopted must be central
moving forwards. Although recycling is
important for the public, more focus needs to
be placed on specifying, understanding and
promoting circular behaviours, detailing
waste reduction behaviours, and for
manufacturers, providing reusable
alternatives, rather than biodegradable ones.
The creation of new habits, routines and

© 2023 The Author(s). Published by the Royal Society of Chemistry

social norms based around these diverse
behaviours will help facilitate a cultural move
away from plastic. Previous literature has
focused too much on behaviours associated
with plastic after it has been purchased and
used, rather than behaviours at the beginning
of the plastic life cycle. This paper
acknowledges that to create individual-level
behaviour change individual facing
interventions are required. However, it is
important to acknowledge that not all
individuals are the same and that the barriers
and facilitators to individual behaviour
change are socially patterned (e.g. by gender,
class and ethnicity).

There are many drivers and influences of
plastic-related behaviour, including habit,
convenience, and culture, and therefore a
nuanced approach is necessary (i.e. not
considering individual drivers, obstacles or
the effectiveness of individual opportunities
or actions in isolation). The BCW system with
the COM-B model at its core, provides such a
nuanced approach and could help identify
and guide effective interventions that include
mechanisms and policies that could help
generate or positively influence behaviour
change.

The SCOPUS search shows that there is a lack
of research on the BCW in relation to plastic
and this needs to be expanded in future
research. It is also clear that raising
awareness of the plastic problem is not
sufficient on its own in instigating behaviour
change. Future research should seek to
investigate which targeted interventions
would work best in different cultural and
demographic contexts. Policy also needs to
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ensure there is a physical environment where
access to reusables, alternatives and waste
management is easy, so the convenience of
SUP is shifted. A social environment also
needs to exist where social norms and culture
dictate that reducing plastic waste is a norm
to be upheld.
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Appendix IV. Standard Operating Procedure for
creating particle mapping ‘mask’ for use on pRaman

at Helmholtz Association Leipzig
Particle Scout Mask SOP

Once your sample is in place and in focus, create an image using map function in
Control 5 and select the ‘Particle Scout’ tab in the menu; select the set centre and
set the area you would like to measure

o 7755.13 ym EE%: ML~

Microscope Z Sample Position Laser Control T+e Surface

784 nm v D\" Sigv o

!

P

” Mod; ‘

X-Sensor [um] -28.35 Raman Mode
Y-Sensor [um] -25.00 DQ
Z-Sensor [pm] 0.00

This will then take you to the ‘Particle Scout’ software, with your selected area in an
image, then you select the ‘particle scout’ tab and click ‘save image’; then close the
map tab; if it is left open it can move where the focus of the microscope is and can
be dangerous if there is not enough field of movement for the sample

Then open this image in Fiji by clicking file, then open:
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Then, using the paintbrush function, select a brush size that is smaller than your
particles, and a green colour — you can change the size by right clicking on the
paintbrush; and can change the colour using the dropper button (see below)

Y

File Edit Image Process Analyze Plugihs Winjiow Help

0/oja|o] /]« [# N Al d] >
Polygon selections

Stk

v v

o 0| ] 8|4

Then select the particles you would like to analyse using the paintbrush — you can
also zoom in using the search button (above)

File Edit Image Process Analyze Plugins Window Help
o/ola|o|/] 4 N Ao @|d| o s |ur| o [l &R

102411024 pixels; RGB; 4MB

Once you have selected all your particles, you then click image > adjust > colour
threshold and a menu will appear

4l (Fiji s Just) Image)

Fie - Edit JEEER Process -Analyze Plugins Window| Help §
1 §
Efofd e |l syt o Il & 181>
broressertat || | G
Show Info Cirt#{ | "Window/Level: 3 ¥
Properies. Cirl+Shift+P or Balance, 1
Color Threshold i Cit+ShiftsT
Stacks
Hyperstacks Siel il
Crop Cuteshite]| - CPME5 8284
Duplicate CirsShitep | - HNE Vdth
Réname. Coordinates 314
Scale. Cut+E] |- Aufo Local Threshold ¢
Transtol &
Ovar elipti m Auto Thieshold -
e Zoom *\| Bleath Correttion
Overtay M Auto'Crop % . 8
Lookup Tables »| | Auto Grop (guess batkground colar)
Annotate ,j Manual Threshold. |
Drawing »| | Scale fo DR -
Video Editing 94 ELAI IS S 08 B e i
VIEIRRTA T4
| Axes yBIRE) §its y
T e ASLIT LSRR S
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Put the saturation all the way up until the particles selected go from a green to a red
colour, then unlick ‘Pass’ in the Brightness section and have this somewhere in the

middle, and then click the ‘Select’ button on this menu

Then click the ‘Edit’ button on the main toolbar > then selection> then click the
option ‘Create mask’

. e TH
yae. Plogis| Windaw Hop LR
el Lull” (g ol éll il i et

i e Clil+A
s SeectNone ClriShitiA
i 1= % Restore Slecton Cutishiis£
—— ek Pl
£t it
FitEgse
* Fit Rectangle
nterpolate
Convex Hut
Make liverse:
Create Selcrtion
S Ctriey
Rotate.
Enlarge
| Wake Dang
$

| Straighten

9% 16 Boundin o..

This will give you an black and white simple image of the particles you have just
selected,

102411024 pixels; 8-b1 Gnvertng LUT). 1MB
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This will then need to be inverted as Particle Cout will want the image to be black
with white spots; to do this right click on the ‘LUT’ button on the main toolbar and
then click ‘Invert LUT’

|File Edit Image Process Analyze Plugins Window Help

njoja|o| /<[ AL oid| >/«

v

wil|o] 4] a]ri>

Noply LUT 1!

Fite

lyze . Plugins: Window! Help Giays
HAFALRUND ] d MY o
Spectourc |4
{3322RGB §
|| Red 3 ;

This will then give you the same image but with the background as black, and the
selected particles as white, this then needs to be saved as a ‘PNG’ file for it to work
in Particle Scout; so just click file’ > ‘save as’ > ‘PNG’

1024x1024 pixels; 8-bit; 1MB

Then go back into ‘Particle Scout’, click the particle scout tab and then click the
‘upload mask from file’ button, this will upload the mask into particle scout and it will
identify the particles from the mask

Once you are happy with the selection slick the green tick
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It is important the sample is not moved from the original spot where the image is
taken, otherwise it will not be in alignment with your mask

If you select the ‘autofocus spectrum’ function, this will allow the software to focus
on the particle, even if it is a different height to your other particles and will allow for
the ‘Z’ focus to move in line with this

Select the parameters you would like to use (integration time; accumulations); make
sure the door is shut, open the laser and then press the play button
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Appendix V. Supplementary Tables for Research

Chapter 4
Table V.1. Particle Counts for each sample expressed as MP per m® and MP per
Filter
Sample Name Dates (2021) MP/m? MP/Filter Analysis
Type
D1.1 17.11.21- 3729.72 5370.79 Nile Red
(Direct Air Filter Day 1, 1L/min) 18.11.21 and Raman
D2.1 18.11.21- 3538.80 5060.48 Nile Red
(Direct Air Filter Day 2, 1L/min) 19.11.21
D3.1 19.11.21- 18812.38 | 26901.70 Nile Red
(Direct Air Filter Day 3, 1L/min) 20.11.21
D4.1 20.11.21- 3789.18 5418.53 Nile Red
(Direct Air Filter Day 4, 1L./min) 21.11.21
D51 22.11.21- 58.40 1401.67 Raman
(Direct Air Filter Day 5, 1L./min) 23.11.21
Dé6.1 23.11.21- 13904.80 | 19883.86 Nile Red
(Direct Air Filter Day 6, 1L./min) 24.11.21
D7.1 24.11.21- 22217.63 | 31771.22 Nile Red
(Direct Air Filter Day 7, 1L./min) 25.11.21
D1.10 17.11.21- 2271.84 32487.32 Nile Red
(Direct Air Filter Day 1, 10L/min) 18.11.21
D2.10 18.11.21- 1652.55 23631.48 Nile Red
(Direct Air Filter Day 2, 10L/min) 19.11.21
D3.10 20.11.21- 1787.76 25564.97 Nile Red
(Direct Air Filter Day 3, 10L/min) 21.11.21
D4.10 20.11.21- 1303.68 18642.62 Nile Red
(Direct Air Filter Day 4, 10L/min) 21.11.21
D5.10 22.11.21- 1263.62 18069.73 Nile Red
(Direct Air Filter Day 5, 10L/min) 23.11.21
D7.10 24.11.21- 711.10 10168.70 Nile Red
(Direct Air Filter Day 7, 10L/min) 25.11.21
D1.25 17.11.21- 308.48 11028.03 Nile Red
(Direct Air Filter Day 1, 25L/min) 18.11.21 and Raman
D2.25 18.11.21- 8.31 167.23 Nile Red
(Direct Air Filter Day 2, 25L/min) 19.11.21 and Raman
D3.25 19.11.21- 1195.18 42727.63 Nile Red
(Direct Air Filter Day 3, 25L/min) 20.11.21 and Raman
D4.25 20.11.21- 6.36 228.84 Raman
(Direct Air Filter Day 4, 25L/min) 21.11.21
D5.25 22.11.21- 2983.94 106675.86 Nile Red
(Direct Air Filter Day 5, 25L/min) 23.11.21
D6.25 23.11.21- 20.17 726.14 Raman
(Direct Air Filter Day 6, 25L/min) 24.11.21
D7.25 24.11.21- 22.74 818.56 Raman
(Direct Air Filter Day 7, 25L/min) 25.11.21
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Sample Name Dates (2021) MP/m? MP/Filter Analysis
Type

D1.50 17.11.21- 996.87 71276.38 Nile Red

(Direct Air Filter Day 1, 50L/min) 18.11.21

D2.50 18.11.21- 2749.24 196570.98 Nile Red

(Direct Air Filter Day 2, 50L/min) 19.11.21 and Raman

D3.50 19.11.21- 2.66 191.44 Raman

(Direct Air Filter Day 2, 50L/min) 20.11.21

D4.50 20.11.21- 1168.14 83521.78 Nile Red

(Direct Air Filter Day 4, 50L/min) 21.11.21 and Raman

D5.50 22.11.21- 632.64 45234.00 Nile Red

(Direct Air Filter Day 5, 50L/min) 23.11.21

D6.50 23.11.21- 471.73 33728.57 Nile Red

(Direct Air Filter Day 6, 50L/min) 24.11.21

D7.50 24.11.21- 556.19 39767.73 Nile Red

(Direct Air Filter Day 6, 50L/min) 25.11.21

N1.1 17.11.21- 8975.36 12924.51 Raman

(Nanotank Sample Day 1, 1L./min) 18.11.21

N2.1 18.11.21- 155.86 224.44 Raman

(Nanotank Sample Day 2, 1L./min) 19.11.21

N3.1 19.11.21- 736.72 1053.51 Nile Red

(Nanotank Sample Day 3, 1L/min) | 20.11.21

N4.1 20.11.21- 3022.83 4322.65 Nile Red

(Nanotank Sample Day 4, 1L/min) | 21.11.21 and Raman

N5.1 22.11.21- 547.05 787.75 Raman

(Nanotank Sample Day S, 1L/min) | 23.11.21

N6.1 23.11.21- 647.90 932.98 Raman

(Nanotank Sample Day 6, 1L/min) | 24.11.21

N7.1 24.11.21- 0.00 0.00 Nile Red

(Nanotank Sample Day 7, 1L/min) | 25.11.21

N1.10 17.11.21- 1.73 24.95 Raman

(Nanotank Sample Day 1, 10L/min) | 18.11.21

N2.10 18.11.21- 407.10 5821.46 Nile Red

(Nanotank Sample Day 2, 10L/min) | 19.11.21

N3.10 19.11.21- 53.18 765.75 Raman

(Nanotank Sample Day 3, 10L/min) | 20.11.21

N4.10 20.11.21- 66.01 950.58 Raman

(Nanotank Sample Day 4, 10L/min) | 21.11.21

N5.10 22.11.21- 882.55 12620.41 Nile Red

(Nanotank Sample Day 5, 10L/min) | 23.11.21 and Raman

N6.10 23.11.21- 315.95 4518.15 Nile Red

(Nanotank Sample Day 6, 10L/min) | 24.11.21 and Raman

N7.10 24.11.21- 0.00 0.00 Nile Red

(Nanotank Sample Day 7, 10L/min) | 25.11.21

N1.25 17.11.21- 2.44 88.02 Raman

(Nanotank Sample Day 1, 25L/min) | 18.11.21

N2.25 18.11.21- 235.14 8406.36 Nile Red

(Nanotank Sample Day 2, 25L/min) | 19.11.21 and Raman

N3.25 19.11.21- 112.10 4007.68 Nile Red

(Nanotank Sample Day 3, 25L/min) | 20.11.21 and Raman
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Sample Name Dates (2021) MP/m? MP/Filter Analysis
Type

N4.25 20.11.21- 198.99 7113.91 Nile Red

(Nanotank Sample Day 4, 25L/min) | 21.11.21 and Raman

N5.25 22.11.21- 12.35 444.49 Raman

(Nanotank Sample Day S, 25L/min) | 23.11.21

N6.25 23.11.21- 13.32 479.69 Raman

(Nanotank Sample Day 6, 25L/min) | 24.11.21

N7.25 24.11.21- 103.29 3692.72 Nile Red

(Nanotank Sample Day 7, 25L/min) | 25.11.21

N1.40 17.11.21- 51.46 294331 Nile Red

(Nanotank Sample Day 1, 40L/min) | 18.11.21

N2.40 18.11.21- 53.55 3062.78 Nile Red

(Nanotank Sample Day 2, 40L/min) | 19.11.21 and Raman

N3.40 19.11.21- 11.54 664.53 Raman

(Nanotank Sample Day 3, 40L/min) | 20.11.21

N4.40 20.11.21- 17.73 1021.00 Raman

(Nanotank Sample Day 4, 40L/min) | 21.11.21

N5.40 22.11.21- 542 312.46 Raman

(Nanotank Sample Day 5, 40L/min) | 23.11.21

N6.40 23.11.21- 4.89 281.65 Raman

(Nanotank Sample Day 6, 40L/min) | 24.11.21

N7.40 24.11.21- 78.04 4463.84 Nile Red

(Nanotank Sample Day 7, 40L/min) | 25.11.21 and Raman

Wi1.1 3.11.211- 1170.99 11791.87 Nile Red

(Direct Air Filtration Sample Week | 10.11.21 and Raman

1, 1L/min)

Ww2.1 10.11.21- 3678.90 37046.53 Nile Red

(Direct Air Filtration Sample Week | 17.11.21

2, 1L/min)

W3.1 17.11.21- 0.69 79.22 Raman

(Direct Air Filtration Sample Week | 24.11.21

3, 1L/min)

W4.1 24.11.21- 27.50 965.99 Raman

(Direct Air Filtration Sample Week | 2.12.21

4, 1L/min)

W1.10 3.11.211- Nile Red

(Direct Air Filtration Sample Week | 10.11.21

1, 10L/min)

W2.10 10.11.21- 0.00 59.41 Raman

(Direct Air Filtration Sample Week | 17.11.21

2, 10L/min)

W3.10 17.11.21- 1431.74 144175.92 Nile Red

(Direct Air Filtration Sample Week | 24.11.21

1, 10L/min)

W4.10 24.11.21- 284.45 28644.22 Nile Red

(Direct Air Filtration Sample Week | 2.12.21

4, 10L/min)

W1.25 3.11.211- 159.77 40221.26 Nile Red

(Direct Air Filtration Sample Week | 10.11.21

1, 25L/min)
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Sample Name Dates (2021) MP/m? MP/Filter Analysis
Type

W2.25 10.11.21- 77.94 19621.29 Nile Red

(Direct Air Filtration Sample Week | 17.11.21

2, 25L/min)

W3.25 17.11.21- 3.50 1397.27 Raman

(Direct Air Filtration Sample Week | 24.11.21

3, 25L/min)

W4.25 24.11.21- 2.27 882.37 Raman

(Direct Air Filtration Sample Week | 2.12.21

4, 25L/min)

W1.50 24.11.21- 225.10 113335.64 Nile Red

(Direct Air Filtration Sample Week | 2.12.21 and Raman

1, 50L/min)

W2.50 10.11.21- 146.59 73806.61 Nile Red

(Direct Air Filtration Sample Week | 17.11.21

2, 50L/min)

W3.50 17.11.21- 99.70 50199.00 Nile Red

(Direct Air Filtration Sample Week | 24.11.21 and Raman

3, S50L/min)

W4.50 24.11.21- 0.94 651.33 Raman

(Direct Air Filtration Sample Week | 2.12.21

4, 50L/min)

Mi1.1 3.11.21- 23.17 1177.23 Raman

(Direct Air Filtration Sample 2.12.21

Month 1, 1L//min)

M1.10 3.11.21- 162.25 65404.31 Nile Red

(Direct Air Filtration Sample 2.12.21 and Raman

Month 1, 10L//min)

M1.25 3.11.21- 22.34 22509.59 Nile Red

(Direct Air Filtration Sample 2.12.21 and Raman

Month 1, 25L//min)

M1.50 3.11.21- 0.10 242.05 Raman

(Direct Air Filtration Sample 2.12.21

Month 1, 50L//min)
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Table V.2. Daily Direct Air Filtration Particle Size Distribution Values (Sample name — D daily direct air filtration and number denoting
day (1-7) and pumping rate (1=1 L/min; 10= 10 L/min, 25= 25L/min; 50 = S0L/min); values are blank corrected
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Particle size
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TOTAL
COUNT

427

2654

729

5749

381

1945

16177

2114

2113

3098

458

1499

6848

1437

8698

3640

1645

2782

2609

813

3122
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Table V.3. Daily Nanotank Particle Size Distribution Values (Sample name — N nanotank daily and number denoting day (1-7) and
pumping rate (1=1 L/min; 10= 10 L/min, 25= 25L/min; 50 = 50L/min); values are blank corrected

Particle Size
distribution (um)

N1.1

N1.40

N2.10

N2.25

N2.40

N3.1

N3.25

N4.1

N4.25

N5.10

N6.10

N7.1

N7.10

N7.25

N7.40

1.6-10pm

1064

160
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220
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376
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400-450pm
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600-650pm

650-700pm

700-750pm

750-800pm
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Particle Size

N1.1

N1.40

N2.10

N2.25

N2.40

N3.1 | N3.25 | N4.1 | N4.25 | N5.10 | N6.10 | N7.1 | N7.10 | N7.25 | N7.40
distribution (um)
800-850pm 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
850-900pm 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
900-950pm 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
950-1000pm 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
TOTAL COUNT 2302 347 936 | 1374 550 266 685 801 1079 | 2005 751 12 62 660 776
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Table V.4. Weekly Direct Air Filtration Particle Size Distribution Values (Sample name — W weekly direct air filtration; and number
denoting week (1-4); and pumping rate (1=1 L/min; 10= 10 L/min, 25= 25L/min; 50 = 50L/min); values are blank corrected

Particle Size Distribution (nm) Wi1.1 W1.25 | W1.50 | W2.1 W2.25 | W2.50 | W3.10 | W3.50 | W4.10

1.6-10pm 355 1455 3578 1452 622 2230 5780 1754 998
10-20 pm 107 163 839 86 147 621 221 269 160
20-30 pm 20 43 214 30 135 21
30-40 pm 1 57 57
40-50pm 24 25
50-100pm 3
100-150pm
150-200pm
200-250pm
250-300pm
300-350pm
350-400pm
400-450pm
450-500pm
500-550pm
550-600pm
600-650pm
650-700pm
700-750pm
750-800pm
800-850pm
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Particle Size Distribution (nm) Wi1.1 WI1.25 | W1.50 | W2.1 W2.25 | W2.50 | W3.10 | W3.50 | W4.10

850-900pm 0 0 0 0 0 0 0 0 0
900-950pm 0 0 0 0 0 0 0 0 0
950-1000pm 0 0 0 0 0 0 0 0 0
TOTAL COUNT 855 3146 8326 3006 1444 5322 11820 3857 2199
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Table V.5 Monthly Direct Air Filtration Particle Size Distribution Values (Sample name — M monthly
direct air filtration; and number denoting month (1-7); and pumping rate (1=1 L/min; 10= 10 L/min,
25=25L/min; 50 = 50L/min); values are blank corrected

Particle Size distribution (nm) M1.10 M1.25

<2pm 167 42
2-10 pm 1917 557
1.6-10pm 2084 599
10-20 pm 469 269
20-30 pm 121
30-40 pm 30
40-50pm 13
50-100pm
100-150pm
150-200pm
200-250pm
250-300pm
300-350pum
350-400pm
400-450pm
450-500pm
500-550pm
550-600pm
600-650pm
650-700pm
700-750pm
750-800pm
800-850pm
850-900pm
900-950pm
950-1000pm
TOTAL COUNT 4824 1542
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Table V.6 Daily Direct Air Filtration Particle Shape Characteristics (Sample name — D daily direct air filtration; and number denoting day
(1-7) and pumping rate (1=1 L/min; 10= 10 L/min, 25= 25L/min; 50 = 50L/min); values are blank corrected)

Particle Sample ID
Shape
D1. | D1. |D1. |[D1. | D2. |D2. [ D2. |D3. (D3. |D3. [ D4. | D4. |D4. [ D5. | D5. | D5. | D6. | D6. | D7. | D7. | D7.
1 10 25 50 1 10 50 1 10 25 1 10 50 10 25 50 1 50 1 10 50
Total 225 | 136 | 462 | 298 | 212|990 | 823 | 112 [ 107 | 179 |227 | 781 | 349 | 757 | 446 | 189 | 833 | 141 | 133 | 426 | 166
number 1 6 5 7 1 0 9 9 5 3 1 6
of
Particles
Fragment | 233 | 137 | 465 |299 |223 | 100 | 823 | 113 | 108 | 179 | 239 | 789 | 350 | 762 |446 | 190 | 844 | 142 | 134 | 422 | 167
or film 0 2 0 8 8 1 0 9 6 5 4 0 0
Fibre 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 4 0

Table V.7 Daily Nanotank Particle Shape Characteristics (Sample name — N nanotank daily and number denoting day (1-7) and pumping

rate (1=1 L/min; 10= 10 L/min, 25= 25L/min; 50 = 50L/min); values are blank corrected)

Particle Shape Sample ID
N1.1 N1.40 | N2.10 | N2.25 N2.40 N3.1 N3.25 N4. | N42 | N5.1 | N6.1 | N7. | N7.1 | N7.2 | N74
1 5 0 0 1 0 5 0
Total number of 1190 271 536 774 282 97 369 398 | 655 1162 | 416 0 0 340 411
Particles
Fragment or film 1191 272 537 775 283 98 370 399 | 656 1163 | 417 0 0 341 412
Fibre 1252 337 592 827 346 160 434 455 | 719 1220 | 481 27 58 387 457
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Table V.8 Weekly Direct Air Filtration Particle Shape Characteristics (Sample name — W weekly direct air filtration; and number denoting
day (1-7) and pumping rate (1=1 L/min; 10= 10 L/min, 25= 25L/min; 50 = S0L/min); values are blank corrected)

Particle Shape Sample ID

Wi.1 W1.25 W1.50 W2.1 W2.25 W2.50 W3.10 W3.50 W4.10
Total number of 494 1685 4748 1552 822 3092 6040 2103 1200
Particles
Fragment or film 493 1683 4663 1559 829 3027 6039 2101 1187
Fibre 1 2 85 0 0 65 1 2 13
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Table V.9 Raman Counts for Glasgow Samples (Research Chapter 4 and 6) (M= monthly; D= daily direct air filtration; N=nanotank daily;

W = weekly direct air filtration; number = day (1-7)/week(1-4); number 1 =1 L/min; 10 = 10 L/min; 25 =25 L/min; 50 = 50 L/min) and
Field Blank and Nano Blank values

PE PES PET PP PS PVC PU ABS PC PVA Nylon/ | Acryli CE PMM PLS Rbr PLA SBR SAN
PA [ A

Ml1.1_1 8 14 3 1 6 1 1 1 1 11 6 13 4 17 9 0 4 0 0
M1.1.2 12 15 5 0 1 3 0 0 0 5 3 19 7 14 16 0 8 0 0
M1.1_3 0 16 11 1 10 4 3 0 1 8 13 11 6 14 15 0 6 0 0
Average 10.00 15.00 6.33 0.67 5.67 2.67 1.33 0.33 0.67 8.00 7.33 14.33 5.67 15.00 13.33 0.00 6.00 0.00 0.00
Blank 9.0 13.67 4.50 0.00 3.83 2.50 1.17 0.00 0.00 7.33 4.17 11.00 5.17 12.67 9.33 0.00 4.83 0.00 0.00
Correction
M1.10_1 7 8 0 1 1 2 0 0 0 0 0 7 0 6 12 0 1 0 0
M1.10_2 10 13 6 0 1 1 2 0 0 2 2 10 6 10 5 0 4 0 0
Average 8.5 10.5 3 0.5 1 1.5 1 0 0 1 1 8.5 3 8 8.5 0 2.5 0 0
Blank 7.5 9.17 1.17 0 0 1.33 0 0 0 0 0 5.17 2.5 5.67 4.5 0 1.33 0 0
Correction
M1.25 2 2 14 4 0 0 1 0 0 0 5 4 8 4 7 13 0 2 0 0
M1.25 3 8 12 3 0 6 4 2 1 3 3 6 19 7 23 13 0 4 0 0
M1.25 4 6 4 1 0 5 1 1 0 0 1 3 12 5 17 7 0 0 0 0
Average 533 10 2.67 0 3.67 2 1 0.33 1 3 433 13 5.33 15.67 11 0 2 0 0
Blank 433 8.67 0 0 1.83 1.83 0 0 1 2.33 1.17 9.67 4.83 13.33 7 0 0 0 0
Correction
M1.50_1 5 10 11 0 5 3 2 1 1 10 4 13 4 12 11 0 1 0 0
M1.50 2 3 1 1 0 0 0 0 0 0 0 1 2 0 0 4 0 0 0 0
M1.50 3 2 2 0 0 0 0 0 0 0 2 0 2 1 1 3 0 0 0 0
Average 3.33 433 4 0 1.67 1 0.67 0.33 0.33 4 1.67 5.67 1.67 433 6 0 0.33 0 0
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PE PES PET PP PS PVC PU ABS PC PVA Nylon/ | Acryli | CE PMM | PLS Rbr PLA SBR SAN
PA [ A

Blank 2.33 3 2.17 0 0 0 0 0 0 3.33 0 2.33 1.17 2 2 0 0 0 0
Correction
W3.1_1 0 0 0 0 0 0 0 0 0 1 1 2 0 2 0 0 0 0 0
W3.1 2 0 3 0 0 0 0 0 0 0 0 0 2 0 0 1 0 0 0 0
Average 0 1.5 0 0 0 0 0 0 0.5 0.5 2 0 1 0.5 0 0
Blank
Correction
W4.1_1 8 10 7 1 4 3 1 0 0 9 7 10 2 13 12 0 3 0 0
W4.1 2 7 12 5 1 3 1 1 0 2 8 11 12 3 12 15 0 10 0 0
Average 7.5 11 6 1 3.5 2 1 0 1 8.5 9 11 2.5 12.5 13.5 0 6.5 0 0
Blank 6.5 9.67 4.17 0 1.67 1.83 0 0 1 7.83 5.83 7.67 2 10.17 9.5 0 5.33 0 0
Correction
W2.10_1 0 0 0 0 0 0 0 0 0 0 1 1 0 0 1 0 0 0 0
W2.10 2 0 1 0 0 0 0 0 0 1 0 2 0 0 2 0 0
Average 0 0.5 0 0 0 0 0 0 0.5 0.5 1.5 0 0 1.5 0 0
Blank
Correction
W3.10_1 14 23 9 1 2 1 0 0 0 2 1 24 3 32 18 0 8 0 0
W3.10_2 14 23 6 0 5 2 0 0 1 7 6 19 3 17 11 0 4 0 0
Average 14 23 7.5 0.5 3.5 1.5 0 0 0.5 4.5 3.5 21.5 3 24.5 14.5 0 6 0 0
Blank 13 23 5.5 0 1.5 1.5 0 0 0 4.5 1.5 17.5 3 21.5 10.5 0 6 0 0
Correction
W1.25 1 3 8 4 0 1 2 0 0 2 4 16 4 18 7 5 0
W1.25 2 3 7 4 1 3 2 0 0 1 2 3 2 9 10 3 0
W1.25 3 11 10 4 0 4 1 2 1 1 7 4 13 4 15 15 0 2 0 0
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PE PES PET PP PS PVC PU ABS PC PVA Nylon/ | Acryli CE PMM PLS Rbr PLA SBR SAN
PA [ A

Average 6 8 4 0 3 2 1 0 3 3 11 3 14 11 3 0

Blank 4.67 7 2.17 0 1.5 0 0 2.67 0 7.33 2.83 11.67 6.67 2.17 0
Correction

W3.25 1 17 26 14 2 8 3 4 0 0 11 9 15 5 25 16 0 5 0 0
W3.25 2 6 22 10 1 0 5 0 0 1 12 5 14 1 25 18 0 9 0 0
W3.25 3 11 15 3 1 3 1 0 0 2 6 7 12 2 15 16 0 0 0 0
Average 11 21 9 1 4 3 1 0 1 10 7 14 3 22 17 0 5 0 0
Blank 10.33 19.67 7.17 1 1.83 2.83 1.17 0 1 9 3.83 10.33 2.17 19.33 12.67 0 3.5 0 0
Correction

W4.25 1 6 17 3 0 2 0 0 0 2 4 7 12 5 16 17 0 4 0 0
W4.25 2 13 14 8 0 3 0 2 0 1 3 3 6 5 15 14 0 1 0 0
W4.25 3 10 5 6 1 4 5 0 0 0 6 2 11 5 11 14 0 7 0 0
Average 10 12 6 0 3 2 1 0 1 4 4 10 5 14 15 0 4 0 0
Blank 8.67 10.67 3.83 0 1.17 1.5 0 0 1 3.67 0 6.33 4.5 11.67 11 0 2.833 0 0
Correction

W1.50_1 4 11 3 1 1 0 0 0 0 3 1 7 2 7 12 0 0 0 0
W1.50 2 4 14 3 1 2 2 1 0 0 1 1 8 13 8 0 1 0 0
W1.50 3 6 10 5 1 2 3 1 0 0 2 1 10 1 12 4 0 1 0 0
Average 5 12 4 1 2 2 1 0 0 2 1 8 2 11 8 0 1 0 0
Blank 3.67 10.33 1.83 0 0 1.5 0 0 0 1.33 0 5 1.17 8.33 4 0 0 0 0
Correction

W2.50 1 6 15 0 0 1 1 1 7 2 23 5 11 16 2 0

W2.50 2 7 11 5 0 1 0 0 1 1 1 10 3 13 14 1 0

W2.50 3 8 14 9 0 1 2 2 2 1 2 1 16 5 8 9 0 1 0 0
Average 7 13 7 0 1 1 1 1 1 3 1 16 4 11 13 0 1 0 0
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PE PES PET PP PS PVC PU ABS PC PVA Nylon/ | Acryli | CE PMM | PLS Rbr PLA SBR SAN
PA [ A

Blank 6 12 5.167 0 0 0 0 0 1 2.67 0 13 3.83 8.33 9 0 0 0 0
Correction

W3.50_1 4 13 5 0 0 0 1 0 1 3 1 8 4 4 2 0 2 0 0
W3.50 2 5 12 4 0 0 1 1 0 0 2 2 5 0 6 8 0 2 0 0
W3.50_3 6 7 3 0 0 2 0 0 1 0 0 10 0 12 6 0 2 0 0
Average 5 11 4 0 0 1 1 0 1 2 1 8 1 7 5 0 2 0 0
Blank 4 9.33 2.17 0 0 0 0 0 0 1 0 433 0 5 1.33 0 0 0 0
Correction

W4.50_1 7 18 20 2 3 1 0 0 0 5 2 11 1 13 11 0 2 0 0
W4.50 2 6 9 3 1 1 0 1 0 1 3 1 14 0 10 12 0 3 0 0
W4.50_3 6 14 3 0 0 2 0 2 0 4 1 14 1 11 11 0 2 0 0
Average 6 14 9 1 1 1 0 1 0 4 1 13 1 11 11 0 2 0 0
Blank 5.33 9.67 7.67 1 1.33 0 0 0 0 2 1.33 7 0 6.33 6.33 0 1.33 0 0
Correction

N1.1_1 0 4 2 0 1 0 0 1 0 1 3 7 2 3 7 0 0 0 0
N1.1.2 16 12 5 0 7 6 2 1 0 8 15 14 6 20 20 0 10 0 0
N1.1.3 5 10 3 1 0 2 0 0 1 3 1 10 5 8 4 0 1 0 0
Average 7 9 3 0 3 3 1 1 0 4 6 10 4 10 10 0 4 0 0
Blank 433 6.33 2 0 1.33 2.33 0 0 0 4 2.33 6.67 4.33 7 7 0 3.33 0 0
Correction

N2.1_1 4 1 1 0 1 0 0 0 0 1 1 6 2 4 6 0 1 0 0
N2.1 2 2 4 2 0 1 0 0 0 0 2 0 11 7 10 0 0 0 0
N2.1.3 5 9 1 1 0 1 0 0 0 3 0 9 1 1 11 0 0 0 0
Average 4 5 1 0 1 0 0 0 0 2 0 9 1 4 9 0 0 0 0
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PE PES PET PP PS PVC PU ABS PC PVA Nylon/ | Acryli | CE PMM | PLS Rbr PLA SBR SAN
PA [ A

Blank 1 2.33 0 0 0 0 0 0 0 2 0 5 1 0 5.67 0 0 0 0
Correction

N4.1_1 7 1 3 1 2 2 4 1 0 5 1 4 3 24 10 0 5 0 0
N4.1. 2 7 9 4 0 4 1 1 1 0 9 3 14 2 23 5 0 1 0 0
N4.1_3 7 9 5 0 3 2 0 0 0 8 2 12 3 29 11 0 4 0 0
Average 7 6 4 0 3 2 2 1 0 7 2 10 3 25 9 0 3 0 0
Blank 433 4 2.67 0 1.67 1.33 1.67 0 0 7.33 0 6.33 2.67 22 5.33 0 3 0 0
Correction

N5.1_1 7 4 8 1 2 2 0 0 1 10 2 6 6 10 10 0 8 0 0
N5.1_2 4 7 2 0 2 1 1 1 1 5 1 8 5 24 7 0 4 0 0
N5.1.3 8 8 9 1 4 4 2 0 0 5 5 11 4 18 15 0 4 0 0
Average 6 6 6 1 3 2 1 0 1 7 3 8 5 17 11 0 5 0 0
Blank 3.67 4 5 0 1.33 2 1 0 0 6.67 0 4.67 5 14 7.33 0 5 0 0
Correction

N6.1_1 11 8 3 1 2 0 0 0 0 7 2 10 5 11 12 0 5 0 0
N6.1_2 5 7 4 1 0 1 2 0 2 1 0 15 2 15 10 0 3 0 0
N6.1_3 24 12 2 6 10 7 1 2 3 17 2 19 3 4 13 0 12 0 0
Average 13 9 3 3 4 3 1 1 2 8 1 15 3 10 12 0 7 0 0
Blank 10.67 6.67 1.67 0 2.67 2.33 1 0 1.67 8.33 0 11 333 6.67 8.33 0 6.33 0 0
Correction

N1.10_1 0 0 0 0 0 0 0 0 0 0 0 2 0 0 2 0 0 0 0
N1.10 2 0 2 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0
N1.10_3 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
Average 0 0.67 0 0 0 0 0 0 0 0 0 1.67 0 0 0.67 0 0 0 0
N3.10_1 8 6 5 1 1 1 1 0 1 2 1 8 3 13 3 0 2 0 0
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PE PES PET PP PS PVC PU ABS PC PVA Nylon/ | Acryli CE PMM PLS Rbr PLA SBR SAN
PA [ A

N3.10_2 3 9 10 1 5 1 3 0 0 7 6 9 4 27 7 0 6 0 0
N3.10_3 5 3 3 4 11 0 2 3 0 7 1 9 7 22 13 0 2 0 0
Average 5 6 6 2 6 1 2 1 0 5 3 9 5 21 8 0 3 0 0
Blank 2.67 3.67 4.67 0 433 0 2 1 0 5.33 0 5 4.67 17.33 433 0 3 0 0
Correction

N4.10_1 6 7 3 1 1 1 3 1 0 8 3 12 5 14 11 0 5 0 0
N4.10 2 9 13 7 1 2 4 1 1 1 4 3 9 1 10 12 0 5 0 0
N4.10_3 9 11 5 1 6 1 1 0 2 13 3 18 5 19 20 0 8 0 0
Average 8 10 5 1 3 2 2 1 1 8 3 13 4 14 14 0 6 0 0
Blank 5.33 8 3.67 0 1.67 1.67 1.67 0 1 8.33 0 9.33 3.67 11 11 0 5.67 0 0
Correction

N5.10_1 7 8 3 0 1 1 0 0 0 2 6 8 0 9 7 0 4 0 0
N5.10 2 2 11 1 1 4 1 0 1 0 4 3 7 4 29 17 0 9 0 0
N5.10_3 7 6 5 3 1 5 0 0 1 2 1 13 3 22 9 0 4 0 0
Average 5 8 3 1 2 0 0 0 3 3 9 2 20 11 0 6 0 0
Blank 2.67 6 1.67 0 0 2 0 0 0 2.67 0 5.67 2.33 16.67 7.67 0 5.33 0 0
Correction

N6.10_1 6 8 2 0 4 4 2 1 0 4 1 9 5 9 42 0 5 0 0
N6.10_2 6 7 2 0 2 0 0 0 0 2 3 5 1 11 5 0 5 0 0
N6.10_3 0 4 7 0 4 6 1 0 0 2 0 8 0 0 63 0 1 0 0
Average 4 6 4 0 3 3 1 0 0 3 1 7 2 7 37 0 4 0 0
Blank 1.333 4 2.33 0 2 3 1 0 0 2.67 0 3.67 2 333 33.33 0 3.33 0 0
Correction

N1.25 1 0 0 0 0 0 0 0 0 0 1 1 0 0 0

N1.25 2 2 9 2 0 8 1 7 3 0 0
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SAN

SBR

PLA

Rbr

PLS

11

433

233

PMM

11

5.67

11

433

13

4.67

11

CE

3.67

2.67

Acryli

14

4.67

1.33

12

3.67

17

Nylon/
PA

PVA

2.67

2.67

PC

ABS

PU

PVC

PS

PP

PET

3.33

2.67

PES

1.67

2.67

10

1.67

13

PE

2

1

3
5
2

1
5
6
4

1.33

4
1
4
3

12
6
3

N1.25 3

Average

Blank

Correction
N2.25 1

N2.25 2

N2.25 3

Average

Blank

Correction
N3.25 1

N3.25 2

N3.25 3

Average

Blank

Correction
N4.25 1

N4.25 2

N4.25 3

Average

Blank

Correction
N5.25 1

NS.25 2

N5.253
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PE PES PET PP PS PVC PU ABS PC PVA Nylon/ | Acryli CE PMM PLS Rbr PLA SBR SAN
PA [ A

Average 7 8 4 0 1 0 1 0 0 4 1 11 1 8 5 2 0

Blank 433 5.67 3 0 0 0 1.33 0 3.67 0 7 1.33 4.67 1.33 1.33 0
Correction

N6.1_1 11 8 3 1 2 0 0 0 0 7 2 10 5 11 12 0 5 0 0
Né6.1 2 5 7 4 1 0 1 2 0 2 1 0 15 2 15 10 0 3 0 0
N6.1_3 24 12 2 6 10 7 1 2 3 17 2 19 3 4 13 0 12 0 0
Average 13 9 3 3 4 3 1 1 2 8 1 15 3 10 12 0 7 0 0
Blank 10.67 6.67 1.67 0 2.67 2.33 1 0 1.67 8.33 0 11 3.33 6.67 8.33 0 6.33 0 0
Correction

N6.25 1 5 2 10 1 5 0 2 0 0 4 1 12 4 20 9 0 4 0 0
N6.25 2 3 7 1 1 0 2 0 0 0 3 1 1 0 10 4 0 2 0 0
N6.25 3 4 7 3 1 2 3 0 1 0 4 0 11 2 11 8 0 2 0 0
Average 4 5 5 1 2 2 1 0 0 4 1 8 2 14 7 0 3 0 0
Blank 1.33 3 3.33 0 1 1.33 0 0 3.67 0 433 2 10.33 3.67 0 2.33 0 0
Correction

N2.40_1 1 9 5 0 4 0 0 0 0 5 1 9 6 12 10 0 2 0 0
N2.40 2 4 8 2 0 1 1 0 0 0 2 1 7 4 20 12 0 4 0 0
N2.40_3 7 4 3 2 1 0 1 0 0 0 0 6 5 16 6 0 1 0 0
Average 4 7 3 1 2 0 0 0 0 2 1 7 5 16 9 0 2 0 0
Blank 1.33 4.67 2 0 0 0 0 0 2.33 0 3.67 5 12.67 6 0 2 0 0
Correction

N3.40_1 3 14 5 0 1 3 1 1 0 2 1 9 1 6 62 0 1 0 0
N3.40_2 3 6 7 0 0 2 1 0 0 1 2 9 3 7 8 0 0 0 0
N3.40 3 5 11 6 1 2 1 0 1 0 3 3 7 3 13 2 0 2 0 0
Average 4 10 6 0 1 2 1 1 0 2 2 8 2 9 24 0 1 0 0

336




PE PES PET PP PS PVC PU ABS PC PVA Nylon/ | Acryli | CE PMM | PLS Rbr PLA SBR SAN
PA [ A

Blank 1 8 4.67 0 0 1.67 0 0 0 2 0 4.67 2.33 533 20.67 0 0 0 0
Correction

N4.40_1 22 24 10 0 2 3 1 0 0 14 28 23 3 27 19 0 5 0 0
N4.40_2 4 2 4 0 2 0 0 1 0 1 0 7 2 10 4 0 3 0 0
N4.40 3 6 9 8 1 0 2 3 1 0 6 8 12 3 13 10 0 0 0 0
Average 11 12 7 1 2 1 1 0 7 12 14 3 17 11 0 3 0 0
Blank 8 9.33 6 0 0 1.33 1.33 0 0 7 8 10.33 2.67 13.33 7.67 0 2.33 0 0
Correction

N5.40_1 7 5 5 4 3 1 0 0 0 4 1 8 1 6 9 0 2 0 0
N5.40_2 4 3 3 2 0 1 0 0 0 4 2 5 0 16 5 0 1 0 0
N5.40 3 3 2 3 0 2 1 0 0 0 1 0 12 0 9 3 0 2 0 0
Average 5 3 4 2 2 1 0 0 0 3 1 8 0 10 6 0 2 0 0
Blank 2 1 2.33 0 0 0 0 0 0 3 0 4.67 0 7 2.33 0 1.33 0 0
Correction

N6.40_1 2 2 3 3 1 0 0 3 1 5 2 10 5 0 0 0 0
N6.40_2 2 6 3 2 2 0 0 2 1 5 1 12 0 0 0 0
Average 2 4 3 1 3 2 0 1 0 3 1 5 2 11 5 0 0 0 0
Blank 0 1.67 1.67 0 1.17 1.17 0 1 0 2.5 0 1.33 1.5 7.67 1.67 0 0 0 0
Correction

N7.40_1 0 2 5 0 1 2 0 1 0 1 3 5 0 5 2 0 0 0 0
N7.40_2 4 1 2 1 0 1 0 2 0 0 0 10 0 17 13 0 3 0 0
N7.40 3 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
Average 1 1 2 0 0 1 0 1 0 0 1 5 0 7 5 0 1 0 0
Blank 0 0 1 0 0 0 0 1 0 0 0 1.33 0 4 1.67 0 0 0 0
Correction

337




PE PES PET PP PS PVC PU ABS PC PVA Nylon/ | Acryli | CE PMM | PLS Rbr PLA SBR SAN
PA [ A

D1.1_1 7 4 5 2 9 2 3 1 0 5 1 8 3 19 10 0 4 0 0
D1.1 2 7 15 5 2 10 2 2 0 2 1 2 10 5 8 11 0 5 0 0
D1.1.3 7 8 5 1 2 2 0 0 4 2 3 7 5 13 9 0 8 0 0
Average 7 9 5 2 7 2 2 0 2 3 2 8 4 13 10 0 6 0 0
Blank 6 7.67 3.17 1.33 5.17 1.83 1.5 0 2 2 0 5 3.83 11 6 0 4.5 0 0
Correction

D1.25 1 3 0 2 0 1 4 1 1 0 6 4 3 7 5 2 0

Average 4 3 1 3 3 1 2 1 5 3 9 3 0

Blank 3.5 2.5 0 0 1.25 2.75 1.08 0 1.5 0 0 1.17 2.92 6.67 1.5 0 2.08 0 0
Correction

D2.25 1 4 5 5 0 1 1 1 0 0 0 4 3 1 9 2 0 1 0 0
D2.25 2 4 5 1 0 1 0 0 0 0 0 2 6 0 8 5 0 3 0 0
D2.25 3 3 5 1 0 2 0 0 0 0 0 2 3 0 9 3 0 2 0 0
Average 4 5 2 0 1 0 0 0 0 0 3 4 0 9 3 0 2 0 0
Blank 2.67 3.67 0 0 0 0 0 0 0 0 0 0 0 6.33 0 0 0 0 0
Correction

D2.50_1 9 8 5 0 2 1 0 0 8 5 12 4 19 10 0 6 0 0
D2.50 2 6 18 4 2 2 3 1 0 4 3 4 4 13 0 7 0 0
D2.50 3 3 3 1 0 1 1 0 1 0 3 0 8 3 6 3 0 2 0 0
Average 6 10 3 1 2 2 0 1 0 5 3 8 4 11 9 0 5 0 0
Blank 5 8.33 1.5 0 0 1.5 0 0 0 4.33 0 4.67 3.17 8.33 4.67 0 3.83 0 0
Correction

D325 51 1 0 0 0 0 0 1 0 0 0 1 0 1 4 0 0
D32552 |2 3 3 0 1 0 0 0 0 0 0 1 0 0 3 0 0
D32553 |2 1 0 0 0 0 0 0 0 0 0 0 1 0 2 0 0 0 0
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1.67
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16
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1.5
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2.67
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16
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PP

PET

1.17

11

16
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233

15
12
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2

6
0
6
4

0
4
2
2

4
3
3

233

22
7
0
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Average

Blank

Correction
D3.50 1

D3.50_2

D3.50_3

Average

Blank

Correction

D4.10_1

D4.10_2
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Average

Blank

Correction
D4.25 1
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D4.25 3

Average

Blank
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D4.50 1

D4.50_2

D4.50_3
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PE PES PET PP PS PVC PU ABS PC PVA Nylon/ | Acryli | CE PMM | PLS Rbr PLA SBR SAN
PA [ A

Blank 8.67 7.67 7.17 2.67 0 3.83 0 0 1 6.67 3.83 9 2.17 13.67 9.67 0 3.83 0 0
Correction

D5.1_1 24 21 11 6 4 13 5 1 3 18 28 32 20 25 27 0 19 0 0
D5.1 2 0 2 1 0 1 1 0 0 0 0 2 5 3 4 1 0 1 0 0
D5.1 3 6 14 3 1 5 3 0 0 4 7 8 18 5 17 11 0 5 0 0
Average 10 12 5 2 3 6 2 0 2 8 13 18 9 15 13 0 8 0 0
Blank 9 11 3.17 2 1.5 5.5 1.5 0 2.33 7.67 9.5 15 8.83 13 9 0 7.17 0 0
Correction

D5.10_1 5 6 1 2 1 0 1 2 0 0 0 9 0 14 3 0 2 0 0
D5.10_2 8 14 7 1 4 1 0 0 0 10 4 9 3 10 16 0 5 0 0
D5.10 3 6 20 3 1 5 4 3 0 0 2 5 20 4 15 13 0 0 0 0
Average 6 13 4 1 3 2 1 1 0 4 3 13 2 13 11 0 2 0 0
Blank 533 12 1.83 1 1.5 1.5 1.17 0 0 3.33 0 9.33 1.83 10.67 6.67 0 1.17 0 0
Correction

D5.25 1 5 5 0 0 0 1 0 0 1 2 6 2 4 9 0 3 0 0
D5.25 2 13 10 2 2 3 4 0 0 0 6 6 18 6 3 12 0 9 0 0
D5.25 3 1 4 1 0 0 1 0 0 1 2 0 6 2 5 5 0 1 0 0
Average 6 6 1 1 2 0 0 0 3 3 10 3 4 9 0 4 0 0
Blank 533 5 0 0 0 1.5 0 0 0 2.33 0 6.67 2.83 1.67 4.67 0 3.17 0 0
Correction

D6.25 1 5 4 2 2 9 2 1 1 0 4 4 14 10 22 13 0 5 0 0
D6.25 2 5 0 3 1 4 1 0 1 0 8 1 22 6 23 16 0 8 0 0
D6.25 3 1 5 3 0 2 2 2 0 0 0 0 2 1 10 7 0 3 0 0
Average 4 3 3 1 5 2 1 1 0 4 2 13 6 18 12 0 5 0 0
Blank 2.67 1.67 0 0 3.17 1.5 0 0 0 3.33 0 9.33 5.17 16 8 0 4.17 0 0
Correction
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PE PES PET PP PS PVC PU ABS PC PVA Nylon/ | Acryli | CE PMM PLS Rbr PLA SBR SAN
PA c A

D7.25_1 12 4 5 1 3 0 1 1 0 2 1 14 2 24 17 0 3 0 0
D7.25 2 6 3 3 1 7 1 2 0 1 5 2 11 2 40 12 0 3 0 0
D7.25 3 5 7 7 0 2 4 1 0 1 4 5 8 6 6 8 0 1 0 0
Average 8 5 5 1 4 1 0 1 4 3 11 3 23 12 0 2 0 0
Blank 6.67 3.33 3.17 0 2.17 1.5 1.17 0 0 3 0 7.67 2.83 21 8.33 0 1.17 0 0
Correction
Field 1 3 1 0 2 0 0 0 0 0 2 3 1 2 5 0 3 0 0
Blank 1.1
Field 0 0 2 1 2 0 0 0 0 0 2 4 0 3 4 0 0 0 0
Blank 1.2
Field 5 3 3 0 1 0 1 0 0 2 5 4 1 2 5 0 1 0 0
Blank 1.3
Field 0 0 2 1 2 0 0 0 0 0 2 4 0 3 4 0 0 0 0
Blank 2.1
Field 0 2 1 0 3 0 0 1 0 1 0 2 0 1 1 0 2 0 0
Blank 2.2
Field 0 0 2 0 1 1 0 0 0 1 8 3 1 3 5 0 1 0 0
Blank 2.2
Average 1.0 1.3 1.8 0.3 1.8 0.2 0.2 0.2 0.0 0.7 32 33 0.5 2.3 4.0 0.0 1.2 0.0 0.0
Field
Blank
Nano 3 4 0 1 3 0 0 0 0 0 5 5 0 2 3 0 1 0 0
Blank 1.1
Nano 2 1 1 3 1 1 0 0 0 0 5 2 0 4 4 0 0 0 0
Blank 1.3
Nano 3 2 3 2 0 0 0 0 0 0 2 4 0 4 3 0 0 0 0
Blank 1.3
Average 2.7 2.3 1.3 2.0 1.3 0.3 0.0 0.0 0.0 0.0 4.0 3.7 0.0 33 33 0.0 0.3 0.0 0.0
Nano

Blank
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Abstract

Atmospheric microplastics (MPs) are an emerging environmental concern due to their
influence on human, environmental and climate health. MPs have been reported globally,
from large urban centres such as Shanghai, to remote regions as far as Antarctica. However,
there are still considerable knowledge gaps regarding the presence, characteristics and
transport pathways of MPs in remote regions. For the first time, deposition and suspended
particulates in the planetary boundary layer in the Arctic are measured over a 28-day at Ny-
Alesund in Svalbard (78.9235° N, 11.9099° E), Norway. By utilising uRaman and Nile Red
staining with fluorescence microscopy, the average deposition rate was found to be 37.31 +
30.19 MP/m?, with an average suspended particulate concentration of 4.15 + 9.42 MP/m°.
MP particles were primarily <20 pum (72%) and fragments were the most common shape.
Predominant polymers identified are Acrylic (16%), Polysulfone (PLS), (14%),
Polyethersulfone (PES) (11%), and Polyvinyl alcohol (PVA) (11%). Deposited particles
were in general 1% greater in plastic content and had a higher PLS component than
suspended atmospheric samples. Local weather data is used to explore the potential
meteorological drivers and transport mechanisms affecting MP concentration. Modelling
indicates as potential sources of pollution in Svalbard the North Atlantic Ocean, Northern
Greenland and the High Arctic, but highlight that when higher concentrations were
measured, the air was coming from continental Europe. This is the first time both suspended
and deposited atmospheric MPs have been reported concurrently in the Arctic, providing
crucial evidence of MP pollution transport and deposition in the Svalbard PBL. More
consistent remote region sampling, analysis and reporting are needed for more effective
comparison and monitoring of this pollutant in pristine and vulnerable locations such as the
Arctic.
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Introduction

Microplastics (MPs) have been reported in every environmental compartment in locations all
over the world, from remote mountain catchments (Allen et al., 2019) to megacities (Liu et al.,
2019). MPs have been considered by some to be one of the most pressing concerns of this
generation (Thomson et al., 2024) due to the extent of MP pollution, the associated risks to
ecosystem function (Akdogan & Guven, 2019), human health (Jenner et al., 2022) and the
climate system (Aeschlimann et al., 2022; Revell et al., 2021). MPs have been examined in
marine and freshwater systems (Kye et al., 2023), but despite a recent increase in attention of
the role of atmospheric transport of MPs (Zhang et al., 2019), there remain notable knowledge
gaps. This is especially true in relation to atmospheric transport processes and the weather
patterns that contribute to MP dispersion, suspension and deposition. Furthermore, given the
nature of this transboundary pollutant, source appointment relies on particle modelling to trace
transport patterns.

It is thought that atmospheric pathways are crucial in the transport of MPs to the world’s
remote regions such as the Arctic (Evangeliou et al., 2020) and Antarctica (Aves et al., 2022).
The Arctic region has been described by some as relatively pristine due to its remote location
and small population, and act as sentinels with regards to pollution due to the unique
environmental characteristics and ecosystems (Irrgang et al., 2022). The geographic location
and distinctive climate make it an important indicator of global environmental health. It is also
thought that the Arctic acts as a sink for global pollutants, primarily because of its cold climate
and the prevalent atmospheric circulation patterns that transport pollutants from lower
latitudes (Zhang et al., 2023). Due to ‘Arctic amplification’ it is hypothesised that the Arctic
region is warming up to four times faster than the rest of the world, which can affect weather
patterns (Rantenten et al. 2022) and the vertical atmospheric transport of pollutants like MPs
(Revell et al., 2021). Furthermore, the extensive and seasonally changing ice cover within the
Arctic and seasonal variations in temperature and precipitation facilitate the accumulation and
release of pollutants (Obbard et al., 2014), which can impact local ecosystems and the global
climate system.

The deposition of atmospheric pollutants, including MPs, in the Arctic is facilitated by long-
range atmospheric transport mechanisms that can transport contaminants and particulate
matter thousands of kilometres away from their source (Zhang et al., 2020). When suspended
in the atmospheric compartment, MP can be transported by prevailing winds to the Artic
region where they can accumulate in snow and ice. These precipitously detained MPs can
then be transported via ice melt into the Arctic Ocean and impact wildlife and ecosystem
functions (Emberson-Marl et al., 2023). MP contamination in the Arctic has been studied in
the marine environment (Ramasamy et al., 2021) and has been reported in all levels of the
Arctic food web (Bergmann et al., 2022). -

While atmospheric MP deposition in the Arctic has been studied through snow sampling
(Bergmann et al., 2019), measurement of suspended MPs has yet to be undertaken, Moreover,
deposited and suspended particulates have not been measured in conjunction in the Arctic. It
has been recommended that both forms of atmospheric measurements be conducted in order
to create a more complete and comprehensive understanding of total atmospheric content and
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transport (Zhang et al., 2020). This study aims to fill this gap by conducting a continuous 28-
day sampling campaign consisting of both active and passive measurements in the Arctic to
quantify and collecting deposited and suspended atmospheric MPs. By examining both forms
of particulates, it is hoped to gain a better understanding of how particle deposition and
suspension influences atmospheric MP concentrations in this region and how this could be
influenced by weather patterns and transport processes.

2. Methods

2.1 Sample location and collection

Ny-Alesund is located on Svalbard and Jan Mayen, Norway, (Figure 1a) and hosts a number
of research stations and activities supporting Arctic research. The station is located at 78.9237°
N, 11.9227° E, and is considered as one of the most northern inhabited civilizations in the
world. A former mining village, the site is now run by Kings Bay and hosts a range of
international research stations (Kings Bay AS, 2021). The Ny-Alesund research stations are
defined and established, through past research and actions, as a primary Arctic research
frontier and one of few truly high latitude Arctic research locations. From 17 May to 14 June
2022, a continuous 28-day atmospheric sampling campaign was conducted at Ny-Alesund
consisting of daily active and passive measurements, with the support of the Norwegian Polar
Institute (NPI).

344



Arctic Circle
(66°33"N)

Equator

©) \ o aesers
P

__Antarctic Circle
(66°33'S)

N
W |t
z |l

it (ST B LLLL

Figure 1. Black points indicate Ny-Alesund and the location of the research. 14 indicates
the sample location relative to the extreme latitudes, 1B highlights the sample location
within the more detailed visualisation of the Arctic circle. 1C indicates that actual building
location where the sampling was undertaken, building image provided in 1D.

The sampling equipment was placed on the roof of the Veksthuset research station at Ny-
Alesund (see Figure 1d) at ~4.5m above ground elevation (AGL). The equipment was
mounted on a rail, away from the passing footfall of station staff, researchers and any possible
tourists, and in an area where access was limited to minimise local contamination.

Passive deposition samples were collected using a deposition chamber (see Figure 2a) filled
with a solution of 500ml of milli-Q water and 50ml of ethanol (20%) to collect deposited
particulates and prevent the liquid from freezing at low temperatures. Quartz filters
(Whatmann, QMA, 1.6um pore size; 25mm) and replaced with a new solution daily.
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Figure 2. a) Passive (red box) and active equipment set-up on Veksthuset station roof; b)
Active equipment set-up at the Veksthuset station (direct air filtration sampler and
nanotank samplers)

Active suspended atmospheric samples were collected using two comparative methods in
order to capture a wider size range of particulates. The first method uses a pump to draw air
into a sealed chamber and through 500 mL of sample collection solution (the same 10%
ethanol/milli-Q water); this method is identified as the nanotank. The pumping rate was set at
15 L/min, and the nanotank collection solution was collected daily and vacuum filtered onto
QMA filters (same porosity and make as used for the deposition samples). The second and
commonly used suspended atmospheric sampling method employed was a standard direct air
filtration sampler. Using a pumping rate of 20L/min, monitored with air flow measurer, air
was drawn through the stainless-steel chamber where particulates were collected on the same
QMA filters (see Figure 2b). The filters were then switched every 3 days. All samples were
stored in pre-treated aluminium tins prior to analysis.

2.2 Micro-Raman (uRaman) spectroscopy

Micro-Raman (pRaman) spectroscopy was used to provide polymer characterisation,
specifically identification of the types of plastic polymers within the different sample sets.
uRaman uses a laser to excite molecules within the selected particle, causing the release of
photons and the resulting signal provides information on the chemical structure and molecular
interactions. This fingerprint or signal dataset, incorporating both the chemical makeup and
types of bonds, create a vibrational spectrum that is unique to individual plastic polymer types.
Individual particles can be characterised through comparison of these pRaman spectra and
established libraries of known plastic polymers (Enyoh et al., 2019).

A selection of the samples were analysed with pRaman spectroscopy (23% of samples, 15
unique individual samples completed in triplicate) in order to gain a picture of the polymer
composition of the dataset. While it would be ideal to undertake analysis of the totality of all
filters using pRaman, the resource (both financial and time) required to achieve this with a
sample set of 65 sample types and timesteps (n = 195 including triplicate assessments) make
this unviable. Therefore, five days of deposition samples, five days of nanotank samples, and
three active direct air filtration samples were randomly selected across the 28-day period and
analysed using the uRaman. The pRaman spectrometer (WiTec Alpha 300 RA, Helmholtz
Association, Leipzig) used employed a 532nm laser with a 1200mm™' grating and 50pum split
settings. The spectrometer was set to collect spectra between 200-2000 cm™' Raman shift for
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all particles down to 1.6 um, with an acquisition time of 10 seconds and 2 accumulations and
with power at 35 mW. Each sample was analysed in triplicate across three areas (=1% of the
filter in each sub-sample window, 1x1mm). There was no bias in the particle selection for
analysis based on colour, shape, or size (all particles were analysed irrespective of
appearance), and the filter was also analysed for background spectra analysis. There were >100
particles analysed per subsample. This sub-sample area selection was used to provide a
representative sample (>100 particles) (Zhao and Dahal, 2020; Cowger et al., 2024) within a
sensible and achievable time frame.

The resulting spectra were saved as SPC files and analysed using Spectragryph (version
1.2.15) (Menges, 2022). Multivariate analysis of each spectra was completed and reference
libraries were used to confirm polymer identification (SIMPLE, SLOPP and SLOPPE
databases and the laboratory reference plastics spectral database (Jin et al., 2022; Levermore
et al., 2020; Xu et al., 2020). Particles were only confirmed as plastic if a HIT (hit quality
index) rate of >80% was achieved (Cowger et al., 2020; Levermore et al., 2020), and those
below the <80% threshold discounted as non-plastic particles.

2.3 Nile Red staining

In order to gain information on the size and shape of the MP particles and a comprehensive
particle count, samples were also analysed with Nile Red fluorescence microscopy. Fibres
were identified using the standard 1:3 width ratio as used frequently within MP studies (Na et
al., 2024; Li et al., 2020), and the rest are classified as fragments. A 1% (0.1ug mL™") Nile Red
solution was used to stain the samples, which were then oven dried at 30°C overnight and then
stored in a fridge 4°C in sealed aluminium containers to rest before they are imaged with the
fluorescent microscope. It has been reported that this process of drying, cooling and de-
energizing (in the dark) can aid with the MP staining, fluorescence efficiency and minimise
staining of organics resulting in false-positives (Galvao et al., 2023).

All samples that were not subject to pRaman analysis were imaged with a fluorescence
microscope (Nikon Eclipse LV100ND), using a x10 objective and fluorescence mode (with
QMA Whatmann with 1.6um pore size), and a 470nm wavelength lamp. A transect of images
(1.4 x 0.94 mm each) were taken from the top to the bottom of the filters resulting in 20% of
the filter being analysed (taking into consideration the sub-sample method findings of
Huppertsberg and Knepper (2018)). The software FlJI/Imagel] (Schindelin, et al., 2012)
enabled automated particle count, shape and size. Resulting MP counts were then calculated
relative to the total area of the area analysed and extrapolated for the total area of the filter.

2.4 Microplastic contamination prevention

Multiple steps were taken to ensure that contamination of MPs was minimised at each step of
the data collection and analysis process. In the field, the equipment was set-up away from any
potential interference or contamination from visitors and station staff . In addition to this, only
natural materials were worn during the collection of samples (wool, cotton) and blanks were
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taken during sample collection, in the processing laboratories in Svalbard and in Glasgow. The
University of Strathclyde, where sample preparation and all Nile Red staining and images were
produced, has a MPs clean lab where only natural materials are permitted to be worn, cotton
lab coats are used, an air filter is used, cleaning with ethanol and milli-Q is conducted regularly
and access 1s limited in order to minimise contamination. In addition, the filters used to collect
samples and the stainless-steel containers used to store and transport the samples were heat
treated before use (~450C oven for 15 minutes). The ethanol used for field sampling was
vacuum filtered before use (Whatmann QMA filters with 1.6um pore size) and blanks of the
milli-Q, ethanol and the milli-Q/ethanol solution were taken. All blanks were treated in the
same way as the samples, with one being analysed with pRaman spectroscopy to gain an
understanding of polymer contamination, and the rest stained and imaged with Nile Red to
understand the particle size, shape and number of particulates from contamination. All results
have been adjusted to account for the contamination found in these field and procedural blanks
based on their particle size distribution from the Nile Red staining of blanks (<30% of total
plastic particle count), as there were no identified polymers in the blank subjected to pRaman
analysis.

2.5 Statistical analysis
To calculate the amount of MPs in each deposited and suspended sample, the following sets
of equations for used.
To calculate the number of MPs per sample (all samples):
uP = (Py/A;) x A¢
puP = MP per total sample
Ps = MP particles in the subsampled area (count)
A ¢ = area subsampled (mm?)
Ar= area of total filter (mm?)

For individual suspended samples (direct air filtration and nanotank), to calculate the volume
of air per sample, following equation was used:

V = (t; x £5)/1000
ts = time (mins) for the total sample
fs = flow rate (L/min) for the sample
V = air volume sampled (m?)

For the suspended air samples (nanotank and direct active air samples), the total representative
MP per m® is calculated as:

Total suspended MP = uP/V (MP/m?) , which in long had is:
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MP = ((PJ/A ) x Ar)/ ((ts x £5)/1000)
For total deposition samples
MP = uP/ A¢ (MP/m?)
V= (Ps/As) x Ar)/Aq

Where A4 = area of the deposition collector open to the atmosphere (m?) (i.e. the deposition
bucket base area).

Filters were generally 47mm diameter for active air samples, 25mm diameter for nanotank
samples and deposition samples. Sample durations ranged from = 1430mins for 24 hour
(nanotank and deposition samples) or = 4305 mins for 3 day set sampling durations (direct air
filtration samples). Sample flow rates for active samples were 15 L/min for the nanotank and
20 L/min for the direct air filtration samples.

2.6 Relationship with Weather Parameters

One of the main research questions was to identify potential drivers of atmospheric
microplastic pollution in this region and if there was a possible relationship between
MP concentrations and weather parameters. Weather data collected at the Ny-Alesund
research station was collated from the Norwegian Centre for Climate Change
repository (Maturilli et al., 2022a, 2022b; Norwegian Centre for Climate Services,
2022) for the sampling period May-June 2022. Due to the difference physical
processes represented by the deposition vs the nanotank and active air samples,
correlation analysis was undertaken for each sample type and atmospheric variable
separately. The main weather parameters assessed were precipitation (mm),
atmospheric pressure (hPa), humidity (mean dew point, mixing ratio), snow depth
(cm), snow cover (%), wind speed (m/s), wind direction (and as an extension of this,
whether the wind was land or sea-based). Pearsons correlation coefficient (r) was
calculated for each variable and MP dataset along with the corresponding p-value.

2.7 Atmospheric dispersion modelling

The transport of MP to the sampling sites (receptor) was simulated using the Lagrangian
particle dispersion model FLEXPART version 11 (Bakels et al., 2024). The model was driven
by ERAS assimilated meteorological analyses (Hersbach et al., 2020 with 137 vertical levels
and a spatiotemporal resolution of 0.5°x 0.5° and one hour. FLEXPART treats gravitational
settling (Tatsii et al., 2024), dry and wet deposition of aerosols (Grythe et al., 2018), turbulence
(Cassiani et al., 2018), unresolved mesoscale motions (Stohl et al., 2015), and deep convection
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(Foster et al., 2007). FLEXPARTvV11 uses a new feature that simulates non-spherical shapes
(Tatsii et al., 2024), which makes it unique for MP considering that MP are usually in the
shape of fragments or fibres.

Surface concentrations were simulated by releasing computational particles at heights 0—100
m from the receptor in the classic “retroplume” mode. Wet and dry deposition at the receptor
was simulated separately (Eckhardt et al., 2017). Specifically, wet deposition was
reconstructed after releasing computational particles at the sampling site (receptor) at altitudes
of 0-20 km above sea level and wet removal was calculated using different coefficients for in-
cloud and below-cloud scavenging. For dry deposition, computational particles were released
at 0—30 m at the same receptor point, as this shallow layer is equal to the height of the layer in
which, in forward mode, particles are subject to dry deposition. All released particles represent
a unity deposition amount, which was converted immediately (i.e. upon release of a particle)
to atmospheric concentrations using the deposition intensity as characterized by either the dry
deposition velocity or wet scavenging rate (Grythe et al., 2018).

The model output consists of a footprint emission sensitivity that expresses the probability of
any emission occurring in each grid-cell to reach and/or deposit at the receptor. It is converted
to modelled concentrations or deposition rates, when coupled with gridded emissions.
Modelled concentrations or deposition rates can be calculated as a function of the time elapsed
since the emission has occurred namely “age spectrum”, for specific regions/continents
(“continent spectrum”), and for different source categories (“source spectrum”). Here, we
coupled footprints with updated emissions from Evangeliou et al. (2022) that were derived
with top-down approach.

3. Results

3.1 Microplastic Concentrations: Suspended and Deposited Particulates

From the uRaman and Nile Red fluorescence particle analysis, the average deposition rate of
MP particles during this period was 37.31 + 30.19 MP/m?. The highest reported deposition
sample was taken on 26 May 2022 with 127.45 MP/m? (Deposition sample number 9), and the
lowest with 8.20 MP/m? was taken on 06 June (Deposition sample number 20). MP
concentrations for each timestep (for deposition) and sample type are displayed in Figure 3
(SuppInfo Table X5).
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Figure 3. a) MP concentrations for active direct air filtration samples (MP/m’); b) MP
concentrations for active nanotank samples MP/m* ¢c) MP concentrations for passive
(deposition) samples (MP/m?); error bars indicate standard deviation. Nanotank and

Deposition samples represent daily sampling, while each direct air filtration sample was
collected for three days.

The average MP concentration for suspended particulates was 4.15 + 9.42 MP/m’ (with
nanotank samples 1.51 +1.75 MP/m® and direct air filtration samples at 8.85 at 8.85 +
15.57MP/m?). The highest concentration of suspended particulates was 49.06 MP/m?, taken
with a direct air filtration sampler between 29 May and 01 June (direct air filtration sample
number 5, Figure 4), and the lowest concentration from direct air filtration samples from 20-
23 May with 2.26 MP/m? (direct air filtration sample number 2, Figure 4).
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Figure 4. MP Concentrations for Active/Suspended Samples; Direct Air Filtration with
Corresponding Nanotank Values (Supp Info Table X5)

For the nanotank samples, the procedural blanks were fairly contaminated, which was likely
due to the milli-Q supply (see Supplementary Information). The highest nanotank
concentrations were found on 18 May with 7.12 MP/m? (Nanotank sample number 1), with
the lowest day with no particles present after blank correction on 23 May’21 (Nanotank sample
number 6). This lower concentration is in line with comparative lower direct air filtration
concentrations on the same day (Air sample number 2) which could indicate low levels of
suspended pollution on this day. After reviewing the nanotank MP results, a longer sampling
duration or a higher pumping rate is recommended in order to collect a representative dataset
in a more pristine environment. Furthermore, due the tendency of Nile Red to stain organic
material (Chatterjee et al., 2023), a more conservative approach was taken to analyse the

dataset which may have resulted in a lower particle count but this was preferred to an over-
estimation of results.

It is acknowledged that both nanotank and active air samplers collect particles suspended and
transported in the lower atmosphere. The samplers collect particles in different mediums
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(water vs directly onto a 1.6 pm filter respectively) and it is recognised through past published
research that different sampling methods can result in variation in sample results, especially
in the field.

With the uRaman analysis, there was a notable difference in the number of MP particles
identified in both the active samples and deposition samples (Table 1). The average MP
particle count for all samples identified by pRaman analysis is 0.95MP/m? (+ 0.57 MP/m? and
deposition 12.1 MP/m? (+ 16.6 MP/m?) (Table 1 and Supp Info). There is also approximately
x 3 to an order of magnitude more particles (all particulate matter, not just microplastic) in the
deposition samples compared to the air samples and approximately twice as many MP particles
in the deposition samples compared to air samples.

Table 1. Average MP for suspended and deposited particulates and Total Particles (all
particles highlighted for analysis, including non-polymers) identified using uRaman

analysis
% particles | Standard | Total MP/m*® | Standard
that are Deviation | particles/m? Deviation
plastic
Suspended 1% 0.06% 34.49 0.4 0.18
Particulates - Active
Direct Air Filtration
Samples
Suspended 1% 0% 118.2 1.2 0.49
Particulates - Active
Nanotank Samples
Deposited 2% 2% 613.5 (m?) 12.1 16.6
Particulates — Passive
Samples

3.2 Microplastic characteristics

The majority of MP particles (72%) were <20pm in size. The largest particle (a fibre)
identified was 250um (found in a deposition sample) and the smallest particle identified was
1.6um (given the lower limit of the 1.6pum pore size used on the filters). The suspended
particulates displayed slightly larger particle size distributions with more particles above
>20um than deposition samples (see Figure SA).
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Figure 5. a) Particle size distribution for suspended particulates (direct air filtration and
nanotank samples) as a percentage of the total particle count; b) Particle size distribution
for deposition particulates (deposition samples) as a percentage of the total particle count
(Supplnfo Table X1-3)

Fragment and fibre were the two categories chosen for the analysis of particle shape
given the difficultly in defining films (Borah et al., 2024; Allen et al., 2019). The most
common shape found was fragment with only 2% of the particles analysed being
identified as a fibre (Supplementary Info). Both the suspended and deposited
particulates displayed similar percentages of fragment and fibres (both < ~2%
identified as fibres).

3.3 Polymer composition (uRaman)

MP particles were identified in all samples (n=15) for both active (suspended) and deposition
samples. The predominant polymers were Acrylic (16%), PLS (polysulfone) (14%); PES
(Polyethersulfone) and PVA (Polyvinyl alcohol) (both 11%) (Figure 6). Both deposited and
suspended particulates had similar polymer compositions, however PLS, PU, Rubber, PLA,
SBR and SAN was more prevalent in deposition samples.
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Figure 6. a) Polymer composition direct air filtration samples; b) polymer composition of
nanotank air filtration samples; c) polymer composition of deposition samples; (all
expressed as total percentage of polymers identified using uRaman); d) Image of
deposition filter from micro-Raman spectrometer (QMA Whatmann 25mm, 1.6um; x10
objective)

Although it is unusual to not see PE, PET, and PVC in the polymer composition of these
samples, this could be due to the small particle size at this location, or the influence of different
local and distal sources.

3.4 Atmospheric MP pollution and weather parameters at Ny—zﬁesund, Svalbard
No significant correlation was found between MP concentration and precipitation, and other
meteorological variables such as wind speed, wind direction, atmospheric pressure, snow
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cover and snow depth, for both suspended and deposited particulates. For MP concentration
and cloud cover, there was also a moderate positive correlation with deposition (r=0.454,
Pearson Correlation p=0.02), but not with suspended samples, indicating that deposition of
atmospheric MP pollution could be influenced by cloud cover. A positive relationship between
direct air filtration samples and the mixing ratio (measure of quantity of water vapour in air
relative to dry air was identified (p=0.0001). However, overall, the absence of a strong
correlations between MP numbers and individual local meteorological conditions suggests
transport and deposition of MPs at the local level is complex with a number of contributing
factors.

When correlations between MP concentration and the weather patterns were not strong, the
MP concentrations were split into two size categories >20um and <20 um. Given that more
than 80% of both deposited and suspended particulates identified were below 20 pum, it was
thought that this could be a determining factor in the transport of atmospheric microplastic via
weather processes. For snow depth, there was a stronger correlation for particles <20pum than
>20um, for direct air filtration (suspended) particulates (r=0.939, p < .001) and deposition
particulates (r=0.432, p= 0.0216), but a non-significant positive correlation for nanotank
samples (suspended) (r=0.183, p= 0.351). This suggests that snow could be driving the
deposition and suspension of atmospheric MP particles below <20um. The depth of snow in
this context is the height of accumulated snow, while precipitation refers to total moisture from
the sky (including rain, snow, sleet and freezing rain) (Norwegian Centre for Climate Services,
2025). As it is considered that snow is a more effective scavenger of airborne pollutants than
rain, due to its higher porosity (Nazarenko et al., 2017) this could indicate that Arctic
environments are particularly susceptible to particularly susceptible to being a sink for MPs
as they have more snow.

For precipitation there was a stronger negative relationship with particles >20um (p=0.040)
than the other samples which is consistent with findings that larger particles are more easily
scoured from the atmosphere via rain than smaller particles (Parashar and Hait, 2023). There
may be less MP removal efficiency from rain due to the hydrophobic nature of MPs (Revell
et al., 2021), which could also explain why the weaker relationship between precipitation and
MP concentrations for all sample types. For both active sampling methods, there was a positive
relationship between particles <20um and wind direction (p<0.01), but not deposition, which
indicates a possible trend with wind direction and suspension of smaller particulates. There
was a statistically supported higher concentration when wind direction was on-shore, from sea
to land, for nanotank particulates >20pm but no trend with deposition. For direct air filtration
samples <20um there was a statistically significant positive relationship with mixing ratio and
the mean dew point average (definitions in Supplementary Information; p=0.02), suggesting
that the suspension of smaller particulates are influenced by water vapour present in the
atmosphere. Overall, even when particles are split into size fractions, it is evident there are
numerous complex processes affecting the transport, deposition and suspension of MP
particulates in Ny-Alesund.
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3.5 Potential contributing sources of MP in Svalbard

The source contribution to modelled atmospheric concentrations or deposition rates is shown
in Figure 7. For this, the calculated source-receptor relationships (footprints) for the exact
sampling dates and times are coupled with updated emissions from Evangeliou et al. (2022),
which are shown in Supplementary Figure X1. Active, nanotank and passive observations are
represented by the green line. In general, we see that modelled concentrations are
overestimated. This points out the general problem of efficient atmospheric dispersion
modelling of MPs, which is associated with the uncertainty of the current source emissions,
both in terms of emission intensity, but also with the accurate geolocation of the main sources.
However, especially for the observed concentrations, the model represents well the timing of
the highest levels measured (end of May for both passive and nanotank samples).

As regards to the contributing sources to surface concentrations, the prevailing sector is
oceanic MPs, though the concentrations are low. Oceanic macroplastics decompose over time
to smaller MPs, due to photodegradation, and are often remobilised, when breaking waves
cause bubbles of trapped air to rise and burst (Allen et al., 2020). They are then subject to
long-range transport and may deposit on the marine or terrestrial environment, somewhat
similar to the well-known grasshopper effect for persistent organic pollutants (Gouin, 2021).
The peaks of oceanic MPs that coincide with high observed surface concentrations in Figure
7a originate from North Atlantic on June 1% (see Fig. X2). Today, there is an ongoing debate
about whether the ocean is just a sink for atmospheric MPs or a significant source with many
researchers supporting one or the other approach (Evangeliou et al., 2022; Brahney et al., 2021;
Yang et al., 2025; Bucci et al., 2024). Observations combined with dispersion models suggest
that there is high probability that MP are resuspended from the ocean and transported over
long distances for their source. For instance, GoBmann, et al. (2023) reported surface
concentration of over 30 ng m during a ship campaign over the Norwegian coasts, when air
was originating directly from the ocean (west). Ferrero et al (2022) reported concentrations of
24 + 9 and 45 + 20 items m* in the open Baltic Sea and to the Gotland Island, very close to
those measured in the sea (79 £ 18 items m ). Caracci et al. (2023) showed that samples
largely influenced by sea-spray and air masses originating from coastal South America and
the north Atlantic subtropical gyre were more contaminated by MNPLSs along the transect from
Vigo (Spain) to Punta Arenas (Chile).
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Figure 7. Source contribution to modelled MP at Ny-Alesund for (a) active and nanotank
samples (surface concentrations and (b) passive samples (deposition rates). Five different
emission sectors were considered, namely MP suspended from the ocean (sea-spray),
agricultural activity (e.g., agricultural nets), soil (mineral dust), road dust (tire wear
particles) and microfibers (releases from clothes of the population), adopted from an
updated version of the MP emission dataset from Evangeliou et al. (2022).

The modelled results for passive samples deviated more from the respective observations
(Figure 7b), although the highest modelled deposition rates were obtained for observations
that were 50 items m-2 d! or higher. However, there were observations, for which model
showed zero deposition (e.g., 21 — 24 May). Although in the same order of magnitude,
modelled deposition rates are again overestimated; they also show contributions from other
emission sectors, such as road dust and agricultural activity (nets). The largest contribution is
again achieved for the same dates as in the active and nanotank samples (30 May — 4 June).
During this period, the footprint covered not only oceanic domain, but also parts of the United
Kingdom and Europe, which denotes that MP can also originate from there too (Fig. X3).
Following findings from Brahney et al. (2020) who reported that wet deposition constitutes
around 20% of total deposited MP (wet + dry) after measuring MP with special buckets that
could separate precipitation and settling, we have assumed that wet scavenging contributes
about 20% of total deposition by adjusting the scavenging coefficients in the model. This is a
realistic approach considering that MP consist of macromolecular polymers that are largely

hydrophobic.
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4. Discussion

One of the main research aims was to establish if there were differences between deposited
and suspended particulates in the Arctic region. However, there was no correlation between
the highest and lowest reported MP concentrations for each type of sample, suggesting that
each sample had relative efficiencies at collecting particulates. In terms of the Nile Red results,
the average deposition rate during this period was 37.31 + 30.19 MP/m?, and the average
suspended particulate concentration was 4.15 + 9.42 MP/m? (with nanotank samples 1.51 +
1.75 MP/m’ and air filter samples at 8.85 + 15.57MP/m?). This highlights the difference in
reported concentrations of both methods, and how this can make comparison between studies
and countries difficult. From the uRaman analysis, the deposition rate was reported at 12.1
MP/m? and MP concentration for suspended particulates was 0.95 MP/m?. This highlights the
effect method of analysis can have on the particulates identified and the need for more than
one method of particle analysis. In terms of polymer composition, the deposition and
suspended particulates displayed similar results. However, the deposited samples had a
slightly higher proportion of some polymers such as PLS (see Figure 7A). It is difficult to
pinpoint why this could have occurred due to the complex relationship between weather
parameters and transport identified here.

When examining the influence of weather parameters with the MPs identified in this study, it
was evident there were multiple parameters and processes driving suspension and deposition
here. There may be a trend with humidity, wind direction and cloud over here but examining
these complex relationships over a longer period of time would be beneficial to determine their
relative significance. Although the studies examining the relationship with MP and humidity
are limited, some have reported increased MP concentrations with increased humidity (Allen
et al., 2020; Szewc et al., 2021). Furthermore, it has been reported that humidity can accelerate
the photoaging process and lead to increased fragmentation in MP, which could in turn
influence MP concentrations and transport (Wang et al., 2023). Wind direction has been found
to be an important factor for marine-sourced microplastic pollution (Ryan et al., 2023; Collins
and Norton 2024), and given the potential sources of the MP pollution found in Ny-Alesund,
this could be an important factor to monitor and understand. Snowfall is also regarded as one
of the main carriers of atmospheric MPs, transporting them to remote regions from the Alps
(Jurkschat et al., 2025), and Antarctica (Aves et al., 2022). Studies examining the relationship
between snow, microplastics and its resulting climate impacts are limited, but suggest that MP
could affect cloud formation and accelerate ice melt (Revell et al 2021.; Aeschlimann et al.,
2022), therefore understanding this relationship will be crucial for MP research in the Artic
region going forward.

To further elucidate potential transport from hot-spot regions, from where atmospheric MP
were resuspended before being transported and deposed in the High Arctic (Svalbard), we
calculated the average footprint emission sensitivity (FES) for those observations that are
below and above a certain threshold. Here, we use the 25" and 85™ percentiles of the measured
samples. The basis of this method is that if a source is located at a given grid cell of the spatial
domain, an air parcel passing through this location indicates that material from the source can
be collected and transported along the trajectory to the receptor site. Figure 8 shows the
average FES for the observations that were lower (left) and higher (right) than the 25% of the
samples collected in Svalbard.
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We report that when observed concentrations in Svalbard are low (< 25% percentile), the source
regions of MP to remote high latitude areas of Norway include the North Atlantic Ocean,
Northern Greenland and the High Arctic (Figure 8a). Although these regions present very
significant MP emissions, (see Figure X1), both the FES and MP emissions are weak in the
Northwestern Atlantic. On the contrary, higher MP were measured when long-range transport
occurred from the Northeastern Atlantic, the Norwegian coasts and the United Kingdom
(Figure 8b), while the FES is stronger towards the eastern part of the North Atlantic. As seen
in Figure 8, this region corresponds to the main oceanic MP emissions. This shows that despite
that the geographic location of the oceanic sources is likely correct, their intensity is highly
uncertain, causing higher modelled concentrations. While constraining MP emissions in
remote regions requires a large number of robust observations (the current analytical
methodologies have several limitations), the existing oceanic MP emissions are probably too
high in the North Atlantic Ocean.

(a) < 25th Percentile (b) > 75th Percentile

8
FES (seconds)

16 32

Figure 8. Average footprint emissions sensitivity for the (a) lowest (left) and the (b) highest
25% (right) measured surface concentration (active and nanotank samples) and
deposition rates (passive samples) of MP in Ny-Alesund.

The Bergmann et al. (2019) study of atmospheric fallout in the Arctic region is the most
directly comparable study as it is the only other study reporting atmospheric MP pollution in
this region. While there are some similarities with the present study, different methods were
used, which consisted of snow deposition samples and pFTIR as their main method of analysis
(thus different analytical windows prevent direct comparison of the results). The dominance
in the present study of Acrylic, PLS, PES and PV A (is consistent with Bergmann et al. (2019),
which compared Arctic and European snow (deposition) samples, and identified acrylates and
polyurethane, rubber, polyamide and polyvinyl chloride (PVC) as predominant polymer types
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for Arctic snow. The high proportion of acrylics in the polymer composition here, could be
due to its common use in marine fishing equipment and outdoor clothing. PLS is commonly
used industrial membranes and PES is often used for electric insulation, whereas PV A is also
common with artificial textiles as well as food packaging. However, due to the small size
ranges of the particles sampled it is likely that the MPs identified at Ny-Alesund originated
from distal sources and could have travelled from a range of locations.

Similar to the present study, Bergmann and colleagues (2019) also reported small particle size
ranges with particles identified in the 11pm and 475um size range, and 80% of MPs <25um
and 98% <100pm (Bergmann et al., 2019). This study also reported much smaller fibres found
in Arctic snow, compared to European snow, which is similar to the small number of identified
fibres in the present study (section 3.2). The distal sources of this pollution in the Arctic region
could result in the weathering and fragmentation of particles whilst in transit, and particles
here could have a long residency time in the environment. This could cause fibres to
breakdown into smaller fragments, or it could be a result of fibres having different transport
properties to fragments in the atmosphere (Chen et al., 2023; Evangeliou et al., 2020). The
differences in polymer composition between the present study and the previous Arctic study
could be due to a number of factors including the methods of sampling, the differences in
analytical equipment, time of year and location of sampling. Bergmann et al. (2019) reports
MP deposition per litres of snow, which makes comparison to the volumetric data presented
in the present study difficult.

Rosso et al. (2024) analysed MP content of the glaciers on Svalbard, again using uFTIR to
analyse material composition. This study reported different polymer compositions to the
present study, but also found small particle size distributions and the reported concentrations
to be in a similar range to the deposition found in the present study (37.31+30.19 MP/m?)
(Table 3). Rosso et al. (2024) also reported that the Ny-Alesund station could be a localised
source of MP pollution in this region. Another recent study analysed wastewater effluent as a
potential source of MP pollution in the Arctic (Bach et al., 2024), highlighting that both
localised and distal MP pollution is affecting the region and that both need attention to protect
this pristine environment. Whilst the methods used for sample collection and analysis and the
reported polymer compositions may be different across the existing Arctic MP studies (Table
3), it is evident that MP are prevalent in this area and are mostly reported in the smaller size
fraction <100um. This highlights the need for harmonisation in methodology and the reporting
of MP concentrations where possible, and the need for long-term monitoring of the pollutant.
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Table 3. Comparison of MP studies in the Arctic, Antarctica, remote and urban regions
(non-exhaustive)

Location | Sampling — Method of | Principal | Principal | LOD Principal Deposition Weather Reference
Method, Analysis Shape Size Polymers Flux/
Frequency, Reported
Duration Concentration
Arctic Active and Nile Red Fragment | <20um 1.6um | Acrylic, PLS, 37.31+30.19 Correlation with | Present
(Remote) | passive air and PES, PVA MP/m?; wind direction study
sampling over 28- | pRaman 4.1549.42
day period MP/m’
Arctic Surface snow Microscope | Fragment | <25pum 11pm PS, PVC, PC, 0to 14.4 x 103 NA Bergmann
(Remote) | sampled on 5 ice and uFTIR PLA, PI N liter! et al.,
floes; 2015-2017 (2019)
Arctic Bulk and surface Microscope | NA <100pm Spm PTFE, PU, 494+7mgm? | NA Rosso et
(Remote) | glacial snow and uFTIR PARA -2272+15mg al., (2024)
samples; April (Polyamide) m™ (no average
2021; multiple ABS reported)
sites
Arctic Raw wastewater Microscope | Fragment | <100pum 20pum PP, PE, PES 217 L7 NA Bach et al.,
(Remote) | samples and uFTIR 2024
Antarctic | Snow sampling — Microscope | Fibre 200- 50pum PET, PMMA, 294+47L" NA Aves et al.,
a 19 samples from and pFTIR 1000pum PVC, PA 2022
(Remote) | different locations
Nov-Dec 2019
Antarctic | Bulk atmospheric pRaman Fragment | 5-10 um | Spm PP, PE, PC 1.7MPm?2d"! NA Illuminiati
a deposition et al., 2024
(Remote) | samples; Jan-Dec
2020, 7 samples
from different
sites
Tibetan Snowpit sampling; | Microscope | Fibre <200pm 48um PVC, PPO 9.55+09L" Monsoon Wang et al.,
Plateau 21% May 2020; 16 | , Raman (43.33%) (Poly(2,6- season affected 2022
(Remote) | samples 10cm and SEM dimethyl-1,4- size, shape,
intervals phenylene colour and
oxide)) polymer
Hydroxypropyl composition
cellulose (HPC)
(13.33%) and
Hydroxypropyl
methyl cellulose
(HPMC); PVA,
PB
Pyrenees | Deposition Microscope | Fragment | <50pum 10um PS, then PE and | 365 £69 m>d™! No Allen et al.,
(Remote) | sampling; Nov and PP meteorological 2019
2017-March 2018; | pRaman mechanism
12-34days driving MP
deposition
London Total atmospheric | Microscope | Fibre <100pm Spm PAN, PET, PA 712+162m*/d | Wind direction Wright et
(Urban) deposition; Jan- and uFTIR and wind speed | al., 2020
Feb 2019; samples influence
collected 2 per
week for 4 weeks
Shanghai | Particulate uETIR Fibre <1000pm | 23pum PET, PE, PES, 142+1.42 Strong Liu et al.,
(Urban) sampler (active); PAN, PAA n/m? correlation with | 2019b

100+ 0.1 L/min,
sampling in
triplicate over 1 h
and =6 m® of air
per sample.

wind direction
and SAMPs
distribution

In other remote regions such as Antarctica, the polymer composition and more common
identification of fibres can be highlighted as a main difference (Aves et al., 2019; Illuminati
et al., 2024). Again, with different methods of sampling used and differences in reporting,

362




direct comparison is challenging, but values reported are much lower for Antarctic
deposition with 1.7 MP m 2 d™! compared to 37.314+30.19 MP/m? compared to the present
study (Illuminiati et al., 2024). However, this could be due to the reasons highlighted above.
In the Pyrenees mountains, a higher deposition rate was reported (365 £69 m2d™"). This
study also looked into the relationship with weather and found that there was no one simple
meteorological variable that was influencing MP deposition in this region (Allen et al.,
2019).

Even in more urban locations, it is unusual to find a study that has simultaneously measured
deposition and total particulates. Wright et al. (2020) reported much higher concentrations
for deposition samples in London, United Kingdom (712 + 162 m? /d) as well as fibre being
the most common particle shape. A study in Shanghai reported lower values (1.42 £ 1.42
n/m’ (Liu et al., 2019b), than the values reported here (4.15+9.42 MP/m?), which is similar
to the concentrations reported in the present study. This could be due to the smaller limit of
detection (LOD) of 23um for the Shanghai study, which could have resulted in missing the
smaller size fraction in this region. Nonetheless, this is concerning given the remote location
of the sampling site in this study, and the stark contrast in the populations in each of these
regions.

5. Conclusions

The MP content of the PBL atmosphere in Svalbard was measured over 28-day period,
examining the size, shape and polymer composition of deposited and suspended particulates
with the use of pRaman spectrometry and Nile Red fluorescence. MPs were found in every
sample, and although the differences in methods and reporting make comparison difficult,
results are consistent with other remote locations. The polymer composition was examined by
pRaman spectroscopy and showed higher levels of Acrylic, PLS, PES, and PVA. This could
be due to local contamination from clothing and fishing gear, or distal sources from food
packaging or industrial applications. Using Nile Red staining coupled with microscopy, the
characteristics of this pollutant were examined. It was reported that fragment was the most
consistent particle shape, which is consistent with other Arctic studies, and could be due to the
small size of the particles found here, or their transport mechanisms. Most of the particles
found here were <20um (80%) highlighting the importance of researching this pollutant. Its
small size poses a high risk for ingestion, transport and other ecosystem impacts. Furthermore,
it shows the need to examine the small fraction of atmospheric content, as this is where a large
part of the microplastic concentrations lie, and missing this could result in considerable under-
reporting.

It is evident that the role of weather parameters on the suspension and deposition of
atmospheric MP in this region is complex. There were significant relationships with humidity,
wind direction and cloud cover. Humidity appears to be correlated with increased MP
suspension, and has been found to encourage the degradation of MPs. Snow also appears to
show trends with MP suspension, and the relationship between snow, MP transport and its
influence on climate will become an important focus for the field as climate change progresses.
Studying these relationships over a longer time period is recommended to examine the
complex relationship between weather parameters and MP pollution in the Artic region.
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Dispersion modelling suggests that the main sources of the MP measured at this location
include the North Atlantic Ocean, Northern Greenland and the High Arctic. However, higher
MP were measured when long-range transport occurred not only from the ocean, but also from
land-based sources (e.g., road dust). There was no correlation between the highest and lowest
reported concentrations for each type of sample, suggesting the particles behave differently
depending on deposition or suspension and highlights the need to measure both particles in
conjunction.

This study confirmed that atmospheric MP pollution is present and ubiquitous in the Arctic
PBL. To date, this is the first time both suspended and deposited particulates have been studied
simultaneously in this region highlighting the importance of measuring both particulates
simultaneously to gain a better understanding of total atmospheric content. Furthermore, the
differences in the outcomes from pRaman analysis and Nile Red staining demonstrate the need
for more than one method of analysis in MP research, and methods that are complimentary.
Gaining accurate information on both polymer composition and particle morphology and
concentration are needed to fully understand the extent of this pollution. It is essential that
more consistent methodologies are used to sample, analyse and report MP concentrations in
this region and beyond. As more is learned about the risks of MP pollution, it is essential that
the pollutant is monitored and reported effectively in order to understand the scale of the
problem and mitigate its potential impacts on ecosystem function, human health, and climate
processes.
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Appendix VII. Supplementary Data and
Figures for Research Chapter 5

Table VII.1 Svalbard Atmospheric Microplastic Concentrations expressed as MP/m*

Sample Name MP/m*/day Dates (2022) Standard Deviation Analysis Type
Direct Air Filter 1 0.29 17.05-20.05 0.21 Raman
Direct Air Filter 2 2.26 20.05-23.05 17.97 Nile Red
Direct Air Filter 3 0.24 23.05-26.05 0.16 Raman
Direct Air Filter 4 0.58 26.05-29.05 0.18 Raman
Direct Air Filter 5 49.06 29.05-1.06 17.97 Nile Red
Direct Air Filter 6 12.32 1.05-4.06 17.97 Nile Red
Direct Air Filter 7 6.80 4.06-7.06 17.97 Nile Red
Direct Air Filter 8 4.67 07.06-10.06 17.97 Nile Red
Direct Air Filter 9 3.45 10.06-13.06 17.97 Nile Red
Deposition 1 5.29 18.05 3.74 Raman
Deposition 2 5.29 19.05 2.16 Raman
Deposition 3 7.06 20.05 1.25 Raman
Deposition 4 4.41 21.05 1.25 Raman
Deposition S 45.88 22.05 1.25 Raman
Deposition 6 4.41 23.05 1.25 Raman
Deposition 7 87.24 24.05 29.57 Nile Red
Deposition 8 33.81 25.05 29.57 Nile Red
Deposition 9 127.45 26.05 29.57 Nile Red
Deposition 10 22.11 27.05 29.57 Nile Red
Deposition 11 71.03 28.05 29.57 Nile Red
Deposition 12 66.43 29.05 29.57 Nile Red
Deposition 13 35.01 30.05 29.57 Nile Red
Deposition 14 29.81 31.05 29.57 Nile Red
Deposition 15 37.62 1.06 29.57 Nile Red
Deposition 16 36.61 2.06 29.57 Nile Red
Deposition 17 34.21 3.06 29.57 Nile Red
Deposition 18 39.02 4.06 29.57 Nile Red
Deposition 19 25.41 5.06 29.57 Nile Red
Deposition 20 8.20 6.06 29.57 Nile Red
Deposition 21 74.03 7.06 29.57 Nile Red
Deposition 22 74.83 8.06 29.57 Nile Red
Deposition 23 18.41 9.06 29.57 Nile Red
Deposition 24 43.82 10.06 29.57 Nile Red
Deposition 25 11.20 11.06 29.57 Nile Red
Deposition 26 13.41 12.06 29.57 Nile Red
Deposition 27 64.23 13.06 29.57 Nile Red
Deposition 28 18.41 14.06 29.57 Nile Red
Nanotank 1 7.12 18.05 1.97 Nile Red
Nanotank 2 3.74 19.05 1.97 Nile Red
Nanotank 3 0.14 20.05 1.97 Nile Red
Nanotank 4 0.65 21.05 1.97 Nile Red
Nanotank 5 1.43 22.05 1.97 Nile Red
Nanotank 6 0.00 23.05 0.00 Nile Red
Nanotank 7 0.41 24.05 1.97 Nile Red
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Sample Name MP/m*/day Dates (2022) Standard Deviation Analysis Type
Nanotank 8 0.90 25.05 0.48 Raman
Nanotank 9 1.92 26.05 1.37 Raman
Nanotank 10 0.77 27.05 0.63 Raman
Nanotank 11 0.64 28.05 0.65 Raman
Nanotank 12 1.73 29.05 0.31 Raman
Nanotank 13 1.28 30.05 0.96 Raman
Nanotank 14 1.1 31.05 0 Raman
Nanotank 15 0.49 1.06 1.97 Nile Red
Nanotank 16 3.64 2.06 1.97 Nile Red
Nanotank 17 4.84 3.06 1.97 Nile Red
Nanotank 18 0.03 4.06 1.97 Nile Red
Nanotank 19 0.05 5.06 1.97 Nile Red
Nanotank 20 0.03 6.06 1.97 Nile Red
Nanotank 21 0.29 7.06 1.97 Nile Red
Nanotank 22 2.93 8.06 1.97 Nile Red
Nanotank 23 0.87 9.06 1.97 Nile Red
Nanotank 24 0.17 10.06 1.97 Nile Red
Nanotank 25 0.54 11.06 1.97 Nile Red
Nanotank 26 3.69 12.06 1.97 Nile Red
Nanotank 27 1.72 13.06 1.97 Nile Red
Nanotank 28 0.83 14.06 1.97 Nile Red
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Table VIL.2 Svalbard Deposition Particle Size Distribution Values (Sample name — D denoting deposition and number denoting number of

sample)
Particle Field D7 D8 D9 D10 | D11 | D12 | D13 | D14 | D5 D16 | D17 | D18 | D19 | D20 | D21 | D22 | D23 | D24 | D25 | D26 | D27 | D28 | SUM | %
size Blank
(count) Values
1.6-5pm 5.33 127 | 51 211 | 44 110 | 93 58 51 46 46 49 60 47 9 91 146 | 30 33 20 16 89 20 1447 22.05
5-10pm 9.33 179 | 94 257 | 45 151 132 | 52 53 85 72 64 78 57 28 177 131 39 81 21 28 96 41 1961 29.89
10-20pm 7 100 | 22 151 31 78 92 61 47 50 52 46 56 24 10 93 71 21 91 23 29 101 25 1274 19.42
20-30pm 1.33 27 7 25 0 13 15 11 5 14 14 12 5 5 3 13 26 6 16 0 3 35 4 259 3.95
30-40pm 0.33 9 3 2 1 11 6 3 2 4 4 4 2 2 0 4 8 3 4 2 1 3 1 79 1.20
40-50pm 0.33 4 2 1 0 2 4 1 0 0 1 3 1 0 0 2 1 4 2 0 0 5 1 34 0.52
50-100pm | O 1 2 2 0 2 2 1 3 1 6 5 5 4 1 2 3 1 4 2 2 4 0 53 0.81
100- 0 2 0 1 0 0 0 0 0 0 2 0 0 0 0 0 1 0 0 0 0 0 0 6 0.09
150pm
150- 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0.02
200pm
200- 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.00
250nm
250- 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.00
300pm
300- 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.00
350pm
350- 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.00
400pm
400- 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.00
450nm
450- 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.00
500pm
500- 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.00
550pm
550- 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.00
600nm
600- 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.00
650nm
650- 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.00
700pm
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Particle Field D7 D8 D9 D10 | D11 | D12 | D13 | D14 | D5 D16 | D17 | D18 | D19 | D20 | D21 | D22 | D23 | D24 | D25 | D26 | D27 | D28 | SUM | %
size Blank

(count) Values

700- 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.00
750pm

750- 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.00
800pum

800- 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.00
850nm

850- 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.00
900nm

900- 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.00
950pm

950- 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.00
1000pm

1000- 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.00
2000pm

2000- 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.00
3000nm

3000- 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.00
4000pm

4000- 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.00

5000pm
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Table VIL.3 Svalbard Nanotank Particle Size Distribution Values (Sample name — D denoting nanotank and number denoting number of

sample)

Y%

17.28
36.30

22.95

3.45
1.27
0.65
0.61
0.00
0.09
0.13
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

SUM

396
832
526
79
29
15

14

N28

41

27

N27

21

50
38

N26

29

85
62

N25

31

16
14

N24

19

N23

12
38

32

N22

31

65

50
13

N21

25

24

N20

19
14

N19

17
16

N18

19

N17

70
96
51

N16

45

77
62

N15

11

37

17

N7

25

23

17

N6

11

21

N5

20
68

15

N4

19
35
24

N3

14
15

N2

17
30
16

N1

17
37

12

Nano

blank

13.33
35.33
19.33
2.67
1.33
0.67
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Particle
size

(count)

1.6-5 pm
5-10 pm

10-20 pm
20-30 pm
30-40 pm
40-50pm

50-100pm

100-

150-

200-

250-

300-

350-

400-

450-

500-

550-

600-

650-

700-

750-

800-

850-

900-

950-

1000-
2000-
3000-
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Particle Nano | N1 N2 N3 N4 N5 N6 N7 N15 | N16 | N17 | N18 | N19 | N20 | N21 | N22 | N23 | N24 | N25 | N26 | N27 | N28 | SUM | %
size blank

(count)

4000- 0.00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.00
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Table VIL.4 Svalbard Direct Air Filtration Particle Size Distribution Values (Sample name — AF denoting air filtration and number

denoting number of sample)

Particle size (count) Field Blank Values | AF2 AF5 AF6 AF7 AF8 AF9 SUM %
<2pm 4.67 6 48 42 4 4 5 113.67 423
2-5 pm 6 8 393 155 71 62 49 744.00 27.69
1.6-5 pm 10.67 14 441 197 75 66 54 857.67 31.92
5-10 pm 9.33 19 384 113 93 114 82 814.33 30.31
10-20 pm 7 11 59 3 25 13 16 134.00 4.99
20-30 pm 1.33 1 2 0 2 3 2 11.33 0.42
30-40 pm 0.33 0 0 0 1 2 1 433 0.16
40-50pm 0.33 1 0 0 0 0 0 1.33 0.05
50-100pm 0 0 1 0 0 0 3 4 0.15
100-150pm 0 0 1 0 0 0 0 1 0.04
150-200pm 0 0 0 0 1 0 0 1 0.04
200-250pm 0 0 0 0 0 0 0 0 0.00
250-300pm 0 0 0 0 0 0 0 0 0.00
300-350pm 0 0 0 0 0 0 0 0 0.00
350-400pm 0 0 0 0 0 0 0 0 0.00
400-450pm 0 0 0 0 0 0 0 0 0.00
450-500pm 0 0 0 0 0 0 0 0 0.00
500-550pm 0 0 0 0 0 0 0 0 0.00
550-600pm 0 0 0 0 0 0 0 0 0.00
600-650pm 0 0 0 0 0 0 0 0 0.00
650-700pm 0 0 0 0 0 0 0 0 0.00
700-750pm 0 0 0 0 0 0 0 0 0.00
750-800pm 0 0 0 0 0 0 0 0 0.00
800-850pum 0 0 0 0 0 0 0 0 0.00
850-900pm 0 0 0 0 0 0 0 0 0.00
900-950pm 0 0 0 0 0 0 0 0 0.00
950-1000pm 0 0 0 0 0 0 0 0 0.00
1000-2000pm 0 0 0 0 0 0 0 0 0.00
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Particle size (count) Field Blank Values | AF2 AF5 AF6 AF7 AF8 AF9 SUM %

2000-3000pm 0 0 0 0 0 0 0 0 0.00
3000-4000pm 0 0 0 0 0 0 0 0 0.00
4000-5000pm 0 0 0 0 0 0 0 0 0.00
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Direct Air Filtration,;

Table VIL.S. Table X8. Raman Counts for Svalbard Samples (Research Chapter 5) (Sample Names — AF

Nanotank; number of sample; scan number)
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SAN

SBR

PLA

Rbr

PLS

PMM

CE

ic

Nylon/P | Acryl

A

PVA

PC

ABS

PU

PVC

PS

PP

PET

PES

PE

0

0

0

0

0

0
0
0

0
0
0

0
0
0

Sample Name

DEPO4_SV_3

DEPOS_SV_2

DEPOS_SV_1

DEPOS5_SV_3

DEPO6_SV_2

DEPO6_SV_1

DEPO6_SV_3

NANOS8_SV_1

NANOS_SV_2

NANOS8_SV_3

NANOY9_SV_1

NANOY_SV_2

NANOY9_SV_3

NANO10_SV_1

NANO10_SV_2

NANO10_SV_3

NANO11_SV_1

NANO11_SV_2

NANO11_SV_3

NANO12_SV_1

NANO12_SV_2

NANO12_SV_3
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SAN

SBR

PLA

Rbr

PLS

PMM

CE

ic

Nylon/P | Acryl

A

PVA

PC

ABS

PU

PVC

PS

PP

PET

PES

PE

0
0
0
0

0
0
0

Sample Name

NANO13_SV_1

NANO13_SV_2

NANO13_SV_3

NANO14_SV_1

FIELDBLANK2_1

FIELDBLANK2 2

FIELDBLANK2_3
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Table VIL.6 Svalbard Weather Data used for Correlation (Norwegian Climate Institute)

Sample Date Mean Average air Average of Precipitation | Snow Snow Wind Mean Dew Maximum | Mixing

(2022) Cloud pressure, sea | mean wind (mm) Cover Depth Direction Point Relative Ratio

Cover level (hPa; speed (m/s; (%) (mm) Temperature | Humidity
(24hr) | 24 h) 24 h) (°C; 24hr) (24 hr)

Direct Air Filter 1 17.05- 5.325 1022.3 2.275 0.25 4 45 SE -6.525 87.75 2.325
Direct Air Filter 2 5882— 4 1016.8 4 1.575 4 53 SE -8.1 81.75 2.075
Direct Air Filter 3 gggz- 6.675 1019.075 3.925 0.05 4 52 NwW -6.125 84.75 2.425
Direct Air Filter 4 gggz- 6.75 1013.15 4.125 0.1 4 47.5 NwW -4.25 87.5 2.8
Direct Air Filter 5 ;ggg_ 5.7 1012.8 25 0.05 4 42.25 SE -2.2 89.5 89.5
Direct Air Filter 6 }:824.06 8 1006.5 5.1 32 3 26.75 NwW 0.475 96.25 3.95
Direct Air Filter 7 4.06-7.06 | 8 1011.3 2.3 1.125 3 15 NW -0.275 95.5 3.7
Direct Air Filter 8 07.06- 8 1000.3 49 0.65 3 8.75 NwW -1.05 92.5 3.525
Direct Air Filter 9 }882— 43 1005.5 5.6 0.2 3 10 SE -3.725 -3.725 2.925
Deposition and Nanotank 1 }ggg 5 1024.8 2.1 0 4 46 SE -6.3 85 2.1
Deposition and Nanotank 2 19.05 33 1022.8 1.2 0 4 46 SE -6.5 91 2.3
Deposition and Nanotank 3 20.05 8 1017.9 14 0 4 46 SE -5.2 86 2.3
Deposition and Nanotank 4 21.05 8 1016.3 3 1 4 56 SE -8.3 89 2.6
Deposition and Nanotank 5 22.05 7.3 1016.1 3.9 43 4 56 NwW -10.7 81 2
Deposition and Nanotank 6 23.05 4 1016.8 4 1 4 54 W -8.2 75 1.7
Deposition and Nanotank 7 24.05 6.7 1020.7 52 0 4 52 NwW -7.8 82 2
Deposition and Nanotank 8 25.05 8 1024.6 3.8 0 4 52 w -6.1 82 2.1
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Sample Date Mean Average air Average of Precipitation | Snow Snow Wind Mean Dew Maximum | Mixing
(2022) Cloud pressure, sea | mean wind (mm) Cover Depth Direction Point Relative Ratio
Cover | level (hPa; speed (m/s; (%) (mm) Temperature | Humidity
(24hr) | 24h) 24 h) (°C; 24hr) (24 hr)

Deposition and Nanotank 9 26.05 8 1014.2 2.7 0 4 50 NwW -2.4 86 24
Deposition and Nanotank 10 | 27.05 43 1007.9 7.8 0.2 4 48 NwW -4.3 89 32
Deposition and Nanotank 11 | 28.05 7 1017.4 43 0.2 4 47 SE -6.7 93 2.8
Deposition and Nanotank 12 | 29.05 7.7 1013.1 1.7 0 4 45 SW -3.6 79 23
Deposition and Nanotank 13 | 30.05 5.7 1006.5 2.1 0 4 43 SE -3.1 89 29
Deposition and Nanotank 14 | 31.05 6 1012.1 44 0 4 42 SE -2.8 89 3
Deposition and Nanotank 15 | 1.06 5.7 1012.8 25 0 4 39 SE 0.7 85 3.1
Deposition and Nanotank 16 | 2.06 8 1004.6 5.7 0.2 3 30 SwW 1.7 95 4
Deposition and Nanotank 17 | 3.06 5.7 1009.4 4.6 0 3 23 SE -0.8 100 43
Deposition and Nanotank 18 | 4.06 8 1006.5 5.1 10.5 3 15 NW 0.3 92 3.6
Deposition and Nanotank 19 | 5.06 8 1016.1 43 2.1 3 15 NwW -1.1 98 39
Deposition and Nanotank 20 | 6.06 43 1020.7 22 0.8 3 15 SE -1.2 92 35
Deposition and Nanotank 21 | 7.06 8 1011.3 2.3 1.6 3 15 NwW 0.9 92 34
Deposition 22 8.06 7.7 1008.5 22 0 3 12 NW -1.3 100 4
Deposition 23 9.06 4.7 1002.6 23 24 3 6 NwW -1.8 92 35
Deposition 24 10.06 8 1000.3 4.9 0 3 2 NwW -2 88 33
Deposition 25 11.06 5 1000.6 33 0.2 3 0 NwW -2.8 90 33
Deposition 26 12.06 2.7 1002.9 23 0.6 3 0 SE -4.7 85 3.1
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Sample Date Mean Average air Average of Precipitation | Snow Snow Wind Mean Dew Maximum | Mixing
(2022) Cloud | pressure,sea | mean wind (mm) Cover | Depth | Direction Point Relative Ratio
Cover level (hPa; speed (m/s; (%) (mm) Temperature | Humidity
(24hr) | 24 h) 24 h) (°C; 24hr) (24 hr)
Deposition 27 13.06 43 1005.5 5.6 0 3 0 SE -5.4 70 2.7
Deposition 28 14.06 7 999.8 5.5 0 3 0 NwW -5 62 2.6
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Supplementary Figures Research Chapter 5

Global emissions of all MPs sources
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Figure VII.1: Global emissions of MP (5-250 um) updated from Evangeliou et
al. (2022). All sources are plotted, namely oceanic, agricultural, soil/mineral
dust, road dust and clothing fibers.

Footprint emission sensitivity for MP1
from 01-Jun-2021 08:39:00 to 02-Jun-2021 08:30:00
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Figure VIIL.2: Footprint emissions sensitivity of MP arriving at Svalbard on
June 1%, 2022, when the largest surface concentrations were detected.

387



Footprint emission sensitivity for MP1
from 01-Jun-2021 09:03:00 to 02-Jun-2021 08:30:00
Lowest release height: 0 m Highest release height: 30 m
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Figure VIIL.3: Footprint emissions sensitivity of MP arriving and depositing at
Svalbard due to dry deposition. Here, we have assumed that MP are slightly
affected by wet deposition (in cloud and below cloud scavenging), as they are
macromolecular polymers and therefore highly hydrophobic.
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Appendix VII. Supplementary Data used in Research Chapter 6 on Glasgow
Atmospheric MP Pollution

Table VII.1 Glasgow Weather Data used for Correlation (Visual Crossing, 2021)

Date Temp max Temp min Temp Dew Humidity Precipitation | Wind Wind Sea Cloud
speed direction level cover
pressure

02/11/2021 | 12 2 6.7 4.9 89.1 0 14.8 255.7 995.5 69.7
03/11/2021 | 11 0 53 2.8 85.3 0 16.6 287.8 1008.8 23.8
04/11/2021 | 9 0 4.5 2 84.7 0 16.6 273.5 1018.7 51.1
05/11/2021 | 12 6 10 8.3 89.8 22 223 242.9 1021.8 80.4
06/11/2021 | 12 8 10.1 7.7 85.3 6 44.6 239.8 1012.5 79.6
07/11/2021 | 11 5 8.7 3.6 70.6 0 42.5 279.6 1015.8 65.1
08/11/2021 | 14 3 9.2 8.2 93.8 3.6 37.1 202.4 1015.6 96.9
09/11/2021 | 13 9 11.1 9.2 88.2 1.1 27.7 2329 1014.4 78.4
10/11/2021 | 10 4 7.4 5.3 86.6 0.5 23.4 225.6 1019.8 68.7
11/11/2021 | 12 8 10.4 7.7 83.3 12 27.7 176.6 1015.6 87.4
12/11/2021 | 13 11 11.4 9.5 88.1 6.9 37.1 214.4 998.6 85.5
13/11/2021 | 13 5 8 6.4 89.9 0 16.6 269.1 1016.4 61.5
14/11/2021 | 11 5 8.4 7.6 95.1 0 14 106 1024 97.3
15/11/2021 | 12 5 9 7.8 92.1 2 14.8 240.2 1024.3 79.4
16/11/2021 | 11 6 9.1 6.8 85.7 29 37.1 220.2 1015.4 83
17/11/2021 | 11 3 8.1 6.2 87.9 12 335 236.3 1016.9 77.1
18/11/2021 | 14 11 12.8 11.3 90.7 1.1 335 236.1 1020 98
19/11/2021 | 13 12 12.8 10.5 86.2 0.9 31.7 2333 1023.3 97.5




Date Temp max Temp min Temp Dew Humidity Precipitation | Wind Wind Sea Cloud
speed direction level cover
pressure
20/11/2021 | 11 4 9 7 87.2 0.9 389 2444 1018.9 64.6
21/11/2021 | 8 -2 3.6 0.4 80.5 0 22.3 306.1 1025.6 11.8
22/11/2021 | 9 -3 33 1.8 90.5 0 18.4 247.1 1032.9 453
23/11/2021 | 10 4 7.8 5.8 87.9 0 223 2422 1031 85
24/11/2021 | 9 1 6 3.8 85.6 2 31.7 237.2 1018.6 59.5
25/11/2021 | 8 2 4.6 1.8 82.3 25 29.5 268.9 1016.6 48.6
26/11/2021 | 9 4 6 1 70.8 55 50 309 993.4 70.9
27/11/2021 | 5 -2 2.6 -4.8 58.9 0 36 341.6 1009.9 49.9
28/11/2021 | 5 -3 1 -1.6 83.4 1.9 11.2 289.4 1010 55.8
29/11/2021 | 11 -3 33 2 91.8 0.8 24.1 2414 1010.1 95.1
30/11/2021 | 12 8 10.2 9.1 92.8 17.1 27.7 2473 1001.2 86.2
01/12/2021 | 8 -3 5 1.1 76.9 2.8 259 302.7 1000.7 442
02/12/2021 | 4 -1 22 -1.7 76.2 2.6 223 257.9 1011.4 63.4
03/12/2021 | 8 4 6.8 4.7 86.6 8.1 31.7 2274 997.1 79.9
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Table VIL.2 Glasgow Air Pollution Data used for Correlation (Scottish Air Quality, 2021)

Glasgow Townshead Cambuslang Rutherglen
Date Black Carbon PMio PM2s PM; Nitric oxide (24hr | Nitrogen dioxide Nitrogen oxides as
(24hr average) (24hr average) (24hr average) (24hr average) average) (24hr average) nitrogen dioxide
(24hr average)
0271172021 | 5 93 10.42 3.46 2.08 61.44 45.42 139.61
03/1172021 | g9 6.53 2.08 139 46.36 41.43 112.53
041172021 | g9 8.59 3.16 1.98 57.28 42.54 130.38
0512021 | 15 data 6.74 4.61 3.93 35.50 31.63 86.07
06/1172021 | 1 data 7.98 4.56 2.69 12.40 11.43 3045
071172021 | 16 data 14.84 7.41 3.72 14.91 16.93 39.80
081172021 | 1 data 9.53 4.58 2.90 35.40 33.10 87.37
091172021 | 15 data 8.45 4.06 2.20 23.92 18.70 55.36
1071172021 | 15 data 20.32 7.60 4.05 42.82 30.39 96.05
11172021 | 3 10.93 4.8 2.95 24.84 19.45 57.55
1271172021 | 54 4.66 2.78 1.77 21.08 18.63 50.95
131172021 | 4 o9 11.61 7.22 5.86 81.63 47.64 172.79
1471172021 1 59 8.68 4.65 3.71 28.55 33.44 77.23
15/11/2021 0.50 7.63 277 1.54 5091 39.28 117.32
16/11/2021 0.43 8.73 3.93 2.13 6.41 6.31 16.16
17/1172021 0.36 8.76 4.67 2.52 no data no data no data
187112021 | 903 5.19 2.67 1.57 19.75 18.26 5031
1971172021 | 3 8.90 3.81 2.8 19.28 14.03 43.58
20/11/2021 0.23 5.40 2.80 1.75 2428 2245 59.68
22021 g 53 7.78 3.74 2.83 47.69 43.70 116.81
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Glasgow Townshead Cambuslang Rutherglen

Date Black Carbon PMio PMazs PM: Nitric oxide (24hr | Nitrogen dioxide Nitrogen oxides as
(24hr average) (24hr average) (24hr average) (24hr average) average) (24hr average) nitrogen dioxide

(24hr average)

21021 5 g 9.28 4.91 3.93 93.50 45.53 188.91

23/1172021 0.41 4.00 1.73 1.00 35.95 28.47 83.57

A K%Y, 8.62 3.90 2.17 44.76 3733 105.96

SM202L gy 7.90 3.77 2.12 38.65 3475 94.01

26/1172021 | 54 7.77 2.78 1.42 22.82 24.66 59.65

mnet g g 10.33 4.17 2.57 16.10 26,61 5130

W112021 | 4 8.22 5.26 4.54 54.52 53.68 137.26

29/1172021 1.92 7.71 4.50 3.84 59.32 4135 132.28

30/112021 0.34 2.84 1.06 0.66 22.76 19.32 54.23

01/12/2021 0.31 9.98 3.39 1.85 27.18 32.53 74.21

027122021 | 49 2275 5.32 2.60 63.55 48.95 146.40

03/12/2021 0.46 7.71 4.08 2.51 37.39 33.95 91.27
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Daily Direct Air Filtration Polymer Composition
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Figure VII.1 Daily Direct Air Filtration Overall Polymer Composition (% of Polymers
Identified by pRaman spectroscopy from samples from Glasgow, Scotland)
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Appendix IX. Results of Individual HYSPLIT

Scenarios Forward and Backward Trajectory
Figure IX.1 10pm 50C density 1g — Backward 17" Nov’21
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Figure IX.3 10pm 50C density 1g — Backward 19" Nov’21
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Figure IX.5 10pm 50C density 1g — Backward 21%* Nov’21
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Figure IX.7 10pm 50C density 1g — Backward 23" Nov’21
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Figure IX.9 10pm 50C density 1g — Forward 18" Nov’21
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Figure IX.11 10pm 50C density 1g — Forward 20"
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Figure IX.1 13 10um 50C density 1g — Forward 22"
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Figure IX.15 20pum 50c¢ 1g density 17" Nov, Backward
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Figure IX.17 20pm 50C density 1g — Backward 19" Nov’21
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Figure IX.19 20pm 50C density 1g — Backward 21°* Nov’21
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Figure IX.21 20pm 50C density 1g — Backward 23" Nov’21
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Figure IX.22 20um 50C density 1g — Forward 17" Nov’21
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Figure IX.23 20um 50C density 1g — Forward 18" Nov’21
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Figure IX.25 20pm 50C density 1g — Forward 20™ Nov’21
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Figure IX.27 20pm 50C density 1g — Forward 22" Nov’21
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Figure IX.28 20pum 50C density 1g — Forward 23" Nov’21
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Figure IX.29 100pm 50C density 1g — Backward 17" Nov’21
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Figure IX.30 100pm 50C density 1g — Backward 18" Nov’21
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Figure IX.31 100m 50C density 1g — Backward 19" Nov’21
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Figure IX.32 100pm 50C density 1g — Backward 20" Nov’21
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Figure IX.33 100um 50C density 1g — Backward 21*
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Figure IX.35 100pm 50C density 1g — Backward 23" Nov’21

Endge
of Allan

Tulibody

Buchlyvie

Baitron

Fasiane Drymen

Kilean

Kitriun
& Ciicreggan
Sandbank Lennaxiown

Dunoon Ly /

) Cumberhauld
RV Kiriantiloch
Port Glasgow

Bearsoen
¥ ~ S Bathgate
Wemyss Bay Kimacoim
Port Toward KONROIS
Bannatyne Bridge of Wer
Pacsiey,
Jonnstone

\ Belshil
Giffnock AN

T Blantyre. N\
/ "\, Motherwel
et Fandas

ast e

hattan Bay 1 Kibimie - Botn

\
Eagleshart Z Larknas
/

' 10,000m ,  camera: 115km  56'1108'NS5'1116'W 239 m

Limerigg
Greengairs

Bishopbnggs Bathgate

Calgercrux T

—
EASTERHOUS 8 Whitburm =

- Pobe

West Calder
Chapenal wa | Kirkof Shotts P Addiewell

e

M Ruthergien
UANDS Fauidnouse

Cambusiang Hoton)
Belishil

‘ Blantyre

Clarkston Motherwel! Newmains

Hamilton Mormingside
ogsge Wisontown

Thorntonhall Femiegar

East Kiibrde

Larkhal

Rosebank

6000m, Camera: S8km S55'S445N41625W T1m



Figure IX.37 100pm 50C density 1g — Forward 18" Nov’21
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Figure IX.38 100pum 50C density 1g — Forward 19" Nov’21
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Figure IX.39 100pm 50C density 1g — Forward 20™ Nov’21
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Figure IX.40 100pum 50C density 1g — Forward 21** Nov’21
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Figure IX.41 100pm 50C density 1g — Forward 22" Nov’21
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Figure IX.42 100pm 50C density 1g — Forward 23" Nov’21
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Figure IX.43 10pm 50C 0.625g density 17" Nov, Backward
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Figure IX.45 10pm 50C 0.625g density — Backward 19
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Figure IX.47 10pm 50C 0.625¢g density — Backward 21* Nov’21
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Figure IX.49 10pm 50C 0.625g density — Backward 23" Nov’21
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Figure IX.50 10pm 50C 0.625g density — Forward 17" Nov’21
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Figure IX.51 10pm 50C 0.625g density — Forward 18"

@ .—Edinburgh

United
Kingdom

+ Manche:

+ Bimingham

London

Netherlands'

7\_Belgium

Germany

Luxémbourg

Pans

Edinburgh

B
United
Kingdom

« Manchester.

- Bimingham

c/
Nemerl!ﬂds
g Y

London

+ Gothenburg

tha

Hamburg

Germany

Luxembourg
Panis. 4

France

dorra  Marseille -

= Barcelona

Croatia(

« Florence

N
Sarajevo

Italy

Rome:

Tallnn

Stockholm

+ Gothenburg

+ Gdansk

Warsaw

Prague
ot » Krakow

Czechia

L
Vilniuss~
Minsk
Mitcx

Poland

Kyiv
Kui

Ukraine

Chiisinad Onecd

Romania
5

Bucharest

Nov’21

Ukraine

Nov’21

Kasano

.. Moscow

Kharkiv™

Xapre

Dnipro
Avinpo

Georgia . _ Tbisi
00Ol

Black Sea

Armenia

0000E@

400 km

Camera: 4,074 km  58"10'32°N 10°35'57°E

419



Figure IX.53 10pm 50C 0.625g density — Forward 20" Nov’21
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Figure IX.55 10pm 50C 0.625g density — Forward 22" Nov’21
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Figure IX.57 20pm 50C 0.625g density — Backward 17" Nov’ 21,
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Figure IX.59 20pm 50C 0.625g density — Backward 19" Nov’21
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Figure IX.61 20pm 50C 0.625¢g density — Backward 21* Nov’21
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Figure IX.63 20pm 50C 0.625g density — Backward 23" Nov’21
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Figure IX.64 20um 50C 0.625g density — Forward 17" Nov’21
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Figure IX.65 20pm 50C 0.625g density — Forward 18" Nov’21
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Figure IX.67 20pm 50C 0.625g density — Forward 20" Nov’21
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Figure IX.69 20pm 50C 0.625g density — Forward 22" Nov’21
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Figure IX.71 100pm 50C 0.625g density 17" Nov, Backward
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Figure IX.73 100pm 50C 0.625g density — Backward 19" Nov’21
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Figure IX.75 100um 50C 0.625g density — Backward 21°* Nov’21
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Figure IX.76 100pm 50C 0.625g density — Backward 22" Nov’21
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Figure IX.77 100pm 50C 0.625g density — Backward 23" Nov’21
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Figure IX.79 100pm 50C 0.625¢g density — Forward 18" Nov’21
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Figure IX.81 100pm 50C 0.625g density — Forward 20" Nov’21
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Figure IX.83 100pum 50C 0.625g density — Forward 22" Nov’21
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