Analysing the role of surface aging
on the impact of microplastic

pollution in soil matrices

A thesis presented for the degree of

Doctor of Philosophy

Dominic Savage
Lancaster Environment Centre

Lancaster University

2024
Lancastel‘ - 5,‘.,’ LEVERHULME gﬁoaéiearlial
University TRUST Social



“.. In our obscurity, in all this vastness, there is no hint that
help will come from elsewhere to save us from ourselves.”

Carl Sagan



It is up to us.



Contents

iii

Declaration| viii
|Acknowledgements| ix
[Abstract] xi
IList Of Figures| XX
List Of Tables! xxiii
|Glossary of Terms| Xxiv
[Training in Material Social Futures| XXVi
1 Introduction| 1
[1.1 Research questions| . . . . . . . . . . L 1
IL1.1.1  Graphical outline of research questions|. . . . . . .. ... .. ... ... ... 2

1.2 Plastics, Society, & the Environment| . . . . . . . .. ... o0 o000 3
2.1 A Brief Introductionl . . . . . . . .. oo L 3

[1.2.2 A Brief History| . . . . . . . . o o )

.23 A Brief Futurel . . . . . . . .. . 7
[2_Materials and Methodsl 9
2.1 Materials used in this researchl . . . . . . . . . . . ... L o 9
RI1 Plasticsheetd . . . . . . . . .. 9

iii



[2.2  X-ray Photoelectron Spectroscopy (XPS)| . . . . .. .. ... Lo L 11
2.2.1 Background| . . . . . . .. L 11
2.2.2  Interpreting spectral . . . . . . . . .o 13

2.3 Plasma surface treatmentl . . . . . . . ... o000 o oL 16
2.3.1 Background| . . . . . . ..o 16
2.3.2 Reaction mechanismsl . . . . . ... ... . o o Lo 18
2.3.3 Plasma surface treatment & modificationl . . . . . ... ... ... 0000 18
2.3.4  Methodology| . . . . . . . .. 20

2.4 Accelerated photoaging| . . . . . . . .. Lo 20

[2.5  Scanning Electron Microscopy (SEM)[ . . . . ... ... ... L. 22

2.6 Cryomilling] . . . . . . . . o e 23

[2.7  Contact Angle (CA) analysis| . . . . .. . .. ... ... ... 24

Assessing what is known about the fate of plastic pollution in terrestrial matrices| 27

|Graphical Abstract| . . . . . . . . . L 27
3.1 The emergence of soil pollution as a major theme in microplastics research| . . . . . .. 28
13.2  Plastic 1s a novel anthropogenic pollutant in terrestrial ecosystems| . . . . . . . . .. .. 28
8.2.1  Mechanisms for plastic dispersion|. . . . . . . . . .. ... oo 29
8.2.2 Accumulation in the environmentf. . . . . . . . ... oo Lo 30
13.3  Hazards associated with microplastic accumulation| . . . . . .. . .. ... ... ... .. 32
B.3.1 Physical harms| . . . . . . ..o oo 33
B.3.2  Additive leaching| . . . . . . . . Lo 33
13.3.3  Impacts on microbial diversity] . . . . . . ... ... ... ... oL L. 34
.34 Plant healthl. . . . . . . . ... 34
3.3.5 Interactions with other chemicals in the environment|. . . . . . . . ... ... .. 34
8.3.6  Effects on soil properties|. . . . . . . .. .o 35
13.3.7  Impacts on the carbon cycle, and other nutrient cycles| . . . . . . .. .. ... .. 35
13.4  Mechanisms for plastic degradation in soils| . . . . . . ... ... ... ... ... .... 36
3.4.1 Photodegradation| . . . . .. ... ... ... ... o 36
B.4.2 Mechanical stressl. . . . . . . .. L 39
B.4.3  Bio-degradation|. . . . . . . . ... 39

iv



4 Plasma degradation: A novel, general, and rapid aging protocol for microplastic |

L research in the environmentl 44
|Graphical Abstract| . . . . . . . . . e 44
Bhstractl . . . . . . . . 45
4.1 Introductionl. . . . . . . oL 45
4.2 Methodologyl . . . . . . . . e 49

4.2.1  Materials & Preparation|. . . . . . . . . ... 49
4.2.2  Accelerated Photoaging| . . . . . . . . ... ... 50
4.2.3  Plasma degradation| . . . . . . ... ... . 50
T D | 51
E25 SEM . . o oot e e 51
4.2.6  Water Contact Angle measurements| . . . . . . ... ... ... ... . ...... 51
.27 Data analysis| . . . . . . . oL 52

43 Results & Discussionl . . . . . . . . . . L 53
431 Controlmaterialsl. . . . . . .. .. o 53
4.3.2  Changes in polymer stoichiometry introduced as a result of aging| . . . . . . . .. 57
4.3.3  Impacts of plasma treatment and accelerated photodegradation on polymer sur- |

| face chemistry] . . . . . . . . . L L 59
4.3.4  Physical surface changes| . . . . . . . ... oo Lo 63
4.3.5 Contact angles measured on aged polymer surtaces| . . . . . . . . ... ... ... 66
4.3.6  Optimisation of methodology| . . . . . . . . . . . ... oo 69
4.3.7  Characterisation of aged microplastic powders| . . . . ... .. ... .. ..... 72
4.3.8 Comparing to more common microplastic aging methods|. . . . . . . . . ... .. 75
4.3.9 Recommendations for environmental studies|. . . . . . . .. .. ... ... ... 76

44 Conclusion] . . . . . . . . . 7

[ Simulating polymer surface aging effects on environmental nutrient sorption dy- |

[namics| 78
|Graphical Abstract| . . . . . . . . . L 78




BI Tntroductionl. . . . . . . . . .. 79
p.2  Methodologyl . . . . . . . 81
P.2.1 Preparation| . . . . . . .. L 81
b.2.2  Accelerated Photoaging| . . . . . . . . ... o oo 81
5.2.3  Preparation of bark extract solution| . . . . . . ... ... 000000 82
[£.2.4  Bark extract stoichiometric referencel . . . . . . . . ..o o000 L 82
5.2.5  Conditioning of polymer samples in bark extract solution| . . . . .. .. ... .. 83
b.2.6  Plasma Aging|. . . . . . . ... 83
15.2.7  Surtace conditioning with nutrient salt solutions| . . . . . ... ... ... ... . 83
b.2.8 XPS Analysis| . . . . . . .. 84
5.2.9  Statistical analysis| . . . . . . . ... 84

5.3 Results & Discussionl . . . . . . . o . . o 85
b.3.1  Conditioning film adsorption analysis| . . . . ... .. ... ... ... ...... 85
5.3.2  Adsorption characteristics of bark-derived dissolved organic matter on photoaged |

| polymer surfaces| . . . . . . . ... . 90
b.3.3  Phosphate adsorption analysis| . . . ... ... ... ... ... .0 L. 96
b.3.4 Nitrate adsorption analysis| . . . . . . . .. ... .. o oL 98
5.3.5  Ammonium adsorption analysis|. . . . . . . . ... L L oL oL 100
b.3.6  G6P adsorption analysis| . . . . . . . ... o o 102
5.3.7  Spectral analysis ot concentrated nutrient sorption on Pristine and Plasma-aged |

| polymer surfaces| . . . . . . . ... 103
B4 Conclusionl . . . . . . . . 108

6 Investigating the impact that surface aging of microplastics has on key soil health |

[ metrics 110
|Graphical Abstract| . . . . . . . . . L 110
BBstractl . . . . o o o 111
6.1 Introductionl. . . . . . . . . . . . 111
6.2 Methodology|l . . . . . . . . . 114

6.2.1  Soil preparation] . . . . . ... 114
6.2.2  Microplastic and positive control materials| . . . . . .. ... ... ... ... 115

vi



6.2.3  Plasma aging of microplastics| . . . . . . . .. . ... . Lo 115

[6.2.4  Soil sample preparation & incubation| . . . . .. ... 0oL o L 116

6.2.5 EC and pH measurements| . . . . . . . . .. ... L Lo 117

6.2.6  Aggregate stability| . . . . . ... .o o 117

16.2.7  Microbial activity assessment| . . . . . . . ... oL 118

6.2.8  Available nitrogen analysis| . . . . . .. ..o oo 120

6.2.9  Available phosphorus analysis|. . . . . . .. .. ... ... 000000 120

6.2.10 Statistical analysis| . . . . . . ..o o 120

6.3 Results & Discussionl . . . . . . . . . . L 121
6.3.1  Soil drying characteristics| . . . . . . . . . . .. 121

6.32 EC&pPH| . . . . o 123

6.3.3  Soil microbial activity| . . . . . ... o 125

6.3.4  Available phosphorus| . . . . . ... oo 126

6.3.5 Available nitrogen| . . . . . ... ..o 127

6.3.6  Fast wetting of soil aggregates] . . . . . .. . ... ... . L oL 129

16.3.7  Slow wetting of soil aggregates| . . . . . . . .. ... .. . L. 130

6.4 Conclusion] . . . . . . . . . e 132

|7 Discussion, conclusion, & further work] 134
A d 139
IA_A Short Guide To Plastics For SMEs| 139

IB Understanding the role of Corporate Social Responsibility in addressing the plastic |

[crisis 146
|IC Web Of Science Queries 155
B D 156

vii



Declaration

This thesis has not been submitted in support of an application for another degree at this or any other
university. Many ideas and experiments presented in this thesis were a product of discussions with
my academic supervisory team, further developed through training with academics, technical staff,
and other researchers, and occasionally from discussions with other researchers. The data collection,
analysis, and writing included herein is the sole product of my own efforts, with the counsel of my

academic team, except where otherwise explicitly stated.

viii



Acknowledgements

This research was funded by The Leverhulme Trust, through the Material Social Futures (MSF)
doctoral training academy organised by PIs Prof. Richard Harper and Prof. Rob Short. Within
the MSF academy training in Futures Thinking was enabled by Dr Emily Spiers, training in Political
Ecology was made possible by Dr Rosanna Carver, and training in Business Ethics & Society (MNGT
622) was facilitated by Dr Sarah Gregory. Thank you for enriching my education, and broadening my
perspectives. Thank you to Louise Bush, Rachel Lyon, Stacey Lofthouse, and Jennifer Thompson for

being responsive to administrative queries during my PhD.

This project was further made possible by the supervision, valued insight, and expert guidance of Dr
Ben Surridge, Prof. Rob Short, Dr Alex Robson, Prof. Crispin Halsall, and Dr Alison Stowell. Thank
you for listening patiently to all of my ideas, helping me discern the innovative from the ill-advised,
for giving me the space to explore and define the research objectives, and enabling me to lead on this

project.

I would also like to wholeheartedly acknowledge and thank Dr Clare Benskin, Dr Catherine Wearing,
Dr Vassil Karkolovski, Dr Hugh Tuffen, Dave Hughes, Tim Gregson, Alessio Quadrelli, Amy Crisp,
Emilee Severe, Chris Cook, Dr Laurine Martocq, Christina Mcbride-Serrano, Mary Cvetkovic-Jones,
Dr Angeliki Kourmouli, Daniel Harvey, Kate Morgan, Kate O’Driscoll, Joanne Shaw, and Binne Tanna
for supporting me in various laboratories where I began a novice. With your care and counsel I am
novice no longer. Thank you as well to Dr Samuel Jarvis for his support in the operation of the X-ray
Photoelectron Spectrometer, and to Dr Sara Baldock for operating the SEM, and for her guidance in

the interpretation, and analysis of SEM data.

ix



Lastly, I would like to sincerely, wholeheartedly, unabashedly extend my gratitude to Dr Christina
Bremer, Dr Alessio Quadrelli, Penelope Quek, Melissa Ross, Jonathan ‘Jono’ Hall, Dr Sam Cusworth,
Dr Daniel Routledge, to Dad & Ang, to the family members who supported me on this journey, and
to all the other friends and loved ones who made me whole. With love, respect, and admiration, thank

you.



Abstract

Plastics are modern-day super materials, capable of being tailored to virtually every material appli-
cation imaginable. However, their low cost, resilient nature, and meteoric rise into prolific production
has contributed significantly to their widespread pollution of the environment. In recent years citizens
and scientists alike have recognised this as an emerging ecological and environmental crisis, and as such

keen concern has followed, and significant interest to understand and address this crisis has emerged.

Once present in the environment plastics present a number of novel hazards. Whilst they are resilient
to complete mineralisation, they readily break down and fragment into smaller particles known as
microplastics and nanoplastics. These tiny particles are promptly dispersed throughout the natural
world, making their retrieval and cleanup all but impossible. As a result, understanding what happens
to these materials as they age within the environment, and assessing what impact they will have,
is essential. This study is naturally an uphill battle for a number of reasons: these materials are
highly diverse, owing to their ability to be synthesised readily from a wide variety of monomers in a
wide variety of arrangements, their ability to be further adapted with chemical additives, and their

uncontrolled degradation in environmental matrices which changes their properties further still.

Because of this, existing research has often focused on the use of so-called ‘pristine’ materials; out-
of-the-factory polymers which are easy to obtain, characterise, and categorise. However, whilst this
approach is a sensible first step, it leaves a lot of critical understanding out of the picture. More recently,
research has progressed to test hypotheses with ‘aged’ materials, as they are more representative of
pollution found in the environment. There are a number of common methods for approaching this,
but they have their own limitations, and are generally quite slow, making rapid progress on this issue
challenging. In very recent studies, new potential tools have been discussed to evaluate hypotheses

related to material aging on much faster timescales, such as the use of plasmas.

xi



In this thesis, plasma degradation was pioneered as a proxy for environmental aging in microplastics
research. Plasma surface treatment is not a new technology, and indeed polymers have been routinely
exposed to plasma in other fields of research to achieve a variety of outcomes. However, its application
as a potential aging method to rapidly simulate environmental photodegradation is all but missing.
Herein an in-depth analysis and optimisation of plasma degradation for this application was made,
with recommendations for sensible implementation of this technique. Overall, it was deemed a rapid
alternative method that can significantly accelerate the pace of aging-focused studies, whilst remain-
ing a plausible abstraction of photodegradation within appropriately designed methodologies. This

technique was demonstrated to have enormous potential in its application to microplastics research.

The optimised aging protocol was then carried forth into two research chapters: the first an analysis
of environmental sorption dynamics of common soil nutrients to aged plastic surfaces, using XPS
as a method to determine surface adhesion. Results indicated material-specific and aging-specific
sorption occurs, however it was concluded that further research was needed to ascertain if nutrient
immobilisation is a real concern. The second was a soil incubation study, investigating the impact that
the environmental aging of microplastic pollution will have on soil health. These results concluded
that even in a low (but representative) concentration of 0.25% w/w microplastics have a small but
notable and significant impact on soil health, with some treatments being able to influence phosphorus
and ammonium availability, affect soil aggregation, as well as alter pH and EC values within the soil.
There was evidence of aging-specific variation, however these data indicated material-specific features
were more relevant. These studies demonstrated that plasma surface treatment can be used as an

effective and sensible aging protocol for microplastics research in the environment.
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Glossary of Terms

Herein, the following terms, acronyms, initialisms, and abbreviations may be of note to the reader:
e Polymer - A large molecule made up of repeating units of smaller molecules (‘monomers’)

e Plastic - A class of materials formed on a polymer backbone, that are typically (but not exclu-
sively) synthetic, made of mostly hydrogen and carbon, and containing chemical additives; often

mistakenly used interchangeably with ‘polymer’

e Additive - A class of chemicals that are ‘added’ to plastic structures to augment their properties,
such as UV-stabilizers which change their susceptibility to ultraviolet radiation; additives are

typically loosely bound to the polymer structure in a plastic
e Macroplastic - A large arrangement of continuous plastic, such as a plastic water bottle

e Microplastic (MP) - A particle of plastic that is less than 5mm in diameter. These particles can
either be directly engineered to this size (‘Primary’ microplastics), or the result of degradation

(‘Secondary’ microplastics)
e Nanoplastic (NP) - A particle of plastic that is less than 1pm in diameter
e Nonbiodegradable Polymer - A polymer that is resistant to biodegradation on human timescales

e Bio-based Polymer - A polymer synthesised from biomass-derived feedstocks, as opposed to fossil

fuel-based feedstocks

e Biodegradable Polymer - Readily converted into biomass, water, carbon dioxide, and other simple

molecules by biological and microbial processes

e XPS - X-ray Photoelectron Spectroscopy; a surface chemical analysis technique, see section [2:2]

for more detail
e SEM - Scanning Electron Microscopy; a surface imaging technique, see section [2.5 for more detail
e PS - Polystyrene, a common nonbiodegradable polymer used in packaging
e PLA - Polylactic Acid, a relatively common bio-based polymer often described as biodegradable

e LDPE - Low Density Polyethylene, a common nonbiodegradable polymer commonly used in

packaging
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Nurdle - A small bead of plastic used as a raw material in the manufacturing process of plastic

items

FWHM - Full Width Half Maximum, a metric used in the peak fitting of XPS spectra which

describes the width of a peak at half of the peak’s maximum value

DOM - Dissolved Organic Matter

IPA - Isopropyl Alcohol; a commonly used laboratory solvent used for cleaning
CSR - Corporate Social Responsibility

Pristine plastic - A ‘Pristine’ plastic is plastic material that is freshly manufactured, that has not

been degraded from use, and has not been exposed to the environment in any meaningful way
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Training in Material Social Futures

This highly interdisciplinary research was complemented by a wide array of further study and additional
work packages that connect the physical science research demonstrated in chapters [ [ and [6] to the
broader societal and business contexts in which it is found. This formed a significant element of the
time and effort of this PhD (approximately 20% of the funded 3 years), and resulted in two key outputs

found in appendices [A] and [B]
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Chapter 1

Introduction

1.1 Research questions

Investigating the impact of plastic waste in the environment is an innately interdisciplinary endeavour.
Chapters 1-3 give an introduction to the field and to the research methods. In Chapter 4, the validity
and application of a novel accelerated aging technique for microplastics, plasma aging, is assessed.
The method is then optimised as a novel method to rapidly simulate environmental aging of plastic
waste. This technique was then applied to study sorption effects onto aged polymer surfaces in chapter
5, drawing comparison with photoaging (a commonly used method in the existing literature). This

method is then ultimately tested in a soil microcosm experiment in chapter 6.

Broadly, this thesis aims to evaluate the following key questions:
1. How does plasma aging compare to photoaging as a way to rapidly simulate environmental aging?

2. Is plasma aging suitable as an alternative rapid aging method for accelerating microplastics

research?

3. Does surface aging of plastic materials impacts nutrient sorption & mobility within environmental

matrices?

4. Does surface aging of microplastic pollution in soils affect soil health?



1.1.1 Graphical outline of research questions
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Key Research \
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Figure 1.1: A visualisation of the outline of this thesis and how it links to the research questions
investigated during this PhD




1.2 Plastics, Society, & the Environment

In recent years humanity has transitioned from the stable era of human development known as the
Holocene to the uncertain future of the Anthropocene, a shift of geological epochs in which human
activity has come to be the dominant influence on our planet [1]. Few materials have defined this
transition more completely than plastics. Their unique properties, wide-ranging adaptability, and
low cost have found them applied in virtually every facet of modern-day life, and as such they have
emerged as one of the most impactful classes of contemporary materials. Consumption has expanded
to an estimated 368 million tonnes annually in recent years [2], and there is every indication that this
growth will continue. Future projections suggest it will triple by 2050, when it will account for 20%
of global oil demand [2][3]. But the desire for convenient, low-cost lifestyles that has made plastics so

commonplace, has brought with it immense environmental challenge and an emerging ecological crisis.

Plastics are now known to extensively pollute the natural environment. They have been found in
even some of the world’s most remote locations, such the mountains ranges of central Asia [4] and
suspended in Antarctic waters [5]. The full implications of the sudden emergence of this anthropogenic
pollutant remain unclear, but there is evidence of far-reaching consequences, with concerns over their
impact on human health [6]|7], pressure on biological ecosystems [8], and even potential to influence
biogeochemical cycles [9]. Understanding these materials, how they shape society, and how they impact

the environment, is an urgent necessity.

1.2.1 A Brief Introduction

Plastic is a generic term for a very wide range of different chemicals formed from repeating macro-
molecules known as ‘monomers’ which ‘polymerise’ (figure into a long chain (a ‘polymer’), and
often contain other chemicals called ‘additives’ [10]. Additives represent a very wide array of organic
and inorganic chemicals that can be mixed with polymers, and in almost all cases they are not directly
bonded to the polymer structure [11]. Additives serve many purposes, including augmenting the func-
tional properties of a plastic (such as making them more resistant to heat or light), making them more

visually attractive, and making them cheaper to produce [11].

Whilst ‘plastic’ and ‘polymer’ are often used interchangeably, the more specific term ‘polymer’ refers

exclusively to the repeating molecular pattern. Where appropriate, polymer is preferred nomenclature
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Figure 1.2: Polymerisation of a common monomer, ethene

[10], as ‘plastic’ is applied broadly and imprecisely in modern society, which can lead to confusion.
Nevertheless, they are so tightly woven together that even in scientific literature they’re often used
interchangeably, and indeed when working across disciplines the term ‘polymer’ can also be ambiguous,
as in environmental literature it can be used to refer to individual macromolecules (‘natural polymers’)

2.

Virtually all everyday plastics consist of carbon and hydrogen with some small quantities of other
elements, such as oxygen and nitrogen, meaning that by weight they are mostly carbon. Their un-
matched ability to adapt to different purposes comes from the addition of small chemical structures
known as functional groups, changes in polymer length and branching, their spatial arrangement (oth-
erwise known as their ‘tacticity’), and the addition of chemical additives. The material diversity made

possible through the combination of these alterations has led to their widespread use in society.

Commercial polymers are often separated into two origin groups: synthesis from petrochemical
stocks (i.e. plastics derived from crude oil and other fossil fuels), and from biomass (i.e. synthesis from
plant-based derivatives such as potato starch). Petrochemical-based polymers are far more common,
and as such are also often referred to as ‘conventional plastics’ [13]. It is not uncommon for polymers to
have multiple synthesis pathways. For example, PET monomers can be created through both oil-based
and bio-based routes, producing the exact same polymer at the end of the process [14]. This means that
it is entirely possible for the same plastic to be manufactured as a bio-based polymer, a conventional
polymer, or a mix, depending on how it was synthesized. Often confused with bio-based polymers,
a ‘biodegradable’ polymer is a separate classification, and refers only to its ability to be biologically

decomposed, meaning both conventional and bio-based polymers can in theory be biodegradable, as



visualised in figure [I.3] These terms are widely misunderstood, and this lack of understanding often
leads to negative outcomes when individual consumers manage their waste . Understanding these
nuances is essential when developing scientifically-valid hypotheses, and scientifically-informed policies

regarding plastic pollution.

COMPOSTABLE Capable of biodegradin? by

biological processes of organic
matter, being converted to water,
COz2/methane, energy, and new
biomass by microorganisms
depending on specific
environmental conditions

(UNEP, 2015).

Figure 1.3: A visualisation of the overlap of broad plastic-related terminology, reproduced from Ford
et al [16] under CC BY license.

1.2.2 A Brief History

Plastics emerged in the late 19th century as a niche chemical curiosity, helping to curb the demand for
other natural materials that were in great demand such as ivory and tortoiseshell, which could only
be sourced through the near extinction of rare animal species . As the 20th century blossomed
and industry boomed, plastics increasingly found roles in emerging technologies, from military radars
to musical records . This rapid success empowered technological progress across many different
fields, and has transformed day-to-day life in the 21st century. They continue to make many essential
products quick to manufacture, cheap to buy, and convenient to use . They serve critical functions
in the modern world that society would struggle to replace, such as facilitating many aspects of medical
technology that would be all but impossible to substitute with other materials . As a result, plastics
are now among the most versatile and most used anthropogenic materials. It is difficult to imagine

life without them, and even more difficult to live without them.



Convenience has come at a cost, however. The meteoric rise of these materials occurred without
all of the necessary knowledge, infrastructure, or policies in place to effectively manage the end-of-
life process. As early as the 1970s alarming studies emerged, demonstrating that these materials
inadvertently pollute the natural environment [21]. As the decades progressed it became increasingly
clear that this was a widespread problem, with massive levels of pollution being observed in the oceans,
leading to disturbing phenomena such as ‘The Great Pacific Garbage Patch’, a large collection of plastic
within the Pacific [22]. This problem is not no longer constrained to aquatic matrices, with recent

studies finding plastics in soils [23].

Alarmingly, researchers have shown that these plastics are not only present, but accumulate over
time in the natural environment [24]. Further still, plastics left in the environment begin to frag-
ment and degrade, fracturing into micro- and nano-sized plastic particles (so-called ‘microplastics’ and

‘nanoplastics’, visualised in figure [1.4) [25].

Macroplastic Microplastic Nanoplastic

A J

10°m <5x103 m <10®m

Figure 1.4: Commonly defined size ranges of plastic pollution

These pollutants have been shown to present novel and unintended consequences within the environ-
ment, from leaching their additives into their surroundings, to becoming sorption sites for Persistent

Organic Pollutants (POPs), antibiotics and heavy metals [26][27]|28]. It is geometrically self-evident



that their surface-to-volume ratio increases as material breakdown takes place, and with many of these
emerging hazards arising as a result of activity on their surfaces, their uncontrolled fragmentation
could see a catastrophic potential to amplify these effects. Additionally, as plastic particles become
smaller, identification, quantification, and collection techniques available for research and cleanup be-
come limited. So much as detecting smaller microplastics remains a barrier to restorative action, with

most existing techniques having a minimum detectable size limit of a few micrometres [29].

Across their brief history, plastics have transformed the way we live, but they now present humanity
with a number of difficult questions about how sustainably we choose to do so, and how we treat
our environment. How the next few decades are handled, and what paths are chosen, will have a

substantial impact on how this problem evolves.

1.2.3 A Brief Future

Plastic consumption is projected to skyrocket in the coming decades, with around 20% of oil expected
to be used in the formation of plastics by 2050 [3]. The amount of plastic pollution already in circulation
has caused enough concern for some researchers to call for it to be labeled as hazardous [30], and other
researchers have described it as a ‘poorly reversible’ form of pollution that may inflict ‘practically

irreversible’ damage |31]. Left unchecked, it is widely expected to cause problems for decades to come.

The future of plastic consumption and pollution is an open question, and it is one that will have
a critical impact on other environmental crises such as biodiversity loss, and climate change [16][32].
Previously, researchers have speculated about the links between climate change and biodiversity [33],
but these two major issues are also entwined with the future of plastic. As such, the decisions and

strategies made to address the plastic crisis will have far-reaching implications.

Currently, the zeitgeist is to mediate humanity’s consumption of plastics with two key ideas: im-
proved recycling of consumed materials, and the shift from ‘bad’ plastics (typically thought of as those
that are difficult to recycle and made from petrochemicals) to ‘good’ plastics (often signposted as bio-
based plastics and biodegradable plastics). These innovations, whilst showing promise, fundamentally
cannot be the only solutions humanity has to the crisis, and indeed may reasonably present unintended
consequences of their own. Several other ideas have been presented as possible future strategies to

minimise the harms of the accumulation of plastic and to make better use of plastic material cur-



rently in circulation. Common strategies include commercial levers, such as working with businesses
to adopt more sustainable practices [34], technical levers such as innovative new materials [35], and
societal levers such as a cultural shift towards a circular economy [3]. All of these themes could play

a role in addressing the plastic crisis.

Rockstrom et al have argued persuasively that in this era of dominant human activity there are
multiple boundaries which humanity is on track to overstep [36], potentially tipping us into ‘undesired
states’. It is likely that, in the decades to come, uncontrolled and unaddressed plastic pollution will
influence several of these boundaries, and form a major element of the ‘chemical pollution’ threat [37].
Assessing both material and social futures of plastics in parallel is critical to foresee and mitigate their
impact on these boundary conditions. Therefore, understanding the impact of plastic pollution is an

urgent necessity, and rapid progress in this research field is needed.

As humanity continues to unravel the shift of this new era, clear gaps in our understanding of how
the sheer volume of plastic we throw away changes within the environment, how its presence impacts
the environment, and what our best tools for quickly assessing the consequences of plastic pollution in
the environment look like have become increasingly conspicuous. Additionally, because this crisis was
first observed in aquatic environments (and is most visible in aquatic environments) studies looking at
their impact in terrestrial matrices are less common, despite being equally critical. This thesis aims

to advance understanding in this gap.



Chapter 2

Materials and Methods

2.1 Materials used in this research

2.1.1 Plastic sheets

Three plastic sheets were used throughout this study, LDPE, PLA, and PS. The highest purity options
available for procurement were selected for this research in order to minimise the impact that additives
could have on the outcomes. The PLA and PS were transparent plastics, and the LDPE was an off-
white plastic. The polymer sheets had different thicknesses, however given the surface-focused nature
of these research objectives, this was assessed to have no impact on the experiments conducted herein.

All three were procured from Goodfellow Cambridge Ltd.

These materials were chosen specifically for their relevance to the discipline. LDPE is a widely-used
polymer with simple chemistry, that sees significant application in agricultural settings, such as being
the base of many mulch films [38]. Similarly, PLA is a common ‘biodegradable’ alternative [38]. PS
forms the basis of the packaging of many single-use consumer goods, and is a common environmental

pollutant [39].

2.1.2 Powders

Three microplastic powders were generated through the cryomilling (section [2.6) of polymer ‘nurdles’.
A nurdle is a small bead of plastic used as a raw material in the manufacturing process of plastic

items. These nurdles were approximately 2-5mm in diameter pre-milling. Additionally, silica beads
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Figure 2.1: Particle size distribution resulting from cryomilling of the four materials used throughout
this thesis, as percent of total milled mass in microns. As this figure shows the size range varied
considerably, so particles in the 125-500um range were retained and mixed together to create a more
comparable set of starting powders.

were also cryomilled into powders to be used as a positive control material. Silica-based minerals are
naturally abundant in the environment and it is also robust to degradation, making it an ideal
control material. The highest purity options available for procurement were selected for this research
in order to minimise the impact of additives. After cryomilling, these powders were processed using
an automatic sieve shaker in a stack of 20cm diameter sieves in the following size ranges: 1000um,
500pum, 250pm, and 125pum. The resulting size distribution is seen in figure [2.1] To make these
powders more comparable, particles of a given material between 125um and 500um were retained and
mixed together. This size range is a sensible distribution for microplastic particles for soil studies, as
microplastic particles in this size range have been commonly found in soil matrices . Additionally,
by constraining the particles to this size range, it is possible to more accurately attribute results to
the effects of the polymers and their chemistry, as opposed to the impact that the particle size will

have, as they are all within the same order of magnitude.
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This conversion to ‘useful’ mass is shown in table All materials yielded satis