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Abstract

Plastics not only have physical effects on organisms, but there is also a chemical burden
associated with their presence in the environment. Plasticisers are one of the most widely
used classes of chemical additive in plastic items, and thus there is widespread potential for
the release of these compounds into the environment over the lifetime of the plastic, where
they may pose a risk to organisms. Despite this, there have been very few studies of the
occurrence and fate of plasticisers in the UK environment. To address this knowledge gap,
field surveys were carried out to assess the occurrence of multiple classes of legacy and
emerging plasticiser in UK terrestrial and estuarine environments. The occurrence of
macroplastics, and microplastics in the UK terrestrial environment was also investigated. In
addition to these field studies, laboratory experiments were also carried out to investigate
plasticiser release rates from microplastics into soils, and the persistence and degradation
kinetics of multiple classes of plasticiser. Laboratory and field studies in this project were
designed to investigate differences and similarities in the occurrence and fate of legacy
phthalate and emerging non-phthalate plasticisers, many of which are increasing in use in
response to legislative pressure. The results from these studies suggest that plasticiser
contamination of UK terrestrial and estuarine environments is widespread, with phthalates the
most abundant class of plasticiser in both soils and sediments. Multiple classes of emerging
plasticiser were also detected in these environments. In some instances, concentrations of
emerging compounds were greater than or equal to restricted phthalate plasticisers, although
levels were generally relatively low. The laboratory mechanistic studies indicated that
plasticiser release from microplastics into soils can proceed rapidly, and that some emerging
plasticisers are among the most persistent plasticisers in soils. Overall, the results from this
project suggest that future monitoring of plasticisers, in addition to investigations of the impacts
and fate of emerging and legacy plasticisers in organisms, would be warranted in order to

assess and manage the risk of these compounds in the UK and wider environment.
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1. Introduction

1.1 Background and rationale for the study

1.1.1 Plastic production and the scales of plastic waste in the environment

Modern life is increasingly dependent on plastics. Due to their durability, relative ease of
production, and diversity in physical and chemical properties, plastics have found a wide range
of applications in society. In 2020, global production of virgin plastics alone (i.e. not including
recycled plastic manufacturing) exceeded 367 million tonnes, an increase of almost 10% from
2016 (Plastics Europe, 2021). European production of virgin plastics is estimated to be over
55 million tonnes, with the most widely produced polymers being polyethene (PE),
polypropene (PP), polyvinylchloride (PVC), and polyethene terephthalate (PET) (Hansen et
al., 2013; Plastics Europe, 2021). Although these four polymers combined represent the
majority of plastic demand in Europe (~68%), the European plastic market contains over
30,000 distinct polymeric materials (Horton et al., 2017b; Plastics Europe, 2021). Furthermore,
there are hundreds of chemical additives which may be included in the formulation of plastic
items, although the exact composition depends on the intended use and characteristics
required of the plastic (Hansen et al., 2013). Due to this diversity in the chemical composition
of plastics (both base polymer and additive content), these items represent a complex mixture

of potential environmental contaminants.

Over the past decade, there has been an increased focus on the occurrence and
ecotoxicological impacts of plastics, particularly microplastics, in the environment (Horton et
al., 2017b; C. Wang et al., 2021). Microplastics, typically defined as plastic particles smaller
than 5 mm (Arthur et al.,, 2009), may be classified as ‘primary’ or ‘secondary’. Primary
microplastics are those that are intentionally manufactured as products of the polymer industry
(Horton and Dixon, 2018), such as pre-production ‘nurdles’ that are used as precursors in the
production of industrial or consumer plastic goods. These primary microplastics may enter the
environment through e.g. accidental release during transport or improper disposal, and can

contain plastic additives which themselves may be released into the environment following the
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entry of the microplastic into e.g. terrestrial or freshwater ecosystems (Horton et al., 2017b;
Chapter 2). Secondary microplastics are produced through the fragmentation of larger plastic
items present in the environment, through a combination of mechanical, chemical, and
biological pathways. Given the mass and quantity of macroscopic plastic items produced
globally, secondary microplastics are thought to represent the vast majority of the microplastic
burden in the environment, relative to primary microplastics (Horton et al., 2017b). Secondary
microplastics, like primary microplastics, will also contain a number of chemical additives,
either added intentionally during manufacturing, or potentially through sorption from the
surrounding environment on to (or within) the surface of the microplastic particle following
initial fragmentation (Horton et al., 2017b; Chapter 2). Given that the rate of release of a
chemical additive from a plastic will depend largely on the relative surface area of the item,
the exponential increase in relative surface area associated with secondary microplastic
generation may increase the potential of a plastic fragment to release chemical additives into
the environment. Thus, the study of the relationships between different scales of plastic waste
(from macroscopic to microscopic) and the occurrence and release of plastic additives is
necessary if the source pathways and ultimate fate of plastics and their chemicals additives in

the environment are to be understood.

Given that almost all plastics are produced, used and disposed of on land, the study of the
potential impacts of these contaminants on the terrestrial environment is vital. For example, it
has been shown that microplastic contamination can have negative impacts on the survival
and fitness of terrestrial organisms (Boots et al., 2019; Cao et al., 2017; Huerta Lwanga et al.,
2016). To date, these assessments of the impact of plastic waste on organisms have typically
focussed on the physical impacts of the particles themselves on e.g. dermal or respiratory
surfaces within the organism. In addition to these physical impacts, the chemical load
associated with microplastic particles also contributes to the potential toxicity of such particles
(Chapter 2; S. W. Kim et al., 2020). Work to assess the levels of microplastics in different

environmental matrices, and thus the environmental relevance of such toxicological studies,
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is ongoing. Nevertheless, the weight of evidence indicates that the risk posed by plastic waste
to terrestrial and estuarine organisms arises not only from physical impacts of such
contamination (e.g. ingestion of microplastic particles), but also the burden of chemicals that
may have been released prior to, or during, interactions between organisms and

environmental plastic contamination.

1.1.2 Plasticisers as plastic additives and environmental contaminants

A plastic item typically comprises a polymer matrix (for which the plastic is named, e.g.
polyethene, polystyrene) doped with a number of plastic additives (compounds associated
with, but not chemically bound to, the polymer matrix). As the vast majority of plastic additives
are not chemically bound to the polymer matrix, it is possible that these compounds may be
released from the plastic into the environment over the lifetime of the plastic item (Chapter 2).
Plasticisers are one such family of chemicals associated with plastics. Plasticisers are added
to many plastics during the manufacturing process to increase the flexibility of the final product.
Annual demand for plasticisers in Europe alone exceeds 1.3 million tonnes, with the global
market estimated at 7.5 million tonnes (CEFIC 2018). The majority of plasticisers
(approximately 85%) are used in polyvinyl chloride (PVC) formulations (CEFIC 2018), thus
this polymer may be expected to be most closely associated with the occurrence of plasticisers
in the environment. Plasticised items are most commonly used in urban areas, e.g. wires,
cabling, flooring and wall coverings account of almost half (45%) of plasticiser use in Europe
(CEFIC 2018), and a significant proportion of plasticisers are also used in consumer goods
and industry (13%). Therefore, it may be expected that urban areas and plastic litter
associated with such areas could act as considerable inputs of plasticisers into the wider

environment.

Plasticisers typically constitute 10-60% w/w of the item in which they are used, although this

percentage is dependent on the application of the item, and they may also be only minor
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components (<1% w/w; Hansen et al., 2013). The most widely used class of plasticiser, the
phthalates (aka. phthalic acid esters), have historically dominated the European and global
plasticiser markets (e.g. phthalates alone accounted for 60% of the European plasticiser
market in 2017; CEFIC 2018). However, a humber of the most commonly used phthalates
have demonstrated, or are suspected of, endocrine disrupting activity, which has led to their
restriction for use in the EU in many applications (ECHA, 2022, 2018). This legislative pressure
has been linked to a decline in the use of phthalates in Europe, e.g. phthalate market share
decreased by over 25% between 2005 and 2017 (CEFIC 2018; Chapter 2). The decline in the
use of these restricted phthalates has led to an increase in the use of so-called ‘emerging’
plasticisers, which may be higher-molecular weight phthalates not yet on the restriction list, or
non-phthalate alternatives (CEFIC, 2021; Chapter 2). The most commonly used class of non-
phthalate alternative are the terephthalates (12% of European market), although a diverse
range of compounds are also used as replacements, e.g. citrates, trimellitates, and adipates

(Chapter 2).

Despite suspected endocrine disrupting activity and genotoxicity of phthalates, there is little
information concerning the occurrence, fate, and potential impacts of emerging plasticisers in
the terrestrial environment (Chapter 2). Given that the function of plasticisers is identical,
plasticiser compounds have many similar properties irrespective of chemical class, and thus
the challenges surrounding the fate and impact of phthalates in the environment may also be
relevant to some emerging non-phthalate alternatives (Chapter 2). Thus, one of the
overarching focuses of this study was to evaluate the differences and similarities in the
occurrence and behaviour of legacy (i.e. phthalate) versus emerging plasticisers. Additionally,
there is almost no empirical information regarding the occurrence of plasticisers in the UK
environment. Thus, two environmental studies were carried out during this project to begin to
narrow these knowledge gaps. The rationale and background behind each study is discussed

in detail in the respective chapters.
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1.2 Selection of plasticiser analytes

It is through the lens of changing patterns of use of ‘legacy’ phthalate and ‘emerging’
plasticisers that the analytes in this study were selected. A literature review was conducted
which identified the major classes of plasticiser based on production volumes and significance
from an environmental pollution perspective (Chapter 2). This informed the selection of a suite
eight phthalate and four non-phthalate plasticisers that were the focus of the majority of

analyses in this project (Table 1.1).

Table 1.1: The eight phthalate and four emerging plasticisers selected for investigation in this

project, including associated physiochemical properties.

Name and acronym Class CAS Formula Log Kow Shzo (mg L)
Dimethyl phthalate DMP Phthalate 131-11-3  CioH1004  1.614 40008
Diethyl phthalate DEP Phthalate 84-66-2 Ci12H1402  2.544 10808
Di-iso-butyl phthalate DiBP Phthalate 84-69-5 Ci6H2204 4.27A 6.2 (24°C)"
Di-n-butyl phthalate DnBP Phthalate 84-74-2 Ci6H2204  4.274 11.28
Benzyl butyl phthalate BBP Phthalate 85-68-7 C19H2004 4.74 2.698
Diethylhexyl phthalate DEHP Phthalate 117-81-7  C24H3sOs  7.73% 0.2758
Di-n-octyl phthalate DnOP Phthalate 117-84-0  Co24H3sOs  7.734 0.0228
Di-iso-decyl phthalate DiDP Phthalate 26761-40-0 CazsH4604  9.464 0.288
Diethylhexyl adipate DEHA Adipate 103-23-1  C22H4204 0.78 (22 °C)®
Diethylhexyl terephthalate DEHTP Terephthalate 6422-86-2  C24H3804 4.0(20°C)®B
Acetyl tributyl citrate ATBC Citrate 77-90-7 C20H340s 178
Trioctyl trimellitate TOTM Trimellitate 3319-31-1  CasHs406 3.9x 1048

A(Net et al., 2015); BPubChem online database.
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The suite of plasticisers was designed to cover a wide range of physiochemical properties
(e.g. logKow, chain length, degree of chain branching, molecular size and functional groups),
to enable us to investigate intra- and inter-class variations in occurrence and fate. The
emerging non-phthalate plasticisers were selected as exemplars of four different classes of

plasticiser, namely trimellitate, adipate, citrate and terephthalate.

A method for the simultaneous extraction and analysis of these 12 plasticisers was developed.
Briefly, soils of similar type to the test soils were spiked with known concentrations of all target
plasticisers. Microwave-digest was used in conjunction with a variety of solvents and solvent
mixtures (e.g. DCM, hexane, DCM:acetone 9:1 v/v) to test the extraction efficiencies of the
different solvents and the microwave-digest on the spiked test soils. Minimum recovery values
of target plasticisers were compared to identify the optimal extraction method and solvent. For
most samples, clean-up through automated size-exclusion chromatography was also used
prior to instrumental analysis. Clean-up was necessary in order to minimise matrix
interferences during analysis which could reduce sensitivity and specificity of the method.
Plasticisers were analysed using gas chromatography-mass spectrometry (GC-MS).
Optimisation of instrument parameters such as inlet temperature, detector gain, GC oven
temperature ramps, dwell time, injection volume, and injection type (split/splitless), was carried
out in order to give optimal combination of chromatographic separation and signal intensity
across all compounds. All samples were spiked with deuterium-labelled recovery standards to
enable routine monitoring of extraction efficiencies. Plasticiser concentrations were recovery-
corrected based on the recovery of labelled plasticisers. At least one procedural blank was
carried out with each extraction of plasticisers, and plasticiser concentrations were blank-
corrected using the value in the blank (or mean value if multiple blanks were carried out).
Deuterium-labelled phthalate internal standards were used to correct for e.g. differences in
analyte response due to matrix effects in all samples and calibration standards. All target
plasticisers and labelled recovery plasticisers were quantified using multi-level external

calibration using standard calibration solutions (Sigma-Aldrich, USA). Only regression lines
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with R? > 0.99 were used for quantification (minimum 5 calibration levels). The precise details
of the methods used for each study (e.g. extraction and clean-up procedures, instrumental

parameters, quality assurance, contamination controls) are described in each chapter.

1.3 Research aims and objectives

The overarching aims of this project were to investigate the sources, occurrence and fate of
plasticisers in the UK, and examine how the environmental profiles and fate of ‘emerging’
plasticisers compare to those of ‘legacy’ phthalate plasticisers. Field studies of UK terrestrial
and estuarine environments were used in conjunction with laboratory studies to achieve these

aims. Specifically, the project involved the following objectives:

o |dentify knowledge gaps concerning the input rates, sources, concentrations,
persistence, and ecological impacts of phthalate and emerging plasticisers in

terrestrial, estuarine, and coastal environments.

o Examine the sources, occurrence, and profiles of macroplastics, microplastics, and
phthalate and emerging plasticisers in the English terrestrial environment under

different land uses, and the relationships between these contaminants.

¢ Investigate the effects of soil type and soil properties on the rate and extent of release

of a plasticiser from microplastics directly into soil.

¢ Quantify and compare the degradation kinetics of phthalate plasticisers and emerging
non-phthalate plasticisers in soils and investigate the effects of soil type on the

persistence of these plasticisers in soils.

e Investigate sources and spatiotemporal variation of plasticiser occurrence in

sediments in the Firth of Forth estuary and neighbouring coastal area in Scotland, UK.
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1.4 Thesis outline

This PhD project was carried out in conjunction with the UK Centre for Ecology and Hydrology
(UKCEH) between October 2019 and June 2023. The author spent 15 months at the UKCEH
site at Wallingford, UK, where the majority of the evidence collation, experimental work, field
sampling, and microplastic analysis was carried out (including during multiple periods of
coronavirus lockdown). The remaining 30 months were spent at UKCEH Lancaster, where
method development for the extraction and analysis of plasticisers from soils and sediments
was conducted, in addition to the measurements of plasticisers in all samples collected during
the project. The sediment samples discussed in Chapter 6 were collected by colleagues at the
UKCEH site at Edinburgh as part of a wider project (see Statement on research

collaborations).

Chapter 2 is a literature review with a detailed discussion of the sources of plasticisers and
micron-scale plastic pollution in soils and how this may be linked to plasticiser occurrence.
Data from over 40 published studies on the occurrence of plasticisers in soils was collated to
provide a systematic assessment of total plasticiser abundance as well as occurrence data for
over 20 individual plasticisers. In addition, the factors affecting the persistence of plasticisers
in soils and their fate in soil organisms are discussed. The review finishes with a synthesis of
information to identify knowledge gaps in the field. This chapter serves to provide background

detail and context for Chapters 3 and 4.

Knowledge gaps concerning the sources of plasticisers in soils that were identified in Chapter
2 are investigated in Chapter 3. This chapter details the results of a field study investigating
the presence of soil-surface plastics, and soil-interred microplastics and plasticisers in soils
from a variety of land uses. In quantifying plasticisers in soil samples, this study focuses not
only on established compounds such as phthalates, but also considers emerging (non-

phthalate) plasticisers. The relationships found between the various measured contaminants
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are also discussed, to provide insights into the sources of plasticisers and microplastics in the

soil environment.

The relationship between plasticiser occurrence and soil microplastics is then investigated
further in Chapter 4. This chapter discusses the findings of a laboratory experiment of the rate
of release of an emerging plasticiser from microplastic pellets into natural soils spanning a
range of chemical and physical properties (e.g. pH, organic matter content). The kinetics of
the degradation of a suite of phthalate and non-phthalate emerging plasticisers are also
compared. Chapter 4 ends with a discussion of the implications of the rapid release and

persistence of some emerging plasticisers in the terrestrial environment.

Chapter 5 provides a detailed discussion of the current knowledge of the sources and entry
pathways of emerging and legacy plasticisers in estuaries and near-shore environments. This
is followed by a thorough overview of the chemical behaviour of plasticisers in these
environments, specifically the mechanisms controlling the release of plasticisers from plastic
items (e.g. microplastics), and their partitioning between water and sediment. This chapter
synthesises information regarding the occurrence of both legacy and emerging plasticisers to
provide a detailed picture of the overall plasticiser contamination in estuarine and coastal
waters and sediments. The state of the field concerning the persistence of these compounds
in sediments and water, and their uptake and effects in biota, is examined. Chapter 5 finishes
by bringing together the available information to highlight important knowledge gaps and

recommend key research needs.

The results from an environmental study of the levels of plasticisers in sediments of the Firth
of Forth estuary are presented in Chapter 6. This chapter, in conjunction with Chapter 5,
provides an insight into the fate of plasticisers in sediments compared to the soil environments
studied in Chapters 2-4. The patterns and profiles of plasticisers in the sediments are
discussed, alongside analysis of variations in spatial and temporal plasticiser occurrence

within the estuary. These patterns are explained through discussion of plasticiser sources and
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wider estuarine chemical and physical processes. Consideration is also given to the
implications of plasticiser contamination on the estuarine and coastal organisms resident in

the Firth of Forth.

The results discussed in Chapters 2-6 are synthesised and placed in a wider context in
Chapter 7. This chapter draws together the conclusions from the project as a whole. Further,

areas for future study arising from the findings in the project are also discussed.
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Abstract

Modern society is widely dependent upon plastic. Therefore, it is unsurprising that macro- and
microplastic pollution is found in every environmental compartment on earth. Plasticisers are
chemicals added to plastics to increase their flexibility. Like plastics themselves, plasticisers
are also widely present in the environment. Plasticisers and plastic debris may undergo long-
range transport in the atmosphere and the oceans, contaminating even the most remote areas
of land. In addition, although plasticisers typically degrade in a matter of weeks-months, they
can persist in soil for decades and have been shown to occur in all land uses studied. Some
plasticisers are genotoxic and can be taken up by soil organisms, which may pose a risk to
ecosystem and human health. To date the majority of data on plasticisers exists for phthalates.
However, plasticisers are a diverse range of chemicals and with the increasing transfer to non-
phthalate alternatives, research into the fate and effects of emerging plasticisers is required
in order to determine their environmental risk and management options. Data on the
occurrence and ecotoxicity of emerging plasticisers, in addition to the impacts of all plasticisers
on terrestrial ecosystems, therefore, remains a key research need within the wider plastics

debate.
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2.1 Introduction

Ever since the mass production of consumer plastic goods began in the mid-20" century, large
items of plastic litter have left a clear visible legacy in the landscape. However, the true extent
to which plastic pervades the environment came with the recognition of the microscopic
fraction of plastic waste that had, until the early 21 century, remained largely unstudied. The
term microplastic was coined in 2004 (Thompson et al., 2004), and formally defined as ‘plastic
particles smaller than 5 mm’ (Arthur et al., 2009). The additional terminology of nanoplastics
was later added, with a size range of 1-100 nm being recognised as a definition (Koelmans et
al., 2015; Poto¢nik, 2011). The usage of these terms has evolved as the diversity in chemical
and physical properties of microscopic plastic waste has become apparent, and there is an
ongoing debate about how best to define and categorise these contaminants (Hartmann et al.,
2019; Rochman et al., 2019). This emerging additional fraction of plastic waste adds to the

visible burden of macroplastics as sources of plasticisers in the environment.

Research has shown that almost every environmental compartment on earth is contaminated
with plastic (Bergmann et al., 2017; Biiks and Kaupenjohann, 2020; Hendrickson et al., 2018;
Horton et al., 2017a; Howell et al., 2012). The majority of research to date has focussed on
aqguatic, particularly marine, environments, whilst the occurrence of microplastics in soils has
only recently started to generate research interest. The scarcity of soil studies is partly due to
the analytical challenges associated with the extraction and identification of microscopic
particles from such a heterogeneous matrix (Moéller et al., 2020). Despite this, there is growing
evidence of widespread microplastic contamination of the terrestrial environment (Scheurer

and Bigalke, 2018; Zhang and Liu, 2018; Zhou et al., 2020b).

Assessment of the impact of plastic waste on the terrestrial environment has tended to focus
on the ecotoxicology of microplastic particles themselves. Laboratory studies have reported
that microplastics can adversely affect soil fauna. For example, negative impacts on survival

(Cao et al., 2017; Huerta Lwanga et al., 2016), biomass (Boots et al., 2019; Cao et al., 2017,
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D. Zhu et al., 2018) and reproduction (Kim et al., 2019; D. Zhu et al., 2018) have been reported
for terrestrial species including earthworms (Eisenia fetida, Eisenia andrei, Lumbricus
terrestris), collembola (Folsomia candida) and nematodes (Caenorhabditis elegans). The
exposure doses used in many studies likely represent ‘worst case scenario’ environmental
concentrations, although direct comparisons are uncertain due to a relative scarcity of
environmental concentration data and inconsistencies in how such data is reported (Buks and
Kaupenjohann, 2020). Some of these negative effects likely arise due to the physical damage
caused by the microplastic particles to dermal surfaces or within the organism itself. However,
in addition to these physical impacts, the chemically inert nature of polymers (da Costa et al.,
2016) means that some of the toxicity indicated may not be due to the plastics themselves,
but due to plastic-associated chemicals such as additives or other substances which may have

become bound to the plastic following its release to the environment.

Plastics are typically composed of the base polymer doped with additives — compounds
associated with, but not themselves part of, the polymer structure. These additives may be
released from the polymer matrix over the lifetime of the plastic. Whilst there are many
additives which may be incorporated in plastics, e.g. plasticisers, flame retardants, UV and
heat stabilisers, pigments and colourants, biocides etc., plasticisers and flame retardants are
used in the largest quantities. Plasticisers typically constitute 10-70% w/w of the plastic item
in which they are used (Hansen et al., 2013), with flame retardants constituting 3-25%
(Hahladakis et al., 2018). However, given that flame retardants are not exclusively used in
plastics, making the attribution of their presence to plastics challenging, plasticisers are the

focus of this review.

Given the vast and complex nature of the polymer industry, there are many plastics and
additives which fill niches for very specific applications. As such, it is beyond the scope of this
review to discuss every plasticiser produced on a commercial scale. Instead, we focus on the
plastics and plasticisers that have environmental significance due to e.g. high production

volumes, occurrence, toxicity, or likelihood for future use as replacements for legacy
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plasticisers such as phthalates. We begin by providing an overview of plasticiser compounds.
This is followed by a discussion of the mechanics of plasticiser release into the terrestrial
environment, in addition to the sources and occurrence of plasticisers in soils. We then discuss
the persistence of plasticisers in soils, in addition to their uptake by soil fauna and flora. Finally,

we discuss existing knowledge gaps and provide recommendations for future research.

2.2 Overview of plasticisers

2.2.1 Introduction and physiochemical properties

Plasticisers are substances added to plastics to increase their flexibility. In Europe, 1.35 million
tonnes of plasticiser are consumed each year, whilst the global market is estimated to be 7.5
million tonnes (CEFIC, 2018). The vast majority (~85%) of plasticisers are used in polyvinyl
chloride (PVC) (CEFIC, 2018), and typically account for 10-70% w/w of the plastic item
(Hansen et al., 2013). Physiochemical data and chemical structures of 6 major classes of

plasticiser are shown in Table 2.1 and Appendix Table S2.1 respectively.
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Table 2.1: Physiochemical data for the 21 phthalates and 5 emerging plasticisers discussed

in this review. Solubility in water is at 25 °C unless otherwise stated.

Vapour

Name and acronym Class Formula pressure Log Log Log Shzo (Mg LY)
(Pa) Kow Koa Kaw
Dimethyl phthalate DMP Phthalate CioHi004 2.63x10%A 1.61% 7.01%4 -5.4A 4000°¢
Diethyl phthalate DEP Phthalate CiH140,  6.48 x 102~ 2544 7.554 -5.014 1080°¢
Dipropyl phthalate DPrP Phthalate CiHig0s  1.74x102A  3.40%  8.04%  -4.64% 77 (nr °C)
Di-iso-butyl phthalate DiBP Phthalate CiH220,  4.73x10°%A 427~ 854~  -427% 6.2(24°C)°¢
Di-n-butyl phthalate DnBP Phthalate CiH220,  4.73x10°A 427~ 854~ 4274 11.2¢
Dimethoxyethyl 2c s 8500 (nr °C)
phthalate DMEP Phthalate Ci4sH1506  3.04 x 10 1.11 ¢
Di-n-pentyl phthalate DnPP Phthalate CigHzsOs 1.28x10%A 512~  9.034 -3.914 1.3 (nr°C)
Diethoxyethyl phthalate DEEP Phthalate C16H2206 2.108
Benzyl butyl phthalate BBP Phthalate CioH2004 2.49x 103~ 474 8.78%  -4.08"* 2.69¢
Diphenyl phthalate DPhP Phthalate CaoH1404
Dicyclohexyl phthalate ~ DCHxP Phthalate CaoHz60s 1.16 x 10%¢  6.208 4.0 (24°C)¢
. 0.159 (nr
Di-n-hexyl phthalate DnHxP Phthalate CapoHz00s 3.45x10%A 6.00~ 9,534 -3.53%4 °C)(
Dimethylpentyl
phthalate DMPP Phthalate C20H3004
Di-n-heptyl phthalate DnHpP Phthalate CyHa0s 276 x 104C  7.56€ 1.83x 10%¢
Hexyl ethylhexy! 8
phthalate HEHP Phthalate C22H3404 7.65
Dibutoxyethyl phthalate DBEP Phthalate CyoH300s 2.89x10'¢ 4.06%
Diethylhexyl phthalate DEHP Phthalate CaH304 2.25x10°%*  7.73% 10534 -2.84 0.27¢
Di-n-octyl phthalate DnOP Phthalate CuHag0, 2.52x10%A  7.73A 1053~ -2.8%4 0.022°¢
Di-iso-nonyl phthalate DiNP Phthalate CxHi0s 6.81x10%A  8.6% 11.03* -2.43% 0.2(20°C)¢
Di-n-nonyl phthalate DnNP Phthalate CyHs04 6.81x10°%4 86"  11.03A -2.34% 1.73x10%°€
Di-iso-decyl phthalate DiDP Phthalate CaHssOs 1.84x10°%4  9.46~ 1152~ -2.06% 0.28¢
Diethylhexyl adipate DEHA Adipate CpHs04  1.13 x 104€ 0.78 (32 ©)
Diethylhexyl ac o) C
terephthalate DEHTP Terephthalate C4H3s04 2.85x 10 4.0 (20 °C)
Acetyl tributyl citrate ATBC Citrate CyH340s  4.00 x 102€ 1.7°¢
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Di-iso-nonyl

cyclohexanoate DINCH Cyclohexanoate CgysHs04

Trioctyl trimellitate TOTM Trimellitate Ca3Hs40s  5.07 x 104€ 3.9x10%¢

A(Net et al., 2015), B(A. Hu et al., 2020), “PubChem online database.

The most commonly used class of plasticiser are the phthalic acid esters (aka. phthalates,
PAESs). In 2017, phthalates accounted for 60% and 65% of the European and global plasticiser
markets respectively. However, the use of phthalates in Europe is declining, with an estimated
decrease in market share of over 25% between 2005 and 2017 (CEFIC, 2018). This change
has been driven by concerns surrounding the potential endocrine disrupting properties of
some phthalates, leading to restrictions on their use in the European Union (ECHA, 2018).
The increased regulatory pressure on phthalates is leading to diversification of the market.
Terephthalic acid esters (aka. terephthalates) such as diethylhexyl terephthalate (DEHTP)
were a minor part of the European market in 2005, but in 2017 accounted for 12% of the
European market (and 15% globally) (CEFIC, 2018). Other emerging classes of plasticiser
include trimellitates (e.qg. trioctyl trimellitate, TOTM), citrates (e.g. acetyl tributyl citrate, ATBC),
adipates (e.g. diethylhexyl adipate, DEHA) and cyclohexanoates (e.g. di-iso-nonyl
cyclohexanoate, DINCH) (Table 2.1). Given the growing diversity in the classes of plasticiser
being used in plastics, it is becoming increasingly important to assess not only the risk of
phthalates in the environment, but the risk posed by emerging plasticisers, the vast majority

of which have very little associated ecotoxicology or occurrence data.

Given that the function of all plasticisers is identical, these compounds have similar properties
(Table 2.1). Plasticisers are generally viscous, lipophilic (and some highly lipophilic) and have
low water solubility. For example, the four phthalates diethylhexyl phthalate (DEHP), di-n-butyl
phthalate (DnBP), di-iso-butyl phthalate (DiBP) and benzyl butyl phthalate (BBP) have logKow,
logKoa and logKaw in the range 4.27-7.73, 8.54-10.53 and -4.27 to -2.80 respectively (Net et

al., 2015). Plasticisers have boiling points >300 °C, in addition to very low vapour pressures,
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and therefore the gaseous release of these compounds from their liquid forms should be slow

under environmental conditions.

2.2.2 Plasticiser release

Plasticisers are not chemically bonded to the polymer matrix, and so can migrate over time to
the surface of the plastic particle, where they can be released in to the environment. The ability
of a molecule to migrate is a pre-requisite for some applications, e.g. the controlled release of
drug molecules from a polymer matrix (Liechty, 2010). However, unwanted migration of
additives also occurs over the lifetime of a plastic item, e.g. into food products from contact
material or from medical use materials (Fankhauser-Noti et al., 2006; Welle et al., 2005). The
process of plasticiser migration into foodstuffs has been conceptualised as a sequence of 4
steps (Ferrara et al., 2001), but this summary can be generalised for any environmental

medium (Figure 2.1).

Diffusion of the additive Sorption of components
through the polymer matrix of the medium to the
to the surface of the polymer. surface of the polymer.

\ 4 \A A/

Desorption of Binding (e.g. Desorption of the
the additive from sorption, absorption) additive-medium
the surface of the of the additive to the —3  moiety from the
polymer directly components of the surface of the polymer

to the medium. medium. into the medium.

Figure 2.1: Migration and release processes for an additive into a medium.

Despite the apparent ubiquity of plastic in the terrestrial environment, to the authors’

knowledge, there are no published studies which assess the release kinetics of plasticisers
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directly into soil under controlled conditions, although attempts have been made to quantify
their release in aqueous media. For example, the effects of plastic weathering on the leaching
rates of a wide range of additives, including some plasticisers, from polyethene, PVC and
polyethene terephthalate (polyester) into freshwater and saltwater were determined in one
study (Suhrhoff and Scholz-Béttcher, 2016). Salinity and UV light were associated with a clear
increase in the total additive release in only one instance (a printed polyethene bag), with UV
light appearing to reduce additive release in some cases. The effects of salinity were complex
and appeared to be compound-specific, whilst the reduction of leached additive in some UV-
exposed samples may have been caused by photodegradation of analytes. In contrast,
turbulence significantly increased the total additive load in solution for all plastics, which was
attributed to the continuous mixing of the solution preventing concentration gradients from
forming at the plastic-solution boundary. Of all the target analytes, the plasticiser ATBC
showed the highest leaching potential into ambient saltwater relative to its concentration in the
test material (4.9% ATBC loss over 78 days from a sample of polyethene). ATBC also
appeared to be associated with printed plastic, underlining the composite nature of many items
of plastic waste. In contrast to ATBC, the leaching of phthalates from PVC over 57 days was
low, e.g. DEHP leached just 0.083% of its initial concentration, although further research is
needed to understand leaching kinetics over longer timescales. Whilst it remains challenging
to study the aqueous release of inherently hydrophobic plasticisers, recent work has
demonstrated that an “infinite sink” approach, which has been previously used to study
agueous release of polychlorinated biphenyls from plastic (Endo et al., 2013), could be applied

successfully to the study of DEHP release from PVC (Henkel et al., 2019).

Despite the lack of environmental studies, there is a significant body of research on the release
and leaching of plasticisers from food contact materials and medical use plastics. Given that
the plastics and plasticisers used in these applications are likely to be similar, if not the same,
as those entering terrestrial systems through e.g. mismanaged consumer waste or spent

agricultural mulching films, the results of these studies can be used to predict and understand
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the dominant release processes relevant to the soil environment. In general, substances with
lower molecular weights migrate from plastics at a faster rate as they can travel through the
polymer matrix more freely to reach the polymer-matrix boundary (Hansen et al., 2013). In
addition, plasticisers with a lower affinity for the polymer matrix are likely to have faster
migration rates than those whose physiochemical properties are more similar to the polymer.
Significant plasticiser migration occurs at higher lipid concentrations in the contact medium,
whilst the leaching of plasticisers into aqueous media is very slow. This has been widely
observed for phthalates in addition to emerging plasticisers (Bueno-Ferrer et al., 2010; Choi
et al., 2018; Coltro et al., 2014; Goulas et al., 2007, 2000; Kastner et al., 2012; Nara et al.,
2009; Pedersen et al., 2008). Despite the lack of published studies regarding the rates of
plasticiser leaching to environmental media, the lipophilicity of plasticisers suggests that
organic matter content and water holding capacity of a soil, in addition to soil water pH and
ionic strength, will influence plasticiser leaching kinetics. Furthermore, this pattern has
implications for the bioaccumulation and partitioning of plasticisers in animal tissues, although
the fate of plasticisers within soil fauna is largely unknown. Leaching also shows a clear
positive correlation with temperature (HanuSova et al., 2013), thus plasticiser releases through

leaching may show clear seasonal and regional climate-associated trends.

Determining the relative leaching rates of plasticiser classes is made challenging by the
absence of reference plastics with known plasticiser formulations and percentage weight
concentrations. In addition, concentrations of plasticisers in commercially available plastic
items used in kinetic comparison studies are sometimes not reported, despite the fact that
plasticiser content is a limiting factor determining leaching rate (Bueno-Ferrer et al., 2010). In
the existing food contact and medical use literature, the phthalate DEHP is typically compared
with one or more emerging plasticisers, with DEHP often reported as the fastest migrating
substance (Bernard et al., 2015; Eckert et al., 2016; Tuzum Demir and Ulutan, 2013). DEHP
may leach relatively quickly because it has a lower molecular weight than emerging alternative

plasticisers such as trimellitates (Table 2.1 and S2.1), although further work is required to fully
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understand which physiochemical properties play the most important role in determining
plasticiser migration, and how the relative importance of these properties may be affected by
the contact medium or polymer type. Nevertheless, multiple studies have found the high
molecular weight trimellitate plasticiser TOTM to leach very slowly in comparison to other
tested plasticisers (Bernard et al., 2015; Suhrhoff and Scholz-Béttcher, 2016; Welle et al.,
2005), suggesting that molecular weight is indeed an important factor controlling migration
rate. For example, TOTM leached just 0.23% of its initial content in PVC into a 1:1
ethanol:water solution after 10 days, and relative leaching rates were in the order
DEHP>DINCH>DEHTP>TOTM (Bernard et al., 2015). An earlier study reported rates in the
order ATBC>DEHP>DINCH>TOTM, with the citrate plasticiser ATBC detected at
concentrations exceeding an order of magnitude higher than DEHP, in spite of the fact that
ATBC was present in the lowest amounts in the test samples (Welle et al., 2005). In addition,
ATBC was detected in a jarred foodstuff at 60 ug g, despite being present in the lid at a low
concentration (0.9% w/w), which implies high mobility (Fankhauser-Noti et al., 2006).
Consequently, this plasticiser was more frequently detected than 4 phthalates in plastic-
packaged foodstuffs (Garcia Ibarra et al., 2018). Thus, these studies indicate that some of the
emerging plasticisers may have significantly higher leaching capabilities than phthalates, even
though the latter group are generally the only plasticiser class targeted in terrestrial occurrence

and bioaccumulation studies.

In addition to plasticiser properties, the density and flexibility of the plastic polymer chains
themselves can also affect plasticiser leaching rates (Hansen et al., 2013). Polymers with high
glass transition temperatures generally have less migration, as the polymer chains are less
free to move. In addition, plasticisers within crystalline polymer matrices or those with greater
crosslinking and branching will migrate slower than those in polymers with amorphous
structures, as there are smaller spaces between polymer chains through which molecules may
travel. The effects of plastic properties on plasticiser migration rate have clear implications for

understanding how plastics may act as plasticiser sources in the environment. For example,
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a crosslinked, branched polymer with a high glass transition temperature is more likely to act
as a persistent, low-level input of plasticisers than a straight-chain, low glass transition

temperature polymer which may produce a more rapid release.

The first step towards resolving the uncertainty surrounding plasticiser leaching in the
terrestrial environment should be identifying the plastics which have the greatest potential for
plasticiser release, in addition to the fates and sink areas of these plastics in the environment.
This could be achieved through a systematic study of common polymers under controlled
conditions in order to begin to understand the general trends that could lead to particularly
high rates of leaching, thus allowing future work to target plastics or plasticisers which appear
to be of particular concern. The vast majority of plasticisers are used in PVC, although this
polymer is rarely reported in terrestrial occurrence studies (Biks and Kaupenjohann, 2020).
Therefore, the contribution of polymers such as polyethene and polypropene to total terrestrial
plasticiser load may be greater than initially expected given their low plasticiser content.
Leaching characteristics of a set of common polymers directly into a suite of soils with
contrasting properties should be determined, in addition to the influence of plastic particle size
and morphology (e.g. film, fibre etc.) on leaching rate. This data, in conjunction with data on
environmental plastic waste occurrence, could be used to identify plastics of particular concern
to gauge the nature and scale of potential plasticiser sources. In addition, experiments to
determine leaching rates of different plasticiser classes and the effects that soil properties,
e.g. pH, organic matter content, clay content etc., have on plasticiser leaching rate are critically
needed, as the trends observed in the food contact and medical use literature may not hold
true for more complex media such as soils. Weathering of polymers through climate (e.g. UV
light) or organism-driven processes may also determine the release of plasticisers to the
environment, although long-term field experiments are required in order to identify and quantify

the nature of such effects.
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2.3 Sources of plasticisers in the terrestrial environment

Given the ubiquity of plastic waste in the environment, the leaching of plasticisers from plastic
debris likely represents a common, diffuse source of plasticiser into the environment. For
example, we estimate that the total annual input of plastic waste to continental (terrestrial and
freshwater) environments in the EU and the UK to be 130 kg of plastic per km? (Horton et al.,
2017b; World Bank, 2017). In addition to this widespread source, input of plasticisers may
occur through intensive plastic use and management activities associated with point sources.
The relative contribution of these sources to the total terrestrial plasticiser load has yet to be
estimated, although given the levels of plastic litter often seen in terrestrial environments, it is
reasonable to assume that the diffuse route may account for the majority of plasticiser
occurrence in wider soils. Therefore, in order to understand the sources of plasticisers in the
terrestrial environment, an understanding of plastic sources and occurrence is necessary

given the likely intrinsic link between plastic presence and plasticiser inputs.

2.3.1 Urban areas

Plastic litter represents the most visible and obvious possible source of microplastics and
plasticisers in soils. This waste will be generated and concentrated primarily in urban areas,
particularly in countries without widespread formal waste disposal networks, and such areas
have indeed been identified as hotspots of plasticiser occurrence (Hongjun et al., 2013). The
weathering of plastic debris may indirectly increase the input of plasticisers to soils, e.g.
consumer goods such as food packaging films become fragmented in the environment,
increasing their surface area and leaching potential (Horton et al., 2017b). Whilst plastic items
are primarily used and disposed of in urban areas, many items of large plastic waste, and
especially primary or secondary microplastics, may be transported long distances to areas
without a distinct plastic input by short- and long-range aerial transport, human activities and

overland water flows (Horton and Dixon, 2018). Therefore, diffuse plastic litter likely accounts
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for most of the widespread chronic input of plasticisers in soils at sites away from areas of

immediate input (see below - Multimedia transport as a route to land).

The majority of plasticised items are used in urban areas. This includes those associated with
consumer items and packaging and also larger-scale structural materials. The latter includes
wires, cabling, flooring and wall coverings which together account for 45% of plasticiser use
in Europe, compared to only 13% of plasticisers that are used in consumer goods and industry
(CEFIC, 2018). Many of these plasticised items will be used in a single location for a long
period of time prior to disposal, and thus may provide a steady input of plasticisers into the
environment. In addition, the vast majority of plasticisers are used in PVC, which is widely
used in e.g. building fittings and municipal water pipes, although many of these applications
use rigid PVC which has a lower plasticiser content than more pliable PVC-based materials.
Transport infrastructure can also act as a significant source of plastics, and therefore
plasticisers. Soils in the vicinity of roads receive plastic contamination, e.g. mismanaged
plastic litter or particles produced during the mechanical wear of tires against the road surface,
known as tire-wear particles (TWPs) (Knight et al., 2020; Wagner et al., 2018). The
compositions of TWPs are incredibly complex, although the potential for TWPs to act as

sources of plasticisers in soils remains unexplored.

Multiple studies have linked urban activity with increased phthalate concentrations (Hongjun
et al., 2013; Skrbi¢ et al., 2016; Sun et al., 2016; Zeng et al., 2008; Zhang et al., 2014).
However, not all studies have identified a clear link between urban activity and plasticiser
loading. For example, an extensive survey of DEHP in Scottish soils from various land uses
found no consistent link between DEHP contamination and distance from urban areas (Rhind
et al., 2013a). Many urban areas will see a complex pattern of inputs from many sources, e.g.
horticulture, waste disposal and industry. Further work is required to pull apart and enumerate
the extent to which these inputs contribute to plasticiser occurrence in urban soils. Studies

which measure diverse suites of plasticisers, in addition to exploiting continuing improvements
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in the ability to extract and identify the microplastic composition of soils (Mdller et al., 2020),

are needed to better establish the nature of these links.

2.3.2 Waste disposal sites

Landfills are the ultimate disposal site for a large proportion of plastic waste, however the
extent to which such sites act as a source of plasticiser contamination to the wider soil
environment remains unclear. For example, the mean total phthalate concentration (316
phthalates) of soils on a landfill site in China was 4.22 ug g*?, but the contamination in
adjacent topsoils (0.68 ug g*) was significantly lower than many agricultural and urban soils
in similar study areas (Liu et al., 2010). Thus, plasticisers associated with the landfill seemed
to be retained in situ. Total mean phthalate concentration (3 s phthalates) in soils in the vicinity
of landfill in 4 Indian cities was also low, at 0.093 ug g* (Chakraborty et al., 2019), although in
contrast the adipate plasticiser DEHA was present at 0.057 pg g2, suggesting that this
substance may have higher mobility than some phthalates. In some instances, intense
bacterial activity may cause landfills to act as sinks of plasticiser degradation, rather than being
a significant source. For example, the phthalates DEHP, diethyl phthalate (DEP), DnBP and
BBP were found in only 29-47% of leachates from primarily municipal landfills in 4 European
countries, and dimethyl phthalate (DMP) was not detected at all (Jonsson et al., 2003), but
there was widespread presence of phthalate monoesters in the leachates, at significantly
higher concentrations. The results of one study suggest that downwards penetration of landfill
leachates may act as a source of plasticisers in groundwater. Total phthalate concentration

(3> 16 phthalates) in groundwater associated with a landfill site was over 3.5 times higher than

! Plasticiser concentrations discussed in the text have, where possible, been quoted with either
dw or ww to indicate whether they refer to dry or wet weight values respectively. However, this

information was not reported in all studies.
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in the surface water (6.35 ug L™ vs 1.78 ug L), despite the fact that the landfill was lined with
a geomembrane (Liu et al., 2010). However, this difference may be driven by significantly
slower biodegradation of phthalates in groundwater as opposed to surface water, as phthalate

degradation is less rapid under anaerobic conditions (Shanker et al., 1985).

Sites of electronic waste (e-waste) processing, particularly in countries with informal e-waste
recycling sectors, appear to represent a much greater phthalate input than standard domestic
waste landfills in terms of both abundance and diversity of congeners. Mean total phthalate
concentrations (3 s phthalates) were over 4 times higher at e-waste processing sites than at
landfills in 4 Indian cities (0.396 vs 0.093 pg g?). Plasticiser contamination was especially
concentrated at sites where precious metal recovery occurred, which may be attributed to the
fact that such sites could be associated with plastic incineration (Chakraborty et al., 2019). A
further study of phthalates in soils near a large e-waste processing site by Zhang et al. (2019)
also provided clear evidence of airborne transport of phthalates released during plastic-
containing e-waste incineration. Soil potentially affected by these inputs exhibited a profile of
phthalates not seen in agricultural soils, with the occurrence of dibutoxyethyl phthalate (DBEP,
4.49 ug g dw), dimethylpentyl phthalate (DMPP, 2.88 ug g dw) and dicyclohexyl phthalate
(DCHP, 1.66 ug g* dw), whilst common phthalates such as DnBP and DEHP were found at
concentrations of 1.92 ug g* dw and 1.05 pg g* dw respectively. Exceptionally high levels of
phthalate contamination (Y s phthalates), ranging from 12.6-46.7 ug g* dw, were also found in
soils from 3 e-waste processing sites in China, further indicating the potential of such sites as

sources of plasticiser release (Liu et al., 2009).

2.3.3 Plastic use in agriculture

The vast majority of plastic used in agriculture is used in China (Espi et al., 2006), although
use is also common in other regions. Of the 23 studies discussed by Biiks and Kaupenjohann

(2020) in their recent review of terrestrial microplastic occurrence, 11 were for Chinese sails,
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6 European, 4 from the Americas, 1 from Iran and 1 from Australia. Of the 14 studies which
conducted polymer identification, only 5 detected PVC, the polymer with the highest plasticiser
loading. Furthermore, even when identified, PVC was at lower levels than other widely used
consumer polymers (Chen et al., 2020; Ding et al., 2020; Fuller and Gautam, 2016; Ljung et
al., 2018; Lv et al., 2019). The most commonly detected polymers in soils are polypropene
and polyethene, with these two polymers dominating microplastic profiles (Liu et al., 2018; Lv
etal., 2019; Yu et al., 2021). A caveat on these results of polymer presence is that microplastic
extraction procedures typically employ a density separation step to separate microplastics
from soil particles. Of terrestrial microplastic concentration studies, 30% employed a density
separation in either water (p=1.0 g mL?*) or NaCl solution (p=1.2 g mL™?). Density separation
can preclude the effective recovery of polymers such as PVC and polyester as these polymers
have p>1.2 g mL™. However, even in the studies that used density separation with a media
theoretically capable of floating PVC, this polymer was still detected in only 3 out of 8 studies
(Buks and Kaupenjohann, 2020). Thus, as polyethene and polypropene, and not PVC, appear
to dominate soil microplastic profiles, the majority of plasticiser input from microplastics into
agricultural soils will derive from widely dispersed but low-level leaching from these widely

used polymer types.

A diverse range of plastic items are commonly used in agriculture, e.g. polytunnels, bale
wrappings, irrigation tubing, twine etc, although plastic mulches have received the most
interest as a source of microplastics and plasticisers in soils. Mulches often cover entire fields
and may contain plasticisers in small proportions (Steinmetz et al., 2016). An individual sheet
is typically used for a matter of months and may simply be ploughed back into the field at the
end of its useful life. As such, plastics may accumulate in soils where mulch is reapplied on
an annual or even-sub annual basis. Studies have reported positive correlations between the
mass of plastic mulch used and microplastics recovered from agricultural soils, in addition to
higher levels of microplastic abundance at sites with a longer history of mulch use (Huang et

al., 2021, 2020; Yu et al., 2021).
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Phthalate profiles of mulched agricultural soils are dominated by DEHP, and to a lesser extent
DnBP, DiBP and di-n-octyl phthalate (DnOP), although the exact suite of target phthalates
differs between studies (Chai et al., 2014; Hu et al., 2003; Kaewlaoyoong et al., 2018; Kong
et al., 2012; J. Wang et al., 2013; Zeng et al., 2020). In addition to DEHP, DnOP in particular
appears to be linked to agricultural plastic in some cases. E.g. DEHP and DnOP were
substantially more abundant than other targeted phthalates in agricultural plastic products on
the Taiwanese market (e.g. DnBP was not present in mulch at all), and phthalate profiles of
mulched soils resembled those found in the plastic products (Kaewlaoyoong et al., 2018). In
addition, DnOP was found to be almost 6 times as abundant in mulched non-vegetable soils
than non-mulched, whilst concentrations of DMP, DEP and DEHP were only marginally higher
(9.7%-26.9%) (Kong et al., 2012). However, this pattern was reversed in mulched vegetable
soils, indicating that the type of mulch used may affect the profile of phthalates found in soils.
This indicates the need for greater knowledge of the range and composition of mulched
material in order to develop an understanding of the potential inputs of different plasticisers

into soils.

Based on widespread use and localised input potential directly to soil, there is strong evidence
that plastic mulch is positively correlated with, and likely causes, increased phthalate
concentrations in soils (Hu et al., 2003; Kong et al., 2012; Sun et al., 2016; J. Wang et al.,
2013; X. Wang et al., 2013; Zeng et al., 2020; Zhang et al., 2015). For example, individual
concentrations of all 6 targeted phthalates were between 62%-6439% higher in mulched
vegetable soils than in non-mulched soils in one Chinese study (Kong et al., 2012). Similarly,
total phthalate concentrations (3 16 phthalates) were significantly higher in Chinese agricultural
facilities where mulch was used (2.25 pg g* dw) than in mulch-free facilities (1.25 pug g* dw)
(Zeng et al., 2020). The effect of seasonal mulch use was also investigated in one study
(Zhang et al., 2015), with total phthalate concentrations (3 1s phthalates) peaking in the
summer. This was associated with a period of increased mulch use, and possibly coincided

with greater leaching of phthalates due to higher ambient temperatures. However, although
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there is a potential association of phthalate release with climate, it is not possible to attribute
such seasonal variation entirely to higher temperatures, as summer also sees increased

fertiliser application and greater irrigation, both of which may increase phthalate input.

Whilst there is reasonably good evidence linking mulch use to plastic load and soil plasticiser
levels, the evidence for the role of other agricultural plastic products in determining plastic
associated loading to soils is less well established. For example, the use of polytunnels does
not appear to increase either microplastic or plasticiser abundance in soils. For instance, a
recent study found that polytunnel use was not associated with a significant difference in
microplastic abundance when compared to non-polytunnelled sites (Yu et al., 2021). No
significant difference was found between phthalate soil concentrations in greenhouses and
open fields (Zeng et al., 2020). Sites which used a combination of mulch and polytunnels had
significantly higher phthalate concentrations than sites which used polytunnels alone, although
a shorter cultivation history in polytunnel-only sites likely accounted for some of this difference

(J. Wang et al., 2013).

2.3.4 Wastewater treatment products in agricultural soils

The wastewater treatment (WWT) process involves removing particulates and chemicals from
the influent before releasing the treated effluent into water courses. Solids removed during
this process are referred to as biosolids or sewage sludge, and it is here that plastics and
plasticisers entering the WWT plant will generally become concentrated (Ball et al., 2019;
Gibson et al., 2005; Y.S. Lee et al., 2019; Simon et al., 2018). A recent study of UK WWT
plants found that less than 0.01% of influent microplastic particles were released in the
effluent. The remainder partitioned into sludge, with no clear difference in the extent of this
separation between polymer types (Ball et al., 2019). Similar removal efficiencies (>99%) of
microplastics to sludge have also been reported in Danish WWT plants, indicating the

dominance of sludge as the sink for particles during treatment (Simon et al., 2018).
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The removal of plasticisers during the WWT process is both better studied and potentially
more complex than the partitioning of plastics. Whilst some modern WWT plants use a
combination of processes which can degrade phthalates at levels between 80-100% (Gao and
Wen, 2016), plasticisers still become highly concentrated in sludge (Gibson et al., 2005; Y.S.
Lee et al., 2019; Tran et al., 2015) and may also be present in effluent (Y.S. Lee et al., 2019;
Zolfaghari et al., 2014). The partitioning of plasticisers to sludge is strongly influenced by their
Kow and molecular weight (Mw), with the majority of low Mw plasticisers (e.g. DMP) released
in effluent, but upwards of 90% of higher Mw plasticisers (e.g. DEHP) bound to sludge (Y.S.
Lee et al., 2019). This indicates that both effluent and sludge can act as a source of plasticisers

to surface water and soil, although the extent may be congener specific.

In many countries, sewage sludge is applied to agricultural land as a soil enhancer in
considerable quantities, e.g. 80% of the UK’s sewage sludge is spread on agricultural soll
(DEFRA 2012). Hence, this route represents a potentially significant source of plastics and
plasticisers in the soil environment (Biks and Kaupenjohann, 2020; Tran et al., 2015). Due to
challenges and inconsistencies between extraction and analytical methodologies, estimates
for microplastic concentrations in sewage sludge vary widely, from 10s to 1000s of
microplastics per g dry sludge (Ball et al., 2019; Crossman et al., 2020; Liu et al., 2019; Talvitie
et al., 2017; Zubris and Richards, 2005). Polyethene and polypropene, and to a lesser extent
polyester and nylon, dominate the microplastic profiles of sewage sludges (Ball et al., 2019;
Crossman et al., 2020; Vollertsen and Hansen, 2017). The absence of PVC, which often has
a very high plasticiser load, amongst the commonly detected polymers suggests that the
plastic burden in sludge may result in lower plasticiser soil inputs than would be expected from

a simple assessment based on production volume analysis (CEFIC, 2018).

Historically DEHP and DnBP have been the dominant phthalates detected in sewage sludge.
DEHP and DnBP were detected in every sludge sample investigated in a study of German
WWT plants, at 28-154 ug g* dw and 0.2-1.7 pg g* dw respectively (Fromme et al., 2002),

and accounted for 79% and 18% of the total phthalate concentration (316 phthalates) of
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sewage sludge from Chinese WWT plants (Meng et al., 2014). DEHP was detected at 62.5
ug g* and accounted for >95% of total phthalates (3¢ phthalates) in UK sewage sludge
(Gibson et al., 2005) and was also detected at comparable levels (27.54-51.03 ug g?) in 5
Chinese sewage sludge samples (Cheng et al., 2010). The 3 most abundant plasticisers
detected (Do phthalates) in sludge from a French WWT plant were the high Mw phthalates
DEHP (~12.5 pg g? dw), di-iso-nonyl phthalate (DiNP, ~10 pg g* dw) and di-iso-decyl
phthalate (DiDP, ~5 ug g* dw) (Tran et al., 2015). These levels are consistent with those from
both the UK and Chinese studies, indicating a widespread and consistent nature of inputs of

the dominant phthalate congeners into wastewater systems.

A recent study of sludge from WWT plants in South Korea (3 16 phthalates, > s emerging) found
that emerging plasticisers are present in sludge in comparable levels to phthalates (Y.S. Lee
et al.,, 2019). This demonstrates that sewage sludge may represent an input of emerging
plasticisers into soils. DEHP had the highest mean concentration of any plasticiser (71 ug g*
dw), followed by the terephthalate DEHTP (25 pg g* dw). Mean concentrations of other
emerging plasticisers (DINCH, ATBC, DEHA and TOTM) were considerably lower, ranging
from 0.34-1.2 pug g* dw, although these substances were present in comparable guantities to
commonly reported phthalates such as BBP, DnBP and DiBP, indicating their importance to

wider plasticiser loading in sludge.

Despite considerable microplastic concentrations in sewage sludge, the extent to which
repeated sludge application leads to long-term accumulation of plastics in soils remains
unclear. A recent literature review noted that agricultural soils with a history of sludge
application generally have microplastic concentrations ~1 order of magnitude higher than soils
not receiving sludge inputs (Biks and Kaupenjohann, 2020). However, limited data, analytical
challenges and the potential for local-scale factors to influence results precludes a definitive
conclusion on the link between repeat input and microplastic loads. For example, a recent
study estimated that over 99% of the applied microplastic load was not retained in the soil,

and only 1 out of 3 sites demonstrated a net gain of microplastics at ~6 months after the
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application of sewage sludge (Crossman et al.,, 2020). This was attributed to a prolonged
period of unusually heavy rainfall following sludge spreading, leading to considerable losses
of soil microplastics due to e.g. surface runoff. Further work is required to elucidate the effects
of climate and land management practices on the long-term accumulation of plastic in sludge-

amended soils.

Sewage sludge application has been more clearly linked with both the accumulation and long-
term persistence of plasticisers in soils, although evidence to date is limited to phthalates.
DEHP levels in soils with a 13-year history of sludge application were ~4 times higher than
controls (0.22 pug g* dw vs 0.06 pg g* dw) (Rhind et al., 2013b). The same study monitored
DEHP concentrations in soils for 10 weeks after applications of sludge in spring and autumn.
No clear seasonal difference was found, although DEHP concentrations began to increase
about 3 weeks after sludge application and were typically around 3-6 times greater than control
soils. Such a lag was not seen in a later study, which found DEHP concentrations in topsoil
increased almost 8-fold immediately after application of sludge to agricultural land (0.03 to
0.24 ug g* dw) (Tran et al., 2015). After 6 months, the mean concentration of DEHP across 4
soil depths (0-20, 20-40, 40-60, 60-80 cm) was 21% higher than after the initial sludge
spreading, which was attributed to the release of the plasticiser from bound residues within
the soil during re-ploughing. Vikelsoe et al. (2002) measured the concentrations of 7
phthalates at a site with a history of high sludge application. Despite the fact that sludge
application had ceased 6 years prior to sampling, individual plasticiser concentrations at this
site were at least 1 order of magnitude higher than at neighbouring locations in which
fertilisation was through manure, artificial fertiliser or a low-medium level sludge amendment.
Such long-term persistence of phthalates in soil was also demonstrated in a study of soil
amended with sewage sludge for 18 years, followed by a 12-year period without further
addition. DEHP accumulated in the historically treated soil (1.47 pug g* dw at year 15) and
concentrations were over 6 times higher than background levels even after the 12-year

application-free period (Patureau et al., 2007). In contrast, one study found no sustained

33



2. Plasticisers in the terrestrial environment: sources, occurrence and fate

increase in DEHP concentrations in soils amended with sludge for 2.5 years relative to control
soils, and DEHP levels remained comparable between the soils for the duration of the
experiment (Rhind et al., 2002). Nevertheless, despite some differences between studies that
warrant further investigation, the weight of evidence suggests that sewage sludge application
to soils can lead to high levels of phthalate contamination which persist long after sludge
spreading has ceased, possibly due to a reduction in bacterial bioavailability due to strong

partitioning of phthalates to soil organic matter.

2.3.5 Fertilisers and agricultural soils

A recent study has demonstrated that the use of mineral fertilisers in which the active
ingredient is coated with plastic microcapsules may lead to significant plastic contamination in
farmland soils (144 pg g* plastic, n=19 sites). Whether this also represents a route of
plasticiser input currently remains unclear (Katsumi et al., 2021). Fertilisers themselves have
been shown to contain considerable quantities of phthalates. Concentrations in organic
fertilisers are higher than in inorganic ones, although reported concentrations vary
considerably from trace levels to over 2.5 ug g* dw (Kaewlaoyoong et al., 2018; Mo et al.,
2008; Song et al., 2021). The mass and frequency with which fertilisers are applied, in addition
to their water solubility and wide dispersal, has raised questions over their potential as a
source of phthalates in agricultural soils and water courses. To date, there appears to be few
systematic studies of plasticiser input from fertilisers into soils. Some studies have linked
increased fertiliser use with higher phthalate concentrations, although additional inputs such
as plastic mulch and irrigation water precluded definitive source apportionment (Song et al.,
2021; X. Wang et al., 2013). There is some indication that fertiliser use may not cause a
sustained phthalate flux, e.g. increased phthalate concentrations in soils coincided with
increased fertiliser application in summer, but by autumn contamination had generally

returned to spring levels (Zhang et al., 2015). However, further work on these dynamics would
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be warranted in studies looking to establish the dominant route of plasticiser inputs into

agricultural sails.

2.3.6 Multimedia transport as a route to land

Long-range aerial transport of persistent organic pollutants (POPS) is thought to occur by the
process of global distillation, whereby vaporisation, aeolian transport and condensation allow
for the movement of chemicals produced in lower latitudes towards the poles. Using an
established framework for predicting how a POP travels in the atmosphere (Wania, 2003),
plasticisers will likely be subject to similar transport patterns as other types of organic pollutant
such as polychlorinated biphenyls (PCBs), e.g. multiple distillations towards the high latitudes
(Lohmann et al., 2007). In addition to the conventional transport mechanisms identified to date
for organic chemicals, phthalates may also move by their association with plastics that travel
in the atmosphere, leading to redistribution worldwide, including to remote soils (Feng et al.,
2020). Therefore, long-range aerial transport of plasticisers and plastics of all size ranges can
input these contaminants into soils at considerable distances from source areas. Plastics and
plasticisers may also move locally within sources areas. For example, wet and dry deposition
from a nearby urban area was suspected to account for notable phthalate occurrence (316
phthalates = 1.67 ug g* dw) in woodland soil in a national park (Zeng et al., 2009), and
occurrence of a distinct phthalate profile correlated with distance from an e-waste processing

site (Zhang et al., 2019).

The transport of plastics and plasticisers from water courses may also lead to inputs into soil.
Effluent from WWT plants contains a multitude of plasticisers (Y.S. Lee et al., 2019), and
despite the fact that WWT plants can remove the majority of microplastic particles from influent
(Ball et al., 2019; Simon et al., 2018), some microplastics will still be discharged in the effluent
due to the large volumes of influent that are processed. Flooding events or the extraction of

riverine water for irrigation could therefore act as inputs of these contaminants to soils,
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although this remains largely unstudied. Food webs have also been identified as a route by
which organic pollutants (Christensen et al., 2005; PreviSic et al., 2021) and microplastics (Al-
Jaibachi et al., 2018) can move from water to land, e.g. through predation of aquatic species
by terrestrial species, or the emergence of insects from an aquatic larval stages to terrestrial
adult stages. To date, however, whether plasticisers can travel by these routes has yet to be

definitively established.

2.4 Occurrence of plasticisers in the terrestrial environment

Although an emerging area, there is already a relatively well-developed and growing literature
on the presence of plasticisers in soil. A review of published studies identifies over 50 papers
that report the concentrations of one or more plasticisers in soil samples. This includes survey
studies and studies, such as some of those discussed above, that reported the occurrence of
plasticisers in an experimental setting, e.g. studies to assess the effect of sewage sludge
additions in field-scale trials. Of the identified papers, 43 have extractable data on
concentrations in soils. These data can be assembled to provide an overview of the range of
concentrations found based on total measured plasticiser in addition to the number of detected

plasticisers and concentration ranges for individual congeners.

To date the large majority of studies of plasticiser occurrence have focussed on phthalates.
Hence, the most robust comparative assessment of occurrence can be conducted for this
group of substances. Of studies that have measured phthalate concentrations in soil, 86%
(n=37) report data for phthalates in Chinese soils (79% of sampling groups, n=82). The
remaining studies came from Europe (12% of studies, 17% of sampling groups) and India (2%
of studies, 4% of sampling groups). As many papers did not report median concentrations for
individual phthalates, mean concentrations were used for comparative data analysis. The bias

towards higher values associated with using the mean as opposed to the median may be
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mitigated by viewing the results from a risk assessment perspective, where one would focus

on understanding the upper range represented by worst case high value measurements.

In order to obtain a higher resolution overview of the differences in plasticiser contamination
between land uses, data within individual studies were split into discrete sampling groups as
primarily urban, agricultural, landfill, rural or mixed. In a minority of cases it was necessary to
calculate mean phthalate concentrations manually using the raw data for a sampling group.
When such calculations were made, non-detect values were assigned half of the limit of
detection (LOD) and included in the mean calculation. Two studies did not give any data for
concentrations <1 ng g?. In these cases, a value of 0.5 ng g* was assigned. If, for any
substance, all analysed samples within a land use group reported concentrations below the
detection limit, that group was given a null value for that analyte. A list detailing the data
extracted from these 43 papers and the categories assigned to the sampling groups can be
found in Appendix Table S2.2, in addition to any notes on whether data had to be treated
before analysis. Limits of detection for all 43 studies, where available, are detailed in Appendix

Table S2.3.
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Figure 2.2: Total phthalate concentrations in all land use sampling groups extracted from

published literature (n=43 studies, n=104 sampling groups). RoW = rest of world.

Soils with the highest reported total phthalate concentrations are exclusively found in China.
Such high levels in Chinese soil may be due to local or regional factors, however, the number
of studies of soil plasticiser loads is greater in China than in other regions. Hence, until there
is wider geographic investigation of phthalate occurrence, it is not possible to unequivocally
establish whether the dominance of high values in China is simply a result of the greater focus
on plasticiser measurement or relates to other aspects such as the degree of source intensity.
No clear relationship was found between the number of phthalates that were targeted and
total phthalate concentration in specific environments (Figure S2.1). This indicates that some
soils may have a limited range of phthalate inputs that are well captured by a specific analytical
suite that focusses only on a small set, most often of the better known and characterised

congeners.
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Figure 2.3: Total measured phthalate concentrations in soils worldwide, broken down by land
use. n refers to the number of sampling groups in each box. Whiskers represent largest or
smallest value less than or equal to upper or lower hinge + 1.5 x interquartile range. A =

agricultural, L = landfill, M = mixed, R = rural, U = urban

The variation in total phthalate concentrations between different land uses is shown in Figure
2.3. There is uncertainty in this analysis, as in addition to the variability in number of phthalates
targeted, assigning a particular site to a specific land use can be challenging based on the
information available for some studies. Despite these challenges, some specific patterns are
evident. For example, urban soils represent the land use groups that typically have the highest
total maximum phthalate concentrations. Within China, there is relatively low variability of total
phthalate concentrations in agricultural compared to urban and rural soils. This may be due to
a less complex set of source inputs in agricultural environments that may be subject to similar
land management, and to the reduced potential for point source contributions compared to

urban sites.
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Table 2.2: Detection frequencies (DFs) and limits of detection (LODs) of phthalates in soils

(n=43 studies, n=104 sampling groups). LOD means, medians and ranges were calculated

from available data (Appendix Table S2.3). Method LODs were used in calculations where

possible, otherwise instrumental LODs were used. It should be noted that 60% of studies did

not report LOD data for individual phthalates. As such, the LOD summary statistics in this table

represent only a subset of studies.

. 1
Phthalate ?F Non- Detects MaX|mu.m mean 1 rope ey
(%) detects concentration (Lg 1) Mean  Median Range
DEHP 100 104 0 104 63.20 22.93 10 0.01-130
DnBP 100 98 0 98 14.06 7.96 1.8 0.01-50
DiBP 100 51 0 51 7.15 2.07 2 0.01-4.69
DnHpP 100 3 0 3 0.05 7.79 7.79 -
DMPP 96 26 1 25 3.72 2.16 1.72 0.83-4.34
DMP 94 88 5 83 2.17 5.15 1.6 0.01-30
DEP 93 88 6 82 441 15.15 25 0.01-110
DINP 92 13 1 12 0.50 0.26 0.26 0.01-0.5
DnOP 89 72 8 64 1.49 14.18 1.98 0.01-110
BBP 87 71 9 62 2.36 4.03 1.8 0.01-20
DEEP 83 24 4 20 0.20 1.7 1.16 0.67-3.8
DMEP 81 21 4 17 0.25 1.69 1.42 0.59-3.31
DnHxP 81 31 6 25 0.09 1.33 1.08 0.59-2.3
DCHxP 81 31 6 25 3.96 2.39 1.43 0.89-5.8
DBEP 75 24 6 18 12.54 1.77 1.52 0.84-3.2
DPhP 75 12 3 9 0.24 2.63 1.43 1.25-5.2
DiDP 75 4 1 3 0.07 0.01 0.01 -
DnNP 68 22 7 15 0.95 4.83 4.83 3.05-6.6
HEHP 67 18 6 12 0.07 1.02 1.02 -
DnPP 58 26 11 15 0.10 1.58 1.58 0.46-2.7
DPrP 33 3 2 1 0.05 - - -
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DEHP was the only phthalate that was targeted in every study. A detection frequency (DF) of
100% indicated that this substance is ubiquitously present in soil samples across all studies
and land use categories. Other phthalates detected at 100% frequency across all sampling
groups, although not necessarily always targeted, were DnBP, DiBP and di-n-heptyl phthalate
(DnHpP) (Table 2.2). Indeed, in the case of DnHpP this positive detection related only to a
single study (Zhang et al., 2015). Of the 21 phthalates that have been quantified in soils, 17
had a detection frequency of 75% or more, indicating that diffuse sources and long-range
transport have caused significant dispersion of these contaminants widely in the terrestrial
environment. The limits of detection for individual phthalates tend to fall in the range 0.5-5 ng
g! (Table 2.2), which is generally far below reported soil concentrations, indicating that the
results obtained between studies are broadly comparable. However, only 40% of studies
reported LOD data for individual phthalates, whilst 12% gave no LOD information at all.
Thorough reporting of LOD data in future studies will increase the confidence with which
results from different studies can be compared, thereby improving assessments of the risk of

phthalates to terrestrial environments.

Statistically significant positive correlations exist between the concentrations of some of the
most commonly targeted phthalates in study sampling groups (Table 2.3), indicating similar
sources of these congeners in soils. A group of 7 phthalates (DMP, DEP, DiBP, DnBP, BBP,
DEHP and DnOP) appear to share common sources, as these compounds show a high
degree of correlation across the different sampling groups. Patrticularly strong relationships
are evident between DEHP & DiBP, DnBP & DiBP, and DMP & DEP. DMP and DEP represent
the lowest molecular weight phthalate congeners and as such share similar uses, e.g. in
cosmetics (Hansen et al., 2013), and potentially similar drivers of post-release fate and
transport. Although plastic formulations tend to contain only 1-2 plasticisers, DEHP, DiBP and
DnBP share very similar properties so may be used interchangeably, indicating a common

potential source through consumer use.
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Table 2.3: Pearson correlation coefficients (r) of the mean concentrations of the 9 most

commonly targeted phthalates in soil study sampling groups. * = p < 0.05, ** = p <0.01

DMP DEP DiBP DnBP BBP DEHP DnOP  DnHxP

DEP 0.895*

DiBP 0.075 0.035

DnBP 0.702**  0.750**  0.952*

BBP 0.835**  0.900* 0.571* 0.683**

DEHP 0.485**  0.521** 0.946** 0.608**  0.544**

DnOP 0.874**  0.845*  0.418* 0.742**  0.830**  0.535**

DnHxP  0.017 0.230 -0.043 -0.029 0.011 -0.106 0.351

DCHxP -0.001 -0.114 0.044 0.203 -0.054 -0.052 0.063 -0.036

When considered as a proportion of total phthalate load, DEHP and DnBP tend to dominate
the soil plasticiser profiles (Figure 2.2 and Figure 2.4). Additionally, DiBP, DnOP, BBP and
DEP are all commonly present, albeit it in lower concentrations than is the case for DEHP and
DnBP. Given that DEHP constitutes 40% of global plasticiser consumption (CEFIC, 2018), its

high prevalence and dominance is unsurprising.
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Figure 2.4: Relative abundances of phthalates in all land use sampling groups extracted from

published literature to date (n=43 studies, n=104 sampling groups). RoW = rest of world.

Although the profile of phthalate contamination in many sampling groups appears to follow
similar patterns, phthalate soil signatures can in some cases be specific to a certain site. For
example, notably high concentrations of DBEP (4.49 ug g* dw), DMPP (2.88 ug g* dw) and
DCHP (1.66 pg g* dw) were detected in soils in an e-waste processing area, whilst DnBP and
DEHP were found at these locations only 1.92 pg g* dw and 1.05 pg g* dw respectively
(Zhang et al., 2019). The patterns of phthalate contamination seen in soils (Figure 2.2 and
Figure 2.4) highlight the importance of diffuse inputs in determining the profiles on a wide
scale, but the significant impact that point sources of phthalates can have on local sites. E-
waste sites in particular appear to have distinct impacts on local phthalate profiles, possibly
due to the specialised use of certain phthalates in electronics. Hence, at any individual site
the total burden of phthalates and composition of congeners may be a combination of local,

regional and global drivers.
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Despite the extensive and widespread analysis of phthalates across land use types, there is
to date only one study that the authors are aware of that has quantified the presence of an
emerging plasticiser in soil. Whilst it was found in relatively low levels (0.057 pg g*'), DEHA
had the highest mean concentration of any of the studied plasticisers in landfill soils in Indian
cities (Chakraborty et al., 2019). Emerging plasticisers have been detected in air and dust in
Europe, the USA and Japan (Fromme et al., 2016; Larsson et al., 2017; Subedi et al., 2017,
Takeuchi et al., 2014), and in sewage sludge at comparable levels to phthalates (Y.S. Lee et
al., 2019). Although limited, the data suggest the potential for the occurrence of emerging
plasticisers in soil at concentrations on a par with those for phthalates. As use of these

chemicals increases in the future, the potential for further emission and release is evident.

Analytical challenges are very important to take into account when considering plasticiser
occurrence data, as they underpin the conclusions that can be drawn from published studies.
These challenges are not limited to the issues surrounding the reporting of LODs and
underreporting of sum concentrations due to limited analysis suites discussed above. Some
studies did not report whether concentrations were reported as dry or wet weights. Such
inconsistencies may lead to underreporting of concentrations in soils that measured the
concentrations as wet weights, and therefore in order to aid comparability between studies it
is preferable that future work focuses on reporting dry weight concentrations. At present, there
is no established method for quantifying the relative contribution of microplastic associated
plasticisers compared to leached plasticisers. As such, microplastics present in soils may lead
to an overreporting of free plasticiser concentrations. The extraction of plasticisers from
microplastics will be related to the extraction method used, with less harsh methods likely to
lead to less extraction from microplastics but may cause lower extraction efficiencies for
targeted phthalates from the soil. Accurate assessments are important for understanding the
potential for biological effects of phthalate contamination, as the bioavailability of plastic-
interred plasticisers is likely much less than those free in the soil. Additionally, as for other

organic chemicals, phthalates can occur as bound residues that can be difficult to extract and
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analyse, and thus may be underreported (Tran et al., 2015). This has further implications for

the reliability of measured values as an assessment of total plasticiser loads.

2.5 Fate

2.5.1 Persistence of plasticisers in soils

A number of studies have demonstrated that biodegradation is one of the dominant processes
controlling the persistence of plasticisers that reach the soil environment (Hurtado et al., 2017;
Xie et al., 2010). The degradation rates of plasticisers are controlled by a number of factors
including environmental conditions (e.g. temperature, moisture, UV light), soil properties and
the microbial communities present in soils, sludges and waste amendments. It is well
established that anaerobic degradation of plasticisers in soils is significantly slower than
aerobic degradation, e.g. half-lives of DMP and DnBP were ~8 times longer under anaerobic
conditions (Shanker et al., 1985). The vast majority of studies of plasticiser degradation in
soils are aerobic, thus the discussion in this section focuses primarily on aerobic degradation
rates, although many of the underlying factors controlling degradation will be the same in both
aerobic and anaerobic environments. These studies have focussed exclusively on phthalates

(Appendix Table S2.4), with no quantitative data available for emerging plasticisers.
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Figure 2.5: Half-lives of the phthalates DEHP and DnBP in soils reported in the literature.
Details of all phthalate soil half-life data extracted from the literature can be found in Appendix

Table S2.4.

It has been clearly demonstrated that phthalates with longer chain lengths have greater
persistence in the environment than shorter chain ones (Cartwright et al., 2000; Tang et al.,
2020; Xie et al., 2010; F. Zhu et al., 2018a). This is attributed to the greater hydrophobicity of
long chain molecules resulting in stronger soil organic matter (SOM) binding, reducing their
bioavailability (Murillo-Torres et al., 2012). In addition, bacterial degradation tends to occur
more slowly for larger, more complex organic molecules (Kanaly and Harayama, 2000). No
degradation of the more complex, highly hydrophobic DEHP was observed in over 65 days at
20 °C in a field soil, whilst the simpler, more hydrophilic DEP had a half-life of just 0.75 days
(Cartwright et al., 2000). Phthalates with branched chains have also been found to degrade
more slowly than straight-chained congeners. For example, DnOP degraded more rapidly than

DEHP in a marine sediment (DnOP ti» = 172 days, DEHP ti» = 347 days) (Kickham et al.,
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2012). In addition, significantly faster biodegradation of unbranched maleate plasticiser
congeners than the equivalent branched congeners has been demonstrated (Erythropel et al.,
2015). Conversely, the straight-chain phthalate (DnBP) was found to degrade to a marginally
lesser extent than its branched counterpart (DiBP) in two agricultural soils after 42 days (9.6-
18.2% DnBP vs. 4.6-6.2% DIiBP remaining) (F. Zhu et al., 2018a). A further complexity to
understanding phthalate fate in soils is that rates determined in the laboratory may not
necessarily reflect those under real field conditions, with some phthalates significantly more
persistent than any experimentally determined half-life would suggest. For example, DEHP
concentrations in a polluted soil decreased from 1.47 ug g* dw to 0.88 pg g* dw over 15
years, a reduction of only 40%, whilst no significant increases were observed in a control soil

(Patureau et al., 2007).

The rate of phthalate degradation in soils has been found to be positively correlated with
temperature (Figure 2.5), possibly due to increased bacterial activity combined with more rapid
physical processes. Thus, even modest temperature changes can have a significant impact
on degradation rate. For example, an early study reported a consistent decrease in DEHP soil
half-life with increasing temperature (t12 = 158, 86, 55 days at 5, 10 and 20 °C respectively)
(Madsen et al., 1999). DnBP was also degraded quicker at higher temperatures (Cheng et al.,
2018). Conversely, other studies have found that overall degradation rates of phthalates
actually begin to decrease at higher temperatures. Soil half-lives of DnBP and DEHP
consistently reduced from 5 and 30 °C, but rose at 40 °C (Chang et al., 2009). The
complexities in the effects of temperature on phthalate degradation may be explained by the
distinct profiles of native soil bacterial communities and the temperature sensitivity of

metabolic processes controlled by these microbial taxa.

The effects of soil properties (e.g. pH, SOM, clay content, water holding capacity) on
plasticiser degradation are complex. Recent results suggest that the principle soil properties
affecting degradation of phthalates in soils may differ from those which determine long-term

retention. Microbial associated carbon was the most important factor influencing half-life of
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DnBP in agricultural soils, followed by pH, then the total SOM (Cheng et al., 2019). This was
in contrast to the relative importance of factors affecting the residual DnBP content in the saill,
where organic carbon was most influential, followed by microbial carbon. These results
compliment conclusions from studies discussed above, where a fraction of phthalate
contamination remains persistent in soil for long periods despite the presence of

microorganisms.

SOM can reduce the bioavailability of phthalates in soil, which in turn can reduce
biodegradation rates as molecules are not accessible to microorganisms for catabolism. This
influence is, however, complex as some constituents of SOM, e.g. humic acids, have been
shown to increase phthalate degradation rates in soils by providing a nutritional source that
can prime bacterial communities to promote phthalate degradation (Tang et al., 2020; Tao et
al.,, 2020). The overall effect of SOM on phthalate degradation, therefore, can have
counteracting influences. For example, a recent study observed no significant correlation
between phthalate degradation and soil adsorption capacity, and therefore the overall effect
of SOM was to increase degradation rate (Tang et al., 2020). In contrast, a pronounced effect
of increasing chain length on the phthalate persistence in marine sediment has been
observed, which was attributed to organic matter binding (Kickham et al., 2012). The half-lives
of DnBP and DEHP in two contrasting agricultural soils indicated that phthalates degraded
slower in the soil with higher organic matter (Xu et al., 2008). Such results suggest that the

effects of SOM levels on phthalate degradation rates may be congener specific.

Values towards the extremes of the pH values found in soil have been shown to reduce
phthalate degradation rates compared to those found in more neutral soils (Figure 2.5). For
example, DnBP and DEHP half-lives were longer at pH 4 and pH 9 than at pH 7 (Chang et al.,
2009), and faster DEHP degradation occurred in soils with pH 6-8 (F. Zhu et al., 2018b), values
that are within the ranges typical for lowlands soils in temperate regions. Phthalate sorption to
organic matter was negatively correlated with pH for 4 phthalates (Yang et al., 2013). This

finding pre-empted the result of a later study that found DnBP degradation to increase with
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pH, which was attributed to higher DnBP bioavailability at higher pH due to ionisation of
organic groups in SOM that increased hydrophilicity, and potential greater bacterial
abundance in higher pH soil (Cheng et al., 2019). In addition, increasing moisture from 20%
to 50-80% WHC significantly increased DnBP degradation rates in soils (Cheng et al., 2018)
indicating that soil moisture content could be an important controlling factor in some temperate

environments.

2.5.2 Uptake of plasticisers by soil organisms

There has been increased interest in the study of the effects of plastics, and in particular
microplastics, on soil fauna in recent years, e.g. laboratory and field studies have
demonstrated that soil organisms are capable of ingesting microplastics (Huerta Lwanga et
al., 2017, 2016; Prendergast-Miller et al., 2019). In addition, laboratory studies have shown
that soil microplastic pollution has the capacity to negatively impact growth (Boots et al., 2019;
Cao et al., 2017; D. Zhu et al., 2018), reproduction (Lahive et al., 2019; D. Zhu et al., 2018)
and mortality (Lahive et al., 2019; D. Zhu et al., 2018), in addition to altering gut microbiota (D.
Zhu et al., 2018) of soil fauna, although due to limited data on the occurrence of microplastics
in soils, whether these effects are seen at realistic field levels remains unclear. Polymers are
inherently inert, and therefore many of the chemical effects of microplastic pollution could
result from plastic additives such as plasticisers. For instance, a recent study found that the
acute effects caused by microplastics on the soil nematode Caenorhabditis elegans were not
observed again following the extraction of additives from the plastics (S. W. Kim et al., 2020).
Indeed, phthalates themselves have been shown to exhibit genotoxicity to the earthworm
Eisenia fetida (Du et al., 2015; Ma et al., 2017, 2016; Song et al., 2019; G. Wang et al., 2018),
although the impacts on typical sublethal endpoints, such as growth and reproduction, are

currently less clear (Feng et al., 2016; Hu et al., 2005).
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Despite the evidence of the toxicity of plasticisers in soil organisms, only one study has
assessed uptake and bioaccumulation of plasticisers in soil fauna (Hu et al., 2005). The
earthworm E. fetida was exposed to 5 phthalates (DMP, DEP, DnBP, DEHP and DnOP) at 5,
10, 20, 40 and 50 pg g* dw soil for up to 30 days. DEHP and DnBP accumulated in worm
tissues, although DMP, DEP or DnOP were not detected. At environmentally relevant
concentrations of 5 pug g* dw in soil (Chai et al., 2014; Hongjun et al., 2013; Ma et al., 2019),
DnBP and DEHP in worm tissue reached a steady state after around 10 days to ~1-1.5 ug g
L'ww and ~0.4-1.2 ug g* ww respectively. Bioconcentration factors (BCFs) after 15 days of
exposure to DnBP ranged from 0.23-0.30 for an agricultural soil (pH 8.3, SOM 1.35%), and
0.18-0.23 for a forest soil (pH 7.6, SOM 4.53%), whilst BCFs for DEHP ranged from 0.13-0.20
for the agricultural soil, and 0.06-0.08 for the forest soil. There was lower phthalate
accumulation in the soil with a higher SOM content, possibly due to strong partitioning of
phthalates to the organic material in soil, reducing their bioavailability for uptake through either
dermal or oral ingestion following patterns observed for other organic chemicals (Kraaij et al.,

2001; Sijm et al., 2000).

Phthalates are also capable of inducing ecotoxicity in terrestrial flora, e.g. oxidative stress and
negative impacts on growth and germination in multiple vegetable crop species including
cucumbers (Cucumis sativus), common beans (Phaseolus vulgaris) and radishes (Raphanus
sativus) (Kumari and Kaur, 2020). Phthalate uptake by plants has been demonstrated,
although the extent of reported accumulation varies between studies. A recent study reported
BCFs of DEHP in Brassica chinensis in the range 0.03-2.00, with the highest BCFs found at
environmentally relevant DEHP concentrations (Yuan et al., 2020). The concentration of
DEHP in rice cultivars in DEHP-spiked soil (20 pug g* dw) was monitored over the course of
the plants’ development (Cai et al., 2015). The DEHP concentration of the roots and shoots
was very high in some cases, varying from 0.26-11.8 pug g* dw and 0.40-7.58 ug g* dw
respectively, with no obvious change over the course of the experiment. Although the

exposure concentration of 20 ug g* dw used in this study is significantly higher than most
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concentrations of DEHP reported in soils, it is representative of the pollution reported in a
number of studies (Teng et al., 2015; L. Wang et al., 2018; Wu et al., 2015; Zeng et al., 2008).
Very high BCFs (5.8 to 17.9) of 6 phthalates were reported in an earlier field study of plant
species cultivated near an e-waste processing site, although the high levels of some
phthalates in above-ground tissues may have been due to direct atmospheric exposure rather
than through soil uptake and translocation to shoots (Ma et al., 2013). In addition, the
composition of sampling and storage materials were not reported, thus it is unclear whether
samples may have been contaminated following collection. Nevertheless, the weight of
evidence suggests that phthalate uptake by terrestrial flora occurs, although further work is

required to determine the relative contributions of different exposure routes.

Despite evidence of bioaccumulation of phthalates in soil fauna and flora, transfer of
plasticisers through trophic networks has yet to be clearly demonstrated. There is evidence
from both marine and freshwater aquatic studies to suggest that plasticisers can be transferred
to species occupying higher trophic levels, e.g. 8 phthalates were detected in 18 species
across four trophic levels in a marine aquatic food chain (Mackintosh et al., 2004). A more
recent study assessed the concentration of 14 phthalates in multiple freshwater fish species
and found total phthalate concentrations ranged from n.d.-1081 ng g* dw, with DEHP and
DnBP again the most commonly detected phthalates (Y. M. Lee et al., 2019). However, the
presence of plasticisers in higher trophic levels in these studies could come via direct uptake

of phthalates or ingestion of microplastics.

Metabolism likely represents the primary removal pathway of plasticisers within organisms.
Although the nature of the various relevant metabolic pathways is complex and beyond the
scope of this review, known rates of elimination of phthalates in biota appear rapid
(Frederiksen et al., 2007). The nature of these main biotransformation reactions is well studied
in some mammals, e.g. humans and rats (Dominguez-Romero and Scheringer, 2019;
Frederiksen et al., 2007), and to a lesser extent marine organisms (Hu et al., 2016; Stalling et

al., 1973). In contrast, elimination in soil organisms is less understood. However, given that
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enzymatic metabolic pathways are relatively well conserved between species, pathways for
metabolism in soil fauna may reflect those seen in higher organisms. Studies in soil species
may therefore initially seek to identify the presence of known metabolites in organisms and
the activities of enzymes in families such the cytochrome P450s, esterases and glutathione-S
transferases to begin to elucidate the biotransformation pathways for plasticisers in these

species.

2.6 Knowledge gaps and future research recommendations

To date, research into the sources, occurrence and fate of plasticisers in the terrestrial
environment has focussed on phthalates, with a distinct lack of data for emerging classes of
plasticisers. The profiles of phthalates in soils generally reflect their production volumes, with
DEHP dominating soil profiles, although knowledge of phthalate occurrence in soils outside of
China is limited. Half-lives of phthalates in soils are on the scale of weeks, although in some
cases contamination is significantly more persistent. This persistence may result in the
prolonged presence of bioavailable phthalate residues that can potentially be taken up by soil
organisms. Based on currently available knowledge of the sources, fate, presence and
exposure of plasticisers, it is possible to identify a number of the key knowledge gaps that
remain for the relevant classes of chemicals and to recommend productive areas for future

research.

¢ The influence of soil properties and weathering of plastics on plasticiser leaching rates
are largely unknown and the relative soil leaching potentials across different plastic
and plasticiser classes are yet to be determined. Establishing the leaching rates from
different plastic types in soils of contrasting properties should be a priority. Longer-
term field experiments to establish the effects of weathering and determine

environmental leaching rates are especially needed.
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Source apportionment of plasticisers in soils remains unclear, particularly in urban
areas. Future work should take a holistic approach by determining not only the
occurrence of plasticisers in different land uses, but the presence of plastic pollution
both above and below ground, in order to establish the links between polymer and
plasticiser soil loadings and the resulting polymer and plasticiser profiles. In addition,
studies of sewage sludge amendment as a source of plasticisers in agricultural soils
are mainly limited to DEHP, and further work is required to establish whether the long-
term accumulation and persistence seen for DEHP is also observed for other

phthalates and emerging plasticisers.

Knowledge of the occurrence of phthalates in soils is limited in areas of the world
outside of China. The occurrence of phthalates and emerging plasticisers across
different regions should be determined, particularly in areas such as southeast Asia
and Africa, where rapid urban expansion may be causing particularly high inputs of
plasticisers in the environment as a result of the expansion of plastic use without the

development of adequate waste management and recycling networks.

Inconsistencies in analytical suites and reporting of key data (e.g. limits of detection)
are hampering comparisons of plasticiser occurrence between studies. A coordinated
approach is required, through the use of a standard suite of commonly detected
plasticisers and developing requirements for data reporting. A body of consistent and
directly comparable data would be suitable for a meta-analysis approach, which would
further address uncertainties in environmental plasticiser distributions and allow for
more rigorous analysis of trends in both phthalate and emerging plasticiser occurrence

and fate.

Whilst the degradation of phthalates in soils is well-studied, the persistence of
emerging plasticisers in soils is unknown. Degradation kinetics of emerging plasticisers

in soils with contrasting properties should be investigated in order to determine whether
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the factors underpinning phthalate degradation rates are consistent across all

plasticisers.

o The fate of phthalates in soil organisms is understudied and is for emerging plasticisers
unstudied. Controlled studies across multiple species are required, in order to assess
the rates and routes of uptake and elimination, in addition to the potential for
bioaccumulation and trophic transfer. Further, the potential for interactive effects of
plasticisers with commonly used agricultural chemicals, e.g. pesticides, in terrestrial

fauna and flora is a priority, given the abundance of plasticisers in agricultural soils.

2.7 Conclusion

Plasticisers have many sources in the terrestrial environment. These may be diffuse, chronic
sources (e.g. microplastics present in soils via the degradation of agricultural plastic film) or
point sources (e.g. incineration of electronic waste). Any plastic item which contains
plasticisers has the potential to act as an input of plasticiser into the environment, through
leaching and migration of additives from the polymer matrix. The ubiquitous occurrence of
phthalates in the terrestrial environment has been demonstrated, and these compounds are
now distributed across all land uses. However, given the rapidly increasing use of emerging
plasticisers as replacements for phthalates, a dearth of studies investigating the occurrence
of emerging plasticisers represents a significant knowledge gap. Some plasticiser
contamination is degraded in a matter of days or weeks, although local effects can lead to
some plasticisers acting as persistent organic pollutants at high levels of contamination, and
thus represent a potential threat to terrestrial fauna and flora. Despite this, the terrestrial
ecotoxicology of plasticisers is relatively understudied, despite evidence of cytotoxicity,
oxidative damage and endocrine disruption. The impacts of emerging plasticisers, and the
ecotoxicology of plasticisers in higher vertebrates is unstudied. Plastic is ubiquitous in modern

society, and there are increasingly intensive patterns of agriculture requiring even greater use
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of plastic products. Given this fact, the determination of the impacts of plasticiser
contamination on the terrestrial environment is urgently needed from the perspective of

environmental management and human and ecosystem health.
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Abstract

Despite a theoretical link between plastic and plasticiser occurrence in the terrestrial
environment, there are few empirical studies of the relationship between these contaminants
in soils. We carried out a field study to assess the co-occurrence of plastic waste, and legacy
and emerging plasticisers in UK soils (n=19) from various land uses (woodlands, urban
roadsides, urban parklands, landfill-associated). Surface plastics and soil microplastics were
guantified and characterised using ATR-FTIR and p-FTIR. Eight legacy (phthalate) and three
emerging (adipate, citrate, trimellitate) plasticisers were quantified using GC-MS. Surface
plastics were found at higher prevalence at landfill-associated and urban roadside sites, with
levels significantly (2 orders of magnitude) greater than in woodlands. Microplastics were
detected in landfill-associated (mean 12.3 particles g dw), urban roadside (17.3 particles g*
dw) and urban parkland (15.7 particles g* dw) soils, but not in woodland soils. The most
commonly detected polymers were polyethene, polypropene and polystyrene. Mean
Y plasticiser concentration in urban roadside soils (3111 ng g dw) was significantly higher
than in woodlands (134 ng g* dw). No significant difference was found between landfill-
associated (318 ng g* dw) and urban parkland (193 ng g* dw) soils and woodlands. Di-n-butyl
phthalate (94.7% detection frequency) and the emerging plasticiser trioctyl trimellitate (89.5%)
were the most commonly detected plasticisers, with diethylhexyl phthalate (493 ng g* dw) and
di-iso-decyl phthalate (96.7 ng g* dw) present at the highest concentrations. Y plasticiser
concentrations were significantly correlated with surface plastic (R? = 0.23), but not with soil
microplastic concentrations. Whilst plastic litter seems a fundamental source of plasticisers in
soils, mechanisms such as airborne transport from source areas may be as important. Based
on the data from this study, phthalates remain the dominant plasticisers in soils, but emerging

plasticisers are already widespread, as reflected by their presence in all land uses studied.
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3.1 Introduction

Many plastic additives (substances added to plastics to modify their properties and/or
performance) are not chemically bound to the polymer matrix, and so can enter the
environment over the lifetime of a plastic item (Hansen et al., 2013). Historically, some
additives have been associated with harmful effects in humans and wildlife, e.g. concerns
surrounding the bioaccumulation and endocrine disruption of PBDE flame retardants and
bisphenols led to legislation restricting their production and use in the 1990s and early 2010s
respectively (European Union, 2011; Oakdene Hollins, 2010). More recently, attention has
been given to phthalate plasticisers, due to their suspected endocrine disrupting activity
(ECHA, 2022), with limits on the use of certain congeners recently introduced in the EU
(ECHA, 2018). Phthalates are ubiquitous contaminants of marine and freshwater
environments (Gao and Wen, 2016; Hermabessiere et al., 2017) and have also been
commonly detected in the relatively small number of studies conducted for soils (Chapter 2).
The occurrence of phthalates in soils has been linked with specific sources such as the use of
plastic in agriculture (Kong et al., 2012; D. Wang et al., 2021; Zeng et al., 2020), application
of sewage sludge to agricultural land (Rhind et al., 2013b; Tran et al., 2015; Vikelsoe et al.,
2002), and the incineration and processing of electronic waste (Chakraborty et al., 2019;
Zhang et al., 2019). However, the role of these point sources compared to diffuse input from

more dispersed plastic use have not yet been determined.

The concerns and restrictions surrounding the use of some legacy phthalates has led to an
increase in the use of non-phthalate plasticisers over the past 15 years (CEFIC, 2018).
Emerging plasticisers such as trimellitates, citrates and adipates may be used in plastic
applications as replacements for phthalates. Although knowledge of their environmental
occurrence and fate is less well known than for phthalates, in the few studies conducted to
date these compounds have been detected across a range of environmental media including
air, dust, and sewage sludge (Fromme et al., 2016; Y.S. Lee et al., 2019). The terrestrial

occurrence of these emerging plasticisers remains almost entirely unknown. Given the
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prevalence of phthalates and the major use of plastics on land and sources of plasticisers to
soils, there is the potential for these next-generation chemicals to be widely present in

terrestrial ecosystems.

Terrestrial systems are recognised as a major route of plastic entry into the environment
(Horton et al., 2017b). Larger plastic items (macroplastics) may break down over time into
microplastics (traditionally defined as plastic particles <5 mm). Photodegradation of the
polymer surface through the action of UV light, in addition to fluctuations in temperature, are
thought to be the dominant processes controlling the fragmentation of plastics and thus
formation of microplastics in terrestrial systems (Horton et al., 2017b). This plastic litter may
result in the input of plasticisers into soils through direct leaching from large items of plastic
on the soil surface or after breakdown into microplastics that have a larger surface area.
Leaching occurs through diffusion of the plasticiser molecules to the surface of the plastic item
followed by direct desorption into the soil, or through sorption to, and subsequent release of,
soil components bound to the surface of the plastic item (Chapter 2). The plasticiser content
of a plastic item is partly governed by polymer type. For example, some polymers (e.qg.
polyethene) rarely contain high levels of plasticisers, while others may contain high
concentrations (e.g. over 80% of plasticisers are used in polyvinyl chloride (PVC; CEFIC,
2018). Thus, the leaching potential of a plastic item will vary with both polymer type and
physical form. Understanding the links between surface and soil-incorporated plastic levels
and plasticiser concentrations will grant insights into the inputs of plastic-associated chemicals

in the soil environment.

No study has yet looked at the co-occurrence of both above- and below-ground plastic
contamination with plasticisers in field soils and we are aware of only two very recent studies
that have attempted to quantify microplastic and phthalate co-occurrence, both focussed on
agricultural soils (Li et al.,, 2021; Y. Xu et al., 2022). Both studies carried out extensive
sampling, although were not without some technical limitations. For example, both studies

employed microplastic extraction procedures incapable of recovering PVC (the polymer in
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which the majority of plasticisers are used). Further, neither appeared to use procedural blanks
for microplastics to allow assessment of limits of detection, thereby potentially limiting the
accuracy of quantification data. Studies that use robust quantitative methods to assess the
co-occurrence of surface and soil-incorporated plastics and legacy and emerging plasticisers

are needed to close this knowledge gap.

The primary objective of this study was to investigate the role of diffuse litter as a source of
plastics and plastic associated chemicals in terrestrial ecosystems. To address this, we used
an attenuated total reflectance-Fourier transform infrared (ATR-FTIR) and scanning-FTIR (p-
FTIR) spectroscopy-based method to measure site-surface macroplastics and soil-interred
microplastics, and a GC-MS (gas chromatography-mass spectrometry) method to quantify
multiple legacy and emerging plasticisers in soils collected from a range of terrestrial sites
associated with land uses expected to have different profiles of plastic inputs, primarily from
littering and poor waste management. Conducting these collated measurements of both
plastic and plasticiser levels allowed us to test three hypotheses: 1) The occurrence and profile
of terrestrial plastic waste and plasticiser contamination will vary between land uses, with
areas associated with landfill and urban activity having elevated plastic and plasticiser levels
relative to background (woodland) concentrations; 2) Microplastic concentrations and polymer
types will reflect a similar profile to those associated with site-surface macroplastics; 3) The
occurrence of phthalates and emerging plasticisers in soils will be higher in soils with higher

surface plastic litter and microplastic levels.

3.2 Materials and methods

3.2.1 Environmental sampling

Sampling took place in central and southern England (UK) in January and February of 2020.
Soil and surface plastic samples were collected from 19 sites covering a range of land uses:
woodland (n=7), downwind of landfill (n=6), urban parkland (n=3), and urban roadside (n=3).
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Woodland sites were selected from areas which have had continuous tree cover since at least
1600 AD (Natural England, 2021) that were not in the vicinity of industry, urban areas, or
existing or legacy landfill sites. These measures were taken to ensure that the woodland sites
were as free from human interference as possible, although due to the relatively high
population density in southern England, these sites are likely to see recreational use. In order
to minimise this impact, woodland sites were sampled as far away from footpaths as possible.
These woodlands, therefore, represent a set of locations with relatively low anthropogenic
influence and provide a background measure of plastic and plasticiser contamination to which

other sites can be compared.

To assess the influence of landfill sites on plastic and plasticiser occurrence in the surrounding
terrestrial environment, public land downwind of sites was sampled as close as possible to the
perimeter of the facility. Urban parkland and urban roadside sites were all located within the
urban area of the city of Oxford. Parklands were sampled as far away from the boundary of
the site and footpaths as possible. Roadsides were sampled where the verge was at its widest
point. All sites were sampled in areas representative of the wider site (i.e. not in the vicinity of
point sources of plastic such as a litter bins). Site-specific information for all sampled sites is

shown in Appendix Table S3.1.

At each site, a 25 m? grid was marked out. The area within the grid was carefully searched for
10 minutes to collect any macroplastic visibly present on the soil surface into a clear low-
density polyethene bag. A stainless-steel trowel was then used to collect approximately 200
mL of soil from each corner and the centre of the marked grid. Soil samples were taken to a
depth of approximately 15 cm and combined in a 1 L glass jar to provide a representative soil
sample for the site. Glass jars were pre-rinsed 3 times with de-ionised (DI) and reverse-
osmosis (RO) water. In order to minimise cross-contamination between sites, the trowel was
thoroughly cleaned between sites using RO water and covered with aluminium foil during
transit. At each new site, the trowel was pushed into the soil three times before being used for

sample collection. Soil samples were not dried and sieved prior to storage, in order to reduce
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airborne microplastic and plasticiser contamination, and potential loss of some lighter
molecular weight plasticisers through vaporisation (e.g. DMP). Soil and surface plastic
samples were transported to the laboratory on the day of collection and immediately stored in

the dark at -20 °C and 4 °C respectively. All operators wore cotton clothing were possible.

3.2.2.1 Plastic sample processing

3.2.2.1.1 Surface macroplastics

Collected plastic items were cleaned with DI water, gently wiped with a lint-free wipe, and left
to dry (n.b. it was not possible to fully clean some particularly fragile items, e.g. polystyrene
foams or degraded films). The mass and morphology of each sample were recorded, and each

item was sub-sampled for analysis by ATR-FTIR spectroscopy.

3.2.2.1.2 Soil microplastics

Soil samples were thawed at 4 °C for 24 hours and gently homogenised using a stainless-
steel spatula. 50 g ww (wet weight) of soil was sub-sampled and stored at 4 °C in a sealed

glass container, with the remaining sample re-stored at -20 °C for later plasticiser analysis.

Microplastics were extracted from each 50 g sample according to a method adapted from
protocols previously applied to complex solid matrices (Horton et al., 2021, 2017a; Hurley et
al., 2018). A sample of 10 g dry weight (dw) equivalents of soil was digested with 30 mL of
Fenton’s reagent (a 1:1 mixture of 30% H.O, (Honeywell, USA) and 0.05 M aqueous Fe(ll)
solution (Honeywell, USA)). Samples were kept in an ice bath to avoid temperatures
exceeding 50 °C. After an hour, a further 20 mL of Fenton’s reagent was added, and the
reaction left overnight. Remaining solids were captured on a 10 um stainless-steel filter

(Bridgewater Filters Ltd, UK), sonicated in 15 mL of 1.7 g mL?* ZnCl, @) (Honeywell, USA) for
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15 minutes, and brushed into the beaker using a natural fibre brush (Daler-Rowney Ltd, UK).
Samples were then density separated in a 100 mL measuring cylinder. After a minimum of 20
hours quiescence, 50 mL of ZnCl, (aq) was added to the measuring cylinder to overflow floated
material into a beaker. The top 20-50 mL of ZnCl; (aq) in the cylinder was then also poured into
the beaker. The solid material recovered by floatation was collected onto a 10 pm stainless-
steel filter, sonicated in 50% ethanol aq) (Honeywell, USA) for 15 minutes, and brushed into a
glass jar. The 20-hour density separation was repeated on the remaining material. Solid
material from the supernatants was combined and fractionated to 10-178 um (fine), 178-567
pm (medium) and >567 um (coarse). The fine fraction was subject to a 1-hour organic matter
digestion with 20 mL of Fenton’s reagent. The fine and medium fractions were then stored in
50% ethanol. The coarse fraction was stored in a petri dish and dried for 72 hours at 50 °C

prior to analysis. All samples were stored at room temperature in the dark.

3.2.2.2 Plastic sample analysis

3.2.2.2.1 Preparation of in-house polymer FTIR spectra library

ATR-FTIR spectra of 41 consumer plastic items representing 15 common polymers were
collected in a library (see Appendix Table S3.2 for item descriptors). Spectra were obtained
on a Nicolet iS10 FTIR spectrometer with a Smart iTX ATR accessory (Thermo Fisher
Scientific, USA) operating in absorbance mode. Spectra were collected in the range 450-4000
cm?, with data spacing of 1.93 cm™ and resolution 4 cm™. A total of 32 scans were collected
per spectrum. The ATR diamond was cleaned between each sample with 70% isopropanol
and a background spectrum collected before each sample. Sample spectra were background-

and baseline-corrected.
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3.2.2.2.2 ATR-FTIR of surface macroplastics

ATR-FTIR spectra were obtained with the same instrumentation and parameters used for in-
house library collection. A scalpel was used to cut the sample and expose a clean surface of
plastic on each item if necessary. Spectra taken from each item were then compared to the
in-house library using the OMNIC 9 software (Thermo Fisher Scientific, Horsham, UK), using
a 0.7 match as the threshold for polymer assignment (Cho et al., 2019; Wu et al., 2021). In
the 13 instances (3.6% of all spectra) where multiple polymer types returned matches >0.7
and there was a difference of <0.1 between the most probable identified polymers, the final
polymer identification was manually assigned using characteristic absorption bands within the
spectra (Jung et al., 2018). Items with multiple plastic components were assigned if all
components had a >0.7 match with the same polymer. Otherwise, the item was classified as
‘mixed’. Samples with no spectral matches >0.7 were not assigned a polymer type, but were
still treated as surface plastic in data analysis if they were large enough to be identified as

‘plastic-containing’ from visual and physical inspection.

3.2.2.2.3 Light microscopy and ATR-FTIR of coarse microplastics from within the soil

The coarse (>567 um) fraction collected on stainless-steel filters was analysed using a Stemi
2000-C stereo light microscope (Carl Zeiss, Germany) with 50x zoom, equipped with an
external light source. Samples were searched for 25 minutes for plastic particles. Blanks were
searched for a minimum of 10 minutes, and until every particle with longest dimension >567
pm had been appraised or 25 minutes had passed. Potential microplastics were identified
based on commonly used physical and visual criteria, and categorised by their morphology

(Horton et al., 2017a; Primpke et al., 2020a) (see Appendix S3.3).

It was not possible to perform ATR-FTIR analysis on any fibres due to their small size and
insufficient 2D area. However, all other microplastic particles found within the coarse fractions

were analysed using a Nicolet iS5 FTIR spectrometer with an iD7 ATR accessory (Thermo

64



3. Co-occurrence of macroplastics, microplastics, and legacy and emerging plasticisers in UK soils

Fisher Scientific, USA) using the same parameters as for the in-house library. Sample spectra
were compared to the in-house library with a 0.65 threshold. This threshold is slightly lower
than that used to characterise surface plastic polymers, as the small size of the particles meant
that it was not possible to clean or expose a fresh area of plastic. One sample was manually
assigned as multiple polymer types returned matches >0.65 with <0.1 between the most likely

polymers.

3.2.2.2.4 y-FTIR of fine and medium microplastics from within the soil

High particulate content in the fine (10-178 pm) and medium (178-567 um) fractions limited
the amount of material that could be analysed by p-FTIR (with the exception of blanks).
Therefore, samples were vortexed for 10 seconds, and a subsample deposited within a 10
mm diameter circle on a 5 um silver filter (with 25 mm diameter) (Sterlitech Corporation, USA).
Optical and infra-red images of each filter were collected on a Spotlight 400 FTIR spectrometer
(PerkinElmer, USA). IR scans were collected in the range 700-4000 cm™, with resolution 8
cm, pixel size of 25 um, 4 scans per pixel, and interferometer speed 2.2 cm s™. A background
spectrum of the silver filter was collected before each sample. The pixel size of 25 pm
represents the lowest particle size possible to resolve in the analysis. Thus, whilst the
extraction method captured fine microplastics of 10-178 um, the fine fraction analysed was in
the 25-178 um size range. IR spectra of the sample area were collected in grids with
dimensions of 11.6 mm? and 9.5 mm? for fine and medium fractions respectively. IR output
was background- and atmospheric-corrected and processed using siMPle version 1.1.3
(Primpke et al., 2020b, 2018). We used a version of siMPle library 1.0.1 (Primpke et al., 2018)
which had been adapted by Roscher et al. (2022) to reduce false positives arising from the
presence of natural polymers in microplastic sample extracts. Polyacrylamide assignments
were excluded from the results due to unsatisfactory spectral matching, as recommended by

Roscher et al. (2022). Assignments of the category ‘acrylates/polyurethanes/varnish’ were
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also excluded for the same reason, i.e. false positives arising from misassignments of natural
polymer materials. siMPle output maps of medium fraction samples greater than the limit of
detection (LOD) were cross-referenced against the siMPle data list output to reduce false
positives arising from the extremities of larger particles being assigned as individual particles.
In the case of a mismatch, the particle number as determined manually from the map was

used in data analysis.

3.2.2.3 Microplastic contamination controls and quality assurance

The microplastic control measures used were in line with recent studies (Horton et al., 2021,
Johnson et al., 2020). Cotton lab coats were worn at all times. All extraction steps were carried
out in a laminar flow cabinet. Stainless-steel filters were muffled at 350 °C for 3 hours prior to
use. All reagents were filtered through 1.2 um glass fibre filters. Glassware was scrubbed with
only natural fibre brushes, stored, covered with aluminium foil, and rinsed with 3 x DI water
and 3 x RO water before use. Glassware and natural fibre brushes were all thoroughly rinsed
with reagents during processing to maximise microplastic recoveries. Sample vessels were
tightly covered with aluminium foil when exposed to laboratory air. Plasticware was avoided
wherever possible. The only exception was a distinctly coloured yellow wash bottle made of
polypropene that was used for rinsing glassware and filters, as it was not possible to source a

non-plastic replacement with the properties needed for this purpose.

Procedural blanks (n=8) were analysed in full, with the spectral data used to calculate the limit
of detection as the mean of blanks + 3.3 x standard deviation. If a polymer was never detected
in any blank samples, then the LOD was set to 1 particle on the filter area. Microplastic counts

were blank-corrected using the mean values for polymer occurrence in blanks.

Positive control samples (n=4 soils spiked with 63-90 pm polyamide beads at ~100 beads g*
dw) were processed to give an approximation of the efficacy of the extraction and analytical

methods. The polyamide beads were found to coagulate when samples were deposited on
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the silver filters, therefore recoveries were estimated from the total area of polyamide detected
on the filter as opposed to particle numbers. Estimated recoveries for the 4 spikes ranged from
5.6-51.4% (mean 33.6% % 19.7). This is lower than those estimated for the same size range
and polymer type in a previous study of extraction of microplastics from sewage sludge (mean
52.4% + 14.1) (Horton et al., 2021). However, the method used here consisted of up to three
Fenton’s reactions, whereas Horton et al. (2021) used a maximum of two. Polyamide is
particularly susceptible to degradation during the digestion process, which may partly explain
the difference in recovery between our study and the previous study. Thus, the microplastic

data present here is likely underestimated (see section 3.3.).

3.2.3 Plasticiser extraction and analysis

Stored soil samples were thawed at 4 °C overnight. Between 3.5-4 g ww of soil was then sub-
sampled, homogenised and dried with anhydrous sodium sulfate. Samples were spiked with
deuterium-labelled recovery standards (d4-DnBP and d4-DnOP, Sigma-Aldrich, USA) and
microwave-extracted for 30 minutes in 9:1 dichloromethane (DCM):acetone (Ethos X
microwave extraction system, Milestone, Italy). Supernatants were removed, further dried with
anhydrous sodium sulfate and reduced to 0.3 mL on a parallel evaporator (Biichi Syncore,
Switzerland). Extracts were made to 2 mL in DCM, filtered through a 0.45 ym PTFE filter, and
cleaned with an automated size-exclusion chromatograph (Agilent 1200 series HPLC, Agilent,
USA) with a DCM mobile phase. Deuterium-labelled internal standards (d4-DEP and d4-

DEHP, Sigma-Aldrich, USA) were added prior to instrumental analysis.
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Table 3.1: Plasticiser analytes targeted in this study.

Mean limit of

Name Abbreviation Formula CAS detection (ng g dw)
Dimethyl phthalate DMP C10H1004 131-11-3 0.5
Diethyl phthalate DEP C12H1404 84-66-2 0.3
Di-iso-butyl phthalate DiBP C16H2204 84-69-5 0.3
Di-n-butyl phthalate DnBP C16H2204 84-74-2 0.3
Benzyl butyl phthalate BBP C19H2004 85-68-7 3.8
Diethylhexyl phthalate DEHP CasH3s04 117-81-7 0.3
Di-n-octyl phthalate DnOP C24H3804 117-84-0 0.3
Di-iso-decyl phthalate DiDP CasH4604 26761-40-0 50.5%
Diethylhexyl adipate DEHA C22H4204 103-23-1 0.3
Acetyl tributyl citrate ATBC C20H3408 77-90-7 0.3
Trioctyl trimellitate TOTM C33Hs406 3319-31-1 0.5

ADIDP exists as a mixture of isomers and thus had a higher LOD than other analytes (Al-
Natsheh et al., 2015; Zou and Cai, 2013). The concentrations of DIDP reported in this study

refer to the sum concentration of all DiDP isomers.

We analysed 8 phthalate plasticisers and 3 emerging plasticisers (Table 3.1) using an Agilent
6890N gas chromatograph coupled to an Agilent 5975B single-quadrupole mass spectrometer
operating in electron ionisation mode. A volume of 1.7 puL of sample was injected in splitless
mode onto a 30 m HP-5ms analytical column (0.25 pm film thickness, 0.25 mm internal
diameter, Agilent, USA). The inlet temperature was set to 300 °C, the MS source was set to
230 °C, and the carrier gas was helium (flow rate 1.5 mL min). The oven temperature was
held at 50 °C for 2 min, followed by ramps at 45 °C min to 215 °C, 2 °C min to 225 °C, 10 °C

min to 282 °C, 120 °C min to 300 °C, and held at 300 °C for 7.5 min.

To reduce potential plasticiser contamination of samples, all glassware was soaked overnight
in Decon 90, non-volumetric glassware was heated in a muffle furnace at 450 °C for a

minimum of 2 hours (Fankhauser-Noti and Grob, 2007), and all glassware was rinsed 2 x with
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DCM immediately prior to use. Plasticware was avoided wherever possible, all operators wore

cotton lab coats and solid reagents were heated in a muffle furnace at 450 °C overnight.

Analytes were quantified using internal and recovery standards and calibration curves of
plasticiser standards (Sigma-Aldrich, USA). For quality control and assurance, two procedural
blanks were included in each batch. Recoveries of d4-DnBP and d4-DnOP were in the range
69-106% (mean 86% = SD 12) and 60-115% (mean 84% + SD 13) respectively. The method
limits of detection (LODs) (Table 3.1) were determined from the lowest quantifiable standard
in the calibration curve, the mass of soil analysed, and the dilution factor. All plasticiser
concentrations are reported in ng g dw and were recovery corrected. Data were also blank-

corrected using the mean value for each compound detected in the procedural blanks.

3.2.4 Statistical analysis

For all statistical analyses and the calculation of Zmicroplastic and Zplasticiser concentrations,
polymers and compounds <LOD were assigned a zero value to avoid overestimation and
included in calculation of mean and median values for each contaminant (Pereira et al., 2021).
Due to non-normality of data, non-parametric tests (Kruskal-Wallis ANOVA with a post-hoc
Dunn’s test) were used to assess the significance of variation of different contaminants
between land uses. Data was logio-transformed prior to fitting of simple linear regression
models for co-occurrence of different classes of contaminant (e.g. surface plastic vs
microplastic). A small constant (0.01) was added to the data for sites with zero values for total
surface plastic counts and masses (n=6) and Zmicroplastic concentrations (n=10) prior to

transformation.
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3.3 Results and discussion

3.3.1 Variation of plastic waste with land use

3.3.1.1 Surface plastic

The number of surface plastic items was significantly different between land uses (Kruskal-
Wallis test, p < 0.005). Specifically, landfill (42.0 items/25 m? + standard deviation 35.8) and
urban roadsides (21.3 items/25 m?2 + 15.0) had a significantly higher number of plastic items
present when compared to woodland sites (0.1 items/25 m? + 0.4) (Dunn’s test, Benjamini-
Hochberg adjusted p = 0.001 and 0.03 respectively). In contrast, surface plastic counts at
parkland sites (1.3 items/25 m? + 0.6) were not statistically different from those at the woodland
sites (Dunn’s test, Benjamini-Hochberg adjusted p = 0.35). The mass of surface plastic items
followed a similar pattern as for the number of items, with landfill sites significantly higher than

woodlands.
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Figure 3.1: Counts of surface plastic items collected after 10 minutes search from a plot of 25
m?; no surface plastic was found at sites BG1-5 or BG7; ABS = acrylonitrile butadiene styrene;
PVC = polyvinyl chloride; LF = landfill; UP = urban parkland; UR = urban roadside; WL =
woodland; the category ‘Other’ includes all items that could not be assigned a polymer,

ethene-vinyl acetate items, nitrile items, and items containing a mixture of polymers.

The occurrences in woodland and urban parkland sites in this study are comparable to that
reported for an agricultural site in Germany (0.52 items/25 m?) (Piehl et al., 2018), indicating
that occurrence of surface plastic is mainly centred around hotspots (e.g. landfills and

roadsides), with relatively low occurrence in the wider environment.

Increased surface plastic occurrence was associated with sites adjacent to roads. The most

polluted urban roadside site (UR1) was located adjacent to a public footpath and the main
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ring-road around the city. This was duly the third most polluted site in terms of count and fourth
most in terms of plastic mass. In addition, highly contaminated landfill sites such as LF6 also
occurred near a road. The importance of roads as sources identifies the mismanagement of
waste associated with transportation as a source of plastic occurrence in the environment.
The differences between surface plastic within urban land uses may partly result from land
management in specific locations. For example, the low levels in parklands may reflect the
greater amount of litter removal taking place in these locations. The topology of the land is
also likely to play a role in the extent to which these sites may act as hotpots for plastic
accumulation. For example, roadside verges are often a depression between the road and
adjacent land, and so plastics transported by wind or water processes will build up in these

locations.

The majority of collected surface plastic items were films (59%), followed by fragments (26%)
and foams (7%). 8% of items did not fall into these three categories and were therefore
classified as ‘other’. Although films dominated the total number of plastic items, they
represented just 23% of the plastic mass. Fragments and ‘other’ items were 51% and 24% of
the total mass, respectively. As the amount of plasticiser depends on the mass of the item
(Bueno-Ferrer et al., 2010), it is thus important to report both masses and counts of plastics
wherever possible in studies assessing the relationships between plastic and plasticiser

occurrence in the environment.

Polyethene (PE; mean count 5.1 + 11.3 items; 47% DF), polypropene (PP; 4.8 + 8.0 items;
47% DF), polystyrene (PS; 2.1 + 4.5 items; 37% DF), and polyester (PET; 1.0 £ 1.7 items;
37% DF) were the most commonly detected polymers. Polytetrafluoroethene (PTFE),
polyurethane (PU), polycarbonate (PC), polymethyl methacrylate (PMMA), tire-wear particles
(TWPs) and polylactic acid (PLA) were not detected in any surface plastic items. Landfill and
urban roadsides had the highest mean polymer diversity of the studies land uses (7.3 £ 4.3
and 5.7 + 3.1 polymer types per site, respectively), and these land uses were significantly

more diverse than woodland sites (Dunn’s test, Benjamini-Hochberg adjusted p = 0.002 and
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0.02 respectively). Overall, the nature and diversity of the surface plastic polymer profiles
found are comparable with those of Piehl et al. (2018) for an agricultural site and with soil
microplastic studies, where PE and PP have also been shown to dominate (Biks and

Kaupenjohann, 2020).

Polyvinyl chloride (PVC) plastic items are notable for their frequently high plasticiser load
(CEFIC, 2018). Only 7 PVC-containing items were found in total, across 4 sites (3 at landfill
sites, 1 at an urban roadside). This reflects the fact that PVC is primarily used in the building
and construction sector, and has only a minor use in consumer items such as packaging
(Plastics Europe, 2021) that are most likely to enter in to the environment through dispersed
releases via littering. Given that the majority of plasticisers are used in PVC (Chapter 2), the

absence of PVC items could indicate a low plasticiser input to soils.

3.3.1.2 Soil microplastics

Microplastics were detected in one or more of the collected fractions at 42% of all sampled
sites. Fine (25-178 um), medium (178-567 um) and coarse (>567 um) microplastics accounted
for 97.3%, 2.5% and 0.2% of the total microplastic concentration. Zmicroplastic (all size
fractions combined) concentrations in field soils ranged from nd-68 particles g* dw, with a

mean of 9.1 particles g dw (Figure 3.2).

No microplastics were detected at any woodland site, with mean LODs (particles g™ dw) for
fine, medium, and coarse fractions of 2.6 (range 1.0-3.5), 2.6 (0.7-5.0), and 0.1 (with the
exception of polypropene in the fine fraction; mean LOD 30.7, range 30.1-31.2) (see Appendix
Table S3.4 for a full list of LODs for each microplastic fraction). Thus mean Zmicroplastic
concentrations in urban roadsides (17.3 + 24.1 particles g* dw), urban parklands (15.7 + 19.5
particles g* dw) and landfill (12.3 + 27.5 particles g* dw) sites indicated that these land uses
were contaminated relative to woodlands. This reflects the same pattern for microplastics as

surface plastic contamination across these land uses. However, due to the high degree of
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variation in microplastic concentrations within land uses, no statistically significant differences
were found for any individual size fraction or Zmicroplastic concentrations between individual
land uses (Dunn’s test, Benjamini-Hochberg adjusted p < 0.05). Thus, whilst surface plastic
contamination can be statistically associated to land use, other factors (e.g. local hotspots,
distance from footpath, proximity of human settlements) may be responsible for predicting

differences in microplastic concentrations.
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Figure 3.2: Zmicroplastic concentrations detected in field soils (particles g* dw) (Appendix
Table S3.5); no microplastics were >LOD at LF2-LF3, LF5 or UP2; no microplastics
were >LOD at woodland sites, hence they are not shown on this figure (Appendix Table S3.4);

LF = landfill;, UP = urban parkland; UR = urban roadside.
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The most commonly detected polymers in the microplastic samples were polyethene (21%
DF), polystyrene (21% DF) and polypropene (16% DF). Ethene-vinyl acetate (10.5% DF),
polyamide (5.3% DF), and polyester (5.3% DF) microplastics were also detected. Polypropene
had a mean concentration of 7.0 + 17.2 particles g dw and dominated the overall microplastic
profile, accounting for 77% of Zmicroplastic across all sites. Polyethene (1.2 + 2.4 particles g’
1 dw) was the only other polymer with a mean concentration >1 particle g dw, accounting for

13% of Zmicroplastic.

The occurrence of polyethene, polypropene and polystyrene as the three most commonly
detected polymers in both the surface plastic and soil microplastic profiles reflects the
widespread use of these polymers in consumer packaging items. Furthermore, the
morphologies (i.e. films, foams) of these products and low polymer densities may facilitate

their transport (e.g. by wind and water) in the environment.

The extensive use of surface plastic (film mulch) has been found to determine the generation
of microplastics in agricultural soils through incorporation of material into farmland soils during
subsequent cultivation (Kundu et al., 2022; Li et al., 2022). To investigate the extent to which
surface plastic governs microplastic concentrations in our land use setting (i.e. non-agricultural
soils), the relationships between these two contaminants were assessed. For the three most
commonly detected polymers (polyethene, polypropene and polystyrene), detection
frequencies in soils were 1.8-3 times lower than for surface plastics. Furthermore, polymer
diversity was lower for microplastics (6 polymer types) than for surface plastics (10 polymer
types), which may reflect differences in the breakdown rate of different polymer types. Given
the differences found in detection frequencies and polymer diversity, microplastic
concentrations in the soil were only weakly significantly correlated with surface plastic count
(simple linear models of logio-transformed data) (R? = 0.31; p = 0.008) and mass (R? = 0.21;
p = 0.03). The relative weakness of these relationships suggests a complex link between
surface plastic levels and their rates of breakdown and integration into the underlying soil. In

the land uses in this study, surface plastic residence time is likely to be a primary driver of
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degradation and downwards movement into soils. As both environmental transport and human
action may remove plastic litter from site surfaces in a manner that may differ between polymer
and plastic form, surface plastics present in a spot-sample may not fully represent either the

concentration or polymer composition of microplastics found in soil.

At present, it is challenging to draw meaningful comparisons between studies of soll
microplastic concentrations due to differences in extraction and analytical techniques, and the
fact that many published studies did not carry out/report blank corrections or apply LODs.
Additionally, suspected microplastics are often spectroscopically verified with only a limited
subset of particles (and in some cases purported microplastics are identified through light
microscopy alone). To combat these limitations of past studies we spectroscopically verified
all particles though analysis of the entire deposited sample, rather than relying on extrapolation
from a subset of detected particles. In addition, as particles fragment, the number
concentration is also likely to be highly dependent on the minimum detectable size patrticle, as
demonstrated in the differences between the three size fractions evaluated in this study,
where >90% of particles were in the smallest size fraction. As such we have clearly reported
the lower size limits of each fraction studied, to allow this data to be meaningfully interpreted
in the future. To date, the majority of data on soil microplastic concentrations exists for
agricultural land (Buiks and Kaupenjohann, 2020). The polymer profiles reported here for urban
and landfill sites (e.g. the dominance of polypropene and polyethene) are broadly similar to
those reported for agricultural sites (Liu et al., 2018; Piehl et al., 2018; Vollertsen and Hansen,
2017). This indicates that microplastic profiles may be relatively consistent across land uses
and larger regions. This reflects the ubiquity of readily-fragmented plastic films from either
agricultural or consumer packaging applications that may be susceptible to windblown

dispersal.
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3.3.2 Occurrence of plasticisers in soils

3.3.2.1 Phthalate occurrence and variation with land use

Mean Zphthalate concentrations in the urban roadside soils were significantly greater (25
times) than those at woodland sites (Dunn’s test, Benjamini-Hochberg adjusted p = 0.01).
Mean Zphthalate levels were, however, not significantly different between the other land use
pairings, although landfill and urban parklands were respectively 2.3 and 1.6 times greater
than woodland sites. These results are in agreement with previous studies that have identified
that urban soils typically have higher phthalate concentrations than other land uses (Chapter

2).

DnBP (94.7% of sites), DEP (68.4% of sites), DEHP (63.2% of sites) and DiDP (63.2% of
sites) were the most commonly detected phthalates (Table 3.2). BBP had the lowest detection
frequency of all phthalates (36.8% of sites) and was consequently the only phthalate not

detected in all land uses (being at concentrations <LOD in all urban parkland sites).
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Table 3.2: Plasticiser concentrations in land uses sampled in this field study (ng g* dw soil);

DF% = detection frequency; nd = < LOD.

DMP DEP DiBP DnBP BBP DEHP DnOP DiDP ATBC DEHA TOTM

Mean 4.8 7.2 8.5 22.0 3.6 493 6.3 96.7 2.9 6.8 18.8
All land Median 1.2 2.3 nd 18.3 nd 74.0 nd 72.1 nd 1.5 3.9
uses nd- nd- nd- nd- nd-
n=19 Range 356 516 298 878 203 nd-4853  nd-70 nd-686 nd-25.6 nd-43.9 nd-195
DF% 52.6 68.4 47.4 94.7 36.8 63.2 42.1 63.2 26.3 63.2 89.5
Mean 3.9 3.8 8.1 15.8 3.3 63.1 0.5 178 3.0 1.2 37.0
) Median 1.1 2.5 nd 11.7 2.0 58.4 nd 91.3 nd 0.8 6.6
Landfill p p q 27 g
n=6 nd- nd- nd- 7- nd- ) . ] B ) i
Range 153 134 29.8 344 10.9 nd-164 nd-2.9 nd-686 nd-14.7 nd-3.3 nd-195
DF% 50.0 83.3 33.3 100.0 50.0 66.7 16.7 83.3 33.3 50.0 83.3
Mean 0.4 0.3 8.6 13.2 - 102 1.3 63.1 - 0.2 3.2
Urban Median nd nd nd 18.3 - 92.9 1.9 85.5 - nd 2.4
Parkland nd- nd- nd-
n=3 Range 1.2 nd-1 259 212 - nd-214 nd-2.1 nd-104 - nd-0.5 2.4-4.9
DF% 33.3 333 333 66.7 - 66.7 66.7 66.7 - 33.3 100.0
Mean 5.4 5.2 20.7 450 118 2781 36.2 140 9.6 18.1 38.2
Urban Median 2.4 2.4 20.5 29.2 15.1 2771 29.6 143 3.4 8.9 35.8
Roadside  ange 2. Md- 187 18- nd o 0nn g0 §73180 nd-256 15439 24.1-546
n=3 9 11.8 131 257 87.8 20.3 ’ : ' ' ' '
DF% 100.0 66.7 100.0 100.0 66.7 100.0 100.0 100.0 66.7 100.0 100.0
Mean 7.3 14.0 3.6 21.2 2.0 49.5 0.5 23.3 1.2 9.6 1.5
Woodland Median n((jj 5&0 n;j 28752 n;j nd nd nd nd 4.2 1.3
n=7 nd- nd- nd- .9- nd- ) i ] ) ~ ~
Range 356 516 17.9 30.7 78 nd-199 nd-2.3  nd-90.8 nd-8.2 nd-38 nd-3.9
DF% 42.9 71.4 42.9 100.0 28.6 42.9 28.6 28.6 14.3 71.4 85.7

DEHP, DIiDP and DnBP dominated the phthalate profile in soils, accounting for a mean of
76.8%, 15.1% and 3.4% of the mean total phthalate load across all land uses. DEHP was
present in high concentrations in the roadside soils (mean concentration 2781 ng g* dw),
accounting for 91.3% of phthalates in this land use. DEHP and DnBP have been previously
reported to dominate phthalate profiles in soils and other environmental matrices (Chapter 2;
Hermabessiere et al., 2017). Thus, the dominance of DEHP in particular is consistent with its
known widespread use and associated environmental occurrence. Long-chain phthalates with
more complex chain structures are also known to have longer half-lives in soils (Tang et al.,
2020; Xie et al., 2010). Such increased persistence may further underpin the dominance of
DEHP (Cs alkyl chains, 1 branch) and DIDP (Cy alkyl chains, minimum of 1 branch) versus
e.g. the unbranched DnBP (C.) or DEP (C;) detected in the sampled soils.
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In contrast to the other land uses, DIiDP was found to be the most abundant phthalate at
landfill-adjacent sites (mean concentration 178 ng g** dw, 64.3% of phthalate profile). DiDP is
rarely analysed as part of analytical suites of plasticisers (Chapter 2). Thus, this raises
guestions as to whether past analyses may have always captured relevant phthalate
occurrence in the environment in cases where plasticisers such as DiDP are not included in
the analysis. DiDP was not included in the group of phthalates recently restricted in the EU
(ECHA, 2022, 2018). As a result, it may be increasing in use as a replacement for restricted
phthalates (ECHA, 2013). If this pattern of substitution continues, then it may be possible that
concentrations of this plasticiser will increase in the future making it an important candidate

for inclusion within analyses.
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Figure 3.3: Phthalate profiles in soils of the different land uses in this field study; LF =

landfill; UP = urban parkland; UR = urban roadside; WL = woodland; All = all sites.
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The majority of studies of phthalate levels in soil have been conducted in China. The levels
measured in the present study are generally much lower than in the Chinese studies (although
in some cases it is difficult to make direct comparisons as literature concentrations may be
reported on a dry or wet weight basis). For example, phthalate concentrations in our urban
soils were at least ~1 order of magnitude lower than those reported in roadside, residential
and parkland soils in Chinese cities (Wu et al., 2015; Zeng et al., 2009). However, relative to
cities outside of China, DEHP concentrations in the urban roadside soils in our study are an
order of magnitude higher than previously reported urban soil values (Kaewlaoyoong et al.,
2018; Skrbi¢ et al., 2016; Tran et al., 2015). Such a difference may reflect both relative source
intensity, as well as the grouping of land uses in previous studies such that urban sites in these
studies may represent an urban background average (e.g. of roadsides, parklands, gardens
etc.), as opposed to the urban roadside sites in our study, which may represent hotspots for
phthalates. The urban parkland soils measured in this study were between ~3-6 times less
contaminated than values for urban soils reported in European cities (Skrbié et al., 2016; Tran
et al., 2015). The phthalate profiles in the measured urban soils were similar to those
previously reported for other European cities, although differences in analytical suites hamper

direct comparison (Skrbié et al., 2016; Tran et al., 2015).

We are aware of only two studies that have reported phthalate concentrations in landfill-
associated soils. Individual phthalate concentrations at the landfill sites measured in our study
were generally on the same order of magnitude as those reported by Chakraborty et al. (2019)
who measured 6 phthalates in soils nhear open municipal landfill sites across 4 Indian cities.
Conversely, concentrations of 7 phthalates in soils near a landfill site in central China were an
order of magnitude greater (Liu et al., 2010). It is unclear whether these differences are driven
by site management practices, local climatic conditions, or differences in source intensity.
Given the high levels of plastics found at the landfill sites in our study, further studies to assess
plasticiser concentrations in soils in the vicinity of such sites are warranted given their potential

to act as a source of these chemicals into the environment.
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As far as we are aware, the only other field study of plasticisers in UK soils is a survey of
DEHP in rural Scottish soils (Rhind et al., 2013a). Mean DEHP concentrations in woodlands
in our study were over 4 times lower than those reported in the previous study. The woodlands
in our study are primarily deciduous broadleaf and have had continuous tree cover since at
least 1600 AD (Natural England, 2021), whereas those studied by Rhind et al. (2013a) were
forestry plantations of non-native conifers. Differences in DEHP contamination between these
two studies could be explained by the faster biodegradation in deciduous woodland due to
greater organic matter content, which may promote phthalate degradation by some bacterial
communities (Chapter 2). Alternatively the milder climate in southern England compared to

Scotland may also accelerate phthalate degradation and/or volatilisation from soil.

3.3.2.2 Emerging plasticisers occurrence and variation with land use

TOTM was the most frequently detected emerging plasticiser (89.5%), followed by DEHA
(63.2%), and both of these plasticisers were detected across all land uses. ATBC was the
least commonly detected of the emerging plasticisers (26.3%), although was detected in all
land uses except urban parklands. TOTM was found at the highest concentration (nd-195 ng
g*! dw, mean 18.8 ng g* dw), accounting for 65.9% of the total emerging plasticiser burden
across all land uses. Mean and maximum concentrations of DEHA (nd-43.9 ng g dw, mean
6.8 ng g* dw) and ATBC (nd-25.6 ng g* dw, mean 2.9 ng g* dw) were an order of magnitude
lower than those of TOTM. There is a lack of information available on the current uses of
TOTM, both in terms of the quantities used and polymers that it is used with. TOTM was
estimated to occupy 3% of the plasticiser EU market share in 2017, versus 7% for aliphatic
plasticisers (a class which includes DEHA) (CEFIC, 2018). That TOTM was detected both
most commonly and at the highest concentrations suggests that this emerging plasticiser may
be growing in widespread use and/or persists longer than DEHA and ATBC in soil. It is well-

established that longer-chain phthalates degrade slower than shorter-chain molecules
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(Chapter 2). TOTM and DEHA (both Csg) have longer alkyl chains than ATBC (C4). Additionally,
TOTM has the greatest molecular mass of any other plasticiser analysed in this study, further
suggesting that it may be more resistant to degradation in soils than DEHA or ATBC (Chapter
2). However, to date there is no published data regarding the half-lives of emerging plasticisers
in soils (see Chapter 4). The presence of these emerging plasticisers indicates that their fate

in soil warrants further investigation.
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Figure 3.4: >concentrations of emerging plasticisers across different land uses;
concentrations are plotted on a logip scale; LF = landfill;, UP = urban parkland; UR = urban
roadside; WL = woodland; statistically significant differences in ) concentrations between land

uses are indicated by *.

Mean ) emerging plasticiser concentrations at urban roadsides and landfill-adjacent sites were
5.4 and 3.4 times greater than in woodland sites, although the mean } emerging concentration

at urban parklands was only 30% of that in woodlands (Figure 3.4). No statistically significant
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differences in the Y emerging concentration between sampled land uses were found. Mean
TOTM concentrations were significantly (26 times) greater in urban roadside soils than in
woodlands (Dunn’s test, Benjamini-Hochberg adjusted p = 0.014). This difference between
land uses reflects the pattern seen for the ) phthalate concentrations, which were significantly
(25 times) greater in roadside than woodland soils. The common finding between phthalates
and TOTM indicates that urban roadsides may be particular hotspots for plasticiser
contamination relative to background levels found in the wider urban and, especially, rural

environment.

Only one previous study has investigated emerging plasticiser occurrence in sails.
Chakraborty et al. (2019) reported a mean concentration of DEHA in landfill-associated soils
in Indian cities of 57 ng g, this level being greater than for any co-measured phthalate. These
findings contrast with the results found here. For example, the mean DEHA concentration
measured here of 1.2 ng g dw was only 0.4% of the mean total plasticiser contamination in
landfill-adjacent soils, compared to the phthalate DiDP which comprised 56% of the total

plasticiser burden these sails.

Across all measured phthalates and emerging plasticisers, TOTM was second most frequently
detected and had the third highest maximum concentration in soils. In some local hotspots,
TOTM concentrations were comparable to or even exceeded those of the phthalates (e.g. at
landfill site LF2, TOTM was the second most abundant plasticiser, accounting for 21.5% of
total concentration, behind DIiDP at 75.4%). However, compared to DEHP and DiDP (73.5%
and 14.4% of total plasticiser concentration across all sites), TOTM accounted for only 2.8%
of the total plasticiser load across all sites. Thus, it appears that whilst there may be hotspots
of emerging plasticiser contamination, the wider concentration of the plasticisers in soils

remains relatively low compared to the more common phthalates.
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3.3.2.3 Relationship between plastic and plasticiser occurrence

Y plasticiser and ) phthalate concentrations were weakly significantly correlated with surface
plastic count (all data logie-transformed) (R? = 0.23 and p = 0.021; R? = 0.25 and p = 0.016)
and surface plastic mass (R? = 0.23 and p = 0.021; R? = 0.25 and p = 0.018). No other
significant correlations were observed between } plasticiser, > phthalate or } emerging versus
surface plastic count or mass, or microplastic concentration (p < 0.05) (n.b. due to a high
proportion of non-detects for surface plastic and microplastic polymer types, it was not
possible to perform a correlation analysis between individual plasticisers and polymer types).
Absence of a strong and consistent correlation between surface plastic or microplastic and
plasticiser concentrations indicates that plasticiser occurrence in soils is not strongly explained
by in situ plastic occurrence. Due to its potentially transient nature, the surface plastic data for
some sites represents a shapshot of contamination, whereas the plasticiser burden in soils
may be more long-lived. Therefore, soil plasticiser contamination may be related not only to
the surface plastics at the time of sampling, but also previous contamination that has been
degraded or been removed. Additionally, the fact that plasticisers can be detected in sites with
no detectable microplastic or surface macroplastics indicates potential sources through aerial
transport alongside direct plastic inputs. This is in line with previous findings, which attributed
DEHP contamination in some Scottish rural top-soils to long-range aerial transport and

deposition (Rhind et al., 2013a).

3.3.3 Limitations and uncertainties

The microplastic concentrations reported in this study are most likely underestimated, as
demonstrated by the mean of the spiked recoveries. Due to differences in density, morphology
etc. between different polymer types, recovery correction of each microplastic polymer type
was not feasible. The relatively high limits of detection for some polymers, e.g. polypropene

in the fine fraction (Appendix Table S3.4), have also likely resulted in underestimations in
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particle numbers, which serves to highlight the importance of publishing LOD data in future
microplastic studies. Despite employing up to 3 x Fenton’s reagent digestion steps and 2 x
24-hour density separations, a portion of primarily cellulitic or root-based degradation-resistant
material was retained in many of the microplastic extracts. Such organic matter may obscure
microplastic particles during spectroscopic analysis, rendering them undetectable.
Conversely, the similarity of the IR spectra of some plant materials and synthetic polymers
may lead to false positives which could potentially increase the number of false positives. By
taking advantage of a recent development in microplastic polymer spectra libraries which
vastly reduces the number of false positives arising from natural organic matter, we were,

however, able to limit the number of such misidentifications (Roscher et al., 2022).

The relatively small number of sampling sites (n=19) limited the power of the statistical tests
used to infer relationships between the different classes of contaminant. Thus this may partly
explain why only relatively weak correlations were observed between e.g. >plasticiser and
surface plastic levels. Furthermore, it was not possible to entirely compartmentalise some land
uses, e.g. all of the landfill-adjacent sites were also situated next to roadsides. However, none
of the landfill sites were in proximity to large urban areas and thus were largely distinct from
urban roadsides. All sites were sampled within two weeks in the winter of 2019/20. Zhang et
al. (2015) reported some seasonality in plasticiser occurrence in agricultural soils, but this was
tied to farming practices and thus the drivers of these patterns are unlikely to be seen in the
non-agricultural soils. However, other seasonal drivers may apply, such as increased use of
recreational land in the warmer months and differences in weather affecting transport to and
from sink locations. Seasonal differences in environmental conditions such as temperature
and soil moisture levels have the potential to alter plasticiser degradation rates and modify
leaching from plastic items. For example, temperature may increase degradation, but also
accelerate diffusion out of plastics. At present the seasonality of plasticiser concentrations in

the wider terrestrial environment remains relatively unknown.
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3.4. Conclusions

This study investigated the co-occurrence of different size ranges of plastic pollution and
phthalate and emerging plasticisers in field soils from the UK. Urban roadsides and sites
adjacent to landfill were found to be hotspots for surface plastic (macroplastic) pollution, with
woodlands and urban parklands least contaminated. Microplastics were detected in landfill
and urban soils, although no contamination was detected in woodlands, and microplastic
concentrations were weakly positively correlated with surface plastics. Surface plastic and
microplastic profiles were both dominated by polyethene, polypropene and polystyrene,
although detection frequencies of microplastics were up to 3 times lower than surface plastics.
This indicates that transient surface plastic loads may not reflect soil-incorporated plastics and
that the generation of secondary microplastics from these surface plastics and their

subsequent incorporation into non-agricultural soils may be a relatively slow process.

Mean plasticiser concentrations in soils were greater in landfill and urban sites compared to
woodlands, although plasticisers were found in the latter land use, despite the extensive
absence of surface plastics and microplastics in these soils. Such widespread presence
suggests that diffuse contamination not directly linked to plastic source inputs may play a
significant role in plasticiser occurrence in soils under all land uses, but especially more rural
sites. Urban roadsides were particularly contaminated with plasticisers, indicating a significant
input from roadside surface plastics and potential inputs from neighbouring buildings and
vehicles. Urban parklands were conversely the least contaminated land use when compared
to woodlands. ) plasticiser concentrations were not significantly correlated with microplastic
concentrations, although surface plastic occurrence could explain a quarter of the variation in
plasticiser occurrence in a simple linear model. Thus, while plastics play a role in determining
soil plasticiser concentrations, other diffuse sources (e.g. from air) are likely contributing

factors.
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The phthalates DEHP and DiDP dominated soil plasticiser profiles, a result largely consistent
with previous studies. The emerging plasticiser TOTM was widespread, being the second
most frequently detected plasticiser in this study. Occurrence of TOTM and other emerging
plasticisers (DEHA and ATBC) across all land uses indicated that these plasticisers may
accumulate in soils, are available for aerial transportation and deposition far from sites of
use/production, and are present in soils in comparable quantities to phthalates which have
been in use for decades. Hence, an increased focus on these emerging chemicals may be

warranted.
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Abstract

Despite the increasing use of emerging phthalate and non-phthalate plasticisers as
replacements for restricted phthalates, few studies have investigated their rates of entry and
subsequent persistence in the terrestrial environment. We carried out two medium-term (3
months) experiments to investigate the release and degradation kinetics of legacy and
emerging plasticisers in three natural soils spanning a range of physical and chemical
properties. The release of plasticisers from microplastics was investigated in soils amended
with polyvinyl chloride (PVC) pellets, with the concentration of the emerging plasticiser diethyl
hexyl terephthalate (DEHTP) monitored over the course of the experiment by quantitative GC-
MS analysis. DEHTP was rapidly released from the microplastics, reaching maximum
concentration within ~2 hours, although the amount released was only a small proportion of
the total amount in the pellets (<0.02%). For the degradation experiment, concentrations of 8
phthalate plasticisers and 4 non-phthalate emerging plasticisers in the soils were measured
over 3 months by GC-MS, to establish the rates of compound degradation. For 7 out of the 12
plasticisers, estimated pseudo-first order half-lives were <30 days, suggesting relatively low
persistence in soils. A group of 5 higher molecular weight plasticisers, including the emerging
plasticisers trioctyl trimellitate (TOTM) and DEHTP, were found to be relatively more
persistent, with half-life >100 days (i.e. little degradation over the experiment). Di-iso-decyl
phthalate (DIiDP) was the most persistent plasticiser, followed by TOTM and DEHTP.
Plasticiser degradation was typically faster in acidic heathland soil (pH 3.8; organic matter
3.7%), than in alkaline grassland (pH 7.3; organic matter 16%) or sandy loam agricultural (pH
5.3; organic matter 5%) soils. The rapid release and the potential for the persistence of some
emerging plasticisers in soils indicates that presence of these contaminants may increase in

the future.
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4.1 Introduction

The presence of plastic (including microplastics — particles with diameters <5 mm) in soils has
been linked to negative impacts on soil organisms. For example, microplastic contamination
of soil has been shown to reduce the growth, reproduction, and fithess of terrestrial species
such as earthworms and plants (Boots et al., 2019; Cao et al., 2017; Lahive et al., 2019). In
addition to the physical effects of the plastic particles themselves, negative effects could also
arise due to the chemical additives associated with plastics. Thus, the effects of microplastics
on soil organisms may be not only physical but also driven by further chemical exposures.
Whilst studies of the release of additives from plastics have focussed on aqueous media
(Suhrhoff and Scholz-Boéttcher, 2016), to date no study has investigated the release of
emerging plasticisers from microplastics directly into soils, as far as we are aware. Whilst
comparisons between plasticiser release in the different environmental compartments of
freshwaters and the terrestrial environment can be made, the lack of empirical data on direct
plasticiser release rates into soils from plastics limits our knowledge as to the sources and

rates of plasticiser entry into the environment.

A further knowledge gap of the fate of emerging plasticisers once they reach the soll
environment is their persistence. Whilst such data does exist for some phthalates, e.g.
previous studies have reported half-lives of DEHP and DnBP on the scales of a few weeks
(Chapter 2), these compounds have been phased out in Europe and are being replaced by
emerging plasticisers (CEFIC, 2021), for which the degradation rates of many are largely
unknown. Factors such as chain length and molecular size have been shown to be primary
drivers of the relative degradation rates of phthalates (Cartwright et al., 2000; Tang et al.,
2020; Xie et al., 2010). In addition, soil properties such as organic matter and pH have also
been found to influence the rates of degradation (Tang et al., 2020; Tao et al., 2020).
Furthermore, whilst it appears that phthalates may degrade relatively quickly, some studies
suggest that they may be more persistent in the environment than laboratory study results

suggest (Patureau et al., 2007). Even though there is some knowledge for phthalates, the
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4. Kinetics of plasticiser release and degradation in soils

rates of degradation of emerging plasticisers and soil property controls on these rates have
yet to be investigated. Determining the persistence of these emerging plasticisers in soils is a

key research need, as the production and use of these compounds is likely to increase.

Organic matter content and pH have been proposed as major factors controlling phthalate fate
and degradation in soils (Chapter 2). Thus, we conducted experimental studies to measure
the release of an emerging plasticiser from microplastics, and the degradation of a range of
phthalate and emerging plasticisers, in three soils spanning a relatively wide range of different
pH (3.8-7.3) and organic matter (%OM) values (3.7-16%). Use of this range of soils allowed
us to assess whether there were any clear effects of these variables on the release of
plasticisers directly into soil or on degradation kinetics within the soils. Our study investigated
the release kinetics of an emerging plasticiser from PVC microplastic particles in the three
soils over 3 months. In addition, we monitored the concentrations of a range of legacy (i.e.
phthalate) and emerging (i.e. non-phthalate) plasticisers in the same 3 soils over the same
period to determine plasticiser degradation kinetics. These studies aimed to test the following
hypotheses: 1) Soil properties (pH, organic matter, and water holding capacity) will affect the
release and degradation rates of plasticisers in soils; 2) The degradation rates of emerging
plasticisers in soils will be comparable to those of analogous phthalates, and these
comparisons can be explained based on the physiochemical properties of the different
plasticisers. This is the first study we are aware of to investigate the degradation rates of both
phthalates and emerging plasticisers in soils, and examine the release of an emerging

plasticiser directly from microplastics into soils.

4.2 Materials and methods

4.2.1 Test soils

Three natural soils were selected to provide a range of major soil properties (e.g. pH and

organic matter content) within the study. Two soils were collected in southern England, UK;

91



4. Kinetics of plasticiser release and degradation in soils

one from an alkaline grassland (Chiltern) and one from an acidic heathland (Dorset). The third
soil was a sandy loam agricultural soil (Lufa) commercially sourced from Germany (LUFA
Speyer, Germany). This latter soil is widely used as a medium for terrestrial studies of
chemical fate and effects, including for regulatory toxicity testing (OECD, 2009). Prior to use,
all soils were air-dried at room temperature, sieved to 2 mm and stored in polypropene tubs
lined with aluminium foil at 20 °C in the dark. Bulk properties of these soils determined prior
to experimental work are shown in Table 4.1 (see Appendix S4.1 for details of how properties

were measured).

Table 4.1: Properties of soils used for plasticiser release and degradation experiments; all
values are reported as mean * standard deviation (n=3); WHC = water holding capacity; %O0OM

= percentage organic matter content.

Soil pH %WHC (mL g soil) %O0OM
Alkaline grassland 7.3+
73+25 16 +0.2
(Chiltern) 0.02
Acidic heathland 38+
41 £ 0.7 3.7+0.2
(Dorset) 0.17
Sandy loam 53%
56+1.3 50+0.1
agricultural (Lufa) 0.04
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4.2.2 Test materials

4.2.2.1 Microplastic pellets used in the plasticiser release experiment

PVC microplastic pellets of diameter 3.9 £ SD 0.2 mm and mass of 33.8 + 3.4 mg (mean and
SD of n=10 pellets) were selected for the release experiment. PVC was chosen as the test
polymer as the majority of plasticisers consumed in Europe are used in PVC plastic
formulations (CEFIC, 2021), and in some cases plasticiser loads account for up to 70% w/w
of the plastic component (Hansen et al., 2013). An initial screening analysis of the amended
soil samples confirmed that DEHTP was the only plasticiser in our analytical suite to have
been released from the pellets. Given that the majority of plastics are plasticised with a single
plasticiser (Chapter 2), and the analytical suite (Table 4.2) included the most widely produced
plasticiser compounds (CEFIC, 2021) with relatively low detection limits (Table 4.2), it is likely

that DEHTP was the only (or at least major primary) plasticiser used in the pellets.

4.2.2.2 Plasticisers used in the degradation experiment

A suite of eight legacy (phthalate) and four emerging plasticisers (96-99.5% purity; all from
Sigma-Aldrich, USA) were chosen for the degradation experiment (Table 4.2). The 12
plasticisers were selected based on production quantities (CEFIC, 2021) and, where available,
detection frequencies and abundances in soils (Chapter 2). The multiple selected phthalate
plasticisers (Table 4.2) were chosen to span a range of values for a number of physiochemical
parameters potentially relevant to fate including molecular weight, Log Kow, solubility in water,
and degree of chain branching. A single exemplar compound was also chosen from each of
the following classes of emerging plasticisers: adipate (diethylhexyl adipate), terephthalate

(diethylhexyl terephthalate), citrate (acetyl tributyl citrate), and trimellitate (trioctyl trimellitate).
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Table 4.2: The eight phthalate and four emerging plasticisers used to spike soils in the
degradation experiment in this study, including key physiochemical properties (lipophilicity,
water solubility at 25 °C) and detection limits for analytes in the degradation study; the limit of

detection of DEHTP in the release study was 8.5 ng g dw.

Lo Limit of
Name and acronym Class CAS Formula K g Shzo (mg LY)  detection (ng
ow gt dw)
Dimethyl phthalate DMP Phthalate 131-11-3  CioH1004 1.614 40008 0.5
Diethyl phthalate DEP Phthalate 84-66-2 C12H1404  2.54A 10808 4.9
Di-iso-buty! _ 4,
1S0-bUly DiBP Phthalate 84-69-5  CiHOs 4.27° 6.2 (24°C)E o
phthalate
Di-n-butyl DnBP  Phthalate 84-742  CigHzO4 4274 11.28 0-5
phthalate
Benzyl butyl BBP Phthalate 85-68-7  CioHOs  4.7° 2.69° 4
phthalate
Diethylhexy| DEHP  Phthalate  117-81-7 CauHseOa 7.73A 0.278 49:5
phthalate
Di-n-octyl DnOP  Phthalate  117-84-0 CaHasOs 7.73A 0.022° 4.9
phthalate
i _ _ _ *
Di-iso-decy| DDP  Phthalate 20 0o CrHu0s  9.464 0.288 99.4
phthalate 0
Diethylhexyl _ .
ethyiexy DEHA Adipate 103-23-1  CaHa04 0.78 (22 °C) B 0.5
adipate
Diethylhexyl .
tethylhexy DEHTP Terephthalate 6422-86-2 CasHasOs 4.0 (20 °C)® 9.9
terephthalate
Acetyl tributy| ATBC Citrate 77-90-7  CaoHs4Os 178 2.5
citrate
Trioctyl trimellitate  TOTM Trimellitate ~ 3319-31-1  CasHs406 3.9 x 1048 4.9

A(Net et al., 2015); BPubChem online database; 'DiDP exists as a mixture of isomers and thus
had a higher limit of detection than other analytes (Al-Natsheh et al., 2015; Zou and Cai, 2013).
The concentrations of DIDP reported in this study refer to the sum concentration of all DiDP

isomers.
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4.2.3 Experimental design for the release and degradation tests

4.2.3.1 Plasticiser release experiment

31.25 g of PVC microplastic pellets were added to 125 g dw soil in a metal mixing bowl, and
the soil gently homogenised using a metal spoon to evenly distribute the plastic. After the
plastic pellets had been added to the initial aliquot of soil, a further 1125 g dw soil was then
added to the bowl and the mixture thoroughly homogenised using a metal spoon to give a final

microplastic concentration of 25 mg g* dw soil (~0.74 pellets g* dw soil; Figure 4.1).

Figure 4.1: Design and setup of plasticiser release and degradation experiments.

| Plasticiser Release Experiment | IPIasticiser Degradation Experiment |
|1: Prepare soils i [1: Prepare soils i
Amended soil Control soil Amended soil Control soil
(n = 3 replicates) (n = 3 replicates) (n = 3 replicates) (n = 3 replicates)
N . ﬂﬂ
L ] °® i
Add PVC pellets 5 . .
i Spike with
1
(25mg g™ dw) 12 plasticisers
(100 pg g dw)
b

|2: Collect soil sam\ﬁles over 3 months |—

Manually remove
pellets from soil sample

H: (0 W

3: Measure DEHTP in soil samples I—

|2: Collect soil sampTes over 3 months |—

3: Measure 12 plasticisers in soil samples

Microwave SEC
extraction clean-up —> GC-MS Microwave extraction —>» GC-MS

Each soil was wetted to 50% water holding capacity (WHC) with reverse-osmosis (RO) water,
a standard water content widely used in soil chemical bioavailability and toxicity studies

(Spurgeon and Hopkin, 1995). A metal spoon was used to distribute 400 g dw equivalents of
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soil to each of 3 x 500 mL glass vessels (approximate dimensions 9 x 9 x 18 cm). ~10 g ww
(wet weight) soil was sampled from each test vessel to assess pH at day 0. Preparation of a
single stock of soil followed by distribution to individual test vessels was used, as the
experiment was designed to account for the variability in the release rates between vessels,
as opposed to variations in the initial starting concentrations of pellets in the soils. The mass
of each test vessel was recorded before and after sampling. Vessels were covered and kept

at 20 °C for three-month duration of the study.

4.2.3.2 Plasticiser degradation experiment

Experimental design and setup for the degradation experiment was the same as for the
release experiment (Figure 4.1; section 4.2.3.1). However, instead of amending soils with PVC
pellets, test soils were spiked with 12 mL of a solution containing the 12 plasticiser analytes
in acetone at a concentration designed to give a nhominal concentration of each plasticiser in
the spiked soils of 100 pg g* dw (Figure 4.1). The plasticiser spike solution was added in 0.5
mL aliquots to 125 g dw soil in a metal mixing bowl, and the soil gently homogenised using a
metal spoon to distribute the plasticisers. The vial was then rinsed with 3 x 2 mL acetone, with
each rinse added to the soil in 0.5 mL aliquots. The soil was stirred thoroughly between each
rinse. Acetone was also added to the control soils in the same manner as for the spiked soll
to control for the presence of plasticisers in the solvent. The solvent was evaporated from all
soils through gentle homogenisation in a fume cupboard followed by passive evaporation for
at least 15 minutes. All other setup procedures (e.g. soil types, number of replicates) for the

degradation experiment were the same as for the release experiment.

4.2.4 Sampling of release and degradation experiments

Samples for the release experiment were taken on days 0, 1, 7, 14, 21, 28, 42, 56, 70, 84 and

for the degradation experiment on days O, 1, 2, 4, 8, 16, 32, 64, 85. For acidic heathland
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(Dorset) and sandy loam agricultural (Lufa) soils, a stainless-steel corer was used to take a
composite sample (~20 g dw) from multiple locations across the surface of the soil. The
alkaline grassland (Chiltern) soils were sampled with a stainless-steel spatula, as the soill
texture did not allow for satisfactory core sampling. For consistency, holes from corers in the
acidic heathland and sandy loam agricultural soils were gently backfilled with soil from
elsewhere in the sampling vessel to mimic the sampling in the alkaline grassland soil. For the
release experiment soils, the PVC microplastics themselves were all carefully removed from
each sample using stainless-steel tweezers. All were transferred to glass vials and stored

immediately at -20 °C in the dark.

Vessel weights were monitored weekly for the first 4 weeks of the experiment, and thereafter
fortnightly, and RO water added where necessary to maintain constant soil moisture over the
duration of the experiment. Soil pH was measured over the experiment to assess any changes
that may affect plasticiser fate. Specifically, 5.0-5.1 g dw soil was sampled fortnightly from
each vessel for pH analysis. For this measurement, the sampled soil was shaken thoroughly
for 5 minutes in 25 mL 0.01 M CaClyg), left for a minimum of 2.5 hours, and measured using
a pH probe (Sartorius PP-25; Sartorius Lab Instruments, Germany). The pH probe was

calibrated daily at pH 4, 7 and 10.

4.2.5 Plasticiser extraction and analysis

Plasticisers were extracted from each sample according to a method previously described in
Chapter 3. In brief, 3.5-4 g ww (release experiment) or 0.1-0.15 g ww (degradation experiment)
of soil was homogenised, dried with anhydrous sodium sulfate, and spiked with deuterium-
labelled recovery standards (d4-DnBP and d4-DnOP, Sigma-Aldrich, USA). Plasticisers were
extracted in 9:1 dichloromethane (DCM):acetone for 30 minutes using an Ethos X microwave
extraction system (Milestone, Italy). Supernatants were dried with anhydrous sodium sulfate,

reduced to a known volume, and passed through a 0.45 pum PTFE filter. Release experiment
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extracts were cleaned further using automated size-exclusion chromatography (Agilent 1200
series HPLC, Agilent, USA). All samples were spiked with deuterium-labelled internal

standards (d4-DEP and d4-DEHP, Sigma-Aldrich, USA) prior to instrumental analysis.

Plasticisers were analysed using a gas chromatograph (6890N, Agilent, USA) fitted with an
HP-5ms analytical column (30 m length, 0.25 um film thickness, 0.25 mm internal diameter,
Agilent, USA) coupled to a single-quadrupole mass spectrometer (5975B, Agilent, USA)
operating in electron ionisation mode. For release experiment samples, 1.5 yL of sample was
injected in split mode (split ratio 10:1). For degradation experiment samples, 1.7 pL of sample
was injected in splitless mode. The inlet temperature was set to 300 °C, the MS source was
set to 230 °C, and the carrier gas was helium at a constant flow rate of 1.5 mL min?. See

Appendix S4.2 for oven temperature ramps.

Plasticisers were quantified using internal and recovery standards and calibration curves of
plasticiser standards (Sigma-Aldrich, USA). A single procedural blank was included in each
batch of degradation sample analyses, whilst two procedural blanks were included in release
experiment sample analyses. Recovery of d4-DnOP in the release experiment ranged from
62-118% (mean 82% = 12). The mean limit of detection (LOD) of DEHTP in the release
experiment was 8.5 + 1.6 ng g* dw soil. This was determined from the calibration curve, the
mass of soil analysed, and the dilution factor. Recoveries of d4-DnBP and d4-DnOP in the
degradation experiment were in the range 63-100% (mean 83% = 10) and 61-104% (mean
83% + 11). The method LODs for the degradation experiment are shown in Table 4.2. All
plasticiser concentrations are reported in ng g* dw (dry weights were calculated using the
initial moisture content in the soil; soil moisture was monitored throughout the experiment and
adjusted where necessary in order to maintain constant moisture levels) and were recovery

and blank-corrected.
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4.2.6 Contamination controls

All glassware used during the experiments and sampling was soaked overnight in a 1% HNO3
bath, rinsed 3 x with DI water, 3 x with RO water, and muffled at 450 °C for 8 hours. All
sampling utensils were rinsed 3 x with DI water and 3 x with RO water before use and cleaned
thoroughly with DI water and a natural-fibre lint-free wipe between samples. For each
experiment, the same spatula and corers were used for each soil type. In order to capture any
effects of cross-contamination during sampling, samples of each soil were collected in the
order amended soil 1, control soil 1, amended soil 2, control soil 2, etc. For the release
experiment, the actions and time spent removing the PVC microplastic pellets from the
amended soil samples was replicated for control samples. Aluminium foil was used to provide

a barrier between soil and the plastic lid of screw-top sample vials prior to storage at -20 °C.

All glassware used for the analysis was soaked overnight in Decon 90 and rinsed 2 x with
DCM immediately prior to use. Glassware used during degradation sample extraction was
also heated in a muffle furnace at 450 °C for a minimum of 2 hours prior to use (non-volumetric
glassware only) (Fankhauser-Noti and Grob, 2007) to reduce the contamination of phthalates
(primarily DEHP and DnBP). It was not deemed necessary to muffle glassware for the release
sample extractions, as the analyte (DEHTP) was <LOD in every blank during the release
experiment. The use of plasticware was avoided wherever possible and operators wore cotton

lab coats. Solid reagents were heated in a muffle furnace at 450 °C overnight.
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4.3 Results and discussion

4.3.1 Release experiment

Measurements indicate that a fraction of the total DEHTP associated with the plastic particles
was released rapidly from the microplastics into the soil, reaching detectable concentrations
in all 3 test soils in less than one day (Figure 4.2). The initial samples collected within 2 hours
of first introducing the microplastics to the test soils showed measured concentrations well
above the background DEHTP concentrations present in the unamended soils. Thus, after
two hours of incubation, the mean DEHTP concentrations in the soils were 165 * 8.8 (alkaline
grassland), 302 + 48.2 (acidic heathland) and 282 + 63.4 (sandy loam agricultural) ng g** dw
(Figure 4.2). Despite the rapid release of DEHTP from the pellets, mass balance assessment
indicated that the total proportion of DEHTP released into each soil was estimated to be only
very small, at <0.02% of total DEHTP mass in the pellets, based on a w/w value of 10%
plasticiser (Hansen et al., 2013). The fact that the mass balance was weighted strongly
towards the pellets suggests that the rapid initial release of DEHTP from the pellets may
represent the mobilisation of molecules on the pellet surface (or near-surface), with
subsequent releases via migration of plasticiser from the particle core to surface occurring

much more slowly.
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Figure 4.2: DEHTP concentration over time in control soils and soils amended with PVC
microplastics: alkaline grassland (Chiltern), acid heathland (Dorset), and sandy loam
agricultural (Lufa); samples with a DEHTP concentration below the limit of detection were
assigned a value of 0.5 x LOD; 2 outliers in acidic heathland (Dorset) soil day 14 and 42 have
been removed, as these samples were ~200% the concentration of the other values in the

replicates.

The maximum DEHTP concentrations reached in the acidic heathland and sandy loam
agricultural soils were 83% and 71% greater than in the alkaline grassland soil. This difference
was not due to the differences in added PVC concentration between soils, as it was possible
to measure the mass of PVC microplastics added to each soil to within 2 decimal places (31.25
g of microplastics were added to each batch of soil). Furthermore, there was no significant
difference in the number of PVC patrticles removed at the first sampling time point from each

core/sample across the three different soils (Dunn’s test, Benjamini-Hochberg adjusted p <
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0.05), implying that the sampling method adopted was representative. Instead, the initial
release rate and subsequent maximum concentration of DEHTP will likely depend primarily

on abiotic factors (e.g. soil properties) and their influence on the potential for release.

In addition to variations in the extent of initial release, differences in the DEHTP fate were also
observed between the three soils. After the initial release period there was only a marginal
decrease in DEHTP concentration over the 3-month test period in alkaline grassland (12%
reduction) and acidic heathland (0.6% reduction) soils. In contrast, the decrease in DEHTP
concentration in the sandy loam agricultural soil over the 84 days of the experiment was much
greater, reaching ~50% of initial concentration within 42 days and remaining at this level in
later samples (Figure 4.2). The nature and abundance of the microbial communities present
in the soils and their role in plasticiser degradation are likely to play a key role in the difference
in plasticiser fate between the three tested soils. This aspect will be discussed further in

section 4.3.2.2.

4.3.1.1 Relationships between soil properties and extent of plasticiser release

The initial released DEHTP concentrations in the three soils were negatively related to the
organic matter content, pH, and water holding capacity of the three soils. Due to the small
number of tested soils (i.e. three) and the potential co-correlation between the different
measured soil properties, statistical modelling using linear or non-linear correlation
assessment could not be reliably used to investigate the nature of any relationships between
soil properties and DEHTP release. Thus the initial indication from the results here, that soll
properties potentially influence the extent of DEHTP release into soils, requires further studies
to confirm which of the soil properties quantified here (e.g. pH, %OM, water holding capacity)
may be acting as the major driver of this initial desorption and transfer into the test soils. That
said, however, from the literature it is possible to tentatively identify potential drivers of the

differences observed between soils.

102



4. Kinetics of plasticiser release and degradation in soils

Maximum initial DEHTP concentration in the organic-rich alkaline grassland soil (15.8% OM)
was around half that of both the acidic heathland (3.7% OM) and sandy loam agricultural (5.0%
OM) soils. The higher level of organic matter in the alkaline grassland soil could potentially
have limited the release of DEHTP, relative to the other two soils, through formation of an
‘ecocorona’ of organic matter. Ecocoronas occur when polymer surfaces become coated in
components derived from dissolved organic matter, a phenomenon which has been shown to
affect fate dynamics of polymer-coated nanoparticles (Svendsen et al., 2020). The extent of
ecocorona formation on polyethene microplastics was found to be greater in a soil with a
higher %0OM (Yao et al., 2023), although the relative contribution of other soil properties to
ecocorona formation remains unclear. Thus, it is possible that ecocorona formation driven by
greater %OM can limit the extent to which plasticisers can be released from microplastics, by
preventing the formation of local concentration gradients around the microplastic particles,
thus explaining the reduced DEHTP release from the pellets in the high-OM alkaline grassland
soil. Furthermore, in the high-OM alkaline grassland soil, the transport of plasticisers away
from sites of release (i.e. the pellets) by diffusion may be slower due to stronger binding of
lipophilic DEHTP to OM in the soil immediately next to the microplastic particle which prevents
the development of a diffusion gradient. This latter mechanism may result in a more
heterogeneous distribution of DEHTP in the alkaline grassland soil than in the acidic heathland
or sandy loam agricultural soils. Any such effect on spatial within-soil transport results in the
occurrence of local hotspots of DEHTP around the particles not accounted for by the bulk

sampling method.

In addition to a higher organic matter content, the alkaline grassland soil also had the highest
water holding capacity and pH of the three soils (Table 4.1). The greater volume of water
present in the alkaline grassland soil relative to acidic heathland or sandy loam agricultural
soils could have potentially inhibited or reduced the release of hydrophobic DEHTP from the

microplastic pellets. Such an effect would be consistent with previous findings of the relatively
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slow release of more hydrophobic phthalate DEHP compared to the less hydrophobic DnBP

(Viljoen et al., 2023).

Soil pH is a major factor controlling the biological and biogeochemical processes in soils
(Neina, 2019). However, although the alkaline grassland soil also had the highest pH of the
test soils, it is not immediately clear why this would act to limit the amount of DEHTP released
from the microplastics as there is no known mechanistic relationships between soil pH and
plasticiser fate. One possibility is that the pH of the soil could potentially alter the association
of organic matter species with particle surfaces, leading to the formation of different surface
ecocoronas (Svendsen et al., 2020). However, although the association of microorganisms
and other components of soil organic matter with nanoparticle and microplastic surfaces have
been studied in soils, knowledge of the soil property determinants of ecocorona formation

remains limited (Svendsen et al., 2020; Yao et al., 2023).

4.3.2 Degradation experiment

4.3.2.1 Differences in degradation rates between plasticisers

All plasticisers, with the exception of DiDP and TOTM, exhibited a decrease in concentration
over the course of the experiment (Figure 4.3). There are a number of processes that could
lead to apparent removal of plasticisers from soils. In theory, evaporation of plasticisers may
occur from the soil surface. However, due to the high boiling points and low vapour pressures
of the plasticisers used in our study, in addition to a sampling depth of ~8 cm within the soil, it
is unlikely that volatilisation made a major contribution to the losses observed in this study.
The formation of non-extractable plasticiser residues, through strong binding of plasticisers to
organic-rich soil moieties, is a further mechanism that could lead to the apparent removal of
plasticisers from the soil. It would be expected that plasticisers with higher affinity for organic
matter would be more likely to be affected by this process. However, the concentration of

plasticisers with the highest logKow values in our study (e.g. DIiDP) did not decrease
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appreciably over time. Additionally, soils were homogenised to a fine grain, and microwave-
digested in DCM for 30 minutes to a temperature of 50 degrees, which further increased the

likelihood of extracting all available plasticiser.

Given the absence of evidence of a contribution of either non-extractable residue formation or
evaporation, microbial biodegradation is most likely to be the dominant mechanism
determining the rates of plasticiser concentration losses over time from the test soils. To
investigate the comparative rates of loss, the degradation time series concentration data for
each compound in each soil was fitted to zero, first, and second order kinetic models. The
best model fit for a specific compound was not always consistent between soils (fit parameters
for all models can be found in Appendix S4.3-S4.5), and the zero, first and second order
models also produced increasingly long half-lives. To allow comparison of relative differences
in half-lives between the plasticisers across the soils (something not possible if the half-lives
from the best fitting models were used), we have chosen to report and discuss all values with
respect to the first order models given that this is the most common model used in the literature

(e.g. Cheng et al., 2008; Wang et al., 1997; Xie et al., 2010).

Degradation of the majority of the measured plasticisers was found in one or more of the three
test soils over the 84 days of the experiment (Figure 4.3). The pseudo-first order model fits
(Appendix S4.6), indicated significant degradation in at least one soil for every phthalate
except for DIDP, for which concentrations did not appear to change significantly over time in
any soils within any model (0, 1%, or 2" order). Each emerging plasticiser was also found to
degrade in at least one soil (Figure 4.3). Of the four non-phthalate plasticisers, DEHA showed
rapid degradation in all soils, while TOTM appeared to be particularly resistant to degradation,

especially in the sandy loam agricultural soil (Figure 4.3).
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Figure 4.3: Plasticiser concentrations over time in spiked soils in the degradation experiment;
data points are only shown where all three replicates were >LOD; * indicates an emerging

plasticiser.

Phthalate degradation was generally more rapid for those compounds with lower molecular
weights and chain lengths. This finding is in line with previous observations, which have linked
the slower degradation of phthalates with longer chain lengths to their logKow, which means
that these substances will bind more strongly to organic matter in the soil, rendering them less
available to microorganisms for biodegradation (Cartwright et al., 2000; Tang et al., 2020; Xie

et al., 2010). The modelled first-order degradation rates of the emerging plasticisers followed
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the order DEHA > ATBC > DEHTP > TOTM. Thus although DEHA and ATBC degraded in all
soils, concentrations of DEHTP and in particular TOTM changed little over the experiment
(Figure 4.3). Although logKow data is not readily available for the four emerging plasticisers,
the order of half-lives of these plasticisers generally followed the order of increasing molecular
masses, specifically DEHA (RMM 371) < ATBC (403) < DEHTP (391) < TOTM (547), thus
some association with logKow is also likely. That ATBC degraded more rapidly than DEHTP
may be explained by the difference in the chemical structure of these two compounds.
Although there is limited knowledge regarding the exact mechanism of biodegradation of these
substances, it is possible that the initial step in the degradation of both compounds occurs via
the cleavage of the ester groups within their structures, as this is the most easily hydrolysable
functional group in their otherwise solely aliphatic or aromatic structures. As DEHTP contains
two such ester groups compared to four in ATBC, the latter may be more likely to be vulnerable

to degradation independent of molecular size.
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Figure 4.4: Half-lives of plasticisers in soils in the degradation experiment estimated with a

pseudo-first order model; * indicates insignificant degradation over the course of the

experiment according to model outputs.

The calculated half-lives of the 12 plasticisers studied, broadly separate them in to two groups;

fast degrading (t12 <30 days), and semi-persistent or persistent (t12 > 55 days) compounds

(Figure 4.4). The fast-degrading group contains the lower molecular weight phthalates (DMP,

DEP, DnBP, DiBP and BBP), and the emerging plasticisers ATBC and DEHA. The greater

susceptibility of these plasticisers to degradation is consistent with the relatively low

concentrations of the majority of these compounds (e.g. DMP, DEP, BBP, ATBC, DEHA)

reported across monitoring studies conducted in soils (Chapter 3; Zeng et al., 2020; Zhang et

al., 2019). The two exceptions for this trend are the two phthalates DiBP and DnBP, which are

both commonly found in the environment and account for a significant part of the phthalate

load in soils (Chapter 2), despite their relatively rapid potential for degradation. The common
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presence of DIBP and DnBP indicates that these plasticisers, either through high production

volumes or widespread release and transport, may have “pseudopersistence” in soils.

The remaining 5 plasticisers, the higher molecular weight phthalates (DnOP, DEHP, and
DiDP) and persistent emerging plasticisers (DEHTP and TOTM), generally had pseudo-order
order half-lives >100 days in all soils (Figure 4.4). Occurrence data for TOTM and DEHTP in
soils is limited, although these compounds are among the most abundant reported plasticisers
in the few available studies of their occurrence in sediment (Jebara et al., 2021; S. Kim et al.,
2021; Y. Kim et al., 2021). The fact that DEHTP and TOTM are relatively enriched in some
environmental matrices, despite relatively low production volumes relative to phthalates
(CEFIC, 2021), may partly be explain by the comparatively slow degradation rates measured
here. As such, the loading of these substances that reach soil may remain resident for

extended periods.

4.3.2.2 Effects of soil properties on plasticiser degradation

With the exception of DEHA, all the other 11 plasticisers show fastest degradation in the
alkaline grassland soil compared to the two other soils (Figure 4.4). The alkaline grassland
soil contained a %0OM content of 16%, while the acidic heathland and sandy loam agricultural
soil had comparable organic matter levels (3.7% and 5%). Thus in this study fastest
degradation rates were in the soil with the highest %OM content. In previous studies, organic
matter has been negatively correlated with the degradation rates of plasticisers (Kickham et
al., 2012; Xu et al., 2008). This effect of organic matter has been linked to the binding of
lipophilic plasticisers to this soil fraction, thereby reducing bioavailability to microbes for
biodegradation (Kickham et al., 2012; Xu et al., 2008). In contrast to these findings, and in
agreement with our results, more recent studies have indicated that the overall effect of

organic matter constituents, such as humic acids, can be to promote microbial phthalate
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degradation (Tang et al., 2020; Tao et al., 2020), potentially via provision of a nutritional source

which can prime microbial communities for plasticiser degradation (Chapter 2).

We found that the relative differences in the degradation rates of phthalate congeners between
different soils were greater for lower molecular weight and lower logKow plasticisers’
(Appendix S4.6; Figure 4.4). This finding suggests that the influence of soil properties, such
as organic matter, on degradation rate is congener-specific, with lower molecular weight
plasticisers (e.g. DMP, DEP) degradation more strongly influenced than for the higher
molecular weight compounds (e.g. DnOP, DEHP). This effect may be plausibly associated
with the increased likelihood of biodegradation for lower molecular weight compounds (Kanaly

and Harayama, 2000).

In addition to the highest %OM content, the alkaline grassland soil had the highest pH (7.3 vs
5.3 of sandy loam agricultural, and 3.8 of acidic heathland) (Table 4.1). That degradation was
fastest in the soil with pH closest to 7 is consistent with previous studies (Chang et al., 2009;
F. Zhu et al., 2018b). It has been proposed that at high soil pH, the bioavailability of plasticisers
to micro-organisms may be increased, as the ability of plasticisers to bind to organic matter is
reduced at higher pH levels. (Cheng et al., 2019; Yang et al., 2013). This has been attributed
to the pH-induced ionisation of organic groups in organic matter leading to reduced
hydrophobicity and therefore lower plasticiser binding potential (Cheng et al., 2019). Cheng et
al. (2018) further found that DnBP degradation rates were significantly higher in soils with a
higher soil moisture level. All the soils in our study were wetted to 50% of their WHC. However,
as the alkaline grassland soil had a higher field capacity, the absolute level of water added to
this soil was higher than for the other two soils. Further studies of the drivers of degradation,
related to soil organic matter content, pH and potentially other soil physiochemical properties
are, however, needed to better understand the controls on plasticiser degradation rates across

soil types.

110



4. Kinetics of plasticiser release and degradation in soils

The faster degradation of DEHTP in the sandy loam agricultural soil in the release experiment
(section 3.1) was not observed in the degradation study (section 3.2). In the release
experiment, total DEHTP decreases over the time-course were 12% (alkaline grassland),
0.6% (acidic heathland), and ~50% (sandy loam agricultural). This contrasted with the
estimated first order half-lives of DEHTP in the degradation study of 56 (alkaline grassland),
132 (acidic heathland), and 183 days (sandy loam agricultural), respectively. The release and
degradation experiments were conducted concurrently under similar temperature, UV and soll
moisture conditions. The only differences were the nature of plasticiser input (associated with
PVC microplastics vs direct chemical addition) and initial DEHTP concentrations (~165-300
ng g* dw vs ~100-250 pg g* dw in the release and degradation experiments). Thus, it appears
that degradation of DEHTP was influenced either by the presence of PVC microplastics which
may have acted to modify relative degradation between the soils or alternatively be subject to
a concentration-dependent effect. Concentration-dependent degradation of DnBP was
observed by Cheng et al. (2018), and degradation rate was positively correlated in one soil
and negatively correlated in the other. Furthermore, we found no clear link between the initial
concentration of DnBP and DEHP and their degradation rates in soils in Chapter 2. Thus the
effect of initial concentration on half-life may be soil- and compound-specific. Microbial
degradation has been demonstrated as a primary driver of phthalate fate in soils (Hurtado et
al., 2017; Xie et al., 2010). This can also be expected to be the case for DEHTP, which is a
structural isomer of the phthalate DEHP. The sandy loam agricultural soil had a more
circumneutral pH, so may have a more diverse microbial community than the other test sails,
in particular the acidic heathland soil, and so may have a greater multi-functional community
(Griffiths et al., 2011). This may partly explain why the sandy loam agricultural soil was the
only soil in which we saw significant degradation of DEHTP over the course of the release

experiment.
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4.3.3 Environmental implications of findings

The rapid increase in DEHTP concentrations in the release study suggested that some of the
additive load associated with microplastic particles or plastic items can be very rapidly
released following entry into the soil environment. An estimate of the mass balance indicates,
however, that the rapid initial release may result from the presence of plasticisers on the
surface (or near-surface) of the plastic item, followed by much slower migration and release
of plasticiser occluded within the polymer matrix. Thus, entry of plastics into soils followed by
release may act as a significant vector for plasticiser entry into the soil environment, given that
the majority of the plasticiser load added to plastics will be retained and may be released only
over timescales beyond those used in this study. Under these conditions of potentially very
slow release of the bulk of the plasticiser fraction, plasticisers that are more resistant to
degradation may maintain or even increase in concentration in the terrestrial environment

following the input of plastics in which they are present.

Once in the soil environment, plasticisers are subject to degradation mediated mainly by the
actions of the microbial communities present. The rates of such biodegradation differ
considerably between compounds, with the heavy molecular weight (and associated higher
lipophilicity) compounds showing greater persistence. The potential effects of soil properties
(organic matter, pH, water availability) on plasticiser degradation rates suggests that soll
types, as well as source intensity and underlying soil microbiology, may affect plasticiser fate,
and as a result, concentration in soil. Given that local and seasonal differences can be
expected in pH, soil %60OM content, organic matter inputs, temperature and rainfall, both local-
scale and seasonal differences in plasticiser degradation (and resulting concentrations) may

be anticipated, which will affect the exposure of organisms to these pollutants.
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4.4 Conclusions and suggestions for future work

This study investigated the release of an emerging plasticiser, the terephthalate DEHTP, from
PVC microplastics into three soils with contrasting properties over 3 months. DEHTP was
found to migrate rapidly from PVC microplastics into all of the test soils, with maximum
concentrations reached within 2 hours. Notably less DEHTP appeared to be released from the
microplastics in the soil with the highest organic matter content, potentially suggesting that the
presence of organic matter associated with the microplastic particles could have acted as a
barrier to prevent further sorption of DEHTP into the surrounding soil. Furthermore, the higher
water content in this soil may have further inhibited the release of DEHTP due to the

hydrophobicity of this analyte.

Given that our mechanistic study used pristine microplastics of only a single polymer type
(PVC) and formulation, further work regarding plasticiser release from plastics into soils is
needed. Such studies should focus on expanding the range of polymer types investigated and
compounds considered, as the internal polymer structure and compound properties may affect
the movement of compounds within the matrix, thereby affecting release (Chapter 2). Pristine
microplastic pellets will constitute only a minor fraction of the microplastic present in the
environment, therefore future studies using ‘aged’ microplastics with altered internal and
external polymer structures may be warranted. Additionally, the amount and type of additive
content depends on polymer type due to the variety of applications for which plastics are used,

and different leaching patterns may be observed for different plasticisers (Hansen et al., 2013).

We also carried out an experiment to determine the degradation rates of 8 phthalate and 4
emerging plasticisers over 84 days. Significant degradation of all plasticisers in at least one
soil was observed, except for the phthalate DiDP. We found that the persistence of phthalates
and emerging plasticisers was generally correlated with chain length and logKow, indicating
that sorption of plasticisers to organic matter, thus rendering then unavailable for

biodegradation, may play a key role in determining relative degradation rates between different
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plasticisers. The majority of plasticisers were found to degrade relatively rapidly, with half-lives
of <30 days. This included the phthalates DMP, DEP, DnBP, DiBP and BBP, and the emerging
plasticisers ATBC and DEHA. However, little degradation over 3 months was observed in a
group of significantly more persistent plasticisers, including the emerging plasticisers DEHTP
and TOTM. As these emerging plasticisers, in addition to DiDP, are increasingly being used
as replacements for phthalates, the concentrations of these compounds in the terrestrial
environment are likely to increase as they accumulate in soils in the future. Future work should
focus on determining fate, bioavailability and potential toxicity of these next-generation higher-
molecular weight plasticisers (e.g. DEHTP, TOTM, DiDP) in soil organisms, as the occurrence
of these compounds may increase in the future due to their increasing use and apparent

persistence.
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Abstract

The occurrence of plastic waste in the environment is an emerging and ongoing concern. In
addition to the physical impacts of macroplastics and microplastics on organisms, the chemical
effects of plastic additives such as plasticisers have also received increasing attention.
Research concerning plasticiser pollution in estuaries and coastal environments has been a
particular focus, as these environments are the primary entry point for anthropogenic
contaminants into the wider marine environment. Additionally, the conditions in estuarine
environments favour the sedimentation of suspended particulate matter, with which
plasticisers are strongly associated. Hence, estuary systems may be where some of the
highest concentrations of these pollutants are seen in freshwater and marine environments.
Recent studies have confirmed emerging plasticisers and phthalates as pollutants in
estuaries, with the relative abundance of these compounds controlled primarily by patterns of
use, source intensity, and fate. Plasticiser profiles are typically dominated by mid-high
molecular weight compounds such as DnBP, DiBP, and DEHP. Plasticisers may be taken up
by estuarine and marine organisms, and some phthalates can cause negative impacts in
marine organisms, although further research is required to assess the impacts of emerging
plasticisers. This review provides an overview of the processes controlling the release and
partitioning of emerging and legacy plasticisers in agqueous environments, in addition to the
sources of plasticisers in estuarine and coastal environments. This is followed by a quantitative
analysis and discussion of literature concerning the (co-)occurrence and concentrations of
emerging plasticisers and phthalates in these environments. We end this review with a
discussion the fate (degradation and uptake by biota) of these compounds, in addition to

identification of knowledge gaps and recommendations for future research.

116



5. Emerging and legacy plasticisers in coastal and estuarine environments: A review

5.1 Introduction

Contaminants used in different settings may be transported towards the oceans through entry
into rivers via e.g. runoff from agricultural land, leaching from contaminated soils (e.g. landfill)
into surface water or groundwater, or discharge from wastewater treatment plants.
Additionally, estuarine sediments and waters adjacent to heavily urbanised or industrial areas
may see direct contaminant input from surface runoff, or leaching from legacy or current-use
waste disposal sites (e.g. landfills). Estuaries have the potential to act as traps for these
contaminants, delaying their input into the wider marine environment, although the extent to
which this occurs is driven primarily by the hydrophobicity of the chemical as this determines
its partitioning between sediment and water (Chapman and Wang, 2001). This is because the
so called ‘estuarine filter effect occurs, whereby increased salinity associated with the
transition from fresh to marine water results in the sorption (‘salting out’) of contaminants to
estuarine sediments (Stumm and Morgan, 1996). Within estuaries, the highest levels of
contaminants tend to be closer to the shore, as these chemicals become diluted with
increasing distance from the estuary mouth and proximity to sources such as industry and
coastal landfill (Zhao et al., 2020). Thus it is clear that estuaries and coastal environments will
likely exhibit one of the highest burdens of non-polar organic contaminants in the marine

ecosystem.

Plasticisers are chemicals added to plastics to increase their flexibility, and chemicals
performing this role can account for up to 70% w/w of a given plastic item (Hansen et al.,
2013). Historically, phthalates have been the most widely used class of plasticiser. However,
recent concerns surrounding the endocrine disrupting properties of phthalates has led to their
restriction in the European Union (ECHA, 2022, 2018). Limits on their use have resulted in an
increase in the use of non-phthalate (also known as ‘emerging’) plasticisers over the last 20
years (CEFIC, 2021). The most commonly produced emerging plasticiser class in Europe are
the terephthalates (~13% market share in 2020) (CEFIC, 2021), followed by the aliphatics

(e.g. adipates; 8%), cyclohexanoates (8%) and trimellitates (3%). Despite the recent increase
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in use of these emerging compounds, phthalates still dominate the European and global
plasticiser markets, accounting for an estimated ~55% of overall use in this sector in the year

2020 (CEFIC, 2021).

Studies of plasticiser occurrence in the terrestrial environment have almost exclusively
focussed on legacy (i.e. phthalate) plasticisers, with very limited data concerning emerging
plasticisers (Chapter 2). In contrast, a greater diversity of plasticiser compounds have been
studied in marine environments. However, despite the increasing variety of plasticisers
entering the environment, there remains a lack of synthesis of data concerning legacy and
emerging plasticisers in estuarine and coastal systems. To provide this overview, this narrative
assessment will focus on studies addressing the co-occurrence of multiple classes of
plasticiser. Sources, inputs, and fates of plasticisers in estuarine and near-shore environments
are also discussed, in conjunction with existing information of their exposure to and ultimately
uptake by biota. On the basis of the data available, a summary of key knowledge gaps and

recommendations for future research is also provided.

5.2 Sources of plasticisers in estuarine and coastal environments

Plasticisers are synthetic chemicals, therefore their occurrence in the environment stems
entirely from human activities. There are a range of potential entry points of plasticisers into
the environment, e.g. leaching from plastics used in urban, industrial, and agricultural areas.
Plasticisers released in these land uses may be transported to estuarine environments through
entry into rivers via surface runoff or entry into groundwater, followed by downstream transport
and eventual transport in to estuarine or coastal systems. Alternatively, plasticisers may be
released directly into estuarine environments if the source area is in close proximity to the
coast. Within the environment, various scales of plastic debris (e.g. macro- and microplastics)
act as vectors of plasticiser transport, thus the movement of plastics from source areas to sites

of deposition can also result in the ultimate input of plasticisers at these sites.
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5.2.1 Urban and industrial areas

Areas associated with plastic manufacturing or associated industries will likely act as point
sources of plasticisers into rivers, through e.g. mismanagement of waste during transportation,
leaching from the plant or process itself, or unintentional discharges (Liu et al., 2021). The use
of plasticisers in urban and industrial infrastructure also leads to the input of these chemicals
into the environment. E.g. plasticisers used building and construction materials account for
45% of plasticiser consumption in Europe, whilst consumer items such as packaging materials
account for 13% (CEFIC, 2018). Thus, urban areas may provide a passive input of plasticisers
into the rivers through leaching from the PVC pipes typically used in drinking or waste water

infrastructure, in addition to leaching from waste consumer items.

5.2.2 Waste disposal sites

Waste disposal sites (e.g. municipal or industrial landfills) have been identified as medium-
term sinks of plasticisers and plastics in the terrestrial environment (Chapter 2). Numerous
studies from a variety of countries have identified the presence of phthalates in landfill
(Jonsson et al., 2003; Mohammadi et al., 2022). Many landfill sites, particularly historical
legacy sites (e.g. some sites used in the United Kingdom from the 1950s-1990s) or those in
developing countries may not be lined. Such sites may act as inputs of plasticisers into rivers
through direct runoff, lateral flows into neighbouring soils or water bodies, or vertical

movement into groundwater that later recharges rivers.

Even for landfill sites lined with membranes designed to prevent vertical leaching of
contaminants, contamination of groundwater with plasticisers may still occur. Liu et al. (2010)
reported that the mean Zphthalate concentration (16 congeners) in groundwater associated
with a municipal landfill site was almost 4 times greater than in corresponding surface water,

although measured concentrations were still relatively low (1.78-6.35 pg L) compared to
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concentrations in leachate collected from the landfill (78 ng L?). Adjacent soils were, however,
contaminated at levels higher than any water sample (681 ng g%), indicating that the
lipophilicity of plasticisers may somewhat limit their transport in the aqueous environment, and
thus soils may act as a sink for plasticisers emitted from landfill sites. A recent study detected
Yphthalate concentrations (7 congeners) ranging from 1000-6000 pg L* in surface leachates
from a coastal municipal landfill (Mohammadi et al., 2022). These concentrations are greater
than those reported by Liu et al. (2010) by a factor of >100. It is unclear whether this difference
arises from differences in sampling methods of high intra-site variability, or whether site history
and the nature of received waste may influence plasticiser contamination in landfill sites. Thus,
some legacy landfill sites in the proximity of the coast likely result in a significant input of
plasticisers to estuaries, through e.g. coastal erosion and vertical runoff, whilst sites with a

higher degree of lining may act as relatively minor inputs.

5.2.3 Wastewater treatment and sewage effluent

The primary outputs of wastewater treatment plants (WWTPSs) are sewage sludge as biosolids
that can be transferred to soil, and effluent that is released into surface water or directly into
estuarine-coastal systems. Particulates (such as microplastics) and the majority of organic
chemicals (including plasticisers) not degraded or removed during the treatment process are
dominantly retained in the sewage sludge (Horton et al., 2021; Y.S. Lee et al., 2019). However,
even though the majority may be retained in sludge, plasticisers may also occur in the effluent
that is released directly into rivers (Y.S. Lee et al., 2019). Effluent may become relatively more
concentrated in lower molecular weight plasticisers (e.g. diethyl phthalate, DEP), whilst
sewage sludge is relatively more abundant in higher molecular weight compounds (e.g. di-n-
octyl phthalate, DnOP). The majority of sewage sludge produced in the UK is spread on
agricultural fields as an amendment (DEFRA, 2012), and runoff and direct leaching may result

in the input of plasticisers into rivers. Whilst there have been few studies directly assessing
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the role of wastewater treatment effluent on the occurrence of plasticisers in rivers and
estuaries, direct releases of effluent have been linked with elevated levels of plasticisers in
river sediments. For example, a nationwide study of sediments from urban rivers in China
found that the highest emerging plasticiser and phthalate concentrations were associated with
cities with greater discharge from WWTPs owing to higher population densities, in addition to

the mismanagement of wastewater or less advanced treatment processes (Liu et al., 2021).

5.2.4 Agricultural land

Agricultural land can act as a source of plasticisers in estuarine environments via leaching of
plasticisers from agricultural plastic material, followed by runoff directly into river courses, or
from sub-surface lateral flow via field drains to neighbouring water bodies. There is a
significant body of evidence that links the use of plastic mulch in farmlands with the occurrence
of plasticisers in soils (e.g. Hu et al., 2003; Kong et al., 2012; Sun et al., 2016). Sewage sludge
addition to agricultural land has also been shown to result in the long-term accumulation of
phthalates in soils, with concentrations remaining significantly elevated for years following
application (Rhind et al., 2013b; Tran et al., 2015; Vikelsoe et al., 2002). As the sewage sludge
is generally ploughed into the fields, this creates a broken-up and fragmented layer of
amended soil on the surface which may be particularly susceptible to transport via overland
surface flows following rainfall. There remains a lack of systematic studies of the effects of
sludge application on the fluxes of plasticisers in river sediments or water, although a recent
catchment-wide field study found no clear link between microplastic contamination in Chinese
soils and adjacent riverine sediments (L. Xu et al., 2022), indicating that the transfer of

microplastic-associated plasticisers from soils to adjacent riverine sediments may be slow.
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5.2.5 Seasonality of river inputs

Given that rivers are the primary vector by which contaminants enter estuaries, seasonality of
plasticiser occurrence in rivers may impact the input of plasticisers into coastal environments.
A recent study reported the concentrations of 6 phthalates in both water and sediments of an
inland river in China were higher in the dry seasons than in the wet season (Dong et al., 2022).
These differences were attributed to the increased dilution of river water and sediments during
the wet season compared to under low flow conditions. Furthermore, Huang et al. (2008) and
Lin et al. (2009), found that the concentration of the phthalates diethyl hexyl phthalate (DEHP),
benzyl butyl phthalate (BBP) and di-n-butyl phthalate (DnBP) in river sediments from
Taiwanese rivers were also generally greater in the dry than wet season. A more complex
seasonal pattern was observed by Wang et al. (2008), who reported 2phthalate (5 congeners)
concentration in river water up to 2 orders of magnitude greater in the dry season than the wet
season. However, between the two seasons sediment concentrations were broadly
comparable, demonstrating that some river sediments can act as a medium-term sink for
plasticisers irrespective of variations in river discharge. Converse to these patterns indicating
higher concentrations in the dry season, a study of a river in Taiwan found significantly higher
concentrations of DEHP in sediments in the wet than dry season (mean concentrations of 28.6
vs 17.8 pug g* dw) (Chen et al., 2018). An earlier European study across three seasons
reported no significant difference in DEHP and DnBP concentrations in Dutch freshwaters
across spring, summer and autumn (Peijnenburg and Struijs, 2006). The variations in the
extent and patterns of seasonality in plasticiser concentrations between different regions and
studies likely arise from differences in channel flow, linked to increased sediment
resuspension and transport, and the effects of dissolved vs particle phase plasticiser transport.
Furthermore, differences in the magnitude of e.g. temperature and rainfall variations across
the annual seasonal cycle between areas with contrasting climates may exacerbate these flow

variations.
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Overall trends across the range of reported studies suggests that plasticiser concentrations in
rivers may be at their highest in drier portions of the year, when flows are lowest and, thus,
dilution is lowest. Rivers at this time will therefore provide a more concentrated input of
plasticisers into estuaries during these lower flow periods. However, the total plasticiser input
to estuaries may ultimately be greater under high-flow conditions (e.g. during the wet season),
due to increased flow velocity and input of resuspended sediments and runoff from adjacent

land.

5.2.6 Comparison of plasticiser fluxes associated with different land uses

Urban, and in particular industrial, land uses appear to be primary sources of plasticisers in
estuarine systems. For example, coastal sediments associated with industrial land uses were
found to be the most contaminated by Arfaeinia et al. (2019), with Xphthalate (16 congeners)
found at greater concentrations in industrial (82 ug g*) areas than urban (13 pg g?) or natural
rural (6.5 pug g?) sites. The occurrence of 13 phthalates in sediments collected from a bay fed
by multiple rivers provides further evidence for the role of urbanised areas in plasticiser
occurrence. B. T. Zhang et al. (2020) found that land use in areas surrounding rivers
discharging in to the bay had a strong influence on the concentrations of plasticisers present
in the estuarine sediments, irrespective of river discharge. Thus, phthalates were most
abundant in the areas of the bay fed by rivers with higher population densities and
anthropogenic activities (e.g. industry, wastewater discharges), whilst sediments in the areas
of the bay fed by ‘agricultural’ rivers had lower phthalate concentrations. Wang et al., (2014)
measured the occurrence of 6 phthalates in river sediments associated with
industrial/commercial, residential and agricultural land uses. Mean Zphthalate concentration
was an order of magnitude greater in industrial/commercial sediments (27.8 pg g?) than in
agricultural ones (3.3 ug g1), and ~3 times greater than in residential area samples (8.8 ug g°

1. The primary driver of this difference was the higher relative abundance of DEHP and to a
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lesser extent DnBP and BBP, indicating that these phthalates may be particularly associated
with industrial areas. Thus, whilst there is evidence for the inputs of plasticisers into rivers and
coastal environments from agricultural sources (Arfaeinia et al., 2019; Wen et al., 2018), the
intensity of these inputs appears to be less than from industrial or residential sources

(Arfaeinia et al., 2019; Wang et al., 2014).

There appear to be regional differences in phthalate concentrations in coastal sediments and
waters, although data is limited, and these variations suggest local sources may be particularly
important in determining phthalate concentrations. For example, Arfaeinia et al. (2019)
reported very high concentrations of DEHP (mean 2.0-30.3 pug g dw), DnBP (mean 0.9-12.0
ug g* dw) and di-iso-butyl phthalate (DiBP; mean 0.3-3.6 pug g* dw) in coastal sediments of
the Persian Gulf, values around an order of magnitude greater than those reported in e.g. the
northern Mediterranean (Castro-Jiménez and Ratola, 2020; Paluselli et al.,, 2018a).
Concentrations of DEHP (71.7 ug L?), DnBP (17.2 pg L) and DiBP (75.4 ug L?) in coastal
seawater in the Southern Mediterranean were over an order of magnitude greater those
reported in the northwestern Mediterranean for coastal and estuarine water (Paluselli et al.,
2018a). Thus, the occurrence of phthalates in estuarine and coastal environments may be
highly dependent on the nature and intensity of the inputs deriving from river inputs and point

sources along the coast.

5.3 Processes controlling plasticiser release and partitioning in agueous environments

5.3.1 Plasticiser leaching

The majority of legacy and emerging plasticisers exhibit high lipophilicity and poor water
solubility, with the exception of some of the lower molecular weight phthalates, e.g. dimethyl
phthalate (DMP) and DEP, which are relatively soluble in water (Table 5.1). It is these
properties which primarily determine the leaching rates of plasticisers out of the plastics in

which they are incorporated and into the surrounding environment. For example, plasticiser
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release into organic-rich media (e.g. sediments) will likely be faster than into aqueous media
(e.g. seawater), as has been widely documented in food-contact literature (Choi et al., 2018;
Coltro et al., 2014; Kastner et al., 2012). Thus, the presence of dissolved or suspended organic
matter in a water body will also likely increase the rate of plasticiser leaching. The chemical
properties of plasticisers may also affect the plasticiser profiles that leach from plastics, due
to differences in Kow. For example, higher molecular weight phthalates (e.g. DEHP, C8 chains)
may leach more rapidly into sediments than lower molecular weight phthalates (e.g. DEP, C2
chains), and vice versa (Dhavamani et al., 2022). However, whilst there are a number of
studies of plasticiser release into seawater (e.g. Cao et al., 2022; Paluselli et al., 2019;

Suhrhoff and Scholz-Béttcher, 2016), no such data is available for sediments.

125



5. Emerging and legacy plasticisers in coastal and estuarine environments: A review

Table 5.1: Physiochemical data for selected phthalate (legacy) and the most frequently

studied emerging plasticisers; adapted from Chapter 2; solubility in water is at 25 °C unless

otherwise stated.

Name and acronym Class Formula Vapour pressure Log Log Shzo (Mg L)
(Pa) Kow KAW
Dimethyl phthalate DMP Phthalate C10H1004 2.63 x 1014 1.614 -5.4A 40008
Diethyl phthalate DEP Phthalate C12H1404 6.48 x 1024 2.544 -5.014 10808
Di-iso-butyl phthalate DiBP Phthalate C16H2204 4,73 x10%A 4,274 -4.274 6.2 (24 °C)®B
Di-n-butyl phthalate DnBP Phthalate Ci16H204 4,73 x 1034 4,274 -4.274 11.28
Benzyl butyl phthalate BBP Phthalate C19H2004 2.49 x 1034 4,74 -4.084 2.69°8
Diethylhexyl phthalate DEHP Phthalate Ca24H3304 2.25 x 1054 7.734 -2.84 0.27°8
Di-n-octyl phthalate DnOP Phthalate C4H3504 2.52 x 1054 7.734 -2.84 0.0228
Di-iso-nonyl phthalate DiNP Phthalate C26H4204 6.81 x 1054 8.6% -2.434 0.2 (20°C)®
Di-n-nonyl phthalate DnNP Phthalate Ca6H4204 6.81 x 1054 8.64 -2.344 1.73x 10%8
Di-iso-decyl phthalate DiDP Phthalate CagH4s04 1.84 x 1064 9.464 -2.064 0.28°
Diethylhexyl adipate DEHA Adipate C2oH4204 1.13 x 10*® 0.78 (22 °C)®
Diethylhexyl 3B o B
terephthalate DEHTP Terephthalate Cj4H304 2.85x10 4.0 (20 °C)
Acetyl tributyl citrate ATBC Citrate C2H3408 4.00 x 1028 1.78
Trioctyl trimellitate TOTM Trimellitate Ca3Hs406 5.07 x 1048 3.9 x 1048

A(Net et al., 2015), BPubChem online database.

Given the low vapour pressures (Table 5.1) and relatively high boiling points (>300 °C) of

many plasticisers, their release from the surface of plastics into the surrounding air is likely to

be relatively slow when compared to release into e.g. sediments. However, plasticiser release

is related to the concentration of the compound in the plastic (Bueno-Ferrer et al., 2010) and

the density and flexibility of polymer chains (Hansen et al., 2013). Thus, a plastic item may

still exhibit significant leaching into seawater or air, simply due to the fact that it has a high
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plasticiser content, or has an amorphous low-crosslink structure which allows for relatively
unimpeded movement of plasticiser molecules to the item surface (Hansen et al., 2013).
Plasticisers with lower molecular weights may exhibit faster migration as smaller molecules
can migrate more easily towards the surface of the plastic, from where they can leach into the
surroundings. Plasticiser leaching rates are also positively correlated with temperature
(Dhavamani et al., 2022), although higher temperatures also serve to increase plasticiser
degradation rates, thus the effect of temperature results in competing effects of leaching and
degradation, with the balance of these two processes mediating the overall occurrence of

plasticisers in the environment.

Empirical data regarding plasticiser leaching rates in seawater is limited, and it appears that
to date no studies have investigated leaching kinetics directly into sediments. Cao et al. (2022)
measured the effects of pH on the leaching rates of 5 phthalates from microplastics into
artificial freshwater over 14 days. Little difference in Zphthalate was observed between pH 3-
9, but concentrations of the measured phthalates at pH 11 were less than 50% of those
detected at pH 9. This was likely due to the increased hydrolysis of the ester bonds in the
within the phthalate molecules at the highly alkaline pH. Comparison of the phthalates present
at these two pH values supported this hypothesis as the phthalate profile at pH 11 became
relatively enriched in phthalates with greater degradation-resistance (e.g. DEHP), although
this sits outside the typical pH range of 7-8.6 for estuarine environments (US EPA, 2006). UV
light generally appears to increase leaching rates into seawater, although the effects may be
polymer and compound specific. For instance, the leaching of phthalates from polyvinyl
chloride (PVC) into seawater was greater in the presence of UV light, whilst no such effect
was observed for leaching from polyethene (PE), although concentrations of phthalates in the
test plastics were not reported (Paluselli et al., 2019). In contrast to these negative results for
PE, Dhavamani et al., (2022) reported that leaching of six phthalates from LDPE, HDPE, and
recycled PE into seawater was faster in the presence of UV light. Thus at present there

remains some uncertainty as to the precise circumstances under which UV light affects
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leaching from PE. Contrasting effects of salinity on plasticiser leaching have been reported.
Suhrhoff and Scholz-Bottcher (2016) found that salinity was positively correlated with leaching
of acetyl tributyl citrate (ATBC), di-iso-decyl phthalate (DIiDP) and di-iso-nonyl phthalate
(DINP), negatively correlated with leaching of trioctyl trimellitate (TOTM), but had no effect on
the leaching of DEHP over 57 days. More recent studies have reported a negative correlation
between salinity and release of phthalates such as DEHP, DnBP, DiBP, and DEP (Cao et al.,
2022; Dhavamani et al., 2022). The range of test salinities used within each study is
comparable (~0.01-4% wiw), thus the effects of salinity appear complex and are likely to be

compound and polymer specific.

5.3.2 Partitioning of plasticisers between sediment and water

The continual movement of water in estuarine and coastal environments results in a constant
exchange of particulates and dissolved substances at the boundary between water and
sediment. These processes likely play an important role in controlling the partitioning of

plasticisers between compartments.

Many of the principles that underpin the leaching of plasticisers from plastics into the
surrounding media can also be applied to the partitioning of plasticisers between water and
sediment. For example, the high hydrophobicity of many plasticisers means that
concentrations found in sediments tend to be higher than those in the overlaying water (Jebara
et al., 2021; Z. M. Zhang et al., 2020a). The sorption of phthalates to sediment appears to be
relatively rapid, e.g. equilibria of phthalates between suspended sediment and water have
been found to be reached within 6 hours (Mohammadian et al., 2016; Zhou and Liu, 2000).
The hydrophobicity of plasticisers also results in an affinity for the organic matter fraction
present both in the water column and sediment (Arfaeinia et al., 2019). For example, organic
matter in both water and sediment was significantly positively correlated with total phthalate

concentration (6 congeners) in a field study in a river system in central China (Dong et al.,
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2022), with plasticiser concentrations being overall greater in the more organic matter rich
sediment than water. Variations in chemical properties between different plasticiser
compounds can also affect partitioning. For example, Mohammadian et al. (2016) and Wang
et al. (2021) both reported that phthalates exhibited an increasing affinity for sediment with
increasing molecular weight, with lower molecular weight phthalates (e.g. DMP) more

prevalent in seawater than higher molecular weight, more lipophilic phthalates (e.g. DEHP).

The size distribution of sediment particles can also influence plasticiser levels. Thus, smaller
sediment grains and higher organic matter levels were both associated with greater DEHP
concentrations in an urban river-estuary system in Taiwan (Chen et al., 2018). However, the
effect appeared to be season-specific, with a significant positive correlation between DEHP
concentration and grain size observed in the dry season, but no correlation in the wet season.
Sun et al. (2013) also reported no significant correlation between grain size and total phthalate
concentrations (16 congeners) in sediment samples collected at the beginning of the wet
season in a field study of a river in eastern China. The correlations between DEHP
concentration and grain size and organic matter can be explained by the increased organic
matter sorption to smaller grains and an increase in charged surfaces which may act as
plasticiser binding sites on finer inorganic particles. However, it is possible that the trend is
dominated by the association of plasticisers with organic matter, due to their lipophilicity and

lack of readily ionisation groups.

In a study of salinity effects, higher salinities were found to be positively correlated with the
sediment sorption coefficient of DEHP (Zhou and Liu, 2000). Supporting this finding, the
sorption of DEHP to suspended particulates was found to be significantly greater in sea water
than river water, after controlling for particulate quantity and size distribution (Turner and
Rawling, 2000). The trend for increasing salinity to increase phthalate sorption to suspended
sediment can be attributed to greater particulate agglomeration at higher salinity (salting-out),
potentially augmented by changes in the structure of particulates at higher salinity which may

improve plasticiser uptake (Turner and Rawling, 2000). Not all studies have clearly linked
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higher salinity to higher sediment phthalate levels. Thus, Sun et al. (2013) found no significant
correlation between total phthalate concentration (16 congeners) and salinity in rivers in
eastern China. These discrepancies between laboratory studies and field studies suggest that
other factors, e.g. sediment composition, grain size, organic matter content etc., may play a

relatively larger role in plasticiser partitioning in the environment.

The molecular structures of the vast majority of legacy (phthalate) and emerging plasticisers,
e.g. TOTM, ATBC, diethyl hexyl terephthalate (DEHTP), and diethyl hexyl adipate (DEHA), do
not contain proton donor (e.g. carboxylic acids) or proton acceptor (e.g. amines) groups. Thus
it may be expected that the effects of pH on plasticiser binding will be negligible. Studies to
date have suggested that pH has little influence on partitioning of plasticisers in aquatic

environments (Arfaeinia et al., 2019; Sun et al., 2013).

5.4 Occurrence of plasticisers in coastal environments

5.4.1 Phthalates in estuarine and coastal environments

A diverse range of phthalates have been studied in the coastal environment. Most of these
studies have been conducted in China, in common with the situation for terrestrial
environments (Chapter 2), although studies of coastal phthalate levels have also been carried
out in other parts of Asia (Heo et al., 2020; Malem et al., 2019), the Middle East (Arfaeinia et

al., 2019), and Europe (Paluselli et al., 2018a, 2018b).
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Table 5.2: Summary data for selected plasticisers from studies discussed in this review; n =
number of studies; DF% = detection frequency; the mean concentration for each plasticiser
within each study was calculated and used to calculate median, mean, range and DF%; mean

and range were only calculated for plasticisers with n = 3; see Appendix Tables S5.1 and S5.2.

L Sediment concentration (ng g%) Water concentration (ng L)
Plasticiser n Median Mean Range DF% | n Median Mean Range DF%
DEHP 17 1658 2912  92.9-11965 100 | 17 317 4612 7.4-71700 100
DnBP 16 253 1194 nd-6398 94 | 16 271 2030 20.1-17200 100
DEP 16 61.3 314 nd-3213 94 | 16 40.4 860 3.7-12600 100
DMP 15 29.1 242 nd-2548 87 | 13 3.7 36.2 nd-238.7 92
BBP 15 8.0 405 nd-5280 93 | 16 4.0 17.8 nd-90 81
DiBP 14 317 915 1.2-4147 100 | 12 168 7052 nd-75400 92
DnOP 9 6.2 502 nd-4125 67 | 12 2.8 21.4 nd-140 67
DiNP 7 116 327 nd-842 86 3 8.8 11.7 5.3-20.9 100
DiDP 5 69.1 143 nd-493 80 1 23.6 - - 100
DnNP 4 78.2 354 2.9-1258 100 | 3 1.6 345 0.3-102 100
DEHA 7 35 459 nd-3080 86 5 8.9 24.1 nd-100 60
DEHTP 5 84.6 532 4.3-2420 100 | 1 634000 - - 100
TOTM 4 104 292 3.6-954 100 | -
DINCH 4 8.3 8.3 0.9-15.9 100 | -
ATBC 4 4.5 4.8 0.5-9.8 100 | -

Phthalate occurrence in coastal and estuarine sediments is broadly comparable to those found
in soils (Chapter 2). Profiles are generally dominated by mid to high molecular weight
phthalates, specifically DEHP (C8 chains) and to a lesser extent DnBP (C4), DiBP (C4), BBP
(C4 and C7) and DnOP (C8). In surface sediments (n=26) sampled along a stretch of coast
on the Persian Gulf (Arfaeinia et al., 2019), DEHP (30% of total phthalate abundance), DnBP
(16%), BBP (13%) and DnOP (10%) were the most abundant of 16 phthalates. Over 90% of
the phthalate profile (6 congeners) of coastal sediments (n=29) of the Yangtze River estuary
was accounted for by the 3 phthalate congeners DEHP (74%), DiBP (13%) and DnBP (11%).
Further studies have also reported comparable profiles (L. Y. Wang et al., 2021; Zhang et al.,
2018b). These patterns of phthalate co-occurrence in sediments reflect the widespread use
and high production volumes of these congeners, their higher affinity for organic matter with

increasing chain length, and relative resistance to degradation (see Sections 5.3.1 and 5.3.2).
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Figure 5.1: Phthalate profiles in estuarine and coastal sediments (A) and water (B) from
studies discussed in this review; profiles were calculated using the mean value for each
phthalate reported in the study; data has been grouped by region and country where sensible
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to do so; RoW = rest of world; phthalates <LOD were treated as 0 to avoid overestimation and
included in mean calculation; some phthalates have been grouped by total chain carbon

number to minimise biases arising from inconsistencies in analytical suites between studies.

Lower molecular weight plasticisers (e.g. DEP, DnBP) have a higher solubility in water than
higher molecular weight plasticisers (e.g. DEHP, DnOP). Consistent with these
physiochemical properties, phthalate profiles in coastal and estuarine waters contain a higher
proportion of lower molecular weight phthalates than seen in sediments. For example, DEHP
was the most abundant phthalate in sediments (n=24) collected from an estuary in eastern
China in summer and autumn, (37% and 42% of total phthalate abundance) (L. Y. Wang et
al., 2021). However the contribution of DEHP in the corresponding seawater was only 19%
and 5%, with the agueous profile instead being dominated by DnBP and DiBP in both seasons
(combined contribution of 79% and 91% in summer and autumn). The higher prevalence of
these lower molecular weight phthalates is consistent with the findings of Z. M. Zhang et al.
(2020b), who reported relative DEHP concentrations in sediment up to 5.6 times greater than
in water, whilst DiIBP and in particular DnBP were relatively enriched in the Yangtze River
estuary water. Zhang et al. (2018) also found that DEHP, DnBP and DiBP dominated the
phthalate profiles of both seawater and sediment in coastal areas of eastern China, although
the phthalate profiles in these sediments were in contrast to those reported by Wang et al.
(2021) and Z. M. Zhang et al. (2020b). Specifically, the contributions of DEHP, DnBP and
DiBP in seawater were between 31-33%, but were 20%, 49% and 25% respectively in the
sediment. Despite this, the weight of evidence suggests that DEHP is relatively more enriched
in sediments, and DnBP and DiBP dominate profiles in coastal and estuarine waters. It should
be noted that the majority of such studies target a limited number of phthalates. This restricted
analysis suite means that the true phthalate profiles in estuaries may differ from those
reported, e.g. the phthalate DIDP is rarely studied but may be present in the environment in

comparable concentrations to abundant phthalates such as DnBP (Chapter 2).
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5.4.2 Emerging plasticisers in estuarine and coastal environments

A handful of studies have investigated emerging plasticisers in coastal environments. These
studies are mainly from non-targeted analyses concerning multiple classes of organic
pollutants (Chakraborty et al., 2021; Pefalver et al., 2022; Sanchez-Avila et al., 2013; Stewart
et al., 2014). Such studies have limited specificity for plasticisers and are not fully quantitative.
A number of recent studies have provided more detailed quantitative insights into the co-
occurrence of phthalates and multiple classes of emerging plasticisers in coastal systems
(Jebara et al., 2021; S. Kim et al., 2021, 2020; Lee et al., 2020). The breadth of plasticiser
analytes studied in coastal environments is greater than in the terrestrial environment,
although there are fewer publications concerning plasticiser occurrence in coastal systems.
Studies concerning the leaching and occurrence of emerging plasticisers to date have
focussed on the chemicals with the greatest production volumes; the adipates (e.g. DEHA),
citrates (e.g. ATBC), terephthalates (e.g. DEHTP), trimellitates (e.g. TOTM) and

cyclohexanoates (e.g. DINCH).

We found 8 studies that have investigated the occurrence of emerging plasticisers in coastal
and estuarine sediments. DEHA was analysed in every study, with DEHTP (5 studies), ATBC,
DINCH and TOTM (4 studies each) next most commonly investigated. Half of the identified
studies investigated the co-occurrence of DEHA, DEHTP, ATBC, DINCH, TOTM and multiple
phthalate plasticisers in coastal sediments around South Korea, providing a detailed picture
of plasticiser contamination in this region (S. Kim et al., 2021, 2020; Y. Kim et al., 2021; Lee
et al., 2020). Across this set of studies, TOTM and DEHTP dominated the emerging plasticiser
profiles in the majority of cases. For example, the mean concentrations of TOTM and DEHTP
in sediments (n=60) from the Masan Bay were 58.9 and 4.29 ng g dw respectively, which
accounted for 89% and 6.5% of the total mean emerging plasticiser concentration
(Zemerging). Mean concentrations of TOTM and DEHTP were 150 ng g* dw (46% of
Zemerging) and 141 ng g dw (43% of Zemerging) in sediment samples (n=35) spanning 15

years in an artificial freshwater lake on the Korean coast (Y. Kim et al., 2021). The highest
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reported mean sediment concentration of TOTM in any study of 954 ng g* dw (89% of
>emerging) occurred in samples collected from South Korean bays with a history of industrial
land use inputs. In these areas, DEHTP was the second most abundant emerging plasticiser,
accounting for 8% of the Zemerging load (S. Kim et al., 2021). Mean concentrations of DEHA,
ATBC and DiNCH in these 4 Korean studies range from 1.5-16, 0.5-9.8, and 0.8-15.9 ng g™*
dw respectively, and were thus minor contributors (0.3-18.5%) to the total emerging plasticiser

burden (S. Kim et al., 2021, 2020; Y. Kim et al., 2021; Lee et al., 2020).

The remainder of studies which have reported emerging plasticisers in estuarine or coastal
sediments have been carried out in the United States (Jaffé et al., 2006), Spain (Sanchez-
Avila et al., 2013), New Zealand (Stewart et al., 2014) and Tunisia (Jebara et al., 2021). A
monitoring study of organic contaminants in estuarine and coastal areas in the Bay of Biscay
(Northern Spain) reported DEHA concentrations in sediments (n=10) ranging from nd-825 ng
g dw (mean 107 ng g* dw) (Sanchez-Avila et al., 2013). Sediments (n=135) from the Tunisian
coastline (south Mediterranean) were found to contain mean DEHA and DEHTP
concentrations an order of magnitude greater than the other studies discussed in this section.
Jebara et al. (2021) (n=165) reported DEHA concentrations ranging from nd-3580 ng g* dw
(mean 3080 ng g* dw), and DEHTP concentrations ranging from 1700-2860 ng g* dw (mean
2420 ng g* dw). The high concentrations found by Jebara et al. (2021) suggest a very strong
consistent localised input, e.g. emissions associated with sites of plasticiser manufacture or
disposal. In contrast, Stewart et al. (2014) did not detect DEHA in sediments (n=13) from
estuaries in New Zealand, although given the very high limits of detection (e.g. LOD of DEHA
ranged between 200-500 ng g*! dw) we may assume a possible underestimation of DEHA

concentrations.

As expected, emerging plasticisers are less well-studied in coastal and estuarine waters than
in sediments. DEHA is again the most commonly studied, with 6 studies reporting DEHA
concentrations, while DEHTP and ATBC have been investigated in a single study each.

Currently it appears there is no published data concerning the occurrence of DINCH or TOTM
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in coastal or estuarine waters. Concentrations of emerging plasticisers in water are generally
an order of magnitude lower than in sediments, although complexities arising from differences
in composition between these two media make comparisons of absolute concentrations
challenging. DEHA was not detected in water samples (n=16) from the Ganges Delta in 2016
(Mukhopadhyay and Chakraborty, 2021), although in 2017 (n=6) concentrations ranging from
nd-0.14 ng mL?! were detected (mean 0.1 ng mL?) (Chakraborty et al., 2021). Lower
concentrations of DEHA (0.06-0.26 ng mL*) and ATBC (0.05 ng mL™) were reported by Smith
et al. (2015) in water sampled from Kuwait Bay (n=16). Similarly, concentrations of DEHA in
water (n=11) from coastal areas in Northern Spain were also low, ranging from nd-0.035 ng
mL* (mean 0.012 ng mL™1), in contrast to a mean concentration in sediment of 107 ng g* dw
(Sanchez-Avila et al., 2013). The mean DEHA concentration from a lagoon (n=7) in Southern
Spain was 2 orders of magnitude greater that reported by Sanchez-Avila et al. (2013) at 8.9
ng mL? (Pefialver et al., 2022). Despite concentrations in sediment exceeding 3 pug g* dw,
DEHA was not detected in coastal waters (n=165) from the south Mediterranean by Jebara et
al. (2021). DEHTP however exhibited a very high mean concentration in the water (634 ng
mL?), although even at these levels remained an order of magnitude less than the

concentration found in the associated sediments.

The variation in the profiles of emerging plasticisers between studies from different regions
suggests that, as the move away from phthalates due to legislation, the alternatives that come
in to use may not be taken up consistently for product applications between different
jurisdictions. To date, data regarding emerging plasticiser use and associated occurrence in
environmental compartments remains limited, although the concentrations of these emerging
compounds in sediment and water remain low relative to phthalates (see Section 5.4.3). Thus,
further studies are required to ascertain the key drivers of emerging plasticiser occurrence in
the coastal environment. Based on knowledge for other major high-use classes of organic
chemical, the profiles of emerging plasticisers in coastal environments will be dependent not

only on the degree and nature of source intensity, but also the relative persistence of the
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different substances and their physiochemical properties. Currently, degradation rates of
emerging plasticisers in the environment represent a major knowledge gap (see Section
5.5.1), meaning that such kinetic parameters cannot be readily integrated into multi-media fate
models. Thus, there remains a clear need for studies investigating the degradation kinetics

and persistence of emerging plasticisers in the environment.

5.4.3 Relative concentrations and co-occurrence of emerging plasticisers and phthalates

We have identified 11 studies which have quantified the co-occurrence of phthalates with at
least one class of emerging plasticiser in coastal environments. The extent to which emerging
plasticisers contribute to the total mean plasticiser burden (Zplasticiser) in estuarine and
coastal media varies greatly between these studies. Generally, emerging plasticisers
represent a relatively minor (<4%) proportion of Zplasticiser in sediments (S. Kim et al., 2020;
Y. Kim et al., 2021; Lee et al., 2020), however there are some exceptions to this general trend.
For example, DEHA represented 9.2% of 2plasticiser (1 emerging, 4 phthalates) in sediments
(n=10) from Spanish estuaries (Sanchez-Avila et al., 2013). In a study in South Korea, TOTM
accounted for 21% of Xplasticiser (5 emerging, 8 phthalates) in sediments (n=42) from
industrialised bay areas, and was the second most abundant plasticiser in this study, behind
the phthalate DEHP. In sediments (n=165) collected from the Tunisian coast in the South
Mediterranean, the emerging plasticisers DEHA and DEHTP were the second and third most
abundant plasticisers, accounting for 29% and 23% of Zplasticiser (2 emerging, 6 phthalates),
with DEHP again the dominant plasticiser (44% of Zplasticiser). Thus, whilst it appears that
emerging plasticisers typically represent a relatively small proportion of the plasticiser profile
in coastal systems, hotspots of these compounds have been reported, potentially arising from

differences in the nature and intensity of source inputs.
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Figure 5.2: Emerging and phthalate plasticiser profiles in estuarine and coastal systems in
studies discussed in this review; only studies of co-occurrence of >1 class of plasticiser are
shown; profiles were calculated using the mean value for each plasticiser reported in the study;
plasticisers <LOD were treated as 0 to avoid overestimation and included in mean calculation;
some phthalates have been grouped by total chain carbon number to minimise biases arising

from inconsistencies in analytical suites between studies.

Studies of phthalate and emerging plasticiser co-occurrence in coastal waters are more limited
than for sediments. DEHA was reported to account for 3.3-7.7% of Zplasticiser (Chakraborty
et al., 2021; Pefialver et al., 2022; Sanchez-Avila et al., 2013), although represented a
significantly reduced component of the plasticiser burden in water samples (h=16) collected

from Kuwait Bay (Smith et al.,, 2015), and was not detected by Mukhopadhyay and
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Chakraborty (2021) in water (n=16) from the Ganges River delta at all. DEHTP was by far the
most abundant plasticiser (2 emerging, 6 phthalate) in water (n=165) from the Tunisian coast
(78% of Zplasticiser), with the phthalates DiBP and DEHP accounting for only 9.3% and 8.8%

of Zplasticiser.

Despite the fact that emerging plasticisers remain a relatively small proportion of the plasticiser
market (CEFIC, 2018), the available data suggests that they can contribute significantly to the
total plasticiser burden in coastal environments. This likely represents accumulation in the
environment due to resistance to degradation, in addition to variations in degree and nature
of source inputs. However, a lack of studies and inconsistencies in analytical suites make
definitive comparisons challenging, as the majority of studies investigate only one or two
emerging plasticisers. As such, the available data may be an underrepresentation of the true
contribution of emerging plasticisers to the total plasticiser burden in estuarine and coastal

environments.

5.4.4 Effects of seasonality on plasticiser occurrence

A handful of studies have investigated the effects of sampling season on the occurrence of
plasticisers in coastal waters and sediments. Rainfall is potentially one of the primary seasonal
drivers that may determine changes in input and retention of plasticisers in these
environments. Whilst increased rainfall leads to increased dilution of water courses and thus
reduction in absolute concentrations of plasticisers in water and sediment, high flow conditions
may ultimately increase the flux of plasticisers from rivers into estuaries, due to increased
channel flow, resuspension of sediment, and greater leaching and surface runoff from
plasticiser sources, e.g. sludge-amended agricultural land. Additionally, storm events may
lead to increased input of sewage directly into rivers due to storm drain overflows. Conversely,
increases in river discharge may serve to resuspend contaminated estuarine sediments and

transport them further away from the coast. Such scouring effects may ultimately reduce
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concentrations in estuaries, transporting pollutants towards the open ocean. Seasonal trends
in human activities, such as industrial production, tourism and shipping may also influence the
occurrence of plasticisers across the year (Paluselli et al., 2018b; Z. M. Zhang et al., 2020a).
Thus, the effects of increased rainfall and flow on the total burden of plasticisers in an estuarine
environment depends on the competing effects of increased river flux into the estuary, and
increased scouring and movement of contaminants towards open ocean. This is reflected in
the contrasting results observed across studies regarding the nature and extent of seasonality

of plasticiser concentrations in estuarine and coastal environments.

The results from a number of studies suggest that plasticiser concentrations in coastal waters
can vary throughout the year, although the pattern and extent varies between studies. Paluselli
et al. (2018b) reported greater concentrations of six phthalates in the summer in a year-long
monitoring study of seawater in Marseille Bay (Northern Mediterranean). These higher levels
were associated with increased tourist activity and maritime traffic which could both be
identified as potential sources. Z. M. Zhang et al. (2020a) found greater Zphthalate
concentrations (16 congeners) in coastal and marine areas in the East China Sea in autumn
than in spring. Here, higher concentrations were attributed to increased flux of plasticisers
from terrestrial inputs such as agricultural and industrial sources during the autumn months.
>phthalate (16 congeners) concentrations were significantly higher (p < 0.05) in the winter
(10.2 pg L) than in spring (4.9 pg L) or summer (2.1 pg L?) in coastal waters around the
Yangtze River Delta (Z. M. Zhang et al., 2020b). The authors attributed this to the dilution
effect from high rainfall outweighing the increased river flux in summer months, in addition to
more rapid biodegradation in spring and summer due to increased microbial activity resulting

due to higher temperatures.

In contrast to these studies that have found seasonal trends, some studies have reported
minimal or insignificant changes in plasticiser concentrations in coastal waters and sediments
across the year. Zphthalate (10 congeners) in sediment from the Qiantang River estuary did

not change between summer and autumn, with concentrations in water only slightly higher in
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autumn than summer (Wang et al. 2021). Due to large spatial variability in contamination within
the bay it can be concluded from this study that spatial rather than temporal trends were the
main source of variation in concentration. Jebara et al. (2021) found minimal monthly
difference in concentrations of 4 phthalates and DEHTP in seawater along the Tunisian coast
over the course of a year. Concentrations of phthalates and emerging plasticisers (DEHA and
DEHTP) in sediments were, however, significantly greater in the first two sampling months
(April-May) than in the rest of year, during which concentrations were broadly similar. The
authors attributed the high sediment concentrations in spring to lower rainfall during this period
reducing the removal of contaminants from sediments and dilution effects. Concentrations in
the following March did not, however, approach the levels seen in the previous April-May,
indicating that the significantly higher levels seen in the first spring samples could have arisen
from a one-off pollution event, e.g. contamination arising from a shipping incident, rather than
representing an annual temporal trend. Future work looking to investigate the seasonality of
plasticisers in estuaries and coastal environments should, where possible, incorporate flow
and discharge data in order to calculate total flux of plasticisers, in order to estimate changes

in the total plasticiser burden in these environments.

5.5 Fate of plasticisers in coastal environments

5.5.1 Persistence of plasticisers in sediments and water

Studies of the degradation of plasticisers in sediments and water have focussed on phthalates,
with little to no empirical data concerning the persistence of emerging plasticisers in these
environments. The physiochemical properties of the plasticisers themselves will play a key
role in determining the relative persistence of plasticisers in the environment, e.g. plasticisers
with higher logKow values may bind more strongly to sediment (Mohammadian et al., 2016)
and thus may be less available for biodegradation. There are also a number of environmental

factors which may determine the persistence and degradation of plasticisers in sediments and
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water (e.g. temperature, pH, intensity of UV light, dissolved organic matter, oxygen content).
Additionally, plasticiser degradation rates may also be affected by the nature of the microbial
communities present in a given environment. The factors influencing the rates of plasticiser
degradation have been more fully studied in the soil environment (Chapter 2) than in the
estuarine and coastal environment. Nevertheless, on the basis of bespoke knowledge from
estuarine studies and relevant data from soils, there is sufficient evidence to demonstrate the

primary drivers of plasticiser degradation in estuaries.

Biodegradation is the primary pathway by which plasticisers are broken down in estuarine
sediments. For example, Kao et al. (2005) investigated the anaerobic degradation of DnBP
and DEHP in sediments collected from estuaries in southern Taiwan. Concentrations of DnBP
and DEHP in the sediment decreased by 24% and 13% over 30 days. After sterilisation of the
sediment only 3% of each plasticiser was degraded over the same time period, indicating the
critical role of the active microbial fauna in breakdown. The degradation of plasticisers also
occurs much more rapidly under aerobic than under anaerobic conditions, e.g. the aerobic
degradation rates of 8 phthalates in river sediments were up to an order of magnitude faster
than anaerobic rates (Yuan et al., 2002). Thus primarily anoxic environments with little
turbulence, e.g. deep bed sediments, have the potential to act as sinks for plasticisers in the

environment.

Chain length and molecular weight are key determinants of relative degradation rates between
plasticiser molecules. Specifically, plasticisers with longer chains are generally more resistant
to degradation (Chapter 2; Kickham et al., 2012). Higher hydrophobicity of longer chain
phthalates makes them less likely to be photolysed, hydrolysed or biodegraded, e.g. a lab
study regarding aerobic degradation of DnBP and DEHP in mangrove sediments found half-
lives ranged from 1.6-2.9 days for DnBP (C4 chains) and 5-8.3 days for DEHP (C8) (Yuan et
al., 2010). Increased chain length also leads to greater persistence under aerobic conditions.
Thus, the half-lives of studied phthalates increased from 2.5 days (DEP; C2) to 2.9 days

(DnBP; C4) to 14.8 days (DEHP; C8), consistent with the chain lengths of these molecules
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(Yuan et al., 2002). In contrast to the results reported in sediments, Paluselli et al. (2019)
carried out experiments under biotic conditions in the absence of UV light and found that half-
lives of shorter-chain phthalates were comparable if not greater than longer-chain phthalates,
e.g. DMP (C1; 53 days), DEP (C2; 79 days), DiBP (C4; 29 days), DEHP (C8; 26 days).
Additionally, the half-lives of some of these shorter-chain phthalates (e.g. DMP and DEP) were
much longer than those reported in estuarine sediments by Kickham et al. (2012). Therefore,
despite a theoretical basis for the assertion that plasticisers will degrade less rapidly in
sediments than in water, the exact nature of this relationship remains unclear, partly due to
differing test conditions and times between studies. This pattern of increasing half-life with
chain length was also not observed under anaerobic conditions, as the half-lives of DEP (33.6
days) and DEHP (34.7 days) were comparable (DnBP was found to degrade more rapidly than
DEP or DEHP, with a 14.4-day half-life). These results suggest that the bacteria which are
primarily responsible for active phthalate degradation under aerobic conditions favour shorter
molecules. In contrast, under anaerobic conditions, the degradation reactions may be
controlled by anaerobic bacteria that have lower specificity for molecular weight or indeed

bacterial degradation may be minimal and instead other processes may be more important.

Currently there is a lack of studies directly comparing the degradation rates of plasticisers in
sediments and in the surrounding seawater under the same conditions. Thus, the relative rates
of plasticiser degradation in sediments versus water must be inferred from the results of
multiple single-compartment studies. Early studies suggest that the degradation of sediment-
associated phthalates is slower than that of aqueous phase-associated phthalates (Turner
and Rawling, 2000). This finding is consistent with the concept that phthalates are more likely
to partition to sediment, and that once in this compartment they become less available for
degradation. As the plasticiser burden is generally greater in sediments than in the water
column, the degradation rates in sediments will be more important to the overall mass balance

of these compounds in estuarine and coastal systems.
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No systematic studies are currently available on the effects of temperature, organic matter, or
pH on phthalate degradation in estuarine environments. The overall effect of increased
temperature (across the temperature range naturally found in the environment) will likely be
to increase degradation rates due to more rapid physical and biological processes, as is the
case for the soil environment (Chapter 2). Elevated organic matter levels in sediments and
seawater may be theoretically associated with slower degradation due to increased sorption
of plasticisers to organic matter (Dong et al., 2022). There have been few systematic studies
concerning the effects of pH on plasticiser degradation in soils (Chapter 2) and thus it is
challenging to draw conclusions regarding the effect of pH on degradation in the sediments
and water, although pH values on the extremes of the natural range have been associated

with slower degradation of phthalates in soils (Chang et al., 2009).

5.5.2 Uptake by organisms

In addition to degradation processes, the uptake of plasticisers by organisms represents
another fate pathway for plasticisers in the environment. The toxic and endocrine-disrupting
potential of some phthalate plasticisers has been demonstrated by recent ecotoxicological
studies in marine biota which have linked phthalate exposure to alterations to metabolism and
reproductive capability in fish and mussels (ECHA, 2022, 2018; Forner-Piquer et al., 2019; Gu
et al., 2021). Studies of the uptake and accumulation of plasticisers by marine organisms are
key components of understanding the extent of exposure when assessing the risk of such

chemicals in estuarine and coastal environments.

Phthalates have been detected in species of coastal and marine fish (Castro-Jiménez and
Ratola, 2020; Hidalgo-Serrano et al., 2021, 2020; H. Hu et al., 2020; Hu et al., 2016; Jebara
et al., 2021; Sun et al., 2021), molluscs (Castro-Jiménez and Ratola, 2020; Hu et al., 2016;
Saliu et al., 2020; Sun et al., 2021; Tsochatzis et al., 2019), crustaceans (H. Hu et al., 2020;

Hu et al., 2016; Lo Brutto et al., 2021), cetaceans (Baini et al., 2017; Routti et al., 2021), turtles
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(Savoca et al., 2021, 2018) and plants (Castro-Jiménez and Ratola, 2020; Jebara et al., 2021).
Fat and muscle tissues are often identified as the primary sites of phthalate storage (Baini et
al., 2017; H. Hu et al., 2020; Routti et al., 2021; Savoca et al., 2018). Higher-molecular weight
phthalates (e.g. DnBP and DEHP) are typically more frequently detected and at higher
concentrations than lower molecular weight phthalates (e.g. DEP) in plants, cetaceans,
molluscs, and turtles, particularly in fat and muscle tissues. However, the phthalate profiles
determined from whole-body analysis of crustaceans and fish are relatively evenly distributed
between low, mid and high molecular weight phthalates (Castro-Jiménez and Ratola, 2020;
H. Hu et al., 2020; Jebara et al., 2021; Lo Brutto et al., 2021). Differences in the profile of
phthalates present in species may result from differences in feeding behaviour (e.g. pelagic
or benthic), life history, composition of tissue types within organisms, or to taxa-specific

differences in metabolic capacity for different molecules.

The occurrence of emerging plasticisers in marine biota has also begun to receive attention.
Lo Brutto et al. (2021) quantified the presence of DEHA and DEHTP in five species of coastal
amphipod collected from the Italian Mediterranean in 2013 and 2014. DEHTP was detected
in one species (albeit at a relatively high concentration of 335 ng g*), while in contrast DEHA
was detected in every sample, at concentrations ranging from 9-86 ng g. These emerging
plasticisers were detected at similar levels to phthalates (e.g. DEHP ranged from 15-300 ng
gl), indicating that over half a decade before phthalates were restricted in the EU (ECHA,
2022, 2018), emerging plasticisers were already present in coastal biota. DEHA and DEHTP
have also been found in fish and seagrass samples collected from the Tunisian Mediterranean
in 2018-2019 (Jebara et al., 2021). DEHTP was concentrated in muscle tissues of gilt-head
sea bream (mean 23.2 ug g* dw), and was the most abundant plasticiser detected, above e.g.
DEHA (3.04 pug g* dw) and DEHP (0.92 ug g* dw). DEHTP was also the most abundant
plasticiser detected in seagrass (9.2 ug g* dw), ahead of DEHP (0.73 ug g* dw). Sediments
associated with the site were also found to contain very high levels of phthalates and emerging

plasticisers. Further work is required to determine whether the results of this study represent
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local-scale factors in a heavily polluted site, or whether the bioconcentration factors of DEHTP

(and to a lesser extent, DEHA) are greater than phthalates.

A number of studies have demonstrated the impacts of phthalate contamination on marine
fish species. Dietary exposure to di-iso-nonyl phthalate has been found to cause hepatic
oxidative stress and negative impacts on the male reproductive system and metabolism in the
gilthead sea bream (Carnevali et al., 2019; Forner-Piquer et al., 2018, 2019). DEP was also
found to induce weak but measurable hepatic toxicity and oxidative damage in olive flounder
(Kang et al., 2010). DEHP has been associated with cytotoxicity and genotoxicity in sea bass
(Molino et al., 2019), immunotoxicity in trout (Martins et al., 2015), and endocrine disruption in
marine medaka and salmon (Norman et al., 2007; Ye et al., 2014). In addition to negative
impacts on fish species, phthalates have also been found to have impacts on avian, mollusc,
copepod, and mammal species. For example, the occurrence of phthalates was found to be
associated with oxidative stress in the eggs of the coastal European herring gull, and in a
species of marine mussel (Allen et al., 2021; Gu et al., 2021). DEHP exposure resulted in
negative impacts on development in a species of estuarine copepod (Forget-Leray et al.,
2005), and DEHP was also able to modulate a hormone receptor in adipose tissues in marine
whales sampled from an the Norwegian Arctic, an environment with a low phthalate burden,
thus the effect levels were well above those found in the tissues (Roultti et al., 2021). Although
effects thresholds remain relatively unclear, the weight of evidence suggests that phthalates
can cause negative impacts in marine organisms. Thus, as estuaries and coastal areas may
exhibit some of the highest levels of plasticisers in the marine environment, it is these areas
in which organisms may encounter significant risk from phthalate occurrence. Furthermore,
although a critical need for risk assessment, the uptake and effects of emerging plasticisers
in estuarine and coastal organisms are poorly known, despite the large body of evidence that

phthalate plasticisers present in marine organisms can have toxic effects.
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5.6 Knowledge gaps and future research suggestions

Knowledge on the sources, occurrence, behaviour, and fate of plasticisers in estuarine and
coastal environments is generally more developed than for the terrestrial environment. There
is a relatively wide body of evidence that demonstrates the sources, profiles, and fate of

phthalates in sediments, seawater, and biota.

Industrial and urban areas appear to be a primary source of plasticisers in coastal systems,
with areas associated with waste disposal and agricultural activity also serving as inputs.
Following entry into estuaries, high molecular weight phthalates (e.g. DEHP, DiDP, DnNP)
partition strongly to sediment, with low-mid molecular weight phthalates (e.g. DMP, DnBP)
relatively enriched in the overlying water. Emerging plasticisers have been reported to
contribute over 50% of the plasticiser burden in coastal sediments and seawater, however in
the majority of studies these plasticisers only represent minor components of the plasticiser
burden (<10%). Thus, emerging plasticisers likely represent an increasing proportion of the
plasticiser profiles estuarine and coastal systems, in line with a shift in usage patterns.
Plasticisers can be particularly persistent in sediments, with reported half-lives of higher
molecular weight phthalates (e.g. DnOP) on the scale of months. Phthalates have been
detected in marine biota across a range of taxa and trophic levels (e.g. seagrass, molluscs,
cetaceans, and fish), with recent studies providing evidence of emerging plasticiser
accumulation in biota. In particular, the emerging plasticisers DEHTP and DEHA have
received recent attention, with DEHTP the most abundant plasticiser detected in biota in a

number of studies.

Despite the relative wealth of knowledge of phthalates in estuaries and coastal systems,
multiple questions remain relating to the sources, behaviour, occurrence, and fate of emerging

plasticisers in sediments, seawater, and biota.

e What are the primary sources of emerging plasticisers in estuaries and coastal

systems? Do these sources match those of phthalates?
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e Are the behaviours of emerging plasticisers in estuaries and coastal environments
similar to those of phthalates? Specifically, what are the kinetics and equilibrium

constants of partitioning for different classes of emerging plasticiser?

¢ How does the occurrence of emerging plasticisers in coastal environments (seawater,
sediments, and biota) compare to phthalates? Is the relative occurrence of these
plasticisers changing in response to shifting production and use patterns of different

types of plasticiser, driven by regional legislation?

o How persistent are emerging plasticisers in sediments and seawater? Are the key
processes determining the degradation of emerging plasticisers constant among the

different classes of chemical?

e How rapidly and to what extent are the different classes of emerging plasticiser taken
up by marine organisms? Given the widespread occurrence of phthalates in marine

biota, what are the elimination kinetics of these plasticisers?

o What are the impacts and effects thresholds of phthalates, and particularly emerging
plasticisers, for organisms in estuarine and coastal environments? To what extent are

there differences in these thresholds between taxa?
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Abstract

We investigated the spatial and seasonal trends of legacy phthalate and emerging plasticisers
in sediments of the Firth of Forth estuary, Scotland, UK. Sediments (n=73) were collected from
50 sites in the estuary channel across winter 2020, and spring and summer 2021. We
determined the concentration of 8 phthalate and 3 emerging (adipate, terephthalate, and
trimellitate) plasticisers. The most frequently detected plasticisers (typical mean LOD 1.2 ng
g ww) were diethylhexyl phthalate (DEHP; 64% detection frequency), dimethyl phthalate
(47% DF) and the emerging plasticiser diethylhexyl terephthalate (DEHTP; 41% DF). All other
plasticisers were detected in <21% of samples. DEHP dominated the plasticiser profile in
every season (mean concentration 76-290 ng g* ww; 73-97% of  plasticiser). DEHP (3930
ng g* ww), di-iso-decyl phthalate (312 ng g* ww) and DEHTP (94.1 ng g* ww) had the
greatest maximum concentrations. ) plasticiser was significantly greater at sites in the inner
than outer estuary and was generally negatively correlated with water column depth. These
patterns of distribution were attributed to proximity of pollution sources, such as wastewater
treatment plant outfalls, landfill sites, and industrial areas in the inner and more urbanised
parts of the estuary, and the relative proximity of sites to the urbanised shoreline. Mean
Y plasticiser sediment concentrations were greater in winter (239 ng g* ww) and spring (300
ng g* ww) than summer (103 ng g* ww), and in the outer estuary were significantly greater in
winter (99.9 ng g* ww) than spring (12.8 ng g* ww). The sensitivity of estuarine biota to
plasticisers currently remains uncertain, however, our results suggest that organisms in this
urbanised estuary are exposed to relatively low (median 54.0 ng g* ww, mean 234 ng g* ww)
sediment concentrations of plasticisers throughout the year. Thus, further work is warranted
to assess the impact of plasticiser occurrence as part of a range of chemicals present in

urbanised estuarine ecosystems.
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6.1 Introduction

Due to their position at the boundary between the freshwater and marine environments,
estuaries have the potential to act as medium-term environmental sinks for organic
contaminants. The dynamics of water flows (drop in flow rate) associated with channel
widening at an estuary boundary means estuaries are sites of extensive sediment deposition.
Additionally, changes in salinity associated with the transition from fresh to marine water can
alter the surface charge of suspended sediment particles, leading to increased agglomeration
and subsequent sedimentation of particles in the water column. This increase in salinity can
also result in changes in the dynamics of sorption of non-polar neutral organic contaminants
to estuarine sediments. These effects can combine in a process known as ‘salting out’ (Stumm
and Morgan, 1996), whereby organic chemicals transported by tributary rivers become

sequestered in the estuarine sediment.

Plasticisers are organic chemicals added to plastics to increase their flexibility. The occurrence
of these additives is receiving increasing research attention in the terrestrial (Chapter 2),
freshwater (Baloyi et al., 2021) and marine environments (Hidalgo-Serrano et al., 2022).
Plasticisers typically have high logKow (e.g. DEHP, the most widely used plasticiser globally,
has a logKow value of 7.73). Thus in the freshwater and marine environment, these
contaminants will partition primarily to sediments (Mohammadian et al., 2016; Zhou and Liu,
2000). For example, highly lipophilic phthalate plasticisers such as DEHP have been shown
to be particularly susceptible to the effects of salting out, relative to other commonly studied
environmental contaminants such as polycyclic aromatic hydrocarbons or polychlorinated

biphenyls (Zhou and Liu, 2000).

Knowledge of the occurrence of phthalate plasticisers in estuarine sediments is limited
(Weizhen et al., 2020; Zhang et al., 2018a). Additionally, there is very little data concerning
the estuarine occurrence of the emerging plasticisers that are increasingly used as

replacements for phthalates in Europe (CEFIC, 2021). Potential sources of plasticisers in
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estuaries include runoff from agricultural land, discharge from wastewater treatment plants
and diffuse release from plastics in the environment (Chapter 5). Coastal waste sites (e.g.
municipal landfills) represent a further source of contamination to estuaries (or inflowing
tributaries) (Brand and Spencer, 2019; Nicholls et al., 2021). Especially where flooding and
erosion increases with climate change, coastal landfill sites may represent an increasing input
of contaminants, including plasticisers, into the marine environment (Neuhold and Nachtnebel,

2011).

The primary aim of this study was to investigate the spatial and season patterns of occurrence
of legacy phthalate and emerging non-phthalate plasticisers in sediments of the Firth of Forth,
an estuary located on the eastern coast of Scotland, northern UK. A number of potential
sources of plasticisers are located along the Firth of Forth system (Figure 6.1), including
coastal landfill sites, municipal and industrial wastewater treatment plant outfalls, and urban
areas with diffuse sources of plasticisers, such as the city of Edinburgh. The Firth of Forth
estuary has a complex topology of depths and sediment types and exhibits a large seasonal
variation in flow conditions throughout the year, e.g. the annual channel flow ranges from <10
m3 st to >300 m® st (Balls, 1992). Given the range in the nature and intensity of plasticiser
sources, and topology and flow variations present, the First of Forth estuary provides an
excellent location to study the distribution of, and seasonal trend in, phthalates and emerging

plasticisers in sediments.

Sediments in the Forth estuary were sampled in winter, spring, and summer from two areas
representing high- and low-proximity to potential plasticiser sources: sites in the inner estuary
(in the area surrounding the island of Inchkeith) and sites in the outer estuary (in the area
surrounding the Isle of May). We used GC-MS (gas chromatography-mass spectrometry) to
determine the concentration of multiple phthalate and emerging plasticisers in the sediments.
The analyses conducted allowed us to test four hypotheses: 1) Phthalate plasticisers will
dominate the plasticiser profile due to their historic use: 2) Emerging plasticisers will be

widespread due to the recent decline in the use of phthalates; 3) The concentration of
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plasticisers in the sediments will be related to the proximity to sources, with concentrations
greater at the inner estuary than at the outer estuary; 4) Plasticiser occurrence will be greatest

in the summer due to a more concentrated input of plasticisers under low flow conditions.

6.2 Materials and methods

6.2.1 Study area and sample collection

The Firth of Forth is an estuary in Scotland, northern UK. The major settlements along the
course of the estuary have atotal urban population of ~630,000 (National Records of Scotland,
2022). The average annual channel flow is 63 m® s, and ranges from <10 m® s in summer
to >300 m® st in winter (Balls, 1992). There are a number of legacy and operational landfill
waste sites along the course of the estuary, in addition to outfalls from wastewater treatment
plant (WWTPs) treating public sewerage (municipal WWTPs) and waste from manufacturing

plants (industrial WWTPs) (Marine Scotland, 2020a, 2020b) (Figure 6.1).
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Figure 6.1: Map of coastal landfill sites, wastewater treatment plants (WWTPs), and sediment
sampling sites in the Firth of Forth estuary in Scotland, UK; landfill sites within 10 km of the
Firth of Forth and/or within 5 km of a tributary of the Firth of Forth are shown; Contains

information from the public sector licensed under the Open Government Licence v3.0.

A total of 73 bed sediment samples were collected from November 2020 to July 2021 from
sites in the inner estuary channel (near the island of Inchkeith; all sites west of longitude -2.9)
and the outer estuary channel (near the Isle of May; all sites east of longitude -2.9) (Figure
6.1). A 250 cm? Van Veen grab sampler was used to collected sediment samples from the
surface of the estuary bed at a range of depths in the water column (2-57 m). Samples were
stored in glass containers at -20 °C. Samples were collected at three time periods: during
winter (47 samples; 03.11.20 - 03.03.21), spring (16 samples; 07.04.21 - 09.06.21), and

summer (10 samples; 14.07.21 — 23.07.21), from a total of 50 sites in the estuary and
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neighbouring coastal area (Figure 6.1). The on-board GPS was used to identify the sampling
site coordinates, in order to minimise the potential effects of site-by-site re-sampling

differences on the seasonality of plasticiser occurrence.

6.2.2 Plasticiser extraction and analysis

A suite of 8 legacy (phthalate) and 3 emerging plasticisers were measured in the collected
samples (Table 6.1). The plasticisers were extracted from each sample according to a method
previously used in Chapter 3. In brief, 1.5-3.0 g ww of sediment was homogenised and dried
with anhydrous sodium sulfate. Samples were then spiked with deuterium-labelled recovery
standards (d4-DnBP and d4-DnOP, Sigma-Aldrich, USA). Analytes were extracted for 30
minutes using an Ethos X microwave extraction system (Milestone, Italy) with 9:1
dichloromethane (DCM):acetone as the extraction solvent. Supernatants were collected and
dried with anhydrous sodium sulfate. Extracts were reduced to a known volume, passed
through a PTFE filter (pore size 0.45 um), and further cleaned using size-exclusion
chromatography (Agilent 1200 series HPLC, Agilent, USA). Deuterium-labelled internal
standards (d4-DEP and d4-DEHP, Sigma-Aldrich, USA) were added to all samples prior to

instrumental analysis.
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Table 6.1: The 8 phthalate and 3 emerging plasticisers analysed in this study; solubility in

water is at 25 °C unless otherwise stated.

Name and acronym Formula Log Kow Shzo (Mg L) CAS
Dimethyl phthalate DMP C10H1004 1614 40008 131-11-3
Diethyl phthalate DEP C12H1404 2.54A 10808 84-66-2
Di-iso-butyl phthalate DiBP C16H2204 4.27A 6.2 (24 °C)B 84-69-5
Di-n-butyl phthalate DnBP C16H2204 4274 11.28 84-74-2
Benzyl butyl phthalate BBP C19H2004 4,74 2.698 85-68-7
Diethylhexyl phthalate DEHP  Co24H3s04 7.73A 0.278 117-81-7
Di-n-octyl phthalate DnOP C24H3504 7.734 0.0228 117-84-0
Di-iso-decyl phthalate DiDP C28H4604 9.464 0.288 26761-40-0
Diethylhexyl adipate DEHA C22H4204 0.78 (22 °C)*® 103-23-1
Diethylhexyl terephthalate = DEHTP  C24H3304 4.0(20°C)® 6422-86-2
Acetyl tributyl citrate ATBC C20H340s8 1.78 77-90-7
Trioctyl trimellitate TOTM Cs3H5406 3.9x 1048 3319-31-1

A(Net et al., 2015); BPubChem online database.

Analysis was carried out using a gas chromatograph (6890N, Agilent, USA) coupled to a
single-quadrupole mass spectrometer (5975B, Agilent, USA) operating in electron ionisation
mode. 1.7 uL of sample was injected in splittess mode on to an HP-5ms analytical column (30
m length, 0.25 pm film thickness, 0.25 mm internal diameter, Agilent, USA). Helium was used
as the carrier gas (1.5 mL min?). The inlet and MS sources temperatures were 300 °C and
230 °C respectively. Limits of detection (LODs) were determined from the calibration curve of
analytical standards (96-99.5% purity; Sigma-Aldrich, USA), the mass of sediment analysed,

and the dilution factor. LODs ranged from 0.3-4.4 ng g* ww (mean 1.2 ng g* ww + 1.4), except
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for DIDP, which exists as a mixture of isomers and thus had a LOD higher than other analytes
of 59.5 ng g* ww (Al-Natsheh et al., 2015; Zou and Cai, 2013). The concentrations of DiDP
reported in this study refer to the sum concentration of all DIiDP isomers. The method
recoveries were between 60-120% (mean 88% * 13) and 65-120% (mean 100% =+ 11) for d4-
DnBP and d4-DnOP. Analytes were quantified using the internal and recovery standards and
calibration curves of plasticiser standards (Sigma-Aldrich, USA). Two procedural blanks were
included in each batch of sample extractions. Plasticiser concentrations are reported in ng g*

ww and were recovery and blank-corrected.

6.2.3 Contamination controls

Laboratory controls used during the extraction and analysis of plasticisers from the sediments
were based on those used in Chapter 3. Laboratory glassware was soaked overnight in Decon
90 and heated in a muffle furnace at 450 °C for a minimum of 2 hours prior to use (non-
volumetric glassware only) (Fankhauser-Noti and Grob, 2007) to reduce the contamination of
phthalates. Glassware was also rinsed 2 x with DCM immediately prior to use. Operators wore
cotton lab coats, and solid reagents were heated in a muffle furnace at 450 °C overnight. The
use of plasticware was avoided, except for the lids of the microwave extraction vessels and
gas chromatography sample vials. As discussed above, multiple procedural blanks were

carried out and any contamination was accounted for in data processing.

6.2.4 Data analysis

For the calculation of } plasticiser concentrations, compounds <LOD were assigned a value
of zero to avoid overestimation, in the calculation of mean and median values. Due to non-
normality of some test groups (irrespective of log10-transformation), it was not suitable to use

parametric methods to assess the significance of variation in plasticiser concentrations
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between groups. Instead, the non-parametric Kruskal-Wallis ANOVA with a post-hoc Dunn’s
test was used. Non-normality of data (irrespective of log10-transformation) also prevented the
linear modelling of the relationships between plasticiser concentrations, site distance from the
shore, and water column depth. Thus, locally estimate scatterplot smoothing (LOESS)

regression was used to visualise and interpret the data.

Principal component analysis (PCA) was carried out in order to investigate whether similarities
in sediment plasticiser contamination across different sites were related to sample location.
The PCA model used all individual plasticiser concentrations as input variables. All
concentrations were mean centred and scaled to variance prior to analysis. PCAs were carried
out with <LOD values substituted for both values of zero and 0.5 x LOD. However, no
difference was found based on how <LOD values were treated. For consistency, the results

reported in this paper are for those models with values <LOD substituted for zero.

6.3. Results and discussion

6.3.1 Concentrations and profiles of plasticisers in the Firth of Forth

Diethyl hexyl phthalate (DEHP) was the most frequently detected plasticiser in all seasons
(50-70%) and also had the highest mean seasonal concentrations (76-290 ng g* ww) (Table
6.2). DEHP is one of the most widely produced plasticisers globally (CEFIC, 2021) and longer-
chain phthalates also likely have a greater affinity for organic matter that may be present in
sediment samples (Chapter 5). Hence, that DEHP dominated the overall plasticiser profile in
the Firth of Forth, accounting for 73-97% of ) plasticiser across the three seasons, is
consistent with both its known widespread use and environmental behaviour. The dominance
of DEHP in the Firth of Forth is also in accordance with previous reports of the phthalate

contamination profiles of other estuary systems (L. Y. Wang et al., 2021; Zhang et al., 2018b).
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The second most commonly detected plasticisers were dimethyl phthalate (DMP), which was
found in 40-50% of samples across the three seasons, and the emerging plasticiser diethyl
hexyl terephthalate (DEHTP), found in 10-55% of samples. DMP is the phthalate with the
lowest boiling point and lowest logKow, thus has the potential to be widely transported in the
environment relative to other phthalates, albeit at low concentrations. Of all of the emerging
plasticisers, DEHTP had the greatest contribution to ) plasticiser in each of winter (4.1%),
spring (0.9%) and summer (2.6%). DEHTP is a structural isomer of DEHP and thus exhibits
comparable organic matter binding and resistance to degradation (Chapter 4). Terephthalates,
such as DEHTP, currently account for ~15% of the total European plasticiser market and are
increasingly used as phthalate replacements (CEFIC, 2021). Whilst mean seasonal DEHTP
concentrations (2.7-9.9 ng g* ww) in our study were low relative to DEHP, the occurrence of
this plasticiser in estuaries such as the Firth of Forth indicates that their increasing use is

leading to their presence in estuarine environments.
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Table 6.2: Plasticiser concentrations in sediments of the Firth of Forth (ng g ww); samples <LOD were assigned a value of zero so as to avoid

overestimation, and included in the calculation of the mean and median; DF% = detection frequency.

BBP

DnOP

>phthalate

DEHTP

>emerging

2plasticiser

Winter 2020/21

(n=47)

Mean
Median
Range

DF%

1.3
nd
nd-26.4
11

0.2
nd

nd-2.9

17

227
59.8
nd-3130

9.9
4.3
nd-94.1
55

11.6
7.3
nd-101

239
73.1
nd-3170

Spring 2021

(n=16)

Mean
Median
Range

DF%

0.3
nd
nd-5.4

0.2
Nd

nd-3.1

6

297
10.9
nd-3930

2.7
nd
nd-17.6
19

3.3
nd
nd-17.6

300
20.4
nd-3930

Summer

2021
(n=10)

Mean
Median
Range

DF%

1.7
nd
nd-12.0
20

0.4
Nd

nd-3.0

20

99
57.9
nd-455

2.7
nd
nd-26.7
10

4.3
nd
nd-33.6

103
57.9
nd-489
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Despite a relatively low detection frequency arising from a high LOD of 59.5 ng g* ww (Al-
Natsheh et al., 2015; Zou and Cai, 2013), di-iso-decyl phthalate (DiDP) had the second highest
mean sediment concentration of all studied phthalates (6.1-22.4 ng ng! ww across the
sampling seasons; 2.0-18.9% of ) phthalate). The relatively high concentration can be
explained by a number of factors: i) while DiDP is not as widely used as DEHP (CEFIC, 2021),
it has been shown to be persistent in the environment (e.g. no significant degradation of DiDP
was observed in soils over 3 months; Chapter 4), and ii) DiDP concentrations are reported as
the sum of all measured branched-chain isomers (Al-Natsheh et al., 2015; Zou and Cai, 2013).
Medium molecular weight phthalates (DnBP, DiBP, BBP) were detected at a wide range of
concentrations, although mean concentrations of these phthalates were generally low (Table
6.2), e.g. 1.1-82.1 ng g* ww (DnBP), 2.2-49.8 ng g* ww (DiBP) and 5.0-26.4 ng g* ww (BBP).
Detection frequencies of DnBP (15%), DiBP (15%) and BBP (11%) across the entire dataset
(all sites and seasons combined) were also low, suggesting both low and/or localised source

intensity and relatively low persistence.

The emerging plasticisers TOTM and DEHA were infrequently detected (Table 6.2) and found
at low concentrations, e.g. mean TOTM and DEHA concentrations in winter were 1.3 ng g*
ww (range nd-40.7 ng g* ww) and 0.3 ng g* ww (nd-6.4 ng g ww). The low concentrations
and detection frequency of TOTM in this study is in contrast to previously reports of
concentrations in estuarine and coastal sediments in South Korea, were TOTM has been
found to be one of the most abundant emerging plasticisers (S. Kim et al., 2021, 2020; Y. Kim
et al., 2021; Lee et al., 2020). This discrepancy may represent differences in regional
production and use of phthalate replacements, although there is a lack of detailed regional-
scale data concerning the production and use quantities of different plasticisers both in time
and across different regions. This makes assignment of relative differences in trends and

patterns between studies challenging.

To date, there have been few studies of the occurrence of plasticisers in European estuarine

sediments. Most research has instead focussed on sediments in China and South Korea
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(Chapter 5). Plasticiser occurrence in systems in South-East Asia will be reflective of a
different set of past and current sources than those that are responsible for the presence of
the plasticisers in the Firth of Forth. For example, the relatively low contribution of DnBP and
DiBP to ) phthalate in our study is in contrast to studies of sediments in Chinese sediments,
which typically report absolute mean concentrations of DnBP and DiBP >1 order of magnitude
greater than those reported here. Correspondingly these phthalates can account for up to 50%
of ) phthalate in Chinese and South Korean estuarine sediments (L. Y. Wang et al., 2021, B.
T. Zhang et al., 2020; Zhang et al., 2018a). Conversely, the mean concentrations of DiBP
reported here are comparable to those in studies in South Korea, although previous studies
have reported greater DnBP abundance (S. Kim et al., 2021, 2020; Y. Kim et al., 2021; Lee et

al., 2020).

The least abundant phthalates in the First of Forth, based on mean or median concentration,
were DMP, DEP and DnOP (Table 6.2). That DMP was the second most frequently detected
phthalate indicates widespread occurrence, although at low concentrations (46.6% of all
samples). The low relative abundance of DMP and DEP can be attributed to low relative
production volumes (CEFIC, 2021), more rapid degradation (Chapter 4), and the fact that DMP
and DEP have low logKow values relative to other phthalates, and thus partition less strongly
to sediment, allowing them to be transported from the estuary in the tidal flows. The absolute
concentrations of DMP, DEP and DnOP are generally an order of magnitude lower than those
reported in Chinese studies (L. Y. Wang et al., 2021; B. T. Zhang et al., 2020; Zhang et al.,
2018a), but are similar to results from Korea (S. Kim et al., 2021, 2020; Y. Kim et al., 2021;
Lee et al., 2020). As there is currently little information about the occurrence of plasticisers in
western European estuaries, further work is required to determine whether the results reported
here reflect wider regional pollution patterns or represent a more localised signal, linked to

specific source in the areas surrounding the Firth of Forth.
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6.3.2 Spatial distribution of plasticisers in the Firth of Forth

6.3.2.1 Differences in plasticiser concentration between sampling areas - Results

The most polluted sites (based on Y plasticiser) were typically located in the inner estuary. For
example, 22 of the 28 of the sites with Y plasticiser > 100 ng g ww (79%) were located in the
inner estuary (Figure 6.2). Consequently, in all seasons, the total plasticiser concentration was
significantly greater in the inner estuary than at the outer estuary. Specifically, ) plasticiser
was significantly greater at the inner estuary sites than the outer estuary sites in winter (mean
concentration of 372 vs 99.8 ng* ww; Kruskal-Wallis, p = 0.015) and spring (779 vs 12.8 ng?
ww; Kruskal-Wallis, p = 0.003). Mean } plasticiser concentration in the inner estuary was 3.7
and 61 times greater than at outer sites during these seasons. (N.B. no samples were
collected from the outer estuary during summer, so it is not possible to compare the spatial

distribution of plasticisers in estuary in this season).

The spatial and seasonal patterns for ) plasticiser were also largely reflected by those of the
compound groups. Thus, Y phthalate was also significantly greater in the inner estuary than at
the outer estuary (Kruskal-Wallis; winter p = 0.020; spring p = 0.005). Mean ) emerging
plasticiser concentrations were also greater in the inner estuary than at the outer estuary (15.3
vs 7.8 ng g* ww in winter and 5.4 vs 2.0 ng g** ww in spring), although this difference was not

statistically significant (Kruskal-Wallis, p < 0.05).
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Figure 6.2: Map of ) plasticiser concentrations (ng g ww) in sediments sampled in the winter
of 2020-2021 in the Firth of Forth estuary in Scotland, UK; non-detects were assigned a value

of zero; symbol size classes were determined using Jenks natural breaks optimisation.

Within the PCA model, the first five principal components (PCs) had eigenvalues >1, indicating
that they explained a greater proportion of the variance than any of the concentrations of the
individual plasticisers. A total of 40% of the variation in plasticiser concentrations were
explained by the first two PCs (PC1: 21.0%; PC2: 19.0%; Figure 6.3). The clustering of points
of the outer estuary sites in the PC1 vs PC2 plot was denser than for the inner estuary (Figure
6.3), indicating a greater similarity in plasticiser concentrations in sediments. This is consistent
with the magnitude and range of plasticiser concentrations observed between the two
sampling areas. Samples with positive PC1 values were primarily influenced by the emerging

plasticisers DEHA and DEHTP, and samples with positive PC2 values by the heavier
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molecular weight phthalates DnOP and DIiDP. The inner estuary points also generally

separated from the outer estuary points along the same direction of ordination as compounds

found at higher concentrations in the inner estuary (e.g. DEHP, DiDP; Figure 6.3).
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Figure 6.3: Scores (A) and contributions (B) of the first two principle components of plasticiser

concentrations in the PCA model.
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6.3.2.2 Differences in plasticiser concentration between sampling areas — Discussion

6.3.2.2.1 Influence of estuary properties on spatial distribution of plasticisers

It has been proposed that plasticiser concentrations will typically decrease with distance from
the shore, partly due to increased dilution effects (Zhao et al., 2020). This is consistent with
the observations of our study (Figure 6.4A), where the greatest plasticiser concentrations
tended be located closer to the shore. LOESS regression also indicated that water column
depth was negatively correlated with ) plasticiser in the estuary (Figure 6.4B). As water column
depth and distance from the shore are likely to be related, the relationship with depth may be
linked more to proximity to terrestrial sources of plasticisers than to other associated factors
(see section 3.2.2.2). Thus, although sediment depth in the water column appeared to account
for a relatively small proportion of the measured variation in > plasticiser in the estuary in this
analysis, this result does give some indication that channel dilution effects may have a

measurable impact on plasticiser occurrence in estuarine sediments.
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The salinity gradient in an estuary also affects how suspended sediments and plasticisers
behave. Plasticisers produced and used on land may be transported to rivers by overland or
subterranean lateral flows (Chapters 2 and 5). Therefore, transport of plasticisers in rivers,
likely mainly bound to suspended particulate matter, may be a major input of these
contaminants into estuaries. As the river channel enters the estuary, a salinity gradient forms
which results in the salting out and deposition of suspended sediments. Plasticisers bound to
these particles will consequently be increasingly deposited in the bed sediments as salinity
increases. Furthermore, phthalates themselves have been shown to be relatively sensitive to
changes in salinity, e.g. DEHP had a significantly higher salting constant than other commonly
studied environmental contaminants (Zhou and Liu, 2000). Furthermore, as the sorption of
plasticisers to sediment appears to be rapid (Mohammadian et al., 2016; Zhou and Liu, 2000),
this may partially confine the transport of contaminants to earlier stages of the estuary (Figure
6.2). This is in agreement with the observation that the high molecular weight phthalate DiDP
(logKow = 9.46) was found exclusively at inner estuary sites. These results indicate that the
transition from fresh to saline water across the estuary leading to sediment deposition and
compound salting out may have contributed to the elevated levels of plasticisers in the inner

estuary compared to the outer estuary.

Properties of the sediments themselves may also influence the degree of plasticiser
partitioning and binding, and thus concentrations. Due to the hydrophobicity of plasticisers, it
is possible that sediments with greater organic matter (OM) content will see greater plasticiser
binding and therefore greater plasticiser concentration relative to less OM-rich sediments in
estuaries. Whilst the relationship between OM and plasticiser concentrations in estuaries has
not been directly studied, a field study of river sediments reported that ) phthalate (DMP, DEP,
DnBP, BBP, DEHP, DnOP) was positively correlated with organic matter, a fact which the
authors attributed to stronger phthalate binding to sediments with greater organic content
(Dong et al., 2022). Conversely, organic carbon content may lead to increased plasticiser

biodegradation, as organic matter will harbour a large and more diverse bacterial community
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that can lead to greater bacterial-associated breakdown of organic molecules, a phenomenon
which has been proposed to occur in some soils (Tang et al., 2020; Tao et al., 2020).
Therefore, it is possible that the differences in plasticiser concentrations between the inner
and outer estuary may be partly explained by differences in OM between the two areas,

although it was not possible in this study to assess the organic content of the sediments.

6.3.2.2.2. Influence of plasticiser sources on spatial distribution of plasticisers

In addition to estuary-wide effects, the proximity of sites to major sources of plasticisers may
also contribute to the variation in plasticiser concentration seen between the inner and outer
estuary (Figures 6.1 and 6.2). There is likely to be input of plasticisers from rivers which flow
into the Firth of Forth, e.g. from wastewater treatment works and stormwater runoff from urban
and agricultural land. In addition, there are a number of potential sources of plasticisers in
close proximity to the estuary itself, these include multiple wastewater discharges, municipal
and industrial waste sites, and urban areas used for leisure and tourism. Although establishing
the extent of these contributions is challenging due to the dynamic nature of the system, the
contribution of these areas to plasticiser occurrence in other estuaries has been previously
postulated, with industrial and urban areas appearing to be primary sources of plasticisers

(Chapter 5).

Although the majority of plasticisers removed during wastewater treatment partition to the
biosolids and are thus not released directly into water courses, there is a fraction which enters
the effluent (Y.S. Lee et al., 2019). Thus, particularly lower molecular weight plasticisers (e.g.
DMP and DEP), may be present in the WWTP effluent which is released into water courses,
with plasticisers with greater logKow (e.9. DEHP) may found generally at lower concentrations
(Y.S. Lee et al.,, 2019). As the majority of municipal and industrial WWTP outfalls in the Firth

of Forth occur upstream of the inner estuary sites (Figure 6.1), discharges of plasticisers from
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these outfalls, followed by salting-out and partitioning to sediment, may be contributing to the

greater occurrence of plasticisers at the inner estuary relative to the outer estuary.

Of the four operational landfill sites that are within 10 km of the Firth of Forth and/or within 5
km of a tributary entering the Firth of Forth, three are to the west (upstream) of the inner
estuary sites (Figure 6.1). Plasticisers have been detected in groundwater associated with
landfill sites at levels ~4 times greater than that of the corresponding surface water (Liu et al.,
2010), and in surface leachates from a coastal municipal landfill (Mohammadi et al., 2022).
These studies suggest that lateral or vertical leaching of plasticisers from operational landfill
and unlined legacy landfill sites adjacent to the Firth of Forth may have contributed to the input
of these contaminants into the estuary. However, further evidence is required to assess the
extent of this potential groundwater input, such as groundwater flow patterns and targeted
analysis of plasticisers in groundwater suspected to be contaminated. Furthermore,
monitoring studies to establish the temporal nature of any relationships (e.g. pollution events,
storm events contributing to sewage overflows) could provide further evidence of the role that

these locations play in the occurrence of plasticisers in the Firth of Forth.

6.3.3 Seasonality of plasticisers in the Firth of Forth

> plasticiser concentrations in the Firth of Forth (all sites combined) were generally greatest in
the winter (Figure 6.5; median concentration 73.1 ng g* ww), with lower median summer (57.9
ng g* ww) and spring (10.9 ng g* ww) values. Due to the wide range of concentrations
measured in the estuary, no significant seasonal differences were found in the estuary-wide
Y plasticiser (Kruskal-Wallis, p < 0.05). However, concentrations at the outer estuary sites
were significantly greater in winter than spring (Kruskal-Wallis, p = 0.0095), with mean and
median concentrations of 99.9 and 44.8 ng g* ww in winter and 12.8 and 1.7 ng g* ww in
spring. No statistically significant seasonal changes in ) plasticiser were found at the inner

estuary sites (p < 0.05; Figure 6.5), despite median concentrations increasing from winter to
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spring (116 to 170 ng g* ww; Kruskal-Wallis p = 0.39), before falling from spring to summer

(57.9 ng g* ww; Kruskal-Wallis p = 0.066).
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Figure 6.5: Seasonality of > plasticiser concentrations in sediments of the Firth of Forth (ng g
L ww); Win = winter; Spr = spring; Sum = summer; samples <LOD (n=7/73) were assigned a
value of zero so as to avoid overestimation; statistically significant differences are indicated

by letters (a, b; Kruskal-Wallis, p < 0.05).

The average annual channel flow in the Firth of Forth is 63 m? s, although there is marked
seasonal variation, with flows reaching <10 m® s in summer and >300 m? s in winter (Balls,
1992). Such a range of flows is likely to act as one of the primary regulators of seasonal
contaminant input and transport into and from the estuary. That ) plasticiser was greater at
the outer estuary in winter than in spring, but was greatest at the inner estuary in spring,
indicates that distance from estuary mouth may play a role in determining the overall effect of
changes in channel flow. That total estuary concentrations were generally greater in winter

and spring than in summer may be partly due to a greater number of storm events that result
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in urban runoff inputs and uncontrolled release of untreated sewage from storm overflows
during winter and spring. Furthermore, as the outer estuary sites were situated on the eastern
extent at the boundary with the North Sea (Figure 6.1), the reduction in flow rate associated
with the increased channel width in this region may further cause the deposition of any
contaminated sediments transport from upstream (e.g. at the inner estuary) during these high-
flow periods, potentially explaining why concentrations at the outer estuary were higher in

winter.

Consistent with the results found in our study, Zhang et al. (2020a) found that increased
plasticiser flux from terrestrial sources due to runoff and leaching during the wet season
contributed to greater plasticiser concentrations in water and sediment. In contrast to the
results here and those of Zhang et al. (2020a), other studies have reported greater plasticiser
concentrations in the dry season, attributed primarily to greater dilution effects in the wet
season (Paluselli et al., 2018b; Z. M. Zhang et al., 2020b), or little seasonal impact (Wang et
al. 2021). Local-scale factors such as the degree and nature of source intensity, in addition to

regional climate factors, may account for the differences in the results between these studies.
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Figure 6.6: Plasticiser profiles in sediments in the Firth of Forth; Win = winter; Spr = spring;

Sum = summer.

The plasticiser profiles at the inner estuary and the outer estuary were dominated by DEHP in
every season (73-97% of ) plasticiser). Two primary differences were found between the
plasticiser profiles between the two sampling areas. Firstly, DiDP was not detected at any
outer estuary sampling sites, but accounted for up to 19% of } plasticiser at the inner estuary
(Figure 6.6). Secondly, the emerging plasticiser DEHTP contributed 7.4% and 14% to the total
plasticiser load at the outer estuary sites in winter and spring, but only 3.3% and 0.5% at the
inner estuary in those seasons. The differences in these profiles may partly reflect differences
in plasticiser transport. For example, DiDP is highly hydrophobic (logKow = 9.46) and therefore
may partition rapidly to sediment and be retained closer to sources, resulting in the higher
relative abundance at the inner estuary. Furthermore, the high LOD of DiDP (59.5 ng g ww)

may be masking low-level DiDP contamination at outer estuary sites, particularly as the
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concentrations of all plasticisers were generally lower at the outer than at the inner estuary
sites. That DEHTP was present at higher relative abundance in the outer estuary than inner
estuary may partly arise from the lack of detection of DIDP at the outer estuary, in addition to
greater transport of DEHTP than e.g. DiDP or TOTM, which have greater logKow values and

thus may partition more strongly to sediment closer to the inner estuary.

6.3.4 Implications of plasticisers in the Firth of Forth

The uptake of phthalates and emerging plasticisers has been shown to occur in a range of
coastal and marine species, e.g. fish (Castro-Jiménez and Ratola, 2020; H. Hu et al., 2020;
Hu et al., 2016), molluscs (Castro-Jiménez and Ratola, 2020; Hu et al., 2016; Tsochatzis et
al., 2019), and crustaceans (H. Hu et al., 2020; Hu et al., 2016). The Firth of Forth is home to
a number of benthic fish species which may be particularly exposed to plasticiser
contamination of bed sediments due to their feeding patterns which can lead to direct exposure
through the ingestion of contaminated sediment (Greenwood and Hill, 2003). The phthalate
DEHP has been associated with endocrine disruption in medaka and salmon (Norman et al.,
2007; Ye et al., 2014), immunotoxicity in trout (Martins et al., 2015), and cytotoxicity and
genotoxicity in sea bass (Molino et al., 2019). DEHP may also harm development in marine
copepods (Forget-leray et al., 2005). Therefore, the occurrence of some phthalates with
known toxicity (e.g. DEHP) in estuary sediments of almost 4000 ng g ww indicates that
plasticisers may be presenting an exposure of uncertain risk to some species in the Firth of
Forth. The effects levels seen in the majority of toxicity studies are based on experiments that
typically administer the chemical through diet conducted via in vitro tests. This makes it difficult
to link such results to sediment concentrations that lead to exposure over highly extended
timescales. Further work is therefore required to understand the implications of plasticiser

contamination on the benthic species in this estuary, such as studies of how plasticisers are
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taken up in common species and whether there is any potential for these compounds to

transfer through tropic networks.

The First of Forth is recognised as one of the most important estuaries in the UK for its wildlife
and conservation value. The island of Inchkeith (in the inner estuary) and the Isle of May (in
the outer estuary) host nationally important colonies of numerous seabirds, such as shags,
common guillemots, Atlantic puffins, and razorbills (Wanless et al., 2018). Furthermore, Bass
Rock (another island in the outer estuary, to the south west of the Isle of May) is an
internationally important breeding ground for the northern gannet, representing approximately
11% of the total global northern gannet population during the breeding season (Mitchell et al.,
2004). Sandeels and benthic fish have been identified as primary constituents of the diets of
these seabirds (Wanless et al., 2018). Thus, due to feeding behaviours and the occurrence of
plasticisers in the estuary sediments, there is potential for the bioaccumulation of plasticisers
in seabird species in the Firth of Forth. There is no data available on the bioaccumulation and
concentrations of plasticisers in seabirds, and the toxicity and effects levels of plasticisers in
seabirds have also not been assessed. However, the concentrations of plasticisers in the

sediments measured here indicate a small, but likely year-round exposure potential.

Although we found that emerging plasticisers represent only a small proportion of the total
measured plasticiser concentration relative to phthalates, market trends indicate that the use
of emerging plasticisers will increase in the future as phthalates are increasingly phased out
(CEFIC, 2021). To date, there are only a handful of studies of the occurrence of emerging
plasticisers in marine species. Despite their relatively low abundance, some emerging
plasticisers have been detected at similar levels to phthalates such as DEHP in the tissues of
amphipods (Lo Brutto et al., 2021), fish and seagrass (Jebara et al., 2021). Despite this, very
little is known about the ecotoxicological state of these compounds in coastal and marine biota

(Chapter 5).
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6.4 Conclusions

This study investigated the occurrence of legacy phthalate plasticisers and emerging
plasticisers in sediments from the Firth of Forth estuary in Scotland, UK. The plasticiser profile
remains dominated by the phthalate DEHP. The emerging plasticiser DEHTP was the third
most frequently detected plasticiser in the study and had the third greatest maximum
concentration, indicating that the growing use of this substance as a replacement for
phthalates may be leading to increased environmental occurrence. Aside from DEHP, DMP
and DEHTP, other phthalates (e.g. DiBP, DnBP) and emerging plasticisers (DEHA and TOTM)
were rarely detected although were present in comparable quantities. Thus, it appears that
emerging plasticisers are as widespread as the phthalate compounds which they have been

designed to replace, albeit at low concentrations.

Y plasticiser concentrations in the estuary were significantly greater in the inner than outer
estuary, likely due to increased dilution of contaminants towards the estuary mouth, and the
proximity of the inner estuary sites to sources of plasticisers such as wastewater treatment
plant outfalls (both municipal and industrial), current-use and legacy landfill sites, and other
discharges from industrial and urban areas. ) plasticiser concentrations were also generally
greatest in winter and spring than in summer, and differences were observed in the seasonal
patterns of ) plasticiser between the inner and outer estuary. These differences were possibly
driven by contrasts in the degree and timing of sediment resuspension caused by distance
from the estuary mouth and variations in flow conditions between winter and summer.
> plasticiser concentrations were negatively correlated with water column depth and distance
from the shore, indicating that the magnitude of plasticiser contamination declines with

distance from source areas.

The occurrence of plasticisers may be posing an exposure risk to biota in the estuary, with
DEHP exhibiting particularly high sediment concentrations of ~4 ug g* ww. This is similar to

soil concentrations which have been shown to bioaccumulate in terrestrial invertebrates (Hu
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et al., 2005). Phthalates have also been shown to be taken up by marine biota, and the
occurrence of plasticisers in sediments in the Firth of Forth may result in the uptake of these
contaminants by sediment-dwelling biota such as sandeels, and benthic fish, both of which
form a significant portion of the diet of a number of seabird species. Better understanding of
the ecotoxicology and effects thresholds of legacy and emerging plasticisers is needed in
order to assess the existing and future risks that these contaminants may pose to estuarine

and near-shore ecosystems.
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7.1 Conclusions

Based on the field studies and laboratory experimental work conducted during the course of

this PhD project, we can draw a number of conclusions:

Multiple classes of plasticiser are widely present in UK soils and sediments. Prior to
the work described in Chapters 3 and 6, there had been few studies of the occurrence of
plasticisers in the UK terrestrial or estuarine environments. As far as the author is aware,
the only monitoring of plasticisers in UK soils to have been conducted prior to the
publication of this thesis was a survey of single phthalate in Scottish soils, as part of a
larger analytical monitoring suite (Rhind et al., 2013a). Studies of the occurrence of
plasticisers in UK estuaries date from over 25 years ago, and also focussed on a limited
number of key phthalates (Law et al., 1991; Long et al., 1998; Preston and Al-Omran,
1989). The results from Chapters 3 and 6 represent the first multi-class survey of legacy
and emerging plasticisers in the UK environment. Work of this nature is increasingly

important as the current shifts in use from phthalates to emerging plasticisers continue.

In situ plastic waste is only partially responsible for the occurrence of plasticisers
in soils. The field study (Chapter 3) showed that whilst plasticiser concentrations in soils
were significantly correlated with surface plastic waste, this correlation could only explain
~25% of the variance in plasticiser concentrations. Furthermore, no significant correlation
was found between plasticiser and microplastic concentrations in the soils. Even after
limitations in analytical methods and sample sizes are taken into account, these results
suggest that a proportion of the plasticiser contamination in UK soils is derived from

external sources, such as airborne transport or runoff from adjacent land.

Phthalates remain the dominant class of plasticiser in UK soils and sediments.
Plasticiser profiles in soils (Chapter 3) as well as estuarine and coastal sediments (Chapter
6) were found to be typically dominated by phthalates. Emerging plasticisers such as

trimellitates, adipates, terephthalates and citrates were found to be widespread and in
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comparable concentrations to some restricted phthalates, although the absolute
concentrations of these emerging plasticisers were generally low and below those of the

major detected phthalates.

e Plasticisers can be released rapidly from microplastics in soils. The results from the
plasticiser release experiment (Chapter 4) indicated that a proportion of the plasticiser load
associated with microplastics is rapidly released into soils following microplastic addition.
Whilst the proportion of total plasticiser release from the pellets was estimated to be low
(<0.02 w/w), this raises questions around the longer-term ‘chronic’ input of the remainder
of the plasticiser present in the microplastic particles into soils. The differences seen in
plasticiser release rate between different soil types suggests that soil properties can play
a significant role in the release of plasticisers from plastics. Therefore, spatial differences
in plasticiser leaching rates may be expected, based on differences in soil properties in

addition to climate and seasonal variations.

e Some emerging plasticisers are among the most persistent plasticisers in soils, and
therefore may accumulate in the terrestrial environment. The degradation experiment
discussed in Chapter 4 demonstrated that the three most persistent plasticisers that we
studied were either non-phthalate emerging plasticisers (DEHPT, TOTM) or phthalate
plasticisers that are being used as replacements for restricted phthalates (DiDP).
Therefore, this persistence, in addition to the increasing use and production of emerging
plasticisers as phthalate-replacements, may cause the accumulation of such compounds

in the terrestrial environment.

o Plasticisers are significantly retained close to source areas in UK estuaries. Chapter
6 demonstrated that plasticisers in sediments in the Firth of Forth estuary were significantly
more abundant in the inner estuary than at the outer estuary. This is likely related to degree
of local source intensity in addition to the salting-out and partitioning behaviour of riverine-

associated plasticisers as they enter the estuary channel. The retention of plasticisers
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within the Forth estuary may have implications for the organisms present in the estuary

channel itself.

o Plasticiser contamination of UK soils and sediments may present a risk to
organisms, although effects thresholds are not well understood. The highest levels
of Y plasticiser detected in UK soils and estuarine/coastal sediments were ~3 ug g* dw
and 4 ug g* ww respectively (Chapters 3 and 6). These concentrations are comparable to
soil plasticiser concentrations which have been show to bioaccumulate in terrestrial
invertebrates (Hu et al., 2005; Chapter 2). However, as discussed in Chapters 2 and 5,
whilst plasticisers have been shown to be taken up by terrestrial and marine organisms,
the effects levels of plasticisers, and in particular emerging plasticisers, are poorly
understood. Therefore, assessment of the risks posed by these contaminants in the UK

warrants further study.

7.2 Suggestions for future work

The work carried out in Chapter 4 regarding the release of plasticisers from microplastic
particles could be built upon by expanding the types of polymeric material that are tested for
plasticiser release. This should include both pristine plastic materials, and environmentally
degraded plastics, in order to test the effects that aging of different polymer matrices has on
the release of plasticisers. Furthermore, the mass and type of plasticiser present in plastic
materials may depend not only on the intended use of the material, but the polymer used.
These properties may directly impact the mass balance of plasticiser between the particles
and the surrounding medium (e.g. soil, sediment). Thus in order to better capture the diverse
range of plastic waste detected in the environment (Chapter 3), an expanded range of

materials should be tested.

The persistence of some of the higher molecular weight plasticisers in soils (Chapter 4) raises

concerns around the potential for accumulation of these compounds in the terrestrial
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environment. Better understanding of the fate of these chemicals could be gained by ‘real-
field experiments of the degradation rates of emerging plasticisers relative to legacy
phthalates, as the observed half-lives of phthalates in soils appear to vary between studies

conducted in the laboratory and in the field (Chapter 2).

Plasticisers are an important part of the wider plastics debate. Due to their association with
plastic waste, the ongoing research into the impacts of microplastic on biota must therefore
take in to account the effects of plasticisers themselves on these organisms. Given the
evidence of widespread plasticiser contamination of both the terrestrial and estuarine
environments (Chapters 2 and 5), including in the UK (Chapters 3 and 6), a key future research
need is the determination of effects levels of plasticisers in soil and estuarine sediment
dwelling organisms. In particular, whilst there is evidence of the effects of phthalates on these
organisms, there are very few published studies concerning the ecotoxicological impacts and
potential for trophic transfer of emerging plasticisers in biota. Furthermore, the uptake and
elimination kinetics of plasticisers in terrestrial and estuarine organisms are virtually unknown.
Due to the occurrence in, and release of, plasticisers in microplastics, there is a possibility that
these particulates may act as vectors for plasticiser entry into organisms. Given the trends in
the increasing use of emerging non-phthalate plasticisers (and plastics as a whole), a re-
assessment of the risks posed by plasticisers in the environment is warranted. Future work to
investigate the fate of microplastics and plasticisers in terrestrial and estuarine organisms can

inform these assessments.

7.3 Personal reflections on working with microplastics and plasticisers - challenges

and opportunities

Any efforts to understand the true extent of the impact of plastic and plasticiser contamination
in the environment require the development and application of sound methods for the analysis

of these contaminants. Methods for the analysis of microplastics and emerging plasticisers
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are constantly being refined and developed, and therefore if the results obtained from
contemporary studies are to be analysed and reinterpreted in the context of future work that
may use increasingly optimised and refined methods, it is vital to clearly report the specifics
of the analytical methodologies used to measure these contaminants. This advice is
particularly applicable in the field of microplastics, e.g. detailed reporting of the size ranges
and limits of detection in microplastic studies will improve the relevance of contemporary

microplastic studies to researchers working in these fields in the future.

Given the current trends in the use of plasticisers (and plastics), it would be pertinent to
increase the scale to which these plastic additives are monitored in the environment, in
addition to broadening the analytical horizons of such monitoring. The results of the work
carried out during this project indicate that current and future environmental plasticiser
burdens are much more diverse than a small set of phthalates. Therefore, for researchers
moving into the field or for those revisiting existing methods and analytical suites, it will be
necessary to include not just phthalates in these analyses, but also emerging plasticisers such
as terephthalates, citrates, adipates, and trimellitates. This will enable us to ensure the
relevance and usefulness of such research moving forward, and increase the ability of the
data to answer the questions posed by future challenges of plasticisers, in order to more
accurately understand the behaviour and impact of these contaminants in the environment.
Additionally, acknowledging the limitations and challenges posed by such methods is
essential, as plasticisers and microplastics are often surprising in the number of ways in which
they can contaminate samples in the laboratory. For example, we would recommend
sonicating all analytical standards before use in order to eliminate, or at least minimise, the
changes in concentration of the plasticisers in solution caused by the sorption of the
compounds to the walls of the glassware. Furthermore, it is worth keeping in mind that the
development of methods for the extraction and analysis of plasticisers and microplastics is a

fine balance between sample clean-up (e.g. to ensure the best analytical sensitivity) whilst
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also minimising the number of processing steps in order to reduce potential contamination or

loss of the sample during the extraction process.

The fields of plastic and plasticiser pollution are growing increasingly relevant. Despite this,
there remains a relative dearth of studies of these contaminants in the terrestrial environment.
In particular, given the almost total lack of knowledge of the occurrence and impacts of
emerging plasticisers in the soil environment, studies to fill these knowledge gaps should be
prioritised (see Section 7.2). The use and production of emerging plasticisers will likely only
increase in the coming decade, and the relative persistence of some of these compounds in
soils indicates that ecotoxicological studies of the impacts of emerging plasticisers on
terrestrial, and in particular soil-dwelling organisms, are warranted. These investigations will
not only allow us to assess the impacts that these emerging contaminants pose at acute levels,
but they will also allow the chronic, sublethal effects of phthalates and emerging plasticisers
to be more clearly understood. Given the intrinsic link between plastics and plasticisers, these
contaminants cannot be viewed in isolation. Thus a holistic view of plastic pollution is required

if we are to properly assess the risk posed by plastic waste and plasticisers in the environment.
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Appendix Table S2.1: Chemical structures of the common classes of plasticiser.

Class Structure Example R1 R2 Rs
DEP CH2CHs R1
0]
oR BBP (CH2)3CH3 CHzAr
Phthalate OR'
2
DEHP CH,CH(CH,CH3)CH,CH,CH,CHjs R1
0]
DnOP (CH2)7CHs R1
0
R0
Terephthalate J\@W/OR DEHTP CH2CH(CH2CH3)CH2CH2CH2CHz3 Ri1
(0]
(0]
. . OR,
Trimellitate . ()Tﬂiﬁ% TOTM (CH2)7CHs R1 R1
(6] (6]
6]
Adipate R}())‘\/\Af"“f DEHA CH2CH(CH2CHz)CH2CH2CH2CHs R1
(6]
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A

O O

Citrate R;0 OR,
O 0
o OR,
0O
) OR,
DINCH
OR,
0

ATBC

DINCH

(CH2)3CHs3

CoH1g (mixture of isomers)
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Appendix Table S2.2: Mean phthalate concentrations (ug g*) extracted from all studies of plasticiser soil occurrence. Instances where phthalates

were present below the detection limit were assigned null values. Data was calculated manually for sampling groups 35-37 and 98-101. Any non-

detects were assigned concentrations of half of the detection limit during manual mean concentration calculations. Data for sampling groups 98-

101 were calculated as the mean value for the year from the 3 different sampling points. For the sake of consistency, the total sum phthalate

concentration for each sampling group was calculated from the individual mean concentrations reported in each study.

Study sample group

Region

Description

Land use

Target analytes

DMP

DEP

DnBP

BBP

DnOP

DnNP

DiNP

DiDP

DPrP

DMEP

DMPP

DEEP

DnPP

DnHxP

DnHpP

HEHP

DCHxP

DPhP

Sum phthalates

Study

-

China

Soil from
vegetable
greenhous
es (n=111)

Agricult

N
o

0.364

0.108

1.471

0.194

1.239

0.026

0.015

0.246

0.041

0.088

0.084

0.035

0.240

6.749

(Chai et al
2014)

2 China

Agricultural
soil from
greenhous
es and
open fields
from
Shenyang
(n=16)

Agricult
ure

0.032

0.114

0.325

0.961

0.407

1.839

3 China

Agricultural
soil from
greenhous
es and
open fields
from
Beijing
(n=12)

Agricult
ure

0.047

0.116

0.315

0.597

0.448

1.523

4 China

Agricultural
soil from
greenhous
es and
open fields
from
Xianyang
(n=6)

Agricult
ure

0.038

0.147

0.298

0.362

0.382

1.227

5 China

Agricultural
soil from
greenhous
es and
open fields
from
Shouguang
(n=12)

Agricult
ure

0.046

0.149

0.341

0.659

0.491

1.686

(Chen et al.
2017)
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China

Agricultural
soil from
greenhous
es and
open fields
from
Siyang
(n=11)

Agricult
ure

0.023

0.095

0.241

0.336

1.345

China

Agricultural
soil from
greenhous
es and
open fields
from
Haimen
(n=12)

Agricult
ure

0.026

0.09

0.243

0.55

0.344

1.253

China

Agricultural
soil from
greenhous
es and
open fields
from
Nanjing
(n=13)

Agricult
ure

0.031

0.108

0.221

0.491

0.39

1.241

China

Agricultural
soil from
greenhous
es and
open fields

Agricult
ure

0.022

0.108

0.223

0.157

0.365

0.875

10

China

Agricultural
soil from
greenhous
es and
open fields
from
Fuzhou
(n=12)

Agricult
ure

0.04

0.128

0.363

0.463

0.446

1.440

11

China

Agricultural
soil from
greenhous
es and
open fields

Agricult
ure

0.032

0.088

0.311

0.263

0.314

1.008

12

China

Urban
surface
soils (n=?)

Urban

13

0.01

0.01

0.09

0.04

0.01

0.01

0.06

0.630

13

China

Urban deep
soils (n=?)

Urban

13

0.01

0.02

0.04

0.04

0.08

0.01

0.01

0.03

0.410

(Cheng et
al. 2015)

14

China

Agricultural
soil (n=32)

Agricult
ure

0.0131

0.0087
4

0.217

0.254

0.0001
3

0.118

0.00681

0.618

15

China

Riparian
soil (n=26)

Mixed

0.0144

0.0113

0.194

0.225

0.0003
7

0.108

0.00667

0.560

(He et al
2018)

16

China

Urban soils
of the YRD
(n=17)

Urban

11

0.030

0.001

0.049

1.392

3.399

0.011

0.018

4.900

17

China

Suburban
soils of the

Urban

11

0.027

0.251

0.104

0.657

2.701

0.025

0.005

0.053

0.061

3.884

(Hongjun et
al. 2013)
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YRD
(n=28)

18

China

Rural soils
of the YRD
(n=37)

Rural

11

0.032

0.089

0.413

1.224

0.005

0.019

1.782

19

China

Agricultural
soil from
Chongquin
g (n=1)

Agricult
ure

0.0035

0.0015

0.009
4

0.0092

0.0798

0.103

20

China

Agricultural
soil from
Shanxi
(n=1)

Agricult
ure

0.0029

0.001

0.011
3

0.0095

0.0369

0.062

21

China

Forest soil
from
Zheijang
(n=1)

Rural

0.0037

0.0021

0.017
7

0.0161

0.0824

0.122

22

China

Urban soil
from Jilin
(n=1)

Urban

0.0167

0.0072

0.123
2

0.1007

1.1422

0.001
5

0.008
7

0.006
9

1.407

23

China

Agricultural
soil from
Zheijang
(n=1)

Agricult
ure

0.0047

0.002

0.028
9

0.1005

0.1462

0.282

(Hu et al
2020)

24

China

Agricultural
soil (n=8)

Agricult
ure

0.001

0.651

25

China

Garden soil
(n=10)

Urban

0.003

0.203

26

China

Roadside
soils (n=6)

Urban

0.250

(K:
ong et al
2018)

27

China

Suburban
agricultural
and
wasteland
soil -
farmland,
vegetable
and
orchard
(n=85)

Mixed

0.018

0.022

0.070

0.064

0.295

0.189

0.658

(Kong et al.
2012)

28

China

Urban soils
(n=30)

Urban

0.010

0.016

0.311

0.790

0.029

1.875

0.031

3.062

(Li et al
2006)

29

China

Soil from
vegetable
greenhous
es (n=60)

Agricult
ure

15

0.008

0.02

0.004

0.38

0.002

0.000

0.000

0.001

0.002

0.002

0.990

(Li et al
2016a)

30

China

Agricultural
soils from
36 fields
(n=108)

Agricult
ure

16

1.118

1.987

0.292

0.364

0.131

0.102

0.196

0.019

1.071

0.125

6.375

(Li et al
2016b)

31

China

Agricultural
soil from
suburban
greenhous
es (n=32)

Agricult
ure

0.0177
5

0.0988
8

0.0190
6

0.19237

0.02368

0.352

(Li et al
2020)
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32

China

Soil in the
vicinity of
landfill
(n=4)

Landfill

16

0.0272

0.0124

0.232

0.0603

0.0197

0.3021

0.147

0.026

0.063

0.005

0.021

0.004

0.923

33

China

Soil used to
cover
landfill
(n=2)

Landfill

16

0.0648

0.252
8

0.1706

0.0905

3.3102

0.051
8

0.052
8

0.225
7

4.219

34

China

Alluvial
soils (n=26)

Mixed

16

0.0209

0.2045

0.144
2

0.0815

0.0159

0.3292

0.027
4

0.017
3

0.004
9

0.009
9

0.011
1

0.021
4

0.0071

0.031
5

0.927

(Liu et al.
2010b)

35

China

Agricultural
soils from
industrial
greenhous
es (n=40)

Agricult
ure

0.0179
25

0.0205
25

1.7325

0.84367
5

0.0119

2.627

(Ma et al
2019)

36

China

Agricultural
soils from
industrial
greenhous
es (n=40)

Agricult
ure

0.0192

0.0316

0.8166
5

0.0005

1.18727
5

0.40732
5

2.463

(Ma et al
2020)

37

China

Agricultural
soils (n=15)

Agricult
ure

0.0283
1

0.0446
67

0.3069
27

0.0001
9

0.22702
7

0.00415
667

0.611

(Song et al.
2021)

38

China

Agricultural
soils
(n=241)

Agricult
ure

15

0.023

0.0038

0.086

0.0949

0.001

0.546

0.0069

0.008

0.002

0.001

0.003

0.002

0.000

0.0183

0.035

0.833

(Sun et al
2016)

39

China

Agricultural
soils (n=89)

Agricult
ure

16

1.836

0.25

0.252

0.919

0.023

0.96

0.685

0.005

0.246

0.006

0.053

0.005

0.006

0.072

0.007

5.325

(Tao et al
2020a)

40

China

Mixed land
uses
(n=1757)

Mixed

0.0049
7

0.0104

0.1718

0.0089
3

0.342

0.011

0.549

(Teng et al.
2015)

41

China

Agricultural
soil - CK

(no
polytunnel
or mulch
film) (n=8)

Agricult
ure

0.003

0.003

0.023

0.001

0.411

0.013

0.454

42

China

Agricultural
soil - HS
(n=31)

Agricult
ure

0.002

0.003

0.115

0.001

0.622

0.064

0.807

43

China

Agricultural
soil - GL
(double
polytunnel,
single layer
mulch film)
(n=39)

Agricult
ure

0.008

0.006

0.262

0.006

2.445

0.458

3.185

China

Agricultural

polytunnel,
single layer
mulch film)
(n=27)

Agricult
ure

0.001

0.007

0.201

0.001

1.419

0.240

1.869

45

China

Agricultural
soil - PK
(single
layer
polytunnels
, mulch

Agricult
ure

0.003

0.006

0.236

0.007

2.877

0.026

3.155

(Wang et al
2013a)
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film,
alternating
every 2-3
years)
(n=22)

46

China

Agricultural
soils -
paddy field

Agricult
ure

0.0278

0.0603

0.1596

0.020

0.2215

0.0434

0.533

47

China

Agricultural
soils -
vegetable
field

Agricult
ure

0.0252

0.0364

0.0704

0.0124

0.1365

0.0274

0.308

48

China

Agricultural
soils - bean
field

Agricult
ure

0.0212

0.0361

0.0299

0.0102

0.1454

0.0255

0.268

(Wang et al
2017)

49

China

Suburban
agricultural
soil in
greenhous
es (n=44)

Agricult
ure

0.004

0.005

0.17

0.006

1.84

0.2

2.225

(Wang et al
2015a)

50

China

Urban soils
(n=62)

Urban

0.0235

0.0234

0.5217

0.0117

0.7653

0.0235

1.346

(Wang et al
2018)

51

China

Agricultural
soils from 4
fields
(n=59)

Agricult
ure

0.0543
1

0.0194
6

0.3165
9

0.0394
8

0.16617

0.0423

0.638

(Wang et al
2015b)

52

China

Cultivated
agricultural
surface
soils (n=23)

Agricult
ure

0.0266

0.0349

0.0285

0.0279

0.118

(Wang et al
2013b)

53

China

Agricultural
soils
(n=228)

Agricult
ure

0.0061
2

0.0008
61

0.183

0.00697

0.197

(Wei et al
2020)

54

China

Residential
soils from a
non-
industrialis
ed area
(n=44)

Urban

0.67

1.08

1.66

1.25

11.12

0.65

16.43

55

China

Roadside
soils from a
non-
industrialis
ed area
(n=36)

Urban

0.83

1.37

20.71
0

56

China

Farmland
soils from a
non-
industrialis
ed area
(n=32)

Agricult
ure

11

16.59

24.20
0

57

China

Non-
cultivated
soils from a
non-
industrialis
ed area
(n=33)

Rural

0.53

0.91

13

0.56

15.93
0

(Wu et al
2015)
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58

China

Residential
soils from

an
industrialis
ed area
(n=44)

Urban

16

26

39.83
0

59

China

Roadside
soils from
an
industrialis
ed area
(n=36)

Urban

217

4.41

8.79

175

31

149

49.61

60

China

Farmland
soils from
an
industrialis
ed area
(n=32)

Agricult
ure

2.1

4.01

4.88

2.36

16.61

149

31.45

61

China

Non-
cultivated
soils from
an
industrialis
ed area
(n=33)

Rural

2.62

13

21.42

62

China

Urban soils
(n=127)

Urban

0.0061
84

0.0012
74

0.9900
3

0.1397

0.00237
4

1.140

63

China

Rural soils
(n=40)

Rural

0.3551

0.02214

0.377

(Xia et al
2011)

64

China

Agricultural
soils

Agricult
ure

14.06

4.858

18.91
8

65

China

Agricultural
soils

Agricult
ure

7.60

2.35

9.950

(Xu et al
2008)

66

China

Agricultural
soils,
Panyu
district
(n=10)

Agricult
ure

16

0.005

0.008

0.056

0.095

0.729

0.001

0.001

0.015

0.001

0.005

0.003

0.002

0.007

0.928

67

China

Agricultural
soils,
Haizhou
district
(n=4)

Agricult
ure

16

0.026

0.052

0.585

0.454

0.077

0.024

0.052

0.008

0.016

0.008

0.044

5.176

68

China

Agricultural
soils,
Tianhe
district
(n=12)

Agricult
ure

16

0.006

0.006

0.071

0.121

0.004

0.597

0.007

0.001

0.001

0.035

0.003

0.015

0.003

0.007

0.877

69

China

Agricultural
soils, Liwan
district
(n=8)

Agricult
ure

16

0.025

0.039

0.273

0.323

0.035

4.09

0.009

0.009

0.034

0.004

0.007

0.002

0.010

0.015

0.014

4.889

70

China

Agricultural
soils,
Baiyun
district
(n=6)

Agricult
ure

16

0.009

0.012

0.068

0.089

0.025

0.610

0.006

0.025

0.005

0.037

0.092

0.001

0.027

1.006

(Zeng et al.
2008)
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71

China

Roadside
soils (n=17)

Urban

16

0.152

0.092

7.15

8.13

0.402

63.2

0.561

0.001

0.003

0.093

0.038

0.064

0.002

0.073

0.026

0.036

80.05
3

72

China

Soil from
residental
areas
(n=13)

Urban

16

0.074

0.034

0.032

0.017

0.007

0.025

0.118

0.043

0.004

0.026

0.033

0.008

0.025

20.19

73

China

Parkland
soils (n=7)

Urban

16

0.067

0.036

0.047

0.004

0.008

0.025

0.062

0.018

0.007

0.003

0.009

0.014

33.40
0

(Zeng et al.
2009)

74

China

Agricultural
soils from
both open
and
greenhous
ed-fields
(n=78)

Agricult
ure

16

0.019

0.039

0.637

0.249

0.016

0.669

0.004

0.004

0.028

0.009

0.013

0.097

0.007

0.046

0.016

1.853

(Zeng et al.
2020)

75

China

Residential
soil (n=11)

Urban

16

0.1175
9

0.0194
6

0.940
[

2.1310
7

0.0711
6

2.95386

0.30139

0.952
83

0.033
31

3.719
06

0.013
95

12.542
89

3.957

0.030
93

27.78

76

China

Residential
soil (n=7)

Urban

16

0.1367
1

0.0108
3

0.550
48

1.6654
6

0.0320
8

0.70835

0.02596

0.506
38

0.045
a4

2.720
03

0.004

2.2067
9

1.840
14

0.003
91

10.45

7

China

Agricultural
soil (n=28)

Agricult
ure

16

0.0964

0.0133
2

0.443
04

1.9014
8

0.0348
3

0.3838

0.06273

0.144
71

0.019
17

2.584
17

0.006
89

1.8930
1

0.703
56

0.006
73

8.294

(Zhang et
al. 2019)

78

China

Agricultural
soils (n=13)

Agricult
ure

0.024

0.026

0.045

0.022

0.143

0.036

0.296

(Zhang et
al. 2015a)

79

China

Soils from
agricultural
greenhous
e facilities
sampled in
Spring
(n=9)

Agricult
ure

15

0.219

0.248

0.071

0.462

0.053

0.898

0.05

0.05

0.049

0.042

0.058

0.048

0.096

0.043

0.054

2.441

80

China

Soils from
agricultural
greenhous
e facilities
sampled in
Summer
(n=9)

Agricult
ure

15

0.156

0.556

0.076

0.655

0.059

1.471

0.047

0.05

0.072

0.060

0.038

0.053

0.067

0.090

0.049

3.499

81

China

Soils from
agricultural
greenhous
e facilities
sampled in
Autumn
(n=9)

Agricult
ure

15

0.013

0.286

0.046

0.263

0.033

0.995

0.064

0.059

0.056

0.037

0.028

0.048

0.077

0.048

0.093

2.146

(Zhang et
al. 2015b)

82

China

Soil (1=93)
from
‘plastic-
sheds'

grow
vegetables

Agricult
ure

16

0.0352

0.0187

0.197

0.144

0.0697

0.181

0.091

0.030
3

0.066
9

0.060
8

0.143

1.038

(zhou et al.
2020a)

83

Europ
e

Agricultural
soils
collected
from across
the Czech
Republic
(n=40),
collected in
2011, 2013
and 2017. |

Agricult
ure

0.950

(Langova et
al. 2020)
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have noted
her the
2011
concentrati
ons.

84

Europ
e

Agricultural
soils
collected
from across
the Czech
Republic
(n=40),
collected in
2011, 2013
and 2017. |
have noted
her the
2013
concentrati
ons.

Agricult
ure

0.740

85

Europ
e

Agricultural
soils
collected
from across
the Czech
Republic
(n=40),
collected in
2011, 2013
and 2017..
| have
noted her
the 2017
concentrati

Agricult
ure

0.770

86

Europ
e

Soils of
various
vegetations
and soil
types
collected
from all
over
Scotland
over three
years -
Arable
(n=17)

Agricult
ure

0.153

0.153

87

Europ
e

Soils of
various
vegetations
and soil
types
collected
from all
over
Scotland
over three
years - Dry
and moist
heath
(n=38).

Rural

0.234

0.234

88

Europ
e

Soils of
various
vegetations
and soil
types
collected
from all
over
Scotland
over three
years -
Improved

Rural

0.0949

0.095

(Rhind et al.
2013)
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grassland
(n=28)

89

Europ

Soils of
various
vegetations
and soil
types
collected
from all
over
Scotland
over three
years -
Mire and
wet heath
(n=59).

Rural

0.302

0.302

90

Europ
e

Soils of
various
vegetations
and soil
types
collected
from all
over
Scotland
over three
years -
Non-native
conifer
(n=21).

Rural

0.210

0.210

91

Europ
e

Soils of
various
vegetations
and soil
types
collected
from all
over
Scotland
over three
years -
Unimprove
d grassland
(n=20).

Rural

0.167

0.167

92

Europ
e

Urban soils
(n=30)

Urban

0.014

0.007

0.072

0.003

0.729

0.005

0.830

(Skrbie et
al. 2016)

93

Europ
e

Forest soil
(n=1)

Rural

0.0000
2

0.0014
4

0.017
3

0.0052

0.0274

0.008
2

0.060

94

Europ
e

Rural soil
(n=1)

Rural

0.001

0.0047

0.002
6

0.004

0.0003
9

0.121

0.0035

0.003 0.013
3 5

0.154

95

Europ
e

Agricultural
soil (n=1)

Agricult
ure

0.0075

0.038
9

0.0096

0.0013

0.242

0.067 0.040
4 2

0.407

96

Europ
e

Urban soil
(n=2)

Urban

0.0012
5

0.093

0.021
5

0.0925

0.0026

0.0034

0.5 0.065

1.089

(Tran et al
2015)

97

Europ
e

Soil
samples
from 4
different
locations
used to
grow crops,
sampled at
three times
throughout
the year.

Agricult
ure

0.4

0.185

0.585

(Zornikova
etal. 2011)
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98

Europ
e

Soil
samples
from 4
different
locations
used to
grow crops,
sampled at
three times
throughout
the year

Agricult
ure

0.06833
333

0.678

99

Europ
e

Soil
samples
from 4
different
locations
used to
grow crops,
sampled at
three times
throughout
the year

Agricult
ure

113

0.62

1.750

100

Europ
e

Soil
samples
from 4
different
locations
used to
grow crops,
sampled at
three times
throughout
the year

Agricult
ure

0.075

0.615

101

India

Soil in
vicnity of E-
waste
dismantling
sites (n=5)

Urban

0.023

0.028

0.039

0.140

0.614

0.034

0.878

102

India

Soil in
vicinity of
E-waste
shredding
sites (n=4)

Urban

0.007

0.013

0.029

0.029

0.029

0.011

0.118

103

India

Soil in
vicinity of
E-waste
precious
metal
recovery
sites (n=5)

Urban

0.006

0.010

0.021

0.054

0.044

0.004

0.139

104

India

Soil near
open
municial
landfill sites
(n=11)

Landfill

0.005

0.010

0.021

0.023

0.021

0.013

0.093

(Chakrabort
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Appendix Table S2.3: Limits of detection (LODSs) for phthalates from all studies (n=43) of soil occurrence. If method LODs were not available,

instrumental LODs were noted instead, if possible to do so. Values are in mg L™ or pug g*. nr = not reported, M = method, | = instrumental

LOD Uni Typ

Study Range t e DMP DEP DiBP DnBP BBP DEHP DnOP DnNP DiNP DiDP gPr DMEP DMPP DEEP DnPP DnHxP Ean HEHP DBEP DCHxP DPhP
(2%23') o g:ggi- L“gg—l M nr 0.002 nr nr nr 0.024 nr nr nr nr nr nr nr nr nr nr
(e((::?kzrglllg;ty gggggz L“gg, M 0.00016 0.00009 0.00015 0.00024 0.00018 0.00015

(2%23)'1 et al. <0.00212 E;g] M nr nr nr nr nr

(Z%'If—,)ng et al gggg E;g] nr 0.002 nr nr nr nr 0.022 nr nr nr nr r o .

foig " " | oovors | kgr | ™| m = o - o o

(a'ﬁoznogig)n « g:gggg ?gg; ! nr nr nr nr nr nr nr nr r o r

%;0) et al g:ggggg’ kmg% M 0.00141 0.0025 0.00311 0.0047 0.0011 0.0108 0.00074 0.00059 | 0.00144 | 0.00119 2.0010 2.0010 000084 | 0.00096
(n;;a:‘m;ft;yotll‘g) 0.11-0.13 kmg% M nr 0.11 nr nr 013 nr

(Zlf)(;l;g); et al nr

G20 | oo | 0F | ™ 000011 000005

(Li et al. 2006) gg?s; kmgg] nr nr 0.002 nr nr nr 0.0197 nr

(2%158)91 & ggggg* T]g | nr nr nr nr nr nr nr nr nr nr nr nr nr nr nr
(zlfl‘lfSh)e{ * g:ggi- kmg% M nr 0.002 nr nr nr 0.024 nr nr nr nr nr nr nr nr nr nr
(Li et al. 2020) g:ggg}‘ k’"g% M 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001

(ZLD‘TDb)e[ o gggggﬁ Lmlg nr nr nr nr nr nr nr nr nr nr nr nr nr nr nr nr nr

(ZLO‘TOa)et a g:ggggﬁ— Tlg nr nr nr nr nr nr nr nr nr nr nr nr nr nr nr nr nr

Soig % | oo | 0 | | m o m o o
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%20) et al g‘gggég' T? nr nr nr nr nr nr nr
%'I';)d eta | gos E;l nr 0.05
(Skibic et al.
2016) n
(Song et al 0.0001- mg |
2021) 0.0006 kg] nr nr nr nr nr nr
(Sun et al 0.00005— mg
2016) 0.00028 kg‘ nr nr nr nr nr nr nr nr nr nr nr nr nr nr nr nr
(Tao et al
2020a) nr
(Teng et al 0.00001- mg
2015) 0.000025 kg‘ nr nr nr nr nr nr nr
0.000001
(Tran et al. | 2- mg | 0000002 | 0.000001 | 0.000001 | 0.000001 | 0.000003 | 0.000001 | 0.000001 0.000007 | 0.000003
2015) 0000007 | kgt 2 2 5 3 5 5 8 1 1
1
(Wang et al. 0.00010- m
(201389) 0.00031 L]g I nr nr nr nr nr nr
(2‘3,13;)9 et al | 0.00276- A Y 000375 | 0.00421 000276 | 000353 | 000684 | 0.00411
(Wang et al. | 505011 [ M | m 0.03 0.04 0.05 0.02 0.08 011
Soiy) .02-0. By X X X X X .
(z‘gfsn)g et al | 0.0008 E’g?l M 0.0016 0.0035 0.0008 0.0089 0.0019 0.0014
R Mol 0.013 0.028 0.071 0.006 0.015 0.011
(Wang et al. 0.0001- mg
2013b) 0.001 kgt | " n n n n
(ngzel‘)) et al ggggé‘ kmgg] nr nr nr nr nr nr nr
(2‘3’;'5) et al | 600004 | o 0.02 0.03 0.03 0.02 0.04 0.04
(;é‘fl) et al | ooomas HEA Y 0000143 | 0.000143 0.000286 0.000286 | 0.002857
(;égs) et a1 501001 A 001 001
(Zeng et al.
2008) "’
(Zeng et al
2009) "’
(2%%% N ?991 o 0000695 | 0000299 | 0000505 | 0000928 | 000073 | 000127 0.00255 00030 CO003 | 00002 | O000Bs | 000045 | G000 CO003 | 000088 | 00012
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‘2%'12?9 et al. g:gg%g— T? nr nr nr nr nr nr nr nr nr nr nr nr nr nr nr nr nr
T | [ | TN

(2%'11%';&)1 etal | 00005 o 000251 | 0.0038 0.00469 000187 | 000313 | 0.00079 0.00137 0.0005 000331 | 000434 | 0.00113 o007 0.0022 0.0019 9004
(2%';%:) et al o.ou1e- L“g?] nr 0.0045 0.0035 0.002 0.0018 0.0025 0.0078 0.0068 0.0066 0.0022 0.002 0.0038 0.0027 0.0023 0.0032 0.0058 0.0052
g"égilkf)"é e | 003003 L“g‘?‘ nr 0.03 0.03
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Appendix Table S2.4: Half-lives of phthalates in soils and amended soils.

Phthalate Half-life (days) Media Initial concentration (ug g™) | Temperature (°C) | Soil pH | Study
DEP 0.75 Soil 0.1 20 6.25 (Cartwright et al. 2000)
DEHP 14 Soil 50 30 4

DEHP 6.3 Soil 50 30 7

DEHP 8.7 Soil 50 30 9

DnBP 2.8 Amended soil 50 30 7

DnBP 1.7 Amended soil 50 30 7

DnBP 2.2 Amended soil 50 30 7

DnBP 1.9 Amended soil 50 30 7

DnBP 15 Amended soil 50 30 7

DnBP 2.6 Amended soil 50 30 7

DnBP 2.8 Amended soil 50 30 7

DnBP 2.4 Amended soil 50 30 7 (Chang et al. 2009)
DnBP 3.2 Amended soil | 50 30 7

DnBP 2.8 Amended soil 50 30 7

DnBP 2.2 Amended soil | 50 30 7

DnBP 3 Amended soil 50 30 7

DnBP 35 Soil 50 5 7

DnBP 6.9 Soil 50 15 7

DnBP 2.8 Soil 50 30 7

DnBP 5 Soil 50 40 7

DnBP 5.8 Soil 50 30 4

DnBP 2.8 Soil 50 30 7
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DnBP 4.6 Soil 50 30 9
DEHP 6.3 Amended soil 50 30 7
DEHP 53 Amended soil | 50 30 7
DEHP 5.8 Amended soil 50 30 7
DEHP 5 Amended soil | 50 30 7
DEHP 4.6 Amended soil 50 30 7
DEHP 6.3 Amended soil | 50 30 7
DEHP 6.3 Amended soil 50 30 7
DEHP 5.8 Amended soil | 50 30 7
DEHP 6.9 Amended soil 50 30 7
DEHP 5.8 Amended soil | 50 30 7
DEHP 5 Amended soil 50 30 7
DEHP 6.3 Amended soil | 50 30 7
DEHP 69 Soil 50 5 7
DEHP 23 Soil 50 15 7
DEHP 6.3 Soil 50 30 7
DEHP 8.7 Soil 50 40 7
DnBP 0.653 Soil 20 25 8.33
DnBP 0.338 Soil 20 25 8.33
DnBP 0.315 Soil 20 25 8.33
DnBP 0.872 Soil 2 25 8.33
(Cheng et al. 2018)
DnBP 0.459 Soil 10 25 8.33
DnBP 0.338 Soil 20 25 8.33
DnBP 0.946 Soil 2 25 5.15
DnBP 0.983 Soil 10 25 5.15
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DnBP 1.2 Soil 20 25 5.15
DnBP 1.41 Soil 20 5 8.33
DnBP 0.754 Soil 20 15 8.33
DnBP 0.338 Soil 20 25 8.33
DnBP 0.286 Soil 20 35 8.33
DnBP 20.4 Soil 20 25 5.15
DnBP 1.2 Soil 20 25 5.15
DnBP 0.918 Soil 20 25 5.15
DnBP 4.6 Soil 20 5 5.15
DnBP 2.79 Soil 20 15 5.15
DnBP 1.2 Soil 20 25 5.15
DnBP 0.87 Soil 20 35 5.15
DnBP 1.37 Soil 20 25 5.22
DnBP 1.23 Soil 20 25 5.15
DnBP 4.99 Soil 20 25 4.38
DnBP 0.82 Soil 20 25 7.24
DnBP 0.721 Soil 20 25 8.44
DnBP 0.768 Soil 20 25 8.48
DnBP 0.513 Soil 20 25 8.33 (Cheng et al. 2019)
DnBP 0.594 Soil 20 25 8.58
DnBP 0.503 Soil 20 25 8.33
DnBP 2.2 Soil 20 25 55
DnBP 1.67 Soil 20 25 5.29
DnBP 1.04 Soil 20 25 5.23
DnBP 0.43 Soil 20 25 7.6
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DnBP 0.725 Soil 20 25 7.06
DnBP 1.3 Soil 20 25 4.68
DnBP 0.941 Soil 20 25 6.33
DnBP 0.985 Soil 20 25 8.35
DnBP 0.739 Soil 20 25 6.98
DnBP 2.2 Soil 20 25 55
DnBP 0.514 Soil 20 25 7.9
DEP 3.3 Soil 0.5 23 8.1
(Hurtado et al. 2017)
DEP 9.7 Sterile soil 0.5 23 8.1
DMP 2.29 Amended soil 100 25 7.2
DEP 3.7 Amended soil | 100 25 7.2
(Jianlong et al. 2004)
DnBP 8.53 Amended soil 100 25 7.2
DEHP 28.4 Amended soil | 100 25 7.2
DnBP 8.5 Soil 5 30 6.5
DnBP 7.87 Soil 5 30 7
DnBP 8.31 Soil 5 30 7.5
DnBP 8.74 Soil 5 30 8
(Liao 2010)
DnBP 8.82 Soil 5 25 6.8
DnBP 7.87 Soil 5 30 6.8
DnBP 11.01 Soil 5 35 6.8
DnBP 7.95 Soil 5 40 6.8
DEHP 158 Soil 1.6 5 5.9
DEHP 86 Soil 1.6 10 59
(Madsen et al. 1999)
DEHP 52 Soil 1.6 20 5.9
DEHP 301 Amended soil 1.6 5 5.9
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DEHP 125 Amended soil | 1.6 10 59
DEHP 55 Amended soil 1.6 20 5.9
DEHP 79 Amended soil | 1.6 20 59
DEHP 86 Amended soil 3.2 20 5.9
DEHP 89 Amended soil | 9.9 20 59
DEHP 7 Amended soil 35.1 20 5.9
DEHP 20 Soil 1 13.3 7.6
DEHP 31 Soil 1 14.1 7.6
(Rudel et al. 1993)
DEHP 68 Soil 1 13.3 6.9
DEHP 170 Soil 1 12.8 6.9
DnBP 3.36 Amended soil 20 nr 7.785
(Tao et al. 2020b)
DnBP 11.65 Soil 20 nr 7.785
DEHP 64 Soil nr nr nr (Tran et al. 2015)
DnBP 14.68 Soil 0 28 8
DnBP 30.88 Soil 1 28 8
DnBP 19.58 Soil 10 28 8
DnBP 31.31 Soil 30 28 8
DEP 3.47 Soil 0 28 8
DEP 10.19 Soil 1 28 8
(Xie et al. 2010)
DEP 9.39 Soil 10 28 8
DEP 19.33 Soil 30 28 8
DMP 3.79 Soil 0 28 8
DMP 7.02 Soil 1 28 8
DMP 9.13 Soil 10 28 8
DMP 15.68 Soil 30 28 8
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DnOP 78.84 Soil 0 28 8
DnOP 61.14 Soil 1 28 8
DnOP 51.65 Soil 10 28 8
DnOP 115.22 Soil 30 28 8
DnBP 7.8 Soil 20 25 7.12
DnBP 8.3 Soil 20 25 7.3
(Xu et al. 2008)
DEHP 26.3 Soil 20 25 7.12
DEHP 30.8 Soil 20 25 7.3
DnBP 1.6 Amended soil 100 30 7
DnBP 1.2 Amended soil 100 30 7
DnBP 1.4 Amended soil 100 30 7
DnBP 1 Amended soil 100 30 7
DnBP 1.8 Amended soil 100 30 7
DnBP 2.6 Amended soil 100 30 7
(Yuan et al. 2011)
DEHP 8.7 Amended soil | 100 30 7
DEHP 6.3 Amended soil | 100 30 7
DEHP 6.9 Amended soil 100 30 7
DEHP 5.8 Amended soil | 100 30 7
DEHP 6.9 Amended soil 100 30 7
DEHP 9.9 Amended soil | 100 30 7
DnBP 1.4 Soil nr nr nr
(Zhou et al. 2005)
DnBP 4 Soil nr nr nr
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Agriculture Mixed
301 * 0.91
- [ ]
320' . 0.81
o
§—10- o ‘ 0.7 .
c
<] 0.6
-('% 0-0_' ..'... '_. °®
‘5 4 8 12 16 4 8 12 16
e Rural Urban
8 ° 80 O
c% 20'
g 15- . 601 .
£10- 40+ . o
= 5+ / 20+ /:
° [ ]
0iee (X . . 0 ....?. ... .
4 8 12 16 4 8 12 16

Number of phthalates targeted

Appendix Figure S2.1: Relationship between analytical breadth (number of phthalates target) and total measured phthalate concentration (data
for landfill studies not shown due to insufficient data points). Each data point represents the total mean phthalate concentration reported for a

distinct sampling group within a study.
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1.004
0.757 Phthalate
o [ BBP
o B DcHxP
g [ DEHP
S [ DEP
& 0.50 Il pieP
2 B ovP
© [ DnBP
& Bl DnHxP
[ DnoP
0.251 B Other
0.00+

Agriculture (n=61) Landfil (n=3) Mixed (n=4) Rural (n=7) Urban (n 24)
Land use

Appendix Figure S2.2: Average phthalate profiles in soils of different land uses. n refers to number of sampling groups of that land use. The 6
sampling groups extracted for one study (Rhind et al. 2013) only targeted 1 phthalate so could not provide any relative abundance information,
so were removed from the dataset before calculation All other sampling groups targeted at least 2 phthalates. The data was produced by
calculating the relative abundance value for each phthalate targeted within a sampling group (nd=0). These were then used to calculate the mean

relative abundance for each phthalate for each land use, which were used give a mean relative abundance profile for each land use.
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Appendix Table S3.1: Site characteristics data for this field study.

Ordnance S .
Land
and use Site code | Site name Survey grid Date sampled Time sampled Altitude (m) Weather Grid dimensions (m Further notes
(dd/mmlyyyy) X m)
reference
. Sunny, dry, No macroplastic found. Leaf
Woodland BG1 West Woods SU 161 665 20/01/2020 13:30 191 settled 5x5 litter covering forest floor.
woodland BG2 Whytham Woods | SP 452 078 23/01/2020 11:40 114 Dry, overcast, | g, g No macroplastic found. Leaf
settled litter covering forest floor.
Woodland BG3 Bernwood Forest | SP 616 118 23/01/2020 13:50 85 Dry, overcast, | g, g No macroplastic found. Leaf
settled litter covering forest floor.
Stony ground - shallow topsoil.
No macroplastic found. Leaf
Woodland BG4 Bush Wood SU 688 843 23/01/2020 15:30 117 Dry, overcast, | g, g litter covering forest floor. Forest
settled contains PVC sapling covers.
Sampled as far away as
possible.
Woodland BG5S Nettlebed Woods | SU 705 858 31/01/2020 08:20 152 Dry, overcast, | 5, g No macroplastic found. Leaf
settled litter covering forest floor.
Woodland BG6 Greenfield Wood | SU 709 920 31/01/2020 09:35 229 Dry, overcast, | g, g L item of MaP found. Leaflitter
settled covering forest floor.
. . Dry, overcast, No macroplastic found. Leaf
Woodland BG7 Giles Wood SP 825 039 31/01/2020 11:00 171 settled 5x5 litter covering forest floor.
Landfil LF1 Lower Compton SU 021 720 20/01/2020 12:00 87 Sgt't]% dry, 3x8.33
Landfil LF2 Ling Hall SP 450 740 04/02/2020 10:45 112 Windy, dry, 2x12.5
overcast
Landfil LF3 Cotesbach SP 542 816 04/02/2020 11:35 128 Windy, dry, 5x5
overcast
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Landfill LF4 Parkgate Farm SU 081 889 06/02/2020 10:10 86 Foggy, settled 2x125
Landfil LF5 Slape Hill SP 420 197 06/02/2020 13:00 109 Sunny, dry, 1x25 Roadside verge downwind of
settled suspected landfill.
Found a broken item that had
lots of plastic in - could not
Landfil LF6 Sutton Courtenay | SU 523 925 06/02/2020 14:30 51 Sunny, dry, 2x125 collect all in 10 minutes so after
settled the 10 minutes was up,
collected the rest of the ‘item' in
a separate bag.
Urban parkland uP1 Florence Park SP 536 043 21/01/2020 11:00 57 SDQQ:(;'””V' 5x5
Urban parkland uP2 South Park SP 530 060 21/01/2020 12:10 69 Sé‘t't‘l';lé dry, 5x5
Urban parkland | UP3 Christ Church SP 515 056 21/01/2020 15:30 55 Sunny, dry, 5x5
Meadow settled
Urban roadside | UR1 Eastern Bypass SP 535 031 21/01/2020 09:40 81 ngt’l;c;’”ny’ 2x125
Urban roadside | UR2 Parks Road SP 512 071 21/01/2020 13:40 63 S:trt‘lgﬁ dry, 3x8.33
Urban roadside UR3 Botley Road SP 502 062 21/01/2020 14:35 56 f:t't’l"}é dry, 5x5
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Appendix Table S3.2: Items used to create the in-house polymer spectra library.

Polymer Name in library Description
HDPE HDPE Milk bottle
HDPE HDPE Milk bottle lid
HPDE HDPE Lid for drinks bottle
LDPE LDPE Lid for bouillon stock
LDPE LDPE Ice cube bag
LDPE LDPE Wash bottle
PVvC PVC Soft tubing
PVC PVC PVC Pellets
PVvC PVC PVC cling film
Polypropene Polypropene Peanut butter tub
Polypropene Polypropene Clotted cream tub
Polypropene Polypropene Film holding invoice documents
PET (polyester) Polyester Tray for biscuits
PET (polyester) Polyester Pastry tray
PET (polyester) Polyester Football shorts
Polystyrene Polystyrene Centrifuge tube tray
Polystyrene Polystyrene Sample vial tray
Polystyrene Polystyrene Coffee cup lid
ABS (acrylonitrile butadiene styrene) ABS Children's toy brick piece - green
ABS (acrylonitrile butadiene styrene) ABS Children's toy brick piece - white
ABS (acrylonitrile butadiene styrene) ABS Sheet
Polyamide/nylon Polyamide Black cable tie (Brand A)
Polyamide/nylon Polyamide White cable tie
Polyamide/nylon Polyamide Black cable tie (Brand B)
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Nitrile (acrylonitrile butadiene rubber) Nitrile Nitrile glove (Brand A)
Nitrile (acrylonitrile butadiene rubber) Nitrile Nitrile glove (Brand B)
Nitrile (acrylonitrile butadiene rubber) Nitrile Nitrile glove (Brand C)
Polycarbonate Polycarbonate Water dispenser
PMMA/acrylic PMMA Perspex sheet (white)
PMMA/acrylic PMMA Perspex sheet (clear)
Polyurethane Polyurethane Wash bag
PTFE PTFE Stopcock for separating funnel
PTFE PTFE Tubing
PTFE PTFE Stirrer bar
Ethene vinyl acetate (EVA) EVA Vial septa
Tire wear particle (fresh) TWP_fresh Tire shaving (Brand A)
Tire wear particles (fresh) TWP_fresh Tire shaving (Brand B)
Tire wear particles (worn) TWP_worn Tire shaving (Brand A)
Tire wear particles (worn) TWP_worn Tire shaving (Brand B)
Polylactic acid PLA Coffee cup lid
Polylactic acid PLA Soup cup lid
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Appendix S3.3: Criteria used to visually identify potential microplastic particles using light microscopy in this study.

Particles must match at least one of the criteria and at least one of the physical tests, and not have a clearly cellulitic structure.

Criteria:

e Unnatural shape

e Unnatural texture e.g. shiny, glassy, foamy

e Featureless fibre with a consistent width and texture
e Films of a homogeneous texture

e Unnatural colour compared to other particles in the sample, and is a homogeneous material/texture

Physical tests:

e Holds its shape when stretched or poked

e Resistance to easy breakage
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Appendix Table S3.4:

Limits of detection (particles gt dw soil) for fine (25-178 pm) and medium (178-567 pum) microplastics in field soils collected in this study;
determined from procedural blanks (n=8); LOD = mean of blanks + 3.3 x standard deviation; if a polymer was never detected in any blank

samples, the LOD was set to 1 particle on the filter area; LF = landfill; UR = urban roadside; UP = urban parkland; WL = woodland.

NB: For coarse samples (>5678 um), the entire 10 g extract was analysed under the light microscope and all suspected microplastic particles
analysed with ATR-FTIR. No microplastics were detected in blank samples (n=8) for the coarse fraction. Taking 1 particle in the sample as the
LOD (as was done for fine and medium fractions in this instance), the LOD for each polymer in each sample in the coarse fraction was 0.1

particles g* dw soil.

Limit of detection (particles g™ dw soil)
L Cell eth .
ulo nit . ru ru ru acryl
a se | Y | i polye | polye polyis | - pol bb | bb | bb | onitri
S n Fra artf ne- e poly Polyb polyca polyc polych pol polyethe polye thyle tyhle pol opren yla polyoxy polyp poly poly polyvin er er er le- polyoxy
it d cti cal vin ru ami utadi prolact arbon loropr yes retherket thyle ne, ne yimi e- ctic methly ropyl styre sulfo ylchlori t t t buta methyl
e u on yl- de ene one ate ene ter one ne chlori oxidi de chlori aci ene ene ne ne de Y Y Y h ene
mo bb pe pe pe dien
s I ace nated zed nated d
difi er 1 2 3 e
e tate
ed
Ll L | Fin 0 0o |o
F 0.8 15 ' 0.8 0.8 0.8 0.8 0.8 0.8 0.8 14 35 0.8 0.8 0.8 0.8 0.8 311 0.8 0.8 0.8 ' 0.8 0.8
1 F e 8 8 8 8
L1 L Fin 3 3|3 |3
F 3.3 3.3 3.3 3.3 3.3 3.3 3.3 3.3 3.3 3.3 3.4 3.3 3.3 3.3 3.3 3.3 29.9 3.3 3.3 3.3 ' 3.3 3.3
2 F e 3 3 3 3
Ll L | Fin 0 oo |o
F 0.8 14 ' 0.8 0.8 0.8 0.8 0.8 0.8 0.8 14 3.4 0.8 0.8 0.8 0.8 0.8 29.8 0.8 0.8 0.8 ' 0.8 0.8
3 F e 8 8 8 8
L L Fin 2 2 2 2
F 2.8 2.8 ' 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 3.4 2.8 2.8 2.8 2.8 2.8 30.4 2.8 2.8 2.8 . . . 2.8 2.8
4 F e 8 8 8 8
L L Fin 1 1 1 1
F 15 15 15 15 15 15 15 15 15 15 3.4 15 15 15 15 15 30.5 15 15 15 y 15 15
5 F e 5 5 5 5
L L Fin 2 2 2 2
F 2.7 2.7 , 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 35 2.7 2.7 2.7 2.7 2.7 30.9 2.7 2.7 2.7 , , , 2.7 2.7
6 F e 7 7 7 7
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Appendix Table S3.5:

Microplastic concentrations (number of particles g dw soil) detected in field soils; only sites where microplastics were >LOD are shown;
assignments of ‘polyethene’, ‘polyethene (chlorinated)’ and ‘polyethene (oxidised)’ from the siMPle reference library were combined to give a

total particle number for polyethene.

Microplastic concentration
(particles gt dw soil)

Polymer Fraction
LF1 LF4 LF6 UR1 UR2 UR3 UP1 UP3
Fine (25-178 pm) 5.2
EVA Medium (178-567 um)
Coarse (>567 um) 0.1
Fine (25-178 pm) 2.7

Polyamide Medium (178-567 pum)
Coarse (>567 um)

Fine (25-178 pm) 7.7 5.9 4.5 4.3
Polyethene Medium (178-567 pum)

Coarse (>567 um) 0.2

Fine (25-178 pm) 57.7 40.7 32.1
Polypropene Medium (178-567 um) 3.2

Coarse (>567 pum) 0.1

Fine (25-178 pm) 2.4 2.8 11 1.1

Polystyrene Medium (178-567 pum)
Coarse (>567 um)
Fine (25-178 um)
Polyester Medium (178-567 um) 1.2
Coarse (>567 um)
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Appendix S4.1: Protocols for the determination of pH, water holding capacity and organic matter content of soils used in this study.

pH: 3 x replicates of minimum 5.0 g dw of each soil was sampled for pH analysis. For this measurement, the sampled soil was shaken thoroughly
for 5 minutes in 25 mL 0.01 M CaClyag), left for a minimum of 2.5 hours, and measured using a pH probe (Sartorius PP-25; Sartorius Lab

Instruments, Germany). The pH probe was calibrated daily at pH 4, 7 and 10.

Water holding capacity: For each soil, 100 g of soil of was added to a glass funnel, which was placed in a measuring cylinder. Glass wool was
placed in the neck of the funnel to prevent soil from entering the measuring cylinder, whilst still retaining the ability for water to pass through. 100
mL of water was added to each soil. After no water was seen to pass into the measuring cylinder for 15 minutes, the volume in the measuring

cylinder was recorded. The determination was performed in triplicate and a mean value for water holding capacity for each soil was calculated.

Organic matter content: Organic matter was measured by a loss on ignition (LOI) method. Aluminium trays were ashed in a preheated muffle
furnace at 500 °C for 30 minutes. 5 g of soil was added to each tray. The trays were then dried in a preheated oven at 105 °C for 2 hours. Trays
were then removed from the oven, cooled to 30 °C, and the mass was recorded. Trays were then placed in a preheated muffle furnace at 500 °C
for exactly 120 minutes. Samples were removed from the furnace, cooled, and the mass was recorded. Samples were heated for a further 120

minutes at 500 °C to ensure complete loss of organic matter. 3 replicates were carried out for each sail, in addition to 3 blank trays.
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Appendix S4.2: Oven temperature ramps in GC-MS analysis of plasticisers from the leaching and degradation experiments.

For leaching samples, the oven temperature was held at 50 °C for 2 min, followed by ramps at 45 °C min to 215 °C, 2 °C min to 225 °C, 10 °C

min to 282 °C, 120 °C min to 300 °C, and held at 300 °C for 7.5 min.

For degradation samples, the oven temperature was held at 50 °C for 2 min, followed by ramps at 45 °C min™* to 215 °C, 2 °C min™ to 225 °C,

10 °C mint to 278 °C, 1.5 °C min to 282 °C, 120 °C min to 300 °C, and held at 300 °C for 7.5 min.
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Appendix Table S4.3: Model fit parameters for plasticiser degradation in Chiltern soil.

Plasticiser|0 order 1st order 2nd order
Adjusted R2|p value |k t1/2 (days)|Adjusted R2|p value |k t1/2 (days)|Adjusted R2|p value |k t1/2 (days)

ATBC 0.5 0.00066(5.77 (6.5 0.95 3E-12 |0.281 (25 0.64 0.000037|0.0869 |-1.5
BBP 0.73 4.1E-06 (6.64 |9.7 0.71 6.5E-060.158 |4.4 0.51 0.0005 (0.00843 |[-1.3
DEHA 0.4 0.00057(0.4 |35.0 0.64 1.6E-06|0.0344 [20.1 0.81 1.6E-09 |0.00571 |7.6
DEHP 0.17 0.026 |0.64 |115.6 0.23 0.0098 |0.00526(131.8 0.26 0.006 4.53E-05(157.2
DEHTP [0.63 2.1E-06 (1.05 [62.4 0.72 8.5E-080.0125 |55.5 0.75 3.2E-08 |0.000167(44.3
DEP 0.89 2.2E-06 |17 2.6 0.87 5.6E-06(0.429 (1.6 0.81 0.000041|0.0135 |0.2
DiBP 0.87 1.1E-08(8.84 (8.1 0.78 7.1E-07|0.263 |2.6 0.27 0.015 0.0673 |-2.3
DiDP 0.03 0.2 0.264(244.3 0.03 0.21 0.00216|320.9 0.04 0.18 0.000018(447.8
DMP 0.76 1.3E-06 |4.24 |6.6 0.99 2.5E-160.354 (2.0 0.82 1.2E-07 |0.197 2.1
DnBP 0.84 6.4E-08|7.18 (8.1 0.78 6.1E-07|0.247 |2.8 0.32 0.0089 |0.056 2.2
DnOP 0.32 0.0022 (0.927|85.8 0.45 0.00022|0.00778(89.1 0.54 0.000028(6.92E-05 [93.6
TOTM 0.21 0.014 |0.687|104.1 0.26 0.0063 |0.0059 |117.5 0.35 0.0013 [5.39E-05(135.3
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Appendix Table S4.4: Model fit parameters for plasticiser degradation in Dorset soil.

Plasticiser 0 order 1st order 2nd order

Adjusted R2 p value k t1/2 (days) Adjusted R2 p value k t1/2 (days) Adjusted R2 p value k t1/2 (days)
ATBC 0.9 0.000000036 2.78 42.6 0.84 0.00000084 0.0358 19.4 0.59 0.00051 0.00102 -8.8
BBP 0.68 0.00059 1.88 455 0.38 0.019 0.0237 29.2 0.21 0.074 0.00063 13
DEHA 0.47 0.0027 1.03 37.4 0.77 0.00001 0.0839 8.3 0.68 0.000088 0.00253 0.7
DEHP 0.36 0.011 0.902 116.4 0.14 0.091 0.00498 139.2 0.37 0.0092 0.0000293 168.9
DEHTP 0.44 0.0043 0.996 108.9 0.15 0.082 0.00526 131.8 0.53 0.0012 0.000029 165.2
DEP 0.93 0.00000027 2.79 33.2 0.77 0.0001 0.0519 13.4 0.31 0.034 0.00337 -7.7
DiBP 0.81 0.0000025 2.88 49.5 0.4 0.0064 0.0824 8.4 0.12 0.11 0.00297 -12.8
DiDP <0.01 0.41 0.151 546.4 <0.01 0.68 0.00081 855.7 <0.01 0.56 0.00000432 1444.4
DMP 0.9 0.000000042 1.92 36.7 0.95 3.7E-10 0.0737 9.4 0.72 0.000036 0.0232 -11.8
DnBP 0.83 0.0000014 2.09 445 0.49 0.0023 0.0381 18.2 0.13 0.1 0.00589 -13.2
DnOP 0.33 0.015 0.679 130.3 0.1 0.14 0.00431 160.8 0.41 0.0061 0.0000288 202.8
TOTM 0.3 0.021 0.412 184.5 0.15 0.083 0.00284 244.1 0.27 0.028 0.0000199 339.2
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Appendix Table S4.5: Model fit parameters for plasticiser degradation in Lufa soil.

Plasticiser 0 order 1st order 2nd order

Adjusted R2 p value k t1/2 (days) Adjusted R2 p value k t1/2 (days) Adjusted R2 p value k t1/2 (days)
ATBC 0.72 0.0000055 1.49 34.6 0.9 1.2E-09 0.0761 9.1 0.6 0.00011 0.0478 -12.9
BBP 0.91 0.00000078 55 18.8 0.7 0.00042 0.079 8.8 0.33 0.03 0.00267 -4.0
DEHA 0.75 0.000002 0.771 37.9 0.92 1.7E-10 0.0368 18.8 0.79 0.00000057 0.00339 -3.3
DEHP 0.38 0.0036 0.657 [142.3 0.44 0.0015 0.00462 150.0 0.4 0.0031 0.0000334 156.3
DEHTP 0.25 0.02 0.582 [167.5 0.32 0.0089 0.00378 183.4 0.38 0.0041 0.000025 202.4
DEP 0.59 0.0005 1.83 25.0 0.79 0.0000058 0.111 6.2 0.76 0.000014 0.0871 -3.5
DiBP 0.87 0.0000069 5.81 19.6 0.45 0.0097 0.105 6.6 0.14 0.12 0.028 -6.0
DiDP 0.01 0.28 0.185 [462.2 0.05 0.19 0.00128 541.5 0.07 0.16 0.00000888 662.2
DMP 0.95 0.0000043 4.97 8.2 0.79 0.0008 0.348 2.0 0.68 0.004 0.208 -2.6
DnBP 0.82 0.00046 6.38 11.0 0.86 0.00022 0.0716 9.7 0.79 0.00081 0.00092 7.6
DnOP 0.52 0.00047 0.611 |121.9 0.53 0.0004 0.00566 122.5 0.48 0.00081 0.0000549 116.6
TOTM <0.01 0.66 0.113 885.0 <0.01 0.64 0.000607 11419 <0.01 0.58 0.00000345 1478.3
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Appendix Table S4.6: Estimated pseudo-first order t, (days) of plasticisers in this study; * indicates insignificant degradation over the course of

the experiment according to pseudo-first order model fit (p < 0.05); mean values for ty, of individual plasticisers were only calculated when =2

soils produced significant model fits; see Appendix S3-S5 for full details of model fit parameters.

Soil DMP DiBP DEP DnBP ATBC BBP DEHA DnOP DEHTP DEHP TOTM DiDP
Agricultural 2.0 6.6 6.2 9.7 9.1 8.8 18.8 1225 183.4 150.0 1141.9* 541.5*
Alkaline 2.0 2.6 1.6 2.8 2.5 4.4 20.1 89.1 55.5 131.8 1175 320.9*
grassland
Acidic 9.4 8.4 13.4 18.2 19.4 29.2 8.3 160.8* 131.8 139.2 244.1 855.7*
hoathland . . . . . . . . . . . .
(’\fesag) 45+43 5930 7.1+59  102+7.7  103+85  14.1+13.3 15.7+6.5 105.8 + 23.6 1235 + 64.4 140.3+9.2 180.8 + 89.5 -
LogKow 1.61 4.27 2.54 4.27 47 - 7.73 - 7.73 - 9.46
RMM 194 278 222 278 403 312 371 391 391 391 547 447
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Appendix Table S5.1: Collated literature data concerning plasticiser occurrence in estuarine and coastal sediments; values refer to mean

concentration (ng g).

- DnB DEH | DnO . Di | DnN DME | DMP | DnH | HE | DBE | DCH | DnP | DPh | DiPr | DEE | DE | DE | AT | DIN | TO
Study bMP | DEP | DiBP P BBP P P PINP | pp P DprP P P P HP P P P P P P HA | HTP | BC | cH | ™™
(Arfaginiaetal., | 2547. | 3212. | 1747. | 6397. 1196 1257.
5018) o S a s 5280 p 4125 | nd | nd s nd 770 70 | 6725 | 190 | 7425 | 1100 | 520
(Jebaraet al., 308 242
5021) 95 219 55 28.1 | 4590 137 o p
(S.Kimetal,, 10 14 04 | 08 | 58.
2020) 292 | 082 | 292 | 106 | 199 | 460 842 | a9 | % A s
(S.Kimetal, 49 34 98 | 15.
2020) 300 | 021 | 122 | 313 | 7.84 | 2140 826 | % o | 846 | ) 5 | 954
(Y. Kim etal,, 69. 81 | 12.
2020) 13 077 | 675 93 3.86 | 6960 a3 | 16 | 141 | 5 o | 150
(Lee etal., 44. 2.5 0.8 3.7
7030) 147 | 052 | 136 | 91 | 283 | 380 ue | % > | 96 | % O X
(Malem et al.,
2019) 250 nd 680 nd
(Sanchez-Avila 106
etal., 2013) nd 931 8 111 8
(Stewart et al.,
S0l nd nd nd | 1662 | 1658 | nd nd
(L.Y.Wanget | 8502 | 99.22 | 254.1 | 2550 | 0.080 | 478.8 | 1.350 7266 | 3437 | 0.953 2419 | 0.163 | 6.168 | 0.248 | 0.514
al., 2021) 375 | 646 | 833 | 148 | 833 | 567 | 833 042 | 708 | 958 146 | 125 | 542 | 542 | 167
(Weizhen etal., | 106.0 | 72.16 | 264.8 | 1440 | 7.404 | 92.92 | 65.30 149.1 | 51.82 | 80.28 2.379 5558 97.57 81.91
2020) 557 | 920 | 414 | 979 | 286 | 286 | 786 921 | 357 | 143 286 5 143 5
(Zhangetal, | 622.3 | 2335 | 4146. | 2866. 4782. 2417
2018a) 520 | 204 | a1 | am 353 647
(Zhang etal, | 38.94 | 42.63 | 1466. | 2947. | 52.36 | 1221. | 21.84 2.894 3421 | 21.84 0.263 | 0526 | 20.78 67.10
2018b) 737 | 158 | 053 | 895 | 842 | o053 | 211 737 053 | 211 158 | 316 | 947 526
@5 zzg;g? ® | 1186 | 1699 | 3683 | 1020 | ases | 20O | 2063 1603 | 1566 | nd | 1013 123 nd | 415 66.7
(Z M.Zhanget | ., .~ | 2964 | 977.2 | 1886. | 6.226 | 4345. | 6.225 | 9.421 4437 | 1.837 | 7.236 g | 3521 [0991 [ 9157 1414
al., 2020a) : 737 | 632 | 053 | 316 | 842 | 780 | o053 368 | 895 | 842 053 | 053 | 895 211
(Z_M.Zhanget | 1671 | 5047 | 2890. | 2760. | 20.72 | 5506. | .. | 1117 224 | 173 nd | 5164 [ 0894 [ 0139
al., 2020b) 732 | 679 | o054 | e07 | 732 | 321 375 375 : 107 | 464 | 643
(Zhao et al., 29.09 | 81.68 | 466.2 | 380.0 2916.
2020) 655 | 966 | 276 | 931 79
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Appendix Table S5.2: Collated literature data concerning plasticiser occurrence in estuarine and coastal waters; values refer to mean

concentrations (ng L),

Reference omp | DeEp | Diep | onep | B8P | DEP | Dnop | Dine | O | onne | BF" | pmep | omep | onHp | DBep | pcHp | Dnpe | ophe | P | peep | DE | DEM
(Chakraborty et al., 2021) 50 150 570 90 330 10 100
184.8 6697 | 7671 | 1794 236 14.65
(Huysman et al., 2019) 438 5 875 063 25 11.25 625 0
(Jebara et al., 2021) 12600 | 75400 | 17200 0 71700 0 o | %390
(Liu et al., 2020) 3331 | 2845 0 1980 | 300 | 103 0
(Malem et al., 2019) 350 0 480 0
(Mukhopadhyay and
S 0 52.3 49.6 0 50.1 8.4 0
(Paluselli et al., 2018a) 372 | 2204 | 1028 | 1908 1 4q, | 1304 0 0
(Paluselli et al., 2018b) 32 157 | 1027 | 832 38 | 3172
— 1487 | 4751 | 9331 | 2012 | 0792 | 79.30
(Paluselli and Kim, 2020) 805 25 207 927 683 976 0
(Pefialver et al., 2022) 116 578 | 765 7.4 8.9
(Sanchez-Avila et al., 2013) 21 | 1803 147 | 657 115
1743 | 3025 | 5854. | 8526 | 39.00 | 1887. | 87.55 0.300 8.824
(LY. Wang etal., 2021) 933 567 883 467 583 52 167 5 0 0 0 0 333 0 0
. 238.7 9295 | 1675 | 6.288 | 3909 | 1393 1016 | 24 | 6L71 5047 | 3652 0.838 14.09
(Weizhen etal., 2020) 279 961 857 743 571 743 993 236 | 55 | 714 857 857 571 571
(Zhang ot al. 20152) 1108 | 59.85 | 1731 | 1928 | 2531 | 2413 | 5367 | 2092 86.12 | 1535 | 5107 | 3406 | 1602 | 4559 | 3.443 2.825
getal, 105 671 048 085 519 871 089 684 342 633 089 329 177 873 671 19
3695 | 3900 | 4230 | 7446 | 0738 | 7420 | 0210 1.580 5529 | 0.113 0.766 | 0.206 | 0287
(zhang et al., 2018b) 87 348 609 957 043 087 652 652 522 261 | 9135 | ‘g7 957 609 0
M. Zhang etal. 2020w | L5915 | 3729 | 3459 | 7507 | 6835 | 0723 | 27% | 5260 32.73 | 5112 | 1280 | 0479 | 1584 | 2.490 | 27.38 1.341
-M. Zhang etal, 519 481 838 195 649 449 857 481 805 792 526 091 468 974 143 364
ZM. Zhang et al, 20200 | +25% | 9389 | 2000 | 2762 | 3542 | 6828 | 2823 | 8761 9586 | 2.220 | 2291 | 3249 | 31.75 | 4537 | 0222
-M. Zhang etal, 795 337 557 151 018 373 072 084 09 337 084 308 711 108 289
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