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Series Preface

With remarkable vision, Prof. Otto Hutzinger initiated The Handbook of Environ-
mental Chemistry in 1980 and became the founding Editor-in-Chief. At that time,
environmental chemistry was an emerging field, aiming at a complete description
of the Earth’s environment, encompassing the physical, chemical, biological, and
geological transformations of chemical substances occurring on a local as well as a
global scale. Environmental chemistry was intended to provide an account of the
impact of man’s activities on the natural environment by describing observed
changes.

While a considerable amount of knowledge has been accumulated over the last
three decades, as reflected in the more than 70 volumes of The Handbook of
Environmental Chemistry, there are still many scientific and policy challenges
ahead due to the complexity and interdisciplinary nature of the field. The series
will therefore continue to provide compilations of current knowledge. Contribu-
tions are written by leading experts with practical experience in their fields. The
Handbook of Environmental Chemistry grows with the increases in our scientific
understanding, and provides a valuable source not only for scientists but also for
environmental managers and decision-makers. Today, the series covers a broad
range of environmental topics from a chemical perspective, including methodolog-
ical advances in environmental analytical chemistry.

In recent years, there has been a growing tendency to include subject matter of
societal relevance in the broad view of environmental chemistry. Topics include
life cycle analysis, environmental management, sustainable development, and
socio-economic, legal and even political problems, among others. While these
topics are of great importance for the development and acceptance of The Hand-
book of Environmental Chemistry, the publisher and Editors-in-Chief have decided
to keep the handbook essentially a source of information on “hard sciences” with a
particular emphasis on chemistry, but also covering biology, geology, hydrology
and engineering as applied to environmental sciences.

The volumes of the series are written at an advanced level, addressing the needs
of both researchers and graduate students, as well as of people outside the field of
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“pure” chemistry, including those in industry, business, government, research
establishments, and public interest groups. It would be very satisfying to see
these volumes used as a basis for graduate courses in environmental chemistry.
With its high standards of scientific quality and clarity, The Handbook of Envi-
ronmental Chemistry provides a solid basis from which scientists can share their
knowledge on the different aspects of environmental problems, presenting a wide
spectrum of viewpoints and approaches.

The Handbook of Environmental Chemistry is available both in print and online
via www.springerlink.com/content/110354/. Articles are published online as soon
as they have been approved for publication. Authors, Volume Editors and Editors-
in-Chief are rewarded by the broad acceptance of The Handbook of Environmental
Chemistry by the scientific community, from whom suggestions for new topics to
the Editors-in-Chief are always very welcome.

Damia Barcel6
Andrey G. Kostianoy
Editors-in-Chief
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Preface

Freshwater Microplastics as Emerging Contaminants:
Much Progress, Many Questions

Historically — if one can say that given the infancy of the field — environmental
plastic debris has been the baby of marine research. Driven by the rediscovery of
long forgotten, 1970s studies on the occurrence of small plastic fragments (today
termed microplastics) in the oceans, oceanographers and marine biologists
resurrected the topic in the early 2000s. Since then, the field has rapidly expanded
and established that plastics are ubiquitous in the marine system, from the Arctic to
Antarctic and from the surface to the deep sea.

While obviously the sources of environmental plastics are land-based, much less
research has been dedicated to investigating them in freshwater systems. At the
time of writing this book, less than four percent of publications had a freshwater
context, reflecting the idea that streams, rivers, and lakes are mere transport routes
transferring plastics to the oceans similar to a sewer. Because this is too simplistic,
this book is dedicated to the in-between. Our authors explore the state of the
science, including the major advances and challenges, with regard to the sources,
fate, abundance, and impacts of microplastics on freshwater ecosystems. Despite
the many gaps in our knowledge, we highlight that microplastics are pollutants of
emerging concern independent of the salinity of the surrounding medium.

Environmental (micro)plastics are what some call a wicked problem, i.e., there
is considerable complexity involved when one tries to understand the impact of
these synthetic materials on the natural world. Just as an example, there is no such
thing as “the microplastic.” Currently, there are in commerce more than 5,300
grades of synthetic polymers.' Their heterogeneous physico-chemical properties
will likely result in very heterogeneous fates and effects once they enter the

1According to the plastics industry’s information system CAMPUS (http://www.campusplastics.
com, last visited on June 20, 2017).
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environment. In the light of this, treating microplastics as a single pollutant does not
make sense. Therefore, we kick off the book by giving a brief overview on what
plastics are, where they come from, and where they go to in the environment. As the
research on engineered nanomaterials faces similar challenges, we then look more
deeply into the (dis)similarities of nanoparticles and microplastics and try to learn
from past experiences.

We continue with five chapters focusing on the abundance of microplastics in
freshwater systems, touching on analytical challenges, discussing case studies from
Europe, Asia, and Africa as well as approaches for modeling the fate and transport
of microplastics. As the biological interactions of synthetic polymers will drive
their environmental impacts, we review the state of the science with regard to their
toxicity in freshwater species and biofilm formation. While, admittedly, progress in
this area is slow, we already learned that “It’s the ecology, stupid!” to paraphrase
Bill Clinton.

The last part of the book is dedicated to the question how society and
microplastics interact. We take a sociological perspective on the risk perception
of the issue at hand and discuss how this “vibrates” in the medial and political realm
and the society at large. While the uncertainty in our understanding is still enor-
mous, we conclude our book with an outlook on how to solve the problem of
environmental plastics. We have in our hands a plethora of regulatory instruments
ranging from soft to hard measures, of which some are already applied. However,
because the linear economical model our societies are built on is at the heart of the
problem, we critically revisit available solutions and put it into the larger context of
an emerging circular economy.

Given the wickedness of the plastics problem in terms of material properties,
analytical challenges, biological interactions, and resonance in society, we clearly
need an inter- and transdisciplinary effort to tackle it. We hope this book promotes
such view. We also hope it conveys the idea that we need to embrace the inherent
complexity to solve it. We thank our authors, reviewers, the publisher, and all
funders for following this path and making this book happen (and open access).

Frankfurt am Main, Germany Martin Wagner
June 2017 Scott Lambert
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Microplastics Are Contaminants of Emerging
Concern in Freshwater Environments: An
Overview

Scott Lambert and Martin Wagner

Abstract In recent years, interest in the environmental occurrence and effects of
microplastics (MPs) has shifted towards our inland waters, and in this chapter we
provide an overview of the issues that may be of concern for freshwater environ-
ments. The term ‘contaminant of emerging concern’ does not only apply to chem-
ical pollutants but to MPs as well because it has been detected ubiquitously in
freshwater systems. The environmental release of MPs will occur from a wide
variety of sources, including emissions from wastewater treatment plants and from
the degradation of larger plastic debris items. Due to the chemical makeup of plastic
materials, receiving environments are potentially exposed to a mixture of micro-
and nano-sized particles, leached additives, and subsequent degradation products,
which will become bioavailable for a range of biota. The ingestion of MPs by
aquatic organisms has been demonstrated, but the long-term effects of continuous
exposures are less well understood. Technological developments and changes in
demographics will influence the types of MPs and environmental concentrations in
the future, and it will be important to develop approaches to mitigate the input of
synthetic polymers to freshwater ecosystems.
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2 S. Lambert and M. Wagner
1 Introduction

Anthropogenic activity has resulted in the deposition of a complex combination of
materials in lake sediments, including synthetic polymers (plastics) that differ
greatly from the Holocene signatures. Accordingly, plastics are considered one
indicator of the Anthropocene [1]. Plastic has for some time been known to be a
major component of riverine pollution [2-6], and plastic degradation products have
been noted as a potential issue for soil environments [7]. However, up until recently
the main focus of research on plastic pollution has been the marine environment. To
highlight this, a literature search on Thomson Reuters’ ISI Web of Science returns
1,228 papers containing the term ‘microplastic*’, of which only a subset of 45 publi-
cations (3.7%) contains the term ‘freshwater’. This has started to change in recent
years, and attention is now also been directed towards both the terrestrial [8, 9] and
freshwater environments [8, 10, 11]. These publications point out the lack of know-
ledge for freshwater and terrestrial environments in terms of the occurrence and
impacts of plastics debris.

Monitoring studies have quantified microscopic plastics debris, so-called micro-
plastics (MPs), in freshwater systems, including riverine beaches, surface waters
and sediments of rivers, lake, and reservoirs [12—19]. Although far less data is
available compared to marine systems, these studies highlight that MP is ubiquitous
and concentrations are comparable [20]. Alongside the monitoring data, ecotoxico-
logical studies have mainly explored MP ingestion by various species and their
effects on life history parameters [21-24]. While the majority of studies used
primary microspheres of polyethylene (PE) and polystyrene (PS) at high concen-
trations [25] over short-term exposures, there is some evidence that MPs may pose a
risk to freshwater ecosystems [26]. In addition, there is concern that long-term
exposure may lead to bioaccumulation of submicron particles with wider impli-
cations for environmental health [27-29].

This chapter provides an overview of MPs and the issues, which may be of
concern to freshwater environments. The first section provides a background to the
topic of discussion by describing and defining plastic materials, MPs, emerging
contaminants. Subsequent sections then discuss the potential input, fate and trans-
portation, effects, and potential risk management options for plastics and MPs in
freshwater environments.

2 Plastics and Microplastics: An Overview

In this section, some context to the topic of environmental MPs is given by
(1) providing a brief historical overview of the development of plastic materials,
(2) describing the complex chemical composition of plastic material, and (3) defin-
ing MPs as a contaminants of emerging concern.
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2.1 A Brief Overview of Plastic Development

The creation of new synthetic chemicals combined with the engineering capabili-
ties of mass production has made plastics one of the most popular materials in
modern times. Today’s major usage of plastic materials can be traced back to the
1800s with the development of rubber technology. One of the key breakthroughs in
this area was the discovery of vulcanisation of natural rubber by Charles Goodyear
[30]. Throughout the 1800s a number of attempts were made to develop synthetic
polymers including polystyrene (PS) and polyvinyl chloride (PVC), but at this time
these materials were either too brittle to be commercially viable or would not keep
their shape. The first synthetic polymer to enter mass production was Bakelite, a
phenol-formaldehyde resin, developed by the Belgian chemist Leo Baekeland in
1909 [31]. Later, around the 1930s the modern forms of PVC, polyethylene
terephthalate (PET), polyurethane (PUR), and a more processable PS were devel-
oped [32]. The early 1950s saw the development of high-density polyethylene
(HDPE) and polypropylene (PP; Table 1). In the 1960s, advances in the material
sciences led to the development of plastic materials produced other from natural
resources [34], such as the bacterial fermentation of sugars and lipids, and include

Table 1 A brief profile of plastic development based on Lambert [33]

Year Polymer type Inventor/notes

1839 Natural rubber latex Charles Goodyear

1839 Polystyrene Discovered by Eduard Simon

1862 Parkesine Alexander Parkes

1865 Cellulose acetate Paul Schiitzenberger

1869 Celluloid John Wesley Hyatt

1872 Polyvinyl chloride First created by Eugen Baumann

1894 Viscose rayon Charles Frederick Cross

1909 Bakelite Leo Hendrik Baekeland

1926 Plasticised PVC Walter Semon

1933 Polyvinylidene chloride Ralph Wiley

1935 Low-density polyethylene Reginald Gibson and Eric Fawcett

1936 Acrylic or polymethyl methacrylate

1937 Polyurethane Otto Bayer and co-workers

1938 Polystyrene As a commercially viable polymer

1938 Polyethylene terephthalate John Whinfield and James Dickson

1942 Unsaturated polyester John Whinfield and James Dickson

1951 High-density polyethylene Paul Hogan and Robert Banks

1951 Polypropylene Paul Hogan and Robert Banks

1953 Polycarbonate Hermann Schnell

1954 Styrofoam Ray Mclntire

1960 Polylactic acid Patrick Gruber is credited with inventing
a commercially viable process

1978 Linear low-density polyethylene DuPont
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polyhydroxyalkanoates (PHA), polylactides (PLA), aliphatic polyesters, and poly-
saccharides [35]. PLA is on the verge of entering into bulk production, while PHA
production is between pilot plant and commercial stage [36, 37].

2.2 Describing Plastic Materials

Plastics are processable materials based on polymers [38], and to make them into
materials fit for purpose, they are generally processed with a range of chemical
additives (Table 2). These compounds are used in order to adjust the materials
properties and make them suitable for their intended purpose. Therefore, within
polymer classifications plastic materials can still differ in structure and performance
depending on the type and quantity of additives they are compounded with. More
recently, technological advances have seen the development of new applications of
elements based on nanoscales that are now producing plastic nanocomposites. The
plastics industry is expected to be a major field for nanotechnology innovation. It is
estimated that by 2020, the share of nanocomposites among plastics in the USA will
be 7% [39]. These nanocomposites include materials that are reinforced with nano-
fillers (nano-clay and nano-silica) for weight reduction, carbon nanotubes (CNTs)
for improved mechanical strength, and nano-silver utilised as an antimicrobial
agent in plastic food packaging materials.

2.3 Microplastics as Contaminants of Emerging Concern

The term ‘microplastics’ commonly refers to plastic particles whose longest dia-
meter is <5 mm and is the definition used by most authors. It has been suggested that
the term microplastics be redefined as items <1 mm to include only particles in the

Table 2 A selective list of additive compounds used to make plastics fit for purpose

Additive compounds Function

Plasticisers Renders the material pliable
Flame retardants Reduces flammability
Cross-linking additives Links together polymer chains

Antioxidants and other stabilisers | Increases the durability of plastics by slowing down the
rate at which oxygen, heat, and light degrade the material
Sensitisers (e.g. pro-oxidant transi- | Used to give accelerated degradation properties

tion metal complexes)

Surfactants Used to modify surface properties to allow emulsion of
normally incompatible substances

Inorganic fillers Used to reinforce the material to improve impact
resistance

Pigments For colour




Microplastics Are Contaminants of Emerging Concern in Freshwater. . . 5

micrometer size range [40, 41], and the term ‘mesoplastic’ introduced to account for
items between 1 and 2,500 mm [42]. Lambert et al. [8] described macroplastics as
>5 mm, mesoplastics as <5 to >1 mm, microplastics as <1 mm to >0.1 pm, and
nanoplastics as <0.1 pm. However, the upper limit of 5 mm is generally accepted
because this size is able to include a range of small particles that can be readily
ingested by organisms [42].

Generally, MPs are divided into categories of either primary or secondary MPs.
Primary MPs are manufactured as such and are used either as resin pellets to
produce larger items or directly in cosmetic products such as facial scrubs and
toothpastes or in abrasive blasting (e.g. to remove lacquers). Compared to this deli-
berate use, secondary MPs are formed from the disintegration of larger plastic
debris.

MPs have undoubtedly been present in the environment for many years. For
instance, Carpenter et al. [43], Colton et al. [44], and Gregory [45] reported on
marine plastics in the 1970s, but they have not been extensively studied particularly
in the context of freshwater systems. As research focused on the issue more inten-
sively since the early 2000s, MPs are considered contaminants of emerging concern
[8, 10, 46].

3 Sources of Plastics and Microplastics into the Freshwater
Environment

Plastics will enter freshwater environments from various sources through various
routes. On land littering is an important environmental and public issue [47, 48] and
is a matter of increasing concern in protected areas where volumes are influenced
by visitor density; consequently, measures are now needed to reduce and mitigate
for damage to the environment [49]. In addition, waste management practices in
different regions of the world also vary, and this may be a more important source in
one geographical region compared to another [8]. As with bulk plastic items, MPs
can enter the environment by a number of pathways, and an important route in one
geographical region may be less important in another. For example, primary MPs
used in consumer cosmetics are probably more important in affluent regions
[8]. MPs have several potential environmental release pathways: (1) passage
through WWTPs, either from MP use in personal care products or release of fibres
from textiles during the washing of clothes, to surface waters, (2) application of
biosolids from WWTPs to agricultural lands [50], (3) storm water overflow events,
(4) incidental release (e.g. during tyre wear), (5) release from industrial products or
processes, and (6) atmospheric deposition of fibres (discussed further in Dris et al.
[51]). Plastic films used for crop production are considered an important agricul-
tural emission, and their use is thought to be one of the most important sources of
plastic contamination of agricultural soils [52-54]. There advantages include con-
serve of moisture, thereby reducing irrigation; reduce weed growth and increase
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soil temperature which reduces competition for soil nutrients and reduces fertiliser
costs, thereby improving crop yields; and protect against adverse weather condi-
tions [7, 55]. However, weathering can make them brittle and difficult to recover
resulting in disintegration of the material, and when coupled with successive preci-
pitation events, the residues and disintegrated particles can be washed into the soil
where they accumulate [7, 55, 56]. Other sources exist and include emissions from
manufacturing and constructions sites. Automotive tyre wear particles may also
release large volumes of synthetic particles. These tyre wear particles are recog-
nised as a source of Zn to the environment, with anthropogenic Zn concentrations
that are closely correlated to traffic density [57]. The sources and emission routes of
nanoplastics are also discussed in Rist and Hartmann [58].

4 Occurrence in Freshwater Systems

The isolation of MPs in environmental matrices can be highly challenging parti-
cularly when dealing with samples high in organic content such as sediments and
soils. Likewise, the spectroscopic identification of synthetic polymers is compli-
cated by high pigment contents and the weathering of particles and fibres. Accord-
ingly, the detection and analytical confirmation of MPs require access to
sophisticated equipment (e.g. micro-FTIR and micro-Raman; discussed further in
Klein et al. [20]). Recent monitoring studies have established that — similar to
marine environments — MPs are ubiquitously found in a variety of freshwater
matrices. Reported MP concentrations in surface water samples of the Rhine river
(Germany) average 892,777 particles km > with a peak concentration of 3.9 million
particles km 2 [15]. In river shore sediments the number of particles ranged from
228 to 3,763 and 786 to 1,368 particles kg~ ' along the rivers Rhine and Main
(Germany), respectively [19]. High surface water concentrations are reported at the
Three Gorges Dam, China (192-13,617 particles km™2), which are attributed to a
lack of wastewater treatment facilities in smaller towns, as well as infrastructure
issues when dealing with recycling and waste disposal [14]. These studies may
underestimate the actual MP concentrations because their separation and identifi-
cation are based on visual observation methods (e.g. Reddy et al. [59]) and may
exclude those in the submicron size ranges. The environmental occurrence and
sources of MPs in freshwater matrices in an African, Asian, and European context
are further discussed in Dris et al. [51], Wu et al. [60], Khan et al. [61], respectively.

S Fate and Transport in Freshwater Systems

Once MPs are released or formed in the freshwater environment, they will undergo
fate and transportation processes. In the following section, these processes are
discussed.
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5.1 Environmental Transportation

Many plastic materials that enter the environment will not remain stationary.
Instead they will be transported between environmental compartments (e.g. from
land to freshwater and from freshwater to marine environments), with varying
residence times in each. For example, the movement from land to river systems
will depend upon prevailing weather conditions, distance to a specific river site, and
land cover type. The collection of plastic litter at roadside habitats is easily
observed, and the regular grass cutting practices of road verges in some countries
means that littered items are quickly disintegrated by mowing equipment [8]. The
movement of MPs from land to water may then occur through overland run-off or
dispersion (via cutting action) to roadside ditches. The movement of bulk plastics
and MPs within the riverine system will be governed by its hydrology (e.g. flow
conditions, daily discharge) and the morphology (e.g. vegetation pattern) at a
specific river site that will have a large effect upon the propagation of litter because
of stranding and other watercourse obstructions such as groynes and barrages
[2]. Compared to larger plastics, MPs may also be subject to different rates of
degradation as they will be transported and distributed to various environment
compartments at quicker rates than macroplastics. The formation of
MP-associated biofilms has been investigated for LDPE in marine setting
[62]. Transport to sediments and the formation of biofilms over the surface of
MPs may also limit rates of degradation as this removes exposure to light. The
modelling of MP fate and transportation in freshwaters is discussed further in
Kooi et al. [63], while MP-associated biofilm are discussed in Harrison et al. [64].

5.2 Environmental Persistence and Degradation

The majority of our current understanding regarding plastic degradation processes
is derived from laboratory studies that often investigate a single mechanism such as
photo-, thermal, or bio-degradation [65]. There is limited information on the
degradation of plastics under environmentally relevant conditions where a number
of degradation mechanisms occur at together. Where information is available these
studies have tended to focus on weight loss, changes in tensile strength, breakdown
of molecular structure, and identification of specific microbial strains to utilise
specific polymer types. The degradation processes are defined in accordance with
the degradation mechanism under investigation (e.g. thermal degradation) and the
experimental result generated. In contrast, particle formation rates are often not
investigated. This is important because polymers such as PE do not readily depoly-
merise and generally decompose into smaller fragments. These fragments then
further disintegrate into increasingly smaller fragments eventually forming nano-
plastics [66—68].
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The prediction of plastic fragmentation rates is not a simple process. Kinetic
fragmentation models have been investigated in the mathematics and physics liter-
atures, and the kinetics of polymer degradation has been researched extensively in
the polymer science literature. These models describe the distribution of fragment
sizes that result from breakup events. These processes can be expressed by rate
equations that assume each particle is exposed to an average environment, mass is
the unit used to characterise a particle, and the size distribution is taken to be
spatially uniform [69, 70]. These processes can be described linearly (i.e. particle
breakup is driven only by a homogeneous external agent) or nonlinearly
(i.e. additional influences also play a role), and particle shape can be accounted
for by averaging overall possible particle shape [69]. The models used to describe
these degradation process are often frequently complicated, but as a general rule
focus on chain scission in the polymer backbone through (a) random chain scission
(all bonds break with equal probability) characterised by oxidative reactions;
(b) scission at the chain midpoint dominated by mechanical degradation;
(c) chain-end scission, a monomer-yielding depolymerisation reaction found in
thermal and photodecomposition processes; and (d) in terms of inhomogeneity
(different bonds have different breaking probability and dispersed throughout the
system) [71-73]. The estimation of degradation half-lives has also been considered
for strongly hydrolysable polymers through the use of exponential decay eqs.
[65, 74, 75]. However, the applicability of modelling the exponential decay of
more chemically resistant plastics requires greater investigation [74].

Important variables that will influence MP degradation and fragmentation are
environmental exposure conditions, polymer properties such as density and crys-
tallinity (Table 3), and the type and quantity of chemical additives. Molecular char-
acteristics that generally counteract degradation are the complexity of the polymer

Table 3 Polymer type, density, and crystallinity

Polymer type Density (g cm™?) Crystallinity

Natural rubber 0.92 Low

Polyethylene—low density 0.91-0.93 45-60%

Polyethylene—high density 0.94-0.97 70-95%

Polypropylene 0.85-0.94 50-80%

Polystyrene 0.96-1.05 Low

Polyamide (PA6 and PA66) 1.12-1.14 35-45%

Polycarbonate 1.20 Low

Cellulose acetate 1.28 High

Polyvinyl chloride 1.38 High

Polylactic acid 1.21-1.43 37%

Polyethylene terephthalate 1.34-1.39 Described as high in [76] and
as 30—40% in [77]

Polyoxymethylene 1.41 70-80%

Information on crystallinity was taken from [76, 77]
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structure and the use of structural features that are not easy to biodegrade. Here,
crystallinity is an important polymer property because the crystalline region con-
sists of more ordered and tightly structured polymer chains. Crystallinity affects
physical properties such as density and permeability. This in turn affects their
hydration and swelling behaviour, which affects accessibility of sorption sites for
microorganisms. Stabilisers such as antioxidants and antimicrobial agents act to
prolong the life of plastics, whereas biological ingredients act to decompose the
plastic in shorter time frames.

Overall, environmental degradation processes will involve MP fragmentation
into increasingly smaller particles including nanoplastics, chemical transformation
of the plastic fragments, degradation of the plastic fragments into non-polymer
organic molecules, and the transformation/degradation of these non-polymer mol-
ecules into other compounds [65]. The environmental degradation of plastic mate-
rials is also further discussed in Klein et al. [20].

5.3 Interactions with Other Compounds

The sorption of hydrophobic pollutants to MPs is considered an important environ-
mental process, because this will affect the mobility and bioavailability of these
pollutants. It is well known that MPs in marine environments concentrate persistent
organic pollutants (POPs) such as DDT, PCBs, and dioxins [78—80]. In addition,
Ashton et al. [81] also found concentrations of metals in composite plastic pellet
samples retrieved from the high tide line along a stretch of coastline in Southwest
England. To investigate whether the metals were in fact associated with nonremov-
able fine organic matter associated with the pellet samples, new polypropylene
pellets were suspended in a harbour for 8 weeks and were found to accumulate
metals from the surrounding seawater, from low of 0.25 pg g~ ' for Zn to a high of
17.98 pg g~ for Fe [81]. So far, little data is available on freshwater and terrestrial
ecosystems, which will have a pollutant makeup very different to that found in
marine environments. In the freshwater environment MPs are likely to co-occur
with other emerging contaminants such as pharmaceuticals, personal care products,
flame retardants, and other industrial chemicals, which enter the environment as
parts of complex solid and liquid waste streams.

Sorption processes will occur through physical and chemical adsorption as well
as pore-filling processes. Physical adsorption is the reversible sorption to surfaces
of the polymer matrix and does not involve the formation of covalent bonds.
Chemical adsorption involves chemical reactions between the polymer surface
and the sorbate. This type of reaction generates new chemical bonds at the polymer
surface and may depend on how aged the polymer surface is. These processes can
be influenced by changes in pH, temperature, and ionic strength of the localised
environment [82]. Pore-filling occurs when hydrophobic pollutants enter the
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polymer matrix and will be dependent on the pore diameter of a particular polymer
structure and the molecular size of the chemical. Here, pollutants with lower mol-
ecular weights will more easily move through a polymer matrix with larger pores.

Adsorption kinetics will depend on polymer type, polymer characteristics such
as density and crystallinity, the surrounding environment, and the pollutants pre-
sent. For instance, the sorption and diffusion of hydrophobic contaminants are most
likely to take place in the amorphous area of a plastic material, because the crystal-
line region consists of more ordered and tightly structured polymer chains. Poly-
mers that have structures with short and repeating units, a high symmetry, and
strong interchain hydrogen bonding will have a lower sorption potential. A good
example is low-density polyethylene (LDPE) and high-density polyethylene
(HDPE; Table 3). LDPE contains substantial concentrations of branches that
prevent the polymer chains from been easily stacked side by side. This results in
alow crystallinity and a density of 0.90-0.94 g cm > [83]. Whereas, HDPE consists
primarily of linear unbranched molecules and is chemically the closest in structure
to pure polyethylene. The linearity HDPE has a high degree of crystallinity and
higher density of 0.94-0.97 g cm > [83]. LDPE is often used for passive sampling
devices to determine dissolved polycyclic aromatic hydrocarbons (PAH), poly-
chlorinated biphenyls (PCB), and other hydrophobic organic compounds in aquatic
environments [84—88]. Batch sorption experiments were also used to determine
PAH sorption to LDPE and HDPE pellets, and LDPE was identified to exhibit
higher diffusion coefficients than HDPE meaning shorter equilibrium times for
low-density polymers [89]. This indicates that PE is of interest from an envi-
ronmental viewpoint because of its high sorption capacity. In addition, particle
size will influence the sorption parameters because the higher surface to volume
ratio of smaller particles will shorten diffusion times. Isolating and quantifying the
sorption mechanisms for all polymer types in use today will be challenging,
because sorption behaviour may differ within polymer classification depending
on the type and quantity of additive compounds the polymer is compounded with
and the effects that this may have on polymer crystallinity and density. These issues
are discussed in further detail in Scherer et al. [26] and Rist and Hartmann [58] in
relation to MP and nanoplastics, respectively.

An interesting question is to what extent does irreversible sorption play a role?
Some evidence in the pesticides literature suggests that a proportion of pesticides
bind irreversibly soils [90, 91]. The study of sorption equilibrium isotherms is an
important step in investigating the sorption processes that exist between different
polymer types and co-occurring hydrophobic contaminants. This will make it possi-
ble to identify the sorption and diffusion relationships between case study
co-occurring contaminants and MPs. Another interesting question is to what extent
sorbed chemicals become bioavailable in the water column due to the continued
breakdown and degradation of the MPs, or due to changes in environmental condi-
tions, such as changes in pH, temperature, or system chemistry.
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6 Effects of Plastics and Microplastics on Freshwater
Ecosystems

Once in the aquatic environment, the mobility and degradation of plastics will gen-
erate a mixture of parent materials, fragmented particles of different sizes, and other
non-polymer degradation products. Accordingly, biota will be exposed to a com-
plex mixture of plastics and plastic-associated chemicals that changes in time and
space.

6.1 Uptake and Biological Effects

MPs may be taken up from the water column and sediment by a range of organisms.
This can occur directly through ingestion or dermal uptake most importantly
through respiratory surfaces (gills). Previous investigations on freshwater zoo-
plankton have included Bosmina coregoni that did not differentiate between PS
beads (2 and 6 pm) and algae when exposed to combinations of both [92]. The same
study also found that Daphnia cucullata, when exposed to PS beads (2, 6, 11, and
19 pm) in combination with algae cells of the same size, was observed to exhibit
similar filtering rates for the three smaller size classes but preferred alga over the
larger beads [92]. Rosenkranz et al. [93] demonstrated that D. magna ingests nano
(20 nm) and micro (1 pm) PS beads. The authors note that both types of PS beads
were excreted to some extent, but the 20 nm beads were retained to a greater degree
within the organism.

The extent to which organisms are exposed to physical stress because of MP
uptake depends on particle size, because particles larger than sediment or food
particles may be harder to digest [94]. In addition, particle shape is also an
important parameter, because particles with a more needle-like shape may attach
more readily to internal and external surfaces. The indirect effects of MPs may
include physical irritation, which may depend on MP size and shape. Smaller more
angular particles may be more difficult to dislodge than smooth spherical particles
and cause blockage of gills and digestive tract. In a recent study, the chronic effects
of MP exposure to D. magna were evaluated [21]. Exposure to secondary MPs
(mean particle size 2.6 pm) caused elevated mortality, increased inter-brood period,
and decreased reproduction but only at very high MP levels (105,000 particles L™1).
In contract, no effects were observed in the corresponding primary MP (mean
particle size 4.1 pm) [21].

There is some evidence suggesting that a trophic transfer of MP may occur, for
instance, from mussels to crabs [27]. The blue mussel Mytilus edulis was exposed to
0.5 pm PS spheres (ca. 1 million particles mL™") and fed to crabs (Carcinus
maenas). The concentration of microspheres in the crab haemolymph was reported
to be the highest after 24 h (15,033 particles mL™") compared to 267 residual
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particles mL~! after 21 days, which is 0.027% of the concentration fed to the
mussels. Another study has demonstrated the potential of MP transfer from meso-
to macro-zooplankton, using PS microspheres (10 pm) at much lower concentra-
tions of 1,000, 2,000, and 10,000 particles mL ™! [28]. Because excretion rates are
unavailable and MP uptake is often defined as particles present in the digestive tract
(i.e. the outside and not the tissues of an organism), it is so far not clear whether the
trophic transfer of MP also results in a bioaccumulation or biomagnification.
However, it is clear that MP will certainly be transferred from the prey to the
predator and that this can — in certain situations — be retained for longer periods in
the body of the latter.

An open question is to what extent the organisms consume naturally occurring
microparticles and how the effects compare to MPs (for a more in-depth discussion
on this topic see Scherer et al. [26]). This is important because naturally occurring
particles are an important component of aquatic ecosystems and particle properties,
such as concentration, particle size distribution, shape, and chemical composition,
as well as duration of exposure plays a strong role in determining their interactions
with aquatic communities [95].

Overall, an understanding of the relationships between cellular level responses
and population level impacts will be important in order to determine the broader
implications for ecosystem functioning. Points to be assessed concern both the
biological aspects (molecular target, affected endpoints) and the particle aspects
such as MP physical and chemical characteristics. The bioavailability of the MPs
and the penetration of submicron MPs into the cells are factors to take into
consideration.

6.2 Effects of Leaching Chemicals

The environmental effects of residual starting substances and monomers,
non-intentionally added substances (impurities, polymerisation byproducts, break-
down products), catalysts, solvents, and additives leaching from plastic materials
are not easy to assess [96]. The mixture composition and concentration of leachable
compounds depend on the physical, chemical, and biological conditions of receiv-
ing environments. The leaching of water-soluble constituents from plastic products
using deionised water is considered a useful method for profiling environmental
hazards posed by plastics [97, 98]. Lithner et al. used such leachates in a direct
toxicity testing approach to assess their acute toxicity to D. magna [97, 98]. For
instance, with a liquid to solid (L/S) ratio of 10 and 24 h leaching time, leachates
from polyvinyl chloride (PVC), polyurethane (PUR), and polycarbonate (PC) were
the most toxic with ECs, values of 5-69 g plastic L™' [98]. Higher L/S ratios and
longer leaching times resulted in leachates from plasticised PVC and epoxy resin
products to be the most toxic at (ECsy of 2-235 g plastic L") [99]. In a recent
study, Bejgarn et al. [99] investigated the leachates from plastic that were ground to
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a power and had undergone artificial weathering, using a L/S of 10 and a 72 h
leaching time, to the marine harpacticoid copepod Nitocra spinipes. Here, leachates
from different PVC materials differed in their toxicity, with the toxicity of leachate
from PVC packaging increasing after artificial weathering; whereas the leachate
from PVC garden hose material decreased after artificial weathering [99]. This
study also showed that the leachable PVC constitutes were a complex mixture of
substances, and interestingly mass fragments containing chlorine were not identi-
fied. There are many challenges associated with the characterisation of such
leachates owing to the potential diversity of physicochemical properties that chem-
ical migrants and breakdown products may have. A test protocol for the identifica-
tion of migration products from food contact materials has been developed that
combines LC-TOF-MS and GC-MS techniques that generate accurate mass and
predicted formulae to screen for volatile, semi-volatile, and non-volatile substances
[100, 101].

Overall, the L/S ratio of plastic material used in these studies is higher than that
typically identified during environmental monitoring studies. However, this type of
screening when applied to materials manufactured from hazardous monomers and
additives could facilitate the identification of compounds of interest so that they can
be effectively replaced.

6.3 Biological Effects of Sub-micrometer Plastics

Depending on their use, plastic materials can contain compounds such as anti-
microbial agents and nanomaterials that may be toxic to organisms such as bacteria
and fungi that play a critical role in ecosystem functioning. It is possible that a
combination of microscopic particles, leached additives, and other degradation
products may cause subtle effects towards aquatic and terrestrial organisms that
are difficult to identify in current testing methodologies. The formation of plastic
particles in the submicron and nanometer size range during degradation is highly
likely [8, 40, 66, 102, 103]. Engineered nanoparticles (ENPs) are able to cross cell
membranes and become internalised, and the uptake of ENPs is size dependent with
uptake occurring by endocytosis or phagocytosis [104]. Once inside the cell ENPs
are stored inside vesicles and mitochondria and able to exert a response [104]. Cel-
lular responses include oxidative stress, antioxidant activity, and cytotoxicity
[105]. In terms of toxicity assessments, there is a need to understand the molecular
and cellular pathways and the kinetics of absorption, distribution, metabolism, and
excretion mechanisms that may be unique to MPs in the nano-size range. Desai
et al. [106] showed that 100 nm particles of a polylactic polyglycolic acid co-
polymer had a tenfold higher intracellular uptake in an in vitro cell culture when
compared to 10 pm particles made of the same material. ENPs have also been
shown to produce cytotoxic, genotoxic, inflammatory, and oxidative stress
responses in mammalian and fish systems [107]. A literature review by Handy
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et al. [108] highlighted the gills, gut, liver, and brain as possible target organs in
fish, as well as a range of toxic effects including oxidative stress, cellular patho-
logies consistent with tumour formation in the liver, some organ specific iono-
regulatory disturbances, and vascular injury. Taking into account the complex
chemical makeup of some plastics and the ability to sorb co-occurring contami-
nants, experimental investigation of these endpoints for MPs seems to be merited.
There are many lessons to be learned from the growing literature on the biological
effects of ENPs, and these are discussed in more detail in Rist and Hartmann [58].

7 Considerations for Assessing Environmental Risks

In most countries chemical risk assessments rely on mass concentrations of sub-
stances of interest as an exposure and effect metric. In the nano-literature the mass
concentrations of particles predicted to be emitted have been used to assess the risks
of ENPs [109, 110]. These approaches assume particles are evenly distributed with
no transfer between different environmental compartments. This approach was
further developed by Gottschalk et al. [111] who used transfer coefficients to
model emission flows between the different compartments used in their model, as
well as the inclusion of sedimentation rates. Such modelling approaches (further
discussed in Kooi et al. [63]) could be used to assess the environmental fate of
primary MPs where emissions to the environment are distributed across a geo-
graphical region proportional to population density and consumption rates, assum-
ing that the route of enter into the environment depends on the use of the
MP. However, this type of approach requires extensive information on primary
MP production levels, industrial applications and uses, levels in consumer products,
fate in wastewater treatment, discharges to landfill, and environmental fate and
distribution modelling to perform a meaningful exposure assessment. An exposure
assessment for secondary MPs will require monitoring data, but this is hindered as
the size ranges reported in field studies are generally constrained by the sampling
techniques used [42].

The problems of using mass concentrations as an effect metric are similar to
those discussed in the context of ENPs in that biological effects might not be mass
dependent but dependent on physical and chemical properties of the substance in
question [112, 113]. Consequently, when estimating the hazards presented by MP
properties such as size, shape, polymer density, surface area, chemical composition
of the parent plastic, and the chemical composition of sorbed co-occurring conta-
minants may need to be considered [114]. However, when considering secondary
MPs information on some of these properties may be unavailable. This lack of
information makes it difficult to identify the key characteristics, or combinations of
characteristics, that may be responsible for hazards in the environment.

The assessment of MPs based on their chemical composition also presents a
considerable challenge, because chemically MPs can be considered as a mixture. A
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Table 4 A hypothetical chemical mixture risk assessment based on the chemical components of
PUR flexible foam with TBBPA as a flame retardant (units are mg/L)

Monomer 1 Monomer 2 Monomer 3 Additive 1

Propylene Ethylene Toluene

oxide oxide diisocyanate TBBPA
LCsq algae 307 502 3.79 0.19
LCso daphnid 188 278 2.61 0.02
LCs fish 45 58 391 0.02
PNEC (AF = 1000) 0.045 0.058 0.003 0.000002
PEC (dissolved compound) | 0.00067 0.00067 0.00067 0.0000032
RQpec/pNEC 0.015 0.012 0.257 0.160
Mixture RQ 0.443

LCs5 (median lethal concentration) for this example were generated using the EPI Suite ECOSAR
model; AF assessment factor

Monomer PECs are based on propylene oxide ECHA risk assessment [115]

TBBPA PEC based on maximum concentrations measured in UK lakes [116]

simplified example of a risk assessment for polyurethane (PUR) based on its
chemical composition is provided in Table 4. PUR flexible foam is used for
mattresses and car seats and is made by combining three monomers and can consist
of up to 18% flame retardant content [117]. An example risk assessment based on
predicted environmental concentration (PEC)/predicted no effect concentration
(PNEC) ratios for all components of the mixture are then used to calculate a risk
quotient (RQ; Table 4). The RQ for this particular example is less than one;
however, this type of assessment does not account for potential negative effects
caused by physical irritation of solid particles. In this case it becomes clear that risk
assessment for MPs as with ENPs holds specific challenges (see Brennholt et al.
[118] for an in-depth discussion of the regulatory challenges).

The different particles sizes of MPs in environmental systems will present
different risks to organisms living in those systems. For example, small plankton
feeding fish species may encounter MPs from the nanoscale through to MPs 5 mm
or greater. The fish may avoid larger particles but small particles may be ingested
while feeding. For filter feeding organisms the upper size boundary will depend on
the size of particles that a particular organism will naturally ingest. The risk
assessment of MPs could therefore be based on particle size. A simplified hypo-
thetical case is presented in Box 1 that draws on an example given by Arvidsson
[119]. This approach assumes that there is information on harm-related thresholds
of MPs based on size classes and particle concentration for the most sensitive
species in that particles size range. However, the use of particle size for defining
environmental risk may not be that straight forward, because MPs are not
monodispersed in the environment. Additionally, as described by Hansen, [120]
when discussing ENPs it remains unclear whether a ‘no effect threshold’” can be
established, what the best hazard descriptor(s) are, and what are the most relevant
endpoints.
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Box 1: A hypothetical case for the risk assessment for MPs based

on particles size

A lake has a PEC of MPs <5 mm at 10,000 particles/L and it is assumed that
the PNEC of these particles is 1,000 particles/L. Furthermore, it is assumed
that 1% of the PEC consists of particles <1 mm, assuming that the lower
boundary is the same; the RQ is then determined by the upper boundary of the
particles size as given below:

PEC 10,000

RQupper boundary—<5mm — W = 1.000 =10 (> 1)
PEC 100

RQupper boundary—<Imm — W = m =0.1 (< 1)

Risk or no risk is then determined by the setting of the upper boundary.

8 Concluding Thoughts

In this chapter, we have provided a brief overview of the environmental challenges
associated with MP in freshwater systems and refer the readers to the appropriate
chapters of this book for more detailed information. Overall, the environmental
inputs in different geographical regions may vary depending on per capita con-
sumption of consumer plastics, population demographics [121], and the capability
of infrastructure to deal with waste materials. Environmental concentrations may
change in the long term (whether positivity or negative) because of urbanisation,
population increase, and technological developments. A better understanding of the
environmental exposure in different geographical regions will identify those areas
where mitigation actions and options will be the most effective. Future work should
focus on better understanding the environmental fate and ecological impacts of
MPs. Such an understanding should ultimately allow the development of new
modelling approaches to assess transport of MPs in soil, sediments, and the water
column. Little is also known about the long-term, subtle effects of MP exposure and
sensitive endpoints (e.g. oxidative stress) need to be identified that integrate particle
as well as chemical toxicity. Finally, although science is far from understanding the
ecological implications of freshwater MPs, technological innovation, societal
action, and political interventions need to be taken to mitigate the plastics pollution,
which will — in case of inaction — certainly increase over the years to come.
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Aquatic Ecotoxicity of Microplastics
and Nanoplastics: Lessons Learned from
Engineered Nanomaterials

Sinja Rist and Nanna Bloch Hartmann

Abstract The widespread occurrence of microplastics in the aquatic environment
is well documented through international surveys and scientific studies. Further
degradation and fragmentation, resulting in the formation of nanosized plastic
particles — nanoplastics — has been highlighted as a potentially important issue. In
the environment, both microplastics and nanoplastics may have direct ecotoxico-
logical effects, as well as vector effects through the adsorption of co-contaminants.
Plastic additives and monomers may also be released from the polymer matrix and
cause adverse effects on aquatic organisms. Although limited information regard-
ing the ecotoxicological effects of nano- and microplastics is available at present,
their small size gives rise to concern with respect to the adverse effects and disloca-
tion of these particles inside organisms — similar to issues often discussed for
engineered nanomaterials. In the same way, transport of co-contaminants and
leaching of soluble substances are much debated issues with respect to the
ecotoxicology of nanomaterials.

In this chapter, we draw on existing knowledge from the field of ecotoxicology
of engineered nanomaterials to discuss potential ecotoxicological effects of nano-
and microplastics. We discuss the similarities and differences between nano- and
microplastics and engineered nanomaterials with regard to both potential effects
and expected behaviour in aquatic media. One of the key challenges in ecotoxico-
logy of nanomaterials has been the applicability of current test methods, originally
intended for soluble chemicals, to the testing of particle suspensions. This often
requires test modifications and special attention to physical chemical character-
isation and data interpretation. We present an overview of lessons learned from
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nanomaterials and offer suggestions on how these can be transferred to recommen-
dations for ecotoxicity testing of nano- and microplastics.

Keywords Biological effects, Nanoparticles, Nanotoxicology, Test methods,
Vector effects

1 Engineered Nanomaterials Versus Plastic Particles:
Comparing Apples and Oranges?

Over the last half century, it has become increasingly clear that environmental
pollution presents a global societal challenge due to immediate and long-term
hazards posed by chemicals in the environment. The focus of researchers, legisla-
tors and the population has been on chemicals such as pesticides, persistent organic
pollutants, heavy metals, pharmaceuticals and endocrine-disrupting chemicals, as
well as the effect of chemical mixtures. The common denominator for these groups
of chemicals is that they are most often soluble in aqueous media. Ecotoxicology is
a multidisciplinary field, integrating ecology and toxicology. It is the study of
potentially harmful effects of chemicals on biological organisms, from the cellular
to the ecosystem level. Standardised and harmonised ecotoxicological test methods
have been developed within the frameworks of OECD and ISO to assess the envi-
ronmental fate and effects of chemicals.

During the last decade, a new group of chemical substances has entered the
limelight, namely, particles. The increasing use of nanotechnology and production
of engineered nanomaterials has sharpened the public, scientific and regulatory
focus on their potential consequences for the environment and human health,
leading to the formation of the new scientific field of ecotoxicology of nano-
materials. The concerns apply not only to engineered nanomaterials but also to
unintentionally produced anthropogenic nanomaterials such as ultrafine particles
resulting from combustion processes. Similarly, it is becoming increasingly clear
that microscopic plastic particles are widespread in the environment, resulting from
industrial use, human activities and inadequate waste management. This plastic
debris is found in the micrometre size range (i.e. microplastics) although
submicron-sized plastic particles (i.e. nanoplastics) are also expected to be formed
in the environment through continuous fragmentation of larger plastic particles
[1, 2]. Microplastics are commonly defined as plastic particles smaller than 5 mm
[3], whereas no common definition for nanoplastics has yet been established. The
term has been used for particles <1 pm as well as <100 nm [2, 4]. Engineered
nanomaterials, on the other hand, are more unambiguously defined as having at
least one dimension in the size range of 1-100 nm [5]. Nanoparticles are a subgroup
of nanomaterials possessing three dimensions within this size range. The term
‘nanomaterials’ is generally used here; however, ‘nanoparticles’ are referred to in
certain places to emphasise the particulate nature of the material. To date, no
established analytical methods exist for the detection of nanoplastics in the aquatic
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environment, and no studies have demonstrated their presence [2]. However, labo-
ratory studies have shown the formation of nanoplastics down to sizes of 30 nm
during artificial weathering of larger plastic materials, using nanoparticle tracking
analysis [6]. This is a strong indication that this process can also take place in the
environment. Particles as emerging environmental pollutants call for a better under-
standing of their environmental behaviour and potentially harmful effects on organ-
isms. Ecotoxicity testing of particles represents a shift in test paradigm away from
testing of soluble chemicals and demands reconsideration of existing test methods
and procedures, including the standardised methods developed by OECD and ISO
[7, 8]. On the one hand, parallels can generally be drawn between ecotoxicological
testing of particles, independent of whether those particles are engineered nano-
materials or plastic particles [9]. On the other hand, it is important to understand
where the similarities end, in order to avoid redundant testing, use of inappropriate
test methods and generation of meaningless data. Nano- and microplastics cover a
wide range in terms of particle sizes. To illustrate this: If a 1 mm particle corre-
sponded to the size of the Earth, then a nanosized particle would correspond to the
International Space Station in the orbit around it, i.e. differing in size by six orders
of magnitude. Resemblances, in terms of behaviour, fate and effects, are more
likely to occur for particles that are similar in size. Therefore the similarities
between engineered nanomaterials and nano- and microplastic particles are more
likely to apply for smaller microplastics of up to a few microns as well as the
submicron-sized nanoplastic particles, which will be the main focus of this chapter.
Further noteworthy differences exist in terms of their chemical properties, sources
and their related methodological challenges, as described in further detail below.

2 Sources, Emissions and Regulation

The potential sources and routes by which engineered nanomaterials and nano- and
microplastics enter the environment are somewhat similar (see Fig. 1). As their name
suggests, engineered nanomaterials are intentionally designed and produced for
specific applications, processes or products. Production can take place by synthesis
(bottom-up approach) or comminution of larger materials (top-down approach). This
is comparable to the production of primary nano- and microplastics, for example,
microbeads intentionally produced for cosmetic products or plastic pellets used as
feeding material in plastic production. Depending on the definitions applied, primary
nanoplastics would actually fall under the definition of engineered nanomaterials. An
estimated amount of more than 4,000 t of primary microplastic beads were used in
cosmetics in Europe in 2012 [10]. Nonetheless, primary microplastics only represent
a small fraction of the estimated overall environmental microplastics load [11], a
fraction, however, which can relatively easily be addressed and reduced. The main
sources of nano- and microplastic pollution, however, are uncontrolled processes
such as abrasion and degradation of larger plastic products and fragments,
i.e. secondary sources of anthropogenic origin [12]. These sources include
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Fig. 1 Nano- and microplastics and engineered nanomaterials can enter the environment through
different processes: intentional industrial manufacturing (as in the case of engineered
nanomaterials and primary nano- and microplastics) or through uncontrolled anthropogenic
processes (secondary nano- and microplastics). The different sources result in particles with
different shapes, morphologies, compositions, sizes, etc. Particles manufactured under controlled
industrial conditions tend to be more homogenous and uniform in their properties. Blue, primary
sources; red, secondary sources

mismanaged plastic waste, either discarded in the environment directly or improperly
collected and disposed of in landfills, subsequently reaching the environment by
wind- or water-driven transport [13]. Also, industrial abrasion processes (e.g. air
blasting), synthetic paints and car tyres are thought to contribute significantly to the
generation of microplastics [11]. Wind and surface run-off water can transport these
to aquatic ecosystems. Another important source is synthetic textiles, which have
been shown to release large amounts of microplastic fibres into waste water during
washing [14]. The relative importance of secondary sources is unique to micro- and
nanoplastics, compared to engineered nanomaterials, in the sense that engineered
nanomaterials are produced through controlled industrial processes and not generated
from the bulk material in the environment. Their release is thereby linked to
specific products or industrial applications and therefore comparable to primary
microplastics.

The differences in sources between engineered/industrially produced primary
particles and unintentionally produced secondary particles have consequences for
risk management and regulatory options. For engineered nanomaterials, regulatory
measures can ensure that risk is minimised to acceptable levels through upstream
regulation of their specific production and use. Regulations addressing criteria for
air emissions from various combustion processes can help to reduce the release of
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unintentionally produced anthropogenic nanomaterials. For micro- and nano-
plastics, upstream regulation may be effective in reducing the environmental emis-
sions of primary microplastics. Examples are the US ‘Microbead-Free Waters Act
of 2015” [15] prohibiting plastic microbeads in rinse-off cosmetics including
toothpaste as well as the upcoming UK ban on microbeads in cosmetics by 2017
[16]. For secondary microplastics, on the other hand, reducing their environmental
occurrence involves taking general action against plastics entering the environment
during all steps of plastic production, use and waste management. Taxation of, or a
ban on, single-use plastic shopping bags [17] and bottle return systems [18] are
examples of regulatory measures aimed at reducing the general environmental
plastic load. Once the plastic has entered the environment, the formation of micro-
plastics is governed by the inherent properties of the plastic and the environmental
conditions [19] and thereby practically impossible to mitigate through regulatory
measures.

3 Material Synthesis, Chemical Composition
and Consequences for Environmental Detection

A clear difference between engineered nanomaterials and nano- and microplastics
relates to their chemical composition. In principle, engineered nanomaterials can be
produced from any solid material. Higher production volume engineered nano-
materials are typically made from metals or metal oxides (such as TiO,, CeO, and
Ag) or from carbon (such as carbon nanotubes (CNTs)) [20] although organic
nanomaterials are also manufactured (from polymers, monomers and lipids)
[21]. Nano- and microplastics, on the other hand, consist specifically of synthetic
polymers, produced by polymerisation of various monomers and covering a range
of materials such as polyethylene (PE), polypropylene (PP), polystyrene (PS) and
polyvinylchloride (PVC) [1, 22]. Synthetic polymers differ in properties such as
density, porosity and content of non-polymeric additives. Additives may constitute
up to 50% of the total mass of plastics and can be composed of both organic and
inorganic substances [23]. Hence, while nano- and microplastics consist of specific
synthetic polymers (e.g. PE or PP), there are as many variations as there are combi-
nations and ratios of additives. These additives may alter the properties of the
material in such a way that it will behave differently in the environment and cause
different environmental effects. The same is true for engineered nanomaterials: For
engineered nanoparticles with a given chemical composition (e.g. TiO,), the prop-
erties change with different crystalline structures and surface coatings. At the same
time, engineered nanomaterials can be made from a range of different materials and
combinations of materials. An ongoing discussion within engineered nanomaterials
relates to ‘sameness’: When can two particles be considered the same and when are
they so different that they cannot? This has consequences for categorisation and



30 S. Rist and N.B. Hartmann

read-across for regulatory purposes [24]. For example, if data exist on the toxicity
of a certain nanomaterial, can these data then be used to assess the safety of a
similar nanomaterial? On what parameters should these two particles be similar:
size, shape, surface chemistry? And when is ‘similar’ similar enough to be consid-
ered ‘the same’? This discussion will be relevant for nano- and microplastics,
should legislative frameworks require regulatory data on their environmental
safety. According to European legislation, polymers are currently exempted from
registration under REACH [25]. However, this may change in the future, making
the discussion of ‘sameness’ also relevant for primary nano- and microplastics. For
secondary microplastics, sameness is likewise relevant to categorising particles
occurring in the environment, as well as to comparing observed behaviour and
effects of nano- and microplastic particles between different scientific studies.

The characteristics and chemical composition of particles have consequences for
the feasibility of detection and quantification of particles, especially in environ-
mental samples and biota. It is highly challenging to detect engineered nano-
materials in the environment, especially due to their small size. Under controlled
laboratory conditions, with known nanomaterials, techniques based on electron
microscopy, mass spectrometry and spectroscopy can be applied to investigating
the behaviour of the nanomaterials in the test system [26]. However, applying the
same techniques to the detection and quantification of nanomaterials in a
natural environmental matrix is not straightforward — even when looking for a
known nanomaterial. For this reason, monitoring data for engineered nanomaterials
are practically non-existent. One of the main problems is that the nanomaterials
may be modified through sample preparation (e.g., causing dissolution or aggrega-
tion), making it difficult to ‘extract’ the particles from the sample in their naturally
occurring state [26]. Electron microscopy, in combination with elemental ratios,
has successfully been applied in detecting TiO, nanoparticles released from sun-
screen into lake surface waters [27]. Comparing elemental ratios was necessary in
order to distinguish natural Ti-bearing particles from their engineered counterparts.
Even for engineered nanomaterials made of non-ubiquitous elements (e.g. Ag),
detection is not straightforward due to complicated sample preparations, matrix
interferences and analytical difficulties in distinguishing between different metal
species [28].

Nano- and microplastics pose additional challenges due to their organic origin,
affecting and limiting the analytical options when they are present in an organic
matrix. While the larger-sized fractions can be collected or extracted fairly easily,
for example, by filtering water samples or density-based fractionation of sand, it
becomes increasingly difficult to distinguish smaller microplastics, and especially
nanoplastics, from the surrounding environmental matrix. At the same time, sec-
ondary nano- and microplastics, which constitute the main environmental load of
plastic particles, are irregular in shape, resulting from their formation through
fragmentation rather than controlled production. Also, they are often transparent,
semi-transparent or neutral in colour. A study has been carried out to compare
stereomicroscopy and Fourier transform infrared spectroscopy (FT-IR) as
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identification methods for microplastics in environmental samples. White and
transparent fragments were identified through FT-IR, but not easily detected by
microscopy, leading to underestimation of the actual concentrations of micro-
plastics [29]. In contrast, fibres, identified as cotton fibres by FT-IR, were mistaken
for microplastics by stereomicroscopy, leading to overestimation of microplastic
fibres using this technique [29].

The development of FT-IR combined with microspectroscopy (i.e. micro-FT-
IR) greatly improved the spatial resolution, allowing the identification of particles
down to a few pm [30, 31]. The technique allows measurement of transmission and
reflectance. The first gives a higher-quality spectrum, but is limited to thin samples,
while the latter can also be applied to thick and opaque particles [32]. However,
irregular surface structures (e.g. of plastic fragments) can lead to refractive errors
when using the reflectance mode [30]. In this case, attenuated total reflectance
(ATR) micro-FT-IR can be used to improve the quality of the spectrum. The
standard FT-IR techniques rely on a visual pre-sorting of potential plastic particles,
which is time-consuming and prone to errors [30]. Therefore, the coupling of
micro-FT-IR with focal plane array detectors is considered a promising method
for high throughput analysis of microplastics in complex environmental samples
[30, 31, 33]. Currently, however, the technique is limited to particles larger than
10-20 pm, and sample preparation is labour-intensive. As for many of the analyt-
ical techniques used for engineered nanoparticles, FT-IR is particularly useful for
controlled laboratory tests with microplastics of known composition. This material
can be included in the spectral library and is then detected in samples. However, it
can be difficult to use FT-IR to identify unknown plastics particles from environ-
mental samples, as the spectra of polymers change due to the weathering and
chemical changes of the surface of the plastics [29]. Raman spectroscopy is another
commonly used method to identify plastic particles. In combination with micro-
scopy (i.e. micro-Raman), a resolution of less than 1 pm is achievable. However,
the applicability of micro-Raman with automated spectral imaging for analysis of
an entire sample is yet to be demonstrated for microplastics in environmental
matrices [32].

The development of methods to detect and characterise nano- and microplastics
in environmental matrices with a higher resolution, lower time consumption and
high throughput is ongoing, comparable to the developments being made for
engineered nanomaterials. The requirements for ideal analytical techniques are
similar for both groups of particles. As previously described by Tiede et al. [26],
such techniques should (a) cause minimal changes to the physical and chemical
state of the part