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The presence of plastics in the marine environment poses a threat to ocean life and has received much

scientific and public attention in recent years. Plastics were introduced to the market in the 1950s and

since then, global production figures and ocean plastic littering have increased exponentially. Of the 359

million tonnes (Mt) produced in 2018, an estimated 14.5 Mt has entered the ocean. In particular smaller

plastic particles can be ingested by marine biota causing hazardous effects. Plastic marine debris (PMD)

is exposed to physical, chemical and biological stressors. These cause macro and microplastic to break

down into smaller fragments, including sub micrometre sized nanoplastic particles, which may account

for an important but so far unevaluated fraction of the ocean plastic budget. Physicochemical and

biological deterioration of PMD also leads to the release of more volatile compounds and the terminal

oxidation of PMD, which most likely accounts for an important but also unevaluated fraction in the

ocean plastic budget. This minireview provides an overview on (1) the quantity of plastic production and

waste, pathways for plastics to enter the marine realm, the inventory of PMD and the negative effects of

PMD to ocean life. (2) We discuss plastic degradation mechanisms in the ocean, expanding on the

processes of photodegradation and biodegradation. (3) This review also highlights the emerging topic of

nanoplastics in the sea and provides an overview on their specific physical and chemical properties,

potential harm to ocean life, and nanoplastic detection techniques.
Environmental signicance

Large quantities of plastics are released from the terrestrial to the marine realm, and the impacts of plastics to the marine environment are problematic. The
severity of this problem is gaining momentum because the demand for plastic, and coupled to this, the release of plastic debris to the ocean is probably
increasing. In this mini review, we provide an overview on plastic production gures, and pathways for plastic waste to enter the ocean. We furthermore provide
an overview on the fate of plastic marine debris, which is strongly inuenced by fragmentation. While this leads to the generation of micro and nanoplastics, it
also increases the surface to volume ratio of the fragments. This likely increases rates of photooxidation and biodegradation, which may constitute important
but unevaluated sinks for plastic in the ocean. Finally, we discuss the emerging topic of ocean nanoplastics, which are characterised by different physico-
chemical properties than micro/macroplastics.
Introduction

The vast majority of plastics are of a petrochemical origin and
derived from the polymerisation of monomers resulting in
synthetic organic polymers.1–3 Their versatile properties have
boosted mass production to meet the rapidly developing
demand for plastics for a broad variety of applications.4,5
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Nowadays, almost all aspects of daily life involve plastics:
transport, clothing, construction and packaging materials.3 As
a result of waste mismanagement and littering, accumulation of
plastic debris in the natural environment is widespread.2,6,7

The most common plastic types [polyethylene (PE), poly-
propylene (PP)] are characterised by a density lower than water.
These represent 36% and 21%, respectively of nonbrous
plastic produced until now.2 Other polymer types are oen
expended/foamed [polystyrene (PS), polyurethane (PU)], or
build to enclose larger volumes (e.g. polyethylene tere-
phthalate (PET) bottles) or used for ropes and nets [nylon
(polyamide – PA)]. PS, PU, PET and PA account for (10% of
the global plastic production until now.2 Plastic litter is
transported by wind, surface runoff and rivers from land to
the ocean or is directly released via shoreline littering and
offshore activities to the sea where it accumulates.3,8,9 As
a result, scientic concern and public awareness related to
This journal is © The Royal Society of Chemistry 2021
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the contamination of the natural environment with plastic
waste are growing.

In the last decades, investigations have focused on micro-
plastics (particle size: 1 mm to 5 mm) and, more recently,
nanoplastics (particle size: <1 mm) and their potential impact on
the ocean environment.4,10–13 Micro and nanoplastics can orig-
inate from primary industrial sources or from the degradation
of macroplastics (particle size: >5 mm).1,4 The latter is facilitated
by different types of physical, chemical and biological
processes, which can lead to the fragmentation and degradation
of plastics.14 Because of their small size, microplastics and
nanoplastics become bioavailable and can bioaccumulate,
while current evidence on biomagnication across marine food
webs is ambiguous.15–18 Micro and nanoplastic can have nega-
tive effects on biota (e.g. by causing inammation, oxidative
stress and disruption of hormone signalling).16,19–21 In addition,
plastics oen contain additives (e.g. soeners, ame retardants)
that may be incorporated and can lead to potentially negative
effects for the host organism, while effects for other organism
(including humans) higher up in the food chain is not well
constrained. Finally, smaller particles have a tendency to sorb
hydrophobic compounds, including toxic pollutants.22 If these
are in equilibrium with the surrounding seawater, the risk of
sorbed chemicals for ocean life is considered relatively low, but
toxicity might become relevant under some exposure
conditions.23–27

It is unknown how long plastic waste remains in the envi-
ronment. The durability of plastic entails slow degradation and
it was believed that plastics may persists in the environment for
an extended period of time, possibly exceeding centuries or
even millennia.4 Yet, oating plastics not only fragment in the
marine environment but are also degraded through photooxi-
dation, which, in combination with microbial degradation, can
severely shorten the lifetime of PMD.14,28–31 Furthermore, several
microbes were found that seemingly degrade some plastic
polymers directly,32,33 though it is at present debated if and in
how far such metabolic traits exist in the marine environment
and/or substantially contribute to plastic removal from the
ocean environment.34–36

The objectives of this review are to provide an overview on (1)
the production of plastics and their use, management and
pathways for plastic litter to enter the ocean. (2) We also
summarize the current knowledge on plastic degradation,
expanding on the processes of photodegradation and biodeg-
radation. (3) This review will furthermore address the emerging
topic of nanoplastics in the ocean environment.
Plastic production and plastic waste

Plastic manufacturing is inexpensive, and the global production
has increased exponentially ever since mass production began
in the 1950s,2,6 reaching �359 million tonnes (Mt) in 2018.37

Almost half of all plastics are produced in Asia, while NAFTA
and EU countries each account for about a 20%.10 Plastics can
be categorized into two groups: fossil-based (petrochemical
origin) and bio-based plastics (from renewable organic matter),
each of which is classied as non-degradable or bio-
This journal is © The Royal Society of Chemistry 2021
degradable.38 Most of the traditional plastics such as PE are
fossil-based and classied as non-biodegradable, but they can
also be manufactured from renewable base materials yielding
a bio-based but still non-biodegradable form of traditional
plastic (see discussion on biodegradability of conventional
plastics in section ‘Biodegradation’). Traditional plastics can
further be separated into those with a carbon–carbon based
backbone (e.g. PE, PP, PS) and those with heteroatoms in their
main chain (e.g. PET, PU). Biodegradable plastics such as poly
lactic acid (PLA) are typically made from renewable base mate-
rials, e.g. starch or cellulose, but some biodegradable plastics
(e.g. polycaprolactone – PCL) can also be of a petrochemical
origin. Biodegradable plastics were developed as an alternative
to traditional plastics because they bring new perspectives to
waste management options such as composting.39,40 When
produced from renewable carbon sources, these materials also
have a reduced carbon footprint and do not necessitate fossil
hydrocarbon exploitation and other environmentally undesired
aspects of petrochemistry.39,40 The global market share of bio-
based plastics has been growing but is relatively low with 2%
when compared to fossil-based plastics.41

The success of plastics as a base material has been
substantial; the inexpensive production and their versatility has
made plastics part of almost all sectors of daily life.42 In the last
decades, there has been a shi from reusable plastics to single-
use plastics, mostly for packaging.2 Single-use plastics are
typically consumed and thrown away within the year they are
produced; whereas plastics produced for other uses (e.g.
construction) can have longer lifespans, sometimes reaching
decades.2 Based on data of waste generation reported by the
World Bank for 217 countries in 2016,43 the percentage of
plastic in municipal solid waste was 10% in 20106 and increased
to 12% in 2016.44 Additionally, the total amount of plastic waste
was found to roughly proportion global production gures.2,6

Plastic litter is highest at locations of production and urban
centres of high population density.6,10

The �7800 Mt plastics produced since the 1950s2,37 are
distributed between three fractions:2

� Plastics in use (�30%)
� Post-consumer managed plastic waste: recycled (�9%) and

incinerated plastic (�12%)
� Discarded plastics in managed systems such as landlls

and mismanaged plastic waste (plastics that are littered or
inadequately disposed), make up to �60% of all the plastics
ever produced.2

A substantial part of municipal plastic waste becomes mis-
managed waste,2,21,45 when stored in open dumps, which leak
plastic litter as a result of runoff and wind. Cities situated at the
coats or near rivers consequently become more probable sour-
ces of plastic marine litter, and population size and the quality
of waste management systems largely determine how much
plastic enters the ocean from land.6,10,46 In 2010, 83% of the
global mismanaged plastic waste originated from 20 countries.6

Sixteen of these are middle-income countries, characterised by
fast economic growth but where waste management infra-
structure is insufficient or totally lacking, leaving an average of
68% of waste mismanaged. Countries with a lower economic
Environ. Sci.: Processes Impacts, 2021, 23, 198–212 | 199
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status and less waste management infrastructures are thus
more likely to have a higher percentage of mismanaged waste.6

Sources of plastics in the ocean

Plastic debris became the most commonly detected litter type in
the ocean.47 PMD results from the indiscriminate disposal of
waste, either directly, i.e. from littering at sea (shnets, paint or
dumping from boats) or indirectly, i.e. waste originating from
land (Fig. 1).1,2,6,8,21 Land based, mostly coastal sources account
for 80% of PMD, which is transported via natural waterways,
sewage/drainage systems, wind or human neglect.48–50 The
shing industry and coastal tourism contribute 18% of PMD,
and the remaining 2% are from accidental losses during ocean
transport or runoffs from processing facilities.4 The fraction of
plastic waste reaching the oceans in 2010 was estimated with
4.8 to 12.7 Mt.6 This is equivalent to 1.8 to 4.7% when consid-
ering global plastic resin production37 (1.5 to 4.1% when also
accounting for the production of brous plastics)2 or 1.7 to 4.6%
Fig. 1 The fate of plastics in the ocean. (1) Input of plastic to the ocean.
microplastics and nanoplastics through physicochemical factors e.g. (4) m
Photooxidation also leads to the production of smaller daughter produc
also introduces functional groups into the plastic polymer, which may the
intact and partially degraded plastic fragments is facilitated by microbia
monomers, which are then taken up by the organism and used for growth
to CO2 or CH4. (7) Biofouling lead to a loss of buoyancy of the plastic–b
organisms. (9) Plastics sediment and are deposited on the ocean floor. No
Mt6 (1.15–2.41 Mt from rivers)49 of mismanaged plastics waste has entere
industry or accidental losses at sea.4

200 | Environ. Sci.: Processes Impacts, 2021, 23, 198–212
of plastic waste produced in coastal countries (from where most
of the PMD originates).6 Earlier estimates concluded that
�0.1% of the global production of plastic enters the ocean as
PMD.51 With respect to the increase in global plastic resin
production reaching 359 Mt in 2018,37 5.5 to 14.5 Mt of plastic
waste could thus have been released to the ocean in 2018.
According to a recent study by Lau et al. (2020),52 the predicted
amount of plastics entering the ocean will increase 2.6-fold
until 2040 (assuming that the development of plastic produc-
tion and plastic waste generation andmanagement continues at
the current pace).

Missing plastic in the ocean

About �7800 Mt of plastic have been produced until 2015.2,15

Consequently, �117 to 320 Mt of PMD should be present in the
sea when assuming that 1.5 to 4.1% of the global plastic
production enters the ocean.6 Considering that only �50% of
the global plastic production is comprised of polymers with
(2) Shore deposition. (3) Floating plastics fragment and breakdown into
echanical stress, (5) photodegradation and (6) possibly biodegradation.
ts, of which at least some can be utilised by microbes. Photooxidation
n becomemore available for microbial degradation. Biodegradation of
l enzymes breaking down polymers into smaller units, e.g. oligo and
and/or as an energy source, so that the plastics are ultimately degraded
iofilm aggregates, which then sink. (8) Plastics are ingested by marine
te that only the plastic input has been parametrised: a total of 4.8 to 12.7
d the ocean in 2010, 80% from land-based sources, 20% from fishing

This journal is © The Royal Society of Chemistry 2021
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a density lower than sea water,2 57–160 Mt of PMD should thus
be oating at the sea surface. However, recent inventories
(based on datasets of surface trawl observations, ocean models
and ocean input estimates) only revealed a total mass of oating
PMD of 0.09–0.25 Mt.53,54 Surface trawl observations may be
underestimated by a factor of 4–16.55 The amount of oating
PMD might hence be in the order of 0.4 to 4 Mt, yet this still
stands in stark contrast to the�67–160 Mt of positively buoyant
PMD released since the 1950s. The missing plastic paradox has
been riddling scientists since 2004.56 Furthermore, despite an
increase in global plastic production rates, concentrations of
oatingmicroplastics in the ocean were not found to increase at
a similar rate, further pointing towards a ‘missing’ fraction of
microplastic in the oceans.7,10,51,54,57,58

Several explanations were brought forward to explain the
missing plastic paradox: (i) the input of plastic into the ocean is
overestimated or (ii) the inventory of PMD is underestimated.
Perhaps more importantly are mechanisms that (iii) remove
PMD from the ocean surface, and (iv) degrade PMD at the ocean
surface, the water column or sediments. However, the further
fate of plastic in the ocean is not well understood and param-
eterisation of sinks for PMD is lacking.59,60

(i) Plastic input scenarios were evaluated based on statistics
of municipal waste generation,6 but with the exception of river
plastic discharge,45,46,50,61 the parameterisation of plastic trans-
fer from land to sea is not well constrained. However, river
plastic discharge alone has been estimated with 0.4 to 4 Mt per
year and >23

rd of the global total of riverine plastic in the ocean
stems from the top 10–20 polluting rivers.49,50 These gures
indicate that plastic input scenarios of 4.8 to 12.7 Mt are
reasonable.6

(ii) Global PMD inventories rely on a limited amount of data
points of actual PMD concentration measurements, which are
then upscaled in model simulations.51,53,54 Measurements and
model simulations revealed an uneven distribution of PMD,
which complicates assessing global PMD inventories: highest
PMD concentrations were found in the subtropical gyres (which
have been termed ‘trash vortexes’ or ‘garbage patches’), while
PMD concentrations are much lower in the in the tropical and
Arctic open ocean.51,53,54,62–64 Furthermore, coastal PMD
undergoes cycles of beaching and remobilisation45 adding
a temporal dimension to the geographical unevenness.

Also, no standard exists for measuring PMD concentrations,
leading to a discrepancy of (micro)plastic counts in the
oceans.10 For example, different nets and mesh sizes are used
for capturing oating PMD, which complicates comparability.
The relatively large mesh size (typically >300 mm) does also not
account for small micro plastic particles which are probably
more abundant51,65 and it has been suggested that this may
explain at least some of the discrepancy.21 Furthermore, net
sampling does not account for nanoplastics at all. These have
been found in the ocean,66 but virtually nothing is known about
ocean nanoplastic abundance and distribution due to limiting
methodologies to quantify them.67

(iii) The surface of oating plastics is colonized by organisms
that form a biolm.68–73 This process, biofouling, accelerates
aggregation of particles and leads to an increment in density to
This journal is © The Royal Society of Chemistry 2021
the point that the particles may sink, transporting microplastics
vertically to deeper water layers or the ocean oor.50,67,68,74,75 In
some marine regions, relatively high amounts of plastic debris
were indeed found in sediments,7,47,57,76 which provides
evidence that at least some of the oating plastic is exported
from the sea surface and deposited on the ocean oor. It has
even been suggested that plastic could be stored in the
geological record and may then become a marker horizon for
the Anthropocene.77,78 However, PMD sinking uxes are largely
understudied and the deposition mechanisms by which the
microplastics reach the sediments is not yet fully under-
stood.79–86 It is also unclear if sunken (but previously oating)
PMD remains at the seaoor or if sedimented plastics could
become aoat again once the coating biolm is (partially)
degraded.4 Indeed, the ndings of an abundance of suspended
PMD in the mid water column79,86 begs the question if plastics
may not only oat or sink but might also oscillate in the water
column.74 However, suspended PMD abundances can be highly
variable and the vertical resolution for sampling suspended
PMD is usually limited, which complicates interpolation
between data points. Also, data from high-volume sampling (10
m3) suggest that the typical low-volume samples (<1 m3) might
be insufficient to estimate suspended PMD.84 Further data on
suspended and sedimented PMD and a better understanding
on underlying processes determining vertical PMD uxes are
clearly needed for well-balanced PMD budgets.

PMD is also ingested by several marine organisms, including
commercially important species.18,19,87–90 PMD is thus removed
from the water column through ingestion and at least tempo-
rarily stored in marine organism. Though PMD is thus incor-
porated in marine food web structures, it is not clear how
efficiently it is transferred from prey to predator.91,92 Plastics in
marine organisms might be excreted and either become aoat
again or, encapsulated in faecal pellets, sinking down to the
ocean oor.93 Just as for overgrown plastic particles, it needs to
be tested if sinking aggregates of faecal pellets and PMD
provides a permanent or temporary sink.

(iv) Plastic degradation includes fragmentation (i.e. breakage
into smaller pieces) as well as physicochemical and biological
degradation that act on the molecular level (e.g. chain scission
of the polymer as well as its oxidation or reduction to CO2 and
CH4, respectively). Degradation may also lead to the formation
of nanoplastics,67,94–97 which are not accounted for in global
plastic estimates due to a lack of detection and/or quantica-
tion techniques.66,98–100 The principal mechanisms of key plastic
degradation pathways are known (see further details on PMD
degradation in the following section), but none of these path-
ways have been parametrised so far, precluding to better
constrain global PMD budgets.
Pathways of plastic degradation in the
ocean
Fragmentation

Structural weaknesses and loss of mechanical integrity leads to
the breakdown of parent into smaller daughter plastic
Environ. Sci.: Processes Impacts, 2021, 23, 198–212 | 201
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particles.4,82,94 As such, fragmentation leads to a change in PMD
size distribution, and while fragmentation does not remove
PMD from the environment, it can accelerate physicochemical
and biochemical reactions at the PMD surface because the
surface to volume ratio of smaller particles is higher82 (see the
following section on ‘Photooxidation’ and ‘Biodegradation’). In
the marine environment, plastic fragmentation is induced by
mechanical stress, e.g. due to wave action.48,101 Furthermore,
fragmentation is accelerated through weathering and potential
biological degradation, as these make plastics more
brittle.9,10,82,102 A recent study by Gerritse et al. (2020)103 investi-
gated PMD fragmentation in a larger microcosm experiment
with continuous water circulation (but not waves). The study
found that gravimetric weight loss of PE, PP and PS was #1%
per year, while PET, PU (3–5% per year) and biodegradable
plastics (>7% per year) were characterised by higher rates of
weight loss, and that microplastic generation was responsible
for (at least some) of the detected weight loss. For PE, the micro-
cosm results were similar to an experiment where PE sheets were
exposed to the marine environment.104 Fragmentation rates
increase with reduction of particle size.82,105 PMD particles >2 mm
tend to have a ake/sheet like morphology so that one face is more
likely exposed to sunlight,82 which accelerates fragmentation. The
particles then fragment along cracks/ssures at the particle
surface, so that the particles becomemore cubic in shape once the
length andwidth of the daughter fragment approach the thickness
of the parent particle, which seems at �1 mm. The cubic particles
then degrade faster because they tend to roll at the surface.
Accelerated fragmentation would also explain the comparably low
masses of oating PMD particles <2 mm.51,82 PMD fragmentation
also leads to the formation of particle sizes <1 mm, i.e. nano-
plastics. This has been documented as a result of shear forces in
the digestive tracts of krill and perhaps other crustaceans,96 due to
abrasion in a mill106 or blender,94 and even as a result of turbu-
lence95 (see section on ‘Nanoplastics’ for further discussion).

Photooxidation

Photooxidation changes the physical properties of plastics at
the molecular level. Visual effects include yellowing of trans-
parent plastics, and the loss of the polymer's mechanical
properties make it brittle.14 The presence of additives and
stabilizers in the polymer matrix modify the efficiency and rate
of photooxidation.42 Photooxidation of plastics comprises free-
radical reactions and chain scission initiated by (solar) UV
radiation.4,14,48,105 The basic mechanisms and photochemical
reactions are well known including differences in the degrada-
tion pathway of different polymers (see Gewert et al. (2015)14 for
a more comprehensive review). The main reactions involved in
the sequence of photooxidation are as follows:14,105,107

(1) Initiation: impurities and structural abnormalities (PE, PP,
PS) or unsaturated chromophoric groups (PS, PET) in the polymer
structure absorb UV light. This causes breakage of chemical bonds
in the polymer chain leading to the formation of free radicals:

P + h / Pc + Hc
202 | Environ. Sci.: Processes Impacts, 2021, 23, 198–212
Once initiated, the degradation can also proceed thermoox-
idatively without the need for further UV radiation exposure.

(2) Propagation: the polymer radical reacts with oxygen and
forms a peroxy radical:

Pc + O2 / POOc

The peroxy radical can then react with the next substrate
leading to the formation of further radicals:

POOc + P / POOH + Pc

The autocatalytic degradation reaction sequence can prog-
ress as long as oxygen is available. Further radical reactions lead
to chain branching and ultimately to chain scission.

(3) Termination: propagation reactions are terminated when
inert products are formed from the combination of two radicals,
which, for example, can lead to cross linking of polymer chains:

Pc + Pc / P–P

or the formation of oxygen-containing functional groups:

POOc + Pc / POOP

As a result of chain scission, crosslinking and oxidation, the
polymer's molecular weight and molecular weight distribution
is changed and it loses mechanical properties (e.g. extensibility,
tensile modulus, or impact strength). This weakens the mate-
rial, making it more susceptible to fragmentation, which in
return increases the available surface area for additional reac-
tions, including further photooxidation and, potentially,
biodegradation.14,105 Photooxidation can be complete leading to
the terminal oxidation end product CO2 and in conjunction
with fragmentation, it can then also lead to the formation of
smaller molecules, ranging from hydrocarbon gases to shorter-
chain carbonyl compounds (e.g. straight chain or with aroma-
ticity, depending on the parent polymer)14,29,108 as well as
nanoplastics.13,67,109 Because of the involved radical reactions,
the latter will likely include partially oxidised fragments con-
taining carbonyl groups.

It is commonly believed that photooxidation constitutes an
important sink for PMD.14,105 However, literature reports on
photooxidation rates are scarce and challenging to compare
because of differences in the experimental setups with respect
to polymer types/geometry, and UV source characteris-
tics.29–31,110,111 To the best of our knowledge, no study exists that
reports on all classes of daughter products that may be gener-
ated from photooxidation, i.e. the terminal oxidation end
product CO2 as well as gaseous and dissolved volatile and larger
chain scission products (e.g. long chain hydrocarbons, carbonyl
compounds, oligomers and nanoplastic fragments that can be
collectively analysed as dissolved organic carbon – DOC). Ward
and colleagues (2019)30 reported on photooxidation-induced
CO2 and DOC- and Zhu et al. (2020)31 on DOC production
This journal is © The Royal Society of Chemistry 2021
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rates. Not accounting for the production of volatile compounds
during photooxidation,111 the results from Ward et al. (2019)30

indicate that DOC production accounts for the majority of
photooxidation-induced carbon loss from the polymer. For
solar radiation conditions as encountered at 30�N, and only
considering complete oxidation to CO2, Ward et al. (2019)30

estimated the half-lives of mm-sized microplastic particles of
two PS types with 220 (PS without additives) and 380 years (PS
with black rubber particles as additives). When additionally
considering DOC production,30 half-lives of the two PS types
were substantially shorter with 10 and 40 years, respectively.
Zhu et al. (2020)31 measured DOC production from plastic
particles (mostly PE) collected from the North Pacic Subtrop-
ical Gyre and from microplastic sized postconsumer micro-
plastic particles (PE, PP and expanded PS). During the �2
month of exposure to UV light as encountered at 30�N, DOC
production accounted for 1.6% (gyre PMD), 0.1% (PE) 3.9% (PP)
and 6.8% (PS) of the plastic's carbon contents. Assuming rst
order reaction kinetics31 and only accounting for DOC produc-
tion rates, PMD particle degradation would follow exponential
decay according Nt ¼ N0e

�l/t (where Nt is the fraction remaining
aer time t, N0 is the initial amount, and l is the decay
constant). Hence, the reported DOC production rates translate
to half-lives of �8 (gyre PMD), 93 (PE), 2.6 (PP) and 1.5 years
(expanded PS).31 Assuming that the residence time of PMD at
the ocean surface could be in the order of years, and/or that
PMD might oscillate in the water column and periodically re-
surfaces, the preliminary results of Ward et al. (2019) and Zhu
et al. (2020) show that photooxidation may indeed account for
a substantial transformation of PMD into smaller chain scission
products and nanoplastics.29–31 The longevity of plastic in the
ocean as a function UV radiation thus needs to be constrained
further in future research efforts and should be included in
budget estimates and model simulations.
Biodegradation

Plastic biodegradation entails the assimilation and minerali-
zation of plastic-derived carbonmediated by (micro) organisms,
leading to its eventual removal from the natural environment.
As such, plastic biodegradation can proceed as a two-step
process where physicochemical processes initially break down
the polymer matrix into more labile daughter products that may
be degraded further through microbes. Both mechanical forces,
and probably more importantly, photooxidation are known to
degrade polymers leading to a huge diversity of daughter
products such as long and short-chain alkanes and carbonyl
compounds, oligomers and nanoplastics.14,29,30,94–96,106,108 Incu-
bation experiments with natural surface water microbial
communities from the Mediterranean Sea29 and an estuary of
the subtropical NW Atlantic31 showed that microbes were able
to utilise at least some of the water-soluble fraction of daughter
products generated during photooxidation of PE, PP, and PS.
Furthermore, these compounds stimulated microbial growth,
yet it seems that PE derived daughter products are less
bioavailable and might even inhibit microbial growth.31 At
present, the efficiency of microbially-mediated degradation of
This journal is © The Royal Society of Chemistry 2021
plastic-derived photooxidation products remains unclear. We
consider it likely that different factors such temperature or
nutrient levels inuence biodegradation rates in marine envi-
ronments. This needs to be tested for different ocean provinces
including the subtropical ocean gyres where PMD accumulates,
but also remote habitats such as the deep sea in order to assess
the longevity of these compounds in the ocean. It appears
logical that some of the known microbes that are, for example,
involved in short and long chain hydrocarbon or fatty acid
degradation prot from the release of plastic-photooxidation
daughter products. However, the identity of the relevant
microbes and associated metabolic pathways in the ocean are
totally unknown. Also, the chemical identity of bioavailable,
recalcitrant and potentially toxic plastic-derived photooxidation
products needs to be constrained in future research efforts.

Plastic biodegradation can also be mediated by microbes
alone, i.e. microbes mediate initial degradation/
depolymerisation (releasing smaller daughter products and
potentially nanoplastics) and further degradation/oxidation.
There are two principally different pathways how biodegrada-
tion of the polymer might proceed: an indirect action, in which
metabolic products of microorganisms affect the plastic struc-
ture; and a direct action, in which the deterioration of plastics
provides a trophic resource for microbial growth.38,112 From
a thermodynamic standpoint, plastics are typically rich in
chemical energy making polymer oxidation reactions exer-
gonic.113 Plastic degradation is thus, in principal, a worthwhile
strategy for microorganisms to obtain energy and/or carbon.
Earlier works could show that a diversity of microbes colonise
PMD and some evidence exists that these not only comprise
opportunistic communities, but that the different polymers
might select for a specic, plastic-related community.36,70,73

Other studies found weight loss of plastics exposed to microbial
communities in the laboratory or the environment.60

Some bacteria and a few fungi were identied that can make
use of plastics as a carbon and energy source (see reviews by
Krueger et al. (2015)114 and Jacquin et al. (2019)115). Important
groups of bacteria are Arthrobacter, Corynebacterium, Micro-
coccus, Pseudomonas, Rhodococcus, while fungi belonging to
Aspergillus and Penicillium were found. Only some of these
groups were isolated from marine systems. The mechanism of
degradation, i.e. reactions and enzymes involved in plastic
degradation are typically unknown. However, it seems likely
that these are similar to enzymes that facilitate degradation of
other compounds, which have some chemical similarity to
plastics (e.g. crude oil and lignin). For PE-oxidation, oxygenases
were suggested;114 these enzymes are known to mediate key
steps during (long chain) alkane oxidation. The alkB gene
coding for a monooxygenase was identied to play a central role
in PE degradation mediated by a Pseudomonas strain.116 This
enzyme introduces a hydroxyl group to the carbon chain, which
is then further oxidised to fatty acids and metabolised.117 For PS
degradation, enzymes similar to those utilised by lignin-
oxidising microbes were suggested,114,118 and recent work
identied a serine hydrolase as a key enzyme during PS degra-
dation mediated by Pseudomonas.119 However, the exact func-
tioning of this enzyme is not known. In contrast to plastics with
Environ. Sci.: Processes Impacts, 2021, 23, 198–212 | 203
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a carbon–carbon backbone (such as PE and PS), insights into
the biodegradation of polymers with heteroatoms in their
backbone (such as PET and PA) seems further. The pathway of
PET degradation catalysed by specic cutinases (ester-
hydrolysing enzymes) in the bacterium Ideonella sakaiensis is
well known120 and has been further optimised for industrial
recycling applications.121 Polyurethane-degrading enzymes have
already been reviewed two decades ago,122 and PA degrading
microbes have been described decades ago, too (though the
functioning/enzymes of PA-degradation are still uncon-
strained).123,124 Heteroatom-containing plastics are most prob-
ably easier to degrade, because enzymes can attack the
functional groups that are formed by the heteroatoms (see also
the study by Min et al. (2020)60 on predictors for PMD surface
erosion).

Despite the growing body of evidence that microbial degra-
dation of conventional plastics exists, it is still a matter of
debate whether this proceeds in the ocean, and to what extend it
provides a sink for PMD.36,70,114,115 This is related to the
following:

(i) Many plastic degraders were found in terrestrial rather
than marine environments.

(ii) Microbes can metabolise very recalcitrant material in the
environment (e.g. lignin and oil) but these have existed in
nature since geological time scales, while plastics have been
introduced to the environment about 70 years ago. That begs
the question if this time period has been long enough for
microbes to adapt to these substrates.

(iii) Plastic material was found in the ocean that has appar-
ently stayed intact in the marine environment for decades.125

(iv) Methods to measure degradation in situ can be unreli-
able. Co-exposure of plastics to biological and physicochemical
forcing (e.g. wave action), makes it difficult to distinguish
between real degradation and mechanical stress induced frag-
mentation (see section ‘Fragmentation’), which biases gravi-
metric methods.

While we cannot rule out that plastic degradation in the
marine environment might indeed be low, the opposite can
neither be ruled out. (i) Most terrestrial microbes have closely
related sister groups in the marine environment, and it appears
likely that this is also true for physiological traits. (ii) Plastic
degradation in the environment could indeed be the result of
(unspecic) co-metabolism. For example, different types of
cutinases of non-PET degrading organisms can depolymerise
PET, albeit at lower rates than the PET-ase of Ideonella
sakaiensis.120 (iii) Intact plastic material was oen found in
environments that are conducive for organic matter preserva-
tion, e.g. cold125 or anoxic habitats126 (and to a lesser degree in
warm and oxic environments). Just as for the degradation of
smaller compounds generated through photooxidation and/or
fragmentation, we consider it very likely that microbial degra-
dation rates of plastic in the ocean are controlled by environ-
mental factors. The van t'Hoff and Arrhenius equations
describe the positive effect of elevated temperature on (bio)
chemical reaction rates. Though microbes have adapted their
physiology to ambient temperature conditions127 (and some
potential plastic degraders were found in cold habitats),128
204 | Environ. Sci.: Processes Impacts, 2021, 23, 198–212
organic matter in cold habitats is generally better preserved
than in warmer settings. Similarly, the higher energy yield
associated with organic matter degradation with oxygen as well
as the ability of aerobic microbes to utilise non-specic
hydrolysing/depolymerising enzymes and reactive oxygen
species makes complex organic carbon compounds generally
more labile in oxic marine environments.127,129–133 We therefore
hypothesize that potential plastic degradation proceeds at
higher rates in the warm and well-oxygenated surface ocean, in
particular at lower latitudes, when compared to deep water and
high latitude habitats as well as anoxic (sediment) habitats. The
availability of nutrients, the surface to volume ratio of PMD
particles, and the molecular formulation of the PMD and
additive admixture are likely to inuence PMD degradability,
too.60,114,134

(iv) Microbial degradation of PMD might indeed be slow but
nevertheless important on time scales of decades: assuming
that microbial degradation rates follow rst order reactions
then a low degradation rate of 1% per year would already
translates to a particle half life of 70 years. However, just as for
photooxidation, it seems very likely that a reduction in particle
size leads to an increase in microbial degradation velocity
because of the increase in surface to volume ratio when the
particle becomes smaller.82 We thus argue that methods need to
be (further) developed to facilitate measuring low biodegrada-
tion rates quantitatively in a more direct fashion in order to
better constrain the role of microbes in PMD degradation. The
basis for such methods could be, for example, infrared spec-
troscopy, which allows measuring plastic oxidation states,82 or
isotopically labelled plastics that can be used in isotope probing
assays for tracing matter from the polymer into microbial
reaction products and biomass.135,136

Nanoplastics

Nanoplastics are dened as plastic particles <1 mm that origi-
nate from fragmentation, photooxidation and, possibly,
biodegradation (see sections ‘Fragmentation’, ‘Photooxidation’
and ‘Biodegradation’). In additions, primary nanoplastics are
probably released to the environment, too.137 Chemically,
nanoplastics might thus comprise ‘virgin’ polymers (e.g. pure
PE), but may also contain additives just as the parent plastic, or
may comprise functional groups (e.g. carbonyl moieties) added
to the primary polymer in the process of macro/microplastic
degradation.

As macro/microplastic degradation product, nanoplastics
might explain some parts of the ‘missing plastic paradox’.
However, nanoplastics were for the rst time discovered in 2017
in the marine environment,66 because methods for the detec-
tion and quantication of environmental nanoplastics were
only developed recently.67,98,99,138 For this reason, knowledge on
abundance/concentration and distribution of nanoplastics in
the marine environment are completely unknown. At the
nanoscale, optical and chemical methods conventionally used
for microplastic analysis are not suitable because of sensitivity
issues as well as physical and optical limits.13,40,67,68,96 Further-
more, many of the currently applied methods for nanoplastic
This journal is © The Royal Society of Chemistry 2021
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analysis (dynamic light scattering, electron microscopy and
pyrolysis GC-MS) require substantial sample pre-concentration
and pre-treatment. Only a recent development-using thermal
desorption proton transfer mass spectrometry can be used for
higher-throughput measurements.98 In addition to challenges
for nanoplastic analyses, nanoplastic investigations are further
complicated because commonly applied plastic sampling
techniques are not suitable for nanoplastic sampling: i.e.
plankton nets have mesh sizes of several mm. In order to gain
any insights into environmental nanoplastic dynamics, it is
thus paramount to utilise and further develop analytical
methods that are suitable to characterised nanoplastic at envi-
ronmental levels and to combine these with appropriate
sampling strategies.
Possible fate of nano plastics in the marine environment

The lack of natural analogues for nanoplastics complicates the
prediction of their fate, transport, reactivity and toxicity in
environmental systems.12,20,23 Nanoplastics can undergo photo-
oxidation,100 which might constitute an important sink for
marine nanoplastics, at least in the surface ocean. Other sinks
for marine NP could be biodegradation; because of the
increased surface to volume ratios,12,139 microbial degradation
might be faster (however, this has not been investigated yet).
Microbial degradation of molecules released during photooxi-
dation has been shown previously, but the identity of the
degraded (or remaining) compounds has not been analysed.29,31

Nanoparticles possess chemical, mechanical and physical
properties that differ from larger plastics fragments. Most
strikingly, dispersal of nanoplastics is very different when
compared to micro/macro plastics composed of the same
polymer. Larger macro/micro plastic particles ($mm scale) are
controlled by buoyancy properties, which in turn are deter-
mined by density (and shape). As a consequence, macro/
microplastics oat, sink or, in rare cases, are neutrally
buoyant. The dispersion of nanoparticles, on the other hand, is
not governed by buoyancy properties, but with decreasing
particle size, it is more dominantly controlled by the collision of
nanoplastics with water molecules and Brownian motion.140

Nanoplastics consequently exhibit a colloidal behaviour and
they may thus be dispersed throughout the ocean water column
and sediments. Consequently, any ecological niche in the ocean
and the whole spectrum of marine life might be impacted by
nanoplastics. On the other hand, nanoplastics may also aggre-
gate with particles of the same type (homoaggregation) or with
other (nano)particles (heteroaggregation).100,139,141,142 Hetero-
aggregation appears to occur more frequently as a result of the
ubiquitous presence of other colloids in the water column.141

Most studies on nanoplastic aggregation and stability in
aqueous environments were conducted with manufactured/
engineered PS nanoparticles,142–145 which complicates extrapo-
lation of these results to other polymer types. Nevertheless, it
could be shown that heteroaggregation is determined by
nanoplastic surface charge modications, electrostatic interac-
tions with ions and organic matter in the surrounding aqueous
medium and bridging processes. Heteroaggregates are porous,
This journal is © The Royal Society of Chemistry 2021
spongy or mesh-like structures where nanoplastic particles can
be surrounded by organic and inorganic molecules forming
a so-called corona, and bridging effects with ions and organic
matter lead to the formation of clusters with nanoplastics and
(other) organic and inorganic constituents.143,144 The formation
of aggregates reduces the surface to volume ratios of the parent
nanoplastics, ‘shields’ the parent nanoplastics from the
surrounding water, and the presence of other non-plastic
aggregate constituents ad chemical complexity.139 Hetero-
aggregation thus inuences the surface chemistry of nano-
plastics (e.g. sorption processes). The larger size of the
aggregates will make buoyancy effects more important inu-
encing their dispersal and potential deposition in the marine
environment. PS nanoplastics were shown to be more stable in
freshwater than marine environments.144 Rivers carry a huge
load of plastic pollution,49 which might also include nano-
plastics.142 We therefore expect that nanoplastic aggregates tend
to form in estuaries so that estuaries and river plumes might be
sites of enhanced nanoplastic deposition. Further research
needs to be conducted addressing aggregation and deposition
characteristics of relevant polymer types across different envi-
ronmental conditions. Finally, the difference in physicochem-
ical characteristics of nanoplastic aggregates compared to the
parent nanoplastic will also affect interactions of nanoplastics
and aquatic life.145,146
Impact of nanoplastics on marine life

At present, interactions of nanoplastics with organisms are not
well constrained and investigations are limited to laboratory
studies with manufactured/engineered nanoplastic particles
because of the lack of techniques to measure nanoplastics in
the environment. Nanoplastics might simply pass through
organisms without further interactions but experimental
studies rather suggest that the effects of nanoplastics are more
negative when compared to their macro/micro plastic counter-
parts, at least under the tested exposure conditions,16,147 which
might be higher than environmental levels. Furthermore,
negative effects of nanoplastics might be dependent on size,
and polymer type.16 Nanoplastics are characterised by high
surface to volume ratios and thus better adsorb toxic
compounds and potentially transfers them to organisms aer
ingestion.16,18,137,147–149 An experimental study could show that
PS-nanoplastics can easily permeate into lipid bilayer
membranes, alter the membrane structure and reduce molec-
ular diffusion, so that cell functions are probably perturbed.150

The adsorption of nanoplastic particles by a freshwater algae
lowered photosynthesis rates and promoted the formation of
reactive oxygen species151 or inhibited growth.152 Daphnia
magna, a freshwater crustacean, has been exposed to nano-
plastics during several experiments.16,153–155 The results of the
studies have shown an increased toxicity, physical damage and
higher mortality rates of Daphnia as a function of nanoplastic
exposure. Similar results were found for a marine rotifer, which
accumulated nanoplastics, and oxidative stress-induced
damages on its lipid membranes could be observed.147 The
rotifer also showed inhibition of drug-resistance proteins,
Environ. Sci.: Processes Impacts, 2021, 23, 198–212 | 205
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leading to an enhanced toxicity of organic pollutants. In
a feeding experiment, polystyrene nanoparticles were ingested
by scallops, and the ingested nanoplastics were translocated
mostly to the digestive and circulatory system, before reaching
the muscles, kidney and gonads.156 These results are in contrast
to a similar study, where the scallops were exposed to radio-
labelled silver nanoparticles (instead of plastic nanoplastics),
which accumulated in the hepatopancreas.157 This could
suggest that the chemical composition of the nanomaterials
denes their behaviour in biological systems, perhaps due to
differences in physicochemical surface properties.16,156 This is
important when considering that nanoparticles in the envi-
ronment are likely coated with larger molecules that build
a corona around the particle (see above).139 A corona increases
the likelihood of particle aggregation and also changes the
particles surface chemistry, which may reduce toxicity.145,146

Furthermore, the size of nanoplastic seems to play an important
role on their toxicity and residence time in an organism, too.
The tness of Daphnia magna was impaired by small nano-
plastic particles of �52 nm but not by larger ones of >120 nm,16

and the depuration of 24 nm particles was faster than that of
250 nm particles.156 The transfer of nanoplastic through food
web structures could be shown for an algae–crustacean–sh
system16,155 providing evidence for potential negative effects of
nanoplastic exposure on all trophic levels. Noteworthy is that at
least for sh, nanoplastics can cross the blood brain barrier,16

accumulate in several vital organs,158,159 and disrupt metabolism
and hormonal signalling.158

Humans are also exposed to nanoplastics and their added
chemicals.160 There are three entryways: via the lungs, contact
with the skin and ingestion (e.g. with marine food).18,160 Once
taken up, they are translocated to different organs where they
might be hazardous for human health.161 Their potential to
activate the innate immune system, inducing inammatory
responses, or mediating oxidative stress has been docu-
mented.160 Additionally, the activation of ion channels in
human lungs aer the exposure to PS nanoplastics has also
been observed,162 and PE nanoplastic were shown to enter
human stem cells in vitro impacting gene expression at
concentrations below cytotoxicity.163 Just as for marine organ-
isms, human exposure levels to nanoplastics, tissue accumu-
lation rates and dose-dependencies in relation to particle
properties need to be constrained.161

Conclusions

An increasing global demand for plastics leading to increasing
plastic production gures is a likely future scenario. In
conjunction with a growing population in coastal zones, the risk
for an elevated release of plastic debris to the marine environ-
ment is thus high. Macro and microplastics are the most
commonly found litter types in the ocean and their negative
effect to the ocean environment is well documented. Yet, plas-
tics are also degraded in the ocean; most importantly through
photooxidation, probably in tandem with microbial degrada-
tion, and it is likely that microbes can solely degrade plastics,
too. We thus expect that plastic degradation in the ocean is
206 | Environ. Sci.: Processes Impacts, 2021, 23, 198–212
highest in tropical and subtropical regions, i.e. where pollution
and accumulation levels of PMD are highest, too. In a hypo-
thetical, future scenario with strongly reduced inux of plastic
into the ocean, degradation mechanisms may possibly remove
plastic debris from the ocean surface at time scales relevant for
human lifespans. Fragmentation and degradation mechanism
also lead to the transformation of macro/microplastics into
nanoplastics. It consequently seems probable that the genera-
tion and inux of nanoplastics into the ocean is coupled to the
abundance of ocean macro/microplastic. While the effects of
nanoplastics to ocean life seem more negative when compared
to microplastics, it might be that nanoplastic degradation is
faster because of the higher surface to volume ratio, which likely
increases the rate of degradation reactions. Also, nanoplastics
are potentially more bioavailable than microplastics, which
probably increase their toxicity but may also increase the like-
lihood for biodegradation. However, nanoplastics are also
subjected to aggregation mechanisms, which may reduce the
stability of nanoplastics in marine environments. Our knowl-
edge on marine plastic dynamics, in particular for nanoplastics,
is very sketchy. In addition to strategies for mitigating ocean
plastic littering, future research efforts should aim to determine
the fate of plastic in the marine realm with a particular focus on
nanoplastic.
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T. Krumpen, M. Bergmann, L. Hehemann and G. Gerdts,
Arctic sea ice is an important temporal sink and means of
transport for microplastic, Nat. Commun., 2018, 9, DOI:
10.1038/s41467-018-03825-5.

66 A. Ter Halle, L. Jeanneau, M. Martignac, E. Jardé,
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118 F. J. Ruiz-Dueñas and Á. T. Mart́ınez, Microbial degradation
of lignin: how a bulky recalcitrant polymer is efficiently
This journal is © The Royal Society of Chemistry 2021

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0em00446d


Critical Review Environmental Science: Processes & Impacts

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
ja

nu
ar

i 2
02

1.
 D

ow
nl

oa
de

d 
on

 2
02

6-
06

-1
1 

12
:2

6:
42

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
recycled in nature and how we can take advantage of this,
Microb. Biotechnol., 2009, 2, 164–177.

119 H. R. Kim, H. M. Lee, H. C. Yu, E. Jeon, S. Lee, J. Li and
D.-H. Kim, Biodegradation of Polystyrene by
Pseudomonas sp. Isolated from the Gut of Superworms
(Larvae of Zophobas atratus), Environ. Sci. Technol., 2020,
54, 6987–6996.

120 S. Yoshida, K. Hiraga, T. Takehana, I. Taniguchi, H. Yamaji,
Y. Maeda, K. Toyohara, K. Miyamoto, Y. Kimura and
K. Oda, A bacterium that degrades and assimilates
poly(ethylene terephthalate), Science, 2016, 351, 1196–1199.

121 V. Tournier, C. M. Topham, A. Gilles, B. David, C. Folgoas,
E. Moya-Leclair, E. Kamionka, M.-L. Desrousseaux,
H. Texier and S. Gavalda, An engineered PET
depolymerase to break down and recycle plastic bottles,
Nature, 2020, 580, 216–219.

122 T. Nakajima-Kambe, Y. Shigeno-Akutsu, N. Nomura,
F. Onuma and T. Nakahara, Microbial degradation of
polyurethane, polyester polyurethanes and polyether
polyurethanes, Appl. Microbiol. Biotechnol., 1999, 51, 134–
140.

123 D. Danso, J. Chow and W. R. Streit, Plastics: environmental
and biotechnological perspectives on microbial
degradation, Appl. Environ. Microbiol., 2019, 85, DOI:
10.1128/aem.01095-19.

124 T. Deguchi, Y. Kitaoka, M. Kakezawa and T. Nishida,
Purication and characterization of a nylon-degrading
enzyme, Appl. Environ. Microbiol., 1998, 64, 1366–1371.

125 S. Krause, M. Molari, E. V. Gorb, S. N. Gorb, E. Kossel and
M. Haeckel, Persistence of plastic debris and its
colonization by bacterial communities aer two decades
on the abyssal seaoor, Sci. Rep., 2020, 10, DOI: 10.1038/
s41598-020-66361-7.

126 A. Nauendorf, S. Krause, N. K. Bigalke, E. V. Gorb,
S. N. Gorb, M. Haeckel, M. Wahl and T. Treude,
Microbial colonization and degradation of polyethylene
and biodegradable plastic bags in temperate ne-grained
organic-rich marine sediments, Mar. Pollut. Bull., 2016,
103, 168–178.

127 S. Arndt, B. B. Jørgensen, D. E. LaRowe, J. J. Middelburg,
R. D. Pancost and P. Regnier, Quantifying the
degradation of organic matter in marine sediments:
a review and synthesis, Earth-Sci. Rev., 2013, 123, 53–86.

128 A. K. Urbanek, W. Rymowicz and A. M. Mirończuk,
Degradation of plastics and plastic-degrading bacteria in
cold marine habitats, Appl. Microbiol. Biotechnol., 2018,
102, 7669–7678.

129 N. E. Blair and R. C. Aller, The fate of terrestrial organic
carbon in the marine environment, Ann. Rev. Mar. Sci.,
2012, 4, 401–423.

130 D. J. Burdige, Preservation of organic matter in marine
sediments: controls, mechanisms, and an imbalance in
sediment organic carbon budgets?, Chem. Rev., 2007, 107,
467–485.

131 D. Caneld, E. Kristensen and B. Thamdrup, Aquatic
geomicrobiology, Elsevier, 2005.
This journal is © The Royal Society of Chemistry 2021
132 C. Lauötter, J. G. John, C. A. Stock and J. P. Dunne,
Temperature and oxygen dependence of the
remineralization of organic matter, Global Biogeochem.
Cycles, 2017, 31, 1038–1050.

133 E. R. Zinser, The microbial contribution to reactive oxygen
species dynamics in marine ecosystems, Environ. Microbiol.
Rep., 2018, 10, 412–427.

134 A. A. Shah, F. Hasan, A. Hameed and S. Ahmed, Biological
degradation of plastics: a comprehensive review,
Biotechnol. Adv., 2008, 26, 246–265.

135 M. Sielicki, D. D. Focht and J. P. Martin, Microbial
degradation of [14C] polystyrene and 1,3-diphenylbutane,
Can. J. Microbiol., 1978, 24, 798–803.

136 M. T. Zumstein, A. Schintlmeister, T. F. Nelson,
R. Baumgartner, D. Woebken, M. Wagner, H.-P.
E. Kohler, K. McNeill and M. Sander, Biodegradation of
synthetic polymers in soils: tracking carbon into CO2 and
microbial biomass, Sci. Adv., 2018, 4(7), eaas9024.

137 A. A. Koelmans, E. Besseling and W. J. Shim, in Marine
anthropogenic litter, Springer, Cham, 2015, pp. 325–340.
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