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Editor: Damia Barcelo Understanding the fate of plastics in the environment is of critical importance for the quantitative assessment of the
biological impacts of plastic waste. Specially, there is a need to analyze in more detail the reputed longevity of plastics
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by solar UV radiation (UVR) makes material prone to subsequent fragmentation. The fragments generated following
oxidation and subsequent exposure to mechanical stresses include secondary micro- or nanoparticles, an emerging
class of pollutants. The paper discusses the UV-driven photo-oxidation process, identifying relevant knowledge gaps
and uncertainties. Serious gaps in knowledge exist concerning the wavelength sensitivity and the dose-response of
the photo-fragmentation process. Given the heterogeneity of natural UV irradiance varying from no exposure in sedi-
ments to full UV exposure of floating, beach litter or air-borne plastics, it is argued that the rates of UV-driven degra-
dation/fragmentation will also vary dramatically between different locations and environmental niches. Biological
phenomena such as biofouling will further modulate the exposure of plastics to UV radiation, while potentially also
contributing to degradation and/or fragmentation of plastics independent of solar UVR. Reductions in solar UVR in
many regions, consequent to the implementation of the Montreal Protocol and its Amendments for protecting strato-
spheric ozone, will have consequences for global UV-driven plastic degradation in a heterogeneous manner across
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different geographic and environmental zones. The interacting effects of global warming, stratospheric ozone and UV
radiation are projected to increase UV irradiance at the surface in localized areas, mainly because of decreased cloud
cover. Given the complexity and uncertainty of future environmental conditions, this currently precludes reliable
quantitative predictions of plastic persistence on a global scale.
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1. Introduction

Recent research has highlighted the global ubiquity of plastic debris, in-
cluding microplastic (MP) particles, across the planet and particularly in the
ocean. The presence of plastic materials in the environment represents a
particular concern given their inherent recalcitrance. Their environmental
persistence, together with potential fragmentation into Micro- and possibly
nanoplastic (NP) particles, may pose both short- and long-term risks to the
environment and human health (Koelmans et al., 2019; Borrelle et al.,
2020; Stubbins et al., 2021; Mehinto et al., 2022). Comprehensive assess-
ments of the risks associated with plastic pollution are needed to address
a variety of concerns including: the direct physical effects related to en-
counters between organisms and plastic debris in natural ecosystems, indi-
rect effects, such as the potential alterations that plastic particles may cause
to soil and sediment systems, the potential role of plastic debris as vectors of
transport for pathogens and invasive species, and the risks associated with
chemicals that may leach from plastic debris. Given the wide variety of plas-
tic products used in commerce and in other applications, it is important to
recognize that in addition to the base polymers, plastics typically contain
catalyst residues, unreacted monomers, as well as intentionally added
chemicals including plasticizers, dyes, antioxidants, flame retardants and/
or UV stabilizers at varying concentration levels (Sendra et al., 2021;
Gouin, 2021; Fauser et al., 2022). Given their high equilibrium distribution
coefficients in plastic/seawater system plastic debris in the ocean pick up
and concentrate, hydrophobic pollutants dissolved in seawater (Andrady,
2011). Yet, the environmental consequences of this process are likely to
be minimal given that abundant organic debris would similarly partition
such pollutants. Due to their intrinsic heterogeneity with respect to particle
shape, size and composition, together with uncertainties concerning envi-
ronmental exposure doses, potential adverse biological effects are not
well established, and it is currently not possible to conduct a robust risk as-
sessment of waste plastics (Coffin et al., 2021).

Prominent among the various challenges towards an improved under-
standing of the environmental fate of MPs, is the incomplete knowledge
of degradation and fragmentation of plastic waste, especially in aqueous en-
vironments (Ward and Reddy, 2020). This knowledge gap is not well ad-
dressed, and hampers environmental impact studies. Degradation
constitutes any chemical change that compromises the desirable properties
of the plastic material. Photo-oxidation by solar UVR is generally regarded
the most significant mechanism of environmental degradation (Masry
et al., 2021). Biodegradation of plastics by microorganisms has also been

reported (Shah et al., 2008; Anjana et al., 2020). Relative to photo-
oxidation, biodegradation is much slower and is not thought to remove
plastics from the environment in a readily observable timescale. Solar UV
radiation is thus the primary factor that drives generation of MP fragments.

The Montreal protocol on substances that deplete the ozone layer, and
its scientific assessments by the Environmental Effects Assessment Panel
of UNEP, have direct relevance for managing plastic pollution. From one
perspective, the implementation of the Montreal Protocol has resulted in
a global reduction in the photo-oxidation and subsequent generation of
MPs and NPs from plastic debris. Large increases in the amount of solar
UVR reaching the earth's surface (due to further deterioration of the strato-
spheric ozone layer) were avoided by the implementation of the Montreal
Protocol (the World avoided; McKenzie et al., 2019). The Protocol may
also have resulted in reduced efficacy of any potential UV-driven photo-
mineralization process, potentially extending the environmental persis-
tence of MP and NP generated from plastic debris. However, biomineraliza-
tion is by far the predominant mechanism of mineralization of plastics in
the environment. Interactive interactions between solar radiation and cli-
mate change (Bais et al., 2019; Neale et al., 2021) will further impact the
oxidative fragmentation rates of plastics, particularly in areas of high UV ra-
diation due to decreased cloud cover or high elevation. Conversely, plastics
may also indirectly contribute to global warming, if only by being a signif-
icant component of the global carbon budget (Dees et al., 2020). Thus,
there is a network of complex, and potentially counterintuitive, interactions
between UV-radiation, climate change and plastics, influencing their envi-
ronmental fate, transport and exposure. The aim of this paper is to identify
the role of solar UVR, the dominant driver of photo-oxidation, in determin-
ing formation and persistence of MP within the context of a rapidly chang-
ing climate.

2. Dispersal of plastic in the environment

Central to determining the environmental fate, impacts and global dis-
tribution of post-consumer plastic debris, is the need to better characterize
and quantify their environmental persistence, taking into account all differ-
ent modes of potential degradation and their mechanisms. Plastic litter may
range from macroplastic debris to MP and NP (Zhu, 2021). The evaluation
of their dispersal and distribution also represents an important area of re-
search that informs persistence studies (Stubbins et al., 2021; Gouin,
2021), since both the propensity towards poor disposal (or littering) and
the UV radiation environments are location-dependent. Given the extensive
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use of polyethylene [PE], polypropylene [PP] and poly(ethylene tere-
phthalate) [PET] in packaging, as well as the use of PET and polyamide
(nylon) fibers in textiles and in fishing equipment, it is not surprising that
these polymers represent the most commonly encountered types of plastic
litter. These polymers are reported as urban litter, air-borne particles, float-
ing debris and beach debris, in both marine and freshwater systems.
Microfibers (MFs) are especially abundant in the environment, although
it needs to be recognized that a very large majority (~80 %) of these fibers
are cellulosic (Suaria et al., 2020). These pollutants are mostly derived from
synthetic textiles that shed microfibers during use (De Falco et al., 2020)
and after disposal (Sun et al., 2021). Synthetic textile fibers are made of,
among others, PET and Nylon, both denser than sea water, and likely to
be most abundant in the sediment. While limited sampling of sediments
has been reported (Gago et al., 2018) there are currently no global esti-
mates of the abundance of MFs in sediment.

Abundance data coupled with model estimates suggest that the global
mass of floating plastic debris in the ocean represents only a very small per-
centage of their estimated annual influx based on resin production volumes
(Lebreton et al., 2019; Dees et al., 2020; Stubbins et al., 2021), triggering
the question of ‘where is the missing plastic?” The fraction perceived as
‘missing’, however, may represent an artifact of how the samples have
been collected, whereby the majority of studies limit their analysis to float-
ing plastic in the ocean, collected from surface water using a sampling pro-
tocol that is constrained by the mesh size of the collecting gear employed.
Thus, these approaches do not fully appreciate plastics in terrestrial, freshwa-
ter and atmospheric environments, nor capture smaller MPs or potential NPs.
Furthermore, while common litter of PE and PP float in water, biofouling and
hetero-aggregation of debris (Van Melkebeke et al., 2020; Wu et al., 2020) in-
variably results in their sinking into the deep-water column, precluding their
sampling using methods that focus only on surface waters. Biofouling in-
volves the colonization of plastic surfaces by a biofilm of microorganisms,
algae, and small shelled species (Amaral-Zettler et al., 2015; Roager and
Sonnenschein, 2019). Hetero-aggregation refers to adhesion of particles to
each other or to biomass via bacterial exopolymer secretions, resulting in
the formation of larger aggregates of MP with organic and inorganic detritus
(Leiser et al., 2021). Both processes tend to decrease the buoyancy of plastics,
causing sedimentation (Besseling et al., 2017; Wu et al., 2020; Kaiser et al.,
2017). Some small fraction of the missing plastics, however, might also be
understood in terms of geochemical cycles, taking into account both photo-
and (bio)degradative processes that results in mineralization.

Although it has been suggested that approximately 80 % of ocean plas-
tic has a land-based origin (Lebreton et al., 2019), the potential scope of es-
tuarine and riverine transport into the open ocean (Tramoy et al., 2020;
Lebreton and Andrady, 2019), and mechanisms that return plastic from
the ocean to coastal beaches (Onink et al., 2021), are not well understood.
Schernewski et al. (2021) estimated the aqueous-phase residence time of
20-500 pm PE and PP particles discharged from wastewater treatment sys-
tems into the watershed of the Baltic Sea region to be only about 14 days
before they either sink or are washed ashore on to local beaches. Recently,
it was suggested that the residence times of floating plastic (and exposed to
UVR) are years rather than days as previously thought (Weiss et al., 2021).
Thus, coastal environments and deep-ocean sediments likely represent im-
portant sinks for MPs (Woodall et al., 2014; Harris, 2020), critically infor-
ming studies on the environmental fate and transport of plastics. Both the
interchange of plastic between coastal water and beaches and the sinking
of plastics debris in the water column, are processes that significantly affect
their exposure to solar UVR and high temperature (Andrady, 2022). It can
therefore be assumed that these processes will directly influence the rates of
oxidation and the subsequent fragmentation of plastic.

3. Photo-oxidative action of UV radiation on plastics debris

Secondary MPs are derived from degradative fragmentation of plastic
debris, mostly as a result of their weathering on exposure to solar UV radi-
ation (Andrady, 2017; Vega et al., 2021). Photo-oxidation weakens and em-
brittles the plastic, and fragmentation occurs when the plastic is subjected
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to mechanical stresses in the environment. In the ocean environment,
wave action, swelling-deswelling, abrasion with sand, and encounters
with marine organisms serve to fragment weakened plastics.

The chemistry of photo-oxidation of common plastics has been well-
studied (Rodriguez et al., 2020; Grause et al., 2020) with most research
focused on early oxidation of the material during its useful service life
(i.e., of interest for the plastics manufacturing industry, as well as for regula-
tory bodies assessing performance standards). The free-radical reaction se-
quence involved in photo-oxidation is similar to that for the auto-oxidation
of common olefins and unsaturated hydrocarbons, except for the restricted
mobility of macromolecular radical species in the solid-phase (Garton
et al., 1980). With thick plastic samples, the rate of reaction often tends to
be diffusion-controlled, as a result of oxidation occurring largely in a 500-
t0-900-micron thick surface layer of the sample (Fig. 1), depending on the
type of polymer (Shyichuk et al., 2004; Nagai et al., 2005; Andrady et al.,
2022). Initial products of oxidation reactions are polymeric hydroperoxides
that undergo photo- or thermolysis to create macroradicals that can react
with oxygen dissolved in the matrix; hence the autocatalytic nature of
photo-oxidation in these plastics. Photo-oxidation of PE and PP mainly
yields carbonyl compounds, chain unsaturation and carboxylic acid prod-
ucts, where some of these are chromophoric, and therefore initiate further
photo-initiation. Typically, weathering increases the absorption coefficients
for UVR (e.g., via formation of carbonyl chromophores, or surface-induced
bathochromic shifts). Therefore, it is possible that UVR-mediated oxidation
makes plastics even more susceptible to subsequent solar radiation
(Hakkarainen and Albertsson, 2004). While this putative, positive feedback
cycle may result in rapid and full fragmentation, it remains largely unclear if
it also leads to complete mineralization (Ward et al., 2019; Zhu et al., 2020).

Closely associated with photo-oxidation of polyolefins are crosslinking
and chain-scission reactions, of which the latter predominates (Gewert
et al., 2015; Pickett, 2018). Scission reactions occur both due to reactions
mediated by oxy-radicals formed when polymer hydroperoxides decom-
pose, as well as via Norrish photo-reactions of carbonyl species formed as
products of oxidation. The average molecular weight of the plastic there-
fore decreases upon oxidation, and so does the mechanical integrity of
the material. Oxidation of semi-crystalline PE and PP, the dominant plastic
types in the environment, occurs almost exclusively in the amorphous frac-
tion of the polymer (Bracco et al., 2018; Rodriguez et al., 2020). Resulting
surface pits or cracks (Ter Halle et al., 2017; Cai et al., 2018), may upon fur-
ther exposure to UVR, propagate into the bulk of the material, fragmenting
the plastic into several daughter fragments (Fig. 1). Photo-oxidation merely
weakens the polymer material, but the generation of smaller fragments or
separate MPs typically requires additional mechanical stresses (Karlsson
et al., 2018; Song et al., 2017). In the ocean or coastal environments,
wave action is a significant source of mechanical stress, while on land either
wind or interactions with animals, may serve this function. Only a minimal
force is likely to be needed to fragment highly photo-oxidized, embrittled
plastic as mere handling of embrittled plastics results in fragmentation
(Corcoran et al., 2009; Song et al., 2017). Fragmentation of virgin, or mildly
oxidized plastics, requires larger forces, but could potentially occur in the
slush zone on beaches. Mechanical fragmentation of un-weathered, virgin
plastic debris in the marine environment may occur through abrasion in
the slush zone of the ocean with rocks and sand, and this process has
been simulated in the laboratory (Chubarenko et al., 2020). Fragmentation
of relatively unoxidized plastics is demonstrated by the formation of micro-
fiber fragments during laundering of fabrics (Vassilenko et al., 2021) as
well as by the crumbling of virgin plastics by ingesting crustaceans
(Mateos-Cardenas et al., 2020; Hodgson et al., 2018; Dawson et al.,
2018), although the scale of the environmental relevance of the biological
fragmentation process is unknown.

This sequence of photo-oxidation, weakening, embrittlement and frag-
mentation by mechanical stresses has been observed on land, in marine
dry sediments (beach) (Corcoran et al., 2009) and in a few instances in sur-
face water environments (Garvey et al., 2020; Alimi et al., 2022). Fragmen-
tation results in increased specific surface area of the plastic sample,
increasing the surface available for further photo-oxidation as well as
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Fig. 1. Schematic overview of photo-oxidative reactions, starting with a virgin plastic sphere (left), and leading to fragmentation (top right) and/or surface ablation (bottom

right) of plastics.

biodegradation. Photo-degradation can continue, and at least in theory,
yield significant amounts of MP and even NP, provided UVR is available
to initiate the process.

As opposed to the macro-fragmentation process described above, a sec-
ond, concurrent micro-fragmentation process occurs during weathering
(Fig. 1). With diffusion-controlled oxidation that occurs in moulded or ex-
truded plastic products, a highly degraded surface layer several hundred
microns thick can be obtained in laboratory accelerated weathering
(Andrady et al., 2022; Nagai et al., 2005; Ito et al., 2015). A similar layer
is apparent in field collected plastics as well (Andrady et al., 2022). The ox-
idized surface has different mechanical properties from the bulk material
and can readily delaminate or abrade away under mechanical stress to pro-
duce MPs as well as NPs by surface ablation. Extensively weathered plastic
debris, collected from beaches and subjected to mild mechanical stresses in
the laboratory yield microscale particles in large numbers, providing exper-
imental support for surface layer ablation (Lambert and Wagner, 2016a,
2016b; Svedin, 2020). Laboratory-based accelerated weathering experi-
ments, with plastics exposed to UVR and subsequently subjected to agita-
tion with sand, similarly yield micro-fragments through surface ablation
(Song et al., 2017). These accelerated weathering exposures can yield
large numbers of micro- or nano-scale daughter fragments (~10° to 10°
particles) per sq. cm of surface area of the plastic (Lambert and Wagner,
2016a, 2016b; Svedin, 2020). Consistent with the notion of degradation
by surface-layer ablation, these daughter fragments have a size range of
10 s or 100 s of microns.

4. Photo-degradation and fragmentation of plastics in the ocean

Little is known about how photo- and thermo-oxidative reactions, and
subsequent fragmentation, occur in natural environments, especially in
air versus the aqueous environments. Three key differences between
weathering in air versus in seawater have been identified (Andrady,
2011): a) lower temperatures of samples in water relative to those in air,
slows down the rates of oxidation in seawater, as expected on the basis of
the Arrhenius relationship; b) lower concentrations of dissolved oxygen in
seawater, relative to in air, will slow oxidation rates (Andrady et al.,
2022); c) sinking of plastics in the marine environment will result in the re-
moval of the material from the photic zone, slowing down photo-initiation.
Sinking into deep water or the sediment is often a result of a foulant layer
developing on the surface of plastics that increases the apparent density
of debris, making them less buoyant in seawater (Pévoa et al., 2021;

Pabortsava and Lampitt, 2020). The biofilm may shield the plastic from
solar UVR, further reducing photo-oxidative reactions (de Carvalho,
2017). The combination of these three factors, and especially the limited
availability of oxygen, results in a marked retardation of photo-oxidation,
and therefore of photo-fragmentation, of plastics in seawater. Common
plastics weathered in seawater show only weak spectroscopic signatures
of photo-oxidation (in FTIR studies), and tensile property measurements
show a minimal decrease in mechanical properties compared to samples
weathered in air (Arias-Villamizar and Vazquez-Morillas, 2018; Ojeda
et al., 2011; Kalogerakis et al., 2017.) Consistent with this observation, no
significant macro- or micro-fragmentation has been reported for plastics
weathered in seawater under natural conditions, except in the case of thin
film samples (Biber et al., 2019).

Photo-assisted fragmentation is, however, likely to occur in seawater
with those plastics already pre-weathered in air, land or beach (Fig. 2).
To date, environmental sampling in surface waters has not resulted in the
reporting of NPs or significant fractions of very small MPs. Although this
may relate to the limitations of current sampling technologies, other possi-
ble explanations for the absence of these smaller plastics can be the sinking
as well as the solubilization of particles. The latter suggestion is based on
laboratory studies of plastics exposed to accelerated UV irradiation (Zhu
et al., 2020; Ward et al., 2019), and implies that 100 % of EPS, PP and PE
microplastics could be photo-chemically converted to Dissolved Organic
Carbon (DOC) within 0.3, 0.3 and 0.5 years, respectively. Even ignoring
that these DOC measurements may have included any NPs formed, the
high amounts of UVR used in the studies do not allow a ready extrapolation
of the data to the natural environment.

5. Photo-assisted fragmentation and a changing climate

Given the potential for significant changes in terrestrial solar UVR with
ongoing and potential future changes in the stratospheric ozone layer and
in the global climate, (Bais et al., 2019; Barnes et al., 2022), it is relevant
to ask how these changes will impact the photo-assisted fragmentation of
plastics in the environment. Both stratospheric ozone depletion and climate
change can alter the solar UV-B (280-315 nm) and UV-A (315-400 nm) ir-
radiance. In general, ozone depletion shifts the solar UVR spectrum to
shorter wavelengths primarily in the UV-B. However, climate change may
alter solar irradiance reaching the Earth's surface without significantly af-
fecting the spectral irradiance distribution (Barnes et al., 2022). Any in-
crease in ambient air and seawater temperature under future climate
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Fig. 2. A schematic of the fate of plastic debris in the ocean environment. Exposure of plastics to UVR results in photooxidation and subsequently mechanical or
biofragmentation. Fouling may decrease exposure to UVR through formation of a UV-blocking film, and through accelerated sedimentation.

scenarios will also accelerate the rate of photo-oxidation leading to frag-
mentation. Based on the Arrhenius relationship, an increase in oxidation
of PE and PP can be modeled (Tamblyn and Newland, 1965; Therias
etal., 2021), but a comparable model is not available for the fragmentation
of these polymeric plastics. Assessing the impact of global changes on the
exposure of plastics to UVR therefore requires an evaluation of the wave-
length sensitivity of the UV-assisted fragmentation.

Spectral sensitivity data for plastics are available but limited to
radiation-dependent oxidative changes such as discoloration, changes in
the average molecular weight and mechanical integrity of weathered plas-
tics (Andrady, 1997; Girois et al., 1996). These generally show that higher-
energy regions of the solar spectrum, especially the UV-B component, are
more efficient in causing photo-degradation. While these studies address
wavelength-dependent changes in bulk mechanical properties of polyole-
fins, none directly pertain to their fragmentation in air or in seawater.
There is no reason to expect an obvious correlation between spectral sensi-
tivities for changes in bulk mechanical or physical properties and the photo-
assisted fragmentation of polymers that also includes a mechanical stress.
Nor are dose-response relationships, reciprocity information on intensity-
dependence, or temperature coefficients established for the photo-assisted
fragmentation of even the common plastics. Reported wavelength sensitiv-
ity data relate to virgin polymers, while post-consumer plastic debris typi-
cally includes a host of chemical additives, including UV stabilizers
intended to modify photo-degradation processes. Non-availability of these
critical data on fragmentation of plastic compounds that are widely used,
precludes estimating the impact that ground-level UVR or increased tem-
peratures may have on the rate of generation of MPs. These are very signif-
icant gaps in knowledge pertaining to photo-assisted fragmentation of
plastics in the natural environment.

Both photo-assisted and purely mechanical generation of MPs contrib-
ute to the abundance of secondary MPs in the environment. However,
there are no good criteria to identify the fractional contribution of each of
these to the pool of MPs quantified in abundance studies. Nevertheless,
qualitatively, large increases in the amount of UVR avoided by the imple-
mentation of the Montreal Protocol (the World avoided; McKenzie et al.,
2019), would have increased rates of both photo-degradation and the
photo-assisted fragmentation of plastics debris. With the Protocol ensuring
no large increase in average solar UVR reaching the Earth's surface due to
human-related activity, any further acceleration of photo-fragmentation
of plastics is unlikely in the future.

6. UV-stabilization and fragmentation
Typically, plastic products intended for outdoor use are compounded

with an opacifier, such as rutile titanium dioxide, popularly used in rigid
PVC, or with low levels of UV-stabilizers, mostly UV absorbers or free-

radical quenchers (Rani et al., 2017; Petukhova and Fedorov, 2019;
Wypych, 2020), to retard their oxidation. The efficacy of UV stabilizers
has been well demonstrated in mitigating the oxidative effects of degrada-
tion of common plastics by UVR, ensuring full functionality of plastic prod-
ucts during their service life outdoors. It is reasonable to expect stabilizers
to also mitigate both fragmentation and mineralization of plastic debris,
even though there is no experimental evidence to support this. Thus,
while the use of UV-stabilizers may improve durability of plastic products,
a potential negative attribute is the persistence of plastic debris.

Omission of UV-stabilizers in plastic compounds will likely decrease
product lifetime and increase photo-assisted fragmentation with a mixed
environmental impact (Song et al., 2017). On the one hand, it may reduce
amounts of larger, visible plastic debris in the environment. On the other
hand, the omission may encourage faster fragmentation, leading to higher
amounts of MPs and NPs in the environment (Ouyang et al., 2021). The
strategy is not unlike the use of pro-oxidant additives in plastics to encour-
age oxidation and fragmentation in the environment. Technologies that cat-
alyze photo-oxidation, using either modified polymers or transition metal
compounds, are available and are known to accelerate photo-assisted frag-
mentation rates (Nabi et al., 2021). For instance, in the USA, degradable
six-pack, can packaging is mandated. In these plastics the PE resin is
substituted by a co-polymer of ethylene and 1 % of carbon monoxide, re-
sulting in a weakening of the plastic within weeks of exposure (as opposed
to years) to outdoor conditions (Dijkstra et al., 2021). The rapid fragmenta-
tion also alleviates the aesthetically unacceptable macro-litter problem and
the entanglement of marine animals by six-pack rings. The environmental
impacts of making plastics photo-degrade faster depend on the trade-off be-
tween the increased ingestion risk posed by plastic fragments versus the po-
tentially faster mineralization of the plastic debris (Dijkstra et al., 2021).
The basic information needed to resolve this dilemma is, as yet, not avail-
able. Irrespectively, it can be argued that improved solid waste manage-
ment practices, complemented by innovation in materials science that
considers the full life cycle of the material used in a product, and which in-
cludes consideration of circularity, represents best practice to eliminate
solid waste from entering the environment.

7. UV radiation environments relevant to plastics degradation

An important consideration when assessing the rate of degradation of
plastics concerns their estimated exposure to UVR during use. For instance,
PVC cladding material in buildings is routinely exposed to UVR, while un-
derground plastic sewer pipes have very limited exposure. Plastic macro-
debris dumped in landfills or buried in sediment, exclude any further expo-
sure to UVR. Itis the plastic litter on land and at sea that receives the highest
amounts of UVR. For instance, smaller polymer fragments, including those
from abrasive tire wear (Brahney et al., 2021), may become suspended in
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the atmosphere for extended periods of time (Allen et al., 2019; Allen et al.,
2020; Evangeliou et al., 2020), where substantial exposure to UVR may
occur. In aquatic environments, plastics that float or remain suspended at
the water surface, are being transported towards shores, washed up on
beaches, or released into the atmosphere by expulsion of bursting bubbles
at the sea-air interface (Allen et al., 2020), all result in considerable expo-
sure to UVR. However, the denser plastics, such as PS or PET, sink in
water, precluding any UV-induced degradation. Based on exposure to
UVR, the following zones for plastic materials can be identified:

1. Land-surfaces; UV irradiance is specific to location and time, and in gen-
eral is relatively straightforward to estimate. The duration of exposure
can also be estimated for each specific plastic application, ranging
from fully exposed AstroTurf to buried water pipes.

2. Landfill sites; UVR does impinge on the surface of landfill. However, the
penetration depth of UVR into the actual landfill mass is probably negli-
gible given the soil cover on the fill will block most incoming radiation.

3. Water bodies. The penetration of UVR into waters depends to a large ex-
tent on the amounts of suspended particulates and other absorbers
(e.g., DOM). Solar UVR penetration depths can vary considerably be-
tween different natural waters (Tedetti and Sempéré, 2006).

4. The atmosphere. This is typically the most intense UVR environment ex-
perienced by MPs. The amount of UVR present in the atmosphere is well
understood both in theory and via measurements, as well as in spectral
detail. Exposure duration is typically limited to a few weeks, depending
on particle size.

5. Beaches and other secondary land sediments. As with landfills, the pen-
etration of UVR is limited to the surface layers, with depths comparable
to typical grain sizes, e.g. order of a few millimetres (Kiihl et al., 1994).
However, wave (and wind) action can create vertical mixing in the sand
so that deeper MPs could find their way back to the surface after some
time. The net duration of this exposure is unclear, although it may
lend itself to certain measurements and modeling.

The five UVR environments are all disparate, and plastics will be ex-
posed to different levels of UVR, different temperatures, different levels of
access to atmospheric oxygen, and different levels of mechanical stress.
Therefore, the persistence of plastics is a relative process, influenced by
location-specific environmental conditions.

8. Degradation and fragmentation in a biological world

In comparison to photo-degradation, which is a well-documented
(Fig. 2), both the underlying mechanism and the relative environmental im-
portance of biodegradation of plastics remain to be established. Biodegra-
dation typically comprises three distinct steps: 1) the formation of a
biofilm on the surface of the plastic; 2) breakdown of the plastic into
smaller molecules through the action of extracellular enzymes secreted by
microorganisms; and 3) ingestion and further metabolism of these smaller
molecules within the cell. Complex, multispecies biofilms develop on the
surface of marine plastic debris (Kaiser et al., 2017) and the associated mi-
crobial community has been referred to as the “plastisphere” (Zettler et al.,
2013). The “plastisphere” is thought to include putative plastic-degrading
species (Roager and Sonnenschein, 2019; Yuan et al., 2020). Multiple spe-
cies of bacteria and fungi that have been assumed to degrade plastics have
been isolated from environmental samples (Yuan et al., 2020). In many
cases, evidence for a particular biodegradation pathway is inferred based
on laboratory studies, with limited data on the global relevance of identi-
fied processes. Plastics represent a heterogeneous mixture of varying poly-
mer composition and associated additives. Consequently, biodegradation
has been associated with a multitude of different reactions and enzyme sys-
tems (Krueger et al., 2015; Jacquin et al., 2019; Yuan et al., 2020). For ex-
ample, degradation of PP, PE and PS can be mediated by mono-oxygenases,
di-oxygenases, laccases, peroxidases and/or cutinases, which oxidize poly-
mers to form more hydrophilic, low molecular weight compounds (Jacquin
et al., 2019). Smaller, low molecular weight compounds such as plastic
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oligomers formed after hydrolysis, are amenable to further breakdown by
an array of enzymes that can drive the formation of acetyl coA and succinyl
coA. These compounds, in turn, can be metabolized via the tricarboxylic
acid cycle completing the mineralization of plastics into CO5 and H,O
within the cell (Jacquin et al., 2019). The environmentally relevant end-
point of such biodegradation is mineralization or the conversion of the
polymer into small molecules such as CO,, CHy4, water, or hydrogen.
Some laboratory studies do indeed report aerobic mineralization of
some classes of plastics. However, these studies are primarily on aerobic
biodegradation in the epi-pelagic zone (light exposed), whereas most plas-
tics end up in the anaerobic benthic sediment (Lott et al., 2021). Thus, a
pertinent question concerns the relevance of biodegradation in the natural
environment.

Although not a prerequisite for biodegradation, it is of interest to con-
sider the role of photodegradation in facilitating the biological breakdown
of plastic debris in the environment. There may be potential synergy be-
tween photo-degradation and biodegradation, due to the development of
an oxygenated, hydrophilic surface layer on plastic debris due to photo-
oxidation (Gewert et al., 2015; Yuan et al., 2020; Corti et al., 2010;
Arkatkar et al., 2009; Ghatge et al., 2020). Furthermore, the formation of
cracks and surface irregularities may encourage the establishment of a
more abundant biofilm, by increasing the relative surface area of a particle.
The formation of oligomers and or other small-molecular products (Dees
et al., 2020) may also trigger further microbial biodegradation (Sivan
et al., 2006). This phenomenon has been reported for UV irradiated PE ex-
posed to specific microorganisms (Gilan et al., 2004; Hadad et al., 2005;
Yamada-Onodera et al., 2001; Balasubramanian et al., 2014). However,
even with photo-degradable PE mulch films used in agriculture, the
observed combination of photo- and biodegradation does not proceed to
mineralization under natural conditions (Vazquez et al., 2019). Even severe
photo-oxidation, achieved by exposure of 20-micron PE film to germicidal
UV-C resulted in just a two-fold stimulation of biodegradation by two
strains of Aspergillus sp. and Lysinibacillus sp. Thus, it remains to be shown
whether exposure to solar UVR in the natural environment is substantial
enough to enhance biodegradation. In fact, the reverse may be more likely;
photo-degradation may expedite biofilm formation, leading to faster sink-
ing of debris to the marine bottom anaerobic sediment where degradation
is likely minimal.

Purely mechanical fragmentation of ingested plastic material is an inter-
esting source of MPs and NPs (Fig. 2). Dawson et al. (2018) first reported
fragmentation of pristine plastics ingested by Antarctic krill. Since then, ev-
idence concerning fragmentation of plastics by various organisms has rap-
idly expanded. The widespread, freshwater amphipod Gammarus duebeni
fragments pristine polyethylene microplastics on a time scale of hours
(Mateos-Cardenas et al., 2020). In fact, more than 60 % of all detected
microplastic particles in the amphipods' digestive tracts were fragments, in-
cluding particles in the nano-size range and which therefore can pass cell
wall barriers and produce adverse effects on microalgae (Besseling et al.,
2014), aquatic macrophytes (van Weert et al., 2019) or daphnids (Cui
et al., 2017). Thus, biological fragmentation of plastics is potentially a co-
determinant of the trophic mobility of plastics (Hasegawa and Nakaoka,
2021), although the quantitative scale of the phenomenon remains to be
established.

9. Conclusions

UVR facilitated photo-oxidation drives the degradation of plastic debris,
rendering it prone to subsequent fragmentation by mechanical stress. In the
ocean, fragmentation is also driven by hydrodynamic forces, for example,
in the beach ‘slush’ zone where waves break. While such forces can also
fragment un-oxidized plastics, oxidative weathering makes common plas-
tics weaker and more susceptible to fragmentation. While the qualitative
features of this process are recognized, there are large gaps in knowledge,
including the wavelength sensitivity and the dose-response functions for
both oxidation and fragmentation processes. This lack of information
coupled with the heterogeneity of the environment and the variability in
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plastic composition, which in turn affect rates of oxidative fragmentation,
has precluded reliable quantitative models of plastic persistence being de-
veloped, especially at the global scale.

Given the primacy of solar UVR in weathering and fragmentation of
plastics, the decrease in ground-level UV radiation consequent to the imple-
mentation of the Montreal Protocol plays a key role in determining plastic
persistence. The “world avoided” refers to the success of the Montreal Pro-
tocol in avoiding high UV-B irradiances (McKenzie et al., 2019). The avoid-
ance of the steep rises in UV radiation will have decreased the potential
oxidation and fragmentation of plastic debris. In parallel, an emerging fu-
ture perspective is that extensive mapping of global UV indices, undertaken
in the context of the implementation of the Montreal Protocol, can be
exploited to quantitatively model plastic weathering and fragmentation as
a function of different geographic, climate and environmental zones,
thereby informing management of plastic debris in the environment.
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