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Abstract
This Assessment Update by the Environmental Effects Assessment Panel (EEAP) of the United Nations Environment Pro-
gramme (UNEP) considers the interactive effects of solar UV radiation, global warming, and other weathering factors on 
plastics. The Assessment illustrates the significance of solar UV radiation in decreasing the durability of plastic materials, 
degradation of plastic debris, formation of micro- and nanoplastic particles and accompanying leaching of potential toxic 
compounds. Micro- and nanoplastics have been found in all ecosystems, the atmosphere, and in humans. While the poten-
tial biological risks are not yet well-established, the widespread and increasing occurrence of plastic pollution is reason for 
continuing research and monitoring. Plastic debris persists after its intended life in soils, water bodies and the atmosphere 
as well as in living organisms. To counteract accumulation of plastics in the environment, the lifetime of novel plastics or 
plastic alternatives should better match the functional life of products, with eventual breakdown releasing harmless sub-
stances to the environment.

1 Introduction

Solar ultraviolet radiation (UV; 290–400 nm) is a contribut-
ing factor in the environmental fate of toxic chemicals and 
other contaminants, with potential consequences—both 
beneficial and detrimental—for the health of humans and 
the environment. Chemical contaminants that are intention-
ally or accidentally released into the environment are highly 
diverse in their chemistry and responses to solar UV radia-
tion. The current assessment focuses on the degradation of 
plastic debris in the environment, and particularly the effect 
of solar UV radiation and other environmental factors on the 
formation of micro- and nanoplastic particles.

The Montreal Protocol on Substances that Deplete 
the Ozone Layer (hereafter referred to as the “Montreal 

Protocol”) has been universally ratified by all 198 mem-
ber states of the United Nations and this treaty has success-
fully prevented large, global-scale increases in solar UV-B 
radiation (290–315 nm) at the Earth’s surface [1]. Moreo-
ver, because many ozone-depleting substances (ODS) and 
their replacements are potent greenhouse gases, this treaty, 
together with its adjustments and Amendments, has signifi-
cantly reduced global warming. Furthermore, changes in 
stratospheric ozone also affect climate and vice versa.

Previous assessments by the Environmental Effects 
Assessment Panel (EEAP) of the United Nations Environ-
ment Programme (UNEP) have extensively reported on a 
range of direct and indirect interactive effects between UV 
radiation and contaminants and highlighted the important 
consequences for the environment and human health. Some 
examples of beneficial and detrimental effects noted were:
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1. Solar UV radiation reacts with atmospheric gases 
including nitrogen oxides  (NOx) and volatile organic 
compounds (VOC) to create photochemical smog, 
including increased levels of tropospheric ozone and 
secondary particulate matter, with adverse effects on 
human health and plants [2].

2. UV-driven photochemical reactions in the atmosphere 
convert some ozone-depleting substances (ODSs) and 
substitutes into degradation products such as trifluoro-
acetic acid (TFA), which, although persistent in the envi-
ronment, presents de minimis risk to humans and the 
ecosystem [2].

3. In the troposphere, UV radiation drives the formation 
of hydroxyl radicals and other reactive oxygen spe-
cies (ROS) that act as atmospheric cleaning agents [2]. 
Hydroxyl radicals also play an important role in surface 
waters in the transformation and breakdown of pollut-
ants e.g. pesticides [3].

4. Widespread use of topical sunscreens, for protection 
from UV radiation, has resulted in UV-filters entering 
aquatic ecosystems, with potential harms for aquatic 
organisms [4].

5. UV radiation can increase the toxicity of oil pollutants to 
many types of aquatic organisms [4, 5], but also contrib-
utes to their degradation and removal from the environ-
ment [6].

6. Wildfires have become more frequent and more extreme, 
at least partially because of climate change. They are 
becoming a significant source of pollutants, including 
aerosols, which affect human health and reduce surface 
UV radiation. Aerosols from wildfires may also cause 
depletion of stratospheric ozone [7].

Amongst the most ubiquitous of all pollutants is plastic, 
such that the current era has been referred to by some as 
the ‘plasticene’ [8]. We define ‘plastics’ as a broad range 
of synthetic and semi-synthetic organic polymers, which 
can be moulded into various shapes, as well as elastomers, 
for example, rubbers and composite materials. Various 
additives, such as stabilisers, dyes, antistatic agents, flame 
retardants, and plasticisers are included in the plastics for-
mulation, resulting in substantial variations in the chemical 
composition, and hence functional and structural properties, 
of plastics.

World annual plastic production was estimated at 391 
million metric tonnes in 2021 [9]. A substantial fraction 
of plastic waste generated from consumer products (espe-
cially packaging which consumes ~ 40% of the resins used 
in plastic production) ultimately ends up in the environment. 
Nonetheless, there are substantial uncertainties regarding 
the actual fate and longevity of plastic debris in the envi-
ronment. Plastic waste that is exposed to solar UV radiation 
will photo-oxidise and gradually degrade into microplastic 

(< 5 mm) and nanoplastic (< 0.1 µm) particles. Such parti-
cles are now ubiquitous in the environment and have been 
discovered in freshwater and marine systems, soils and 
the atmosphere across diverse geographical regions. Once 
released into the environment, microplastics are ingested by 
organisms ranging from microorganisms to humans and have 
been found in human blood, placental tissue, heart muscle, 
and urine [10–12].

Photo-oxidation and weathering are key steps in UV-
induced degradation of plastic debris and determine the 
useful lifespan of plastic products. The resulting plastic 
fragments have potential ecological impacts that are closely 
related to the size of the plastic particles. UV-induced deg-
radation also results in leaching of chemicals from plastic 
fragments, with further potential ecological impacts. The 
extent of UV-induced degradation of plastics in the atmos-
phere and terrestrial and aquatic environments depends 
on both the amount and spectral composition of solar UV 
radiation. By preventing significant increases in surface UV 
radiation, the Montreal Protocol and its Amendments have 
likely decreased the rate of UV-B-driven photodegradation 
of plastics, contributed to an increase in the durability of 
materials and reduced the production and influx of micro- 
and nanoplastic particles in the environment. This assess-
ment considers the interactive effects of UV radiation and 
climate change on plastic distribution, weathering, longevity, 
and ultimately the fate of plastic debris. Findings from this 
assessment address a number of the United Nations Sustain-
able Development Goals (SDGs, https:// sdgs. un. org/ goals) 
(Table 1).

Recently, at the request of the United Nations Environ-
ment Assembly, the Executive Director of UNEP convened 
an Intergovernmental Negotiating Committee (INC) to 
develop an international legally binding agreement to end 
plastic pollution. This initiative will address the follow-
ing: (a) the global scale of plastics in the environment; (b) 
an improved understanding of the global impact of plastic 
pollution, sustainable production, and consumption of plas-
tics; (c) a full life cycle approach; and (d) capacity-building 
through scientific and technical cooperation. This UNEP 
EEAP assessment seeks to contribute to this international 
effort to mitigate the impact of plastic pollution. The cur-
rent state of knowledge about stratospheric ozone and con-
sequent UV radiation at the Earth’s surface is summarised 
and findings are used to assess the effects of UV radiation 
and interacting climate change factors on plastic materials, 
focussing both on durability of products as well as produc-
tion and dispersal of micro- and nano-plastic pollutants in 
the environment.

https://sdgs.un.org/goals
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2  Ultraviolet radiation 
throughout the twenty‑first century

An assessment of the effects of solar UV radiation on plas-
tic pollution requires an understanding of how this part of 
the solar spectrum has changed over modern times. The 
EEAP conducts a detailed assessment of the environmental 
impacts of changes in stratospheric ozone and UV radia-
tion every four years. The most recent Quadrennial Assess-
ment [13] included a projection of the intensity of UV 
radiation at the Earth’s surface throughout the twenty-first 
century, which was based on an earlier EEAP assessment 
[14] and a study by another group [15]. The assessment 
assumed a realistic scenario of the emission of greenhouse 
gases (RCP 6.0, see Supplementary Information), time-
invariant amounts of atmospheric aerosols, and that there 
is continued compliance with the Montreal Protocol. This 
Quadrennial Assessment concluded that erythemal (“sun-
burning”) UV radiation will decrease by 2–5% at north-
ern and 4–6% at southern mid-latitudes (30°–60°) between 
2015 and 2090. Changes for the tropics were projected to 
be smaller than 1%.

There have been no new projections of changes in UV 
radiation on a global scale since the most recent EEAP 
assessment [13]. However, recent studies have identified 
a number of factors that may affect stratospheric ozone 
and other factors that may affect ground-level UV radia-
tion throughout the twenty-first century. These include 
increasing greenhouse gas concentrations; very short-
lived substances (ozone-depleting halogen-containing 
chemicals with a lifetime of less than six months, which 
are largely produced by natural processes such as emis-
sions from macroalgae (seaweed) and phytoplankton; 
effects of climate change on cloud cover, aerosols, atmos-
pheric circulation, and surface reflectivity; air pollution 
and tropospheric aerosols; wildfires; supersonic aircraft; 
potential nuclear war; potential future climate intervention 
(geoengineering such as stratospheric aerosol injection); 
and volcanic eruptions. For details on these effects see the 
Supplementary Information. Many of these processes do 
not lead to long-term changes in UV radiation reaching 
the Earth’s surface in excess of a few percent and would 
be similar in magnitude to projected trends that have been 
published during the last ~ 10 years [13, 14, 16]. How-
ever, larger changes in UV radiation could be caused by 
a severe breach in the adherence to the Montreal Proto-
col, extreme climate events, and severe wildfires, which 
can lead to large, localised ozone depletion events lasting 
several months. Likewise, reductions in air pollution can 
lead to large (> 40%) localised increases in UV radiation. 
While “colossal” volcanic eruptions that occur on millen-
nial time scales could substantially disturb the ozone layer 

and Earth’s climate for many years, they are not a result of 
human activities and are therefore typically not considered 
in projections of the future climate and atmospheric com-
position. Likewise, assessments of the effects of nuclear 
war are only based on scenarios, which will likely differ 
from the actual situation should such a war occur.

3  UV radiation and plastics: mechanisms 
of weathering

3.1  UV radiation‑driven photo‑oxidation 
and formation of microplastics

Pathways of UV-induced transformation of plastics have 
been identified [17]. Direct exposure of plastics to solar 
UV-B radiation induces free-radical photoreactions result-
ing in the photo-oxidation of the plastic (Fig. 1). Exposure of 
a photosensitiser (e.g. dissolved organic matter (DOM)) can 
also result in degradation of some plastics via the produc-
tion of hydroxyl radicals and other reactive oxygen species 
[18]. The consequent deterioration of physical properties, 
surface erosion and discoloration, are referred to as weath-
ering. Exposure to UV radiation renders common plastics 
such as polyethylene (PE) [19, 20] and polypropylene (PP) 
[21–24] weak and brittle. This makes them more susceptible 
to fragmentation under environmental mechanical stresses 
[19, 22, 23, 25, 26] which leads to the release of microplas-
tics and nanoplastics into the environment (Fig. 1). Some 
fragmentation can also occur due to mechanical forces alone, 
for instance, during agricultural processes (Sect. 4.2) and in 
the marine environment [27–30]. To counter weathering and 
the deterioration of mechanical properties, the practice of 
adding UV-protective substances to plastics is widespread, 
prolonging useful lifetimes of plastic products used outdoors 
[31].

Studies on the spectral dependence of the oxidation pro-
cess indicate that solar UV-B wavelengths (290–315 nm) 
are far more effective in oxidising and embrittling com-
mon plastics such as PE or PP [32] as compared to UV-A 
(315–400 nm) or visible (400–700 nm) radiation [33, 34]. 
Numerous factors, primarily the chemical class of plastics 
[26], the types of additives incorporated [23, 35], molecu-
lar and morphological features such as chain branching, 
crosslinking, and fractional crystallinity [36], and the thick-
ness of the material [37] affect the rate at which plastics 
degrade and/or fragment after exposure to solar UV radia-
tion [22, 23] (Fig. 1). Common plastics oxidise more slowly 
in aqueous environments than in the air, likely primarily due 
to the lower oxygen availability in water [17]. This, together 
with limited UV-penetration into the water column, and sur-
face biofouling (the growth of microbial films on surfaces of 
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plastics), allows plastics to persist for extended, but poorly 
quantified, periods in ocean and freshwater environments.

While the pathways of photo-oxidation of plastics are 
well understood [17], those of consequent fragmentation 
are yet to be ascertained. Notwithstanding this knowledge 
gap, microscale fragments of plastic are ubiquitous across 
water bodies, air, and soil, as well as in organisms ranging 
from microorganisms to humans [38]. The contribution of 
UV radiation to the global load of environmental micro-
plastics cannot be reliably quantified at present due to a lack 
of studies that have quantitatively assessed photo-oxidation 
and fragmentation in natural ecosystems [27, 39]. Never-
theless, without the Montreal Protocol the environmental 
load of microplastics would likely have been higher than 
it is now, due to long-term exposure of plastics to elevated 
UV-B radiation.

Photo-oxidation also causes changes in the surface 
properties of plastics by increasing surface roughness and 
hydrophilicity [40–42]. The hydrophilic functional groups 
on the surface of microplastic generated by photo-oxidation 
can interact with organic pollutants via hydrogen bonding, 
thus having further effects on the composition of the aquatic 
environment. Furthermore, UV-driven photo-oxidation and 
fragmentation of plastics can also increase the leaching rates 
of additives that are present in nearly all commercially used 
plastics [43, 44]. Additives are added to plastics, to improve 
functional properties, and are not chemically bound to, but 
are dissolved in the plastic matrix. Hence, they can easily 
leach out from the polymer matrix, especially after fragmen-
tation into smaller particles [45]. Specifically, additives with 
small molecular size such as di(2-ethylhexyl)phthalate and 

brominated flame retardants diffuse freely [46] and become 
slowly desorbed into the surrounding medium. Plastics also 
contain a cocktail of largely unknown residual monomers, 
solvents, catalysts, impurities, and degradation products [47, 
48], all of which can leach out into the environment.

3.2  Ultraviolet radiation and microfibres

Microfibres are the main category of microplastic particles 
found in both the water column and in organisms living in 
surface water or marine environments [49–52]. All fab-
rics and textiles based on synthetic polymer fibres release 
microfibres during their manufacture and use, especially 
during washing and drying cycles [53–57]. Upon expo-
sure to UV radiation, increased numbers of microfibres 
and microplastics are generated from fabrics containing 
poly(ethyleneterephthalate) (PET, polyester) [58, 59], poly-
amide (PA [60]) and PP fibres [61]. For example, weathering 
of polyester fabrics exposed to high UV radiation for 60 days 
(60 W/m2) generated 20–40 times more microfibres during 
laundering compared to control fabrics [58]. UV irradiation 
also resulted in a four-fold increase in the number of micro-
fibres released from protective facemasks [62]. Similarly, 
artificial lawns and synthetic turf sports fields, which cover 
large surfaces exposed to solar radiation worldwide, release 
large amounts of microplastic fibres which, via run-off, end 
up in local rivers and the nearshore sea area [63].

As with bulk plastics, long-term exposure of fibres and 
fabrics to UV radiation reduces their mechanical prop-
erties, and thus durability. This has been reported for a 
variety of fibres and fabrics, including polyvinyl chloride 

Fig. 1  Conceptual diagram depicting the formation of micro- and 
nanoplastics under natural conditions. UV radiation and mechanical 
stress (not shown) drive the weathering and fragmentation of larger 
plastic waste into smaller fragments and other by-products (e.g.  CO2, 
 CH4, and leachates; not shown in the figure). The photodegradation 
rate depends on properties of the plastic polymer (such as its chemi-

cal composition, the presence of specific additives, and the object’s 
weathering history) and the exposure to UV radiation, including its 
intensity and spectral composition. Climate change impacts pho-
todegradation, amongst others, by modifying the intensity of UV-B 
radiation and increasing the ambient temperature



 Photochemical & Photobiological Sciences

(PVC)-coated PET fabrics [64], poly(3-hydroxybutyrate) 
electrospun fibres loaded with zinc oxide nanoparticles 
[65], high-performance fibres used in firefighters' protec-
tive clothing [66–68], carbon fibre/epoxy composites [69], 
and poly(lactide acid), and/or poly(hydroxybutyrate) yarns 
and fabrics [70]. Research is ongoing to reduce the impacts 
of UV-induced photo-oxidation on fabrics and textiles, par-
ticularly by introducing surface modifications. For instance, 
bio-based finishing of polyester fabrics using chitosan helps 
to strengthen the bond between fibres and matrix, which 
reduces the shedding of microfibre fragments during use, 
and improves durability of the fabric [71]. The use of UV-
absorbing stabilisers as coating materials in UV-sensitive 
fabrics can also improve durability [72, 73]. For instance, 
thermochromic materials which are often used in certain 
textiles and packaging, display low UV-stability but their 
durability significantly improves after incorporating UV-
absorbers into these materials [73].

3.3  Outdoor weathering of plastic materials 
in a changing climate

Deterioration of plastic materials under outdoor conditions 
is a process driven by the interaction between solar UV 
radiation, and other weathering factors such as temperature. 
Given ongoing climate change, this is projected to change 
in the future (IPCC 2021). Consequently, it is expected that 
materials will degrade at a less predictable pace, the distri-
bution of degradation products may also change, and harm-
ful substances may leach into the environment at different 
rates.

Two examples of the importance of weathering by UV 
radiation and climate factors are from tyres and solar pan-
els. The generation of small rubber particles from tyres is 
a process affected by exposure to UV radiation as well as 
heat, eroded tarmac, and impervious road surfaces [74]. It 
is estimated to annually contribute 6 million metric tonnes 
of microplastics worldwide [75]. Higher road surface tem-
peratures due to climate change can also accelerate tyre 
degradation. Microplastics from tyre wear are prominent in 
urban environments, and in road run-off [74]. An emerging 
area of concern is that these microplastics can undergo fur-
ther photothermal-oxidation and their subsequent degrada-
tion products may be toxic [76], although this issue remains 
largely unexplored [77–79].

As part of climate change mitigation strategies, install-
ing of solar energy generating capacity is expected to tri-
ple between 2022 and 2027 according to the International 
Energy Agency [80]. Thus, a thorough understanding is 
required of the impact of UV radiation and climate change 
on weathering of solar panels, and this applies particularly 
to plastic components such as the backsheet or outer, protec-
tive layer of solar photovoltaic cells. Solar panels retrieved 

from commercial sites, after operating for up to 28 years in 
many different climatic zones, and with different materi-
als, displayed variable degrees of weathering of backsheets 
[81]. Many of the PET backsheets showed microcracking 
and chalking, surface embrittlement and material erosion, 
which are generally driven by UV radiation, and which 
would potentially limit the functional life of the solar panel. 
Fluorinated plastics such as polyvinylidene difluoride, pol-
ytetrafluoroethylene-co-hexafluoropropylene-co-vinylidene 
fluoride, and polyvinyl fluoride display the least amount of 
degradation, but still show some surface erosion causing 
localised regions of embrittled plastics [81]. Careful con-
sideration of the choice of future backsheet materials will 
be essential to avoid additional release of microplastics into 
the environment [82], especially given the rapid increase of 
solar energy harvesting devices and their location in sunny 
(UV-exposed) locations.

3.4  Ultraviolet radiation‑driven mineralisation 
of plastics

Degradation of plastics occurs through two basic mecha-
nisms: (1) photo-oxidation followed by fragmentation and 
release of dissolved organic matter (DOM); and (2) minerali-
sation. Mineralisation refers to the final step in the degrada-
tion process where the plastics are being decomposed, usu-
ally oxidatively, into inorganic end-products such as water 
and carbon dioxide. Fragmentation, DOM release and miner-
alisation processes occur concurrently in the dark, but rates 
are enhanced, albeit to a variable extent, in plastics exposed 
to solar UV radiation [83]. Solar UV-facilitated oxidation, 
and subsequent fragmentation, produces large numbers of 
nanoscale or very small microscale plastic fragments [20]. 
Given their high specific area, these microplastics undergo 
further degradation releasing dissolved organic matter [84, 
85]. Some of the evidence for photomineralisation of micro-
plastics is based on accelerated laboratory studies using 
microplastics suspended in aqueous media and exposed to 
high-intensity UV radiation. These studies of DOM release 
and mineralisation have only been conducted under a nar-
row range of laboratory conditions and there is much uncer-
tainty about mineralisation rates in the natural environment. 
There is also uncertainty about how polymer additives [86, 
87], natural DOM [88], and biotic factors, which are usually 
excluded in laboratory studies, further modify mineralisa-
tion rates. Direct evidence of mineralisation in the natural 
environment is lacking. However, leaching of DOM from 
solar UV-exposed plastics under outdoor conditions has 
been reported, indicating at least the partial conversion of 
a fraction of the plastics into water-soluble organic com-
pounds [89]. Nevertheless, even under accelerated exposure 
the process is slow, and it might be speculated to be even 
slower in natural environments (see also Sect. 4.3).
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4  Plastic pollutants in the environment

4.1  Nano‑ and microplastics in the atmosphere

Both micro- and nanoplastics have been found in the 
atmosphere (Fig. 2). Recent evidence indicates that micro-
plastics are transported through the atmosphere to remote 
regions by wind [90], with different shapes (e.g. fibres 
vs fragments, [91]) being distributed to different degrees. 
These micro- and nanoplastics are emitted by a variety 

of different sources, but emission of microplastics from 
the ocean to the atmosphere has been the focus of recent 
research [92] (Fig. 2). Microplastics can be ejected from 
the ocean like sea spray aerosol [93, 94]. Stratospheric 
ozone depletion changes natural marine aerosol fluxes via 
the strength and position of the westerly jet in the Southern 
Ocean [95]. Marine microplastic fluxes may be similarly 
affected, but this has not yet been examined.

Experimental data are scarce, but global chemical trans-
port model simulations indicate that microplastics with 
diameters of 0.5–70 μm can be present at levels of 0.001 μg 

Fig. 2  Effects of UV(-B) radiation on plastic litter in various environ-
mental compartments. In the atmosphere, micro- and nanoplastics are 
exposed to high levels of UV-B radiation; only aerosols and clouds 
provide a partial UV screen. In aquatic environments, UV-B radia-
tion penetrates only to a limited extent into the water column, lead-
ing to a gradient of UV-B varying from high exposure at the water 
surface to virtually zero exposure deeper in the water column and 
within sediments. How UV exposure varies with depth depends on 
various factors, including the mixed layer depth, water transparency, 
and the presence of surface ice. Biofouling—the growth of a biofilm 

on the surface of plastic debris—further limits the amount of UV-B 
radiation plastic fragments are exposed to both by screening radiation 
and by altering buoyancy (i.e. the position of plastic debris within the 
water column). In terrestrial environments, plastic can be exposed to 
high UV-B radiation at the soil surface, but UV is fully screened at 
depths greater than a few centimetres. Plant canopy cover can reduce 
further UV radiation at the soil surface. Differences in arrow length 
and width depict the different availability of UV radiation across the 
three environments; a decrease in arrow width indicates a decrease in 
UV-B availability
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plastic per  m−3 in the atmosphere at remote locations, com-
pared to 0.1 μg  m−3 in polluted environments [96]. These 
levels should be placed in context of the total atmospheric 
load of particulate matter (PM) with a diameter smaller than 
2.5 μm  (PM2.5) (e.g. sea salt, mineral dust, organic aerosols, 
sulphate, soot), which ranges in order of magnitude from 
1 μg  m−3 in remote locations to 100 μg  m−3 in polluted 
environments [97]. The mass of atmospheric aerosols with 
diameters less than 70 μm  (PM70) is not routinely meas-
ured so no data are available. However, their mass should 
be substantially greater than that of  PM2.5. This means that, 
overall, microplastics are likely to comprise less than 0.1% 
of the overall mass of atmospheric aerosols. There is no evi-
dence that microplastic aerosols have effects that are dispro-
portionately large compared to other atmospheric aerosols. 
Consequently, and given technical limitations in quantifying 
atmospheric plastics, the contribution of microplastics to 
atmospheric chemistry and physics is currently expected to 
be negligible.

Few atmospheric observations exist of microplastics 
smaller than about 10 μm because of technical limitations 
[98]. Smaller particles may be transported over longer dis-
tances and provide more surface area (per unit mass) for 
chemical and radiative processes. Recent modelling studies 
have examined whether microplastics in the atmosphere con-
tribute to climate change. Assuming that microplastics are 
confined to the boundary layer (bottom 2 km of the atmos-
phere), direct microplastic-radiation interactions may have a 
weak cooling effect, but this is subject to large uncertainties 
in concentration and distribution of particles [98]. Micro-
plastics can also act as ice-condensation nuclei (ICN) and/
or cloud condensation nuclei (CCN) as they undergo ageing 
[99]. However, as stated above, their abundance is small 
compared with other sources of CCN and/or ICN. For exam-
ple, cloud water collected near Mt. Fuji, Japan, contained 
only 120 plastic particles  L−1, many orders of magnitude 
below the concentration needed to have an effect on cloud 
formation [100]. While their CCN and ICN efficiency has 
not yet been assessed, given their low abundance microplas-
tics are not expected to make a substantial contribution to 
radiative forcing via indirect microplastic-cloud interactions. 
However, further quantitative monitoring of microplastics 
in the atmosphere is required to confirm this interpretation.

Microplastics suspended in the atmosphere are subjected 
to some of the highest levels of UV radiation in their life 
cycles, with contributions from direct and diffuse sky radia-
tion, as well as reflections from the surface (Fig. 2). Photons 
of shorter wavelengths (e.g. UV-B) are more abundant in 
the atmosphere than in other environments (e.g. aquatic) 
where microplastics are found. Hence microplastics are 
likely to degrade faster in the atmosphere by UV-driven pro-
cesses, although data on this process are currently lacking. 
UV-B radiation also affects the air surrounding suspended 

particles, generating highly reactive hydroxyl radicals (OH) 
that readily oxidise micro- and nanoplastics. Shorter wave-
lengths, which are most sensitive to changes in stratospheric 
ozone, have stronger effects on UV-driven weathering of 
plastic than longer wavelengths [40]. Although knowledge 
of the spectral dependence of the relevant photo-oxidation 
reactions is limited, changing UV radiation in the context 
of stratospheric ozone depletion and recovery, as well as 
accelerating climate change, will likely affect the lifetime 
of microplastics in the atmosphere.

4.2  Plastics in terrestrial environments: 
agroecosystems and the built environment

Plastics are found in terrestrial ecosystems because of their 
use in agriculture and horticulture, building and construction 
activities, their disposal in landfills, and as debris generated 
on land. Agriculture, horticulture, and forestry are major 
sources of microplastics in terrestrial environments [101]. 
The use of plastics in these sectors is increasing with global 
economic development, plastic affordability and in counter-
ing the abiotic stresses imposed on crops by climate change 
[102]. This section addresses the effects of UV radiation on 
plastics in terrestrial ecosystems with an emphasis on the 
generation of microplastics in agroecosystems and implica-
tions for food security and sustainable agriculture.

The United Nations Food and Agriculture Organisa-
tion [102] has estimated that agricultural usage of plastics 
(mainly PE and PP) is 12.5 million tonnes annually. Plas-
tic materials are widely used as netting, irrigation pipes, 
seed coatings, greenhouses, growth tunnels, tree guards and 
shelters, and packaging [103]. Agricultural plastic mulch 
is considered a key source of small plastics in soils [104]. 
Mulching involves seasonal covering of soil with lightweight 
plastic sheets (often PE) and this practice is increasingly 
used to retain soil moisture and heat, and to prevent soil 
erosion and weed growth [105]. With increasing frequency 
of droughts under climate change [106], use of mulching is 
expected to escalate to control water loss from agricultural 
soils [107, 108]. The disposal of plastic mulch represents a 
major challenge and belies its promotion as a sustainable 
product. If tilled and buried, it becomes a source of micro-
plastics and leached additives in soil ecosystems [109–111]. 
Plastic pollution is not limited to agricultural soils; substan-
tial amounts of microplastics are present in all soils studied, 
including in industrial and urban environments [112].

It has been estimated that annually some 57,000–390,000 
and 39,000–272,000 tonnes of microplastics are added to 
European and North American farmlands, respectively, mak-
ing soils a larger reservoir for plastics than the oceans [113]. 
Use of plastic mulch is associated with soil contamination 
of between 0.1 and 324.5 kg  ha−1 plastics (> 5 mm), and 
up to 1076 ± 347 microplastic particles per kg soil [104]. It 
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is likely that breakdown of buried plastics is slow; conse-
quently, soils accumulate plastic debris [112, 114]. Another 
key source of soil plastic pollution is sludge from wastewater 
treatment plants, which is applied to condition and enrich 
soils on agricultural land [115]. Sludge can incorporate a 
variety of chemically different plastic particles [116]. Other 
sources of plastic in soils include general plastic litter, tyre 
wear, and atmospheric deposition [117, 118].

Any plastic on the soil surface, such as plastic mulch, 
will be exposed to solar radiation, oxygen, and ambient tem-
peratures and becomes brittle due to UV radiation-mediated 
weathering (Figs. 2, 3). This makes these plastics prone to 
subsequent fragmentation under minimal mechanical stress 
[23, 25]. Even plastic buried ~ 1 mm deep in soil and exposed 
to UV radiation in the laboratory can generate microplastics 
through weathering [119]. Photo-oxidation in combination 
with fragmentation, will increase the downward migration 
of plastic fragments in the soil, with particles found on soil 
surfaces and to depths of ca 100 cm. This poses a risk due to 
potential contamination of groundwater systems and drink-
ing water [114] (Fig. 2). It is especially likely that smaller 
(< 1 µm) plastic particles will migrate downwards at a faster 
rate and contaminate aquifers [120]. However, there are still 
considerable knowledge gaps in our understanding of the 
vertical migration of plastics through soils. For example, 

incorporation of plastics into soil aggregates limits verti-
cal transport, while water infiltration and activities of soil 
fauna can enhance downward movement. Conversely, the 
roots of some plants are associated with the upward move-
ment of plastics. Thus, a picture emerges of variable trans-
port kinetics, and this in combination with ploughing may 
affect exposure to UV radiation, photo-oxidation and further 
fragmentation of the plastics [121] (Figs. 2, 3).

There is accumulating evidence concerning the broad 
spectrum of impacts of microplastics on plants, including 
crops, as well as other soil biota. Most studies are performed 
using unrealistically high concentrations of micro- and nano-
plastics, and it remains to be ascertained which of the identi-
fied hazards poses a realistic risk. Nevertheless, there is now 
evidence that microplastics alter the structure, water-holding 
capacity, microbial activities, nutrient cycling, and bioavail-
ability of other pollutants in contaminated soil, and exert 
phytotoxic effects in combination with other pollutants [117, 
122]. Effects of microplastics on plant growth and develop-
ment may relate to the above-mentioned changes in soil con-
ditions (e.g. nutrient cycling and soil structure [122]), or can 
be due to direct effects of microplastics on plants [117, 123], 
including interactions with abiotic factors (e.g. UV radia-
tion and drought stress [124]. Uptake of plastics by plants 
has been demonstrated for smaller micro- and nanoplastics 
[125]. This process has potential consequences for food 
chains and food quality including human nutrition [123]. 
However, it is possible that adherence to roots can also be 
exploited as part of a bioremediation strategy whereby plants 
are used to remove plastic particles from contaminated soils 
[126]. Furthermore, microplastics in the soil may, under 
some conditions, increase the release of greenhouse gases 
such as carbon dioxide, methane and nitrogen dioxide [127]. 
Overall, better-substantiated experimental data are required 
to fully assess effects of microplastics on plants, crops and 
soil ecosystems.

4.3  Nano‑ and microplastics in aquatic 
environments

Plastics are also ubiquitous in the aquatic environment. For 
example, a recent survey of 38 lakes and reservoirs across 23 
countries found plastic debris > 250 µm in size in all water 
bodies and sometimes at concentrations substantially higher 
than in ocean gyres1 where plastics are known to accumulate 
at high concentrations [128, 129]. Most of these plastics 
are transported by rivers and the atmosphere into the ocean 
environment [90].

Fig. 3  Plastics in agricultural environments. Plastic mulch is photo-
oxidised and fragmented due to exposure to UV radiation and 
mechanical stressors. This process releases variously sized plas-
tic fragments (grey) and leachates (blue stars). These degradation 
products are dispersed downwards into the soil, where they are not 
subjected to further photo-oxidation and thus tend to accumulate. 
The fate of buried plastics is subject to considerable uncertainties. 
Potentially, microbial processes can degrade plastics, contributing 
to its removal. Plastic fragments may also interfere with plant nutri-
ent uptake. Full arrows indicate processes that are well established; 
dashed arrows show processes whose occurrence is less certain

1 Gyres are large scale circulation systems in the ocean forming cir-
cular patterns of currents that trap floating materials in their central 
regions. The main ocean gyres are in the North and South Atlantic, 
the North and South Pacific and in the Indian Ocean.
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As in terrestrial environments, exposure of plastics to 
solar UV radiation in the aquatic environment is an impor-
tant factor leading to fragmentation into microplastics. As 
described in Sect. 3.4, the exposure of many types of plastics 
to UV radiation releases DOM and other products, including 
greenhouse gases (e.g.  CO2,  CH4) [84]. Release of DOM 
occurs by photochemical breakdown of microplastics, a pro-
cess for which UV-B radiation plays a key role in regulating 
the initial rate [84]. One study estimated overall photodegra-
dation rates of ~ 2% of carbon mass per year for floating plas-
tics in the sub-tropical ocean with DOM release accounting 
for more than 50% of the carbon loss. However, this estimate 
cannot be generalised, since it only applies to one size of PE 
and PP fragments, and relies on rates extrapolated from labo-
ratory exposures [130]. The chemical composition of the 
plastic, particle size, and previous environmental processing 
all affect the amount of DOM released, with greater DOM 
production reported from aged plastics [89]. Additionally, 
exposure to UV radiation accelerates the degradation rate of 
the remaining material by biological (microbial) processes, 
as shown in a study of cellulose diacetate, a common syn-
thetic fabric polymer [131].

The DOM leached from photodegraded plastics com-
prises tens of thousands of compounds ranging from rela-
tively bioavailable, low molecular weight organics to large, 
complex, and recalcitrant polymer fragments [132]. While 
the formation of these breakdown products is part of the 
process of the ultimate removal of plastics from aquatic eco-
systems, DOM may also act as a photosensitiser that further 
catalyses plastic degradation.

Most of the dissolved organic carbon released during pho-
todegradation is rapidly assimilated by bacteria [89, 133]. 
Organic carbon derived from plastics may be more acces-
sible to organisms for uptake and metabolism than natural 
organic carbon and foster more bacterial growth [134]. How-
ever, there is concern that some leached substances may be 
potentially toxic to aquatic organisms. In a recent study of 
polyethylene bags exposed underwater to combined UV and 
visible radiation (in a solar simulator), no acute toxicity was 
reported in zebrafish from photoproducts, although RNA 
sequencing showed changes in gene expression associated 
with disrupted neuromuscular processes [135]. The study 
also showed that the net impacts of released photoproducts 
likely depend on the leachate composition, as differences 
were noted in leachate-induced gene expression amongst 
polyethylene bags depending on the presence of additives 
such as titanium oxide  (TiO2). Additives reduce the photo-
degradation of plastics, but this benefit should be balanced 
against the potential phototoxicity of the additive itself.

Studies on the spectral dependency of plastic degrada-
tion in the aquatic environment using natural or ecologi-
cally relevant laboratory exposures are still in the early 
phases. One contributing factor to this difference is that 

laboratory studies often neglect to account for biofouling 
that can reduce incident UV irradiation to the underlying 
plastic [136]. Biofouling can also increase apparent plastic 
density, thereby allowing fragments to sink deeper in the 
water column where they are exposed to less UV radiation 
[136, 137] (Fig. 2). Additional variables that impact plastic 
photodegradation, but are seldom investigated, are environ-
mental history (i.e. virgin vs aged plastic; [89], and water 
type (i.e. seawater vs. freshwaters) [138].

Changes in water transparency and mixing depth mod-
ify the amount of solar radiation received by plastic debris 
in the surface mixed layer, affecting both the cumulative 
exposure of plastics to solar UV radiation as well as the 
spectrum of the radiation (Fig. 2). Climate change is warm-
ing aquatic ecosystems and changing wind patterns, both of 
which interact to determine mixing depth. This interaction 
deepens mixing in some areas (mainly marine) and leads to 
shallower mixing in other water bodies (mainly freshwater) 
[4]. Exposure of microplastics to UV radiation in the Arctic 
Ocean will increase in the future because of sea ice loss. 
This effect outweighs small decreases in UV-B radiation 
that are projected in response to the anticipated recovery 
of stratospheric ozone at high latitudes [13]. Both effects 
are expected with a warming climate [13]. The Arctic cryo-
sphere (sea ice, glaciers, and permafrost) is assumed to func-
tion as a temporal sink for microplastics, similar to that for 
many other pollutants that are transported there either by 
precipitation from the air or by currents entering the Arctic 
Ocean from the Pacific or Atlantic Oceans [139, 140]. The 
decade-long model by Huserbråten and colleagues [141] 
examined transport of buoyant microplastics into the Arctic 
Ocean from the major rivers in Northern Europe and Rus-
sia. It shows that over time there will be an accumulation of 
particles in specific regions of the Arctic Ocean. However, 
the ability to forecast the effects of these microplastics in the 
Arctic is challenged by limited data [140]. There are no spe-
cific studies on photochemical transformations of microplas-
tics in the Arctic. Nevertheless, given the key role of UV-B 
radiation in forming and degrading microplastics, rates of 
accumulation of microplastics in the Arctic will depend on 
many factors including long-term changes in stratospheric 
ozone, ice cover and other factors as discussed in Sect. 2 and 
the Supplementary Information.

5  Environmental risks associated 
with weathered and fragmented plastics

As outlined above, UV radiation-driven weathering affects 
the physical properties of plastics including strength, brittle-
ness, surface charges and colour, as well as the attached bio-
film (biofouling). In turn, this can affect the rates at which 
organisms ingest microplastics with potential biological 
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impacts [142]. There is a need for comprehensive research 
into the risks associated with microplastics in the environ-
ment. Such research needs to include direct risks associated 
with exposure to larger plastic debris (e.g. entanglement) 
and micro- or nanoplastic particles, as well as indirect risks 
associated with exposure to pollutants adsorbed to plastic 
particles or leachates containing plastic breakdown products 
generated during photo-oxidation. The impacts of micro-
plastic pollution on organisms are not central to this assess-
ment, but it is noted that frameworks designed to discern 
relevant eco-toxicological effects are being developed [143]. 
Currently, knowledge about the toxicity of microplastics to 
organisms under environmentally relevant conditions is lim-
ited, and so is our understanding of the impact of UV radia-
tion and climate change conditions thereupon [144]. Never-
theless, concerns are justified given the ubiquitous presence 
of microplastics in the environment and within organisms. 
In accordance with the precautionary principle, protective 
action should be taken to reduce the risks of exposure of 
organisms to plastic degradation products despite scientific 
uncertainty [145].

5.1  Leachates from weathered plastics

Plastics typically contain multiple types of additives that 
improve performance and ensure their durability. Some 
legacy additives are toxic [146, 147], being potential car-
cinogens or hormone-mimicking endocrine disruptors that 
cause adverse responses at very low concentrations [148]. 
The fraction of the additive chemicals in a plastic composi-
tion varies from less than 1% by weight (UV stabilisers or 
biocides in polyolefins) to over 50% by weight (plasticisers 
used in PVC).

Photo-oxidation and weathering affect the rates at which 
additives and products of plastic degradation leach into the 
environment. These effects of UV radiation on leaching are 
associated with fragmentation caused by weathering, which 
increases the specific surface area of the fragmented particle. 
For example, photo-oxidation of polycarbonate can result 
in the leaching of the endocrine disruptor bisphenol A [44], 
while photo-oxidation of PE can enhance the leaching of 
another endocrine disruptor, dibutylphthalate [43]. It is not 
yet known whether these endocrine disruptors leach to such 
an extent that they affect biota. Similarly, exposure of com-
mon plastics (e.g. polystyrene (PS), low-density PE, and 
high-density PE) to solar UV radiation resulted in increased 
leaching of the harmful plasticiser bis(2-ethylhexyl) phtha-
late [149]. Organisms may be affected by leachates through 
ingestion of plastics or through contact with leachate pre-
sent in the environment [150]. In both cases, leachates con-
taining additives can contribute to the potential toxicity of 
plastics [151]. However, while effects of UV radiation on 

the generation of leachates have been reported, there is still 
considerable uncertainty regarding their biological effects.

An important topic of emerging concern is the weather-
ing of tyres (in part due to exposure to UV radiation, see 
Sect. 3.3), and the consequences thereof for leachate release. 
Among the hazardous chemicals leaching from weathered 
tyres are p-phenylenediamines, used as antioxidants. P-phe-
nylenediamines have been found with high frequency bound 
to particulate matter in air  (PM2.5) as well as in urban run-
off, roadside soil [152], and urban surface water [79]. These 
aromatic amines transform to toxic quinone derivatives 
by reaction with ozone and environmental oxidants [153]. 
Weathering affects the composition of the leachates released 
from tyres. Some hazardous chemicals are not found in lea-
chates when tyres are subjected to natural ageing, while the 
concentration of other leaching substances increases [78]. At 
present the chemical composition of leachates of weathered 
tyres and other plastic products is subject to considerable 
uncertainty [78]. As a consequence, potential environmental 
effects of leachates from weathered plastics remain largely 
unknown.

Chemical compounds are also leached from weathered 
fabrics [59, 60]. Composite fabrics have drawn attention as 
they tend to release complex chemical molecules into the 
environment. For instance, polyurethane coated PET-based 
fabrics release a large number of carbon- and nitrogen-con-
taining substances during photodegradation [59]. Per- and 
polyfluoroalkyl substances (PFAS) are released from water-
repellent PA textile fabrics and microfibres following weath-
ering [60]. In turn, these PFAS are of concern because of 
their potential toxicity, persistence, and capacity to undergo 
long-range transport to remote regions [154].

5.2  Changes in the adsorption of pollutants 
to plastics due to photo‑oxidation

Photo-oxidation will cause changes in the surface prop-
erties of microplastics by increasing their surface rough-
ness and hydrophilicity (Sect. 3.1) [40–42]. These surface 
changes will affect the adsorption of organic pollutants 
[41, 155–157]. However, it is difficult to predict whether 
the adsorption of various pollutants onto microplastic will 
increase or decrease subsequent to photo-oxidation. For 
metals, such as lead, the situation is more predictable; their 
adsorption onto photo-oxidised microplastic compared to 
pristine ones will increase [158]. However, current data are 
not adequate to assess whether these adsorbed metals are 
bioavailable and/or cause a toxic effect.

Changes in surface properties of microplastics do not 
just concern the adsorption of pollutants, but also of natural 
organic substances. For example, UV-oxidation can enhance 
adsorption of humic acids in the freshwater environment 
[159]. As a result, photo-oxidised microplastics can become 
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more dispersible in the water column, and exhibit altered 
settling rates and settling depth [160]. Hence, in addition to 
the adsorption of pollutants, photo-oxidation of microplas-
tics may alter the distribution of plastics in the environment. 
However, overall understanding of the environmental con-
sequences of UV-oxidation of plastics remains incomplete 
[161].

Photo-oxidation, which can initiate formation and growth 
of cracks in plastics may also enhance biofilm formation 
through surface roughening. In turn, algal biofilms increase 
cracks, pores, surface areas, and further oxidise plastics and 
microplastics. These biofilm-initiated degradation mecha-
nisms have synergistic interactions with other pollutants [42, 
162, 163]. For example, microplastics with biofilms adsorb 
or release pollutants [162], including antibiotics, with poten-
tial consequences for organisms.

6  Nano‑ and microplastics and human 
health

Humans are exposed to microplastics through ingestion, 
inhalation and skin contact. Exposure is primarily through 
ingestion of drinking water and food including crustaceans 
and other seafoods, sea salt, honey, beer, and other com-
ponents of foods [164]. The second route of exposure is 
through the inhalation of air and dust containing micro-
plastics. Exposure of the skin is considered the least likely 
exposure route due to the protective barrier of the outermost 
layer (stratum corneum) of the skin. Studies have shown 
that microplastics smaller than 150 µm can pass through 
the gastrointestinal epithelium in mammals [165], and thus 
the absorption of microplastics in humans is plausible. 
Smaller microplastics (≤ 10 µm) appear to infiltrate tissues 
and pass through cellular membranes [165]. Microplastics 
have been detected in human tissues collected in clinical 
settings, including placenta, lung, liver, colon, sputum, and 
bronchoalveolar lavage fluid. They have also been detected 
in blood, breast milk, saliva, urine, and faeces (including the 
first stool produced by a newborn) [165, 166].

Concerns about the potential risk of microplastics and 
their leachates to human health have focussed mainly on 
toxicity to the lungs, gastrointestinal tract, and liver; puta-
tive mechanisms include oxidative stress at the cellular level 
and inflammatory reactions at the tissue level [144, 167]. 
However, the majority of studies on the health impacts of 
plastics are limited by small sample sizes and may suffer 
from cross-contamination of samples during collection and 
processing. In addition, knowledge about the toxicity of 
microplastics under environmentally relevant conditions, 
with realistic exposure levels, is limited [144]. Potential 
mechanisms of toxicity, and the role of microplastics as 

potential carriers of chemical contaminants and pathogens 
remain to be determined.

One potential leachate from degrading plastic is PFAS 
(Sect. 5.1). While many studies have investigated poten-
tial health effects of PFAS exposure [168], there is ongo-
ing research to clarify links with health outcomes. Human 
exposure to PFAS from plastics relative to other sources has 
not been fully quantified but is likely to be small.

The ecological, social and economic impacts of macro, 
micro- and nanoplastic pollution are inequitably experi-
enced, often primarily affecting communities that are mar-
ginalised and vulnerable [169]. Inequitable impacts of plas-
tic pollution are apparent at all stages of the plastic life cycle 
as follows [170]:

• Higher abundance of plastic litter due to poor waste man-
agement practices threatens the health of economically 
disadvantaged communities and damages their natural 
environments;

• Harm to people and ecosystems located near plastic pro-
duction facilities from contamination of air, water and 
soil by plastic borne chemicals and microplastics;

• Inequities arising from the availability of higher grades 
of plastic resins and relatively more effective waste man-
agement practices in wealthier countries;

• Communities living near waste dumps that carry plas-
tic trash and/or waterways polluted with floating plastic 
debris are especially vulnerable to negative health effects. 
Waste-pickers, in some countries overwhelmingly 
women of childbearing age, are especially subjected to 
potential risks of toxicity during pregnancy. Exposure of 
plastics to UV radiation in these locations further raises 
risks of exposure of the community to nano- and micro-
plastics and leachates.

7  Knowledge gaps

Major questions remain concerning the fate and longevity 
of plastic waste in the environment, and the potential harm-
ful effects of these plastics and their chemical additives on 
humans and other organisms. Further knowledge is needed 
on the risks to health and the environment from plastic pollu-
tion, and how such risk is impacted by the combined effects 
of UV radiation and climate change. Despite this knowledge 
gap, the precautionary principle in environmental science 
supports preventive action, even where all effects have not 
been fully quantified.

Weathering experiments in the laboratory have helped to 
identify the mechanism and rate of breakdown of plastics 
into micro- and nanoplastics (Sects. 3.1 and 3.4). However, 
there are still substantial knowledge gaps concerning the 
spectral sensitivity of UV photo-oxidation and the likelihood 
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of complete plastic mineralisation. Furthermore, oxidation 
and degradation rates have not been quantified in the natural 
environment (e.g. in ocean, lakes, soils, and the atmosphere) 
where mechanical forces (e.g. wave action, wind), biofoul-
ing and breakdown by microorganisms modify the effects 
of solar UV radiation and rates of fragmentation. Thus, the 
overall fate, and longevity of environmental plastics remain 
largely unknown. Furthermore, substantial uncertainties per-
sist concerning the quantitative contributions of mechanical 
fragmentation and biologically mediated fragmentation of 
plastics relative to that facilitated by photodegradation. Until 
the various factors that lead to the degradation of plastics 
are better understood, it is not possible to determine to what 
degree changes in solar UV radiation, which have been pro-
jected to be < 10% over the twenty-first century (Sect. 2), in 
tandem with climate change, will affect the fragmentation 
of plastic debris. This is a major knowledge gap that needs 
to be addressed before the effect of the Montreal Protocol 
and potential future amendments on the fate of plastics can 
be more robustly assessed.

8  Towards a more sustainable future

The Montreal Protocol has protected the biosphere from 
excessive UV-B radiation that would have made the planet 
inhospitable to many lifeforms. Relentless monitoring and 
the phase-out of 99% of ozone-depleting substances in most 
countries, has supported the effort of humankind to preserve 
the planet for generations to come, evidenced by indications 
of the recovery of the stratospheric ozone layer.

Stratospheric ozone depletion is considered a challenge 
that has been brought under control [171]. Climate change 
and growing pollution, on the other hand, remain critical 
issues threatening the viability of our planet, exemplified in 
this assessment by plastic waste in the environment and the 
role of UV radiation and climate change in its breakdown.

By regulating the production and consumption of 
ozone-depleting substances the Montreal Protocol has 
reduced significant detrimental effects of UV radiation 
on many materials, including plastics. Weathering of 
materials is, however, a result of combined effects of all 
weathering agents, including temperature, precipitation, 
pollutants, freeze–thaw cycles, mechanical stressors, in 
addition to solar UV radiation. Climate change is raising 
the global average temperature to which outdoor materials 
are exposed, and extreme weather events are becoming 
more frequent, negatively impacting durability of these 
materials. This highlights the need for innovative new 
technologies and materials to successfully adapt to climate 
change. For plastics this would include developing dura-
ble materials with a lifetime tailored to their application. 
Moreover, as climate change is changing the behaviour of 

people, novel smart materials with high UV protection, 
UV detection, and/or thermochromic capacity are required 
to meet the demands of consumers.

Plastics have been intentionally designed for in-use func-
tional performance, but rarely has end-of-life fate of these 
materials been a dominant consideration in their design. 
There is a wide variety of grades of plastic resins, addi-
tives, and manufacturing that affect performance, weather-
ing, and the lifetime of these materials and their impacts on 
the environment. Plastic debris persists after its intended 
life in the air, soil, water, and in living organisms, and there 
is a need to design novel plastics or plastic alternatives, 
where weathering and lifetime match the functional life 
of products, and which can be broken down into harmless 
substances, thus reducing accumulation of plastic debris 
in the environment. The design of plastics with tuneable 
durability can be customised for determining the end-of-life 
of the product, reducing both microplastic formation and 
post-use plastic accumulation [172]. For example, PVC, the 
third most produced plastic, requires long durability when 
used in construction where it needs to last decades, while in 
some single-use medical materials a short in-use design life 
is adequate. Additionally, plastics can be designed for ease 
of recyclability (chemical, biological, mechanical), depend-
ing on their in-use needs, for instance, by designing products 
that use only a single plastic component. The concept of 
biodegradable plastics (biological recycling) involves devel-
oping plastics that are subject to complete mineralisation 
to  CO2, either in nature or in a commercial facility, within 
a certain timeframe. This timeframe is dependent on many 
environmental factors including temperature, UV radiation, 
and microbe types and needs to include effects of the chang-
ing environment. Therefore, many biodegradable plastics 
may not fully degrade in the environment and will instead 
end up as small plastics or microplastics for long periods of 
time [172]. Evolving regulations should consider the desired 
function intended for the plastic materials as well as end-of-
life management, including the recovery and processing in 
waste treatment systems.

Use of biobased, green, eco-friendly, sustainable materi-
als is of growing interest to industry [173, 174]. Alternative, 
environmentally sustainable materials can replace plastics 
in various applications (e.g. transparent wood composite 
with thermal insulating capability and high UV-blocking 
properties to replace plastics or glass in energy-efficient 
buildings and photovoltaic devices [175, 176]). Similarly, 
novel biodegradable composites based on cellulose and 
lignin can replace some of the conventional polymer-based 
products (e.g. tree-sapling shelters) to reduce their contri-
bution to plastic pollution [177, 178]. Such development 
of eco-friendly alternatives for plastic materials intended 
for outdoor use is being recognised as a viable strategy in 
pursuing a sustainable future.
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Stabilising additives affording UV-protection for use in 
coatings and fabrics [179, 180] can also be made of bio-
based materials e.g. lignin [181], chitosan [182, 183], plant 
extracts [182, 184], and low-carbon production processes 
[185, 186]. Similarly, more sustainable dyes and processes 
are being developed. For instance, a green tea product was 
used to dye wool fabrics through laccase-assisted polymeri-
sation [187], while sodium lignosulfonate, an industrial bio-
waste, was also successfully used as a dye and UV-protective 
finish of nylon fabric [188].

Finally, some progress has been made in the develop-
ment of alternatives to phthalates (a class of chemicals that 
make plastics more durable) [174] and polybrominated fire 
retardants [189] used in relatively high-weight fractions in 
plastics. Overall, to mitigate future risks, every effort should 
be made to limit the release of hazardous additives from 
materials degrading with solar UV radiation.

This assessment has detailed some of the complex con-
sequences of the photo-oxidation and weathering of a wide 
range of traditional plastics, resulting not only in a shorten-
ing of the useful lifespan of materials, but also in the release 
of micro- and nanoparticles, as well as hazardous leachates. 
Thus, it is essential that the entire cradle-to-grave life cycle 
of new additives and materials is subject to critical analysis 
to avoid potential environmental impacts.

9  Conclusions

There is a rapidly increasing awareness of the threat associ-
ated with the ubiquitous presence of plastic debris, as well 
as micro-, and nanoplastic particles in the environment, 
although the environmental and health effects of plastic 
pollutants are yet to be fully understood. The precautionary 
principle encourages preventive action even in the absence 
of extensive technical data, as expressed in the aim of the 
UNEP Intergovernmental Negotiating Committee, which 
aims to develop a comprehensive, legally binding interna-
tional agreement to end plastic pollution.

This current assessment update has emphasised the 
importance of UV radiation in plastic degradation through 
photo-oxidation, and the acceleration of fragmentation 
into smaller fragments, including micro- and nanoplastics. 
Overall, UV radiation has negative effects on the fate of 
plastics; (1) by shortening the lifetime of plastic products 
and (2) by enhancing the degradation of plastic debris into 
micro- and nanoplastics. Projected decreases in UV-B radia-
tion as a result of the Montreal Protocol are likely to extend 
the functional-life of plastic products but also decrease 
the UV-initiated degradation of plastics and therefore the 
formation of micro- and nanoparticles. Conversely, plastic 
debris is likely to have become more resistant to degrada-
tion in the environment. As part of a move towards a healthy 

sustainable planet, UV radiation and climate-mediated 
impacts on durability, weathering and fragmentation of plas-
tics are key considerations in the design of new, innovative 
plastics to replace those currently in use. Weathering and 
lifetime of these novel plastics, or plastic alternatives, will 
need to match the functional life of materials, while debris 
will need to be broken down into harmless substances, thus 
reducing accumulation of plastic in the environment.
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