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Pathways for degradation of plastic polymers
floating in the marine environment

Berit Gewert, Merle M. Plassmann and Matthew MaclLeod*

Each year vast amounts of plastic are produced worldwide. When released to the environment, plastics
accumulate, and plastic debris in the world's oceans is of particular environmental concern. More than
60% of all floating debris in the oceans is plastic and amounts are increasing each year. Plastic polymers
in the marine environment are exposed to sunlight, oxidants and physical stress, and over time they
weather and degrade. The degradation processes and products must be understood to detect and
evaluate potential environmental hazards. Some attention has been drawn to additives and persistent
organic pollutants that sorb to the plastic surface, but so far the chemicals generated by degradation of
the plastic polymers themselves have not been well studied from an environmental perspective. In this
paper we review available information about the degradation pathways and chemicals that are formed by
degradation of the six plastic types that are most widely used in Europe. We extrapolate that information
to likely pathways and possible degradation products under environmental conditions found on the
oceans' surface. The potential degradation pathways and products depend on the polymer type.
UV-radiation and oxygen are the most important factors that initiate degradation of polymers with a
carbon—-carbon backbone, leading to chain scission. Smaller polymer fragments formed by chain
scission are more susceptible to biodegradation and therefore abiotic degradation is expected to
precede biodegradation. When heteroatoms are present in the main chain of a polymer, degradation
proceeds by photo-oxidation, hydrolysis, and biodegradation. Degradation of plastic polymers can lead
to low molecular weight polymer fragments, like monomers and oligomers, and formation of new end
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rsc.li/process-impacts groups, especially carboxylic acids.

Environmental Impact

The amount of plastic floating in the world's oceans is steadily increasing. Plastic in the marine environment is exposed to sunlight and oxidizing conditions
that cause weathering of the polymers leading to degradation. The pathways for degradation of plastic polymers must be understood to detect and evaluate
potential hazards. Many studies of polymer degradation reported in the literature describe experiments that were conducted under extreme conditions that are
not environmentally relevant. We made extrapolations for degradation pathways of the six most widely used plastic polymers by considering relevant conditions
found at the ocean's surface. This review thus summarizes relevant degradation pathways and presents possible degradation products that may be liberated
from plastic as it ages in the marine environment.

Introduction

Plastic plays an important role in our everyday lives, it is
essential for the economy and we find it in a large variety of
consumer products because it is light, durable and cheap. Mass
production of plastics began in the 1940s and since then the
amounts of plastic produced annually increased rapidly.">
Global plastic production reached a level of 299 Mt per year in
2013.® The most common plastics, which account for about 80%
of European plastic demand, are polyethylene (PE), poly-
propylene (PP), poly(vinyl chloride) (PVC), polystyrene (PS),
poly(ethylene terephthalate) (PET) and polyurethane (PU)
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(Fig. 1).* Over one-third of plastic in both the United States and
Europe is used in disposable products such as packaging, eating
utensils and trash bags, which are designed to be discarded
within three years of their production.>® Due to their stability
and high durability, plastics have long degradation times and
tend to accumulate in the environment.® The rising amounts in
the environment and especially in the marine environment are
of increasing environmental concern.® Ocean currents and wind
transport plastic in the oceans, and it fragments as it ages.”®
Thus plastic can be found worldwide in oceans in different size
fractions.® Meso- and macroplastic includes all plastic particles
of a size fraction of more than 5 mm in diameter, while
microplastic includes particles less than 5 mm in diameter.’

A wide variety of chemical additives are incorporated into
plastic polymers to impart particular properties, for example
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Fig.1 Polymer types with structures and their fraction of the total European demand (PE — polyethylene, PP — polypropylene, PS — polystyrene,
PVC - poly(vinyl chloride), PET — poly(ethylene terephthalate), PU — polyurethane) (numbers from ref. 3).

bisphenol A and phthalates.'®" Some additives are designed to
stabilize the polymer and make it more resistant towards
degradation.'®" The additives are usually not covalently bonded
to the polymer and therefore they can leach out from the plastic
as it degrades and enter the marine environment.”* Besides
additives, attention has been drawn to persistent organic
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pollutants (POPs), such as PCBs, DDTs and PAHs, that may sorb
to plastics in the environment. Plastic particles accumulate
hydrophobic POPs, resulting in concentrations that can be
several orders of magnitude higher than those in the
surrounding sea water."* Microplastic is more prone to sorb
waterborne contaminants compared to meso- and macroplastic
due to its higher surface area to volume ratio.’

Plastics are expected to persist in the environment for
hundreds or even thousands of years.” In a 1975 review article,
Deanin wrote that polymers used in plastics are generally
harmless.”® However, as plastic ages in the marine environ-
ment, it presents a potential chemical hazard that is not only
due to the release of POPs from the plastic surface and chemical
additives leaching out of the plastic, but also due to release of
chemicals produced by degradation of the plastic polymer itself.
In this article we review the scientific literature about pathways
for degradation of plastic polymers and discuss their relevance
to conditions encountered by plastic floating in the marine
environment. We explicitly consider the six most important
types of plastic in European commerce, and speculate about
chemicals that might be liberated into the marine environment
as plastic ages.

Polymer degradation

Much of the literature about degradation of plastic polymers
has been authored by polymer engineers. From the perspective
of a polymer engineer, the term “degradation” is most often
used to describe processes that lead to a decline of polymer
properties.'® Environmental chemists, however, are interested
in the chemical reactions that cause the breakdown of
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polymers, and the properties and potential hazards associated
with chemicals liberated by degradation of the polymers.
Degradation of plastic polymers can proceed by either abiotic
or biotic pathways.”” Generally abiotic degradation precedes
biodegradation, and is initiated thermally, hydrolytically, or by
UV-light in the environment. Smaller polymer fragments
formed by abiotic degradation can pass through cellular
membranes and are biodegraded within the microbial cells by
cellular enzymes, however some microbes also excrete extracel-
lular enzymes that can act on certain plastic polymers.'® Most
plastics degrade first at the polymer surface, which is exposed
and available for chemical or enzymatic attack. Therefore
degradation of microplastic proceeds faster than meso- and
macroplastic, as microplastic has a higher surface to volume
ratio. The first visual effects of polymer degradation are changes
in color and crazing of the surface.'® Surface cracking makes the
inside of the plastic material available for further degradation,
which eventually leads to embrittlement and disintegration.*
Plastic materials in the environment are exposed to condi-
tions that could promote weathering by any of the above
processes. However, not all kinds of degradation pathways are
effective on all polymer types. In the following sections we review
the literature on degradation of each of the six most common
polymer types separately to identify likely pathways for degra-
dation of floating plastic. Many of the studies cited in this review
report degradation experiments conducted under conditions
that are not environmentally relevant. Therefore we have
attempted some speculative extrapolations of the findings
reported in literature to conditions encountered by plastic
floating in the marine environment. Plastic floating on the ocean
surface is exposed to moderate temperatures, solar radiation at
wavelengths of 300 nm and longer, and oxidizing conditions.
Since temperatures are moderate, the most important factors
initiating abiotic degradation are oxygen and sunlight."
Furthermore some plastic polymers can be hydrolyzed.

Plastics

When considering the degradation pathways for plastics it is
useful to divide them into two groups: plastics with a carbon-
carbon backbone and plastics with heteroatoms in the main
chain (Fig. 1). PE, PP, PS and PVC have a backbone which is
solely built of carbon atoms. PET and PU plastics have hetero-
atoms in the main chain.

Plastics with a carbon-carbon backbone
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This group includes PE, PP, PS and PVC. The main packaging
materials are made of these plastic polymers** and as pack-
aging will be discarded after a short time period it has a higher
potential to enter the environment in high quantities.

PE, PP and PS are susceptible to photo-initiated oxidative
degradation, which is believed to be their most important abiotic

This journal is © The Royal Society of Chemistry 2015
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degradation pathway in aerobic outdoor environments.” This
degradation pathway (Fig. 2) can be generally divided into three
steps: initiation, propagation and termination.” In the initiation
step chemical bonds in the main polymer chain are broken by
light (or by heat in case of thermal initiation) to produce a free
radical. In order for photo-initiation to occur, the polymers must
contain unsaturated chromophoric groups that absorb light
energy.>® PE and PP do not contain any unsaturated double bonds
in their polymer backbone, and thus might be expected to be
immune to photo-initiated degradation.”® However, small
amounts of external impurities or structural abnormalities
incorporated into the macromolecular structure can allow for
photo-initiated degradation to some extent.”** Free radicals are
formed when UV-light breaks C-H bonds on the polymer back-
bone.’** In the propagation step the polymer radical reacts with
oxygen and forms a peroxy radical.**** Besides the formation of
hydroperoxides, further complex radical reactions take place and
lead to autoxidation."*® Propagation ultimately leads to chain
scission or crosslinking.”” Termination of the radical reaction
occurs when inert products are formed from the combination of
two radicals.?**® Therefore due to oxidation, random chain scis-
sion or end-chain scission, branching, crosslinking and formation
of oxygen-containing functional groups take place."** Olefins,
aldehydes and ketones are expected products of radical termina-
tion reactions, and these should be more susceptible to photo-
initiated degradation, because they contain unsaturated double
bonds. As the molecular weight of the polymers is reduced, the
material gets brittle®® and is more susceptible to fragmentation
which makes a higher surface area available for further reactions.

Due to the high molecular weight and the lack of functional
groups biodegradation of long polyolefin chains is limited.***!
Therefore high molecular weight PE, PP and PS polymers must
be broken down by abiotic degradation to smaller pieces before
biodegradation at a measurable rate takes place. If the polymers
are too large, they cannot pass through the microbial cellular
membranes.” In addition, abiotic degradation produces
carbonyl groups that increase the hydrophilicity of the polymer
and thus increase its availability for biodegradation." During
biodegradation the polymer is converted to its monomers, fol-
lowed by the mineralization of the monomers.**

Anti-oxidants and stabilizers used as additives inhibit the
degradation of the polymer,*! while pro-oxidant additives make
it more sensitive towards degradation.** An optimized amount
of starch can be added as well to increase biodegradability, but
this will not work without a pro-oxidant.*® Thus degradation
rates depend strongly on used additives.

Polyethylene (PE)

NN P VN

Abiotic oxidation of PE by exposure to ultraviolet radiation is
the initial and rate-determining step for degradation in the
environment.”*****3* During the propagation phase, autoxida-
tion by complex radical reactions takes place,**® leading to the
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Fig.2 Abiotic degradation pathways for PE (R = H), PP (R = CH3) and PS (R = aromatic ring); after initiation by photolytic cleavage of a C—H bond

on the polymer backbone (P = polymer backbone).

formation of oxygenated low molecular weight fragments, like
aliphatic carboxylic acids, alcohols, aldehydes, and ketones.*
As oxygen is incorporated into the polymers, the presence of
oxygen during this process is essential.”® Random chain scis-
sion and cross-linking lead to a decrease or increase in the
molecular weight, respectively. A wide range of degradation
products are known including propane, propene, ethane,
ethene, butene and hexene." The material becomes brittle and
subject to fragmentation.**

Microorganisms can attack PE at any terminal methyl
group® and biodegradation is found to be faster when the
molecular weight is less than 500 Da.*® Smaller polymer frag-
ments produced by abiotic reactions can be biodegraded to

1516 | Environ. Sci.: Processes Impacts, 2015, 17, 1513-1521

shorter segments like esters and acids.'®** After enzymatic
action humus, CO, and H,O are the ultimate products.**

The service life of PE depends strongly on additives and
therefore the estimates vary widely. Vasile (2005) suggests that
stabilized or cross-linked PE has a service life of 15-20 years in
moderate climates.” Another study calculated that only about
0.1% per year of the carbon that makes up the polymer is
transformed into CO, by biodegradation under best laboratory
exposure conditions.” In the marine environment the degra-
dation processes will be even slower, as the conditions are not
optimized for polymer degradation. However, both abiotic and
biodegradation are possible but on time scales of decades or
longer.

This journal is © The Royal Society of Chemistry 2015
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Polypropylene (PP)

PP has a lower stability than PE because every other carbon
atom in the backbone is a tertiary carbon that is more prone to
abiotic attack than the secondary carbons found in PE.***® The
reaction mechanisms are similar to PE. Trace impurities in the
polymer permit the formation of a PP radical, which will react
with oxygen.*” Several radical reactions make both random chain
scission and cross-linking possible, but reactions leading to
lower molecular weight fragments are predominant.**** Besides
the reduction of the molecular weight, the formation of new
functional groups, especially carbonyl and hydroperoxides are
the main effects." Products are among others pentane, 2-methyl-
1-pentene and 2,4-dimethyl-1-heptene.*® According to the “rules
of thumb” the chemical structure has an effect on biodegrad-
ability.** One rule says that chain branching increases the resis-
tance to aerobic biodegradation. Because of the tertiary carbon of
PP the susceptibility to microbial degradation is decreased.***’

PS is more susceptible to outdoor weathering.** When the
polymer is irradiated with UV-light, the phenyl ring gets excited
and the excitation energy is transferred to the nearest C-H
bond.*® This causes cleavage of the hydrogen and the formation
of a polymer radical.'® Cross-linking and chain scission are the
results with the formation of ketones and olefins.***® Because
end-chain scission is predominant, styrene monomers have
been identified as the main volatile product of degradation.®*
Other known products from thermo-oxidation are oligomers of
styrene, such as dimer and trimer, benzene, ethylbenzene, a-
methylstyrene, phenol, benzyl alcohol, benzaldehyde, ketones
(acetophenone) and benzoic acid.** Since thermo-oxidation and
photo-oxidation are similar degradation pathways differing only
in their initiation, these known products from thermo-oxida-
tion are also expected degradation products in the marine
environment by photo-oxidation. Contrary to abiotic mecha-
nisms, PS is considered to be the most durable thermoplastic
polymer towards biodegradation.** The “rapid” biodegradation

Polystyrene (PS)
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Fig. 3 Dechlorination of PVC and formation of polyene.
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observed with PE and PP residues does not occur with PS.** In
order to improve physical properties depending on the end use
of the polymer, specific additives can be incorporated.*® Anti-
oxidants and UV-stabilizers decrease the degradability and
addition of starch promotes biodegradability.*

Poly(vinyl chloride) (PVC)

cl cl

NN

PVC is the least stable of the high tonnage polymers as it has
the highest sensitivity towards UV radiation**** and therefore
photo-degradation is of highest importance.* Since PVC
monomer units contain only saturated chemical bonds, impu-
rities are required for photo-initiation by UV radiation.*®* When
exposed to sunlight, dechlorination of PVC is the first step,
which leads to the formation of conjugated double bonds in a
polyene polymer and hydrochloric acid (Fig. 3), along with a very
low amount of other products.®** The rate of photo-induced
dechlorination of PVC is enhanced under aerobic conditions, in
the presence of HCI and for lower molecular weight polymers.*®
Humidity, mechanical stress, the presence of other chemicals,
and high temperatures also enhance the rate of degradation of
PVC.?* Since the dechlorination is autocatalytic, it may continue
until there are only traces of chlorine left in the macromole-
cule.”” Formed unsaturated C=C double-bonds are less stable
towards photo-degradation and thus the polymer backbone
degrades into smaller fragments. The visual result of degrada-
tion is the discoloration of the polymer.*”** It has been shown
that PVC has a high resistance towards biodegradation.*
According to the “rules of thumb” for biodegradation, halogens
and especially chlorines increase the resistance to aerobic
biodegradation.* Therefore it is expected that abiotic degra-
dation resulting in dechlorination of the polymer will precede
biodegradation.

PVC can accept a wide range of additives and plasticizers,
which are incorporated to change and improve the characteris-
tics of the plastic material.>*** Due to the improved application
characteristics offered by additives, pure PVC is rarely used."
Thermal and UV stabilizers are added to extend the lifetime and
stability of PVC products that are exposed to sunlight.*” In order
to improve the flexibility, plasticizers or flexibilizers are added.**
Stabilizers can be lead compounds, organotin compounds and
those of other metals.” Of particular concern are semi-volatile
organotin compounds, which are used in PVC products as
stabilizers, and are expected to migrate into the environment
over time.*® Since the stabilizers are not chemically bound with

+hv

N

polyene
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the PVC polymer, they can leach out from the polymers, vola-
tilize to the air or be degraded by microbes.*

Plastics with heteroatoms in the main chain

Plastic materials made of polymers consisting of carbon and
hetero atoms in the main chain have increased thermal stability
compared to polymers with a solely carbon backbone.>® They are
potentially susceptible to hydrolytic cleavage of e.g. ester or
amide bonds®

Poly(ethylene terephthalate) (PET)

Oxo

o] o n

Under marine environmental conditions photo, photo-
oxidative and hydrolytic degradation are relevant pathways of
PET degradation. Photodegradation leads to cleavage of the ester
bond forming a carboxylic acid end group and a vinyl end group
directly (Fig. 4), or to radicals, which eventually lead to the
formation of a carboxylic acid end group.®® Similar to carbon-
carbon backbone plastic polymers (Fig. 2), PET can undergo
photo-induced autoxidation via radical reactions.”**® A hydro-
peroxide is formed at the methylene group.*® Photo-oxidation
results mainly in chain scission.*® The formed carboxylic acid
end group has a promoting effect on thermo-oxidative degra-
dation* and therefore also on photo-oxidative degradation.

In water PET is susceptible to hydrolytic degradation,*
which is the reverse reaction of one part of the esterification of
PET.* Even though it is known that hydrolysis of PET under
room temperature conditions is extremely slow, it is the most

+hv o

chain scission

+hv

OO
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important process in the low temperature degradation of
PET.**** During this process carboxylic acid and alcohol func-
tional groups are formed.*® The rate of hydrolysis is higher
under acidic or basic conditions,® thus hydrolysis of PET is an
autocatalytic reaction when carboxylic end groups are
formed.*"*

Abiotic weathering of PET in the marine environment is likely
to occur predominantly by photo-induced oxidation and hydro-
Iytic degradation processes. The visual effect of these degrada-
tion processes is the yellowing of the polymer.”® For thermo-
oxidative degradation the results are a reduction in molecular
weight of the main polymer and an increase in carboxylic acid
end groups.®” Since the photo-oxidative degradation follows
similar degradation pathways, these findings can be extrapo-
lated to the environmental situation when the degradation is
likely photo-initiated. Hydrolysis also leads to a reduction in
molecular weight and an increase in carboxylic acid end groups.
Thus carboxylic acids could be formed as free chemicals from
photo-induced radical reactions and hydrolysis of PET. PET is
highly resistant to environmental biodegradation® because of
its compact structure.** But Zhang et al. (2004) were able to show
a very weak degradation of PET by microbes and lipase.**

Polyurethane (PU)
0 N N o
T Y™
(o] n

PU plastics are composed of extremely large and complex
polymers with carbon, oxygen and nitrogen in the main chain.*
The ester bond in the backbone is generally more susceptible to
degradation.®” Photo-oxidation, hydrolysis and biodegradation

—_—
autoxidation
o 6}
PET
+H 20\ hydrolysis
. O
0] o 0
(0] 0, 0 W * \/\
O
_\_OHZ + >__®_<WV Y
HO 0
(¢} [0}
carboxyl end

MN>—®~ +CO,
o
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carboxyl end
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Fig. 4 Abiotic degradation of PET: chain scission induced by radiation (cleavages that lead to radical formation are not shown), photo-induced
autoxidation (the initiation and some propagation reactions of the photo-oxidation, which follow the same pattern as for PE, are left out to

simplify the mechanism) and hydrolytic degradation.
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Fig. 5 Hydrolytic degradation of the ester bond of PU.

of PU materials likely account for the most important degra-
dation processes in the marine environment. Photo-induced
oxidation can occur at the a-methylene position.*® After photo-
initiation, radical reactions lead to hydroperoxides, following
similar processes as shown above for plastic polymers with a
carbon-carbon backbone (Fig. 2).° Hydrolysis of the ester bond
of PU is the most prevalent hydrolytic degradation reaction®*’
(Fig. 5). Besides the ester bond, urea and urethane bonds can
also be degraded by hydrolysis, but at slower rates.®**® Acidic
conditions accelerate hydrolysis®® and since carboxylic acid end
groups are formed, this process is autocatalytic.

PU is well known to be susceptible to fungal biodegrada-
tion,*”” but bacterial degradation and degradation by poly-
urethanase enzymes are also possible.***® Similar to hydrolysis,
the microbial degradation process can roughly be divided into
the degradation of urethane bonds and the degradation of
polyol segments, which are the major constituents of PU
materials.*” Microorganisms are able to degrade polyester
segments of PU relatively easily, while polyether segments of PU
are more resistant to microbial attack.?*>*

Enzymatic degradation is a more specific degradation
mechanism. The enzyme cleaves the polymer chain,” but as the
enzyme is unlikely to diffuse into the bulk of the material due to
its size, this process is limited to the surface.”

Degradation leads to polymers with lower molecular weight
and can cause deep, usually random cracks on the surface of the
plastic material.®® Most of the current resorbable polyurethanes
have an ester linkage, which is a hydrolytically labile group and
more susceptible to abiotic and biodegradation.®*”

Conclusion

Degradation of plastic polymers floating in the marine envi-
ronment will take place. For the polymers with a carbon back-
bone (PE, PP, PS and PVC) abiotic degradation likely precedes
biodegradation. Photo-initiated oxidative degradation of PE, PP
and PS leads to a decrease in the molecular weight and
formation of carboxylic end groups, and UV-light is particularly
effective at initiating dechlorination of PVC. Polymer fragments
with lower molecular weight formed by chain scission after
UV-initiation can then be biodegraded. Plastics that contain
heteroatoms in the main chain, like PET and PU, can be
degraded by hydrolysis, photo-oxidation, and biodegradation.
This leads to the formation of smaller fragments and carboxylic
end groups. Several degradation pathways might take place
simultaneously, since various factors initiate degradation in the
marine environment and therefore degradation products might
be more diverse than those expected for any specific pathway.

This journal is © The Royal Society of Chemistry 2015
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Polymers are rarely used in pure form and almost all
commercial plastics include additives. Thus the described
degradation pathways and products are not the only chemicals
liberated to ocean water as plastic is weathered. Additives are
also released™ and these substances may also degrade to form
other environmental pollutants. Stabilizers added to the poly-
mers will enhance resistance towards degradation, but the
amounts used in plastic products vary. Generally the degrada-
tion rates in the environment will depend on the additives. Thus
it is hard to make quantitative statements about the degrada-
tion rates, since most experiments we reviewed here were con-
ducted at non-environmentally relevant conditions, and also
because different products can vary in their composition.
Furthermore other factors can influence the rate. Floating
plastic might be shielded from UV radiation by water or a bio-
film, which would lead to a reduction in photo-initiated
degradation. The state of the weathered plastic also plays a role,
as smaller particles and plastics with a high surface cracking are
more susceptible towards degradation and some degradation
pathways are autocatalytic.

There have so far been very few studies of degradation
mechanisms for plastic polymers in the marine environment.
Therefore in this review we have relied mostly upon literature
from the material science and polymer chemistry literature, and
have made extrapolations about potentially relevant degrada-
tion pathways and products for the marine environment. In the
engineering literature high temperatures that far exceed the
temperatures in the marine environment are often used to
induce oxidation reactions and these experiments are thus not
environmentally relevant. Initiation of oxidation by UV-radia-
tion is possible in the marine environment, but mechanisms
and products must be extrapolated from laboratory studies that
often rely on short wavelength radiation and strong oxidizing
conditions that are also not necessarily environmentally rele-
vant. Therefore more studies of reaction pathways and potential
degradation products of plastic polymers under conditions that
more closely approximate the marine environment are needed.
These experiments would also help to make quantitative
extrapolations about degradation rates in the marine environ-
ment possible.
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