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KEYWORDS Abstract This review critically evaluates the plastic accumulation challenges and their environ-
Plastic waste; mental (primarily) and human (secondarily) impacts. It also emphasizes on their degradation and
Degradation; fragmentation phenomena under marine conditions. In addition, it takes into account the leacha-
Marine litter; bility of the various chemical substances (additives) embedded in plastic products to improve their
Fragmentation; polymeric properties and extend their life. Regardless of their effectiveness in enhancing the poly-
Leachate; meric function of plastic products, these additives can potentially contaminate air, soil, food, and
Plastic additives water. Several findings have shown that, regardless of their types and sizes, plastics can be degraded

and/or fragmented under marine conditions. Therefore, the estimation of fragmentation and degra-
dation rates via a reliable developed model is required to better understand the marine environmen-
tal status. The main parameter, which is responsible for initiating the fragmentation of plastics, is
sunlight/UV radiation. Yet, UV- radiation alone is not enough to fragment some plastic polymer
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types under marine conditions, additional factors are needed such as mechanical abrasion. It should
be also mentioned that most current studies on plastic degradation and fragmentation centered on
the primary stages of degradation. Thus, further studies are needed to better understand these phe-

nomena and to identify their fate and environmental effects.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Plastics are one of the most fundamentally used materials worldwide
due to their attractive physicochemical properties and characteristics,
which include; weathering resistance, levity, and inexpensive transpar-
ent material. In addition, it does not require high maintenance. All
these valuable properties help in facilitating the implementation of
plastics into various activities including agricultural, mercantile, and
industrial activities (Ali et al., 2021; Amobonye et al., 2021; Jenkins
and Harrison, 2008). Unlike other types of solid materials, plastics
have gained ultimate attention due to their extreme durability and sta-
bility, which are generated mainly from their polymeric structure
(Rivard et al., 1995). Nevertheless, like any material, plastics have their
own disadvantages. The main challenge in using this desired material is
its degradability since the majority of plastics are non-degradable and
their complete decomposition in landfills may take centuries to occur.
These previously mentioned facts clearly elucidate the global current
situation of plastic waste (PW) accumulation in the environment (Ali
et al., 2021; Barnes et al., 2009; Matjasic et al., 2021). In addition, con-
ventionally used monomers for synthesizing polymers of plastics such
as propylene and ethylene are usually invented from fossil hydrocar-
bons. Moreover, their polymeric properties boost their resistance to
being degraded microbially, and even their short-term existence in nat-
ure obstructs the production of innovative enzymes, which may have
the capability to degrade the common polymers (Amobonye et al.,
2021; Mueller, 2006).

In the 1940 s and 1950 s, plastics production started blooming due
to the dramatic increase of industrialization, leading to a tremendous
universal annual production which was projected to reach 367 million
metric tons by 2020 (Tiseo, 2021). However, due to Coronavirus
(COVID-19), plastic production declined by approximately 0.3% when
compared to the previous year (Tiseo, 2021). Presently, the most dom-
inantly used types of plastics in the market are mainly thermoplastics,
such as polyvinyl chloride (PVC), polypropylene (PP), high-density
polyethylene (HDPE), and low -and linear low-density polyethylene
(LDPE and LLDPE). Besides, other commercially demanded plastics
such as polystyrene (PS), polyurethane (PU), and polyethylene tereph-
thalate (PET) (Ali et al., 2021; Gewert et al., 2015; Hahladakis et al.,
2018; PlasticsEurope and Group, 2008). Plastics including PVC, poly-
ethylene (PE), PP, and PS are generated from C-C backbone polymers,
which exemplify 77% of the global market share. On the other hand,
heteroatomic polymers (e.g., C-O backbone polymers), which are
mainly PU and PET account for around 18% of the total sales in
the plastics market (Ali et al., 2021; Danso et al., 2019; Gewert
et al., 2015). The major universal challenge regarding the C-C back-
bone polymeric structure is the resistance to biodegradation, hydroly-
sis, and vulnerability to thermal oxidation (Ali et al., 2021; Krueger
et al., 2015). However, polymers, which are heteroatomically struc-
tured can be possibly degraded via hydrolysis, photo-oxidation, and
biodegradation (Gewert et al., 2015). Fig. | illustrates these main types
of plastics and their structure-based classification.

Plastic polymers (PPos) usage is not restricted to commercial con-
sumer products but is also used in plentiful applications such as foams,
synthesized fibers, adhesives, and coatings (Engelhart, 2010);
Hahladakis et al. (2018). The usage of plastics in Europe is generated
from various sectors, predominantly from the packaging process, then
the construction sector, followed by automotive, electronics, and sev-
eral other sectors (PlasticsEurope and EPRO, 2008). The excessive

use of plastics generates a huge amount of PWs. The universal plastic
manufacture was projected to surpass 8.3 billion metric tons from 1950
to 2018, with an annual increase of 5%, which is around 185 million
tons of plastics (Ali et al., 2021; Amobonye et al., 2021; Geyer et al.,
2017; Jambeck et al., 2015). Nevertheless, about 76% of these manu-
factured plastics end up as PW which will be further landfilled or emit-
ted into the environment (72%), recycled (14%), and combusted (14%)
(Ali et al., 2021; Schulze, 2016). Thus, PWs accumulation will pollute
the environment and continuously pose an environmental threat,
whilst impacting public health and natural ecosystems (Shah et al.,
2008). Moreover, the inadequate disposal of PWs coupled with an
impoverished waste management infrastructure and insufficient imple-
mentation of recycling technologies which is mainly due to a lack of
public awareness have provided PWs as a leading component of mar-
ine debris (Hahladakis, 2020). Furthermore, there are multidimen-
sional environmental impacts of terrestrial PWs. However, this
plastic litter will eventually end up in the oceans since it is the ultimate
sink in our globe (Jambeck et al., 2018; Jambeck et al., 2015).

Plastic materials may be categorized into three groups depending
on the size of the particles. Plastics with a size of more than 5 mm
are classified as “macroplastics” (Axelsson and van Sebille, 2017). In
turn, plastics can potentially undergo degradation and fragmentation
processes under various environmental abiotic conditions, e.g., UV
light, pH, salinity, and temperature. These processes will lead to tinier
pieces of plastics known as “microplastics” which are ranged between
50 pm and 5 mm (Andrady, 2011; Kalogerakis et al., 2017; Wang et al.,
2016). The last category of plastics is the “‘nanoplastics” which are usu-
ally characterized by being lesser than 100 nm in particle size
(Hahladakis, 2020; Koelmans et al., 2015). Microplastics (MPs) and
nanoplastics (NPs) are deemed the most deleterious to humans and liv-

C-C backbone
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Fig. 1 Most utilized plastic types and their structure-based
categorization.
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ing organisms, particularly when present under marine conditions.
This is owing to numerous complications, such as the ease of their
ingestion by several species (Browne et al., 2008: Hahladakis, 2020;
Steer et al., 2017; Teuten et al., 2009), and b) the release of chemical
compounds embedded in the polymers (known as additives) that
occurs during the degradation-fragmentation of bigger particles.
Moreover, any potential accumulation of these fine pieces is a major
concern since they are characterized as persistent organic pollutants
(POPs) that will further burden humans, living organisms (especially
marine), and the environment, considering the potential carcinogenic-
ity of the chemicals they bear (Chen et al., 2019b; Hahladakis, 2020;
Hahladakis et al., 2018; Koelmans et al., 2013).

Currently, there is no effective environmentally friendly technique,
which is used to treat PWs. However, various reports highlighted the
prospective microbial degradation of PWs (Ali et al., 2021; Sarkhel
et al., 2019; Yoshida et al., 2016; Zhang et al., 2020). The biodegrada-
tion process of plastics in the marine environment involves microor-
ganisms since they are efficient in the degradation of several
synthetic polymers such as LDPE, PP, LLDPE, and HDPE. In addi-
tion, recent studies included novel isolated microbes, which can effec-
tively degrade PWs in the marine environment, as well as some
innovative concepts in which specific enzymes can be cloned to support
the degradation and enhance the efficiency (Anjana et al., 2020;
Premraj et al., 2004). There are many factors, which affect the degra-
dation and fragmentation process of PW under marine conditions
including, but not limited to the polymer characteristics (e.g., high
molecular weight, hydrophobicity, and structure). All of these charac-
teristics inhibit its accessibility to microorganisms (Anjana et al., 2020;
Hadad et al., 2005). In addition to the effect of the marine environmen-
tal conditions, which are biotic (e.g., enzymes, which are secreted by
microbes, and hydrophobic characteristics of the polymer) and abiotic
factors (e.g., UV, temperature, salinity, and pH) (Ahmed et al., 2018;
Anjana et al., 2020). Moreover, there are some additional dynamic fac-
tors related to the plastic additives which can influence the degradation
of PW such as crystallinity, high molar mass, chain configuration,
functional group types, and molecular orientation (Anjana et al.,
2020; Min’ et al., 2015).

This review aims to a) critically review the degradation and frag-
mentation of marine PW under biotic and abiotic factors and its envi-
ronmental implications, b) investigate the complication and/or
leaching caused by the presence of several additives embedded in plas-
tics, and c) scrutinize the effect of the various properties of the plastic
types (e.g., durability, flexibility, lightweight) on the overall degrada-
tion/fragmentation processes. Finally, future recommendations which
can be implemented to address the PW issue in the marine environment
will be suggested.

2. Methodology

A systematic literature review was performed to critically ana-
lyze the degradation and fragmentation of plastic material
under marine conditions. In addition, the plastic material
implications were reviewed, as well as the different additives
and potentially toxic substances/chemicals, which are embed-
ded in them. The data collected was performed mainly by
searching various scientific literature databases (ScienceDirect,
and Scopus). A list of references was obtained by using differ-
ent syntax combinations, under which the research papers were
searched and carefully chosen. The syntax combinations were
“plastic, AND (degradation OR fragmentation), AND
marine)”, “plastics, AND degradation, AND marine, AND
litter, AND additives, AND release)”. Afterward, the search
was mainly focused on very recent publications ranging
between 2015 and 2022, which showed results ranging between
301 and 1,086 articles depending on the combination of

keywords used and the database used for the search. Subse-
quently, around 256 scientific research papers were considered
based on content, and objectives. On the other hand, several
papers were excluded based on an exclusion criterion (e.g.,
studies addressing only terrestrial plastic degradation-
fragmentation, all studies that did not investigate the
degradation-fragmentation in aquatic environments and/or
the complication caused by the presence of plastic additives).

3. Marine plastic degradation - fragmentation and factors
affecting the process

3.1. Degradation of PW

PW can be degraded via physicochemical degradation also
known as abiotic degradation, and through biodegradation
in which the physical forces of the polymers are primarily bro-
ken down (Kyrikou and Briassoulis, 2007). There are several
plastic degradation mechanisms in the environment which
have been reported, mainly including thermo-oxidative degra-
dation, photodegradation, biodegradation, and hydrolytic
degradation (Andrady, 2011). Naturally, the degradation of
PWs begins with photodegradation, then by hydrolysis pro-
cess, and it goes through a thermo-oxidation process. All these
reactions result in breaking the PWs into compounds with
lower molecular weight (MW), which may be consequently
degraded through the activity of microbes (Andrady, 2011;
Webb et al., 2013). Yet, this mechanism is extremely slow
and it may require centuries to take place completely
(Chamas et al., 2020).

3.1.1. Degradation based on the characteristics of the plastic
polymer

The plastic degradation process is defined by several environ-
mental circumstances, as well as the physicochemical poly-
meric characteristics of the PWs as illustrated in Fig. 2. The
physicochemical features of PPos play a crucial role in the pro-
cess of degradation. The vulnerability of PWs to degradation
biotically and abiotically depends on the polymer chain length
and the backbone composition of the PPos, as such longer car-
bon chain (e.g., PP), can give the polymer more resistance to
degradation (Fotopoulou and Karapanagioti, 2019; Huerta
Lwanga et al., 2016). Nevertheless, incorporating heteroatoms
as in PU and PET in which oxygen is integrated into their
polymers gives the plastic the susceptibility to degrade ther-
mally and biologically (Singh and Sharma, 2008). In addition,
the hydrophobic property of the polymer highly influences the
efficiency of the degradation process, as the rate of degrada-
tion rise with the increase of the hydrophobicity
(Padsalgikar, 2017). Moreover, the degradation rate varies
depending on the crystallinity of the polymer (Jenkins and
Harrison, 2008), which means the more crystalline the struc-
ture of the polymer, the more O, and H->O are required to
degrade the plastic. Thus, the higher the MW and/or the crys-
tallinity degree, the lower the rate of degradation (Jenkins and
Harrison, 2008). In contrast, attacking an amorphous struc-
ture of polymers is via oxygen and water. In addition, the
amorphous regions of the polymers are considerably affected
by thermal oxidation (Li et al., 2019). In this regard, the
MW of the polymer may easily influence the rate of degrada-
tion, the higher the MW of the polymer, the slower the rate
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Fig. 2

of degradation owing to its relatively low surface area (Singh
and Sharma, 2008). It is also interesting to mention that the
production techniques of plastics and the types of additives
utilized extremely influence the rate of degradation of plastic
products. For example, PP which is manufactured via
Ziegler-Natta catalyzation or bulk polymerization is distin-
guished by its high photodegradation susceptibility compared
to PP which is co-polymerized (Tang et al., 2005). Moreover,
various additives including stabilizers are mainly utilized to
reduce the chromophores which are the hydroperoxide and
the carbonyl groups and to lower the rate of degradation
(Aldas et al., 2018). As such, the presence of these chro-
mophores results in the photochemical creation of radicals,
which helps in the initiation of photodegradation due to the
availability of several photooxidative sites. In addition, the
existence of metal-to-metal bonds can enhance the process of
photodegradation due to the cleavage of the homolytic bond
when irradiated (Daglen and Tyler, 2010). Furthermore, the
morphological characteristics of the PW have the ability to
increase the rate of degradation based on the favorable surface
type for biofilm creation. Rough surfaces are found to be the
most suitable types of surfaces for creating a biofilm. Thus,
the rate of PW degradation increases whenever a rough surface
appears (Booth et al., 2018).

3.1.2. Degradation based on environmental factors

The climatic conditions, the geographical positioning, and the
various pollutants can potentially influence the techniques and
degradation rate of plastics (Andrady et al., 2003). Sunlight is
one of the most crucial factors which affect plastic degrada-
tion. When the intensity of light increases the rate of the pho-
tooxidation process also increases, and thus the rate of plastic
degradation increases (Kitamoto et al., 2011). Moreover, the
abiotic degradation rate also rises with the elevation of temper-
ature (Pischedda et al., 2019), with a duplication of the process
rate per 10 °C of increase. The temperature has the ability to
influence the mobility of the polymer chain, which will conse-
quently influence its enzymatic activity through microbial
degradation, in addition to its effect on the rate of hydrolysis
reaction due to influencing the creation of the free radicals,
humidity, and the rate of oxygen diffusion (Booth et al.,
2018). A previous study shows that a PET chain separation
was much greater in 100% humidity and 60 °C conditions by
around 500% compared with 45% of relative humidity

Environmental factors

C N

v' Temperature
v Amount of Water
v’ Level of O,

v’ Sunlight

N /

Factors influencing the PW degradation rate.

(Edge et al., 1991). In addition, the photodegradation of PP
was improved by the increase in humidity (Fernando et al.,
2009), as well as in PE (Jin et al., 2006), and PVC plastic-
type (James et al., 2013), coupled with the increase of the con-
centration of hydroxyl radicals. Nevertheless, a decrease in the
intensity of the UV light in the sea will cause a reduction in the
rate of photodegradation. However, the increase in humidity
level at the surface of the sea will boost the photodegradation
reaction due to the solubility of particular photo-stabilizers in
the seawater, which leads to efficient degradation (Booth et al.,
2018). Moreover, the accessibility of O, has an influence on the
rate of plastic degradation through biodegradation and pho-
todegradation (Queste et al., 2013). It was stated that the
degradation process of polymers is speeded up when high
levels of oxygen are present due to the swift process between
the O, and carbon radicals, which are released from the prod-
ucts which are initially degraded (Price and Horrocks, 2013).
Furthermore, the presence of water is crucial during the degra-
dation process due to the hydrolysis which results in the cleav-
age of functional groups and thus leads to the polymeric chain
cleavage (Pitt, 1992).

3.2. Marine plastic waste degradation

It is appealing to realize that extensively utilized plastics do not
naturally degrade to a huge extent whenever it is discarded into
the environment (Bonhomme et al., 2003; Marqués-Calvo
et al., 2006; Yamada-Onodera et al., 2001; Zheng et al.,
2005). This is maybe predictable since one of the major reasons
for the extensive application of several polymers is mainly the
exceptional properties including extreme durability and stabil-
ity (Yamada-Onodera et al., 2001; Zheng et al., 2005).
“Degradation” is the most utilized term for the description
of the processes which result in the deterioration of the poly-
mer properties (Yousif and Haddad, 2013). The polymeric
structure of the plastics can be degraded via either biotic or
abiotic pathways (Strlic and Kolar, 2005). For instance, poly-
mers can be completely or partially broken down due to oxy-
gen attack, UV radiation, and/or biological effect, leading to
changes in properties (e.g., fragmentation, surface cracks,
and discoloration) (Maes et al., 2021). The smaller the frag-
mented polymer through abiotic degradation, the easier it
can pass via the cellular membranes and thus it can pass
through the biodegradation by the cellular enzymes within
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the cells of the microbes. Nevertheless, some of the microbes
have an extracellular excretion of enzymes which can poten-
tially degrade a variety of PPos (Shah et al., 2008). The degra-
dation of plastics is mostly initiated at the polymer surface
level since it is mainly exposed and thus, it can be easily enzy-
matically or chemically attacked. Consequently, the MPs
degradation is much swifter than the macroplastics due to its
larger surface-to-volume ratio. Initially, the degradation of
the polymers can be visually observed due to some visual
effects such as the surface crazing and the color changes)
(Vasile, 2000). When the surface of the plastics is cracked,
the further degradation of the interior of the plastic material
will be easier, leading to fragmentation and embrittlement
(Vasile, 2000). Generally, PWs in the environment are sub-
jected to various conditions, which can stimulate the weather-
ing process.

Yet, a question that usually comes up is: are all types of
polymers being degraded effectively? The answer is simply
no! Not all types of degradation pathways can degrade all
types of polymers in an efficient way. The plastic degradation
challenge has been investigated by several authors. The degra-
dation of the most common polymer types was identified to
investigate the degradation pathway of the plastics, which
are mainly floating in the marine environment. Several findings
were found while reviewing the degradation of plastics studies,
thus speculative extrapolations of these findings were done in
this review. Yet, due to the fact that the smaller the plastic par-
ticle, the higher its probability to sink and be unobserved. This
leads to a challenge in the investigation, testing, and quantifi-
cation of these plastic fragments, which are facing much more
pressure leading to their further fragmentation. Therefore,
most of the literature findings mainly report evidence related
to the PWs, which are floating in the marine environment.
These plastic particles, which are floating on the surface of
the oceans, are mainly subjected to several conditions includ-
ing solar radiation (with a A of 300 nm and above), oxidizing
circumstances, and moderate temperature. The most crucial
factors which initiate the abiotic degradation are mainly the
sunlight and the oxygen availability since the temperature level
is moderate (Pritchard, 1998). Moreover, few PPos can
undergo a hydrolysis process (Gewert et al., 2015).

The degradation process is a chemical alteration, which sig-
nificantly decreases the average MW of the PPos. Any extent
of considerable degradation can potentially diminish the plas-
tic product due to the high dependence of the plastic mechan-
ical integrity consistency on the elevated average MW. Thus,
the extensive degradation of the plastics will lead to brittle
plastic material, which will eventually be converted to powdery
fragments. The more the MW of the PPos is decreased, the
more the plastic material gets brittle! (Summers and
Rabinovitch, 1999). In addition, it provides a larger surface
area for additional reactions, which makes its fragmentation
susceptibility much higher. Those smaller fragmented particles
may not be even visible to the naked eye due to their tiny size,
which creates difficulty in their collection and investigation.
The degradation process is usually categorized into several
classifications based on the main cause of the degradation.
For an example, biodegradation is mainly caused by the living
organisms (e.g., microbes), and thermo-oxidation degradation
is caused by the slow breaking down of the PPos through oxi-
dation reactions at moderate temperatures. In addition,
hydrolysis is caused due to water reacting; the degradation

thermally is caused mainly due to high temperatures, and the
photodegradation is usually due to the outdoor exposure of
light. Generally, the UV-B sunlight radiation is the main initia-
tor for the photo-oxidative degradation of the commonly used
PPos including PP, HDPE, nylons, and LDPE, which are
under marine environmental conditions. Then, the degrada-
tion process keeps proceeding with the thermo-oxidative pro-
cess for a while without being exposed to more UV
radiation. In addition, the catalytic reaction of polymer degra-
dation will keep progressing in the presence of oxygen. The
degradation process leads to a big decrease in the MW of
the polymer in addition to the generation of oxygen-rich func-
tional groups. While comparing light-induced oxidation and
other types of degradation processes, light-induced oxidation
was found to be swifter. Moreover, the hydrolysis mechanism
is not a largely considered process in seawater. All types of bio-
materials (e.g., plastics) can be invariably degraded under mar-
ine environmental conditions; however, the rate of degradation
is slower. This is applicable to benthic sediments as well. In
contrast to the oxidative degradation which is induced by light.
PW degradation, which is initiated by UV sunlight, was found
to be an extremely effective process when compared to plastics,
which are exposed to air or discarded onshore/nearshore.
However, while comparing an identical PW which is exposed
to UV-radiation (sunlight) at the same location, when placing
it in seawater, the degradation rates were found to be extre-
mely slower (Andrady, 2011). It should be noted that PW
degradation in the marine environment is slower due to the
unoptimized conditions for the degradation of polymers.
Yet, biodegradation and abiotic degradation are still most
likely to happen but on a large timing scale (Gewert et al.,
2015).

Usually, the degradation of plastics is initiated via pho-
todegradation, leading to thermo-oxidative degradation. The
UV light produced by the sun has a crucial effect since it is pro-
viding the needed energy. This helps in initiating the integra-
tion of O, atoms into the polymer (Andrady, 2011; Raquez
et al., 2011), and leads to the brittleness of the PWs. This even-
tually causes its fragmentation into smaller pieces and tinier
pieces until reaching an extremely low MW of these polymer
chains, which then can be metabolized via microorganisms
(Andrady, 2011; Webb et al., 2013; Zheng et al., 2005). The
microbes have the ability to convert the carbon, which is
located in the polymer chain into CO,, or it can be also incor-
porated into the biomolecules (Andrady, 2011; Webb et al.,
2013; Yamada-Onodera et al., 2001). Nevertheless, the whole
process is extremely slow, and it may take over 50 years for
plastic materials to be completely degraded (Miiller et al.,
2001). Moreover, the photodegradation is drastically declining
in seawater conditions owing to the oxygen availability, the
lesser temperature, and the hydrolysis rate of the PPos in the
ocean which is extremely inconsequential (Andrady, 2011;
Webb et al., 2013). Usually, UV-B sunlight radiation is the
main initiator of photo-oxidative degradation in the marine
environment, especially with the commonly utilized polymers
which include PP, HDPE, and LDPE (Andrady, 2011).

PW degradation is mainly depending on the rate of chemi-
cal, biological, and physical conditions to which plastics are
exposed, where they start to lose their original characteristics.
The plastic degradation phenomenon involves 6 main mecha-
nism categories: hydrolysis, thermal degradation, physical
degradation,  biodegradation, photodegradation, and
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thermo-oxidative degradation (Maes et al., 2021; Mattsson
et al., 2015). In addition, most of these degradation processes
occur in seawater at varied rates.

Plastic degradation via sunlight (UV-light) exposure, which
is also called photodegradation, results in the “‘chain scission”
phenomenon, which is mainly the breaking down of covalent
bonds within the structure of PPos (Gewert et al., 2015). Chain
scission can happen at any place within the polymeric struc-
ture, leading to monomers. It should be mentioned that some
PPos may be hazardous, bioaccumulative, and persistent pol-
lutants, which may potentially harm our environment
(Lithner et al., 2011). In other words, the photodegradation
of plastics is mainly the decomposition of PPos through the
absorption of energy from light to produce free radicals. It is
also known as ““photooxidative degradation” whenever oxygen
is present. Generally, the major light source which is initiating
the photodegradation is the near UV light, which is ranging
from 290 nm to 400 nm (Singh and Sharma, 2008). By expos-
ing plastics to this light range, and due to the high energy of
the C-C bond in the polymeric chain, it starts cleaving
(Ravelli et al., 2016). Compared to other techniques of degra-
dation, photodegradation technology is advantageous due to
the ability to localize and control the light spatiotemporally
in a simplistic, independent, and green approach (Chatani
et al., 2014). The photodegradation process is not only benefi-
cial in the usage of natural sunlight to degrade PPos, however,
it also decreases the time needed for consequent biodegrada-
tion while providing the prospect of complete plastic degrada-
tion (Zhang et al., 2021). Photodegradation of plastics includes
various mechanisms, for instance, secondary oxidative reac-
tions and crosslinking, and chain scission, which occurs by
generating and transferring free radicals (Bracco et al., 2018).
There are two major techniques in which free radicals can be
generated. The first method is directly irradiating the plastic
with UV light without interfering with any catalysts, additives,
or chromophores. The second method is based on adding pho-
toactive substances into PPos to accelerate the production of
free radicals (Zhang et al., 2021). These photoactive substances
comprise photosensitive groups and photoactive fillers, which
are combined into polymeric chains. Studies showed that these
photoactive additives could be categorized into two main cat-
egories, which are, additives, which sacrifice themselves during
the photodegradation process in which they produce free rad-
icals when exposed to UV irradiation through decomposition
reactions, named as the additive photosensitizer. The other
type of additives is mainly photoactive additives which do
not sacrifice themselves while constantly producing free radi-
cals, and are known as the additive photocatalyst (Grassie
and Scott, 1988). To better understand the plastic degradation
mechanism through UV- light irradiation, it should be noted
that the UV-light wavelength range which helps initiate the
bond cleavage of polymeric structures of C-C or C-H bonds
is 280420 nm (Pospisil and Nespurek, 2000). Since the UV
wavelengths, which correspond to the dissociation process of
bond energies (C-H bond 420 kJ/mol and C-C bond, 375 kJ/-
mol) are 290 nm and 320 nm. This leads to the breakage of C-
C and C-H bonds and the formation of free radicals (Pospisil
and Nespurek, 2000), as illustrated in the initiation part of the
process in Fig. 3 (A), where C-C bond was broken when
exposed to UV-light radiation at a wavelength shorter than
320 nm, leading to the formation of alkyl radical R'. After-
wards, the propagation step, where the autooxidation begin,

as the radical R reacts with the oxygen and forms ROO.
Then, a further reaction occurs between the radical ROO-
and polymer to produce hydroperoxide ROOH and R'. Subse-
quently, ROO" and R' reacts by disproportionation reaction or
also known as radical coupling, resulting in the termination
step of the photodegradation process. In the photooxidative
process, ROOH groups (hydroperoxide) are considered the
most crucial intermediates in this extremely photolabile pro-
cess. Usually, the termination step of the photodegradation
reaction combine peroxyl radicals or alkyl radical to produce
stable products as illustrated in Fig. 3 (A). Generally, the com-
bined macroalkyl radicals can form branched, disproportion-
ated, or crosslinked products, on the other hand, peroxyl
radicals are ultimately undergoing the termination reaction
with other free radicals, forming dialkyl peroxides, alcohol,
or carbonyl species (Mark and Kroschwitz, 1985). In addition,
the oxygen pressure is correlated to the type of termination
step (Yousif and Haddad, 2013). In other words, whenever
polymer is exposed to light with a wavelength shorter than
320 nm, PPos are supposed to be degraded. It should be noted
that the stratosphere act as a filter for UV- light with higher
energy, which is ranged between 280 nm and 315 nm, and only
less than 2% of this UV- light is reaching our earth, which is
ranged between 315nm and 400 nm (Yousif and Haddad,
2013). Under sunlight irradiation condition, polymers, which
mainly consist of C-H and C-C bonds such as PP and PE, have
an extremely slow rate of degradation. However, the addition
of other chemical bonds can cause a different initiation reac-
tion which in turn can speed up the degradation of the polymer
(Wang et al., 2019).

It should be noted that thermodegradation of plastics is a
different process, which aims to facilitate successive microbial
degradation via degrading/fragmenting macromolecular poly-
mers into smaller particles. When comparing between pyrolysis
process and the thermodegradation process, the temperature is
much lower in the thermodegradation process than in pyroly-
sis. In addition, thermodegradation occurs in the presence of
oxygen. Thus, the thermodegradation process is correspondent
to thermo-oxidation degradation, which means the mechanism
of thermo-oxidation degradation and photooxidation are
almost similar to each other, as illustrated in Fig. 3 (B). Where
polyolefins can produce hydroperoxide group in the presence
of oxygen and heating conditions, leading to the breakage of
O—O bond of the group and forming hydroxyl radicals and
alkoxy groups, and then degradation continues by forming lac-
tone and esters through the autooxidation reactions (Chiellini
et al., 2006). Nevertheless, the main difference between ther-
mooxidation and photooxidation is the instability of ketones
to light, since the ketonic products are usually thermally stable,
yet they are not stable to light (Wiles and Scott, 2006). A study
investigated the thermooxidation degradation of PE and
showed that the temperature factor is the main factor influenc-
ing the degradation rate, rather than the oxygen concentration
(Jakubowicz, 2003). In addition, another study concluded that
the thermooxidation degradation of plastics (e.g., PE) can
improve the degradation efficiency (Khabbaz et al., 1999). It
should be also mentioned that the thermooxidation technique
helps in significantly reduce the temperature required for the
process compared to the pyrolysis technique, thus reducing
the equipment needed as well. Nevertheless, the degradation
of plastics thermooxidatively requires more time, leading to fur-
ther consumption of energy compared to the photodegradation



Degradation-fragmentation of marine plastic waste and their environmental implications 7

()

Initiation
P-R —¥ 5 P +R
R-H — » R +H
Propagation

R' + 0, —— ROO’

ROO® + RH — = ROOH + R’

Termination

R* + R*® ——» R—R

R’ + ROO° ———» ROOR

Radical coupling or

pHlE

disproportionation

ROO" + ROO° ——— ROOR+ O,

ol

0

(o]
J\IVV‘/\I/\I\/V\I‘ hv M
—— + *OH

Fig. 3

(A) Photodegradation process of polymers via UV- light irradiation (initiation, propagation, and termination). (B) Bond cleavage

(O-0) of hydroperoxides mechanism. Modified from (Zhang et al., 2021).

process. Therefore, further research should be done focusing
on developing techniques to accelerate thermooxidation degra-
dation, as well as to reduce energy consumption.

3.3. Common commercial plastics and their degradation

While understanding the degradation process of plastics, it
should be noted that there are two major groups of plastics
based on the main chain bonds composition, which are C-C
backbone plastics such as PP, PE, PVC, and PS, and heteroa-
tomic plastics which are mainly PU and PET (Gewert et al.,
2015). Since the reduction of MW of the polymers leads to a
brittle material (Summers and Rabinovitch, 1999), which will
increase its susceptibility to being fragmented, leading to larger
surface areas.

Polyethylene ( PE)

PE (structure shown in Fig. 4) can be abiotically oxidized
through UV-radiation exposure, which is the rate-
determining step for its environmental degradation
(Hakkarainen and Albertsson, 2004; Peacock, 2000; Singh
and Sharma, 2008; Vasile and Pascu, 2005). There are several
popular products, which can be degraded such as ethane,
ethene, propane, propene, hexane, and butane (Vasile, 2000),
which makes plastics materials susceptible to fragmentation
and thus becomes more brittle (Hakkarainen and Albertsson,

2004). Microorganisms may initiate PE degradation by attack-
ing any terminal methyl groups in the plastic material chemical
structure (Booma et al., 1994). The smaller the MW, and par-
ticularly whenever it is less than 500 Da, the swifter the
biodegradation process (Vasile and Pascu, 2005). In addition,
the lifetime of PE is highly dependent on the additives, thus
their degradation projections differ extensively (Gewert et al.,
2015). A study calculated that a stabilized PE has a lifetime
of around 15years to 20 years in moderate temperatures
(Vasile and Pascu, 2005). Moreover, it was computed in a
research study that around 0.1% of the polymer carbon is
transformed into carbon dioxide annually through the
biodegradation process, this study was performed in the labo-
ratory under the best-controlled conditions (Pritchard, 1997).
Furthermore, the degradation process is much slower in the
marine environment when compared to the terrestrial environ-
ment. Yet, the process is still possible via biodegradation and
abiotic degradation but a longer time is required for the com-
pleter degradation of polymers (Gewert et al., 2015).

Polypropylene (PP)

Due to the tertiary carbon atoms in the backbone of its
polymeric structure as shown in Fig. 5, PP is less stable than
PE, leading to an increase in the susceptibility of being
attacked abiotically while compared to the secondary carbon
atoms which are present in PE (Beyler and Hirschler, 2002;

NG N

Fig. 4

Structure of PE.



[ee}

S.N. Dimassi et al.

Fig. 5 Structure of PP.

Fig. 6  Structure of PS.

Grassie and Scott, 1988). In addition, the process mechanisms
are identical to PE. Moreover, the chemical structure of the
polymer influences its biodegradability (Sayler et al., 2012).
It should be noted that the chain branching also affects the
polymer degradation, as it strengthens the resistance to aerobic
biodegradation due to the existence of the PP tertiary carbon,
thus the susceptibility to microbial degradation will be reduced
(Sayler et al., 2012; Singh and Dwivedi, 2004).

Polystyrene (PS)

PS has a higher susceptibility to outdoor weathering
(Faber, 1979), especially when it is exposed to UV radiation,
where the phenyl rings, as shown in Fig. 6, gets excited leading
to transferring the released energy to the closest carbon-
hydrogen bond, and thus a hydrogen cleavage will occur
resulting in a polymer radical formation (Yousif and
Haddad, 2013). The main volatile degradation products which
have been identified are known as styrene monomers (Beyler
and Hirschler, 2002). There are other products, which are
known as oligomers of styrene. These products are produced
from the thermooxidation process, and they may include phe-
nol, benzene, ethylbenzene, benzaldehyde, benzoic acid, and
ketones (Hoff et al., 1982). Photo-oxidation and thermooxida-
tion processes have a similar degradation pathway. They only
differ in their initiation. Therefore, these products can be
potentially found as degradation products in the marine envi-
ronment via the photooxidation process. Polystyrene is a ther-
moplastic polymer, which has extreme durability concerning
biodegradation (Mor and Sivan, 2008). This clearly explains
why the rapid biodegradation which is usually seen with PP
and PE residues does not happen with this polymer type
(Jones et al., 1974). Several additives can be incorporated into
the polymer to enhance its physical characteristics depending

Cl Cl

Fig. 7  Structure of PVC.

on its usage (Gewert et al., 2015; Gurman et al., 1987). More-
over, other additions can promote the degradation of PS such
as the starch addition (Kiatkamjornwong et al., 1999).

Polyvinyl chloride (PVC)

PVC (structure shown in Fig. 7) is one of the polymers
which have the least stability compared to other types of poly-
mers, due to its extreme UV radiation sensitivity (Nicholson,
2017; Owen, 1984). Thus, the photo-degradation process is
highly significant for this type of polymer (Owen, 1984). When
PVC is exposed to the sunlight, its polymer dechlorination will
be initiated as a first step, leading to the creation of the conju-
gated double bond and the formation of polyene, as well as the
hydrochloric acid, in addition to a tiny amount of various
products (Gewert et al., 2015; Pielichowski and Njuguna,
2005). The dichlorination of PVC and the creation of polyene
are schematically represented in Fig. 8 (the chemical reaction
was drawn using ChemDraw Professional software). It was
also reported that the dechlorination rate of PVC could be
boosted under aerobic conditions, especially for polymers with
lower MW, in the existence of hydrochloric acid (Beyler and
Hirschler, 2002). In addition, the high-temperature levels
may improve the degradation rate of PVC, as well as humidity
and mechanical stress (Gewert et al., 2015; Jakubowicz et al.,
1999). The unsaturated C = C double bonds which are formed
have lower stability to photo-degradation which leads to the
fragmentation of the polymer backbone into tinier fragments.
The degradation of PVC can be visually observed through the
discoloration of the polymer (Gewert et al., 2015; Nicholson,
2017). Moreover, it was reported that PVC is highly resistant
to the biodegradation process (Summers and Rabinovitch,
1999). It should be also noted that halogens and mainly chlo-
rine have the ability to enhance the resistance to aerobic
biodegradation (Gewert et al., 2015). That clearly explains
the dechlorination of the polymer (PVC) while biodegrading.
Moreover, PVC can potentially incorporate an extensive range
of plasticizers and additives, which will modify and enhance
the properties of the plastic material (Bruma and Olabisi,
1997; Yoshioka et al., 2008). Nowadays, PVC is rarely utilized
in its pure material, owing to the improvements in its charac-
teristics when additives are added (Stringer and Johnston,
2001). To extend the stability and lifetime of the polymer,
UV and thermal stabilizers are inserted into the PVC products
which are usually subjected to sunlight (Nicholson, 2017). As
well as, flexibilities or stabilizers which are incorporated into
PVC to enhance its flexibility (Beyler and Hirschler, 2002).
Over time, these stabilizers which are added to the various
PVC products are expected to leach into the environment
(Weschler, 2009). These stabilizers can migrate from the
PVC polymer into the environment because they are not
bonded chemically. In turn, they can be degraded via microbes
(Stringer and Johnston, 2001).

Polyethylene terephthalate (PET)

PET (structure shown in Fig. 9) which one of the widely
used polymers in several commercial products. It can be
degraded through various pathways under marine conditions
including hydrolytic degradation and photo-oxidation. In
addition, the photo-degradation process results in the cleavage
of the ester bonds which leads to the formation of the vinyl
and carboxylic acid groups, or radicals, which will ultimately
end up as carboxylic acid groups (Fagerburg and Clauberg,
2004). These carboxylic acids which will be formed will
act as a promoter for the degradation of the polymer
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Fig. 9

thermo-oxidatively (Bikiaris and Karayannidis, 1999), as well
as photo-oxidatively. PET is highly susceptible to hydrolytic
degradation whenever it is under water conditions (Summers
and Rabinovitch, 1999). Although it is known that the degra-
dation of PET hydrolytically under room temperature is
tremendously slow, it is considered as a crucial process in the
degradation of this polymer, especially at minimal temperature
(Allen et al., 1991; Venkatachalam et al., 2012). Usually, PET
weathering under marine conditions takes place mainly
through hydrolytic and photooxidation processes. The degra-
dation of PET can be visually observed through the yellowing
of this polymer (Venkatachalam et al., 2012). In the case of the
thermo-oxidative degradation of the polymer, there are some
main changes, which will occur such as the decrease in the
MW of the polymer, as well as the increase in the carboxylic
acid groups (Culbert and Christel, 2004). In addition, photo-
oxidative degradation shares the same degradation pathway
as well as similar results and/or findings. Moreover, the
hydrolysis process of the polymer can also result in the increase
of the carboxylic acid end groups and the decrease of the poly-
mer MW (Gewert et al., 2015). Polyethylene terephthalate is
found to be an extremely resistant polymer to environmental
biodegradation (Webb et al., 2013), due to its consolidated
structure (Zhang et al., 2004), however, a study captured some
low/soft degradation of this polymer through lipase and
microbes (Zhang et al., 2004).

Overall, the degradation process of the polymers results in
lower MW. Yet, it can lead to deeper effects, where the surface
of the plastic material can be randomly cracked. All various
types of polymers usually include additives. Almost none of
the polymers is used in their pure form (Gewert et al., 2015).
Therefore, the plastic degraded products will be liberated as
weathered plastic chemicals to the ocean water, as well as
the additives which are different chemical substances, which
will be released into the environment (Deanin, 1975). All of
these chemical substances will end up as environmental pollu-
tants. Moreover, to improve the resistance of the polymers to
degradation, stabilizers can be added to the plastic materials in
different amounts depending on the final plastic products
needed. Mostly, the degradation rates of plastics in the envi-
ronment depend mainly on additives. Therefore, it is difficult
to generalize a quantitative statement regarding the degrada-

Structure of PET.

tion rates because each product will be different in its compo-
sition. In addition, most of the experiments were mostly
performed under various environmental and non-
environmental conditions. Plastics, which are floating, can be
protected from UV-light radiation through water, leading to
a decrease in the photo-degradation. Furthermore, the condi-
tion of the plastic materials after weathering plays a significant
role, because the plastic products, which have a smaller sizes
will have higher surface areas, which makes them more suscep-
tible to cracking. Thus, they are more susceptible to
degradation.

The various polymer types utilized in plastics have different
properties which can influence their behavior in several envi-
ronments, including but not limited to buoyancy hydrophobic
and hydrophilic characteristics, density, and tendency toward
biodegradation (Maes et al., 2021). One of the most crucial
factors in the marine environment is the density of plastics
compared to seawater. Generally, the densities of conventional
plastics have a range between 0.90 kgm > to 1.39 kgm >
when compared to freshwater with a density of 1.0 (pure
water), and a density range of 1.020 kg.m > to 1.029 kg.m >
for seawater (Maes et al., 2021). For instance, PE, mainly
LDPE, tends to have a density, which is lower than 1 kg.
m~>, which makes this type float in both, marine and freshwa-
ter. This is the main reason behind being one of the most fre-
quently found types of plastics whenever samples are collected
from surface waters. In addition, PP has the tendency to float
in freshwater, as well as expanded PS which would be expected
to float in seawater (Maes et al., 2021). Furthermore, drinking
bottles, which are made of PET are usually found both accu-
mulated on the seabed and floating in the seawater due to
the buoyancy effect, which is influenced by water currents,
turbulence, and trapped air. Moreover, the buoyancy of PPos
can be influenced by the existence of the biofilm, which is pre-
sent on the surface of the plastics (Napper and Thompson,
2019).

3.4. Fragmentation of PW in the ocean

The vulnerability of the structure coupled with the loss of
mechanical integrity may result in breaking the parent plastics
into tinier pieces of plastics (Andrady, 2011; Ekvall et al., 2019;
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ter Halle et al., 2016). Intrinsically, the fragmentation process
of plastics results in the alteration in the size distribution of
plastic debris in aquatic ecosystems. The fragmentation pro-
cess does not have the capability to eliminate marine plastic lit-
ter from the environment. Yet, it is efficient in accelerating the
physicochemical and biochemical processes, which occur at the
surface of the marine plastic litter owing to the higher surface-
to-volume ratio of tinier pieces (ter Halle et al., 2016). More-
over, the fragmentation of plastic materials may be simulated
by the mechanical stress in marine environmental conditions
because of the wave action (Cooper and Corcoran, 2010;
Weinstein et al., 2016). Moreover, this fragmentation process
may be speeded via the potential biodegradation and weather-
ing, which makes the plastic materials more brittle over time
(Andrady, 2017; Barnes et al., 2009; Kalogerakis et al., 2017;
ter Halle et al., 2016). The fragmentation rate increases as
the size of the particle decrease. Additionally, marine plastic
litter particles which are bigger than 2 mm have a morphology
that looks like a sheet, which makes one face more likely to be
exposed to sunlight (ter Halle et al., 2016). Therefore, the frag-
mentation process will be accelerated leading to the creation of
cracks at the surface of the particle, which generates more
cubic pieces that seems like the parent fragment (around
1 mm of thickness). Furthermore, the degradation of the cubic
pieces will be much swifter due to their tendency to roll at the
surface. Accelerated fragmentation may also be a valid justifi-
cation for the relatively low masses of floating marine litter
particles. The fragmentation of marine PW can lead to the gen-
eration of tinier particles (less than 1 pm), which are known as
NPs.

The fragmentation process tends to influence the PW trans-
port through marine systems since tinier particles are carried in
a different way horizontally, as well as vertically than larger
plastic pieces (Cole et al., 2011; Gerritse et al., 2020; Zhang,
2017). It should also be mentioned that smaller fragments have
a relatively greater surface area compared to their volume,
leading to increased rates of degradation, adsorption sites
per unit, and decreased buoyancy. This is due to biofouling,
which results in the transfer of MPs from the surface to the
water—sediment or column (Cozar et al., 2014; Eriksen et al.,
2014; Gewert et al., 2015; ter Halle et al., 2016; Zhang,
2017). Hence, the fragmentation process creates a larger speci-
fic surface area, leading to more water contact, and thus swif-
ter sorption and/or leaching rates for chemicals (Velzeboer
et al., 2014).

Macro- and microplastics are the most found PW types in
the ocean, and their environmental impacts are clearly stated
in many research papers. However, these plastics can also be
degraded in the marine environment via several mechanisms
mainly photo-oxidation coupled with microbial degradation.
Consequently, the degradation of plastics in the ocean is
expected to be the highest in the tropical and sub-tropical
regions due to the high pollution levels where plastic marine
litter is highly accumulated (Wayman and Niemann, 2021).
Degradation and fragmentation mechanisms result in the
transformation of larger plastics into smaller fragments, where
macro and microplastics can be potentially transformed into
NPs. In addition, the smaller the fragments, the higher their
degradation due to the greater surface-to-volume ratio, leading
to higher rates of degradation.

According to (ter Halle et al., 2016), there are two different
behaviors of MPs in the marine environment due to their

Sunlight
(Lv)

Fig. 10  Seawater PW fragmentation based on the shape.

physicochemical properties. To understand the fragmentation
of MPs, different samples (big parallelepipeds and small cubic)
were analyzed through their physicochemical properties. It was
noticed that the bigger sample (parallelepipeds) was floating at
the sea surface while exposing only one surface to the sun as
represented in Fig. 10. During sunlight exposure, the pho-
todegradation process will induce fragmentation due to a
decrease in mechanical properties. The fragmentation process
takes place because of the breaking down near cracks on the
surface of the plastic samples, resulting in smaller fragments.
However, the cubic samples have the tendency to roll on the
water surface. It was also confirmed that the continuous rota-
tion of the cubic appeared to prevent the biofilm growth on the
surface of the cube pieces, while edge erosion seemed more
likely to happen. These variations in the motion behavior of
PW are undoubtedly associated with different fragmentation
rates. It was concluded that the cubic sample was fragmented
faster than the larger parallelepipeds. Similarly, other studies
showed that smaller plastic items can degrade faster
(Andrady, 2015; Kershaw, 2015b). Overall, it should be high-
lighted that these investigations can significantly contribute
to a better understanding of the fate of the MPs in oceans.

Recently, the creation of MPs and NPs through fragmenta-
tion has been investigated under marine conditions in several
studies through accelerated laboratory conditions (pho-
todegradation) (Gigault et al., 2016; Lambert and Wagner,
2016a; Lambert and Wagner, 2016b). However, many plastic
fragments tend to be lost in the open exposure systems, leading
to an underestimation of the real numbers of plastic fragments
formed (Song et al., 2017). Thus, the collection of data through
the fragmentation process of plastics in marine environments is
needed to estimate the number, production rate, and size of the
plastic particles developed by fragmentation.

The fragmentation process can occur through different fac-
tors including UV exposure and MA. (Song et al., 2017) shows
that some polymer types can be affected by MA such as PS;
however, others were unlikely to be fragmented via MA only.
To be fragmented, an additional factor needs to be present as
well; which is UV exposure/sunlight. These findings can be
confirmed by the difference in the mechanical strength of PPos,
where PS has lower mechanical strength compared to PP and
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(A) Fragmentation of plastics (HDPE strips) under outdoor onshore (sand) conditions over an experimental period. Source:

(Kalogerakis et al., 2017). (B) SEM microscopy of plastics (PET, wool, and PA) under UV exposure for 14, 28, and 56 days. Modified

from: (Serensen et al., 2021).

PE. It was concluded that with the increase of UV exposure
time and MA, the fragmentation of PPos increases, despite
the fact that the fragmentation rate will differ based on the
type of polymer. UV light acts as a producer for initial free
radicals by dissociating C-H and C-C polymer backbone
bonds (Feldman, 2002), leading to chemical changes, visible
fractures and cracks, and surface embrittlement. It was also
confirmed that due to chain reactions and cross-linking, UV
oxidation can create surface embrittlement to a depth exceed-
ing 100 pm (Feldman, 2002). However, it is interesting to men-
tion that the photooxidation process, alone, cannot directly
cause polymer fragmentation. PPos need to be exposed to suc-
cessive MA as well to be fragmented. This means that an addi-
tional physical process is needed to improve the fragmentation
of PPos. Some factors and conditions were found to be critical
in the rate of photooxidation and propagation of PPos such as

oxygen availability, diffusion of radicals, and the depth of UV
penetration (Pilar et al., 2015). Furthermore, the rate and
degree of fragmentation-degradation coupled with the envi-
ronmental conditions are determined mainly by the physico-
chemical characteristics of PPos. In addition, the degree of
fragmentation is also affected by the additives (e.g., antioxi-
dants and UV stabilizers) embedded in plastics which hinder
the process.

The fragmentation and degradation of several plastic mate-
rials were studied and investigated using various methods
under different conditions as illustrated in Table 1. To criti-
cally evaluate, analyze, and interpret the differences between
these studies or to compare their findings, several aspects need
to be considered including polymer type, conditions/parame-
ters, the exposure duration, plastic particle size, as well as
the additives used in the plastic samples. Since all the
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Fig. 12 (A) FTIR spectra of PE, PP, and PS exposed to UV irradiation for 1 month, 2 months, and 3 months in two different

environments. (B) SEM microscopy of PE, PP, and PS exposed to UV irradiation for 1 month, 2 months, and 3 months in two different
environments. (i) SEM microscopy of the plastic types before exposure, (ii) SEM microscopy of PE after exposure in two different

environments. Modified from: (Cai et al., 2018).

aforementioned aspects can potentially affect the degradation
and fragmentation process of plastic materials. When compar-
ing two different studies, where scientists inspect the degrada-
tion of plastics under marine conditions, all parameters and
exposure conditions need to be well explored, as well as the
polymer type used, because each polymer type behaves differ-
ently from another even though, both, are polymers, but each
polymer has its own unique polymeric properties and charac-
teristics. (Toakeimidis et al., 2016) studied the degradation of
PET bottles under marine environmental conditions, where
the size of the particles/bottles were unspecified, as well as
the exposure duration of the plastics. These PET bottles were
collected from the bottom of the sea for the first time. These
samples were settled for many years at 150 m-350 m on the sea-
floor (Ioakeimidis et al., 2016). Collected samples were tested
and characterized using ATR-FTIR and SEM analysis to visu-
alize any degradation/fragmentation that occurred on the sur-
face of the plastics. The main findings can be summarized in a
significant decrease in the functional groups as shown in
Fig. 13, and uneven surfaces and cracks were observed. It
was also concluded that PET plastics could maintain their
robustness for around 15 years. On the other hand, (Iniguez
et al., 2018) investigated the degradation and recyclability of
four different common types of plastics (Nylon, PET, PP,
and PE) from unknown items. They were cut into large pieces
(area of 60 mm x 10 mm) and subjected to UV-radiation
under marine environment conditions for 6.5 months
(Iniguez et al., 2018), then characterized through SEM,
TGA, AFM, as well as the Instron universal instrument to

check the mechanical properties. The main results can be
briefly summarized as a decrease in the strength of the plastics
and their elasticity due to the changes in their mechanical and
thermal properties; granular oxidation, surface cracks, and
flakes were observed, as well as a decrease in surface homo-
geneity. While focusing on the findings of the mutual type of
plastics used in both aforementioned studies, which is PET,
it can be deduced that both researchers could be correct, since
they almost revealed approximately similar findings as they
both showed degradation and fragmentation signs on the sur-
face of the samples, even though the experimental set up was
not the same. Yet, there are several major differences, which
make each of these studies correct in terms of inspecting the
degradation of PET despite any differences. Starting with the
different origins of plastics used in the experiment, as some
of the plastics were collected from the marine environment
directly, which means they were actually under marine condi-
tions, and some other unspecified items were purchased from
supermarkets and put under marine conditions. In addition,
there is an extreme difference between the exposure durations
of both studies, yet even plastics, which were exposed to mar-
ine conditions for 6.5 months only showed a good visual
degradation sign. Moreover, the additives, which are embed-
ded into each of the plastic samples, were unspecified since
plastic manufactural companies use various additives while
producing plastic bottles. The authors claim that the rapid
degradation illustrated in the findings of (Ihiguez et al.,
2018) could be initiated due to the direct impact of some
additives on the degradation of plastics. It was reported that
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Table 1 Plastics degradation under various environmental marine conditions.
No. Plastic Size of particle Parameters and Characterization Findings Ref
type conditions investigated
1 Nylon, PP, 10 mm in diameter PP, PE, and nylon Tensile strength Fastest fragmentation: (Welden and
and PE exposed to benthic (mechanical Nylon rope, Slowest Cowie, 2017)
conditions at 10 m properties), SEM, fragmentation: PP
depth over 12 months ~ GLM analysis (mass rope.
loss) MP particles and fibers
can be formed in
benthic environments
(in low
photodegradation).
2 PU MPs of fraction size Leaching of additives FT-IR and Raman The additives leaching  (Luo et al.,
(3mm X 3 mm X 3 mm). in simulated acidic, spectroscopy analysis,  process from MPs 2019)
saline, basic water, and Fluorescence depends on water
in natural waters (river, excitation-emission environments.
lake, wetland, and matrix spectroscopy, As leaching time and
seawater), Leaching and 3-DEEM (to pH increase, the
time (0 h to 48 h), aged characterize specific amount of additives
MPs (prior leaching fluorescent substances). released increases.
exp) exposed to Leached substances
outdoor/sunlight may affect aquatic
condition for at least organisms.
12 months.

3 PE 1 em? — Sample surface In seawater for 15 days SEM analysis, Degradation signs on (Eich et al.,
and 33 days at 3 m Dynamometer (tensile  the surface of the 2015)
depth and seafloor at  properties) plastics.

6 m depth Biofilm was
significantly attached.
4 PVC and PE sample Incubation in seawater FTIR, GC/MS, DOC, PVC and PE samples (Paluselli
PE (2cm x 2cm x 10 pm, under laboratory and SEM analysis. significantly leached et al., 2019)
PVC sample (1 cm length,  conditions (light/dark, phthalates into the
4.8 cm? surface area) temperature) exposure seawater, within the
durations: 12 weeks. first month.
PE sample released
more phthalates than
the PVC.
5 PP PP plastic cup- unspecified  Exposed to different SEM-EDX, FTIR Organic carbon (Khoironi
size depths of seawater analysis, and content decreased, et al., 2020)
(surface and at 50 cm  microscope analysis erosion observed,
and 170 cm of depth) discoloration and
for 60 days. irregularity on the
surface, and alteration
in the organic
functional groups of
PP.
6 Nylon, Unspecified, area of the Exposed to UV-light in SEM, TGA, AFM, Decrease in the (Iniguez et al.,
PET, PP, specimen (60 mm x 10 mm) the seawater for Mechanical properties  strength of plastics and 2018)
and PE 6.5 months test (Instron Universal their elasticity;
Test instrument) granular oxidation,
surface cracks, and
flakes were observed;
decrease in the surface
homogeneity.
7 PP Bags shredded into 7 cm by In seawater for Instron universal Less UV transmittance, (O’Brine and
1 cm strips 40 weeks at 0.6 m testing instrument, UV  decrease in tensile Thompson,
depth. spectroradiometer strength 2010)

8 PET Unspecified On the seafloor at SEM and ATR-FTIR  Decreases in the (Ioakeimidis

150 m-350 m depth for analysis functional groups, et al., 2016)

many years (samples
collected from the
bottom of the sea)

uneven surfaces, and
cracks were observed.

(continued on next page)
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Table 1 (continued)

No. Plastic Size of particle Parameters and Characterization Findings Ref
type conditions investigated

9 PE Samples of 1 cm x 2 cm In marine sediment for Raman, SEM, Decrease in contact (Nauendorf
98 days. Goniometer angle, and biofilm was et al., 2016)

attached.

10 PVC Oval-shaped pellet samples UV and Thermal FTIR, SEM-EDX, Alteration in the (Tang et al.,

with a diameter of ~ exposure in seawater BET specific surface surface area, pore size, 2018)
100 pm. and air for 210 days. area analyzer. functional groups, and
morphologies.

11 PP, Rectangular samples of Exposed to different Differential Scanning Decrease in weight, (Beltran-
Polyamide 3.5cm x 1.5cm conditions (seafloor Calorimetry (DSC), alteration in the Sanahuja
(PA), PET, aphotic, euphotic balance, FTIR crystallinity and et al., 2020)
PE conditions) for 1 year melting enthalpy,

alteration in the
functional groups.

12 HDPE Samples of 1 cm x 20 cm Exposure to MW measurements, 60% reduction in the (Kalogerakis
environmental tensile strength, weight MW for 1 sample and et al., 2017)
conditions loss, FTIR the measurement was
(temperature and not possible for the
sunlight) in seawater other sample because
and sand for 6 months. of the extensive

fragmentation, and
significantly higher
onshore (sand)
fragmentation (Fig. 11
(A)) when compared to
plastics in seawater.

13 PS, PP, Macroplastics- samples of ~ The set-up was Fluorescence Greater plastic mass (Chubarenko
and LDPE 2cm x 2cm adjusted to simulate microscope, Weight fraction fragmented et al., 2020)

sea swash zone loss (balance), visual into MPs when the
conditions by inspection. sediment is coarser.
continuously mixing

natural sediments and

tap water, at room

temperature,

atmospheric pressure,

and very moderate

wave simulation for 24

hr.

14  LDPE, PP, Pellets- Unspecified size Plastics were exposed FTIR, carbonyl index  An increase in plastic ~ (Song et al.,
and to UV for up to (CI), SEM, fragmentation when 2017)
expanded 12 months, then fluorescence exposed to UV and
PS subjected to microscopy MA, a decrease in the

mechanical abrasion size of particles, and a
(MA) with sand for large portion (76.5%)
2 montbhs. of the PS were
fragmented into
undetectable
fragments.
15 LDPE 125 pm — 200 pm Degradation of LDPE  FTIR, Gel Permeation Decrease in particle (Menzel et al.,

fraction for the particle.

under controlled
abiotic laboratory
conditions (simulated
solar radiation and
water) for 2000 hrs.

Chromatography
(GPC), SEM, Energy-
dispersive X-ray
Spectroscopy (EDS),
Particle size analysis,
Mechanical testing,
NMR spectroscopy,
DSC, and X-ray
Diffraction (XRD).

size, sharp edges, and
broadening of the
particle size
distribution, a
significant increase in
the rate of secondary
MPs, and production
of oxygen-containing
functional groups due
to weathering of MPs.

2022)
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Table 1 (continued)

No. Plastic Size of particle Parameters and Characterization Findings Ref
type conditions investigated

16 PP, PS, Pellets — Unspecified UV exposure in various SEM, FTIR, and Alterations in (Cai et al.,
and PE environmental Raman functional groups, 2018)

conditions (seawater, surface cracks, and
ultrapure water, and flakes were observed as
air) for 3 months. illustrated in Fig. 12.

17 PP Pellets - diameter of 4 mm  Solar radiation, UV-B, SEM, and FTIR Exposure to solar (Tang et al.,
and heat exposure in radiation showed 35%  2019)
different simulated of cracks, and UV-B
treatments (seawater- showed 12% of cracks.
air, dry-darkness, Floating PP illustrated
seawater-darkness, less degradation
dry-air) for 0.5 to compared to dry
1.5 years. conditions.

18 PE, PP, MPs — 1- 5 mm Irradiation and ATR-FTIR, micro- A high number of (Sorasan

and PS mechanical stirring FTIR, DSC, TGA. smaller MPs up to 10°- et al., 2022)
exposure in simulated 10° items/mg of
seawater for 72 hrs plastics.
(stirring without
irradiation) — 360 hrs
(irradiated samples).

19 PP(2 MPs — 400-500 pm Exposed to UV GC-MS, SEM-EDS, PP materials used show (Wu et al.,
different irradiation and ATR-FTIR, Thermo a longer aging time 2021)
food mechanical stirring in ~ gravimetry-differential ~ compared to pure PP.
packaging artificial seawater for scanning calorimetry More micro- and nano-
materials) 12 days. analyzer (TG-DSC), sized particles are

XRD, and Total produced when

organic carbon (TOC) exposed to MA and

analyzer. UV in the marine
environment.
Antioxidant (Irgafos
168) in PP showed a
considerable inhibitory
impact on the
degradation process of
MPs in seawater.

20 PP Pink/Blue Cartridges are Exposed to marine Pyrolysis-gas Significant cracks, (Scott et al.,
about environmental chromatography-mass  fractures, surface 2022)
70 mm x 37 mm x 11 mm conditions for spectrometry (py-GC—  roughness, and
in size, Black cartridges are 41 months. MS), Infrared (IR) discoloration were
about analysis, SEM, CI, observed in highly
70 mm x 37 mm X 15 mm sand XRF. heterogenous

weathering, and
extremely significant
weathering due to the
presence of titanium
dioxide pigment.

21  PET,PA, ~2 mm in size Exposure to marine SEM, and GC-MS Changes in (Serensen
and wool environmental morphology were et al., 2021)

conditions UV
irradiance (simulated
sunlight) in seawater
for 56 days.

observed in PA,
changes in the surface
morphology and
fragmentation were
observed in PET and
wool particles (Fig. 11
(B)), and leaching
chemical substances
were detected in
seawater after UV
exposure.

(continued on next page)
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Table 1 (continued)

No. Plastic Size of particle Parameters and Characterization Findings Ref
type conditions investigated

22 LDPE 115mm X 19 mm x 3.4mm UV radiation exposure FTIR-ATR, optical No spectral signature (Andrady

in artificial seawater microscope, and tensile of weathering is et al., 2022)
and air at the same properties. illustrated in FTIR for

temperature for floating SW samples

maximum exposure of for 375hrs. Decrease in

600 h for seawater plastic degradation due

(SW) samples and to the lower O,

1100 h for sand/air availability in SW

samples. while compared to air.

23 Fibers, Samples were collected by =~ MPs found in the stereomicroscope 205 plastic samples (Diez-
filaments, using a manta trawl net sediments from Ria de (magnifications were collected near the Minguito
fragments,  with a mesh size of 300 pm.  Vigo, northwestS_pain, of x 0.63 — x 8) surface (fibers (56%), et al., 2020)
pellets, during the upwelling coupled with an image paint sheets (15%),
rubbers, and downwelling analysis system, filaments (7%), and
films, and conditions at depth of fragments (6%)). The
Paint up to 40 m, remaining plastics were
sheets present in smaller

proportions: films
(4%), rubbers (2%),
and pellets (1%).

24 Paint 2 different sizes: 7 x 7cm®  Paint coatings were FTIR-ATR and Changes in the colors  (Guerguer
coatings and 20 x 20 cm? exposed to outdoor Colorimetric were observed, (yellow et al., 2021)

natural conditions in measurements and more matte color).

Morocco for 3 years.

FTIR-ATR findings

showed several changes
in the intensity of IR
bands.

PET_OUT
PET_1997b
PET_1997a

- PET_1999
PET_1998
PET_2001
PET_2008
PET_2010i
PET_20111
PET_2011
PET_2014
PET_2015

Wavenumber (cm)
0%

4000 3000 2000

1000

Fig. 13 ATR-FTIR spectra of the degraded PET from the
Saronikos Gulf (1997 (a and b), 1998, 1999, 2001, 2008, 2011,
2014) and the Ionian Sea (20101, and 2011i) compared to the non-
exposed sample (2015). Modified from: (Ioakeimidis et al., 2016).

certain additives might strengthen the recyclability and degra-
dation of plastics (Pivnenko et al., 2016).

It should be noted that paints contribute to marine plastic
pollution. Due to the fact that paint pieces contain polymers
combined with various additives (Turner, 2021). Nevertheless,
paint fragments are usually undetected and consciously disre-

garded in the pool of MPs, especially in the marine environ-
ment. Because of the extensive literature on micro-litter. A
study showed that paint coatings of different commercial solar
glass mirrors were degraded after being exposed to marine out-
door conditions for 3 years (Guerguer et al., 2021). Changes in
some colors were observed. In addition, FTIR-ATR findings
showed several changes in the intensity of several IR bands.
The reason behind this degradation is not limited to UV-
radiation. It is also related to other conditions including salin-
ity, temperature, rainfalls, and humidity. Nevertheless, the
amounts of MPs released during the production, use, and dis-
posal of paints are still not clear (Faber et al., 2021). Thus, fur-
ther studies are needed to take measures to reduce emissions.

4. Potential leaching of plastic waste additives in the marine
environment and their complications

Several studies show that PW particulates in marine ecosys-
tems contain significant amounts of various organic pollutants
and additives, which can potentially leach into seawater, lead-
ing to adverse harmful effects. Many toxic substances and
compounds may encompass polychlorinated biphenyls
(PCBs), nonylphenol, and organic pesticides, which may com-
prise dichlorodiphenyltrichloroethane (DDT), polycyclic aro-
matic hydrocarbons (PAHs), bisphenol A (BPA), and
polybrominated diphenyl ethers (PBDEs). All of the aforemen-
tioned toxic chemicals have been constantly found in marine
plastic litter (Hirai et al., 2011; Mato et al., 2001; Rios et al.,
2007). While these toxic chemicals are present, the risks linked
to the ingestion of the plastic litter by marine organisms, and
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the plentiful of these chemicals can be significantly biomagni-
fied, leading to a potential direct risk to human well-being
(Hirai et al., 2011). Many studies illustrated that these toxic
compounds are associated with several health issues, which
may include cancer, diabetes, developmental impairments
(hormonal imbalance, neurological impairment, abnormalities
in growth), endocrine disruption, DNA hypomethylation,
breast cancer, neurobehavioral variations, arthritis (Chung
et al., 2011; Schecter et al., 2010; Trudel et al., 2011; Zhou
et al., 2011).

The state of the plastic materials after being exposed to sev-
eral environmental conditions could be affecting their interac-
tions with the environment as well as influencing the potential
release of the additives and chemical substances which are
embedded (UNEP, 2016). Most of the polymers are initially
fabricated as thermostable materials, which means that they
cannot break down easily to deliver the intended use of the
product (UNEP, 2016). Due to the non-biodegradable prop-
erty of plastics, their products are considered as persistent pol-
lutants. Biodegradable plastics are accounting for a smaller
share nowadays. Yet, these products are constantly expanding
in the markets. Nevertheless, not all commercial plastic prod-
ucts are completely, environmentally biodegradable (Kershaw,
2015a; O’Brine and Thompson, 2010). In addition, some
biodegradable products can potentially change the geochem-
istry of the sediments in the ocean and impact the marine spe-
cies as well as their co-existence (Balestri et al., 2017). To
improve the performance of plastic products, several additives
are added to most plastic materials, mainly during the forma-
tion of the polymers and their shaping, which enhance their
functions and aging characteristics. There are numerous addi-
tives, which can be used for various types of polymeric prod-
ucts, which include, but are not limited to, antioxidants,
plasticizers, pigments, slip agents, thermal stabilizers, and
lubricants (Hahladakis et al., 2018). Each of these additives
has a distinctive role in improving the polymeric characteristics
and the functionality of the final product. For example, pig-
ments are commonly used to deliver a diversity of colors. In
addition, slip agents are utilized usually to avoid the stick of
the latter together or to the metal surface. Additives can be
divided into several categories (Hansen et al., 2013), including
functional additives, fillers, colorants, and reinforcements. It
should be emphasized that most of these additives are not
chemically bound to the polymeric plastic products, and only
some additives, which are mainly organic reactive additives,
will be part of the polymeric chain due to their polymerization
with the plastic particles.

Toxic substances can be potentially leached from plastic
products into water, air, and soil. Potentially leaching addi-
tives (PoLA) from plastic products to water, food, and air have
been studied and detected through chemical analysis, which is
mainly conducted in laboratories. The identification of the
type and magnitude of the chemical leachate is a complicated
task due to its dependence on several factors. Generally, in the
short term as well as the long term, any chemical substance
and/or degraded polymeric products will bioaccumulate in dif-
ferent environments due to their persistence, leading to poten-
tial harm to humans and the environment. The composition of
the additives in the plastic products will define what can be lea-
ched from the product. Yet, there are several other factors,
which are controlling the actual potential emission of these
substances in any environment. The presence and/or release

of PoLA and other substances in plastic products do not nec-
essarily represent a hazard; there are many additional facets,
which needs to be taken into consideration while assessing
the risk posed to the receptors including human, animals,
and the environment. It needs to be noted that the long-term
release of potentially toxic substances into the environment
is mitigated and controlled efficiently, where migration mech-
anisms are used to test the potential release of most of the
additives. These are mostly embedded in plastic food products,
as well as the leaching/release of PoLA throughout the recy-
cling process of all plastic types (Velis and Brunner, 2013).
Numerous research studies investigated the potential release
of several additives from different plastic products such as
BPA (Brede et al., 2003; Geens et al., 2010; Olea et al., 1996;
Sajiki et al., 2007), phthalates (Rijk and Ehlert, 2001;
Tonning et al., 2010), volatile organic compounds (e.g., ben-
zene) (Skjevrak et al., 2003), bisphenol-A dimethacrylate
(Olea et al., 1996), lead, cadmium, and tin (Al-Malack,
2001), brominated flame retardants (Kim et al., 20006),
acetaldehyde and formaldehyde (Mutsuga et al., 2006), 4-
nonylphenol (Fernandes et al., 2008; Loyo-Rosales et al.,
2004), and several other volatile organic compounds including
methyl rert-butyl ether (MTBE) (Henneuse-Boxus and Pacary,
2003). The concentrations of these released plastic products
were found to be low in many of these research investigations
when compared to legal standard/guideline limits, yet in some
cases; these concentrations may be significantly higher. Con-
spicuously, the low levels at which endocrine-disrupting chem-
icals (EDCs) can potentially generate an impact was not
included in the standard/guideline values (Vandenberg et al.,
2012), as well as the mixtures toxicity/harmfulness
(Kortenkamp, 2007).

The degradation of plastic products produced depends
highly on the type of polymer (Ravve, 2000). In addition, the
amount and type of degraded plastic products can be affected
by the degradation pathways, as well as the existence of poly-
merized impurities and/or the environmental conditions
including oxygen availability and temperature (La Mantia,
2002; Ravve, 2000). It should be also mentioned that plastics,
which contain nitrogen such as nylons release hydrogen cya-
nide during thermal degradation, as well as plastic products,
which contain chlorine such as PVC, which releases dioxins
and hydrogen chloride (Hahladakis et al., 2018; Lokensgard,
2004; Ravve, 2000). Moreover, several polymers can depoly-
merize through chain scission such as polyoxymethylene,
which is capable of the complete depolymerization into their
initial monomers. Furthermore, there are some other poly-
mers, which can partially depolymerize into their monomers,
which include nylons, and polyesters such as polycarbonate
and PET (La Mantia, 2002; Ravve, 2000).

The leachability of various chemical substances in seawater
was investigated through several research studies. Recently,
the leachability of EDCs associated with mesoplastics (large
plastic particles which are commonly defined as Smm -
10 mm in range (Isobe et al., 2014)) and MPs were studied
under various normal life conditions which are usually occur-
ring during the life cycle of plastics (e.g., solar irradiation,
autoclaving, microwaving) (Chen et al., 2019a). Findings
showed that Estrogens were the main EDCs found on the plas-
tic fragments, which either originated from plastic fabrication
or leached out to the surrounding water. In addition, while
using an average concentration, Bisphenol A showed the
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greatest detection frequency compared to other EDCs such as
octylphenol, nonylphenol, and bisphenol S. Furthermore, it
was found that smaller plastic particles (MPs) leached out lar-
ger quantities of EDCs compared to other sizes due to their
higher and more efficient sorption capability of seawater.
Moreover, results showed that solar irradiation has the ability
to increase the concentrations of EDCs leaching out to the sea-
water (Chen et al., 2019a). Recently, a study investigated the
leaching of six different phthalic acid esters from various com-
monly used commercial plastic types including LDPE, HDPE,
and recycled PE. In addition, the effect of some factors on
leaching was investigated such as temperature, salinity, and
UV irradiation. In addition, GC-MS was used for the identi-
fication and characterization of leaching chemical substances.
Generally, the leaching of various chemical substances mainly
depends on the migration of the additives via the voids of the
PPos. Therefore, the leaching rate of chemical substances is
mainly depending on the shape and size of the additives in
addition to the internal polymeric structure (Basfar, 2002;
Tiiztim Demir and Ulutan, 2013). LDPE showed higher leach-
ing rates among other used polymers (HPDE and recycled PE)
(Dhavamani et al., 2022), which confirms the fact related to the
diffusivity of plastic additives within the polymeric amorphous
regions (Jordan et al., 2016; Satkowski, 1990). In other words,
the diffusion of plastic additives is related to the ratio of amor-
phous regions and crystalline arrangements of the internal
molecular polymeric structure of plastics. Therefore, the higher
the content of amorphous regions, the more flexible and loose
the polymer is. This makes the diffusivity of the plastic addi-
tives a significant factor in the leaching process. Moreover,
the increase in salinity can negatively impact the leaching pro-
cess (Dhavamani et al., 2022). On the other hand, the increase
in UV irradiation and temperature can positively impact the
leaching rate. (Dhavamani et al., 2022) found that the leaching
of phthalic acid esters from recycled PE and LDPE increased
as the temperature increased. It also means that additive leach-
ing rates fluctuate based on the time of the year, where leach-
ing rates increase in hot weather conditions rather than winter
conditions. Nevertheless, the leachate dramatically increases
with UV radiation exposure. Fig. 14 illustrates the relationship
between the degradation of PWs, variables affecting the pro-
cess, and factors influencing the leachability of additives
embedded in plastics.

5. Plastic accumulation and its environmental implications

5.1. Marine plastic litter accumulation and their overall impacts

According to several projections, starting from 2020, over 400
Mt of PW will be generated annually, and the production of
plastics which are estimated to reach double by 2035 with an
amount of 800 Mt and reach 1600 Mt by 2050 (Barra and
Leonard, 2018). In addition, the production of plastics gener-
ates massive quantities of destructive gaseous into the air such
as dioxins, carbon monoxides, hydrogen cyanides, and nitro-
gen oxides, which creates a critical threat to human well-
being and the environment. For instance, it was stated that
the trace gases generated from the LDPE’s increased in their
intensity while incubating for 212 days and it reaches around
5.8 nmol of CHy4 per g per day, 3.9 nmol of ethane per grams
per day, 9.7 nmol propylene per grams per day, and 14.5 nmol

ethylene per grams per days. In addition, findings show that
the emission rates of LDPE’s are approx. 2 times more for
CH, and 76 times more for ethylene while incubating samples
in the air rather than water (Royer et al., 2018). Therefore, it is
important to emphasize that plastics could be a hidden source,
which contributes to climate change due to these trace gases,
which are estimated to rise with the increase of plastic fabrica-
tion and its environmental accumulation.

Regarding the disposal of plastics (Fig. 15), from 1950 to
2018 around 6.3 billion metric tons of the overall plastic man-
ufacturing were discarded as trash, and over 4 billion tons have
been only single utilized before its elimination (Geyer et al.,
2017). Furthermore, around 4.5 billion tons of the overall pro-
duced PWs end up landfilled and/or released into the environ-
ment. Thus, it will adversely affect the soil microbial diversity
since it was reported that landfills are potentially affecting soil
infertility due to the extremely long duration (e.g., over
500 years) required for the complete decomposition of plastics
(Chamas et al., 2020). In addition, the degradation of PW can
potentially lead to the release of various contaminants (Webb
et al., 2013). In the biodegradable plastics case, there are sev-
eral microorganisms (e.g., Pseudomonas sp. and flavobacte-
ria), which can effectively speed up the biodegradation of
these PW when they are landfilled by breaking down their
structure using various enzymes (Negoro, 2000).

Due to industrialization, plastics production started bloom-
ing in the mid-50 s, leading to a huge universal annual produc-
tion which was projected to reach 367 million metric tons by
2020 (Tiseo, 2021). Plastics are suitable for several applications
including being an excellent packaging material because of
their various properties such as lightweight and potentially
transparent material, their low cost, and their outstanding
property as oxygen and/or moisture barrier. Other common
materials including glass, paper, and metal are being substi-
tuted by cost-efficient packaging made of plastic. Almost a
third of the generated plastics are thus transformed into pack-
aging materials including single-use items which are generally
found in the beach litter (Andrady, 2003). Many types of plas-
tics are utilized in packaging such as PET, PS, PE, PVC, and
PP. Their high utilization is well reflected in their manufactur-
ing percentages as shown in Table 2, and therefore, these plas-
tic types particularly will potentially end up in the aquatic
ecosystems. Moreover, overfishing, and recreational uses of
the sea, as well as the demographic variations by immigrating
to the coastal zones, will potentially rise the flow of PWs into
the marine environment (Ribic et al., 2010). PW, which are
mainly land sources, contributes around 80% of the overall
plastic debris. All universal fishing fleets are using plastic gear
nowadays (Watson et al., 2006), and most of these gears are
consistently lost or even carelessly disposed of in oceans during
their usage. The most used plastics in fishing gear applications
are polyolefins mainly PE and PP, in addition to nylons (Klust,
1982; Timmers et al., 2005). Therefore, around 18% of the PW
which is found in aquatic ecosystems is mainly generated from
fishing activities, as well as aquaculture which can considerably
contribute to the PW in marine ecosystems (Hinojosa and
Thiel, 2009). The rest of the plastic litter is generated from
land-based sources including beach waste. The quantification
of the floating plastic litter does not reflect the real amounts
of PWs in the ocean since the plastic debris, which is located
in the sediment, and the middle of the seawater is not included
by using this method. The debris’ visibility while floating needs
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Fig. 14  Understanding the relationship between a) the degradation of PWs, variables affecting the process, and b) factors influencing the

leaching of the plastic additives.

the plastic to be buoyant in the seawater. Nevertheless, only
some of the plastics, which are utilized in the marine, have a
specific gravity, which is less than the seawater (the average
specific gravity of the seawater is approx. 1.025). In addition,
the specific gravidities of these various plastics products can
be altered due to the fillers and other additives. Therefore, den-
ser plastics including nylons have the tendency to be sub-
merged in the water columns and sometimes even reach the
coastal sediments (Andrady, 2011).

It should be noted that the transport of the PW is consider-
ably affected by the shape, density, size of the fragments, and
the type of polymers used (Castillo et al., 2016; Isobe et al.,
2014; Wright et al., 2013). PW which are discarded are ubiqui-

tous in the oceans and they are found as sunken debris on sea-
floor sediments (Galgani et al., 2000; Schulz et al., 2015),
floating on the surface of seawater (Barnes et al., 2009;
Barnes and Milner, 2005), and abandoned on the coastal
shores (Barnes and Milner, 2005; Thiel et al., 2013). It has been
reported that almost 60% of the plastic material generated is
lesser in density than seawater (Andrady, 2011). In addition,
buoyant plastics can be easily moved by winds and currents
once introduced into the marine ecosystems (Kako et al.,
2010), and consequently captured again by coastlines (Kako
et al., 2014; Lavers and Bond, 2017). In turn, these plastics will
be degraded into tinier pieces under several environmental
conditions including sunlight, waves, and changes in
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Table 2 Plastics that are frequently found in the aquatic
ecosystems.

Plastic-type  Production ~ Products and conventional origin
(0/0)*

LDPE, 21% Bottles, plastic bags, nets, straws

LLDPE

HDPE 17% Jugs (for milk, juice, and water)

PP 24% Nets, ropes, bottle caps

PS 6% Containers for food, plastic
equipment, and tools

PET 7% Bottles for beverages

PVC 19% Cups, bottles, films

" % of the universal production of plastics in 2007 (Andrady,
2011; Brien, 2007).

temperatures (Andrady, 2011). However, some of these buoy-
ant PW will be carried offshore and go into the oceanic gyres
(Eriksen et al., 2019). A significant amount of PW (buoyant)
was discovered in the North Pacific Subtropical Gyre mainly
in the eastern part, renowned as the Great Pacific Garbage
Patch (Chu et al., 2015; Wong et al., 1974; Young et al.,
2009), where a comparatively high concentration of PW in
the oceans occurs in the region (Eriksen et al., 2014; Law
et al., 2014).

Owing to the intrinsic nature of the PW (e.g., durability,
slow rates of degradation, and water insolubility), plastic litter
has become a challenging, persistent, and significantly abun-
dant material in marine ecosystems (Barnes et al., 2009;
Browne et al., 2007; Castillo et al., 2016). It was illustrated that
PW abundance (e.g., MPs) in the marine ecosystems has corre-
lated positively with the density of the human population in
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PW and their environmental impact.

the contiguous coastal zones. Usually, the increase in human
population in the coastal regions results in a higher PW gener-
ation, and subsequently their frequent occurrence in the
coastal seawater (Castillo et al., 2016; Depledge et al., 2013).

Although the Middle East region is responsible for around
7.3% of the universal plastic generation, only a few studies
investigated microplastics (MP) pollution in the region
(Castillo et al., 2016). Qatar is a country, which is located in
the middle of the western coast of the semi-enclosed Arabian
Gulf. The aquatic ecosystem is highly vulnerable to PW
because of the continued economic expansion of this nation,
where the economic zone increased to around 32,000 km?,
which accounts for approximately 15% of the gulf and com-
prises a 563 km lengthy shoreline (Castillo et al., 2016; Jones
et al., 2002). Nevertheless, the marine environmental ecosys-
tem of the country is a precious resource, which provides tour-
ism, fisheries, and recreation activities, as well as, the expanded
petrochemical industries, which are located in the coastal area
(e.g., oil and gas rigs and other facilities), are considered as
anthropogenic activities. This leads to several environmental
impacts which will eventually increase the plastic litter levels
in the seawaters (Jones et al., 2002). Furthermore, Qatar’s
marine environment conditions are extremely affecting the size
and quantity distribution of the PW in the ocean where the sea
temperatures during the summer may reach up to 35 °C, as
well as, the elevated evaporation rates. This leads to higher
salinity levels, which may reach 39 ppt to 41 ppt (Castillo
et al., 2016; Jones et al., 2002).

5.2. Environmental impacts

In 2020, it was expected that around 400 Mt of PW will be gen-
erated in 195 countries, and around 8.8 Mt will end up in the
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aquatic ecosystems (Koller and Braunegg, 2018; Serrano-Ruiz
et al., 2021). The southeast Asia countries mainly the Philip-
pines, Sri Lanka, Indonesia, Malaysia, Thailand, Bangladesh,
China, and Vietnam, are classified with the highest rank in the
mismanagement of PWs, as such 88% of these wastes end up
in the ocean (Ali et al., 2021). PW has the potential to carry
several organic pollutants, pathogens, chemicals, and toxic
metals (Chamas et al., 2020; Chen et al., 2019a; Cregut
et al., 2013; Galloway and Lewis, 2016; Tang et al., 2021). In
addition, PW degradation via abiotic factors releases extre-
mely toxic compounds, which leads to the deterioration of
the water and soil quality (Chen et al., 2019a). Since oceans
keep loading with extreme amounts of plastic debris of various
sizes, for instance, it was reported that around 5.25 trillion
macro-, micro-, and nanoplastics were found in the ocean with
an overall weight of 269t (Eriksen et al., 2014). Numerous
types of PW are hydrophobic by nature, which boosts the
aggregation procedure with other pollutants including organic
pollutants, polychlorinated biphenyls, and polyaromatic
hydrocarbons (PAHs) (Liu et al., 2016). Since the reactivity
is highly contingent on the hydrophobic nature of the PW type
and the proportion between the surface areas to volume, this
directly leads to the efficient sorption property of the PW. Fur-
thermore, the long-term buildup of MPs can influence the food
chain due to the ingestion of these particles by animals (Frias
et al., 2010). A study identified the histopathological destruc-
tion in the fish tissues due to the plastic litter and illustrated
the abundance of MPs in fish’s gut with a range of more than
1 mm to 3 mm and the amount of these particles was projected
by 2.3 items/g to 15.8 items/g of digestive tissue (Li et al.,
2020). Unquestionably, water pollution due to PW is an
extreme challenge for biota, including various water bodies
in which the waste is discarded such as rivers, ponds, lakes,
etc. Several studies have indicated that PW is found universally
in many seas and different locations including the Atlantic
Ocean, Baltic Sea, Pacific Ocean, Mediterranean Sea, The Uni-
ted states, and Southwest England, depending on different
mechanisms (e.g., currents, winds, Man-made factors, as well
as the geography of the coastline) (Li et al., 2016). The PW
presence acts as a disturber of the natural flow, restricts the
reproducibility of the fish, and thus destroys the vital organ-
isms. MPs were found to be present in raw, as well as treated
drinking water. A study showed that MPs were found in all
tested water samples, with an average occurrence range of
1473 + 34 particles/L to 3605 + 497 particles/L in raw water
samples and from 338 + 76 particles/L to 628 + 28 particles/
L in treated water samples (Pivokonsky et al., 2018). These
findings explain the urgent need for novel PW adoption tech-
niques, as well as new strict and efficient policies to reduce
the amounts of MPs and NPs. Furthermore, another study
showed that MPs were present in the drinking water of various
freshwater sources in Belgium (Semmouri et al., 2022). More-
over, MPs were found to be polluting commercial salt (Karami
et al., 2017; Peixoto et al., 2019), which is a crucial universal
ingredient. Studies illustrated that microplastics were found
in 128 different brands of commercial salts originated from
38 various countries (Peixoto et al., 2019). The presence ofsuch
tiny plastics (MPs and NPs) in natural resources and food for
human consumption including seafood sources, drinking
water, and salt will eventually have harmful effects on human.
In addition, PWs contribute to global warming due to their
shade creation which hinders the growth of plankton

(Proshad et al., 2017). Consequently, they disturbe the balance
of the ecosystems and the natural environment, which in turn
affect human health. There are several types of PWs, which
can potentially contaminate the soil via surface settlement or
by the penetration of the soil layers through various methods
including irrigation by utilizing wastewater, biosolids, landfills,
or other sources (Darwesh et al., 2021; Horton et al., 2017).
The PW fragmentation into MPs on the surface of the soil
occurs mainly due to photo-oxidation and temperature
(Horton et al., 2017). These fragments/particles can end up
in the deep soil layer, contaminate the groundwater and thus
deteriorate the soil properties (Scheurer and Bigalke, 2018;
Zhu et al., 2018).

Numerous scientists have studied the effects of macroplas-
tics and MP wastes on soil bodies and these investigations
demonstrate that the accumulation of these particles can cause
histologic damage (Brate et al., 2016; Bravo Rebolledo et al.,
2013; Diepens and Koelmans, 2018). Moreover, a study illus-
trated that those added microfibers to the soil can extremely
impact the soil community and biodiversity which will eventu-
ally influence the balance of the ecosystems (Lozano and
Rillig, 2020).

Lastly, the incineration of PWs emits various pollutants
into the atmosphere, and thus it is deemed as a major source
of air pollution. The major impacts, which are initiated due
to incineration, are illustrated in Fig. 15. These pollutants
are metals, nitrogen oxides (NOx), aldehyde (-CHO), volatile
organic compounds (VOCs), carbon dioxides (CO,), carbon
monoxide (CO), PAHs, methane (CHy), furan (C4H40), par-
ticulate matter (PM), and several other compounds, which rise
the heavy metals level in the environment (Sabiha et al., 2008;
Sharma et al., 2013). Some of them are the main contributors
to the photochemical ozone creation process.

5.3. Impacts on human well-being

PW can have considerable direct and indirect impacts on
human health via inhalation or digestion or dermal exposure
as illustrated in Fig. 16. Particularly, the persistency of the
MPs can potentially lead to many biological responses (e.g.,
genotoxicity, inflammation, necrosis, oxidative stress, and
apoptosis) (Prata et al., 2020; Proshad et al., 2017). Yet, vari-
ous critical outcomes can be developed when continuously
exposed such as fibrosis, cancer, and tissue damage (Wright
and Kelly, 2017). The composition of the polymers can have
a sequence of chemical impacts due to the leaching of the
chemicals which are not bounded and/or the residues of mono-
mers and/or the combined hydrophobic organic contaminants,
all leading to the deterioration of human well-being (Wright
and Kelly, 2017). The ingestion of MPs and NPs by animals
and humans can possibly permit the cellular entry of endoge-
nous pollutants (Khan et al., 2015; Prata et al., 2020; Wright
and Kelly, 2017). In addition, PMs may potentially result in
oxidative stress because of the inhalation and consequently
end up in intestinal fibrosis and acute inflammation (Nel
et al., 2006). Concerning the harm that PMs can cause, a study
investigated the PMs which are generated via vinyl or the
incineration of plastics and reported that high concentrations
of toxic pollutants were released, including the fine particle
with a combination of additional harmful compounds which
were detected such as benzene, acetone (Barabad et al.,
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Fig. 16 Marine plastic waste degradation-fragmentation and its human health impacts.

2018). Furthermore, all types of plastics comprise oxygen spe-
cies, which are reactive where their concentration can drasti-
cally rise because of the light interaction and/or the
transition metals presence (Wright and Kelly, 2017), which
leads to the formation of free radicals through dissociating
C-H bonds (Gewert et al., 2015; White and Turnbull, 1994).
Moreover, a study illustrated that specific plastic types includ-
ing PVC, PU, and PS may produce harmful monomers which
can potentially be mutagenic and/or carcinogenic monomers
(Lithner et al., 2011).

How MPs and macro-PW can be transferred into the food
chain? Regarding the transfer of macro and micro- PWs in the
food chain, a study investigated the transfer of low-density
polyethylene microplastics (LDPE-MPs) through earthworms
and chicken, and it demonstrated that these MPs show high
concentrations of 129.8 MPs/g in chicken feces and 10.2 MPs/-
gizzard (Huerta Lwanga et al., 2017). Unlike seabirds, the
transport of plastic additives directly to humans has not been
proven yet (Tanaka et al., 2013).

In general, the exhaustion of PW per year could be pro-
jected as 840 plastic fragments per individual (Huerta
Lwanga et al., 2017). Therefore, and by considering the PWs
mismanagement the universal plastic environmental effects,
and human health impacts, there is a crucial necessity for novel
technologies for PW disposal and treatments.

6. Future recommendations and potential solutions for a plastic
waste challenge in the marine environment

Nowadays, plastic pollution is one of the most critical environ-
mental challenges which are extremely affecting marine envi-
ronments (Hahladakis, 2020). The lifetime duration of plastic
materials is not verified yet. However, so far, it is well vali-
dated that plastics take a tremendously long time to break
down, thus inhibiting their entrance into the marine environ-
ment is urgently required. To address the universal plastic mar-

ine waste challenge, there are several effective potential
solutions, which can be implemented, which mainly focus on
preventing plastic material from flowing into aquatic ecosys-
tems. Most of the plastics in the marine environment have
the tendency to be found under the water surface; therefore,
any clean-up attempts for the floating PW are not effective.
Moreover, the collection of floating plastics on the surface
could be expensive due to the usage of costly inefficient clean-
ing technologies, as well as its potential to impact biodiversity
and marine species (Thaler, 2015). On the other hand, cleaning
the shorelines could be much simpler and more effective
(Hahladakis, 2020). While minimizing the terrestrial PW, the
plastic marine waste will be decreased as well since most of
the terrestrial waste will end up eventually in the aquatic
ecosystems (Jambeck et al., 2018; Jambeck et al., 2015).
Public awareness and encouraging the community to indi-
vidual actions could be the ultimate solution to tackle the uni-
versal plastic marine waste problem because the ideal solutions
always lie within us! Even some small changes in our mentali-
ties regarding waste disposal can positively this issue. These
individual actions may seem to be insignificant and ineffective
on a short-term basis. However, it will help significantly
decrease the overall amount of PW, which is improperly dis-
posed of, and thereby decrease the plastic marine debris in
the marine environment. There are several global actions such
as the “Last Straw”, the “Bye-Bye Plastic Bay”, and the
“Clean up Kenya”. Moreover, many countries and cities have
banned plastic bottles and bags (e.g., San Francisco) (Levin,
2019). In addition, it is worth mentioning that some other
countries are banning single-use plastics including Maharash-
tra (Indian state) and the EU which tackled the most com-
monly found plastics on European beaches (e.g., plastic
bags, beverages containers, etc), which represents around
70% of all EU marine waste (Union, 2021). Each person can
contribute significantly to these implemented actions/programs
to address the plastic marine waste issue effectively by
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becoming an educated responsible consumer via disposing of
PW properly, which will effectively help in decreasing the
PW amount, which ends up in the aquatic ecosystems. In addi-
tion, the proper recycling of plastics results in less raw plastic
materials generated, and thus less PW in the marine
environment.

Marine plastics can be deteriorated to different degrees,
owing to their degradation and fragmentation, which makes
ocean cleaning a challenging task. It is projected that around
5.25 trillion plastic pieces float in different large subtropical
areas, called “‘gyres” which are mainly five zones the Indian
Ocean, the South and North Atlantic, and the South and
North Pacific (Cozar et al., 2014; van Giezen and Wiegmans,
2020). Recently, several ideas were suggested on how to clean
the ocean. One of the most developed and well-known ideas is
“the Ocean Cleanup”, which is an environmental company
devoted to addressing the marine PW issue (van Giezen and
Wiegmans, 2020). The Ocean Cleanup acts as a Panacea,
which will accumulate the plastics by using sensors systems
and ocean vessels that will actively operate, and passively
grabs the floating litter. It is a Dutch organization, which aims
to implement and develop a technology, which can collect plas-
tics that end up in the oceans through rivers (Roland Holst,
2019). This unique operation is combining both practice and
law aspects. The marine cleanup mission is distinctly in line
with the overall international policy goals (Roland Holst,
2019; Weller, 2018). Therefore, this technology acts as interna-
tional support. According to their official website, it was pre-
dicted that this technology aims to get rid of around 90% of
all floating ocean debris. However, the ocean clean-up tech-
niques aim exclusively at the floating ocean PW, which means
it does not decrease the PW generated from land to the marine
environment, which leads to continuous cleaning efforts that
will never end. In addition, several questions should be raised
about the economic feasibility and sustainability of these tech-
nological efforts in the long term. In addition, in this case, the
PW will still eventually reach the ocean, so, what are its
impacts? Furthermore, these types of technologies cannot
tackle all the issues since plastics will continue degrading into
MPs and even NPs and thus creating an ultimate environmen-
tal threat. Presently, clean-up technologies cannot remove
these small particles from the marine environment (Cordier
and Uehara, 2019). From an effective mitigation perspective,
strategies should emphasize on reducing the source, not only
developing cleaning techniques (Rochman, 2016; Sherman
and van Sebille, 2016). This might be attained via several
actions such as enhancing the waste management infrastruc-
ture (Jambeck et al., 2015), as well as eliminating the microbe-
ads which are made of plastics from the personal care products
(Rochman et al., 2015). Scientists claim that marine PW will
persist unless, we, individuals take an action and completely
prevent the plastic input (Sherman and van Sebille, 2016).
We are the ideal solution! Stopping the plastic input can be
only achieved if we, including producers, governments, and
companies (e.g., packaging) avoid using plastics, and even
individual actions which may seem to be small movements,
yet it can make a massive difference in the overall plastic
inputs. Nevertheless, further studies needed for the assessment
of the economic feasibility of the suggested solutions for the
ocean clean up. In addition, the ecological impact of every
strategy needs to be assessed in the long term to guarantee

the feasibility of the short-term solutions on the mid-term as
well as the long-term.

Several countries around the world are introducing specific
policies and legislation on plastic pollution. A plastic treaty
can contribute vastly to cleaning up our oceans, as the UN
convention on the law of the sea includes a commitment in
which land-based pollution sources needs to be prevented, con-
trolled, and reduced. In addition, in 2011 the Honolulu strat-
egy was established to address the land-based sourced
activities of the marine litter. If these obligations were to be
completely satisfied, then the plastic issue would be enor-
mously decreased by now (Zhongming et al., 2018). Further-
more, the United Development Company (UDC), located in
Qatar, initiated the “Seabin” project to prevent ocean pollu-
tion and ensure the protection of marine species in the region
and maintain a healthy ecosystem (UDC, 2021). UDC pro-
jected that within 1 year, around 15 tons of MPs, plastic fibers,
and marine debris will be filtered and eliminated (UDC, 2021).

The recycling process itself generates emissions arising from
plastic additives. These PoLAs, which are not limited to but
include toxic metals, PAHs, Persistent Organic Pollutants
(POPs), and Brominated Flame Retardants (BFRs) could be
emitted during the recycling process. While the potential
release of these emissions could occur in any region, underde-
veloped nations are more prone to emitting such toxins, mainly
due to their uncontrolled recycling ‘stages-steps’ conditions
which start with sorting, then reprocessing, and end with recy-
cling. Additionally, not all waste generated in a particular
country or region is produced there. The electronic waste gen-
erated in Europe for example arises from parts that are pro-
duced elsewhere in the world. Depending on the degree of
enforcement of EU regulation regarding the import of prod-
ucts, PoLLAs could make their way in through these imported
products and as a result, end up as waste. Moreover, the differ-
ence in standards between European and non-European regu-
lation could mean that products produced outside the EU may
have a less stringent requirement in terms of toxic plastic addi-
tives and therefore, leads to the presence of these toxic sub-
stances in their products. Ultimately, these additives could
directly impact the recycling of plastics while others may aid
in plastic degradation (Pivnenko et al., 2016).

With governments moving towards sustainability and the
circular economy concept, there is likely to be an increase in
plastic recycling rates. Nevertheless, technological, and envi-
ronmental obstacles still exist and need to be tackled to achieve
environmentally friendly processes of designing, using, dispos-
ing, recycling, and finally recovering plastics, and as a result,
replacing a significant portion of raw materials. Similarly,
PoLAs, which are present in these plastic products, should
be replaced by more environmentally friendly substances.
Yet, a significant cut in non-renewable resources and efficient
use of energy are challenges that need to be addressed to
indeed be sustainable.

7. Conclusions

The degradation potential of plastic debris continues to be a critical
concern for marine waste research. The current critical review pre-
sented the degradation and fragmentation of marine plastic litter under
marine conditions and its environmental implications. The review also
discussed the effect of the various properties of the plastic types (e.g.,
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durability, flexibility, lightweight) on the overall degradation/fragmen-
tation procedure, the leaching complication caused by the presence of
several additives embedded in plastics, and future recommendations,
which can be implemented to address PW issue in marine as well as
their recycling and recovering.

Producing, consuming, recovering, and recycling plastics can be
influenced by various aspects. Degradation of plastics can result in
altering the MW of products as well as changing the mechanical and
physicochemical properties of the PPos. In addition, any significant
decrease in tensile strength may lead to plastic fragmentation into
smaller pieces, which can potentially threaten the environment and
human well-being. Moreover, POLAs, which are embedded in the plas-
tics could leach out from the products to water, and result in environ-
mental potential threats in addition to their direct impact on the
degradation of the plastics.

Different studies have reported that plastics can be degraded and
fragmented under marine conditions. Various findings showed that dif-
ferent plastic types and sizes can potentially exhibit variations in the
degree and rate of degradation and/or fragmentation. Thus, the devel-
opment of a reliable model to estimate the fragmentation rates is
needed to better understand and forecast the marine environmental
status. In addition, different investigations confirmed that while com-
paring onshore and seawater conditions, sunlight/UV radiation factors
can fragment the PPos, which are found onshore much faster than in
seawater. Moreover, reports confirmed that the main potential destina-
tion for PW is the marine environment (e.g., seafloors, and beaches),
where PW will be subjected to different factors including UV radiation
which is the main initiator of their degradation. Several innovative
technologies have been developed to characterize PW degradation
and fragmentation. Various research findings showed that marine con-
ditions could deteriorate the tensile strength of PW leading to the frag-
mentation of PPos into small fragments with the assistance of external
forces (e.g., MA). Since the degradation of commercial plastics is
affected by the exposed environmental conditions, it is critically impor-
tant to understand and determine their environmental effects and fate.
The majority of the current studies on plastic degradation and frag-
mentation focused on the primary stages of degradation; therefore,
the creation of MPs and NPs under various environmental conditions,
especially marine litter investigation, is still in its adolescence. Thus,
the persistence of these small particles in the environment is still mys-
terious. Consequently, to forecast and better understand the key envi-
ronmental parameters and characteristics, which affect the degradation
of PW, further research studies are needed to facilitate the progress of
PW reduction technologies.

In conclusion, quite a few challenges remain in the process of using
plastics, properly sorting them, and efficiently recycling and recovering
them, either due to overlooking essential problems or due to the
unavailability of solutions. Therefore, to enhance supply-chain redis-
tribution and ensure that the environment is safeguarded to be able
to achieve optimal performance, joint efforts are needed to move soci-
ety towards recycled plastics as supposed to the extraction of non-
renewable resources. Then the process of designing plastics, sorting
them, recycling the wastes, and recovering them can gain the necessary
attention that it has been lacking. Efforts regarding plastic litter enter-
ing the marine environment should not be limited, and further studies
need to be implemented to tackle the plastic marine debris in the first
place, therefore addressing their degradation of the marine
environment.
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