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Abstract

In the last couple of years, an increasing number of dead marine animals that are full of plastic waste which ends up in the seas and
oceans has been evident. Actually, micro-plastics (5-1000 um) have been detected in the stomachs of commercially important fish from
the Mediterranean, as well as some drinking water in plastic bottles. Today, humanity is struggling with the presence of micro- and nano-
plastics in enormous quantities in the oceans, seas, rivers and lakes. World plastic production almost reached 350 million tonnes in 2017,
where China is the largest producer of plastics, 29.4% followed by Europe with 18.5%.

There is experimental evidence that three weeks of UV irradiation generates plastics particles in the nanometer size range. Nanoparticles
(1-100 nm) usually exhibit different chemical and physical properties than macroscopic objects based on the same material. At the
micro- and nanoscales, polyvinyl chloride (PVC), polyethylene terephthalate (PET), polystyrene (PS) and polyethylene (PE) were
observed. Recent study has shown that carbon-based molecules could break down marine microplastics without harming surrounding
microorganisms. Successful degradation of low-density polyethylene film (LDPE) in water by using visible light excited heterogeneous
zinc oxide photocatalysts was achieved, as well as polyethylene (PE) plastic with polypyrrole/TiO, (PPy/TiO,) nanocomposite as
photocatalyst. Our current knowledge about nanoplastics in the environment is still very limited and only a few scientific publications
are available. For this reason, micro- and nanoplastics are considered as an emerging issue of great concern. Photocatalytic degradation
of plastics leads to the formation of lower molecular weight intermediates that can be further used as a raw materials for the chemical
industry for the production of new petrochemical products or plastics or in organic synthesis. This review provides an overview of the
latest catalytic and photocatalytic methods of degradation of microplastics, as well the quantities of global plastic produced in the world
and their impact on human health.
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Introduction

Synthetic plastic production is one of the fastest growing fields of global industry. Plastics are synthetic organic polymers considered
as ideal materials with an extensive variety of applications by many industries like the manufacturing industry which uses a million
tons of plastic per year to produce textile fibres, while the food industries use plastic for packaging products, enabling the reduction
of food wastage and transportation costs. Currently, there are over 30000 different natural and synthetic polymers. Knowing the
species and potentially harmful impact on human health is imperative in selecting and using certain types of polymers [1]. Plastics
can be fossil-based or bio-based and in both cases they can also be bio-degradable. Plastics have been found worldwide in the
marine environment over 250000 tons afloat at sea [2].

A long-chain polymer structure with a high molecular weight (M, ), hydrophobicity, and crystallinity are crucial characteristics
responsible for plastics’ resistance to biodegradation [3]. Large compounds with a high Mw cannot be transported across the
cellular membrane of microorganisms. Thus, long-chain polymers have to be first depolymerized to smaller monomers before they
can cross the cell membrane [4]. Next, monomers can pass through the cell membrane, followed by assimilation by intracellular
metabolism [5].

Due to the fact that most petrochemical plastics are not biodegradable, new biodegradable plastics (BPs) have been developed and
some of them have already been introduced to the market. Nowadays, there are many products available (bottles, packages) that are
made from biodegradable plastics such as poly(lactic acid) (PLA), poly(e-caprolactone) (PCL), poly(butylene succinate) (PBS), or
poly(butylene succinate-co-butylene adipate) (PBSA) [6]. In a recently published review paper (2019) [7] micro- and nanoplastic
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contaminations in food and in edible animal species since 2010 were critically analysed. In total, they collected data regarding the
microplastic contamination of 201 edible animal species (164 sea fish, 23 molluscs, 7 crustaceans, 2 birds, 2 sweet water fish, 2
turtles, chicken), some food products (canned sardines and sprats, sea salt, sugar and honey), as well as beer and water.

Today better understanding of the mechanisms by which plastics are transported through the rivers to the oceans, their change and
potential decay along these pathways and their accumulation in rivers, sediments, soils and organisms, as well as the effects of such
plastics on the affected ecosystems, including organisms at all levels of the food chain is urgently needed. Plastic wastes might be
dangerous for the natural environment due to accumulation in the rivers and oceans. Plastic waste present into oceans and rivers poses
a global environmental threat with damaging health consequences for animals, humans and ecosystems. There is a concern that plastic
is a source of toxic chemicals such as polychlorinated biphenyls or phthalates and bisphenol A [8]. These contaminants have also a
significant influence on marine fauna due to entanglement, suffocation and disruption of digestion in birds, fish, mammals and turtles
[9]. After being discharged into the environment, plastics are subject to physical, chemical and biological weathering and break down
into microplastics [10] (<5 mm in diameter) and eventually into nanoplastics [11] (<1 um in at least one of their dimensions).

Low density plastics such as polystyrene (PS) or polyethylene (PE) floating at the surface of the river which exposed to sun light
may cause chemical and physical changes that bypass those higher density plastics that are suspended in the river or even have
found their way into the sediment at the river bed. Further, sediment-bound plastics may take years or even decades to make their
way into the oceans, by which time their interactions with biological materials including different types of microbial biofilms may
change their properties and behaviour, contaminants may have absorbed on their surfaces and they may have cause long-term
exposures to vulnerable organisms [12].

In Figure 1 is shown the way of gradual degradation of macroplastics to micro- and nanoplastics, their interaction with the medium
and health impact on human body leading to different diseases.

Figure 1: Schematic illustration of the degradation of plastics to
micro- and nano-plastics and their impact on human health

Microplastics (MPs) are defined as insoluble particles less than five millimetres in size many invisible to the eye [13]. MPs have
trigger increasing concern as they pose threats to aquatic species as well as human beings. They do not only contribute to
accumulation of plastics in the environment, but due to absorption they can also contribute to spreading of micropollutants in
the environment [14]. MPs adsorb organic and metal contaminants as they travel through water and release these hazardous
substances into aquatic organisms when eaten, causing them to accumulate all the way up the food chain. Natural decomposition
of MPs can take up to decades and will release a diversity of hazardous organic substances from the polymers and additives
such as plasticizer and antioxidizer in manufacturing [15]. The sources of microplastics are manifold, including wastewater
inputs, runoff from roads and sealed surfaces or inappropriate waste management. While wastewater treatment can reduce the
amount of plastics, a large number of particles continue to end up in rivers around the world. Further, biosolids as residuals of
wastewater treatment processes may be used in agriculture as fertilizers, meaning that microplastics can find their way into soils
and potentially valuable groundwater resources via other pathways that are not yet well understood.

A subfraction of microplastics with sizes equal to or less than 100 nm in at least one dimension are described as nanoplastics.
Nanoparticles usually exhibit different chemical and physical properties than macroscopic objects based on the same material [16].
Therefore, the superficial area of nanoparticles and other physicochemical properties may greatly influence their transformation
and bioavailability during spreading into environment [17]. Thus, the differences between micro- and nanoplastics are not trivial
and the interactions of nanoplastics with the environment and organisms are a specific concern [18]. A clear understanding of the
interaction of nanoplastics with the environment, especially with living organisms, is important to assess possible health hazards,
especially because nanoplastic particles can react differently than their micron sized counterparts.
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Polyethylene terephthalate (PET), low-density polyethylene (LDPE), high-density polyethylene (HDPE), polyvinyl chloride
(PVC), polypropylene (PP) and polystyrene (PS) are the most widespread and studied plastic materials. Other plastics include
acrylic, nylon, polycarbonate, polyurethanes, polylactic acid, and other biodegradable plastics.

However, nanoplastics have recently been collected in the North Atlantic [19], while styrene monomers and oligomers have
been found in sand and water from shorelines worldwide. They reveal that the fingerprint of the colloidal fraction of seawater
was anthropogenic and attributed to a combination of plastics. The polymer composition varied among the size classes. At the
micro- and nanoscales, polyvinyl chloride (PVC), polyethylene terephthalate (PET), polystyrene (PS) and polyethylene (PE) were
observed. They also observed changes in the pyrolytic signals of polyethylene with decreasing debris size, which could be related
to the structural modification of this plastic as a consequence of weathering.

Lambert and Wagner have shown in a controlled experiment that three weeks of UV radiation generates plastics particles in the
nanometer size range [20]. Increased reliance on plastic, which degrades extremely slowly in the environment, is resulting in
increased accumulation of micro- or nanoplastics in fresh and marine waters, whose eco-toxicological impacts are as yet poorly
understood.

Nasser and Lynch, (2016) [21] used carboxylic acid and amino modified spherical polystyrene nanoparticles (NPs), to assess
interaction of NPs with biomolecules secreted by Daphnia magna and the impact of these interactions on NP uptake, retention
and toxicity towards Daphnia magna. Daphnia magna are an important environmental indicator species who may be especially
sensitive to NPs as a result of being filter-feeders. The research carried out by Professor Lynch demonstrated that daphnia release
proteins that attach in a process known as adsorption, forming an eco-corona around the nanoplastic particles that changes how
organisms interact with the nanoplastics.

Behaviour of micro- and nanoplastics

Microplastics can be up taken by ingestion and after absorption may enter into different tissues and cells potentially resulting in
several types of adverse effects [22-27]. Research carried out by Barboza and Gimenez, (2015) [28] has shown that shellfish and
several types of commercially important fish are often contaminated with microplastics being a potential route through which
human consumers become exposed to MPs [29].

In European countries with high shellfish consumption, consumers ingest up to 11000 microplastic particles (size range 5-1000
um) per year, whereas in countries with low shellfish consumption, consumers ingest an average of 1800 microplastics per year [30]
which is still a considerable exposure. If one consider only shrimp consumption, research indicate about 175 microplastic particles
(size range 200-1000 pum) per person per year [31]. Regarding mussels consumption by humans, microplastics were found in
Mytilus edulis and M. galloprovincialis from France, Italy, Denmark, Spain and The Netherlands [32].

Moreover, microplastics have been detected in the stomachs of commercially important fish from the Mediterranean [33] and
in the gastrointestinal tract and liver of anchovies and sardines that are sometimes entirely consumed [34,35]. Generally seafood
species that we eat whole such as molluscs and crustaceans and small or juvenile phases of fish pose a greater threat to seafood
contamination than for example gutted fish or peeled shrimp. Moreover, some drinking water in plastic bottles, glass bottles and
beverage cartons commercially available from German stores were also found to contain microplastics [36] as well as tap water
from different countries [37].

The main subject of this review is to describe the polymers degradation by photocatalytic methods, their advantages and
disadvantages compared to other methods.

Methods of degradation
Plastic recycling can be divided into four categories: primary, secondary, tertiary and quaternary.

Primary involves the re-extrusion, that is, the return of plastics of the same characteristics to the production process itself.
Secondary involves mechanical recycling, i.e. the recycling of various different plastic products by physical processes. Tertiary
involves chemical recycling with the aim of producing raw materials for the chemical industry. Quaternary means the production
of energy, that is, the complete or partial oxidation of plastic waste materials for the purpose of producing heat, and/or gaseous
fuels, oils, and/or material being disposed of.

Particular attention will be paid to tertiary, i.e. chemical recycling, which decomposes plastics into polymers of smaller molecular
weights (usually liquids or gases), which may be used as raw materials for the production of new petrochemical products or plastics.
In these processes, the change necessarily occurs in the chemical structure of the polymer. In recent years, much attention has been
paid to this recycling approach such as non-catalytic cracking, thermal catalytic cracking and steam degradation in order to produce
different types of fuel from plastic waste. Polyethylene terephthalate (PET), certain polyamides (nylon 6 and 6,6), and polyurethanes
can be effectively depolymerized. The resulting chemicals can then be used to produce new plastic that is not significantly different
from the original intact polymer. Chemical recycling is, in fact, a major advantage with the ability to treat heterogeneous and
contaminated polymers with limited use of pretreatment. Chemical recycling aims at the fabrication of valued products, such as
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monomers or petrochemical feedstocks, particularly from mixed PE/PP/PS, multilayer packaging, fibre-reinforced composites, or
PU [38]. Existing expertise largely relies on access to pure waste polymer feedstocks, which necessitate sorting of waste that is costly
and time-intensive. Thermolysis makes available lower-molecular-weight products throughout a recycling strategy that decomposes
polymers [39] monomers from depolymerisation need selective and effective catalysts that meet cost and energy metrics [40].

Thermal and mechanical degradation

Aboulkas, et al. (2010) [41] have studied the thermal degradation behaviours of polyethylene (PE) and polypropylene (PP), high
density polyethylene (HDPE), low density polyethylene (LDPE) at different heating rates (2, 10, 20 and 50 K/min) from TG/DTG
curves. The weight loss curves indicated that HDPE, LDPE and PP have the same pyrolysis behaviours due to similar chemical bonds
in their molecular structures. The weight losses show that degradation of plastic occurs almost totally in a one-step process as can
be concluded by the presence of only one peak in DTG. The plastic thermal degradation starts at 577 K and is almost complete at
approximately 850 K.

Ekvall, et al. (2019) [42] studied the products formed by the mechanical breakdown of two commonly used polystyrene products
(PS), takeaway coffee cup lids and expanded polystyrene (EPS) foam. They found that daily-use polystyrene products can break down
into nanoparticles with spherical and elongated shapes with negative or nearly neutral surface charges. It was shown previously that
polystyrene (PS) particles with different sizes and surface modifications have different negative effects on wildlife. This indicates that
broken down nanoparticles might have the potential to cause cocktail effects in nature.

Biodegradation

Romera-Castillo, et al. (2018) [43] have shown that in seawater, plastic releases dissolved organic carbon, stimulating the activity
of heterotrophic microbes being used for biodegradation, species belonging to Pseudomonas, Streptomyces, Corynebacterium,
Arthrobacter, Micrococcus, and Rhodococcus are mentioned most often [44]. Moreover, 12 of the isolated strains were able to produce
lipase [45], an enzyme that hydrolyses ester bonds in lipids and in some polyesters.

The collaborative study, led by Shaobin Wang and Xiaoguang Duan have developed tiny spring-shaped carbon-based molecules
that could break down marine microplastics without harming surrounding microorganisms [46]. They presented integrated
carbocatalytic oxidation and hydrothermal (HT) hydrolysis of microplastics over magnetic spring-like carbon nanotubes. The robust
carbon hybrids exhibited an outstanding MPs degradation performance by catalytic activation of peroxymonosulfate to generate
reactive radicals. The toxicity tests indicated that the organic intermediates from MPs degradation were environmentally benign to
the aquatic microorganisms and can serve as a carbon source for algae cultivation. They provided a green strategy by integrating
state-of-the-art carbocatalysis and nanotechnology for remediation of MPs contamination in water.

Photocatalytic degradation of microplastics

Actual remediation methods include filtration and incineration, but those methods require high energy or generate unwanted by-
products. Apart from the methods mentioned above, bacterial, catalytic and advanced oxidation processes (AOPs) such as ozonation
and photocatalytic methods for degradation of MPs will be discussed here.

So far, known studies concerning photocatalytic degradation of plastics lead to the formation of lower molecular weight intermediates
that can be further used in organic synthesis. There is still little research of the use of photocatalytic methods for plastic degradation,
but the advantages are certainly in the use of solar radiation and photocatalysts to convert waste into more useful intermediate
products that can be further used in the synthesis of new products. Therefore, the development of photocatalytic process using
renewable energy sources such as solar energy is an increasingly attractive option from the economic, energetic and environmental
perspective.

Advanced oxidation processes, which are characterized by the generation of in-situ reactive species, primarily hydroxyl radicals
(*OH), have been recognized as one of the potential technologies for degradation of plastic waste. Ozonation, a combination of ozone
and UV radiation, a combination of peroxide (H,0,) and UV radiation, as well as a combination of UV radiation and photocatalysts
are the most studied AOPs. The major drawback of all AOPs is the high maintenance costs, which somewhat limits the widespread
practical application of these extremely powerful technologies. With the appearance of highly efficient sources of UV radiation,
catalysts that absorb radiation from the visible spectrum, and the improvement of the reactor design itself, technologies based on
the application of UV and solar radiation have great potential for widespread use. However, further research is necessary to make
this possible.

Total mineralization of organic pollutants is generally not economically viable and is not always necessary. Partial oxidation of
the starting compound to less stable intermediates is a possible alternative, especially if the resulting intermediates are susceptible
to further degradation in the environment and do not pose a risk to aquatic environment and human health. However, partial
oxidation of organic pollutants may in certain cases lead to the formation of intermediates that are more toxic than the starting
compound, and the nature and number of degradation products depend on the oxidation process applied, the treatment time and
the quality of the aqueous matrix.
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Tofa and co-workers (2019) [47] showed successful degradation of microplastic fragments, low-density polyethylene (LDPE)
film of size (1cm x1cm) in water using visible light excited heterogeneous zinc oxide photocatalysts. In Figure 2 photocatalytic
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Figure 2: Equipment for the photocatalytic experiment [47]

Photocatalytic LDPE oxidation led to the formation of low molecular weight compounds like hydroperoxides, peroxides, carbonyl
and unsaturated groups. Furthermore, the results of their study showed that degree of oxidation of LDPE was directly proportional
to the catalyst surface area [47].

Shengying Li and co-workers (2010) carried out the degradation of polyethylene (PE) plastic under sunlight irradiation with
polypyrrole/TiO, (PPy/TiO,) nanocomposite as photocatalyst, which were prepared by sol-gel and emulsion polymerization
methods. They found that irradiating the PE plastic for 240 hours by sunlight reduced its weight up to 35.4% and 54.4% of M,
respectively. According to this study, the AFM images showed the formation of cavities on PE plastic surface. FTIR spectroscopic
studies indicated that a strong interaction existed between the interface of PE and PPy/TiO, and caused the degradation of PE [48].

Tian et al. (2019) [49] studied degradation and mineralization of polystyrene (PS) nanoplastics under ultraviolet (UV) radiation
at 254 nm using "*C radioisotope tracer technology. "*C-polystyrene (PS) nanoplastics were synthesized from "“C-styrene. In order
to study the role of water during the photodegradation of PS nanoplastics, 14C-PS nanoplastics were exposed to UV radiation in
air or suspended in water. The X-ray photoelectron spectroscopy (XPS) results showed that after 48 hours of UV irradiation, C-O
groups formed on the surface, while no significant change was observed from the Fourier-transform infrared spectroscopy (FTIR)
analysis, indicating that short-term photo-oxidation only occurs on the thin surface layer of the PS nanoplastics. The molecular
weight (M ) of the PS nanoplastics increased in air after the irradiation, suggesting cross-linking of the PS chains, while it did not
show significant changes in the presence of water. The mineralization of the PS nanoplastics was higher in water (17.1 + 0.55%)
than in air (6.17 + 0.1%). A significant amount (11.0 + 0.1%) of by-products with small M was detected in water during UV
irradiation, much higher than that being washed out from the surface of nanoplastics exposed in air. The higher photoreactivity
in water suggests that the mechanisms underlying the phototransformation of the PS nanoplastics in the two matrices could be
different. The present study provided the first evidence of photodegradation of PS nanoplastics in aqueous environments.

In the study of Ariza-Tarazona et al. (2018) [50], they proposed the use of the sustainable photocatalytic process to degrade PE
microplastics as a promising alternative to minimize its introduction rate to the oceans from continental sources. The photocatalytic
degradation of real samples of HDPE microplastics extracted from a commercially available facial scrub, one of the products that
have been suggested as a significant source of marine microplastics was conducted by using N-TiO, which was exposed to visible
light. The photocatalytic experiments performed with the mussel-derived N-TiO, powders were carried using microplastics/N-
TiO, film composites. In this research, more sustainable N-TiO,, derived from the extrapallial fluid of saltwater mussels, presented
an excellent capacity to promote mass loss of HDPE microplastics in the solid and aqueous environment. The other photocatalyst,
derived from a conventional less sustainable sol-gel route, also presented good capacity to promote mass loss of the as-extracted
microplastics in an aqueous environment. Results showed that the environmental conditions (those that promote water adsorption
into the N-TiO,), the pollutant/N-TiO, interaction and the photocatalyst surface area should be carefully set or designed in order
of avoiding the arrest of photocatalysis. Mass losses, SEM and FTIR analysis confirmed HDPE degradation. UV rays have a strong
photochemical and photobiological effect.

KTH Royal Institute of Technology in Sweden has developed a method which uses a filter coated with nano-sized semiconductors
that initiate and speed up a natural process called photocatalytic oxidation. Photocatalyst activates the breakup of compounds
by exciting electrons causing water molecules to break down into their constituent parts: hydrogen and oxygen. Solar radiation
captured by the filter is then used to create a reaction where by the radicals exchange electrons with the atoms that make up the
microplastics — effectively pulling them apart into harmless CO, and water [51].
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Plastic production today

The world’s plastic production almost reached 350 million tonnes in 2017 including thermoplastics, polyurethanes, thermosets,
elastomers, adhesives, coatings and sealants and (polypropylene) PP-fibers, and not including (polyethylene terephthalate) PET-,
(polyamide) PA- and polyacryl-fibers. China is the largest producer of plastics, 29.4%, followed by Europe, 18.5% and NAFTA,
17.7% (Figure 3).
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Figure 3: Distribution of global plastics production

The plastic industry gives direct employment to more than 1.5 million people in Europe in which close to 60000 companies
operate. The European plastic industry had a turnover of 355 billion euros in 2017. In 2016, over 8.4 million tonnes of plastic waste
were collected in order to be recycled inside and outside the EU [52].

Life cycle of Plastic

In order to understand the life cycle of plastic products it is important to understand that not all plastic products are the same and
not all have the same service life. Plastic become waste at the end of their service life. In ten years, from 2006 to 2016, plastic waste
recycling has increased by 79%, energy recovery increased by 61%, and landfill decreased by 43%. In 2016, 27.1 million tonnes of
plastic waste were collected in the EU and for the first time, more plastic waste was recycled than landfilled. In Figure 4 is shown
that from 27.1 million tonnes of plastic waste 41.6% was used for energy recovery, 31.1% was recycled and that (63% inside the EU
and 37% outside EU) and 27.3% landfill.
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Figure 4: Plastic waste in EU in 2016

Recycling is the first option for plastic packaging waste. In 2016, 19 countries had plastic packaging recycling rates higher than
35%. Germany and Czech Republic are two countries which achieved a recycling rate of 50% or more. In Germany, in 2016, 5.1
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million tonnes of plastic post-consumer waste were collected. In Germany, according to data from Plastics Europe shown in Figure
5, from 2006 to 2016, the volumes for recycling plastic increased by 76%, energy recovery increased by 64% and landfill decreased
by 77% [52].
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Figure 4: The volumes for recycling plastic in Germany from 2006-2016

Conclusions

Today, micro- and nanoplastics are ubiquitous in the environment. Their tiny size makes microplastics behave in interesting and
consequential ways. As particles reduces in size, the proportion of surface area to volume increases. The chemical behaviour of
small particles is then driven more by the properties of their surface area than by their constituent materials. As such, the ways
that micro- and nanoplastics interact with the environment cannot be predicted from the behaviour of macroplastics. Therefore,
understanding the microplastics contamination routes of foods and beverages is a key element towards the evaluation of the extent
of food contamination. It is also important to understand the interaction of nanoplastics with the environment, especially with
living organisms, and assess possible health hazards, because nanoplastic particles can react differently than their micron sized
counterparts. Preventative microplastic pollution measures should be politically and socioeconomically feasible. The results of this
review provide new insights into the use of a sustainable and clean photocatalytic process to degrade micro- and nanoplastics into
a useful lower molecular weight of organic species which can be further used in organic synthesis production of new chemical
products or plastics. Photocatalytic degradation is a promising alternative to minimize microplastic pollution from continental
sources with reduced by-products.
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