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Abstract

Microplastics are persistent anthropogenic pollutants that have become a
global concern due to their widespread distribution and unfamiliar threat to
the environment and living organisms. Conventional technologies are unable
to fully decompose and mineralize plastic waste. Therefore, there is a need to
develop an environmentally friendly, innovative and sustainable photocata-
lytic process that can destroy these wastes with much less energy and chemi-
cal consumption. In photocatalysis, various nanomaterials based on wide
energy band gap semiconductors such as TiO, and ZnO are used for the con-
version of plastic contaminants into environmentally friendly compounds. In
this work, the removal of plastic fragments by photocatalytic reactions using
newly developed photocatalytic composites and the mechanism of photoca-
talytic degradation of microplastics are systematically investigated. In these
degradation processes, sunlight or an artificial light source is used to activate
the photocatalyst in the presence of oxygen.

Keywords
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1. Introduction

Plastic is an indispensable part of the modern lifestyle. Over time, it has sup-
planted glass, wood, and metal in a variety of things used by humans, such as
electronics, medical equipment, ordinary home supplies, and packaging [1]. At
this consumption rate, it is estimated that by 2050, up to 33 billion tonnes of
plastic will accumulate worldwide [2].

It has been recorded 24.4 trillion pieces of microplastics in the world’s oceans
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[3]. Microplastic waste is divided into primary plastic as material for products
and secondary plastic as miniaturized plastic that is created after the use of plas-
tic. Most of the plastic that flows down the river into the ocean is less dense than
water, and this plastic floats along the surface of the sea. However, it sinks to the
bottom of the sea due to marine biofouling. An additional problem is that plastic
in the ocean can contain carcinogenic polychlorinated biphenyls and polycyclic
aromatic hydrocarbons that concentrate marine species [4].

Plastic fragments are often classified by size, with macroplastics being the
largest size of 5 mm, followed by microplastics (MP) below 5 mm and nanoplas-
tics (NP) from 1 nm to 1 um [5]. Microplastics and nanoplastics are suitable for
sorption of hazardous pollutants (e.g., persistent chemicals, metal ions) due to
their small size, large specific surface area (SSA), and potential to pass into and
accumulate in the bodies of organisms [6].

The most common plastics used worldwide include polyethylene (PE),
low-density polyethylene (LDPE), high-density polyethylene (HDPE), polypro-
pylene (PP), polystyrene (PS), and polyvinyl chloride (PVC), and most of them
are difficult to recycle. Linear low-density polyethylene (LLDPE) is widely used
in packaging, while polylactic acid (PLA) usually replaces conventional plastics.
HDPE has better barrier properties than LDPE and higher stiffness, and is used
for blow-moulded bottles for milk and other beverages, and for food containers
[7].

According to the British Plastic Federation (BPF) [8], PVC is used extensively
in construction, transport, packaging, electrical/electronics and healthcare.

PVC is used for window frames, drainage pipes, water pipes, medical devices,
blood bags, cable and wire insulation, resilient flooring, roofing membranes, sta-
tionary applications, vehicle interiors and seat covers, fashion and footwear,
packaging, cling film, credit cards, records, artificial leather, and other coated
fabrics.

Polyethylene (PE) poses a global environmental problem for plastic waste due
to its chemical stability and biodegradability. Due to the unique properties of
plastics such as lightness, price and durability, plastic is used in various indus-
tries such as food industry (food packaging), pharmaceutical industry, chemical
industry, etc. Thus, for example, the textile industry, which is not given much
attention, will produce about 92 million tons of polymer waste in 2023, with a
tendency to increase to about 134 million tons by 2030, from which microplas-
tics can be generated [9].

The compound annual growth rate (CAGR) for the plastics market is esti-
mated to be 4% during the forecast period from 2023 to 2033 [10].

To assess the amount of microplastics in the oceans, marine life, and coastal
habitats, numerous studies are being conducted. Thus, in their research, Wu et
al. found the presence of microplastics in 37.6% of commercial fish from marine
farming in the Ma’an archipelago. The fiber was responsible for 90.74% of the
microplastics discovered. In the digestive systems of the fish examined, the av-

erage abundance of microplastics was 0.43 + 0.69 items/individual. Furthermore,
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cellulose and cellophane were the most prevalent kinds of microplastics found
[11].

1.1. The Global Plastics Production

According to the report “Global plastics production 1950-2021” published by
Statista Research in 2023, global plastics production in 2021 is estimated at 390.7
million tonnes, an annual increase of 4% [12]. However, according to the latest
Plastics Europe 2022 report, China’s share of global plastics production contin-
ues to increase (to 32% in 2021), while Europe’s share—at 57.2 million tonnes in
2021—continues to decline (to 15%). These data are a consequence of the energy
crisis caused by the war in Ukraine and the economic crisis during the pandemic
COVID. The European plastics industry is investing huge amounts of invest-
ment, time, energy, imagination and expertise to sustainably achieve the net zero
and circular economy targets for 2050. They are trying to restructure their pro-
duction and technology base. They are looking for ways to solve problems such
as plastic waste and climate change. According to data from Conversio Market &
Strategy GmbH and nova Institute, included in the Plastics Europe 2022 report,
global production of fossil-based plastics will increase from 332 million tonnes
in 2018 to 352.3 million tonnes in 2021. Post-consumer recycled plastics in-
creased from 30 to 32.5 million tonnes and bio-based plastics from 3.5 to 5.9

million tonnes in the same years (Figure 1) [13].
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Figure 1. World plastics production.

Plastic is one of the fastest growing pollutants, increasing daily and causing
social, environmental and economic concerns. However, the problem with the
excessive use of plastics is the generation and treatment of waste and, in particu-
lar, the long-term process of degradation and fragmentation of plastics that leads
to the creation of micro- and nanoplastics [14]. In addition, micro- and nanop-
lastics can act as carriers for persistent organic pollutants (POPs), leading to
complications for the environment and human health [15]. The presence of mi-
croplastics and nanoplastics in the environment poses a significant risk to living
organisms (microorganisms, humans, animals and plants) [16]. Therefore, it is

extremely important to reduce the use and consumption of plastics and improve
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waste management, but it is also strongly recommended to develop policies that
regulate the use of plastics and propose recycling and reprocessing measures
[17]. Artificial plastic waste in the oceans, seas, rivers, and sediments poses a se-
rious threat to all living organisms on Earth [18] [19].

Plastic additives are chemicals incorporated into plastics from which they can
be dissolved out, since most of them are not chemically bound. As a result of the
accumulation and fragmentation of plastics in the oceans, plastic additives may
pose an increasing ecotoxicological risk to marine organisms [20]. Unfortunate-
ly, the composition and toxicological effects of many additives are largely un-
known [21].

In this review, the results of the degradation efficiency of macro- and micro-
plastics with previously synthesized photocatalytic materials based on modified
titanium dioxide (TiO,) and zinc oxide (ZnO) are presented. Nevertheless, the
existing knowledge on the application of TiO, for macro- and microplastics is
still limited [22].

1.2. Methods of Plastic Waste Disposal

Disposal and incineration of non-biodegradable plastic waste is a common but
inefficient method of waste treatment. For this reason, more and more advanced
technologies are being studied and developed. Technologies for processing
non-biodegradable plastic waste are divided into recycling (physical recycling,
energy recovery and resource recovery) and degradation (biodegradation and
oxo-biodegradation). Oxo-biodegradation includes photodegradation, thermal
degradation and mechanical-chemical degradation [23].

To reduce the negative impact on the environment, it is necessary to produce
plastics that can self-degrade in the future and develop new methods for good
recycling of this organic carbon source [24]. Su et al. pointed out the importance
of photocatalytic conversion of plastic waste into low carbon number products
(Cn products, n < 8) under mild conditions [25]. One of the technologies to im-
prove the degradability of non-degradable plastics is a mixture of polymers and
photocatalysts called photocatalytic degradable plastics (PDP).

1.3. Different Methods for Separation and Degradation of MP/NP

Separation and degradation processes are used in the treatment of MP/NP in
urban water bodies. During the separation process, the size and chemical com-
position of MP/NP does not change. Different techniques such as adsorption,
coagulation/flocculation, flotation, filtration and magnetic separation are used
for its separation [26]. Which of the extraction techniques is used depends on
the physicochemical properties of MP/NP such as hydrophilicity, size, shape and
magnetic properties. Different functionalized materials (adsorbents) are used for
adsorption processes. Thus, magnetic separation is used to separate plastically
magnetized nano-Fe,O, from water [27]. Usually, two or more of the above
techniques are used to increase the separation efficiency. In many water treat-

ment plants (WTPs), coagulation, flocculation, sedimentation and filtration are
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used for MP/NP separation [28]. The degradation process involves the decom-
position of MP/NP into less/non-hazardous small-molecule compounds (CO,
and H,0) by various methods. To achieve high efficiency of photocatalytic de-
gradation, it is crucial to study the optimal reaction parameters such as temper-
ature, irradiation time (reaction time) and choice of photocatalyst. Disadvantag-
es of combustion, thermal or catalytic decomposition techniques are the release
of highly toxic by-products in combustion and high cost and high temperature
in thermal conversion and selective catalysts in catalytic conversion. To over-
come the existing shortcomings, new technologies such as photocatalytic, espe-
cially photochemical decomposition of plastic waste in the solid phase under the
temperature and pressure conditions of the environment using solar radiation as

a renewable energy source have been studied.

2. Photocatalytic Degradation

Photocatalytic degradation of plastic waste significantly accelerates the degrada-
tion rate in the presence of photocatalysts under sunlight. UV radiation is
known as the most damaging source to polymers owing to its high energy. Pho-
todegradation of polymers would imply a change in the physical and chemical
structure of the polymer as a building block of plastic waste under UV radiation
and in the presence of oxygen, that is, chain scission, molecular weight reduc-
tion, and molecular shape change occur [29].

The application of heterogeneous photocatalysis for the treatment of water
loaded with micro- and nanoplastics is complex process, but it is effective for
removing MPs present in water and has already reached the industrial pilot
stage. Factors that affect the efficiency of the photocatalytic process of micro-
plastic degradation are microplastic properties (size, shape, and chemical com-
position), properties and amount of photocatalyst, light source, and surrounding

conditions.

2.1. The Mechanisms of Photodegradation of Polymers

Under the influence of solar radiation, microplastics undergo a series of chemi-
cal reactions, during which their degradation occurs [30]. Absorption of photons
of light causes macromolecules to enter an excited state and causes chain break-
ing, and branched cross-linking and oxidation reactions occur [31]. In the pres-
ence of a photocatalyst, this photodegradation process is even more accelerated.

There are two photodegradation mechanisms of polymers: 1) singlet oxygen
mechanism of oxidation, and 2) free radical mechanism of oxidation.

The first mechanism involves the formation of singlet oxygen (‘O,) due to the
quenching of the excited triplet state of the corresponding sensitizers (*S). Fur-
ther, singlet oxygen can react with the polymer in two ways: 1) oxidizes a vinyl
group (-CH=CH,) and 2) oxidizes an olefin group to form the hydroperoxide
functional group (ROOH), respectively. In other words, singlet oxygen could
react with the product of the photochemical reaction of ketone and aldehyde, i.e.
the Norrish reaction (Figure 2).
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Figure 2. Singlet oxygen mechanism of oxidation of a vinyl group to the hydroperoxide
functional group (ROOH) (a) and singlet oxygen mechanism of oxidation of an olefin
group to the hydroperoxide functional group (ROOH).

’S +°0, » 's+'0, (1)

The second mechanism involves the creation of free radicals by UV radiation
which breaks C-C and C-H bonds in polymers. Generated free radicals further
react with the oxygen to create the hydroxyl group (O-H) and carbonyl group
(C=0) through initiation, propagation, and termination steps.

The initiation step involves the creation of free radicals. A polymer containing
an unsaturated chromophore group in its polymer structure (photo-initiator)
absorbs light, the polymer chain broken, and hydrogen radicals and polymer
radicals are produced (Path 1) [32]. Polymers that do not have an unsaturated
chromophore group in their structure, have impurities or structural defects as
well as carbonyl groups within the backbone of the polymer that act as pho-
to-initiators [33]. The initiation step can be initiated either by physical or chem-
ical factors. Physical initiation refers to the use of UV radiation and photolytic
cleavage of C-C or C-H bonds, while chemical initiation implies the use of cata-
lysts, peroxides or carbonyl groups on unsaturated sites [34].

In the propagation step [32] [35] polymer macroradicals react with the O, to
form polymer peroxyl radicals (-PP) (Path 2). Then, they react with another po-
lymer to produce hydroperoxides and polymer macroradicals (Path 3). Then, the
formation of (-PP) occurred by auto-oxidation of polymer macro radicals (Path
4). Subsequently, the two hydroperoxides (HP) react to form polymer alkoxy
radicals, polymer peroxide radicals, and H,0O (Path 5). Moreover, the photode-
composition of (HP) leads to the formation of polymer alkoxy radicals and hy-
droxyl radicals (-OH) (Path 6). Propagation finally leads to chain scission and
the formation of olefins and ketones (Path 7). The (-OH) produced will extract
hydrogen from another polymer to form polymer macroradicals and H,0O (Path
8).

Further oxidation stimulates chain scission by generating low-molecular-weight
oxygenated compounds like hydroxyl, peroxide, and carbonyl groups leading to
micro-cracks within the polymeric surface.

In the termination step [32], the formation of inert products occurs by the
reaction of free radicals with each other to undergo the crosslinking reaction

(Path 9). Inert products and oxygen are formed by the reaction of polymer pe-
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roxyl radicals between themselves at high oxygen pressure (Path 10). Conversely,
polymeric peroxyl radicals react with polymeric macro radicals at insufficient
oxygen pressure (Path 11). In the termination reaction, the expected products
are olefins and ketones [35]. The entire process of photodegradation of polymers

leads to a decrease in their molecular weight, whereby they become more brittle.

2.2. Photocatalytic Degradation Mechanism by Semiconductor
Metal Oxides

Tunable physiochemical characteristics of semiconductor metal oxides make
them extraordinary as photocatalysts that are capable of providing a sustainable
and clean ecosystem.

Zinc oxide (ZnO) is a semiconductor that has high thermal conductivity, high
electron mobility, and a wide band gap, 3.2 - 3.4 eV (function only in the UV
range) [36]. ZnO due to its low price, high redox potential, nontoxicity, and en-
vironmentally friendly features is used as a photocatalyst for the degradation of
microplastics. Doping is an excellent method to overcome issues of surface oxy-
gen vacancy and a higher recombination rate of photo-generated charge carriers
[37].

Titanium dioxide (TiO,) is one of the metal oxides wide band gap (3.2 eV)
and low conductivity, but after some modifications in composition (doping of
other metals, combination with polymers, carbon nanomaterials, formation of
heterojunctions with other metal oxides) can be effectively employed as a pho-
tocatalyst in the abatement of aqueous pollution. The catalytic performance of
titanium dioxide depends on several parameters its crystallinity, surface area,
and morphology [38].

The photocatalytic mechanism starts when a photon (hv) with enough energy
(equal or higher than the band gap energy, E > E,), of the semiconductor
achieved its surface. Conduction electrons, e, are promoted from the valence
band into the conduction band, leaving a hole, h*, behind. The lifetime of gener-
ated electron-hole pairs is only a few nano-seconds, but it is long enough to in-
itiate redox reactions with semiconductor material in aqueous or gaseous phases.
The resulting e™-h* pairs participate in the oxidation and reduction reactions of
the organic compounds. They also may undergo to the recombination process
and decrease the quantum yield of the reaction. The hole can either oxidize a
compound directly or react with electron donors like water to form -OH radi-
cals, which in turn react with pollutants such as monomers, polymers and other
organic compounds resulting in the total mineralization of most of these com-
pounds [39] [40]. The electrons in the conduction band can react with oxygen,
O, to yield super oxide anion, then in reaction with water can form hydrogen
peroxide (H,0,) primary oxygen radical (-O; ) and then give a hydroxyl radical,
(-OH) (Figure 3). The resulting (-OH) radicals are non-selective and very strong
oxidizing agents (standard redox potential +2.8 V) which leads to complete mi-
neralization, to CO, and H,O of the most of the organic molecules present in

wastewater by oxidation reaction. The generation of reactive oxygen species
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(ROS) plays an important role in the photocatalytic degradation of (micro)plastics,
and superoxide radical ions (-O} ) and hydroxyl radicals (-OH) participate in the
photocatalytic degradation, leading to the polymer chain scission and the pro-

duction of some intermediates.
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Figure 3. Photocatalytic activity of semiconductor.

3. Recent Achievements in Photocatalytic Degradation of
Various Types of Plastic Polymers

There are claims that most photocatalytic degradation technologies investigated
to date cannot realize the complete mineralization of (micro)plastics [41]. On
the contrary, Nabi et al [42] have developed TiO, nanoparticle films with Triton
X-100 for photocatalytic degradation of polystyrene (PS) microspheres and po-
lyethylene (PE) under UV light irradiation (Figure 4).

intermediates
OH, C=0, C-H

Main product
(6[0)

%

) -TiO, + Triton X-100

00 * -polystyrene (PS)
© -polyethylene (PE)

Figure 4. Photocatalytic degradation of polystyrene (PS) microspheres and polyethylene
(PE) under UV light irradiation.
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Their results have shown complete mineralization (98.40%) of 400-nm PS in
12 h, while degradation of PE presented a high photodegradation rate after 36 h.
During photodegradation of PS, carbon dioxide was found as the main end
product, while hydroxyl, carbonyl, and carbon-hydrogen groups occurred as in-
termediates.

Yuwendi et al 2022 [43] synthesized photocatalysts based on Fe- and Ag-modified
TiO, nanotubes for degradation of polyethylene microplastics. Anodized TiO,
nanotubes with a voltage of 30 V exhibit the best microplastic degradation re-
sults with 17.33% microplastic weight loss in 90 min inside a photoreactor with
UVC illumination.

Table 1 summarizes recently developed photocatalysts degradation of plastic

waste.

Table 1. List of recently prepared photocatalytic materials for degradation of plastic

waste.
. . . Time of
Plastic Degradation Light . L.
Photocatalyst . irradiation/ Ref.
material results source
temperature
Ag-TiO, . . -
PE-microplastics  —17.33% WL* Uv-C 90 min [43]
nanotubes
75h
HA-ZnO** PLA
UV-A 225h [44]
HASS-ZnO*** LLDPE .
25°C
PP Uv-C
ZnoO 100 mm?> -7.8% WL* 11 Watt 35°C-50°C  [45]
25 mm? 254 nm
ZnO NR**** .
PP —65% PV*¥¥ Vs [46]
+ glass fiber
PE Changes of
ZnO-PVP ange Sun [47]
PS surface texture
PE-films
, —0% WL* UV-A
F-TiO, PE raw 3 weeks [48]
. —26% WL* (LED)
PE composites
TiO, NP PE -56% WL* uv 504 h [49]

*WL: Weight Loss, **HA: Humic Acid, ***HASS: Humic Acid Sodium Salt, ****NR: Na-
no Rods, *****PV: Particle Volume, *****NP: Nano Powder.

3.1. Recently Developed ZnO Heterogeneous Photocatalysts for
the Treatment of Plastic Contaminants

3.1.1. Photocatalytic Degradation of LLDPE

Photocatalytic methods are promising eco-friendly and low-cost process for the

plastics degradation. Amato ef al. [44] synthesized an organo-inorganic material

containing organic molecule (humic acid) and an inorganic semiconductor

(ZnO) which form ligand-to-metal charge transfer complexes (LMCTCs). Here-

in, ZnO nanoparticles were doped at molecular scale with small percentages of a
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commercial humic acid (HA) at low molecular weight and its sodium salt (HASS)
was chosen as bio-derived Humic Acids (HAs) leading to hybrid HASS/ZnO
and HA/ZnO nanoparticles of about 150 nm. Obtained hybrid humic ac-
ids-doped/ZnO nanoparticles (HAs/ZnO) were used as photocatalysts for the
degradation of LLDPE and PLA thin films, under UV A/light irradiation. For the
photocatalytic reaction, ZnO-based photocatalytic material was coated with po-
lymeric LLDPE and biopolymeric PLA films (4 x 2 cm) and placed in a bath
containing water under the UVA/light irradiation (a high-pressure Hg vapour
lamp, 125 W) for 75 h and 225 h at 25°C. Obtained hybrid nanoparticles have
shown an enhanced ability to produce -OH radicals after UVA/light irradiation
in aqueous environment probably due to the intrinsic free-radicals of HAs which
contribute to the degradation of polyolefin LLDPE and biodegradable PLA films.
In particular, HASS/ZnO nanoparticles showed an improved photocatalytic ac-
tivity compared to bare ZnO for LLDPE film, while HA/ZnO was more effective
for the PLA degradation. Significant changes in the polymeric films in terms of
the surface properties (the presence of functional groups such as hydroxyl, car-
bonyl, and carbon-hydrogen) as well as structural and morphological features
were observed. They concluded that the presence of bioderived organic compo-
nents even at low concentration significantly promoted the photo-oxidation thus

acting as erosion initiators toward the surface of the polymeric films.

3.1.2. Photocatalytic Degradation of PP

Razali et al (2020) used 1 - 3 g of ZnO nanoparticles (<50 nm) for the photoca-
talytic degradation of polypropylene (PP) macroplastics (100 mm?) and micro-
plastics (25 mm?®) in an aqueous environment using batch-slurry photoreactor
equipped with an air pump (1.6 L/min) for 6 hours irradiation at 254 nm with an
UV-C lamp of 11 watts. A water bath was used to maintain the reaction temper-
ature of 35°C or 50°C. Time and temperature were chosen to simulate most so-
lar thermal collectors. The best result that was achieved was 7.8 wt% of plastic
weight loss with the 1 g/L ZnO and PP microplastic at 50°C [45].

Uheida et al. 2020 [46] used zinc oxide nanorods (ZnO NRs) immobilized
onto glass fibers substrates for photocatalytic degradation of PP microplastics
under visible light. They were able to reduce average particle volume by 65%.
Furthermore, they identified nontoxic by-products during the photodegradation
process.

Lam et al. (2022) [47] prepared ZnO-modified polyvinylpyrrolidone (ZnO-PVP)
for the photocatalytic degradation of polyethylene (PE) and polystyrene (PS)
under direct sunlight. They found that incorporation of PVP can effectively re-
duce the particle size and prolong the optical response range in the solar spec-
trum. The interaction between ZnO-PVP and plastic film of PE and PS was im-
proved due to the high surface area of the composite. They explained the
changes in the surface texture of the polymer films over ZnO-PVP under sun-
light irradiation with the formation of carbonyl, peroxides and vinyl unsaturated

groups. In accordance with the experimental data they proposed the mechanism
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of the photocatalytic degradation of plastics that include the formation of the
holes and hydroxyl radicals.

3.2. Recently Developed TiO; Heterogeneous Photocatalysts for
the Degradation of Plastic Contaminants

3.2.1. Photocatalytic Degradation of PE

Diez et al successfully synthesized fluoride-doped-TiO, and used it for sol-
id-phase photodegradation of polyethylene films [48]. They were able to degrade
almost half weight of polyethylene, containing only 2% of the photocatalyst, af-
ter three weeks of UV A radiation using a low consumption light emitting diode
(LED) lamp. The results have shown that raw PE and PE composite with
well-known TiO, reduced 0% and 26% of weight after 3 weeks of degradation.

Raj et al exposed ultrasonicated polyethylene (PE) pieces along with TiO,
nano powder (NP) to UV light. They found 56% weight loss after 504 h of UV
irradiation which was accompanied by formation of cavities due to photocata-
lytic degradation. They observed from FTIR analysis, the change in PE surface
when was in contact with ultrasonicated TiO, NP, while no change in surface
chemistry for samples without TiO, NP [49].

Li et al (2010) prepared polypyrrole/TiO, (PPy/TiO,) nanocomposite and
used it for the photocatalytic degradation of polyethylene (PE) coming from
one-off plastic bag under sunlight. The nanocomposite was prepared by sol-gel
and emulsion polymerization methods. They studied and compared the photo-
catalytic activity of pure TiO,, PPy and PPy/TiO, in degradation of PE. New PE
plastic bag was scissored off on the pieces of 6 - 8 cm and put in a culture dish.
Prepared nanocomposite (PPy/TiO,) was weighed to 10% of plastic sample and
was spread around uniformly two sides of PE plastic. Experiment started after its
exposition to sunlight under the ambient conditions for 6 hours every sunny day
and the experimentation was continued for 240 h. The photocatalytic degrada-
tions of PE plastic with pure TiO, and PPy were also investigated and compared
with that of PPy/TiO,. No noticeable photoinduced weight loss of PE plastic
samples when no catalyst and with TiO, were employed as photocatalyst under
sunlight irradiation, whereas Ppy/TiO, exhibits much higher, respectively. For
example, weight loss for Ppy/TiO, versus Ppy and TiO, was 35.4%: 11.7%: 3.2%
at 240 h. Therefore, Ppy/TiO, nanocomposite shows highly enhanced photode-
gradation [50].

The solid-phase photocatalytic degradation of polyethylene (PE) plastic with
TiO, has been investigated by Zhao et al (2007) [51]. They found that PE-TiO,
composite plastic can be efficiently mineralized until CO, and water as the main
products. The weight of 42% under solar irradiation for 300 h was achieved for
the PE-TiO, (1 wt%) film. They explained that the initial degradation of compo-
site plastic starts on PE-TiO, interface and then by the diffusion of the reactive
oxygen species generated on TiO, particle surface extended into polymer matrix.

For the photocatalytic degradation of PE, Zhao et a/. (2008) synthesized various
photocatalysts such as copper phthalocyanine (CuPc) modified TiO, (TiO,/CuPc).
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The CuPc promoted charge separation of TiO, and enhanced the photocatalytic
degradation of PE. Also, in this photodegradation process generation of the
reactive oxygen species on TiO, or TiO,/CuPc particle surfaces play important
roles. Their research showed that the thin film composed of polymer plastic with
TiO,/CuPc composite photocatalyst is a suitable way to photodegrade plastic

contaminants under solar light irradiation [52].

3.2.2. Photocatalytic Degradation of LDPE

Wang et al. (2022) studied photocatalytic degradation performance and me-
chanism of low-density polyethylene (LDPE) containing TiO, (LDPE-TiO,) in
water without NaCl, water with NaCl, and air [53]. They found that after two
hours of irradiation the total reduction of LDPE-TiO, mass was close to 70% for
each phase condition. The difference was in lower carbonyl index and lower
molecular weight in water compared to air. The formation of organochlorine
substance containing C-Cl bond in the debris of LDPE-TiO, comes from the
presence of chloride ions (Cl") and hydroxyl radicals (-OH) in water. For the
LDPE-TiO, film degradation in the air, the photogenerated electron (e”) was re-
sponsible, while in the water recombination of electron with hole occurred.

Kaewkam et al. 2022 [54] have done degradation of low-density polyethylene
films (LDPE films) with TiO, prepared via sol-gel method and calcined at two
different temperatures (450°C and 900°C). They found weight loss (WL) =
17.30% and carbonyl index (CI) = 4.0754 with the use of Ti0O,-900°C along with
UV-C light.

Olajire and Mohammed (2021) [55] prepared gold nanoparticles (Au NPs) via
the reduction of hydrogen tetrachloroaurate (III) (HAuCl,-3H,0) solution by
the aqueous leaf extract of Ananas comosus. The photocatalytic activity of pre-
pared AuNPs was studied in degradation of low-density polyethylene (LDPE)
film. The LDPE film with 1.0% Au NPs that is the LDPE@Au (1.0 wt%) nano-
composite film showed 6 times higher photoinduced degradation efficiency in
240 h under solar light irradiation than the pure LDPE film. However, LDPE@Au
(1.0 wt%) nanocomposite film showed a certain weight loss at the end of 240 h
even under the dark condition. Thus, LDPE@Au (1.0 wt%) results in a total de-

gradation efficiency of 90.8% under solar irradiation after 240 h.

3.2.3. Photocatalytic Degradation of HDPE

Ariza-Tarazona et al., 2020 [56] demonstrated that there is a combined effect of
pH and temperature in the photocatalysis of HDPE MPs. They reported high
HDPE MP photocatalytic degradation efficiency of 70% within 50 h, using the C,
N-TiO, catalyst in an acidic medium (pH = 3) and at low temperature (273 K).

3.3. Other Semiconductors Used for Photocatalytic Degradation of
Plastics

3.3.1. Photocatalytic Degradation of PS

Acufia-Bedoya et al (2021) [57] studied the photocatalytic degradation of 9

mg-mL™" polystyrene nanoparticles (PS-NPs) with the immobilized 1.3 cm® cop-
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per oxide semiconductors Cu,0/CuO at 30°C * 3°C. The photocatalytic reactor
was batch reactor equipped with a 50 W LED lamp with irradiation range 400 -
800 nm. The reactor was placed 15 cm from the lamp with a light intensity of 5.3
mW-cm™. The photocatalysts were prepared by anodizing process rom two
growth media (NH,F and NaOH) with different morphologies and a bandgap
between 1.6 and 2 eV. They reveal that immobilized Cu,0/CuO were able to re-
duce 6-time higher concentration of PS-NPs (23%) with the 15% of mineraliza-
tion, than by photolysis.

3.3.2. Future Perspectives

Photocatalytic degradation of polymeric materials implies the creation of oxida-
tive species that stimulate the decomposition of organic components in the
presence of water, oxygen and photons with sufficient energy. A large number of
researches were carried out in the aqueous phase, with successful photocatalytic
conversion of polymeric materials into products with added value, and recently
more and more research has been oriented towards the solid phase in order to
increase efficiency. Although there are still challenges to be overcome, solid-state
photocatalysis (the integration of photosensitive materials into plastic materials)
can improve mechanical, physical, and chemical properties and offers many ad-
vantages for plastic waste disposal. Furthermore, film thickness and particle size
can prevent agglomeration. However, future research should be directed more to-
ward examining the toxicity of semiconductors as well as value-added products.

4. Conclusion

This paper describes the division of plastic materials according to their size, and
the listed plastic materials that are used in the world and that represent a great
challenge when it comes to their disposal, recycling and treatment. A special
challenge relates to plastic additives that are very harmful to humans and the en-
vironment. According to the data provided in the relevant databases, the trend
of increasing plastic production in the last four years (2018-2021) is clearly visi-
ble. The methods of separation and degradation of micro- and nanoplastics that
are used are presented. Special emphasis is placed on photocatalytic degradation
with the use of metal oxide semiconductors based on zinc oxide and titanium
dioxide. The degradation mechanism of polymer materials, but also the photo-
catalytic mechanism with the use of semiconductors, is presented. Hydroxyl
radicals (-OH) and oxyanion radicals (-O, ) are very responsible for the photo-
catalytic decomposition of plastic compounds. Various physical-chemical me-
thods for the determination of the intermediate products produced in the
process of photo-degradation enable the monitoring of polymer weight loss,
changes in the morphological appearance, chemical composition and structure

of micro- and nanoplastic waste.
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