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Plastics have become a critical environmental problem due to their widespread use, high physico-chemical
stability and the inefficiency of wastewater treatments. Despite the efforts to reduce production and to in-
crease reuse and recycling, the current strategies for plastic waste treatment are not suitable to handle with the
growing demand of plastics and the concomitant waste in an environmentally friendly manner.

Herein, we review the existing strategies for the treatment of plastic waste, highlighting photocatalytic pro-
cesses as a potential solution for the degradation of plastics. The possibility of incorporating photocatalysts to
plastics during the production process could enhance their light-activated biodegradability. Parallelly, photo-
catalysts can be employed during waste treatment processes of non-biodegradable stable plastics. The scarcely
studied factors affecting plastic photocatalytic degradation, namely catalyst type, reactor configuration, and
radiation source (intensity and wavelength), are discussed, highlighting the role that photocatalytic processes
can play in the future of plastic management. Finally, relevant quantification methods for measuring the photo-

degradation of plastics are overviewed.

We believe that photocatalysis can be an environmentally friendly strategy both to increase the biodegrad-
ability of plastics and to treat plastic waste. With this novel comprehensive overview, we hope to stimulate
further research and innovation in this field.

1. Introduction

Plastics are the most widely produced materials because of their
appealing properties such as transparency, lightness, durability and
facile cleaning [1]. However, the exorbitant production of unsustainable
plastic goods has caused accumulation and fragmentation of plastic
waste [2]. Moreover, during the wastewater treatment process, some
microplastics are not retained during the filtration step and they are
resistant to the biological treatment due their stability and chemical
inertness [3]. Thus, the degradation by natural factors once they have
survived the wastewater treatment process is extremely difficult and
slow, so they persist hundreds of years [4].

This phenomenon causes the accumulation of plastics in the envi-
ronment [5]. Lau et al. [6] simulated the plastic content in the envi-
ronment in two possible scenarios, the one in which corrective measures
are not taken or the one in which reduction of plastics production and
recycling is applied. Respectively, that would generate 29 and 5.3
Mt/year of plastic in waters. Consequently, several researchers have

reviewed the last trends for plastic recycling [7,8], being biological
degradation of greener plastics and photocatalytic degradation of plas-
tics both the less studied and environmentally friendly alternatives.

Amongst plastics, microplastics have been lately a hot topic. How-
ever, there are some discrepancies on the size of the plastic that is so-
labelled. Some authors consider microplastics each plastic fragment
smaller than 5 mm [9] although the preferred definition englobes 1-10
pm sizes [10]. Thus, microplastics are not easily detectable and are
increasing their presence in the environment. Indeed, plastics, which are
present in the environment due to undesirable behaviours, are being
fragmented and partially modified by weather and environmental con-
ditions (rocks, waves, sun, etc. [11]) leading to microplastics genera-
tion. On the other hand, microplastics are added to cosmetic products
(exfoliating creams, toothpaste, etc.), ending up in waters due to inef-
ficient wastewater treatments [9].

Lately, the plastic environmental problem has been perceived and
different restrictions have been set [6,9]. For instance, some effort has
been put in producing biodegradable plastics. However, they are not
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100% environmentally friendly and they are still a minor option due to
their worse characteristics in terms of resistance and their higher pro-
duction costs [12]. Nevertheless, using these biodegradable plastics in a
minor fraction has been proved to favour the photo- and bio-degradation
of typical plastics. For instance, adding 10% of polylactic acid to Low
Density Polyethylene (LDPE) films favoured the subsequent
photo-degradation under solar radiation [13].

This review represents a comprehensive critical overview of the so
far known main issues connected with the plastic threat to environ-
mental and human health, and of the traditional plastic waste man-
agement options with a special focus on the overlooked photo-based
degradation processes (including the factors influencing them) as a
greener alternative for plastic treatment. Moreover, this review is set as
a starting point for those willing to start to treat microplastics, as the up-
to-date quantification techniques are explained as well as the other
treatment alternatives which could be still used as pre- or post-
treatment.

Consequently, this review poses for the first time a deep evaluation of
plastic photo-degradation processes, with the combination of providing
information on plastic quantification as well as the presentation of more
traditional plastic treatment alternatives. Indeed, as it can be seen in Fig
1, the number of reviews focused on plastic degradation is considerably
low (around 80). What is more, those mentioning quantification alter-
natives or other treatment options are less than a half of the total. When
searching for the combination presented in this review (Fig. 1-green
column), only 7 references happened to be focused on the quantification
of plastics, where the plastics photo-degradation is only mentioned,
without the deep study hereby presented.

1.1. Environmental issues

Plastic pollution in marine and terrestrial environment is a menace to
life [1]. Moreover, the by-products generated through natural degra-
dation can produce more toxic compounds [14]. Microorganisms,
plants, animals and humans can be exposed to different harmful mate-
rials throughout the lifetime of a plastic [11]. For instance, polystyrene
(PS) debris are moved through the wind and can be lethal to birds and
other animals.

Plastic debris end up in water and land, where they are brought to
the food chain (Fig. 2) [15]. Indeed, microplastics have been detected
not only in food but also in salt or even in bottled water [10]. Conse-
quently, microplastics can reach the gut or the lungs of mammals, if
ingested through food, drink on water or inhaled from air [16,17]. Once
they have reached the body, the hydrophobic nature of plastics increases
their retention in lipophilic tissues (brain or liver), causing their accu-
mulation, favouring the development of diseases. Moreover, micro-
plastics usually have some additives which can be released to the media
(bisphenol A, phthalates, flame retardants, etc.) which are known to
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Fig. 1. References found in Google Scholar by February 2023 depending on
the topic.
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Fig. 2. Schematic representation of the microplastics fate throughout the
food chain.

have endocrine disruptor effects [2]. For instance, polyvinyl chloride
(PVC) release compounds (vinyl chloride) which might be carcinogenic
[10].

Plastics and microplastics have been detected even in soils where
they can be ingested by animals, most likely affecting the health of the
carrier animal and entering the food chain (Fig. 2). In this scenario, also
the soil is affected because the presence of microplastics (the smaller, the
worse) promotes soil water evaporation and cracking, favouring the
leaking of other pollutants [18].

Regarding the aquatic environment, plastics change the hydrological
regime of water and sediments, destroy the plankton and phytoplankton
and, in general, change the habitat of the aquatic species [11].

1.2. Recent insights on the microplastics interaction with other toxic
pollutants

As pointed out by Zhang et al. [19], the effects of microplastics on
human health are still an open debate and more research is needed.
Puskic et al. [20] found only 34 papers about the effects of plastic
ingestion on marine vertebrate animals (excluding fish). Increasing
attention has been given to microplastics and their effects towards the
environment, in particular, the marine one. Nevertheless, little attention
was given to the composites that microplastics can create with other
biological and chemical pollutants and that can surely have negative
effects on human and environmental health. Several studies have been
performed on the capacity of microplastics to act as vehicles of other
toxic pollutants.

Indeed, the smallest plastic debris are strong absorbents of hydro-
phobic pollutants and thus they affect the fate and toxicity of each other
[9]. This fact could influence the transport of toxic pollutants to envi-
ronments in which they would normally not end up, affecting environ-
mental and human health. For instance, Yu et al. [21] reported the
capacity of PVC microplastics to adsorb the antibiotic levofloxacin and
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on how this ability is increased or inhibited depending on the heavy
metal ions present in the solution, the ionic strength and the presence or
absence of fulvic acid. In particular, they pointed out that the amount of
adsorbed levofloxacin increases in the presence of Cu?*, Zn?* and Cr®",
while the adsorption is inhibited in the presence of Cd%* and Pb%* ions.
Mammo et al. [22] reviewed the latest results on the adsorption of mi-
croorganisms and chemicals on the surface of microplastics. They re-
ported recent studies that showed how several metal ions (such as
copper, arsenic, chromium, cadmium, lead) or persistent organic pol-
lutants (pesticides, drugs) can be easily adsorbed by microplastics in real
environment. Zhang et al. [23] investigated the combined toxicity of
cadmium and PS microplastics on zebrafish embryos. When the amount
of microplastics was increased above 0.05 mg/L, the lethal toxicity on
zebrafish embryos increased. On the other hand, a lower concentration
of microplastics reduced the lethal and sub-lethal toxicity of cadmium.

Zhang et al. [24] investigated the effects of cadmium and micro-
plastics on the fruit-fly Drosophila. Both cadmium and microplastics
caused gut damage and locomotor dysfunctions, which increased when a
combination of the two pollutants was administered and when micro-
plastics size was reduced. The authors believe that some of the effects
caused by the co-exposure might be due to the favoured transport of
cadmium in the body using microplastics as vehicle. Wang et al. [25]
studied the adsorption of cadmium on polyethylene (PE) beads (24 pm)
and how this composite could affect the health of the cladoceran Moina
monogolica Daday. The microplastics were left in seawater for 7 days
and the adsorption and accumulation of cadmium was significant. They
observed especially how the surface of PE beads aged in water and
became a very good adsorbent for cadmium. When the cladoceran was
exposed for 21 days to the PE beads, negative effects on survival time
and reproduction arose. When the cladoceran was exposed to the
PE/cadmium composite, the negative effects were greater. With this
work, they demonstrated that microplastics could act as vectors for toxic
metals. They underlined how there is still a gap in research to better
understand the interactions of microplastics with other pollutants and
their consequent effects on environmental and human health.

1.3. Types of plastics

Another associated problem to the plastic waste treatment is that
there are many types of plastics with diverse properties. The most found
in waters are PE, followed by polypropylene (PP) and then by PS [26,
27]. Actually, these three polymers together with PVC and the typical

7. OTHER 9
C

Acrylic, polycarbonate,
nonn

Polymer Degradation and Stability 215 (2023) 110459

bottle plastic (polyethylene terephthalate or PET), make 74% of all
plastic wastes [28]. Due to their common use, these plastic types have
been assigned with plastic resin identification codes (Fig. 3).

Two kinds of PE can be found depending on the degree of branching
of the polymer. Thus, LDPE has a higher degree of branching which
makes it less compact and, therefore, more flexible. For these properties,
LDPE is one of the most widely used plastics, especially for short-time
applications such as packaging [29]. Sadly, the typical plastic (LDPE
based) bags, can last around 450 years [12]. This may be the reason why
PE is one of the most found plastic in wastewaters after conventional
treatments [30].

In contrast, High Density Polyethylene (HDPE) possesses a more
linear chemical structure and lower degree of branching, and conse-
quently it is more crystalline, rigid and with higher mechanical
resistance.

Table 1 shows the main used plastics, their recyclability and their
photodegradation ability under radiation. The existing capability to
recycle these plastics does not unequivocally mean that they will be
recycled. For instance, Mihut et al. [31] reported different ways of
recycling nylon. However, the need of a complex cleaning process can
make this process difficult and, consequently, nylon is not being recy-
cled. Another example was brought by Brennan et al. [32] who
demonstrated that although the copolymer acrylonitrile butadiene sty-
rene is recyclable, there is a worsening of some characteristics in the
recycled polymer, such as strain to failure and impact strength.

Polymethlyl methacrylate (PMMA), one of the most used acrylic
plastics, is recyclable but the procedure, patented by Jeon et al. in 2011
[33], might not have been used yet because it is an expensive process
(several batches of heating at 450 °C). The main recycling process used
nowadays for PMMA is pyrolysis and, in this process, the monomer
(methlyl methacrylate) may be attained [34]. However, pyrolysis does
not only involve the use of high temperatures, but it also presents some
additional disadvantages such as the generation of by-products which
may affect negatively the polymerization step and reduce the quality of
the recycled polymer. Thus, a consecutive separation process, which
increases costs and pollution generation, is needed to isolate the
monomers from the pyrolysis by-products [34]. Finally, thermoset
plastics (such as polyurethane, PU) which are stable to incineration are
not recycled and are usually eliminated by simple accumulation in
landfills [35].

Table 1 summarizes also the photo-reactivity of the reported plastics
under radiation. It is to be noted that the photodegradation here is
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Fig. 3. Regulated labelling of the most used plastics.
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Table 1
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List of most used plastics with their recyclability, their presence in waterbodies, and reported photo-degradation conditions.

Plastic Uses Recyclable Detected on waterbodies Photo-degradation
Reference  Example Reference ~ Working Refs.
wavelength
PET Water bottles and other containers, clothes fibres YES [39] Treated water in a wastewater [40] 254 nm [39,
treatment plant 41]
PE Exfoliating creams. LDPE (bags); HDPE (bottles YES [27] Spanish sea, Treated water in [26] 295-320 nm [37]1
for liquids: milk, washing agents, etc.) treatment plant
PVC Tubing, construction YES  [42] Treated water in a wastewater [43] Sunlight [44]
treatment plant
PP Packaging for consumer products, automotive, YES [27] Spanish sea, Treated water in a [26,45] 253.7 nm [44]
exfoliating creams wastewater treatment plant
PS Packaging, toys, medicines NO [15] Spanish sea [26] Sunlight [46]
Nylon Electronic devices YES [31] Fish tracks [47]1 Sunlight [48]
Acrylonitrile Automotive industry, computers YES [32] Treated water in a wastewater [30] UV light [49]
butadiene styrene treatment plant
Acrylic Windows, screens YES [33] Fish tracks [47] UV lamp [36]
(A>220 nm)
PMMA Microbeads in creams YES [34] - - 260-300 nm [50]
Silicone Machines, electric devices and silicones YES [51] Treated water in a wastewater [30] Sunlight [52]
treatment plant
PU Footwear, automotive industry NO [35] Treated water in a wastewater [30] 280 nm [53]

treatment plant

namely photolysis, i.e. the capacity of the polymer to be degraded under
direct light irradiation. Most of the reported plastics are photo-
degradable under sunlight. However, the treatment times are
extremely long [15]. For instance, although acrylics have been reported
to be photo-degradable, Melo et al. [36] reported the need of 600 h
under irradiation with an UVC (minor portion of the sunlight) lamp to
completely eliminate the acrylic content. Likewise, some papers have
demonstrated PE is photo-degradable [37], although there are some
ambiguities. For instance, Oldak and Karzmarek [38] demonstrated how
under UV (254 nm) the Raman spectra of PE remained stable, showing
that no morphological changes occurred after 28 weeks irradiation time.

2. Plastic waste management options
2.1. Current status

An overview of the different existing options for the plastic waste
treatment will be given in the following paragraphs. It is important to
note that often these plastic waste treatment processes are used in
combination.

2.1.1. Separation processes

Usually, an initial plastic separation is mandatory and thus, pro-
cesses such as adsorption, filtration or coagulation-flocculation are used,
being the two latter methods also suitable for microplastics [54].
However, nano-filtration is often not used because it is an expensive
alternative which could lead to fouling of the filters [9]. Generally
speaking, plastics are difficult to treat by physical processes due to their
hardness and flexibility [55]. Indeed, an interesting review on micro-
filtration of plastics [56] highlights how it should be noted that micro-
plastics are even more fragmented during physical processes such as
sand filtration and consequently, it is important to have a secondary
treatment of the produced sewages.

2.1.2. Recycling

Not all types of plastics are thermoplastic and display big enough
sizes to be suitable for recycling. In addition, even if these requirements
are fulfilled, recycling is not always cost-effective [57,58]. Up to now,
less than 20% of the total plastic waste is recycled [4]. Amongst the
plausible usages, there exist the utilization of the plastics as material for
3D printers or construction uses [7]. Mechanical recycling may seem a
good alternative, but the need for sorting, cleaning, shivering and agents
(to make the plastic re-usable) addition makes the process not so

conceivable [59].

2.1.3. Disposal

Approximately 50% of the plastic waste is landfilled since recovery
and recycling are difficult due to the high heterogeneity of the collected
wastes [11]. However, one of the main drawbacks of landfilling is the
high demand for space which could have been used for more productive
aims [42]. Moreover, the landfill conditions avoid the natural ageing of
the plastics, where oxidation takes place. For instance, the lack of oxy-
gen in the landfill extends plastics life, preventing thermo-oxidative
degradation [14]. Likewise, the lack of solar radiation also slows
down the plastic degradation. For instance, Tu-Morn et al. [13] buried
LDPE for 4 weeks and no-biodegradation was detected even if the con-
ditions were ideal (temperature, humidity and aeration). Besides, the
leaching of toxic plastic additives and the worsening of the soil quality
[18] make this process an undesired option.

2.1.4. Incineration

This process overcomes the volume demand of the landfill and in the
vast majority of cases, allows to recover of some energy in the form of
heat [42]. For instance, PE has shown a calorific value similar to fuel oil
[59]. Nevertheless, toxic gases (dioxins, furans...) can be formed during
the process [28,60]. Indeed, the gases liberated by PS incineration cause
suffocation and many diseases [15]. Regarding environmental aspects, it
should be also mentioned that the incineration process contributes to the
global warming [11].

2.1.5. Pyrolysis

This procedure consists of the plastic waste transformation at high
temperatures (290-850 °C [61]) and low air concentrations into oil,
carbonaceous solid residues (char) and gases [4]. In this area, there are
interesting reviews which point out the influence of temperature and
reactor design on the obtention of by-products, which could be hope-
fully, fuels [8]. However, not all the plastics are suitable for pyrolysis
and this process contributes to greenhouse gases generation [58]. For
instance, PET or PVC are non-suitable for this process because of the
presence of heteroatoms which produce some toxic compounds when
they undergo a pyrolytic procedure [4]. Other plastics are difficult to be
treated under pyrolysis due to their cross-linked stable structures (PP,
PE) [4]. Catalytic pyrolysis can improve the treatment performance,
reduce the diversity of the attained products and the energy expenditure
[59]. However, the catalysts should be eliminated at the end of the
treatment and catalyst usage stimulates coke generation. Moreover,
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although the catalyst can be reused several times, it usually loses effi-
ciency with the number of cycles [61]. All of the above makes both
pyrolysis and catalytic pyrolysis undesired alternatives regarding envi-
ronmental and economic aspects.

2.1.6. Biodegradation

The vast majority of the used plastics are non-biodegradable. An
approach for favouring biodegradation consists on applying an oxida-
tion pre-treatment, so the mechanical fracture of plastics [62] as well as
the carbonyl groups formation, favour microbial attack [63]. Thus, the
application of the different hereby presented degradation processes as a
pre-treatment process prior to biodegradation is an alternative in order
to have biologically weak points or assimilable carbon within the plastic
[12,64].

Other approaches are based on the isolation of species which are
found in plastic-rich areas or the bioengineering of enzymes that pro-
mote olefin cleavage [7]. Padervand et al. [54] reported several or-
ganisms such as planktonic crustaceans, zooplankton or marine fungi
which digested micropalstics, attaining nanoplastics due to fragmenta-
tion. Moreover, the Red sea giant clam has been used to remove
microplastics by sorption on the shell (removing 66% of PE).

Some studies are currently being focused on creating more biode-
gradable plastics, thus biodegradation may be a plausible future alter-
native [5]. The addition of small quantities of biodegradable compounds
such as stearate or polyactic acid to non-biodegradable plastics can
trigger the biodegradation [13,65].

This process is environmentally friendly and unexpensive, and
consequently, more effort should be focused on the overcoming of its
drawbacks by the search of acceptable pre-treatments alternatives such
as the overlooked photo-based processes.

2.2. Photo-based processes

The following paragraphs will be focused on photolysis and photo-
catalysis. It is important to make a distinction between the two mech-
anisms. In the case of photolysis, the plastics are simply photo-degraded
by light irradiation. The UV light or sunlight is absorbed by the plastics
and generate excited states leading to chain scissions, branching cross-
linking and oxidation reactions, which in turn will end up in the
decomposition of the plastics [66]. However, as we described in Para-
graph 1.3, this is an extremely slow process for the majority of plastics.
Therefore, the photocatalytic mechanism becomes of outermost
importance. In the photocatalytic degradation, the presence of an
additional material, normally a semiconductor oxide, namely a photo-
catalyst, is fundamental. The photocatalyst is excited with light of
proper wavelength and generate electron-hole pairs which, depending
on the environment and the specific polymers will trigger the formation
of radicals and a series of chain reactions. More specifically, the
degradation of plastics in the presence of a photocatalyst goes through
three main steps: (i) electron-hole pairs are generated by light irradia-
tion, (ii) charge is aggregated from the interior homogeneous dispersal
of the photocatalysts to the surface, and (iii) redox reactions are trig-
gered between reactants and photocatalysts [67]. More generically,
photocatalysis is based on the light-activated production of radical
species able to oxidize the pollutants, in this case the plastics and the
radical species that will form will strictly depend on the environment in
which the photocatalytic degradation takes place.

Both the photolysis and photocatalysis processes have several ad-
vantages, namely low cost, easy application, possibility of using sun-
light, use of ambient conditions, etc. [68]. Moreover, photo-based
processes can be also used for generating useful by-products or as a
biological pre-treatment [7,64]. However, these processes also have
some disadvantages such as the fact that radiation may cause cross-
linking [69] due to the radical nature of the process, the requirement of
long treatment times, the high cost of some artificial light sources, etc.
Research is being carried out to diminish these drawbacks [3,9,70]. This
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review points out some relevant data which could be useful for the
enhancement of future research based on plastic degradation under
photo-based processes.

2.2.1. Sustainability of photo-based processes

Photo-based degradation processes can be considered a sustainable
alternative for the treatment of plastic wastes on the case of using low
consumption lamps or solar energy [64].

In the case of photo-catalysis processes, it is important to note that
photo-catalysts are usually reusable, reducing long-term costs. More-
over, the associated costs of the catalyst addition can be worth it,
considering the amelioration of the process in terms of treatment time
and by-products generation (avoiding toxic by-products in advantage of
useful ones).

Indeed, with a proper catalyst selection, fuels can be attained
throughout the plastic degradation process. Jiao et al. [3] highlighted
how converting plastics in fuels can be done at room temperature, at-
mospheric pressure, in air presence and with the natural energy pro-
vided by the sun. They converted plastic wastes (plastic bags, food wraps
and containers) based on PE, PP and PVC into CO, which was
photo-reduced to generate acetic acid. Initially, the aliphatic chain
should be photo-degraded to generate, throughout oxidation, COy; then,
this CO is reduced to produce Cj fuels [3]. The couple H,O/ HO- has a
highly positive redox potential (2.32 V vs normal hydrogen electrode,
NHE), while the half-reactions involving the COy reduction require
negative potentials (-0.6 V vs NHE). NbyOs has its valence-band
maximum at +2.5V vs. NHE and the conduction band minimum at
—0.9V vs. NHE. Therefore, NbyOs can stimulate, under sunlight radia-
tion, the production from PE, PP and PVC of 47.4, 40.6, and 39.5 ug
gcat™! h™! of acetic acid (resulting from the photo-conversion of the
produced CO»), respectively [3]. The acetic acid generation perfor-
mance was similar when using pure CO, or gases generated from plastic
degradation. Oppositely, a decrease of acetic acid generation was
detected when using actual plastics wastes, due to the presence of ad-
ditives, requiring further research. For instance, the utilization of other
photocatalyst may promote another reaction pathway (Fa et al., [65]).

Moreover, plastics can be used as electron donor for the Hy genera-
tion with solar radiation [58,71,72] process which is so-called “pho-
to-reforming”. Nowadays, 96% of the global Hy is attained from
pyrolysis of fossil fuels, which are limited. As an alternative, Uekert et al.
demonstrated how CdS/CdOy [58] or CN¢NiyP [71] catalysts could be
used in the Hy generation from water in the presence of plastics. Spe-
cifically, the aforementioned catalysts are excited with solar light and
the generated electrons can reduce water to Hy, while the generated
holes provoke the oxidation of the plastic present in water. A
pre-treatment with 0.5 M KOH enhances the plastic degradation process
due to the generation of breaches throughout the plastic [3,71,72]. The
plastic waste is converted then, under ambient conditions, in useful
by-products such as formate, pyruvate or acetate. Nevertheless, Hy
generation with this method is still low. For instance, when using
CNiNiyP catalyst for a PET bottle photo-degradation, 2.87 pmol Hy-g
cat™1.h! were attained [71], whereas higher quantities, namely 64.3,
3.42, and 0.85 pmol Hy-gcat *-h~! for polylactic acid, PET and poly-
urethane, respectively, were obtained using a less green catalyst such as
CdS/CdOy [58]. This demonstrates more research should be focused on
the photocatalyst degradation of plastics, for the attainment of greener
and inexpensive catalysts.

Positively, this process has the potential to be scaled-up, being flat
photo-catalyst-panel reactors an inexpensive and efficient alternative to
avoid light scattering and catalyst sedimentation, although mass transfer
can be an issue [71,72]. Indeed, Uekert et al. are nowadays leading this
research and they have started scale-up tests attaining around 3.13 pmol
Ho-gcat ~'-h™!, which accounts for a 60% efficiency decrease when
compared to previous experiences where they used a 25 times smaller
reactor [72]. With further research, those discrepancies will be reduced
and the efficient scale-up a plausible future.
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This plausible energy attainment (either hydrocarbons or Hj) is
highly beneficial and counteracts the fact that around 4% of the world
oil consumption is used as plastic source [11].

2.2.2. Degradation mechanisms

The process by which a plastic is photo-degraded consists on the
irradiation of the plastic with photons with the right energy to create
excited states in the plastic, which is followed by chain scission (where
cross-linking may happen) and oxidation (where some oxygen groups
may be incorporated favouring the subsequent degradation) [73].
Indeed, in the presence of oxygen, some oxidation (thermal- or
photo-induced) can occur and aldehydes or carbonyl groups may be
formed, which absorb in the range 290-400 nm. These plastics are
so-called oxodegradable [29] and are prone to undergo
photo-degradation. Moreover, the polar character of aldehydes and
carbonyl groups may lead to degradation propagation [46].

Obviously, the impurities or other defects on the plastic matrix are
weak points where the degradation process can start [74]. Likewise, the
amorphous regions are more prone to oxygen diffusion through them,
leading to the weakening of the intermolecular forces which favours
chain scission and oxygen groups’ incorporation [65]. Similarly, the
presence of oxygen on the raw polymer favours the subsequent
photo-degradation, hence, Alle et al. [9] degraded more easily PMMA
than PS because the former has C=0 and C—O groups which are more
prone to breakage.

On the case of photo-catalysis processes, apart from the aforemen-
tioned photo-degradation, the catalyst is activated under a specific ra-
diation, causing the promotion of an electron (e~) from the valence band
to the conduction band, leaving a hole (h™) on the former. These, e~ and
h™ promote, respectively, reduction and oxidation reactions, either
direct with the plastic or indirect with water and oxygen from the media,
generating radical species such as HO-, HO,:, O3, etc. which attack
quicky and non-selectively the organic matter (Verma et al., 2017; Nabi
et al., 2020; Karim et al., 2022).

The extent of the photo-degradation and its mechanism seems to
depend on the properties of the polymer, being the photo-degradation
easier when having less stiffness and crystallinity [53].

The typical LDPE degradation process is depicted in Eqgs. (1)-(5)
from [75]. Generally, the degradation of plastics starts by the limiting
step of oxygen addition to produce unstable superoxide and hydroxyl
radicals, which help the propagation of the degradation process [46]
Egs. (1)=((3)). Indeed, carbon centred radicals may be formed Eq. (1))
and continue chain reactions to cause more scissions or generate hy-
droxyl derivatives [65]. Additionally, some carbonyl by-radicals can be
formed (Eq. (2)) and subtract hydrogen from nearby molecules (Eq. (3)).
As reaction time passes, C—H bonds decrease due to oxidation and C=0
groups are generated [76] (Egs. (3) and ((5)), giving rise to the yel-
lowing of the plastic. These latter groups are degraded at 290-400 nm
[46]. Hopefully, many of the compounds generated throughout the
photo-degradation by radicals (aldehydes, ketones, carboxylic acids) are
biodegradable [12]. Furthermore, there is increasing research on the
fact that a pre-treatment of plastics (e.g., heat treatment) and the opti-
mization of the photodegradation process can both favour the complete
degradation of plastics in environmentally friendly products, with lower
risks of developing critical by-products and/or intermediates [67].

(— CH,—CH, — ),+ ¢« HO"—( — CH,— o CH-), + H,0 @
(— CH,— e CH-), + O,—( — CH,—HCOO ¢ —CH, — ), @)

( - CHszCOO L] 7CH27)n
+ (- CH,—CH, — ),—( — CH,—HCOOH — CH, — ),
+ ( - CHzf L] CHz)n (3)

(— CH,—HCOOH — CH, — ), —( — CH,—HCO o —CH, — ) + ¢ HO~  (4)
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(— CH,—HCO ¢ —CH, — ), —~Carbonylgroups 5)

Some aspects can favour the plastic photo-degradation. Hence, oxygen
can be reduced into HyO, favouring plastic degradation [3]. Moreover,
common plastics have light stabilizers within their structure which
presence can be even beneficial as they can react to avoid excessive
radical generation, avoiding adverse effects such as cross-linking [69].
Depending on the catalyst or the applied wavelength, the degrada-
tion pathway may vary [53]. For instance, Fa et al. [65] degraded PE
with TiOy or with TiOy/Fe(St)3 (St=stearate) and this latter catalyst
performed better when analysing the carbonyl index, tensile strength
and elongation. However, the weight loss was 77% smaller when using
TiOo/Fe(St)3, meaning the degradation mechanism is different.

2.2.3. Typical photo-degradation setup configurations

Different factors affect the plastic photo-degradation (Table 2).
Consequently, it is necessary to study each individual parameter and
their combined effect on plastic degradation. As alternative, one may
use a surface response software, not only for testing the best photo-
catalyst and its modifications but also the radiation source which may be
optimal for its activation as well as other working parameters [70].

The are some examples of the conjugated effect of operational con-
figurations. For example, PS was degraded much easily (taking into
account the film piece is bigger and the treatment time quicker) when
using TiO, as catalyst with a more powerful lamp (2.5 mW/cm?) [77]
than when using a more efficient catalyst (TiOy/copper phthalocyanine)
with a weaker lamp with broader spectrum (1.75 mW/cm?).

Consequently, some relevant set-up aspects would be discussed next
although the overall degradation performance should take into consid-
eration the combined effect of those parameters.

2.2.3.1. Radiation source. The selection of the lamp should be taken
following Grothus-Draper law which states that only light with proper
energy has the potential of causing photo-physical processes (such as
bond scission) [74].

Hence, both wavelength and intensity are very important for photo-
degradation processes [65,78]. Indeed, Chakrabarti and Dutta [78]
augmented the PVC degradation from 6 to 20% when increasing the
light intensity from 0.105-10~2 to 0.192-10~2 W/m?. Nevertheless, even
though at low intensities, photo-degradation and light intensity are
directly proportional, at higher intensities the reaction rate is propor-
tional to the square root of light intensity [9]. Besides, the reaction
mechanism is different, as longer treatment times at lower photon in-
tensities lead to more chain scission reactions [50].

The selected wavelength also plays an important role. For instance,
UV or visible radiation can promote direct photo-degradation and an
increase in temperature which favours degradation. Infrared radiation
promotes only thermal oxidation. [55]. UV radiation under 350 nm has
the energy for breaking the covalent bonds of many polymers [49].
However, the typical bonds of polymers (C—C, C—H, C—N, C—Cl) are
prone to absorb radiation under 200 nm. For instance, PMMA was
degraded at 280-300 nm but with radiation above 320 nm no degra-
dation was detected [50]. Nevertheless, some conjugated double or
carbonyl bonds, which are found in commercial plastics, increase the
absorption at higher wavelengths [74]. This latter fact is a positive
phenomenon as UV is only a small percentage of the solar spectrum.

TiOs is one of the most used catalysts for UVA light degradation and
its bandgap falls in this region of the electromagnetic spectrum. Indeed,
doping with metals and non-metals is an usual methodology to decrease
TiO, bandgap, favouring the utilization of visible radiation [60] and,
therefore, reducing the energy requirement and operational costs.

Consequently, the influence of the radiation source depending on the
catalyst selection has been reported. Zhao et al. [79] reported a two
factor increase in the PE weight loss when using UV radiation instead of
using solar radiation, as they used TiO; as catalyst. Similarly, Sawaphum
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Table 2
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Overview of the different operational parameters used in literature for the photo-catalytic degradation of a list of plastics with the corresponding evaluation of their

degradation.

Refs. Plastic

Radiation (time)

Catalyst (concentration)

Set-up

Weight loss (%)

Other measurements

[73] PE

[79] PE

[64] LDPE

[41] PET

[55] PP

[78] PVC

[36] Homo-
methacrylic
polymers

[77] PS

[88] PS

[57] PE

[90] Sulfonated PS

[88] PVC

Ref. Plastic

[60] LDPE
[81] PS
[65] PE

[1] PE and PP

[15] PS

[62] Polyepoxy

[13] LDPE
[82] PE
PS

Sunlight (240 h)

254 nm, 1.0 mW/cm? (300
h)

Sunlight (200 h)
75.000-90.000 Ix
254 nm, 1 mW/cm? (7 h)

1.08-107-2.19-107 J/m?
(130 h)

UV lamps 4 (4 W) and 1 (6
W) (2h)

Hg lamp 220 —300 nm (35
mW/cm?) (350 h)

8 W ultraviolet lamps
(253.7 nm). 2.5 mW/cm?
(150 h)

Three 8 W fluorescent
lamps (310-750 nm) 1.75
mW/cm? (250 h)

UVA (280-350 nm), 30 W
(200 h)

250 W Hg(Xe) light (250
min)

30 W UV lamp, 254 mainly
and 305, 357, 384, 418,
520 and 543 nm (720 h)
Radiation (time)

UV (15 days) 2 lamps 18 W,
315 nm

30 W UV lamp (288 h)

30 W 254 nm (240 h)

Solar simulator

UV, 253 nm, 30 W

UV, 313 nm

Solar radiation (4 weeks)

4 UV lamps 32 W, 254 nm,

4.95 mW/cm?, (36 h)

4 UV lamps 32 W, 365 nm,
3.05 mW/cm?, (12 h)

polypyrrole/TiO, (10 wt.
%)

TiO, (1 wt.%)

TiO3 (0.1 wt.%)

TiO,-GO-nanocomposite
(0.2 wt.%)

Zn0 0.2 g/0.2 g Erosin
dye/g PVC

TiO; (2 wt.%)

2 wt.% TiOy/copper
phthalocyanine

ZnO nanoparticles
grafted with 10 wt.%
polyacrylamide
2pmol-Fe(IlI) and 14.1
mmol-H,0,/g of PS

2 wt.%TiO,-aniline-
ammonium persulfate

Catalyst (concentration)
TiO, nanotubes (10 wt.
%)

1 wt.% TiO,-Fe stearate

TiO,-Fe stearate

200uL of 11,000 ppm
ZrO,
3 wt.% TiO,

10 wt.% di-
benzoylperoxide

10 wt.% polylactic acid
(biodegradable
polymer)+ 1 wt.% TiO,
TiO, nanoparticles

Heterogeneous conditions:
small PE fragments put in a
culture dish and catalyst was
added

Homogeneous conditions: PE-
TiO, film, 5 cm?, lamp placed
at 5 cm

Homogeneous conditions:
Film LDPE-TiO,
Homogeneous conditions:
Film 1 cm?, distance lamp-
sample 3 cm

Homogeneous conditions:
Film under solar radiation (9:
am-18:00 pm) 500-995 W/
m?1.08 107-2.19:107 J/m?
Homogeneous conditions:
PVC-ZnO-dye film 19.2 cm?®
Homogeneous conditions:
Polymer coated stones

Homogeneous conditions: PS-
TiO; film (100 cm?), lamps at
5 cm away from samples

Homogeneous conditions: PS-
TiO,/copper phthalocyanine
film (60cm?) 7 cm away.
Containing 0.5 g of PS
Homogeneous conditions:
Film at 50 cm distance to the
light source

Heterogeneous conditions: PS
fragments, pH 2, 25 mL, lamp
placed at 5 cm, stirring.
Homogeneous conditions:
Films of 10 cm ¢, 22 ¢cm from
light source

Set-up

Homogeneous conditions:
Films of 9 cm? at 5 cm from
light source

Homogeneous conditions:
Films 12.25 cm?, lamp placed
at 8 cm

Homogeneous conditions:
Samples of 16 cm? placed at
10 cm

Heterogeneous conditions:
Fragments of 2.25 cm?
Homogeneous conditions: 5 g
PS in film at 8 cm of lamp

Homogeneous conditions:

45 °C, film at 25 pm of the
lamp

Homogeneous conditions:
Films of 21 x30 cm, at 45° to
horizontal

Homogeneous conditions:
Films with TiO, and triton X-
100 of 1 cm? placed at 10 cm

35.4

42%

68%

20%

100%

22.5%

7%

25%

99

70

Weight loss (%)
78

22

14%

6%

12%

100%

98.4%

FTIR: decrease of peak intensity at
1463 (CH,) and 1376 (CH3) cm ! due
to scissoring.

CO,, concentration increase, (0.01 mM
in 95 h), detection of intermediates
(peak area increase in GC), FTIR
(formation of bands at 1631 and 1713
cm ™).

FTIR (carbonyl index). TGA (thermal
stability is lower).

Contact angle reduction from 76 to
14° 13.4% C reduction (XPS).

Deep cavities after irradiation (SEM),
FTIR detection of C = O bond because
of degradation and deformation of
—-CH,, signal.

FTIR bands modification.

Stones adsorbed water because of the
protective plastic degradation,
Appearance of FTIR peaks due to C =
C bonds caused by chain scission.
Variation of the average MW, new
FTIR bands (1217 and 1724 cm ™),
XPS changes concerning the elements
oxidation (less bands related to
reduced oxidation states)

Detection of volatile organic
compounds, CO, monitoring

SEM images difference, tensile
strength and elongation worsening as
the photo-degradation occurs
Detection of by-products

Carbonyl groups increasing and C—H
decreasing (FTIR)

Other measurements
Increase on surface roughness

Molecular weight decrease, new
carbonyl groups bands in FTIR spectra

Appearance of C = O bonds (detected
by FTIR), tensile strength and
elongation lost (2 times and 35 times
lower)

SEM superficial changes and carbonyl
index increase (170%)

MW decrease, FTIR appearance of
characteristic bands for C = C and
oxygenated bonds, SEM superficial
changes

Increase of carbonyl groups (FTIR)

SEM (cracks), fewer tensile properties

Raman carbon peaks disappearance

XPS oxidation detection,
hydrophobicity reduction, TGA stable
profile (meaning only TiO, remains on
the sample)

(continued on next page)
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Table 2 (continued)
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Refs.  Plastic Radiation (time) Catalyst (concentration) Set-up Weight loss (%)  Other measurements

[9] PMWA UVA, 112 W/m?, (7 h) TiO, (10 wt.%)- p-SiC Heterogeneous conditions: 50% TOC Formation of FTIR bands relative to
foams nanopalstics pH 6.3, 600 mL reduction oxidized functional groups oxidation

[83] PVC 75 W Hg lamp (1 h) TiO,-PVC (2:1) film Homogeneous conditions: 53% PVC XPS carbon reduction, oxygen

136 cm? film decomposition augmentation, chloride and CO,
evolution.

[69] PS 200 W H g lamp 8 wt.% PS-block acrylic Homogeneous conditions: n.s. Molecular weight reduction, gel

acid+11 wt.% TiO, Film placed at 40 c¢m, 60 °C permeation chromatography
25 W LED lamp simulating 8 wt.% PS-block acrylic Homogeneous conditions: n.s

sunlight acid+11 wt.% TiO+
0.01 wt.% copper
phthalocyanine

Film placed at 30 cm, 60 °C

et al. [12] noticed a better photo-degradation of PE and PP with TiO,
photo-catalyst at 254 nm than under a 366 nm wavelength.

2.2.3.2. Catalysts. The key parameter for making these photo-
degradation processes feasible to be used is to add a catalyst to plas-
tics during the fabrication process in order to favour the plastic degra-
dation. Indeed, S et al. [15] demonstrated an easier way to
photo-degrade PS films when adding TiO, as photo-catalyst, improving
30% the UV degradation of original PS films. Also Camila
Ariza-Tarazona et al. [80] demonstrated the addition of C,N-doped TiO»
enhanced HDPE photo-degradation (Fig. 4). Moreover, as reported by
Tu-morn et al. [13] the photo-degradation of LDPE modified with pol-
ylactic acid (PLA) and different amounts of TiO, proved to work much
better than only biodegradation (Fig. 4). Amongst the parameters that
affect the catalysts performance there are: i) the ratio pollutant-catalyst,
ii) the surface area, being the larger the better for favouring the gener-
ation of active species [60] and pollutant adsorption and iii) the band

(a) As-extracted HDPE : (b) pH 3, 0°C
-

(d) pH 7, 20°C

€

gap, as for instance a higher band gap is related to better redox capacity
but less activation with visible light [1].

Indeed, Zhao et al. [79] increased the PVC degradation by selecting
properly the ZnO concentration to work with. They noted how the
catalyst concentration was not linearly proportional to the PE degra-
dation. Actually, Chakrabarti et al. [78] demonstrated how increasing
the catalyst concentration causes more plastic degradation because of
the increasing amount of active sites (i.e. Fig. 5), until a point where
additional amount of catalyst caused a negative effect due to light
scattering.

Obviously, in aqueous systems, the contact plastic-catalyst surface is
higher in homogeneous conditions, but the use of powder catalysts is
discouraged as the catalyst recovery makes the future application more
difficult and causes light scattering [9]. This means that the usual high
polarity of the catalysts (for instance TiO2) and the low polarity of the
plastics have to be overcome with the addition of some compounds such
as transition metals carboxylates [81]. Thus, Nabi et al. [82] increased

(c) pH 3, 40°C

(& pH 11, 40°C
¥ ™

Fig. 4. Optical micrographs of HDPE microplastics after photolysis (up) and C,N-doped TiO, photocatalysis (down). Reprinted from [80], copyright (2020), with

permission from Elsevier.
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LDPE LDPE

+T10,1.0 phr

PLA/LDPE

PLA/LDPE
+Ti0; 0.5 phr

PLA/LDPE
+Ti0; 1.0 phr

PLA/LDPE
+Ti0, 1.5 phr

/.

Week 0

Week 4
(Photodegradation)

Week 4
(Biodegradation)

&
;

Fig. 5. Appearance of LDPE films in which 10 wt.% PLA or both 10 wt.% PLA and different amounts of TiO, have been added. The samples were imaged at week
0 and then at week 4 of irradiation with sunlight and at week 4 after biodegradation experiments. Reprinted from [13], copyright (2019), with permission

from Elsevier.

from 69.25% to 91.04% and then to 98.4% the PS photo-degradation
with TiO, by using, respectively, water, ethanol or surfactant triton
X-100 as dispersing agent for PS-TiO,-film preparation. In the case of
PVC plastic film, better degradation was attained when TiO, particles
were within the film than when they were dispersed in a solution in
contact with the film (heterogeneous conditions) [83]. This demon-
strates the film degradation is not only a more plausible technique for
future usages but also a more easy-to-apply process overcoming plas-
tic/photocatalyst polarity differences.

TiO, catalyst is one of the most used catalysts due to its efficient
photo-degradation activity, high stability, low cost and relatively low
toxicity [60]. Indeed, Shang et al. [77] doubled the PS weight loss until
22.5% when adding TiO, (2%) to a PS film (under UV), detecting three
times higher CO levels due to PS degradation.

Apart from TiO, other authors have explored the usage of other
catalysts, mainly semiconductors for favouring the separation of elec-
trons and holes. Bandara et al. [1] demonstrated how ZrO, performed
better than TiO» for the film degradation of PP and PE because of the
capability of this catalyst to stabilize oxygen vacancies. Kamalian et al.
[57] reported how ZnO has been overlooked as catalyst, as it is widely
less used than TiOy although it has similar properties and higher
photo-activity. Indeed, ZnO has a similar band gap (3.37 eV) to TiOs.
However, ZnO has low stability due to photo-corrosion [84] and re-
ported toxicity.

Coupled photo-catalysts are often used, that is the combination of
two semiconductor catalysts. Those two compounds (A and B), are
mixed and they may have different oxidation potentials, if the conduc-
tion band of A is higher than the one of B, excited electrons of A can be
transferred easily to the conduction band of B. Therefore, holes in the
valence band of B can easily be transferred to the valence band of A. This
process decreases the e /h" recombination and thus enhances the
degradation efficiency of the photo-catalytic process [73]. However, the
addition of the second element should be studied, as increasing too
much the concentration can lead to negative effects. For instance, Fa
et al. [81] attained 14% of PE weight loss after 240 h of UV irradiation
when using TiO, and Fe(St)3 and 62% when using only TiOx.

Modification of catalysts and their use in different conditions

There are only a few examples of modified photo-catalysts, usually
so-called “doped photo-catalyst”, for microplastics visible-light photo-
degradation. Most of these studies are recent and led to very interesting
results underlying the need of further research in this field. Regarding
the metal modification of photo-catalysts, to date, only two works have
been reported for the degradation of microplastics. The first one [75], is
based on ZnO nanorods with 5.4% Pt nanoparticles which were used for
the visible-light photo-degradation of LDPE films. In comparison to ZnO
nanorods, it was found that the Pt-ZnO nanorods showed a 78%
enhancement in visible light absorption. They attributed this better
visible photo-catalytic efficiency to the absorption of the Pt nano-
particles and to the decreased e”/h" recombination due to the photo-
generated e~ diffusion from the ZnO to the Pt.

Another example of metal doped catalysts for light-induced removal
of microplastics is A u@mag@TiO, (where mag=Ni or Fe) (Fig. 6) [85].
This removal process is not based on photo-catalysis itself. The micro-
plastics are carried away thanks to a micromotor propulsion which
happens due to a UV application. The mechanism behind the propulsion
of the micromotors and the removal of microplastics lies in the interface
of TiO, with Au. Indeed, after the excitation of TiO, with UV light, the
electrons migrate to the metal layer where the reduction of protons takes
place. The consumption of protons is what leads to the generation of a
fluid flow around the metal layer and, therefore, to the propulsion. The
propulsion mechanism in the presence of HyOs is slightly different since
the propulsion is generated by the decomposition of HyO2 via an
oxidation-reaction mechanism on the micromotors. This novel meth-
odology for the removal of microplastics is definitely very interesting
since it opens the avenue for “smart” microplastics collectors, although
it lacks in selectivity.

Non-metal doping is another strategy to enhance the photo-catalytic
performance under visible-light. For instance, Ariza-Tarazona et al. [80]
reported the photo-degradation, under visible-light, of HDPE extracted
from facial scrubs using nitrogen-doped TiO2. The material had a lower
bandgap than pure TiO,.

Later on, the same authors [80] reported a research about carbon and
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Fig. 6. Schematic representation of the interaction between Au@Ni@TiO, micromotors and PS particles, and optical images throughout time of the same micro-
motors gathering the PS particles in the presence of 1.67% H,0, under UV light. Reprinted from [85], Copyright (2019) with permission from American Chemi-

cal Society.

nitrogen-doped TiOy semiconductors for the visible-light degradation of
HDPE microplastics. Indeed, they reported that although in other works
such as that by Tofa et al. [75] or in their previous work [86] the pho-
tocatalytic degradation of microplastics was successful under
visible-light, the complete photo-degradation was not achieved. For
that, low pH and temperatures may enhance the degradation perfor-
mance. Hence, acid pH incorporates H' ions in the system facilitating
the plastic degradation and the interactions of the catalysts particles
with the HDPE microplastics. Low temperatures increase the fragmen-
tation of the plastics, thus increasing their surface area and enhancing
their interactions with the photo-catalyst.

Finally, Llorente-Garcia et al. [70] reported the photo-catalytic
degradation of HDPE and LDPE microplastics under visible-light in
aqueous medium in the presence of a mesoporous N-TiO5 coating. In this
work, they focused on the issue that microplastics extracted from
commercially available products have usually a big mean particle size
several thousands of times bigger than the size of the commercial cat-
alysts. In conclusions, the authors showed that the photo-catalytic
degradation of HDPE and LDPE under visible-light in presence of
N-TiO; catalyst is influenced by: 1) the high availability of OHe radicals
generated thanks to the high surface area of the N-TiO coating; 2) the
interactions promoted by diffusion and stirring of the OHe radicals with
microplastics; 3) the size of the microplastics (high surface-to-volume
ratio in smaller HDPE microplastics was beneficial); 4) the shape of
the microplastics (film-shaped LDPE can accumulate on the surface of
the solution hindering a good illumination and oxygenation of the whole
system reducing the photo-catalytic performance of the catalyst).

Amongst catalyst modifications, dye sensitization can be also used
for enhancing the efficiency of semiconductor catalysts. The dye usually
has a lower band gap than the raw catalyst, thus it can make an UV-
active photocatalysis to extend its activation wavelength towards the
visible spectra [87]. Therefore, the dye can be excited with lower energy
and the excited e” can be injected into the conduction band of the
semiconductor catalyst, favouring the e /A" separation [78]. This cau-
ses the indirect activation of the semiconductor [87]. Hence, Shang et al.
[88] synthesised a catalyst composed of TiO, and copper phthalocya-
nine. The energy of the used light should be between the band gap of
TiO3 (3.2 eV) and the band gap of copper phthalocyanine (1.81 eV). In
this case, copper phthalocyanine is excited and an e~ is moved to a
singlet state and a h™ is formed, favouring the reduction and oxidation of
pollutants. Ali et al. [60] used brilliant green dye to sensitize TiOy
nanotubes, enhancing the photo-response of the latter which lead to the
reduction of the half life time of LDPE plastic under visible radiation
from 346 days to 231.

Another option would be the application of the photo-Fenton process
which is based on the generation of oxidant species by the reaction of
Fe®*" (or other transition metals) with H0, to generate OHe or other
radicals (Fenton process). The radiation i) favours the regeneration of
Fe2" from the spent Fe" generated through the Fenton process, ii) can
cause H,05 homolytic breakage to OHe radicals and iii) promotes the
photolysis of iron (or other transition metal) complexes which can be
formed during the Fenton process [89]. However, few references have
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been published about the photo-Fenton degradation of plastics. Never-
theless, the results reported by Feng et al. [90] are very promising, as
99% of weight loss of sulfonated PS was attained in 250 min.

2.2.3.3. Influence of photo-catalytic conditions on the plastic degradation.

The photo-catalytic process can be performed in homogeneous or het-
erogeneous conditions. In the first case, the catalysts are dispersed in
plastic films, while in the second the catalysts are dispersed in an
aqueous medium where the plastics fragments are fluctuating. Homo-
geneous conditions would be useful for the manufacturing of easier-to-
degrade plastics [74]. However, there are researchers who have
degraded the plastic by mixing the plastics and the catalysts in solid state
[73] or in aqueous media dispersions [9], both processes would be
useful for eliminating the plastics already present in the environment.

Homogeneous conditions allow a good contact of plastic and cata-
lyst, nevertheless, they imply a more superficial degradation. However,
Shang et al. [88] detected bigger cavities on the film as the
photo-degradation proceeds, indicating that not only the surface is been
attacked but also the inner part of the film.

On the case of heterogeneous photo-catalysis in water, the effect of
the plastic fragments’ size is a key parameter. Actually, Alle et al. [9]
reported a faster PS photo-degradation for a PS diameter of 140 nm than
of 508 nm. Moreover, one should consider the effect of the solution
properties, such as the solubility and lifetime of the donor and acceptor
species in the solution as well as the viscosity of the solvent that may
affect the performance of the photo-catalytic degradation [74]. Indeed,
the solution pH has an important effect which depends on the point of
zero charge of the used catalyst. Thus, low pH values (4-6) are more
suitable for PS photo-degradation with TiO5 [9], as some oxidants’
generation is enhanced at acid pH [80]. The inlet and recirculation flows
are important as they are related with the residence time of the plastic in
the reactor and there can be mass transfer limitations or a heterogeneous
distribution of the polymer on the effluent at too low flows [9].

In Table 2 it can be seen how the set-up configuration plays an
important role. Zhao et al. [79] achieved 42% weight loss in 300 h with
a 1 wt.% TiO3 loaded PE film when using UVA light. On the other hand,
Li et al. [73] only reached 35% weight loss for the same plastic when it
was placed in small fragments into a Petri dish under solar radiation and
in the presence of 10 wt.% of a Polypyrrole/TiO nanocomposite. In this
latter case, a deep economic study should be carried out as the wors-
ening of the performance may be worth it because of the energy saving
when using solar radiation.

Accordingly, the application of photo-based process should be done
with flexible working set-ups which allow a modification of the condi-
tions depending on the plastic content and type to be degraded.

2.2.3.4. Plastic chemical composition. The kinetic behaviour of the
photo-degradation process is also related to the chemical composition.
Actually, even the same plastic with different polymerization degrees
can be differently degraded. Thus, Horikoshi et al. [83] reported a much
quicker PVC photo-degradation of a higher molecular weight PVC.
Regarding different plastics, Myllari et al. [91] reported the
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photo-degradation of PS to be linear in time whereas PP was degraded
exponentially. Moreover, the photo-degradation of mixtures of plastics
can be more favoured than the degradation of a single component,
positive fact for future applications. For instance, the LDPE
photo-catalytic TiO5 degradation was easier when having 10% of poly-
lactic acid inside the plastic composite [13], and this addition can also
enhance the following biodegradation. Fa et al. [81] also evaluated the
addition of thermo-degradable promoters such as Fe(St)3 to favour the
photo-degradation and the following biodegradation.

Moreover, some plastic modifications can enhance the plastic
degradation. Hence, Feng et al. [90] sulfonated PS and this alteration
allowed its degradation whereas raw PS did not undergo any modifi-
cation after 300 min of photo-Fenton process. Indeed, the addition of
electronegative atoms weaken the structure.

Hence, there is room for the synthesis of weaker plastics which are
easily photodegraded. Indeed, those studies based on plastic film pho-
todegradation open a path for a new generation of new photodegradable
plastics, which will be easily degraded on the possible scenario of
reaching the environment.

2.2.3.5. Treatment time. The degradation time plays an important role
on the photo-degradation process [81]. Obviously, the longer the
treatment time, the greater the extension of the degradation. Indeed,
Table 2 shows how the greatest weight loss percentages are for the
longer treatment times under UV TiO, based photo-catalysis. Thus, 15
and 30 days were needed for achieving, respectively, 78% (LDPE) and
70% (PVC) of weight loss [60,76]. Those treatment times are still quite
long but they are promising, considering that the research on
photo-degradation of plastics is at early stage.

However, one should select properly when to stop the reaction in
order to favour the following degradation steps or to avoid the

Polymer Degradation and Stability 215 (2023) 110459

generation of toxic by-products. Indeed, even photo-degradable plastics
have low efficiency to be completely photo-degraded [81].

3. Quantification methods to assess the performance of the
plastic degradation process

One of the main problems connected with plastics concerns the dif-
ficulty of a proper detection method able to quantify even small quan-
tities and to determine their state. Being plastics mainly aliphatic
compounds, they usually display UV absorption bands around 200 nm,
where many other chemical species absorb too. Thus, typical UV spec-
trophotometry cannot be used to detect plastics. Actually, the previous
unawareness, caused by a lack of detection, may have been the reason of
the wide accumulation of plastics into the environment. In order to
avoid more plastics to be leaked to the environment and to quantify the
performance of the treatment alternatives, there have been several
studies which have proposed different ways of qualifying and quanti-
fying the plastic content as well as the degradation process (Table 3).
These analyses are referred to solid, liquid and gas phases as the plastics
should be monitored in solid (for instance for film degradation) or liquid
media (for monitoring their presence in wastewaters). Moreover, gases
are undoubtedly formed because of the degradation process and their
composition should be also followed.

3.1. Weight loss

Weight loss is one of the most used analysis, usually when treating
plastic films, which are weighed initially and during the degradation
process. Weight loss is related to the plastic fragmentation into smaller
and soluble by-products (in the case of aqueous media) or into gases,
such as CO», due to plastic mineralization (in the case of aqueous and

Table 3
Different analysis alternatives for the plastic degradation monitoring.
Refs. Analysis Procedure/Comments
[92, Weight loss In heterogeneous aqueous degradation: Filter the solution, dry and weigh.
93] In film degradation: Directly weigh.
Size distribution (%) Put a number of random microplastics pieces and classify by sizes.
By-products Extraction with toluene (x 3) and then measurement by HPLC or GC-MS
TOC Measure the TOC of the aqueous part after removing the and the catalyst.
HPLC-qualitative Comparison of the spectrum obtained for the aqueous fraction prior and after the treatment.
HPLC-carboxylic acids Comparison with carboxylic acids standards (formic, acetic, oxalic, butanedioic acid, propanedioic acids).
Toxicity The algae are exposed to different reaction solutions (after removing MP) for 14 days at 25 °C, 100 rpm and under illumination (each 12
h to mimic real-life conditions) of white fluorescent light at 50 mE. The results were compared with control test (DI water as medium).
[29, FTIR Peaks analysis. The ratio between values of abs at 1710 cm™* and 2020 cm ™ is related to the carbonyl concentration. One hundred
64] times the ratio between 997 cm ™! and 973 cm ! gives information about isotacticity.
[29] ATR-FTIR The signals demonstrate the damage of the microplastics caused by irradiation.
(Attenuated Total Reflectance-
FTIR)
Thermodynamic Measure the storage modulus (MPa) with temperature.
mechanical analysis
Differential Under abiotic conditions. Used to determine the thermal transitions of thermoplastics. In order to compare, the heat flow (watts/g) is
Scanning Calorimetry (DSC) plotted against temperature. Melting enthalpy can be calculated for measuring the crystallinity [45]
[64] TGA (Thermogravimetric The structure modifications imply different TGA profiles.
Analysis)
[55] TOF-SIMS (Time of Flight- Determines the chemical composition of the samples, the bonds between atoms can be reasoned, being a sensitive analysis.
Secondary
Ion Mass Spectrometry)
GC The liberated gases throughout the degradation process can be analysed and quantified when using standards (methane, ethene, ethane,
propane, acetaldehyde, formaldehyde and acetone).
[45] XPS New bands appear in the spectrum because of the degradation process.
XRD Provides a characteristic profile depending on the crystallinity of the plastic.
Glass transition temperature The T may vary depending on the MICROPLASTICSdegradation reach.
(Tg)
[16] RAMAN Typical bands are characteristic of each compound. The ratio between the intensity of two typical peaks gives an idea if the compound
remains unchanged or not.
[41] Contact angle Due to the surface oxidation, there are more oxygen species on the surface and thus there are dipole-dipole interactions which increase
the hydrophilic behaviour and thus the contact angle with the water drops is reduced.
Friction Force Microscopy Analyses the surface chemical structure modifications.
[79] SEM and TEM Determine surface modifications, as cavities are formed because of the oxygen etching out.
[36] Capillary water adsorption If the plastic is in a porous surface, the adsorption increases as the plastic is degraded.
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solid state treatments) [78]. Consequently, CO5 liberation monitoring is,
as well, one of the typical measurements to ensure plastic degradation
[79]. Indeed, Nabi et al. [82] found CO, was the main product of the PS
TiOg-photo-catalytic degradation.

3.2. TOC analysis

The plastics fragmentation due to the photo-degradation and the
conversion of these fragments in CO, can be monitored also by the
analysis of the Total Organic Carbon (TOC) of the aqueous media before
and after photo-degradation. During the photo-degradation process,
TOC decreases since the plastics are broken in fragments and subse-
quently, into gases such as COy or CHy4. Therefore, TOC analysis can
provide a quantitative information on the plastics photo-degradation
status. Indeed, some authors such as Alle et al. [9] have used TOC
analysis for monitoring PMWA decomposition.

3.3. Chromatography

This aforementioned plastic fragmentation can be also monitored
thanks to by-products analysis. For that, high performance liquid chro-
matography (HPLC) or gas chromatography (GC) can be used [92].
Indeed, previous authors [79] have detected methane, ethene, ethane,
propane, acetaldehyde, formaldehyde and acetone after the PE-TiO2
photo-degradation under UV radiation for 80 h.

3.4. X-ray photoelectron spectroscopy (XPS)

XPS is a surface analysis technique (measurement depth around 5
nm), nevertheless, some authors have reported that the photo-
degradation takes place at the plastic-air interface, making this tech-
nique suitable. This technique provides a way of measuring the oxida-
tion state of the compounds and one can determine if the degradation
process is oxidising or reducing the structure. For instance, oxygen
concentration usually increases as the plastic oxidation process happens,
and C bands tend to change from the typical ones for C—C bonds to those
for C=0 [64]. In fact, Zhao et al. [79] suggested the formation of
carbonyl and carboxyl groups due to the detection of new peaks at lower
binding energies. Shang et al. [77] demonstrated slight modifications on
the XPS spectra of initial and treated PS. For instance, after 130 h of
irradiation with fluorescence light and using TiOz-copper phthalocya-
nine as catalyst, oxygen from PS was oxidized from carbonyl or hy-
droxide to carbonate or carboxylic acids, demonstrating the efficacy of
the oxidation process. Indeed, XPS peaks at 286.5 eV are usually
attributed to the C present in alcohols and carboxylic acids [77]. This
analysis can be used for quantifying the oxidation by measuring the
proportion of the generated peak and estimating the percentage of
degradation [79]. However, Hurley et al. [41] found difficult to resolve
the peaks due to the oxygen peaks broadening as the photo-degradation
process happens, so XPS may require to be complemented with other
techniques.

3.5. Fourier transform infrared (FTIR) and Raman spectroscopies

FTIR and RAMAN spectroscopies have been widely used for plastic
analysis due to their non-destructive character and the simplicity of the
measurement [16]. With the FTIR spectrum, one can follow the
photo-degradation process. For instance, C = C bonds are formed
because of the scission of the carbonaceous chains. Moreover, C—H
bonds decrease and C—O bonds can be detected due to the oxidation of
the molecule, as well as C=0 and —-OH groups. All these functional
groups are reflected in FTIR bands [76]. Indeed, the bands appearing at
1631, 1178, 1713 and 3050-3570 cm ™! are related with, respectively,
the amount of C=C, C—0, C=0 and -OH [60]. Indeed, Tofa et al. [75],
used FTIR spectroscopy to determine the higher performance, in the
photocatalytic degradation of LDPE, of Pt-doped ZnO nanorods in
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respect to a ZnO catalyst (Fig. 7). There, several peaks related to
oxidized functional groups are present in the LDPE spectra after pho-
tocatalytic degradation in the presence of ZnO and Pt-doped ZnO
(regarding LDPE before irradiation) and they have higher intensity in
the case of Pt-doped ZnO.

In fact, several authors [13,60,64] have used the carbonyl index to
quantitatively estimate the oxidation of plastics. One of the most accu-
rate ways of calculating the carbonyl index is to divide the area of the
FTIR peak in the region from 1850 to 1650 cm ™~ (carbonyl peak) by the
area of the FTIR peak in the range between 1500 and 1420 cm™!
(methylene scissoring peak) [94].

Raman spectroscopy is complementary to FTIR, identifying species
and detecting structural or bonding modifications on polymers [38].
Actually, the C—C peaks which appeared at 1050-1150, 1300 and 1450
cm ™! of Raman shift for initial PS were reduced gradually as a TiO,
photo-catalysis process was applied and the polymer degraded. This
happens also with the degradation of PE, where those signals disappear
as irradiation time increases [82]. Raman technique is powerful enough
to be used for plastics monitoring when comparing with standards [16].

3.6. Thermogravimetric analysis (TGA)

TGA results should be carefully analysed, as the profile may have
different weight losses areas which are related to the stability of the
structures within the plastic. During TGA measurement, the plastic is
submitted to a gradual increase of the temperature which provokes
weight loss following different trends. The temperature at which the
weight loss happens depends on the plastic nature and crystallinity.
Thus, more amorphous plastics are more prone to photo-degradation
[64]. This, this technique can be complemented with XRD.

3.7. X-ray diffraction (XRD)

XRD spectra are useful for determining the structure of crystalline
materials. Since plastics have usually some crystalline parts, they can be
measured by XRD. Hence, one can determine the presence of a given
plastic by comparison with the spectra of the standard. Moreover,
changes due to degradation can be monitored [64]. Tang et al. [45] used
the intensity of some of the characteristic peaks of PP to calculate the
amount of PP B-form (which is less ordered and with high melting point
than the a-form, predominant in commercial PP).
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Fig. 7. FTIR spectra of LDPE films before and after 175 h visible light irradi-
ation with ZnO and Pt-ZnO catalysts, Reprinted from [75], copyright (2019),
with permission from MDPI.
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3.8. Scanning electron microscopy (SEM)

As SEM is an efficient surface analysis technique, it can be used to
detect all the morphological modifications on the surface of plastics due
to degradation. Usually, the initial plastic surface is smooth but, after
irradiation, it gets some cracks and irregularities [95]. Shang et al. [77]
noticed, after 130 h of PS photo-catalytic degradation in the presence of
TiO,, that the film surface had bubbles and this was related to CO5
release (0.25 mM after 18 h). Indeed, Tu-Morn et al. [13] showed how
the holes in LDPE films with TiO; increased from a diameter of 4 pm to 7
pm from week 1 of solar irradiation to week 4. In the case of Nabi et al.
[82], they photo-degraded PS spheres which size was reduced as the
degradation processes took place.

Thomas and Sandhyarani [64] manufactured a TiO2-PE film to study
its photo-degradation. Before irradiation, it was not possible to visualize
the TiOg particles by SEM, as they were embedded in the PE film. After
the solar photo-degradation of the PE film, TiO, was detected via SEM
images. This is in accordance with Zhao et al. [79] who detected TiO5 on
PE cavities which were formed because of the degradation process. This
demonstrates both the photo catalyst is within the polymers matrix and
the fact those plastics are being degraded.

3.9. Toxicity tests

Some plastics liberate toxic compounds through the degradation
process, thus measuring the toxicity of the generated by-products is a
good way to determine at what point the reaction should be stopped
[93]. Some alternatives for toxicity evaluation are measuring the
microalgae growth when compared to standard water [92], using
luminescent bacteria (Microtox) [93] or measuring the mutagenicity
activity [83].

Kang et al. [92] degraded microplastics contained in facial cleaners
and reported that the algae growth increases with the degradation time
due to the generation of assimilable carbon material used as carbon
source by the bacteria. The photo-degradation of PVC with TiO; did not
cause either mutagenic by-products [83]. However, the toxicity
extremely increases in the work reported by Johnson et al. [93] as after
84 days all of the tested plastic bags (PE) have generated toxic com-
pounds through degradation, leading to complete decease of lumines-
cent bacteria. These authors highlighted that further tests should be
done in order to know if treated bags were also toxic for more complex
organisms.

3.10. Gel permeation chromatography

The variation of molecular weight is, as reported by Fa et al. [81],
one of the most important factors to measure the plastic degradation and
that can be measured by gel permeation chromatography. The usual
decrease of the molecular weight is caused by chain scissions [15] and it
happens alongside with the formation of new hydroxyl, carbonyl and
other oxygen-containing groups [65]. On the other hand, the increase of
molecular weight is caused because of the crosslinking of the chains
during the last steps of the degradation [74]. Several authors have used
the profile of gel permeation chromatography to determine the effect of
the degradation process, using the initial polymer profile as reference
[69].

3.11. Mechanical properties testing

The worsening of the mechanical properties is related to plastics
degradation [13]. For instance, Fa et al. [65] reported a 60% loss in
tensile strength and 97.7% loss in elongation of PE after 30 days of
thermo-oxidative degradation. Ali et al. [60] reported an inverse rela-
tionship between elongation and carbonyl index. Another example was
the tensile strength decrease reported after the degradation of LDPE
films under TiO2 photo-degradation [13]. Indeed, the
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photo-degradation causes the plastic molecules to agglomerate and thus
the tensile strength diminishes [60].

Table 4 collects the values of some of these analyses for the moni-
toring of PE, PS and PP photo-degradation, as they are the most used and
detected plastics in the environment [26,27].

4. Future perspectives

With this overview of the current state-of-the-art on plastics waste
issues and treatment options, some relevant points should be considered
for the future research focused on plastic degradation.

-The addition of other compounds to the plastic matrix is beneficial
for improving the contact between the catalyst and the polymer, but can
lead to structure modifications such as the addition of defects which
might modify the mechanical properties [65]. This is why the initial
characterization of the target polymer should be done in order to
determine properly its structure and to be able to recognize changes
when the degradation process starts, so the degradation quantification is
done accurately.

In order to evaluate the real effect of the catalysts, the natural photo-
degradation of the plastic should be evaluated to know the extent of the
direct photolysis on the final results [78].

Photo-based processes could be used as a pre-treatment option. For
instance, if the photo-catalytic process reduces the melting point of the
target plastics, not only its pyrolysis would be easier but also its
biodegradability may be higher [5]. For instance, Fa et al. [65] noticed
an enhancement on the biodegradation performance of PE after the UV
photo-catalysis pre-treatment. Similarly, Nakatani et al. [69] found an
easier thermal degradation of PS after a controlled photo-degradation
which avoided the cross-linking thanks to the addition of light
stabilizers.

In order to monitor properly plastics in the environment and to assess
those degradation processes, more effort should be put on the identifi-
cation and quantification of plastics [2]. Even though there are the
hereby reported analytical procedures, more research needs to be done
in order to ensure the correct quantification and avoid sample
contamination, which is one of the most critical issues for proper plastic
analysis [16].

Taking into consideration the difficulty of plastic analysis, the
measurements should be done in replicates.

Taking into account Vethaak et al. [2] considerations, the effect of
the plastic particles on human health should be better studied. Thus,

Table 4
Typical plastics with usual analysis results for their initial characterization.
Analysis PE PP PS Refs.
XPS 283-290 eV 283.3, 285.0, 286.8, 283-290 eV (C- [77,
(C-three peaks)  and 288.2 eV (C-four three peaks) and 79,
and 528-536 peaks) and 527-538 528-536 eV (O- 96]
eV (O-two eV (O-two peaks) two peaks)
peaks)
XRD Strong peak at Characteristic peaks Peaks at 9.51° [45,
21.6° and a for a form at 14.0°, and 18.88 ° 95,
weaker one at 17.0°, 18.5°, 21.0°, 97]
23.75° and 22.0° and f form
at 16°
TGA Weight loss at Weight loss at 164 °C Weight loss at [98,
101 °C 420 °C 99]
FTIR Bands at 719, Different small bands Bands at 697, [79,
1472, 2850, between 800 and 756, 1028, 97]
2923 cm ! 1200, two big peaks at 1450, 1492,
1400,and big signal at 1603, 2856,
2900 cm ™! 2926 and 3028
cm!
RAMAN Bands at 1063, Bands at 800, 830, Bands at 620, [38,
1127, 1294, around 1000 (3), 1002 and 1032 100,
1417, 1439 1150, 1220(small) cm ! 101]
and 1459 cm ™! 1320, 1360, and 1450
cm !
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toxicity tests with complex organisms should be done [93], in order to
understand the effect of plastics and by-products on humans.

The study of the effects that plastics can have in the spread of other
toxic pollutants in the environment is a crucial point to focus on in
future.

As Jiao et al. [3] mentioned, taking into account the high plastic
generation and the lack of truly efficient treatment alternatives, it is
highly imperative to research on enhancing the selective conversion of
plastic waste into carbon fuels.

The presence of different polymers or other additives such as plas-
ticizers causes a modification on the photo-degradation rate (for
instance polyvinyl siloxane was more slowly degraded when having o-
dioctyl phthalate (Horikoshi et al., 1998)) and thus this should be taken
in consideration for the plastic synthesis and treatment processes
application.

5. Conclusions

This review highlights the increasing presence of plastics in the
environment and the problems this is causing not only from the envi-
ronmental point of view, but also concerning human health. The tradi-
tional treatment options have been reported and their advantages and
disadvantages have been discussed. This have led to the conclusion that
anew degradation process more environmentally friendly, economically
feasible and easier to set-up is required.

Photo-based processes have been discussed in order to focus efforts
on the upcoming research. On this context, the quantification techniques
have been summarised and main aspects have been highlighted. Special
attention should be put on the catalyst addition to plastics in order to
reduce the treatment times and the operational costs. Additionally,
other factors such as plastic chemical composition, degree of contact
between the catalyst and the plastics’ surfaces, degradation set-up or
catalysts type and concentration have been discussed within the up-to-
date research. So far, photo-Fenton processes seem to have been unno-
ticed as oxidative treatment option, as it has been not sufficiently
reported.

Additionally, and taking into account the energy demand, the photo-
conversion of plastics into fuels seems to be an efficiently plausible
alternative.

Moreover, by the present time, the most viable alternative seems to
couple photo-based processes with traditional treatments such as
biodegradation or pyrolysis in order to overcome the disadvantages of
one and another.
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