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COVID-19 is one of the serious catastrophes that have a substantial influence

on human health and the environment. Diverse preventive actions were

implemented globally to limit its spread and transmission. Personnel

protective equipment (PPE) was an important part of these control

approaches. But unfortunately, these types of PPE mainly comprise plastics,

which sparked challenges in the management of plastic waste. Disposable face

masks (DFM) are one of the efficient strategies used across theworld to ward off

disease transmission. DFMs can contribute to micro and nano plastic pollution

as the plastic present in the mask may degrade when exposed to certain

environmental conditions. Microplastics (MPs) can enter the food chain and

devastate human health. Recognizing the possible environmental risks

associated with the inappropriate disposal of masks, it is crucial to avert it

from becoming the next plastic crisis. To address this environmental threat,

titaniumdioxide (TiO2)-based photocatalytic degradation (PCD) ofMPs is one of

the promising approaches. TiO2-based photocatalysts exhibit excellent plastic

degradation potential due to their outstanding photocatalytic ability, cost

efficiency, chemical, and thermal stability. In this review, we have discussed

the reports on COVID-19 waste generation, the limitation of current waste

management techniques, and the environmental impact of MPs leachates from

DFMs. Mainly, the prominence of TiO2 in the PCD and the applications of TiO2-

based photocatalysts in MPs degradation are the prime highlights of this review.

Additionally, various synthesis methods to enhance the photocatalytic

performance of TiO2 and the mechanism of PCD are also discussed.

Furthermore, current challenges and the future research perspective on the

improvement of this approach have been proposed.
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1 Introduction

Personnel protective equipment (PPE) plays a crucial role in

safeguarding individuals during COVID-19 (Benson et al., 2021).

PPE comprises disposable face masks (DFMs), gloves, goggles,

gowns, face shields, respirators, and aprons made largely of

single-use plastics, according to WHO (2020). Wearing DFM

is one of the effective strategies against COVID-19 (Vieten, 2020;

Du et al., 2022a). These face masks mainly comprise three layers:

an inner layer of soft fibers, a middle layer of a melt-blown filter,

and an exterior covering of nonwoven fibers that ensures water

resistance (Fadare and Okoffo, 2020). Polypropylene (PP),

polystyrene (PS), polycarbonate (PC), polyurethane,

polyethylene (PE), and polyacrylonitrile (PAN) are the most

common polymers that are used in face masks (Akber Abbasi

et al., 2020).

Since the commencement of the pandemic, the quantity of

litter produced by the COVID-19 outbreak such as DFMs, and

other PPE has increased dramatically. Especially, this outbreak

has resulted in an astounding increase in the usage of DFMs to

prevent disease transmission (Sullivan et al., 2021). The handling

of wastes generated by masks is a troublesome reflection of the

COVID-19 outbreak, which has devastated worldwide healthcare

systems and affected national economies (Herron et al., 2020;

Patrício Silva et al., 2020). In early 2020, WHO anticipated that

89million DFMs will be needed per month for health workers (de

Sousa, 2021). China’s daily manufacturing of DFM has increased

to 14.8 million during (February) 2020. According to US officials,

3.5 billion masks will be needed by their nation to combat this

pandemic (de Sousa, 2021). It was predicted that more than

7 billion masks would be used every day throughout the world

(Hantoko et al., 2021). Moreover, it was anticipated that by 2020,

1.56 billion (5,159–6,878 tons) of plastics (only from COVID-19

DFM) might leach into oceans (Shams et al., 2021). In the

United Kingdom (66.7 million residents), it was estimated

that if every resident wore one mask every day, a minimum

of 60,000 tons of plastic trash would be generated (Benson et al.,

2021). In Brazil, it is estimated over 85 Million used masks might

be discarded each day (Urban and Nakada, 2021). It is projected

that 0.15 million–0.39 million tons of mishandled COVID-19

plastic trash might wind up in the global oceans within a year

(Chowdhury et al., 2021; Patrício Silva et al., 2021). Even if only

1% of disposable face masks were discarded improperly by the

global population, it would result in the release of 10 million

(30,000–40,000 kg) masks into the environment (WWF

International, 2020). There have been numerous reports of

used DFMs cluttering city streets, flowing through sewage

lines, and floating in seas right from the onset of the COVID-

19 outbreak (Ardusso et al., 2021; Okuku et al., 2021; Torres and

De-la-Torre, 2021). The release of microplastics from face masks

was reported in the recent literature (Saliu et al., 2021; Sullivan

et al., 2021; Wang et al., 2021b). Physiochemical processes such

as UV radiation, wind, currents, and other biochemical processes

in the environment trigger the disintegration or degradation of

these used masks into nanofibers and/or microplastics (MPs)

(<5 mm) (Du et al., 2022a). Owing to the remarkable resistance

of the plastics, they are inconceivable for complete mineralization

and biological breakdown. Consequently, most plastics will

remain in the environment for a longer period (Khoo et al.,

2021) and endanger the wellness of the ecosystem (Kane et al.,

2020; Benson et al., 2021). As the size of the plastics reduces, they

are more likely to be ingested and accumulated by the organisms

which subsequently creates a high chance of entry into the food

chain. Recent studies have demonstrated that certain MPs and

nanoplastics can be absorbed by the stomach and passes across

the blood-brain barrier, causing neurotoxic injury (Prust et al.,

2020). This enormous increase in DFMwaste and other PPEmay

add to the avalanche of plastic pollution (Benson et al., 2021).

Particulate matter (PM) is one of the influencing factors which

have contributed to the increased spread of COVID-19. PM

could generate a condition suitable for spreading the virus over

larger distances than those envisaged for intimate contact

(Comunian et al., 2020). Apart from the usage of DFMs to

combat COVID-19, it is also used to prevent air pollution

(Morgana et al., 2021; Chaudhary et al., 2022). This resulted

in increased mask waste generation, which makes it crucial to

explore all potential environmental consequences. Photocatalysis

is one of the remarkable measures for the degradation of MPs

leachates that are released from DFMs. This approach is reliable

and affordable as it utilizes sunlight. It is a promising approach

mainly due to its low cost and great efficiency when compared to

other approaches (Mandade, 2021). The underpinnings of

photocatalytic degradation (PCD) are photocatalysts with

strong redox potential. Titanium dioxide (TiO2) is considered

the quintessential photocatalyst because of its unique qualities

such as biocompatibility, high stability, availability, low operating

temperature, and low cost (Turkten and Bekbolet, 2020). This

approach has the potential for the degradation of various organic

pollutants including microplastic leachates from DFMs.

2 COVID-19 and the untenable waste
management

Plastic pollution has increased as a result of poor plastic waste

management (PWM) during the COVID-19 outbreak

throughout the world (Patrício Silva et al., 2021). Though

PPE may be a lifesaver during COVID-19, the accumulation,

mishandling, and dumping of these PPE wastes resulted in a

sudden collapse of waste management chains. This leads to

catastrophic plastic pollution in the ecosystem. The COVID-

19 pandemic has enhanced the complexity of PWM and appears

to be impeding the attempts to eliminate plastic pollution.

During COVID-19, there was an unconvincing increase in

global medical waste from 200 tons/day to 29,000 tons/day in a

short period (February 2020–September 2020). During COVID-

Frontiers in Nanotechnology frontiersin.org02

Rex M and Mukherjee 10.3389/fnano.2022.1072227

https://www.frontiersin.org/journals/nanotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fnano.2022.1072227


19 tests, kits including plastic items such as tips, pipettes, falcon

tubes, 96 well plates, Eppendorf tubes, and optical plastics plates

were utilized. As a consequence of this increased usage, it was

predicted that about 37 g of plastic debris will be left in the

environment for each test (Celis et al., 2021). Medical waste

surged from 45 to 247 tons (about 6 times higher when compared

to pre-COVID) in China; a 30%–50% increase in the most

afflicted districts of France; and a 30% surge in the

Netherlands (de Sousa, 2021). In China, the Ministry of

Ecology and Environment reported a 23% increase in the

quantity of biomedical waste produced during the initial

phase of the COVID-19 outbreak (Parashar and Hait, 2021).

The increase in DFM wastes is viewed as a new source of

pollution that is intimately linked to the COVID-19 outbreak

(Sullivan et al., 2021). Even in less populous nations like Ireland

(almost 4.5 million people), health personnel utilized 9 million

masks every week (Liang et al., 2021). The disposal of used DFMs

appears to be substantially greater on rivers and beaches. Beaches

in Kenya reported ten times more dumping of used masks than

streets (Okuku et al., 2021). It was estimated that around

250 DFMs may enter aquatic systems each day in Jakarta,

Indonesia (Cordova et al., 2021). Used masks have been

littered in metropolitan areas, with concentrations of about

0.001 items per square meter in Peru and Canada, and, it was

less than 0.3 items per square meter in Kenya (Ammendolia et al.,

2021; De-la-Torre et al., 2021). The use of DFM surged in most of

the developing nations. Population and predicted mask usage

rate (per day) in some developing nations as predicted by Badillo-

Goicoechea et al. (2021) is depicted in Figure 1. This exorbitant

usage of various PPE (especially DFM) and other medical-

associated plastics has elevated the complication in managing

COVID-19 wastes.

2.1 Limitations of current techniques

All over the world, widely employed approaches in plastic

waste management are landfilling, incineration, and mechanical

recycling (Alabi et al., 2019). The majority of plastic waste can be

disposed of through incineration and landfills. The main issue is

that it demands a huge space and energy (Anderson et al., 2021).

The incineration of these biohazardous wastes will lead to air

pollution, raising the particulate matter in the air and boosting

the risk of COVID-19 infection and other respiratory issues

(Torres-Agullo et al., 2021). During COVID-19, landfills were

overloaded with plastic waste beyond their capacity. This

increased landfill dumping might lead to various adverse

effects including the leaching of adverse chemicals

(Selvaranjan et al., 2021; Shams et al., 2021). The astounding

generation of plastic waste combined with the lack of recycling

measures during the lockdown resulted in a significant decline in

global plastic recycling. The vast majority of plastics can be

recycled and reused. Manpower is essential in the collection and

sorting of plastics. But, one of the primary challenges with plastic

recycling during COVID-19 was the lack of manpower as people

were hesitant to collect COVID-19-based wastes (Anderson et al.,

FIGURE 1
Population and mask usage rate in some developing countries.
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2021). The most difficult components of recycling are collecting

and sorting plastic trash. Moreover, mechanical recycling is

fraught with difficulties, such as inorganic pollutants,

additives, and polymer cross-contamination (Anderson et al.,

2021). Incineration can emit toxic gases such as dioxins and

furans into the atmosphere, which paves way for global warming

(Torres and De-la-Torre, 2021). The widely employed

approaches in plastic disposal are depicted in Figure 2. In

terms of MPs removal, wastewater treatment plants (WTP)

are not satisfactory. They may easily be eluded from the

collection by WTP due to their smaller size. These MPs may

eventually result in the aquatic ecosystem. Studies on WTP from

various sites revealed that an excessive quantity of MPs in the

treated water ranges between 5.00 × 105 and 1.39 × 1010 particles

(Hamd et al., 2022). As per the scientific reports, there is still no

distinct approach in any WTP for the elimination of MPs.

Ideally, these disadvantages make these processes not suitable

for sustainable plastic waste degradation.

3 Environmental impact of
microplastics generated from
disposable face masks

The nature of deposition sites and composite materials

determine the fate of the DFMs (Du et al., 2022a).

Environmental factors trigger the transformation of used

DFMs into MPs, which are considered as a new form of

environmental pollutant. In most cases, used DFMs are often

thrown randomly or segregated as plastic waste. These wastes are

either incinerated or disposed of in landfills (Du et al., 2022a).

Because of the inclusion of plastics in DFMs and its subsequent

waste mismanagement, there are numerous negative

environmental consequences. In general, terrestrial ecosystems

are the primary sources of aquatic plastic pollution, which is

mostly due to anthropogenic sources. About 80% of worldwide

ocean plastics originate from land, with the remaining 20%

ascribed to marine sources (LI et al., 2016). The impact of

mask-generated MPs on terrestrial and aquatic ecosystems is

depicted in Figure 3.

3.1 Terrestrial ecosystem

3.1.1 Impact on animals
Face masks that have been dumped in the soil can endanger

fauna causing entanglement and even mortality (Hiemstra et al.,

2021; Patricio Silva et al., 2021; Du et al., 2022a; Yang et al., 2022).

Several incidents of animals becoming tangled in discarded

facemasks have been documented across the world including

entanglement in claws, snouts, necks, legs, and other parts of the

body (Hiemstra et al., 2021; Patrício Silva et al., 2021). DFMs are

also reported to be used by some birds as nesting material. This

may alter the thermal conditions and increase the likelihood of

ingestion or entanglement (Hiemstra et al., 2021). Reports

suggest that hedgehogs, American robins, swans, bats,

mallards, and gulls are at significant risk of being the victims

of masks and other PPE entanglement (Yang et al., 2022). Most of

the DFMs are disposed of as solid waste, and animals that rely on

landfills for food may be particularly vulnerable to plastic uptake.

For example, in Spain, Ciconia (white storks) were discovered to

feed on landfill trash accounting for 68.8% of their diet (Peris,

2003). Moreover, when animals mistook face masks for food,

these plastics can block their intestines, impede food intake, and

cause a slew of health issues, including death (Du et al., 2022a).

For example, a significant amount of landfill debris was also

found in the guts of overwintering gull species like Larus

marinus, L. glaucoides, and L. smithsonianus (Seif et al., 2018;

Patrício Silva et al., 2021).

3.1.2 Impact on plants
Once dumped on the soil, plastic debris may clog sewage

systems and leads to various detrimental effects on the soil. It

impacts agricultural water percolation, soil aeration, and reduces

soil quality (Prata et al., 2020). Wet-dry cycles, plowing, and

other bio-factors, rapidly move MPs into the soil and spoil the

soil structure, water-retaining nature, and bulk density of soil

(Zhou et al., 2020; Du et al., 2022a). Furthermore, tillage

processes transfer MPs and other pollutants from the upper

layer of soil to the bottom, and leaching can transport MPs to

groundwater. MPs in soil not only restrict the functional diversity

of soil microbes, but also influence nutrient absorption by plants

and indirectly impacts plant development (Du et al., 2022b).

FIGURE 2
Major approaches in the disposal of plastic wastes.
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Plant roots were found to be able to adsorb MPs, and these MPs

penetrate into the plants via a crack-entry mechanism at root

tips. Subsequently, transport from the root system to other

tissues may happen primarily through a transpiration pull

force (Li et al., 2020). Researchers also found that nano-sized

microbeads may enter tobacco cells via endocytosis, implying

that smaller plastics can enter the plant through rhizosphere

adsorption (Su et al., 2019). As a consequence, through the

trophic chain, these MPs will end up in the human body. For

instance, MPs have been identified in feces, indicating human

intake, and also their occurrence has recently been identified

inside the human placenta (Schwabl et al., 2019; Ragusa et al.,

2021).

3.2 Impact on the aquatic system

The inappropriate waste management of DFMs is highly

menacing to aquatic systems as the rate of decomposition of

plastics is comparable to be high in the soil. Temperature

differences between these two distinct thermal habitats, partial

submergence, water absorption capability, and other properties

of the DFMs hampered the degradation of DFMs in aquatic

habitats (Du et al., 2022a). DFM and other PPEs are often made

of polymers such as latex, nitrile, or polyethylene that require the

inclusion of additives such as softeners and stabilizers to improve

physical qualities. When PPE kits are widely disseminated across

the environment, these additives can be hazardous, and there is a

significant risk of leaching into water bodies (Ray et al., 2022).

DFMs can be disintegrated into MPs by undergoing weathering,

corrosion, and aquatic immersion in natural conditions. Saliu

et al. (2021) estimated the release of microfibres from DFM into

the marine ecosystem when exposed to UV radiation. According

to the findings, one DFM was exposed to 180 h of UV irradiation

and severe mixing in artificial saltwater may release up to

173,000 fibers per day (Saliu et al., 2021). They have also

discovered a similar chemical and morphological deterioration

pattern in surgical masks found on Italian beaches, indicating

that comparable processes may occur in the natural sea (Patricio

Silva et al., 2021; Saliu et al., 2021). Furthermore, the

hydrophobic nature of MPs aids in adsorbing organic

compounds, resulting in bacterial colonization and microalgae

development (Ray et al., 2022). This biofouling may contribute to

the sinking out of immense plastic objects and attribute to a surge

in marine pollution. Researchers found that, when NaCl

concentration increases, the hydrodynamic diameter (Dh) of

particulate plastic also increases which in turn causes PS MPs

to aggregate. As a result, PS MPs are predicted to get aggregated

in seawater (Cai et al., 2018). Due to microbial interactions,

biofilm development can affect water quality by altering the

microbiome and accelerating the rate of organic material

decomposition. This leads to a reduction in dissolved oxygen

(DO) content (Kirstein et al., 2019).

MPs are ubiquitous throughout the aquatic system and are

mistaken as feed by many aquatic organisms. Certain properties

of MPs such as micro-size, appealing hues, and great buoyancy

make these tiny particles easily accessible to fishes and other

organisms (Ray et al., 2022). For instance, MPs associated with

masks and PPE have been reported in over 20% of marine

crustaceans (Jeong et al., 2016). MPs are reported to be

consumed by marine mammals such as whales and dolphins

(Dharmaraj et al., 2021). Researchers have found that plastics

were identified in the guts of 56% of aquatic birds. As a

consequence, it was predicted that by 2050 identical

FIGURE 3
Source and impact of MPs associated with masks on terrestrial and aquatic systems.
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gastrointestinal issues are expected to infect 99.9% of birds

(Aragaw, 2020). MPs of <1.5 μm in diameter can cause direct

cell injury. Recent studies revealed that crabs intake MPs and it

was found to get accumulated mostly in the hepatopancreas

(Wang T. et al., 2021) and in 67% of shark samples, guts and

digestive tracts showed a minimum of one MP (Parton et al.,

2020). Aquatic megafauna and apex predators like whales,

sharks, turtles, and mammals are at high risk of consuming

whole masks (Fernandez and Anastasopoulou, 2019; Du et al.,

2022a). MPs cannot be metabolized by organisms, and MPs

containing biomolecules and aggregates can induce

gastrointestinal or blockage issues. MPs can absorb water

contaminants such as dye and hazardous compounds, which

might be consumed by aquatic biota and impact the food chain

(Binda et al., 2021). Plastic generated from DFM and other PPE

can absorb organic and hazardous contaminants in aquatic

systems, forming a hazardous film. This approach might harm

aquatic biota that consumes plastic-based particles (Ray et al.,

2022). These consumed MPs may influence reproduction,

survival, and animal growth over time. Nanoplastics, together

with genotoxins and oxidative stress have been found as a

reservoir of neurotoxins in a wide range of aquatic biota,

including corals (Chang et al., 2020). As a result of the

bioaccumulation of these generated MPs in the primary food

chain, human and animal health becomes intricate. For instance,

a study on stool samples of adults and infants confirmed the

presence of MPs. Surprisingly, MPs in infants are up to 20-fold

higher than in adults (Zhang et al., 2021).

3.3 Impact on the atmosphere

The COVID-19 lockdown measures appear to minimize

greenhouse gas emissions and enhance outdoor air quality.

However, in the long run, the huge manufacturing of DFM

and usage of other PPE causes a hidden problem of global

greenhouse gas emissions. It was predicted that DFM has a

greenhouse gas footprint of 0.059 kg carbon dioxide

equivalents (CO2-eq) (includes transport), whereas fabric

masks have a footprint of 0.036 kg CO2-eq/usage (includes

rinsing) (Klemes et al., 2020). This implies that DFM use may

have a tenfold greater impact on climate change than reusable

masks (Yang et al., 2022). Globally, PP, PS, PVC, PE, and other

airborne microplastics have been widely identified (Enyoh

et al., 2019), which are the major components of DFMs.

Airborne MPs flow through the atmosphere, accumulating

in the air, water, and soil (Yang et al., 2022). The accumulation

of MPs in the air expedites their threat of inhalation by

humans. Furthermore, reports have also revealed that MPs

in the DFM become a vital source of airborne MP pollution

(Chen et al., 2021). Moreover, there is a high risk of MP

inhalation, mainly when using low-quality DFM and repeated

use of the same mask (Li et al., 2021).

4 Role of photocatalyst in the
degradation of plastics

Photocatalysis is one of the important methods in the advanced

oxidation process (AOP). As this method utilizes solar energy, it

implies minimal cost and an eco-friendly approach (Du et al., 2021).

The underpinnings of photocatalytic degradation (PCD) are

photocatalysts with strong redox potential. Semiconductor

materials such as TiO2, ZnO, WO3, g-C3N4, CdS, SnO2 ZrO2,

BiVO4, and ZnS are employed as a photocatalysts in the PCD of

organic contaminants (Lee and Li, 2021; Sharma et al., 2021). Once

the absorbed energy of the photon (E) exceeds the semiconductor’s

band gap energy, electrons (e−) in the valence band (VB) are

transported to the conduction band (CB), and hence positive

holes (h+) are created in the VB, resulting in the dissociation of

electron-hole pairs. Both species (e− and h+) react with O2, H2O, or

OH, to form highly reactive oxygen species (ROS) (Nakata and

Fujishima, 2012; Du et al., 2021). Such active species eventually

disintegrate the organic polymers, causing polymeric chain breakage

and even total mineralization (Sharma et al., 2021).

4.1 Titanium dioxide as photocatalyst

TiO2 is an inevitable photocatalyst in plastic degradation.

TiO2 has a less bandgap energy between its VB and CB. When

exposed to UV radiation, an electron in the VB gets excited and

transfers to the CB (Figure 4). Electrons can migrate to or from

the adsorbent, resulting in positively or negatively charged

FIGURE 4
Schematic representation of TiO2-mediated photocatalysis
of plastics.
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species. Anatase TiO2 possesses a large bandgap of 3.2 eV, which

relates to the excitation wavelength of 388 nm and enables it to

absorb light in the UV range. Rutile TiO2 has a bandgap of 3.0 eV

and absorbs visible light with a wavelength of 410 nm (Martinez

and Hammer, 2011; Li, 2020; Nabi et al., 2021). For PCD, anatase

and rutile forms of TiO2 are often used. Brookite forms are rarely

utilized due to their unstable nature (Lee and Li, 2021). Iron

oxide semiconductors are unstable because of their rapid

photocathodic reactions and the resulting corrosive materials.

Binary metal sulfide semiconductors like PbS, CdS, or CdSe are

considered to be less stable due to their photoanodic corrosion

nature and toxicity (Aziz et al., 2021). Though ZnO possesses a

similar band gap to TiO2, it is not much stable towards the pH.

This instability leads to the Zn(OH)2 precipitate formation on the

surface of the particle, which results in the deactivation of the

photocatalyst (Aziz et al., 2021). Furthermore, illumination of

UV light upon ZnO leads to frequent photocorrosion (Barnes

et al., 2013). In comparison with other photocatalysts, cost

efficiency, mass production, doping, surface modifications, and

well-established preparation processes are added advantages of

TiO2 in PCD (Zhang et al., 2019; Turkten and Bekbolet, 2020;

Aziz et al., 2021).

4.2 Synthesis of Titanium dioxide-based
photocatalytic nanomaterial/composites

4.2.1 Sol-gel
One of the most important processes in TiO2 preparation is

the sol-gel (also referred to as chemical solution deposition)

method. The precursor and the reducer are the two main agents

of the sol-gel method. (Li et al., 2010). Based on the type of

titanium metal precursor, sol-gel synthesis of TiO2 is classified

into two types: 1) Aqueous-based approach (starting precursor:

inorganic metal salt) and 2) alcohol-based approach (starting

precursor: metal oxide). In the aqueous-based method, TiCl4 and

TiOSO4 are essential precursors. The hydrolysis and

condensation process may also be used to generate aqueous-

based sol-gels as depicted in Figure 5A. Precipitation and

peptization are two stages in the aqueous-based sol-gel

process (Ullattil and Periyat, 2017). In the alcohol-based

approach Ti(OC4H9)4, Ti(OC3H7)4, and Ti(OC2H5) are the

most prominent metal alkoxide precursors of TiO2. There is a

metal-oxygen link in these alkoxides, and because of the notable

variation in electro-negativity between Ti and O, the bond turns

highly polar and incredibly reactive. As a result of the addition of

water, parallel hydrolysis and condensation events occur

eventually leading to the development of a gel (Ullattil and

Periyat, 2017). It was reported that TTIP (precursor) and

ethanol (reducing agent) were employed in sol-gel TiO2

preparation for the degradation of PE film. Researchers have

also used Ti(OBu)4 as a precursor and ethanol as a reducing

agent. This method was used in the preparation of polypyrrole/

TiO2 nanocomposite for the degradation of PE (Thomas et al.,

2013).

4.2.2 Surface modification
TiO2 has been frequently modified to increase its efficiency

and specificity. Modified TiO2 characteristics may vary from

pure TiO2 in terms of charge separation, ease of TiO2 particle

separation, light, and pollution adsorption. Numerous studies

have been conducted on TiO2 modification, particularly for

plastics deterioration. To prepare vitamin-C (VC) modified

TiO2, VC was dissolved in tetrahydrofuran (THF). The

FIGURE 5
Flowchart illustration (A) Sol-gel synthesis of TiO2, (B) Surface modification of HDTMS TiO2 and (C) Graphite doped TiO2 PVC film.
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mixture of n-TiO2 powder and THF solution were mixed and

ultrasonicated. VC–THF solutions were mixed with n-TiO2 to

obtain surface-modified n- TiO2 with VC (Ariza-Tarazona et al.,

2019).

Protein-based modified TiO2 was synthesized using an

extrapallial fluid of Mytilus edulis. This fluid acts as a pore-

forming agent and N2 precursor. This solution was mixed with

titanium (IV) butoxide followed by mineralization and

thermal treatment. This method was employed in the

degradation of HDPE microplastics (Ariza-Tarazona et al.,

2019).

Natural ore-based TiO2 modifications were also reported.

From leucoxene, ore rutile TiO2 was obtained and prepared

through a ball-milling planetary approach. It was mixed (20:

80) with (commercial) anatase with the help of a milling

machine (Mekprasart et al., 2018). To synthesize

surfactant-modified TiO2, P25 TiO2 was ground into fine

powder. DI water and Triton X-100 (non-ionic surfactant)

were added to the powder (dropwise manner) to obtain a

paste. Ethanol was added to this paste (dropwise). This

precursor solution was sonicated followed by string and

used. This method aid in the degradation of PS

microspheres and PE (Nabi et al., 2020).

Surface modification using a functionalizing agent is one of

the important approaches in TiO2 modification. TiO2 NPs were

added to ethanol and sonicated. Following the sonication, the

dispersion was stirred until it reaches a favorable temperature

(60°C). To this dispersion hexadecyltrimethoxysilane (HDTMS-

functionalizing agent) was added (dropwise) as per the required

degree of functionalization. Further, the temperature was

enhanced followed by refluxing. Finally, the

hexadecyltrimethoxysilane-modified TiO2 (resultant material)

was rinsed and dried as depicted in Figure 5B (Alvarado

et al., 2016).

Fe(St)3 modified TiO2 was prepared by the addition of TiO2

and ferric stearate to tetrahydrofuran. This combination was

mixed with KH550 silicone by ultrasonication. This suspension

was coated with PS to obtain the plastic-photocatalyst

combination by stirring (12 h). The resulting material was

placed on a glass stick and dried. This approach was

employed in the degradation of PS (Fa et al., 2013).

4.2.3 Doping
TiO2 doping is a process carried out to enhance the reactivity

of TiO2 and results in additional energy to the band structure that

can have an effective role in the transmission of charges to the

surface (Lee and Li, 2021). To fabricate Graphite doped (GrD)

TiO2, PVC plastics were used. Graphite, TiO2, N, N

dimethylformamide (DMF), and 2 g PVC were stirred (1 h;

60°C) followed by the ultrasonication of 10 min. Using the

scraping instrument, the resulting material was uniformly

spread onto a substrate. Finally, the film-generating plate was

removed and soaked in DI water to obtain GrD TiO2 PVC film as

depicted in Figure 5C (Peerakiatkhajohn et al., 2011; Nabi et al.,

2021).

To enhance the activity of TiO2, transition metals were

employed in doping. Titanium n-butoxide, ethanol,

acetylacetone, nitric acid, and DI water were mixed and

stirred at room temperature. Meanwhile, silver nitrate was

produced by mixing AgNO3 with ethanol. The silver nitrate

solution was then stirred into TiO2 and refluxed (8 h; 80°C)

(Peerakiatkhajohn et al., 2011; Lee and Li, 2021).

TiO2 multi-walled carbon nanotubes (MWCNT)

composites were also adopted in plastic degradation.

MWCNT was treated with the acid vapor method. An

MWCNT was calcined (450°C; 1 h) to eliminate the

amorphous carbon. After thermal treatment, an MWCNT

was put onto a silicon griddle in a Teflon (HNO3 was

already present at the bottom). The resulting material was

rinsed and dried. Then, titanium butoxide was mixed with

ethanol and marked as A. Processed MW carbon was

dissolved in ethanol through sonication, after the

additament of acetic acid, with pH = 2-3, and termed B.

Mixture “A” was added to “B” and mixed for about 15 min.

This solution was stirred in a water bath (60°C) before being

shifted to an autoclave and heated at 180°C. TiO2 particles

develop over the CNT during thermal treatment, resulting in

grey precipitates. Followed by the ethanol wash, the end

product was dried (6 h at 90°C). This approach was

employed in the degradation of PE (An et al., 2014).

4.3 Titanium dioxide assisted
photocatalytic degradation of
microplastics

The TiO2-embedment approach was used to degrade plastics

such as PE, PP, PVC, PS, and PS polymers under diverse

parameters (Fa et al., 2013; Nabi et al., 2020; Hamd et al.,

2022). The PCD of PS plastics was carried out under UV

irradiation using PS-TiO2 composite. Results revealed that

better weight reduction (85%) was observed in PS-TiO2

composite than in pure PS film (65%). This was supported by

the SEM results of PS-TiO2 samples as it has more voids

compared to pure PS film. Doping also plays a crucial part in

plastic degradation. Undoped and metal (Iron, silver, and Iron/

silver-mix) doped TiO2 NPs were used to compare the PCD of PE

films. The Fe/Ag doped TiO2 exhibited a maximum weight

reduction of 14.43% (UV irradiation). As the irradiation time

increases the rate of weight reduction also increased. SEM

analysis revealed the formation of voids in the PE matrix. It is

suggested that ROS generation on the surface of TiO2 is

attributed to the degradation of the PE matrix (Figures 6A,B)

(Asghar et al., 2011). Similarly, copper phthalocyanine-modified

TiO2 showed better PE degradation than bare TiO2 (Zhao et al.,

2008).
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Reduced graphene oxide coated TiO2 (TiO2-rGO) is one of

the important catalysts in the degradation of PP. This is mainly

due to the Ti-O-C link, rGO extends TiO2’s absorption range to

the visible area. Furthermore, 2D π-conjugation of rGO helps in

the reduction of the recombination rate (Lee and Li, 2021). FT-IR

indicates the presence of a carbonyl group with an increased

carbonyl index, resulting in the more effective photooxidation of

PP by TiO2-rGO nanocomposite than TiO2 NPs. Studies have

revealed the PCD of PVC films under the air/nitrogen

atmosphere. There was a 27% degradation in presence of air

and no degradation was observed under a nitrogen atmosphere.

This study implies the importance of O2 in photocatalysis (Cho

and Choi, 2001). Applications of TiO2-based nanomaterials in

PCD of MPs are depicted in Table 1.

FIGURE 6
SEM images of (A) PE-TiO2 film after irradiation and (B) PE-Fe/Ag mix doped TiO2 film after irradiation (Reprinted from Asghar et al., 2011).

TABLE 1 Applications of TiO2-based nanomaterials in photocatalytic degradation of plastics.

MP
degraded

Nanomaterial used
(catalyst)

Result/degradation
efficiency (DE)

Irradiation conditions References

HDPE C, N-TiO2 Mass reduction: 75% 27 W light; Duration: 50 h Ariza-Tarazona et al. (2020)

PE Triton X-100-based TiO2 Fully decomposed 254 nm (UV light) Nabi et al. (2020)

PE CuPc modified TiO2 DE: 36% Solar light; Duration: 160 h Zhao et al. (2008)

PE Ag/TiO2/RGO DE: 76% UV light Fadli et al. (2021)

PE Nano-composite Ag/TiO2 DE: 100% UV light Maulana et al. (2021)

PE Polyacrylamide grafted TiO2 DE: 39.85% UV light; Duration: 520 h Liang et al. (2013)

PE film Ag-doped TiO2 DE: 14.28% UV light; Duration: 300 h Asghar et al. (2011)

PVC Vitamin C–TiO2 Mass reduction: 71% UV light; Duration: 216 h Yang et al. (2010)

PE film TiO2 multi-walled CNT DE: 35% UV light; Duration: 180 h An et al. (2014)

HDPE, LDPE N-TiO2 Mass reduction: 4.65%, 1.8% respectively Duration: 50 h Rodríguez-Narvaez et al.
(2021)

HDPE N-TiO2 Mass reduction: 6% 27 W light; Duration: 20 h Ariza-Tarazona et al. (2019)

PS Anodized TiO2 DE: 23.5% UV light Domínguez-Jaimes et al. (2021)

PS (400 nm) Ethanol-based TiO2 DE: 91.04% UV light (365 nm);
Duration: 12 h

Ariza-Tarazona et al. (2019)

PS CuPc-TiO2 DE: 6.9% Fluorescent lamp; Duration:
250 h

Shang et al. (2003a)

PS TiO2/Fe(St)3 Reduction in molecular weight by
79.49%

UV light; Duration: 480 h Fa et al. (2013)

PS TiO2 DE: 22.5% UV light; Duration: 150 h Shang et al. (2003b)

PS (400 nm) Triton X-100-based TiO2 DE: 98.40% UV light (365 nm);
Duration: 12 h

Nabi et al. (2020)

PS FePc-TiO2 DE: 35% Sunlight; Duration: 250 h Fa et al. (2008)

PS Grafted TiO2 DE: 29% UV light; Duration: 300 h Zan et al. (2004)

Frontiers in Nanotechnology frontiersin.org09

Rex M and Mukherjee 10.3389/fnano.2022.1072227

https://www.frontiersin.org/journals/nanotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fnano.2022.1072227


4.3.1 Mechanism of photodegradation
When the photocatalyst absorbs UV light (with energy equal to

or greater than its bandgap of TiO2), the electrons in VB get excited

to CB. This forms holes in VB and subsequent electron-hole

recombination (Eq. 1). Water interacts with the holes (present in

VB) and generates hydroxyl radicals (•OH) (Eq. 2). The

photocatalytic breakdown of plastics is significantly influenced by

O2 molecules. Superoxide anions are generated by the interaction of

O2 molecules (on the TiO2 surface) and free electrons (Eq. 3) (Ma

et al., 2020). These superoxide anions also form •OH, which plays a
key role in plastic degradation (Lee and Li, 2021). The formation of

•OH can proceed in two ways, 1) The superoxide anion gets

protonated to give hydrogen peroxide, which is subsequently

dissociated by light energy to form •OH (Eq. 4A). 2) Superoxide

anion combines with water to give HO2• and OH−
. This OH−

occupies holes to form •OH (Eq. 4B). This generated •OHdegrades

the plastics into CO2 and water. (Eqs. 5–10) (Chen et al., 2019; Lee

and Li, 2021; Nabi et al., 2021). The mechanism of TiO2-based

photocatalytic degradation of plastics is given in Figure 7.

4.3.2 Factors influencing the photocatalysis of
plastics

The properties of photocatalysts and plastics play a

prominent role in plastic degradation. Mainly, the type of

photocatalyst and the physiochemical properties of the plastics

are some of the critical factors in plastic degradation. As the size

of the plastic decreases, the more will be the specific surface area.

This leads to enhanced reactivity with O2 or photons, which

enhances smaller (sized) plastic degradation than the larger ones

(Sharma et al., 2021). TiO2-based nanomaterials play a vital role

as a photocatalyst in the degradation of MPs. This is mostly

owing to its high organic pollutant oxidation ability (Yuan et al.,

2017). Furthermore, environmental factors like light, dampness,

temperature, O2 concentration, and pH affect plastic

deterioration.

4.3.2.1 Plastics and the photocatalyst used

The size of the plastic has a considerable influence on

photodegradation efficiency. The lesser the structure

FIGURE 7
Mechanism of photocatalytic degradation mediated by TiO2.
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complexity, the more will be the deterioration. (Song et al., 2017;

Uheida et al., 2021). For instance, by using TiO2, researchers have

studied the photodegradation of PE and PS. Due to its less

complicated structure, the rate of degradation of PE was

comparably high to that of PS (Zhao et al., 2008). Crystal type

is also noted to be an influencing factor. The anatase phase in TiO2

(when doped with Mo and W) determines the PS degradation

efficiency. Reports also suggest that doping Mn and Cr with TiO2

reduces the rate of degradation of PS film (Zhao et al., 2007; Ge

et al., 2022). The quantity of photocatalysts used can affect the

degradation efficiency of plastics. For instance, the rate of

degradation of PE- TiO2 film increased as the concentration of

TiO2 increased (Ge et al., 2022). The type of catalyst used is an

important factor that influences plastic degradation. Ariza-

Tarazona et al. (2019) used two distinct semiconductor

photocatalysts relying on N-TiO2 to evaluate the breakdown of

HDPE MPs obtained from a cosmetic scrub. The first catalyst was

obtained fromMytilus edulis (green synthesis). The second catalyst

was fabricated by utilizing urea and a tri-block copolymer. The

photocatalytic technique proceeded under visible light for 20 h,

and the protein-derived catalyst showed a strong capability to

assist photodegradation in aqueous as well as solid media. The

protein-derived catalyst degraded HDPE at a rate constant of

38.2 ± 3.7 (aqueous phase) and 12.2 ± 0.8 (solid phase). Mass loss

was 6.4% in the aqueous phase and 1.1% in the solid phase (Ariza-

Tarazona et al., 2019). Degradation of PE (photocatalytic) was

studied between PE- TiO2 composite and pure PE (photolytic

reaction). The degradation was higher in PE- TiO2 composite than

pure PE. This shows the efficiency of Photocatalyst in the plastic

degradation (Zhao et al., 2007).

4.3.2.2 Light

The light source can influence the result of plastic

degradation to a great extent. Solar irradiation contributes

inevitably to the degradation process. Mainly, IR rays

(>700 nm have enhanced thermal oxidation, UV (<400 nm)

direct photodegradation, and visible rays (400–700 nm)

promote degradation through heat (Thomas and Sandhyarani,

2013). Under UV irradiation, most plastic particles/films degrade

partially. This means that the active oxygen species produced

(when exposed to visible light) are incapable of triggering chain

cleavage and subsequent oxidation processes. To address this,

researchers have used semiconductors as photocatalysts to

improve photodegradation (Du et al., 2021). The degradation

of PE in the presence of sunlight using polypyrrole (PPy)/TiO2

nanocomposite as a photocatalyst, which was synthesized using

emulsion polymerization and sol-gel processes. It was noted that

exposing the PE material to daylight for 240 h lowered its

molecular weight up to 35.4% and 54.4% respectively (Li

et al., 2010). The PCD of LDPE was achieved with the help of

N- TiO2. The degradation was carried out under solar irradiation

for 200 h. Results after the irradiation revealed a significant

weight of 68% (Thomas and Sandhyarani, 2013).

UV radiation promotes photooxidative degradation followed

by polymer breakage mediated by photons and the produced free

radicals degrade the plastics (Verma et al., 2017). Studies have

also revealed the significance of UV irradiation and the

irradiation time in the degradation of plastics. Reports have

revealed the importance of irradiation time in the PCD of PE

films using undoped and metal (Fe, Ag) doped TiO2. As the

irradiation time increased, the weight reduction percentage of PE

films has also increased. The maximum weight reduction was

observed at 300 h (Asghar et al., 2011). Figure 8 depicts the

significance of irradiation time in PE film degradation.

PE-goethite films were irradiated in UV light with two

different intensities (2 mW/cm2 and 1 mW/cm2). The greater

intensity leads to a better weight loss of 24% higher than the films

treated with lesser intensity. This shift in light intensity enables

changes in the electron-hole pair, such as the rate of

recombination and separation on the photocatalyst surface (Li

et al., 2010).

4.3.2.3 Other factors

The significance of humidity in PCD of PE was observed in a

study. The degradation experiment was performed using n-TiO2

without a proper source of humidity (at room humidity). This

condition leads to the termination of the reaction. Once the

humidity in the ambient atmosphere was allowed to pass through

the reaction chamber, the reaction proceeded (Ariza-Tarazona

et al., 2019). Reports also suggest the importance of O2 in PCD.

The rate of weight loss was examined between the PVC- TiO2

film in anoxic and oxic conditions. The quantity of weight loss

was greater in the air, and the period of deterioration was

similarly shorter. This is mainly due to the production of ROS

FIGURE 8
Effect of UV irradiation and irradiation time on the
degradation of PE films (Reprinted from Asghar et al., 2011).
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due to the interaction of O2 with the CB electrons (Cho and Choi,

2001). The optimum pH of is one the important factor in the

PCD. In the degradation of HDPE by C, N–TiO2, the interaction

among MPs and colloidal NPS was promoted due to the lower

pH. In addition, reduced temperature (0°C) (facilitates an

increased surface area) also favors the degradation of HDPE

(Ariza-Tarazona et al., 2020).

5 Challenges

Despite the numerous benefits of the photocatalytic

degradation of MPs (plastics), there are still certain challenges

that must be addressed. One of the important limitations is the

specificity of photocatalysts i.e., photocatalysts are often suited

for degrading only a particular type of plastic. Furthermore,

photocatalysts cannot selectively target the plastic’s reactive sites

(functional groups or defects) (Ge et al., 2022). In the

environment, MPs plastics are found to be combined with

other co-pollutants. Degradation of MPs along with the co-

pollutants using PCD might be a challenging factor.

Photocatalysis is a surface reaction, photodegradation may get

impeded if light irradiation is hampered by non-transparent

materials (contaminants). Additionally, certain TiO2-based

photocatalysts function better in the UV band but not in

visible light conditions. Owing to their versatility, TiO2-based

photocatalysts are extensively employed in the photocatalytic

degradation process. Reports suggest that the anatase form TiO2

is more toxic than the rutile form (Shabbir et al., 2021). This

increased toxicity of the anatase form is attributed to the smaller

particle size and the increased surface area (Shabbir et al., 2021).

Studies have also revealed the toxicity of TiO2 toward the algae

(primary producer) and its possibility to affect the (algae-

crustacean) food chain (Bhuvaneshwari et al., 2018). Extensive

investigations on the ecotoxicological assessment of TiO2 NPs

are essential to analyze the toxicity of TiO2 NPs towards the

environment. Additionally, analyzing the toxicity of the PCD

intermediates would be a strenuous process.

6 Conclusion and future perspectives

Plastic pollution has become a worldwide issue due to its

negative impact on human health and the environment.

Furthermore, the COVID-19 pandemic has exacerbated this

problem, owing to the widespread usage of PPE such as

masks, gloves, and other plastic-based equipment. As these

plastics get degraded into microplastics (under natural

conditions), the chance of efficient mitigation is a conundrum.

PCD could be a possible eco-friendly approach as it utilizes

sunlight as an energy source.

Recent advancements in novel technologies and the

production of innovative photocatalytic materials ameliorate

plastic degradation. Future investigations on the toxicity of

the intermediates that are released and the reusability of the

photocatalyst are needed. In most of the PCD processes, CO2 will

be generated as an end product. Even though it is less toxic than

plastic waste, undoubtedly addressing these issues is necessary.

Extensive investigations on the ecotoxicological assessment of

TiO2 NPs are essential to analyze their toxicity towards the

environment. To overcome these ecotoxicological issues,

investigations on the usage of green nanomaterials as

photocatalysts will be an eco-friendly approach towards plastic

degradation. Green synthesis of TiO2 is a sustainable process that

offers significant advantages over chemical and physical

approaches such as non-toxicity, low cost, biocompatibility,

and high efficiency. Future studies can focus on developing

more visible-light-driven TiO2-based photocatalytic materials.

As the MPs are found to be combined with other co-pollutants in

the environment, suitable approaches for the mitigation of

combined pollution should be taken into consideration.
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