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Abstract

Microplastics (MPs) are defined as “synthetic solid particles or polymeric matrices, with regular or
irregular shape and with size ranging from 1 um to 5 mm”. They can originate from a variety of
sources, such as synthetic textiles, city dust, tires, road markings, marine coatings, personal care
products and engineered plastic pellets etc. During the lifetime of larger plastic debris, smaller and
smaller pieces tend to form through degradation. Microplastics are challenging to collect and degrade
due to its intrinsic chemical stability and small size. Despite being small in size, they are posing a
great threat to both human beings and ecosystem. Besides, these tiny particles easily pass through
water filtration systems and end up in the ocean and lakes, posing a potential threat to aquatic life.
Extensive research has been conducted to find sustainable plastic alternatives or efficient removal
approaches; while it remains in the early stage. To effectively mitigate the adverse effect caused by
MPs, one of the solutions is through catalytic degradation with reduced time and energy demand
and even gearing toward selective formation of useful products as a circular upcycling strategy. The
catalytic approaches can be through photo, thermal, biological or electrochemical routes. Catalyst
development for MPs degradation and upcycling lately has been actively conducted, however, a
systematic and timely summary is lacking. Therefore, in this review, the design and engineering of
novel catalysts with improved activity, selectivity, and stability especially for MPs degradation and
upcycling are discussed, aiming to provide a thorough and timely reference for current status of MPs
degradation catalysts, reaction mechanism, challenges and future opportunities.

Keywords: microplastic degradation; microplastic upcycling; catalyst design and engineering;
photocatalysts

1. Introduction

Since the term MPs is firstly introduced in 2004 [1], its usage has been boosting due to increased
awareness of MPs adverse effect to ecosystem and human being [2]. As shown in Figure 1a, number
of papers published related to MPs has increased from 9 in 2011 to 3787 in 2024, showcasing a nearly
400 times increment. More and more attention has also been paid for efficient removal of MPs using
catalysts (Figure 1b). MPs are an emergent yet critical issue for the environment because of their high
degradation resistance and bioaccumulation [3,4]. Unfortunately, the current technologies to remove,
recycle, or degrade MPs are insufficient for their complete elimination [5,6]. In addition, the
fragmentation and degradation of mismanaged plastic wastes in environment have been also
identified as a significant source of MPs [7], making sustainable MPs managing an urgent need. Thus,
the developments of effective MPs removal methods, as well as, plastics recycling strategies are
crucial to build a MPs-free environment.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Number of papers published each year in the past 15 years related to (a) Microplastics in general and
(b) Catalytic degradation of microplastics. Source: Web of Science. Data collected on 08-19-2025. Searching
criteria is listed in the plot.

MPs refer to the plastics with size <5 mm and can be further divided into more defined
categories, including micro-size, nano-size, and even pico-size [8]. Until now, there is still no
consensus for the upper and lower limit of the MPs size [9]. Based on the origin, MPs could be
generated from two approaches. One is primary MPs which are used in cosmetics, paint or pellets
and flakes for plastic products generation. Primary MPs are intentionally manufactured and added
to products. Common examples include microbeads in cosmetics, plastic pellets used in
manufacturing, and microfibers in textiles etc. The other way is secondary MPs which are produced
from larger plastic products during use and under weathering, such as wearing of textiles and tires,
fragmentation of larger piece under UV and biological interaction [3,10]. MPs can be redistributed by
wind, rain, and water and finally end up in large water body (lake and ocean), as shown in the life
cycle of MPs in Figure 2. The small size of MPs makes them easily entering living organism from top
to bottom of food chain. While their pervasive nature further increases the bioaccumulation [11].
Toxicity of MPs has been widely observed and identified across terrestrial and aquatic ecosystems.
Behavioral, metabolic, and developmental changes could happen with MPs exposure [12]. Adverse
effects including survival rate of Zooplankton, altered finfish behavior [13], clam eggs hatching [14],
and urchin physical abnormalities [15] have been reported. With prolonged consumptions of MPs,
digestive tracts blocking, digestive behavior disorder, and even reproductive capability impairment
could happen for whole organisms in the food chain [16].
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Figure 2. A life cycle demonstration of MPs, including formation of primary and secondary MPs, adverse effects

of their formation on aquatic flora and to human through the food chain [16].

Therefore, identifying effective strategies to mitigate the accumulation of environmental MPs is
crucial, given its direct implications for both human health and ecosystem sustainability. In this
regard, catalytic MPs handling shows great promise. Recent studies have highlighted several
advantages of catalytic MP degradation over conventional treatment methods (filtration,
coagulation-flocculation, and sedimentation etc.). According to literature [17], the estimated half-
lives for HDPE can range from 58 years (bottles) to 1200 years (pipes) in the natural marine
environment. In the regards, catalytic processes demonstrate high efficiency in accelerating polymer
breakdown under relatively mild and environmentally compatible conditions, including ambient
temperature [18], atmospheric pressure [19], and visible light irradiation [20]. In addition, catalysts
offer improved selectivity and control, allowing for targeted degradation pathways while
minimizing the formation of undesirable by-products [21]. A further benefit lies in the potential
conversion of MPs into value-added products, such as fuels or chemical feedstocks [22], coupling
environmental remediation with resource recovery. Moreover, catalytic approaches reduce the
likelihood of generating secondary pollutants and show strong potential for scalability through
advances in nanocatalyst design and reactor engineering. Collectively, these advantages underscore
the promise of catalytic degradation as a sustainable strategy for mitigating MPs pollution.

As the title suggests, this work centers on catalyst development and engineering specifically
aimed at MPs degradation. While extensive research has been devoted to catalyst design for bulk
plastic recycling and upcycling, studies on catalytic processes for MPs remain relatively limited due
to the unique physicochemical properties of MPs and the challenges associated with their collection.
Accordingly, this review focuses exclusively on studies involving catalytic degradation of MPs,
whereas research on macro-scale plastic catalytic degradation is either excluded or used only as a
comparative reference. To establish a foundation for catalyst development in this field, the review
first outlines the key differences between MPs and bulk plastics. It then briefly discusses methods for
MPs identification and quantification, given that accurate evaluation of catalyst performance
depends closely on these techniques. Section 4 provides a detailed overview of current catalytic
degradation approaches for MPs—including photochemical, biological, electrochemical,
thermochemical, and hybrid chemical pathways—with particular emphasis on catalyst-assisted
processes that enhance degradation rates and performance. Building on this, the underlying
mechanisms are examined to highlight the fundamental principles of catalyst design and
engineering. Finally, the review lists current challenges and explores future opportunities in catalytic
MPs degradation, with the aim of offering insights and inspiration for subsequent research in this
emerging area.

2. Difference Between MPs and Bulk Plastics

Before getting into the catalyst’s development for efficient MPs degradation, it is important to
understand the differences between bulk plastics and MPs. Degradation, recycling, and upcycling of
bulk plastics have been extensive studied through pyrolysis, gasification, reprocessing and photo-
reforming [23-25]. Theoretically, the catalysts that have been developed and tested for bulk plastics’
treatment could be extended to MPs. While, there are still many questions remaining to be answered
as many differences existing between bulk material and their size reduced counterparts. As the name
implies, the major difference between bulk plastics and MPs is the size. Size of MPs can span a wide
range, from nm to mm (as shown in Table 1), making them hard to detect, observe, collect, and study,
especially with current commercially available methods. Due to the small size of MPs, they can be
easily taken in by living organisms and widely distributed from organic to inorganic substances, from
soil to water, from deep in the sea to top of mountain [26]. Therefore, mixed methodologies need to
be applied for catalyst performance evaluation based on MPs with different conditions.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 1. MPs size class nomenclature with their respective size range, and organisms of equivalent size in the

environment. Modified from work [27].

Current size categories Size range Proposed size categories Size Range Organism of
equivalent size

Nanoplastic 0.001-1 um Femto-size plastics 0.02-0.2 um  Virus
Microplastic 1-1000 pum Pico-size plastics 0.2-2 um Bacteria
Nano-size plastics 2-20 um Flagellates
Micro-size plastics 20-200 um  Diatoms
Mesoplastic 1-10mm  Meso-size plastics 200-2000 pm Amphipods
Macroplastic >1cm Macro-size plastics 0.2-20 cm Jellyfish
Mega-size plastics 20-200 cm  Jellyfish

Besides the size, the second difference of MPs is their complexity both in physical and chemical
properties. MPs can originate from numerous sources and are usually treated as heterogeneous
materials, including synthetic clothing, microbeads, and breakdown of larger plastic items. Their
variation in size, shape, density, and chemical composition, makes their studies complicated not only
in detection, but also in removal methodologies development. In the work of MPs identification from
beaches Plymouth UK by Richard Thompson et al. [1], 9 polymers are identified including acrylic,
alkyd, polyethylene, polypropylene, polyamide, polyester, polyethylene, polymethylacrylate,
polypropylene, and polyvinyl-alcohol, indicating that the MPs come from different bulk plastic
sources. Besides, for the origin of MPs toxicity, it can be a result of the plastic chemicals or the particle
itself. While, different MPs can show significantly difference in toxicity. According to the work from
Lisa Zimmermann et al. [28], the authors show that chemicals in plastics contribute more for toxicity
in the case of the PVC but not of the PUR and PLA plastics. Interestingly, they observed that
bioplastics show similar toxicity as its conventional plastics counterpart. Therefore, treating MPs as
a homogenous entity is not suitable for environmental impact assessment. Instead, the chemical
compositions and physical conditions of different MPs should be considered. Thereof, it will be much
more challenging to develop efficient catalysts for the heterogeneous MPs treatment compared to
their bulk counterparts. For a better view, properties change of macro plastics to MPs after
degradation are summarized and shown in Figure 3. A detailed properties comparison between bulk
plastic and MPs is provided in Table 2.
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Figure 3. Properties changes of microplastics after degradation [29].
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Moreover, MPs present varied chemical properties due to their high energy surface through
degradation processes. With a large surface area-to-volume ratio, MPs can readily adsorb pollutants
from the surrounding environment through hydrophobic interactions sorption mechanism, through
electrostatic forces, van der Waals forces, hydrogen bonding, and pi-pi interactions [30]. These
adsorbed chemicals can include persistent organic pollutants (POPs), heavy metals, and other toxins,
not only increasing the harmful potential of the ingested plastics to the ecosystem, but also for their
catalytic recycling. The aging process of plastics, leading to MPs formation, can also modify their
surface properties and crystallinity, affecting their ability to adsorb and desorb pollutants. Since MPs
are usually generated from bulk plastic degradation, physical and chemical properties, such as color,
surface morphological, crystallinity, particles size, and density of MPs are usually different compared
to the bulk materials [29].

Table 2. Properties comparison between bulk plastic and microplastic.

Category Bulk plastic Microplastic
MPs are either produced at that size (primary
Origin Intentionally microplastics) or result from the fragmentation of
manufactured larger plastic waste (secondary microplastics) through

aging, weathering and fragmentation

Size >5mm <5 mm, no lower limit yet

Fragments, fibers, films, foams, and microbeads. The
shapes can be broadly categorized as regular
(spherical, cylindrical, etc.) or irregular

Varied shapes can be

Shape controlled

MPs can be composed of a wide variety of polymer
types as a mixture. The most common include
polyethylene (PE), polypropylene (PP), polystyrene
(PS), polyethylene terephthalate (PET), and polyvinyl
chloride (PVC). Other polymers like polyamide (PA),
polyurethane (PU), polycarbonate (PC), and polyester
(PES) are also found in microplastics. The specific
polymers found in microplastics can vary depending
on the source and location.

Single type or with

Polymer type controlled polymer types

Higher surface area to volume ratio, higher surface
energy. Higher surface charge due to ions absrobtion.
Low surface to volume i .
Surface ratio May include cracks, pits, and other surface features
due to UV radiation, mechanical abrasion, and

chemical degradation.

Weathering and aging processes can significantly alter

Crystallinity Standard and uniform the crystallinity of microplastics

Absorbed substances from the environment, including
pollutants (organic, inorganic), nutrients, and
microorganisms, leading to changes in their surface
properties and behavior. Presence of specific
functional groups on the surface (e.g., hydroxyl,
carboxyl)

Surface chemistryRelative clean

3. Microplastic Identification and Quantification

Precise identification and quantification of MPs before and after in the catalytic process is vital
for the catalyst’s performance evaluation. However, this is not an easy task due to the complicated
chemical and physical properties of MPs and interference from other similar micro substances. In this
section, techniques that can be used for MPs identification and quantification are summarized and
discussed.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The selection of MPs identification and quantification methods depends largely on particle size
and matrix complexity. For particles >100 pm, optical microscopy enables rapid visualization of
morphology, size distribution, and color, though often requiring sediment and physical sieving
[31,32]. For <100 um particles, resolution limits of optical microscopy reduce reliability, and electron
microscopy (SEM) provides detailed structural insights with the help of EDS, it is worth mentioning
that unlike the traditional processing methods for non-conductive samples, wet-mode imaging
avoided the introduction of other elements during the coating process, thereby enhancing the
identification capability of SEM/EDS for microplastics [33].

Among chemical methods, FTIR remains the most widely applied, with focal plane array (FPA)-
based imaging enabling large-scale mapping. It is effective for >20 um particles but less sensitive to
nanoplastics and prone to spectral fouling [34,35]. Raman spectroscopy is effective for <20 um
particles and is less affected by water interference, though fluorescence back-ground remains a
challenge [36]. "TH NMR provides quantitative compositional and degradation information of
microplastic particle that <300 pm but requires large sample quantities, restricting routine use [37-
39].

Thermal and mass-based approaches, including Py-GC/MS and TGA, are powerful for
compositional analysis. Unlike the above methods, they are not limited by the particle size. By
identifying certain additives or molecular markers, they can indicate the origin of specific plastics,
providing evidence for analyzing samples with complex microplastic components [40]. Py-GC/MS
identifies polymers via characteristic pyrolytic fragments, while TGA provides thermal degradation
profiles. Both require dried, homogenized samples and offer robust quantitative data, although they
are destructive and can-not preserve morphology [41].

Pretreatment strategies vary across methods: microscopy relies mainly on physical separation
such as sedimenting [31,33]; FTIR and Raman require density separation and dry on the anodisc
filters [35], NMR demands bulk concentration [38]; and thermal/mass-based methods depend on
drying and homogenization which are usually more than complex depend on specific situation [42].
In terms of MPs identification and quantification, no single technique yet is sufficient for a
comprehensive characterization. Table 3 lists a simple comparison between different techniques used
for MP identification and quantification. Figure 4 presents current and novel technologies that can be
used for MPs detection in different environment.

Table 3. Comparison summary between different techniques used for MP identification and quantification.

Method Advantages Limitations Particle Size  Typical
Best Suited For Pretreatment Steps
Optical MicroscopyRapid visualization; low cost; ~Limited resolution; cannot identify >100 um Filtration/sieving;
simple operation polymer type density separation
SEM/EDS Very high resolution; reveals ~ Cannot identify polymer type; <100 pm Filtration/digestion
surface structure and expensive instrumentation; — drying —
aggregation conductive coating
(Au/C) or wet-mode
imaging
u-FTIR / FPA-FTIR Enables polymer identification; Low sensitivity for nano plastics; >20 um Filtration onto IR-
FPA allows batch easily disturbed by environmental transparent
imaging/statistics; high fouling substrates; H,O, or
throughput enzymatic digestion
Micro-Raman High spatial resolution (sub-  Strong fluorescence background; <20 um Clean low-
micron detection); less affected long acquisition time; high fluorescence filters;
by water instrument cost filtration
H NMR Rich quantitative information: Requires large sample amounts; <300 pm Bulk sample
polymer composition, expensive; not suitable for routine concentration;
degradation pathways, monitoring solvent extraction
additives
Py-GC/MS (incl.  Accurate Destructive method; no No limitation Drying;
TED-GC/MS) qualitative/quantitative morphological information on particle size homogenization;
identification of polymers in removal of
salts/water

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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mixed or weathered samples;
improved throughput
TGA Characterizes thermal Overlapping thermal peaks; No limitation Drying;
degradation behavior; interference from organics or on particle size homogenization;
combined with FTIR/MS gives minerals removal of
composition and quantification inorganic/organic

matter

Often times, all the aforementioned methods need to be paired and cross-verified to achieve a
robust evaluation for MPs study. In the work of Thava Palanisami et al. [43], a combined technique
using SEM, BET, XRD, ATR-FTIR, and TGA is applied to study the long-term degradation of MPs in
the marine environment in terms of their surface morphology, surface area, surface chemical species,
crystallinity, and stability changes. In another work of measuring fragmentation rates of MPs [44],
the authors include the analytical ultracentrifugation with a refractive index detector (AUC-RI), a
single-particle counter, for particle size distribution, and concentration quantification. The particle
shape is characterized using SEM. While ultraviolet-visible spectroscopy (UV-vis) is applied for
monitoring the content of released water-soluble organics (total organic carbon, TOC).

Characterization techniques for nano/micro plastic particles in diverse environmental media
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Figure 4. Summary of current and novel technologies that can be used for MPs detection in different
environment [45].

4. Enhanced Microplastic Degradation Using a Catalyst

MPs degradation includes transforming MPs into smaller molecules that are less harmful or
useful components, such as CO2 [46], light hydrocarbons [47], carbon-based materials for catalyst
preparation [48], fuel, and chemicals [49], etc. Under natural environmental conditions, the MPs
degradation process is slow and results in a loss of carbon stock due to their persistent nature and a
lack of reaction control. To mitigate the challenges and potentially turn wasted MPs into valuable
feedstock back into the carbon cycle, catalysts play a vital role to speed up the degradation process
and control the reaction direction. In the review, depending on the working mechanism and materials
type used, catalysts for MPs degradation are divided into photocatalysts, Fenton and Fenton-like
catalysts, thermochemical catalysts, bio and bio-inspired catalysts, electrocatalysts, and hybrid
catalysts, aiming to provide a clear and systematic overview for currently applied MPs catalysts.
Based on the category, novel catalyst design and engineering methods used to achieve improved MPs
degradation will be summarized and discussed based on the most recent publications.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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4.1. Photocatalysts

Current mostly often used photocatalysts for MPs degradation include TiO: [50], ZnO [51],
graphite carbon nitride (g-CsNs) [52], and metal organic framework (MOF) etc. These materials work
by generating reactive oxygen species (ROS) when activated by light, which then break down the
polymer chains of MPs into smaller, less harmful components, ultimately aiming for mineralization
into CO2 and H20. Besides the conventional materials, bismuth-based catalyst [53], Mxene based
materials, and plasmonic metal nanoparticles like Au and Ag can enhance light absorption and
catalytic activity, resulting in superior performance. A more detailed summary of photocatalysts used
for MPs degradation can be found in the review paper [54].

Mechanism: Usually, three steps are involved in a general photocatalytic process: (1) charge
carriers’ generation from semiconductor photocatalyst through photon energy activation; (2) charge
carriers transfer from bulk to surface of photocatalysts and (3) photogenerated charge carriers induce
surface redox reaction on the target [55]. In photocatalysis, semiconductors are usually used and act
as photocatalysts by absorbing photon energy, becoming excited, and generating electron-hole pairs
and ROS. These ROS, including hydroxyl radicals (-OH) and superoxide ions (O2-), play a crucial
role in the degradation of MPs [56]. In terms of MPs photocatalytic degradation mechanism, the
process includes mainly four steps: (1) chain initiation, (2) chain growth, (3) chain branching, and (4)
chain termination. For the initiation of MPs degradation, two pathways have been proposed. In the
first route, the strong oxidative holes (h*) in the catalyst VB can oxidize MPs, leading to CO2 and H20
generation. Alternatively, the excited e~ and h* can react with O, and H;O on the surface of the
photocatalyst, generating primarily -OH and O2-.

The photocatalytic MPs treatment can be divided into three categories: photo-degradation,
photo-conversion, and photo-reforming [57] as shown in Figure 5. For photo-degradation, CO2 as a
mineralization product is produced through a non-selective oxidation processes which occurs in an
aerobic environment. While, value added chemicals and fuels are generated through photo-
reforming and photo-conversion processes which are typically in an anoxic condition. At the same
time, side products such as Hz, formate, acetate acid, and other valuable chemicals [58-60] can also
be produced through photo-reforming and photo-conversion using the remaining electrons in the
system.

Photodegradation of plastic wastes Plastic decomposition followed by CO, reduction reaction
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Figure 5. Mechanism summary of photocatalytic plastic conversion pathways including photo-conversion,

photo-degradation, and photo-reforming with different products generation [57].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.1076.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 September 2025 d0i:10.20944/preprints202509.1076.v1

9 of 34

To improve photocatalytic performance, one of the effective ways is to construct
heterostructures with other semiconductors, activated carbon, graphene or noble metals. Slamet et
al. [61] prepared an Ag/TiO2 nano-composites. The catalyst is used for simulated MP particles
degradation in water under UV light. 50 mg of the catalyst is added for 100 ppm of PE MP
decomposition. The results show that 100% MP degradation within 120 min can be achieved. While
MP with particle size between 125-150 micrometers shows the fast degradation rate with 100%
degradation efficiency in 90 min irradiation. Similarly, g-CsNs/TiO2/WCT-AC composite was
prepared using waste cotton based activated carbon (WCT-AC) loaded TiO: as precursor [58].
Through the heterojunctions construction, improved visible light absorption and photoelectron-hole
separation can be achieved, resulting in a 67.58% of PE degradation in 200h under visible light
conditions. Same engineering approach has also been applied by synthesizing a Pt-ZnO
nanocomposite [62] for LDPE film photodegradation. The photocatalysis testing of LDPE film (1 cm
x 1 cm) is conducted in DI water under visible light for 175 h. Through FTIR characterizations, the
authors indirect quantify the degradation content using carbonyl and vinyl indices (CI and VI). In
average, there is a 13% and 15% increase respectively for CI and VI, indicating an increased
degradation performance using Pt-ZnO combination. Besides, LDPE showcased deeper cavities and
wrinkles formation after 175 h visible light irradiation compared to the original smooth surface.
Heterojunctions of MXene based photocatalyst composite has also been developed for Hz evolution
integrated with enhanced PET degradation [60]. By successfully constructing MXene/Zn«CdixS
photocatalysts through a band structures engineering approach, simultaneously Hz production with
a rate of 14.17 mmol-g"-h™ and PET degradation can be achieved. What is more, organic valuable
micro-molecule compounds, such as glycolate, acetate and methanol, etc. can also be produced,
demonstrating a superb photocatalyst development scheme. WOs/g-CsNs as a composite
photocatalyst has also been synthesized via a hydrothermal method to do the same work [59]. With
a 30% WOs/g-CsN4 formula, a high Hzevolution rate of 14.21 mM and PET degradation to formate,
methanol, acetic acid, and ethanol can be realized under visible light. Creating a heterojunction
between WOs and g-CsN4, improved photocatalytic performance can be achieved due to the reduced
recombination of charge carriers and the enhanced redox capability. Catalyst structure can be another
factor to tune. Core-shell BiO2-«/CuBi2Os heterojunction is constructed [63]. Increased PE and PS MPs
degradation can be achieved, due to an elevated electron transfer from CuBi2Os to BiOz with a built-
in electric field, facilitating efficient electron flow.

Besides heterojunctions construction, doping offers another promising strategy to alter the
photoelectron-hole pair recombination. To mitigate the issue facing Bismuth based photocatalysts, a
novel Fe-doped BiO:«/BiOl heterojunction photocatalyst was developed through a chemical
precipitation method [53]. Due to a Z-scheme heterojunction construction and impurity Fe
introduction, increased redox abilities and electron-hole pairs separation can be achieved, resulting
in elevated PET degradation within 10 h under full-spectrum light. In another work, Nb-doped SnO:
quantum dots (QDs) were prepared by a hydrothermal process [64], aiming to generate a synergistic
effect using dual defects engineering. Nb impurities and the introduced oxygen vacancy extend the
conduction band edge to the Fermi level, narrowing the bandgap and providing abundant defect
states for electron transitions. Finally, a 28.9% PE MPs weight loss can be achieved after 7 h photo
irradiation. Using doped photocatalysts, elevated MPs degradation can be acquired by coupling
photo and electrical methods. TiO2-modified boron-doped diamond photoanode has been prepared
for the purpose [65]. HDPE MPs degradation was performed using electrochemical oxidation and
photoelectrocatalysis (PEC) on bare and modified BDD electrodes both under dark and UV light
conditions. The results show that 89.91 + 0.08% of HDPE MPs degradation in 10-h can be achieved
and is more efficient at a low current density (6.89 mA/cm).

Morphological modification and surface sensitization represent another effective design
approach of promoting photocatalytic MPs degradation efficiency. Spherical and nanosheet Bismuth
oxychloride (BiOCl) have been prepared, aiming to study the catalyst morphology effect on MPs
degradation [66]. The results showed that BOC-N nanosheets achieved a 44.33% degradation of PET
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MPs within 5h, ascribing to the easy transfer of photogenerated carriers to the surface. Titania coated
3D ZnO tetrapods were also prepared for photocatalytic degradation of PE and polyester (PES) MPs
[67]. Complete PE and PES degradation is achieved under UV illumination for 480 h and 624 h
respectively. The authors found that the MPs morphology can affect the degradation rate and use of
electron scavengers is necessary. MPs surface modification can also play an important role. In the
work of Jiang et al. [68], PS MPs were modified by different functional groups, including -OH, -NHo,
-SOsH, -COOH and -epoxy. Photocatalytic degradation was conducted using a BiOBr-OH
semiconductor-organic framework. The results showed that surface modification increased the
polarity of MPs surface, resulting a sluggish degradation rate. Therefore, the PS-plain MPs without
any treatment showed the highest degradation rate. Via phase transformation and sulfur vacancy
engineering, Edalati and colleagues introduce a highly efficient cadmium sulfide (CdS)
photocatalysts which dramatically improve Hz production and PET MPs degradation [69]. Using
hydrothermal treatment and high-pressure processing, parent CdS can be converted into a
thermodynamically stable wurtzite (hexagonal) phase with abundant sulfur vacancies generation at
the same time. These sulfur vacancies serve as active catalytic sites that facilitate enhanced
photocatalytic performance. 23-time increase in both H> production and PET degradation can be
achieved compared to the commercial CdS.

A table summary of catalyst materials, reaction condition and performance for photocatalytic
MP degradation is shown in Table 4. It can be learnt that semiconductors and their modified
counterparts are mostly used photocatalysts for MPs degradation. Current photocatalytic MPs
degradation focuses on lab scale demonstration with single and controlled MPs environment.
Besides, in most of the work, MP degradation efficiency is calculated by using a weight change
measurement. However, based on the low MP concentration used. It is questionable how accurate
the quantification method can be, raising a concern for the final performance demonstration. Last but
not least, the use of a lab-controlled environment in the photocatalytic testing is suitable for scientific
investigation but lacks relevance to real-world applications. This is extremely important considering
a practical solution to tackle the existing MPs adverse effect is in urgent need. For more information
about current status, challenges and future direction for MPs photocatalytic degradation, the
following reviews [70-72] can be referred.
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Table 4. Summary of catalyst, reaction condition and performance for photocatalytic MP degradation.

Quantification

Catalyst MP type  Size Condition Products method Efficiency Ref.
Fe-doPed B.iOz—x/BiOI PET NA Xenon lamp (200-1000 nm, 500W) in NA Degradat'ion fefﬁciency by FT-IR NA (53]
heterojunction water characterization
g-C:NWy/TiO2/WCT-AC PE 015mm 00w xenon lamp irradiation for 200 by, Weight loss 67.58 % revmoal in 200h [58]
in water at 25 °C with 600 rpm
H2:14.21 mM and formate, .
o L Weight loss
C3N4y/WOs PET 0.45um  300W xenon lamp at 25 °C in water ~ methanol, acetic acid, and NA [59]
was measured
ethanol
.. 14.17 mmol-g*h™' H2
PET X 1 1
MXene/ZnxCdiS . NA 300W enon famp, reaction in 50 m generation rate. Glycolate, HNMR spectroscopy NA [60]
solution PET solution
acetate, ethanol, etc.
- . . - . Weight loss . .
Ag/TiO2 nano-composites PE 100-250 pm UV lamp irradiation with 2000 rpm ~ NA 100% in 90 min for 125-200 um [61]
was measured
Carbonyl index (CI) and vinyl . .
13% 15% for CI Twith P
Pt/ZnO nanorods LDPE 50 um 50W dichroic halogen lamp, 175h NA index (VI) calculation through 3% and 15% increase for Cland VI with Pt [62]
compared to ZnO only
FTIR
Core-shell BiO2-x/CuBi204 Full spectrum light Benzoic acid, ethylbenzene FTIR was used to quantify the Severe dan'lage.to th.e su rface PS after 15(% of full
. . PSand PE 4 um spectrum light irradiation compared to BiO2x  [63]
heterojunction sources (300W, Xenon lamp and styrene carbonyl content X
and CuBi20s alone
Visible light from an 8W LED (400- .
H h H
Nb doped SnO2 quantum dot PE 350 um 800 nm) and a 200W Xe lamp (380- irlctorznimélji tzO with HC Weight loss 28.9% weight loss after 7 h [64]
1100 nm) ermediates
T%Oz-modiﬁed bo'ron-doped HDPE 250 um §.89 ITIA cm2 current'density and UV Organic compounds such as FTIR was used to quantify the 89.91+0.08% of HIDPE MPs in a 10-h [65]
diamond (BDD/TiO2) light in aqueous media aldehydes and ketones carbonyl content
BOC-S, BOC-N and BiOCl
' ana bt PET 37um  180°C for 12 h. 300W xenon lamp ~ CO2 Weight loss 44.33% degradation of PET MPs within 5 h. [66]
photocatalysts
. PE and PES . . Complete mass loss of PE and PES under UV
TiOx/ZnO tetrapod microfibers 100 um 365 nm UV light at room temperature NA Weight loss lumination for 480 h and 624 h [67]
Monomeric molecules and
BiOBr-OH i - i ight loss, fil ith 1 fil
iOBr-OH semiconductor-organic PS 5um 250W Xe lamp for 72 h multiple molecular Weightloss, filter with 1 um filter 7.31% mass loss after 72 h [68]
framework paper
complexes
S vacancy-rich CdS PET ~500 pm  Simulated solar irradiation 6h Hz, Terephthalic acid, .., MassLoss and GC 23-fold 1n.crease in Hz production compared to [69]
Ethylene glycol, Formic acid commercial CdS
BiOI-MOF composite PE 230:90 um 500W Xenon lamp for 6 h Aleohols, lipids, carboxylic ) 1p pryR for cabornyl CI decreased to 0.127 in 6 h (73]
acids, long-chain alkane
TiOz2 anchored chitin sponge PS 1 um 60W lamp (A = 365 nm), UV light 2-Butanone, 3,3-dimethyl - UV-vis dye assissted 58.4% in 6h [74]

cyclohexanone quantification

r(s). Distributed under a Creative Commons CC BY license.
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4.2. Fenton and Fenton-like Catalysts

Beyond photocatalysis, Fenton and Fenton-like reactions represent the second most widely
applied approaches for the degradation of MPs and bulk plastics. Before getting into the details for
Fenton and Fenton-like reactions. It is important to distinguish between Fenton and Fenton-like
reactions and advanced oxidation processes (AOPs), as many studies tend to use these terms
interchangeably. AOP is a broad category of techniques designed to oxidize and mineralize persistent
organic pollutants. It includes processes where chemical oxidants like ozone, Fenton's reagent,
electrochemical or photochemical methods are applied to produce reactive oxygen species (ROS).
The core principle of AOPs is the in-situ generation of highly reactive, short-lived radical species,
such as -OH, sulfate radicals (SO4~) or others, which are strong oxidizers and can chemically break
down organic contaminants. While, Fenton reaction uses ferrous iron (Fe?*) or other multivalent
metal ions to activate H,O, and produce -OH or other ROSs. Detailed reaction mechanism is listed
below.

Mechanism: Fenton reaction involves the reaction of Fe?* with H,O, to produce ‘OH, which are
strong oxidizers, and ferric iron (Fe3*). Fe® is then reduced back to Fe?* by another molecule of H,O,,
creating a chain reaction as shown in Equation 1 and 2. The overall effect is the generation of -OH,
which are highly reactive and capable of oxidizing and degrading organic pollutants [75]. While for
Fenton-like reactions, different metal catalysts, ligands, or peroxides, operating under modified
conditions such as different pH or the application of light or electricity can be applied, leading to
variations in the reaction mechanism and the production of various ROS. The Fenton/Fenton-like
reaction belongs to one type of the AOP. In Fenton/Fenton-like oxidation systems, multivalent metals,
such as Fe, Cu, Co, Mn, Ce, Ag, Cr, Ru, W, Mo, V, Tij, etc., are commonly applied catalysts which can
activate H20:2 and generate ROS. The mechanism is through changes of low-valent metal (Mn*) with
reduction properties and high-valent metal (M®**) with oxidation properties due to the reductant
and oxidant properties of H20z. Besides H20, organic peroxides (ROOH) or peroxydisulfate (S20s?)
and persulfate (HSOs) can also be used. Fenton/Fenton-like reactions can be carried on in
homogeneous and non-homogeneous systems. While, in terms of the driving force used, photo-,
electrically-, ultrasonically-, and piezoelectrically-triggered Fenton reactions can be divided as shown
in Figure 6. For detailed information for Fenton and Fenton-like reactions, including mechanism,
application system, and materials, reviewer papers [76-78] can provide ample information.

Fe?* + H,0, — Fe®* + ¢ OH + OH- 1)

Fe* + H,O, — Fe?* + ¢ HO, + H* @)
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productive
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Figure 6. Schematic illustration of MPs degradation mechanisms for different types of Fenton and Fenton-like

reactions [78].

Towards a green MPs Fenton degradation, a sustainable cuttlefish bone (CFB)-supported
CoFex0s nanoparticles has been prepared with persulfate Fenton-like strategy for the efficient
degradation of PS-NPs [79]. 88.27 % removal can be done in 30 min due to fast persulfate activation
through Co*/Co?* redox cycle. Based on Fenton-like reaction utilizing peroxymonosulfate (PMS) as
oxidant, CuMg co-doped carbonized wood sponge catalysts (CuMgCWS) with concentrated loading
and dispersed distribution of Cu/Mg nanoparticles are synthesized [80]. 80 wt% selectivity for MPs
to hydrocarbons and ketones can be realized due to Mg-O sites in Cu/C sponge which controlled the
interfacial charge distribution and promoted adsorption and activation of PMS through Cu-centered
sites. Cobalt/carbon quantum dots (Co/CQD) core-shell nanoparticles with regulated position and
close intimacy are also designed for Fenton-like PP degradation [81]. Through CQD strong reduction
effect accelerated Co?/Co? cycle, a significantly higher degradation activity can be realized.

Limited oxidation efficiency constrains the wide application of Fenton and Fenton like oxidation
for MPs degradation. To increase the process performance, a combined Fenton reaction system is
usually constructed. For instance, heterogeneous electro-Fenton (EF) PS MPs degradation processes
have been demonstrated through constructing a copper-cobalt carbon aerogel (CuCo-CA)
bifunctional cathode [82]. The CuCo-CA possesses H202 electro-synthesis and in situ activation of
‘OH generation capability (without the need for external aeration) for oxidative decomposition of PS-
NPs. 94.8 % of PS NPs removal efficiency can be achieved in 6 h. Similarly, a piezo-Fenton process is
also developed using ferroelectric Biwz(BiosFeos)Ouos catalyst [83]. Biiz(BiosFeos)O195 with exceptional
piezoelectric properties can ensure efficient polarization under ultrasonic field to generate a
substantial amount of ROSs, resulting in degradation PET-MPs via piezocatalysis/Fenton-like
mechanism. 28.9 % removal rate of PET MPs can be achieved in 72 h. Besides coupling Fenton reaction
with electro and ultrasonic field, a visible-light-driven photocatalysis and photothermal Fenton-like
reaction has been formulated utilizing an a-Fe20s nanoflower on hierarchical TiO: (opal-like
layer/nanotube arrays, denoted as a-Fe:Os3/TiO2HNTAs film) [84]. Under light initiation and
photothermal effect, without external H20O: input, nearly 100% degradation of 310 nm PS spheres can
be obtained after 4 h at 75 °C. It is found that PS can melt at temperature much lower than its melting
point in the process and TiO2HNTAs promotes the PS degradation efficiency on a-Fe:0sis (active
sites) through electrons population. Interestingly, without using a catalyst, Hu et al. [85]
demonstrates that a hydrothermal-coupled Fenton reaction can achieve up to 95.9% mass loss and
75.6% mineralization of PE MPs within hours, due to synergistic thermal hydrolysis and hydroxyl
radical oxidation. A summary of catalyst, reaction condition and performance for Fenton and Fenton-
like MP degradation is shown in Table 5.
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Catalyst Plastic type Size Mechanism Condition Products Quantification method Efficiency Ref.
Cuttlefish Bone-Su'pported PS 70 nm Fenton-like 100 rpm and 25°°C, APS dosage NA TOC analyzer 88.27 % removal in 30 min [79]
CoFe204 nanoparticles (0.25-1.25 g/L)
CuMg co-doped carbonized .
% sel h

wood sponge catalysts PP NA Electro-Fenton Hydrothermal at 160 °C for 14h Hydrocarbons and ketones ~ Weight loss, GCMS iotwrtl/ selectivity to hydrocarbons and [80]
CuMgCWS erones
Cobalt/carbon quan.tum dots PP <25um Fenton-like 40 . NA Weight loss 9.6% degradation in 24 h [81]
core-shell nanoparticles ml of hydrogen peroxide 35% v/v
Copper-cobalt carbon aerogel Current: 20 mA, initial pH: 7.0, Acetophenone, benzoic acid, FTIR, UV-Vis, and direct . .

P ~11 F 4.8 % 1 eff; h 2
(CuCo-CA) 5 9nm enton electrolyte 0.05M esters, aldehydes, and alcohols infusion MS 948 % removal efficiency in 6 [82]
Ferroelectric Bir(BiosFeos)Ows PET 500600 pmPiezo-Fenton Iljzl(t)rss‘;ug treatment (A0 kHz, Weight loss, HPLC, LC-MS 28.9% removal rate in 72 h [83]
a-Fe20snanoflower on TiO2 310nm  Photo-Fenton ‘. 151amp (365 nm, 0.5 W em-2) Carboxylic acids or 1H NMR, GC Nearly 100% degradation in 4 h at 75 °C[84]
with a hierarchical structure ,75°C carboxylates, CO2
Zeolitic imidazolate
framework@hydrogen titanate Toothpaste MPs ~300 um  Fenton 1 mL, 30% H202addition NA HPLC-MS and weight loss  97% removal efficiency in 3h [86]

nanotubes (HTNT@ZIF-67)
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Developing Fenton like reactions coupled with other activation methods shows great promise
for enhanced MP degradation due to the technology maturity, easy to scale up and low cost.
However, there are many more to be studied, especially in terms of the mechanism understanding in
the complicate system. As demonstrated in the recent work [87], Fenton, photo-Fenton, and Fenton-
like processes show polymer-specific efficacy —some microplastics respond to light-assisted
oxidation while others remain refractory. Consequently, a one-size-fits-all Fenton treatment is
unlikely; a tailored or hybrid strategy matched to polymer type is preferable. Besides, MPs
degradation using Fenton and Fenton like reaction are usually carried in aqueous system on a
laboratory scale. Its wide application and implementation of are limited due to the long reaction time,
low liquid phase degradation efficiency and the formation of secondary nanoplastics [88]. Therefore,
future catalyst developments should focus on real condition related environment and more effective
and faster reaction pathways.

4.3. Thermal Catalytic Process

Thermal catalytic treatment of MPs offers super-efficient way of transforming MPs into
nonhazardous products (COz2 and H20), value added chemicals and fuels through oxidation,
pyrolysis, and reforming mechanism. With a use of catalyst, the process efficiency can be improved,
especially for lowering the reaction temperature and elevating the products selectivity. With careful
design of the catalysts, using composite, constructing bifunctionality, controlling structure and
surface properties, enhanced MPs transformation and degradation can be realized.

Mechanism: Thermal-catalytic microplastic treatment couples heat with a solid or
homogeneous catalyst to depolymerize MPs into smaller intermediates or convert them into value-
added products (e.g., fuels or carbon materials). In this approach, thermal energy drives bond
cleavage while the catalyst lowers activation barriers and improves selectivity, enabling effective
conversion at lower temperatures than thermal cracking alone. Reported catalysts include biochar,
metal-modified biochar, and Fenton-like systems, applied in both liquid- and gas-phase processes to
accelerate degradation and steer product distributions.

An intensified PS MPs adsorption and pyrolysis degradation process is formulated, by
modifying magnetic biochar (MBC) with Mg/Zn [89]. Through the magnetic catalyst design, the MPs
and adsorbents can be easily separated through a simple magnet. What is more, MPs degradation
and adsorbent regeneration can be accomplished by thermal treatment simultaneously. The authors
found that Mg/Zn modification improves MPs adsorption through an increased electrostatic
interaction and chemical bonding. A bimetallic Ni-Pd/TiO2is formulated by adding Pd into Ni [90]
to increase catalyst redox properties and basic sites for MPs transformation to useful Hz and liquid
hydrocarbons. The process is based on Ni-Pd/TiO: as a cracking and steam reforming catalyst. At 700
°C, Hzyield of 93% and phenol conversion of 77% can be achieved. The superior Hz selectivity is due
to the increased catalyst redox properties and basic sites introduced by Pd.

Catalytic thermal treatment is an effective way of upcycling MPs through converting them into
novel carbon-based catalysts that can be used for other catalytic processes. For instance, Shengjia Ma
et al. [91] turn PS MPs into a Fe/Mo doped sponge-carbon (Fe/Mo-N-C) through a one-step pyrolysis
process. The prepared catalyst shows effective oxidation of 17a-ethinylestradiol (EE2). Similar work
[92] has also been performed for PET MPs through controlled carbonization, resulting in a zero-valent
iron loaded porous carbon catalyst that can degrade tetracycline in high efficiency. To increase the
thermal catalytic oxidation process efficiency and lower the reaction temperature, a Hopcalite
(CuMnOx) catalyst is used and combined with dielectric barrier discharge (DBD) plasma [18],
formulating a two stage reaction system for PS MPs complete degradation. In the first step, the DBD
plasma generates ROS for PS-MPs degradation. While in the second stage, Hopcalite catalyst
selectively converted the intermediates to CO: with a high efficiency of 98.4% in 60 min. By using
NiCl: with HDPE, different structured carbons (core-shell carbon composites, nanosheets, and their
hybrids) which show promising catalytic effect for peroxymonosulfate activation for phenol
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degradation in water [93]. The morphology and proportions of structure defective carbon can be
easily controlled by tuning the NiCl2 to HDPE ratio. In the process, NiClz serves as both a catalyst
and template for HDPE conversion. The working mechanism is that HDPE is firstly pyrolyzed into
hydrogen and light hydrocarbons which can reduce Ni?* to zero-valent Ni® which is the active site for
light hydrocarbons conversion to carbon rich compounds.

A summary of catalyst, reaction condition and performance for thermocatalytic MP degradation
is shown in Table 6. Despite the high reaction rate and efficiency of treating MPs using
thermochemical methods (catalytic pyrolysis, hydrocracking, hydrogenolysis, oxidative degradation,
and tandem upcycling), catalyst deactivation due to coking, active sites leaching, and sintering is still
a big issue to be resolved [94]. Besides, there is also a product selectivity control challenge as varied
hydrocarbon chain length with O and halogen atoms tend to be formed, impairing the value of the
products. Therefore, future thermal catalysts development should focus on tackling the stability,
products selectivity, and catalyst scale up issues.

Table 6. Summary of catalyst, reaction condition and performance for thermal catalytic MP degradation.

Catalyst MP type Size Mechanism Condition Products g::;‘:;ﬁcahon Efficiency Ref.
Plasma (20.6 kV, . .
Hopcalite- Plasma assisted o Weightloss and ~ 98.7 % PS-MPs conversion to
(CuMnOy) rs 200 pm thermal oxidation 2'160 /kgz)’ 79% N2and CO2 Micro GC CO: in 60min (18]
‘o 2
. Aromatics in the ~ MPs weight 94.81% MBC only
Mg/Zn -MBC rs LOpm Pyrolysis 500 +C for 10m range of C6-C9,  concentration 98.75% Mg-MBC 891
99.46% Zn-MBC
i MP: ~700 ° 2,
Anatase-Rutile i’\f;:i/astes made < smme  Reformingand Si‘lmﬂo di(s:;oTvé & Hhand liquid fuels CCMS FTIR GG Hyield (93%) and phenol o
Ni-Pd/TNPs ) ) cracking p 2 q FID, and GC-TCD  conversion (77%) at 700 °C
plastics blending MPs as feed
NiCl HDPE blended - Pyrolysis 800 °C, 3h, N2 Functional carbon  TGA-DSC 35.4% carbon yield with 151 o
to small size catalyst to HDPE ratio
PMS (5 mM) + Co- o .
Co-N/CaCeO: . . ThermalFenton  W/C@Ce0: (05 g/L) + HC intermediates, Mass loss; GC-MS; Zf;’;g?ﬁiﬁ;ﬁrﬁdgl?; 93]
composite H H,O; (1 mL), T=55- CO,+H,O UPLC-MS ) Rkl
52.3% without H,O5)
65 °C,
PE (spheres & . . . . .
. Olefins, paraffins, Weight loss SCOD, PA:>95% in Fe¥, 92% in Al*
3+ 3+ 24 . o
;;2; AP, Cu, i;li’:;’“;? PA " 150-500 um iyci:ét:;;:al ?gf;g‘;ag 0min, - hanol, glycols;  TOC, GC-MS, Py at 300 °C; PE: ~17-25%; PP:  [9%]
! 8 nanoplastics GC-MS, FTIR ~13% in Fe3* at 300 °C;
(fragments)
Pellets (~3 Olefins, aromatics,
300-600 °C, often . .
Zeolite catalysts PE, PP, PS, PET, mm) or Pyrolysis ~500 °C, 0.1-0.8 MPa; gaSOhlle/dleSel GC-MS, TGA, Liquid oil yield: 80-90%; [97]
PVC powders (<1 15-120 min: paraffins, waxes, FTIR;
mm) ’ H,, CH,, C-Cy
UV-C (254 nm, 11 W),
ZnO Macro: 100 .
nanoparticles rr mm?; Micro: Thermo- . 373 &/l ZnO, 357‘50 Nano plastic Weight loss 7.89% weight loss in 6 h [98]
photocatalytic C, 6 h, air bubbling measurement
(<50 nm) 25 mm? .
(1.6 L/min)
Styrene (74.6%),
. 550 °C, 10 min, N, benzene, toluene, UV-Vis (224 nm) Removal efficiency *99%
Fe-MBC rs 100 am Pyrolysis atmosphere ethylbenzene, a-  for PS conc. GC-MS (initial) (991

methylstyrene

4.4. Bio and Bio-Inspired Catalysts

Biodegradation of MPs is considered as the most environmentally friendly and cost-effective
degradation technology to handle environmental related MPs, due to the widespread of
microorganisms and their ecosystem compatibility [100]. MP biodegradation is primarily driven by
microorganisms like bacteria, fungi, and algae that secrete enzymes to break down plastic polymers
into simpler compounds. The process involves biofragmentation, where enzymes cleave polymer
chains, followed by assimilation and mineralization, where microorganisms further break down
these fragments, eventually incorporating them into their cells or converting them into harmless
byproducts like CO..

Mechanism: Four-stage biodegradation paradigm is wusually applied for MPs—
conditioning/colonization — fragmentation (oxidative/abiotic assist) — enzymatic depolymerization
to oligomers/monomers — assimilation & mineralization (CO./H;O, or CH, anaerobically) —through
the use of key enzymes (e.g., PETase/MHETase, cutinases, laccases, peroxidases) and microbial taxa.
MPs degradability could be affected by polymer chemistry, crystallinity, hydrophobicity, particle
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size, additives, and aging etc. [101]. More information in terms of the general methods and
mechanism for microplastic degradation can be learn from the review work [102,103].

Immobilization of Candida rugosa-CrL enzyme in metal-organic frameworks (CrL_MOFs) is
formulated for Bis-(hydroxyethyl) terephthalate (BHET) degradation [104] with increased stability
and recyclability of enzyme type catalysts. Due to the MOF’s adsorption capability to concentrate
MPs related products, 37% of removal efficiency in 24 h can be achieved through the enzymatic
degradation. Using a pre-concentration approach, hydrophilic bare FesOs nanoaggregates are used
to adsorb major MPs via hydrogen bonding [105]. Besides the adsorption, the hydrophilic FesOxs
surfaces also shows a peroxidase-like nanozyme activity to degrade organic pollutants. 100 % of PP,
PE, PVC, PS, and PET can be degraded through an autoclave-based heating approach. Modification
of bacteria has also been conducted to improve MPs’ degradation performance. A Shewanella
putrefaciens 200 Fe-reducing bacteria is prepared taking advantage of microbially driven Fenton
reaction for PS-MP degradation [106]. ‘OH produced by the microbially driven Fenton reaction shows
a PS-MPs degradation of 6.1 + 0.6% weight loss in 14-day. The authors found that -OH-induced
oxidative could damage the microorganisms, affecting continuous -OH production. Therefore, timely
replenishment of organic carbon sources is the key to sustain a reproduction of microorganisms. In
another work, an engineered bacterium through rational design of biological manganese oxides
(BMO mediated by SDE-PsLAC) is used for PE MP degradation [107]. SDE-BMO shows significantly
enhanced PE MPs catalytic degradation due to weakened MPEs inertia. The improvement of
microbial MP degradation efficiency through metal ions is also observed by Xionge Li et al. [108].
Durign the study, they found that PE MPs biodegradation by marine sediment bacteria tends to be
enhanced under iron-enhanced conditions. The enhancement is due to the generation of multiple
oxygen-containing functional groups resulting from the addition of Fe®. Besides bacterial
modification approach, Mn-doped iron phosphate (LFMP) bio-inspired nanozymes have also been
synthesized for PE and PP degradation [109]. Through Mn?" doping, expanded LFP lattice structure
with narrowed bandgap can be realized, enhancing Li* migration rates which increases the
peroxidase-like MPs degradation activity.

Bio-Fenton approach is an emerging method for microplastic degradation which combines
Fenton oxidation and microorganisms. By combining MnO:/g-CsN4/fly ash (MCNF) micromotors
induced Fenton reaction and B. subtilis Microbial degradation, 60% of PS degradation within 24 days
and 66% of PE degradation within 50 days are realized [110]. A clear elevated degradation process
can be observed as shown in Figure 7. The bio-Fenton method shows much better performance
compared to the sole use of Fenton reaction or microbial degradation. The authors claimed that the
improved degradation performance is ascribed to the self-propelled motion of MCNF micromotors
which improves the mass transfer efficiency of the Fenton reaction.
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Figure 7. (a-c) SEM images of PS degradation using B. subtilis soil for 24 days. (d—f) SEM images of PS
degradation through Fenton reaction pretreatment and B. subtilis for 24 days. Enzyme activity of (g) Laccase
and (h) Peroxidase concentration using different catalysts combination, and (i) Weight loss of PS using different

catalysts combination (*PS indicates Fenton reaction-pretreated PS) [110].

Table 7. Summary of catalyst, reaction condition and performance for biological catalytic MP degradation.

Catalyst Plastic type Size Condition Products Quantification method Efficiency Ref.
(o) mmatmionn B Bty
metal-organic terephthalate A Water, 25°C, 1 H2BDC High performance liquid 37 %, 24 h,3 mg of degraded [104]
8 (BHET) as model bar chromatography (HPLC) BHET per g of enzyme
frameworks compound
(CrL_MOFs) P
Py 0 % - -
Hydrophilic bare FesOs HDPE, PP, PVC, PS, 20-800 pm 130-260 °C, NA UV-vis and weight measuring 100 / degradation close to their [105]
nanoaggregates and PET autoclave melting temperature
Shewanella putrefamensPS 1.20 -1.30 mm ?5 Cand PH:' 7.0 Ben.zen? ring  Weight lqss was measured by Weight loss of 6.1 +0.6% in 14 [106]
200 in water solution derivatives an analytical balance days
Manganese oxide free Aromatics,
o o ; ; o o 9
radicals modified SDE- PE 500-1500 um i’;zls or15°C for ailpl;latllcs, d Weight loss ?éZ (:;t 31792Chand 524 %at15 [107]
PSLAG, E. coli BL21 2 conoms an Wi
esters
3.5 mm? piece Heneicosane,

Iron-enhanced from P 30 to 60 days of ~ octadecane, 12.38% weight loss in 60 days

X . PE . cultivation at 37  pentadecane, and Weight loss compared to 10.44% for non iron [108]
microbiota commerical .

lastic b °C 4,6-dimethyl added samples
pa a8 dodecane

MnO:/g-CsNy/fly ash RT with H20» . PS degradation 60% in 24 days;
(MCNF) PS, PE 5um addition NA Weight loss 66% PE degradation in 50 days |10
Engineered S. pavanii 30 °C and 150 TPA, MHET, 38.04uM products generation
with DuraPETase PET 500 pm rpm BHET HPLC after 30-day incubation at 30 °C (1

25°C or 180 °C
0.5to4.5mm for 8hin
autoclave

Mn-doped iron
phosphate(LFMP)

Polyamide 6,
HDPE, and pp

CO2, H202, and
inorganic small Weight loss
molecules

91.5% at 180 °C for 8h. 3 times

higher than that no doped LFP (112]

A summary of catalyst, reaction condition and performance for biological catalytic MP
degradation is shown in Table 7. Biodegradation offers significant advantages in terms sustainability,
circular economies under mild conditions, however it faces challenges such as slow reaction rate,
susceptible to environmental changes, and complicated reaction mechanism. Research is ongoing to
enhance these processes through techniques like protein engineering and strain breeding, aiming to
improve the efficiency and environmental safety of MP biodegradation. MPs biodegradation is a slow
process which can take days and months to proceed [113], lacking a capability to effectively remove
the much-accumulated environmental MPs. Therefore, formulating eco-friendly solutions to
accelerate MPs degradation is the key.

4.5. Electrocatalysts

Electrochemical catalyst systems are increasingly important for MP treatment because they
generate oxidants and reductants in situ, eliminating bulk chemical dosing and minimizing
secondary pollution. Their activity is readily tuned by potential, electrode composition, and
electrolyte, enabling modular reactors that scale from lab cells to flow systems and that operate in
diverse matrices (including salted and fresh waters). Beyond simply degrading stubborn polymers
(PE, PET, PP, PS) and halogenated plastics (PVC), advanced paired electrochemical systems can
upcycle plastic-derived intermediates into value-added products (e.g., formate, carboxylic acid, and
etc.) while simultaneously producing H: offering an efficient strategy to integrate renewable
electricity and realize a green pathway.

Mechanism: The electrochemical degradation of MPs can be divided into indirect oxidation and
direct oxidation. For indirect oxidation, ROS is generated in the bulk solution or at the electrode
surface. Then, these highly unstable and non-selective radicals attack and break the strong bonds
within the MPs. While, for direct oxidation, MPs can directly interact with the anode surface, leading
to a direct electron transfer reaction. Regardless of the initiation pathway (indirect or direct
oxidation), the degradation of MPs follows a general process of polymer attack and fragmentation.

Mao et al. developed a sustainable electrocatalytic upcycling method to convert PET
microplastics into value-added products (Hz, TPA and formate) through a two-stage process using

© 2025 by the

(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202509.1076.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 September 2025 d0i:10.20944/preprints202509.1076.v1

19 of 34

Mny.1Nio.0C0,0,4-0 rod-shaped fiber spinel catalyst [114]. In the first stage, PET MPs (particle size <500
pm) are hydrolyzed with potassium hydroxide (KOH) to release terephthalic acid (TPA) and ethylene
glycol (EG). In the second stage, the extracted EG is used as the anolyte and undergoes anodic
oxidation on the Mn.1Nip.9C0,O4-0 rod-shaped fiber spinel catalyst, achieving formate production
with over 95% Faradaic efficiency at 1.42 V vs RHE, while the cathode simultaneously facilitates
hydrogen evolution, thereby producing both clean energy and valuable chemicals from plastic waste.
The superior performance is due to Mn doping which changes the electronic structure, reducing the
lattice oxygen oxidation in the NiCo020: spinel oxide as OER electrocatalysts. Doping Mn, Co, or Ru
as an intermediate layer between titanium (Ti) substrate and La-Sb-5nO: active layer has also been
conducted to improve lifespan of the electrode for PS MPs electrochemical oxidation [115]. With Co
dopant as the interlayer, PS-degradation performance (28% mass loss in 3h) is 4.54x vs no interlayer,
2.38x vs Ru, and 1.19x vs Mn dopant counter parts. What is more, 5 times prolonged lifespan can be
achieved using Ti/La/Co/-Sb-SnO: anode. Similar work has been conducted by the same group using
La as a dopant for Ti/Sb-SnO: electrode [116]. The results show that La promoted the formation of
‘OH radicals and increased the PS MPs degradation efficiency by 77% compared to Ti/Sb-SnO: only.
Metal oxide has also been used as dopant to improve the electrochemical oxidation performance.
CeO,;-doped PbO, anode has been prepared to for PVC MPs degradation [117]. Compared with
undoped PbO,, the CeO,-PbO; electrode shows mass loss of PVC MPs and clear surface damage
(cracks, reduced particle size) during treatment. The system achieves about 39% PVC weight loss in
6 h, attributed to persulfate/-OH generated from the sulfate electrolyte and high anode potential.
Through CeO: doping, 3-PbO: grains are refined, resulting in improved grain arrangement, increased
amount of active site.

Ma etal. designed a novel NizN/WsN, Janus nanostructure with a seamless heterointerface,
synthesized via a transition-metal nitride—induced growth method [118]. The seamless interface can
enable synergistic charge redistribution, lower the reaction energy barrier, and facilitate efficient
electron transfer. Within this heterointerface, NisN supplies abundant active sites for the hydrogen
evolution reaction (HER), while WsN, enhances electrical conductivity and provides strong stability
under harsh seawater conditions. Moreover, the junction between Ni and W nitrides effectively
modulates the d-band center, thereby optimizing the adsorption and desorption of reaction
intermediates and contributing to the overall catalytic efficiency. Besides, the Janus architecture
exhibits superb hydrophilicity and an interface synergy that grants Pt-like performance for the
hydrogen evolution reaction (HER), with remarkable stability (~300 hours) even under industrial
current densities. Simultaneously, this catalyst drives the electroreforming of MPs in seawater,
enabling the production of formic acid with ~85% Faradaic efficiency at an ultralow overpotential of
1.33V.

Defect engineering, including heteroatom doping, vacancies, edge/planar defects, and
nanoarchitecture control has been extensively used to tune 2D graphitic carbon nitride (g-CsNa4) for
enhanced light absorption, charge separation, redox kinetics, and surface adsorption of MPs waste
remediation [119]. Through the approach, Yuan Wang and colleagues [120] report the development
of a cost-effective, self-supporting electrode composed of vacancy-rich NiFe layered double
hydroxide (NiFe_V-LDH) nanoarrays grown in situ on carbon paper, designed for electro-Fenton
degradation of PVC microplastics. This electrode exhibits high selectivity (~76%) for generating H202.
Density functional theory (DFT) calculations demonstrate that oxygen vacancies significantly lower
the energy barrier for H20: desorption, enhancing catalytic performance. The optimized system
leverages both direct cathodic reduction of PVC and -OH-mediated oxidation, driven by the electro-
Fenton process. A summary of catalyst, reaction condition and performance for electro-catalytic MP
degradation is shown in Table 8. Despite showing advantages for value added chemical production
for MPs degradation, electrochemical approaches still suffer from many challenges, including
incomplete MPs degradation, high energy consumption, low energy efficiency, and reaction system
associated high costs.
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Catalyst Plastic typeSize Condition Products Quantification method Efficiency Ref.
Mny.1Ni0.9C0,04-0 rod-shaped 5mVs-1,1 MKOH (pH = 14), 0.17 EG to formate with >95% Faradaic
PET < Hz and f t R t t 114
fiber (RSF) spinel catalyst 500 pm M ethylene glycol 2 and formate NMR spectrometer efficiency at 1.42'V vs RHE [114]
Alcohols,
. 0.5mol/L H2SO4LSV:scanning rate: monocarboxylic acids, =~ Weighing method and PY- o .
TifLa/Co-Sb-Sn02 anode PS 150 pm 1.0mVs?, V:0to25V. dicarboxylic acids, esters, GCMS 28% removalin 3 h (115]
ethers, and aldehydes
NisN/WsNsjanus PET flakes <500 um Scan rate of 5mV s’! H2 and HCOOH NMR spectrometer ~85% Faradaic efficiency [118]
Vacancy-rich NiFe- Ion Chromatography (IC) and ..
P 74-147 1 1 = H ~76% sel for H 12
LDH/carbon paper VC pum 10 to 100 mV s 202 GC-MS 6% selectivity for H,O, [120]
T:20-100 °C, 10-60 mA/cm?, pH (3- 38.67% weight loss in 6 h. 16.67%
CeO2-modified PbO2 anode PVC NA 11), PVC-MPs (50-150 mg/L), and ~ H20 and CO2 Weight loss and HPLC-MS increase compared to pristine PbO2  [117]

Na2504 10-90 mM

anode
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4.6. Hybrid Catalysts Coupling Different Reaction Pathways

Hybrid catalyst systems have emerged as a promising strategy for the elimination of
microplastics, as they integrate two or more catalytic mechanisms to enhance degradation efficiency.
For example, the combination of photocatalysts and enzymatic catalysts can accelerate the
breakdown of polymers while simultaneously improving conversion rates into environmentally
benign byproducts. Compared with conventional single-catalyst approaches, hybrid systems offer
distinct advantages, including higher degradation efficiency, faster reaction kinetics, and greater
overall effectiveness, thereby positioning them as a sustainable and advanced solution for addressing
MP pollution [121].

A MPs to CH4 process with nearly 100% of CHa selectivity is demonstrated in the work of Ye et
al. [122]. M. b-CDPCN biohybrid catalysts are constructed by assembling Methanosarcina barkeri (M.
b) and carbon dot-functionalized polymeric carbon nitrides (CDPCN). A maximum CHa yield of
7.24+0.40 mmol g™ can be achieved with the M. b-CDPCN biohybrids, which is 34.5-fold and 16.8-
fold higher than M. b-PCN and M. b-CDPCN with cysteine respectively. The methanogen-
semiconductor biohybrids in the work use MPs as an electron and energy source for CHa generation.
Both the photooxidation methanogenesis (i.e., pyruvate/acetate-to-CHs conversion by reactive
species) and photoreduction methanogenesis (i.e., CO2-to-CHs conversion by photoexcited electrons)
work together to contribute to the high CHa yield and selectivity.

Through integration of carbocatalytic oxidation and hydrothermal (HT) hydrolysis with sulfate
radical, a magnetic N-doped nanocarbon springs is formulated [123] to degrade MPs. Results show
that the magnetic nanohybrids can effectively active peroxymonosulfate (PMS) to generate highly
oxidizing radicals for MPs degradation under hydrothermal conditions. 40 wt% of MPs removals can
be achieved in 8 h through the hydrothermal assisted catalytic PMS activation approach (using the
N-doped nanocarbon springs) compared to 5% and 17% MPs degradation without catalyst and PMS
only conditions. What is more, through toxicity tests, the organic intermediates generated from the
formulated MPs degradation route are proven to be environmentally benign and can be used as a
carbon source for algae growth, indicating a green way for water environment MPs handling.
Hydrothermal-assisted Fenton-like reaction is also applied to convert ultrahigh-molecular-weight
polyethylene (UHMWPE) MPs into carboxylic acids and H: [21]. To achieve the goal, hierarchical
porous carbon nitride supported single-atom iron (FeSA-hCN) catalyzes have been prepared by
formulating a tandem MP degradation-hydrogen evolution reaction. Near-total degradation of
ultrahigh-molecular-weight polyethylene into Cs—Cy organics, with 64% selectivity toward
carboxylic acids under neutral pH and hydrogen production at ~42 umol/h under illumination can
be achieved. By coupling Fenton-like oxidative degradation of MPs into electron-donating
intermediates with photocatalytic H2 evolution, both pollutant breakdown and clean energy
production in a single FeSA-hCN catalyst can be realized.

In Miao et al. work [124], an innovative electro-Fenton-like (EF-like) technology is designed to
degrade PVC MPs in aqueous environment by employing a TiO,/graphite (TiO,/C) cathode. The
system can simultaneously promote cathodic reductive dechlorination and ‘OH oxidation, enabling
effective degradation. Using the idea of process intensification and fabricating heterogeneous
materials to modulate the interfacial electronic structure, ternary heterogeneous interpenetrating
catalysts Fei-«S/FeMoOs/MoSz2(MosFes) are also prepared to enhance MPs degradation through a
piezo-photocatalytic approach [125]. Under sonication and simulated light conditions, 58.46 % of PS-
MPs can be degraded in 30 h. The superior performance is due to the ternary heterogeneous structure
where piezoelectric response and illumination both favor the generation of H20;, leading to the rapid
activation of ROS for MPs degradation.

An innovative photo-electrocatalytic-biocatalytic hybrid system that transforms real-world PET
MPs into value-added chemicals using solar energy has also been formulated [126]. By improving
charge transport, suppressing electron-hole recombination, and lowering reaction barriers through
Zr doping, the process begins with a Zr-doped hematite (a-Fe;Os) photoanode, which extracts
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electrons from hydrolyzed PET solutions derived from post-consumer plastic waste. These electrons
are transferred to a carbon-based cathode, where they activate various redox enzymes to catalyze
organic transformations such as C-H oxyfunctionalization, C=O amination, and asymmetric C=C
hydrogenation.

Feng and co-workers [127] design a CoNi-alloy catalyst anchored on carbon nanocages and
interconnected by CNTs, then surface fluorinated using a solvent-free CF4 plasma treatment. The F-
functionalized heterostructure shows high activity and durability for seawater electrolysis, enabling
a paired system where the anode electro-oxidizes PET MPs to value-added products (e.g., formate)
while the cathode produces H, with Pt-like HER performance. The hollow 1D/3D architecture, Co—
Ni synergy, and reconstructable metal-F bonds in alkaline media enhance charge transfer and
reaction kinetics. What is more, the proposed coupling strategy can have a potential saving of 165 mV
at a current density of 10 mA cm=. To better illustrate, Figure 8 showcases some of the hybrid
catalysts design strategies.
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Figure 8. Hybrid catalyst design strategy illustration coupling different reaction mechanisms (a) Piezo-
photocatalytic enhanced microplastic degradation [125]; (b) Joule heat assisting electrochemical degradation
[113]; (c) Tandem MP degradation and H2 production [21], and (d) H2 evolution coupled with microplastic
upcycling [127].

Besides the aforementioned methods, a novel Joule-heat-assisted electrochemical strategy is also
developed by using a hybrid membrane consisting of a Sb-SnO: coated titanium mesh (Ti/Sb-SnO2)
and a carbon felt (as assistant) as anode [128]. In the specially designed reactor, PE MPs can be
captured by anode, being softened or even melted by the interface Joule heat which enables a direct
electron transfer from anode to MPs and make the most use of short-lived active species. Above 99 %
of PE MPs removal efficiency can be achieved within 6 h without nanoplastics generation and
chlorinated compounds. A summary of the novel catalysts developed for hybrid approach MPs
degradation is shown in Table 9. Hybrid MPs degradation approaches show great promise in terms
of realizing fast reaction rate and efficient material utilization. While, there are still more to be
conducted, especially for accomplishing a robust and complicated system design. In this regards, a
stable and active catalyst is the key.

For a more detailed literature summary for catalysts used for microplastics degradation, the
following review papers [121,129-131] can be referred within which [129] focuses on chemical
catalytic processes. [130] stresses on biocatalytic approaches. [121] specifies on MPs catalytic removal
in water body. While, more information in terms of the general methods and mechanism for MP
degradation can be found in the review work [131].
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Table 9. Summary of catalyst, reaction condition and performance for hybrid catalytic MP degradation.

Catalyst Plastic type Mechanism Size Condition Products Quantification method Efficiency Ref.
FeSA-hCN (single-atom . Simulated solar irradiation L
T P 4% 1
Fe on porous carbon UHMWPE andem M degradation + <180 um in aqueous suspension, pH 64% carboxylic acid Mass loss, HPLC Near 100% PE degradation [21]
L H, evolution selec; Ha: 42 pmol/h
nitride) 7
. . . -0.7 V vs Ag/AgCl using N - . - .
T hite (T Dechl ff h h ~75% dechl ff;
i0,/graphite (TiO,/C) PVC Electro-Fenton 74-147 pm NaxSO; as supporting CO, H,0, and CI- echlorination efficiency through ion . 5% dechlorination efficiency [117]
cathode chromatography in 6h
electrolyte
Methanosarcina barkeri (M.
b) and carbon dot- Poly(lactic acid), . . . .
Photo-biol 1 <0.04 cm? + 1 let,35+2 °C100 % CH. A Ha yield 7.24+0.4 lg-1 [122
functionalized polymeric PE, PS, and PUR oto-biologica 0.04 cm' 395+5 nm ultraviolet,35+2 °C100 % CHi N CHa yield 7.24+0.40 mmol g [122]
carbon nitrides
. . Integrated carbocatalytic Peroxymonosulfate (PMS) Filtration through a 0.45-um e
- Ps f 44% of MP
rl\l/lignet:g I:Il dogreld M tS rom COsmetlcoxidation and hydrothermal>=0.45 um added in a autoclave with  CO:z and H20 membrane. Mass loss measurement Sh/ of MPs decompositions in [123]
ANocarbon springs pastes (HT) water and HPLC
Ultrasonic cleaner (at 120 W'B nzoic acid and Centrifugation for calculating th
Fei~S/FeMoOsy/ MoS:  PS Piezo-photo-Fenton 0.55-125 um 40 kHz) equipped with LED . -1 2<7 an enrugation for calclatiNg M€ 58 46 % of PS-MPs in 30h [125]
. o phenylacetic acid weight loss
irradiation (24 W) at RT
Zr-doped hematite (a-
r-doped hematite (a PET Photo-biological <2 mm A mixed condition Formate and acetate Quantitative 'H NMR and HPLC High faradaic efficiency (>90%) [126]
Fe,O;) photoanode
3 ; - - % P .
Ffunctionalized CoNi- g Binfunctional NA 50 to 300 mV s-1 H: and formate 'H NMR 20.7% faradaic efficiency at 148 )
alloy catalyst \4
. PE, PP, PS, PVC, 20 mA-cm2 current density, Oxygen-containing . 99 % degradation of PE MPs in
Ti/Sb- fel Thy l-el ~4 ht 1 M 12
i/Sb-SnO2 and carbon fe tPL A, and PET ermal-electro 00 pm Na:SOs electrolyte species, HoO and CO» Weight loss and GC/MS 6h [128]
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In summary, depending on the targeted products, MPs degradation can proceed either through
complete mineralization into harmless end products or through upcycling into value-added
chemicals and fuels. Compared to mineralization, upcycling offers greater advantages by enabling
resource recovery, promoting greener production pathways, and contributing to the development of
a circular economy. Meanwhile, it also encompasses significant technical and logistical challenges
across collection, processing, and end-use application. The initial obstacle involves efficient collection
and removal, as MPs are dispersed across aquatic, terrestrial, and atmospheric environments, with
diverse polymer compositions, particle sizes, and inclusion of other organic components that are
extremely challenging to achieve a high separation efficiency [132]. Conventional filtration and
sedimentation techniques often struggle with high energy demand and limited scalability, while
advanced approaches such as membrane technologies, magnetic separation, or coagulation-
flocculation require further optimization for large-scale deployment. Following recovery,
heterogeneity in polymer type, surface oxidation, and the presence of additives or adsorbed
pollutants complicate standardized upcycling pathways. Thermal, catalyticc, and biological
conversion strategies offer potential for transforming MPs into fuels, carbonaceous materials, or
chemical precursors; however, these methods face barriers related to energy intensity, catalyst
deactivation, and process integration. Besides the advanced catalyst development, logistically, the
establishment of reliable supply chains for MP feedstocks remains underdeveloped, as most recovery
efforts are fragmented and localized. To realize a commercial-scale upcycling, a consistent feedstock
quality that can align with regulatory frameworks is a must. Therefore, addressing these challenges
requires coordinated strategies that link recovery technologies with scalable conversion processes
and harmonized policy frameworks to facilitate sustainable MP valorization.

5. Challenges and Future Opportunities for Catalytic Microplastic Degradation
and Upcycling

To mitigate MPs pollution in the current ecosystem, strategies can be developed from two ends,
cut the input or increase the output. Cut the input can include end-of-pipe (EOP) treatment and
cleaner production (CP). The EOP treatment which is also called “pollute first, treat later”, refers to
technologies and practices used to remove pollutants from waste streams after they have been
generated, typically before discharge into the environment [133]. While, CP requires development of
degradable and environmentally friendly plastics alternatives, limiting the generation of pollution at
the source. Considering the early stage of the degradable plastics development and matureness of
fossil fuel-based plastics, complete blocking and controlling plastic pollution from the source will not
be seen in the near future. Therefore, it is vital to develop clean and green technologies to collect and
degrade MPs existing in the environment.

As summarized in the work, MPs degradation could be achieved through photocatalytic,
advanced oxidation, electrochemical, thermal, biological, and hybrid processes as shown in Figure 8.
Photocatalytic and biological degradation routes provide a green and sustainable way to mitigate MP
pollutions. However, they suffer from low process efficiency, low carbon recyclability, long
degradation time and susceptible to environmental conditions. AOPs provide an effective and fast
elimination way of breaking down MP molecular chains into benign substances through strong, non-
selective free radicals. While, the process has limited effectiveness and low efficiency at laboratory
scale. Besides, nanoplastics or other toxic byproducts tend to be generated. In terms of efficiency,
thermal catalytic route is promising. In exchange, it is also an energy intensive process. Based on
current research, hybrid approaches integrating advantages of different catalytic pathways seems to
be a promising way out for improved energy and material utilization efficiency.
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Figure 9. Summary of different types of catalysts and the catalyst activity enhancement methods used for MPs

degradation.

The main challenges of current MPs degradation process include many aspects from MPs
collection, quantification, identification, processing to degradation products. For instance, it is easy
to tackle industrially produced MPs with high abundance and purity. While, it is extremely
challenging to handle and process ‘environmentally relevant microplastic’ which refers to the plastic
particles found in nature, including in the human diet. These differ substantially from the virgin
plastic particles ‘from the shelf’ that are used in many laboratory experiments [134]. Not only it is
challenging to collect those MPs, but also challenging for catalytic process development and
performance evaluation. Besides, unsatisfying degradation performance including reaction rate,
products selectivity, catalyst activity and recyclability, active sites leaching and recyclability
represents another big challenge. What is more, there is a lack of standard characterization metrics
(mass loss, CO, evolution, TOC, FTIR/Raman, GPC/SEC, SEM/AFM) and cautions about inconsistent
protocols that complicate cross-study comparisons, resulting a scattered and chaotic research results.
Finally, secondary pollutions caused by MPs degradation products can be a huge issue. Despite
gaining increased attention, most of the studies available lack of systematic and long-term study for
the effect of products from MPs degradation on human and living organisms in the ecosystem,
leaving some claimed green and sustainable processes questionable.

Therefore, future directions should be focus on catalyst development toward improved reaction
rate, products selectivity, energy and material utilization efficiency based on green and sustainable
materials; formulated intensified catalytic processes coupling advantages from thermal, electrical,
biological, and photocatalytic approaches; building modeling tools to predict and identify possible
methods and materials for MPs treatment; collecting experimental and inventory data, such as MPs
biodistribution, toxicity study, and life-cycle assessment [135] and make modeling and mathematical
simulation to guide MPs treatment [136], and finally turn the lab-scale catalytic strategies through
scale up for practical, real-world applications, addressing issues like cost, energy consumption, and
long-term performance under various environmental conditions.
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