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Microplastics, which are small plastic particles, have become a growing environmental concern due to their
prevalence in aquatic and terrestrial environments. They persist for decades and potentially centuries due to their
resistance to degradation and can harm organisms and release toxic chemicals. There has been increasing interest
in developing methods for their removal from the environment, particularly from water. Catalytic processes have
shown promise as a potential method for microplastic elimination, including biological methods, advanced
oxidation processes, and hydrolysis. This review article focuses on recent advances in catalytic processes for the
removal of microplastics from water, including various types of catalysts and their applications. It also discusses
the potential for catalytic processes to be integrated into real-world water treatment systems for the removal of
microplastics. The review highlights the challenges and opportunities associated with the removal of micro-
plastics from the environment and aims to contribute to the development of more effective and sustainable
methods for addressing this growing environmental issue. Future research should focus on developing hybrid
catalyst systems that combine the strengths of multiple processes for improved efficiency and effectiveness.
Additionally, research should explore the use of natural materials and biological processes for microplastic
elimination, which may offer more sustainable and environmentally friendly options. Collaboration between
scientists, engineers, policymakers, and the public will be critical for the development and implementation of
these systems. The elimination of microplastics from the environment requires a multifaceted approach, and
continued research and collaboration are necessary to develop effective and sustainable methods for their
removal and to protect the health of our environment and communities.

pollution. Only 69% of post-consumer plastic waste is recycled in
Europe (either through recycling or energy production), while 31% still

1. Introduction

In the last few decades, global plastic production has increased
substantially, reaching 322 million tons in 2015. The leading sectors of
application are packaging (40%), construction and building (20%), and
automotive (10%). The majority of plastics, such as PE (polyethylene),
PP (polypropylene), PS (polystyrene), PVC (polyvinyl chloride), PET
(polyethylene terephthalate), and PUR (polyurethane), account for 80%
of the total demand in Europe and are made from fossil feedstocks [1-3].
Due to the high consumption and widespread use of plastics, more than
26 million tons of post-consumer plastic waste are generated annually in
Europe alone. This makes plastic a major source of environmental

* Corresponding author.
E-mail address: fzoppas@fiq.unl.edu.ar (F. Miranda Zoppas).

https://doi.org/10.1016/j.ceja.2023.100529

Available online 26 June 2023

ends up in landfills. Additionally, careless disposal of plastic waste in
developing countries aggravates the environmental problem. As plastics
undergo meteorization in the environment, their particle size decreases,
leading to the emergence of microplastics as a kind of persistent
contamination.

Microplastics (MPs) are small plastic particles, ranging in size from
0.1 to 5 mm [4,5], that have become a growing environmental concern
due to their prevalence in aquatic and terrestrial environments [6] since,
once released into the environment, microplastics can persist for de-
cades, and potentially centuries, due to their resistance to degradation.
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The occurrence of microplastics in the environment has been docu-
mented in various habitats, including oceans, rivers, lakes, soils, and
even the air [4-11]. They are ingested by a wide range of organisms,
from plankton to fish to birds, and have been found in human tissues as
well.

The potential dangers associated with microplastics in the environ-
ment include physical harm to organisms, as well as the potential for the
release of toxic chemicals contained within the plastics [7,12]. Micro-
plastics can block digestive tracts, inhibit feeding, and impair repro-
duction in organisms, which can have cascading effects throughout
ecosystems.

As a result of these concerns, there has been increasing interest in the
development of methods for the removal of microplastics from the
environment, particularly from water. The use of catalytic processes is
one such approach that has shown promise for the degradation of
microplastics [13].

This review article will focus on recent advances in catalytic pro-
cesses for the removal of microplastics from water, including various
types of catalysts and their applications. The article will also discuss the
potential for catalytic processes to be integrated into real-world water
treatment systems for the removal of microplastics. By highlighting the
challenges and opportunities associated with the removal of micro-
plastics from the environment, this review aims to contribute to the
development of more effective and sustainable methods for addressing
this growing environmental issue.

2. The ubiquity and diversity of microplastics in the
environment

Microplastics are ubiquitous in the environment and can come in
many different forms. Some of the most commonly found microplastics
include microbeads, fibers, fragments, foam particles, film particles,
micro pellets, industrial beads, and paint chips. These microplastics
have been found in a wide range of environments, including oceans,
rivers, lakes, and even in drinking water. Microplastics are a significant
concern in the current environmental scenario due to their long-lasting
and indestructible nature [14]. They are tiny, lightweight particles that
can be easily ingested by aquatic organisms, animals, and birds, leading
to their accumulation in the food chain [15] and eventual ingestion by
humans. These particles have a high surface area-to-volume ratio and an
extraordinary vector capacity that enables them to adsorb various toxic
contaminants.

Studies have shown that microplastics can be present in large
quantities in the environment [9], with concentrations as high as 150,
000 particles per square kilometer in some areas [16]. For example,
microbeads, which are commonly used in personal care products and
cleaning products, have been found in concentrations of up to 4.1% of
the total weight of plastics in the Great Lakes region of North America
[17]. Fibers, which are shed from textiles and clothing during washing,
have been found in concentrations ranging from 1700 to 7000 fibers per
cubic meter in wastewater treatment plants [18,19].

Fragments, which are small pieces of plastic that result from the
degradation of larger plastic items, such as bags and bottles, have been
found in concentrations ranging from 0.1 to 23.6 particles per cubic
meter in rivers and lakes. Foam particles, which are commonly used in
packaging materials and insulation, have been found in concentrations
ranging from 0.4 to 8.4 particles per cubic meter in rivers and estuaries.
Film particles, which are commonly used in packaging materials, have
been found in concentrations ranging from 0.2 to 9.2 particles per cubic
meter in rivers and lakes [10,20,21].

Micro pellets, which are raw materials used in plastics
manufacturing, have been found in concentrations ranging from 0.5 to
14.6 particles per cubic meter in rivers and estuaries. Industrial beads,
which are used as abrasives and blasting materials, have been found in
concentrations ranging from 3.3 to 16.3 particles per cubic meter in
rivers and lakes. Paint chips, which are produced by the degradation of
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coatings and paints, have been found in concentrations ranging from
0.01 to 4.9 particles per cubic meter in rivers and lakes.

For instance, MPs can absorb chemicals such as polychlorinated bi-
phenyls (PCBs) [22,23], which are commonly used in electrical equip-
ment and have been linked to several health hazards. Similarly,
polycyclic aromatic hydrocarbons (PAHs) are byproducts of incomplete
combustion, commonly found in car exhausts, and are known to cause
cancer and other diseases [24,25]. Polybrominated diphenyl ethers
(PBDESs), which are flame retardants used in several household products,
are also known to be harmful to human health [26-28]. Additionally,
heavy metals such as lead, cadmium, and mercury can accumulate in
microplastics, posing a significant risk to human health [14].

Table 1 provides a breakdown of different types of microplastics
based on their size range and environmental occurrence [8,20,21,
28-37]. These microplastics are commonly found in personal care
products, packaging materials, textiles, and other consumer products,
and they pose significant environmental risks.

3. Microplastics identification and quantification

Visual observation is a suitable method for identifying large plastic
particles (>1 mm). Manual sorting based on physical characteristics
such as color, shape, and hardness is used, aided by optical microscopes,
electron microscopes, and scanning probe microscopes. Scanning elec-
tron microscopy (SEM) provides high magnification and clear images,
enabling the distinction between microplastics and organic particles.
Various shapes and sizes of microplastics can be accurately determined
using SEM [38,39]. This assessment requires a significant amount of
time, trained personnel, and is a difficult process to automate, with the
disadvantage of not being able to detect all present particles. Therefore,
a preselection of samples needs to be performed prior to measurements,
which poses a limitation on the species that can be identified [40].

In addition to imaging, AFM has also been utilized for the quantifi-
cation of microplastics [39]. By analyzing the force interactions between
the probe and the microplastic particles, it is possible to estimate their
mechanical properties, such as stiffness and elasticity. This information
is valuable for understanding the behavior and degradation mechanisms
of microplastics in different environments.

Other techniques, such as Fourier transform infrared (FTIR) spec-
troscopy, are used to identify the composition of microplastics by
analyzing their chemical bonds . FTIR is advantageous due to its simple
operation and accurate identification, although it can be time-
consuming and limited in detecting smaller particles. Raman spectros-
copy is another technique that provides molecular structure information
[39] and can be used to observe microscopic features of microplastics. It
has higher spatial resolution and is not sensitive to interference signals
from water and atmospheric carbon dioxide but may be affected by
fluorescence.

In the context of microplastic degradation, H NMR [41,42] analysis
allows for the identification and quantification of the resulting products
from plastic decomposition. This technique provides detailed informa-
tion about the molecular structure of the degradation products, aiding in

Table 1
Classification of microplastics by size and environmental occurrence.

Microplastic Size Range Environmental Occurrence

Type (mm)

Microbeads 0.1-1 Personal care products, cleaning products

Fibers <5 Textiles, clothing, fishing nets, ropes

Fragments <5 Degradation of larger plastic items, such as
bags and bottles

Foam particles <5 Packaging materials, insulation

Film particles <5 Packaging materials

Micro pellets <5 Raw material in plastics manufacturing

Industrial beads <5 Abrasives, blasting materials

Paint chips <5 Coatings, paints
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the understanding of the decomposition processes and their final prod-
ucts. H NMR analysis can reveal changes in functional groups and
chemical bonds present in the degradation products of microplastics.
This is particularly useful for determining the chemical composition of
the degradation products and comparing them to the original plastic
monomers.

Pyrolysis gas chromatography/mass spectrometry (Pyr-GC/MS) is
commonly used for polymer characterization [43], offering qualitative
and quantitative analyses of microplastics. Quality assurance and
quantity control are crucial during sampling, including wearing appro-
priate clothing, sealing samples to avoid environmental interference,
conducting blank tests, and comparing collected samples with stan-
dards. Non-plastic materials and careful cleaning procedures are
employed to minimize contamination during analysis.

A variant of this method, as developed by Dumichen et al. [40],
involved the quantification of polyethylene microplastic polymers in
solid environmental samples using a technique that involves thermal
decomposition. This is based on thermogravimetric analysis followed by
solid-phase extraction (TGA-SPE), to which the obtained absorbents are
then analyzed by thermal desorption gas chromatography-mass spec-
trometry (TDS-GC-MS), resulting in higher sensitivity than pyrolysis gas
chromatography-mass spectrometry (Py-GC-MS). With this technique,
polymer particles present in environmental samples can be studied
without any preselection or visual analysis. In this way, thermogravi-
metric Analysis (TGA) is a technique commonly used for the identifi-
cation of microplastics [41]. TGA can provide valuable information on
their thermal stability and decomposition temperature, aiding in their
identification and differentiation from other organic or inorganic par-
ticles, contributing to a better understanding of their environmental
presence and impact.

In conclusion, a combination of visual observation, microscopy
techniques, spectroscopy, and chromatography/mass spectrometry, and
resonance methods provides valuable tools for the identification and
characterization of microplastics in various environmental samples.
Each technique has its advantages and limitations, and their appropriate
selection depends on the specific research objectives and sample
characteristics.

4. Methods to degrade microplastics

As concerns about the presence of MPs in the aqueous environment
grow daily, research into methods of removing these emerging plastic
pollutants is being rigorously studied. Thus, in recent years, removal
strategies, including physical, chemical, and biological treatments, have
been reported [15]. As for the biodegradation method, in which
micro-organisms that adhere to the surface of the plastic, deteriorate it
and cause its disintegration into oligomers, dimers, and monomers [44],
the main limitation is determined by the unduly long degradation period
(up to months) [45].

On the other hand, the incineration method proved to be much faster
and more efficient for the degradation of MPs [44]. However, the
incineration produces the emission of more toxic by-products, including
toxins, such as toxicants and polycyclic aromatic hydrocarbons. In
general, conventional techniques are not effective for the removal of MP.
Furthermore, additional treatment is still necessary for the complete
decomposition of MP, as most of the disposal of MPs by conventional
processes consists only of physical separation from the environment.

The subsequent paragraphs provide an in-depth exploration of the
primary techniques used to degrade microplastics, with a particular
focus on catalyst-driven processes. These methods encompass Biological
Methods, Advanced Oxidation processes, and Hydrolysis processes.

4.1. Biological methods

Nowadays, there is a strong trend towards biodegradation, including
the degradation of microplastics to obtain environmentally friendly
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compounds. This process is mediated by different microorganisms and
biological catalysts (enzymes). In the case of cell cultures, microplastics
are used as a carbon source in the growth medium of the microorganism,
resulting in increased biomass levels and the decomposition of plastic
metabolic intermediates into monomeric units, followed by the miner-
alization of these monomeric intermediates [39,41,42]. In enzymatic
degradation, plastic polymers are broken down into carbon dioxide,
water, and bioproducts [46,47,45].

For example, the work of Paco et al. [42]demonstrated that strains of
the fungus Zalerion maritimum, a native fungus from the coast of
Portugal, were able to degrade polyethylene when subjected to different
exposure times in batch cultures with a diluted growth medium. The
best result was found after 14 days of incubation, where the removal of
the polymeric materials exceeded 43%.

Another example mentioned in the literature is the degradation of
high-impact brominated polystyrene (HIPS) by Pseudomonas spp and
Bacillus spp, as described by Mohan et al. [41]. In this work, HIPS was
used as the sole carbon source in the culture medium for these bacterial
strains, and results showed a reduction in turbidity after 4 days of cul-
ture, with values of 94% for Bacillus spp and 97% for Pseudomonas spp.

Peixoto et al. isolated nine types of bacteria from the Brazilian Cer-
rado soil with potential abilities to degrade polyethylene (PE). Among
them, they mentioned that genera such as Comamonas, Delftia, and
Stenotrophomonas have shown metabolic and cellular activity after 90
days of incubation when subjected to a culture medium with poly-
ethylene as the sole carbon source, effectively degrading the plastic
waste. Peixoto et al. (2016) [39] found that the studied microorganisms
are capable of degrading polyethylene without pre-treatment of very
high molecular weight, and they can survive for long periods under the
tested conditions.

Regarding enzymatic degradation, [47] present advancements in the
degradation of polyethylene terephthalate (PET) using biocatalysts such
as hydrolases, elucidating their mechanism of action and improving
factors such as catalytic efficiency, solubility, and productivity. They
also discuss the immobilization of biocatalysts on supports for reuse,
aiming to reduce the production cost on a large scale, making this
"green" degradation process attractive for industrial applications.

Amobonye et al. [46] conducted a study on the enzymatic degra-
dation of organic polymers, classifying biological catalysts into two
categories: extracellular and intracellular enzymes. They emphasize that
most of the literature focuses on extracellular enzymes such as hy-
droxylases, laccases, peroxidases, and reductases, as they have a wide
range of degradation actions on microplastics. These mentioned en-
zymes are found in microorganisms such as algae, bacteria, and fungi.

Fig. 1 illustrates the various biological processes involved in micro-
plastic degradation and highlights the factors that influence this
degradation process. The figure showcases the key steps involved in the
biodegradation of microplastics. The first step in the process is the uti-
lization of microplastics as a carbon source by microorganisms. These
microorganisms metabolize the plastic polymers, leading to the pro-
duction of monomeric units and eventually the mineralization of these
units into harmless byproducts. Enzymatic degradation plays a crucial
role in this process, with extracellular enzymes like hydroxylases, lac-
cases, peroxidases, and reductases [45] being particularly effective in
breaking down microplastics. The figure also highlights the factors that
can significantly impact the efficiency and effectiveness of the degra-
dation process, underscoring the need for careful optimization and
control in biodegradation studies.

In conclusion, the growing interest in biodegradation, including the
degradation of microplastics, is fueled by the promising results obtained
through the utilization of microorganisms and biological catalysts. The
studies mentioned above demonstrate the potential of cell cultures and
enzymatic degradation in breaking down plastic polymers into envi-
ronmentally friendly compounds. As research continues to advance, the
application of these "green" degradation processes holds great promise
for mitigating the environmental impact of plastic waste.
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Fig. 1. Biological Processes and Factors Affecting Microplastic Degradation.

4.2. Advanced oxidation processes

An alternative chemical method of lower energy are the advanced
oxidation processes (AOPs) that produce highly reactive radicals that
can oxidize and decompose organic contaminants [48]. One of these
AOPs are the Fenton (and Fenton-like) processes, which use peroxides to
generate reactive oxygen species. AOPs utilize highly reactive radical
species such as HOe, Oe 2, HO#?, ROs, SOe ™, and Cle to facilitate the
process [49]. Hydrogen peroxide and ozone are both strong oxidants
that can effectively break down microplastics in the environment.
Hydrogen peroxide (H203) is a readily available and relatively inex-
pensive oxidant that can be used in a variety of applications.

Due to the slow pace of natural degradation and the possibility of
leaving fragments, additional methods are necessary to ensure complete
degradation. Consequently, chemical-based techniques have been
developed, as mentioned by Cholewinski et al. [50]. However, certain
methods require high temperatures, which is a drawback, as noted by
Wang et al. [51]. To address this energy issue, advanced oxidation
processes (AOP) have become the most widely used method of chemical
degradation.

Through photocatalysis, photons activate the catalyst, producing
electron-hole pairs that initiate a redox reaction with the adsorbed
pollutants. In Fenton/Fenton-like processes, the reaction of hydrogen
peroxide with metallic active phase (ex: Fe™2) produces hydroxyl radi-
cals that can oxidize and degrade the pollutants [13,52,53].

TiO2 nanoparticles have also been shown to be effective in breaking
down microplastics through photocatalytic reactions when exposed to
UV light. Modifying TiO with Ag metals or graphene proves to be
effective in increases the photocatalyst performance of TiO,, Fadli et al.
[54] studied the photocatalytic activity of TiO, in the degradation of
microplastics under UV radiation.

Similarly, Co304 nanoparticles have been shown to enhance the
oxidative degradation of microplastics under visible light irradiation
[55,56]. As an example, Din et al. [56] synthesized Co304/BOC heter-
ostructures using a solvothermal method to enhance their photocatalytic
performance for the degradation of Rhodamine-B (RhB) and
Bisphenol-A (BPA). The results showed that the 20-Co304/BOC hetero-
structure had a significantly higher degradation efficiency compared to
pure Bi;5017Cly (BOC), with RhB degraded by 97.4% and BPA by 88.4%.
The hierarchical Co304/BOC heterostructure was found to have a higher
specific surface area and to extend light absorption to the visible light
region, which, along with the suppression of photoexcited electron-hole
recombination, led to the improved photocatalytic performance. The

developed nanocomposites are promising for use in high-performance
photocatalytic applications for microplastic degradation. This study
highlights the potential of Co304 as an efficient catalyst for degrading
MPs and provides insights into the development of effective photo-
catalytic methods for environmental remediation.

Table 2 presents a compilation of materials utilized in combination
with diverse light sources for the purpose of microplastic degradation.
These materials have demonstrated their efficacy in effectively breaking
down microplastics across different environmental scenarios.

Maulana et al. [58] synthesized Ag/TiO, nano-composites and
evaluated their efficacy in degrading microplastics in water, specifically
varying sizes of polyethylene microplastic particles as pollutants in
drinking water. The Photo Assisted Deposition (PAD) method was uti-
lized for synthesizing Ag/TiO2, and characterizations were performed
using SEM-EDX and UV-Vis Diffuse Reflectance Spectroscopy to
compare TiOy and Ag/TiO,. The microplastics had varying sizes of
100-125, 125-150, and 150-250 micrometers with an initial concen-
tration of 100 ppm. Magnetic stirrers were used at 2000 rpm during the
degradation process, which was aided by UV lamp irradiation. The
addition of Ag dopant demonstrated a significant improvement in
microplastic degradation, reaching 100% degradation within 120 min of
irradiation at an initial concentration of 100 ppm. The best percent
degradation was achieved at a particle size of 125-150 micrometers,
with 100% degradation achieved after 90 min of irradiation at an initial
concentration of 100 ppm.

Zinc oxide (ZnO) has been extensively used as a photocatalyst in
water and wastewater treatments due to its high redox potential, supe-
rior catalytic performance, and enhanced electron mobility. Hexagonal
ZnO nanorods offer higher surface area and stability, leading to an
efficient photo-oxidation process. To improve photocatalysis, ZnO can

Table 2
Examples of materials and light sources commonly employed for Microplastic
Removal.

Light source Example Material Refs.
Visible light irradiation ZnO [57]
uv TiO, [58]
Visible light irradiation Co304 [56]
uv TiO2 [59]
uv TiO,/Fe(St)3 [60]
uv Ag/ TiO, [58]
Uv-C ZnoO [61]
UV-C ZnO-Pt [61]
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be modified with metals, nonmetals, and carbon materials to enhance
electron-hole pair separation and optical characteristics [61]. In the
study of Tofa et al. [61], Platinum, a plasmonic metal, has been shown to
improve photocatalytic efficiency by reducing electron-hole pair
recombination and enhancing visible light absorption when deposited
on ZnO. In this study, platinum nanoparticles were deposited on ZnO
nanorods, resulting in over 15% improvement in photocatalytic per-
formance under visible light. ZnO-Pt showed effective degradation of
microplastic pollutants like residual low density polyethylene (LDPE)
films in water, with ca. 13% higher potential for oxidation than
as-grown ZnO nanorods. Modifying ZnO with plasmonic metals could be
a promising approach to accelerate the oxidation of microplastic pol-
lutants in water using sunlight.

4.2.1. Mechanisms of microplastic degradation in advanced oxidation
processes

The degradation of microplastics by advanced oxidation processes
involves complex reaction mechanisms that can vary depending on the
specific AOP employed. It is important to note that the specific mecha-
nisms and reaction pathways can vary depending on the AOP used, the
properties of the microplastics, and the environmental conditions.
Furthermore, the presence of other chemicals, such as catalysts or ad-
ditives, can also influence the degradation process.

A common mechanism in AOPs is the generation of highly reactive
hydroxyl radicals (¢OH) that react with microplastics (See Fig. 2). This
process typically involves the following steps:

a. Generation of eOH: AOPs, such as photocatalysis using semi-
conductors like titanium dioxide (TiO3) or Fenton-like reactions using
iron (Fe) catalysts, produce eOH radicals through reactions with
oxidizing agents or light energy. b. Adsorption of eOH: The ¢OH radicals
adsorb onto the surface of microplastics. c. Initiation of degradation: The
adsorbed eOH radicals react with the polymer chains, leading to the
cleavage of chemical bonds and the formation of reactive intermediates.
d. Further oxidation: The reactive intermediates undergo subsequent
oxidation reactions with eOH radicals, resulting in the formation of
smaller fragments or degradation products.

OXIDIZING
AGENTS

CATALYSTS

RADICALS FORMATION

*0OH

°** . £ ol‘
cee N Yy &
" Microplastics ‘ ADSORPTION REACTION
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During the photocatalytic degradation of microplastics using TiO,, the
highly reactive hydroxyl radical (¢OH) attacks the C-H bond present in
the polymer molecules. The hydrogen atom from the C-H bond com-
bines with the eOH radical, forming water as a byproduct. This process
results in the formation of a carbon-centered radical in the remaining
polymer molecule, with an unpaired electron on the carbon atom. The
introduction of carbon-centered radicals into the polymer chain allows
them to undergo continuous reactions with various reactive oxygen
species (ROS), see Egs. (1)—(7). These reactions lead to the breaking of
polymer chains and the formation of hydroxyl derivatives, carboxyl
groups, and carbonyl intermediates [62]. Additionally, intermediates
such as CO; and H0 are also produced during the degradation process
[63].

PH (polymer) + eOH— o P+ H,0O (¢}
oP + 0,— e POO 2)
PH + HO}— o P + H,0, 3
ePOO + PH—-POOH + P @
ePOO + PH™ ¢PO + «OH (5)
ePO + PH . POH + oP (6)
opQ L At termediates + CO, + H,0 @

Yang et al. [64] aimed to analyze the degradation pathway of
polystyrene microplastics (PS-MPs) by detecting the water-soluble
low-molecular-weight products using GC-MS. After 14 days, a benzene
ring derivative, and nonahexacontanoic acid were detected. These
compounds likely originated from the low-molecular-weight products
generated during the chain depolymerization of long-chain molecules of
PS-MP. Then, the process of chain breaking occurred in both normal and
weak chains, resulting in the formation of terminal radicals. These
radicals had the capability to react with molecular oxygen, leading to

WATER
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FRAGMENTS
co,

BYPRODUCTS

Size, Type

el Color, shape

FACTORS came s
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Fig. 2. Mechanisms of microplastic degradation in advanced oxidation processes.
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the generation of peroxy radicals. The peroxy radicals then formed
stable groups on the polymer chain through hydrogen abstraction, such
as -OH. Through recombination and other reactions, such as radical
addition, the -OH groups transformed into -COOH, -C = O, and other
functional groups. As the reaction time extended and the intensity
deepened, a succession of low-molecular-weight products emerged.
Examples of such products include 2-isopropyl-5-methyl-1-heptanol and
nonahexacontanoic acid.

In conclusion, advanced oxidation processes (AOPs) offer a chemical
approach to the degradation of microplastics by utilizing highly reactive
radicals to oxidize and decompose organic contaminants. AOPs such as
Fenton and Fenton-like processes, as well as photocatalysis, have shown
promising results in breaking down microplastics into smaller fragments
and degradation products. The generation of highly reactive hydroxyl
radicals (eOH) plays a crucial role in the degradation process, where
these radicals react with the surface of microplastics, initiating the
cleavage of chemical bonds and forming reactive intermediates. Further
oxidation reactions with eOH radicals lead to the formation of smaller
fragments and degradation products. The specific mechanisms and re-
action pathways can vary depending on the AOP used, the properties of
the microplastics, and the environmental conditions. The addition of
dopants and modifications to photocatalysts such as TiO, and ZnO have
been explored to enhance the photocatalytic performance and extend
light absorption to visible light regions. Overall, AOPs present a prom-
ising approach for the complete degradation of microplastics and offer
potential solutions for mitigating the environmental impact of plastic
waste.

4.3. Hydrolysis

Hydrolysis is a method used for the degradation of microplastics in
which the polymer chains are broken down by the reaction with water.
The hydrolysis process can be carried out in either acidic or basic con-
ditions, depending on the nature of the polymer. Fig. 3 describes the
materials that can be degraded using hydrolysis with either acidic or
basic solutions.

In acidic hydrolysis, strong acids such as hydrochloric acid (HCI) and
sulfuric acid (H2SO4) are used to break down the polymer chains .

[f HCI

FACTORS

HNO,
H,50,

’ Basic Hydrolgsis
| \ cuwn

— KOH
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Polyethylene terephthalate (PET), polyvinyl chloride (PVC), polystyrene
(PS), polymethyl methacrylate (PMMA), polylactic acid (PLA), Nylon,
polybutylene terephthalate (PBT), and polyoxymethylene (POM) are
some of the common materials that can be degraded using acidic hy-
drolysis [65-68].

In basic hydrolysis, strong bases such as sodium hydroxide (NaOH)
and potassium hydroxide (KOH) are used to break down the polymer
chains. PET, PVC, PS, PLA, Nylon, PBT, and POM are some of the
common materials that can be degraded using basic hydrolysis [67,69,
70].

For example, the study of Sarno et al. [71] focused on developing an
accelerated hydrolytic degradation method using alkaline hydrolysis,
which is commonly used in the softening process of PET fabrics and
chemical recycling of PET. The researchers tested PET degradation at
different pH values and temperatures to optimize the process. Results
showed that an aqueous solution with pH 14.4 (10% NaOH) was the
most effective in hydrolyzing PET microplastic fiberss, with lower pH
values resulting in insignificant hydrolysis. A temperature of 90 °C was
also found to significantly reduce the hydrolysis time compared to 60
and 70 °C, with over 90% degradation achieved after 3 h and complete
degradation after 24 h.

The authors also conducted PET degradation using UV rays, simu-
lating solar exposure in a marine environment. Physical changes such as
small holes in the fibers were observed after ~33 days, but significant
morphological changes were evident at 5 months, which further pro-
nounced after 10 months of exposure, corresponding to approximately
7.5 years under natural environmental conditions.

As a result, both UV exposure and accelerated hydrolysis tests
generated partially degraded PET fibers exhibiting many physical sim-
ilarities between the two methods, such as a change from a smooth
surface to an irregular one and the formation of cracks and holes along
the length of the fiber.

This method provides an efficient way to degrade PET materials,
which can be useful in various applications such as the production of
partially degraded PET microplastic fibers reference materials for fate
and effect studies.

Regarding acid hydrolysis, the study conducted by Yoshioka et al. in
1994 [65] demonstrated the hydrolysis of PET powder using relatively

Acidic Hydrolysis

pelymer nature

pH conditions

Solution
concentration

Envirenmental
conditions

MP size and
shape

Reaction time

Presence of
catalysts

Fig. 3. Acidic and basic hydrolysis conditions for degradation of common microplastics.
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diluted sulfuric acid (HoSO4). The percentage of PET degradation was
evaluated at various concentrations of HySO4 (ranging from 1 to 10 M),
revealing a progressive increase in degradation at a concentration of 5
M. At 6 M, degradation rapidly increased to 48.7% by weight. At 7 M,
the degraded amount reached 95.5% by weight, and complete degra-
dation was achieved at a concentration of 10 M. The authors suggest that
H3S04 can be reused through recovery methods like dialysis.

Yang et al. (2021) [66] studied PET hydrolysis using terephthalic
acid (TA), one of the PET units, as an acid catalyst. The hydrolysis was
conducted within a temperature range of 180 °C to 220 °C, with a re-
action time ranging from 60 to 240 min. The best performance was
observed at 220 °C and 180 min, resulting in up to 100% PET conversion
and a 95.5% TA yield. Since the recovered TA exhibited high purity
(99%), it could be reused for eight consecutive reaction cycles while
maintaining hydrolysis efficiency. This presents an environmentally
friendly, feasible, and cost-effective technology for recovering TA and
utilizing it in new PET waste hydrolysis processes.

Deshoulles et al. [72] investigated the chemical degradation of
6-polyamide by combining oxidation and hydrolysis techniques. Their
objective was to achieve the removal of secondary microplastics, which
originate from larger plastics, in the marine environment. For the study,
polymer films were aged for different periods (up to 2 years) and sub-
sequently characterized using differential scanning.

It was found that the degradation rate is 80 times faster in oxygen-
ated water than in oxygen-free water. Once the degradation techniques
were optimized, the two sequential stages were performed: first, thermal
oxidation in dry air, followed by hydrolysis in oxygen-free water to
simulate an aging state and further study the nature of coupling.

During thermal oxidation, the formed chemical products are car-
boxylic acids and imides, and the latter undergo the hydrolysis process,
resulting in a rapid decrease in their concentration during immersion.
This indicates that the hydrolysis of this chemical group seems to be
involved in the degradation process of the polyamide. The results ob-
tained revealed a synergy between oxidation and hydrolysis in 6-poly-
amide, establishing a chemical interaction, as they clearly show that
the polymer degradation level is much faster when the samples are
placed in a humid environment compared to dry air. Furthermore, the
higher the humidity level, the higher the degradation rate. However, the
degradation rate is not of the same magnitude as the results in
oxygenated water. This means that, at least for 6-polyamide, the synergy
between various aging sources needs to be carefully considered, and
further study is necessary, especially when considering accelerated
aging to understand the formation of microplastics in the oceans, as they
are subjected to different aging sources such as UV rays, water, oxygen,
and the living environment. These factors were not taken into account in
this study, so the authors propose further experiments in the future.

Overall, the removal of microplastics from the environment is a
complex issue that requires a multifaceted approach. While there is still
much to be learned about the long-term impacts of microplastics on the
environment and human health, it is clear that action is needed to
prevent further accumulation and to develop effective methods for their
removal.

5. Advances and limitations

The field of microplastic degradation has seen significant advance-
ments in recent years, particularly in the development of removal stra-
tegies using physical, chemical, and biological treatments. Among these
methods, biological degradation shows promise, utilizing microorgan-
isms and biological catalysts to break down plastic polymers into envi-
ronmentally friendly compounds. The use of cell cultures and enzymatic
degradation has demonstrated successful results in the decomposition of
various types of microplastics. For example, studies have shown the
ability of certain microorganisms to degrade polyethylene and high-
impact brominated polystyrene, leading to significant reductions in
plastic waste.
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Enzymatic degradation, in particular, has shown advancements in
the degradation of specific types of plastics, such as polyethylene tere-
phthalate (PET). Researchers have focused on improving factors such as
catalytic efficiency, solubility, and productivity of enzymes to enhance
the degradation process. The immobilization of biocatalysts on supports
for reuse has also been explored, aiming to reduce production costs and
make the degradation process more attractive for industrial
applications.

On the chemical front, advanced oxidation processes (AOPs) have
emerged as effective methods for microplastic degradation. These pro-
cesses generate highly reactive radicals that can oxidize and decompose
microplastics. For example, photocatalysis using semiconductors like
titanium dioxide (TiO2) and Fenton-like reactions using iron (Fe) cata-
lysts have been studied extensively. These AOPs produce hydroxyl
radicals (¢OH) that react with microplastics, leading to the cleavage of
chemical bonds and the formation of smaller fragments or degradation
products.

However, despite these advancements, there are still limitations to
consider. In the case of biodegradation, the main limitation is the unduly
long degradation period, which can take up to months. This slow pace of
degradation necessitates additional methods to ensure complete degra-
dation. Chemical-based techniques, such as AOPs, have been developed
to address this issue, but some of these methods require high tempera-
tures, which can be a drawback. The emission of toxic by-products,
including toxins and polycyclic aromatic hydrocarbons, is another
concern associated with certain degradation methods, such as
incineration.

Advances in the hydrolysis process for microplastic degradation have
shown promising results. Acidic and basic hydrolysis methods have been
developed to break down various types of polymers, including PET, PVC,
PS, PLA, Nylon, PBT, and POM. Researchers have optimized the hy-
drolysis conditions by testing different pH values and temperatures,
leading to efficient degradation of microplastics. Additionally, studies
have explored alternative catalysts like terephthalic acid (TA) and
combined oxidation and hydrolysis techniques for enhanced degrada-
tion. These advancements offer environmentally friendly and cost-
effective approaches, such as recovering TA for reuse and removing
secondary microplastics in the marine environment.

However, there are limitations to consider. Hydrolysis processes may
require strong acids or bases, which can be corrosive and challenging to
handle safely. Furthermore, hydrolysis methods may not achieve com-
plete degradation, leaving behind partially degraded microplastics with
potential environmental impacts. Long-term effects of microplastics and
their degraded byproducts on ecosystems and human health are still
being studied. Moreover, the optimization of hydrolysis techniques
should account for factors like UV exposure and various aging sources in
real-world environmental conditions. Continued research and experi-
mentation are necessary to address these limitations and develop
comprehensive strategies for microplastic removal.

In conclusion, while significant advances have been made in the field
of microplastic degradation, there are still challenges and limitations
that need to be addressed. Further research and development are needed
to optimize and refine the existing methods, ensuring complete degra-
dation of microplastics without generating harmful by-products. It is
crucial to continue exploring innovative approaches, such as biological
degradation, advanced oxidation processes, and hydrolysis, while also
considering the long-term environmental and health impacts of these
degradation techniques. By taking a multifaceted and comprehensive
approach, we can work towards effective and sustainable solutions for
the removal and mitigation of microplastics from our environment.

6. Hybrid catalysts systems
Hybrid catalyst systems have shown great potential in the elimina-

tion of microplastics. These systems combine two or more types of cat-
alysts to enhance the degradation efficiency of microplastics. For
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example, a hybrid catalyst system may combine the use of a photo-
catalyst and an enzymatic catalyst to achieve faster and more efficient
degradation of microplastics.

The use of hybrid catalyst systems offers several advantages over
traditional single catalyst systems. One major advantage is the increased
effectiveness of the degradation process. The combination of multiple
catalysts can lead to faster degradation of microplastics and higher rates
of conversion of the plastics into harmless byproducts.

In the study of Miao et al. [73], the authors propose an
electro-Fenton-like technology using a TiOo/graphite (TiO,/C) cathode
for the efficient degradation of polyvinyl chloride (PVC) microplastics in
water. The technology demonstrates a remarkable performance in
degrading PVC through cathodic reduction dechlorination and hydroxyl
radical (¢OH) oxidation simultaneously. The effects of reaction tem-
perature and initial PVC concentration were investigated, and optimal
conditions achieved a 75% dechlorination efficiency after 6 h of
potentiostatic electrolysis. The study also explores the intermediate
products and proposes a possible degradation process for PVC. Overall,
the TiO2/C cathode-based electro-Fenton-like technology offers an
eco-friendly method for microplastic wastewater treatment. The find-
ings show a significant removal of PVC microplastics and suggest the
potential application of this technology for other chlorinated species or
plastics.

In the Celik et al. (2019) work [74], the authors present a catalytic
process for the transformation of polyethylene (PE) into valuable liquid
products, such as lubricants and waxes, using Pt nanoparticles supported
on SrTiOs perovskite nanocuboids. The catalytic system efficiently
converts PE samples of various molecular weights into high-quality
products under solvent-free conditions at 300 °C and 170 psi Hy. The
binding of PE onto the catalyst surface contributes to the narrow dis-
tribution and high molecular weight of the resulting liquid products. The
Pt/SrTiOg catalyst demonstrates superior performance compared to
Pt/Al»03, showing selective hydrogenolysis of longer PE chains while
minimizing the production of light hydrocarbons. The study highlights
the importance of catalyst design and the role of Pt nanoparticle size,
distribution, and nanoparticle-support interactions in achieving efficient
and selective PE hydrogenolysis. The findings suggest the potential for
developing catalytic materials with ordered and organized structures for
further advancements in upcycling catalysis. This research contributes
to mitigating plastic pollution and promoting the circular economy by
converting waste PE into value-added products.

In other study [75], the authors demonstrate the effective conversion
of polypropylene (PP) plastic waste into valuable lubricant-range hy-
drocarbons using ruthenium deposited on titania (Ru/TiO5) catalysts.
The catalytic process operates at low temperatures (250 °C) and modest
reaction times, with high oil yields (66-80%) and low gasification. The
catalyst shows versatility in processing different types of polypropylene,
including isotactic, amorphous, and varying molecular weights, pro-
ducing similar products. The resulting lubricant-range hydrocarbons
possess promising properties for use as base oils, offering potential ap-
plications in the circular economy. The study reveals the complex re-
action network and evolution, involving sequential polymer conversion,
gradual molecular weight reduction, and gradual liquid gasification.
The catalytic mechanism involves dynamic adsorption/desorption and
internal C-C bond breaking, facilitated by the loss of polymer stereo-
regularity and demethylation of the polymer backbone. The resulting oil
exhibits reduced tertiary carbon content and enhanced cracking reac-
tivity, minimizing gas production. The findings highlight the potential
for engineering plastic recycling and upcycling processes, with the
Ru/TiO; catalyst offering an exciting approach to address the environ-
mental challenges associated with plastic waste.

On the other hand, Jie Ye et al. [76] address the issue of low selec-
tivity in conventional processes and propose a biotic-abiotic photo-
catalytic system by combining Methanosarcina barkeri (M. b) and
carbon dot-functionalized polymeric carbon nitrides (CDPCN). This
system effectively converts microplastics into methane, providing a new
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method for the reuse of non-biodegradable plastic. The study demon-
strates the applicability of M. b-CDPCN for this conversion process.

In the research of Paula Mayorga-Burrezo et al. [77], the authors
investigated Fe3O4@BiVO4 microrobots to study the effects of inde-
pendent photocatalytic propulsion and simultaneous application of an
external rotating magnetic field on their motion. They discovered that
the magnetic motion of the microrobots could be disrupted by the
generation of photoinduced species on their surface. This finding high-
lights the limitations of external magnetic field propulsion. The authors
also utilized the photocatalytic magnetic microrobots to successfully
remove cellulose acetate microfilaments, which are major contributors
to microplastic pollution, from cigarette filters. Furthermore, they tested
the microrobots’ dynamics in a photodegradation context and found
improved performance when light and the external rotating magnetic
field were combined. These results have significant implications for the
development of advanced functional microrobots with optimized pho-
tocatalytic capabilities and precise magnetic control, with potential
applications in various fields.

Another advantage is the increased stability of the catalysts. In some
cases, combining different types of catalysts can result in a more stable
system that is less likely to degrade or lose effectiveness over time. This
can be particularly important for large-scale applications where stability
over long periods of time is critical.

The scalability of hybrid catalyst systems is also an advantage. By
combining different types of catalysts, the systems can be tailored to
specific applications and easily scaled up or down depending on the size
of the system needed. This makes hybrid catalyst systems more adapt-
able to a wide range of scenarios, from small-scale laboratory tests to
large-scale industrial applications.

However, hybrid catalyst systems also have some limitations that
must be considered. One major limitation is the potential for increased
cost. Using multiple types of catalysts can increase the overall cost of the
system, especially if the catalysts are expensive or difficult to produce.

In addition, the use of hybrid catalyst systems requires careful design
and optimization. The different catalysts must work together effectively
to achieve the desired result, and the system must be carefully balanced
to prevent one catalyst from overpowering or inhibiting the other.

Overall, the potential of hybrid catalyst systems in microplastics
elimination is promising. With careful design and optimization, these
systems could offer significant advantages in terms of effectiveness,
stability, scalability, and adaptability. However, the potential for
increased cost and the need for careful optimization must also be
considered.

7. Future perspectives

The research on the degradation of microplastics and the develop-
ment of removal strategies is an evolving field that holds great potential
for addressing the issue of plastic pollution. As concerns about the
presence of microplastics in the environment continue to grow, future
perspectives in this area can be focused on the following aspects

Developing more efficient and cost-effective methods for removing
microplastics from the environment, such as the use of hybrid catalyst
systems and the optimization of existing biological methods, advanced
oxidation processes and hydrolysis.

Minimizing the generation of toxic substances during the degrada-
tion process by improving the selectivity of chemical reactions or
exploring new catalysts that promote cleaner degradation pathways.

Investigating the potential long-term impacts of microplastic
contamination on ecosystems and human health, as well as evaluating
the effectiveness of various mitigation strategies.

Increasing public awareness of the issue of microplastic pollution
and promoting individual actions to reduce plastic waste, such as using
reusable containers and supporting policies to reduce plastic production
and consumption.

Developing new technologies for the detection and characterization



F. Miranda Zoppas et al.

of microplastics, which can help to better understand their distribution
and impact on the environment.

Scaling up and implementing degradation methods on a larger scale
for effective mitigation of microplastic pollution. This involves devel-
oping cost-effective and scalable technologies that can be applied in
real-world scenarios, such as wastewater treatment plants or plastic
waste management facilities.

Considering the complex nature of microplastic pollution, future
research should explore the integration of multiple strategies for
microplastic removal. This can involve combining physical, chemical,
and biological treatments to achieve comprehensive and efficient
degradation of microplastics. Integrated approaches that leverage the
strengths of different methods can lead to more effective removal and
environmental remediation.

Overall, the future research in microplastics elimination should focus
on the development and optimization of water treatment systems that
integrate multiple physical, chemical, and biological processes. The
scalability, cost-effectiveness, and environmental impact of these sys-
tems should also be evaluated to ensure their practical implementation
in real-world settings.

8. Conclusion

In conclusion, microplastics have emerged as a significant environ-
mental and human health concern, demanding the development of
effective methods for their elimination. The pervasive use of plastics in
daily life has resulted in the accumulation of microplastics, particularly
in aquatic systems. Therefore, it is imperative to explore scalable and
efficient approaches to address this issue.

Catalytic processes, including biological treatment, Advanced
Oxidation Processes (AOPs), and hydrolysis, have demonstrated promise
as potential methods for microplastics elimination. These techniques
have shown effectiveness in laboratory studies, and some have been
tested in real-world water treatment systems with encouraging results.
However, it is crucial to overcome certain limitations associated with
these processes, such as scalability, cost-effectiveness, and potential
environmental impacts.

Future research should focus on the development of hybrid catalyst
systems that harness the strengths of multiple processes to enhance ef-
ficiency and effectiveness. Furthermore, investigating the utilization of
natural materials and biological processes for microplastics elimination
could provide more sustainable and environmentally friendly options.

Real-world water treatment systems must also be developed and
implemented to address the issue of microplastics in our water supply.
These systems must be scalable, cost-effective, and efficient, while also
considering potential environmental impacts. Collaboration between
scientists, engineers, policymakers, and the public will be critical for the
development and implementation of these systems.

In conclusion, the elimination of microplastics from the environment
is a complex issue that requires a multifaceted approach. While there is
no one-size-fits-all solution, advances in catalytic processes and water
treatment systems offer promising avenues for progress. However,
continued research and collaboration are necessary to develop effective
and sustainable methods for microplastics elimination and to protect the
health of our environment and communities.
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