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In 21st century, it is critical for sustainable development due to natural resources depletion and the expansion of new territories, leading 

to increased urbanization, environmental risks and the creation of large-scale economic systems. Microplastics originating from industries, 

transportation and other human activities, have become a significant global aquatic pollutant, posing serious threats to marine life. 

Traditional methods for removing microplastics have proven ineffective due to their small size, prompting the exploration of new 

degradation strategies. This review highlights various approaches for microplastic degradation, including physical methods like density 

gradient separation, filtration systems, reverse osmosis and magnetic separation; chemical methods involving acid-alkali treatment, 

chemical oxidation and photocatalysis; and biological methods focusing on bioremediation through bioaugmentation and biostimulation. 

While these methods offer partial degradation of microplastics, often producing valuable byproducts on a small scale, they have 

limitations. To address these shortcomings, innovative techniques such as adsorption on algae, biochar and photocatalytic micromotors 

are being developed, reflecting the latest research trends in microplastic degradation. 

 

Keywords: Sustainable development, Microplastic degradation, Marine pollution, Environmental risks. 

 

 

INTRODUCTION 

 In current scenario, the challenges of sustainable develop-

ment have become increasingly critical as the depletion of nat-

ural resources in traditional areas drives the need to explore 

and develop new regions. However, this expansion particul-

arly in large-scale systems and remote territories often leads to 

significant environmental consequences. Among the emerging 

threats is microplastic pollution, one of the most pervasive and 

hazardous byproducts of modern development. Microplastics 

have been detected across a wide range of habitats globally, 

with aquatic ecosystems being the most affected [1,2]. Their 

presence highlights the unintended environmental costs asso-

ciated with the rapid advancement and industrialization of new 

areas, underscoring the urgent need for sustainable strategies 

and pollution mitigation measures. The plastic particles that 

are < 5mm diameter are considered as microplastics. They 

come in a variety of materials and forms, where it is grouped 

into primary or secondary microplastics, depending on the 

source [3]. 
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 Primary microplastics are intentionally manufactured in 

small sizes, whereas secondary microplastics are the conseq-

uence of deterioration, weathering or the breakdown of bigger 

plastic into smaller particles. Secondary microplastics include 

textile fibres and tire wear. Industrial pellets and cosmetic micro-

beads are examples of primary microplastics. Their extensive 

industrial use has contributed to the contamination of aquatic 

ecosystems via wastewater discharge and bioaccumulation in 

aquatic organisms [4]. The fragmentation of macroplastic debris 

into microplastics increase the presence of plastic in marine 

environments, heightening the risk of disruption to aquatic food 

chains. Moreover, the accumulation of microplastic particles 

in the water column can reduce water transparency, limiting 

light penetration and affecting organisms at various levels of 

depths. Hence, researchers worldwide have been investing 

their time in formulating effective degrading methods with a 

strong mechanism to eliminate microplastic contamination [5]. 

Microplastics disintegrate through the same mechanisms that 

degrade macroplastics residues, due to high surface-to-volume 

ratio. Microplastic particles shrink much further and finally 
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become nanoplastics. The word “degradability” describes a 

change in the chemical structure brought on by physical, 

(photo-) chemical or biological interactions [5]. Degradation 

may take many different forms, from a single change in a mole-

cule’s structure to a series of changes that provide energy and 

carbon for cell development as well as the mineralization of 

CO2 and H2O. Based on a number of chemical, physical or bio-

logical conditions, the microplastics degradation may typically 

be differentiated into two types: abiotic and biotic [6]. Each 

category follows a distinct method where macroplastics degrade 

into smaller units of molecules (such as monomers, oligomers 

or other altered forms) and may even become entirely miner-

alized throughout the process [7]. Therefore, this review pri-

marily focuses on the three major macroplastics degradation 

mechanisms in water such as physical, chemical and biological 

methods in detail reported so far. It also reviews the recent 

emerging techniques in microplastic degradation that interests 

and helps researchers with their innovative ideas in future for 

a sustainable environment.  

 Physical methods of removal of microplastics: Micro-

plastics are anticipated to be more hazardous than other cont-

aminants in aquatic settings due to their negative impacts on 

fish, mammals, marine birds and reptiles as a result of entrap-

ment and bioaccumulation. Microplastics are typically thought 

of as persistent materials, however, depending on their nature 

and chemical makeup, they disintegrate more or less [8].  

 Removal through density separation: To isolate macro-

plastics from sediments, a general process is density separa-

tion. Once stirring, when compared with the medium, the less 

denser macroplastics might float over the suspension’s top layer 

which causes separation from the sediments [9]. Lightweight 

plastic can float because the density is increased by the addi-

tion of salt. The salt most frequently suggested for density sep-

aration is NaCl. The characteristics of NaCl are its vast avail-

ability, low cost and safety for the environment. However, 

even though many macroplastics such as nylon, polypropylene 

(PP), polyethene (PE), polystyrene (PS) and polyamide, which 

is more commonly known as polyamide have a density of < 

1.2 g/cm3, many other macroplastics such as denser PVC and 

PET, which account for > 17% of the demand of world’s 

plastic, won’t float in this solution [10]. Further, the following 

compounds are often used for density separation: ZnBr2, CaCl2, 

NaBr, NaI and 3Na2WO4.9WO3. A standard technique was 

developed by Zhang et al. [11] using heating-assisted NaH2PO4 

with a density that may ranging from 1.4 to 1.5 g cm–3 at vary-

ing temperatures of 20 to 40 ºC. 

 Removal through filtration: Based on the plastic size, 

filtration separates solid particles from a fluid and is frequen-

tly aided by a vacuum filtration system. Filtration stops macro-

plastics from slipping through pores in media and develop-

ment of cake deposition on filters may help with the separating 

procedure. Based on the filters used, filtration process includes 

membrane and granular filtration [12]. Deposition on filters 

may help the separation process, during which mineralization 

can also occur [7].  

 Granular filtration: The usage of granular medium com-

ponents such as glass beads, activated carbon and quartz sands, 

preserves solid particles during the transport and adhesion 

phases. Large particle transport is mostly controlled by inter-

ception and sedimentation, whereas Brownian diffusion pri-

marily controls the movement of nanoscale macroplastics [13]. 

The current understanding of particle transport to collectors 

appears to be comprehensive, based on analyses involving 

various particle sizes and their deposition behavior in porous 

media. The flow characteristics, granular media and solution 

characteristics are also strongly correlated with the separation 

efficiency. Steric interactions, hydration forces, hydrophobic 

contacts, electrostatic repulsive forces and van der Waals forces 

are only a few of the factors that contribute to the attachment 

of plastic particles [14]. 

 Membrane filtration: When a material is filtered through 

a membrane, the membrane acting in the form of a selective 

barrier, allows some molecules, ions or microscopic materials 

to traverse but blocking others. Membranes are classified as 

ultrafiltration, reverse osmosis, microfiltration and nanofiltra-

tion membranes based on pore size. Reverse osmosis mostly 

uses desalination, whereas microfiltration, nanofiltration and 

ultrafiltration are able to remove particles as big as 0.08 to 2 

microns, 0.005 to 0.02 microns and 0.002 microns [15]. Accor-

ding to Li et al. [16], the dynamic membranes can effectively 

remove microplastics from synthetic wastewater. 

 Ultrafiltration: Ultrafiltration, which normally has pores 

that are 0.01 to 0.1 m (or 10 to 100 nm) in size, is very capable 

of holding particles, bacteria, viruses and proteins as well. 

When particle retention and organic removal are needed in 

water treatment, coagulation and ultrafiltration are combined 

[17]. When treating drinking water, uniform pore distribution 

membranes have been used frequently. Additional tests were 

carried out with ultrafiltration membranes present, where the 

PE completely rejects ultrafiltration membrane and forms pri-

mary fouling (cake layer) due to the particle size and bigger 

flocs of PE when compared to the pore size of a typical 

membrane [18]. Ultrafiltration capillary membranes can be 

used either “outside in” or “inside out”. Inside-out refers to the 

process in which the filtrate exits the capillary from the out-

side while the feed stream, which contains the species to be 

retained, is pushed via the inside of capillary. 

 Ultrafiltration is recognized as a practical solution for 

water treatment due to its high separation efficiency, low energy 

consumption and compact plant size. It allows for the produc-

tion of high-quality drinking water at an affordable cost. This 

low-pressure (1-10 bar) process utilizes asymmetric ultrafil-

tration membranes with pore sizes ranging from 1 to 100 nm, 

capable of removing macromolecules and particles such as 

fatty acids, proteins, protozoa, bacteria, viruses and other 

suspended solids (Figs. 1 and 2) [15]. Today, ultrafiltration 

combined with a coagulation stage is considered one of the 

primary and highly effective water treatment methods, demon-

strating significant efficiency in the removal of organic matter 

from water. Due to the alarmingly high concentrations of micro-

plastics in freshwater systems, it is imperative to thoroughly 

investigate the effectiveness of microplastic removal during 

coagulation and ultrafiltration processes, especially given their 

widespread use in producing clean drinking water. 

 Reverse osmosis: Reverse osmosis (RO) is utilized in 

industrial as well as municipal water treatment systems for 

purifying water through the removal of salts, heavy metals, 

pollutants and other toxins/impurities by utilizing nanofiltra-
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tion or non-porous membranes of pore size > 2 nm. Fouling 

of the RO membrane is a significant obstacle to the effective 

membrane performance [19]. In industrial-scale, RO desali-

nation systems, a pre-treatment stage is necessary to regulate 

flux rates, manage to foul of membranes, reduce the frequency 

of membrane cleaning and extend the useful life of the mem-

branes. A study assessed the performance of the RO process 

in removing microplastics by identifying and quantifying 

microplastics in samples collected from a wastewater treat-

ment plant employing multiple advanced treatment stages 

including disinfection/dechlorination, flocculation, ultrafilt-

ration, screening, sedimentation and ultimately RO. The find-

ings revealed that despite the comprehensive treatment, micro-

plastic fibers were still present in the samples following the 

reverse osmosis stage [20]. The majority of RO’s more effec-

tive uses for removing microplastics are gained when it is 

combined with membrane bioreactor technology. 

 Dynamic membrane technology: Dynamic membrane 

technology is becoming an appealing method for municipal 

wastewater treatment, sludge treatment, surface water treatment, 

industrial wastewater treatment and oily water treatment, are 

all applications. In recent years, dynamic membranes have 

attracted significant interest due to their potential to reduce 

both energy consumption and operational costs in wastewater 

treatment processes. For removing low-density, non-biode-

gradable macroplastics, like plastics, that are common debris, 

dynamic membranes are a potential solution [16]. Since, these 

microparticles are difficult to remove using traditional sedim-

entation, downstream unit processes must spend more on oper-

ation and maintenance. According to Li et al. [16] dynamic 

membranes were produced on a 90 m long supporting mesh 

by filtering synthetic wastewater. The performance of dynamic 

membranes (DMs) has been evaluated with a focus on the 

effects of influent particle concentration and flow rate, both of 

which significantly influence membrane formation and filtra-

tion efficiency. After 20 min of filtration, the effluent’s turbi-

dity dropped to < 1 NTU, demonstrating the effectiveness of 

dynamic membrane in removing microparticles. The relation-

ship between total filtration resistance and transmembrane pre-

ssure linearly increased along filtration time (R2 > 0.998). 

TMP had a total filtration resistance ranging from 2.89 × 10–9 

m–1 to 6.52 × 10–9 m–1 during the filtration of dynamic mem-

brane and a water head range of 80 to 180 mm. This method 

is based on the formation of a cake layer, which acts as a sec-

ondary membrane and barrier after particles are separated by 

the supporting membrane. Dynamic membrane technology 

has gained a lot of attraction as when compared to conven-

tional membranes, it uses cheaper materials including stain-

less steel mesh, woven filter cloth and non-woven fabric [21]. 

Since the filtering layer is made up of the pollutants of the 

influent, additional chemicals or other contaminants are not 

added. 

 Membrane bioreactor (MBR): In MBR systems, the 

separation method is related to catalysis which is fueled by 

 

Fig. 1. Schematic process describing the ultrafiltration of microplastics 

 

 

Fig. 2. Schematic process describing the ultrafiltration of microplastics 
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biological catalysts (enzymes, bacteria) and is run through a 

membrane system that is majorly ultrafiltration or microfil-

tration [15]. Moreover, this technology’s adaptability enables 

simple integration with other procedures (such as pervapo-

ration and reverse osmosis) that follow the principle of green 

chemistry and the logic of process intensification. A study by 

Bayo et al. [22] investigated the effectiveness of MBR tech-

nology in reducing microplastic concentrations in the final 

effluent of an urban wastewater treatment plant over an 18-

month observation period. For the influent, the average micro-

plastic content was 4.40 ± 1.01 MP L-1, whereas for the MBR, 

it was 0.92 ± 0.21 MP L-1. Films (0.59 0.24 ± items L-1), 

fibres (1.34 ± 0.23 items L-1), beads (0.02 ± 0.01 items L-1) 

and fragments (0.20 ± 0.09 things L-1) were the predominant 

microplastic types identified. 

 Magnetic separation: To separate microparticles grafting 

by magnetic seed particles, magnetic fields can be used. Due 

to the wide-range magnetic force, this technique has the bene-

fits of having an improved separation, reduced waste sludge 

and huge capacity. Magnetic extraction made up of three steps: 

creating magnetic seeds, boosting magnetic seeding-induced 

aggregation and increasing separation efficacy. As magnetic 

seed particles, hexadecyltrimethoxysilane-modified hydro-

phobic iron nanoparticles were employed. Hydrophobic (Fe) 

nanoparticles are attached to the surface of microparticles due 

to hydrophobic interaction, allowing the microparticles mag-

netic separation [23]. Shi et al. [24] used magnetic Fe3O4 NPs 

in microplastic infested water to remove microparticles. An 

optimal concentration of Fe3O4 NPs and a specific magnetiza-

tion treatment time were identified. The magnetization process 

resulted in significant adsorption of Fe3O4 NPs onto the micro-

plastics surface. This approach demonstrated the potential to 

effectively remove microplastics of various shapes and sizes 

from both seawater and pure water. The removal efficiency 

varied depending on the polymer type and size of the micro-

plastics, showing a positive correlation with the density of 

Fe3O4 NPs distributed on the surfaces of microplastics follo-

wing magnetization treatment. Bar magnets were employed 

to extract plastic debris from water samples [25]. Although the 

static magnetic fields are effective for separating small volumes 

in wastewater purification and environmental remediation, 

high-gradient magnetic separators (HGMS) are preferred for 

high-throughput systems due to the need to treat large volumes 

of water. In testing solution and wastewater, Tang et al. [26] 

developed magnetic carbon nanotubes that demonstrated signi-

ficant attraction to all common microplastics surfaces. The 

removal of the microplastics/MCNT agglomerates may be 

completed in 300 min by using magnetic forces. Thermal pro-

cessing at 600 ºC can recycle spent MCNTs and the recycled 

ones can still be utilized to remove around 80% of the micro-

plastics. These characteristics of MCNTs show that they may 

be employed as an effective, affordable and environmentally 

acceptable material to remove microplastics during waste-

water treatment and water environment restoration.  

 Oil film separation: Oil film separation of microplastics 

based on the hydrophobicity approach is independent of density 

effects. In order to remove microplastics from the aquatic 

sediments, Lechthaler et al. [27] developed an oil extraction 

technique and achieved a recovery of over 96% using canola 

oil. Castor oil was utilized to remove microplastics from the 

soil and aquatic samples, with an average matrix reduction of 

95%, the mean spike recovery of microplastics was found to 

be 99%. This development could result in a breakthrough in 

systematic uniformity and hasten microplastic eradication tac-

tics. In order to separate microplastics from compost samples 

and soils which contained PU, PC, PVC, PET, PS and PE, an 

olive oil-based technique has also been developed [28]. By 

freezing samples in polytetrafluoroethylene cylinders at a low 

temperature, the oil film separation was adjusted and the 

microplastics recovery from fabricated samples was above 

90%. Solid samples might readily impede separatory funnels 

during separation. Before spinning the oil and environmental 

matrix, the oil film separation calls for further digestion for 

samples with high biogenic concentrations. In order to improve 

particle density, initially buoyant plastic particles may be 

bound to other denser substances such as oil/petroleum film 

with adherent sand grains, biofilms or faecal pellets. If plastic 

is denser than saltwater, once the initial buoyancy is removed, 

it will sink. The remaining oil traces can interfere with oil 

film separation and require further cleaning with hexane and 

ethanol. 

 Froth floatation: Surface wettability is a fundamental 

aspect of froth flotation, where hydrophobic substances tend 

to attach to air bubbles and rise as froth, while the hydrophilic 

materials are carried downwards as underflow. Post-consumer 

plastic typically exhibits a low-energy hydrophobic surface 

and is susceptible to bubble entrainment. Hydrophilic materials 

remain dissolved in the liquid phase, while the hydrophobic 

materials, aided by attached air bubbles, rise to the surface and 

form a froth that can be skimmed off. To separate two buo-

yant plastic materials in a specific liquid phase, a wetting agent 

can be introduced. This agent selectively adsorbs to one poly-

mer while avoiding the other, enabling their separation [29]. 

As a result, the wetting chemical preferentially adheres to the 

superficial face of a particular plastic, which makes it hydro-

philic and acts as a flotation depressant. As a result of reduced 

flotation, hydrophilic plastic sinks to the bottom whereas 

hydrophobic plastic will continue to float. The plastic which 

floats can be collected from the mixture’s surface. The critical 

surface tension and the surface free energy of microplastics, 

indicating at which the surface tension of solid microplastics 

get entirely wet by the liquid, are only two of the numerous 

variables that must be taken into consideration throughout the 

froth flotation process. Bolto & Xie [30] explored the use of 

functionalized polymers in sewage effluent treatment via flot-

ation, demonstrating its effectiveness in removing grease, oil, 

surfactants and algae. Moreover, proposed froth flotation as 

a targeted method for microplastic removal, this approach aims 

to reduce the burden on treatment units, improve the effici-

ency of wastewater treatment plants (WWTPs) and minimize 

the release of microplastics into effluent.  

 Applying the modern final-stage wastewater treatment 

methods, Talvitie et al. [31] were able to remove micro-

plastics from WWTPs with dissolved air flotation (DAF), 

which reduced microplastics by 95%. Despite the fact that 

plastic waste disintegration is gradual, when plastic trash is 

exposed to heat and UV light in aquaculture settings, several 

functional groups of hydrophilic nature can be identified. It 
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may render froth flotation by eliminating the initial hydro-

phobicity of microplastics. Microplastics can aggregate signi-

ficant amounts of plasticizers, heavy metals, antibiotics and 

other organic pollutants due to its surface hydrophobicity and 

degradation. By studying the degrading process of the synth-

etic polymers, one can assess the floatability of microplastics. 

The buoyancy, wettability and transport of microplastics in 

coastal water are expected to be impacted by surface fouling 

by biofilm [32]. Bioimpact fouling on plastic’s capacity to 

float, however, is still developing. The abundance and size of 

microparticles are of utmost importance in order to set an app-

ropriate size of the bubble and air capacity that needs strong 

carrying capacity and adhesion efficiency for the microplastic 

debris. 

 Chemical degradation of microplastics: Microplastics 

generally persist in the sludge after being exposed to the degra-

dation through different physical treatments, including multi-

stage wastewater treatment procedures. This sludge rich in 

microplastics is frequently treated and either dumped or utilized 

as fertilizer for agricultural land. Even when toxic materials 

are removed through various treatment processes prior to 

agricultural use, the presence of microplastics is often over-

looked. However, due to the absence of effective strategies to 

recycle or completely eliminate the collected and separated 

microplastic particles and debris, the physical degradation-

based solutions outlined above unfortunately fail to provide 

a permanent solution to environmental microplastic pollution 

[33]. As physical degradation of microplastics often leads to 

their re-entry into the environment, the chemical methods have 

been developed to achieve permanent destruction. In these 

processes, catalysts play a vital role by generating reactive 

oxygen species (ROS), which drive the breakdown of micro-

plastics [34]. The chemical degradation of microplastics varies 

depending on several factors such as additives presence, 

polymer type, depositional environment and the surrounding 

medium. For instance, microplastics exposed on beach surfaces 

are more likely to absorb higher levels of UV radiation 

compared to those buried in benthic sediments or suspended 

deep in the water column [35]. Studies have shown that 

microplastics degrade more rapidly in saltwater or simulated 

seawater than in freshwater due to differences in salinity, 

alkalinity and biological colonization between the two envir-

onments. Density separation is one of the traditional chemical 

methods used to extract microplastics from materials such as 

beach sands and sediments. This technique involves floating 

microplastic particles while denser materials settle in high-

density solutions [36]. Various solutions including sodium 

polytungstate, sodium iodide and hypersaline sodium chloride, 

have been used to degrade microplastic polymers. However, 

solutions like NaCl are less effective for higher-density poly-

mers and contamination by organic or inorganic substances 

can alter the density of microplastic particles, highlighting the 

need for more consistent degradation methods. The chemical 

processes involving oxidation, acidic or alkaline conditions 

have been developed to break down natural organic matter, 

leaving behind more resilient microplastic particles and mini-

mal non-digestible residues [37]. 

 Acid and alkali treatment: According to a chemical treat-

ment strategy for the breakdown of the plastic polymeric chain, 

four exterior coffee capsule samples composed of were sub-

jected to alkali and acid treatment. To degrade the samples, 

chemicals such as sulphuric acid and sodium hydroxide were 

added. For 86 days, two specimens underwent conditioning 

in 35% (v/v) conc. H2SO4 and two in 35% (v/v) conc. NaOH. 

As a result, no significant changes were observed on the 

surface of the PP material under NaOH treatment conditions. 

According to the results, H2SO4 exposure causes the container 

of coffee capsules to have sticky lamination. Instead of dama-

ging the surface of the PP polymers, the acid solution used in 

this treatment has harmed the adhesive bond. Thus, polymer 

degradation has shown enhanced activity and is not signifi-

cantly affected by the use of NaOH and H2SO4 as additive 

materials [38]. Alkaline settings shown the ability to digest 

organic substances when fish digestive tracts were digested 

using 10% KOH over a two to three-week period in an initial 

work, although treatment effects on plastic particles were not 

assessed. In another study, Cole et al. [39] evaluated the 

effectiveness of NaOH compared to acidic and enzyme-based 

treatments, observed that 10 M NaOH solution provided the 

most effective alkaline conditions for degrading PVC, nylon 

and polyethylene particles. Similarly, Enders et al. [40] tested 

a 4:1 mixture of HNO3 and HClO4, which resulted in the 

degradation of polymers such as polyamide, polyurethane, 

black tire rubber elastomer and to a lesser extent, PMMA, PVC 

and acrylonitrile butadiene styrene (ABS). Furthermore, 

Collard et al. [41] successfully digested fish stomach contents 

using NaClO4 and HNO3 rinses combined with ultrasonic-

cation, although this method caused a mass loss of 25% in 

PVC material. Although studied in digestions, HCl was deter-

mined to be the least efficient way to reduce biogenic material 

microplastics. These reports assess the effects of several types 

of microplastic particles from the marine environment being 

digested under acidic and alkaline conditions [42]. 

 Chemical oxidation: The chemical oxidation process 

breaks down polymer microparticles by disrupting their chem-

ical bonds, converting them into smaller molecules. These 

molecules can further processed into useful chemicals or com-

pletely mineralized into CO2 and H2O. Any monomer in the 

polymer can have an irregular polymer chain break, which 

will eventually cause microplastics to break down into comm-

ercially viable organic or inorganic compounds. Environ-

mental conditions play a crucial role in influencing the types 

of polymers present, which in turn determine the degradation 

mechanisms and the resulting byproducts [43]. According to 

those variables, the oxidation-based degradation of micro-

plastics includes electrochemical, photocatalytic and direct 

photodegradation. The advanced oxidation process (AOP), a 

highly effective chemical treatment method, has shown remar-

kable efficiency in degrading persistent organic pollutants in 

water systems. This is achieved through the generation of 

ROS, such as hydroxyl radicals in Fenton reactions and sulfate 

radicals [44]. Polymer oxidation is primarily believed to occur 

through photodegradation. In case of microplastics, extended 

exposure to sunlight, particularly UV radiation, can lead to 

the formation of free radicals, which pose environmental risks. 

This process can also cause oxygen incorporation, conform-

ational changes or cross-linking of polymer chains and phys-

ical alterations such as flaking and cracking. The most crucial 
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element impacting this process was thought to be UV radiation 

[45]. The photo-oxidation process decomposes microplastics 

at a slow rate, particularly in natural aquatic environments. 

Among these, the removal of PS microplastics is a critical 

research priority, as PS is one of the most commonly detected 

plastics in marine ecosystems. Zhu et al. [46] conducted a 

study using PS microplastics as a model to investigate the aging 

process in an aquatic environment under simulated sunlight 

(295 to 2500 nm) over a period of 150 days. Their findings 

revealed that PS microplastics underwent photoaging under 

controlled experimental conditions, shedding light on the 

mechanisms of ROS formation and photodegradation of micro-

plastics under simulated sunlight. 

 Chemical weathering: In environments where processes 

like abrasion, thermal oxidation, biodegradation and photo-

oxidation are limited, such as on ocean floor or in landfills, PET 

and other aromatic polyesters can undergo hydrolysis. This pro-

cess breaks down the polymer chains into shorter segments, 

producing ethylene glycol and terephthalic acid as byproducts. 

Such process defines the term chemical weathering and is a 

significant process in microplastics degradation [47]. Both 

chemical and surface evidence prove the chemical weathering 

process to be significant. Upon chemical weathering, the 

physical characteristics of microplastics fluctuate with time, 

causing colour changes, mechanical property loss that causes 

surface fissures and microcracks and molecular weight fluct-

uations [48]. Cracks often referred to as crazing and discol-

ouration can be seen under a microscope and frequently with 

the human eye. 

 FTIR spectroscopy generates spectra that serve as the most 

reliable indicators of compositional changes in polymers caused 

by chemical weathering. This technique is particularly effec-

tive in identifying functional groups such as hydroperoxides 

and carbonyls, which play key roles in decomposition path-

ways during oxidative weathering. Naik et al. [49] used FTIR 

to study the impact of accelerated photodegradation on nylon 6, 

HDPE, PP and high-impact PS pellets in simulated saltwater 

environments. The spectra of weathered and unweathered 

pellets were analyzed and compared following chemical weath-

ering. Evidence of chemical changes was observed through 

various vibrational modes: methyl carbon stretching and C-H 

stretching in nylon, C=C stretching, C-H bending and stret-

ching in HDPE, O-H and C-H stretching in high-impact PS, 

as well as O-H and C=O stretching in PP. 

 Chemical weathering of microplastics can be effectively 

complemented by coagulation and flocculation processes, 

employing inorganic and organic coagulants such as FeCl3, 

PAC and polyamines. By enhancing the chemical and physical 

heterogeneity of the plastic surface, weathering microplastics 

enhanced the possibility of surface interactions with floccul-

ants and coagulants. The removal of weathered microplastics 

can be linked to the formation of new coagulant anchoring sites 

on the PE material due to weathering, such as -COOH, -OH 

and -C=C- groups. Perren et al. [50] studied the degradation 

of microplastics through electrocoagulation and settling pro-

cesses. Their findings, along with other studies, demonstrate 

degradation rates exceeding 90% after treatment with FeCl3, 

Fe2(SO4)3 or electrocoagulation using iron electrodes. Further-

more, recent research on the effectiveness of iron and alumi-

num coagulants in removing microplastics from an artificial 

matrix of drinking water revealed maximum removal rates 

from 17% to 36% for treatments involving AlCl3 and FeCl3, 

respectively [51].  

 Thus, based on these studies, the chemical treatment 

facilitates the efficient degradation of microplastics by empl-

oying chemical reagents as catalysts to accelerate the reaction 

time and initiate the initial stage of polymer breakdown. This 

process can precede biological treatment or serve as a means 

to produce secondary plasticizers. However, the chemical treat-

ment is not suitable for large-scale applications due to its reli-

ance on multiple chemical additives. 

 Biological degradation of microplastics: Biological 

method of degradation, often known as bioremediation for 

microplastic degradation is an evolving technique for large-

scale administration. Bioremediation is a cost-effective, least 

toxic and efficient approach for removing hazardous pollutants 

from the environment using biological systems and their pro-

ducts. Microbes are the most adaptive creatures to have ever 

lived on earth. They are well adapted to the environment and 

its stresses and some of them can utilize complex polymers 

as a carbon source to biodegrade contaminants. However, the 

negative impacts of microplastic contamination can damage 

the quality of life of different living creatures, including hum-

ans [52]. The organisms occupying the higher trophic level 

in the food pyramid are affected the most. Typically carrying 

a negative surface charge, microplastics can attract and bind 

positively charged contaminants. As their size decreases, their 

mobility increases, enhancing their ability to interact with both 

organic and inorganic pollutants in the environment. This not 

only facilitates the transport of these pollutants but also pro-

motes their bioaccumulation, compounding the ecological 

risks across the food web [53]. 

 In environment, the microplastics presence causes the 

adaptation of microbes to environmental stress in many ways, 

including an increase or reduction in the metabolic rate and 

growth rate and the biosynthesis of novel chemicals to combat 

stress [54]. Up to 2.32 × 109 microplastic particles can be 

relea-sed daily by wastewater that has not undergone 

standard treatment. The microbial population that lives in such 

effluent develops an adaptive factor as a result of the 

microplastics presence in it [55].  

 Polychlorinated biphenyls (PCBs) are among the most 

persistent xenobiotic contaminants due to their low reactivity 

and high chemical stability under various environmental condi-

tions. Their tendency to accumulate in animal fatty tissues 

leads to the biomagnification through the food chain [56]. Biotic 

and abiotic stress responses, including changes in gene expr-

ession and enzymatic activity, are key to the degradation of such 

contaminants. Microorganisms can enzymatically break down 

plastic polymers into monomers, which are then utilized as 

energy and carbon sources [57]. Specifically, the enzyme 

biphenyl dioxygenase (BphA), produced by several microbial 

groups, initiates PCB degradation by oxidizing them into cis-

dihydrodiol intermediates, which are further cleaved into 

chlorobenzoates highlighting the crucial role of microbes in 

PCB biodegradation [58]. 

 Bioremediation generally involves two main approaches 

(i) bioaugmentation, which is the introduction of cultured 
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microorganisms into a contaminated environment to enhance 

pollutant degradation and (ii) biostimulation, which involves 

modifying environmental conditions to stimulate the activity 

of native microbial communities capable of bioremediation 

[59]. Despite being a promising approach for microplastics 

degradation, bioremediation has several limitations, including 

slow degradation rates, incomplete mineralization and largely 

unexplored mechanisms of degradation and biotransformation, 

which can lead to the persistence of organic pollutants. The 

technique remains in its early stages and the key challenges 

include the potential negative interactions between introduced 

microbial strains and native soil microbiota, as well as the 

inability of foreign microbes to adapt to local environmental 

conditions. These issues can be addressed by developing 

microbial consortia composed of carefully selected native 

strains, minimizing ecological disruption [60]. Bioaugmenta-

tion may fail as a result of cell stress, nutrient deficiency, the 

presence of a more preferred carbon source, competition, or 

insufficient biological availability.  

 The major steps involved in the microbial breakdown of 

microplastics include biodeterioration (changes in shape, size 

and chemical composition of polymer), biosynthesis, biofrag-

mentation and mineralization [61]. Based on the high surface- 

to-volume ratio of microplastics, there is a lot of surface area 

available for microbial colonization. Various bacterial taxa may 

develop biofilm on the plastic fragments surface through extra-

cellular polysaccharide production. Biofilm production even-

tually leads to a size decrease and full degradation [54]. The 

microbial degradation of plastic is influenced by various factors, 

including enzymatic processes, co-substrate and substrate con-

centrations, oxidative stress, temperature, bioavailability, den-

sity, functional groups, pH and other abiotic and biotic varia-

bles [57]. A major limitation of culture-dependent methods is 

that over 99% of microbes in natural environments are either 

extremely difficult to culture or uncultivable. However, advan-

cements in technologies such as next-generation sequencing, 

metabolic and protein profiling and enhanced bioinformatics 

tool have significantly improved the understanding of microbial 

communities and the mechanisms involved in the bioremedia-

tion of environmental pollutants. 

 These omics methods include metabolomics, metageno-

mics, meta-transcriptomics and meta-proteomics. Furthermore, 

advancements in technology have significantly enhanced the 

evaluation and application of microbiological bioremediation 

methods. Omics techniques have enabled the identification of 

novel bacteria that would not have been detected through tradi-

tional culturing methods. The effectiveness of bioremediation is 

expected to improve with the proper and professional applica-

tion of precise molecular approaches. Developing effective bio-

remediation strategies requires a comprehensive understanding 

of the specific microorganisms present in contaminated environ-

ments, along with their metabolic pathways and adaptive mecha-

nisms. Even though there is still much work to be done before 

the bioremediation science of is completed, it currently seems 

to be feasible. Their application is frequently constrained by 

a lack of knowledge of the factors that govern and control the 

development, metabolism and dynamics of different microbial 

communities in contaminated environments [54]. Despite limi-

ted comprehensive understanding of bioremediation, a subs-

tantial number of studies have been reported. Table-1 high-

lights a selection of these, along with the microorganisms 

involved in degrading various types of microplastics. 

Emerging techniques for microplastic degradation 

 Removal through adsorption on algae: Studies showed 

that the microalgae can colonize microplastic particles, 

altering the buoyancy of the resulting aggregates. This inter-

action indicates the potential of microalgae as a viable appr-

oach for microplastic removal. As a result, the sedimentation 

rates differ from those of unaggregated particles. The impact 

of microplastics on microalgae growth varies depending on 

microplastic size and specific characteristics of the microalgae 

species, such as cell wall structure and mobility [91]. The poss-

ibility exists for freshwater microalgae to colonize microplas-

tics and create extracellular polymeric substances (EPS) that 

can aggregate (adhere and incorporate) microplastics. For 

example, Gloeocapsa sp. has proven to be the most effective 

microalga for EPS production and the subsequent aggrega-

tion of microplastics across various types, size fractions and 

densities. In experiments with Scenedesmus abundans against 

three types of plastics, PMMA, PS and PLA, an average rem-

oval efficiency (η) exceeding 84% was achieved for all micro-

plastics. Sundbæk et al. [92] used Fucus vesiculosus, a marine 

seaweed, to explore the potential of microplastic removal 

through translocation into algal tissues. The study revealed that 

the narrow channels within the algal cells restrict the mobility 

of microplastics, leading to their capture. Notably, the disse-

cted regions of the algae demonstrated an efficiency of upto 

94.5% in capturing microplastics [93]. The release of anionic 

polysaccharide compounds from these dissected areas enhan-

ces the adhesion of plastic particles. Moreover, the presence 

of anionic polysaccharides in the algal cell wall promotes the 

sorption of positively charged microplastic particles onto the 

algae. The surface charge of the particles has substantial 

impact on the absorption of microplastics on algae [94]. Posi-

tively charged microplastics are more likely to bind to other 

materials.  

 Photocatalytic micromotors: Micromotors are tiny self-

propelled machines that have caught the attention of resea-

rchers all over the world due to their use in the removal of 

metalloids, oil metals and different organic materials. Due to 

their intriguing physics and anticipated uses in various sectors, 

such as biomedical and environmental applications, micro-

motors, self-propelled nano-/microscale devices, have received 

a lot of interest in the past 10 years [94]. Micromotors, in 

particular, have enormous potential for restoring the environ-

ment, including organic deterioration. A quick on/off switch 

is another benefit of photocatalytic micromotors, which can 

also run on water as a harmless light and fuel as sustainable 

energy source [95]. For the removal of microplastic, Liu et 

al. [96] used a micromotor based on photocatalytic TiO2 

(Au@mag@TiO2, mag = Ni, Fe). Due to the photocatalytic 

reaction taking place over the particles, this catalytic micro-

motor can move effectively in water as well as peroxide when 

exposed to UV light. Phoretic interactions brought on by these 

individual micromotors’ photocatalytic activity exhibit colle-

ctive features with passive particles in minimal peroxide 

concentrations. To address the challenge of peroxide-free 
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microplastic cleanup, they also formed constructed chains by 

linking individual particles in the presence of an external 

magnetic field. 

 Removal by biochar: The production of biochar is an 

established and well-known method. According to Wang et al. 

[97], biochar has shown promise as a porous material for 

microbead removal. They also predicted that its possible integ-

ration into quicksand filters could offer a technologically and 

economically viable way to increase the capacity of WWTPs. 

Biochar filters have a substantially greater capacity than equiv-

alent grain-sized sand filters investigated for the separation 

and immobilization of 10 m diameter microplastic spheres (over 

95%). With a high economic added value, biochar, a carbona-

ceous substance, is frequently used in agriculture to enhance 

the soil’s characteristics [98]. It has been demonstrated that 

substituting biochar for activated carbon can substantially lower 

process costs while retaining a comparable degree of removal 

efficiency in WWTPs. The pores in the biochar’s microstruc-

ture range in size from 50 m to less than 1 nm. An appropriate 

porous structure for removing turbidity from water is pro-

vided by the complex and multiscale structure [99]. Siipola 

et al. [100] developed a cost-effective method for producing 

porous biochar adsorbents using bark-containing side streams 

from the wood refinery industry, employing steam activation 

in the process. Biochars activated through steam were found 

to be highly effective sorbents for the chemical species studied 

and for microplastic removal, despite having relatively modest 

surface areas (200-600 m2/g). The bigger microplastic particles 

were successfully removed by the activated biochars. 

 Wang et al. [101] proposed effective magnetic biochar 

adsorbents modified with Mg and Zn for microplastic removal. 

The removal efficiencies for Zn-modified magnetic biochar 

(Zn-MBC), Mg-modified magnetic biochar (Mg-MBC) and 

unmodified magnetic biochar (MBC) were 99.46%, 98.75%, 

and 94.81%, respectively, for PS microspheres (1 m, 100 

mg/mL) in aqueous solution. However, the presence of H2PO4
− 

and organic matter in real water significantly reduced the 

removal efficiency of Zn-MBC due to competitive adsorption. 

Thermal treatment enabled simultaneous regeneration of the 

adsorbent and degradation of microplastics. Owing to their low 

cost, environmental compatibility and durability, Mg/Zn-modi-

fied biochars show strong potential for practical microplastic 

remediation. In a related study, Ye et al. [102] developed 

porous, graphitized magnetic biochar designed to remove metals 

associated with microplastics. Their analysis revealed that pro-

longed weathering forms an organic layer on microplastic sur-

TABLE-1 

DIFFERENT MICROORGANISM INVOLVED IN THE DEGRADATION OF MICROPLASTIC COMPOUNDS 

Organism Type of plastic Ref. 

Bacillus paramycoides (Ac: MT995121) Polyethylene, polypropylene and polystyrene [62] 

Rhodococcus sp. IN306 (Ac: KX058399) Polychlorinated biphenyls (PCBs) [63] 

Mycolicobacterium frederiksbergense IN53 (Ac: JN572675) Total petroleum hydrocarbons (TPH) [64] 

Achromobacter xylosoxidans Polychlorinated biphenyls (PCBs), high density polyethylene [65] 

Acinetobacter sp. Polychlorinated biphenyls (PCBs), polyethylene [66] 

Burkholderia xenovorans LB400 Polychlorinated biphenyls (PCBs) [67] 

Janibacter sp. MS3-02 Polychlorinated biphenyls (PCBs) [68] 

Mycobacterium sp. PYR-1 Polychlorinated biphenyls (PCBs) [69] 

Ochrobactrum anthropi Polychlorinated biphenyls (PCBs) [70] 

Pseudomonas stutzeri Polychlorinated biphenyls (PCBs) [71] 

Rhodococcus ruber Polychlorinated biphenyls (PCBs) [72] 

Stenotrophomonas panacihumi Polypropylene [73] 

Ideonella sakaiensis Polyethylene terephthalate [73] 

Paenibacillus alvei Polypropylene (PP) [74] 

Bacillus cereus Polyethylene (PE), polyethylene terepthalate (PET), 

polypropylene (PP) and polystyrene (PS) 

[75] 

Bacillus gottheilii Polyethylene (PE), polyethylene terepthalate (PET), 

polypropylene (PP) and polystyrene (PS) 

[75] 

Aspergillus flavus Polyethylene [76] 

Aspergillus tubingensis HDPE [77] 

Zalerion maritimum Polyethylene [78] 

Gloeophyllum trabeum Polystyrene sulfonate [79] 

Rhizopus oryzae Polyethylene [80] 

Curvularia lunata LDPE [81] 

Penicillium pinophilum LDPE [82] 

Galleria mellonella HDPE [83] 

Yarrowia lipolytica HDPE [83] 

Alicaligens faecalis Polyethylene [84] 

Bacillus sp. JY14 Polyhydroxybutyrate [85] 

Mycolicibacterium phocaicum Di-(2-ethylhexyl) phthalate (DEHP) [86] 

Alcanivorax borkumensis LPDE, PET, PS [87] 

Brevibacillus borstelensis Polyethylene [88] 

Pseudomonas aeruginosa Polyethylene [89] 

 Phanerochaete chrysosporium PVC [90] 
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faces, which serves as a key site for metal sorption, with peeling 

and disintegration being critical steps in the process. 

Conclusion 

 To address the growing threat of widespread microplastic 

pollution in the oceans largely driven by anthropogenic activi-

ties, an urgent priority is to investigate the mechanisms under-

lying microplastic degradation. Understanding these processes 

is critical for developing effective strategies and tools that support 

global sustainability efforts. In the environment, microplastics 

degrade through physical, chemical, and biological pathways, 

each influenced by a combination of internal properties and 

external conditions. Key factors affecting the rate and extent of 

degradation include the chemical composition, structure and 

additives of the plastics, as well as environmental variables 

such as humidity, temperature and the type of surrounding medi-

um, be it soil, sand or water. In aquatic ecosystems, additional 

elements like sunlight exposure, particle depth and mechanical 

abrasion play significant roles in shaping degradation behaviour. 

Although each degradation pathway can independently reduce 

microplastics into nanoplastics, monomers or oligomers, syner-

gistic interactions between multiple processes are often more 

effective in accelerating breakdown. Therefore, a comprehensive 

understanding of these degradation mechanisms, especially under 

simulated environmental conditions, is essential. This review 

aims to explore these processes in depth to inform and advance 

innovative solutions for mitigating microplastic pollution. 
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