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Abstract

The rapid growth of synthetic textile production has intensified the release of micro- and
nanoplastics (MPs/NPs) into aquatic environments, primarily through industrial effluents
and domestic laundering. Textile-derived microplastics, especially polyester fibers and
polymeric coating fragments, constitute a significant fraction of plastic contamination
in wastewater systems. Although wastewater treatment plants (WWTPs) can remove
a large proportion of MPs, substantial quantities accumulate in sewage sludge, raising
concerns about long-term environmental persistence and secondary release pathways. This
review critically examines the sources, classification, and release mechanisms of textile-
based micro- and nanoplastics, including fibrous debris and coating-derived fragments.
Then it focuses on current identification and removal technologies, such as sedimentation,
coagulation/flocculation, electrocoagulation, flotation, membrane filtration, adsorption,
and biodegradation, and on the emerging strategy of converting recovered microplastics
into value-added porous carbon materials via hydrothermal treatment and pyrolysis.
Carbonized microplastics exhibit high surface area and adsorption capacity for dyes, heavy
metals, and organic pollutants, offering a circular approach that simultaneously mitigates
plastic pollution and enhances wastewater treatment efficiency. By integrating source
control, optimized removal technologies, and carbonization-based valorization, this review
proposes a dual-benefit framework that transforms textile-derived microplastic waste from
an environmental liability into a functional resource for sustainable water purification.

Keywords: textile microplastics; wastewater treatment; polymeric coatings; membrane
filtration; adsorption; carbonization; circular economy

1. Introduction

Water is a necessary requirement for all living things on Earth to function. It is
reasonable to argue that the existence of water is what makes Earth the only planet capable
of supporting life [1]. As the population grows, water supplies are increasingly degraded
by contaminants. Water quality is degraded and becomes hazardous to humans or the
environment when harmful substances, such as chemicals or bacteria, pollute an aquifer,
ocean, river, stream, lake, or other body of water. Recycled plastic accounts for a very
small portion of the plastic produced worldwide. The majority of the remainder is now
in the environment or open dumps. A portion of this plastic ends up in the ocean, lakes,
and rivers. By 2050, it is predicted that 12 billion metric tons of plastic garbage will
end up in landfills, open dumps, and the environment if existing consumption patterns
and waste management techniques do not alter [2]. Natural weathering processes that
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occur once plastic items are in the environment cause them to gradually break down
into smaller pieces. These particles are referred to as microplastics. The environmental
problem of the twenty-first century is the contamination caused by microplastics. The
topic pertains to the discharge, formation, and accumulation of tiny particles derived
from plastic, as well as the detrimental effects they have on the environment and human
health. In general, microplastics are defined as small plastic particles that range in size from
1 pm to 5 mm [3]. On the other hand, nanoparticles (NPs) are the smallest form of plastic
waste, measuring less than 1 um [4]. There are three possible ways that microplastics
can cause harm: first, physical harm from the particles themselves; second, chemical
harm from things like additives, sorbed chemicals, and toxic unbound monomers; and
third, microbiological harm from pathogenic microorganisms attaching to and colonizing
microplastics [5]. Throughout its entire life cycle (from manufacture to disposal), textile
fabric sheds plastic fibrils and coatings (micro- and nanosized debris) due to a variety of
mechanical and physical processes. Furthermore, these plastic components infiltrate into
wastewater and end up in the environment during industrial and residential washing and
drying [6]. A single washing cycle can remove more than 1900 fibers from a single piece of
clothing, according to a report [7]. The most common polyester fabric had a discharge of
0.033-0.039% w/w fibers. A certain proportion of these fibers could get past wastewater
treatment facilities and contaminate the environment worldwide. Up to 35% of MPs found
in aquatic environments come from residential and commercial textile washing, making it a
major source of MPs in wastewater. The textile industry is crucial in the introduction of MPs
and the release of polymeric-coated fibrous fragments, such as when finishes are applied
to polyester and other materials. Four research articles have reported on the emissions of
polyester fibrous fragments. They analyzed the quantity of fibers emitted by various types
of polyester clothing. Furthermore, polymeric coatings or chemically treated materials may
produce microplastics that act as vectors for hazardous chemical contaminants [8]. The
mitigating impact of various polymeric-based finishes on fiber fragments and filaments
has been the subject of several studies. Various textile functions have been induced by
chemical treatment. In textile coatings, the most commonly used functional finishes include
antioxidants, antistatic agents, flame retardants, plasticizers, lubricants, slip agents, and
stabilizers [9]. Each of these finishes serves a distinct and essential purpose in providing
and enhancing the various functional qualities of textiles, such as softness, hardness,
hydrophobicity, flame retardancy, antistatic charge dissipation, and antibacterial activity,
among others. For instance, plasticizers such as phthalic esters (PAE) are frequently used to
enhance the stretchability, flexibility, and durability of synthetic textiles [10]. The three most
commonly used antioxidants are phenolics, organophosphates, and arylamines. However,
due to their diverse physical and chemical characteristics, the harmful impacts of these
finishes on human health and on the pollution of the aquatic environment are currently
being studied. Secondly, there is a growing trend of using microplastics in wastewater
treatment through adsorption. Microplastics possess large surface areas relative to their
volume, making them suitable. Heavy metals, organic pollutants, and pharmaceuticals
are just a few of the contaminants that microplastics can adsorb due to their large surface
areas relative to their volume [11]. While much research has focused on MP release from
textile fibers into wastewater, few studies have examined MP release from textile finishes or
coatings. The study also preliminarily examines the potential impact of neglecting plastic
pollution resulting from microplastics generated by textile polymeric coatings. The second
section of the review examines emerging and promising sustainable strategies, specifically
the transformation of recovered microplastics into value-added carbonaceous materials
through carbonization. These porous carbon adsorbents exhibit high surface area and
strong adsorption capacities for dyes, heavy metals, and organic pollutants, offering a
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circular approach to both plastic waste management and water purification. Moreover, a
new approach to wastewater treatment emphasizes the use of micro- and nanoplastics for
their ability to adsorb pollutants and support microbial growth. Hence, this comprehensive
review aims to address two primary objectives: first, to collect microplastics from textile
wastewater, and second, to utilize these collected plastics in wastewater treatment.

2. Classification of Micro and Nanoplastics

Microplastics are generally categorized according to their size, which can range from
minuscule dimensions to less than 5 mm [12]. These tiny plastic particles are classified
as nanoplastics (<1 um) and microplastics (<5 mm) [13]. Typical categories of microplas-
tics are fragments, microbeads, films, fibers, and pellets. Small microplastics (less than
10 um) may move from the stomach into the circulatory systems of aquatic species [14].
Textile-derived microplastics (t-MPs) are a subset of environmental micro- and nanoplastics
that merit distinct classification because their origin, morphology, and surface chemistry
are dominated by textile polymer types (polyesters, polyamides, acrylics, regenerated
cellulosics), yarn/fabric architecture, and finishing chemistries rather than by the generic
fragment/film /bead taxonomy. For manuscript clarity this review classifies textile-based
particles by (i) physical form (fibres, fibrils, films/flakes, polymeric microbeads and coating
fragments), (ii) provenance (manufacturing loss, industrial finishing, domestic laundering,
drying and textile disposal) and (iii) surface chemistry (native polymer, chemically treated
or finish-coated), because these axes better predict fate, treatment response and toxico-
logical behaviour than size alone. Adopting a textile-centric taxonomy aligns monitoring
protocols with removal technologies (e.g., fibre-targeted filtration vs. density-separation of
fragments) and avoids conflation with non-textile MP sources [15,16].

3. Textile-Based Microplastics and Their Release
3.1. Fibrous Microplastics

Fibrous microplastics (FMPs) have gained significant focus due to their morphology
and material diversity, which produce environmental behaviors and exposure pathways
that differ fundamentally from those of irregular fragments. While past studies identify
natural and synthetic sources and distinguish two categories of human-made organic
fibers, this binary classification is insufficient for risk appraisal. Common reporting lumps
together fibers of very different chemistries (e.g., petroleum-derived synthetics, chemically
modified natural polymers, and regenerated celluloses), yet these groups differ markedly
in fragmentation pathways, surface chemistry, and persistence. The statement that fibrous
MPs are “mainly composed of PES, PA, PLA, and cellulose acetate” is factually useful but
mechanistically thin: polymer crystallinity, molecular weight distribution, and manufactur-
ing finishes strongly modulate mechanical durability and thus shedding rates, and their
parameters are rarely reported alongside polymer identity [17].

The exclusion of fibres from wool, silk, or native cellulose as MPs reflects a pragmatic
taxonomy, but it creates a blind spot: regenerated or heavily chemically treated cellulosic
fibres may behave more like synthetic polymers in the environment, challenging the neat
“natural vs. synthetic” divide [18]. Similarly, the length-to-diameter morphological defini-
tion (>3:1 ratio; diameter < 25 um; length 1 um-0.5 cm) [19] is valuable for comparability
but masks functional heterogeneity, which ranges around 20 pm-diameter polyester fila-
ment; it will interact with biota and hydrodynamic forces very differently than a 2 pm fibril
of the same polymer. Relying solely on geometric thresholds, therefore, risks conflating
particles with divergent ecological consequences. These emergent biopolymer fibres (e.g.,
PLA) are often framed as environmentally preferable, yet their degradation kinetics under
realistic aquatic and sedimentary conditions remain poorly quantified [17]. Without con-
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sistent reporting of degradation state and environmental half-lives, claims about reduced
risk are premature. To advance from description to actionable insight, studies must pair
polymer identification with structural (crystallinity, molecular weight), surface-chemical,
and aging metrics that determine environmental fate.

3.2. Polyethylene Terephthalate-Based Microplastics

A highly important and widely used engineered thermoplastic material and polymer
is polyethylene terephthalate (PET), a semi-crystalline, aromatic polymer that has multiple
properties, including high strength, chemical resistance, toughness, great dimensional
stability, a high glass transition temperature, and superior mechanical capabilities [20].
The most crucial element in determining its mechanical properties and the possibility of
using diverse production methods for varied applications is its molecular weight [21]. PET
is widely used to make plastic bottles. In the production of textile fibers, a significant
amount of polyethylene terephthalate (PET) is used. Clothing made of PET is said to
lose thousands of microfibers with every washing cycle. WWTPs do not break down
PET-released plastic debris, and effluents containing NP are released into surface waters.
Lei Tian introduced a brand-new technique for removing MP finishes from wastewater
generated by household textiles. They employed a streamlined three-step approach to
determine the mass concentrations of PET MP in WWTP influents and effluents, and to
measure PET NP in domestic wastewater. Several separation processes, including sieving,
filtering, evaporation, extraction, and digestion, were employed to process the material.
They demonstrated that the proposed quantification technique is easy to use, efficient, and
suitable for quantifying PET MP in wastewater. The estimated percentage of polyethylene
terephthalate (PET) in the total MP found in the upper and lower water surfaces is 71.4%
and 59.73% [22].

A study of Dubais and Libezeit found that fiber discharge from polyester fabric varied
between 0.033 and 0.039% w/w at each wash [7]. These findings underscore the importance
of understanding MP release during textile laundering to minimize direct emissions and
discharges through Wastewater Treatment Plants. The effect of detergent on fiber emissions
was observed by Niko L. Hartline et al. in a study using two types of mechanically
aged polyester fabrics: one fresh and one that had been mechanically aged [23]. Fiber
masses surpassing 0.3% by weight of the unwashed garment mass were liberated by the
mechanically aged polyester clothing. Fiber emissions initially declined and then stabilized
after 10 mild washings in the tests, which were conducted without the use of detergent [24].
Under certain washing circumstances, the addition of fabric softener and detergent had
no discernible effect on fiber emissions [25]. Functional groups like amino, hydroxyl, and
carboxyl are present as end groups of typical synthetic fibers. These fibers may have a
major impact on the destiny of hydrophobic materials in the environment [26]. Although
the amount of microplastics in the environment is unclear, the burden of washing textiles
and personal care items has an impact on wastewater treatment facilities [27]. Research
examined the emissions of polyester fibers and fragments when certain new and unused
garments were machine-washed [28].

Domestic and industrial laundering are the dominant immediate pathways by which
synthetic textile fragments enter wastewater streams. Fiber release depends primarily
on fabric construction (pile vs. smooth), polymer chemistry (e.g., polyester, polyamide),
mechanical ageing, and washing conditions (detergent type, temperature, mechanical
action). Controlled washing studies demonstrate that a single cycle can release hundreds
to thousands of fibers per garment, and mechanically aged polyester garments show
substantially higher release than new garments. These observations imply that mitigation
should target fabric design, finishing chemistry, and washing conditions rather than relying
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solely on end-of-pipe solutions [29]. Several physicochemical processes and parameters
are involved in textile washing. The most significant of these are mechanics, washing
time, chemistry, and temperature [28]. These work together to provide sufficient washing
consequences [30]. Recently, a study was conducted in the chemical laboratory of the
Technical University of Liberec, within the framework of the acknowledged project “Textile-
derived micro-plastics in aquatic ecosystems: identification, characterizations, and effect
assessment.” Several washing cycles were applied to a single jersey PES knitted fleece
fabric. After each wash, the fabric’s physical appearance was examined. An analysis was
done on the decrease in fibrous assembly across the fabric structure. The sample after the
first wash and after the tenth cycle differed significantly, as indicated by visual inspection
(see Figure 1).

(b)

1 Cycle 2nd Cycle  3rd Cycle  4th Cycle 5th Cycle

Polyester (PES) knit fleece

6th Cycle  7thCycle  8th Cycle 9th Cycle 10th Cycle

Reverse

Figure 1. (a) Microscopic images of PES fleece and (b) microplastics eliminated from the surface of
PES fleece fabric during washing and drying. Reproduced from Ali, A., et al. (2024) [31].

4. Microplastics Produced from Polymeric Finishes
4.1. Textile Finishes as the Source of Microplastic Production

Wet textiles can produce micro- and nanoplastics from a variety of materials and
polymeric finishes, suitable for a range of uses. Over time, polymeric finishes, such as
coatings and laminates, may deteriorate and release MP into the environment. Two types
of plastic waste are produced by textiles: MP released from polymeric coatings alone, and
MP as fragments of synthetic fibers associated with polymeric coatings [15]. During textile
washing, textile coatings may release microplastics, including both fibrous and polymeric
microplastics [32]. The structure of the cloth, the washing environment, and external
factors such as friction can all affect how many polymeric MP are released. Polymeric
MP may also be released using smart-coated fabrics that employ microcapsules to deliver
active ingredients in a controlled manner. Common polymeric materials most likely come
from textile finishes, including polyurethanes, acrylates, silicones, melamines, epoxides,
polyvinyl chloride, polystyrene, polyethylene, and polyimides, among others [33]. These
polymeric MPs are the result of clothes washing activities and fragment over time in the
environment [34].

4.2. Degradation Rates of Plastics in the Environment

During the cleaning, washing, drying, manufacturing, and disposal phases of the
life cycle of polymeric-coated textiles, micro- and nanoplastics are constantly released.
Wind buildup, landfill leaching, and wastewater treatment plant discharges are among the
ways the fibrous and coating materials released by MP might end up in the environment.
Monitoring, control, and mitigation strategies for the release of polymeric-coated fibers,
along with their sustainability, are considered in a life-cycle evaluation [35]. A schematic
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diagram of the emissions and environmental transport pathways of polymeric micro- and
nanoplastics released from various polymeric substrates is depicted in Figure 2.
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Figure 2. An overview of polymeric microplastics (PMPs) or polymeric (PNPs) released from different
source materials and products and their emissions and transport pathways to the environment.
Redrawn with permission from Angelica Bianco [36].

The discharge of polymeric MP from the washing of synthetic fabrics, which include
polymeric coatings, has sparked public attention and environmental concerns [37]. The
International Union for Conservation of Nature (IUCN) proposed that 35% synthetic textile
fibers constitute the main source of micro and nanoplastics entering the seas. With an
annual emission of 76.8 g, the Fraunhofer UMSICHT Institute calculated that MP from
synthetic textile washing ranked number 10 among the top 10 sources of MP. MPs have been
found to be significantly influenced by the washing of synthetic textiles [38,39], regardless
of the many approaches, standards, and measurement scales that have been employed.
Polyester and polyamide, two synthetic fibers that are frequently employed as textile
coating materials, have the ability to release a surplus of MP [40].

4.3. Polyurethane Textile Finish

Polyurethane (PU), a common textile finish, enhances fabric quality and performance
by providing several benefits, including water repellency, improved breathability, increased
durability, softness, windproofing, elasticity, UV resistance, and enhanced stretch recov-
ery [41]. The SEM, FTIR, and quantification techniques were used to investigate PU
microplastic particles from textile effluent that exhibited fungal biodegradation. Chain
scission, along with physical and chemical changes, alters the photodegradation pattern
of polyurethane coatings on textiles. As the photoaging time increases, the formation of
MP is a time-consuming process, characterized by various properties and debris release
rates. After about 360 h of exposure, the number of PET-U-released nanoparticles was
around 2.70 x 10 NPs/g, but the number of MPs produced increased significantly to
9.3232 x 107 MPs/g [42].
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4.4. Polyethylene-Based Textile Finish

Polyethylene can impart a hydrophobic quality to the surface of fabric and act as a
barrier to keep out stains and impurities. Polyethylene treatments are very beneficial for
textiles designed for water or sun protection. In particular circumstances, polyethylene
coatings can help retain heat or cold by enhancing thermal insulation properties [43].
However, polyethylene (PE) coatings on textiles can produce MP that may harm health
by affecting digestion and absorption of nutrients. A study was conducted to determine
the presence of nano plastics in textile wastewater treatment facilities. Polyethylene and
mechanical degradation of MP caused by water shear forces produced by water treatment
processes may be the primary sources of polyethylene nanoplastics in the WWTP. They
proposed that fiber synthesis produces microplastics, which are then converted into waste
by a range of mechanical, thermal, and environmental processes (Figure 3). Empirical
evidence indicates that polyethylene-based additives are discharged at the surface of the
ocean rather than into deep-sea water, where the primary plastic components were intended
to flow before reaching the sediment layer. The study carefully investigates the plastic
particles released into marine water from polyethylene (PE) and soft polyvinyl chloride
(PVC) plastic coatings [44]. The polymeric fragments were discovered in a sample of natural
surface and deep seawater that was exposed to 13 °C (the temperature of Mediterranean
deep seawater) for 30 days in the dark. The researchers found that the most abundant
polymer in the aquatic environment is polyethylene (PE) covering [45]. Another study
investigated the yield of nanoscale plastic debris from low-density polyethylene (PE) that
was recovered. The yield that resulted from exposure to intense water washings included
PE plastic particles of a nanoscale size with a density of more than 10'? L. By comparing
each tested substrate to the initial water temperature, which changed from high to moderate,
the number of particles released was detected. The collected plastic particles were found to
have an average diameter of 30 to 80 nm, except for a very small number of particles that
were found to be smaller than 200 nm [46].
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Figure 3. Possible pathways and mechanisms of plastic degradation and microplastic formation due
to exposure to various environmental factors. Images showing the size and variability of microplastics.
Reproduced from Monira, S., et al. (2023) [44].

4.5. PVAC and DMDHEU Textile Finish

Polyvinyl acetate (PVAC) is used as a textile film and resin matrix for fabric coat-
ing. The wastewater from textile production has an extensive greywater footprint, which
enhances the risk of MP contamination from the production of polymeric-coated fabrics.
Research in the Taipu River covers the gap between field data and policymaking about
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MP management by advancing our understanding of cleaner textile manufacturing. The
dimethyl dihydroxy ethylene urea (DMDHEU) polymer is utilized extensively in the indus-
try due to its remarkable wrinkle-healing capabilities and availability. The fabric structure
is often covered with Fixapret ECO, a modified cross-linker with a reduced formaldehyde
concentration [47,48].

4.6. Fluorocarbon Plastics Textile Finish

Fluorocarbon plastics contain fluorine atoms in their molecular structure. These
polymers are also commonly referred to as fluoropolymers. These are well known for
possessing a unique set of properties, including decreased friction, enhanced heat stability,
high chemical resistance, and non-stick properties [49]. A fluorocarbon release coating
patent (US 10,967,399 B2) was filed by Yu et al. [50]. According to him, fluoropolymers are
highly resistant to a range of chemical attacks on functional coatings. There are multiple
techniques for applying fluoropolymer release coatings to a substrate surface, including
plasma deposition for an organo-fluorine coating on fabric surfaces and wet-chemical coat-
ing on textile substrates [51]. When these coatings were washed, they were likely to yield
MP. Polyvinylidene Fluoride (PVDEF), Perfluoroalkoxy Polymer (PFA), Ethylene Tetrafluo-
roethylene (ETFE), Polyhexafluoropropylene (FEP), Chlorotrifluoroethylene (ECTFE), and
Polytetrafluoroethylene (PTFE) are a few well-known examples of fluorocarbon plastics.
Due to their unique combination of properties, fluorocarbon polymers are utilized in nu-
merous industries. These can also release perfluorinated compounds, which are persistent
in the environment and have been associated with health and environmental hazards. As a
result, ongoing research and efforts are being made to develop more sustainable alternatives
and mitigate the environmental impact of these materials. Polytetrafluorethylene PTFE is
among the most widely used fluorocarbon polymers. Due to its chemical resistance, it is
frequently used in industrial settings as a liner material in tanks and pipelines, as well as in
cookware (such as Teflon). Its non-stick properties are well known. Polytetrafluoroethylene
(PTFE) coating on textiles has been the subject of numerous publications, some of which
have focused on the process of creating a PTFE special base fabric. The study observed the
use of a specially manufactured membrane composed of a hydrophilic layer covered atop
hydrophobic PTFE to treat textile wastewater by membrane distillation [52]. In another
study, a PTFE membrane covering material improved the thermal insulation properties
of the cotton substrate. Additionally, the structure and properties of PTFE fibres were
explained, demonstrating their exceptional heat stability and wide range of fineness. A
PTEFE film-coated PTFE grid composite film material with a layer of glass fibre grid cloth
wrapped in PTEE film layers was studied [53]. Abhijit Nag et al. [54] utilized common
metals to investigate the degradation of polytetrafluoroethylene (PTFE) coatings in water.
Fluorocarbon polymeric fragments were found in around 53 mg of solid solids in the
effluent, according to high-resolution mass spectrometry [54]. The study emphasized how
harmful MP are to both the environment and human health. Andrzej et al. [55] examined
the effects of washing on the mechanical characteristics of two specific fabrics composed
of PTFE coating and glass threads. They performed uniaxial tensile tests to confirm the
longitudinal stiffness and ultimate tensile strength of groups of specimens under various
moisture conditions [55]. Even though the fundamental materials used in fabric production
are intrinsically water-resistant, it was discovered that both in-plane watering at the cut
ends and out-of-plane watering through the covering reduced the mechanical properties
of the PTFE. A specifically designed membrane, composed of a hydrophilic layer over a
hydrophobic polytetrafluoroethylene (PTFE) substrate, was created to address the issue of
wetting. A remarkable 99% complete salt rejection was achieved [56].
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4.7. Melamine-Based Finishes

Melamine is a preferred thermosetting plastic resin material for making practical
fabrics because of its toughness, heat resistance, and flame-retardant properties [57]. In a
study on the gradual release of small plastic particles (176 particles/L), Nile Red discov-
ered that polystyrene and melamine coatings produced more microplastics (261 p/L) in
hotter conditions (192 p/L) than in “cold” conditions (90 p/L). Another study found that
compared to cleaning a melamine-coated bowl once (18 p/L), washing the dish 100 times
generated an order of magnitude more microplastics (394 p/L). MP pollutants in rivers
and lakes are of prime environmental relevance because pristine water systems serve as
conduits for NPs to travel from land to sea. According to studies, there is a significant
number of NP fragments in the upper and lower water surface, with concentrations ranging
from 0.65 to 6.07 items/L and 0.30 to 3.63 items/L. They observed translucent fibres with
important NP structures that ranged in size from 100 to 500 pm [58].

4.8. Microcapsule-Based Textile Finishes and Associated Microplastics

Microcapsule-based finishes and encapsulated functional agents (antimicrobials, fra-
grances, phase-change materials, insect repellents) have grown in textile applications
because they provide controlled release and enhanced functionality, yet they also create
a distinct source of polymeric debris when capsules or their polymeric shells fragment
during use and washing. The particles released are typically micron-sized polymer shells
containing active cargo and can act as vectors for both the encapsulated actives and sorbed
pollutants; consequently, their treatment requires approaches that address both particulate
removal and chemical fate. Waste-treatment strategies include (i) upstream design: use of
biodegradable capsule shells or matrix-binding strategies to reduce detachment, (ii) capture
at source: laundromat or on-machine filtration to intercept capsules before sewer entry,
and (iii) downstream treatment: co-treatment in WWTPs combined with targeted adsorp-
tion/advanced oxidation for the residual active agents in sludge or effluent. Integration of
capsule design with end-of-life management (e.g., bio-based shells that mineralize during
sludge treatment) reduces long-term persistence and chemical risk. Monitoring protocols
should explicitly differentiate capsule-derived polymer fragments from fiber fragments
because their chemical payloads and environmental behavior differ [6].

5. Washings and Their Influence on the Release of Fiber Fragments

Fragmented fibers primarily enter waterways and wastewater systems through
two main pathways: washing machines in households and discarded textiles in land-
fills. Despite the significance of this issue, there is a scarcity of quantitative research
studies, with most existing studies relying on indirect methods to estimate the release of
fiber fragments. One notable study by Napper et al. [6] investigated the release of fiber
fragments from three types of synthetic garments (100% PAN, 65% polyester/35% cotton
blend, and 100% PET) using a commercial washing machine. The study investigated the
impact of detergent, conditioner, and temperature (30 °C and 40 °C) on the release of fiber
fragments. Washing 6 kg of garments released a significant amount of fiber fragments
728,789 from 100% PAN garments, 496,030 from 100% PET garments, and 137,951 from
65% polyester /35% cotton garments. A separate study by Belzagui et al. [59] investigated
fiber fragment emission from various fabric blends, including 70% PAN/30% PA6, 80%
PET/20% elastane, and 100% PET. The results revealed that the PAN /PA blend fabric shed
the maximum fiber fragments. The findings suggest that garment structure plays a crucial
role in fiber fragment shedding. In particular, fluffy clothing composed of 100% PET woven
textiles released more fiber fragments than non-fluffy clothing composed of blends such as
70% PAN/30% PA and 90% PET/20% elastane [59]. A frequent component of household
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laundry is detergent. According to Chiweshe and Crews, as well as De Falco et al., powder
detergent produces greater fiber fragment emissions than liquid detergent [60]. However,
zeolite, an inorganic component included in powder detergents, increases friction between
clothes and machinery. Detergents with an alkali base hydrolyze fiber surfaces, allowing
fiber fragments to be released. When it comes to shedding fiber particles during household
washing, powder detergent is essential, but the chemical composition is more significant
than that of liquid or powder detergents. Because detergent contains a surfactant that
lowers surface tension and lubricates fibers to prevent releases, it also lessens the quantity
of particles released by synthetic clothing [61]. Builders are essential for washing because
they chelate the positive ions found in hard water. Although anionic surfactants are prone
to binding with polyvalent ions in hard water, they are effective at removing dirt and
stains [62]. Cleaning effectiveness is decreased by calcium ions, which serve as “glue”
between the cloth surface and the stain. Nonionic detergents are costly yet readily soluble
in water and effective in hard water. Polyoxymethylene groups, which lubricate clothing
and lessen the release of fiber fragments, are frequently found in nonionic detergents.
Enzymes such as lipases, amylases, cellulases, and proteases are added by the detergent
industry to enhance the effectiveness of stain removal and speed up the washing process.
Cellulase-containing detergents increase the reduction in fiber fragments during washing
cycles by breaking down cellulosic fibers into monosaccharides. Despite being pricey, these
enzymes work well for cleaning and removing stains but also negate more fiber fragments
during washing.

6. Micro and Nanoplastics in Textile Wastewater
6.1. Textile Microplastics Identification

The growing presence of micro- and nano plastics in wastewater, particularly from
the textile industry, poses a substantial environmental risk. Efficient detection, removal,
and analysis of these contaminants are crucial to reduce their harmful effects on the
environment and human well-being. Sirajum et al. [44] described an innovative method
for eliminating micro and nano plastics from textile wastewater, employing a specialized
technique involving the sampling of wastewater at various stages, including influent
(wastewater entering treatment plants), effluent (treated wastewater discharged into the
environment), and sewage sludge (residual solids generated during wastewater treatment).
The proposed methods mark a crucial initial step in accurately characterizing and analysing
microplastics and nanoplastics. Typically, sampling involves collecting wastewater in a
container, such as a glass jar or stainless-steel bucket, and then subjecting it to filtration
or using an automatic sampler for further analysis. Figure 4 shows the flow diagram of
wastewater samples collection devices, pre-treatment methods, and analytical techniques
used for NP/MP characterisation.

A comprehensive wastewater sampling protocol was employed, incorporating ex-
traction pumps and filtration devices such as stacked stainless steel mesh screens, mobile
membrane pumps, and suction pumps. Sieving processes utilizing filters with varying
pore sizes and distributions were also applied to isolate micro and nanoplastics. Following
these pretreatment steps, advanced analytical tools were used to further characterize and
analyze the separated micro- and nanoplastics [63].

6.2. Remouval of Micro and Nanoplastics from Wastewater

By implementing a combination of suitable methods, it is possible to effectively collect
and analyze microplastics from both domestic laundering and industrial textile processes,
thereby reducing their environmental impact. The conventional treatment processes used
in water treatment plants include sedimentation, coagulation, flocculation, and/or den-
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Figure 4. Flow diagram of current wastewater samples collection devices, pre-treatment meth-
ods, and analytical techniques used for NP/MP characterisation. Reproduced from Monira, S.,
et al. (2023) [44].

6.2.1. Removal Through Sedimentation

Sedimentation relies on gravitational settling and can remove 57-64% of suspended
MPs during primary and secondary treatment stages [66]. Wastewater commonly con-
tains microbeads and fragments, which may constitute up to 91.7% of detected parti-
cles [67]. Experimental simulations using polyethylene (PE) suspensions demonstrated
that coagulation-assisted sedimentation significantly enhances removal efficiency [68,69].

Removal performance is highly pH-dependent due to changes in particle charge and
coagulant speciation. For example, PE removal using polyferric sulfate (PFS) decreased
from 80.3% at pH 5 to 29.85% at pH 9. The superior performance of PFS compared to
polyaluminum chloride (PAC) and aluminum sulfate (AS) is attributed to its hydrolysis into
polynuclear polymers that promote aggregation and settling. These findings underscore
the importance of optimizing physicochemical conditions rather than relying solely on
gravity-driven processes [70,71].

6.2.2. Removal Through Coagulation and Flocculation

The process of coagulation, which is used to remove microplastics (MP) from water
treatment plants, involves the hydrolyzed monomers of the positively charged coagu-
lant adsorbing flocs onto the surface of negatively charged MP. Coagulation destabilizes
negatively charged MPs by adsorbing hydrolyzed metal ions, reducing electrostatic repul-
sion, and facilitating floc formation [72]. Coagulants, including various aluminium salts
(KAI (SO4)2.12H20, A12(804)3.18H20 and A1C13.6H20,) and iron salts (FQQ(SO4)3.9H20,
FeCl3.6H,0), are frequently used in the water treatment industry to settle MP to the bottom
of the coagulation tank and collect them by producing flocculants. Aluminum-based salts
generally outperform iron-based salts, particularly when combined with anionic poly-
acrylamide (PAM), which enhances sweep flocculation. Removal efficiencies of 82-84%
have been reported for polyethylene and polystyrene MPs under optimized alum-PAM
dosing [73]. Modified natural polymers, such as cationic starch (CS), have demonstrated
removal efficiencies between 49.8-62.4%, with optimal performance at 90 mg/L. While
promising, such systems require further validation under real wastewater matrices [74,75].
Electrocoagulation (EC) offers a more advanced alternative that uses metal ions to extract
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suspended metal nanoparticles (MNPs) from wastewater. Metal electrodes generate coag-
ulant species in situ, while hydrogen bubbles aid flotation and separation [76]. Removal
efficiencies exceeding 99% have been reported for 300 um PE microbeads under optimized
current densities [77,78]. However, operational parameters such as electrode configuration,
current density, and pH significantly influence performance, and consistent 100% removal
remains challenging. Although EC reduces chemical inputs and sludge production, scala-
bility and energy consumption remain practical considerations. Furthermore, 100% MP
removal efficiency is found to be uncertain within the system (Figure 5) [79].
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Figure 5. Electro-coagulation Setup for Research Study. Reproduced from Rasheed et al. (2024) [79].

According to Figure 6, different current densities at various times were observed to
achieve 100% removal efficiency.

MP Removal Efficiency in EC Set-up by Current Density
110%
100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%
10 20 30 40 50 60 70 80 90 100 120 140

I Current 10 A/m2 Current 20 A/m2 == Current 30 A/m2
Figure 6. Microplastics Removal Efficiency in EC Set-up by Current Density [79].
A 100% removal efficiency for microplastics was observed at 10, 20, and 30 A/m?.
In a neutral pH environment, along with high current density, coagulant formation and
bubble generation exceed normal values. In the state of high current density and high

current supply periods current density, maximum removal with low current density has
been shown in the recorded results [79].
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6.2.3. Removal Through Flotation/Density Separation

The flotation process consists of four fundamental steps. Primarily, bubbles form in
wastewater. Gas bubbles are allowed to come into contact with suspended particles or oil
droplets, the particles or oil droplets are allowed to stick to the bubble surface, and the
air-solid mixture is raised in order to skim the floating materials [80]. Vacuum floatation,
electrolytic floatation, dissolved air floatation (DAF), induced air floatation (IAF), and
foam floatation are all methods of producing bubbles. In thick liquids, flotation is one of
the most widely used methods for eliminating low-density plastic particles from silt or
soil. Compared to the sedimentation process, dissolved air flotation is more costly to run
and maintain, but it is an effective way to get rid of algae and low-density particles [81].
Flotation removes low-density plastics through bubble particle attachment and surface
skimming [80]. Vacuum floatation, electrolytic floatation, dissolved air floatation (DAF),
induced air floatation (IAF), and foam floatation are all methods of producing bubbles.
Dissolved air flotation (DAF) is effective but operationally expensive compared to sedimen-
tation [81]. Density separation using saline solutions remains a cost-effective laboratory
technique for MP isolation [82]. A centrifugation step can be added to saline solutions
after density separation to improve the ability to separate plastic from sediment and to
collect microplastic fibers and granules from sediments [83]. Comparative assessments of
NaCl, ZnCl,, Nal, ZnBr,, and mixed solutions reveal that NaCl, despite its low recovery
(~74.2%), remains attractive due to cost and environmental compatibility [84-87]. The
spiking recoveries of several textile microplastic density-separation solutions are shown
in Figure 7.
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Figure 7. Separation and recovery of textile microplastics by density separation solutions. Reproduced
from Li et al. (2023) [85].

Although NaCl solution can extract a wide range of microplastics, its use may be
limited by oxidizing conditions and its high cost. The combined recovery of the two
solutions was between them, suggesting that increasing the solution density could improve
efficiency. The addition of NaCl controlled the oxidation of the NaCl solution on the
filter membrane, thereby reducing the cost of the experiment (Figure 8). More methodical
investigation is anticipated, as there are still unknowns about the separation of microplastics
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in mixed solutions [88]. ZnCl, shows higher recoveries (up to 91.3%) and better repeatability
than ZnBr,, which may leave interfering residues on filters. Nonetheless, most evaluations
are conducted under simulated conditions, and performance in complex textile effluents
requires further validation [89].

NaCl ZnCl, ZnBr, Nal  NaCl+Nal

Figure 8. Filter membranes after using density separation solutions. Reproduced from Li et al.
(2023) [85].

6.2.4. Removal Through Filtration Technologies

Filtration, including membrane technologies, plays a significant role in removing
pollutants to purify water. Various techniques, including micro-, ultra-, and nanofiltration,
as well as reverse osmosis, are often employed for water purification. Microfiltration (MF),
a barometric process, usually differentiates suspended and colloidal particles (including
plastic particles) from the water [90]. Ceramic microfiltration membranes have recently
gained significant popularity due to their high operating temperatures, high mechanical
stability, ease of regeneration, and resistance to harsh chemical conditions. Ultrafiltration
retains particles larger than approximately 0.01 um and is highly effective for removing
microplastics (MPs), organic matter, and turbidity. Its relatively low energy demand
and adaptability to both domestic and industrial applications enhance its practicality.
Nanofiltration membranes (pore size 1-3 nm) efficiently remove electrolytes and low-
molecular-weight organic compounds, including plastic-associated contaminants. Reverse
osmosis combines non-porous and dense membrane characteristics under high pressure,
enabling the removal of even monovalent ions. Membrane bioreactors (MBRs) integrate
biological treatment with membrane filtration and have demonstrated removal efficiencies
approaching 99% for MPs and nanoplastics (NPs) [91].

Sand Filtration

Sand filtration is a cost-effective technique frequently used in WWTPs to remove
several components, serving as tertiary treatment. In one investigation, a lab-scale sand
filter was used to remove MPs. Glass storage bottles of 2 L were used to collect wastewater
samples from a plastic recycling plant, and characterization was performed based on
size, shape, color, and polymer type using p-FTIR and visual identification. They were
categorized as beads, fragments, and fibers. A sand-filter column was used for sand
filtration. Sand was cleaned using microplastic-free RO (Merck Millipore membrane filter
with pore size of 0.22 um) in two columns, burned at 550 °C. The typical particle size
ranged from 0.7 to 1.4 mm. The columns were often covered with aluminum foil to prevent
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contamination. Considering certain strategic conditions, a flow rate of 7.24 cm?/min was
used to filter the wastewater samples through a sand filter column with an internal diameter
of 2.4 cm and a filter depth of 16 cm. In the control sample (collected), 9 particles, essentially
fibers, were found, and the results were calibrated to the microplastic concentration in the
control (Figure 9) [92].
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Figure 9. Distribution of different polymers for both types of wastewater, before and after the sand
filter. Reproduced from Umar et al. (2023) [92].

Samples were digested with 10% KOH and filtered using GF/A glass fiber filters
(pore size 1.6 pm, @ 47 mm). Multiple blanks and chemical controls (10% KOH) were
used to correct results. The lab sand filter removed virtually all detectable fractions in the
examined samples, but variability in particle counts (often <1 particle-L~! for some size
classes) underlines limitations in quantification at low concentrations [92].

Microfiltration

Microfiltration (MF) comprises pressure-driven porous membranes (0-2 bar) with
pore sizes ~0.1-10 um. Laboratory and field studies report MP removal efficiencies up
to 98.5% in controlled tests and 81.5-100% in drinking water treatment plants (DWTPs)
and wastewater treatment plants (WWTPs) [93]. Four identical ceramic MF membranes
and two commercially available ceramic MF membranes (Filtanium, TAMI Industries,
Nyons, France) are used for comparison. The commercial membranes had substrate pore
sizes of 4.5 um and active layers of 0.8 and 0.14 pum; the TUBITAK membranes had
substrates with 0.6 pum pores and 0.4 um active layers. Bench-scale cross-flow rigs with
pressure and flow monitoring, backwash and chemically enhanced backwash systems, and
feed /permeate tanks were used to evaluate operational performance and MP retention [94].
Influent and secondary effluent MPs ranged in long-axis length from 17 to 427 um, and
short-axis diameters from 8 to 156 pm, with 20-60 um particles being the most abundant;
dominant polymer types included PP, PVC, PE, and rubber [94]. Removal principally
follows size-exclusion; ceramic membranes with submicron active layers effectively retain
MPs > ~10 um, supporting high stable removal rates [95].

https://doi.org/10.3390/c12010024


https://doi.org/10.3390/c12010024

C2026,12,24

16 of 48

Ultrafiltration

Ultrafiltration (UF) membranes have pore diameters ~1-100 nm and operate at
1-10 bar. UF effectively removes MPs (1-5000 pm) and associated contaminants. For
example, PE MPs (500-5000 pm) were removed from deionized water using a PVDF
flat-sheet membrane with an average pore size of ~30 nm [96]. Luogo et al. (2022) [97]
employed a SiC microfiltration membrane and a ZrO, ultrafiltration membrane to investi-
gate the removal of pollutants from laundry wastewater. Ultrafiltration (UF) membranes
have pore diameters of 1-100 nm and operate at 1-10 bar. UF effectively removes MPs
(1-5000 pm) and associated contaminants. For example, PE MPs (500-5000 pm) were
removed from deionized water using a PVDF flat-sheet membrane with an average pore
size of ~30 nm [97]. Polymer type, membrane surface properties (roughness, porosity, zeta
potential, contact angle), and MPs” hydrophobicity influence retention; studies indicate that
PES UF membranes can outperform PVDF MF membranes in MP and nanoplastic removal
when membrane materials are comparable [98].

Composite membranes (e.g., rGO/PAN) have been evaluated for treating effluents
from a PET recycling facility located in the Silesian Province. Tests on process water (MP1)
and raw wastewater (MP2) showed that rtGO/PAN composites resist fouling better than
unmodified PAN, yielding higher fluxes and reduced cake formation. Membranes with
increasing rGO content exhibited greater surface porosity and higher permeate fluxes
(membranes A-D: 85.0, 116.2, 139.3, and 320.5 L-m~2-h~!, respectively) and improved
transport properties after repeated cleaning cycles [99,100]. The rGO/PAN composite
membranes for the treatment of wastewater containing MPs are shown in Figure 10. Pho-
tographs of membranes after the two-stage UF process and three cleaning cycles. The
pure PAN membrane (membrane 0) shows severe contamination and cake layer formation
(white — dark brown), while rtGO/PAN membranes (A-D) exhibit only slight discoloration
with no visible cake layer. The amount of deposited impurities decreases from A to D [100].

Figure 10. Photographs of the membranes before (above the dashed line) and after (below the dashed
line) two-stage wastewater permeation. Reproduced from Fryczkowska et al. (2021) [100].

Nanofiltration

Nanofiltration (NF) membranes (pore size 1-10 nm; 5-15 bar) remove low-molecular-
weight organics and multivalent salts with a molecular weight cut-off (MWCO) of
200 Daltons from water and wastewater [101]. This method provides higher salt rejection
and greater flux than reverse osmosis (RO) but requires elevated pressure. Limited studies
on MPs indicate variable performance: an NF membrane with MWCO 400 Da removed
MPs below detection in four of six samples and reduced concentrations from 0.018 to
0.002 MP-L! in two samples; further research is needed to optimize NF for MP re-
moval [102].

Reverse Osmosis

Reverse osmosis (RO) uses dense membranes with effective pore diameters < 1 nm to
remove monovalent ions and trace contaminants. RO typically achieves higher MP removal
than conventional techniques; however, nanoplastics and MPs have been detected in RO
permeate in some advanced treatment plants. Observed permeate fractions comprised ~60%
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fibers and 40% fragments, suggesting membrane imperfections, material properties, or
larger effective pores allow some MP passage. RO should not be assumed to be an absolute
barrier; identifying the mechanisms enabling MP persistence in permeate (membrane
defects, fouling, material interactions) is essential to improve process design and risk
management [1].

Membrane Bioreactors

Membrane bioreactors (MBRs) combine biological treatment with membrane filtration
and include submerged and side-stream configurations. PVDF membranes are commonly
used owing to larger pore sizes and reduced fouling propensity. Compared with conven-
tional activated sludge (CAS), MBRs eliminate the need for a separate secondary settling
tank, produce higher-quality effluent, and generate less sludge. MBRs perform well un-
der short hydraulic retention time (HRTs), high mixed liquor suspended solids (MLSS),
high loading rates, and extended sludge retention time (SRTs), and they demonstrate
substantially higher MP removal than CAS [103]. Pilot-scale studies reported a reduction
in MP concentration from 6.9 to 0.005 MP-L~! (99.9% removal) when treating primary
wastewater with MBR systems. CAS effluent concentrations were higher, ranging from
0.2 to +0.06 MP-L1, indicating that permeate from MBRs is typically much lower in MPs.
Lares et al. [104] observed pilot MBRs reduced MP to 0.4 & 0.1 MP-L~! with 99.4% removal.
Although MBRs can accumulate more MPs in sludge than CAS, their permeate quality
supports their use where high MP removal is required [104].

A lab-scale triple-phase biofilm A20 reactor (anoxic-anoxic-aerobic) with PET bio-
carriers achieved overall MP removal of 99.18% over 53 days: anoxic-1 reduced MPs
from 810 to 223.33 MP-L~! (72.43%), anoxic-2 to 66.67 MP-L~! (91.77%), aerobic to a
further reduction (98.35%), and sedimentation produced final effluent ~ 0.82% of influent
MP concentration. These results align with literature reporting that A%O configurations
can reduce MPs by 98% while primarily designed for nutrient and organic removal [105].
Figure 11 demonstrates the elimination of microplastics by means of the treatment processes
comprising different steps over a span of 53 days in A?O reactor succeeding steady state.
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Figure 11. The occurrence and removal of microplastics in the effluent of each treatment A2O reactor.
Reproduced from Nur et al. (2022) [106].

Removal Through Adsorption

Adsorption is a widely used, effective sorption-based method for removing microplas-
tics (MPs) and nanoplastics (NPs) from water [107], driven by electrostatic attraction, ion
exchange, van der Waals forces, and 7— interactions. General sorbent efficacy is well docu-
mented; granular activated carbon (GAC) effectively removes MPs/NPs via electrostatic
binding, with natural dissolved organic matter (Lake Geneva) enhancing removal three
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times than model water, and graphene-oxide 3D sorbents remove polystyrene MPs/NPs
through strong m—m interactions [108]. Practical limitations include long contact times,
costs, and secondary pollution from spent adsorbents unless they are reusable, so adsorp-
tion is often proposed as a pretreatment before advanced processes (RO, NF, AOPs) [109].
Natural sorbents such as cattail fibers (CF) have also been investigated for MP removal,
with activated carbon (AC) used as a reference adsorbent. Batch adsorption experiments
conducted in distilled water and produced water (PW; 2.1 wt% salinity and 105 ppm
crude oil) demonstrated rapid adsorption driven by hydrophobic interactions rather than
mechanical filtration. A fixed amount of CF (0.3 g) was added to MP-containing water,
gently mixed to ensure contact, and subsequently separated and dried to determine the
adsorption capacity gravimetrically. Repeated batch tests confirmed the feasibility of CF
as a low-cost adsorbent for MP removal under varying water conditions [109,110]. The
experimental setup and procedure utilized for the batch adsorption measurements are
shown in Figure 12 [110].

MPPs at the
surface of the CFs placed
liquid on top of the
MPPs

Remaining MPPs
on the surface of
the liquid after
separation of the
MPPs/CFs

Batch Tests MPPs/CEs
Experimental Set-Up | separated from the MPPs adsorbed
and Procedure liquid onto the CFs

Figure 12. Batch adsorption tests: experimental set-up and procedure. Reproduced from Bhagwat
et al. (2024) [110].

6.2.5. Removal of Micro and Nanoplastics Through Degradation Methods Biodegradation

Microbial biodegradation uses extracellular enzymes from bacteria and fungi to de-
polymerize plastics into CO, and H,O via hydrolytic cleavage and subsequent mineraliza-
tion [111]. Species such as Bacillus spp., Brevibacillus spp., and Ideonella sakaiensis produce
enzymes (e.g., PETase, MHETase) active against PET and other polymers; lignin-degrading
fungi (laccases) also accelerate aromatic polymer breakdown [112]. Two processes are
involved in the hydrolysis of plastics by enzymes: hydrolytic division and attachment to
the polymer substrate [113]. Experimental studies demonstrate variable degradation rates
depending on polymer type and microbial strain, with LDPE, HDPE, and polyester show-
ing measurable but limited biodegradation under controlled conditions. Pure strains and
microbial consortia, including Comamonas testosteroni, Alcaligenes faecalis, Aspergillus flavus,
Exiguobacterium sp., and Pseudomonas tuomuresis, exhibit differing degradation efficiencies
that can be enhanced through genetic modification or environmental pre-treatments such
as thermo-photo oxidation. Notably, Ideonella sakaiensis efficiently degrades PET through
the secretion of PETase and MHETase enzymes [114].

Photodegradation

Plastic polymers undergo oxidative degradation upon exposure to light, leading to
molecular chain scission, cross-linking, and the formation of gaseous and soluble byprod-
ucts. In natural environments, oxidative decomposition is the dominant pathway for the
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breakdown of microplastics (MPs) [115]. Xenon or UV irradiation increases surface area

and hydroxyl group formation, weakening structural integrity and altering morphology,

as confirmed by SEM analysis. Controlled UVC (254 nm) experiments on polyethylene

terephthalate (PET) fibers in real wastewater matrices demonstrated limited degradation

under single treatments. The reactor was protected from damaging UVC radiation leakage

and outside light infiltration by a blacked-out fume hood (Figure 13). The procedure shown

enhanced removal under combined photochemical oxidation. No mass loss occurred in

dark controls, whereas UVC alone caused 6.3% mass loss, H,O, alone 2%, and combined
UVC/H,0; achieved 10% degradation within 9 h [116].
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Figure 13. Schematic illustration of (a) the immersion photo-reactor setup and (b) top-down photo-

reactor setup. Reproduced from Easton et al. (2023) [116].

The procedure shown enhanced removal under combined photochemical oxidation.

The results are presented in Figure 14. No mass loss occurred in dark controls, whereas
UVC alone caused 6.3% mass loss, H,O, alone 2%, and combined UVC/H,0, achieved
10% degradation within 9 h [116].
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Figure 14. Mass loss performance after 9 h of treatment. Initial concentration of polyester fibres is
16.7 mg L1, H,O, concentration was 500 mg L~!, and UVC dose was 129.6 ] cm 2. Reproduced
from Easton et al. (2023) [116].

Photodegradation processes involve the effects of various photocatalysts and illumi-

nation on the chemical changes and degradation of different plastics. The degradation of

microplastics depends on semiconductors such as TiO, and ZnO, which serve as photo-
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catalysts and sources of photons. The photogenerated electron (e~) and hole (h*) pair are
excited, initiating the photocatalytic process, when energy is required equal to or greater
than the band gap energy (Eg). Since positive holes (h*) are produced in the valence
band (VB) when electrons (e™) in the VB move to the conduction band (CB), the process
gains more from the small band gap [117]. The excited electrons from these charged par-
ticles will combine with the dissolved oxygen in the water to form superoxide radicals
(O?7), which will then break down into hydroxyl radicals (OH) after they have settled
on the surface. Reactive oxygen species (ROS) like this aid in the breakdown of plastics
and organic pollutants. The valence band (VB) generates positive holes (h*) when elec-
trons (e™) go to the conduction band (CB). The excited state of these charged particles
might cause them to settle on the surface. When excited electrons in water combine with
dissolved oxygen, they produce superoxide radicals (O?~), which then break down into
hydroxyl radicals (OH) [118]. Modified catalysts (C, N-TiO,) and oxidant-assisted systems
(H207, NapS,0g) further enhance degradation efficiency, particularly for smaller or pre-
weathered particles [119-121]. TiO,/ZnO catalysts exhibited high efficiency in degrading
microplastics (MPs) with diverse morphologies and chemical compositions and were there-
fore applied to environmental MPs, provided particle size allowed effective mixing with
the tetrapod photocatalyst. As shown in Figure 15, all investigated MP types achieved
complete mass loss, although degradation rates were material-dependent. These findings
confirm the effectiveness of TiO; /ZnO core-shell catalysts for photocatalytic microplastic
degradation [122].
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Figure 15. Degradation of different MPs by TiO, /ZnO photocatalyst. The experiment was performed
using 400 mg NayS,Og and under 365 nm UV illumination with an intensity of 480 mW/ cm?.
Reproduced from He et al. (2023) [122].

6.2.6. Removal of Micro and Nanoplastics Through Electrochemical Oxidation

Advanced oxidation processes (AOP) involve oxidation reactions that utilize reactive
oxygen species (ROS) to break down stubborn pollutants in water. The most commonly
used AOPs in wastewater treatment facilities are UV light and chlorination. When chlorine,
a disinfectant, is applied, it can degrade MNP by severing existing chemical bonds and
forming new chlorine—carbon bonds, which may heighten toxicity and hydrophobic char-
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acteristics [123]. UV oxidation alters the chemical and physical properties of MP, leading to
breakdowns such as granular oxidation, cracks, and flakes. MP that develops cracks and
flakes can easily fragment into smaller pieces. UV light produces peroxy free radicals by
breaking C—C bonds, which, in turn, lead to the breaking of polymeric chains. Ozonation
can degrade the MP polymer structure into functional groups containing oxygen, signif-
icantly reducing MP levels and altering their physicochemical properties. Research has
shown that approximately 90% of MP can be removed within 30 min of ozonation and over
90% decomposition of MP after 60 min at temperatures ranging from 35 to 45 °C. AOPs
are a viable alternative to eliminating MP from the environment, but insufficient oxidation
can produce hazardous byproducts that negatively impact both the ecosystem and human
health. More research is necessary to investigate these potential alternatives [124]. The
significant progress this electrochemical method has made in wastewater treatment has
made it increasingly vital over the past two decades. It consists of two electrodes, the anode
and cathode, which are linked to a power supply. When enough energy and a supporting
electrolyte are provided, powerful oxidizing agents are generated. These agents decompose
contaminants, resulting in the production of CO;, H,O, and various intermediates, or they
can lead to complete mineralization [125]. Anodic oxidation (AO) and indirect cathode
oxidation are the two main types of electrochemical oxidation. Among these, anodic oxida-
tion is the most common and widely recommended method. This technique involves the
direct oxidation of organic contaminants on the anode surface through charge transfer. On
the other hand, indirect oxidation of pollutants uses hydroxyl radicals or other reagents
in aqueous solution, such as hydrogen peroxide, ozone, and peroxymonosulfate. The
Electro-Fenton method (EF) is another name for indirect cathode oxidation. This method
uses a catalytic mechanism employing Fe?* to break down hydrogen peroxide, producing
reactive oxygen species (ROS), especially hydroxyl radicals. Organic pollutants degrade
via a redox process initiated by these free radicals. A TiO,-based EF system effectively
degrades PVC microplastics, achieving over 55% weight removal and 75% dechlorination at
0.7 Vversus Ag/AgCl over 6 h at 100 °C. Furthermore, a study by Moreira et al. highlighted
that sulphate and hydroxyl radicals are highly effective in eliminating persistent organic
pollutants from water [126]. Cosmetic microplastics, primarily composed of polyethylene,
can be effectively broken down by sulphate-based free radicals. To break down and remove
organic pollutants and microplastics, this process is enhanced by the use of effective hetero-
geneous catalysts that generate free radicals. The Electro-Fenton process is renowned for
its sustainability, offering excellent controllability, minimal secondary or tertiary pollution,
and ease of operation. This is a promising approach to addressing the issues caused by
environmental cosmetic microplastics [127].

6.2.7. Removal of Micro and Nanoplastics Through Magnetic Extraction

Microplastics can be effectively removed from wastewater through magnetic extrac-
tion methods. This process employs external magnetic forces, oxalic acid as a ferrous
di-sorbent, and magnetic seeds composed of iron nanoparticles to isolate MP from seeds.
The utilization of iron-based nanoparticles is attributed to their cost-effectiveness, fer-
romagnetic properties, and enhanced specific surface area. To ensure hydrophobicity,
hexadecyltrimethoxysilane was applied to the nanoparticle surfaces, facilitating the ad-
hesion of plastic particles. Nearly 92% of polyethylene (PE) and polystyrene (PS) beads
in the 10-20 um size range can be effectively removed. In contrast, microplastics such
as polypropylene (PP), polyvinyl chloride (PVC), and polyethylene terephthalate (PET),
which are smaller than 1 mm, have been removed at rates of up to 93%. Furthermore,
78% and 84% of medium-sized MPs (ranging from 200 um to 1 mm) were successfully
extracted from sediment and freshwater, respectively. Consequently, this method proves
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advantageous for removing small plastic particles less than 10 um. The fact that these
nanoparticles cannot be recycled and are not biodegradable adds to secondary contamina-
tion. Furthermore, by negatively impacting the nanoparticles, the presence of soil particles
and lipophilic compounds may reduce the effectiveness of plastic removal [128]. Wang
et al. recently presented TiO;,-based photocatalytic micromotors for MP removal in aquatic
environments [129]. The authors introduced two innovative methods for microplastic
extraction: the shoveling effect, which increases microplastic mobility in a magnetic field
to improve segregation, and phoretic interaction, which eliminates primary microplastics
from personal care products. However, confirming micromotors’ selectivity and acknowl-
edging the presence of plastic pieces remained a challenge [130]. Nano-Fe;O4 was used
to magnetize MP at a concentration of 0.5 g-L~!. Five groups of nano-Fe30, were added
to the mixture after the MP composition was set at 900 pm. The MP magnetized as a
result of the nano-Fe3O4 adsorbed on its surface after stirring. A magnet was then used to
eliminate, separate, and filter the magnetized MP. The ideal concentration of nano-Fe;O4
was determined by evaluating the removal efficiency. In the artificial seawater environment,
the removal rates for size-different microplastics, specifically PET, PS, PP, and PE, were
88-98%, 84-98%, 84-97%, and 77-95%, respectively. The removal rates for the other three
types of microplastics, except for PET, followed a pattern similar to that observed in the
pure water system. This suggests that the removal efficiency of medium-sized (~500 um)
microplastics was lower than that of larger (~900 pm) and smaller (~200 pm) microplas-
tics. [131]. Table 1 provides a detailed comparative analysis of various technologies utilized
for microplastic removal. It highlights the specific limitations associated with each method,
evaluates the efficiency of the removal processes, and discusses the challenges inherent to
these techniques. Additionally, the table addresses the issue of sludge generation, which
can occur as a byproduct of these microplastic removal methods, offering a comprehensive
overview of their effectiveness and drawbacks.

Table 1. Comparative analysis of different technologies, their limitations.

Typical Removal

Particle-Size Range

Main Operational

Sludge/Secondary

Sr. No. Technology Efficiency (Reported) Effectively Removed Limitations Residue Refs.
1 Sedimentation/Primary 57_64% >100 um (large Low for fibers & NPs, Low-volume settled [70,71]
settling ° fragments) depends on density solids !
~60->90% (varies with Sensitive to pH, ionic Converts MPs to sludge
2 Coagulation-Flocculation coagulant & ~10 pm-mm strength, coagulant dose; . 8 [74,75]
. — disposal needed
conditions) produces flocs
999 Energy & electrode . . R
3 Electrocoagulation (EC) })jpititx(r)lizgag’ti/grils?b ~pm-mm management; current }ejllgcctsr{) g(;tsalzgn £e51dues, [79]
P density control g
49-100% Channeling,
4 Sand filtration gsgf%c(l;/p?g;i;r;zlab: :rig?l;r?r:é tsi?)r;lse breakthrough, Filter backwash solids [92]
classes) ° Y heterogeneity of feed
. . . MF: ~0.1-10 um; UF:
Microfiltration o) (s v . . Concentrate /backwash )
5 (MF),/Ultrafiltration (UF) 98-99% (pilot/bench) ~1-100 nm (effective vs.  Fouling, cleaning, energy solids [94,97]
MPs/NPs)
Nanofiltration Very high for many High energy, )
6 (NF)/Reverse Osmosis MPs; some NF/RO: <1 nm-10 nm concen trated brme,' Brine concentrate [102]
(RO) nanoplastics reported occasional permeation
in permeate of NPs
Membrane Bioreactor 999, . Broad (fibers & High CAPEX & OPEX; Sludge with concentrated
7 (MBR) 99% reported (pilot) fragments) fouling MPs [105]
Effective for Capacity, regeneration,
8 grjspcggr:gn (GAC, biochar, I\N/Igi/(g‘g;et:&r;aéfed Nano, micro potential secondary Spent adsorbent [109]
surface chemistry) waste
. : Secondary nanoparticle . .
9 Magnet.lc/mlcromotor 77-98% (lab) ~10 pm to mm contamination risk; Magnetlc residues/used [131]
separation particles

scalability

7. Carbonization of Microplastics

Polymer-derived carbon materials are highly tunable thanks to the wide chemical
diversity, structural flexibility, and processability of their precursors. The carbonization
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process—thermal decomposition in controlled atmospheres—removes heteroatoms, reor-
ganizes carbon atoms into aromatic clusters, and produces amorphous, turbostratic, or
graphitic structures depending on the method and thermal conditions. Recently, growing
focus on energy storage, clean manufacturing, and sustainability has increased interest
in carbonization techniques that allow precise control over morphology, porosity, surface
chemistry, and graphitic order. This review examines polymer carbonization methods, high-
lighting their advantages, limitations, mechanisms, and suitability for various applications.
Carbonizing polymers creates customizable carbon microstructures, with tunable porosity
and physicochemical properties, supporting applications ranging from structural compos-
ites and filtration media to electrode materials for batteries and supercapacitors. It covers
the fundamental mechanisms of polymer carbonization and evaluates key techniques,
including thermal pyrolysis, hydrothermal carbonization, microwave-assisted carboniza-
tion, plasma and laser conversion, catalytic and template-assisted methods, and chemical
activation. The review also discusses structure-property relationships, precursor choices,
and emerging trends in sustainable, low-energy approaches. It concludes with insights
into future research prospects and potential applications of polymer-derived carbons in
next-generation technologies. Techniques such as thermal carbonization (inert-atmosphere
heating) and hydrothermal carbonization (hot, compressed water) are central to converting
polymers into carbon-based materials for applications such as energy storage and EMI
shielding. These methods often involve an activation step using physical or chemical
agents to develop porosity and enhance performance. Other advanced techniques, such as
laser carbonization and electrospinning combined with carbonization, enable shape control
and the incorporation of specialized functionalities. Converting plastic waste into carbon
materials generally involves high-temperature heat treatment under various conditions,
such as oxidative or inert atmospheres, with or without catalysts, at atmospheric or el-
evated pressures. This process, known as carbonization, transforms organic precursors
like plastics into carbon products. These products include amorphous carbons—such as
activated carbon, carbon fibers, and carbon spheres—and graphitic carbon nanomaterials,
including carbon nanotubes and graphene [132-135].

7.1. Anoxic Pyrolysis Carbonization

Anoxic pyrolysis carbonization involves heating plastics (polymers) at high temper-
atures under atmospheric pressure in an inert atmosphere like N, or Ar. In this process,
most carbon atoms in plastics convert into carbon materials via aromatization, while some
carbon and non-carbon atoms—such as H, O, N, and Cl—are released as gases, including
H,0, CO,, CO, Hy, CHy, NH3, and HCL. For oxygen-containing plastics like cellulose,
poly(ethylene terephthalate) (PET), and resins, carbonization can also occur through direct
high-temperature heat treatment in an inert atmosphere, owing to oxygen atoms in their
macromolecular chains, a process termed anoxic pyrolysis carbonization [136,137]. For
oxygen-free plastics, such as polyacrylonitrile (PAN), polyolefins, and polyvinyl chloride
(PVC), a stabilization process is necessary before carbonization. This involves pre-oxidation
and pre-chemical treatments to stabilize the carbon chains, a step known as stabilization,
followed by carbonization [138]. During the carbonization of PET and PS, which con-
tain benzene rings in their structures, aromatics and oil products are generated. These
compounds subsequently contribute to the formation of amorphous carbon [139]. This
results from cyclization, aromatization, and cross-linking, rather than degradation into
small molecules [140]. Consequently, polyolefins like PP and PE are regarded as non-
charring, whereas aromatic plastics such as PET and PC are classified as charring plastics,
as illustrated in Figure 16 [141]. Noncharring plastics are beneficial for producing struc-
tured carbon materials like graphene and carbon nanotubes through catalytic synthesis.
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Conversely, charring plastics usually produce amorphous carbon. Further activation, via
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Figure 16. (a) Carbonization of non-charring plastics to produce carbon sheets/carbon
spheres/carbon nanotubes; (b) carbonization of charring plastics to produce porous carbon. Repro-
duced from Blanchard et al. (2024) [141].

Plastic pyrolysis generally consists of two main reactions: thermal degradation into
small hydrocarbons and thermal crosslinking into stable polymeric intermediates that
produce carbon materials. As the process mainly involves thermal breakdown, waste
plastics like PE, PP, and PS are usually completely converted into small hydrocarbons
during direct pyrolysis, leaving minimal to no carbon residue. To promote the formation of
thermally stable polymeric intermediates and enhance the process of converting plastics
into carbon materials, researchers are developing additional catalysts and high-pressure
equipment [142]. Tang et al. used a sulfur-assisted pyrolysis method to convert daily
plastic waste into high-value carbon, achieving an extremely high carbon atom recovery
rate (Figure 17) [143].

7.2. Hydrothermal Carbonization (HTC)

Hydrothermal carbonization (HTC) processes biomass, including organic waste like
plant and plastic waste, in a water environment at high temperature (100-250 °C) and
pressure. In this condition, water stays liquid but behaves differently—it’s a highly polar
solvent with increased ionization and a reduced dielectric constant. These properties im-
prove water’s ability to dissolve and react with organic materials, including polymers. For
plastic waste, subcritical water hydrolysis promotes breaking polymer bonds and attacking
polymer chains, resulting in the release of monomers and the fragmentation of polymers
into smaller pieces [144,145]. Modern HTC applications utilize a diverse range of waste ma-
terials, including biomass, municipal solid waste, plastics, and bulk textiles, as feedstocks.
Their aim is to generate solid carbon, various gases such as CO,, CO, CHy, and C,Hy, and
oil products [146-148]. HTC of plastic microfibers offers enhanced control over products
compared to bulk plastics, thanks to their cleaner and more well-defined composition. The
solvent selected also significantly influences the physical characteristics of the final product.
This process involves an exothermic reaction where the waste polymer’s carbon content is
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transformed without oxidation. Hu et al. integrated sulfonation, hydrothermal treatment,
and carbonization of porous polymers to recycle FM waste, as illustrated in Figure 18 [149].

! O O volatile
Pyrolysis hydrocarbons k Pyrolysis conversion
Catalyst/High-pressure \_ k
Stable intermediates Carbon materials.

Low carbon-atom recovery (< 65%)

(b)

————

Sg
Pyrolysis
\ SWPCs
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#O O o Dehydrogenation and Cic-Cne T e O S Ultrahigh carbon-atom recovery
crosslinking (up to 85% for PE) with sulfur-rich skeletons

Figure 17. Schematic illustration of various approaches for upcycling waste plastics (WPs) into high-
value carbon materials, including (a) the traditional pyrolysis process using catalysts and/or high-
pressure equipment, and (b) pyrolysis conducted with inexpensive elemental sulfur. Reproduced
from Tang et al. (2023) [143].
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Figure 18. Hydrothermal carbonization technique for synthesizing porous carbon. Reproduced from
Ghimbeu et al. (2025) [150].

Recently, low-temperature HTC has also been used to convert common household
plastics such as PVC. PVC can be converted to carbon via low-temperature HTC due to
its high reactivity toward chlorine substitution [151,152]. Low-temperature HTC is mainly
applied to biomass to produce new carbon-based materials with nanostructures, such
as spherical, fibrous, or sponge-like mesoporous carbons [153,154]. Different feedstock
types and hydrothermal conditions can impact the efficiency of hydrothermal processes
on plastics, leading to varied reaction mechanisms and end products. Understanding
these mechanisms presents opportunities for future research to enhance polymer monomer
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production and minimize by-products. The success of HTC processes depends on several
crucial factors: temperature, heating rate, pressure, reaction time, water-to-waste ratio and
quality, waste characterization, particle size, biomass presence, mixing methods, catalyst
type, and reactor design. Temperature plays a vital role, as it affects product properties,
yield, and the energy required to break waste bonds. Different substrate types have different
optimal temperature ranges, and the ideal temperature window varies slightly with the
substrate’s melting point [155,156]. Ong et al. (2024) [157] suggest that the optimal HTC
temperature for LDPE generally falls between 200 and 250 °C. Reaction times, influenced
by desired product qualities, typically range from 1 to 3 h. Usually, around 240 °C is
seen as ideal for enhancing carbon content and lowering nitrogen levels in the hydrochar,
with about 2 h of reaction time being effective at this temperature [157]. Kaewtrakulchai
et al. (2024) found that the optimal HTC temperature for PS is around 215-230 °C. The
reaction typically lasts from 2 to 8 h, depending on the setup and desired outcomes. This
temperature and time range facilitates effective conversion while preserving the material’s
integrity [158]. Recent research has investigated the transformation of laundry microfiber
waste into carbon materials via hydrothermal carbonization (HTC). Using actual microfibers
collected from washing machine and dryer filters, scientists tested temperatures between
200-300 °C and reaction times from 1-8 h. They found that temperatures of 250 °C and
300 °C, with a 4-h reaction time, offered the best results. The study demonstrated that the
properties of the produced carbon can be controlled by varying reaction conditions: lower
temperatures primarily yield amorphous carbon, whereas higher temperatures result in
more ordered structures resembling graphene or graphite [159]. Another study investigates
the catalytic hydrothermal carbonization (HTC) of textile microfibers, a significant source of
microplastic pollution, aiming to turn waste into useful carbon nanomaterials. Employing
an Fe-Ni bimetallic catalyst, cotton and polyester (PET) microfibers were converted into
both amorphous and graphitic carbon forms, such as carbon nanotubes, under gentle
conditions (200 °C, 22 bar, 12 h). Analytical techniques, including SEM, TGA-DSC, FTIR,
Raman spectroscopy, and TEM, were used to verify the conversion of microfibers into
carbon-rich materials (Figure 19). This research shows that recycling mixed microfiber
waste is feasible, supporting the circular economy and helping mitigate environmental
issues [160].

A new, practical method has been developed to decompose and carbonize cotton
waste via vapor-phase-assisted hydrothermal treatment at low temperatures (Figure 20).
This technique offers an innovative approach to processing cotton waste, significantly
reducing its environmental impact. The process involves using hydrochloric acid (HCI) in
different amounts, reaction durations, and temperatures. Throughout the treatment, the
fabric’s color shifts from white to dark brown, finally turning black after depolymerization
and carbonization [161].

Microplastics (MPs) are a persistent category of emerging contaminants, with sub-
stantial quantities present in sewage sludge. A prior investigation explored the influence
of hydrothermal carbonization (HTC) temperature on MPs and the characteristics of di-
gested sewage sludge (DSS). HTC was conducted at 200, 210, and 220 °C for a duration of
two hours within a batch reactor, as depicted in Figure 21. The resultant solid products were
subjected to analysis for (i) mass balance and fuel properties, and (ii) the presence of mi-
croplastics utilizing Confocal Raman Microspectroscopy and Scanning Electron Microscopy.
The findings confirm that hydrothermal carbonization affects both the quantity and struc-
ture of microplastics within digested sewage sludge. Polyethylene and polystyrene were
identified in the sludge; however, after processing at 200 and 210 °C, only polyethylene
persisted in the hydrochars. Initially, the count of microplastic particles increased at 200 °C,
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likely attributable to the breakdown of larger fragments, with the highest count observed
at 210 °C [162].
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Figure 19. Carbon nanotube structures formed from PET/cotton after catalytic HTC reaction at
200 °C with 12 h of residence time at different magnifications (A-C). (A) 20 mm resolution image
showing possible CNT clusters, (B) 5 mm magnification of the red-delineated area from (A), and
(D) 2 mm magnification of the area from (B), including the diameter distribution at (C). Reproduced
from Parrilla-Lahoz, S., et al. (2024) [160].

7.3. Microwave-Assisted Carbonization

Microwave-assisted carbonization quickly converts plastic waste into various prod-
ucts. With microwave aid, plastics undergo thermal decomposition, producing carbon-rich
solids, bio-oil, and gases. Microwaves are electromagnetic waves ranging from 300 MHz
to 300 GHz. When they penetrate a material, they directly heat it through dipolar or
interfacial polarization [163]. The pyrolysis temperature greatly influences PWCM yield,
as higher temperatures usually decrease their formation. Moreover, producing valuable
carbon materials depends on selecting specific waste plastics, using appropriate catalysts,
and fine-tuning reaction parameters such as time, temperature, and atmosphere [164,165].
Microwave-assisted pyrolysis (MAP) derives energy from microwave radiation. As the
process progresses, heat transfer shifts from internal to external heating, with both the
heat source and raw materials heated contactlessly. Unlike conventional pyrolysis, which
uses electric heaters or burners to heat plastics from the outside in via conduction, often
causing uneven temperature distribution, high thermal inertia, and elevated energy use,
MAP can quickly heat the material’s interior, boosting efficiency. Traditional pyrolysis
can lead to hotspots, over-pyrolysis, the formation of non-condensable small molecules,
and coking, while insufficient internal temperatures may result in the production of more
long-chain hydrocarbons, thereby lowering recovery. MAP technology enables rapid in-
ternal heating and improved energy efficiency [165-167]. Microwave irradiation, which
induces polymerization and carbonization, has been utilized to prepare carbon-based nano-
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materials [168]. Microwave-assisted synthesis is a highly efficient technique for creating
carbon nanomaterials. It provides rapid volumetric heating, accelerates reaction rates, and
allows precise control over nanomaterial size and shape by tuning reaction parameters.
This method also improves energy efficiency. Furthermore, the even heating of precursors
during microwave synthesis ensures uniform nucleation and growth conditions, minimizes
thermal gradients, and results in nanomaterials with a consistent size distribution [169,170].
Microwave heating utilizes materials with high dielectric properties and strong absorption,
typically carbon-based materials and metal oxides. The process flow diagram for MAP
applied to plastic polymer waste is illustrated in Figure 22 [171].

HCI (Vap.)

_Cellulose
Sample

Figure 20. Schematic diagram for vapor-phase assisted hydrothermal carbonization of cotton. Repro-
duced from Wiener, J., Khan, M. Z., and Frajovs4, J. (2025) [161].

DSS

HTC Solid phase separation MP separation MP identification

Figure 21. Schematic overview of the experimental workflow. Reproduced from Prus, Z., et al.
(2025) [162].
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Figure 22. Schematic of Microwave-assisted pyrolysis (MAP) of plastic waste. Reproduced from
Islam, K. M. O., et al. (2025) [171].

Microwave-assisted synthesis is an emerging, promising method for producing ad-
vanced carbon nanomaterials with improved properties and easier processing. Although
most earlier studies focused on commercial conductive substrates, there has been limited
investigation into using recycled materials for this technique [172,173]. Microwave irradi-
ation enables the quick synthesis of carbon nanotubes (CNTs) under ambient conditions,
providing significant advantages in energy efficiency and simplicity. This technique also
demonstrates versatility, with potential for sustainable material development using recy-
cled substrates. These qualities make microwave-assisted synthesis particularly attractive
for producing affordable, eco-friendly nanomaterials, with promising prospects for scalable
energy storage solutions. In a prior study, a sustainable approach was investigated for
converting cigarette filter (CF) waste into high-performance supercapacitor electrodes
(Figure 23). By employing deacetylated and carbonized CF powder as a base for growing
CNTs via a nickel-catalyzed microwave method, nitrogen-doped CNTs (NCN'Ts) were
rapidly generated using azobis(cyclohexanecarbonitrile), which served as both the carbon
source and nitrogen precursor [174].

A previous study found that microwave-assisted pyrolysis of waste polystyrene can
generate carbon nanospheres (CNS) using Mo-promoted, biochar-supported bimetallic
catalysts. Among the tested formulations, the Fe:Co (1:3)/Mo/biochar catalyst was the
most effective, producing the highest CNS yield of 78.5% and forming uniform spheres
with diameters ranging from 100 to 215 nm. Raman analysis showed the lowest Id/Ig ratio
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(~0.63), indicating fewer defects and a higher level of graphitization compared to other
catalysts [175]. Adding catalysts proved to be an effective strategy for enhancing the utiliza-
tion of waste. Without catalysts, the product quality was low, reaction temperatures were
elevated, and substantial energy was lost during the co-pyrolysis process. The introduction
of catalysts can significantly improve the quality and selectivity of the target products by
lowering the decomposition temperature, thereby reducing energy consumption [176,177].
Zhang et al. [178] presented a simple yet effective microwave plasma discharging technique
that transforms plastics into hydrogen and carbon nanotubes with iron-based catalysts.
Their findings showed a sixfold increase in yield when iron catalysts were used, com-
pared to when they were absent. Moreover, no other gases were detected during the
high-quality carbon nanotube production, indicating that iron-based catalysts uniquely
enable continuous carbon generation of nanotubes [178].
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Figure 23. Schematic procedure for forming cigarette-filter-driven carbon filter powder (cCFP)
and NCNT@cCFP using a microwave irradiation process. Reproduced from Choi, Y. J., Lee, D.,
Kwon, S. H., and Kim, K. H. (2025) [174].

7.4. Laser-Carbonization

Laser-carbonization is an innovative technique that enables the direct synthesis and ap-
plication of functional carbonized materials, particularly in film-based or flexible electronic
devices. Unlike traditional carbon materials and established carbonization technologies,
this method is still in its early stages but shows great promise. The process involves con-
verting polymers into carbon through laser-induced pyrolysis in a single, streamlined step.
This transformation not only simplifies the production process but also yields high-quality
carbon materials that are suitable for a diverse array of micro-scale device applications. The
ability to create these materials efficiently opens up exciting possibilities for advancements
in electronics and other fields [179,180]. Unlike traditional heat treatment, laser-induced
carbonization (simply called laser carbonization) occurs very quickly and is shown in
Figure 24. It is usually performed under ambient conditions, meaning without a controlled
oxygen-free environment. A plasma-like substance known as a plume is generated during
the process, which may also contribute to the pyrolysis of the polymer [181,182].

laser-carbonization laser-carbonized film

properties reaction conditions properties

+ compounds » wavelength . yield
* composition * power . composition

+ additives * speed * porosity
* environment + electrical
/ + surface

* mechanical

Figure 24. Illustration of the laser-carbonization and laser-patterning process. Reproduced from
Devi, M., Wang, H., Moon, S., Sharma, S., and Strauss, V. (2023) [181].

Laser technology offers a scalable, cost-effective approach to producing high-quality
graphene. It meets the demand for detailed, patterned structures on both flexible and
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rigid surfaces, opening new possibilities for the synthesis and applications of graphene.
These applications are particularly vital in flexible electronics, such as wearable devices,
robotics, smart clothing, and electronic skins [183]. Unlike conventional high-temperature,
anaerobic carbonization, laser-induced carbonization occurs instantly at room tempera-
ture in air. However, various polymer precursors react differently to near-infrared lasers.
For instance, specialized engineering plastics such as polyimide [184], Aramid has strong
laser responsiveness and a high residual carbon yield due to its -7 conjugated struc-
ture [185,186]. Mamleyev et al. [187] discovered that amide fibers show outstanding
responsiveness to laser radiation, forming rough and high-density microstructures [187].
After laser-induced carbonization, amide fibers exhibit excellent conductivity and stable
microstructures, making them ideal for flexible antibacterial coatings. In contrast, common
plastics like polypropylene and polyethylene yield low residual carbon and respond poorly
to near-infrared lasers. This makes them unsuitable for direct laser-induced carbonization
and greatly restricts the use of laser irradiation for polymer carbonization [188].

7.5. Reaction Mechanism of Carbonization

Microplastic carbonization via thermochemical methods such as pyrolysis or hy-
drothermal carbonization involves a series of physicochemical changes that transform
polymer chains into carbon-rich structures. Carbonization of polymeric microplastics (ther-
mal pyrolysis, hydrothermal carbonization, microwave-assisted conversion) proceeds via
two coupled pathways: (1) thermal depolymerization/volatile evolution and (2) thermally
induced crosslinking /aromatization that yields carbonaceous residue. Oxygen-containing
polymers (e.g., PET, cellulose derivatives) typically exhibit “charring” behaviour: under
an inert atmosphere, they undergo cyclization, aromatization, and crosslinking, leading to
a relatively high char yield and formation of porous amorphous carbon frameworks. In
contrast, polyolefins (PE, PP) are non-charring under simple pyrolysis and tend to convert
predominantly to volatile hydrocarbons unless special conditions (catalysts, sulfur-assisted
routes, or high pressure) promote carbon-rich intermediates. Post-carbonization activation
(chemical KOH/H3POy4 or physical CO,/steam) opens micro- and mesopores and increases
the specific surface area required for adsorption applications. Mechanistically, the crucial
steps are bond scission (C-C, C-0O), radical recombination, cyclization to aromatics, and
eventual graphitization under higher temperatures or catalytic templates; gas products
include H,O, CO, CO,, CHy4, and light hydrocarbons while heteroatoms (O, N, Cl) are
released as volatiles or form surface functionalities on the carbon. These mechanistic
pathways determine both carbon yield and surface chemistry, and therefore the adsorption
affinity for dyes, metals, and organic micropollutants in wastewater applications [189]. The
process usually starts with thermal depolymerization and random chain scission, leading
to the formation of oligomers, monomers, and radical intermediates. For polyolefin mi-
croplastics such as polyethylene and polypropylene, C—C bond breaking primarily occurs
above 400 °C, leading to aliphatic radicals that undergo -scission, hydrogen abstraction,
and secondary cracking [190,191]. As temperatures rise, dehydrogenation and cycliza-
tion reactions favor the formation of unsaturated hydrocarbons and aromatic compounds.
These intermediates then undergo condensation and polyaromatic growth, resulting in
turbostratic carbon structures. In polymers with aromatic groups, such as polystyrene
or polyethylene terephthalate, phenyl groups promote earlier aromatic stabilization and
speed up the formation of graphitic domains compared to aliphatic polymers [192]. During
the advanced stages of carbonization, increased aromatization and cross-linking enhance
structural order, while volatile compounds such as Hy, CHy, CO, CO,, and light hydro-
carbons are released. The final carbon form, whether amorphous, partially graphitized,
or activated porous carbon, mainly depends on temperature, heating rate, residence time,
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and the reaction environment. Structural reorganization and stacking of polyaromatic
layers usually happen above 600-900 °C, but complete graphitization requires even higher
temperatures [193]. In hydrothermal carbonization (HTC) systems, a variety of complex
chemical reactions occur under subcritical water conditions. Key processes include hy-
drolysis, which breaks down organic materials into simpler compounds; dehydration,
which removes water molecules, resulting in more concentrated organic structures; and
decarboxylation, which eliminates carboxyl groups from organic acids, further increasing
the carbon content. These mechanisms work synergistically to facilitate the formation of
oxygen-functionalized hydrochar intermediates. These intermediates play a crucial role in
the subsequent stages of the HTC process, as they undergo further condensation reactions,
leading to the development of a stable carbon framework. This sequential transformation
not only enriches the carbon content of the final product but also influences its reactivity
and suitability for various applications, such as in soil amendments, carbon sequestration,
and energy production [158,159].

8. Activated Carbons for Wastewater Treatment Applications

The increasing demand for fresh water, driven by industrial growth, persistent
droughts, and rising populations, is leading to a shortage of clean water resources, un-
derscoring the urgency of effective water treatment solutions. The decline in available
water sources can be addressed through various practical methods aimed at increasing
usable water. Industrial and agricultural wastewaters are significant potential sources of
water for different applications. Nonetheless, each water treatment method has limitations
related to its application, cost, and efficiency. One promising approach is adsorption, which
can treat wastewater from industrial or other activities, improving its quality for later
use in industry and agriculture. In recent decades, significant research has focused on
understanding the properties of adsorbent materials for removing hazardous compounds.
Ensuring good water quality is vital to prevent long-term health issues, which can be
achieved by adsorbing pollutants such as dyes, heavy metals, phenolics, and pharmaceu-
ticals from liquids, thereby purifying the water and recovering valuable substances. The
removal of hazardous inorganic and organic compounds from gas or liquid media using
carbon-based materials (CBMs), with an emphasis on the interactions between adsorbents
and adsorbates. Over the years, substantial progress has been made in understanding
CBM adsorption mechanisms and isotherms, driven by increased research interest in these
materials’ mechanisms and capacities for removing pollutants from aqueous solutions.
Proper treatment of industrial wastewater is crucial, as untreated waste can severely harm
human health and the environment [194].

In recent years, European laws governing the release of liquid effluents into the envi-
ronment, specifically the Water Framework Directive, have become more stringent. This
has raised concerns about pollutants like heavy metals and Contaminants of Emerging
Concern (CECs). Heavy metals are bioaccumulative, non-biodegradable, and toxic, rep-
resenting a threat to both human and animal health. Their presence in water bodies can
result from natural sources or human activities such as waste disposal, industrial opera-
tions, or mining [195]. Wastewater streams generally contain metals such as nickel (Ni),
copper (Cu), chromium (Cr), cadmium (Cd), and lead (Pb), along with many others. These
metals are non-biodegradable, and their levels often lead to accumulation in living organ-
isms, resulting in health problems for humans, animals, and plants [196]. Heavy metal
ions are readily adsorbed by carbon materials due to their adaptable surface functional
groups. Previous research has confirmed that carbon materials serve as effective adsor-
bents for metal particles. [197,198]. Adsorption is a proven and economical technique
for eliminating these pollutants from liquid waste [199]. Common adsorbent materials
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include alumina, activated carbon, clays, silica gel, composites, zeolites, and biomass from
various sources [200]. Recently, affordable activated carbons have been developed from
char created by pyrolyzing plastic waste [201]. The primary use of these carbonaceous
materials as adsorbents has garnered interest due to their impressive textural properties,
which are achieved through convenient activation. However, additional qualities, such as
electrical conductivity, capacitance, optical properties, and exceptional absorptivity, make
these materials suitable for a wide range of applications, as illustrated in Figure 25. These
include sensors for microbiological control, photodetectors, solar cell construction, energy
storage in batteries and supercapacitors, membrane separation, and the use of feedstock
for electrochemical devices, as well as catalyst supports [202].
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Figure 25. Potential application of carbon-derived materials obtained from plastic waste. Reproduced
from Pereira et al. [202].

Research on carbon-based nanomaterials as adsorbents has seen rapid growth and has
garnered significant interest over the past decade. This is mainly due to the unique prop-
erties and diversity of carbon structures, which provide new opportunities in chemistry,
physics, and engineering. Numerous water pollutants, including toxic metal ions, pharma-
ceuticals, pesticides, metalloids, and other inorganic and organic substances, can be effec-
tively adsorbed by carbon-based materials through different mechanisms [203,204]. CAs
can be prepared because of their unique properties, which allow them to adsorb various or-
ganic and inorganic substances, including metals [205], dyes [206], antibiotics [207], volatile
organic compounds [208], organic solvents [209], oils [210], CO, [211], and H,S [212]. A
widely discussed application of CA in chemistry is its potential to adsorb organic com-
pounds, particularly common hazardous materials. Generally, the presence of oxygen,
nitrogen, and sulfur functional groups on the surfaces of carbon-based materials (CBMs),
particularly carbon aerogels (CAs), can increase porosity, hydrophilicity, and the selectivity
of adsorbents. Various CA derivatives have been examined for their ability to eliminate both
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organic and inorganic contaminants. In water-based solutions, interactions such as van der
Waals forces, induced dipoles, dipole-dipole interactions, and hydrogen-bonding donor—
acceptor relationships promote the attachment and concentration of chemical substances on
various adsorbents. Carbon-based materials encompass activated carbon (AC), graphene,
carbon nanotubes (CNTs), carbon nanofibers (CNFs), biochar (BC), and carbon aerogels
(CAs). Figure 26 illustrates some different types of CBMs used in adsorption [200,213].

Activated \
carbon \

Graphene

Figure 26. Various applicable CBMs in adsorption processes. Reproduced from Sabzehmeidani
et al. [200].

9. Utilization of Microplastics for Wastewater Treatment

Microplastic particles measuring less than 5 mm in diameter have recently garnered
extensive scientific interest due to their widespread presence in marine ecosystems. Mi-
croplastics have attracted widespread recognition as environmental pollutants, but they can
simultaneously serve as an opportunity for wastewater treatment innovation. Their adsorp-
tive capability represents a primary application for microplastics within the wastewater
treatment process. Microplastics exhibit remarkable volume-to-surface ratios, which enable
them to effectively absorb a wide range of pollutants, including heavy metals, organic
contaminants, and pharmaceutical substances. The adsorption capacity of MP for Pb (II) in
various pH values was investigated using microplastics with different concentrations at
gradients of 2, 3, 5, 10, and 15 mg/L (0.6 g/L). The effects of ionic strength on Pb adsorption
were examined by adding NaCl at concentrations of 50, 200, and 500 mg/L, and the effect
of the initial solution pH on capture was examined (3, 5, 7, 9). Different background
electrolyte ions were used to test the adsorption ability. The process of capturing lead (II) in
Milli-Q water, tap water, surface water, and stormwater by applying various organic layer
treatment techniques, such as soaking and shaking microplastics with 0.1 M HCl or 0.1 M
NaOH to dissolve organics, is investigated. It was discovered that pristine microplastics
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had a lower adsorption capability than soaking natural-aged microplastics. This suggests
that the amount of organic layer on the microplastics might influence the capture process.
According to the experimental findings, the organic layer on the surface of the microplastics
can be harmed by acid or alkali. Analysis reveals that Pb(Il) capture through microplas-
tics depends heavily on the organic films found on microplastic surfaces [214]. Research
indicates that microparticles (MPs) can absorb organic pollutants, including PCBs, PAHs,
pesticides, chlorobenzenes, hydrocarbons, and antibiotics, through various interactions.
MPs mainly rely on hydrophobic and van der Waals forces, with electrostatic interactions
influenced by pH and charge. For example, MPs absorb bisphenol and other hydrophobic
compounds through hydrophobic interactions, whereas acids cease adsorption when the
pH exceeds their dissociation constant. Antibiotics” ionization depends on their structure,
affecting adsorption—for instance, Ciprofloxacin shows high MP affinity, and sulfamethox-
azole favors acidic conditions. Overall, adsorption involves hydrogen bonds, halogen
bonds, van der Waals, and 7-7t interactions [215].

Heavy metals and organic pollutants are efficiently adsorbed by microplastics due to
their large surface area, high hydrophobicity, and chemical composition. The concepts of
“Biofilm on microplastics” and “microplastics in biofilm” emerge when microplastics enter
a biofilm-based reactor in wastewater treatment plants. The term “biofilm on microplastics”
describes a thin layer of biofilm that forms on the surface of microplastics. Microplas-
tics in biofilms interact with the primary biofilm on carriers, promoting the development
of microbial communities. These microplastics can trigger biological reactions and alter
the operation of biofilm reactors, thereby reducing overall reactor efficiency [216]. Mi-
croorganisms adhere more readily to hydrophobic surfaces, and the extent of colonization
increases with surface roughness. Some studies suggest that these properties may enhance
the non-polarity of the microplastic surface and introduce additional functional groups.
Microorganisms transfer to microplastic surfaces in bulk solutions, forming microcolonies
and living in a sessile mode. The biofilm on microplastics creates a new ecological niche
known as “biofilm on microplastics” [217,218]. Biofilm stability, nutrient cycling, metabolic
activity, and microbial composition are all affected by interactions between microplastics
within the biofilm matrix and the microbial communities within it. Their physical and
chemical characteristics, as well as their transportation and retention in reactors, can be
influenced by their ability to interact with pre-existing biofilms or form new ones. Biofilm
stability and nutrient cycling may be affected by this integration [219,220]. Biofilms on
microplastics increase pollutant absorption and alter their interactions with contaminants.
This alters the physical and chemical properties of microplastics, thereby affecting their
ability to remove heavy metals. Studies show that aged microplastics, such as PLA and
LDPE, accumulate metals, with a 44% increase in silver adsorption in PE microparticles
with biofilm. Heavy metals adsorb via surface complexation, ion exchange, electrostatic
interactions, and precipitation. Film diffusion drives metal migration through substrates
and biofilms. Some biopolymer groups chelate heavy metals, boosting Pb absorption
13-fold compared to clean LDPE. Adding expanded polystyrene enhances the interaction of
metal ions with PE. Using microplastics as carbon sources in biofilm reactors complicates
reaction mechanisms and influences heavy metal bioavailability, nutrient metabolism, and
removal efficiency, especially when microplastics migrate into biofilms [221,222].

10. Health and Environmental Implications of Textile-Derived
Microplastics and By-Products

Textile-derived microplastics (MPs) and nanoplastics (NPs) are of particular concern
because they pose persistent physical, chemical, and microbiological hazards and have
demonstrable pathways of exposure to the human body. MPs from textiles are readily
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ingested and inhaled, and multiple biomonitoring studies now provide direct evidence
that polymer particles reach human tissues and internal fluids, which have been repeat-
edly detected in human stool, demonstrating routine gastrointestinal exposure, and have
been found in colectomy specimens, indicating their presence within the intestinal wall.
More alarmingly, MPs have been identified in human placentas and in peripheral blood,
establishing that small polymer particles can translocate beyond the gut and circulate sys-
temically [223]. These observations raise plausible mechanisms for adverse human health
effects that are supported by toxicological and mechanistic studies: inhaled or ingested
MPs and NPs can provoke local and systemic inflammation, oxidative stress, mitochondrial
dysfunction, and perturbations of cellular homeostasis in vitro and in animal models, and
they may act as vectors for endocrine-active additives (e.g., phthalates, flame retardants,
PFAS) or sorbed hydrophobic pollutants, thereby altering toxicokinetics when co-exposures
occur. Respiratory exposures, particularly relevant for airborne fibers shed from textiles in
indoor environments and for occupational cohorts in textile processing, have been exper-
imentally associated with airway oxidative stress and pro-inflammatory responses, and
inhaled nanosized particles possess the theoretical capacity to penetrate alveolar barriers
and reach the circulation. The plastisphere colonizing aged fibers further complicates
risk profiles because biofilm assemblages may concentrate opportunistic pathogens and
antimicrobial-resistance genes, potentially modifying infectivity or immune responses
upon exposure [224].

Epidemiological linkage between ambient/body burdens of MPs and defined human
disease is not yet conclusive. The important methodological gaps remain (standardized par-
ticle metrics, contamination control, particle ageing, realistic dose metrics and co-exposure
characterisation), but the convergence of (i) measured human exposure, (ii) plausible
translocation pathways, (iii) mechanistic toxicity in cells and model organisms, and (iv) the
capacity of MPs to carry biologically active chemicals argues for a precautionary, risk-based
response. In practical terms for textile sources, this means prioritizing upstream measures
(material selection and finishing chemistries that minimize shedding and hazardous addi-
tives, design for low shedding, and improved manufacturing and laundering practices)
together with downstream controls (improved capture during wastewater treatment, re-
assessment of biosolid reuse given sludge concentration of MPs and sorbed contaminants,
and targeted monitoring of occupational settings). To translate mechanistic findings into
public health policy, future research should emphasize well-controlled human exposure
studies, long-term cohort assessments in highly exposed populations (e.g., textile workers),
and toxicology experiments that use environmentally aged textile-derived particles with
realistic chemical loads to better resolve dose-response relationships relevant to human
health [225].

11. Economic Feasibility, Scalability, and Key Challenges

Although converting microplastics into functional carbon materials via carbonization
methods such as pyrolysis or hydrothermal carbonization is technically feasible, it currently
faces significant economic hurdles. These processes are energy-intensive, needing high
temperatures, pressure control, and often catalysts, which raise operational costs compared
to standard carbon sources. The collection, separation, and purification of microplastics
from waste or environmental samples are also costly and labor-intensive, as microplastics
are often present at low concentrations within complex mixtures, further reducing their
economic appeal as feedstock. Techno-economic analyses show that, even with large plastic
volumes, profitability depends heavily on feedstock quality, energy costs, and product
market value. Economic viability typically relies on co-products such as fuels or recovered
monomers, or on policy incentives such as carbon credits or subsidies. For instance,
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systems combining pyrolysis and gasification to convert plastic waste into gas and carbon
nanomaterials require careful operational optimization and often depend on external
incentives to remain competitive with traditional energy and material options [226]. While
research on microplastic-rich feedstocks is limited, studies on biosolids pyrolysis indicate
that producing biochar, a carbon-rich product, can help offset processing costs if the biochar
has market value, such as for soil amendment. However, this process requires a significant
capital investment in dryers and reactors, and its feasibility largely depends on the ability to
sell co-products [227]. Similarly, broader reviews of upcycling plastic waste into advanced
carbon materials underscore that multi-stage conversion pathways can enhance material
quality but also increase complexity and cost, often constraining these processes to niche,
high-value applications rather than mass-scale deployment [228]. Therefore, given current
technology and market conditions, microplastic carbonization is better seen as a proof-
of-concept or a niche valorization pathway with environmental advantages, rather than
a widely competitive, large-scale economic solution. Progress in process intensification,
energy recovery, policy support, and the creation of high-value markets for carbon products
will be essential to enhance the economic viability. The concept of valorizing textile-derived
microplastics (MPs) into carbonaceous adsorbents addresses two pressing problems: waste
plastic management and demand for high-performance adsorbents, but its large-scale
feasibility is challenged by interlinked technical, logistical, and economic barriers. First,
feedstock availability is fundamentally constrained: textile MPs are highly dispersed
across laundry effluents, sewer networks, and biosolids, so reliable collection and pre-
concentration incur substantial capital and operating costs and add transport-related
energy burdens that can dominate cradle-to-gate footprints unless collection is local and
high-yield (e.g., on-site laundromat capture or sludge diversion strategies). Second, the
conversion step itself (pyrolysis/carbonization followed by physical or chemical activation)
is energy-intensive; pyrolysis temperatures, residence times, and activating chemistries
(KOH, H3POy, steam) drive both direct energy consumption and indirect greenhouse-
gas emissions, and consequently, the pyrolysis/activation stage typically appears as the
largest contributor to life-cycle GHGs and cost in existing LCA and techno-economic
studies. Third, process chemistry and product consistency pose scale-up risks: textile
feedstocks are compositionally heterogeneous (mixtures of synthetic polymers, natural
fibers, dyes, finishes, and additives), which yields chars with variable yields, surface
chemistries, and ash contents, variability that complicates activation protocols and quality
control for adsorbent specifications required in water- or air-treatment applications [201].
From an economic-competitiveness viewpoint, commercial granular and powdered
activated carbons (GAC/PAC) produced at scale from coal, coconut shell or wood benefit
from optimized supply chains and low incremental costs per tonne; therefore, MP-derived
carbons must either achieve cost parity (including collection) or demonstrate clear func-
tional advantages (e.g., higher specific surface area, tailored pore structure, superior affinity
for target contaminants, or lower life-cycle impacts under the local energy mix) to displace
incumbent products. Integration of feedstock capture, thermal conversion and end-use (for
example, colocating carbonization units with industrial laundries, wastewater treatment
plants, or sludge processing facilities) improves the economic case by cutting transport
and handling costs and by enabling heat and material integration, but requires coordi-
nated business models and supportive policy instruments (subsidies, carbon credits or
regulatory limits on sludge application) to internalize environmental externalities [202].
Safety and residual management are additional constraints: carbonization of coated or
chemically finished textiles can concentrate halogenated flame retardants, metals, and other
additives into tars, off-gases, and ash fractions, necessitating robust off-gas treatment, tar
management, and hazardous-waste handling that raise both CAPEX and OPEX and create
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permitting hurdles. Rigorous pilot-scale mass balances and emissions testing are therefore
essential before upscaling [201].

Given these realities, the near-term research and deployment priorities are clear:
(i) targeted techno-economic and LCA comparisons that include realistic collection and
preprocessing costs and region-specific energy mixes; (ii) development and demonstration
of low-temperature or catalytic hydrothermal/carbonization routes that reduce thermal en-
ergy demand and improve yield; (iii) decentralized pilot units integrated with laundromats,
textile facilities or WWTPs to test logistics and local value capture; and (iv) end-use qualifi-
cation studies demonstrating that MP-derived carbons meet or exceed performance metrics
for specific applications (e.g., microplastic polishing, PFAS adsorption, dye removal) so that
market uptake can occur without subsidization. Evidence from recent reviews and pilot
projects suggests the pathway is technically feasible but will only be economically competi-
tive where feedstock aggregation is low-cost or where policy/regulatory frameworks (or
co-located industrial symbiosis) internalize the environmental benefits of diverting MPs
from sludge and aquatic release [229]. As summarized in Table 2, the major cost advantage
relative to conventional activated carbon production lies in waste valorization and potential
environmental credits, whereas the principal limitations arise from feedstock heterogeneity.

Table 2. Comparative cost feasibility and scalability considerations for textile-derived microplastic

carbonization versus conventional activated carbon production.

Textile-Derived MP

Conventional Activated

Parameter rbon L n Economic Implication K hallen
aramete Carbon Adsorbents Carbon (Coal/Coconut conomic Implicatio ey Challenges
Shell/Wood)

Low or negative value . - .

(waste stream), but high Stable bulk feedstock Collection logistics may Dispersed sources
Feedstock cost . . offset the feedstock (laundry effluent, sludge),

collection and supply chains . .

advantage sorting requirements

pre-concentration cost

Feedstock consistency

Highly heterogeneous
(polyester, nylon, blends,
coatings, dyes)

Relatively uniform
biomass or coal sources

Increased process
variability increases
operational cost

Standardization and
quality control of
char properties

Pre-processing cost

High (filtration, drying,
separation, transport)

Moderate (size
reduction, drying)

Major cost component in
MP valorization

Need for decentralized or
co-located facilities

Energy requirement

High (pyrolysis
400-800 °C + activation)

High but optimized at an
industrial scale

Energy dominates OPEX
unless waste heat or
renewable integration is
used

Energy efficiency and
carbon footprint

Activation chemicals

Often required (KOH,
H3POy, steam, catalytic
additives)

Established and optimized
consumption rates

Chemical consumption
increases CAPEX/OPEX

Chemical recovery and
waste management

Variable depending on

Yield variability affects

Process optimization

Product yield };giﬁrtliteerscomposmon and  Predictable yields economic predictability required
. : Economic feasibility
Potentially high, tunable Commercially improves if higher Application-specific

Adsorption performance

surface chemistry and
pore structure

standardized performance

selectivity or capacity is
demonstrated

validation needed

Scale maturity

Laboratory to pilot scale

Fully industrialized

Higher financial risk for
scale-up

Lack of industrial
demonstration plants

Environmental
compliance cost

Off-gas treatment and ash
handling are required due
to additives

Established emission
control systems

Additional compliance
costs are possible

Halogens, metals,
finishing chemicals

Life-cycle environmental
benefit

Potentially favorable
(waste diversion +
resource recovery)

Moderate, depending on
feedstock source

Policy incentives may
improve competitiveness

Requires full LCA
validation

Market competitiveness

Currently niche or
application-specific

Low-cost mass production

Competitive only with
functional advantage or
policy support

Market acceptance and
certification
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12. Conclusions

Textile-based micro- and nanoplastics represent a critical, under-addressed compo-
nent of global plastic pollution. Synthetic fibers such as polyester, polyamide, and acrylic,
along with polymeric textile finishes (e.g., polyurethane, polyethylene, fluoropolymers,
melamine resins, and microcapsule coatings), continuously release microplastic particles
throughout their lifecycle, from manufacturing and washing to disposal. Domestic and
industrial laundering remains a dominant emission pathway, influenced by fabric struc-
ture, mechanical aging, detergent chemistry, and washing conditions. While conventional
wastewater treatment plants can achieve substantial removal efficiencies (often exceeding
90% under optimized conditions), complete elimination remains challenging. A significant
fraction of captured microplastics accumulates in sludge, creating potential secondary con-
tamination risks through land application or disposal. Advanced treatment technologies,
including membrane bioreactors (MBRs), ultrafiltration, nanofiltration, electrocoagulation,
and adsorption systems, demonstrate enhanced removal performance, yet scalability, cost,
fouling, and energy demand remain limiting factors. Most importantly, this review high-
lights a paradigm shift: instead of viewing recovered microplastics solely as waste, they
can be transformed through controlled carbonization (e.g., pyrolysis or hydrothermal car-
bonization) into porous carbon materials with high adsorption capacity. These carbonized
derivatives show strong potential for removing dyes, heavy metals, and persistent organic
pollutants, thereby closing the loop between pollution mitigation and resource recovery.
Thus, integrating efficient capture technologies with carbonization-based valorization offers
a sustainable and circular strategy for managing textile-derived microplastics.
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