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Exploring sustainable adsorbents to mitigate
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In recent years, the issues pertaining to the micro-/nano-plastics (MNP) pollution in urban water have
escalated due to their detrimental environmental consequences, which not only disrupt aquatic habitats
and harm marine life but also serve as vectors for toxic pollutants, potentially entering the food chain
and posing risks to human health. Although conventional techniques such as filtration, sedimentation,
and electrocoagulation have been extensively utilized for MNP removal, ongoing concerns persist
regarding their effectiveness, sustainability, and cost implications. Hence, it is imperative to critically
assess the performance of conventional techniques in addressing MNP-induced pollution and to shed
light on the potential of some emerging technologies as promising next-generation solutions. However,
the dearth of standardized approaches and the scarcity of comprehensive data contribute to the
disturbing extent of uncertainties in utilizing such techniques to address MNP pollution. Therefore, the
current review theoretically emphasizes on innovative use of biochar, electrospun fibers, and aerogels as
sustainable adsorbents for managing MNP pollution. Further, it offers a systematic overview elucidating
the foundational understanding pertaining to the sources, fate, and transport dynamics of microplastics
within the environment. Apart from this, the article explores the integration of such adsorbents into
existing water treatment systems and examines the associated challenges and future perspectives in
real-world applications. Thus, the contextual review provides valuable insights into designing next-
generation technologies aimed at controlling MNP pollution in water systems which not only enhances
the understanding of the fate and transport mechanisms of emerging MNP pollutants treatment of water
to make it portable but also assists material designers in evaluating and refining existing methodologies
and thereby promoting a multi-faceted and synergistic approach to combat the complex issue of MNP
pollution.

The ever-increasing threat pertaining to micro-/nano plastics pollution has sparked alarm across the globe due to the severe repercussions for both the envi-
ronment and human health. The persistence of these particles in the environment poses a concern due to their ability to absorb and transport toxic
contaminants, resulting in bioaccumulation in aquatic creatures and subsequently influencing the food chain. These particles can harm marine life, ranging
from plankton to bigger creatures, causing food chain disturbances and ecological imbalances. The assimilation of MPs by marine creatures can lead to physical

harm, toxicity, and the transmission of pollutants up the food chain, thereby affecting human populations dependent on seafood. Thus, this comprehensive
review article gives insights into the limitations of traditional methods for removing MNP and recommends a paradigm shift towards new sustainable
adsorbents, especially biochar, electrospun fibrous constructions, and aerogels. The investigation of these novel materials as next-generation solutions
represents a significant divergence from traditional options which not only advances our understanding of MNP pollution but also provides a strategic
framework for future research, fostering a multifaceted and synergistic solution to protect the environment from the pervasive threat of MNP.

1. Introduction
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an emerging problem, considering the fact that it has perco-
lated down through the soil streams all through and dispersed
up above up to the cloud systems. Reportedly, plastic produc-
tion globally exceeds ~450 million metric tons (MMT) annually,
and without intervention, it is projected to double or triple by
2060." As per the report obtained from the International Union
for Conservation of Nature (IUCN), ~3.2 million tons of plastic
waste are dumped into the atmosphere in a yearly manner,
while ~1.5 million tons of which end up in the oceans.
Consequently, the amount of plastic waste generated globally
has not only risen up to ~353 MMT in 2019 (OECD 2022) but is
also estimated to surge ~6-fold by 2060.> Meanwhile, the pro-
longed persistence of plastics (which can last up to ~1000 years)
in the environment coupled with their potential to release
harmful chemicals (such as bisphenol A and related chemicals,
phthalates, per and poly-fluoroalkyl substances (PFAS), dioxins,
toxic metal ions (lead and cadmium)) and/or other toxic addi-
tives during degradation affects the aesthetics of natural habi-
tats but also disrupts thriving ecosystems. For instance, it has
shown instances of devastating effects on marine life (such as
seabirds, turtles, fish, and marine mammals) as they often
mistake plastic debris for food, resulting in the ingestion and
entanglement, ultimately causing injury, suffocation, and even
death and decimation.®* The most significantly susceptible
ecosystem component to microplastics (MPs) is water, which
has a vicious nexus and non-escapable interdependence. Due to
the invariably lesser density of MPs, generally, they incline to
either settle down on the ground or disperse in the air
depending on their size and substrate-specific functionality on
MPs.* However, most of the MPs eventually get transported to
the water system which leaves the water extremely contami-
nated, to the extent of alarming malignancy.®

Further, with passing years, plastic waste can break down
into smaller fragments (<5 pm) i.e., MPs (~0.1 um to 5 mm) and
nano-particles (NPs) (0.001-0.1 pm) by the exposure to the
ultraviolet (UV) irradiation and weathering processes, thereby
causing its infiltration into aquatic and terrestrial environ-
ments.® For example, polystyrene (PS)-based MPs (~10 pm) can
induce oxidative stress in epithelial cells as well as the human
brain and adsorb other toxic organic pollutants (such as poly-
cyclic aromatic hydrocarbons (PAHs), and persistent organic
pollutants), which may eventually facilitate their transfer into
different organs and tissues.” NPs with smaller size, lesser
density, and higher surface area, inherit the negative impacts of
MPs on the aqueous environment and may exert more serious
impacts, such as ingestion by different aquatic and terrestrial
organisms, piling up in various body parts like liver, gills, blood
streams of organisms which may cause metabolic disorders,
severe infections and disruption of various cycles of the body.®
For instance, Wang et al. reported that PS-based MNP can not
only decrease the cell viability of Caco-2 cells (derived from
colon carcinoma) but also tend to induce cytotoxicity linked to
oxidative stress, epithelial cell injury, disruption of intestinal
barrier function, and altered detoxification processes.” In
another in vitro simulation experiment conducted by Fournier
et al. cultured gut microbiota obtained from fecal samples
observed a significant shift in the community composition of
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the gut microbiota after interaction with polyethylene tere-
phthalate (PET)-based MNP, which had diameters ranging from
~30 to ~140 pum. Such interaction resulted in an increased
proportion of clostridium and Bacteroides.™

Indeed, the concentration of MNP has experienced a signifi-
cant increase (~10-fold) in the last two decades (i.e. from 2000
t0 2020), indicating a growing accumulation of these particles in
the three functional components of our ecosystem (air, water,
and soil). For example, Kawecki et al. conducted a study and
developed a model with parameterization specific to Switzer-
land. The findings revealed that ~540 £ 140 grams per capita
per year (g cap 'y ') of seven analyzed polymers were released
into the soil as macro- and MPs combined. In addition, the
distribution of these polymers was further divided composi-
tionally into ~98 + 50 g cap” 'y~ of High-Density Polyethylene
(HDPE), ~94 + 34 g cap ' y " of Low-Density Polyethylene
(LDPE), ~24 + 13 gcap 'y 'of PS,~16 +12gcap 'y 'of EPS,
~65 4 36 g cap 'y ! of polyvinyl chloride (PVC), ~200 & 120 g
cap 'y "of PET and ~126 + 43 g cap” 'y " of PP."" According to
data published by the United Nations Educational Scientific
and Cultural Organization (UNESCO), it is estimated that as of
2022, the ocean contained a staggering ~50-75 trillion pieces of
plastic and MPs.”> Meanwhile, even in remote areas like the
Italian Alps, broken ice was found to contain a maximum of
~74.4 MNP per kg, while on the exterior periphery of the glacier,
it was projected to be ~131 million MNP (even in the Tibetan
Plateau, which boasts some of the highest altitudes in the
world)." Even in high-altitude places (like the Tibetan Plateau),
with the highest elevations in the world (with an average height
of >4000 meters), the presence of MNP has been identified in
water streams like lakes and rivers," which suggests that MNP
pollution is not limited by geographic boundaries and can reach
even the most remote and seemingly isolated areas. In a recent
study, researchers have discovered that the spread of MPs
through atmospheric transport depends on their shape. In
a model, fibers with a length of up to ~1.5 mm were able to
reach the most remote places on earth up to the stratosphere,
while spheres of the same mass settled much closer to the
respective regional plastic sources."

The presence of NPs can disrupt the natural cycles and
processes in the bodies of various organisms. For example, NPs
can interfere with endocrine functions, affecting hormone
production and regulation, which can have cascading effects on
reproductive cycles, development, and behavior of organisms.*®
Moreover, the COVID-19 pandemic has further exacerbated this
issue by increasing the extensive use of single-use plastics, such
as masks, gloves, and personal protective equipment (PPE),
combined with the surge in packaging waste from online
shopping and food delivery services.” Globally, ~8 million
tonnes of pandemic-related plastic trash are created, with more
than ~25 000 tonnes entering the ocean." In another study, the
global amount of face masks entering the oceans experienced
a significant increase in 2020, with an estimated additional
~1.56 billion masks contributing to marine pollution during
that year alone.”

Conventional
including coagulation,

decontamination removal technologies

dissolved air flotation, physical
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separation technologies, membrane disc-filters, sand filtration,
coagulation, enhanced oxidation, magnetic separation, chem-
ical agglomeration, and membrane filtration (such as ultrafil-
tration, microfiltration, nanofiltration, membrane bioreactors,
and reverse osmosis) have demonstrated promising results in
addressing the issue of MNP by exhibiting high removal effi-
ciencies of >90%, along with the possibility of retrofitting at
minimal cost compared to alternative techniques.”® However, it
is critical to comprehend that the performance of the
membrane filters is affected by different parameters such as
materials used in membrane preparation, orientation, profile,
size, wettability feature, and surface area.”* The pore sizes of
conventional membranes may not be optimal for the removal of
certain pollutants such as NPs due to their size scale fluctua-
tions, thereby posing challenges in achieving adequate reten-
tion.”> Furthermore, conventional membrane filtration is
associated with higher costs and limited process intensifica-
tion, which can impact the setup and performance of the
filtration system.”® Therefore, considering the challenges asso-
ciated with conventional membrane-based technologies, there
is an urgent need for further research on innovative, sustain-
able, and renewable technologies for the effective removal of
MNP that can contribute to the development of efficient and
eco-friendly solutions for the removal of MNP from various
environments. In this context, Isaeva et al. summarized the
report on modern carbon-based adsorbents, including gra-
phene oxide (GO), carbon nanotubes (CNTs), metal-organic
framework (MOF)-carbon composites, and MCs (microporous
carbons) obtained through controlled pyrolysis of MOF-
precursors for isolating MPs.>**® In another study, Yang et al.
investigated the performance of chitosan (CS)-based hydrogel
systems for the removal of various types of pollutants especially
MPs in an efficient manner.*® The 3D network structure of
hydrogel possesses outstanding water holding and adsorption
capacity along with reversible swelling ability enabling the
removal of a wide variety of MNP. Recently, Goh et al. discussed
the significance of multifunctional and flexible nanomaterials
by recognizing and eradicating the MPs particles through
different mechanistic approaches such as adsorption, advanced
oxidation process, magnetic separation, membrane filtration,
and many more.”” To resolve the complexity with efficacy and to
explore the benefits of nanomaterials in MPs treatment
processes in a more sustainable manner, the overview intends
to stretch further to multifunctional adsorbents like aerogels,
biochar, and electrospun mats. In this regard, Yon et al
synthesized durable zinc MOF-based composite material ZIF-
8@aerogel by in situ grown ZIF-8 on wood aerogel fibers, and
it is being utilized for the successful removal of MPs including
poly(1,1-difluoroethylene) (60-110 nm) and PS (90-140 nm)
from the aquatic medium with a removal efficiency of ~91.4%
and 85.8%, respectively.”® Further, Zhu et al synthesized
a modified porous cellulose nanofibrous-based aerogel through
the chemical modification of bleached eucalyptus pulp by
2,2,6,6-tetra methyl piperidine-1-oxyl and 2,3-epoxy propyl tri-
methyl ammonium chloride. This aerogel demonstrated highly
efficient separation of different PS-MPs, achieving near 100%
efficiency for carboxylate-modified PS and ~75% for amine-
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modified PS.”* Wang et al. have substantiated the effectiveness
of corn straw and hardwood-derived biochar in MPs removal
through experimental studies. The results revealed that biochar
filters exhibit significant capacity for the removal and immo-
bilization of 10 pm diameter MPs spheres (>95%), surpassing
the performance of similar grain-sized sand filters studied.*
Rist et al. fabricated bio-based polyamide 6.9-based electrospun
membrane as filters, prepared from plant oil-based azelaic acid
and electrospun from chloroform/formic acid to produce self-
standing electrospun nonwovens, with high mechanical prop-
erties and resistance to solvents. The electrospun mats
demonstrated high efficiencies of up to 99.8% for the filtration
of PS microparticles (PS-MPs) from water.**

A comprehensive overview of the previously published review
articles related to MPs removal is listed in Table 1. To date, there
has been no report investigating an overall systematic compila-
tion on the understanding of such emerging frameworks that
could be useful for potential MPs removal in water treatment. To
address these critical knowledge gaps, the objectives of this work
are to provide insights into the sources of nano- and MPs, the
implications of pandemics such as COVID-19 on MPs pollution,
the journey of such plastics, their environmental fate, followed by
standards for the detection of MNP contaminants in water and
soil. By critically evaluating the limitations of conventional
techniques that are being used for the removal of MNP, the
current review aims to shift the attention towards the exploration
of the recently developed material-specific sustainable ways i.e.,
the use of biochar, electrospun micro/nanofibrous assemblies,
and aerogels as emerging solutions in the field of MNP filtration
from soil and water ecosystems. Additionally, it further delves
into the challenges in implementing these materials for the
removal of MNP and highlights the research gaps in this critical
aspect of concern. Summatively, the paper offers strategies and
recommendations for future research to improve the application
of these adsorbents in real water treatment systems, thereby
paving the way for a more comprehensive and synergistic
approach to combatting the complex issue of MNP pollution.

2. Methodology

A systematic literature review was meticulously conducted over
a span from December 2022 to November 2023, employing
a three-step methodology that encompassed (i) identification and
compilation of scholarly materials, (ii) screening of articles and
meticulous data acquisition, and (iii) comprehensive reporting
and widespread dissemination of findings. Various esteemed
electronic and scientific databases such as Google Scholar, ACS
Publication, ScienceDirect, Springer Link, and Web of Science
were utilized to explore the originally published research and
review articles from 2016 to 2023. The keywords/search terms
such as the emerging level of MP, their harmful effect, toxicity
assessment, and emerging adsorbents for MNP removal were
used. Based on the title, keyword, and abstract of the extensive
pool of scholarly works, similar types of articles (~180) were
selected for comparative analysis. The conventional techniques
utilized for the removal of MNP are thoroughly analyzed, taking
into account their limitations including sustainability, and

Environ. Sci.: Adv,, 2024, 3,1217-1243 | 1219
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Table 1 A comprehensive overview of the previously published review articles related to MPs removal

S. no. Paper title

Highlights

Aspects not discussed/
limitations Ref.

1 Review of MPs distribution,
toxicity, analysis methods,
and removal technologies

2 A critical review of MPs
removal from the
environment

3 MPs pollution focused on

sources, distribution,
contaminant interactions,
analytical methods, and
wastewater removal
strategies: a review

1220 | Environ. Sci.: Adv, 2024, 3, 1217-1243

Major MPs were reported
from PET, polyurethane
(PU), PS, polyvinyl alcohol
(PVC), polypropyelene (PP),
polyethyelene (PE), and
polyamide (PA)

Different sampling,
pretreatment, and
separation techniques
(density-based), were
discussed

Analytical analysis methods
for different MPs
applications have been
discussed in detail
Conventional removal
techniques such as
wastewater treatment plants
(WWTPs), physical
(flotation, sedimentation,
and filtration), chemical,
and biological technologies
(activated sludge treatment,
aerobic and anaerobic
digestion, lagoons, and
septic tanks) have been
discussed in full detail

The study focussed on the
source and occurrence of
MPs studies on the physical,
chemical, and biological
techniques for MPs removal
from the environment have
been critically carried out
along with the advantages
and limitations of each
removal technique are
identified

The evolution of MPs
sources, the toxicological
effect on the environment
and human life, its
extraction technique, and
analysis have been briefly
mentioned

A comprehensive study on
the existing and
conventional removal
techniques such as WWTPs,
biological wastewater
treatment with
microfiltration or
ultrafiltration in

a membrane bioreactor,
electrocoagulation, and sol-
gel method were discussed
A new approach to the
utilization of coated Fe
nanoparticles to magnetize
plastics, allowing magnetic

Risk factors and toxicity of 32
the MPs in the ecosystem

and human body have not

been mentioned fully

All the mentioned MPs
removal techniques are not
that efficient and the
efficiency is only 70%

Major research has been 33
done on the dissemination
pathway, environmental
occurrence, and distribution
in the air, soils, sediments,
rivers, lakes, and oceans
The lack of investigation on
MPs ecotoxicity and
remediation technologies
has been profound and
needs attention to address
the research gaps
Standardization is not 34
available, leading to the
misidentification of MPs,
future work on the precise
sampling, treatment,
solution preparations, and
equipment was required for
more precise evaluation
Several new hybrid and
advanced treatment
processes have not been
explored properly, whereas
the existing mentioned
technology has been tested
on a laboratory scale only
with a few MPs

New treatment alternatives
must continue to be
explored and tested in real
samples, where a mixture of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Aspects not discussed/

S. no. Paper title Highlights limitations Ref.
extraction and the isolation MPs and different
of MPs, and dynamic contaminants is present. It is
membrane technology was also important to approach
explored both lab tests and the
industrial scale to ensure the
viability of strategies to be
implemented in future
wastewater treatments
4 A review of methods for The extraction of MPs from Sophisticated laboratory 35

extraction, removal, and
stimulated degradation of
MPs

5 A review on MPs separation
techniques from
environmental media

Thematic focus of the present review

water probes, techniques for
identification of polymer
types, and strategies for the
stimulated natural and
artificial degradation of the
material are
comprehensively discussed
Recent trends in the
recycling of MPs and
pollution control were
explored in this study

The review covers about two
hundred recent sources and
briefly explains the most
appropriate techniques for
a given task

Separation techniques for
MPs removal from
environment matrices are
explored

Different environmental
media like soil, water, and
sediments have been
considered

Removal efficiency of the
proposed system with
advantages and limitations
has been mentioned

MPs separation helps to
understand system
performance and pollution
estimation

devices combining optical
microscopy with FTIR or
Raman as well as FTIR-TGA
couples for the analysis of
MPs are not explored

Recovery rate, lack of 36
comparative data, low fiber

separation, contamination,

quality assurance, and

separation measures are not

thoroughly discussed

Lack of information about

MPs separation from the soil

Provides insights into the sources of nano- and micro-plastics, and implications of the pandemics such as COVID-19 on MPs pollution
Describes environmental consequences followed by the conventional methods used for the removal of MNP contaminants in water and soil
Explores some of the recently developed material-specific sustainable ways i.e., the use of biochar, electrospun micro/nanofibrous assemblies, and
aerogels as emerging solutions in the field of MNP filtration
Delves into the challenges in implementing these materials for the removal of MNP and highlights the research gaps in this critical aspect of

concern

Offers strategies and recommendations for future research to improve the application of these adsorbents in real water treatment systems

efficacy parameters. Additionally, recently available relevant
references pertaining to the utilization of electrospun fibers,
biochar, and aerogels as potential adsorbent systems for MNP
were meticulously curated and integrated into the review.

The book chapters, letters, opinions/perspectives, abstracts
from conferences/seminars, encyclopedias, and viewpoints
were not considered for the future purpose. Throughout the

© 2024 The Author(s). Published by the Royal Society of Chemistry

research endeavor, any kind of queries, disputes, and confu-
sions were effectively resolved through collaborative group
discussions, paper revisions, and laboratory meetings.
Furthermore, the review, as well as the research article, were
systematically categorized according to various aspects such as
the escalating MNP from diverse origins, their direct and indi-
rect consequences on the environment and living species,
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conventionally available methodology, and emerging
techniques/systems for their treatment in eco-friendly/
sustainable manner. The obtained articles were incorporated
into Mendeley software for reference citation purposes, with
duplicate results systematically removed. The schematic illus-
tration of the performed screening process is shown in Fig. 1.

3. A quantitative outlook on the
sources of MPs

MNP originate from a diverse range of sources, including adhe-
sives, paints, coatings, pharmaceuticals, biomedical materials,
electronics, magneto/optoelectronic devices, medical equipment,
plastic sheets in the food department, marine fisheries, dispos-
able materials for carriers, precursors used in industries and

database

ScienceDirect (n=100)
Web of Science (n=100

Similar/duplicate
records excluded
(n=20)

| sasonng | [ cresenios

Scrutiny of records

Complete text of
articles obtained
(n=280)

[Encompassed [ Suitabili

Records obtained from the

Google Scholar (n=300)
ACS Publication (n=200)
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agricultural films.*” The schematic representation concerning the
diverse sources of MNP generation is illustrated in Fig. 2a.

3.1 MPs from packaging, cosmetics, and textile industries as
fast-moving consumer goods (FMCG) sources

The cosmetics industry has posed a significant challenge con-
cerning MPs pollution primarily attributed to the use of
microbeads (composed of materials like polyethylene (PE) or
polypropylene (PP)) in a wide range of personal care products
such as scrubs, toothpaste, and shower gels. For example,
a study conducted by Guerranti et al. revealed that cosmetics
usage in the countries from the European Union is found to be
~4000 tons of microbeads annually.** Furthermore, research by
Cheung and Fok in 2017 highlighted that the aquatic environ-
ment in mainland China is facing contamination with an esti-
mated average number of microbeads of ~210 trillion, which

Similar records
(n=200)

Non-relevant records excepted
(n=200)

Number of records excepted
Conferences/seminar abstract
(n=20)

Encyclopedia (n=25)
Opinions/perspectives (n=25)
Book chapters/viewpoints (n=30)

Fig.1 A schematic representation of the process involved in screening the databases and records which helped in the effective outcome of this

study.
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Study/Record/Publication
included for quantitative
preparation of review article
(n=180)
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corresponds to ~307 tons in weight.*” Additionally, synthetic
textiles including polyester and nylon are major contributors to
MPs pollution. For instance, Hernandez et al. presented the
amount of MPs fiber generation from synthetic textiles (poly-
ester) in terms of their mass and size while carrying out the
imitated home washings taking into account washing parame-
ters such as the utilization of detergent, washing time,
consecutive washing and temperature condition along with
fiber structure orientation.” The study demonstrated that, of all
the factors assessed the use of detergent exhibited the greatest
effect on the overall amount of fibres released. However,
detergent composition (liquid or powder) and overdose failed to
impact MPs release significantly. Despite various release
parameters while carrying out the insertion of surfactant
(~0.025 and ~0.1 mg fibers per g textile washed out deprived of
and with detergent, respectively), average MPs-based fabric
orientation was found consistent regardless of wash conditions,
with maximum of fibres found between ~100 um and ~800 um
in length, regardless of the number of washing cycles.*

© 2024 The Author(s). Published by the Royal Society of Chemistry

MPs can be generated from packaging films during everyday
activities such as opening packages, consuming food, drinking
from plastic bottles, or disposing insensitively into sewerage or
garbage heaps. For instance, Sobhani et al. demonstrated that
plastic packages from consumables in everyday life may result
in a significant mass of MPs generation (i.e., within the range of
~10 to ~30 nanograms, which is equivalent to ~14 000 to ~75
000 isolated number of MPs).** The quantity of MPs generated
(ranging from ~46 to ~250 MPs per cubic centimeter (size of 10
pm x 10 pm X 10 pm), and/or ~0.46 to ~2.5 MPs per cubic
centimeter (size of 1 mm x 10 um x 10 um)) depends on
various factors, including the stiffness, thickness, anisotropy,
density of the plastic materials, and the size of the MPs.*

3.2 MPs from agriculture, construction, and infrastructure
demolition waste

MNP can also be deliberately introduced into the soil through the
use of industrially produced chemical fertilizers such as dia-
mmonium phosphate and single superphosphate (which
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predominantly possess nitrogen, phosphorus, calcium, magne-
sium, and potassium elements) and pesticides such as herbicides,
fungicides, nematicides, rodenticides, and insecticides for agri-
culture.”” These products often come with a polymer shell or
coating, contributing to MNP contamination.”® For instance,
China, being one of the largest producers and consumers of
plastic globally, utilizes over ~70 million tons of plastic products
annually.” Among these, mulch films account for ~57.27% of
agricultural film consumption, which has reached over 2.408
million tonnes.*® Research conducted in China has revealed
significant stages of MPs contamination, with soil samples in
localities where plastic mulching has been employed for consec-
utive ~30 years showing MPs concentrations of ~40.35 mg kg™ *.*
A recent study in Japan found that plastic-based microcapsules
from coated fertilizers collected in rice fields resulted in ~144 mg
of MPs per kg of soil.>** Additionally, the utilization of sewage
sludge from WWTPs has been identified as a major source of MPs
in soil used for agriculture.”* For instance, average MPs concen-
trations of ~22.7 + 12.1 x 10° particles per kg dry sludge were
detected in sewage sludge from 28 WWTPs in China,” which
indicates a relatively high abundance of MPs in the sludge
samples. In Europe, sludge reuse releases ~63 000 to ~430 000
tonnes of MNP into farmland each year, out of which only Finland
uses up to 72% of sludge for agricultural use.>*** Furthermore, the
wear and tear of agricultural equipment (such as agrochemicals
loaded plastic films coated crop seeds) including tire abrasion
(from tractors and mechanical harvests), contribute to the pres-
ence of MPs in soil samples from agro-fields, with the accumu-
lation of tire wear debris being a significant source of soil MNP.>
Afterward, Kole et al. estimated that ~67% of tire constituent
parts unconstrained in the surroundings in the Netherlands end
up in the soil, emphasizing the importance of tire wear as
a substantial contributor to soil MNP. Moreover, MNP can enter
into the soil and aquatic ecosystem through road paint deterio-
ration, truck and car tires, ship containers, and by disposal of
textile materials.*® Further, massive numbers of MNP as fibers
(synthetic and natural based), such as rayon, polyester, and
carpets are released from the common textile garments industry
during the domestic and industrial laundering processes.

3.3 MPs from aircraft, aviation, and other transport modes
such as vehicular sources

The aviation sector has emerged as one of the newly realized
and aggressive potential sources for the generation of MNP. The
major envisaged constituents comprised of tire wear, cabin
materials, and engine emissions. As documented, a single take-
off and landing of an aircraft (not only commercial flights but
also private jets and military aircraft) generates an average of up
to ~2.5 kg of MNP getting into the atmosphere dispersed and
the majority of it primarily consists of rubber particles from tire
abrasion.’® In the context of automotive sources, MPs most
significantly arise from tire wear and road abrasion. Tires shed
tiny plastic particles as they wear down due to friction with the
road surface. As an example, Baensch-Baltruschat et al. used the
specific emission factors per vehicle-kilometer approach to
assess wear and tear on urban, rural, and highway roads. The
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cumulative estimated wear and tear for these three types of
roads amounted to ~17 300 tonnes annually.”” Worek et al.
tested samples of road dust and soil from high-traffic areas,
finding an average of ~372 £ 50 MPs fragments/kg of dry weight
in soil samples and ~515 £ 20 fragments per kilogram of dry
matter in road dust.”® Notably, the road dust samples included
a larger concentration of MPs than the soil samples, possibly
due to the direct action of braking, which causes a greater
buildup of MPs at the emission source than in the surrounding
soil. Furthermore, there is a clear variation in the size distri-
bution of MPs fractions, as most instances in soil samples lie
below ~50 pm, whereas road dust samples largely consist of
fractions between ~50 and ~200 um.*® It must be noted that the
extent of MPs-induced contamination in soil that can directly be
attributed to tire dust or tire- or origin remains mostly unre-
ported or scattered to the extent that it is hard to reproduce.

3.4 MPs from the pandemic, epidemic, healthcare and
medical-safety products

The COVID-19 pandemic has led to a significant increase in
single-use plastic pollution due to the extensive use of single-
use-plastic-based biowaste and medical waste such as gloves,
face masks, and PPE kits, hand sanitizer bottles, gloves, and
water-logged masks. However, the persistence of plastics for
prolonged periods, and improper disposal, including these
single-use medical devices and PPE items, can contribute to
their prevalence in the environment for many thousand years,
thereby leading to detrimental effects on wildlife, including
entanglement, ingestion, and habitat disruption.***° Fig. 2b
provides an overview of the impact of plastic waste generation at
the time of the pandemic. Reportedly, global demand for PPE
has risen to ~129 billion face masks and 65 billion gloves every
month, ensuring the protection of the public and frontline
workers globally.®* The total quantity of plastic garbage gener-
ated increased as a result of individual choices about utilizing
online delivery services in order to address safety concerns
about dining out or shopping during the pandemic or any other
extended period of illness. As an example, the waste produced
due to online shopping during the pandemic varied across
countries, with the highest amounts recorded in China (~402
000 tons), followed by Germany (~36 500 tons), the USA (~2700
tons), India (~520 tons), and Italy (~450 tons).®> Conversely,
hospital waste generation, ranked from highest to lowest, was
observed in India (~100 865 000 tons), the USA (~685 200 tons),
Germany (~500300 tons), Italy (~404000 tons), and China
(~146 000 tons).*®** A study by Peng and Kathuria estimated
that ~22-30 thousand tonnes of plastics related to the
epidemic, including ~12 000 tonnes of MPs, were released into
worldwide seas. This highlights the significant contribution of
the COVID-19 pandemic to the accumulation of MPs in marine
and inland waters.” Further, Saliu et al. revealed that in 2020,
the worldwide manufacturing of masks was found to be range
from ~2.4 to ~52 billion pieces, resulting in the generation of
~7200 to ~312 000 tons of waste containing MPs. Among these
wastes, a significant portion, i.e., ~1% to ~10% was released
into the ocean, which accounts for ~72 to ~31200 tonnes of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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MNP waste.®® Further, Mintenig et al. demonstrated that facial
cleanser beads exhibit a higher mass of MPs compared to other
personal care products (PCPs). For instance, they found that
facial cleanser beads contained ~0.05 grams of MNP per gram
or ~2450 particles per gram, whereas shower gels exhibited only
~0.02 grams per gram or ~2.15 particles per gram.** Plastic
particles in shower gel exhibited an average diameter of ~419
um, whereas those in face cleanser beads showed an average
diameter of ~197 um. A previous study conducted in China on
characterizing MPs in facial cleanser beads indicated that
WWTP was responsible for >80% of MPs entering the aquatic
environment. The residual portion (~20%) may be ascribed to
direct emissions, of which ~18.2% come from cities and ~0.5%
from rural regions.*»*® The detailed outline of the total esti-
mated plastic waste in various countries is shown in Fig. 2c
and d.

4. Gross overview of physical
consequences of MPs on the “soil—
water—atmosphere” nexus

4.1 Physical consequences of MPs in water

The occurrence of MNP in earthly and marine environments
raises concerns due to their potential impacts on organisms,
ecosystems, and human health assisted by various mechanistic
routes such as ingestion, contamination, infection, inflamma-
tion, assimilation, blockage of various tracts in active biological
systems such as plants and animals (both aquatic and terres-
trial).®® For example, MPs can be consumed by a variety of
organisms, ranging from small invertebrates to larger marine
animals, and have the ability to accumulate and magnify in the
food chain. Such undesirable effects may cause nutritional
imbalances, and changes in feeding behavior, leading to related
growth facts, reproduction malfunction, and eventually threat-
ening the overall growth of such species.”” Further, nano-
particles (NPs) can be ingested by a diverse range of aquatic
organisms, including invertebrates, fish, and plankton through
various pathways, such as filtration feeding or direct absorption
across cellular membranes. Once ingested, NPs can accumulate
in different body parts and tissues, including the gills, liver,
intestines, and blood.*® While keeping this fact in mind, Goh
et al. explored detailed profiling of nanoparticles for MPs
remediation from aquatic environments which may have long-
persisting issues like depth-specific susceptibility of marine
creatures/microorganisms.”” Additionally, it has been observed
that copepods, when exposed to high concentrations of MPs,
exhibited reduced algal feeding, as highlighted in a study con-
ducted by Piyal Bhattacharya.®® Furthermore, research by Moos
et al. demonstrated that mussels ingesting MPs experienced
a pronounced inflammatory response.” Further, the regions
with elevated MPs concentrations such as certain coastal areas
and bodies of water often experience diminished water clarity
due to the scattering of light by these particles, resulting in
a cloud/hazy or murky appearance.” Consequently, this can
disrupt the process of photosynthesis in underwater plants due
to a significant drop in photon flux density with increased
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concentration of MPs and alter the visual hunting tactics of
marine underwater species employed by certain species.

The higher exposure of humans to freshwater environments
increases the significance of MNP as a threat in these ecosys-
tems compared to marine environments. For example, in the
urban waters of Changsha, Hunan Province, China, surface
sediments were found to contain MNP concentrations ranging
from ~270 to 866 items per kg.”” In Qinghai Lake, the largest
inland lake in China, MNP concentrations in the lake water
ranged from ~0.05 x 10° to 7.58 x 10° particles per km?, while
sediment samples contained ~50 to ~1292 particles per m*.”?
Similarly, in the Wei River in northwestern China, MPs
concentrations in surface waters ranged from ~4 to ~11 items
per L, while sediment samples had concentrations of ~360 to
~1320 items per kg.”* In humans, the MPs incorporation takes
place via gastrointestinal tracts followed by their permeation
into both the lymph and circulatory systems of unborn fetuses
through the placentas, as well as being absorbed in the lungs
when inhaled, which can trigger various biological responses
from the immune system and have detrimental effects on the
health of body cells. Reportedly, MPs smaller than <150 mm
may translocate across the gut epithelium.”

4.2 Consequences of MPs across soil-water interface

Contamination of soil by MNP can occur through diverse path-
ways, such as the incorporation of MPs in sewage sludge or
compost direct interference, the fragmentation of larger plastic
objects into smaller particles (fracture and collapse of structural
integrity), or direct deposition from the atmosphere (settlement
of contaminated MNP aerosols).” They have several effects on
soil environments as they can enhance water evaporation rates by
influencing soil porosity, potentially leading to increased water
loss, increasing amount of dissolved nitrogen, phosphorus, and
other organic carbonous compounds in soil through enzymatic
stimulation activity, altering the structure and diversity of the
bacterial community, and eventually leading to significant extent
of soil-moisture interaction imbalance over time.”” Additionally,
MNP in the soil can adsorb various pollutants like antibiotics,
heavy metals, and persistent organic substances (also known as
“forever chemicals”) and release internal and non-bonded addi-
tives through dynamic leaching activity, which in turn may cause
pollution and alter the movement of pollutants in the soil,
thereby endangering the soil quality and its associated microor-
ganisms.”® Further, the presence of MNP in the soil environment
can alter the overall bulk density (making it lighter) and pH of the
soil. For instance, Tan et al. noticed that the pH decreased with
increasing levels of MPs in a pot experiment, which may account
for the increase in soil aggregate size, soil porosity, and aeration
when the MPs were put into the soil.”

Similar to the marine environment, MNP pollution in soil
has reportedly increased the uptake of MNP by various soil
organisms such as earthworms, and rhizobium. For example,
PS particles can induce a malfunctioning of intestinal micro-
flora, impair intestinal boundary function, and thereby causing
metabolic disorders in mice as a secondary consequence.®
Earthworms, which are important contributors to soil health,
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also experience inhibited growth when exposed to PE-based
MPs, and higher concentrations of MPs that can even lead to
increased mortality rates in these organisms. Similarly, nema-
todes, another important group of soil organisms, efficiently
ingest MNP, which can be detected in their offspring as well.
MNP is extremely dangerous to plant species, causing growth
suppression, intestinal damage, immune system disturbance,
reproductive consequences, and death. MNP can also inhibit
the ability of roots to absorb water and nutrients, affecting plant
development and germination.** Similarly, MPs in soil may
induce a new microbial habitat with its consequences on bulk
soil microbiomes.*” MPs tend to accumulate in pores indeed
capsules and also impact seed water adsorption and may thus
delay germination and root growth. Thus, MPs in soil may
disturb the soil nutrient cycle alter the microbial structure, and
may even ultimately affect crop growth.* Through the complex
food chain and species interactions, MNP can accumulate and
transfer through trophic levels, ultimately posing a threat to
human health via bioaccumulation.®

4.3 Consequences of MPs across atmosphere-water
interface

MNP possess the potential to remain airborne due to their cor-
responding tiny size and lower density values, which can function
as carriers for different other contaminants present in the air, and
their transportation with more time is helped by wind.** While
rivers and coastal areas are recognized as major sources of marine
MNP, present research indicates that atmospheric deposition may
also contribute to the presence of MNP in the ocean and their
concentrations in the atmosphere can vary across different
regions depending on climate conditions. For example, MNP
concentrations ranged from ~4.18 items per m® in Shanghai,
China, to ~14.1 items per m? in Beijing, and up to ~275 items per
m® in Germany.**®*® Indoor air tests from 12 countries globally
revealed a range of PET MPs concentrations from ~38 to ~120 000
ug g~ ', with the average value in Colombia.*® MPs can indirectly
influence climate by modifying the reflectivity (albedo) of the
surfaces they settle on, thereby not only impacting local temper-
ature and climate patterns but also acting as radiative surfaces.
Further, Zhang et al. addressed the pressing issue of anthropo-
genic pollutants, specifically focusing on the MPs in cryosphere
regions where they conducted experiments in snow, river, glaciers,
lake water, and sea ice with a primary focus on the physical and
chemical characteristicc of MPs and their transportation
dynamics in these fragile ecosystems.* However, there has been
relatively minimal attention directed toward the significant
consequences of cryosphere changes so far. Revell et al. observed
that atmospheric MPs had an effective radiative forcing of ~0.044
+ 0.399 uW m 2 in the ecosystem, presuming a uniform surface
concentration of one MPs particle per cubic meter and a vertical
distribution up to ~10 km height.®* Despite the significant
uncertainty involved with these findings, the research provides an
innovative perspective on the potential impact of MPs on the
climate and environment, especially in the context of global
warming and increasing plastic production and consumption. It
further highlighted that deposited MPs on glacier surfaces are
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transported over long distances through wet and dry deposition,
which can have significant effects, particularly when they possess
dark colors like black, grey, or brown.”” These MPs can absorb
solar radiation, leading to the heating of surface snow,
a phenomenon akin to the impact of carbon black in snow. This
suggests that MPs in snow may lower glacier surface albedo and,
consequently disrupt the energy balance in cryosphere regions.
Furthermore, the accelerated melting of glaciers could introduce
MPs into downstream rivers and lakes, creating threats to
ecosystems.* Unfortunately, existing studies have failed to quan-
tify the impacts of airborne MPs deposition on surface snow.”
Human exposure to MNP through inhalation poses a signif-
icant risk to human health. Inhalation is recognized as one of
the primary routes of exposure to MNP, and it is estimated that
the intake of MNP through the air exceeds other exposure
routes.”® When inhaled, MNP can deposit in the lungs, and
natural mechanisms such as cilia movement, sneezing, and
phagocytosis aid in the removal of inhaled particles. Conse-
quently, MNP has the potential to accumulate in the body over
time, leading to chronic inflammation, which may increase the
risk of cancer.” Fig. 3a highlights the numerous phases of the
plastic life cycle, including manufacture, use, and final disin-
tegration, with an emphasis on the formation of MPs.
Understanding the various mechanisms contributing to MPs
generation is crucial for comprehending their pervasive presence
in various environments. Thus, the paper further gives insights
into various factors influencing MNP generation, namely the
influence of photo-oxidation, UV-irradiation, and different
solvent systems on polymer structures.”® The entire lifespan of
plastic items starting from critical phases of production to use to
final environmental degradation exhaustion of utility shelf life is
shown in Fig. 3, which highlights the critical stages at which
structural changes take place and, as a result of various envi-
ronmental stresses (including photooxidation, exposure to
ultraviolet light, and contact with solvents and aquatic environ-
ments), macroscopic plastic entities break down fragment with
their MPs counterparts. These stressors include both human
activity and natural factors, which create an environment that is
favourable for the disintegration of plastics into components of
MPs. When exposed to sunlight, high-energy UV photons are
absorbed by polymer molecules and it generates free radicals
(which are reactive entities with unpaired electrons), which
further combine with ambient oxygen, thereby triggering oxida-
tive chain reaction.’”” Oxygen radicals attack the polymer back-
bone, causing molecular bond breaking and the creation of
smaller fragments like MNP. In marine environments, the
combination of UV exposure and ocean dynamics, such as
temperature variations and wave activity, accelerates the break-
down of plastics. Temperature variations cause polymers to
expand and compress, increasing their susceptibility to
mechanical stress.”® Furthermore, wave motion exposes plastic
waste to ongoing physical abrasion from other materials and
surfaces, hastening the fragmentation process.” Solvents, which
are commonly employed in industrial processes and products,
can weaken the polymer matrix, allowing larger plastic objects to
break down into micro-sized particles. For example, Ghatge et al.
evaluated the influence of organic solvents on the breakdown of
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PE, a widely used plastic polymer.’” The results showed that
exposure to solvents enhanced PE fragmentation, resulting in
micro- and NPs. Water has an important role in plastic transport
and transformation, altering structural integrity and contributing
to MPs dispersion across ecosystems. Arhant et al. investigated
the hydrolytic breakdown of PET and discovered that water
contact induced considerable chemical changes and structural
damage to the polymer.

101

5. Conventional methods for the
removal of MNP from contaminated
water

As the existence of MNP in the ecosystem causes great concern in
the current circumstances, numerous traditional strategies for

© 2024 The Author(s). Published by the Royal Society of Chemistry

eliminating these new plastic pollutants have previously been
thoroughly researched. As previously documented, the bulk of
MPs are >20 pm and easily removed using filtering and
Membrane Bioreactor (MBR).* These removal methods are
classified based on the nature of the removal process, such as (i)
capture and surface attachment methods: coagulation, floccula-
tion, and sedimentation (CFS), electrocoagulation, adsorption,
magnetization, and microorganism aggregation, (ii) filtration
and separation methods, which include filtration and separation
via membrane and constructed wetlands, and (iii) degradation
methods, which include photocatalytic degradation, microor-
ganism degradation, and thermal degradation.'®***

Indeed, filtration and separation methods are commonly
employed for the removal of MNP from the aqueous environ-
ment due to their practicality and effectiveness.'”® However, it is
important to note that the efficiency of these methods can vary
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depending on the size and nature of the particles. When it
comes to small-sized and fibrous MNP especially those that are
in the nanometer range, the efficiency of conventional filtration
techniques may be relatively low. This may be attributed to the
fact that smaller particles have a higher tendency to pass
through filter media or pores, resulting in reduced removal
efficiency.’*® The small size and mobility of these particles make
them more challenging to capture and separate effectively. To
address this limitation, alternative techniques, and advanced
filtration systems are being explored. For example, hydrogels,
MOFs, and membranes have gained widespread acceptance in
usage for the removal of MPs from various components of the
environment.””'*” Despite their numerous advantages, these
materials come with certain limitations, such as selectivity
issues, fouling problems, challenges in scaling up, and complex
treatment processes, which restrict their potential application
for MPs removal.'® To impress upon the scenario, various
systems (hydrogel, membrane, and MOF), their respective
synthesis methods, the solvents utilized, and their flocculation
activity concerning MPs are listed in Table 2.

6. Emerging techniques for the
removal of MNP: new-directions and
alternative material frameworks as
adsorbents

The most emerging technologies cover the functional usage of
biochar, electrospun fibrous constructs, and aerogels as they
demonstrate significant potential in tackling the challenges
posed by MNP pollution. These newer framework approaches
offer distinct characteristics (specific to the chemical structure of
MPs, specific to functional groups, specific to absorbability,
specific to surface capability) and novel strategies (trapping,
sequestration, coagulation, sedimentation, filtration, degrada-
tion) for effective MNP removal from water and wastewater.”***
Biochar, renowned for its extensive surface area (~250-500 m>
g™ ") and exceptional adsorption capacity, exhibits promising
ability in sequestering MNP.*® Electrospun fibrous constructs, on
the other hand, feature high porosity (controlled pore size, allows
size-specific MNP trapping) and customizable surface function-
alities, enabling efficient capture of MNP.** Aerogels, character-
ized by their remarkably low density (~0.01-0.4 g cm™>) and large
surface area (~30-600 m> g~ '), present opportunities for
advanced MNP adsorption and removal.** Therefore, by har-
nessing the potential of biochar, electrospun fibrous constructs,
and aerogels, the challenges associated with MNP pollution
including mitigating their detrimental impacts on human health
and the environment may be effectively addressed.

6.1 Biochar-based adsorbents

Biochar, a pyrogenic carbonaceous substance with a high
surface-to-volume ratio, and the ability to functionalize its
surface, porosity, and chemical composition, has sparked
widespread attention as a bio-based sustainable adsorbent for
the removal of MNP. The conventionally adopted procedure to
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make biochar is pyrolysis, which involves heating the feedstock
(e.g., biomass waste, plant waste, animal waste) under mini-
mally aerated (low oxygen) conditions.’* The utilization of
precursor materials, temperature, pressure conditions, and
pyrolysis technology, have a significant impact on the various
properties of biochar, including adsorption capabilities and the
elemental composition of the adsorbent of the resulting bio-
char.” In this context, Chen et al. demonstrated that increasing
the pyrolytic temperatures showed a direct impact on the degree
of carbonization, which in turn led to improvements in the
structural, compositional, and morphological aspects of the
resulting biochar, accompanied by improved sorption capabil-
ities.”*® Furthermore, the abundance of feedstocks for the
production of biochar, such as biomass of agricultural waste
and solid waste, makes it a renewable resource with immense
potential to remove MNP."* For instance, Singh et al. developed
eco-friendly iron-nanoparticles surface-modified biochar
adsorbents with improved magnetic and surface properties to
remove NPs under various pH conditions. The results showed
that iron-modified biochar achieved ~100% removal efficiency
compared to ~75% removal efficiency with untreated bio-
char.”™ Further, Siipola et al. utilized pine and fir bark for the
development of activated biochar by slow pyrolysis at ~475 °C
and steam activation at 800 °C. Such modification tends to alter
the shape of the biochar and improve its adsorption capabilities
and was found to retain ~100% of cylindrical pieces of PE,
including spherical microbeads (~10 pum), cylindrical pieces of
PE (~2-3 mm), and fleece woven fibers.**!

Employing magnetic adsorbents zinc/
magnesium-modified biochar (Zn/Mg-MBC) has been explored
for the removal/separation of Wang et al.*** The study demon-
strated that even after undergoing five consecutive cycles of
adsorption, the elimination efficiency using Mg-MBC, Zn-MBC,
and MBC remained consistently high at ~94.6%, ~95.8%, and
~95.0%, respectively. The primary mechanisms responsible for
pollutant retention are chemical binding and electrostatic
interaction between biochar and MP. Table 3 summarizes
various reported methods of adsorptive removal of MPs using
biochar. For example, Shi et al. developed biochar by applying
the pyrolysis method of rape straw for MPs separation appli-
cations."® Further, the magnetic biochar (MB) was prepared by
using ferric chloride salt as an agent through the ultra-
sonication method. The performance of magnetic biochar was
further improved by modifying biochar with CTAB surfactant
(CMB) (Fig. 4a). The developed magnetic biochar system was
utilized to isolate and segregate NPs from the environment
surrounding in the form of PS (PS) and carboxylate-modified PS
(CPS) nanoparticles (Fig. 4b). The maximum removal efficacy of
~90% was attained by using the modified magnetic biochar
system with quantitative values of ~163.4 and ~159.6 mg g~ *
for PS and CPS respectively through an aggregation-based
mechanistic approach. The prepared system was found recy-
clable in nature for up to five cycles suggesting their excellent
selectivity and sensitivity (Fig. 4c). The system was highly
effective at neutral pH and highly selective in the presence of
a wide variety of metal ions (Fig. 4d and e). Further, Shi et al.
utilized pinewood sawdust as a precursor for the fabrication of

made from
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Table 2 An overview of the compilation of different systems (hydrogel, membrane, and MOF) along with their respective synthesis method,
solvent media, and flocculation activity towards MPs

Hydrogel
System Synthesis method Solvent used Flocculation activity Ref.
Bacterial cellulose hydrogel Biofilm formation method Distilled water ~88.6%: ~1.77 g L ™" 108
removal of MPs
Polyethyleneimine and Self-polymerization reaction Deionized water ~97.09% efficacy for ferric 109
polydopamine copolymer, ion adsorbed MPs
graphene oxide nanosheet, compound polymer
and poly(N-isopropyl
acrylamide) hydrogel
Ferrofluid/aminated Chemical method Acetone ~94% removal of PMMA 110
alginate/psyllium hydrogel (coagulation adsorption)
Sericin-CS-based hydrogel Crosslinking and chemical Organic solvents Removal of PET by 111
method degradation method
Membrane system
System Synthesis method Removal efficiency Mechanism Ref.
Membrane bioreactors Membrane unit and 13 different polymers found Entrapment of MPs fiber due 112
ultrafiltration process in MPs (mainly polyester and to their size and morphology
PE) ~99.9% removal
efficiency
Pilot scale membrane Membrane formation Removal of ~99.4% MPs in Opting for different 113
bioreactors method activated sludge processing steps
Membrane microfiltration Membrane formation — ~100% removal efficiency 114
(polyvinylidene fluoride method
used as a substrate)
Polycarbonate, cellulose Filtration method Distilled water Removal of polyamide and 21
acetate, and PS MPs (~94%)
polytetrafluoroethylene
membrane
Silica-based ceramic hollow Membrane formation Absolute ethanol and Polyacrylonitrile (PAN), PVC, 115
fiber microporous method and phase inversion ammonia polyvinylpyrrolidone (PVP),
membrane by using Guinea and polymethyl
cornhusk ash methacrylate (PMMA) MPs
(~99%)
Holey Ti;C, nanosheet- Membrane method Deionized water and ~99.3% removal (water flux 116
based membrane hydrochloric acid 196.7 Lh™ ' m > kPa )
Wastewater treatment plant Microfiltration membrane — ~98% MPs recovery in the 117
samples were utilized technique form of fibers, pellets
MOF
Zr-based MOF (UiO-66- Chemical method Acetone, ethanol, and ~95.5% removal efficiency 77
OH@MF-3) dimethylformamide (DMF)
ZIF-67 MOF Chemical method Deionized water, ~92.1% adsorption ratio 118
concentrated HCI, and (PS MPs)
NaOH
Zinc-based MOF composite Chemical method Deionized water and nitric Micro/nano plastic (poly(1,1- 28
(ZIF-8@aergel by in situ acid solution difluoroethylene and PS)) =
growing ZIF-8 on wood ~91.4 and ~85.8% removal
aerogel fibers) efficiency
MOF (MIL-100) and Fe Chemical method and Deionized water ~99% rejection efficiency for 119
nanoparticles were membrane formation methylene blue dye
incorporated into method adsorbed in MPs
polysulfone matrix (PSF)-
PSF/MIL-100 (Fe)
nanoparticle composite
membrane
In situ formation of Ag,0/Fe- Chemical precipitation Deionized water Conversion of MPs into 120
MOF method useful chemical (acetic acid)
and hydrogen production
Hydrothermal method 121

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Membrane system

System Synthesis method Removal efficiency Mechanism Ref.
Cr-based MOF (cr-MOF/ HF acid + water (pseudo- ~96% removal efficiency of
MIL-101) second-order kinetic) PS nano-plastic
(~800 mg g™ ") follows
Nano-pillared structure Hydrothermal method Distilled water ~100% removal of MPs 122
composed of 2D MOF
separated by carbon-
encapsulated FeO
nanoparticle
Zirconium MOF Hydrothermal method DMF used as a solvent ~95.5% removal efficiency 77
of MPs
Composite membrane made Chemical and membrane DMF, H,S0, and H,0, >82% removal efficiency of 123
up of PAN with the addition formation method MPs
of reduced graphene oxide
Table 3 Representation of biochar system in MPs removal along with their solvent, mechanism, and removal efficiency
Biochar
Experimental medium of
System MPs dispersion Mechanism Removal efficiency Ref.
Straw magnetic biochar with Ultrapure water Magnetic force Isolation of ~31.29 mg g 126
porosity and graphitization MPs
Corn straw and hardwood — Stuck, trapped, and ~10 pM MPs spheres (~90% 30
biochar (pyrolysis method) entangled mechanism adsorptive removal of MPs)
Waste rice husk-derived Deionized water Electrostatic interaction and ~99.96% removal of MPs 133
magnetic biochar complexation
(impregnation pyrolysis)
Biochar of bark of Scots pine Deionized water Adsorption phenomena ~90% removal of MPs 131
and spruce (slow pyrolysis)
Woodchip-derived biochar Ultrapure water Adsorption mechanism ~90% removal of MPs from 134
(pyrolysis) sand columns
Magnetic corncob biochar Ultrapure water Hydrophobic and ~90% removal of polyamide 127
(hydrothermal) electrostatic interaction MPs
Mg/Zn modified magnetic Deionized water and ethanol Adsorption and thermal ~99.46% removal of PS MPs 132
biochar (impregnation degradation
method)
(Cow manure and sawdust) Deionized water Biological degradation ~90% removal of 135

livestock manure biochar

through different species

polyhydroxyalkanoates MPs

(biodegradation method)

biochar and modified the biochar to develop a magnetic bio-
char system."” The magnetically active biochar system was
utilized to remove different types of PS such as unmodified,
amine-modified, aged under UV radiation, and carboxylate-
modified systems (as dummy MPs representation) with
a maximum removal efficiency of ~95%. The Langmuir
adsorption isotherm for the system elicited an adsorption
capacity of ~107.71 mg g~ * and it followed the H-bonding and
electrostatic interaction-based mechanisms.

6.2 Electrospun fiber-based adsorbents

Electrospun mats/membranes have attracted substantial
consideration in the field of MNP separation and segregation

due to their extraordinary properties such as excellent surface

1230 | Environ. Sci.: Adv,, 2024, 3, 1217-1243

area (~8.93 m” g ') depending upon the porosity, wide range of
diameters (ranging from ~40 to ~2000 nm) permeability, easy
surface functionalization process, controllable surface charge
along with exceptional pliability/flexibility as a macrostructural
framework."*® Additionally, the highly interrelated and porous
network structure of such electrospun mat-based systems
results in a very low resistance toward water transport
(permeability/diffusibility) which ultimately enhances the
membrane flux to a favorable desired value (Table 4). Further,
electrospun nanofibrous membranes (when suitably designed
as mats) found domination as compared to conventionally re-
ported membranes in terms of hydrophilicity, mechanical
stability, selectivity, flexibility, resistance to water flow, and
surface area.*'¥ An interesting aspect of this method is the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Synthesis of magnetic biochar (MB) and CTAB modified biochar (CMB), (b) removal efficiency of PS (PS) and carboxylate modified PS

(CPS), (c) reusability, (d) pH stability, and (e) highly selective in the presence of a wide variety of metal ions.**¢

production of electrospun nanofiber mats of various sizes and
shapes with porous properties, which allows them to eradicate
smaller contaminant particles isolation via trapping, such as
PM 2.5 (<2.5 pm), PM10 (<10 pm), and PM1.0 (<1 um), over the
last few decades owing to their size exclusion mechanism."*®
The performance and adsorption sieving characteristics of mats
could be improved through functionalization/modification
mode (chemical grafting, layer by layer, self-assembly, co-axial
spinning, side-by-side deposition, and nanomaterial imple-
mentation via electrospraying) and incorporation of polymer
matrix and chemical agents."*® Few reports have dealt with the
electrospun mats, concerning their potential for MNP removal.
For instance, Wang et al. fabricated low-pressure-driven and
highly porous electrospun PAN membrane by adopting a layer-
by-layer assembly protocol (where three layers ie. poly-
ethyleneimine (PEI), poly(acrylic acid) (PAA) and PAN were
deposited over one another* (as shown in Fig. 5a). The

© 2024 The Author(s). Published by the Royal Society of Chemistry

electrospun mat was hydrolyzed to add carboxylic groups that
were negatively charged, so as to initiate the easy formation of
LbL assembly, as seen in Fig. 5b. The prepared system reflected
outstanding mechanical strength (~58.5 MPa + 20.1) and
hydrophilicity (water contact angle = 38.3 + 2.3°) at a neutral
pH (pH = 7) condition and subsequently acted as an efficient
model for the removal of ~89.9% PS (PS) based micro-/
nanosphere with its size in the range of ~50-500 nm. As seen
in Fig. 5c, all of the modified membranes exhibited retention
rates >99%. The presence of electrostatic attraction mainly
contributes to the isolation/removal of MNP in an effective
manner from the micro-plastic dispersed polluted water.
Further, Risch and Adlhart developed CS-glutaraldehyde/PE
electrospun nanofiber by applying a high-throughput nozzle
free-surface electrospinning methodology (Fig. 5d). The CS-
based nano-sponge is highly biocompatible in nature and
possesses outstanding bulk density and porosity. The nano-

Environ. Sci.: Adv,, 2024, 3, 1217-1243 | 1231
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Table 4 Representation of electrospun material systems in MPs removal along with different parameters (solvent, method, and pH)

Electrospun system Solvent Method pH Removal efficiency Ref.
Highly porous electrospun Ultrapure water and organic Layer-by-layer assembly Physiological PS (PS) microspheres (89.9% 139
PAN membrane solvent protocol pH=72 removal through electrostatic
attraction)
Graphene oxide incorporated Tetrahydrofuran (THF), Chemical and electrospun Neutral pH = 7 Removal of micro and nano 124
PU-based electrospun dimethylformamide (DMF)  method plastic of butadiene styrene
composite membrane (BS), PS, and poly(methyl
methacrylate) (PMMA)
(cake formation and
blocking mechanism)
CS-polyethylene oxide (PEO) Methanol, ethanol, and acetic Cross-linking method pH=38 91% removal of PET MP 140
nanofiber electrospun mats  acid (hydrostatic filtration)
Tubular nanofiber DMF Bottom-up electrospinning ~ — — 141
electrospun membrane of method
PAN polymer
PAN electrospun nanofiber =~ DMF Hot pressing method — Removal of 0.2 uM MPs 142
membrane through cake formation
mechanism
Polyvinyl alcohol (PVA) HCI, acetone, and Milli-Q Conventional non-woven Wide pH range 98% removal of 143
electrospun membrane water micro fibrous approach polycarboxylate microsphere
followed by cross-linking with particles through particle
glutaraldehyde retention scheme
Electrospun polyimide (PI)  Deionized water Dead-end filtration system — 0.22 pM microfiltration 144
nanofiber membranes membrane
Polyvinylidene fluoride Millipore, Milli-Q water, and Top-down approach by — Removal of PET MPs 145
(PVDF) ultrafiltration other systems considering the
membranes electrospinning method
Silica-based ceramic- N-Methyl 2-pyrilidone Phase inversion, interfacial =~ Neutral pH Removal of PVC, PMMA, 115
supported thin membrane polymerization, and sintering PAN, and PVP
and Guinea corn husk were approach
utilized as precursor
Ultrafiltration membranes of Ethanol, trifluoroacetic acid, Electrospinning method for pH =7 Removes 75% of nano/ 146
PET nanofibers and organic  hydrochloric acid and nanofiber preparation and microfibers
contaminants acetonitrile cryo-sectioning through
freezing agent
sponge was found to be highly selective towards the adsorption various hydrophilic groups (carboxylic and hydroxyl)),

of PET-based MPs from the micro-plastic-induced pollution in
water and wastewater mediums.**® The turbidity test of MPs was
performed on nanofiber which decreases with the time of
measurement and concentration of MPs (Fig. 5e). The non-
linear fit of data for the adsorbed amount indicated Lagerg-
ren's pseudo-first-order model (Fig. 5f). A maximum of ~99.49%
removal was observed for MPs which suggests their application
in tackling environmental challenges (Fig. 5g).

A highly economical silica-based ceramic-supported thin
hollow fibrous membrane via phase inversion, interfacial
polymerization, and sintering approaches has been developed
by Yogarathinam et al. (as shown in Fig. 6a). The prepared silica
membrane was utilized for the eradication of various types of
MPs from the aquatic environment such as PVC, polymethyl
methacrylate (PMMA), PAN and PVP to a greater extent
approximated to >90%."** The order for the removal of MPs was
removed as PVP (~97.2%) > (~93.7%) > PMMA (~92.1%) > PVC
(~88.8%). In a recent study, Juraji et al. developed a poly-
urethane (PU)-based electrospun composite membrane by the
incorporation of graphene oxide montmorillonite hybrid filters
(Fig. 6d). The developed membrane exhibited super hydrophi-
licity (due to no/zero water contact angle and presence of

1232 | Environ. Sci: Adv, 2024, 3, 1217-1243

maximum extent of pressure-driven as well as gravity-driven
water flux, and outstanding capacity in the removal of PS (PS),
acrylonitrile butadiene styrene (ABS), and PMMA type MNP.***
The mechanistic behaviour is characterized by individual and
combined impacts of the size exclusion effect and adsorption
phenomena (Fig. 6e). The maximum adsorption capacity was
~417 mg g~ ', following the pseudo-second-order kinetic model
and Langmuir adsorption isotherm. Removal effectiveness was
~95% for various MPs (PMMA, ABS, and PS) (Fig. 6f). The
present electrospun composite was found satisfactory for up to
ten cycles for the removal of MPs (Fig. 6g). The time-dependent
gravity flux of different MPs was found to be reduced as
compared to the water system due to the fouling of MPs
(Fig. 6h). The fabricated PU-composite membrane acts as an
efficient approach for the removal of MNP from polluted water.

6.3 Aerogels as adsorbents

Aerogel-based adsorbents have gained significant attention due
to their remarkably high specific surface area (30 m* g™ to as
high as 600 m* ¢™') and adjustable surface chemistry, which is
approximate for the removal and segregation of MNP.'*® Aerogels

© 2024 The Author(s). Published by the Royal Society of Chemistry
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retention rates of the prepared membranes for PS microspheres and two filtration cycles of MC and M+ to assess the removal efficiency of PS-
500 MPs.*** (d) Schematic representation showing the synthesis of CS-based electrospun nanofiber, (e) turbidity reduction test of MPs, (f)
adsorbed amount of MPs, and (g) highest concentration with surface area of MPs on nanaofibers.*4°

are essentially highly porous structures with a high percentage of
air, that can be derived from different types of precursors,
including organic, inorganic, or hybrid molecules.'*® Aerogels are
available in various forms such as powders, monoliths, and films,
and exhibit different types of porosity, including mesoporous,
microporous, or mixed porous structures. The porous structure

© 2024 The Author(s). Published by the Royal Society of Chemistry

of aerogels enables the physical entrapment of MPs particles,
while the surface chemistry can be suitably tailored to enhance
the adsorption affinity for a specific plastic.***** Additionally, the
lightweight nature of aerogels facilitates their deployment and
handling in water treatment systems. Furthermore, the regener-
ation capabilities of aerogels make them appealing for the
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dependent flux of different MNP.*24

treatment of MP-contaminated water. After adsorption, the
aerogel-based adsorbents can undergo regeneration processes to
recover the trapped plastics and restore their adsorption capacity.

Several studies have explored the potential of aerogel-based
adsorbents for MNP removal, as listed in Table 5. For
instance, Zheng et al. fabricated coral-inspired environmentally
durable aerogels by utilizing polydopamine-enhanced magnetic
chitosan (PDA-MCS) (Fig. 7a)."*® The adsorption and removal/
separation capacity of different CS, magnetic chitosan (MCS),
and PDA-MCS-based systems were investigated (Fig. 7b and c).
The advanced aerogel was found to be highly efficient in the
adsorption of PET, PE, and PS type MPs from the contaminated
water under different pH conditions (pH = 6-9) with ~94.6%,
~92.3%, and ~97.3% removal efficiency, respectively (Fig. 7d
and e). The developed aerogel-based system was found accept-
able for up to four recycles in the removal of MPs (Fig. 7f). The

1234 | Environ. Sci. Adv, 2024, 3, 1217-1243

mechanism behind the formation of aerogel-assisted MPs
disposed of water involves electrostatic interactions and phys-
ical adhesion. Different reaction conditions such as no light,
daylight, and UV light were explored to assess the adsorption of
MPs through such aerogel systems (Fig. 7g). Further, Zhuang
et al. selected cellulose nanofiber as a standard matrix material
for the preparation of modified cellulose nanofibers-based
aerogel.” Here, 2,3-epoxypropyl trimethyl ammonium chlo-
ride acts as a modifier whereas polyvinyl alcohol acts as
a crosslinker and liquid nitrogen freezing method was used
during the preparation of these aerogels. The prepared aerogel
system possesses a very high tendency to adsorb small-size MPs
(~2 to 5.5 um) with an adsorption capacity of ~146.38 mg g~ '.1*
The adsorption phenomena follow the pseudo-second-order
kinetic model and Langmuir adsorption isotherm acts as an
efficient model to be operational mechanistically in removing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Representation of various types of aerogel systems in MPs removal along with different parameters
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Aerogel

Model system employed for

efficacy assessment of the
System system Underlying mechanistic principle ~Removal efficiency Ref.
Cellulose nanofiber aerogel Deionized water Adsorption mechanism/ ~146.38 mg g~ adsorption 125
modified by quaternary electrostatic action capacity of MPs by fluorescence
ammonium salt (chemical characteristics
synthesis)
Zinc MOF-based wood aerogel (in  Deionized water Electrostatic interaction ~91.4 and 85.8% removal of 28
situ method) polydifluoroethylene and PS MNP
Coral bio-inspired aerogel Ethanol Surface and intra-pore adsorption ~91.6% removal of PET MPs 106
(polydopamine and CS) (self-
polymerization and freeze-drying)
Egg protein-derived Water Chemical interconnection ~99.9% MNP contaminants 153
ultralightweight hybrid
monolithic aerogel (pyrolysis)
Microporous carbon aerogels (fast Methanol, ethanol, HF Electrocatalyst support/ Rapid removal of ~90% MPs in 154
polycondensation of dialdehyde adsorption <10's
and silsesquioxane)
Cyclodextrin-graphene oxide Organic solvents m—7 and adsorptive chemical ~17 mg g ' removal of organic 155
aerogel microspheres interaction micropollutants (2,4-
(electrospraying, freeze casting, dichlorophenol)
and self-assembly)
Modified aerogel system where Acetic acid and KOH Ultrasonic and freeze-drying ~117.04 mg g~ adsorption 156
cellulose nanofiber acts as methods capacity for MPs (pseudo-second-
a matrix and 3- order kinetic model)
glycidoxypropyltrimethoxysilane/
polyethyleneimine acts as
a modifier
Lanthanum-modified k- Deionized water Sol-gel technique Removal of ciprofloxacin 150
carrageenan/sodium alginate hydrochloride antibiotic along
aerogel system with existing MPs
Facile crosslinking brittle oxide Organic solvents Smart screening 100% removal efficiency 157

nanofibers into elastic 3D fibrous
aerogels

MPs from contaminated water. In another study, Meng et al.
developed facile crosslinking of brittle oxide-based nanofibers
into 3D-based aerogels on the basis of smart screening.”” The
methodology exhibited high efficiency in evaporating water
from MP-polluted seawater sources powered through solar
energy which basically enables the vapor to condense naturally
and harvest the same in an electricity-free system. A 100%
removal efficiency was observed for the MPs from contaminated
water by using the aerogel system, further, it can be reused in
pressure sensing post-solvent evaporation. Very recently,
Zhuang et al. developed a highly modified aerogel system where
cellulose  nanofiber acts as a matrix and 3-
glycidoxypropyltrimethoxysilane/polyethyleneimine as a modi-
fier.">® The fabricated aerogel system was successful in the
removal/isolation/separation of MPs from water with an
adsorption capacity of ~117.04 mg g~ ' at room temperature
conditions. The adsorption phenomenon followed the pseudo-
second-order kinetic model and the Langmuir isotherm, sug-
gesting that MPs particles are adsorbed as a single molecular
layer on an aerogel's non-homogeneous surface.

However, research on the application of aerogel-based
adsorbents for MPs and NPs removal/isolation/separation is

© 2024 The Author(s). Published by the Royal Society of Chemistry

still in its early stages, and further investigations are needed to
optimize the adsorption performance via a complete under-
standing of the underlying mechanisms. The properties of the
aerogels, including their surface chemistry, pore structure, and
composition, should be tailored specifically to target the unique
selective characteristics of MNP. A comparative analysis of the
conventional as well as our proposed emerging frameworks in
terms of their efficacy, intrinsic properties, and operational
efficiencies is shown in Fig. 8a and b. Moreover, it addresses the
increased effectiveness and specificity demonstrated by
emerging adsorption methods in comparison to traditional
ones, supporting their incorporation into contemporary water
treatment systems. The comparative analysis presented here
provides insightful information about how pollutant removal
technologies are developing and steers the field of water puri-
fication efforts in the direction of greater sustainability and
environmental stewardship.

Thus, the present review offers an in-depth investigation of
the theoretical and methodological issues concerning the
removal of MNP from diverse environmental matrices using
aerogels, electrospun frameworks, and biochar-based
constructs. Further theoretical exploration and empirical
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Fig. 7

(a) Synthesis of polydopamine-enhanced magnetic chitosan (PDA-MCS) aerogel and corals, (b) adsorption and (c) removal efficiency of

different synthesized systems, (d) adsorption capacity in different water media for various MPs, (e) adsorption capacity and removal efficiency of
developed aerogel at different pH values, (f) after various cycles of reuse, and (g) in the presence of different light conditions.*°®

investigations are needed to validate performance under
varying environmental conditions, assess long-term effective-
ness, and explore synergistic effects when combining these
materials. To address the underlying causes of plastic pollution,
policy interventions may also focus on consumer behaviour,
waste management techniques, and the manufacturing process
of plastics. Collaborative approaches should be given priority in
future research and policy endeavors in order to expedite the
conversion of scientific information into practical solutions for
ensuring sustainability.

1236 | Environ. Sci.: Adv., 2024, 3,1217-1243

7. Challenges and future perspectives

Aerogels, biochar, and electrospun micro-/nano fibrous
constructs though offer potential solutions for the removal of
MNP from various environments. Studies on this perspective
are still in the preliminary stages with a broad set of open
questions. In the coming decades, the demand for advanced
smart, and efficient systems dealing with MNP contamination
in water will likely increase as water scarcity and its associated
environmental sustainability issues become more pressing.***>*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Schematic representation highlighting the inefficiency of conventional treatment and efficiency (in terms of effectiveness, properties, and
removal efficacy) of biochar, aerogel, and electrospun mats for the removal of MPs.

Such efforts may lead to the creation of new and improved
classes of hybrid adsorbents to be employed in a range of
domains, from large-scale WWTPs to small-scale household
water management systems. Meanwhile, at this nascent stage,
the utilization of biochar, aerogel, and electrospun-based
adsorbent systems for MNP removal/separation/isolation faces

© 2024 The Author(s). Published by the Royal Society of Chemistry

several challenges that hinder the development of more effi-
cient, sustainable, and viable technologies of which scalability,
cost-effectiveness, and long-term environmental impacts prior
to their integrated implementation as full-scale technology are
the significant ones. Therefore, it is crucial to conceptually
address the following aspects in their further exploration and
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development while dealing with technical challenges pertaining
to (a) their practical implications, (b) their long-term interac-
tions with the water ecosystem with regard to their influence on
aquatic micro-organisms, and (c) the post-removal/segregation
strategy to handle/neutralize such MNP. Some of the chal-
lenges associated with these techniques are as below.

7.1 Particle size, porosity, and permeability limitations of
adsorbent systems

The effectiveness of aerogels, beads, and electrospun constructs
in removing MNP depends on their pore dimensions, pore
structure, and surface area. Aerogels are typically expected to
capture a wide range of MPs particles and rather non-selectivity
where designed with suitable shapes along with pore size, and
their application mostly may remain regiospecific and in
a certain locality of concern. In contrast, micro/nano-sized and
micro/nanoporous biochar particles with a significant surface
area are envisaged to be able to effectively capture and retain
smaller anisotropic particles, considering the fact that the MNP
capturing mechanism involves site-specific locking. For
example, Wang et al. developed corn straw biochar with ~808.3
+ 81.9 m> g ' total specific surface area, ~1.318 mg m >
particle density value, and ~47.28 mL pore volume. The formed
biochar was found effective in the removal of ~95% of MPs
spheres.’® Reportedly, biochar is effective in the removal of
MPs spheres, provided biochar particle size remains appro-
priate and consistent since size-scale incompatibility between
pores and MPs size may impede such a process. In contrast,
electrospun fibrous constructs are used to favourably alter the
passage of water and unwanted smaller particles while selec-
tivity capturing MNP. For instance, Wang et al. developed a low-
pressure driven electrospun membrane for the removal of PS.
The electrospun membrane possesses outstanding mechanical
stability as it was highly dependent upon the tensile strength
(~8 MPa) and tensile strain (~58.5 £ 20.1%). Their high values
suggest mechanical strength augmentation along with dura-
bility."*® Hence, apart from the porosity of such frameworks
striking the right balance between capturing efficiency and
water permeability may be a challenge. The typical mechanism
behind the functional role of the electrospun membrane
remains (a) permeation-assisted trapping and (b) ligand-
induced selective binding of the membrane.'®

7.2 Heterogeneity and polydispersity (size and nature) of
MNP

MPs and NPs come in various shapes, sizes, and chemical
compositions making their chemical functionality specific and
size-selective removal/separation a complex task. The differen-
tial affinity of a diverse range of MNP to biochar functionality
makes the process of separation adsorption/absorption extent
dependent. In an effort to demonstrate the same, for example,
Wau et al. developed rice straw-derived biochar with an excellent
specific surface area of ~327.65 m* g~ *.** The result showed
that the developed biochar with remarkable surface area and
porosity offers excellent removal of MPs with a diameter of
~300 nm from contaminated water. Similarly, for instance,
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Juraij et al electrospun PU nanofiber membranes for the
complete removal and separation of MPs and NPs (PS, ABS, and
PMMA) from aqueous mediums."” The prepared membrane
possesses a fouling nature that follows a standard blocking
model where foulants adhere to the inner wall of fiber and help
in the removal of MNP.

7.3 Adsorption capacity selectivity and specificity

High adsorption capacity to effectively capture and retain MNP
without compromising much in their chemical functionality
and other desirable attributes such as mechanical stability or
liability or hydrolytic stability may be extremely essential. For
example, Ozden et al. developed egg protein-derived ultra-
lightweight hybrid monolithic aerogel for the removal of MP.
The adsorption capacity of developed aerogel was found
~32.6 mg g~ for the effective removal of MPs.'** However, the
adsorption capacity of biochar for MNP may be limited by other
substances present in water. Natural organic matter, dissolved
ions, and other contaminants can compete with plastic particles
for adsorption sites on biochar surfaces, reducing the overall
removal efficiency. For instance, when biochar is introduced to
a substrate over a specified concentration, it may have the effect
of agglomeration, which lowers the specific surface area overall,
preventing binding sites from being exposed and subsequently
weakening the adsorption capacity.’®* To demonstrate this
effect, it has been observed that the adsorption of diclofenac by
biochar fell from around 107 to approximately 25% when the
quantity of biochar was raised from ~2 to ~20 g L™'.%' Simi-
larly, in electrospun construct, the selective capture of MNP
generally remains controlled by their network structure and is
challenging in complex water matrices with diverse particle
sizes and compositions.

7.4 Scale-up and cost-effectiveness

The scalability and cost-effectiveness of aerogels and biochar-
based adsorbent systems for large-scale water treatment/
decontamination with regard to MNP involve severe
manufacturing engineering challenges. The design, operation,
and maintenance of such decontamination-aiming filtration
systems remain complex due to factors such as energy-intensive
supercritical drying process as necessary for aerogels or the
necessary optimization to ensure maximized efficiency while
keeping the flow rate, contact time, and system stability in view
for biochar-based set-ups. In the case of electrospun constructs
as nanofibrous membranes, the large-scale manufacturing costs
need to be connected by enhanced efficiency. For example, Risch
and Adlhart developed a highly cost-effective CS/polyethylene
oxide nanofiber sponge through the electrospinning method.
The fabricated sponge was highly effective in the removal of
poly(ethylene terephthalate) MPs up to ~99.6%."* The nanofiber
sponge was found to be easy to synthesize in bulk amounts which
suggests their outstanding scalability.

7.5 Stability, durability, regeneration and reusability

The adsorption capacity of aerogels, biochar, or even electro-
spun materials tends to suffer from fouling over a period of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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time, attributed to the saturation of the adsorption sites by the
MPs and other contaminants. Therefore, suitable methods need
to be adopted to ensure the regeneration and reusability of such
frameworks. For instance, Wu et al. developed a rice straw-
modified biochar system for the effective removal of MPs
from the water. The formed biochar can be easily recovered
through thermal treatment after the adsorption of MPs and can
be reused again in the same manner. The system works effi-
ciently and acts as regenerative in nature for up to >3 cycles.'*®
Similarly, in electrospun frameworks surface characteristics
modulation via premodification during membrane fabrication
by incorporating functional agents into spinning solution and
post modification as the deposited membrane surface may
enhance anti-fouling performance. Interestingly, aerogels may
get fouled by water organic matter and other minerals
hindering their ability to capture MNP. Hence, strategies to
mitigate such surface fouling by smarter approaches may be
necessary.

7.6 Impact on the environment

The environmental consequences of using such material
frameworks need to be carefully assessed in such a manner that
they should not enhance secondary MNP concentration post-
use or production. Aerogels remain highly porous lightweight
materials whose manufacturing, use, and disposal may leave
their footprints. For example, Zheng et al. coral inspired envi-
ronmental durability aerogel for the eradication of MPs from
the aquatic environment.'* The formed aerogel system was
found highly biocompatible, reusable, and environmentally
friendly/durable in nature. Similarly, biochar may require
a significant amount of biomass and hence sustainable
approach is necessary. Disposal of spent biochar post MNP
removal/separation must be assessed while aligning to maxi-
mized benefits of life-cycle analysis. Electrospun nanoporous
membrane systems should also be looking from the angle that
the membranes themselves do not become the source of MNP.
Therefore, the utilization of biopolymers and non-toxic solvents
in electrospinning referred to as bio-electrospinning, offers
a promising avenue for developing efficient nanofibrous
membranes for removal of MNP, aligning with sustainability
considerations.

Furthermore, one of the primary sources of error lies in the
accuracy of MNP quantification (in size, volume, and chemical
constitutions) methods. Another source of error stems from
assumptions about MNP behavior in aqueous environments,
exhibiting complex transport dynamics influenced by factors
such as particle size, surface properties, and environmental
conditions. For example, Zhang et al. developed coagulant-
coated bubbles for the removal of MPs and organic matter.
Here the saline condition of media plays a significant role in the
separation of MPs whereas the interaction behavior of MPs and
organic matter influences the synergistic removal in different
water mediums.'®® Additionally, the effectiveness of the
proposed emerging adsorbents, such as biochar, aerogel, and
electrospun fiber, for MNP removal may be influenced by
various factors such as adsorbent morphology, surface

© 2024 The Author(s). Published by the Royal Society of Chemistry
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chemistry, and the presence of other dyes and heavy metal ions.
For instance, the work reported by Li et al. involves the removal
of MPs by considering different aging times through magnetic
corncob biochar under the specified environmental condi-
tion.”” Recently, Zhuang et al. carried out the preparation of
cellulose-based aerogels with structural direction through the
freezing mechanism of liquid nitrogen. The developed aerogel
can significantly adsorb MPs by reaching the stage of equilib-
rium in 20 min."® Further, Juraji et al. (2023) developed elec-
trospun PU nanofiber for the removal of MPs and nanoplastic.
The mechanistic behavior depends upon the adsorptive sepa-
ration and size-exclusive interception analysis respectively.
Here, Langmuir adsorption isotherm defines the adsorption
behavior of MNP."** Assumptions regarding the adsorption
mechanisms and kinetics of MNP onto adsorbents should be
validated through experimental studies conducted under spec-
ified controlled conditions. For example, Heo et al. designed
magnetic iron oxide nanoparticles for the removal of PS-based
MPs through various adsorption isotherms and kinetic
modeling. However, the maximum adsorption capacity was
observed through the Langmuir adsorption isotherm model
and pseudo-seconder kinetic model.'*® Characterizing the
adsorption capacity and affinity of adsorbents for different MNP
types can improve the understanding of adsorption processes
and optimize the adsorbent design for enhanced MNP removal
efficiency. For example, Wang et al. performed the thermal
degradation and adsorption of MNP through Mg/Zn modified
magnetic biochar adsorbents. The modified ability of biochar
highly augments the removal efficacy in a significant manner
and through adsorbent regeneration/recyclability.”®* In this
regard, integrating advanced analytical techniques, computa-
tional modeling approaches, and experimental validation
studies can provide comprehensive insights into MNP behavior
and facilitate the development of effective strategies for MNP
pollution mitigation. For instance, Mendonca et al. fabricated
bacterial cellulose based hydrogel as a significant bio-
flocculants for the eradication of MPs through computational
analysis which implement the ratio and grinding times acts as
potential variables during reliability and flocculation rate.'*®

8. Conclusion

The review paper delves into the escalating concerns on MNP
pollution, along with its detrimental impacts on both the
environment and human health. A systematic overview of the
limitations of conventional techniques like filtration, sedi-
mentation, and electrocoagulation, which have been widely
employed for MNP removal, exposed challenges related to their
efficacy, sustainability, and cost-effectiveness. Considering
these challenges, further development has been stressed
regarding the effective removal of MNP, contributing to the
development of eco-friendly solutions. In this context, the
current attempt aims at a comprehensive analysis of the three
promising materials including biochar, electrospun fibrous
constructs, and aerogels, that not only offer promising avenues
for the effective removal of MNP from diverse environments but
also align with the principles of circularity by utilizing waste
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materials, reducing the demand for single-use plastics, and
promoting circular economy practices. However, it is important
to note that further research, innovation, and collaboration are
essential to optimize their performance and scale up produc-
tion to fully exploit their long-term environmental advantages.
Challenges such as scalability, cost-effectiveness, and long-term
environmental impacts need to be addressed to ensure the
practical implementation and commercial viability of these
solutions, thereby realizing effective and implementable solu-
tions for MNP removal. Thus, the current review offers
a visionary glimpse into the transformative potential of these
innovative adsorbent materials in combating the escalating
crisis of plastic pollution, thereby beckoning material designers
toward a future where environmental sustainability and cutting-
edge technology join forces to safeguard the planet from such
threats. Conclusively, future directions for developing and
implementing such sustainable framework-based adsorbent
systems to mitigate micro- and nano-plastic pollution encom-
pass advancing innovative material development, comprehen-
sively understanding adsorption mechanisms, rigorously
evaluating real-world performance while ensuring environ-
mental safety, optimizing procedures for scalability, and inte-
grating further interdisciplinary research.
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