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ENVIRONMENTAL CONTAMINANTS OF EMERGING
CONCERN: OCCURRENCE AND REMEDIATION

Abstract: Certain contaminants are termed as emerging (@onémts of Emerging Concern, CEC) since all
aspects of these pollutants are not known and tleegilation is not ununiform across the nationse TECs
include many classes of compounds that are usedrious industries, plant protection chemicalsspeal care
products and medicines. They accumulate in watéebpdsoils, organisms including humans. They cause
deleterious effects on plant animal and human he@ltierefore, alternative greener synthesis ofetlebemicals,
sustainable economic methods of waste disposdingasp and circular methods using sludge for reimg\the
contaminants are innovative methods that are pdrslibere are several improvements in chemical waste
treatments using electro-oxidation coupled wittasehergy, high performing recycled granular atégacharcoal
derived from biomass are few advances in the figichilarly, use of enzymes from microbes for wast®ovals

is a widely used technique for bioremediation. Bnganisms are genetically engineered to removertiaza
chemicals, dyes, and metals. Novel technologiesrioing economically the precious and rare earémehts
from e-waste can improve circular economy. Howetrete is additional need for participation of vas nations

in working towards greener Earth. There should dkifion awareness in local communities that camkwadong
with Government legislations.

Keywords: contaminants of emerging concern, health hazacsmical waste disposal, sludge and water
treatments, bioremediation, engineered organisms

Introduction

The European Green Deal was set up to take acodpatlution in the member states,
suggest policies to the Governments to enact lawachieve the goals of sustainable
economic growth in the conditions of changing climaonditions [1-5]. This initiative
could improve circular economy in the implementoauntries [6].The Net Zero emission
concept includes that man should not impact clinsaté environment. However, to keep
the rise in temperatures at check there shouldelbe emission by 2050 [7, 8]. Several
nations including developed, developing, and uneleetbped countries are focussing their
attention towards Zero emission strategies by 2@&ently material footprints that are
defined as the sum of the material footprint (M&) lhiomass, fossil fuels, metal ores, and
non-metal ores were studied in European countfibe. study found MF increases carbon
emission in general. However, carbon emissioneas® is more pronounced in developing
countries [9]. New Zealand goal of zero emissiopn2®50 was modelled recently. The use
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of renewable energy and improved forest cover weaggested as possible factors that can
make the Zero emission goal a reality [10, 11].

Environmental researchers are now interested inaoginants of emergent concern
(CECs) because they contaminate air water andesplurces and are threat to human and
animal health on the planet. They are defined asti@dmical for which there are increasing
concerns regarding its potential risks to humandg agological systems, including
endocrine disruption and neurotoxicity”. Howevehng tdefinition has undergone many
changes recently. These CECs are not regulatearious countries increasing the concern.
Several categories of chemicals including pharmiécas, personal care products,
agrochemicals, industrial chemicals, microplastidisinfection by-products, biotoxins,
heavy metals including lead, cadmium, mercury acseadioactive waste and waterborne
pathogens, come under the class of contaminanésnefging concern [12, 13]. Personal
care products, pathogens with emphasis on antibiesiistance is reviewed by us before
[14]. Some constituents of CECs such as microglastan adsorb other class of CECs
including toxic metals and are threat to aquateedind humans necessitating the studies on
removal of these pollutants [15, 16]. Further, #iectronic waste generated could have
hazardous chemicals including microplastics, chaflsidheavy metals and Rare Earth
Elements (REE). The CECs are found contaminatingm@odies and pose great danger to
human plant and animal health. Ex rivers in Bra3ibuth Africa and Spain are polluted
with CECs [17, 18]. A group of 44 CECs were idgatfin Maumee river in Ohio. These
pollutants were found to alter transcriptomic sigin@s and metabolite profile in the
freshwater mussel [19]. The researchers concludatithe organism experienced altered
metabolism in response to stress and could be tie raason for the reduction in mussel
population in these waters. The threat to aqudéidd a huge matter of concern. Therefore,
policies and regulations by governments and strihgerveillances are needed to reduce
these pollutants. The present review focuses ore smmstituents of CECs, for fper- and
poly-fluoroalkyl substances (PFAS), agrochemicalsyaste microplastics and DBPs and
latest remedial methods to lessen these constitudéi@ECs in the atmosphere.

Chemical methods of removing CECs

There is lot of research in progress utilising cloaftreatments of CECs. The number
of publications on CECs increased rapidly from 260®023 (Fig. 1). Several chemical
methods are in use to treat CECs. Electro-oxidafitd) process is one among them, that
can be used to remove CECs. The pollutants carxioésed directly or indirectly at the
anode. Additionally, Fenton reaction is performadthe addition of F& ions and then
irradiated using sunlight. This method is termedSatar Electro-Fenton (SEF), and this
process has more efficiency in removing CECs coethém EO process. UV light can be
used too. However, Sunlight is more economicalibige. Several CECs are removed using
above method from contaminated water [20]. Granatdivated charcoal (GAC) was used
to adsorb CECs in a laboratory experiment. The CilEGgater were measured using mass
spectrometry. Then the process was scaled up teewasster treatment plant. It was
observed that, this could be a viable option fomeeing multiple classes of CECs.
A circular economy was envisaged when sludge basé¢idated charcoal was using for
CECs removal, especially PFAS. The contaminantsear@ved completely by the process
of pyrolysis of carbon [21]. Another technologytésconserve the GAC used for repeated
use so that contaminants can be removed econowmitebltirothermal alkali treatment was
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used to recycle GACs which could adsorb pollutamighout losing its properties of
adsorption [22]. The entire process is environmntsustainable and no waste was
generated. Titanium dioxide (TiPmediated photocatalysis in another widely used the
technology, for removing CECs [23]. The Bi@anocomposites using other metals and
polymers are employed to remove several classelsarhicals, microplastics and pesticides
[24]. The methods employed for individual constiitee of CECs such as PFAS,
Agrochemicals, e-waste, DBP and microplastics eveewed further.
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Fig. 1. Articles published in the past two and hd#tades beginning 2000 to 2023 on contaminants of
emergent concern (CEC) based on www.scientifictitéeywords used CEC and used "PFAS"

Polyfluoroalkyl and perfluoroalkyl substances

The research on wide CECs especially, variety af-made chemicals known as poly-
/per-fluoroalkyl substances (PFAS) has increased the recent years (Fig. 2).
The revised definition of PFAS is “PFAS are fluated substances that contain at least
one fully fluorinated methyl or methylene carbororat (without any H/CI/Br/l atom
attached to it)” by Organisation for Economic Co@ien and Development (2021). PFAS
are used in non-stick cookware, paints, waterta@sisclothes, personal protection
equipment, ski waxes, and medical gadgets [25}. &t polyfluorinated alkyl compounds
(PFAS) are a class of contaminants that are eptingin-made and do not occur in nature.
PFAS include almost 4,700 different chemicals. PFRAS highly effective, persistent, and
transportable. These partially fluorinated, soewhlipolyfluorinated substances - often
referred to as "precursors” - can be converted peosistent, completely fluorinated
(perfluorinated) molecules. These PFAS (for eveanaicals) were designated as emerging
pollutants in 2014 [26]. Due to their distinct pespes, such as resistance to heat, water,
and oil, approximately greater than 8,000 differ@eRAS have been produced and utilised
globally to date and the list is growing (US Enwinoental Protection Agency, “PFAS
structures in DSSTox) [27]. Widely studied exampdes: perfluorooctanoic acid (PFOA)
and perfluorooctane sulfonic acid (PFOS). PFAS lmamised in both general-use products
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like food packaging and fabrics that are water- atain-resistant as well as in more
specialised uses like firefighting foams. Additibyaseveral uses are found in about
200 categories utilising 1400 PFAS [28]. PFAS remia the environment and exhibit
unpredictable behaviour after being released iht® eénvironment. PFAS content will
change depending on the goods being produced ar aks@ certain source [29]. For
instance, PFHpA (7 carbons) and other PFCAs witto B-carbon chains have been found
to be present in wood fibre insulation. Digital eaas, cell phones, printers, and scanners
have all been made using PFOS in the semicondsetor. The PFAS contaminants were
observed in waste streams grown lettuce [30] anchdnine ecosystem in several marine
animals [31]. To understand the PFAS terminologye Tollowing criteria should be used
for grouping PFAS by carbon chain length (ITRC, 262

Perfluoroalkyl carboxylic acids (PFCAs) with 8 oora carbons (7 or more carbons
are entirely fluorinated); perfluoroalkane sulf@®m{PFSAs) with 6 or more carbons (6 or
more carbons are completely fluorinated); and otbempounds with long chains.
Perfluoroalkyl carboxylic acids (PFCAs) with sevamfewer carbons (six or fewer of those
carbons are totally fluorinated); and perfluoroakaulfonates (PFSAS) with five or fewer
carbons are considered short chain (5 or fewerocarbare completely fluorinated).
Short-chain PFAS are still produced, some of whitdty undergo chemical changes to
produce long-chain PFAS, even though many of thg-kchain PFAS have been phased out
by their producers due to their possible effectstlma environment and human health.
The synthesis is a complex process utilising caicfluoride (Cak) mineral and getting
hydrogen fluoride (HF) which are reactants for pwidg starting material
(perfluoroalkanoyl fluorides) by the process ofofiimation. There are two methods used
these are electrochemical fluorination and oligagsation (process of polymer is formed by
monomers). However, the former process is knowgetterate non targeted compounds of
varying chain length compared to the later proc€ssther, many PFAS replacement
products are observed as toxic pollutants at tdesmial site soils suggesting air borne
accumulation in soils [32]. The process of fluotioa can generate many compounds that
are used in personal care products and agrochemif38-35]. However, many
manufacturing processes and intermediates, aerthsilsan pollute is unknown to people
due to commercial and confidentiality in the indy$86, 37].

PFAS are hazardous and bioaccumulative, and studiee linked them to negative
effects on human health [38]. The PFAS are resptmsor low birth weight of newborn
babies. The source could be eggs, fish, dairy mtsdand water and PFAS were found in
mothers’ milk [39]. Further, childhood obesity igrdbbuted to PFAS [40]. The reduction in
gestation, having more preterm babies correlatedtéoed metabolism suggesting effecting
neuroendocrine function and redox homeostasis iwboen children. The researchers
propose that the presence of PFAS may accounnfanti mortality in USA [41]. In adults
PFAS identified in serum correlated to Type 2 Diabd42]. There are several studies that
are underway to understand the effect of PFAS omamu health. PFA exposure was
associated with hepatocellular carcinoma prograspi@]. The adverse effect on human
health calls for regulations and remediation tedbgies.
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Fig. 2. The PFAS family [44]

Remediation methods must be created or modifiedyegbrid of PFAS from the
environment because it is such a widespread is§he. cleanup of PFAS has been
researched using a range of approaches during dabefiye years, including chemical
oxidation, photocatalytic degradation, and sorptiddy nanomaterials [26, 45].
The scientific literature on this subject has nett made a mention of an observed complete
microbial breakdown for the "for ever chemical® PFAS. PFAS contaminants, a subset
of the CEC, are becoming more and more signifi¢gigs. 1 and 2) in the environment.
Guidelines for PFAS management during remediatiomd aevaluation of
PFAS-contaminated locations need to be developede ®ach individual PFAS molecule
has various chemical characteristics, differentediad measures are required for each one.
Particularly in cases of widespread PFAS polluti®AS display high mobility and
permanence, are of considerable public interest frisguently involve a significant degree
of uncertainty. No free-phase PFAS products arelywed (non-aqueous phase liquids or
NAPLSs). They don't have microbiological life, andety mostly build up in the unsaturated
soil zone and at air/water interfaces. They are mimrobially mineralisable and tend to
accumulate in the unsaturated soil zone and awatief interfaces. It is conceivable for
PFAS to be enriched in thick or light NAPL or aetNAPL/water interface. Long-lasting
pollutant plumes can be produced by PFAS that hgetten into the groundwater.
Depending on the redox conditions in the sourceardcations remote from the point of
incursion, the biotransformation of precursors cagsult in the creation of new
perfluoroalkane carboxylic and sulfonic acids. Whelhroosing remediation techniques,
their great resistance to microbiological, chemicahd thermal deterioration is very
important. Several nanomaterials especially catigsed nanomaterials including single
walled carbon nanotubes, multiwalled carbon naregwdre used for adsorbing PFAS. They
usually work by the process of advanced oxidatioth @duction reactions. Metal organic
frame works, titanium oxide nanoparticles are esitesly used for removing PFAS.
However, scalability and cost are issues and homnidieal nanomaterials is ongoing [46].
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Recently a metal organic framework compound terr&N-222 that is made from
zirconium tetroxide and the ligand tetrakis (4 casjphenyl) porphyrin (TCPP) showed
high PFAS adsorption [46]. However, commerciallyalable removal of PFAS was
obtained by Surface-Active Foam Fractionation (SABEthe Telge Recycling plant in
Sweden [47]. Piezoelectric materials can genetzdege when mechanical stress is applied
the charge density is proportional to external doapplied. Several crystals, ceramic
materials and biological materials are widely uapglications. They are used in SONARS,
sensors, laser beams etc. Now piezoelectric mktedee used to generate charge
(polarisation) and collisions on these material® akestroy PFAS. The nucleophilic
substitution of hydroxyl radical to the carbon blacke results in PFAS degradation
[47-49]. Research efforts for sustainable processih keeping in mind circular economy
for waste removal is need of the hour.

The term "bioremediation” refers to the use of dgital interventions in biodiversity
to lessen (and, whenever possible, completely eéiB) the negative impact that
environmental toxins have on a particular locationsitu bioremediation is the term used
when a process takes place directly in the araawths polluted. Ex situ treatment, on the
other hand, refers to the purposeful transfer efabntaminated material (soil and water) to
another area in order to enhance biocatalysis.eBiediation requires biodiversity as
a prerequisite. In these biological interventicmsyide range of plants - natural, transgenic,
and/or those connected to rhizosphere microorganiane incredibly active at removing or
immobilising pollutants. The most active agentsarariety of microorganisms, including
fungi and their potent oxidative enzymes are ctuciaecycling resistant materials [50].
Further, engineered microorganism were employedcfeaning PFAS. Bioremediation
usingDelftia acidovorans wasidentified in PPFA family pollutants contaminatemlls [51]

. The researchers identified dehalogenase enzymtbese microbes which can cleave the
fluorinated carbon bonds. The genes encoding thaldgenases were expresseét.iroli.
The enzyme became functional performed the remafviliorine bonds. A blue green alga
Syncosystis spp could effectively sequester PFAS in continuquisotobioreactor.
The uptake of the PFAS family compounds was obseraad mechanism behind
the sequestration was not proposed yet. They f®UAS in the membrane fractions and
the bioinformatic analysis found laccases and daejslases in the proteome of the blue
green alga [52]. A bioinspired #D nanostructuresistimg of cellulose and lignin fibres
nanofibers was fabricated initially and then thadus|rpex lacteuswas cultured on the
nanocomposite could effectively adsorb and remoWAS? This composite with fungus
was termed as Renewable Artificial Plant for Intditicrobial Environmental Remediation
(RAPIMER) [53]. Juncus sarophorus was used as phytoremidiation plant by accumulating
PFOS, PFOA and PFHxS family of PFAS in a controfitass house experiment. The long
chain PFOA was difficult to accumulate, whereasrihain PFAS could be accumulated
inside the plants [54]. Another study examineduptake of PFAS in constructed wetland
model using 3 plants namelyncus krausii, Baumea articulata and Phragmites australis.
The accumulation was more pronounced in shoots aoedpto the roots. These studies
indicate that bioremediation strategies could biéisetl in removing PFAS from the
polluted water and soils [55]. The fibre hemp pdafdr phytoremediation of per- and
polyfluoroalkyl substances (PFAS). Nanozymes acemty explored for remediation [56].

Recently essential use approach has been advobgtedientists. In this approach
some chemicals (Ex PFAS) that are harmful do notehabsolutely essential-use.
The second category consists of these chemicalsaéimabe replaced by less harmful/toxic
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chemicals. The third category is essential use dasthat are needed. After discussions
with the expert committee essential-use chemicafste used [57, 58]. European Union
came up with its strategy to phase out PFAS anda@ine disruptors that are harmful [59].
The policy makers in various states of USA arengyito phase out PFAS [60]
Environmental Business Journal remediation mariketey 2019 showed that the demand
for remediation of Polyfluoroalkyl and perfluoroallggibstances, contaminants of emerging
concern are the most amenable contaminants forerediation. A community-based
approach involving local native people of Indiasaevations (Micmac nation) and policy
makers worked efficiently to remediate PFAS geretaturing US military operations at
Lorimer airforce base in Maine USA. They used ealiion of fibre hemp plants for
bioremediation of PFAS [61]. A similar initiativeithr local communities and government
could help at other contaminated sites and watedieso The empowering local
communities at grass root level is another solufion the CECs removal from their
neighbourhoods.

Agrochemicals (pesticides and fertilisers)

By the year 2050, the world’s population is pregiittto increase to 9.1 billion.
According to projections, developing nations’ dechdor food production will increase by
70 % because of the increased population densitiglitihnal agricultural resources are
scarce, as is agricultural land. The decrease imewu pest-related yield losses are
a significant concern. Agrochemicals will be esignn this situation. Simple to complex
ingredients are used in agrochemical formulatioith tihe goal of maximising biological
activity. The formulation of the active ingredienan enhance the handling, storage,
application, and safety qualities in addition toxindsing the biological activity on the
target organism. Solvents, mineral clays, adhesivestting agents, dispersion agents,
antifoam agents, bactericides, or other adjuvamsygical constituents used in agricultural
formulations. About 2 million tonnes ([t] = 1&g = 10 g) of pesticides are used globally
each year, of which 45 % are used in just Europe%2n the US, and 30 % in the rest of
the globe. Using pesticides carelessly and randgrdynotes disease and pest resistance,
decreases soil biodiversity, eliminates benefisi@l bacteria, leads to a fall in pollinators
and causes biomagnification of pesticides, and dam¢éhe natural habitat of farm animals
like birds. Numerous scientific disciplines, inciodg physics, chemistry, pharmaceutical
science, material science, medicine, and agriajltobave used nanotechnology. The good
outcomes in other fields greatly expanded the dppdies in the agricultural field as well.
Precision agriculture is a farming management cpncef the European Union’s
Directorate General for Internal Policies. Precisigyriculture is now a reality thanks to the
widespread usage of nanotechnology in modern dgrieu Therefore, the number of
research publications increased substantially 2600 to 2023 (Fig. 3).

Due to their small size, high surface-to-volumeoraand distinctive optical features,
nanopesticides have applications in plant feedipmtection, and management of
agricultural activities. Metal oxides, ceramics, gnatic materials, semiconductors,
guantum dots, lipids, polymers (natural or syntf)etdendrimers, and emulsions are just
a few of the numerous materials that can be utilise create nanoparticles. Chitosan
nanoparticles are used in agriculture as biopédsticito assist plants fend off fungus
infestations and to treat seeds [62, 63]. Diffepgants respond differently to nanoparticles’
influence on growth and metabolic processes. Rjemwth and germination processes are
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impacted by nanoparticle concentration. Emergingtida include the use of
nanoencapsulated fertilisers, delayed and sustaigledse of nutrients utilising zeolites,
etc. [64]. Agriculture’s use of conventional metkpduch as integrated pest control, is
insufficient, and the use of chemical pesticides hagative effects on animals, beneficial
soil bacteria, and soil fertility. The creationrabre potent, non-persistent insecticides, such
controlled release formulation, is required to a&gddrthis issue. For successful routine
pathogen monitoring, tools like quantum dots ardandeexamined. The use of
agrochemicals is currently being minimised or resijcand nanotechnology and micro
fabrication are being studied. Usually metals ke Ag and nonmetals like silica are used
for making composite nanofertilisers. These carfgper the function of agrochemicals
more efficiently by sustained release. Additionatlyey are more available to the plants.
However, uniform regulatory laws are needed acvas®us countries and their long-term
toxicity to organisms should be investigated [6B].addition to metallic nanoparticles
Graphene derived nanomaterials have shown promsasgicides [66]. Graphene is 2D
carbon structure with great tensile strength angh hielivery molecule capacityt-n
interactions in graphene-based nanomaterials atdoueasy conjugation and delivery of
plant protection chemicals [67]. The other polymitst were used are sodium alginates,
B-Cyclodextrin, gelatin. The toxicities associateithwanoformulations have led to the use
of biopolymers as composites for the delivery abapemicals [68-70].
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Fig. 3. Articles published in the past two and hdgtades beginning 2000 to 2023 on Agrochemicals
from www.scientificdirect. Keywords used agrocheatsc

The Rotterdam Convention on the Prior Informed @on¢PIC) Procedure for Certain
Hazardous Chemicals & Pesticides is an Internaltimgulatory organisation with several
member countries. Several countries adopted reégatato save environment animal and
human health. It has listed 54 chemicals in its éxume Ill. Further, 35 pesticides and
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18 industrial chemicals and 1 in both categories lssted in the annexure. Recently,
decabromodiphenyl ether and perfluorooctanoic agiel included in the list in 2022.
Sustainable methods of farming system gained imapog recently and call for regulations
and international cooperations is advocated foreatiig UN sustainability goals, human
health and help the loss of biodiversity withow tompromising economic growth of the
people [71].

e-waste and waste electrical and electronic equipment (WEEE)

Over the past two decades, research on e-waste Katsvn as waste electric and
electronic equipment, or WEEE) has expanded draalsti(Fig. 4). Researchers are being
inspired to develop ground-breaking applicationgh®yfield’s quick advancement. Due to
many problems, managing hazardous substancesdpi@ df concern for all countries.
Most of the countries have ratified or are partythte following international accords are
notable in order to handle toxic/dangerous substnthis is reflected in the publications
on this topic from 2000 to 2022. Further the foofipolicy makers and people as been to
recycle and extract precious metals from e-wasteifon circular economy rather than
lowering the production of this waste [72]. Theldaling are some international efforts to
address problems associated with e-waste: The Basakention on the Control of
Transboundary Movement of Hazardous Wastes and tisiposal, The Stockholm
Convention on Persistent Organic Pollutants (POBsategic Approach to International
Chemicals Management (UN). The chemical manageiliseintense topic of research to
form policies, understand economics, trade in waricountries. The electrical and
electronic goods usage is higher in developed cmsnttompared to underdeveloped
countries. The WEEE generated by countries is asing rapidly, which is about 54 Mt at
present and may reach 74 Mt by 2030. However, texyof the WEEE is higher in
developed countries compared to developing coun{i8]. A material flow analysis in
WEEE was undertaken from material production to tevagcycling. The researchers
analysed the data from 115 publications on thigctophey observed that stringent methods
and laws of recycling were absent in developingntdes. The developed nations were
dumping WEEE in underdeveloped nations that has® delvanced recycling technologies
[73]. The precious metals from WEEE are extractesingi the techniques of
pyrometallurgy, chemical leaching and latest teghes such as bio-metallurgy, super
critical extraction technology. Research is ongoimgextraction of precious metals from
WEEE in developed countries [74, 75]. The hazargmikitants include heavy metals (Cd,
Hg, As, Ni), PFAS, plastic polymers, polybrominagighenyl ethers (PBDES), polycyclic
aromatic hydrocarbons (PAHSs), and dioxins. Theskutamts are causing higher health
problems in the underdeveloped countries as theyatohave latest methods of waste
disposal and many developed countries are sendebazardous materials to these nations
for disposal. The later nations are accepting tfrmneconomic reasons. Therefore, African
nations are now enacting laws to safeguard theiniies from e-waste pollution.
A committee was set up to regulate the e-waste lmndor ex The East Africa
Communication Organisation (EACO), in 2012. Develdountries are forming treaties
with African countries to improve the methods ofvaste disposals [76]. However more
stringent laws and regulations are needed sinc®MBEE causes health hazards including
cancer.
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REE elements have beneficial effects on plantswaet concentrations. In China they
are used as fertilisers to improve photosynthegsan yield used as elicitors for secondary
metabolite production, tolerance to stress inclgdireavy metals. However, at higher
concentration of REES, photosynthesis is affeatedtjative stress response increase and
these metals accumulate into the enzymes. Ex lanthala ions can be taken up by
calcium channels inside the plant systems. TheareBeon the toxic aspects is still in its
infancy and needs further investigations [77]. Reaeth metals are also constituents of
WEEE as they are widely used in the electrical alettronic industries. The elements
contain 15 lanthanide series of elements, scandiumah yttrium (according to International
Union of Pure and Applied Chemistry). In natureytheecur in same ore deposits and
separation processes are expensive and time comgurfhe rare earth metals are
components of medical diagnostic, scanning equipsneell phones, cables, rechargeable
batteries, LED lamps etc. The waste generated hesetelements and are known to be
toxic to aquatic animals, soils, and humans. Theeot extraction of rare earth materials
from WEEE include thermal, aqueous electrochenpoatesses. Separation techniques are
difficult for the REE and there is ongoing scieiatifesearch for suitable methods to
separate them [78]. Recently, using biphasic tr@iene compounds (both acidic and
basic) REE metals were precipitated as capsulem froetallic nitrates. Ex tripodal
amido- arene (soluble in nitic acid and toluenedcted with lanthanide nitrate and
precipitated lanthanide capsules. Two ligands &&int properties one that is lipophilic
and another that is hydrophilic are used to selelsti series of lanthanide metals.
The compounds used were water-soluble bis-lactd®Hihenanthroline and oil-soluble
diglycolamide that could selectively bind differetanthanide metals and could be
separated. However, these use chemicals for seaparaf metals and sustainable
methodology is by using microbes. The methylotrogtesfound attached to plant roots and
some species are present in soil. These help phdtitssarious functions such as nitrogen
fixation and metal sequestration and protectiormfrpathogens [79]. Recently protein
derived from methanotrophs are explored to be dsedeparation in an efficient eco-
friendly way. The proteins family belonging to lhahide-binding proteins (LanM) from
M. extorquens organism that can bind to lanthanide and actinetees of elements and are
used for green extraction of metals [80]. The prote engineered and aminoacids in the
aspartate in the metal binding sites were replasgdmethionine, alanine, histidine,
aspargine, selenomethionine by site directed muatsis. The bioengineered proteins could
separate actinide series of metals compared to fRERarious applications. Recently,
novel lanthanide protein is identified fraransschlegelia quercus (Hans-LanM) that could
bind to REE, and the protein has been engineerekidgber efficiency [81]. The recycling
of e-waste is considered as environmentally frigpadbcess compared to mining from ores.
Additionally, recycling costs are lower for extriagt various metals from e-waste rather
than conventional mining from ores. Recycling akraarth metals is need of the hour for
circular economy [82, 83]. The multinational comjg@ncan advocate using recycling of
rare earth metals. Ex Apple computers is recycind pledged to use these metals for
manufacturing again. Robo dismantled and helpegktting Co, Cu, W, Sn, REE, Ag, Ta,
Au and Pd from waste.
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Fig. 4. Articles published in the past two and ltdtades beginning 2000 to 2023 on e-waste based on
www.scientificdirect. Keyword used "e-waste"

Recycling of plastics found in WEEE is a challeragel polymers identification for
efficient treatment options is a subject of interesearch. Recently, acrylonitrile butadiene
styrene (ABS) was the main polymer identified in BEEand several other unidentified
polymers are identified so the research is ongdéingnanage these waste plastics [84].
Similarly, detection methods using mass spectrometre developed to understand
chemical pollutants associates with WEEE. A stuadynfl 56 additives including
antioxidants, flame retardants, plasticisers, Uabiisers, and UV-filters could be
identified using mass spectrometry. Surprisingiyilar additives were found in children’s
toys made of recycled plastics raisin an alarm lofdeen’s exposure to harmful plastic
chemicals [85]. A handheld X-ray fluorescence devsdeveloped to estimate additives,
flame retardants and Sb present in plastic comgeném WEEE at the landfills.
The advancement in detection systems and constitofee-waste is ongoing process.
Robotics and atrtificial intelligence are deviseddentify e-waste from dumping grounds to
enhance the capacity to identify these waste sabssafrom garbage for use in recycling in
a developing country. The working process consitsl) collecting data, 2) next using
machine learning to identify compounds, 3) themgsnternet of things approaches notify
the collected data, 4) the requestor who gave ttiginal data can know about the
compositions. The neural network-based predictisase accurate by 94 % in identifying
e-waste from house old waste. These are econognigialble and can be used in circular
economy [86]. Additionally, organisms that can &ty plastics in the WEEE in
environmentally safe manner is need of the howgedhlarvae oGalleria mellonella and
Tenebrio molitor were capable of degrading plastics and the chafigastics by the two
species was different [87]. Similarly, many insspgiecies are known that can degrade
plastics. The insects preferred pristine plasticplastics from WEEE because the later
contains metals too. There are several insectscmatdegrade plastics. The insects are
cable of degrading plastics due to the presendmdtieria and fungi in the insects. This is
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a symbiotic relationship, both host and gut micooieé work efficiently by secreting
enzymes needed for the process. Initially polymarshe plastics gets converted into
oligomers then into fatty acids which could be rbetased [88]. The plastics get converted
into microplastics and nano plastics that posetehdil threat to environment and biota.
This aspect is discussed below.

Microplastics

Globally speaking, microplastics are emerging palits and toxins. These could be
micrometers or nanometers in length, that coulchtmeluced as primary compounds for
industrial consumption. They can be produced frecoadary sources by the degradation
of plastics by environmental factors [89]. The stifec community is becoming more and
more interested in the topic of "Microplastics".€Be are present, in the soil, hydrosphere,
and aerosphere. The majority of microplastics, hame are produced on land and
eventually wind up in the marine environment. Thare many different sources of
microplastics in the environment, and they are Widkspersed everywhere in the world.
In addition to domestic sources like personal gaoelucts and industrial uses like plastic
pellets in manufacturing, transport, and recyclisgnthetic textiles are also subject to
abrasion from laundry, tire abrasion while drivingty dust, spills, road markings,
weathering, and abrasion by vehicles. Road rumedtewater, wind, and ocean runoff are
examples of global cycle pathways. As microplasticter or accumulate in the food chain
or participate in the food web, their fate in tlteogystem is very crucial. It is well known
that microplastics have a great potential for doisgra range of contaminants. Hence these
are heavily researched subjects (Fig. 5). Furthes, anticipated that all the findings will
contribute to the establishment of necessary enmenmtal laws and policies as well as
close knowledge gaps in microplastics contaminatibis crucial to manage plastics and
microplastics for the following reasons: 1) Anndebkage of primary and secondary
microplastics into our oceans is estimated to bers¢ million tonnes. 2) Disposable
plastic goods account for half of marine trashT8¢ plastic waste we produce can encircle
the planet four times in a single year. The waate for throwaway plastic packaging is
over 95 %. 4) Plastics can last up to 500 yeatherenvironment. 5) Plastic recycling uses
88 % less energy than producing new plastic. Remygllastics allows us to significantly
reduce our use of gasoline. Several biological odthare present in addition to
conventional chemical methods degrading plastictudting the use of bacteria, algae,
fungi. These organisms are engineered using sietdd mutagenesis, Crisper/Cas systems
to efficiently degrade microplastics [90, 91]. Setemicrobes found in nature involved in
microplastic degradations cannot be cultured inléhe Therefore, sequencing the entire
microbial genome and transcriptome enabled predictf genes that could code for
enzymes that can degrade microplastics [92]. Theeaplastics are polluting marine waters
and these can be reduced only by international @aipns and legislations [93]. As these
CECs are present in healthy oceans, seas, coastdlinland waters, the European
Commission published a document titled Mission f&ar2030: Restore Our Ocean and
Waters. By 2030, it hopes to have our oceans aasl Isack to normal. More specifically,
the Mission, which was motivated by the starfisttmpe, highlighted the five overarching
goals for 2030 by highlighting the four interdepent challenges of an unsustainable
footprint, climate change, a lack of understandiegnnection, and investment, and
inadequate governance.
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Disinfection by-products (DBP)

Producing safe drinking water is an age-old artfaékshack as 4000 (Befokehristian
Era or Before the Common Era or Before the Current (8&E)), there are recorded
methods for enhancing water quality. Even todaymals frequently used to treat water.
It was first employed for this purpose about 150CEB Pathogen inactivation is
a component of water disinfection that helps cdnaoute waterborne disease while
balancing the reduction of hazardous disinfectigrptoducts (DBPs). Several DBPs are
formed due to various processes (Table 1). Althdntgrdisciplinary cooperation between
chemists, biologists, epidemiologists, engineems, regulators have grown during the past
two decades, addressing the dangers of DBPs sfileras to an outdated paradigm.
To identify the pollutants in source and drinkingters that increase health risks and to lay
the groundwork for novel disinfection techniquesnew integrated strategy is needed.
The major disinfectant that is most frequently usedlldwide is chlorine. It has been used
in a variety of ways to protect humans against vatee illnesses such diarrhoea, cholera,
legionellosis, and dysentery since it was first Exyd as a major disinfectant in 1908.
Recently, there is focus and increase in researddBPs (Fig. 5).
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Fig. 5. Articles published in the past two and hddfcades beginning 2000 to 2023 on Disinfection
by-products based on www.scientificdirect. Keywouded "DBPs" and "Microplastics". Number
of papers in each year are labelled on the toheoféspective bars

Unfortunately, some by-products of chlorine’s réattwith organics in water, known
as DBPs, are carcinogenic in nature. DBP expossirénked to unfavourable health
outcomes, such as cancer development and problemisgdpregnancy and new-born
children [94, 95]. Controlling DBP formation has emged as one of the main concerns for
drinking water since their discovery in drinking teain the 1970s and with growing
knowledge of their prevalence and health impacts.pfotect the public’s health, many
nations throughout the world opted to regulate DBMsch in turn made it necessary to
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conduct research and develop new treatment tecgiesloBy 2025, the World Health
Organisation of the United Nations projects thalf lo& the world’s population will be
living in water-stressed areas. Therefore, watel amastewater recycling are global
priorities. Recently DBPs from slaughterhouses @dad recycled using UV treatment and
micro algae [96].

Table 1
DBP (disinfection by-products) that have been médibecause drinking water sources include broamde
iodide. The preferred by-products of disinfectiom aindesirable by-products are shown in this table

Chlorination Chloramination Ozonation Referenceg
Preferred: Preferred: Preferred: [97-101]
HOCl + Br~ — HOBr + Cl” HOCl +I" — HOI +ClI” Br™ + 03 — HOBr/OBr~
OCl” + Br~ — OBr™ +ClI” ocl" +I" - oI’ +Cl” OBr™ + 03 — BrOy
HOBr/OBr™ + NOM — Br HOI + HOCl — 10, +Cl” BrO™ +03; — BrOs~
- DBPs +H* Slow:
Slow: HOCl + 10, — 105 +Cl” HOBr/OBr™ + NOM — Br
HOBr + HOBr — BrO, + Br~ + H* - DBPs
+H" Slow:

OBr™ + OBr~ — BrO™ + Br, | HOIIOI” + NOM — I — DBPs
HOBr + BrO, — BrOsz

+Br  +H"
Preferred: Preferred: Preferred: [99-102]
NH,Cl + H,0 — HOCl + NH3 | NH,Cl + H,0 — HOCl + NH3 I” + 03 — HOIlOI”
HOCl + Br~ — HOBr + Cl’ HOCl+I — HOI +Cl’ Ol +0;3 — 10,
HOBr/OBr~ + NOM — Br |HOI/OI" + NOM — I — DBPs 10" + 03 — 10,
— DBPs Slow: HOIIOI” < I" +105
Slow: HOI + NH,Cl — 105 +ClI° Slow:
HOBr + HOBr — BrO™ + Bry +H" HOI/OI" + NOM — [ — DBPs
+H" HOCl +10, — 103 +ClI”

+H*
OBr™ + OBr~ — BrO™ + Bry
HOBr + BrO, — BrOsz
+Br +H"

The recent trends of bioremediation of CECs foriedhg the sustainable goals is
shown in Figure 6. Additionally, synthetic biolog@pproaches and genome editing by
CRISPER-CAS system gained importance recently [108¢ uses of biological products
and organisms for recycling should be researcheittiefu for achieving SDG. CECs are
major concerns for health and recycling of thesenéeded for circular economy and
achieving SDG. The management of water and enviemtah resources are needed for the
health of all organisms including humans [104-108kb based servers can be set up for
individual countries especially developing courgrte understand the nature of pollutants
in the water and their soils. A knowledge hub fkaveb based was generated for CECs in
South Africa to aid in CECs research and could beful for policy and remediation
technologies too. The knowledge base has aboutdaé® entries for various regions in
South Africa [110]. As the editorials in the jourNature warns us all nations should come
together to march towards goals of SDGs by addrgs@sues of pollution for the
wellbeing of Planet Earth [111-113].
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Conclusion

CECs pose a serious threat to the health of piaaeh. Rigid international laws across
all nations is necessary to address the detrimémiphcts of these contaminants to
safeguard “Man and Biosphere”. All nations can fiefim efficient pollution abatement
as they contribute for achieving the UN Sustaindbéyelopment Goals and EU Green
Deal ambitions. Combined efforts of not only scigist and regulatory agencies but also
non-government organizations are required to practeveral of the known remediation
technologies for control and treatment of thesdammants.

Credit authorship contribution statement
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environment - selected remediation technologies2bst October 2022 at the 31st annual
Central European Conference ECOpole’22, organisedKiakow by the Ecological
Chemistry and Engineering Society, Poland. MNVP tmesd SE and contributed equally
to the manuscript.

References

[1] Kroto HW, Zielinska M, Rajfur M, Wactawek M. The climate changesisf? Chem Didact Ecol Metrol.
2016;21:11-27. DOI: 10.1515/cdem-2016-0001.

[2] Crutzen PJ, Wactawek S. Atmospheric chemistngd @limate in the anthropocene. Chem Didact Ecol
Metrol. 2014;19: 9-28. DOI: 10.1515/cdem-2014-0001.

[3] Palmer E. Introduction: The Sustainable Depetent Goals Forum. J Glob Ethics. 2015;11:3-9. DOI:
10.1080/17449626.2015.1021091.

[4] Wu C-H, Tsai S-B, Liu W, Shao X-F, Sun R, Wag&k M. Eco-technology and eco-innovation for green
sustainable growth. Ecol Chem Eng S. 2021;28:0: 10.2478/eces-2021-0001.

[5] Fetting C. The European Green Deal. ESDN ReporR020. Available from:
https://www.esdn.eu/fileadmin/ESDN_Reports/ESDN_dte®_2020.pdf.

[6] Vara Prasad MN, Smol M, Freitas H. Achievingstinable development goals via green deal stedegi
Sustainable and Circular Management of ResourcdsVdaste Towards a Green Deal. Elsevier; 2023.
pp. 3-23. DOI: 10.1016/B978-0-323-95278-1.00002-4.

[7]1 Kirby A. Kick the habit: A UN guide to climateeutrality. 2008. DOI: 10.17226/23490.

[8] Adams S, Adedoyin F, Olaniran E, Bekun FV. Ejyeconsumption, economic policy uncertainty andoa
emissions; causality evidence from resource richnemies. Econ Anal Policy. 2020;68:179-90. DOI:
10.1016/j.eap.2020.09.012.

[9] Sofuaslu E, Kirikkaleli D. Towards achieving net zero ession targets and sustainable development goals,
can long-term material footprint strategies be efwlsool? Environ Sci Pollut Res. 2022;30:26636-89!I:
10.1007/s11356-022-24078-2.

[10] Raihan A, Tuspekova A. Towards net zero eroissiby 2050: the role of renewable energy, teclyicdd
innovations, and forests in New Zealand. J Envir@ti Economics. 2023;2:1-16. DOL:
10.56556/jescae.v2il1.422.

[11] Esmaeili P, Balsalobre Lorente D, Anwar A.vigéing the environmental Kuznetz curve and padint
haven hypothesis in N-11 economies: Fresh eviddnm® panel quantile regression. Environ Res.
2023;228:115844. DOI: 10.1016/ j.envres.2023. 14584

[12] Lee BCY, Lim FY, Loh WH, Ong SL, Hu J. Emengi contaminants: An overview of recent trends lfeirt
treatment and management using light-driven presessWater (Basel). 2021;13:2340. DOI:
10.3390/w13172340.

[13] Puri M, Gandhi K, Kumar MS. Emerging enviroantal contaminants: A global perspective on pdiced
regulations. J Environ Manage. 2023;332:117344.:0QI1016/j.jenvman.2023.117344.

[14] Prasad MNV, Elchuri SV. Pharmaceuticals artspnal care products in the environment with ersigshan
horizontal transfer of antibiotic resistance gen&hem Didact Ecol Metrol. 2022;27:35-51. DOI:
10.2478/cdem-2022-0005.



Environmental contaminants of emerging concernu@eace and remediation 73

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]
[28]

[29]

(30]

(31]

(32]

(33]
(34]

[35]

Hanun JN, Hassan F, Jiang J-J. Occurrent®, dad sorption behavior of contaminants of enmgrgboncern

to microplastics: Influence of the weathering/agmgcess. J Environ Chem Eng. 2021;9:106290. DOI:
10.1016/j.jece.2021.106290.

Pittura L, Gorbi S, Leén VM, Bellas J, CampillGonzalez JA, Albentosa M, et al. Microplasticgl an
nanoplastics in the marine environment. ContamgaftEmerging Concern in the Marine Environment.
Elsevier; 2023. pp. 311-48. DOI: 10.1016/B978-0-832297-7.00004-4.

Archer E, Holton E, Fidal J, Kasprzyk-HordeBnCarstens A, Brocker L, et al. Occurrence oftaorinants

of emerging concern in the Eerste River, SouthcafriTowards the optimisation of an urban waterifngf
approach for public- and ecological health riskrabterisation. Sci Total Environ. 2023;859:1602B4Ql:
10.1016/j.scitotenv.2022.160254.

Arsand JB, Dallegrave A, Jank L, Feijo T, iReM, Hoff RB, et al. Spatial-temporal occurrencé o
contaminants of emerging concern in urban riversonthern Brazil. Chemosphere. 2023;311:136814.
DOI: 10.1016/j.chemosphere.2022.136814.

Roznere |, An V, Robinson T, Banda JA, Wat&T. Contaminants of emerging concern in the Maume
River and their effects on freshwater mussel phggio PLoS ONE. 2023;18:€0280382. DOI:
10.1371/journal.pone.0280382.

Campos S, Lorca J, Vidal J, Calzadilla W, Tae\eira C, Aranda M, et al. Removal of contamisaoit
emerging concern by solar photo electro-Fentonge®dn a solar electrochemical raceway pond reactor
Process Safety Environ Protect. 2023;169:660-70: D1016/j.psep.2022.11.033.

Mohamed BA, Hamid H, Montoya-Bautista CV, LY. Circular economy in wastewater treatment plants
Treatment of contaminants of emerging concerns &R effluent using sludge-based activated carbon.
J Clean Prod. 2023;389:136095. DOI: 10.1016/j.jue3023.136095.

Soker O, Hao S, Trewyn BG, Higgins CP, Straihn TJ. Application of hydrothermal alkaline traaht to
spent granular activated carbon: destruction obiudsl PFASs and adsorbent regeneration. Environ Sci
Technol Lett. 2023;10:425-30. DOI: 10.1021/acse¢s8c00161.

Martin de Vidales MJ, Prieto R, Galan-Luchrél, Atanes-Sanchez E, Fernandez-Martinez F. Raimafv
contaminants of emerging concern by photocatalygis a highly ordered Ti@nanotubular array catalyst.
Catal Today. 2023;413-5: 113995. DOI: 10.1016/4cth2023.01.002.

Arun J, Nachiappan S, Rangarajan G, AlagagpRnGopinath KP, Lichtfouse E. Synthesis and appitin

of titanium dioxide photocatalysis for energy, de@mnination and viral disinfection: a review. Emorir
Chem Lett. 2023;21:339-62. DOI: 10.1007/s10311-02203-z.

Mahmoudnia A, Mehrdadi N, Baghdadi M, Mouss@v Change in global PFAS cycling as a response of
permafrost degradation to climate change. J Hazavihter Adv. 2022;5:100039. DOI:
10.1016/j.hazadv.2021.100039.

Xu B, Liu S, Zhou JL, Zheng C, Weifeng J, @heB, et al. PFAS and their substitutes
in groundwater: Occurrence, transformation and chaten. J Hazard Mater. 2021;412:125159.
DOI: 10.1016/J.JHAZMAT.2021.125159.

Available from: https://www.epa.gov/comptoxsts/comptox-chemicals-dashboard.

Gluge J, Scheringer M, Cousins IT, DeWitt f&hldenman G, Herzke D, et al. An overview of tlsesiof
per- and polyfluoroalkyl substances (PFAS). Envirdci Process Impacts. 2020;22:2345-73.
DOI: 10.1039/DOEM00291G.

Christensen BT, Calkins MM. Occupational espi@ to per- and polyfluoroalkyl substances: a sgepiew

of the literature from 1980-2021. J Expo Sci EnniEpidemiol. 2023. DOI: 10.1038/s41370-023-00536-y.
Dal Ferro N, Pelliszaro A, Fant M, Zerlottin,Borin M. Uptake and translocation of perfluorgdliacids

by hydroponically grown lettuce and spinach expdsespiked solution and treated wastewaters. StlTo
Environ. 2021;772:145523. DOI: 10.1016/j.scitot@®21.145523.

Khan B, Burgess RM, Cantwell MG. Occurrencel &ioaccumulation patterns of per- and polyflutkgla
substances (PFAS) in the marine environment. ACST EWater. 2023;3:1243-59. DOI:
10.1021/acsestwater.2c00296.

Washington JW, Rosal CG, McCord JP, Strynal, Mindstrom AB, Bergman EL, et al. Nontargeted
mass-spectral detection of chloroperfluoropolyethearboxylates in New Jersey soils. Science.
2020;368:1103-7. DOI: 10.1126/science.aba7127.

Sun X, Yu W, Min L, Han L, Hua X, Shi J, et &8ynthesis, structural determination, and antifliragtivity

of novel fluorinated quinoline analogs. Molecul2823;28. DOI: 10.3390/molecules28083373.

Ogawa Y, Tokunaga E, Kobayashi O, Hirai K,il#ia N. Current contributions of organofluorine
compounds to the agrochemical industry. iScien@2023: 101467. DOI: 10.1016/j.isci.2020.101467.
Inoue M, Sumii Y, Shibata N. Contribution afganofluorine compounds to pharmaceuticals. ACS game
2020;5:10633-40. DOI: 10.1021/acsomega.0c00830.



74

Majeti Narasimha Vara Prasad and Sailaja V. Elchuri

(36]
[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]
[45]

[46]
[47]

(48]

[49]
[50]

[51]

[52]

(53]

[54]

[55]

[56]

[57]

Evich MG, Davis MJB, McCord JP, Acrey B, Awkean JA, Knappe DRU, et al. Per- and polyfluorohlky
substances in the environment. Science. 1979;2022(30I; 10.1126/science.abg9065.

Gold SC, Wagner WE. Filling gaps in sciencep@ses gaps in chemical regulation. Science.
2020;368:1066-8. DOI: 10.1126/science.abc1250.

Xu Y, Nielsen C, Li Y, Hammarstrand S, Andssa EM, Li H, et al. Serum perfluoroalkyl substaae
residents following long-term drinking water contaation from firefighting foam in Ronneby, Sweden.
Environ Int. 2021;147:106333. DOI: 10.1016/j.en\2620.106333.

Smalling KL, Romanok KM, Bradley PM, Morri$dC, Gray JL, Kanagy LK, et al. Per- and polyfludigé
substances (PFAS) in United States tapwater: Casgrar of underserved private-well and
public-supply exposures and associated health d@amgdns. Environ Int. 2023;108033. DOI:
10.1016/j.envint.2023.108033.

Liu Y, Wosu AC, Fleisch AF, Dunlop AL, Stamtj AP, Ferrara A, et al. Associations of gestafiona
perfluoroalkyl substances exposure with early dtolsi BMI z-Scores and risk of overweight/obesity:
Results from the ECHO cohorts. Environ Health Rers2023;131:67001. DOI: 10.1289/EHP11545.

Taibl KR, Dunlop AL, Barr DB, Li Y-Y, Eick SMKannan K, et al. Newborn metabolomic signatures of
maternal per- and polyfluoroalkyl substance expssand reduced length of gestation. Nat Commun.
2023;14:3120. DOI: 10.1038/s41467-023-38710-3.

Xu Y, Jakobsson K, Harari F, Andersson EMYLIExposure to high levels of PFAS through drinkingter

is associated with increased risk of type 2 diabetéindings from a register-based study in Ronneby
Sweden. Environ Res. 2023;225:115525. DOI: 10.1DEBIVRES.2023.115525.

Goodrich JA, Walker D, Lin X, Wang H, Lim ®™cConnell R, et al. Exposure to perfluoroalkyl siainses
and risk of hepatocellular carcinoma in a multia¢theohort. JHEP Reports. 2022;4:100550. DOI:
10.1016/j.jhepr.2022.100550.

Available from: https://pfas-1.itrcweb.org/2ebemistry-terminology-and-acronyms/?print=pdf.

Lu J, Lu H, Liang D, Feng S, Li Y, Li J. Aview of the occurrence, monitoring, and removahtestogies
for the remediation of per- and polyfluoroalkyl stdnces (PFAS) from landfill leachate. Chemosphere.
2023;332:138824. DOI: 10.1016/j.chemosphere.203828.

Cardoso IMF, Pinto da Silva L, Esteves dav&silCG. Nanomaterial-based advanced oxidation/tieduc
processes for the degradation of PFAS. Nanomagef@P3;13:1668. DOI: 10.3390/nan013101668.

Meng Y, Chen G, Huang M. Piezoelectric materi@roperties, advancements, and design stratégies
high-temperature applications. Nanomaterials. 2022171. DOI: 10.3390/nan012071171.

Yang N, Yang S, Ma Q, Beltran C, Guan Y, MeydV, et al. Solvent-free nonthermal destructiolPBAS
chemicals and PFAS in sediment by piezoelectritrhdling. Environ Sci Technol Lett. 2023;10:19820
DOI: 10.1021/acs.estlett.2c00902.

Wang K, Han C, Li J, Qiu J, Sunarso J, LiuTBe mechanism of piezocatalysis: Energy band theory
screening charge effect? Angew Chemie. 2022;134: D1002/ange.202110429.

Hasanuzzaman M, Prasad MNV. Handbook of Bimaiation: Physiological, Molecularand
Biotechnological Interventions. 2021. DOI: 10.1@%78-0-12-819382-2.09991-9.

Harris JD, Coon CM, Doherty ME, McHugh EA, War MC, Walters CL, et al. Engineering and
characterisation of dehalogenase enzymes from i®edftidovorans in bioremediation of perfluorinated
compounds. Synth Syst Biotechnol. 2022;7:671-6.:000I11016/j.synbio.2022.02.005.

Marchetto F, Roverso M, Righetti D, Bogidlj Filippini F, Bergantino E, et al. Bioremediatiohper- and
poly-fluoroalkyl substances (PFAS) by Synechocyspis PCC 6803: A chassis for a synthetic biology
approach. Life. 2021;11:1300. DOI: 10.3390/Iife113Q0.

Li J, Li X, Da Y, Yu J, Long B, Zhang P, eL &ustainable environmental remediation via biogetim
multifunctional lignocellulosic nano-framework. N&ommun. 2022;13:4368. DOI: 10.1038/s41467-022-
31881-5.

Zhu J, Wallis I, Guan H, Ross K, Whiley H,llBavfield H. Juncus sarophorus, a native Austrabpecies,
tolerates and accumulates PFOS, PFOA and PFHxS ghmsshouse experiment. Sci Total Environ.
2022;826:154184. DOI: 10.1016/j.scitotenv.2022. B34 1

Awad J, Brunetti G, Juhasz A, Williams M, Naw@a D, Drigo B, et al. Application of native planis
constructed floating wetlands as a passive remediapproach for PFAS-impacted surface water. Jkthz
Mater. 2022;429:128326. DOI: 10.1016/j.jhazmat.2028326.

Amaro Bittencourt G, Vandenberghe LP de Srtiiaz-Burgos WJ, Valladares-Diestra KK, Murawski d
Mello AF, Maske BL, et al. Emerging contaminant®rbmediation by enzyme and nanozyme-based
processes - A review. iScience. 2023;26:106785.: @I1016/j.isci.2023.106785.

Cousins IT, Goldenman G, Herzke D, LohmanviRler M, Ng CA, et al. The concept of essentiakuor
determining when uses of PFASs can be phased ouirof Sci Process Impacts. 2019;21:1803-15. DOI:
10.1039/C9EMO00163H.



Environmental contaminants of emerging concernu@eace and remediation 75

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

(78]

Cousins IT, De Witt JC, Glige J, GoldenmanHerzke D, Lohmann R, et al. Finding essentialiggsfble:
common questions and misinterpretations concertiirgg “essential-use” concept. Environ Sci Process
Impacts. 2021;23:1079-87. DOI: 10.1039/D1EMO0180A.

Scholz S, Brack W, Escher Bl, HackermulleLigss M, von Bergen M, et al. The EU chemicalstetya for
sustainability: an opportunity to develop new apgtes for hazard and risk assessment. Arch Toxicol.
2022;96:2381-6. DOI: 10.1007/s00204-022-03313-2.

Bilan SA, Andrews DQ, Blum A, Diamond ML, Fernande®, $Harriman E, et al. Optimising chemicals
management in the United States and Canada thrtheylessential-use approach. Environ Sci Technol.
2023;57:1568-75. DOI: 10.1021/acs.est.2c05932.

Nason SL, Stanley CJ, PeterPaul CE, Blumeri¥ifal Zuverza-Mena N, Silliboy RJ. A community based
PFAS phytoremediation project at the former LoriAgforce Base. iScience. 2021;24:102777. DOI:
10.1016/j.isci.2021.102777.

Manikandan A, Sathiyabama M. Preparationhifosan nanoparticles and its effect on detacheslleaves
infected with Pyricularia grisea. Int J Biol Macrom2016;84:58-61. DOI: 10.1016/j.ijbiomac.2015083.
Liang W, Yu A, Wang G, Zheng F, Hu P, Jiatlal. A novel water-based chitosan-La pesticidenarrier
enhancing defense responses in rice (Oryza sa)ivgrdwth. Carbohydr Polym. 2018;199:437-44. DOI:
10.1016/ j.carbpol.2018.07.042.

Ale A, Andrade VS, Gutierrez MF, Bacchetta Rossi AS, Orihuela PS, et al. Nanotechnology-based
pesticides: Environmental fate and ecotoxicity. i€ok Appl Pharmacol. 2023;471:116560. DOI:
10.1016/j.taap.2023.116560.

Grillo R, Fraceto LF, Amorim MJB, Scott-Fordand JJ, Schoonjans R, Chaudhry Q. Ecotoxicologicdl
regulatory aspects of environmental sustainabditynanopesticides. J Hazard Mater. 2021;404:124148.
DOI: 10.1016/ j.jhazmat.2020.124148.

Wang X, Xie H, Wang Z, He K, Jing D. Grapheo&ide as a multifunctional synergist of insecticide
against lepidopteran insect. Environ Sci Nano. 28:78-84. DOI: 10.1039/C8EN00902C.

Jha AK, Chakraborty S. Environmental applimatof graphene and its forms for wastewater treatm

A sustainable solution toward improved public HealtAppl Biochem Biotechnol. 2023. DOI:
10.1007/s12010-023-04381-5.

Feba Mohan M, Praseetha PN. Prospects of obiopers based nanocomposites for the slow
and controlled release of agrochemicals formulatioh Inorg Organomet Polym Mater. 2023. DOI:
10.1007/s10904-023-02695-9.

Jadhav C, Khillare LD, Bhosle MR. Efficientorsochemical protocol for the facile synthesis of
dipyrimido-dihydropyridine and pyrimido[4,5-d]pyridines in aqueoug$-cyclodextrin. Synth Commun.
2018;48:233-46. DOI: 10.1080/00397911.2017.1390685.

Yin J, Su X, Yan S, Shen J. Multifunctionarnoparticles and nanopesticides in agriculturaliegpon.
Nanomaterials. 2023;13:1255. DOI: 10.3390/ nanc71365.

Giger M, Musselli I. Could global norms enabldefinition of sustainable farming systems
in a transformative international trade system? c@isr Sustain. 2023;4:18. DOI:
10.1007/s43621-023-00130-0.

de Oliveira Neto JF, Candido LA, de Freitasubado AB, Santos SM, Florencio L. Waste of eleafrand
electronic equipment management from the perspediva circular economy: A review. Waste Manage
Res. 2023;41:760-80. DOI: 10.1177/0734242X221135341

Lase IS, Ragaert K, Dewulf J, De Meester SltMariate input-output and material flow analysiscurrent
and future plastic recycling rates from waste eieat and electronic equipment: The case of small
household appliances. Resour Conserv Recycl. 2021,05772. DOI: 10.1016/j.resconrec.2021.105772.
Gulliani S, Volpe M, Messineo A, Volpe R. Reery of metals and valuable chemicals from wakdetec
and electronic materials: A critical review of dkig technologies. RSC Sustain. 2023. DOI:
10.1039/D3SU00034F.

Cesiulis H, Tsyntsaru N. Eco-friendly eleationing for metals recovery from waste electricaida
electronic equipment (WEEE). Coatings. 2023;13:57@l: 10.3390/coatings13030574.

Lebbie TS, Moyebi OD, Asante KA, Fobil J, BetDrisse MN, Suk WA, et al. E-waste in Africa:
A serious threat to the health of children. Int dvieEon Res Public Health. 2021;18:8488. DOI:
10.3390/ijerph18168488.

Ozturk M, Metin M, Altay V, Prasad MNV, Gul Mhat RA, et al. Role of rare earth elements ents.
Plant Mol Biol Report. 2023. DOI: 10.1007/s11103dP1.369-7.

Cheisson T, Schelter EJ. Rare earth elemeMgndeleev’'s bane, modern marvels. Science.
2019;363:489-93. DOI: 10.1126/science.aau7628.



7€

Majeti Narasimha Vara Prasad and Sailaja V. Elchuri

[79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]
[90]

[91]

[92]

(93]

[94]

[95]

[96]

[97]
[98]

[99]

Leducq J-B, Sneddon D, Santos M, Condrainé¥ioDb, Bourret G, Martinez-Gomez NC, et al.
Comprehensive phylogenomics of methylobacteriumeakss four evolutionary distinct groups and
underappreciated phyllosphere diversity. GenoméBiol. 2022;14. DOI: 10.1093/gbe/evac123.

Mattocks JA, Cotruvo JA, Deblonde GJ-P. Emwginng lanmodulin’s selectivity for actinides over
lanthanides by controlling solvent coordination aedond-sphere interactions. Chem Sci. 2022;13:6654
DOI: 10.1039/d2sc01261h.

Mattocks JA, Jung JJ, Lin C-Y, Dong Z, YennawdH, Featherston ER, et al. Enhanced rare-earth
separation with a metal-sensitive  lanmodulin  dimerNature.  2023;618:87-93.  DOI:
10.1038/s41586-023-05945-5.

Ramprasad C, Gwenzi W, Chaukura N, Isyan Waelée N, Upamali Rajapaksha A, Naushad M, et al.
Strategies and options for the sustainable recowémare earth elements from electrical and el@itro
waste. Chem Eng J. 2022;442:135992. DOI: 10.104€}.2022.135992.

Balaram V. Rare earth elements: A review pplacations, occurrence, exploration, analysisyctog, and
environmental impact. Geosci Front. 2019;10:1288-80I: 10.1016/j.gsf.2018.12.005.

Lahtela V, Hamod H, Karki T. Assessment dfical factors in waste electrical and electrongi@ment
(WEEE) plastics on the recyclability: A case studyFinland. Sci Total Environ. 2022;830:155627. DOI
10.1016/j.scitotenv.2022.155627.

de Jonker M, Leonards PEG, Lamoree MH, Brara$SH. A rapid screening method for the detection o
additives in electronics and plastic consumer petglusing AP-MALDI-qTOF-MS. Toxics. 2023;11. DOI:
10.3390/toxics11020108.

Shreyas Madhav A, Rajaraman R, Harini S, Kdir CC. Application of artificial intelligence tankance
collection of E-waste: A potential solution for sahold WEEE collection and segregation in Indiasi&a
Management &  Research: J Sustain Circular  Economy2022;40:1047-53. DOl:
10.1177/0734242X211052846.

Zhu P, Shen Y, Li X, Liu X, Qian G, Zhou J.deing preference of insect larvae to waste eledtaad
electronic equipment plastics. Sci Total Envirdd22;807:151037. DOI: 10.1016/j.scitotenv.2021.15103
Yang X-G, Wen P-P, Yang Y-F, Jia P-P, Li Wi D-S. Plastic biodegradation by in vitro enmireental
microorganisms and in vivo gut microorganisms ofseicts. Front Microbiol. 2023;13. DOI:
10.3389/fmich.2022.1001750.

Kye H, Kim J, Ju S, Lee J, Lim C, Yoon Y. Miplastics in water systems: A review of their irofgeon the
environment and their potential hazards. Heliy@239:e14359. DOI: 10.1016/j.heliyon.2023.e14359.
Anand U, Dey S, Bontempi E, Ducoli S, VethaaR, Dey A, et al. Biotechnological methods to rermo
microplastics: a review. Environ Chem Lett. 2023]Z87-810. DOI: 10.1007/s10311-022-01552-4.

Kabir MS, Wang H, Luster-Teasley S, Zhang4hao R. Microplastics in landfill leachate: Sources
detection, occurrence, and removal. Environ Sci tégtmol. 2023;16:100256. DOI:
10.1016/J.ESE.2023.100256.

Wani AK, Akhtar N, Nagash N, Rahayu F, Djdj&l Chopra C, et al. Discovering untapped micrbbia
communities through metagenomics for microplasémediation: recent advances, challenges, and way
forward. Environ Sci Pollut Res. 2023. DOI: 10.1602.356-023-25192-5.

Strokal M, Strokal V, Kroeze C. The future tbfe Black Sea: More pollution in over half of theers.
Ambio. 2023;52:339-56. DOI: 10.1007/s13280-022-@L38

Evans S, Campbell C, Naidenko OV. Analysis cofmulative cancer risk associated with disinfectio
byproducts in united states drinking water. Int dvieEbon Res Public Health. 2020;17:2149. DOI:
10.3390/ijerph17062149.

Wright JM, Evans A, Kaufman JA, Rivera-NufiezNarotsky MG. Disinfection by-product exposuresl an
the risk of specific cardiac birth defects. Envitdealth Perspect. 2017;125:269-77. DOI: 10.1289/H}8P
Wu M, Liang Y, Zhang Y, Xu H, Liu W. The effer of biodegradation on the characteristics and
disinfection by-products formation of soluble mibi@ products chemical fractions. Environ Pollut.
2019;253:1047-55. DOI: 10.1016/j.envpol.2019.07.112

Liu W, Zhang Z, Yang X, Xu Y, Liang Y. Effestof UV irradiation and UV/chlorine co-exposure raatural
organic matter in water. Sci Total Environ. 2012:&76-84. DOI: 10.1016/ j.scitotenv.2011.11.031.
Richardson SD, Postigo C. Drinking Water Disttion By-products. 2011. pp. 93-137. DOI:
10.1007/698_2011_125.

von Gunten U. Ozonation of drinking water:rtPla Oxidation kinetics and product formation. \WaRes.
2003;37:1443-67. DOI: 10.1016/S0043-1354(02)00457-8

[100] von Gunten U. Ozonation of drinking watear®lIl. Disinfection and by-product formation ingsence of

bromide, iodide or chlorine. Water Res. 2003;379t88. DOI: 10.1016/S0043-1354(02)00458-X.

[101] Westerhoff P, Song R, Amy G, Minear R. NOMe in bromine and bromate formation during ozmma

J Am Water Works Assoc. 1998;90:82-94. DOI: 10.¥P0251-8833.1998.th08380.x.



Environmental contaminants of emerging concernu@eace and remediation 77

[102] Heeb MB, Criquet J, Zimmermann-Steffens S@) Gunten U. Oxidative treatment of bromide-coritajn
waters: Formation of bromine and its reactions wittrganic and organic compounds - A critical rewie
Water Res. 2014;48:15-42. DOI: 10.1016/j.watres3208.030.

[103] Sarma H, Islam NF, Prasad R, Prasad MNV, I@a Rinklebe J. Enhancing phytoremediation of hazasd
metal(loid)s using genome engineering CRISPR-Casniblogy. J Hazard Mater. 2021;414:125493. DOI:
10.1016/j.jhazmat.2021.125493.

[104] Janakiraman N, Badrinarayanan L, Ratra Bh&dli S V. One Health Approach for Eye Care. Onaltte
Wiley; 2023. pp. 221-41. DOI: 10.1002/97811198678887.

[105] Biswas JK, Mukherjee P, Vithanage M, PralsidlV. Emergence and remergence of emerging infectious
diseases (EIDs). One Health. Wiley; 2023. pp. 19E83I: 10.1002/9781119867333.ch2.

[106] Prasad MNV. Resource Recovery from Urbaro@dMunicipal and Industrial Wastewaters in the €&n
Remediation Technologies and Circular Economy. 2pp3103-20. DOI: 10.1007/978-3-031-18165-8_8.

[107] Prasad MNV. Microplastics - Global Scenafdicroplastics in the Ecosphere. Wiley; 2023. pp-639
DOI: 10.1002/9781119879534.ch3.

[108] Gunarathne V, Vithanage M, Rinklebe J.-Pand Polyfluoroalkyl Substances (PFAS) Migrationnfr
Water to Soil-Plant Systems, Health Risks, and icagibns for Remediation. In: Vithanage M, Prasad
MNYV, editors. One Health. Wiley; 2023. pp. 133-88I: 10.1002/9781119867333.ch10.

[109] Wijesooriya M, Wijesekara H, Sewwandi M, SayS, Rajapaksha AU, Vithanage M, et al. Micropast
and Soil Nutrient Cycling. In: Vithanage M, Pragsld editors. Microplastics in the Ecosphere. Wiley;
2023. pp. 321-38. DOI: 10.1002/9781119879534.ch19.

[110] Botha TL, Bamuza-Pemu E, Roopnarain A, Ncidbée Nysschen G, Ndaba B, et al. Development of
a GIS-based knowledge hub for contaminants of eimgrpncern in South African water resources using
open-source software: Lessons learnt. Heliyon. Z0883007. DOI: 10.1016/j.heliyon.2023.e13007.

[111] The world's plan to make humanity sustainatdefailing. Science can do more to save it. Nature
2023;618:647. DOI: 10.1038/d41586-023-01989-9.

[112] How science can put the Sustainable DevetspinGoals back on track. Nature. 2021;589:329-301: D
10.1038/d41586-021-00104-0.

[113] Vulnerable nations lead by example on Sasfae Development Goals research. Nature. 20214395:
DOI: 10.1038/d41586-021-01992-y.

[114] Basu S, Rabara RC, Negi S, Shukla P. Engimgd?tGPMOs through gene editing and systems biology
a solution for phytoremediation? Trends Biotechg6[18;36:499-510. DOI: 10.1016/j.tibtech.2018.01.01

[115] Sarma H, Islam NF, Prasad R, Prasad MNV UQaRinklebe J. Enhancing phytoremediation of hdaas
metal(loid)s using genome engineering CRISPR-Cas®niblogy. J Hazard Mater. 2021;414:125493. DOI:
10.1016/j.jhazmat. 2021.125493.



