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Persistent organic pollutants (POPs) are a group of hazardous chemical compounds that originate from
anthropogenic activities during production, utilization, and disposal. They can impact living beings and the
environment adversely because of their ease of transportation by wind and water. The level of hazardous

persistent organic pollutants is increasing every day in the environment.

nanomaterials persistent organic pollutants remediation

| 1. Persistent Organic Pollutants (POPs), Source, and Fate

Persistent organic pollutants (POPs) have grabbed significant attention worldwide. POPs are defined as xenobiotic
chemical compounds of different origins, but all have similar characteristics, i.e., high toxicity, bioaccumulation,
hydrophobicity, environmental persistence, and ability to transfer via the FC . POPs are carbon-containing
chemicals, and due to their higher solubility in the lipids, they tend to become accumulated among the fatty tissues
and can disrupt the endocrine system of organisms, therefore often referred to as endocrine disruptors (EDs) 2.
The physicochemical properties of POPs are responsible for their dispersion and distribution in the environment;
POPs have low water solubility (log Kow 3-7); therefore, they have high adsorption, low degradation, and

hydrophobic nature £,

Various Categories of POPs

The utilization of POPs was restricted since 1970 in various parts of the United States of America (USA) and
Europe. Moreover, there was a strict prohibition on the release of such POPs in both the above-mentioned
continents 4. The use and consumption of pesticides increased abruptly after the green revolution; at that time, the
hazardous effects of POPs were unknown. Lately, the toxic effects of pesticides have emerged globally. The
general public started to understand the toxicity of pesticides and other organic contaminants. After the Stockholm
convention, POP was placed into three categories, i.e., pesticides, by-products, and industrial chemicals Bl Figure

1 depicts the type and different categories of POPs.
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Figure 1. Type and categories of POPs.

POPs are the range of synthetic hazardous chemicals, produced either intentionally or unintentionally [,
Pesticides fall under the category of the intentionally produced chemicals used to control pests in agriculture and
houses; DDT is a known such example that was banned globally due to its extreme toxicity [Zl. Others are industrial
products or unintentionally produced chemicals, i.e., dioxins. The new class of POPs includes types of emerging
contaminants such as polybrominated diphenyl ethers (PBDE), perfluorinated compounds (PF), and a list of new

contaminants added day by day.

POPs can be classified as Organochlorine Pesticides (OCP); hexachlorobenzene (HCB) and other polychlorinated
benzenes (PCBzs); PAHSs; polychlorinated naphthalenes; PCBs; polychlorinated dibenzo-p-dioxins and
dibenzofurans (PCDD and PCDF); and other contaminants of emerging concerns 8. At first, during the Stockholm
convention (2001), the participating countries decided to minimize or strike out the production, usage, and release
of 12 key POPs popularly referred to as “the dirty dozen”. Later, ten more chemical substances were added to the
group of POPs after two amendments (2009 and 2011) 2. Table 1 summarizes the list of twenty-two POPs after

the Stockholm Convention.

Table 1. List of POPs as per Stockholm Convention.

S. No Chemical
As per the 2001 Amendment (The Dirty Dozen)

Category

1 PCB Industrial waste/byproduct

2 PCD Byproduct
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Industrial

Industrial

Industrial

Pesticide

ompletely

degraded. Due to their physicochemical properties, POPs have the tendency to travel long distances and resist

degradation (biological and chemical degradation), which allows them to bioaccumulate to a deeper level via

biomagnification, and their exposure can lead to severe damage to health and the environment 19, Several studies

suggest a range of adverse effects induced by POPs, as most of them are semivolatile compounds and can easily

absorb onto the atmospheric particles and migrate into the water, air, and soil media 11213l pOPs are rarely

found in one environmental medium but are present in all media, and if tested will be found to be present in all

media across the world 4, POPs are found in agricultural wastes, chemical, and electronic industry waste, as well

as pharmaceutical waste.
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POPs are severely toxic that even the smallest concentration of them is found to be highly fatal to the organisms.
POPs are generally resistant to chemical, biological, and photodegradation as they have low solubility and it is
quite difficult to degrade POPs using traditional wastewater-treatment technology 1326l |n the recent past,
remediation of POPs was achieved by advanced wastewater-treatment technologies or by the combination of one
or two methods. However, the most important question arises: Despite all technologies, why are POPs resistant to
most degradation processes? POPs generally exhibit lipid solubility, and because of this reason, they tend to
accumulate in fatty tissues of organisms. Moreover, halogenated compounds show great stability toward hydrolysis
and photolytic degradation due to the nonreactivity of c-cl bonds 4. The stability towards degradation and
lipophilicity of POPS makes them compounds of particular concern. POPs are also divided into four levels based

on their toxicity:

(i) most hazardous chemical [restricted for production and utilization];
(i) medium level chemicals [confined to use during the production];
(i) unintentional discharge of chemical,

(iv)use of chemicals under investigation.

POPs are extremely toxic halogenated compounds that largely impact humans either through point or non-point
sources. The organic pollutants generally consist of personal care products (PCP), pesticides, organic dyes,
endocrine disruptors, pharmaceutical waste, and other such contaminants of emerging concern 8. The release of
POPs in water bodies causes disturbance to the aquatic food chain, as POPs tend to bioaccumulate, and EPA
indicated that the rate of disease caused by POPs is very high in coastal and marine ecosystems 2. Thus, POPs
tend to impact every living organism in some or the other way due to their hazardous nature. There arises the need
for the remediation of such pollutants from the environment by applying advanced techniques, but the results show
that the conventional technologies were not efficient for the complete removal of POPs as they are simply
transforming the pollutants from one phase to another rather than the complete elimination 9. with the
advancement of nanotechnology for environment application, the focus has been shifted to the removal of POPs
using nanomaterials. The present research significantly highlights the utilization of nanotechnology for the removal

of POPs from the environment.

2. Advanced Nanotechnological Approaches for Removal of
Persistent Organic Pollutants

2.1. Nanocatalysis

With the ineffectiveness of conventional technologies to completely degrade and mineralize the organic pollutants,
there arises the need to develop a green, innovative, and sustainable method that can destroy the POPs with much

less energy consumption and chemical utilization (21221231 Therefore, the scientific community has started looking
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for advanced oxidation processes as a low-cost and effective method that is proficient in oxidizing and mineralizing
a range of pollutants, including POPs, due to their strong oxidizing radicals 24. The use of semiconducting wide-
bandgap nanomaterials for the treatment of contaminants into eco-friendly compounds comes under nanocatalysis.
The semiconductor metal and metal-oxide nanomaterials have gained significant attention in POPs treatment
sustainably. Several types of nanocatalyst are used for the effective degradation of POPs from wastewaters such
as Fenton-based catalyst, electrocatalyst, photocatalyst, and even doped multifunctional nanocatalyst 2211261,
Photocatalysis/nanocatalysis is a well-known AOP; it is used to enhance the biodegradability of POPs by using
oxidants to degrade organic pollutants by the release of highly reactive oxygen species (ROS) for the chemical
reaction to occur (£, Photocatalysis involves the catalytic activation in the presence of light and relies on the
generation of strong radicals, i.e., H,O,, O, -, O3 and OH radicals, which destroy almost all organic molecules [28],
Photocatalysis is even effective for the remediation of volatile organic compounds (VOCs) such as PCBs, Dioxins,
and PHA by producing free radicals. The process of photocatalysis starts as the nanocatalyst with a wide bandgap
(such as ZnO, TiO,, WO3) becomes photoexcited in the presence of a light source (natural or artificial) and oxygen
used to degrade POPs [239 The photocatalytic-degradation process ideally involves the following steps, as

shown in Figure 2.

[ POP over Surface of Nanomaterial }
- Photo-reduction

——

(e °B)+0, > 0,°

(h*VB)+ H ,0 > H+ :OH

(h*VB) + OH - :OH

|

Photo-oxidation

Final Degradation Product «—— |ntermediate €<——— POPs
H,0 + CO,

Figure 2. Photocatalysis over the surface of the nanomaterial.

As of now, TIO, and ZnO are the most widely utilized semiconductors for the degradation of POPs. The
heterogeneous photocatalyst is efficient for removing highly hydrophobic POPs from the environment. The surface,

pore-volume, and structure of the semiconducting material are deciding parameters to consider while selecting the
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ideal catalyst B2 The surface properties and crystal structure of the material can be tuned to boost the
degradation efficiency of the photocatalyst 3. However, the main demerits related to photocatalysis is the removal

of nanomaterial from the reaction media once the process is over.

Lwin et al. (2019) synthesized a cubic ZnO-SnO, nanocomposite via the solvothermal method and used it for the
degradation of tetracycline hydrochloride by photocatalysis. The as-synthesized nanocomposite material was
analyzed by advanced instrumentation. The degradation result shows that ZnO-SnO, nanocomposite shows
remarkable photostability even after four consecutive cycles, providing a successful method for the remediation of

POPs that can also be used for the remediation of other organic contaminants 241,

Amir et al. (2016) reported a MnFe,O,@PANI@Ag nanocatalyst to degrade azo dyes from industrial waste. The
degradation result proves that as-synthesized nanocatalyst has a high potential to degrade the azo dyes, and the
best advantage is that the nanocomposites can be easily detached by applying the external magnet and can be

used for the next cycle with the same efficiency (2,

Khan et al. (2018) synthesized magnetic Fe-ZnO nanocomposite material via the sonochemical process to
remediate Chlorpyrifos pesticide from the aqueous solution. The result shows that Fe-ZnO nanocomposite was
quick to degrade the pesticide with good stability and reusability. The results show up to 90% degradation and the

nanocomposite could be removed by applying the external magnet 28],

Chen et al. (2022) explored Mn-based nanocomposites to degrade bisphenol A, as the potential of pristine
manganese oxides (Mn30,) for the remediation of organic substances has not been explored yet. The study
involves the activation of Mn3;04-based peroxymonsulfate to degrade bisphenol A (BPA) in different water systems.
The results show remarkable mineralization (75.9%) with efficient removal of BPA (96.7%) at optimum parameters
in 60 min. The nanocomposite shows the stability of Mn3O, long-term performance, and eight cycles of reusability
with only an 11% reduction in BPA removal. The activated-sludge inhibition method used to check the toxicity of

BPA after degradation was shown to be significantly repressed 37,

Photocatalysis is undoubtedly the most widely employed process for wastewater treatment. High efficiency,
sustainability, and good results make photocatalysis a method of choice for the degradation of a wide range of

organic and inorganic pollutants.

2.2. Nanoadsorption

Nanoadsorbents provide high sorption efficiency because of their extremely large surface area and sorption sites,
tunable pore size, much lower intraparticle-diffusion distance, and high surface activity for effective adsorption of a
vast range of organic and other pollutants 2813911401 The advantage of using nanoadsorbents is that they can be
easily functionalized to make them highly selective for any pollutants #2. The adsorption process has been found
to be successful for the remediation of POPs such as hydrocarbon, dyes, phenols, detergents, pharmaceuticals,

pesticides, and biphenyls.
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Figure 3 shows the types of carbon-based nanoadsorbent material with their benefits. Nanoadsorption is an easy
and safe process for the remediation of POPs from water bodies. Among various technologies, nanoadsorption so
far emerges as a widely efficient method for the remediation of POP. Several studies prove the efficiency of
nanomaterials for the adsorption of various POPs from the wastewater, as more than 90% removal efficiency was
achieved in most of the studies for up to ten cycles 2. The adsorption efficiency of nanomaterial is mainly
monitored by producing a complex with the surface of metal oxides and enduring a one-electron oxidation reaction
under visible irradiation. Nanoadsorption is based on electrostatic interactions, hydrogen bonding, and hydrophobic
interactions such as van der Waals, electron donor—acceptor, etc. (43l Nanomaterials such as clay, zeolite,
alumina, metal/metal oxides, activated carbon, carbon-based nanomaterials, nanocomposites, nanosheets,
nanotubes, chitosan-based polymers, and graphene-based nanomaterials are extensively applied in the process of
nanoadsorption 4!, For effective removal of POPs, the use of magnetic nanoparticles, especially iron oxide, has
led away to a new class of magnetic-separation strategies. Microporous structures present in activated carbon aid
the adsorption efficiency in the removal of POPs [£2l48] Carbon-based nanoadsorbents tend to interact with
contaminants due to hydrophobicity, hydrogen bonding, and covalent and electrostatic interactions [4Z. Each form
has several adsorption sites that can absorb the organic pollutants due to their flexibility. Both single-walled and
multiwalled carbon nanotubes have been surface-modified by increasing the porosity to generate high-energy sites
to adsorb more organic pollutants over increasing the efficiency of manifolds (481149,

Benefits of Nano Adsorption Benefits of Nano Adsorbents

Multifunctionah

Carbon Nanotubes * High Porosity
» Sustainable = * High Tunability
* Quick o * Highly
+ Easy to Scale el . . Functional
Up B Magnetic Nanoparticles . Highly Stable
* Magnetic 2] * Reusable
Separation g . Small Size
) ngh Efflclency (@) Graphene Based Nanomaterial ’ ngh .
+ Easy c Adsorption
+ Selectivity © Efficiency
+ Green Method o * High Surface
Nanomateri':?slyl\rgircincmembranes porioate
* High Surface
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Figure 3. Types and benefits of nanoadsorption.

A study was conducted by Ali et al. (2018) for the adsorption of cyanazine using green-synthesized iron
nanocomposites. The result shows the quick removal of cyanazine from water due to low contact time B%. In

another study by Mahdavi et al. (2021), aminoguanidine-modified magnetic graphene oxide was used for the
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efficient remediation of chlorpyrifos from water. The desorption of chlorpyrifos was analyzed by HPLC-MS, and the

results show remarkable desorption by using a synthesized nanoadsorbent 211,

Izanloo et al. (2019) successfully synthesized bifunctional nanoadsorbent (Fe;O,@SiO,@NH,@SH) for the
remediation of 2,4-dichlorophenoxyacetic acid (2,4-D) and lead from synthetic wastewater. The adsorption process
follows the Langmuir isotherm with second-order kinetics. Based on the study, it was noticed that pH plays a key
role in the adsorption of organic contaminants. The result also shows that the synthesized nanoadsorbent was so

efficient that it can be used for several cycles without losing its desorption efficiency 52,

Mohammadi et al. (2018) modified magnetic Fe;0,@SiO,@NH, nanoadsorbent for the remediation of 2,4-
Dichlorophenoxyacetic acid (2,4-D) and 2-methyl-4-chlorophenoxyacetic acid (MCPA) from aqueous solution. The
effects of pH, time, dosage, and initial concentration of the pollutants were studied to obtain a better insight into the
synthesized material. The result shows that amino-functionalized Fe;0,@SiO,@NH, is an effective adsorbent for
the remediation of phenoxy-acid herbicides from water due to its advantages such as easy and rapid separation of

the target pollutant from the solution 23],

Dehghani et al. (2019) investigated the adsorption of diazinon on multiwalled CNTs in a batch reactor. The results
show that 100% remediation of diazinon was achieved at pH 6 in just 15 min. The result shows that the highly

efficient MWCNTSs can be used for the remediation of different pesticides from an aqueous solution 241,

Kalhor et al. (2018) synthesized amino-functionalized nanosilica (NH,-SHNS) nanoadsorbent for removal of
imidacloprid pesticide from wastewater. The as-synthesized nanoadsorbent had a spherical shape in the size
range of 70-250 nm. Parameters such as pH, temperature, dosage, and concentration of pesticide were
investigated and observed that the adsorption equilibrium was matched with the Redlich—Peterson isotherm and

follows pseudo-first-order reaction kinetics (22,

Sahoo et al. (2020) synthesized magnetically separable GO/g-C3N4-Fe3;0,4 hanocomposite using the hydrothermal
process for the remediation of methylene blue and tetracycline from wastewater. The result exhibited that
nanoadsorbents can be used for up to 5 cycles without losing their efficiency. It was observed that the adsorption of
pollutants is pH-dependent, and maximum adsorption capacity was achieved at pH 3 for tetracycline and pH 9 for
methylene blue. The higher adsorption efficiency is due to hydrogen bonding and -1t interaction. The adsorption

data follow pseudo-second-order kinetics and are best-fitted to the Langmuir isotherm 58],

Nikzad et al. (2019) studied the adsorption of diazinon by magnetic guar-gum MMT (montmorillonite) from aqueous
solutions. The magnetic MMT was synthesized via the chemical coprecipitation method and was found in a size
range of 50-130 nm. The adsorption kinetics follows the pseudo-second-order model, also best following the

Langmuir isotherm. The magnetic MMT shows excellent adsorption efficiency for the removal of diazinon 7.

In a similar study, Peralta et al. (2020) synthesized silica-based nanoadsorbents for the remediation of several

POPs. The hybrid magnetic iron-oxide nanoparticles were covered with silica and 3-(trimethoxysilyl) propyl-
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octadecy! dimethyl-ammonium chloride; it is further modified to obtain the final nanoadsorbent (58!,

The process of nanoadsorbents is widely used as a low-cost, effective, and sustainable treatment technology. It is
most successful for the removal of heavy metals from wastewater due to its reusable efficiency and it does not
require high operation and maintenance costs. Magnetic nanoadsorbents are easy to separate from the reaction

medium by applying the external magnet, which is one of the greatest advantages of using nanoadsorbents.

2.3. Nanofiltration

Nanotechnology has paved the way to advance water treatment systems by using nanofiltration membranes 2,
Membrane processes such as microfiltration (MF), reverse osmosis (RO), ultrafiltration (UF), and nanofiltration
(NF) are pressure-driven filtration techniques and are considered highly effective processes for the treatment of
wastewaters 89 They are considered alternative methods for the remediation of organic micropollutants for the
water bodies. Though the treatment of wastewaters using membrane processes is costly, they are the best
alternative to conventional techniques as their removal efficiency is very high Bl The nanoparticle can be
incorporated into the membranes either by surface immobilization, blending, or surface grafting for developing the
membranes with desirable functionality and characteristics 62, By using the electrospinning method, polymeric or
composite nanofibrous membranes can be developed to compose ultrafine nanofibers by using materials such as

ceramics, biomass wastes, polymers, or metals in the range of 10-1000 nm [631(64],

Out of all membrane techniques, NF and RO proved their efficiency for the effective filtration for the remediation of
micro/trace organic pollutants. NF is comparatively more efficient for the remediation of pollutants than RO (a
drawback of high energy consumption and maintenance cost), where filtration is caused by different mechanisms,
i.e., convection, diffusion, and charge effects (63661671 NF is effective for the remediation of micropollutants due to
its small pore sizes, high efficiency, and user-friendliness 8. Several polymers (natural and synthetic) have been
used for the preparation of nanofiltration membranes such as polypropylene, polyvinyl fluoride, polyacrylonitrile,
and most commonly cellulose acetate, as they are effective in the removal of POPs BAA7LI72] Nanofibers have
stable adsorption structures due to their loose bundles as compared to nanotubes and nanoparticles. Nanofibers
have been found to be efficient for the removal of pesticides from wastewaters through their molecular propagation
mechanism; furthermore, when semiconducting materials are used for the synthesis of nanofibers, they can add
the photocatalytic property 2. Several nanocomposite nanofiber (ZnO-cellulose acetate, TiO,-graphene, etc.)
membranes exhibit strong photocatalytic efficiency for the remediation of dye compounds 4. In addition, the
immobilization of magnetic nanoparticles with the membrane was found efficient for the remediation of organic

pollutants, and doping with TiO, for photocatalytic degradation shows good results 2!,

For the quality and efficient removal or range of organic/inorganic pollutants, single or combinations of filtration
techniques (i.e., ultrafiltration; microfiltration; nanofiltration, and a combination of two or more) have been utilized.
Moreover, a combination of filtration techniques with biological or chemical methods is known for the efficient

remediation of persistent organic pollutants from wastewaters 8. However, for the successful implementation of
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membrane processes, the following factors need to be considered: type of membrane, membrane modules,

membrane composition, and most importantly membrane interaction with the pollutant 2,

Nanofiltration is a pressure-driven technique based on hydrodynamics between the membrane surface and
membrane nanopores and is efficient in the remediation of low-molecular-weight compounds with a size range
between 1-10 nm 28, By reducing the hardness of organic pollutants, nanofilters help to reduce the ionic strength
of the solution. The effectiveness of filtration is vastly dependent on the surface concentration of the membrane, its
porosity, and charge 9. The electrospinning technique is used for the preparation of high-quality nanofibrous
membranes B9, Nanofiltration effectively removes almost all dissolved salts and rejects multi, di- and univalent

ions, so it is highly efficient for the treatment of arsenic in drinking water 1],

The study was conducted by Karimi et al. (2016) for the effective removal of atrazine and diazinon from wastewater
by using a thin-film composite polyamide nanofiltration membrane synthesized via interfacial polymerization. The
results show that diazinon was better rejected than atrazine. The water permeability and diazinon rejection
increased from 22 L/m?/h and 95.2% for the unmodified membrane to about 41.56 L/m?/h and 98.8% for the 2%
(w/v) TEA modified membrane showing a significant improvement in the performance of poly (piperazine amide)

TFC NF membranes for pesticides removal 82,

Wang et al. (2020) synthesized a novel nanocomposite with catalytic property (Al-MOF/Fez;O,/PDA@Ag) by
loading silver nanoparticles (Ag) onto the magnetic AI-MOF/Fe3z04/PDA. The as-synthesized composite shows
higher removal efficiency for various organic pollutants (CIP, NOR, and MO) in a short period. The catalyst could be

easily separated by the application of an external magnet and also shows good reusability and stability 2!,

Membrane filtration is found to be the safest technology, and NF is excellent for the removal of low-molecular-
weight compounds. NF is the only filtration technology known for the removal of pesticides and other organic
contaminants successfully. However, membrane blockage and fouling are the drawback of filtration technology,

which can be overcome by the use of hybrid technologies.
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