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The varied sources of soil pollution include the application of chemical fertilizers and pesticides, industrial

discharge, and transformed products of these accumulated chemical residues. These processes may hamper the

composition and soil ecosystem. Different types of methodologies ranging from physical, chemical, and biological

approaches have been exploited to tackle this challenge. Nanomaterials (NMs) research has contributed to a new

dimension for the remediation of polluted soils.
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1. Introduction

The increasing accumulation of heavy metals (HMs) in the food and water supply chain is a major cause of public

health concern. Their high density and non-biodegradable nature make HMs such as Hg(II), Cr(VI),Pb(II), and

Cd(II), the potent and most challenging environmental contaminants . Soil acts as an important sink for

supporting various lifeforms on earth, ranging from organisms as small as microbes to the most complex ones, i.e.,

animals and humans. The invasion of natural flora by various anthropogenic sources has resulted in the disruption

of the natural cycling of nutrients and the accumulation of many undesired components such as HMs in the soil.

The concept of sustainable development is not attainable pertaining to the present scenario of soil pollution. Due to

rising populations, soil conservation should be a top priority in today’s society, which is facing a challenging

situation of diminishing land area and scarcity of food and shelter. The various approaches employed to tackle this

situation involve thermal treatment, filtration, adsorption, chemical abstraction, membrane bound separation,

microbial degradation, etc. Heavy metal removal can also be efficiently accomplished by employing methylene

phosphonic acid (DTPMP) phosphonate intercalated with layered double hydroxide . In another study, lysine

intercalated with montmorillonite was reported to remove Pb (II) from wastewater via an adsorption mechanism .

The processes documented above consist of a single approach to treatment. It is true that these treatments have

been successful, however, they also have certain drawbacks such as inefficiency, high costs, and failure at scale-

up . Acid mine drainage (AMD) is a form of pollution caused by drainage water flowing from sulfur-bearing sites

into water bodies . The mining of sulfide minerals exposes them to the environment, causing excessive amounts

of acid to be produced, which can cause both immediate and long-term environmental harm. Some of the adverse

effects of AMD include the corrosion of mining machinery and equipment, degradation of soil quality, and

groundwater contamination due to the leaching of HMs present in mine and drainage water .
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Air or water exposed to iron disulfide or iron pyrite produces acid mine drainage by oxidizing mineral sulfides.

Oxygen and water react with metal sulfides to produce metal sulfates and sulfuric acid. Subsequent oxidation of

the metals results in increased acidity . In one such example, ferrous sulfide (pyrite) undergoes oxidation on

reacting with water and oxygen to form ferrous sulfate and sulfuric acid. Ferrous sulfate oxidizes further to form

ferric sulfate, and the rate of this reaction can further be enhanced by the action of certain bacteria such as

Acidithiobacillus ferroxidans. Further, ferric sulfate reacts with water to form ferric hydroxide releasing hydrogen

ions, which subsequently enhance the acidity of water. The resulting ferric hydroxide formed further reacts with

pyrite and produces more acid. The amount of acid produced depends on the amount of iron getting oxidized .

FeS  + H O + 3 ½ O  → FeSO  + H SO

FeSO  → Fe (SO )  → 2Fe  + 3SO

Fe  + 3H O → Fe(OH)  + 3H

Rainwater or water used in mining operations for dust control, drilling, or other purposes enters the mine as fresh

water. Fissures and cracks in underground mines can allow ground water to seep into the mines. Sulfide minerals

yield oxidized products that are transported to nearby rivers and other water bodies by flowing into the surrounding

aqueous environment . As pyritic sulfur reacts with water and oxygen, sulfuric acid is produced, and iron sulfate

is formed. As a result, certain acidophilic bacteria such as Acidithiobacillus ferroxidans thrive and grow in this type

of acidic environment created by coal mines. As a result, the acid production reaction is catalyzed by the bacteria

and occurs more quickly than chemical oxidation . The acidity in mine drainage water is primarily due to the

production of sulfuric acid and hydrolysis of oxidized pyrite products .

The selection of any remediation technique employed for the removal of HMs is governed by several factors

including the type and nature of the contaminant, its concentration, its form (simpler or complex form), the objective

and time frame for treatment, the cost involved, and the environmental impact. Furthermore, treatment techniques

are categorized into in situ and ex situ types depending on the nature and location of the site, the degree of

contamination, and the treatment strategy to be employed (Figure 1). The former category is the most preferred as

it employs the treatment of soil at its natural site by utilizing air, water, microbes, and plants. On the other hand, the

latter is based on the excavation of contaminated soil to a point where it can be treated, i.e., into a fermenter, which

makes it more complex and ultimately leads to a higher cost. All the conventional methods being employed today

have several drawbacks including cost, time frame, and the release of by products, which result in post-treatment

challenges involving environmental contamination.
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Figure 1. Sources and remediation strategies of water and soil contaminated with heavy metals.

The last two decades have documented a considerable rise in the synthesis and application of nanomaterial (NMs)

in several fields, and bioremediation is one of the important areas of their application. Nanoparticles are known to

exhibit multiple unique properties owing to their optimum size range and increased surface area making them a

preferred choice as environmental remediation agents, which can be employed in various forms such as

nanoadsorbents, nanocatalysts, nanofilters, etc., . These novel candidates still pose a risk to the environment

due to their unnecessary build up in the environment and then causing toxicity to plants and other living systems in

the ecosystem. In view of their technological importance, there is a need to understand their post-treatment

behavior and the movement of nanoparticles in soil or aquatic ecosystems. An emphasis must be placed on their

design during the developmental phase, their effective management during application, and the disposal pathways

post application in the environment in order to avoid and overcome the risks posed by them and ensure

environmental safety. Another option is to utilize plant systems for tackling the issues by exploiting their

hyperaccumulator potential for the removal of nanoparticle residues and thus attributing beneficial aspects to the

use of nanoparticles . Additionally, NMs provide a means of detecting contaminants in addition to removing

them. NMs have been found to have a wide range of applications, which have been the subject of extensive

research.

2. Mechanism of Action of Nanoparticles

To work as bioremediation agents, NMs should possess the following characteristics: (1) be deliverable to the

target site and (2) be confined to the site without getting aggregated . These challenges can be overcome by
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employing organic stabilizers such as collagen, starch, etc., . The conventional methods employed for the

removal of HMs suffer from a variety of drawbacks, hence the consortia of nanotechnology along with the available

methods can offer a solution to the existing associated challenges . Various NMs have been explored for the

removal of a wide variety of contaminants including HMs via various modes such as precipitation, catalysis,

conjugation, adsorption, and redox properties . They can be further employed in a variety of forms, i.e., based

on sensors, nanotubes, oxides, catalysts, and membranes, and the most commonly used NMs are magnetic-based

NMs, which can be easily recovered and reused .

The enormous specific surface area of NMs makes them ideal for removing contaminants through several

physicochemical and biological methods based on redox reactions, precipitation, co-precipitation, adsorption, ion-

exchange, bioremediation, and phytoremediation .

Following the entry of NMs into the system, pollutants are subjected to a variety of physicochemical processes and

alterations representing abiotic mechanisms, which include absorption, dissolution, adsorption, and photocatalysis

. In the next phase, biotic processes are used to remove the pollutants, including biocides, biostimulation,

bioaccumulation, and biotransformation .

2.1. Remediation Techniques

There are numerous processes such as clarification, de-aeration, de-carbonation, sludge densification, or the high-

density sludge (HDS) process being extensively employed to treat acid mine drainage water, but most of them are

not sustainable and lead to the production of secondary waste in the form of end-products such as methane (CH )

and non-soluble metal oxides or hydroxides, which need to be treated further and hence may not be cost-effective

. Acid mine drainage must therefore be properly remedied by integrating novel emerging techniques.

Phytoremediation and nanoremediation are two of the most promising techniques for the remediation of acid mine

drainage water (Figure 2). The former involves using plants to decontaminate mine drainage water infested with

various toxic metals and pollutants. In contrast, the latter reduces the load of pollutants in such water by using NMs

with diameters below 100 nm . Both these techniques are effective in revegetating soils contaminated with

heavy metals and have gained a high degree of public acceptance as sustainable alternatives to eliminate

emerging pollutants such as heavy metals, chlorinated solvents, halogenated chemicals, or pesticides.

Furthermore, the synergistic application of these techniques can result in improved heavy metal removal, reducing

environmental stress as a result of the application of nanomaterials in low concentrations due to the inculcation of

plants as additional remediation agents .
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Figure 2. Remediation strategy for acid mine drainage (AMD).

2.2. Reduction

A reduction reaction using nano-zero valent iron (nZVI) NMs can effectively remove both HMs and organic

compounds from contaminated soils as well as from polluted groundwater and water . There has been a wide

application of nZVI NMs in wide fields. Their large surface area and small size facilitate the direct contact of nZVI

particles with contaminants for an improved remediation efficiency. In addition to having a strong reduction capacity

and superior adsorption ability, nZVI particles are competent in transforming toxic contaminants into less noxious

compounds such as transforming chromium(VI) into chromium(III) and forming ferrous chromite . Moreover, it

has been demonstrated that biochar added to nano-zero valent iron nanoparticles (nZVI NPs) enhances the

reduction reaction capacity of nZVI and increases its removal efficiency as well as reducing the movement of

mixture in the soil by strengthening the disparity of iron particles. For instance, combining nZVI NMs with biochar

has been found to remove 66% of the chromium (VI) content in soil . It has been found that one gram of nZVI

injection into contaminated soil reduces 28% of the mass of 1 kg chromium(VI). Additionally, in a treatment

condition with a pH level of 5, 98% of the chromium(VI) was removed within 24 h . Another study reported the

successful application of biochar and NPs for the restoration of soils contaminated with potentially toxic elements

. Biochar prepared using low-cost raw materials such as rice husk, water hyacinth, and black tea waste showed

the removal of copper, nickel, cadmium, and zinc from affected soils . Burachevskaya et al. 

documented the decreased absorption of highly concentrated copper and zinc in Hordeum sativum upon

augmentation with biochar and granular activated carbon.

Moreover, it has also been shown that combining carboxymethyl cellulose (CMC) stabilizer and nZVI significantly

reduces the amount of chromium(VI) contaminants that can be converted into carbonates as well as iron-
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manganese oxides, which will increase chromium bioavailability and leachability by 50% when 1 g to 10 mL of soil

is added . It has also been reported that nZVI combined with a carboxymethyl cellulose stabilizer removes

organic contaminants from soil columns such as trichloroethylene (TCE), dichlorodiphenyltrichloroethane (DDT),

and pesticides. For example, an injection of nZVI stabilized with CMC into potting soil containing 9.2% organic

matter dechlorinated 44% of the TCE in the soil within 30 h of treatment. One kg of soil containing 24 mg of DDT

was effectively treated with 20% aqueous nZVI within 72 h, thereby removing 25% of the DDT. To remediate soils

that have been contaminated for prolonged periods, a higher concentration of nZVI was required to enhance its

reaction activity .

2.3. Phytoremediation

Rhizofiltration and avoidance mechanisms for HM uptake have enabled a few plants to survive at an optimal level

of HMs, including Amaranthus spinosus, Pedioplanis burchelli, and Alternanthera pungens . Plant growth and

human health are adversely impacted by HMs at concentrations above the optimum . Despite this, metals are

ingested in high concentrations by hyperaccumulating plant species and are then transported and accumulated in

different parts at much higher concentrations than non-hyperaccumulators without showing apparent phytotoxicity

.

The mechanism of phytostabilization and phytoextraction can account for HMs with a bioconcentration factor (BCF)

more than one . A TF (translocation factor) and BCF of more than one demonstrates phytostabilization traits .

A similar study by Kisku et al.  found that Sacrum munja, Parthenium hysterophorus, and Ipomoea carnea had

both phytostabilization and phytoextraction activities, and the authors found that Cr, Ni, Cd, and Pb had at least

one BCF and TF, indicating a phytostabilization mechanism, while Zn and Mn had more than one BCF and less

than one TF, indicating a phytoextraction mechanism. On the other hand, there is a need to understand the exact

mechanism of the interaction of NPs with plants as the studies are still in their initial stages, and this will pave the

way for better understanding of the synergistic potential of plants and NPs in the remediation of contaminants .

2.4. Rhizodegradation of Heavy Metals

The bioavailability of metals in the rhizosphere is governed by several factors such as the pH of the native soil, the

ionic state and concentration of metal ions, the nature of the microbial population, the plant species and their root

secretions, etc. The rhizosphere facilitates the degradation of contaminants through symbiotic relationships

between plants and soil microbes . The process of rhizodegradation involves pollutants being accumulated in

the rhizosphere of soil by the action of microbes and their breakdown for getting energy and nutrition. Through this

mechanism, microbes can decompose hazardous pollutants into harmless and nontoxic substances . The root

systems of plants release natural carbon compounds such as alcohols, sugars, and acids, thus providing

microorganisms with additional nutrients and stimulating the process of rhizodegradation . The secretions of root

exudates may result in a decreased pH of the rhizosphere, which further facilitates the absorption of HMs . It

has been found that Zea mays is more capable of bioaccumulating mercury than other plants . There are some

plants that provide the most favorable conditions for mycorrhizae and bacteria to associate and degrade toxins
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effectively. This degradation results in the volatilization or incorporation of components into the soil matrix .

Sugars and organic acids released by plants promote the growth of bacteria and fungi . It is possible to enhance

rhizodegradation by improving soil characteristics such as moisture content and soil aeration . It was recently

found that rhizomes of Typha latifolia are capable of phytodegrading terbuthylazine (TER) in a wetland

contaminated with terbuthylazine (TER) . A study by Sampaio et al. found that a Rhizophora mangle mangrove

under the influence of plant-growth-promoting rhizobacteria (Bacillus sp. and Pseudomonas aeruginosa) was

capable of degrading polycyclic aromatic hydrocarbons (PAHs) in contaminated sediment . As a result of

rhizodegradation, contaminants are dissolved in their natural environment, which is its most significant benefit.

Further, plant species related to the oil family have been found to have a positive effect on the removal of heavy

metals from contaminated soils. In one such study, the application of nZVI particles in a rhizospheric region of

sunflowers resulted in a positive impact on the arsenic mobility in the plant, which was due to a decreased

percentage of accumulation into the roots and shoots of the test plants as compared to the control plants . The

rhizospheric regions of plants grown in heavy-metal-contaminated soils are inhabited by heavy-metal-tolerant

microflora such as arbuscular mycorrhizal fungi (AMF), mycorrhizal-helping bacteria (MHB), and plant-growth-

promoting rhizobial microbes (PGPR), which have been reported to be beneficial for the process of nano-

phytoremediation . Hence, the fundamental mechanism of rhizodegradation-assisted heavy metal removal from

contaminated water and soil relies on the synthesis and secretion of HM-affinity transporter nanomaterials by

inhabitant microflora, which can further bind and mobilize the available HMs into root cells .
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