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Abstract: Heavy metal pollution is one of the major global issues arising from various anthropogenic
activities. The natural habitat and human health may be at peril from heavy metal exposure since
they are tenacious, bio-accumulative, and non-biodegradable. Therefore, eradicating heavy metals
from the soil ecosystem is a crucial responsibility to create a secure, viable, and zero-waste ecosystem.
There are numerous techniques for eliminating heavy metals from the environment, but each has its
own benefits and drawbacks. When a biological agent is used to degrade pollutants, this process is
called bioremediation. Nano-phytoremediation, an emerging bioremediation approach in the field of
nanotechnology, uses biosynthesized nanoparticles and plant species for the removal of toxic heavy
metals from the environment. It is an efficient, economical, and environmentally friendly technique.
The adverse consequences of metal exposure on different plant species have been discovered to be
greatly reduced by engineered nanomaterials. Because of their tiny dimensions and huge surface
area, nanomaterials have an attraction towards metals and can thus quickly enter the contaminated
zone of ecosystems that are metal-challenged. The current review provides an overview of various
aspects of nano-phytoremediation for heavy metal remediation.
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1. Introduction

Due to its great potential toxicity, heavy metal poisoning of soil is currently an impor-
tant world-wide issue. The ecosystem and human health may both be greatly damaged by
soil contamination caused by hazardous heavy metals. Heavy metal contamination has
become a serious threat to the ecosystem and food security due to the accelerated growth
of agriculture sectors and industries. Along with this, disruption of the natural habitat
brought on by the enormous rise in the world’s population has also increased heavy metal
contamination on earth [1]. The prevention and management of heavy metal pollution are
among the more influential areas of environmental research [2,3]. Because of their lengthy
persistence and lack of degradability, they bioaccumulate and bio-magnify all along the
food web, eventually leading to harmful consequences on human health [4]. A significant
number of heavy metals frequently end up in the bodies of species at the upper levels of
the food chain owing to their age, well-being, and dietary habits. The root system and
performance characteristics of plants will also be destroyed by heavy metals in the soil [5].

Heavy metals are chemically defined as metals and metalloids with atomic numbers
beyond 20 and specific gravities more than 5 g cm−3 [6]. Presence of heavy metals can cause
toxicological changes in the soil-dwelling organisms on the surface of the earth, which
may have an adverse effect on both their viability and functionality [7]. The main heavy
metals consist of arsenic (As), lead (Pb), cadmium (Cd), mercury (Hg), chromium (Cr),
nickel (Ni), copper (Cu), and zinc (Zn) [8]. Heavy metals can be categorized into four main
groups according to their use and toxicity: heavy metals that are essential (such as Cr, Cu,
Mn, Zn, and Fe) and non-essential (Li, Ba, Zr, etc.), and highly toxic (Hg, As, Cd, etc.) and
less toxic (Sn, Al, etc.) metals [9]. The term “micronutrient” also refers to essential heavy
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metals. These are necessary for proper health, growth, reproduction, and disease resistance
of human beings. However, consuming more than what is allowed can be harmful and
harm the organisms [10]. Even at smaller concentrations, highly toxic metals are generally
known to be extremely harmful [11].

Biological, physical, and chemical techniques have been applied to remove these
heavy metals from the environment over the years. Physical and chemical remediation
techniques are high cost, destroy the soil microbial community and adversely affect the
soil texture. Utilizing several methods, including plants, animals, and microorganisms,
bioremediation removes toxins without harming the environment. Phytoremediation is
a fruitful, environmentally friendly, and cost-efficient method of bioremediation. This
method is increasingly utilized to clean up heavy metal and hazardous organic compound
contaminated locations. This method is also used to remove radioactive contaminants from
groundwater and agricultural lands. Phytoremediation is a low-cost method that works
best when contaminants are present in the plant’s root zones. Flax (Linum usitatissimum) is
a viable target for the phytoremediation of Cu because it can remove significant amounts of
Cu from soils and can be developed to produce flax seed [12]. The removal of heavy metal
contamination can be accomplished by different phytoremediation techniques, including
phytostabilization, rhizofiltration, phytoextraction, and phytovolatilization. Along with
plants, the rhizospheric bacteria are crucial in the process of purifying contaminated
areas. To reduce organic and inorganic pollutants, both plants and microbes use the same
phytoremediation principles that nature uses [13].

It has been found that using engineered nanomaterials can significantly lessen the
adverse effects of heavy metals on plants [14,15]. Because of their enormous surface
area and high reactivity compared with their bulk form, nanomaterials are helpful for
the remediation method and may rapidly penetrate contaminated locations. Thus, the
application of nanotechnology in the area of phytoremediation has a high potential for
removing contaminants from both soil and water. Both technologies are complementary to
each other. Nano-phytoremediation has a more cumulative effect than the impact of an
individual technology. Many researchers are interested in using plants and nanomaterials
together to manage the environment since some nanomaterials can enhance the growth
of plants and improve the absorption of major heavy metals by plants, increasing the
effectiveness of phytoremediation in heavy-metal-contaminated soil. A study by A.G. Khan
et al. (2020) suggests that, these days, the most promising technologies are phytotechnology
and nanobiotechnology [16]. The current review focuses on the various aspects of nano-
phytoremediation of heavy metals. It also discusses the conventional methods used for
heavy metal remediation and how nano-phytoremediation is more beneficial.

2. Heavy Metals
2.1. Heavy Metal Sources and Their Global Status

Heavy metals enter ecosystems through both natural and man-made processes. Rain,
snow, volcanic eruption, and wildfires are a few examples of natural sources of heavy met-
als, while man-made sources include fertilizers, combustion of fuels, mining, construction
works, deforestation, and various industrial activities [11,17]. Different natural sources of
major heavy metals are showed in Table 1.

Table 1. Major heavy metals present in nature and their sources.

Heavy Metals Sources References

Chromium Chemical manufacturing industry, cement production, sewage sludge, electroplating, air conditioning
cooling towers, combustion of petroleum products, leather industry, and textile industry. [9]

Lead Lead-based paints, other petrol-based materials, pesticides, and batteries. [9]

Cadmium Volcanoes, refining of petroleum products, paint, pigment stabilization, Ni–Cd batteries, pesticides,
electroplating, and poly vinyl chloride manufacturing. [9]

Arsenic Industrial dust, mining activities, smelting activities, combustion of fossil fuels, arsenic pesticides,
automobile exhaust, wood preservatives, and dyes. [9,18]
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Arsenic is one of the common elements that surround us. It ranks as the 12th most
prevalent element in humans, the 20th most prevalent element in the crust of the earth, and
the 14th most prevalent element in the ocean [19]. A total of 41% of the world’s 1.4 million
arsenic-polluted sites are in the United States, and the USEPA has stated that Australia
has an arsenic (As) concentration of more than ten thousand milligrams per kilogram [20].
Pakistan has many shallow reservoirs and bore wells that are polluted by arsenic and it
also exceeds the USEPA’s suggested guidelines for arsenic concentration of ten parts per
billion [21]. In several nations around the world, groundwater has been discovered to be
contaminated with arsenic [22]. Groundwater toxicity in Asia, particularly in South Asia, is
concerning. It has been observed in Vietnam’s Red River Delta and the Mekong Basin of
Cambodia and Vietnam, Nepal’s Terai Belt, and the Bengal Basin of India, Bangladesh, and
Pakistan. As a result, at least 100 million people in these countries are in peril of developing
different As-related diseases such as cancer. Pentavalent arsenic is easier to dispose of
than trivalent arsenic. Hence, the latter must be oxidized before being removed [23]. More
than 200 enzymes can be rendered inactive by arsenite by it interacting with the thiol
groups present on the proteins, and arsenate can take the place of phosphate in numerous
metabolic pathways [24].

According to estimates, the total Cr output worldwide since the dawn of the industrial
age is 105.4 million tonnes, which is a huge rise from the 1950s [25] Unlike other heavy
metals, Cr pollution has received less attention since it is absorbed poorly and transferred
by plants, which makes it uncommon for Cr phytotoxicity and build-up within the food
chain to occur under field settings. Chromium (VI) compounds are far more serious for
employees and the general population in terms of toxicity and carcinogenicity than trivalent
and other valence states of chromium compounds. By influencing soil microbes and altering
the ecosystem of these enzyme-rich soil microbes, chromium may influence the activity of
various soil enzymes [26,27]

Due to its harmful effects on living beings, cadmium is a heavy metal that poses an
alarming situation for the environment. It is more mobile than zinc at pH 4.5 and 5.5, but
when the pH range is over 7.5, it becomes stationary. Over the past 130 years, a steady hike
in the Cd concentration of soils in the United Kingdom has been documented, with the
last 20 years seeing the biggest increase [28]. In Japan, where many people consume rice
that has been cultivated in cadmium-polluted irrigation water, environmental exposure to
cadmium has proven to be particularly troublesome (http://www.kanazawa-med.ac.jp/
~pubhealt/cadmium2/itaiitai-e/itai01.html, accessed on: 27 August 1997). The quantity of
cadmium that may be emitted into the air from disposal sites and incinerators is restricted
by several state and federal rules in the United States, ensuring that properly managed sites
remain safe. Cadmium can prevent the function of enzymes and prevent DNA-mediated
transformation in microbes present in the soil [29].

Lead is a dangerous environmental pollutant that is highly poisonous to numer-
ous body organs. Lead-based paint is found in many houses constructed before 1978.
The US federal government outlawed lead-based paint in residential structures in 1978.
(http://www.epa.gov/lead, accessed on: 30 January 2013). The Restriction of Hazardous
Substances Directive, adopted by the European Union in 2003, also restricted the use of
lead (https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2011:174:0088:0110:
en:PDF, accessed on 1 January 2020). In 1993, lead shot was made illegal nationally for use
in sport shooting and hunting, and thus lead deposition in the Netherlands significantly
decreased, from 230 tonnes in 1990 to 47.5 tonnes in 1995. It has a variety of adverse effects
on living creatures at different levels because of its high immobility, concentration in the
top 8 inches of the ground, and high consistency in soil [30–32].

Various biological, chemical, and physical techniques have been used over time to
remove various heavy metals from the ecosystem. Most of the existing heavy metal
remediation techniques rely on different physicochemical methods. Physical remedia-
tion techniques generally necessitate a significant amount of manpower and material
resources, whereas chemical approaches require a higher cost percentage for chemicals or
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reagents [33]. In addition, the microbial community in the soil is destroyed by physical and
chemical remediation techniques, which are also expensive and have negative effects on the
soil’s texture.

2.2. Conventional Techniques for Heavy Metal Remediation

In recent times, various approaches and technologies have been employed in the
remediation of heavy metals in polluted environments such as soil and water. These
techniques include physicochemical and biological methods, which are further subdivided
into in situ and ex situ bioremediation.

2.2.1. Physicochemical Method

This remediation could be accomplished through physical and chemical methods
such as precipitation, ion exchange, filtration, ultrafiltration, reverse osmosis, evaporative
recovery, solvent extraction, solvent extraction, electrochemical treatment, electrodialysis,
electrokinetics, land filling, chemical oxidation, chemical leaching, chemical reduction,
and mechanical separation of metals [34–37]. Some disadvantages of these techniques
include incomplete metal removal, high solvent requirements, and the generation of toxic
waste products. They also have an adverse environmental impact and are usually soil-
disturbing. In addition to this, they are labor intensive, expensive, and have high energy
requirements [38].

2.2.2. Bioremediation

Bioremediation can be further classified as in situ or ex situ bioremediation. Methods
of in situ bioremediation treat pollutants at the site without attempting to remove soil. They
include mechanisms for removing specific contaminants from the natural habitat using the
metabolic potential of the microbial system without extraction of polluted samples [39].
Ex situ bioremediation is the process of excavating and treating soil prior to returning
it to its original state [40]. Ex situ remediation techniques are more costly than in situ
remediation techniques.

Major in situ bioremediation techniques include:
Bioaugmentation: Certain sites in bioaugmentation necessitate microorganisms to

extract pollutants. They can also surpass indigenous microorganisms so that they can clean
up the site quickly. In practice, mixed cultures containing a wide range of microorganisms
are employed for bioaugmentation [41]. A Bacillus sp. strain and a Streptomyces sp. strain
bioaugmented a cadmium-enriched soil environment, and a consortium of filamentous
fungi used bioaugmentation to remove heavy metals such as Ni, Pb, and Zn [42]. In a study,
bioaugmentation and bioaugmentation-assisted phytoremediation were both used to treat
soil contaminated with heavy metals such as Zn, Cr (III), Cr (VI), and Al. A significant
reduction in the bioavailability of all heavy metals was observed in bioaugmentation exper-
iments where cyanobacteria inoculation was combined with an increase in the biochar dose
(from 0 to 5%). The results of bioaugmentation-assisted phytoremediation using Portulaca
oleracea, biochar, and cyanobacteria revealed a significant decrease in the bioavailability
of all heavy metals, particularly at a 5% dose of biochar [43]. There have been numerous
drawbacks reported for this technique. For example, it has been noticed that the popula-
tion of exogenous microorganisms decreases after their introduction to a contaminated
environment due to various factors, which occur as a result of a lack of growth nutrients,
temperature changes, and pH, as well as competition between introduced and indigenous
microorganisms [44,45].

Bioventing: Microbial conversion of pollutants to a nontoxic state occurs in bioventing
through the introduction of nutrients and moisture [46]. To release pollutants into the
atmosphere via biodegradation, bioventing necessitates a restricted flow of air and reduced
oxygen rates. Its main disadvantage is its incapability to provide oxygen to polluted soil
and the inadequate ventilation of narrow contamination [47].
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Bioattenuation: The process depends on converting pollutants into less dangerous
forms or immobilized forms [48]. By using proteobacteria-mediated bioattenuation, metals
such as As, Ni, and Al were successfully eliminated, according to a 2017 study by Fauziah
et al. (2015) [49]. Acinetobacteria were discovered to participate in the bioattenuation
process for the natural elimination of metals such as U, Al, Cd, Co, Cu, Mn, and Ni [50].
Even though this method is frequently viewed as the “do nothing” approach, it necessitates
proper surveillance of polluted soil [51].

Biosparging: This method involves injecting air into the subsurface of soil to speed up
the rate at which naturally occurring bacteria break down contaminants biologically [52].
Biosparging focuses mainly on saturated polluted areas with respect to groundwater
remediation [53].

Biostimulation: By providing soil microorganisms with the ideal environment, biodegra-
dation can be stimulated [51]. For bioremediation to be effective, a number of soil phys-
iochemical components, such as moisture, redox conditions, temperature, pH, organic
matter, and nutrients (C, N and P), are required. These components also affect the microbial
activity and chemical diffusion in the soil [54]. Kanmani et al. (2012) used clusters of
bacteria isolated from polluted areas in their biostimulation study for removing Cr [55].
Fulekar et al. (2012) used aerobic bacteria cultured from isolated heavy metals in their
biostimulation study for eliminating Fe, Cu, and Cd.

Bioslurping: By simultaneously using vacuum-enhanced recovery, soil vapor extrac-
tion, and bioventing, soil and groundwater remediation is accomplished by indirectly
incorporating oxygen and promoting pollutant biodegradation [56]. The main issue with
this specific “in situ” technique is the creation of a vacuum on a deep, permeable site with
a fluctuating water table because it results in saturated soil lenses that are challenging
to aerate.

Major ex situ bioremediation techniques include:
Bioreactor: This is a vessel constructed for the removal of pollutants from pumped

groundwater or wastewater using microbes. To attain a high output of bioremediation,
the system could include the tissues, microorganisms, and animal, plant, and enzyme
cells. Since this target environment in bioreactor systems is simpler to manage, control,
and predict than in other systems, biodegradation occurs at a higher rate overall than in
other systems. Despite the benefits of reactor systems, it is discovered that the polluted
environment needs the pollutants to be physically removed from the soil before being
treated by a bioreactor. This method is not cost-effective because treating a high quantity
of polluted soils or other substances and transferring pollutants to the site of treatment
requires more labor, money, and safety precautions. With so many bioprocess variables
in a bioreactor, if any variable is not regulated properly it turns into a limiting factor and
lowers microbial activity, making the technique less effective. It is also crucial to have the
best design available because pollutants react differently to different bioreactors [46,52]

Land farming: Land farming is a simple and direct process that involves excavating
polluted soil over a prepared site with regular tilling until pollutants are degraded via
microorganisms, with the practice being restricted to the treatment of a small part of the
soil [57]. Due to the release of volatile organic compounds (VOCs), land farming causes air
pollution issues and health risks for workers. These issues can be mitigated by wrapping
the space with a greenhouse arrangement to reduce the dust. The method is simple and
very effective, especially when applied to soil that has been polluted with petroleum. The
method can only treat a small area of the upper soil, though. It is limited in some more ways.
It necessitates a sizable operating area, extra expense because of excavation, a decrease
in microbial activity because of unfavorable environmental conditions, and a decreased
efficacy in inorganic pollutant removal [58,59].

Biopile: Composting and land farming are combined or hybridized in biopiles. For
various microorganisms, biopiles create enriched environments. As it is more effective than
land farming and composting at transferring water, nutrients, and air in large quantities, the
biopile is regarded as a better pollutant removal strategy. Heavy metal removal from soil
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can be accomplished using this method [60]. One of its drawbacks is that it is challenging to
accomplish a decline in the constituent concentration of more than 95% and 0.1 ppm (ppm).

3. Nanomaterials and Phytoremediation

There are benefits and drawbacks to each of the above-said ex situ and in situ biore-
mediation methods. Phytoremediation is a successful, environmentally responsible, and
economically advantageous form of bioremediation. The term “phytoremediation,” which
combines the Greek words “phyton” for plants and “remediare” for “to remediate,” de-
scribes a process in which specific plants and soil microbes work together to transform
toxins into safe and frequently lucrative forms. The idea to utilize plants to eliminate
hazardous metals from polluted soils was inspired by the discovery of a variety of wild
plants, many of which are indigenous to naturally mineralized soils and collect considerable
levels of metals in their leaves [61,62]. Plants have demonstrated the ability to survive
comparatively high levels of xenobiotic chemicals without experiencing toxic effects, and,
in some circumstances, they can quickly absorb chemicals and transform them into less
toxic metabolites [63–66]. Heavy metal hyper-enriched plants, also known as hyperac-
cumulator plants, are those that take up many heavy metals and remove them from the
environment [67]. This technique is used increasingly to clean up areas that have been
contaminated with heavy metals and dangerous organic compounds. The effectiveness of
phytoremediation, a low-cost technique, depends on the presence of contaminants in the
plant’s root zones. Phytoextraction, phytodegradation, phytostabilization, phytovolatiliza-
tion, and rhizofiltration are the major mechanisms used by plants for remediation.

Phytoextraction: This process is also referred to as “phytoaccumulation.” In this
mechanism, the root system of the plants absorbs the pollutants and transports them to
the plant parts located above the ground level. The main purpose of phytoextraction is
to treat polluted soils. This technique makes use of plants to draw harmful metals from
contaminated soils, concentrate them, and then precipitate them into the biomass above
ground. The ability of plants to absorb metals from contaminated soil has been revealed
by the identification of metal hyperaccumulator species. When compared with more
conventional mechanisms, phytoextraction has the benefit of being relatively affordable.
The fact that the contamination is eliminated from the soil is an additional advantage. In
some circumstances, the pollutant is recovered from the biomass of the contaminated plant,
which also significantly reduces the amount of waste that must be discarded. Because of
their slow development, low yield of biomass, and poor root systems, hyperaccumulator
species are not widely used. The biomass of plants must also be appropriately gathered
and carried out in compliance with regulations. Some of the parameters limiting the degree
of phytoextraction of metals include metals’ bioavailability in the rhizosphere, speed of
accumulation of metals by roots, the amount of metal present in the roots, the pace of xylem
loading to shoots, and cellular resistance to hazardous metals [68–70]. The presence of
nanoparticles enhances the phytoextraction mechanism. Liang et al. (2017) investigated the
effects of nano-hydroxyapatite on Pb phytoextraction using ryegrass. After 1.5 months, the
addition of 0.2% nano-hydroxyapatite substantially enhanced the concentration of Pb in
the overground part of the plant [71]. Several nanomaterials have been shown to boost Cd
phytoextraction in soil [72].

Phytodegradation: Phytodegradation is the term used to describe the metabolic break-
down of organic contaminants by enzymes. In plant sediments and soils, enzymes such
as nitroreductase, dehalogenase, nitrilase, laccase, and peroxidase have been found. Phy-
todegradation may take place in soil environment where biodegradation is not possible.
One of the drawbacks of this mechanism is that it generates hazardous intermediates or
degradation products [68,73–75]

Phytostabilization: This process is also known as in-place inactivation. It is commonly
used for sediment and sludge remediation. Certain plant species are used to absorb and
accumulate toxins in the soil. This procedure adsorbs chemicals to roots or precipitates
contaminants within the plant’s root zone. It lessens the contaminant’s mobility, avoids
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migration to the groundwater, and lowers the metal’s bioavailability to the food web.
Sorption, complexation, or precipitation can result in phytostabilization. This method has
several benefits, such as not requiring the handling of waste materials or biomass and
being particularly successful when quick immobilization is necessary to protect ground
and surface waterways. However, this clean-up technology has several significant draw-
backs, including the fact that contaminants remain in the soil, that extensive fertilization
or soil amendments must be applied, that mandatory monitoring is necessary, and the
possibility that the stabilization of the pollutants may be primarily attributable to the soil
amendments [69]. According to Vitkova et al. (2018), the concentration levels of heavy
metals Cd, Pb, Zn, and As in both shoots and roots were reduced by 50–60% by using
nano-zero-valent iron (nZVI) for phytostabilization [76].

Phytovolatilization: In this method, plants absorb pollutants from the soil, convert
them into volatile forms, and then release these into the environment through transpiration.
Contaminants are also ingested by plants by phytovolatilization; however, the contami-
nants, a volatile form of them, or a volatile breakdown product are then transpired with
water vapor from leaves. Phytovolatilization is common for the elimination of pollutants
present in the sediment, water, or soil. Arsenic and mercury are frequently investigated
heavy metals in phytovolatilization as they exist in volatile forms and can be biologically
converted into gaseous species by plants. The benefit of this procedure is the possibility of
changing the pollutant into a less harmful chemical. This has the drawback of repeating
the anaerobic bacteria’s creation of methylmercury by releasing mercury into the atmo-
sphere, which is subsequently recycled by precipitation and deposited again into lakes and
oceans [68,77]

Rhizofiltration: Rhizofiltration is frequently used to remove metals or other inorganic
compounds from wastewater, surface water, or groundwater. Rhizofiltration is identical to
phytoextraction, except the focus is on treating contaminated groundwater as compared
to soil. In greenhouses, the plants that will be used for clean-up are grown with growing
roots under water instead of dirt. Once a substantial root system has been established, it
is necessary to acclimatize the plants by providing them with contaminated water from
a waste site in place of their natural source of water. Then, the plants are placed in the
polluted region, where their root system absorbs both the toxins and the water. The roots
are harvested as they become saturated with pollutants. The benefits of rhizofiltration
include the use of both terrestrial and aquatic plants for in situ and ex situ uses. The fact
that pollutants do not need to be transferred to the shoots is an additional benefit. The
utilization of species apart from hyperaccumulators is thus possible. Because their roots
are longer and more fibrous, the roots of terrestrial plants have a larger surface area, and
they are preferred for this process. The consistent need to adjust pH is one drawback, as
is the requirement for plant growth in a greenhouse or nursery. Other drawbacks include
the requirement for periodic plant harvesting and disposal, the need for a well-engineered
tank design, and the requirement for a thorough understanding of chemical speciation and
interactions [68].

Summary of all the major mechanisms used by plants for remediation is given
in Table 2

Numerous benefits come with phytoremediation, such as habitat restoration, lower
installation and maintenance costs, and the ability to clean up pollutants locally rather
than having to move the issue to another location. With phytoremediation, the addition of
organic matter could increase soil fertility [78].

Nanomaterials are useful for the remediation process because they can quickly enter
contaminated areas and have a large surface area relative to their bulk form [79,80]. Nan-
otechnology improves the effectiveness of phytoremediation, and nanoparticles can be
used to clean up soils and water contaminated with heavy metal, organic, and inorganic
pollutants [81]. Since some nanomaterials can boost plant growth and significant heavy
metal absorption by plants, enhancing the efficacy of phytoremediation in heavy-metal-
contaminated soil, many researchers are interested in combining plants with nanomaterials
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to manage the environment. Jiamjitrpanich et al. (2013) assert that the remediation of TNT
from the soil is more successful when nanotechnology and phytotechnology are combined.
The current study covers topics regarding nano-phytoremediation in the removal of heavy
metals from soil [82].

Table 2. Summary of different phytoremediation techniques.

Phytotechnology Mechanism Pollutants

Phytoextraction Hyperaccumulation in different parts of plants
that are harvestable

Inorganic: Pb, Zn, Au, Co, Cr, Ni, Hg, Mo, Ag, Cd
Radionuclides: Pb, Sr, U, Cs

Rhizofiltration Rhizosphere accumulation through precipitation,
sorption, and concentration precipitation

Inorganics or organics: metals such as Cr, Cd, Cu,
Ni, radionuclides

Phytovolatilization Pollutant eradication Organic compounds, phenols, chlorinated solvents,
munitions herbicides

Phytostabilization Sorption, precipitation, and complexation Inorganic: Cu, As, Cr, Zn Cd, Pb

3.1. Nanoparticles: Advantages and Synthesis

Because of the nanoscale structure of the nanoparticle, its higher surface area to volume
ratio, its reactivity, etc., nanoparticle chemical and physical characteristics differ from those
of their original bulk particle [79,80]. Nanoparticles can be used to eliminate metal ions
from soil ecosystems in a very efficient manner. However, several studies support both the
beneficial and detrimental effects that these nanomaterials have on plants [14,83–85]. TiO2
nanomaterials increase the photosynthetic rate and reduce oxidative stress generated by
UV-B in spinach [86,87]. nZVI raises plant biomass while lowering the absorption rate of
heavy metals in the soil [88].

There are numerous synthesis processes for nanoparticles, but the most common
are top-down or bottom-up approaches. Bottom-up techniques are commonly used for
regulated size, shape, and chemical composition [89–93]. Biosynthesis is an example of
the bottom-up method. Biosynthesis of nanoparticles has many benefits in terms of eco-
friendliness and suitability for pharma and other biomedical applications because harmful
chemicals are not employed in the synthesis process [94]. The main chemical reaction taking
place during the biosynthesis of nanoparticles is either oxidation or reduction [95]. The
advancement of phytonanotechnology has paved a novel way to produce nanoparticles,
and the technique is relatively easy, scalable rapid, environmentally benign, biocompatible,
and economical [96]. In-depth research has been done on the reduction of metal nanoparti-
cles by mixtures of biomolecules found in plant extracts, such as polysaccharides, proteins,
enzymes, vitamins, and amino acids usually obtained by contacting a broth of plant leaves
with metal salts [97]. Materials derived from plants tend to be the best options among all
the reagents used in biosynthesis, and they are suitable for the large-scale production of
nanoparticles. Similar to methods involving plant-based materials, microorganisms can
also be used to produce nanoparticles, but their rate of synthesis is slower and they are
only capable of a small range of sizes and shapes [98].

3.1.1. Synthesis of Nanoparticles from Microbes

Microbes have been discovered as an excellent constituent for the biosynthetic path-
ways of nano-sized particles, with the significant promise of being an ecologically benign
and economical technique, eliminating hazardous, hard chemical substances and avoiding
high energy demand for physiochemical synthesis methods. Because of various reductase
enzymes present in them, microorganisms are good at the absorption and detoxification of
heavy metals, and they can convert metal from its salt form to zero-valent metal nanomate-
rials with small size distributions and hence less polydispersity. Over the last few years,
microorganisms such as bacteria, yeast, and fungi have widely been studied for the creation
of nanoparticles. Most fungi with considerable metabolites with increased bioaccumulation
potential are suitable for culture used for efficient, low-cost formation of nanoparticles.
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Furthermore, fungi have better tolerating and absorption abilities for nanoparticle synthesis
than other microbes, notably in regard to their high binding capacity of fungi with metal
ions for increased nanoparticle production. In recent times, the eco-friendly production of
ZnO nanoparticles using Cochliobolus geniculatus fungi was investigated. The ZnO nanopar-
ticles formed were discovered to be detoxing, distinct, and spherical structures in the size
range of 2 nm to 6 nm, and they exhibited an energy gap of 3.28 eV [99]. Copper oxide
nanoparticles mediated by green have been created utilizing the fungus strain Trichoderma.
Cu (NO3)23H2O was introduced to a mycelial-free water extract and mixed overnight in the
absence of light at 40 ◦C, followed by 3 h of heating at 75–80 ◦C. The color of the solution
altered showing the presence of copper oxide nanoparticles.

It is found that the major mechanism of bacterial nanoparticle production is based
primarily on enzymes. Bacteria such as Streptomyces anulatus, Pseudomonas deceptio-
nensis, Bacillus amyloliquefaciens, Bacillus subtilis, Bacillus methylotrophicus, Bacillus
licheniformis, Listeria monocytogenes, Weissella oryzae, Rhodobacter sphaeroides, and
Brevibacterium frigoritolerans have recently been studied for metal nanoparticles synthe-
sis. Five psychrophilic bacteria, Arthrobacter gangotriensis, Arthrobacter kerguelensis,
Pseudomonas proteolytica, Pseudomonas antarctica, and Pseudomonas meridiana, and
two mesophilic bacteria, Bacillus cecembensis, and Bacillus indicus, were used to make
very stable nanoparticles of silver. The mean dimension of the produced nanoparticles
of silver ranged from 6 nm to 13 nm [100]. Kirthi et al. (2011) used the bacterium Bacil-
lus subtilis to create titanium dioxide nanoparticles [101]. Jha et al. (2009) described
Lactobacillus-sp.-mediated production of TiO2 nanoparticles as a low-cost green biosyn-
thetic technique [102]. The mean particle size was determined to be around 30 nm.

3.1.2. Synthesis of Nanoparticles from Plants

Scalability and biocompatibility are the two main benefits of producing nanoparti-
cles from plants. Ag nanoparticles are the most popular nanomaterials created via the
biosynthetic approach owing to the antimicrobial qualities of Ag nanoparticles, and the
ease with which silver salts can be reduced to zero-valent silver, etc. Shikuo Li et al. (2007)
created nano-sized silver from the extract of the plant species Capsicum annuum [103]. The
synthesis process was uncomplicated, with nanoparticles forming as many crystalline parts
converting to a single crystal in the process and the mean size of nanoparticles increasing
as the reaction continued. Brassica juncea seedlings were used in the in vitro synthesis of
silver nanoparticles by Shekhawat and Arya (2009) [104]. In vitro grown B. juncea seedlings
and plants that were 14 days old were placed in a nutrient solution with the addition of
AgNO3, and they were then grown in a hydroponic atmosphere for seven days. The plants
that emerged from this process were then collected and examined using TEM and a UV-VIS
spectrophotometer, which demonstrated the existence of tiny Ag nanoparticles. The possi-
bility of using the dried plant materials from the Ocimum sanctum plant in the production
of silver nanoparticles has been explored. The method was easy and performed at normal
temperature, with the extract of plants serving as the reducing agent in the process [105].
Cinnamon zeylanicum powder and extract from the plant’s bark were used to develop Ag
nanoparticles. The number of Ag nanoparticles prepared was greater in the bark extract
than in the powder due to the abundance of reducing agents in it [106]. The leaf extract
of Pelargonium graveolens was also studied to produce Ag particles on a nanometer scale.
Nano-sized Ag particles have been synthesized due to the fast reduction of the Ag+ ions in
the solution [107]. According to reports, the sustainable production of nano-sized silver
particles using leaf extract Psidium guajava as the reduction and capping agent is very easy
and expensive. This plant was chosen for the experiment due to its proven medicinal bene-
fits, and it is conveniently available everywhere in all seasons of the year [108]. Abhirami
et al. (2020) presented an uncomplicated and inexpensive method for the green production
of Ag nanoparticles utilizing onion peel extract, a common household waste, under normal
pressure and temperature settings [109]. Nonetheless, silver nanoparticles in plants are
largely explored since silver not only creates nanoparticles in plants but also has stronger
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catalytic characteristics due to its high electrochemical reduction potential and several other
relevant qualities. An easy biological method for the production of gold nanoparticles
utilizing Cassia auriculata extract (leaf) was also investigated [110]. The production of TiO2
nanoparticles utilizing Jatropha curcas was researched and evaluated [111]. Abisharani et al.
(2019) utilized Cucurbita pepo seeds extract to form titanium dioxide nanoparticles from
titanium trichloride solution in a greener pathway [112]. K. Ganapathi Rao et al. (2015)
employed a green synthesis method to create TiO2 nanoparticles from aloe vera plant
leaf extract [113]. The production of ZnO nanoparticles in a single-pot biological process
employing leaf extract of Barbadensis Miller was explored. This method is preferable as it
does not require the use of high temperatures, pressure, energy, and dangerous compounds
in nanoparticle formation [114]. Inexpensive starting materials such as zinc nitrate and
plant ingredients such as Azadirachta indica were utilized in a simple biological synthesis of
ZnO nanoparticles. Natural products have components of phenol and flavonoid, which are
soluble in water and play an essential function in the reduction [115]. Punica granatum peel
extract was utilized to make copper oxide nanoparticles. The extracts made from the peel
were introduced into a copper salt solution (copper acetate monohydrate) and stirred for
10 min at normal temperature. The fluid changed its color from green to brown, showing
the formation of copper oxide nanoparticles.

4. Nano-Phytoremediation for Heavy Metal Elimination

The rising utilization of heavy metals across a wide range of sectors has led to a major
ecotoxicological issue that can affect the entire globe. Phytoremediation, a low-cost and
ecologically sustainable substitute to conventional physicochemical clean-up methods, has
developed to resist contamination due to heavy metals. The removal of these harmful
metals/metalloids from ecosystems can be enhanced using nanomaterials along with
phytoremediation. According to data from various research, the utilization of nanoparticles
could enhance the phytoremediation of soil polluted with chromium, cadmium, zinc, nickel,
and lead [14,71,72,76,116]. Mitigating heavy metal stress in plants using nanoparticles is
one of the biggest issues the modern industrial world is currently dealing with [14]. The
presence of certain nanoparticles can improve the antioxidant status of plants, enhancing
their capacity to withstand harsh conditions. On the other hand, certain plant species may
experience oxidative stress when exposed to the same or different types of nanoparticles,
which can interfere with the activity of certain enzymes. [86,117].

4.1. Uptake of Heavy Metals and Its Tolerance

The mechanism governing heavy metal tolerance in plant cells includes the following
steps: the roots of plants absorb heavy metals from the soil ecosystem, binding of heavy
metals to cell walls, active ion transport into the vacuole, chelation via activation of peptides
that aid metal-binding, and synthesis of metal complexes [118,119]. The root plasma
membrane’s unique transporters, also known as channel proteins, are responsible for
absorbing heavy metal ions [120,121]. Heavy metal exposure can result in the production of
the oligopeptide ligands phytochelatin and metallothionein in plant tissues. Phytochelatins
are formed using glutathione and are subsequently transformed into peptides. The main
prerequisite for phytoremediation to work effectively is heavy metal tolerance. Plants
have numerous techniques for heavy metal elimination and tolerance. They each have
their own special qualities and contribute in varying amounts to detoxify various heavy
metals. Plants employ their techniques to keep the concentrations of heavy metals in their
cells below the severity boundary levels [122,123]. By producing organic acids, several
plants have the capacity to detoxify the heavy metals inside the rhizosphere and decrease
their accessibility. Another method of heavy metal detoxification is the immobilization of
heavy metals in the root system by linking them to pectins present in cell walls and the
cytoplasm–membrane interfaces that are negatively charged because of their significant
electrochemical potential. By producing redox enzymes, which allow hazardous metals to
be changed into less hazardous ones, some plants can lower the valence of heavy metals.
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Selecting the right plant species relies on various factors, including its ability to cope
with the specific metal, achieve restorative characteristics, and adapt to other site-specific
aspects [124]. Additionally, the chosen plants should have traits such as high plant biomass,
a highly branching root system, good growth and production, being able to withstand
pollutants, susceptible to genetic modification, and easy to harvest. In order to be used
in phytoremediation, nanoparticles must not be harmful to plants. The use of specific
nanoparticles has greatly enhanced plant development, and nano-augmentation has raised
the capacity for phytoremediation, resulting in higher removal of pollutants from the soil
ecosystem. Due to their ability to support plant development hormones and improve plant
species’ ability to absorb contaminants, many nanoparticles have been recognized as the
catalyst for growing plants.

The function of TiO2 nanoparticles in plants has been explored the most thoroughly
among the nanoparticle types. Under both typical and stressed circumstances, TiO2
nanoparticle application resulted in improved plant productivity in terms of growth, physi-
ology, and yield [125]. Other nanoparticles have also shown promise in applications against
metal stress in addition to TiO2 nanoparticles. It may be possible to reduce Cd toxicity in
mustard by using nanoscale hydroxyapatite [126]. In addition to TiO2 nanoparticles and
nanoscale hydroxyapatite, other nanoparticles such as nZVI, salicylic acid nanoparticles,
fullerene nanoparticles, silicon nanoparticles, ZnO nanoparticles, silver nanoparticles, etc.,
are also widely used in nano-phytoremediation of different heavy metals.

4.2. Elimination of Arsenic

Arsenic (As, atomic number 33) is a metalloid that can be found either as a pure ele-
ment or in numerous minerals along with sulphur and other metals [127]. Due to arsenic’s
high carcinogenicity and toxicity, there is growing concern over soil pollution brought on
by the extensive use of pesticides, herbicides, and fertilizers that include arsenic [128]. Phy-
toextraction and phytostabilization are indeed the two key phytoremediation mechanisms
used to lower soil arsenic contamination. Arsenic can be absorbed by plants through three
different mechanisms: direct movement to the plant vascular system through cells; absorp-
tion from lower concentration to higher concentration via the symplast; and absorption
from higher concentration regions to lower concentration regions via the apoplast [129].
TiO2 nanocomposites have been shown to have a greater attraction for both inorganic
forms of arsenic due to their high surface area-to-volume ratio, corrosion resistance, and
stability [130]. According to reports, rice seedlings’ bioaccumulation of arsenic can be
reduced by a sorption technique using nano-TiO2 with anatase and rutile structures by
roughly 40–90% without compromising the plants’ growth [131]. According to Souri et al.
(2017), employing nanostructured salicylic acid could enhance the phytoextraction of ar-
senic by Isatis cappadocica [132]. Salicylic acid has vital roles in plant development and
arsenic tolerance, so the authors added nanostructured salicylic acid to the system for
phytoextraction of the heavy metal. Salicylic acid nanoparticles significantly boosted both
phytoremediation efficiency and plant growth. Due to its ability to absorb substances
and serve as a nutrient, Yan and colleagues (2021) used nano-zinc oxide in agricultural
output [133]. To investigate how ZnO nanoparticles affect the toxicity and accumulation
of arsenic in rice, an investigation was carried out. The result of the experiment showed
that zinc nanoparticles had an important effect on the growth of rice seedlings while also
preventing the build-up of xenobiotics in this food. According to a study conducted by
Vtkova et al. (2018), using nano-zero-valent iron (nZVI) particles had a favorable impact on
the stability of arsenic in the sunflower rhizosphere [76]. It was observed that the quantity
of arsenic concentration in the plant roots and shoots decreased after the five-week growth
period, while the concentrations of arsenic in soil pore water dropped by more than 80%.
According to studies, the best immobilization effect occurs when nZVI concentrations
are 10% because, at that level, As availability is relatively low, fostering the development
of Hordeum vulgare L. plants and lowering As absorption [134]. The ability of nZVI and
graphene oxide nanoparticles (nGOx) to increase or decrease the availability of As and
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metals in polluted soils was compared. No matter the kind of soil used, As availability
noticeably decreased with the application of nZVI and increased with the application of
nGOx [135].

4.3. Elimination of Chromium

Chromium (Cr), a heavy metal that occurs naturally in salt water and the crust of the
earth, is used in various industrial operations [24]. The two primary chemically stable
states of Cr include trivalent and hexavalent, with Cr(VI) causing the biggest threat due
to its propensity for malignancy [136]. By applying nZVI at the greatest rate to contam-
inated locations, heavy metals such as chromium are efficiently eliminated [137]. The
effectiveness of immobilizing Cr6+ from the soil grew by 100% after 15 days of employing
the nZVI in a pot experiment [138]. It was discovered that nanosized TiO2, MgO, and
ZnO were effective adsorbents for the removal of Cr ions from soil treated with leather
manufacturing waste [139]. The nZVI revealed a much-improved immobilization of Cr
in Chinese cabbage and edible rapeseed (Brassica napus). The availability and biomagni-
fication of Cr in both plants were reduced as a result of the usage of nanoparticles [140].
For the in situ remediation of soil contaminated with hexavalent chromium, a nanoscale
zero-valent iron supported with biochar (nZVI@BC) was used. nZVI@BC remediation
considerably decreased Cr’s capacity for upward translocation in the soil environment and
was advantageous for plant growth [141].

4.4. Elimination of Cadmium

One of the dangerous heavy metals, cadmium is regularly liberated into the soil
by several industrial operations. There is proof that certain nanomaterials can enhance
cadmium phytoextraction from the soil. Researchers showed that TiO2 nanoparticles in
soybean plants increased cadmium deposits by 1.9, 2.1, and 2.6 times in the shoots and by
2.5, 2.6, and 3.3 times in the roots, respectively. These researchers’ results demonstrated
that the inclusion of TiO2 nanoparticles increased Cd uptake, and they postulated a po-
tential method through which the tiny TiO2 nanoparticles could penetrate chloroplasts
of the leaf and enhance light adaptation and electron transfer [72]. The introduction of
TiO2 nanoparticles to spinach reduces oxidative stress by lowering the levels of H2O2,
superoxide radicals, and malonyldialdehyde, according to studies by Lei et al. (2008) [86].
Additionally, it was discovered that the utilization of TiO2 nanoparticles increases the
activity of antioxidant enzymes such as guaiacol and ascorbate peroxidases, superoxide
dismutase, and catalase. The introduction of nZVI nanoparticles enhances the cadmium
collection in the stems, leaves, and roots. It has been established that the presence of nZVI
in Ramie [Boehmeria nivea (L.) Gaudich] led to an increase in Cd concentrations of 31 to
73%, 29 to 52%, and 16 to 50% in the leaves, stems, and roots, respectively [142]. Nasiri
et al. (2013) used the liquid phase process to develop carboxymethyl-cellulose-coated iron
nanoparticles that were uncoated [143]. The results demonstrated that iron nanoparticles
can be utilized as effective adsorbents for removing cadmium from soil and water resources.
Rice seeds and leaves accumulate considerably less Cd when nZVI is applied to the soil
with elevated Cd levels [144]. Due to the decreased bioavailability, the adsorption of cad-
mium on the surface of nanoparticles aids in lowering Cd toxicity. Houben and Sonnet
(2010) reported that the application of finely ground Fe nanoparticles lowers soil Cd concen-
trations [145]. When silver nanoparticles were introduced to maize, Cd concentrations rose
from 0.65% to 0.73% mg/kg DW in the plant shoot [116]. Carbon nanotubes’ impact on Cd
build-up in smooth cordgrass was studied by Chai et al. in 2013 [146]. Their experimental
findings indicated that, while carbon nanotubes did not produce phytotoxicity at low Cd
concentrations, they did protect plants from inhibitory effects at high Cd concentrations.
Through a number of studies, Chand et al. (2015) concluded that sweet basil is a hyperaccu-
mulator of Cd [147]. The ability of the amorphous nanoscale MnO to clean up Cd-polluted
soils was also assessed [148,149]. Yu et al. (2019) assesed the phytoextraction ability of
five major Cd accumulators, including Sedum spectabile Boreau, Phytolacca acinosa Roxb.,
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Celosia argentea L., and Amaranthus hypochondriacus L., in order to choose the best plants
for phytoextraction of Cd-contaminated soils [150]. It is found that C. argentea could be
a viable option for Cd remediation. Additionally, using malic acid effectively can boost
C. argentea’s phytoextraction efficiency.

4.5. Elimination of Lead

Lead is a common metal that is used in a variety of products, including storage batter-
ies and petroleum products. Severe lead pollutants in soils can have a negative impact on
the environment in several ways, such as the loss of natural habitat, water pollution, and
toxic effects of lead in plants, animals, and human beings [151–153]. The commonly used
phytoremediation method for eliminating lead from polluted soil is phytoextraction. Since
ryegrass grows quickly, has a high tolerance to lead, and is inexpensive, it is frequently
utilized to phytoextract the heavy metal lead from contaminated soils. The effect of utilizing
nano-hydroxyapatite on ryegrass’s capacity to eliminate lead from the environment was
investigated by Liang et al. (2017) [71]. After 1.5 months, the introduction of 0.2 percent
(w/w) nano-hydroxyapatite considerably boosted the lead deposit in the plant’s shoot,
according to the study results. The removal rate of lead was increased when 5 g/kg nano-
hydroxyapatite was added to lead-contaminated soil [154]. In research conducted by Huang
et al. (2018), different concentrations of nZVI particles were added to the ryegrass to aid in
the removal of lead [155]. The researchers discovered that, over the course of a 45-day treat-
ment period, small amounts of nZVI could boost Pb accumulation in ryegrass. Yuan-Yuan
Gao et al. (2013) found that Impatiens balsamina had a high Pb accumulation and tolerance
capacity [156]. Based on this discovery, they investigated the effect of NZVI associated with
Impatiens balsamina on the phytoremediation of polychlorinated biphenyl–lead (PCB–Pb)
co-polluted soils. The findings demonstrated that nZVI could promote plant growth in both
clean soil and soil with high levels of pollution. This may be attributed to nZVI’s ability to
enhance soil quality and adjust soil pH. Particularly, all the treatments that included nZVI
had significantly higher PCB concentration efficiencies than those that did not, indicating
that nZVI-phytoremediation would be a very promising technique in the future. For the in
situ immobilization of lead (Pb2+) in soils, Liu et al. (2007) utilized sodium carboxymethyl
cellulose (CMC) and CMC-stabilized iron nanoparticles [157]. The results revealed that it
can significantly lower the leachability of Pb2+ in the soil. According to research by Huang
et al. (2018), the use of nZVI in combination with phytoremediation can lower the amount
of lead that is acid soluble, which results in a decrease in the toxicity of heavy metals in
sediments [155]. According to research by Fajardo et al. (2019), 5% nanometer zero-valent
iron (nZVI) is more efficient at cleaning up soil that has been contaminated with lead and
cadmium [158]. nZVI has a brief reaction time, and its long-term efficacy is unclear. Using
sweet sorghum, Cheng et al. (2021) examined the individual and combined effects of the
arbuscular mycorrhizal (AM) fungus and nZVI (S-nZVI and B-nZVI) on the phytoremedia-
tion of an acidic environment with pollution [159]. Both S-nZVI and B-nZVI demonstrated
no phytotoxicity to sweet sorghum at any of the test concentrations (50–1000 mg/kg), and
they improved the phytoextraction of lead and the immobilization of heavy metals on their
surface. Despite the fungitoxicity of nZVI, AM inoculation successfully colonized plant
roots. Overall, the merged use of AM inoculation and low concentrations of nZVI resulted
in a harmonious effect on heavy metal immobilization. According to a study by Fazal
Hussain et al. (2021), 15 mg L−1 ZnO nanoparticles significantly increased Pb concentration
and accumulation in P. hydropiper seedlings [160]. The ability of the amorphous nanoscale
MnO to clean up Pb-polluted soils was also assessed [148,149].

5. Environmental Concern

Because of their increasing use, many people are concerned about the environmental
consequences of intentional nanoparticles emissions. The use of nanoparticles to eliminate
pollutants in the soil increases the number of nanoparticles in the soil and surrounding en-
vironment. According to recent research, the increased use of nanoparticles in agricultural
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activities has had negative consequences. Klaine (2008) proposed that, despite the presence
of many natural nanoparticles in the environment, artificial nanoparticles may behave
differently [161]. These materials are engineered to exhibit surface qualities and chemistries
that are unlikely to be found in natural particles. It has been studied that the intentional
application of nanoparticles may cause their accumulation or a rise in the level of their parts
in the soil, thereby changing the soil’s characteristics [162]. Nanoparticles may endanger
priceless soil microbe communities if they are introduced into the environment. The effect
of nanoparticles on microbial activity could be assessed by measuring soil respiration and
enzymatic activity [163]. According to reports, the presence of nanoparticles in soils alters
the pH of the soil, one of the most important factors affecting various properties such as
the accessibility of nutrients in the soil, the health of the total soil ecosystem, microbial
dynamics, and the development and growth of plants [164]. In addition, reduced dehy-
drogenase activity is associated with higher nanoparticle concentrations, which upsets the
balance of soil quality and nutrition [165,166]. It is very likely that persistent nanoparti-
cle release into the surroundings will lead to their ubiquity, with nanoparticles invading
the food web at different trophic levels and having toxicological impacts on a variety of
living things [167,168]. Therefore, before utilizing nanoparticles for bioremediation, these
environmental issues should be prioritized, and nanoparticles should be developed in a
sustainable way. The main issues with phytoremediation are poor remediation effectiveness
and improper handling of polluted biomass. The effectiveness of phytoremediation still
needs to be improved, despite the use of several different techniques [169].

6. Conclusions and a Look toward the Future

The field of nano-phytoremediation is a relatively new technique for detoxifying the
environment. There is much evidence in the literature to support the idea that nanoparticles
are absorbed by plants and that nanoparticles cause different physiological changes in
different agricultural plants. The use of nanoparticles in phytoremediation has shown a
strong promise for improving remediation performance during the past couple of years.
The current study covers topics related to soil remediation for various heavy metals using
nano-phytoremediation. Using nanomaterials to aid the phytoremediation of polluted
soil can be a beneficial method, even though it is still in the research and testing stage.
Extensive laboratory research is still needed to develop phytoremediation approaches for
effective pollution removal. Future research needs to be carried out to determine whether
nanoparticles have any toxicological effects on plants or the ecosystem, and it is also
necessary to study the mechanism underlying their transit into the environment. For the
high-resolution clean-up method, it is also necessary to choose the right species of plants
and nanoparticles for toxin absorption.
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