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The presence of heavy metals in soil has significantly increased due to both natural processes and human
activities, notably those associated with industrial activities. The nonbiodegradable nature of heavy metals
gives rise to concerns. This tenacity can result in their integration into the food chain via agricultural plants
and, ultimately, their buildup in the human body via biomagnification, resulting in detrimental impacts on
both human well-being and the environment. Phytoremediation is a promising and environmentally
conscious solution for reducing heavy metal pollution in soil. It possesses the capacity to serve as
a cost-effective remedy for regenerating vegetation in polluted regions. In order to enhance the efficacy
of phytoremediation, it is imperative to have a comprehensive understanding of the mechanisms

governing the accumulation and persistence of heavy metals in plants. The mechanisms behind the
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possible limitations, present condition, and future outlook of these procedures.

The problem of heavy metal (HM) contamination is a worldwide concern and poses serious health risks to humans. The buildup of HMs pollution in food chains
via biomagnification can result in dangerous effects on plants, animals, and people (damage to the endocrine system, impact on immunity, neurological

illnesses, and cancer). The pathways associated with the absorption, transportation, and elimination of HMs through plants are detailed in this extensive review.
Cleaning up heavy metal-polluted soil through phytoremediation is an economical, aesthetically beautiful, and environmentally responsible alternative to

chemical or physicochemical approaches for heavy metal decontamination. Several methods have been extensively analyzed to enhance the effectiveness of
phytoremediation. These include microbe-assisted techniques, genetic engineering, the utilization of natural organic compounds, and chelation. The review

highlights the benefits, potential limitations, present state, and future prospects.

1. Introduction

Heavy metals (HMs), a class of chemical substances with large
average atomic weights, atomic numbers, and densities, pose
significant threats to the natural world due to population
growth and rapid industrialization. These heavy metals,
including arsenic, cadmium, zinc, mercury, lead, chromium,
copper, and nickel, are essential to living organism's physio-
logical and biochemical functions throughout their life cycle.
However, too much of these heavy metals can be harmful,
polluting the environment, hindering biological and physio-
logical functions, and decreasing crop yields."®

We must implement remediation procedures to reduce
polluted soil and prevent heavy metals (HMs) from entering
terrestrial, atmospheric, and marine habitats.>'® Several
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methods have been explored for cleaning up heavy metals in
soil, including precipitation, excavation, electro-remediation,
chemical leaching, heat treatment, excavation and landfill,
soil washing, and solidification."*** However, these methods
have drawbacks such as their high cost, ineffectiveness when
small amounts of pollutants are present, the development of
subsequent pollutants, and permanent modifications in the
physicochemical and biological characteristics of soils. Ekeoma
et al™ have recently provided a thorough examination of
enzyme-based bioremediation methods that are both cost-
efficient and successful in addressing emerging contami-
nants. The comprehensive review conducted by Nguyen et al.*®
involved an examination of the utilisation of fly ash in the
context of environmental remediation and the production of
value-added commodities derived from fly ash. To address the
pressing need to reclaim soil polluted with HMs, it is essential
to create treatment solutions that are both affordable and kind
to the environment. By addressing the underlying causes of HM
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pollution, we can work towards a more sustainable future for all
living organisms."**'” Berti and Cunningham's research on
phytoremediation focuses on the use of plants to remove and
eliminate elemental contaminants from soil.’® They argue that
plants’ roots can absorb ionic chemicals in small amounts,
allowing them to maintain soil fertility. Plants can take in heavy
metals and change how bioavailable they are by spreading their
roots deeper into the soil and creating rhizosphere ecosys-
tems.'»'”** The utilisation of phytoremediation can yield
numerous advantages, encompassing the following aspects:

(i) Financially viable: phytoremediation is an autotrophic
technology driven by solar energy, making it easy to run with
cheap costs for both initial setup and ongoing upkeep.

(ii) Ecologically sound: it lessens contaminant release into
the natural world.

(iii) Applicability: it is possible to use it throughout a broad
area, and it may be discarded in an uncomplicated manner.

(iv) By stabilizing heavy metals, it reduces erosion and metal
leaching, lowering the possibility of toxins being transmitted
and preserving the environment.

(v) As a result of the biological material that it releases into
the soil, it helps enhance productivity.*>**>°

Various toxins and habitats undergo treatment using phy-
toremediation techniques such as phytodegradation, phytofil-
tration, phytoextraction, phytostabilization, and
phytovolatilization.?** The characteristics of contaminants,
soil limitations, and the types of plants used influence these
techniques, which include in situ stabilization or degradation
and the elimination of pollutants through volatilization or
extraction (Table 1).>* Over the past few decades, research has
focused on understanding the molecular processes responsible
for heavy metal tolerance and developing strategies to enhance
the phytoremediation process.

This comprehensive review provides a detailed description
of the mechanisms underlying the absorption, transportation,
and elimination of heavy metals in plants. The present review
will centre on the latest advancements achieved in several
processes, encompassing the active participation of microor-
ganisms, genetic manipulation, utilisation of natural organic
compounds, and chelation techniques. Furthermore, we high-
light the advantages, potential constraints, current state, and
future prospects of these techniques.

2. Heavy metals

In the most recent decade, heavy metals (HMs) have garnered
a significant amount of concern as possible contaminants for
the environment. The mining and processing of minerals from
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the earth, the burning of fossil fuels, and the discharge of waste
from factories are the primary contributors to the presence of
heavy metals in the environment. Arsenic (As), lead (Pb),
mercury (Hg), cadmium (Cd), nickel (Ni), chromium (Cr), and
aluminium (Al) are the most common heavy metals that
contribute to the poisoning of soil ecological systems, affecting
both vegetation and wildlife. Plants readily store the majority of
these metals, which then enter the food chain and eventually
reach people, causing serious health problems.*»** Even though
some heavy metals, including iron (Fe), copper (Cu), selenium
(Se), and zinc (Zn), are essential in low amounts, the accumu-
lation of these metals at greater levels can cause them to
become extremely harmful to the environment.>*?¢ Fig. 1 (ref.
27) depicts the diverse origins of major HMs in the environ-
ment, whereas Fig. 2 illustrates the adverse effects resulting
from the presence of heavy metals in the natural surroundings.

The chemical composition of the metal, soil properties
(including pH, clay, and organic matter concentration), and
exchange reactions (precipitation and adsorption-desorption
procedures) are what govern the quantity of HMs in the soil's
solution.”®*® The building up of large concentrations of HMs
can cause oxidative damage to chlorophyll and/or enzymes
through the process of antagonism, which results in the
exchange of vital ions. The most prominent indications of HMs
poisoning are a slowing of plant development and a decrease in
the amount of photosynthetic activity* (see Fig. 3).

3. Absorption and transfer
mechanisms of heavy metals in plants

The buildup of heavy metal in plants is the result of a range of
operations, some of which are heavy metal mobilization, root
absorption, xylem loading, root-to-shoot transfer, cellular
compartmentation, and  sequestration. Heavy metal
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Fig. 1 An illustrative graphic depicting the sources of heavy metal
contamination.?

Table 1 Phytoremediation methods compared and contrasted with other technologies®

Technology name Action on pollutants

Main type of pollutants Vegetation

Phytostabilization Retained in situ
Phytodegradation Attenuated in situ
Phytovolatilization Removed
Phytoextraction Removed
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Organics and metals Cover maintained

Organics Cover maintained
Organics and metals Cover maintained
Metals Harvested repeatedly
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Fig. 2 The recurring pattern of detrimental impacts caused by heavy
metals in the environment.

mobilization is one of these mechanisms. The majority of the
heavy metal in the soil is in an adherent state, which makes it
unavailable for plant growth. Dalvi and Bhalerao* say that
plants can make nutrients more bioavailable by releasing
different exudates from their roots. These exudates tend to
change the pH of the rhizosphere and make it easier for heavy
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metals to dissolve. The outermost layers of the root absorb the
bioavailable metal, which then passes through the cellular
membrane and into the root cells. Both apoplastic and sym-
plastic routes are primarily responsible for the absorption of
heavy metals into the roots of plants. Passive diffusion is part of
apoplastic routes, while active transfer over electrochemical
potential differences and content across the plasma membrane
is part of symplastic routes. According to Peer et al.'s research
from 2005,* the widespread absorption of heavy metals occurs
through the symplastic route, and it is dependent on an energy
mechanism that is facilitated by metal ion transporters or
complexing mediators.

Heavy metal ions, once they have entered the root cells, have
the potential to form complexes with a variety of chelators,
including organic acids.>® These newly generated complexes,
which include carbonate, sulphate, and phosphate precipitate,
are subsequently immobilized in either the outside of the cell
area (apoplastic cellular walls) or the intracellular space (sym-
plastic sections, like vacuoles). The metal ions that are stored
within the vacuoles might potentially move towards the stele,
where they are absorbed by the xylem stream in the root sym-
plasm.** The xylem vessels then transport the metal ions to the
shoots. The apoplast or symplast, which stores the ions in
extracellular sections (cell walls) or the plant vacuole, allows
them to pass through and disseminate in the leaves, preventing
the accumulation of free metal ions in the cytosol.*®

In summary, this section explores the subject of heavy metal
absorption and transfer mechanisms in plants, emphasising
the distinct roles played by various plant components.
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Fig. 3 Plant's mechanisms for dealing with heavy metal toxicity (including absorption, translocation, and detoxification).®
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4. Hyper-accumulator species

“Hyper-accumulator species” are plants that can absorb and
store high levels of certain metals and minerals in their tissues
without experiencing negative effects. According to research,
some plant species have the ability to accumulate hazardous
heavy metals in amounts that surpass the levels found in the
soil.** According to research, plants that develop in contami-
nated soils have developed various methods to deal with the
harmful effects of heavy metals. These strategies include
avoiding the accumulation of HMs, the removal of the metals,
and the discharge of the metals from the plant tissues.*” The
development of hyperaccumulator plants under excessive
amounts of HMs is attributed to various biochemical processes.
These processes help to keep the amount of metal in the cyto-
plasm below that in the soil, which prevents the harmful impact
of heavy metals on cytoplasmic organelles. This is achieved
through vacuolar categorization. Plant species that lack
a removal method are able to absorb and transport significant
amounts of HMs and store them in their shoots without
exhibiting any signs of toxic effects.*®

Sequestration or compartmentalization of metals in cell
divisions (particularly vacuoles) away from the cytosol achieves
heavy metal tolerance, protecting areas of vulnerability from
HMs and preventing the inhibition of metabolic processes in
the cytoplasm. In contaminated areas, organic solutes and
amino acids like proline help plants flourish. Metal-solute
complexation reduces HM transport to vulnerable plant
tissues.*® In order to maintain normal development and meta-
bolic processes despite exposure to HMs, plants have evolved
different detoxification systems. Plants use two main tactics:**
limiting the intake of HMs and aggregation with tolerance
process activities to shield their organs from poisonous HMs.
The first approach restricts metal precipitation to lower HM
concentrations. However, the second approach isolates the
poisonous HMs from the rest of the cell, particularly in the
vacuoles® (Fig. 4). Rhizospheric microbes, including arbuscular
mycorrhizal fungi (AMF) and bacteria, are linked to HMs uptake
limitation. By producing metal-chelating substances like citric
acid, oxalic acid, and phenolic compounds, these microbes can
reduce HM absorption by plant cells.*® Vacuolar compartmen-
talization serves as another technique to control HM distribu-
tion and prevent its detrimental effects on cells.** Numerous
plants create complexes with phytochelatins (PCs) to deal with
HMs, and then carry the resulting complex metal peptides into
the vacuole.*?

Based on the metal concentrations in their tissues,* we can
classify different kinds of plants into three categories: (i) HM
aggregator species, (ii) HM species that indicate, and (iii) HM
excluder species. The accumulating species are plants that can
take in HM concentrations (in their shoots or roots) that far
surpass those found in the soil. The indicator species accumu-
lates the HMs to a greater extent than the soil concentration. The
HMs can't easily enter the roots or move from the roots to the
shoots in the excluder species.’” Tolerant species are those that
can reproduce in soil contaminated with heavy metals at
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concentrations that would kill non-tolerant species. Species that
act as indicators or hyper-accumulators are tolerant; however,
tolerant species are not required to act in any of these roles.

According to scientific literature, plants that are appropriate
for phytoremediation possess four key characteristics. These
include:* (i) a fast growth rate and significant biomass; (ii) a deep
and extensive root system; (iii) ease of harvesting; and (iv) the
ability to accumulate significant quantities of heavy metals in
their shoots. The prevalence of hyperaccumulator plants in
polluted soil suggests that hyper-accumulation is a significant
eco-physiological behavior for tolerance to heavy metals and
serves as a measure of toxin adaptation. These types of plants are
typically uncommon in nature. Certain plants known as metal
hyperaccumulators have the ability to accumulate extremely high
levels of heavy metals, exceeding 1000 parts per million. Non-
accumulator or sensitive plants do not accumulate these metals
at a rate higher than 10 ppm, which is in contrast to accumulator
plants. According to a source,* hyperaccumulator plants have the
ability to absorb significant quantities of HMs in their above-
ground structures throughout their regular growth and repro-
ductive processes. In their study, Baker and Brooks* established
the threshold amounts for metals that are hyper-accumulated in
plants. The amounts were found to be Cd = 100 ppm dry weight
(DW), Ni, Cu, Co, Pb = 1000 ppm DW, and Zn, Mn = 10 000 ppm
DW, as presented in Table 2.

The amounts of accumulation observed were significantly
greater than those detected in non-accumulator species. Over
500 species have been identified as hyperaccumulators, with the
majority of them belonging to families such as Brassicaceae,
Asteraceae, Amaranthaceae, Cyperaceae, Fabaceae, Lamiaceae,
Poaceae, and Euphorbiaceae.”* This information suggests that
there is a diverse range of plant species that have the ability to
hyperaccumulate. The genus Brassicaceae is known to have
a significant number of hyperaccumulator plants.

This section summarises the role of hyperaccumulator plants
in detoxifying HMs. Hyperaccumulator plants can handle HMs by
storing them in cell divisions, keeping weak spots safe from HMs,
and stopping metabolism processes in the cytoplasm. The section
categorizes plants into HM aggregator species, indicator species,
and excluder species, highlighting their specific functions in
detoxifying HMs and their potential impact on plant cells.

5. Methods of detoxification

According to Thakur et al,* one of the most important
prerequisites for the application of phytoremediation is the
completion of HM detoxification. Overall, there are essentially
two types of protective mechanisms that plants utilize to deal
with the toxicity of HMs. These mechanisms are known as
avoidance and tolerance. Plants are able to keep the cellular
levels of HMs below the limits that indicate hazards because of
two distinct processes.

5.1. Avoidance

The concept of avoidance tactics for plants pertains to their
capacity to regulate the absorption of HMs and confine their

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 A schematic illustrating the absorption, transfer, and subsequent sequestration of heavy metals in plants.??

Table 2 The limit for classifying certain plant species as hyper-
accumulators*®

Threshold for hyper-accumulator

S. No. Trace elements plants (ppm DW)
1 Mercury (Hg) 1000
2 Selenium (Se) 1000
3 Cadmium (Cd) 100

4 Copper (Cu) 1000
5 Cobalt (Co) 1000
6 Nickel (Ni) 1000
7 Chromium (Cr) 1000
8 Lead (Pb) 1000
9 Zinc (Zn) 10 000
10 Manganese (Mg) 10 000

translocation into plant tissues via root cells.** This mechanism
is effective because it can act as the main defence against
threats from the outside by using different methods, such as
root sorption, metal ion precipitation, and metal exclusion.*
Plants initially try to immobilize HMs through either root
sorption or modification of metal ions when exposed to them.
Root exudates, including organic acids and amino acids, have
the ability to bind with HMs and create complexes with stability
in the rhizosphere. Dalvi and Bhalerao® reported this infor-
mation. According to them, certain root exudates have
a tendency to alter the pH of the rhizosphere. This alteration
can result in the precipitation of HMs, ultimately reducing their
bioavailability and toxic effects. The plant has a metal exclusion
process that creates constraints between the root and shoot

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

systems. These hurdles inhibit the movement of HMs from the
soil to only the roots. The absorption and transportation of HMs
from the roots to the shoots are limited to safeguarding the
uppermost layers of the plant from adverse consequences.

Arbuscular mycorrhizas can stop HMs from getting into the
root in different ways, such as by absorbing, adsorbing, or
chelating HMs in the rhizosphere. This makes them effective in
preventing HM intake and acting as an exclusion obstacle. One
procedure for HM avoidance is the integration of HMs in plant
cell walls, as noted by Memon and Schroder.** Polygalacturonic
acids, which contain carboxylic groups, compose the cell wall
pectins. These groups have a negative charge and can effectively
bind HMs. The cell wall functions as a cation exchanger by
limiting the access of unbound HM ions to the cells.

5.2. Tolerance

Plants employ a tolerance method to manage the harmful
effects of accumulated HM ions once they enter the cytosol.
According to Dalvi and Bhalerao,** there are several strategies
involved in the subsequent phase of defence at the intracellular
level against HM ions. These pathways include inactivation,
chelation, and compartmentalization.

According to Manara,*” plants undergo a detoxification
process to minimize the harmful consequences of excessive HM
ions that develop in the cytosol. Chelation, which involves the
use of ligands to create complexes with these ions, is the main
method for removing HM ions. The process of chelation effec-
tively reduces the quantity of metal ions unbound to other
molecules. The cytoplasm contains both organic and inorganic
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ligands that facilitate HM chelation. The process of HM ion
chelation involves various organic compounds such as organic
acids, amino acids, phytochelatins (PCs), metallothioneins
(MTs), cell wall proteins, pectins, and polyphenols.***” The
presence of organic acids in cells has a tendency to prevent HMs
from remaining as free ions in the cytoplasm. The process of
complexing and reducing their bioavailability to plants achieves
this. Sun et al.*® did research that showed that citrate binds Ni
in the leaves of T. goesingense and that acetic and citric acids
bind Cd in the leaves of Solanum nigrum. The malate contributes
to the chelation of Zn in A. halleri. The accumulation of specific
types of amino acids is a result of heavy metal stress. Cd can
induce the generation of cysteine in Arabidopsis thaliana, as
observed in a study by Dominguez-Solis et al* Ni hyper-
accumulation can also induce the accumulation of histidine.
Exposure to Cd, Pb, Zn, and Cu stress can result in a significant
increase in the accumulation of proline. Amino acids have the
ability to chelate heavy metal ions present in cells and xylem
sap, thereby facilitating the detoxification of heavy metals. High
levels of heavy metals can activate PCs and MTs. The text
discusses the chelation of Cd by PCs in tobacco leaves and the
role of MTs in mediating the response to Cu stress in Silene
vulgaris. The PCs of tobaco leaves have the ability to chelate Cd.
Conversely, a link exists between higher levels of the MT gene
and improved Cu acceptability in Silene vulgaris, suggesting the
role of MTs in mediating the response to Cu stress.

According to Tong et al.,*® chelation transports ligand-HM
complexes from the cytosol to passive compartments, including
vacuoles. This process effectively stores the complexes without
triggering any harmful effects. According to Sheoran et al.,** the
procedures of sequestration and vacuolar compartmentaliza-
tion can effectively safeguard against the harmful impacts of
HMs. Eliminating dangerous HM ions from the cell's vulnerable
regions, where cell division and respiration occur, achieves this.
This reduces the relationships between HM ions and cell
metabolism processes, thereby minimizing the risk of harm to
cell functions. Fig. 4 depicts the process of HM absorption,
transfer, and detoxification in plants.

Robinson et al.** and Eapen and D'souza® report that plants
can store and separate HM ions into various parts such as leaf
petioles, leaf sheathes, trichomes, and vacuoles. This procedure
helps to lessen the damage that HMs cause to the plant.
According to Thakur et al.,** natural leaf shedding can facilitate
the removal of heavy metals from the plant body by trans-
locating them to older leaves. Plantago lanceolata only trans-
ports Zn to its leaves in the final week before leaf shedding. As
a result, the plant sheds its leaves and eliminates the Zn.

If there are too many HMs in the environment and the above
methods aren't enough to protect cells from their harmful effects,
an excessive buildup of metal ions in the cytoplasm can cause
reactive oxygen species (ROS) to be produced. The excessive
generation of ROS can lead to oxidative stress, which can disturb
cell homeostasis, prevent cellular operations, trigger DNA
destruction, and lead to protein oxidation. Researchers such as
Huang et al* and DalCorso et al** have noted this. When
exposed to heavy metals, plant cells respond by activating their
ROS-scavenging tools. This is done by making antioxidant
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enzymes like superoxide dismutase (SOD), catalase (CAT),
peroxidase (POD), and glutathione reductase (GR) work, as well
as antioxidant substances that aren't enzymes, like ascorbate,
tocopherols, flavonoids, and carotenoids.'***** The role of the
anti-oxidative defence mechanism in plants is significant when it
comes to responding to heavy metal stress.

In brief, the completion of HM detoxification is a crucial
prerequisite for the implementation of phytoremediation.
Plants employ two primary defensive mechanisms to mitigate
the toxicity of HMs. The terms used to describe these systems
are avoidance and tolerance. We thoroughly examine the
operational mechanics of these two defensive systems.

6. Working mechanism of
phytoremediation

Certain plants possess the ability to accumulate HMs such as Ag,
Cd, Hg, and Pb, which do not serve any known biological purpose,
in addition to essential elements like Cu, Fe, Mg, Mo, Mn, Se, and
Zn that are crucial for plant growth.>* The excessive buildup of
HMs has the potential to be harmful to the majority of plant life
due to their toxic nature. We utilize five categories of phytor-
emediation methods to clean up polluted soils.*»** These methods
include phytoextraction, which involves plants absorbing pollut-
ants through their roots and storing them in their tissues;
phytodegradation/phytotransformation, which involves plants
breaking down pollutants into less harmful substances; phytovo-
latilization, which involves plants releasing pollutants into the air
through their leaves; phytofiltration, which involves different
parts of plants such as roots, shoots, or seedlings to eliminate
contaminants from polluted surface waters or waste waters; and
phytostabilization, which involves plants immobilizing pollutants
in the soil to prevent them from spreading.

6.1. Phytoextraction

Phytoextraction is a technique that involves the cultivation of
plant species that have the ability to accumulate high levels of
contaminants, specifically exceeding 0.1% of dry weight (DW),
in their shoots. One possible approach for selecting these plants
involves considering the extent of pollution transport from the
roots to the shoot. We can categorize this strategy into two
distinct methods: continuous phytoextraction and induced
phytoextraction. The process of continuous phytoextraction
involves the utilization of native plants that possess inherent
qualities to gather significant amounts of HMs, also known as
hyper-accumulators. The process of induced phytoextraction
involves the use of chemical substances, such as chelates, to
enhance the accumulation of metals in plants. Researchers
have found that this method effectively increases the extraction
of metal from the soil. Plants that possess a greater amount of
biomass and deeper root systems are known to improve phy-
toextraction. According to the findings of Fourati et al.,*® Sesu-
vium portulacastrum showed a higher accumulation of Ni in its
aboveground part, with a concentration of 1050 pg g~ ' DW.
Jacobs et al.*” found that the amount of Zn in the leaves of
Noccaea caerulescensis was over 300 g Cd ha " after 2 months of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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growing in the field before the plants were moved. In their study,
Ghazaryan et al.>® compared the effectiveness of Melilotus offici-
nalis and Amaranthus retroflexus at cleaning up Cu and Mo-
polluted soils. According to the results, A. retroflexus tends to
accumulate Cu and Mo in its shoot, whereas M. officinalis tends
to store Zn in its roots. In a recent study by Yang et al.,”® the
authors investigated the absorption of Cd and Zn in three
different kinds of Napier grass (Pennisetum purpureum) under
field conditions. The results showed that P. purpureum cv. Gui-
minyin had the highest accumulation of Cd (197.5 gha™") and Zn
(5023.9 g ha™") in their shoots. Khalid et al.® evaluated Alter-
nanthera bettzickiana's phytoextraction ability towards Ni and Cu
through pot experiments. The results showed that after 8 weeks
of treatment, this plant species had accumulated twice as much
Cu in its shoots in comparison with the control group of plants.

6.2. Phytodegradation or phytotransformation

Phytodegradation, also referred to as phytotransformation, is the
breakdown of pollutants that plants absorb through the process
of metabolism. It can also mean that enzymes made by the roots,
like dehalogenases, nitroreductases, and peroxidases, break
down contaminants outside of the plant. A study reveals that
genetically modified yellow poplar (Liriodendron tulipifera) can
thrive in tissue culture, despite exposure to elevated mercury
levels. Additionally, this altered plant has the ability to convert
the extremely harmful mercury Hg”" into a much less harmful
form, Hg". The procedure described enables plants to convert
harmful substances into harmless ones. According to Das et al.,**
Vetiveria zizanioides plants have the ability to remove up to 97% of
trinitrotoluene (TNT) from the soil. Hannink et al.** reported that
Nicotiana tabacum facilitated the breakdown of TNT by producing
the NfsI nitroreductase enzyme through its roots. According to
Just and Schnoor's research,* it was found that Populus deltoids
plants have the ability to convert hexahydro-1,3,5-trinitro-1,3,5-
triazine (RDX) into metabolic elements.

Certain plants have the ability to create optimal conditions
for the growth and interaction of bacteria and mycorrhizae,
which can aid in the breakdown of harmful toxins. The deteri-
oration process entails either the volatilization of its constitu-
ents or their incorporation into the soil matrix.* The generation
of sugars and organic acids by plants can lead to a rise in the
populations of fungi and bacteria.®® Favourable soil features like
soil aeration and moisture level can improve the process of
rhizodegradation.®® Papadopoulos and Zalidis®” conducted
a study to address the issue of wetland contamination caused by
terbuthylazine (TER). Their findings revealed that the rhizomes
of Typha latifolia showed potential for TER phytodegradation.
Sampaio et al.®® observed the degradation of polycyclic aromatic
hydrocarbons (PAHs) in polluted sediments when they linked
Rhizophora mangle mangrove with rhizobacteria that promote
plant growth (Pseudomonas aeruginosa and Bacillus sp).

6.3. Phytovolatilization

Phytovolatilization is a technique in phytoremediation that
involves using plants to absorb contaminants from the soil. The
plants then convert these harmful substances into less
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hazardous volatile forms, releasing them into the surrounding
environment through the leaf or foliage mechanism of tran-
spiration. According to Mahar et al,* this method has the
potential to facilitate the removal of organic contaminants and
certain HMs such as Se, Hg, and As through detoxification. The
Brassicaceae family, specifically Brassica juncea, effectively
volatilizes Se. Inorganic Se is first absorbed into the organic
amino acids selenocysteine (SeCys) and selenomethionine
(SeMet). SeMet is changed into dimethylselenide (DMSe)
through biomethylation. DMSe is less dangerous than inor-
ganic Se because it is volatile.”®”* Mercury (Hg) exists in a liquid
state at room temperature in its elemental form and has a high
tendency to vaporise readily. Marques et al.”> state that the
highly reactive nature of mercury leads to its primary existence
as a divalent cation, Hg”*, upon release into the environment.
Either the roots or leaves absorb methylmercury and transform
it into ionic mercury. Bizily et al.” report that the substance
transforms into a less hazardous elemental form and then
releases as a gas into the atmosphere.

The phytovolatilization method of phytoremediation has
a clear advantage over other methods because it gets rid of HMs
(metalloid) pollutants from the affected area and spreads them
as gases. This process does not require plant harvesting and
removal. Phytovolatilization, while a remedial approach, does
not result in the complete elimination of contaminants from
the surroundings. The contaminants remain present in the
environment. The process merely moves harmful substances
from the soil to the atmosphere, resulting in the release of
hazardous, volatile substances that can pollute the surrounding
air. Precipitation may also re-deposit them into the soil.”* It is
necessary to conduct a hazard evaluation prior to implementing
it in the field.

6.4. Phytofiltration

Phytofiltration is a method that involves the use of various plant
components, including roots, shoots, and seedlings, to remove
contaminants from polluted surface waters or waste waters.”
Rhizofiltration involves the use of roots, caulofiltration involves
the use of shoots, and blastofiltration involves the use of seed-
lings. Rhizofiltration removes heavy metals from contaminated
water through two mechanisms: adsorption onto the root
surface or absorption by the roots. According to Javed et al.,”®
root exudates can change the pH of the rhizosphere, which can
cause the deposition of heavy metals on plant roots. This
process can help reduce the migration of heavy metals into
underground water.

Rhizofiltration involves the hydroponic cultivation of plants
in clean water in order to promote the growth of a robust root
network. After developing a substantial root structure, we
expose the plants to contaminated water to facilitate their
acclimation. The process involves transferring the plants to the
polluted location subsequent to acclimation, with the aim of
eliminating HMs. Wuana and Okieimen’” state that they harvest
and dispose of the roots once they become saturated. Rhizofil-
tration requires plants with a large root system, high biomass
production, and the ability to handle heavy metals (HMs). Both
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terrestrial and aquatic plants can achieve rhizofiltration. We
frequently utilize aquatic plants like hyacinth, azolla, duck-
weed, cattail, and poplar for the treatment of wetland water.
This is because of their substantial accumulation of HMs,
excessive tolerance, rapid growth, and substantial biomass
creation.” Terrestrial plants like Indian mustard (B. juncea) and
sunflower (H. annuus) have deeper and hairier root structures in
contrast with aquatic plants. Researchers have observed that
certain plants can effectively accumulate heavy metals during
rhizofiltration.”*

6.5. Phytostabilization

This strategy involves the storage of contaminants by plant
roots or their precipitation through root exudates. The
described technique reduces transportation contaminants and
prevents their migration to ground Nedjimi and Daoud®® con-
ducted a study that suggests Atriplex halimus, a halophyte native
to North Africa and a member of the Amaranthaceae family,
could be a viable option for phytostabilization of Cd. According
to the authors, the species in question exhibited a notable
disparity in Cd accumulation between its roots and shoots.
Specifically, the roots collected significantly higher amounts of
Cd (606.51 ppm DW) in comparison to the shoots (217.52 ppm
DW). The key traits that make plants appropriate for phytosta-
bilization are their morphology and the depth of their roots.
Multiple fine root network extensions effectively utilized the soil
matrix, several factors, including the type of plant, the amount
of moisture present, the soil texture, the presence of calcareous
encrustations, dry conditions, and any soil modifications, can
influence the depth of a plant's roots.

Certain plant species have the ability to alter the solubility
and/or mobility of metals by releasing root exudates. Observa-
tions show that certain species can accumulate significant

ehytoreme

Phytodegradation or TR

Transformation ;

Metabolic degradation of

contaminants absorbed
by plants

Phytostabilization
Decreasing contaminant
movement

Fig. 5 Heavy metal phytoremediation involves multiple processes.
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quantities of heavy metals in their root systems. Al Chami et al.*
conducted a study through pot experiments to investigate the
efficacy of Sorghum bicolor and Carthamus tinctorius in reme-
dying HM contamination of Ni, Pb, and Zn. The results showed
that both species were capable of absorbing these HMs.
Researchers found a higher concentration of metals in the roots
compared to the leaves. Researchers have found that Erica
australis can absorb copper, cadmium, and lead through its
roots without experiencing any harm.*® This suggests that it
could be a suitable species for phytostabilization purposes.
Bacchetta et al.?* say that Helichrysum microphyllum is a good
plant for phytostabilization because it mostly stops Zn, Cd, and
Pb from entering its root tissue.

Fig. 5 depicts the summary of HM phytoremediation, which
involves numerous stages. Table 3 showcases a selection of
plants recognized for their proficiency in utilizing phytor-
emediation mechanisms. The selection of these plants is based
on their capacity to remediate contaminated environments.
Scientists have conducted extensive research on these particular
species.

In summary, phytoremediation working mechanisms involve
phytoextraction, phytodegradation/phytotransformation, phyto-
volatilization, phytofiltration, and phytostabilization. These
methods work by absorbing pollutants through the roots,
breaking them down into less harmful substances, and immo-
bilizing pollutants in the soil to prevent their spread.

7. Maximization of phytoremediation
mechanism
The ability of plants to eliminate organic and inorganic pollutants

from soil and water is dependent on various factors, such as the
type of plant species and its surroundings. Studies by Anton and

Phytoextraction
Contaminant uptake

into edible plant parts

Rhizofiltration
Process of purifying waste
or wastewater by means of

extensive root system

Phytovolatization
Process of absorbing
contaminants and
transforming them into
gaseous state
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Table 3 The following is a list of some plants that are recognized for their ability to employ phytoremediation mechanisms®

Phytoremediation technique

Species scientific name

Contaminants

Remarks

Ref.

Phytoextraction

Phytoextraction

Phytoextraction

Phytoextraction
Phytoextraction
Phytoextraction
Phytoextraction
Phytoextraction
Phytodegradation

Phytodegradation

Phytodegradation

Phytodegradation

Phytodegradation

Phytodegradation

Phytovolatilization

Phytovolatilization
Phytovolatilization

Phytovolatilization
Rhizofiltration

Rhizofiltration
Rhizofiltration
Rhizofiltration
Rhizofiltration

Sesbania drummondii

Pteris vittate

Brassica juncea

Lactuca sativa
Nicotiana tabacum
Mesembryanthemum
criniforum

Zea mays

Xanthium strumarium

Spirodela polyrhiza

Pontederia crassipes

Phragmites australis

Ipomoea carnea

Chlorella

Blumea malcolmii

Polypogonmon speliensis

Juncus effuses
Phragmites australis

Scirpus robustus
Eichhornia crassipes

Azolla caroliniana
Callitriche lusitanica
Callitriche stagnalis

Typha angustifolia
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Pb

As

Pb

Ni, Co, and Fe
cd

Pb

Pb, Ti

Cd, Pb, Ni, Zn
Ofloxacin (OFX)

Sodium dodecyl sulfate
(SDS)

Ibuprofen

Textile azo dyes

Pentachlorophenol (PCP)

Malachite green

As

Ammonium
Organochlorines (OCs)

Se
Fe, Cr, Cu, Cd, Zn, Ni, As

As
As
U
Cu, Pb, Ni, Fe, Mn, and Zn

EDTA enhanced uptake of
Pb and accumulation
126-fold arsenic in the
shoots vs. soil, without the
need of chelating agents or
other soil amendments
Chelating agents like EDTA
is applied to soil to mobilize
Pb and facilitate extraction
Higher absorption capacity
and lower intrinsic velocity
Cd higher in stems and
leaves

Bacteria tolerant to Pb used

Chelators induced the
phytoextraction of Pb and Ti
Has highest BCF for Ni-
1.651, Cd-1.574 and Pb-1.048
(93.73-98.36%) reduction in
OFX

Removal efficiency as well as
degradation of SDS were
enhanced by ascorbate
peroxidase (APX) activity in
the presence of
Chromolaenaodorata L.
extract

P. australis could be a good
plant in construction on
wetland

Induction of hairy roots in
explants of in vitro grown
seedlings of Ipomoea carnea
J. with Agrobacterium
rhizogenesfavoured
phytodegradation

Algae activity may have been
reduced by the cycling of
light exposure
Phytodegradation of
industrial waste
Dimethylchloroarsine
(AsCI(CH3),) and
pentamethylarsine
(As(CH3)s) is volatilized.
More toxic form of As
Methane is also released
v-hexachlorocyclohexane
(YHCH) is volatilized.
Solubility and volatility of
the OCs affects translocation
from roots to shoots
Wetlands plants
Translocation factor: Fe:
0.69, Cr: 0.56, Cu: 0.79, Cd:
0.78, Zn: 0.67, Ni: 0.55, As:
0.45; BCF: 0.002346

BCF: 0.000397

BCF: 0.002346

BCF: 0.00194841

Industrial waste containing
phenol (100-800 mg L)

86

87

87

88

89

90

91

92

93

94

95

96

97

98

99

100

102
103

104
104
105
106
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Table 3 (Contd.)
Phytoremediation technique Species scientific name Contaminants Remarks Ref.
and melanoidin (2500-8500
Co-Pt)
Rhizofiltration Fontinalis antipyretica U BCF: 0.00023479 105
Rhizofiltration Lemna minor U BCF: 0.0000529 105
Rhizofiltration Ranunculus trichophyllus As BCF: 0.000354 104
Phytostabilization Eupatorium cannabinum As Citric acid (CA) addition 107
20 mg L' addition favored
phytostabilization
Phytostabilization Kosteletzkya pentacarpos Cd, Zn Salinity favors plants against 108
metal toxicity. Cytokinin
promotes Zn resistance
Phytostabilization Salix sps Cd Non-flooding Salix has 109
higher BCF than flooding
species
Phytostabilization Helianthus annuus Cu, Zn, Pb, Hg, As, Cd Vermicompost as 110
a supplement, usually for
low level of metal
contaminants
Phytostabilization Solanum nigrum Cu, Zn, Cd 10% biochar/attapulgite 111

Mathe-Gaspar'” and Antoniadis et al'™® have highlighted this.
Dary et al."* assert that plant's interactions with their environ-
ment, which includes soil, water, air, and microorganisms,
significantly influence the removal of pollutants. Various factors,
including the type of pollutant present, the specific plant species
utilized, and the characteristics of the treated soil, determine the
success of treatment techniques. Various factors, including soil
PH, electric conductivity, organic matter contents, microbial
activities, and other nutrients in the soil, influence the efficacy of
remediation.*® Plant biomass and metabolism are crucial in the
course of this procedure. Anton and Mathe-Gaspar* and Nissim
et al.™ have highlighted the significance of these factors.

The effectiveness of plants in removing pollutants from the
environment is often assessed through the calculation of two
factors: bioconcentration factor (BCF) and translocation factor
(TF). BCF is determined by comparing the amount of pollutants
in the plant parts to that in the surrounding environment. TF,
on the other hand, measures the accumulation of elements in
the plant's shoot relative to its root. This method of evaluation
was presented by Wu et al."*®

112

8. Enhancing the efficiency of plants:
phytoremediation perspective

To reduce the impact of the constraints, a number of tech-
niques have been established. These approaches involve
changing and increasing specific characteristics of the plants in
order to increase their capacity for phytoremediation. The
phytoremediation potential does have a few limits, such as
sluggish growth, which prevents swift and substantial utiliza-
tion of the plants;'"” and adaptability to an array of environ-
mental circumstances, such as soils lacking in nutrients.'*®
However, these constraints do not prevent phytoremediation
from being a viable option for cleaning up polluted
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environments. The employment of certain bacteria, genetic
engineering, the application of natural organic chemicals, and
chelating agents are some of the tactics that are being imple-
mented in order to circumvent these constraints. Table 4
provides an overview of various phytoremediation support
processes and their corresponding boosting impacts on the
process of phytoremediation.

8.1. Boosting plant efficiency using microorganisms

Microorganisms are able to exert their impact on the phytor-
emediation operation in a variety of ways. Through bio-
stimulation and bioaugmentation, it is possible to get microbes
to break down organic contaminants and help microbes that
depend on HMs take them in. According to Goswami et al.,'*
biostimulation is the act of encouraging indigenous microor-
ganisms in contaminated soil to digest hazardous contami-
nants. We accomplish this by adding nutrients like nitrogen,
phosphorus, and electron donors to the soil. According to
Goswami et al.,'* bioaugmentation is the technique of adding
naturally occurring or genetically engineered microbes to
damaged soil in order to facilitate the removal of hazardous
contaminants. According to Lacalle et al.'s research,® the most
successful method for transforming hexavalent chromium into
trivalent chromium and lindane into a less harmful form was
determined to be the inclusion of organic substances, which
was then followed by bioaugmentation with an actinobacteria
consortium mixed with Brassica napus. Monti et al.'** say that
bioaugmentation with Pseudomonas fluorescens could break
down 2,4-dinitrotoluene. This meant that it had less of an effect
on the growth of Arabidopsis thaliana. According to the findings
of another study,'” biostimulation with nitrogen and phos-
phorus had a significant impact on the breakdown of
isoproturon.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Helpful phytoremediation tools, involved processes, and their boosting impact®

Phytoremediation support processes

Boosting effects on phytoremediation

1. Microbial augmentation (a) plant growth promoting rhizobacteria
(PGPR)
(b) Plant growth promoting endophytic bacteria (PGPE)

(c) Arbuscular mycorrhizal fungi (AMF)

2. Genetic engineering (gene transfer, manipulation and cloning)

3. Natural organic support (a) sugar beet residue (SBR)

(b) Composted sewage sludge
(c) Paper waste
(d) Biochar

4. Chemical support through chelation (a) ethylenediaminetetraacetic
acid (EDTA)

(b) Ethylene glycol tetra acetic acid (EGTA)

(¢) Sodium dodecyl sulfate (SDS)

Researchers discovered that using PGPR (Plant Growth
Promoting Rhizobacteria) and PGPE (Plant Growth Promoting
Endophytic Bacteria) could potentially increase metal solu-
bility by secreting organic anions and protons.***'** PGPR can
improve the effectiveness of phytoremediation by increasing
plant growth and biomass, making plants more resistant to
pathogens and metals, improving their ability to absorb
nutrients, and moving heavy metals by creating organic acids,
enzymes, antibiotics, phytohormones, and siderophores."*
The increased creation of organic acids, enzymes, antibiotics,
phytohormones, and siderophores is responsible for these
benefits. Braud et al'*® reported an improvement in the
bioavailability and absorption of lead and cadmium in maize
plants infected with microbes that produce siderophores.
Chang et al.’ say that PGPR's ability to make ACC deaminase
may lead to lower levels of ethylene synthesis, which in turn
helps the plant grow. Bacillus,"*® Pseudomonas,”* and Serra-
tia**® are responsible for enhanced plant biomass and
enhanced phytoremediation through the release of ACC
deaminase. Another thing that PGPR can do is release bacte-
rial auxin, which helps plants grow and, in turn, improves
phytoremediation.**** This makes root hairs grow and lateral
roots sprout. We do this to enhance phytoremediation.
According to Rane et al.,'** interactions between plants and
microbes in the rhizosphere can promote phytoremediation of
both organic and inorganic contaminants in a synergistic
manner.

Fungi are useful in phytoremediation because they can
interact with pollutants in many ways. Mycoremediation
provides a benefit over bacterial remediation because fungi
may grow at the interface between air and water."*® Mycor-
rhizal fungi change the properties of the soil and the chem-
ical make-up of plant root exudates, which changes how
metals are taken up by plants.'”*** To be more specific,

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

Raises metal bioavailability and absorption in addition to organic acid
and enzyme synthesis, boost plant growth, root hair formation, and
metal tolerance, lower generation of ethylene and increased bacterial
auxin generation

Boosts nutrient, water, and metal absorption by increasing root
absorptive surface area and facilitating rhizosphere oxidative enzymes
and early ring cleavage of aromatic hydrocarbons

Increases plant biomass and tolerance to metals, as well as the oxidative
stress pathway, overexpressing genes involved in metal transport and
absorption

Improves metal bioavailability, phytoextraction, and microbial biomass
and performance

Phytoextraction, metal bioavailability enhancement

Boosts plant growth and fixes soil concerns

Boosts plant biomass, promotes improved nutrient cycling, boosts water
and nutrient retention, and decreases metal solubility

Complexation of metals with chemicals (acting as ligands), which
increases metal absorption

arbuscular mycorrhizal fungi (AMF) boost the capacity of
plants to absorb nutrients and water, as well as enhance the
bioavailability of metals."*® Additionally, AMF's ability to
generate phytohormones can stimulate plant development
and ease phytoremediation.”®* Red clover (Trifolium
pratense L.) yields increased when inoculated with AMF in Zn-
contaminated soil, according to research by Chen et al.*®’
They also found that AMF took Zn from the soil and carried it
to the roots, leading to a greater buildup of Zn in plant roots.
Mycorrhizal fungi play a function in the breakdown of
organic pollutants in soil, in addition to their role in HM
remediation. Some studies have shown that ectomycorrhizal
fungi (ECM) can break down organic pollutants like 2,4-
dichlorophenol,*® 2,4,6-trinitrotoluene,'** atrazine,'** poly-
chlorinated biphenyls,"** and polycyclic aromatic hydrocar-
bons.**> Mycorrhizal fungi have been shown to influence
oxidative enzyme activity in the root and rhizosphere, which
may explain the reported effects.'*® Criquet et al*** and
oxidative enzymes help polycyclic aromatic hydrocarbons
break up their rings early on.

8.2. Genetic engineering

Researchers have demonstrated the potential strategy of using
genetic engineering to enhance plants’ phytoremediation
capacities in response to heavy metal contamination. By
inserting a gene from another creature, such as another plant,
microbes, or animals, into the plant's genome, we can geneti-
cally modify plants. Plants acquire the foreign gene and its
characteristics as a result of DNA exchange. Genetic engineering
has the potential to speed up the modification of plants with
favourable features for phytoremediation in comparison to
conventional breeding methods. Conventional breeding strat-
egies, including crossing, are unable to transmit beneficial
genes from hyperaccumulators to sexually unsuitable plant
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species, but genetic engineering enables this.**>*¢ So, the topic
of phytoremediation is looking promising thanks to the use of
genetic engineering to create transgenic plants with the needed
properties. Rather than making hyperaccumulators for large-
biomass generation, it would be easier and more practical to
change fast-growing, high-biomass species so they can become
more tolerant and better at storing heavy metals. Therefore,
scientists typically modify hyperaccumulators, known for their
rapid growth and high biomass content, to enhance their
resistance to or absorption of heavy metals. Therefore, under-
standing the mechanisms of heavy metal endurance and
deposition in plants should inform the choice of genes for use
in genetic engineering.

The robustness of the defence system against oxidative
stress, which heavy metals can cause, typically reflects tolerance
to heavy metals. Therefore, overexpressing genes that regulate
antioxidant mechanisms is the most popular technique to
promote heavy metal resistance.*”” Introducing and over-
expressing genes associated with the absorption, translocation,
and sequestration of heavy metals***'* is a typical technique for
boosting the buildup of heavy metals through genetic engi-
neering. Therefore, we can enhance heavy metal accumulation
by transferring and overexpressing genes encoding heavy metal
and metalloid transporters in targeted plants. The aforemen-
tioned genes encode metal ion transporters, such as ZIP, MTP,
MATE, and HMA family members. Increasing heavy metal
buildup by encouraging the production of metal chelators
through genetic engineering is a good idea. This is because
metal chelators work as metal binding ligands to improve heavy
metal bioavailability, promote heavy metal absorption and root-
to-shoot translocation, and help heavy metal ions get stored
inside cells in organelles. We can overexpress natural chelator
genes to enhance heavy metal absorption and translocation.**®

The use of genetic engineering to boost the efficiency of
plants in heavy metal phytoremediation has produced prom-
ising results, but it is not without its drawbacks. The genetic
modification of several genes to enhance desirable features is
time-consuming and typically unsuccessful because the mech-
anisms of detoxification and buildup of heavy metals are so
complex and require so many genes. Because of concerns about
food and environmental safety, it can be challenging to get
permission to conduct field tests with genetically modified
plants in some parts of the world. Therefore, if genetic engi-
neering proves to be impractical, we must develop alternative
methods to improve plant efficiency in phytoextraction.

8.3. Natural and organic modifications

The addition of natural organic modifications, or chemicals
derived from natural sources, improves phytoremediation.
Aspergillus niger treatment of sugar beet residue (SBR) improved
plant growth and phytoextraction.'*>*** This is because SBR has
a lot of polysaccharides and phosphatases. Adding SBR to the
soil where plants like Trifolium repens L.,"*"'** Tetraclinisarticu-
lata sps (Vahl) Mast, and Crithmummaritimum sps L.*** grow
made it easier for the plants to extract more HMs. It is believed
that the application of SBR enhances microbial biomass in the
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rhizosphere region, thereby enhancing the effectiveness of
phytoextraction. Microbial metal reduction also improved
metal bioavailability.*>**>

Composting sludge from sewage systems yields an industrial
byproduct with agricultural applications. Liphadzi and Kirk-
ham™* conducted a study on Cd and Ni phytoextraction by
sunflower and found that natural chelating compounds found
in sewage sludge resulted in enhanced metal bioavailability.
Doichinova and Velizarova' noted the positive impact of waste
paper on phytoremediation. After fertilizing with paper trash,
red oak (Quercus rubra L.) and Austrian pine (Pinus nigra Arn.)
seedlings were less likely to absorb Pb and Cd. Enhanced plant
growth and soil physical qualities like density and water
holding capacity were responsible for this outcome.

By pyrolyzing plant and animal waste. Surface area, porosity,
carbon content, pH, and cation exchange characteristics are
only a few of the unusual characteristics of this material.****”
Numerous investigations have demonstrated that biochar
reduces metal bioavailability and phytotoxicity. The ability of
biochar to retain water and nutrients, promote microbial
growth, and recycle nutrients further enhances its positive
impacts on soil. Wood biochar treatment reduced Pb levels in
soil and As, Cd, and Cu levels in Zea mays shoots."*® Researchers
found that the inclusion of bamboo and rice straw biochar
increased the biomass of Sedum plubizincicola and decreased
the concentrations of Cu and Pb in plant shoots by 46 and 71%,
respectively.'® The incorporation of biochar and hydrochar into
industrial soils enhanced the phytoremediation performance of
Sinapis alba.**® Chuaphasuk and Prapagdee'' found that
cadmium phytoextraction by Chlorophytum laxum sps R. Br. was
enhanced when the bacteria were immobilized in biochar.
Biochar has many applications, but there are also some draw-
backs to using it. Researchers have linked the pyrolysis method
of creating biochar to air pollution and other environmental
problems.*** Biochar may also play a role in the release of HMs,
or polycarbonate hydrocarbons, in the soil, according to several
studies."®****

To increase phytoextraction of HMs from the soil, synthetic
root exudates may decrease the pH in the rhizosphere.** In soil
polluted with the organic contaminants pyrene, Lu et al.*®
administered synthetic root exudates consisting of glucose,
organic acid, and serine. According to the findings, glucose was
more effective than organic acids and serine in degrading pyr-
ene. Changes in the function of dehydrogenase and the
composition of the microbiome caused by root exudates are
likely responsible for the improvement. The use of humic acid
as a phytoremediation aid in metal-contaminated soil has been
documented,'®”**® providing a substitute for the use of chemical
chelators. By creating stable complexes with the metal ions, the
organic matter rich in humic compounds can effectively
immobilize the ions.**® Metal binding to humic acids has been
hypothesized to reduce the bioavailability of Cu and Pb ions'®
because of their high affinity for organic materials. It was found
by Bandiera et al.'”* that the metals were easily transferred to the
shoots of fodder radish because humic compounds naturally
chelate metals.

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

According to Jiang et al.*”> and Yan & Lo,"”® chemically enhanced
technology is an efficient way to promote HMs absorption and
their translocation in plants. Often, researchers apply multiple
chemical supplements, also known as chelating agents, to
enhance the results of the phytoextraction process. In the
course of soil remediation, some of the most common chelating
agents are chemical additives such as ethylenediamine tetra-
acetic acid (EDTA), ethylene glycol tetraacetic acid (EGTA), and
sodium dodecyl sulphate (SDS). Among these, EDTA has
garnered the most attention and research, widely acknowledged
as the chemical that significantly contributes to the phytoex-
traction process.

Because of its ability to mobilize heavy metals, EDTA finds
widespread application in the agricultural sector. Multiple
reports have shown that EDTA facilitates plant uptake of HMs.
Typically, hyperaccumulator plant species absorb metal-EDTA
complexes.”* The quantity of EDTA, plant species, quantity of
HMs, chemical characteristics of metals, and type of soil all play
a role in how well EDTA works to remove polluted soil."”* In
a study by Zhao et al.,”®* EDTA increased Pb absorption in
hydroponically grown Zea mays by a factor of 6-7 when
compared to the control. When EDTA was added to the roots of
Sedum alfredii,"”” Vicia faba seedlings,"”® Vetiveria zizanioides
roots,”® and Canavalia ensiformis L. shoots,'® they all took in
more Pb.

Researchers have discovered that EGTA, another frequently
used chelating substance like EDTA, also encourages metal
absorption and buildup. Asclepias rosea, Mirabilis jalapa, and
Calendula officinalis all had higher Cd concentrations than ex-
pected.’®'®> Additionally, Cicer arietinum plants treated with
EGTA showed elevated Pb buildup in their aerial tissues.'®*

Researchers have documented the use of SDS, a widely
available surfactant, in the field of soil contamination remedi-
ation.” When herbaceous plants are used in an SDS-
strengthening phytoremediation procedure in conjunction
with soil flooding,"®®* HMs including Cu, Zn, Pb, and Cd become
more soluble. After receiving SDS treatment, Althaea rosea'®®
and Calendula officinalis'®* both accumulated more Cd in their
roots and shoots. Pierattini et al.'* found increased Zn trans-
location in Populus alba.

For example, using chemicals for phytoremediation could be
bad for the environment because chelating agents can be
harmful to soil microorganisms, enzyme activity, and plant
species. This has been highlighted in studies conducted by
Miihlbachova' and Neugschwandtner et al.**® Chelating agents
have low biodegradability, which can result in their persistence
in soil for extended periods. This persistence can result in metal
contamination and negative environmental impacts, as noted
by Lee and Sung*® and Smolinska and Krol.*° The observation
suggests that we should apply optimal doses of chemical
chelators as phytoremediation enhancers to mitigate adverse
environmental effects. Fig. 6 illustrates the various methods
attempted to enhance heavy metal phytoremediation, including
genetic engineering, microbe-assisted, and chelate-assisted
phytoremediation.*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In a nutshell, phytoremediation presents a feasible approach
for remediating contaminated areas. Various strategies are
being employed to overcome the limitations faced by plant
species, including the utilisation of certain microbes, genetic
engineering techniques, the application of natural organic
compounds, and the use of chelating agents.

9. Major advantages of
phytoremediation

9.1. Ecologically sound and sustainable

Plants provide an environmentally friendly treatment option
that eliminates contaminants with less energy and expense than
traditional decontamination techniques for environmental
remediation.” This is because it utilizes solar energy and the
natural processes of plants. Plants have the ability to reduce the
levels of contaminants in a variety of environments, like the
soil, the air, and the water. Phytoremediation will increase the
capture of carbon, but only in a roundabout way. This is due to
the fact that growing more plants to eliminate hazardous
contaminants from the environment will lead to a reduction in
the amount of carbon dioxide in the atmosphere.

The combination of phytoremediation and effective site
management, also referred to as “phytomanagement,” can
result in various benefits, such as economic, ecological, and
social advantages.'®” Several researchers have proposed the idea
of integrating phytoremediation with environmental ameni-
ties,*** which include nutrient recycling, growth, carbon
capture, transportation of water, and the treatment of water.
Phytoremediation focuses solely on hazard reduction, whereas
phytomanagement incorporates site management and other
advantages.'”> Restoration of natural resource quantity and
effectiveness should be secondary objectives of phytoemedia-
tion® rather than primary ones. We may monitor characteristics
such as pH, texture, cation exchange capacity, and the variety
and abundance of microbial life that represent the performance
and efficiency of regenerated soil.””> Continuous evaluation
programmes were recommended by Epelde et al.*** as a means
of foreseeing the effectiveness of phytomanagement.

9.2. Commercially viable

Large-scale studies have demonstrated the economic viability of
phytoremediation. Numerous studies have demonstrated that
the expense of employing phytoremediation is far lower than
that of more traditional treatment approaches. In comparison
to the expense of chemical treatment, which ranges from $100
to $500 per tonne of waste eliminated, the projected price for
treatment employing phytoremediation is only $20 to $40 per
tonne of waste eliminated.'”® According to Mulbry et al.'s™®
report, phytoremediation for dairy effluent treatment out-
performed more conventional methods economically. Cun-
ningham et al.* conducted a similar analysis, finding that
phytoremediation cost $2500 to $15,000 per hectare, while
microorganism treatment cost $20,000 to $60,000 per hectare,
and in situ microorganism treatment cost $7500 to $20,000 per
hectare to remove petroleum hydrocarbons. Additionally, the
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Fig. 6 Methodologies that are utilized to enhance phytoremediation are depicted in the schematic diagram.2?

study revealed that phytoremediation significantly out-
performed excavation ($40,500 to $48,600) in removing Pb from
polluted locations. The overall expense of irrigation and treat-
ment equipment (traditional approach) over a 5 year period was
substantially more than the average price of $250,000 for phy-
toremediation, which Gatliff'*® characterized as being more
economically efficient. Therefore, in contrast to more tradi-
tional methods of environmental removal, phytoremediation
offers a viable, cost-effective alternative.

9.3. Remediates various contaminants

The phytoremediation process has the capacity to remove the
toxic effects of HMs from a wide variety of media, including soil,
water, and air. This section will provide a brief analysis of the
adaptable nature of the phytoremediation method, which can
effectively clean up a wide range of pollutants.
Phytoremediation techniques can remediate soil that
contains heavy metals (HMs), organic pollutants (OPs), or
radionuclides (Rn). There are more than 400 known species of
hyperaccumulators, each of which may take up to 500 times as
much heavy metal from the soil as regular plants. The dry mass

1282 | RSC Sustainability, 2024, 2, 1269-1288

of 1 kg of shoots from the following plant families can accu-
mulate: >1 mg Au and Ag; >100 mg Cd, Se, and Ta; >1000 mg Cu,
Co, Cr, Ni, Pb, U, and As; and >10 000 mg Mn and Zn."*** You
can extract zinc and cadmium from Thlaspi caerulescens.”* You
can collect these plants, burn them, and use the ashes as
fertilizer in soils that lack micronutrients.>**

Another potential application of phytoremediation tech-
niques is the treatment of wastewater. Historically, the marine
environment has been home to a wide variety of marine plant
species, including Pistia stratiotes, Salvinia molesta, Lemna spp.,
Azolla pinnata, Spirodela polyrhiza, Marsilea mutica, Eichhornia
crassipes, Riccia fluitans, and floaters. Industries associated with
agriculture, commercial, and residential domains produce
effluent that contains a wide variety of hazardous materials and
organic contaminants, which these plants can effectively
remove due to their superior absorption capacity.**® According
to the findings of a study that was conducted by Goala et al.,”**
employing Azolla pinnata for the purpose of removing dairy
wastewater, the effluent was removed most successfully when it
was diluted by 75%.

Additionally, phytoremediation may play a significant role in
the elimination of air contaminants, primarily through the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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process of phytovolatilization. The willow tree and hybrid
poplar are capable of phytovolatilizing richoloroethylene (TCE)
and perchloroethylene (PCE). Similarly, researchers found that
Nephrolepsis obliterate and Chamaedorea elegans were 90% to
100% and 65% to 100% effective in eliminating formaldehyde
within 2 days, respectively.”®® According to De Kempeneer
et al.,**® Azalea indica was effective in removing toluene with
95% efficacy within 7 to 76 hours. Fig. 7(a) presents a compre-
hensive overview of the notable benefits linked to the phytor-
emediation technique.

In summary, this section provides a comprehensive analysis
of the primary benefits associated with phytoremediation.
Phytomanagement has the potential to yield a range of advan-
tages, encompassing economic, ecological, and social dimen-
sions. The visualisation and analysis of the eco-friendliness and
sustainability, cost effectiveness, visually pleasant character,
and remediation capabilities of the subject matter are
undertaken.

10.

Phytoremediation is a method that shows great promise for the
removal of heavy metal contamination, but it is not without its
share of drawbacks, such as:*"**

(i) It will take a very long time for remediation.

(ii) Most research is done in a controlled environment over
a short period of time. This may not produce accurate results as
compared to long-term field testing. Thus, several long-term
field studies are needed to determine phytoremediation's full
capability.

Limitations of phytoremediation

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

More efficient & suitable microorganisms, natural organic
agents, genetic engineering, and chemical chelation are
needed to improve phytoremediation.

Need for techniques to boost hyperaccumulating species.
3. Exploring green roof development, phytotoming, and pant-
based bio-engineering projects to offer new commercial

opportunities.
4. Factors such as site-specificity, climate-specificity, and
contaminant-specificity need to be addressed efficiently.
5. New novel ideas must be invented.

(a) Significant advantages associated with phytoremediation. (b) Main phytoremediation constraints and potential prospects.

(iii) Most metal hyperaccumulators don't work well for phy-
toremediation because they grow slowly and don't have enough
biomass.

(iv) Extensive roots and large root biomass will improve
cleanup efficacy. Hence, plants must be staggered to maximize
phytoremediation capability.

(v) Since plant life cannot be maintained in soils with high
levels of metal pollution, this method is only useful in less
contaminated places.

(vi) Animals and other living beings can be put in danger if
they consume plants that contain a substantial concentration of
translocated pollutants because doing so might cause toxicity.
Because of this, proper management of these plants, including
their treatment, removal, or monitoring, is necessary in order to
reduce the potentially harmful effects of phytoremediation.

11. Current state and future
prospectives of phytoremediation

Phytoremediation is widely considered the most cost-effective
and environmentally friendly method for cleaning up environ-
mental pollution.> Although the concept of employing plants to
remove environmental pollution is not new, the field is just
beginning to develop. Site-specificity, climate-specificity, and
contaminant-specificity are only a few of the factors that will
likely slow its progress. Findings from the study, however, have
substantially improved the area and are making strides towards
addressing the restrictions. Researchers use methods such as
suitable microbes, natural organic agents, genetic engineering,
chelation to enhance the efficiency of

and chemical
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phytoremediation. As environmental researchers and technol-
ogists look to the natural world for answers, the field's popu-
larity and recognition have grown gradually. Positive advances
include the large number of findings testing its practicality and
capacity, which has drawn the interest of many people in this
technology.” As more and more successful projects come to
completion, the general public's and lawmaker's perceptions of
phytoremediation continue to rise.

Although recent discoveries and advancements in the field of
studies have resulted in the development of a novel technique
that is on the rise, holds great promise, and is efficient in terms
of expense, there are still further fields in which additional
study is required. For instance, additional research is necessary
to ascertain the potential harmful effects of waste products or
toxins released into the environment or accumulated over time
on the ecosystem. In addition, there is a necessity for strategies
that might promote the growth of hyperaccumulating species in
extremely polluted environments, such as abandoned mining
fields that are not conducive to the development of plant life.
Additionally, there exists a new potential to uncover business
prospects through specific markets such as green roof devel-
opment, phytotoming, and certain plant-based bio-engineering
projects. Fig. 7(b) summarises the main limits and future
prospects that must be addressed immediately.

12. Conclusions

The issue of heavy metal pollution is a matter of global concern
and poses a significant health risk to populations around the
world. The utilization of phytoremediation as a method for
decontaminating heavy metals (HMs) is considered to be a cost-
effective, aesthetically pleasing, and environmentally sound
alternative to chemical or physicochemical methods. We high-
light the mechanisms through which plants assimilate various
HMs and their internal transfer processes. We analyse the role
of hyperaccumulator plants in detoxifying HMs. The cytoplasm
of hyperaccumulator plants can store HMs by dividing cells.
This protects weak spots from HMs and stops metabolic
processes throughout the plant. This study investigates the
classification of plants into three categories: HM aggregator
species, indicator species, and excluder species. The focus is on
understanding their distinct roles in detoxifying HMs and the
potential effects they may have on plant cells. In order to
minimise the toxicity of HMs, plants utilise two main defence

mechanisms: avoidance and tolerance mechanisms. A
comprehensive investigation of the operational mechanisms of
phytoremediation, which include phytoextraction,

phytodegradation/transformation, phytovolatilization, phyto-
filtration, and phytostabilization, is analysed. These techniques
function by assimilating pollutants via the roots, decomposing
them into less detrimental compounds, and immobilising
pollutants in the soil to hinder their dissemination. Phytor-
emediation offers a viable strategy for the remediation of
polluted regions. Different approaches are being utilised to
address the constraints encountered by plant species, such as
the incorporation of certain microorganisms, genetic manipu-
lation methods, the utilisation of natural organic compounds,
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and the application of chelating agents. Phytomanagement
possesses the capacity to generate a multitude of benefits,
spanning across economic, ecological, and social aspects. Ulti-
mately, the constraints, present conditions, and future pros-
pects of phytoremediation have been emphasised.
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MTs metallothioneins
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PCE Perchloroethylene

PGPR Plant growth promoting rhizobacteria
PGPE Plant growth promoting endophytic
POD Peroxidase
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ROS Reactive oxygen species

SBR Sugar beet residue
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SeMet Selenomethionine

SOD Superoxide dismutase
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TF Translocation factor

TNT Trinitrotoluene
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