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Abstract

Plants and microbes are the reservoirs of many structural and biological distinc-
tive properties, which can be used to combat against environmental pollutants.
They are the primary producers of ecosystems and transfer the primary produc-
tivity in the form of carbon energy to higher trophic levels in the food chain. They
play a pivotal role in protecting the environment by reducing greenhouse gas
emission, excess nutrients, heavy metal degradation, and other pollutants. They
are found in every kind of habitat such as terrestrial, aquatic, and desert. A direct
correlation has been identified among different plant and microbial communities,
at different pollution levels, and different heavy metals in their habitats. Besides
this, species composition of plants and microbes depends on different types of
habitats and abiotic environmental factors. They consume excess amount of
nutrients from the land and wastewater and take up CO2 from the environment
by the process of photosynthesis maintain the biological oxygen demand (BOD)
and chemical oxygen demand (COD) of the habitat and restore the original
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conditions of natural habitat by reducing environmental and soil pollution.
Further, their biomass can be used for bioenergy production, food production,
and novel biochemical production for human and animal welfare. Further, their
residual part can be utilized as fodder to cattle. The main aim of the article is to
overview the advances in current and futuristic techniques for phytoremediation.
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11.1 Introduction

The removal of heavy metal contamination has become a challenge for the environ-
ment, as various physical and chemical techniques used to remediate the toxicants
are environmentally disruptive and have the chances of secondary contamination.
Therefore, in the present scenario, bioremediation techniques offer an economic and
environment-friendly approach as a suitable alternative to remediate the
contaminants. The use of plants and their products, as well as microbes, is playing
a pivotal role in phytoremediation (Guleri et al. 2020). The word phytoremediation is
derived from the Greek word “phyton” meaning “plant” and “remedium” means “to
correct.” It helps in the removal of elemental pollutants to lower their availability in
the soil. The environment has been continuously loading with the heavy metal
pollutants as a result of the progression of urbanization and industrialization,
which is significantly contributing to the deterioration of the environment health
across the globe, hence becoming a major concern (Siddiqua et al. 2021; Ashraf et al.
2019). Other than plants, microalgae are the largest group of primary producers
comprising 40–60% of aquatic diversity. They play predominant role in pollution
reduction in aquatic ecosystems. Microalgae are single-celled and primary food
source of second trophic organisms such as copepods (Dhanker et al. 2013). They
are the best source to make the adsorbent model for the reduction in pollutants from
their environment having several advantages over chemical adsorbent models
(Guleri et al. 2020). Besides having prominent role in phytoremediation, they secrete
many bioactive compounds, which act as sanitizer deterrents and the influence
reproduction and growth rate of invertebrates (Dhanker et al. 2015) and aquatic
stages of mosquito larvae (Dhanker et al. 2020). The anthropogenic sources, i.e.,
petroleum industries (Pitche 2016), agricultural practices (Hamzah et al. 2016),
chemicals (Iqbal et al. 2016), mining (Chen et al. 2016), sewage (Farahat and
Linderholm 2015), and electroplating (Muradoglu et al. 2015), are the chief
originating medium for metalloids and heavy metals. However, the role of heavy
metals in plant growth is indisputable, but it is restricted to a specific quantity. On
this basis, they can be categorized as essential and nonessential heavy metals. Ni, Fe,
Cu, Mn, and Zn are referred as essential heavy metals as they are essentially required
up to a certain extent for various physiological and biochemical reactions (Cempel

238 K. Saxena et al.



and Nikel 2016), while Pb, Cd, As, and Hg are referred as nonessential heavy metals
with unknown functions in plants (Fasani et al. 2018). The excess amount of heavy
metals results in alteration of physiological and biochemical processes and
deteriorates the crop and human health (Haris et al. 2020; Rehman et al. 2017).
This is a very alarming situation for the various components of environment,
especially the heavy metal contamination in soil that may ultimately lead to the
biomagnification. Most physical and chemical applications are expensive. There-
fore, phytoremediation is the best suitable alternative for the removal of heavy metal
contaminants by lowering their availability in the soil, hence preventing them to
enter the food chain. This approach is plant-based, economic, easily available, and
eco-friendly and reduces the risk of disposal. Sometimes, it is helpful in restoring the
lost metals Ni, Fe, Zn, and Se to soil through phytomining and
biofortification (Hussain et al. 2021). In this regard, plant selection for a specific
metal is a key process for the final outcome. The main aim is to overview the
advances in current and futuristic techniques for phytoremediation.

11.2 Need of Bioremediation of Heavy Metal-Infected Areas

11.2.1 Bioremediation

The process of bioremediation employs the use of microorganisms, which are
present in nature or used deliberately to recover and repair the heavy metal-
contaminated environment in the ecosystem. Bioremediation is an inventive and
optimistic approach applied for retrieval and reduction in heavy metals in polluted
sites. It is cost-effective and environment-friendly, with minimal health hazards and
methodological way of revitalizing environment, polluted with toxic metals by
making use of the characteristic biological mechanism of plants and
microorganisms (Dhankar et al. 2020). In contrast to the conventional physical and
chemical strategies, which are often costly, dangerous to life, and it is not much
effective, when metals are at low concentration, and produce a substantial amount of
sludge, which is toxic (Ekperusi and Aigbodion 2015). Blaylock et al. (1997)
reported bioremediation as effective and economical, and he was able to save
50–65% of the cost of one acre Pb polluted soil by using bioremediation treatment
in contrast to conventional methods such as landfill and excavation (Jain and
Arnepalli 2016). Therefore, there is a need to pave a novel, systematic, cost-
effective, and eco-friendly perspective for the retrieving inorganic metals (chro-
mium, mercury, cadmium, and lead) added into the biosphere to shield the environ-
ment. The basic principle of bioremediation includes reducing the solubility of toxic
heavy metals by altering pH, the redox reactions, and adsorption of hazardous waste
from infected environment (Hussain and Dhanker 2021; Gadd 2010). Principally,
bioremediation is a state of art used to neutralize and counteract heavy metal-
contaminated soil and water, either ex situ or in situ. In this concern, microbes are
considered as an important contrivance for retrieving metals as they can concentrate,
remove, and make less soluble heavy metals from environment.
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11.2.2 Need for Bioremediation in Heavy Metal-Affected Areas

During the last centenary natural processes, anthropogenic activities, unmanaged use
of agrochemical, etc., have defiled areas of highly developed countries with high
contamination of heavy metals. Heavy metal studies have defined its elements,
which are present in nature possessing a high density and atomic weight, five
times more than water. Toxic heavy metals are regularly present in natural waters
but in tracer amounts, but many of them are toxic even when low. Nevertheless, the
low levels of metals like arsenic, lead, cadmium, nickel, mercury, chromium, cobalt,
zinc, and selenium are highly toxic and affect growth and development. Heavy
metals if not properly assimilated in the body become injurious and start depositing
in the body tissues. They make a pathway to enter the human body through water,
air, food, or absorption through the skin surface when they are in contact with
humans in pharmaceutical, manufacturing, agricultural, industrial, or residential
areas (Dhankar et al. 2021). The chemical methods are cost-effective, which includes
the use of heavy chemicals for washing such as leaching of heavy metals/mobiliza-
tion into environment segments using chelating agents. Lately, the researchers shed
light on heavy metal bioremediation as an emerging tool to conventional techniques.
This could be done by new hopeful technology known as phytoremediation also
called botanical remediation. On the basis of the mode of action, phytoremediation is
further divided into subclasses such as phytostabilization, phytofiltration,
phytovolatilization, and phytoextraction. Phytoremediation is a method for either
converting or recovering toxic heavy metals into a less toxic form and/or get rid of
these elements from the contaminated zone or downgrading organic substances and
eventually mineralizing organic compounds into CO2, H2O, and N2 gas, availing
dead or living biomass. The method of bioremediation is applicable for both water
and soil media through in situ and ex situ procedure. A major concern is adopting a
relevant biosorbent in terms of economy and potential. Redox reaction is carried out
by microbes and hence alters the bioremediation due to metal mobilization/immobi-
lization (Ahamd et al. 2019).

11.2.3 Bioremediation Mechanism

The microorganism is ubiquitously present exhibiting resistance toward heavy
metals and adapts themselves in a contaminated environment. On the cell wall,
certain polymeric substances (present extracellularly) attach to heavy metals by
phenomena like micro-precipitation or proton exchange of metals (Fomina and
Gadd 2014). Due to the presence of amino, phosphoryl carboxyl, and sulfo groups,
biomass surfaces exhibit a negative charge as potential ion exchange sites and metal
sinks. Redox process, ion exchange, adsorption, precipitation, complexation, and
electrostatic attraction are various channels involved in the bioremediation mecha-
nism. Microbes may inculcate mobilization/immobilization of heavy metals through
redox reactions and thus influence bioremediation. As, Fe, Hg, and Cr like heavy
metals undergo oxide reduction processes (Glass 2000). Bioremediation process is
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hastened by changing an element from its stationary and insoluble form in sediments
into its soluble and mobile phase. Many detrimental effects have been observed
because of mobilization when metal ions are redistributed and released from their
insoluble state from sediments into the soluble state (Fomina and Gadd 2014).
Microbial metal immobilization serves as pool for metals by adopting different
mechanisms (both in situ and ex situ) like bioconversion, bioaccumulation,
biosorption, and/or intra/intercellular precipitation (as oxalates of Cd, Ni Zn, Cu,
Co) employed in different ways (Comte et al. 2008; Mosa et al. 2016). Furthermore,
due to impairment, an element can be easily drained from its aqueous phase in
groundwater or wastewater (Klaus-Joerger et al. 2001; Ahluwalia and Goyal 2007).
Cell wall and plasma membrane-like cellular inclusions act as fences and explore the
entry of metal ions toward cells (Poirier et al. 2013). Bioaccumulation and
biosorption are more attractive options to substitute traditional methods for biore-
mediation of heavy metals. Bioaccumulation sheds light to heavy metal uptake by
living biomass (metabolism-dependent/active uptake) and is characterized by the
absorption of contaminants by living cells/biomass (Haris et al. 2021). Biosorption is
more superior in contrast to active bioaccumulation, as it is metabolized indepen-
dently; however, it is largely dependent on the biomass/biosorbent type and
contaminants present (Paliwal et al. 2012). Bioremediation of heavy metals in
their metallic nanoparticles form, with the help of bacteria and the use of genetically
engineered microbes as a part of bioremediation mechanism, has also been
manipulated (Klaus-Joerger et al. 2001; Paliwal et al. 2012; Poirier et al. 2013;
Mosa et al. 2016). Bioremediation serves many advantages, but also certain
limitations, which should be kept into consideration while applying these methods
(Table 11.1).

With the recent researches in the biotechnological field, genetically modified
plants can be favorable in the phytoremediation approaches for making environment
upstanding (Fasani et al. 2018). Futuristic studies should be highlighted on the
combined use of more than one phytoremediation application for the successful
interaction with heavy metal and ameliorated polluted area under field conditions.

11.3 Mechanism of Detoxification of Heavy Metals by Microbes

The society is dealing with many health and environmental challenges such as
discharged household and industries, agricultural seepage, and other biotoxic
substances containing practices. Hence, the emergence for the propelling need of
cost-effective, eco-friendly, novel, and efficient solution to shelter the ecosystem for
the amelioration of inorganic metals (Hg, Cr, Pb, and Cd) is present in the environ-
ment. In this context, current advancements in microbes-based heavy metal remedi-
ation have emerged as alternative promising conventional techniques. Heavy metals
are nonbiodegradable and toxic to the microbes. The diverse forms of microbes have
matured to generate potent mechanisms for detoxification to mitigate the detrimental
effects of aforesaid metals. The microbes with bioremediation potential, especially in
reference to environmental safety, have been underestimated for a long time.

11 Phytoremediation: A Sustainable Solution to Combat Pollution 241



Furthermore, the application of bacteria, biofilm, genetically altered microbes, algae,
fungi, and microbial cells of immobilized nature has the capability to remove heavy
metals through biosorption. For the sake of a sustainable environment, the heavy
metal removal is preferred by the use of microbes resulting in the synergetic effects
with many folds increasing (Yang et al. 2015). Heavy metals are not only the most
important and long-lasting pollutant in the environment but economically very
significant in industry. The current scenario of the ecosystem is combating pollution
load due to heavy metals, which have been a toxic situation to the living organisms
(Wu et al. 2010; Su 2014; Siddiquee et al. 2015; Okolo et al. 2016).

11.3.1 Microbial Remediation of Heavy Metals

Microorganisms follow different detoxification mechanisms to combat and survive
amid of metal contamination. Microbes use various mechanisms to cope up metal
toxicity such as the production of exopolysaccharide (EPS), biotransformation,
extrusion, and use of enzymes (Dixit et al. 2015; Wu et al. 2010). The microbes
respond to metals retained by the environment through many evolved ingenious
metal detoxification and resistance mechanisms (Kumar et al. 2021). These

Table 11.1 Advantages and limitations of phytoremediation

Advantages Limitations

This is a passive technique and done on site It is limited to shallow soils where heavy metal
contaminants are localized to the surface only

The usage of low-cost affecting solar energy
is done

This remediation is not acceptable by many
regulatory agencies as it is in developmental
stage

Environmental impact has been reduced and
phytoremediation has added to improvement
of landscape

Inadequate knowledge of farming,
reproduction, and disease occurrence in plants
used in phytoremediation

It is highly acceptable in public interest As heavy metals are highly toxic, thus could be
lethal

It supports animal life habitat The plants used in metal remediation are limited
in no.

It reduces dust and contaminants dispersal by
wind

Phytoremediation is slower treatment process
than the other traditional physicochemical
methods

Leaching and mobilization of soil
contaminants is lowered

Plants used at the contaminant site may not
adapt toward climatic and environmental
conditionsHarvested plants or their parts that have

metals

are easy to accomplish with existing
technology

Compounds released by plants to increase the
mobility of the metals can be leached into
groundwater

Harvested biomass can be of economic
importance

Decontaminated area must be large for the
application of cultivation techniques
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mechanisms include electrostatic interaction, precipitation, ion exchange, surface
complexation, on redox process alone or together (Yang et al. 2015).

Microorganisms decontaminate pollution by volatilization, valence conversion,
and extracellular chemical precipitation (Tripathi and Hussain 2022). The microbes
have negatively charged extracellular surface owing to the presence of anions that
help microbes to increase the binding of cations (Gavrilescu 2004). The anionic sites
on the microbial surface have the groups such as alcohol, phosphoryl, sulfonate,
hydroxyl, sulfhydryl, ester, carboxyl, amine, thiol groups, and thioether, which
facilitate the adsorption of metal (Gavrilescu 2004) (Fig. 11.1).

11.3.2 Toxicity of Heavy Metals to Microbes

Contamination by heavy metals is the potent source to cause toxic effects on
microorganisms, and it is correlated with the preoccupied dose and accumulation
of heavy metal (Rasmussen et al. 2000). Contamination of heavy metal involves
several mechanisms, that is, destructing ion regulation, reacting as redox catalysts in
the production of reactive oxygen species (ROS), breaking fatal enzymatic
functions, and directly affecting the formation of DNA and protein (Hildebrandt
et al. 2007). The biochemical and physiological properties of microbes are altered by
the exposure of heavy metals. Metals such as cadmium (Cd) and chromium
(Cr) have the capacity of calculating denaturation and oxidative injury of microbes
and reducing the detoxification capacity of microbes.

Reactivity of metals such as Cr (III) can alter the activity and formation of
enzymes due to the presence of thiol and carboxyl groups. The DNA with the
negative charge on the phosphate group could interact with the complexes of
cationic Cr (III) present intracellularly, and it might affect transcription and replica-
tion leading to the mutations.

Hg, Pb, Cd

Protein denaturation
Inhibition of Cell division
Cell membrane disruption
Inhibition of enzyme activity
Transcription Inhibition

As,Hg,Hg,Pb,
Cd

DNA Damage
Transcription inhibition

Zn, Ni,Cu

Cell membrane disruption
Inhibition of enzyme activity

Fig. 11.1 Heavy metal toxicity mechanism of microbes
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Heavy metals cause severe injuries to DNA, lipids, proteins, and other cytoplas-
mic inclusions due to Fenton and Haber–Weis reactions, which catalyze the produc-
tion of ROS. These ROS act as soluble electron carriers. Some metals are mainly
responsible for DNA damage because they could enable the stabilizing superoxide
radicals (Booth et al. 2015). Enzymatic interactions could be restricted through the
configuration changes induced by competitive and noncompetitive inhibitors as
heavy metals. The ionic imbalance is the result of the heavy metal adhesion on the
cell surface and sometimes inflow through the transmembrane carrier or ion channels
(Chen et al. 2014).

Lead (Pb) and cadmium (Cd) pose damaging effects on the cell membrane of
microbes and cause DNA activity. This detrimental effect is responded due to the
metal displacement from ligand interactions or native binding sites (Olaniran et al.
2013). The altered function of nucleic acid causes disrupted cell membrane, much
functional disturbance, arrested enzyme activity, and oxidative phosphorylation
(Fashola et al. 2016), which ultimately affect the growth, metabolism, and morphol-
ogy of microbes (Fig. 11.2).

11.3.3 Heavy Metal Detoxification by Microbes

Microbes use different mechanisms to survive under metal exposure, which are
extrusion, biotransformation, production of exopolysaccharide (EPS), use of
enzymes, and synthesis of metallothioneins. The process involves procedures,
electrostatic reactions, precipitation and exchange of ion, surface complexation,
and redox interactions. Microbes withstand heavy metals by methylation, metal

Cell Surface
Adsorption

Surface complexation

Precipitation
Bioaccumulation

Exchange of ion
Cation exchange

Electrostatic
Interactions

HM+ HM+

HM+HM+

Fig. 11.2 Heavy metal detoxification mechanism of microbes
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oxidation, organic–metal complex, enzymatic decrease, metal decrease along with
efflux pumps, metal–ligand degradation, extracellular and intracellular sequestration
of metals, removal by the permeable barrier, and presence of metal chelators such as
metallothioneins and biosurfactants (Saghafi et al. 2019).

11.3.4 Biosorption Mechanism

The heavy metals uptake by microbes could be categorized into metabolically
independent biosorption, that is prevalent on the cell surface, while metabolism-
dependent bioaccumulation involves redox reaction, species transformation, and
sequestration processes. A variety of metal ion compounds form complex for
intracellular sequestration in the cytoplasm. The surface ligands interact with metals
and increase their concentration within microbial cells, which are further transported
to intracellular compartments. The metals are stored intracellularly by bacterial cells
that have been efficiently utilized, especially in the effluent treatment methods. The
rigidity of fungal cell wall is due to the presence of lipids, mineral, chitin,
polyphosphates, protein, and polysaccharide with nitrogen constituents. The cell
wall could be helpful in decontamination of metal ions by precipitation from the
extracellular surface and intracellular components and uptake influence the valence
conversion of some fungi aggravating metal accumulation to their spores and
mycelium. The external surface of fungal cell wall can behave like a ligand and
eliminate inorganic metals (Ayangbenro and Babalola 2017).

Microalgae are used as a bioindicator for the health of the aquatic ecosystem. The
presence and absence of a particular type of species indicate the quality parameters
or pollution level of any aquatic ecosystem. Many microalgae species, especially
diatoms, have very unique structural cell structure, which makes them a perfect
resource of pollutant degradation and accumulator of heavy metal (Tripathi and
Hussain 2021; Hildebrand et al. 2012). On one hand, they absorb excess amounts of
nutrients from wastewater and utilize it in increasing their population. On the other
hand, microalgae use carbon dioxide for increasing their productivity like this they
sequester excess amounts of greenhouse gas and contribute to the reduction in global
warming (Janani and Kumar 2018). For example, Thalassiosira sp. is main diatom
sp. having a dominant role in pollution reduction in water bodies. Heavy metals,
cadmium, and copper are observed in almost every kind of aquatic habitats. Accu-
mulation of these metals is observed in many microalgal species such as
Thalassiosira weissflogii.

11.3.5 Extracellular Sequestration

The metal ions are extracellularly sequestered in cellular components, the periplasm,
or complexation of metal ions as insoluble compounds. Copper-resistant Pseudomo-
nas syringae strains result in copper-inducible proteins CopA, CopB (periplasmic
proteins), and CopC (outer membrane protein), which attach with copper ions and
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microbial colonies. Recent studies have reported extraction of copper from
contaminated soil by sulfur-oxidizing bacteria, followed by electrokinetic treatment
using a DC current to further acidify the soil and collect the mobilized metals at the
cathode. Iron-reducing bacteria such as Geobacter spp. and sulfur-reducing bacteria
like Desulfuromonas spp. are able to reduce metals to less or nontoxic metals.
Biological methods used for extraction of metals other than metal reduction include
the organic acids production by heterotrophic organisms and the formation of
sulfuric acid by oxidation of sulfur (e.g., by Thiobacillus spp.).
G. metallireducens, an anaerobe, is able to reduce manganese (Mn), from lethal
Mn. G. sulfurreducens and G. metallireducens are able to reduce chromium
(Cr) from the lethal Cr (VI) to less toxic Cr (III). Sulfate-reducing bacteria produce
hydrogen sulfide causing precipitation of metal cations (Frers 2009).

11.3.6 Extracellular Barrier of Preventing Metal Entry Into
Microbial Cell

The plasma membrane, cell wall, or capsule fences metal ions from entering into the
cell. Adsorption of metal ions is facilitated by ionizable groups of the bacterial cell
wall. Pseudomonas aeruginosa biofilm cells show higher resistance toward copper,
lead, and zinc ions than planktonic cells, whereas peripheral cells of the biofilm were
killed. Accumulation of metal ions by extracellular polymers of biofilm takes place
and then protects bacterial cells inside the biofilm.

11.3.7 Methylation of Metals

Metal toxicity is increased by methylation as a result increase in lipophilicity
followed by increased permeability across cell membranes. Methylation plays a
pivotal role in metal decontamination. Methylated compounds are usually explosive;
for instance, Hg (II) can be biomethylated by bacteria such as Bacillus spp.,
Escherichia spp., Clostridium spp., and Pseudomonas spp. to gaseous methyl
mercury (Ayangbenro and Babalola 2017).

11.3.8 Reduction in Heavy Metal Ions by Microbial Cell

Microbial cells convert the oxidation state of metal ions, hence reducing their
toxicity. Bacteria for energy generation use metals and metalloids as electrons
donors or acceptors. Metal ions are reduced by enzymatic activities, which result
in the formation of the less toxic form of mercury and chromium inorganic metals.
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11.4 Mechanism of Detoxification of Heavy Metals By Plants

The population has been increasing day by day, and the United Nations in 2018
estimated that the global births would be 74 million per year until 2027 through the
Food and Agricultural Organization. This would be raising urbanization, industriali-
zation, deforestation, agriculture, and energy supply to fulfill the global demands.
The result is an increase in pollution and making the soil and water of poor quality.
Human military activities, industrial mining, waste disposal, and farming practices
are responsible for large-scale contamination with heavy metals and organic
compounds in soil and water (Ayangbenro and Babalola 2017). The group of
chemical elements of relatively high atomic number, atomic weight, and high
densities are referred as heavy metals. The commonly found metalloids or heavy
metals include lead (Pb), mercury (Hg), cadmium (Cd), zinc (Zn), arsenic (As),
chromium (Cr), copper (Cu), and nickel (Ni). These are originated from natural and
anthropogenic sources such as oil and gas industries (Neff et al. 2011), use of
phosphate fertilizers in cropping (Hamzah et al. 2016; Rafique and Tariq 2016),
sewage sludge (Farahat and Linderholm 2015), metal mining and smelting (Chen
et al. 2016), and electroplating and burning fossil (Muradoglu et al. 2015).
According to their roles in the biological system, heavy metals are grouped into
essential and nonessential heavy metals. Zn, Cu, Ni, Fe, and Mn are referred to as
essential heavy metals that require in physiological and biochemical activities of
plants but become toxic when in large amount. Hg, Pb, As, and Cd are categorized as
nonessential heavy metals that are highly toxic and decline agricultural productivity
(Fasani et al. 2018).

The heavy metals are biodegradable-resistant and cannot be degraded by any
physio- and biological processes, and they get accumulated into the human body
through the food chain, persist in the environment, and increase in concentration
eventually by biomagnification (Suman et al. 2018; Sarwar et al. 2010). Hence,
heavy metals create a negative impact on the ecosystem and human health. There-
fore, it is crucial to detoxify and remediate water and soil. Since from the decade,
conventional methods of soil decontamination, which are pumping and treat, stabi-
lization, soil washing, air stripping precipitation, thermal and adsorption, have been
applied (Sheoron et al. 2011; Wuanna and Okieimen 2011; Rehman et al. 2017; Dal
Carso et al. 2019). But these conventional techniques are expensive and furthermore
do not really solve the problem. So, it is an urgent requirement for substitute
practices, which are elegant, cost-effective, and capable to clean up heavily
contaminated sites efficiently (Meagher 2000). A new alternative eco-friendly and
cost-effective technology known as phytoremediation could be achieved.
Phytoremediation is plant-based approach in which high-efficient metal-
accumulated plants are used to make contaminated soil nontoxic. This method is
also known as bioremediation, botanical bioremediation, or green remediation. In
this technique, wild or genetically modified plants species are used to collect a large
number of heavy metals from the soil so that it could lower the bioavailability and
remove elemental pollutants from the soil.
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11.4.1 Methods of Phytoremediation

Several methods of phytoremediation are as follows:

11.4.1.1 Phytoextraction
This excludes organic compounds or metals from the soil due to their accumulation
in the biomass. The roots absorb substances from the soil or water and concentrate it
above the ground in the plant biomass (Ali et al. 2013). Plants that are
hyperaccumulators can uptake higher amount of contaminants (Rascio and Navari-
Izzo 2011).

11.4.1.2 Phytodegradation
It is also called phytotransformation in which plants are utilized to store and degrade
or mineralize inside the plant cells by specific enzymes that include nitroreductases,
dehalogenases, and laccases (Rylott and Bruce 2008).

11.4.1.3 Phytostabilization
The bioavailability of pollutants is reduced by binding or immobilizing them in the
soil matrix. Plants make the substances limited to leach from the soil (Lone et al.
2008).

11.4.1.4 Phytovolatilization
In this technique, plants use pollutants, and transform and release them into the
atmosphere from growth matrix (Ruiz and Daniell 2009).

11.4.1.5 Phytofiltration
The root system or other submerged parts of the plants absorb, precipitate, and
concentrate the contaminants specifically heavy metals or sometimes radioactive
elements (Javed et al. 2019).

11.4.1.6 Rhizodegradation
It is also known as phytostimulation in which growing roots of plants stimulate the
proliferation of microbes in degrading rhizosphere. They utilize metabolites and
exudates of the plants as a source of energy and carbon (Ali et al. 2013; Jacob et al.
2018).

11.4.1.7 Phytomining
Some metals can be restored from plant parts that have been applied by humans in
potash. It may be profitable too. Besides accumulating toxic and unwanted minerals
in their parts, plants also absorb contaminated organic compounds such as
polychlorinated biphenyl (PCB).
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11.4.2 Advantages and Limitations of Phytoremediation

It is in situ and passive technique, which has minimized environmental impact and
contributed to landscape improvisation. This is useful to maintain the fertility of the
soil (Othman Yahia and Daniel 2018). It is responsible to reduce dispersal of
pollutants and dust by wind, leaching, surface run-off, and transportation of soil
contaminants. Overall, it is low-cost and eco-friendly technique. Besides offering
several advantages, phytoremediation has some limitations, which should be con-
sidered when seeking to apply it. Though it is of low cost but a time taking
technology. Its treatment is slower than that of the traditional methods. The concen-
tration of pollutants and other toxins could determine or exceed the tolerance limit of
the plants. Usually, plants are selective in metal accumulation. If the concentration
and toxicity of metals are more in the soil then it can be lethal for the plants
too (Marques et al. 2009).

11.4.2.1 Genetic Engineering in Phytoremediation
To overcome the limitations of phytoremediation, recombinant DNA technology has
been proved an effective technique to improve the tolerance potential of plants
toward heavy metals. To make the plant genetically modified, the foreign gene of
interest is selected from a particular plant species or animal or bacteria, inserted, and
transferred into the genome of the target. This process produces the inherited desired
gene after DNA recombination and confers specific traits to that particular plant or
animal or bacteria (Maurya et al. 2020; Chaurasia et al. 2021). This is comparatively
unparalleled to the traditional method of breeding and advantageous to produce
plants with desired traits such as phytoremediation (Marques et al. 2009). It is the
most common strategy to produce GMPs for increasing the heavy metal efficiency in
the plants to enhance phytoremediation.

11.5 New Innovative Approaches for Removal of Heavy Metals

Phytoremediation approach is not a new technique in terms of contaminant removal,
but no doubt it has been overshadowed for a long time. Plants have been reported to
remediate the wastewater even 300 years ago. This technique involves many differ-
ent applications using plants, plant products, and microbes. The approaches include
multiple processes such as degradation, filtration, extraction, stabilization, and
volatilization.

11.5.1 Phytodegradation

Plant’s metabolic processes convert the toxic organic pollutants into less toxic
substances. Microbes associate the process of degradation (Marques et al. 2009).
For example, Populus species and Myriophyllum spicatum have an enzymatic
system to degrade the contaminants (Rylott and Bruce 2008).
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11.5.2 Phytofiltration

This technique is also referred to as rhizofiltration. Plants absorb the contaminants
through an aqueous medium, filtered by roots. Plants with high accumulation
capacity or high root biomass and high tolerance potential are favorable for
phytofiltration, for instance, Phragmites australis, Helianthus annuus, Fontinalis
antipyretica, Brassica juncea, species of Populus, Lemna, Salix, and Callitriche
(Prasad 2004; Pratas et al. 2012).

11.5.3 Phytoextraction

This technology is also referred to as phytosequestration or phyto-absorption or
phytoaccumulation. The variety of studied plants are capable of storing the
contaminants in their aerial parts. The major absorbing metals are Cd, Ni, Cu, Zn,
Pb, and sometimes for Se and As, e.g., Pteris vittata, Elsholtzia splendens, Thlaspi
caerulescens, and Alyssum bertolonii (Van der Ent et al. 2013).

11.5.4 Phytostabilization

It prevents the direct exposure of soil contaminants to wind, water, humans, and
animals as they are covered by the plant community. Tolerant plant species are
utilized to immobilize the translocation of metal and metalloids and restrict them in
via dose zone (Nanthi et al. 2011). This technique is also effective in preventing
secondary waste. But it needs the monitoring to check the stabilizing conditions.

11.5.5 Phytovolatilization

The process to absorb the contaminants, convert them into nontoxic simpler forms,
and release them into the atmosphere by plants is referred to as phytovolatilization.
Some rhizobia and their associates help in the degradation of organic contaminants
(Jacob et al. 2018), e.g., Astragalus bisulcatus, Brassica napus, Stanleya pinnata,
Liriodendron tulipifera, Nicotiana tabacum, and Arabidopsis thaliana (Ali et al.
2013).

11.5.6 Current Techniques

These abovementioned techniques have been improvised and categorized on the
basis of contamination source. The techniques with some variations are stated
mentioned:
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11.5.6.1 Hydraulic Barrier
The deep root system of large trees absorbs water in large quantities from the soil,
resulting in major soaking of contaminants, which eventually evaporate through
transpiration (Dushenkov 2003; Pratas et al. 2012), for example, Populus species.

11.5.6.2 Vegetation Cover
It includes the trees, herbs, and shrubs to cover the landfills or tailings. This plant
surface decreases the pollutant spread as the roots favor the aeration to microbial
population, which increase the degradation of pollutants (Nanthi et al. 2011; Van der
Ent et al. 2013; Sabir et al. 2015). The main limiting factor of this technique is
difficulty in plant root development in tailings.

11.5.6.3 Constructed Wetlands
This is the oldest process for wastewater treatment and is not considered as pure
phytoremediation process due to the inclusion of multiple techniques, i.e., adsorp-
tion, filtration, precipitation, and ion exchange (Ali et al. 2013; Jacob et al. 2018).
This is mainly present in the areas where water level remains at or near the surface
for some seasons in the year. It consists of microbes, algae, vascular phytoplanktons,
and organic soils.

11.5.6.4 Phytodesalination
This is a recent approach to extract salt from saline soils through halophytes. This
can be considered the extended part of phytoextraction owing to its peculiarities.

11.6 Conclusion and Future Prospective

Increasing metal pollution has become a menace for food, agricultural production,
and health due to their persistence hence their exponential growth in the environ-
ment. To minimize and mitigate heavy metal contamination, multiple techniques
have been explored. Genetic engineering approach has emerged as a futuristic
potential aid to alter the target plant species with competent traits such as fast growth,
good adaption, high biomass production and accumulation, and high heavy metal
tolerance to various geological and climatic conditions. Furthermore, microbes and
chelating agents can be used either to ameliorate soil health or to increase heavy
metal bioaccessibility, which hastens heavy metal accumulation in plants.
Phytoremediation is suitable for heavy metal remediation of water, sediments, and
soil. The effectiveness of phytoremediation processes could be determined by many
available monitoring tools. Despite a few limitations and disadvantages of the
phytoremediation process, it is found an effective method for cleaning and recovery
of the environment. In the current scenario, bioremediation of heavy metals is
exhibiting a positive promising approach for detoxification and metal biosorption,
especially from genetically modified microbes and biofilm-mediated techniques
such as microbial fuel cell-based techniques and microbial gene transfer. The cell
wall of biosorbents composed of polysaccharides and peptidoglycan favors the
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binding of metal uptake. It has multiple advantages in terms of cost-effectiveness,
broad spectrum of pH for high metal affinity, temperature, faster kinetics, and safe
technology. Furthermore, extended research intervention is required to be employed
on biofilms for gene transfer in bioremediation. Contamination could be significantly
decreased with the advances in the arena of environmental biotechnology using
genomics in many fields of biology. Phytoremediation is mainly applied technology
to decontaminate the site by using plants and related microbes. Purposefully,
selected plant species could be efficiently used at metal-polluted sites and different
strategies could be devised for future innovations such as chelate-assisted and
microbe-assisted methods and genetic engineering, and methods. It would greatly
enhance the future of phytoremediation.
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