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Abstract

The amount of anthropogenic activity in the environment has significantly increased due to urbanization
and industrialization. Toxic metals and other contaminants have become more concentrated as
a result, appearing in wastewater released by many sectors. Aquatic animals suffer as a result of
tainted wastewater entering water bodies. As a result, damage also occurs in the crops contaminating
the agricultural ecology. Although several techniques have been used to detoxify contaminants in
wastewater, the current situation necessitates environmentally acceptable and economically viable
techniques for wastewater treatment. To fulfill this objective, this review is aimed at exploring the major
sources of metals in wastewater. The traditional techniques for treating wastewater take a lot of time
and are not environmentally or financially sustainable. Utilizing microorganisms, plants, and biomass
leftovers to break down metal poisons is a proven biotechnology strategy that is environmentally
friendly. Hence, the review highlights the drawbacks of conventional techniques with importance of
bioremediation for sustainable ecosystem. Also, phytoremediation—the process of removing metals
from the environment using plants is discussed as a successful strategy. Plants are thought to be the
most effective option for wastewater remediation because they contain a variety of microorganisms and
enzymes that aid in the detoxification of metals from wastewater. Overall, to gain a better understanding
of environmentally friendly and sustainable ways, the buildup and detoxification of metals through
the use of plants, microorganisms, and biomass residues in environmental remediation is highlighted.
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INTRODUCTION

Water in all of its forms is the only thing
that sustains life on Earth. Many living species,
including aquatic and microbes, are thought to call
water home.! Water has various qualities that make
it useful for a variety of uses, including drinking,
irrigation, industrial processes, agriculture, and
more.? The wastewater released from residential
and commercial activities degrades the water
quality, which has an impact on aquatic life, plants,
and people. About 70% of rivers have water quality
that has deteriorated due to prevailing pollutants,
making it unfit for human consumption and other
commercial activities, according to organizations
like the World Health Organization (WHO), Indian
Council of Medical Research (ICMR), and Central
Pollution Control Board (CPCB).> Numerous
sources of contaminants have deteriorated
the water due to increased industrialization,
urbanization, and human activity.* With an
increasing population comes exponential growth
in both domestic and industrial activities, resulting
in massive wastewater production.>® The World
Health Organization estimates that between 80
and 85 percent of human diseases are caused
by toxins found in water, which makes water
quality essential for managing water safety and
maintaining public health.”®

As the production of chemicals, fertilizers,
pharmaceuticals, industrial items, and other
valuable goods has surged, so too has the
concentration of heavy metals and nanomaterials
in the environment. The most dangerous,
poisonous, and non-biodegradable substances
that pose a major risk to human safety are thought
to be metals. The environment is contaminated
by a number of metals, including lead, cadmium,
mercury, uranium, zinc, arsenic, and other metals
that may be dangerous to humans.>*° While some
conventional treatment approaches have been
successful in eliminating these heavy metals from
the environment, the current situation calls for
further developments in treatment strategies,
sophisticated physio-chemical and chemical
separation methods,'**? and biotechnological
approaches,’® used widely in today’s scenario to
eliminate metal toxicity. Thus, the purpose of this
review is to address the origins of metal toxicity
in wastewater. In light of this, the bioremediation
approach is emphasized to highlight the
significance of biomass residues, microorganisms,
and plants in resolving the heavy metal problem
and cleaning contaminated environments, such
as soil, groundwater, and aquatic ecosystems.
Microorganisms and plants may be able to remove
heavy metals from wastewater. Finally, the reuse of
metals after bioremediation process is advocated
for sustainable environment.

Figure 1. Sources of metals in wastewater
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Sources of metals and their toxicity

The distinctive chemical and physical
characteristics of heavy metals make them
valuable components of electronics, equipment,
and artefacts. Rocks and other man-made
materials can enter the aquatic food chain that
supports both people and animals through
geochemical weathering. Runoff from rivers,
agricultural practices, industrial effluent from
metal-finishing businesses, mining wastes, and
wastewater from landfills are the main sources
of metals' (Figure 1). Water quality standards
intended to preserve the environment are being
compromised by the negative effects of metals
leached from various sectors into the aquatic
environment. Therefore, it is thought that the most
prevalent contaminants in wastewater are heavy
metals.'®> Wastewater contains a variety of metals
and their ions, such as lead, cadmium, mercury,
chromium, cobalt, arsenic, nickel, zinc, selenium,
and others that have long-term effects on people.
In order to prevent these harmful metals from
combining with surface water, it is imperative
that they be removed from the source. Certain
metals, when discharged into wastewater, can
also cause cancer and other health problems.**
Therefore, one crucial type of therapy for getting
rid of harmful metals is bioremediation, which uses
materials based on plants and microbes.

Environmentally harmful and poisonous
impacts result from metals emitted from industrial
exposure and other business facilities. For
instance, long-term exposure to lead in the
atmosphere can be harmful to humans and can
hinder the synthesis of proteins and reduce the
body’s amounts of the antioxidant sulfhydryl.'¢ By
swapping zinc elements in proteins and decreasing
their affinity to DNA, lead may potentially change
the expression patterns of genes. Humans
may also consume mercury in various organic,
inorganic, and elemental forms through food,
drink, and the air.” Additionally able to pass the
blood-brain barrier, adult exposure to mercury
has been associated with increased antinuclear
autoantibodies. Mercury exposure can result in
a number of conditions, such as cerebral palsy,
blindness, dysarthria, and mental retardation
in children.'® Due to emissions from mining and
smelting processes, cadmium can be hazardous
even at very low concentrations.' Given that

smoking is the main human source of cadmium,
it is thought to be a carcinogen.?® Cadmium
interacts and accumulates in the kidney, liver,
brain, and lungs, among other biological systems,
causing toxicity. Cadmium affects cell function
and homeostasis by obstructing epithelia and
cell membrane transit.?* Arsenic is released when
fossil fuels are burned and pesticides are used
in agriculture. This accumulates in humans and
is linked to conditions like liver fibrosis, diabetes
mellitus, hypertension, and cancer.?? Exposure
to arsenic can change the gut microbiome,
which can then affect the metabolic profile at a
functional level.® Absorbance of chromium in
wastewater is largely due to the weathering of
rocks and sediments, volcanic eruptions, and
other human-caused sources such as burning fossil
fuels, the tanning and leather industry, and plastic
manufacturing.? Below is a detailed description
of the sources of environmental contamination
caused by heavy metals and how they were
remedied.

Arsenic

Many human activities, such as mining,
refining, burning petroleum derivatives, making
glass and semiconductors, composting, and using
chemotherapy to treat illnesses, release arsenic
(As) into the environment. As is created in its whole
at a rate of between 36,000 and 45,000 t/year,
with Morocco and China playing a major role.?
Regardless, normal activities such as rock erosion,
microbial colonization, and volcanic emission are
the first to cause significant As pollution in the
climate.?® Over 150 million people worldwide
are at risk due to drinking water contaminated
with arsenic, which affects approximately 70
countries.?’” Because of the growing medical
issues, As pollution in many Asian countries is
more complex. The most heavily contaminated
areas of As tainting, with fixations ranging from
0.5 to 4600 pg/L, are in Bangladesh and a few
areas of West Bengal, India.?® Approximately 20—45
million people in Bangladesh are at risk due to
As-contaminated groundwater. Bangladesh’s basic
situation was described by WHO as “the biggest
harming of a populace on planet.” In the soil and
groundwater of 14 out of 20 countries in Latin
America—mostly Chile, Mexico, and Argentina—
there is a contamination with As.? It has also
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been determined that the USA, Taiwan, Vietnam,
Ghana, Australia, Nepal, Hungary, Thailand, and
Cambodia have high concentrations of As in their
groundwater.®

Microorganisms are typically found
in arsenic geochemical ambient variables and
have an impact on the biochemical pattern
of arsenic. This process converts arsenic into
different structures that vary in terms of their
development, poisonousness, and bioavailability.
Therefore, the most effective technique for
reducing the concentration of arsenic in soil and
water is bioremediation. Four isolates belonging
to the genera Pseudomonas, Acinetobacter,
Klebsiella, and Comamonas are capable of
oxidising As (lll) and exhibiting As (lll)-oxidase
protein mobility. Pseudomonas sp. ASR1, ASR2,
and ASR3, Geobacillus sp. ASR4, Bacillus sp. ASR5,
Paenibacillus sp. ASR6, Enterobacter sp. ASR10
and Comamonas sp. ASR11, and ASR12 possessed
some or all of the concentrated attributes that
advance plant development, such as phosphate-
solubilization, siderophore, and particles that
resemble indole acetic acid (IAA). This analysis of
the boundaries of plant development advancement
revealed these organisms.3!

Cadmium

The main sources of cadmium (Cd) supply
include phosphate manure, waste cremation,
stabilizers for plastics, coatings and plating, and
non-renewable energy source combustion. The
production of ferrous and nonferrous metals,
concrete, zinc, lead, copper mining, and other
activities all contribute to the concentration of
Cd in the atmosphere. The estimated annual
global consumption of Cd is between 20,000 and
24,000 t/year.”> The extended amount of Cd in the
climate is also largely provided by regular cycles
such as residual storms, ocean salt splash, volcanic
workouts, enduring, disintegration, and out-of-
control fires. In countries like China, the Republic
of Korea, and Japan’s abandoned metal mining
sites, there is an exceptionally high absolute Cd
confirmation and environmental testimony.?®
There are other areas with high levels of Cd
pollution in a few districts of the Czech Republic,
Romania, Slovakia, Poland, Kazakhstan, Mexico,
Australia, USA, Belgium, Germany, Namibia,

Vietnam, and India. Approximately 150 locations
have been identified globally where the estimated
population of approximately 5 million people is at
risk of contracting HIV. Known as one of Japan’s
four biggest contamination illnesses, the Itai-Itai
virus caused widespread Cd injury due to mining
and purification.*

In soil depleted of cadmium, it is critical
to support remediation methods that eradicate
or neutralize its toxic effects. The use of microbial
bioremediation is a viable treatment for soils
depleted of heavy metals. For instance, the
Cd-resistant Raoultella sp. strain X13 that was
isolated from soil contaminated with heavy metals
is able to primarily absorb Cd through particle
exchange and chelation, which firmly confines it
to cell dividers. Additionally, this resulted in the
development of natural plant growth-promoting
characteristics that support the synthesis of
siderophores, indole acetic acid, and the ability
to solubilize phosphates. X13 may reduce the
bioavailability of Cd in soils that are Cd-focused.
Furthermore, by immunizing soils contaminated
with Cd with strain X13, bioavailable Cd was mainly
transferred to the inorganic-bound portion. Thus,
strain X13 is an effective remedy that may also be
used for Cd** cleanup.®

Chromium

Chromium (Cr) is frequently used in many
sectors. An estimate of the absolute Cr creation
is between 18,000 and 30,000 x 10° t/year.3* 90%
of this total creation is employed in metallurgical
projects, such as the production of Cr metal
and chrome amalgam. Cr is used in synthetic
industries for tanning calfskin, preventing metal
consumption, coloring materials, and protecting
wood.3* Tanneries are the particular source of the
Cr pollution among all of them. Because tanneries’
wastewater control and treatment facilities are
unable to adequately remove waste, natural waste
entering the atmosphere causes significant Cr
damage.*® Low centralization of Cr (VI) can also
be liberated from the world’s covering by regular
cycles, such as structural and aquatic events.
About 75% of the world’s Cr (VI)-contaminated
travel locations are primarily in South Asian
countries, namely Bangladesh, India, and Nepal.
Other incredible sullied locations include China,
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Central Mexico, the Thiva Basin in Central Greece,
the Aromas Red Sands Aquifer in California, and
Australia’s Kooragang Island.3®

The discharge of hexavalent chromium
[Cr (V)] into the environment has resulted in
multiple regrettable interactions with organic
structures due to its deleterious capacity and
carcinogenic nature. One essential method for
detoxifying Cr (VI) to trivalent forms that are safe
is chromium reduction by chromium reductase
(ChrR). Therefore, the E. coli strain FACU is
among the bacterial isolates that are able to
detoxify Cr (VI). The rapid development of the
E. coli FACU strain augmented with chromate
led to its arrival at the log stage, after which it
considerably decreased, demonstrating its ability
to decrease chromate under stressful conditions
and suggesting the presence of genes imparting
chromium resistance in the strain.”

Reference

41
41
42
43
44
45

Mercury

With 38% and 25% of total anthropogenic
outflows, respectively, coming from the unique
and small-scale activities of coal burning and gold
mining, significant mercury (Hg) contamination
begins there.? Various sources of mercury include
the manufacturing of ferrous and non-ferrous
metals, concrete, large-scale gold mining, waste
from urban and clinical settings, army bases, use
of pesticides and compost, waste from products
containing mercury, and so forth.*® Globally,
the majority of severe mercury is released by
Asian countries (which account for 47.5% of all
anthropogenic mercury discharges), mostly due
to strong support from China and India’s regions.
Additionally, regions of Africa have a high amount
of anthropogenic mercury runoff (16.8%).3 Largely
due to coal-terminated power plants, North
America and the European Union emit 43.4 t/
year and 44.1 t/year Hg, respectively, into the
atmosphere. A variety of Hg mine-smelter districts
in Mexico, Kyrgyzstan, Peru, Russia, Slovenia,
Spain, Alaska (USA), the Philippines, Tajikistan, and
Ukraine are among the other outstanding debased
locations.?

Mercury changes its substance
structures in the climate and goes from one
spot to another and lastly it gets deposited into
soil and silt. As mercury remediation through
customary methodologies is expensive and

concentrations, costly, and needing hazardous chemicals

Increased sludge volume generation, consumption
High operational cost of experiment

of chemicals
ineffective in treating wastewater with low metal

Membrane fouling causes high operational cost,

Costly electricity supply, initial capital investment is
complex process, low permeability flux

Production of waste products, low selectivity

Mass production of sludge, reliant on pH,

Disadvantage

reduced chemical requirements, and decreased sludge production high

Dewatering and enhanced settling of sludge
Heavy metal-containing wastewater with low concentrations

Recovery of metals from wastewater, good reduction yields,
can be removed effectively and economically. Adsorbents,
such as tree fern, are inexpensive, have simple operating
making them suitable for a variety of industrial applications.

High efficiency, space requirement is less, low pressure,

conditions, a wide pH range, and a high affinity for metals,
high separation selectivity

Low capital investment, simple process
Less concentration of sludge produced

Advantage

Table 1. List of conventional metal removal techniques with advantages and disadvantages

Name of Technique
Electrochemical
method
Coagulation and
Membrane
technology
precipitation
lon-exchange

flocculation
Adsorption
Chemical
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actually troublesome, bioremediation is a more
economical, eco-accommodating strategy and
acknowledged by administrative specialists. The
disengaged marine biofilm shaping mercury-safe
bacterium B. thuringiensis PW-05 has been viewed
as an appropriate competitor animal variety as
an option for current remediation of inorganic
mercury. However, much progression has been
occurred in the field of bioremediation of mercury,
utilizing cell chelation and recuperation of mercury
must be applied to the modern squanders and
the shut bodies. Notwithstanding, the seclude
B. thuringiensis PW-05 can volatilize mercury from
the debased climate and can be utilized in-situ
to different natural conditions to decrease the
harmful impacts. As the detach is fit for eliminating
>90 % of remaining mercury by a blend of mercury
volatilization and sequestration with shifted
physico-synthetic boundaries like pH, saltiness
and temperature, it will be of extraordinary use
in unfriendly ecological conditions sullied with
inorganic mercury.*

Currently used conventional methods for removal
of metals

The elimination of heavy metal
contaminants from wastewater is the main
environmental issue. The most widely used
methods of treating wastewater to remove heavy
metals include ion-exchange, physical adsorption,
coagulation, chemical precipitation, filtration, and
adsorption.® These techniques use chemical or
physical processes to precipitate the metals out
of the water, entrap them in absorbent materials
or filters, or swap them for other ions. The kind
and concentration of metals, the amount of water,
and the intended degree of treatment are the
major factors that influence the method choice.
To highlight the mechanisms of these techniques,
Table 1 is presented that list the methods used to
remove heavy metals along with their benefits and
drawbacks.

Bioremediation for detoxification of metals

The traditional methods mentioned
above are not environmentally friendly and have
high running costs, which prevents them from
working normally and from effectively detoxifying
metals from wastewater. Therefore, there is a
critical need for an environmentally benign method

of employing bioremediation to remove heavy
metals from wastewater. Hence, using biological
agents to remove and transform pollutants such
as heavy metals and metalloids, hydrocarbons,
oil, dye, pesticides, etc. into a less hazardous
and poisonous state is known as bioremediation.
Through the use of biomass, organic materials are
broken down and mineralized into nitrogen, water,
carbon dioxide, and other elements.*>*! A further
definition of bioremediation is the process of
biological degradation under controlled conditions
to levels below the concentration limits set by
regulatory authorities.*?

The three primary elements of the
bioremediation triangle are nutrients, food,
and microbes. In addition to providing a carbon
source for microbial development, contaminants
in soil or water also provide energy to the
bacteria through their ability to carry out the
redox process that results in electron transfer.®®
Microorganisms must receive the right amounts
of vital nutrients and chemicals for them to be
able to detoxify the contaminants.* Microbial
enzymes have the ability to take up pollutants as
food thus making them suitable for this process.
To enable microbial growth and activity to occur
at a faster rate, environmental conditions must be
altered.** Additionally, the interaction between
metals and microbes is determined by a number
of factors, such as pH, temperature, ions, colloidal
substances, and other living things that aid in the
formation of biofilms and microbial colonization.®
Biodegradation, which entails the total removal
and breakdown of pollutants into harmless forms
that are safe for the ecosystem, forms the basis of
the bioremediation process.*’ There are various
factors affecting bioremediation such as:

e Microbial Population: Concentration of
biomass, Population diversity, Enzymatic
activities.*®

e Environmental Factors: pH, Temperature,
Moisture content, Redox potential, Availability
of electron acceptors, Carbon and energy
sources.*®

e Chemical Factors: Bioavailability of pollutants,
Biodegradability of pollutants.

Using both in-situ and ex-situ
bioremediation techniques, the bioremediation
process can be effectively applied to soil and water.
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In-situ bioremediation

Biological treatment is administered at
the contamination site in in-situ bioremediation
with the goal of eliminating chemicals or
pollutants that are subsurface.>®*! This technique
doesn’t require excavation that leads to little
or no disturbance to the structure of the soil.
Application of in-situ bioremediation is greatly
influenced by the soil porosity.>>** Water content,
temperature, pH, nutrients, and the state of
electron acceptor (oxygen) are other critical
variables for this approach. The terms “intrinsic”
and “engineered” refer to two different kinds of
in-situ bioremediation. A totally natural method
of eliminating pollutants without changing the
environment is called intrinsic bioremediation. In
the context of designed in-situ bioremediation,
physiochemical parameters are modified to
augment and promote microorganism growth.>*

Ex-situ bioremediation

With this kind of bioremediation
procedure, a sample is taken from a contaminated
site and then moved to another location so that
the pollutant can be removed. Should the pollutant

Biosparging

table

¢ Accelerate microbial action by applying air pressure below water

be present in the soil, it can be removed through
excavation; if it has infiltrated the groundwater, it
is pumped out and the tainted soil and water are
eliminated.>® The ex-situ method is determined
by the extent of contamination and the treatment
expenses. In Figure 2, the ex-situ and in-situ
techniques are briefly described.

Mechanism of bioremediation

By being adapted to microbes, heavy
metals found in contaminated locations are
limited. Extracellular polymeric materials found
on cell biomass can attach themselves to heavy
metals with the aid of proton exchange and
micro-precipitation. The bioremediation process is
initiated by microbes that immobilize metals and
then oxidize and reduce them. Microorganisms
including bacteria, fungus, and algae are used in
microbial-mediated bioremediation to interact
with heavy metal pollutants and help remove
them from water. To sequester or detoxify heavy
metals, microorganisms can use a variety of
strategies, such as biosorption, bioaccumulation,
and biotransformation.** Through enzymatic
modification, biotransformation systems change

Biostimulation

microbial growth

¢ Optimum environmental conditions and nutrients necessary for

Bioattenuation

pollutants

Biopile

¢ Continuous monitoring to eliminate biodegradable and recalcitrant

® Essential nutrients and aeration to collect contaminants

Windrow

contaminants

* Continuous turning for aeration and inhibit accumulation of

Bioreactor

mimick natural processes

* Optimum temperature and pH maintained in a vessel to

Figure 2. In-situ and ex-situ bioremediation strategies
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Table 2. Plants acting as potential sources of Phytoremediation

Plant Species Accumulation Part Process Reference
Ricinus communis Shoots or roots Phytoextraction 75
Puccinellia frigida Shoots or roots Phytoextraction 76
Iris sibirica Rhizosphere Phytostabilization 77
Helianthus annuus Shoots Phytoextraction 78
Pennisetum annuus Shoots Phytoextraction 79
Hordeum vulgare Rhizosphere Phytostabilization 80
Salix matsudana Shoots Phytofiltration 81
Micranthemum umbrosum  Shoots Phytofiltration 82

Brassica sp. (wild type)
Chara canescens

Release in atmosphere
Release in atmosphere

Phytovolatilization 83
Phytovolatilization 84

heavy metal ions into less mobile or hazardous
forms.*® Microbial-mediated bioremediation
is a popular method for treating heavy metal-
contaminated water because it is adaptable,
affordable, and environmentally safe. Different
enzymes found in microorganisms can degrade
a wide range of environmental pollutants.*
Microbial bioremediation can take place in an
anaerobic or aerobic environment, depending on
the kind of contamination and the surrounding
circumstances.”” Thus, an insoluble element can
be changed into its mobile and soluble phase to
aid in bioremediation. The discharge of metals
from their solid phase into the solution phase
might potentially have a negative impact on
mobilization.>® This penetrates microbial metabolic
systems and aids in increasing the bioavailability
of metals. Therefore, the reduction of hazardous
metal ions into their reduced counterparts is aided
by microbial reduction.

Forinstance, Hg (l1) is reduced by bacteria
to Hg, the volatile form, As (V) and Fe (lll) are
likewise reduced to As (Ill) and Fe (I1).>° Different
microbes are used for heavy metal detoxification
in addition to direct microbial activities. Aspergillus
niger, for instance, aids in the elimination of As
(111) and As (11)%° but Schizophyllum commune
aids in the removal of both organic matter and
heavy metals.®! Additionally, the reduction of Cr
(V1) to Cr (1ll) and related hydroxides can be aided
by Methanothermobacter thermautotrophicus,
Bacillus cereus, and Shewanella sp.®? In addition to
immobilisation, biosorption and bioaccumulation
can aid in the removal of heavy metals from the

environment. Although very hazardous metals
can accumulate in cells and impair their ability to
function metabolically, bioaccumulation refers to
the uptake of heavy metals from the contaminated
location by living biomass. Therefore, dead
biomass is used, which requires no energy to
adsorb heavy metals from their surface.®

Notwithstanding the many benefits of
bioremediation, such as its high selectivity and
specificity, economic viability, and environmental
friendliness, these procedures also have a
number of disadvantages. Time is of essence
for the breakdown of harmful compounds, and
bioremediation at highly contaminated sites can
no longer be used. Seasonal variations in microbial
activity, issues with the use of chemicals for
treatment, and occasionally an uncontrollable and
challenging-to-manage process are some of the
drawbacks associated with in-situ bioremediation.
Furthermore, heavy metal and chlorinated
hydrocarbon cleanup using the ex-situ approach
is ineffective. This means that in order to detoxify
metals, more synergistic ways must be used,
such as biomass residues and phytoremediation
procedures.

Phytoremediation approaches for remediating
metal toxicity

To safeguard the environment,
heavy metal removal from wastewater must
be done effectively.®*> Several scientists are
investigating the potential of different plants for
phytoremediation of metals.®®®” This efficient
green technology is used to get rid of pollutants
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found in the air, water, and soil.%8 A cheap, low-cost,
and environmentally benign method of eliminating
pollutants without endangering the ecosystem is
called phytoremediation. Many plants have the
capacity to absorb metals through their large-
surface-area of roots, which makes it easier for
pollutants to be mobilised and detoxified for
environmental cleanup. Additionally, the microbial
community that resides on the roots, stem, and
leaves of plants serves as a home for a range of
bacteria that stimulate the release of hormones
promoting plant development and preserve the
health and nutrition of plant.®® Various plants
used for Phytoremediation to remove metals are
summarized in Table 2.

The physiologic properties of metals
exhibit a variety of absorption and accumulation
within plants and soil, which determines how
well they are absorbed by plants. After metals
enter the plant, they can pass through tissues via
the apoplast and symplast.®®> Unlike symplastic
transport, which happens within the cytoplasm
of neighbouring cells via specialised structures
called plasmodesmata and sieve plates, apoplastic
transport takes place outside the plasma
membrane via extracellular spaces, neighbouring
cell walls, and xylem vessels.®* This is in contrast to
symplastic transport. For metals to travel radially
throughout plant tissues, they must pass through
the apoplastic route, which also allows them to
pass through vascular tissues and the root central
cylinder before continuing to the aerial section.> It
is necessary to cross the Casparian strip, a barrier
to the apoplastic pathway, in order to reach the
xylem through the root. To do this, one must take
the symplastic route via endodermal cells.” It is
also possible for another important symplastic
transport to occur using sieve tube components
in the phloem, which would allow distribution to
organs and tissues that are not photosynthetic.”
To travel via the symplastic route, MNPs must be
absorbed by the plant cell and pass through the
plasma membrane. Phytoremediation technique
is based on several methods that plants employ
to promote the uptake of heavy metals from soil,
including phytoextraction, phytostabilization,
phytodegradation, and phytovolatilization. Below
is a description of the several processes that
phytoremediation employs:

Phytoextraction

This is the method that is most frequently
used to extract heavy metals from wastewater.
Metals are absorbed by plants through their
roots, whereupon they build up in their tissues.
After the metals are in the plant, the pollutants in
the wastewater can be successfully removed by
harvesting and discarding the metals. By giving
plants a high limit for metal collection in shoots,
this interaction reduces soil metal fixations. Large
groups of heavy metals should be divided by the
plants into their underlying foundations, moved
to above-ground shoots or leaves, and produced
in large quantities that are easily gathered, along
with the removal of foreign materials from the
soil. It might be feasible to recover expensive
metals from the gathered plant material (e.g.
Phyto mining of Ni, Tl or Au).” If not, it is possible
to consume the dry substance and dispose of the
detritus in a regulated manner. Other names for
phytoextraction include phytoaccumulation, Phyto
sequestration, and Phyto absorption.” Continuous
phytoextraction calls for the use of plants that
accumulate dangerous foreign substances in
particularly high concentrations over the course of
their lives (hyperaccumulators), whereas initiated
phytoextraction techniques improve poison
aggregation at a single time point by adding more
catalysts or chelators to the soil.”*

Phytostabilization

Certain plants have the ability
to immobilise heavy metals, lowering their
bioavailability and mobility in the soil or sediment.
Several strategies are used to do this, including
altering the pH of the soil, generating organic
acids that attach to the metals, and encouraging
the development of microorganisms that have
the ability to immobilise the metals. Immobilising
pollutants in soil, water, plant roots, or shoots
lowers their bioavailability in the environment, a
process known as phytostabilization, also called
phyto immobilisation.”® Phytostabilization is often
referred to as Phyto immobilisation or in situ
inactivation. Sorption, precipitation, complexation,
or a decrease in metal valence can all lead to
phytostabilization. Because metals do not corrode
strongly, removing them in situ can be the best
option in some circumstances, especially in places
with low pollution levels or in highly contaminated
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areas where in situ remediation or large-scale
extraction would be absurd. Grass, scavenging
plants, and reeds are among the high-pollutant
plants that are beneficial for phytostabilization
because they reduce the amount of groundwater
that is carried away from the site carrying
pollutants.

Phytovolatilization

Through a process called
phytovolatilization, hazardous metal pollutants are
converted into less hazardous and more volatile
forms by means of metabolism of plants and soil
microorganisms, which allows them to be released
into the atmosphere.” It involves using plants to
absorb pollutants from the soil, transforming them
into structures with unpredictable structures,
and modifying the climate. Certain microscopic
species have the ability to absorb and dissipate
mercury (Hg). These transgenic plants, which
have the bacterial properties of mindfulness
transferred to Nicotiana or Brassica species, may
prove useful in decontaminating soil tainted with
mercury.”” During their migration from roots to
leaves, metal contaminants are changed by the
process of phytovolatilization into a water-soluble
and non-poisonous form, which causes pollution
to become volatile.

Phytodegradation
Using enzymes like oxygenases, nitroreduc-
tases, and dehydrogenases, phytodegradation-also

Biosorption

Bioleaching

Bioaccumulation

known as phyto transformation-is a technique
for breaking down organic pollutants.” Different
enzymes aid in the process of phytodegradation:
peroxidase converts phenolic compounds; nitrilase
transforms aromatic compounds; phosphatise
transforms organophosphate pesticides; and nitro
reductase converts explosives. Dehalogenase is
used to convert chlorinated compounds. In other
words, it involves the uptake, metabolization, and
corrosion of foreign materials inside the plant, or
alternatively, it involves the delivery of foreign
materials by the plant to soil residue, groundwater,
or surface water. For instance, it was thought that
crossing poplar trees (Populas deltoids nigra)
absorbed the important water and soil pollutant
trichloroethylene (TCE), separating the foreign
material into its metabolic components.””
Phytoremediation is an environmentally
benign and sustainable method of eliminating
heavy metals from aquatic ecosystems because of
these combined mechanisms. However, a number
of variables affect how efficient phytoremediation
is: the kind and concentration of heavy metals
present, the length of the treatment period, and
the ecosystem’s surrounding conditions. Because
of this, a variety of microbes and plants function
as effective remediators due to their unique ability
to take in pollutants and break them down using
a variety of bacteria and enzymes secreted by
plant tissues (Figure 3).” Plants have the ability
to accumulate metal contaminants, making them
a viable source for cleanup. For this reason,

Phytovolatilization

Phytoextraction Phytodegradation

Microbial and plant mediated
remediation

Figure 3. Microbial and plant-assisted remediation of metals
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phytoremediation and related methods are
thought to be the most affordable and effective
remediation solution for metal detoxification.

CONCLUSION

To address the heavy metal contamination
resulting from both industrial and anthropogenic
activities, a number of remediation techniques
have been developed over time. In conclusion,
methods for removing heavy metals from
aquatic ecosystems that show promise include
phytoremediation and microbiological processes.
By utilizing plants’ and microorganisms’ innate
capacities to absorb, accumulate, or change heavy
metals, these techniques lower the concentrations
of these pollutants in water bodies. Due to its high
remediation effectiveness and naturally occurring
non-toxic synthetic material, bioremediation has
shown itself to be a game-changer. By binding
or metabolizing heavy metals and changing
them into less hazardous forms or immobilizing
them, bacteria, fungus, and algae are used in
microbial remediation. By using plants to absorb,
collect, and store heavy metals in their tissues,
phytoremediation, on the other hand, successfully
removes such metals from water. Adopting these
environmentally friendly strategies has resulted
in a noteworthy decrease in the levels of heavy
metal contamination and its harmful impacts,
as well as a reduction in the overall expenses
and remedial duration. In addition, there is a
growing demand for treatment systems that can
achieve exceptionally low levels of effluent metal.
Comparing microbial and phytoremediation
to traditional treatments reveals that they are
both economical, sustainable, and kind to the
environment. Their efficacy, however, can differ
based on the particular pollutants, the surrounding
circumstances, and the kinds of microbes or plants
employed. Overall, there is a lot of promise for
these bioremediation techniques to address heavy
metal contamination in aquatic environments;
however, more study and application are required
to maximize their effectiveness and scalability.
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