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Introduction

n most nations, soil contamination with

heavy metals is a significant concern.

These metals are naturally discovered in

the earth’s crust. They have atomic num-

bers greater than 20 and densities greater

than 5 g/cm®. The most frequent poisonous
metals found in soil and water bodies are arsenic (As),
mercury (Hg), cadmium (Cd), lead (Pb), chromium (Cr),
nickel (Ni) and zinc (Zn). The Environmental Protection
Agency (EPA) has classified all substances (except Zn)
as environmental contaminants [1-4]. Heavy metals oc-
cur naturally in the soil due to volcanic eruption, rock
weathering, and erosion. The primary natural source of
heavy metals is the parent material during weathering.
Nevertheless, only traces (<1000 mg/kg) of heavy met-
als are produced this way, which are not harmful.

However, man-made sources, including mining, en-
ergy and fuel production, military activities, municipal
waste, power transmission, industrial byproducts, fertil-
izers, urban effluents, vehicle exhausts, smelting, and
melting operations, contaminate water and soil [5-6].
More than 140000 chemicals and pesticides have been
produced since 1950, out of which 2500 are” for better
understanding the meaning of sentence widely dispersed
around the globe and have never been tested for their
toxicological profile [7]. Apart from the aforementioned
former contaminants, contemporary carbon-based nano-
materials such as carbon nanotubes, graphene, metals,
and metal oxide nanoparticles also have an adverse ef-
fect on the environment. Due to their nano size, these
chemicals diffuse into fog, rain, and snow after trans-
port to the marine ecosystem by continuous cycling of
volatilization and condensation. They have detrimental
impacts on every life on earth, a global issue. Environ-
mental pollution accounted for one in every nine deaths
in 2012, making environmental pollution the most
alarming problem and health risk to humans [8]. The ex-
istence of heavy metals in everyday meals, such as fresh
vegetables and fruits, poses a great threat to health and
causes cancers, immune system imbalance, neurological
problems, pulmonary irritation, heart and kidney dys-
functions, and even death due to bioaccumulation and
biomagnification [9]. In most nations, heavy metals are
the primary pollutants in various ecosystems. According
to estimates, nearly 80% of global pollution is subjected
to the danger of water security, and in most threatening
cases, the underlying cause is water pollution by heavy
metals [8]. Over 12000 industrial facilities in the Farid-
abad District of Haryana, India, discharge nearly 16000
kilo litres of treated wastewater into the Yamuna River
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every day. However, even after receiving treatment,
large amounts of Cd, Zn, Ni and Cr are discovered in the
river downstream, with hexavalent Cr (VI) present at a
quantity greater than 600 times that advised by the World
Health Organization (WHO) [10]. There were higher
blood levels of Pb, Ni, Cr and Mn than recommended
by WHO in pregnant women and children in Nigeria.
Also, in South Africa, the concentration of heavy metals
in maternal and umbilical cord blood showed intolerably
higher concentrations of Hg, Cd, Pb and Se, indicating
high risks of heavy metals to adults and fetuses.

Similarly, it has been discovered that heavy metal con-
tamination affects one-sixth of China’s total agricultural
land area. In 16.1% of farming soils, the heavy metal
content surpasses China’s obligations for soil environ-
mental quality. Regarding the percentage of soil samples
exceeding China’s standard limit (7.0%), Cd is the most
dangerous heavy metal and metalloid. Soil pollution is
also a major issue in Europe, with 3000000 potentially
polluted sites, of which 250000 are highly contaminated
and need to be cleaned up. In the USA, 350000 people
are estimated to require remediation in the next 10 years
[7]. In nations such as Slovakia, Hungary, Sweden,
France, and Austria, there is a comparatively reduced
quantity of 200000 polluted sites. Greece and Poland
reported only 10000 contaminated land areas, while
Ireland and Portugal reported less than 10000 contami-
nated sites. On an approximate basis, it has been shown
that 600000 hectares of Brownfield areas in America are
heavily contaminated with metals [11].

Several biological, physical, and chemical techniques
have been employed for soil remediation over the past
20 years. General methods for removing toxic metals
from wastewater include coagulation, precipitation, co-
precipitation, electrolytic reduction, membrane filtra-
tion, ion exchange, and sorption. However, most physi-
cochemical methods are expensive and may also prove
hazardous to the environment. Evidence suggests other
evolutionary techniques for eliminating these environ-
mental pollutants, such as bioremediation, which is a
natural procedure involving organisms or their products
to eliminate or decrease the toxic contaminants in the en-
vironment.

Materials and Methods

The present study aimed to screen available literature
and comprehensively review different globally accepted
scientific databases, including Science Direct, PubMed,
SpringerLink and Google Scholar. We intended to find
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different methodologies for the remediation of environ-
mental pollutants, especially heavy metals.

Bioremediation

Bioremediation was introduced in 1928 when Gray and
Thronton discovered that microorganisms could natu-
rally degrade benzene, toluene, ethylbenzene and xylene
(BTEX) in soil [7]. Bioremediation generally includes
natural attenuation, bioaugmentation, or bio-stimulation
with a deliberate attempt to add natural or engineered
microorganisms to enhance the desired catalytic capa-
bilities [12]. The eco-friendly agents of bioremediation
include microorganisms, enzymes or plants. Among
microorganisms, bacteria, algae, protozoa, fungi, and
engineered microorganisms have been reported to be
important in remediating soil and aquatic environments
[13]. The earliest reports of a bacterium that can degrade
BTEX were published by Williams and Murray in 1974,
and it was only recently revealed that microbial interac-
tions in the rhizosphere are involved in the decontami-
nation process [14]. Later, it was described that one of
the strains of Pseudomonas putida carrying the toluene/
xylene-catabolic (TOL) plasmid used them as carbon
sources and possessed an enzymatic route to degrade
these compounds. Since then, different bacterial species
have been found that degrade a wide range of these com-
pounds. The most studied members belong to the genera
Enterobacter, Flavobacterium, Corynebacterium, Rho-
dococcus, Methylosinus, Mycobacterium, Pseudomonas,
Bacillus, Arthrobacter, Alcanivorax, Burkholderia, Mi-
crococcus, Streptomyces, Sphingomonas, Cellulomonas,
Marinobacter, Haemophilus, Xanthomonas, Acineto-
bacter, etc. These genera can decontaminate pesticides,
polycyclic aromatic hydrocarbons (PAHs), and azo dyes,
removing heavy metals or changing their redox state [7,
15]. For successful bioremediation by bacteria, it is nec-
essary to characterize the composition of the microbial
community, their cellular processes, and metabolic ac-
tivity in the presence of stress-induced contaminants that
alter their typical behavior. The problem of incomplete
information regarding cellular pathways, enzymes and
encoded genes among many microbial communities can
be solved by genome sequencing. According to a survey,
the genomes of 270567 organisms have been sequenced.
As far as bioremediation is concerned, the genomes of
several microorganisms have been sequenced, like that
of Pseudomonas putida KT2440 has revealed genes en-
coding many enzymes or proteins that show significant
potential in degrading chemicals released from industri-
al effluents. As far as heavy metals are concerned, they
cannot be degraded as such, and their bioremediation
mainly involves adsorption into the cell wall, compart-
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mentalization in organelles or vacuoles of eukaryotes, or
altering their redox state to less soluble forms, thereby
reducing their bioavailability. Usually, plants are the
best options for such agents; a striking example is using
anaerobe Geobacter sulfurreducens. In this system, ac-
etate is pumped into the ground that is polluted by heavy
metals (manganese (Mn), uranium (U), or Cr) so that
G. sulfurreducens can respire acetate and transfer elec-
trons to metals, making them unavailable by converting
them into less soluble forms. The prominent feature of
this process is the generation of electric current and its
conduction through specialized pili, so this system is an
application for bioenergy-generating alternatives.

Fungi are also useful for bioremediation, especially
Basidiomycota, commonly called white-rot fungi, as
they produce large quantities of extracellular oxidative
and hydrolytic enzymes. Other studied genera include
Trametes, Phanerochaete, Coriolopsis (Basidiomycota),
Pleurotus, Bjerkandera and several different Trichoder-
ma, Aspergillus and Fusarium (Ascomycota). Although
limited reports exist on yeasts (Rhodotorula spp., Can-
dida spp. and Yarrowia spp.), they are likely to produce
enzymes like oxidases, laccases, peroxidases, intracellu-
lar monooxygenase cytochrome P450 and lytic polysac-
charide monooxygenases. Their activity is quite unspe-
cific and can use large amounts of substrates of different
compounds such as pesticides, endocrine disruptors,
PAHs, dyes, and even explosives such as trinitrotoluene.
It should be noted that fungi grow fast and can be placed
in large filters. Their oxidases, particularly laccases and
peroxidases, possess a larger redox potential than bac-
teria and prove more efficient in the degradation of pol-
lutants [7]. Microalgae and some cyanobacterial species
are promising bioresources, especially Anabaena, Spiro-
gyra, Oscillatoria and Phormidium, favorably tolerating
heavy metals like As, Cd, Cr, Pb and Hg. Microalgae
species use multiple strategies as a protection mecha-
nism against the toxicity of heavy metals, namely, metal
immobilization, chelation, gene regulation, and redox
reactions by using antioxidant and reducing enzymes
[16]. Generally, all of these methods have drawbacks,
including expensive processing costs, labor-intensive,
specificity, disruption of the natural soil microbiota, and
permanent changes to the physicochemical properties of
the soil. Bioremediation employs either ex situ or in situ
techniques to remediate pollutants. The contaminated
material is either shifted to another place and remediated
or is treated at the original contamination site, leading to
topsoil degradation and, hence, soil fertility is lost. More-
over, the biological agents secrete various enzymes and
chemicals that alter the soil pH, impairing soil quality.
In the Borhola oil fields in Assam, India, laboratory and
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field pilot research were conducted on the bioremedia-
tion of soil contaminated with petroleum hydrocarbons.
Researchers looked into how the bioremediation process
was affected by aeration, nutrients (such as nitrogen and
phosphorus) and the inoculation of exogenous microbial
consortia. The positive effects of these parameters on the
bioremediation rate are seen in lab and field pilot testing.
Field testing results show that up to 75% of the hydro-
carbon contaminants might be broken down in one year
[17].

Phytoremediation

The green and clean technologies known as phytore-
mediation are receiving more attention among the many
methods used to restore heavy metal-contaminated soils
in situ. The term phytoremediation consists of the Greek
word phyto, which means plant and the Latin word re-
medium, which means to restore or cure [6, 8]. The pro-
cess of using naturally occurring or genetically modified
plants to remove dangerous materials from the environ-
ment, such as pesticides, radio nucleosides, polychlori-
nated biphenyls, and polynuclear aromatic hydrocarbons
and then break them down and transform them into safe
metabolites, is known as phytoremediation. Addition-
ally, phytoremediation can remediate not only metals
but also other contaminants, including explosive com-
ponents, petroleum hydrocarbons, PAHs, surfactants,
and chlorinated solvents. In 1983, Chaney introduced
this concept, but for the past 300 years, this notion has
already been ingrained. Later on, several plant species
were discovered that possess the capacity to eliminate
hazardous metals from contaminated surroundings.
Several terms, including green remediation, vegetative
remediation, agro-remediation, green technology, and
botano-remediation, are used and preferred to phytore-
mediation. Phytoremediation is a highly effective green
technology for accumulating various heavy metals. It
involves using soil, plants, and bacteria with other ag-
rochemical practices. Both in situ and ex situ remedia-
tion are useful in a phytoremediation procedure. The in
situ approach is employed more frequently because it
minimizes the harm to the surrounding environment by
reducing the multiplication of contaminants in water and
airborne debris at an early stage. This technique allows
many types of pollutants to be treated on-site without
needing a disposal location.

Later on, several plant species were discovered that
can detoxify toxic substances from contaminated sur-
roundings. Additional advantages include decreasing
the spread of contamination by stopping soil erosion and
leaching. The utmost advantage of this technique is that
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the clean-up cost is far less than other conventional re-
mediation techniques. Phytoremediation is a relatively
simple procedure because it does not require specialized
staff or expensive equipment. Where other traditional
procedures prove exceedingly inefficient and not eco-
nomically possible, large-scale areas can be subjected to
phytoremediation. From an economic perspective, phy-
toremediation has three levels of goals: 1) Plant-based
metal extraction with financial gain, 2) Risk reduction,
also known as photo-stabilization, and 3) Sustainable
soil management, whereby phytoremediation progres-
sively raises soil fertility with additional economic ben-
efit. Many plant species can generate financial benefits.
Many plant species can accumulate much higher quanti-
ties of heavy metals in different plant areas, like the leaf,
stem, and root, without exhibiting any harmful effects.
To make phytoremediation an environmentally sustain-
able technology, plants must possess certain typical traits
such as fast growth rates, high biomass yields, the abil-
ity to absorb large amounts of heavy metals, transport
metals to the upper parts of the plant, and the ability to
withstand metal toxicity. The plant growth that produces
high biomass also depends on other elements, includ-
ing salinity, pH, sunshine, and nutrient requirements.
Phytoremediation trials were conducted in a former U
mining region in East Germany. The test field site exhib-
ited mild to moderate heavy metal/radionuclide (HM/R)
contamination. A mix of phytostabilization and phyto-
extraction strategies were employed, utilizing microbial,
soil, and plant techniques at field and lab scales. To learn
more about how soil amendment techniques (fertilizing,
raising pH and organic matter, adding fungus and bacte-
ria) affect plant tolerance to heavy metals and biomass
production, plant experiments were conducted using C,
Helianthus annuus and Brassica juncea. Reduced seep-
age water rate and load, groundwater contamination, and
HM/R buildup in soil could all be demonstrated in ly-
simeter studies. Following harvests, the ultimate use of
HM/R-loaded plant leftovers was investigated using eth-
anolic and biogas fermentation and plant material com-
bustion. The investigation focused on the fate of HM/R
in the various byproducts [18]. Numerous quickly grow-
ing tree species, such as poplar, jatropha and willow, are
being used for their ability to produce energy and act as
phytoremediators.

Around 24 plant species, divided into 16 families, were
discovered in the Alacran mine, where Hg concentrations
in the soil ranged from 230 to 6320 ng/g. Of these, the
highest concentrations of Hg were found in the roots and
shoots of Jatropha curcas, Piper marginatum, Capsicum
annum, Thalia geniculata, Cyperus ferax and Sticherus
bifidus. J. curcas, in particular, was discovered to have
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the highest Hg bioaccumulation (5983 ng/g in roots and
a bioaccumulation factor of 0.99), suggesting that arti-
sanal and small-scale gold mining operations may be
able to use this plant as a remedy for Hg-contaminated
soils [19]. The sustainable phytoremediation technol-
ogy is based on different uptake mechanisms, including
phytoextraction, phytostabilization, phytoevaporation,
rhizofiltration, and rhizodegradation.

Phytoextraction

Phytoextraction refers to the absorption of metals by
plants and associated soil microbes to reduce environ-
mental pollutants’ levels or toxic effects [5]. Since har-
vesting the root biomass is usually impractical, metal
translocation to aboveground portions like shoots is a
desirable biochemical process for effective phytoextrac-
tion. Once the phytoextraction is over, the plant can be
harvested and burned to gain energy, and metal can be
recovered from the ash, if required. Phytoextraction
presents a more difficult task than other forms of phy-
toremediation because harmful contaminants are found
in larger concentrations in soil. Plants should take up
metals from the soil, move them, and concentrate them
in the sections of the plant above ground. The plants em-
ployed in phytoextraction must withstand metals and
develop quickly enough to yield a large amount of bio-
mass. However, most plants that accumulate metals
grow slowly and produce little biomass, which has
caused the phytoextraction process to proceed very
slowly. The development of phytoextraction technology
has been greatly aided by discovering hyperaccumula-
tors, plants that can absorb heavy metals at concentra-
tions 50-500 times higher than typical plants. Baker and
Brooks believed hyperaccumulator plants could collect
>10000 mg/kg of Mn and Zn, 1000 mg/kg of As, Co, Cu,
Pb, Ni, or 100 mg/kg of Cd. The digestion and passage
of metals via root cell membranes, loading into the xy-
lem, transferring to shoots, and sequestering and detoxi-
fying metals within plant tissues are some of the pro-
cesses that lead to the hyperaccumulation of heavy
metals. The epidermis, cuticle, and trichomes are the
best places for metal detoxification. About 400 plants
have been known as hyperaccumulators, which com-
prise only <0.2% of higher plants, belonging to families
like Brassicaceae, Asteraceae, Fabaceae, Lamiaceae,
Caryophyllaceae, Poaceae, Cyperaceae, Cunoniaceae,
Flacourtiaceae, Euphorbiaceous, Scrophulariaceae and
Violaceae [11, 20, 21]. Over 320 species of Ni hyperac-
cumulators, 34 species of Cu, 30 species of Co, 20 spe-
cies of Se, 14 species of Pb, 11 species of Zn, 10 species
of Ni, 4 species of As and 1 species of Cd are known to
exist. Several plant species are known to accumulate
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heavy metals, including Astragalus racemosus, Viola ca-
laminaria, B. juncea, and Alyssum spp. [21]. To a large
degree, however, the ability to hyperaccumulate metals
is a defining trait of the Brassicaceae family. The com-
mon heavy metals it scavenges are Pb, Cd, Zn and Ni.
There are 87 species. and 11 genera in this family; of
these, 72 species and 7 genera accumulate Ni, 15 species
and 4 genera accumulate Zn. Sebertia acuminata, a tiny
tree from New Caledonia, is the best hyperaccumulator
of Ni, with 25% of Ni in its dried bluish-green latex.
Various species of Thlaspi can accumulate multiple met-
als. Thlaspi caerulescens accumulates Cd, Ni, Pb and
Zn, Thlaspi rotundifolium accumulates Ni, Pb, and Zn,
and Thlaspi goesingense and Thlaspi ochroleucum ac-
cumulate Ni and Zn. According to reports, B. juncea tis-
sues contain one-third of the concentration of Zn, mak-
ing them more effective at remediating Zn than T
caerulescens, a generally recognized Zn hyperaccumu-
lator. The fundamental cause of this phenomenon is that
B. juncea produces ten times as much biomass as 7. cae-
rulescens. Through experimental research, the capacity
of many Brassica species to withstand and accumulate
harmful metals has been confirmed. The primary plant
for removing heavy metals from the soil, such as Cd, Pb,
Cr (IV), Cs, Cu, Ni, U, and Zn, is Indian mustard (B.
Juncea). Salix spp. and Populus spp. are largely used for
Cd and Zn extraction from moderately contaminated
soils. Pteris vittata, a fern, is the first hyperaccumulator
for As as per reports and removed 70% of As in 3 years
which was highest among four As accumulating species
including Adiantum capillus-veneris (60%), Phragmites
karka (56.1%), Christella dentata (55.1%), and P, vittata
[22-30]. Various other species of fern identified as poten-
tial As hyperaccumulators include Dryopteris filix-mas,
Pteridium aquilinum, Pityrogramma calomelanos, Pter-
is cretica, Pteris longifolia, and Pteris umbrosa. Among
the herbs Blumea lacera, Mimosa pudica, Mikania cor-
data and Ageratum conyzoides and among the shrubs,
Melastoma malabathricum, Clerodendrum trichotomum
and Ricinus communis also seemed to have potential for
phytoremediation of As contaminated soils [21, 31-36].
According to Jankong et al. [32] study, using phosphorus
fertilizer and rhizosphere bacteria on silverback fern, P
calomelanos, significantly enhanced As-phytoextrac-
tion. Similarly, Souza et al. [37] demonstrated that Lem-
na valdiviana absorbed a greater amount of As at a pH of
6.3-7, phosphorus availability of 0.0488 mmol/L, and
nitrogen (as nitrate) at a concentration of 7.9 mmol/L. A
few floating plants, including Azolla pinnata, Eichhornia
crassipes, Spirodela polyrhiza, Chlorodesmis spp.,
Cladophora spp. and a wetland weed called Monochoria
vaginalis, can also prove promising members for As™

Verma PK, et al. Phytoremediation of Heavy Metals. PBR. 2024; 10(2):89-102.



http://pbr.mazums.ac.ir/index.php?&slct_pg_id=10&sid=1&slc_lang=en
http://pbr.mazums.ac.ir/index.php?&slct_pg_id=10&sid=1&slc_lang=en

June 2024. Volume 10. Number 2

contaminated surface water and wetlands [34, 38]. There
are many types of hyperaccumulators for the phytoreme-
diation procedure currently in trend, including 4. race-
mosus, Zea mays and Eichhornia crassipes (water hya-
cinth), the latter being the most idealistic oceanic plant
[11]. The water hyacinth has proved to be a powerful
candidate in the phytoremediation of poisons like Cd,
Co, As, Ni, Hg and Pb from antiquated times to the pres-
ent era [39]. In addition to water hyacinth, other well-
known metal accumulator plants for cleaning up heavy
metal-polluted water include water lettuce (Pistia stra-
tiotes), duckweed (Lemna minor) and a few other aquat-
ic plants [40]. Several other plant species, including sun-
flower (H. annuus), remediate radionuclides from the
polluted soil. The advantages that plants possess due to
hyperaccumulation and their detailed mechanisms re-
main unclear. However, most data on Ni hyperaccumu-
lation mechanisms has been found for the Thlaspi and
Alyssum genera (Brassicaceae) and the South African
species of Berkheya coddii (Asteraceae). B. coddii has a
higher biomass than other hyperaccumulator plants and
can successfully absorb and translocate Ni from the plant
roots to the aboveground shoots. It is highly tolerant to
Ni in the soil and the tissues. Metal binding peptides
have been synthesized using biotechnological techniques
and genetic engineering tools to boost hyperaccumulator
plants’ biomass and growth rate. The initial scientific
breakthroughs were reported using Populus for cleaning
up soil contaminated with Cd and Cu, Populus balsam-
ifera for cleaning up As-contaminated soil, Liriodendron
tulipifera and Arabidopsis thaliana for cleaning up Hg,
and Nicotiana tabacum for cleaning up Cd [11, 40]. Ni-
cotiana glauca, which has been genetically engineered,
has shown promise in soil restoration. With 100 times
larger biomass, the 7. caerulescens hyperaccumulator
possesses a higher concentration of heavy metals than
the transgenic N. glauca. The use of chelating com-
pounds such as ethylenediaminetetraacetic acid (EDTA),
ethylenediamine dihydroxy phenylacetic acid and hy-
droxyethyl ethylenediaminetetraacetic acid (HEDTA) is
beneficial when the availability of heavy metals in the
soils is insufficient for the active root absorption. Such
compounds improve Cu, Cd, Pb, Zn and Ni phytoextrac-
tion. Chelation, however, has many drawbacks, includ-
ing harmful effects on soil microbes, groundwater con-
tamination, and a sluggish rate of synthetic organic acid
breakdown. Rapidly degrading natural organic acids
such as citric acid and oxalic acids, tartaric acid, malic
acid, and putrescine (polyamine) can overcome these
limitations. More investigation is needed on using these
substances to improve plant uptake of metals and the dis-
advantages of their removal while considering the rate of
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their biodegradation. Therefore, to minimize the residual
effects of metal chelates on soil microorganisms, it is im-
portant to carefully choose the chelating agents, use an
appropriate dosing strategy and apply the treatment at the
appropriate time. In most cases, phytoextraction took
longer (up to tens of years) to remediate soil polluted with
heavy metals. In France, the Cd concentration can be
lowered by 10 pg/kg in a single season by employing 7.
caerulescens for phytoextraction of polluted soil. It will
never be possible to reduce the amount of Zn in the soil
from high to low levels of biological accumulation in an
economically profitable way (less than 10 years). It took
two years for B. coddii to restore moderately Ni-polluted
(100 mg/kg) soils in New Zealand to a standard concen-
tration typically accepted by the EU (75 mg/kg). It would
take 35-139 years for highly polluted soils (2000-10000
mg/kg) with 23 t/ha biomass. A 3-year study conducted in
a greenhouse with various plant species found that the
overall level of Zn decreased by 50% and the total con-
tent of Cd by 20%. Therefore, the phytoextraction pro-
cess has the same benefits and limitations as clean-up
[11]. Various plant species have been found to remediate
heavy metals (Table 1).

When determining how long the phytoextraction pro-
cess will take, it is crucial to consider how changes in the
concentration of heavy metals in soil would affect plant
adsorption during the phytoremediation process. The re-
duction of heavy metal contents in soil during phytoex-
traction may cause plants to absorb lower heavy metals,
extending the time needed for phytoextraction to achieve
the initial target levels. If the outcomes of these brief tri-
als are extrapolated with constant plant uptake rates, the
length of phytoextraction may be underestimated [70].
A field cultivation experiment was performed in Japan
to study the suitability of the macrophyte Eleocharis
acicularis as a hyperaccumulator. It was found that E.
acicularis has the potential for phytoremediation of soils
containing high amounts of Zn, Pb, As, Cu and Cd. It
can be used for phytoextraction in humid regions of Asia
with the same climate and soils as the mentioned study
site [66].

Phytostabilization

Phytostabilization is the process in which plants help
reduce the mobility and bioavailability of heavy metals
in soils due to their stabilization from off-site transport.
Phytostabilization uses plants’ ability to accumulate spe-
cific heavy metals in their root zone through phytoseques-
tration or phytodeposition [11]. The primary conditions
necessary for the plant species to be used for phytosta-
bilization include an extensive root system, rapid growth
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Table 1. List of heavy metals accumulator plants

Plant Species Metal Accumulation (mg/kg) References
Corrigiola telephiifolia As 2110 [41]
Pteris biaurita As 2000 [42]
P. cretica As 1800 [42]
Pteris quadriaurita As 2900 [42]
Pteris ryukyuensis As 3647 [42]
Pteris vittate As 8331 [43]
Achillea millefolium Hg 18.275 [44]
Armoracia lapathifolia Hg 0.97 [45]
Cicer arietinum Hg 0.2 [44]
Festuca rubra Hg 3.17 [46, 47]
Helianthus tuberosus Hg 1.89 [45]
Hordeum spp. Hg 2.35 [46, 47]
Juncus maritimus Hg 0.315 [48]
Lens culinaris Hg 14 [46, 47]
Lupinus polyphyllus Hg 0.2 [46, 47]
Macleaya cordata Hg 2.775 [44]
Marrubium vulgare Hg 13.8 [46, 47]
Nephrolepis exaltata Hg 2357 [49]
Poa pratensis Hg 2.74 [45]
P. vittate Hg 91.975 [44]
Rumex induratus Hg 6.45 [46, 47]
Salix schwerinii Hg 0.55 [50]
Salix viminalis Hg 0.66 [50]
Silene vulgaris Hg 4.25 [51]
Betula occidentalis Pb 1000 [52]
Brassica nigra Pb 9400 [52]
Deschampsia cespitosa Pb 966.5 [53]
Euphorbia cheiradenia Pb 1138 [54]
H. annuus Pb 5600 [52]
Medicago sativa Pb 43300 [52]
T. rotundifolium Pb 8200 [55]
A. pinnata cd 740 [56]
PBR o5 |
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Plant Species Metal Accumulation (mg/kg) References
Rorippa globosa Ccd 4100 [57]
Solanum photeinocarpum cd 158 [58]
Alyssum bertolonii Ni 10,900 [59]
Alyssum caricom Ni 12500 [59]
Alyssum corsicum Ni 18100 [59]
Alyssum heldreichii Ni 11800 [60]
Alyssum markgrafii Ni 19100 [60]
Alyssum murale Ni 4730 [60]
Alyssum pterocarpum Ni 13500 [59]
Alyssum serpyllifolium Ni 10000 [61]
B. coddii Ni 18000 [62]
Isatis pinnatiloba Ni 1441 [63]
Phyllanthus serpentines Ni 38100 [64]
Psychotria douarrei Ni 47500 [55]
S. acuminate Ni 250000 [65]
Aeolanthus biformifolius Cu 13700 [64]
E. acicularis Cu 20200 [66]
Haumaniastrum katangense Cu 8356 [67]
Ipomoea alpine Cu 12300 [55]
Alyxia rubricaulis Mn 11500 [64]
Macadamia neurophylla Mn 51800 [67]
Schima superb Mn 62412.3 [68]
Haumaniastrum robertii Co 10200 [64]
B. juncea Au 10 [69]
Thlaspi calaminare Zn 10000 [67]

rate, resistance to heavy metals, and a poor translocation
of metals from roots to shoots. The phytostabilization
technique aims to reduce the risk of heavy metal pol-
lution by stabilizing them through the development of
a vegetative cap at the plant rhizosphere, where the se-
questration (binding and sorption) process immobilizes
metals to minimize the threat and make them unavail-
able to livestock, wildlife and human exposure. Various
organic and inorganic soil amendments that encourage
precipitation and the absorption of metals can be done to

Verma PK, et al. Phytoremediation of Heavy Metals. PBR. 2024; 10(2):89-102.
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enhance the fixation. Phytostabilization is economically
feasible and easy to execute; therefore, it is more advan-
tageous than other techniques. This technique is applied
to a wide range of surface contamination sites and sites
with high organic loads and porosity. However, this
technique has a significant drawback: It does not apply
to heavily contaminated areas because such conditions
hinder plants’ growth rate. Moreover, this technique is
not a permanent resolution as it does not eliminate the
metals from the soil but only restricts their movement in
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the soil. Phytostabilization reduces the amount of water
passing through the soil, which leads to stabilization.

Because of possible effects on the food chain, metals
easily translocated to plant leaves may limit the applica-
bility of phytostabilization. This technique is employed
generally to remediate soils contaminated mainly with
As, Zn, Pb, Cd, Cu and Cr. The species that accumulate
heavy metals in their root systems and inhibit the release
of heavy metals into the food chain are the most effective
hyperaccumulators for phytostabilization. The technique
has flourished in recent years, predominantly for com-
mercially available agricultural grasses. Certain plant
species like Agrostis spp. and Festuca spp. are com-
monly used in the phytostabilization of soils contami-
nated with Cu, Pb and Zn in Europe, where they have
originated, and in America and China, where they were
introduced later.

In some cases, serious issues may be raised, particular-
ly when the soil is heavily contaminated and degraded.
In such conditions, it is advantageous to use the routine
plant species adapted to the local environment and toler-
ant to metal contamination, along with adding fertilizers
and liming. Members of the Chenopodiaceae family, es-
pecially Atriplex spp. are utilized to revegetate mine tail-
ings in the Western United States and act as pioneer spe-
cies in semiarid western Australia. They are also highly
salt tolerant [71].

Phytovolatilization

Phytovolatilization, or photoevaporation, is when toxic
heavy metals like Hg, Se, and As are transformed into
less hazardous and volatile forms and released into the
atmosphere [11]. This technology is generally employed
to remediate soil, groundwater, sludges, and sediments
[40]. Since Se is a sulfur analog, plant enzymes involved
in sulfur metabolic pathways, absorption, and volatil-
ization transform Se to dimethyl selenide [72]. Certain
species of the Brassicaceae family, such as B. juncea,
assimilate Se from the soil and convert it into organic
seleno-amino acids, seleno-methionine, and selenocys-
teine, which then get volatilized into the atmosphere.
Its wild species cause phytovolatilization of Hg in roots
[72]. Although this remediation strategy provides certain
benefits, such as less site disturbance and erosion, it is
still regarded as the most contentious and restricted of all
phytoremediation technologies because this process does
not fix the contaminants completely but transfers pollut-
ants from soil to the atmosphere from where they can
be redeposited. For example, when Hg is released into
the atmosphere, it will likely be recycled by precipitation
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and redeposited into the ecosystem. Since high levels of
Hg and Se are poisonous, it is debatable whether these
metals are safe or desirable to volatilize into the atmo-
sphere. The problem was solved by a transgenic plant
showing excellent Hg volatilization and it was possible
to incorporate the Hg ion reductase gene of bacteria in
A. thaliana. Additionally, it has been observed that when
model plants like N. tabacum and A. thaliana were mod-
ified to include the bacterial mercuric reductase (merA)
and organomercurial lyase (merB) genes, the resultant
transgenic plants can absorb elemental and methyl Hg
from the soil for volatilization [73]. Compared to non-
transgenic plantlets, transgenic yellow poplar (Lirioden-
dron tulipifera) plantlets volatilized about 10 times more
elemental Hg and exhibited resistance to toxic concen-
trations of the metal. This technology is currently em-
ployed to decay trittum (H-3), a radioactive isotope of
hydrogen, into stable helium with a half-life of about 12
years [6, 11].

North Island, New Zealand’s Tui mining tailings were
the site of research. The study’s main objective was to
investigate Hg uptake into aboveground plant tissues
through the solubilization of Hg in Tui mine tailings
produced by thiosulphate. In field-grown B. juncea
plants, applying sodium thiosulfate (Na,S,0,) success-
fully stimulated Hg uptake by roots and translocation by
shoot. The highest yield of extraction was around 25 g
Hg/ha. Studies on volatilization showed that plants sig-
nificantly accelerated the transformation of Hg in Tui
tailings to Hg (0). According to mass balance estimates,
Hg volatilization eliminated about 500 g Hg/ha over the
trial period. About 95% of the total Hg mass extracted
from the Tui mine tailings is represented by this value
[74].

Rhizofiltration

Rhizofiltration or phytofiltration is “a form of phytore-
mediation in which plant uses its roots to absorb, con-
centrate, and precipitate the contaminants present in the
groundwater, thereby causing restriction in movement of
these contaminants in underground water.” Plant roots
act as filters to adsorb pollutants [21]. Plants for rhizo-
filtration should have characteristic features: Extensive
root system, a tendency to accumulate large amounts of
heavy metals, ease of handling, and low maintenance
cost. Rhizofiltration is applied effectively to treat heavy
metals, radioactive pollutants, agricultural runoff, and
industrial discharge. However, terrestrial plants are the
best options for rhizofiltration as they possess a strong
and fibrous root systems and a greater capacity to absorb
metals [75]. Indian mustard (B. juncea L.) and sunflower
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(H. annuus L.) are the main examples of Indian mustard,
which is known to remove a large concentration of Pb
(4-500 mg/L). Rhizofiltration is generally used for met-
als such as Pb, Cu, Zn, Cd, Ni, Cr and As retained within
the roots. A few examples of plants applicable for rhi-
zofiltration include sunflower, Indian mustard, tobacco,
rye, corn, and spinach, with sunflower having the most
remarkable ability, and that too for Pb [76].

Blastofiltration (blasto means “seedling” in Greek) is
another advanced technique in which young seedlings
in water help remove heavy metals. Young seedlings are
ideal for repairing water quality because, in this tech-
nique, the surface-to-volume ratio improves significantly
after germination. Some germinating seedlings also ad-
sorb large amounts of hazardous metal ions. Blastofiltra-
tion is more active and cost-effective than rhizofiltration,
but rhizofiltration has an advantage over blastofiltration
in its ability to be employed in situ and ex situ [6]. The
only ingredients for blastofiltration seedling cultures are
seeds, water, and air. These cultures can be grown in ei-
ther light or dark conditions [77]. At a former U-process-
ing factory in Ashtabula, OH, rhizofiltration technology
has been tested in the field with U-contaminated water at
21-874 pg/L concentrations. Before being released into
the environment, the site source water was finally treated
by the pilot-scale rhizofiltration system using B. juncea
and H. annuus, bringing the U concentration down to
less than 20 pg/L (EPA water quality standard). Over
200000 L of wastewater was treated using sunflower
plant-based rhizofiltration technology [78].

Rhizodegradation

Rhizodegradation is the process of the breakdown of
soil pollutants by the action of microbes in the rhizo-
sphere (i.e. the zone rich in microbes that are closely
connected to the plant’s vascular root system). It is con-
sidered a method of purification of contaminated water
bodies due to plant roots’ absorption, concentration,
and precipitation of pollutants, especially organic ones
and some metals. It is due to the intricate ecosystems
of plants and microbes that function as biogeochemi-
cal filters and can successfully eliminate the contami-
nants from sewage. Constructed waterlogged areas are
beneficial for the filtration of large sewage volumes. In
contrast, expensive laboratory hydroponic installations
are being used to remediate hazardous inorganic com-
pounds, including heavy metals and radionuclides, for
relatively small volumes of sewage. Carex pendula, an
important perennial herbaceous plant growing in moist
habitats, decontaminates soil containing Pb under in situ
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conditions and can tolerate a high (1600 mg/kg) amount
of Pb at a concentration of 10 mg/L in water [11].

Role of microbes in enhancing phytoremediation

The plant growth-promoting rhizobacteria (PGPR) can
improve the efficacy of phytoremediation by fostering
plant growth, improving plants’ uptake and translocation
of heavy metals, and protecting plants against harmful
pathogens. These bacteria produce various compounds
such as siderophores, organic acids, antibiotics, en-
zymel-aminocyclopropane-1-carboxylate (ACC) deam-
inase, and some phytohormones like Indole 3-acetic acid
(IAA) [79]. The ACC deaminase degrades the ethylene
precursor ACC, decreasing ethylene production and
promoting plant growth. IAA stimulates plant growth
by forming extensive root systems and protects plants
against abiotic stress [80]. Bacteria produce sidero-
phores, which can bind with Fe** with a high affinity and
solubilize this metal for its effective plant uptake [79].

Arbuscular mycorrhizal fungi (AMF) occur in most
ecosystems’ soil and aid their hosts’ nutritional status by
delivering micronutrients, phosphate, and water. In the
same way, fungal hyphae take up heavy metals and later
on transported to the plant. Thus, AMF leads to enhanced
uptake of heavy metals by plants and root-to-shoot trans-
port, thereby enhancing phytoextraction. In some cases,
it causes immobilization of heavy metals within the soil,
aiding in phytostabilization [81].

Advantages and limitations of phytoremediation

Although phytoremediation is an attractive option to
remediate a good range of obnoxious heavy metals, be-
ing environmentally friendly and economically feasible,
there are the following limitations.

1. The technique is effective if soil contamination is
within a range of 3 feet of the surface and groundwater is
within 10 feet of the surface [20].

2. Soil remediation requires a more extended time (sev-
eral years).

3. It applies to sites with low to moderate contamina-
tion and sites with large volumes of groundwater with
low contamination that must be cleaned to low standards
[20].

4. The phytoextraction efficacy of most metal hyper-
accumulator plants is generally restricted by their low
biomass and slow growth rate.
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5. In tropical and sub-tropical regions that are affected
by climate, the potential of heavy metal accumulation by
plants is weakened and ineffective due to diseases and
pest attacks.

6. Because of the restricted bioavailability of the pol-
lutants in the soil, it is difficult to mobilize a more tightly
bound proportion of heavy metal ions from the soil.

7. The introduction of alien plant species with the po-
tential of hyperaccumulation is generally avoided due to
its deleterious impact on native floral diversity.

8. The mobility of metal ions in soil may be adversely
affected by various agronomic techniques and amend-
ments done in soil.

9. Climatic and weather conditions are the primary de-
terminants of sustainable phytoremediation.

10. Inappropriate biomass handling increases the pos-
sibility of accumulated metals entering the food chain.

Conclusion

Heavy metal pollution threatens soil and water quality
and food security, especially because of their non-biode-
gradable nature and bioaccumulation in the food chain.
Conventional methods to remedy this problem were
ineffective due to their high cost, soil quality, soil mi-
croflora destruction, and production of secondary pollut-
ants. Phytoremediation is an alternative and sustainable
approach to countering environmental heavy metal pol-
lution. Various plants possess inherent biological mech-
anisms that help them to tolerate heavy metal stress.
Phytoremediation, phytoextraction, and phytostabiliza-
tion are very effective techniques, and phytoextraction
is expected to be a commercially important technology
for phytoremediation in the future. Hyperaccumulators
definitely play a significant role in metal accumulation
and phytoextraction but have limitations like low bio-
mass production, time consumption, and slow growth
rate. Their use depends on the soil type and level of met-
al contamination. Transgenic microbes and plants can
be used to remediate the contaminated sites efficiently.
Understanding heavy metal uptake, translocation, and
detoxification mechanisms in plants and identifying dif-
ferent signaling pathways is needed to design the ideal
plant species for phytoremediation via genetic engineer-
ing. Using chelating agents and microbes has proven ef-
fective in increasing metal bioavailability for efficient
phytoextraction and soil health for rapid plant growth.
Further research is needed to understand the mechanisms
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of metal transport and accumulation in plants to develop
better transgenic varieties for effective, economical, and
time-saving phytoremediation.
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