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Abstract The release of potentially toxic metal(loid)s
(PTMs) such as As, Cd, Cr, Pb and Hg has become a
serious threat to the environment. The anthropogenic
contribution of these PTMs, especially Hg, is increasing
continuously, and coal combustion in thermal power
plants (TPPs) is considered to be the highest contributor
of PTMs. Once entered into the environment, PTMs get
deposited on the soil, which is the most important sink
of these PTMs. This review centred on the sources of
PTMs from coal and flyash and their enrichment in soil,
chemical behaviour in soil and plant, bioaccumulation
in trees and vegetables, health risk and remediation.
Several remediation techniques (physical and chemical)
have been used to minimise the PTMs level in soil and
water, but the phytoremediation technique is the most
commonly used technique for the effective removal of
PTMs from contaminated soil and water. Several plant
species like Brassica juncea, Pteris vittata and
Helianthus annuus are proved to be the most potential
candidate for the PTMs removal. Among all the PTMs,
the occurrence of Hg in coal is a global concern due to
the significant release of Hg into the atmosphere from
coal-fired thermal power plants. Therefore, the Hg

removal from pre-combustion (coal washing and
demercuration techniques) coal is very essential to re-
duce the possibility of Hg release to the atmosphere.
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Introduction

The increasing level of pollution is a serious threat to the
environment and mankind (Fayiga et al. 2018). Funda-
mentally, the natural and anthropogenic sources are two
sources of pollution in the natural environment. Among
the two, the anthropogenic sources play the major role in
elevating the pollution level. Coal mining and thermal
power plants (TPPs) are the major anthropogenic con-
tributors of pollutant to the environment (Li et al. 2018).
These anthropogenic sources release potentially toxic
metal(loid)s (PTMs) into the environment. The five
PTMs, namely arsenic (As), cadmium (Cd), chromium
(Cr), mercury (Hg) and lead (Pb), have been recognised
as the most hazardous and persistent element (Lee et al.
2006; Ozden et al. 2018). These PTMs have the bio-
accumulation capacity in the food chain and may cause
serious risk to human health (Modabberi et al. 2018; Raj
and Maiti 2019a). Direct inhalation, dermal contact and
consumption of PTMs-contaminated water and soil are
the main exposure routes of PTMs in humans.

The reported global anthropogenic release of As was
82,000 metric tonnes/year (Jang et al. 2016). In a case
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study on anthropogenic emission of Cd, it was reported
that the total emissions of Cd in China for the year 2009
was 743.77 metric tonnes (Cheng et al. 2015). In anoth-
er case study, Cheng et al. (2015) reported that the
emission of Cr in China during the year 1990 to 2009
was 13,400metric tonnes, whereas the total Pb emission
from the year 1930 to 2010 was 173.8 metric tonnes
(Liang and Mao 2015). Streets et al. (2018) delineated
the global anthropogenic release of Hg in the order of
2000 metric tonnes/year.

Several remediation technologies have been reported
to remediate toxic metal(loid)s. Physical (soil washing,
selective catalytic reduction and wet flue gas
desulphurisation, thermal treatment), chemical
(stabilisation, electro-remediation and adsorption) and
b io log i c a l me thods (m ic rob i a l t r e a tmen t ,
phytoremediation) (Yu et al. 2016; Raj and Maiti
2019b) have been used by several researchers to reme-
diate PTMs from contaminated soil and water. Among
all the remediation technologies, the phytoremediation
technique is considered to be the best and effective
approach for the remediation of PTMs from soil and
water (Wang et al. 2012).

The aim of this study is to review the previous and
current knowledge on the availability of major PTMs in
coal, flyash (FA) and soil, and their bio-accumulation in
tree and vegetable species. The study also explored the
potential health risks caused due to the exposure of
PTMs. In addition, the various techniques of PTMs
remediation from soil and water have also been
anatomised. Moreover, particular emphasis has been
given to the coal Hg content and its removal techniques.

Methods to analyse PTMs in coal, flyash and soil

Single extraction The PTMs concentration in coal, FA
and soil can be determined through acid digestion
methods. In several studies, different acid compositions
were used for the determination of total concentration of
PTMs in the coal, FA and soil samples. According to
Pantuzzo et al. (2009), the total concentrations of As,
Cd, Cr and Pb in coal and soil can be extracted using the
acid mixture of HNO3, HCl and HF (5:15:10, v/v); acid
mixture of HNO3 and HClO4 (1:4, v/v) is used for total
PTMs content in FA (Jambhulkar and Juwarkar 2009).
The total Hg content in coal and FA samples is deter-
mined by digesting in nitric acid (HNO3; 1:10; w/v) on a
hot plate at 70 °C for 90 min, whereas 50% aqua regia
(HCl and HNO3, 3:1) is used for total Hg determination

in soil samples (USEPA 1996; ASTM 2006; USEPA
2007; Issaro et al. 2009; Park et al. 2013).

Sequential extraction method It has been used by sev-
eral researchers to determine the various fractions bound
with metal(loid)s in the coal, FA and soil samples.
According to Tessier et al. (1979), the solid materials
can be partitioned into specific fractions, and these
fractions can be extracted by using specific regents. It
involves five fractions: (1) exchangeable fraction, ex-
tracted with 1 M MgCl2; (2) fraction bound to carbon-
ates, extracted with 1 M CH3COONa; (3) fraction
bound to iron and manganese oxide, extracted with
0.04 M NH2OH·HCl; (4) fraction bound to organic
matter, extracted with HNO3 and H2O2; (5) residual
fraction, extracted with aqua regia (HCl/HNO3, 3:1,
v/v) (Li et al. 2009; Subirés-Muñoz et al. 2011; Kahkha
et al. 2017).

Arsenic (As)

Arsenic is the 20th most abundant element in the
earth’s crust. It is a metalloid having the atomic
number of 33 and atomic mass of 74.9216 g/mol.
The outer electronic configuration of As is 4s2 4p3.
It belongs to the fifth group of the periodic table,
and resides with nitrogen, phosphorus, antimony and
bismuth. In some cases like biological (uptake of As
in plant and microorganisms) and chemical (behav-
iour of As in soils) processes, it acts as an analogue
of phosphorus due to the chemical similarity
(Alloway 2013). The bond formation of As with
sulphur and carbon is more easy than that of phos-
phorus. It gets volatilised from the soil due to the
biological transformation (Sadiq 1997).

Weathering from the bedrock (parent materials) is the
main natural source of As. Generally, the elevated con-
centration of As is found in clays and shales
(14.5 mg/kg), while the concentration is comparatively
lower in igneous rocks (1.5–3.0 mg/kg) and limestones
(1.7 mg/kg) than the world average for uncontaminated
soils (7.2 mg/kg) (Jenkins 1980; Adriano 2001; Loska
et al. 2003). Its concentration in contaminated soils may
rises to the level of 27,000 mg/kg (Alloway 2013).
According to USEPA, the permissible limit of As in soil
is 24 mg/kg (Singh et al. 2015). The reported As content
in the plant grown on uncontaminated soil was in the
range of 0.009 to 1.5 mg/kg (Alloway 2013). Since the
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elevated concentration of As puts negative impacts on
the environment, it is very essential to locate its origin
source. Among all the sources, coal is one of the key
sources, which has been focussed by several researchers
(Yudovich and Ketris 2005; Wang et al. 2012). The
average As content in most of the coal types has been
reported in the range of 0.5–80mg/kg, depending on the
geological origin (Xu et al. 2004). The high concentra-
tion of As in coal may pose a serious threat to the soil
and vegetation because the flue gas released from the
burning of As-containing coal may get deposited on the
nearby soil and vegetation, which may damage the soil
quality of nearby areas. In the vicinity of coal mine and
TPP areas, the deposition of As on to the top surface of
soil occurs through atmospheric deposition via wet de-
position. In coal, As is present in the form of pyrite and
arsenate. The As is also associated with inorganic ele-
ments in coal (Alloway 2013). The inorganic form of As
are found in various forms in the environment and is
commonly found in water as pentavalent arsenate
[As(V)] or trivalent arsenite [As(III)].

Chemical behaviour of As in soil and plant

In soil, the As is associated primarily with its minerals,
which are derived from parent materials. Major concen-
tration of As is present in mineral forms, including
arsenates, sulphides, sulfosalts, arsenites, arsenides, na-
tive elements and metal alloys. Out of these, sulphide
(e.g. arsenopyrite, pyrite, loellingite, realgar) and arse-
nate minerals (e.g. scorodite, beudantite, yukonite) are
the most common soil-boundmineral forms, while other
mineral forms are generated during weathering process
(Moreno-Jiménez et al. 2012). In forest soil and peat,
the As is present in organic form. Generally, the organic
matter content is higher in the soil, where plant residues
are deposited through litter fall (Alloway 2013). So, in
such types of soil, As is present in the organic bound
form (monomethylarsonic acid and dimethylarsinic ac-
id) (Moreno-Jiménez et al. 2012). The bioavailability,
volatility, toxicity and solubility of As in soils are main-
ly dependent upon the biogeochemical processes and
chemical reactions occurring in the soil. These reactions
and biogeochemical processes are usually controlled by
change in the environmental conditions (seasonal vari-
ations in soil moisture and organic matter content). The
change in soil temperature is also an important factor to
be considered for the solubility and bioavailability of As
in the soil. According to Ahmann et al. (1997), soil

microbial metabolism plays a crucial role in the redox
transformations of As in the soils.

As speciation

The speciation and transformation of As in the soil is
directly affected by activities of the plant’s root (Fitz and
Wenzel 2002). Microorganisms in soil are responsible for
detoxification of toxic materials like As through chemical
reactions such as, oxidation and reduction processes
(Rensing and Rosen 2009). For example, the reduction
ofAs(V) toAs(III) in soil occurs throughmicroorganisms
like Pseudomonas and Bacillus species, which lead to the
detoxification of soil (Macur et al. 2004). Generally,
bacteria which have oxidising capabilities of As(III) co-
exists with reducers of As(V) in soil. So, these bacteria
are considered as the main regulators of inorganic speci-
ation of As in soil pore waters. The plants have the
capabilities to uptake arsenate and arsenous acid from
soils, directly.Ma et al. (2008) reported that As enters into
the plant from soil in the form of arsenous acid through
aquaporins. Once As has been taken up by the plant’s
root, the arsenate is reduced to arsenite, which is released
back into the external medium (As-III efflux) or gets
transferred to the shoot of the plant (Fig. 1).

As concentration in coal, flyash and soil

In a study by Bai et al. (2007), the average As concen-
tration in the coal samples was 4.09 mg/kg (Table 1).
The world average As concentration of 8.3 mg/kg in
coal was reported by Ketris and Yudovich (2009). In
France, the reported As concentration in FA generated
from power plant was found to be 43.1 mg/kg (Bidar
et al. 2016), while the As contents in FA generated from
three different power plants (Sual, Mauban and
Masinloc coal power plants) in the Philippines were
8.4, 41.8 and 10.4 mg/kg, respectively (Brigden and
Santillo 2002). It is observed from the previous reported
data that the burning of higher As-containing coal in
power plants may be the main reason of elevated As
content in FA (Alloway 2013). The reported concentra-
tion of As in 27 samples of mine soil was 9.8 mg/kg
(Zhai et al. 2009), whereas Maya et al. (2015) reported
that As content in 693 samples of mine-impacted soil of
Emalahleni region of South Africa was 0.5 mg/kg. The
reported As content by Maya et al. (2015) was 20 times
lesser than the reported As concentration in mine soil of
Palapye region of Botswana. In a similar study, Bhuiyan
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et al. (2010) reported that As content in acid mine
drainage-contaminated soil (Barapukuria, Bangladesh)
was 17.5 mg/kg.

Accumulation of As in tree and vegetable species

Plant and vegetable species growing on the As-
contaminated soil are able to uptake As from soil ac-
cording to their uptake efficiencies. Therefore, high As
content in soil may leads to higher accumulation in
various tissues of plants and vegetables. A study was
conducted by Patel et al. (2015) on tree species growing
on the soil of Korba coal basin, Chhattisgarh, India, and
it was found that As concentrations in leaf samples of
Mangifera indica (mango), Butea monosperma (flame
of forest), Tectona grandis (teak) and Azadirachta
indica (margosa tree) were 3.9, 3.0, 6.4 and 43.1 mg/kg,
respectively.

The qualities of vegetables are severely affected by
the accumulation of metalloids in different parts, and
their consumptions are the key source of accumulation
in the body parts of human beings. The As accumulation
in various vegetable species was also reported by several

researchers. For example, the vegetable species of So-
lanum tuberosum (potato), Raphanus sativus (radish)
and Allium cepa (onion) growing on the soil of
Smaland, Sweden, accumulated 0.0036, 0.0055 and
0.0033 mg/kg of As, respectively (Augustsson et al.
2018). Basha et al. (2014) studied on 72 vegetable
samples of three species consisting of S. tuberosum
(potato), Capsicum annum (chilli) and Momordica
charantia (bitter gourd) growing in the vicinity of
Tummalapalle Uranium mines, India. However, in their
study, no As accumulation was reported.

Health risks associated with the As exposure

Elevated level of As in coal, FA, soil, plant and vegeta-
ble are hazardous to people. The PTMs are exposed
through ingestion, inhalation and absorption by skin as
well as consumption of contaminated vegetable (Loska
et al. 2003). It is well known that inorganic form of As is
more harmful than its organic form. The symptoms of
short-term exposure of As poisoning through food and
drinking water include muscle cramp, stomach pain,
vomiting and diarrhoea, while the symptoms of long-
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term exposure are generally observed in skin (change in
pigmentation, hard patches on palms, skin lesions).
Usually, these symptoms occur after a minimum expo-
sure of 5 years, which may further lead to skin cancer.
The long-term exposure of As can cause lung and blad-
der cancer. Other adverse effects of As on human health
include diabetes and neurological complications (Abdul
et al. 2015). Arsenic poisoning is also associated with
infant mortality and adverse pregnancy outcomes. The
symptoms of As poisoning may differ between groups
of population, individuals and geographical areas.

Remediation of As from soil and water

The As-contaminated soil can be treated through ex situ
method, which includes physical treatment like soil
excavation and landfills. Chemical treatment (coagula-
tion, flocculation, acid treatment) to the soil is also used
for As removal (Choong et al. 2007). In water, As can be
removed by oxidation techniques (photochemical oxi-
dation, photocatalytic oxidation, biological oxidation).
The oxidation process converts soluble As(III) to As(V)
followed by the precipitation of As(V) (Singh et al.
2015). But the physical and chemical techniques of As
removal may lead to the change in soil properties and
cau se de s t r u c t i on o f so i l f e r t i l i t y. Thus ,
phytoremediation technique is used for As removal
from contaminated soil and water (Dickinson et al.
2009). In a study, Vallisneria natans (submerged mac-
rophyte species) was used to minimise the As content
from water. The study observed that the total As content
in water dropped rapidly within 3 days. During the
remediation process, the chlorophyll content was de-
creased and an increase in the antioxidant enzymatic
activities was observed. The results concluded that the
species of V. natans may be used as the potential

candidate to remove As from As-contaminated water
(Li et al. 2018). Pteris vittata (commonly known as
Chinese brake fern) is also used for the removal of As
from groundwater and can remove As from drinking
water up to the level of 10 μg/L. The study also reported
that young fern plants had more potential to remove As
than old plants of similar size (Tu et al. 2004). The same
plant had also been used to remove As from soil (Yan
et al. 2019). Ye et al. (2011) had also worked on
phytoremediation of As through P. vittata in a pot ex-
periment and found that the plant removed 3.5% to
11.4% of the total As from the soil.

Cadmium (Cd)

Cadmium is a silvery-white heavy metal, which is
chemically very similar to the metal like Hg in group
12 of the chemical periodic table, and also has a lower
melting point. It is a non-metabolic and non-essential
element. It exists as a divalent cation (Cd2+) in the soil.
In soil, the typical concentration of Cd ranges from 0.1
to 1 mg/kg. In non-contaminated soils, the Cd content
generally increases with the decrease in sand percentage
due to the association of Cd with finer particles. The
high organic content in soil is also responsible for ex-
ceeding Cd level (> 1 mg/kg) in soil (Alloway 2013). Cd
is enriched in soil through human activities like appli-
cation of phosphate fertilisers and atmospheric deposi-
tion. The major consumption (80%) of Cd occurs
through the production of rechargeable batteries, and
therefore the rechargeable batteries are the major source
of Cd in the soil (Raj et al. 2017).Microbial activities are
also responsible for Cd binding and its release from the
soil (Alloway 2013). Other sources of Cd to the envi-
ronment are automobiles, agricultural implements,

Table 1 Concentration (mg/kg) of potentially toxic metal(loid)s in coal

Country As Cd Cr Pb References

China 4.09 0.81 16.94 16.64 Bai et al. 2007

3.79 0.25 15.4 15.1 Dai et al. 2007

5 0.3 16 14 Tang and Huang 2004

3.8 0.24 15.25 15.55 Ren et al. 2006

USA 24 0.47 15 11 Finkelman 1993

India 0.07 0.75 14.90 5.44 Verma et al. 2015

World coal 8.3 0.22 16 7.8 Ketris and Yudovich 2009
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industrial tools, fungicides, luminescent dials, etc.
(Kirkham 2006).

Chemical behaviour of Cd in soil and plant

The compounds of Cd are isotypic with other corre-
sponding compounds like Zn2+, Co2+, Fe2+, Mg2+ and
Ni2+. Cd may form organic chelates and complex ions
(CdOH+, CdCl+). It forms minerals like CdO (cadmium
oxide) and CdCO3 (cadmium carbonate) under the
strong oxidation condition, and gets accumulated in
phosphate during the weathering process. In acidic soils
(pH 4.5 to 5.5), the mobility of Cd is very high, while it
is immobile in alkaline soils. The soil has very high
affinity for Cd at pH 6. The physiological role of Cd in
higher plants is not known very clearly, but it is under-
stood that Cd is taken up from the soil and is
translocated to the different parts of the plant (Alloway
2013). Cd is accumulated in high proportion in the
plant’s root, and the accumulation is even higher when
Cd enters the plant system through foliar deposition (by
atmospheric Cd deposition) (Kabata-Pendias and
Pendias 2001). One of the most significant biochemical
characteristics of Cd is its strong affinity for sulphhydryl
(–SH) groups of various compounds. The formation of
complexes with metallothionein-like protein is another
important characteristic of Cd. Moreover, it also shows
an affinity for phosphate groups and for other side
chains of protein. It is considered that Cd is very toxic
to the plants because Cd has the strong characteristics to
disturb the enzymatic activities of plants. Studies also
reported that Cd leads to the inhibition of chlorophyll
and anthocyanin formation in the plants (Alloway
2013). In plants, the chlorophyll content acts as the
indicator of upper critical limit of Cd, which means that
the low chlorophyll concentration indicates high Cd
accumulation (Kabata-Pendias and Pendias 2001). The
reported phytotoxic level of Cd in plant ranged from 5 to
10 mg/kg, whereas the critical level of Cd was reported
to be 10 to 20 mg/kg (DW) (Alloway 2013). Yan et al.
(2013) found that the soil urease activity and nitrifica-
tion process were inhibited with the increase in Cd2+

ions in the soil.

Cd concentration in coal, flyash and soil

The occurrence of Cd in coal may be due its geogenic
origin. In China, Cd content was reported and found in
the range of 0.81 to 0.24 mg/kg (Tang and Huang 2004;

Ren et al. 2006; Bai et al. 2007; Dai and Ren 2007).
Ketris and Yudovich 2009 reported the world average
concentration of Cd (0.22 mg/kg) in coal, which was
lower than the reported concentration in Indian coal
(0.75 mg/kg) (Verma et al. 2015). The coal burning in
TPP may lead to the transfer of Cd from coal to FA.
Bidar et al. (2016) found 0.98 and 0.61 mg Cd/kg in two
types of silico-aluminous and sulfo-calcic FA samples
(TPP, France), respectively. Cd content was relatively
high in FA of one of the TPPs of Finland (Pöykiö et al.
2016) (Table 2).

Accumulation of Cd in tree and vegetable species

The leaves of various tree species growing in the nearby
areas of pollutes sites (TPP, roadside and industrial
areas) accumulate Cd through foliar deposition. For
example, Mansour (2014) gave an account of Cd con-
centrations in the leaves of three tree species, namely
Cupressus sempervirens L. (Cupressaceae, Mediterra-
nean cypress), Ligustrum ovalifolium Hassk. (Oleaceae,
Korean privet) and Euonymus japonicas Thunb.
(Celastraceae, Japanese spindle), and found the concen-
trations of 0.061, 0.333 and 0.166 mg/kg, respectively.
In Nigeria, the reported Cd content in Capsicum
annuum L. (Solanaceae, capsicum) was 0.19 mg/kg
(Sobukola et al. 2010).

Health risks associated with the Cd exposure

Cd is a potential threat to humans and the environment
due to its specialities of higher mobility and bioavail-
ability than other toxic elements. It exhibits adverse
effects on biological activities in humans. The intake
of Cd-contaminated vegetable or food is the major
source of Cd introduction in the human body
(Kirkham 2006). Besides this, the occupational expo-
sure and smoking are also the important sources of Cd
(Lugon-Moulin et al. 2004). Kidney and bone tissues are
the target organs and are most sensitive to the Cd expo-
sure in humans (Fig. 2). In severe cases, high Cd con-
tamination may lead to kidney failure. The well-known
notorious disease, known as Itai-Itai (‘ouch-ouch’) dis-
ease, is caused due toCd exposure. The disease results in
osteoporosis (loss of calcium in bone) because of the
replacement of calciumwith excess of Cd in bones of the
human body (Yeung and Hsu 2005). A study reported
that more than 100 people lost their lives due to the Cd
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poisoning during the year 1922 to 1965 (Yeung and Hsu
2005).

Remediation of Cd from soil and water

Effective measures have been taken to remove or
minimise Cd level from the environment. Yeung and
Hsu (2005) worked on the electrokinetic extraction
of Cd-contaminated clay, and observed that the re-
moval efficiency of Cd depends upon the acidic
environment of the soil. Cd is also removed from
soil and water through adsorption process by the
application of different adsorbents (activated car-
bon, low-cost oxides or hydroxides of Al, Mg and
Fe) (Sen and Sarzali 2008). Several plant species
like Oryza sativa L. (Poaceae, Asian rice),
Chrysopogon zizanioides (L.) Roberty (Poaceae,
vetiver grass), Lemna minor L. (Lemnaceae, com-
mon duckweeds ) and Al l i um sa t i vum L .
(Amaryllidaceae, garlic) are known to be good
hyperaccumulators of Cd (Jiang et al. 2001; Lai
and Chen 2004; Murakami et al. 2007; Hou et al.
2007). The removal of Cd through microorganisms
like bacteria, fungi and algae have also been report-
ed in the previously published literature (Barros
Júnior et al. 2003; Arikpo et al. 2004; Yuan et al.
2017). Thlaspi caerulescens Presl and Presl (Bras-
sicaceae, Alpine pennygrass) was known for its high
Cd-accumulating ability, due to the greater Cd tol-
erance with less toxicity symptoms (Brown et al.
1994). The study also observed relatively high Cd
translocation from contaminated solution to the up-
per part of the plant, which resulted in high accu-
mulation of Cd in the shoot. Patel et al. (2005) used
Colocasia esculenta (L.) Schott (Araceae, taro or

elephant-ear) for phytoremediation of Cd from soil,
and observed higher accumulation of Cd in root
followed by stem and leaf.

Chromium (Cr)

Chromium is a lustrous and hard toxic metal. It is
the first element in group VI of the periodic table. It
is also known as transition element. It has anti-
corrosive properties and used as an additive in stain-
less steel. Moreover, it is used in metallurgy, tan-
nery, electroplating, wood preservation, pulp and
paper production. The reported concentration of Cr
in the Earth’s crust is 100 mg/kg (Emsley 2001). It
is associated with mafic and ultramafic rocks. The
naturally occurring compounds of Cr are chromite
and chromate, which have principal valences of 3
and 6, respectively. Cr(VI) is highly oxidised and
hence very much less stable than that of Cr(III)
(Alloway 2013). The Cr content in soil can be
ranged from 1 to 3000 mg/kg (Kotas and Stasicka
2000). The igneous and sedimentary rocks contain
less Cr (ranged from 5 to 120 mg/kg) (Alloway
2013). Weathering of the parent materials is the
major source (natural source) of Cr in soils, and
the reported range of total Cr content in soil is 0.5
to 250 mg/kg, while the average value varies from
40 to 70 mg/kg (Alloway 2013). Generally, the
organic rich and sandy soils have low Cr content
with an average value of 47 and 12 mg/kg, respec-
tively, and a positive correlation exists between Cr
content and fine granulometric fractions. The Cr-rich
sludge and industrial wastes are the major anthropo-
genic sources of total Cr content in the soils.

Table 2 Concentration (mg/kg) of potentially toxic metal(loid)s in flyash generated from thermal power plants

Country As Cd Cr Pb References

Czech Republic 29 nr 115 168 Bartonova et al. 2007

Spain 23.2 nr 47.7 nr Font et al. 2012

France 43.1 0.98 nr 132 Bidar et al. 2016

South Africa nr nr 139 70 Koukouzas et al. 2011

Greece 20.7 nr 4.8 nr Megalovasilis et al. 2013

Finland 13.0 2.9 66.9 28.7 Poykio et al. 2016

India 5.88 11.15 71.72 59.23 Raj and Maiti 2019a

nr not reported
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Chemical behaviour of Cr in soil and plant

In soil, Cr exists in two oxidation states as Cr(III) and
Cr(VI). Cr(III) is slightly mobile in acidic condition, and
it gets precipitated completely at pH 5.5. Hence, the
compounds of Cr(III) are very stable in soils, whereas
Cr(VI) is highly mobile in acidic and alkaline soils. So,
the compounds of Cr(VI) are not stable in soils. In acidic
and alkaline soil, the reduction of Cr(VI) to its lower
oxidation states depends on the redox potential
(Alloway 2013) (Fig. 3). The oxidising ability of Cr(VI)
decreases by the consumption of H+ ions. Cr(III) and
Cr(VI) form deprotonated and hydrolysis products un-
der neutral pH and natural Cr content. Generally, the
adsorption strengths of the hydrolysis products of
Cr(III) (adsorbed on the clay minerals) increases with
the increase in soil pH. The high adsorption ability of
Cr(III) is also based on the increase in the negative
charge on the surface of clay particles (James 1996).

Plant growth is related to the positive effects of
Cr(III) and influences the level of plant growth hor-
mones (cytokinin). Generally, the Cr content in plant’s
shoot (growing on the non-contaminated soils) ranges
from 0.02 to 0.2 mg/kg (Zayed and Terry 2003). The
reasons of low Cr content in uncontaminated soil are the
immobility properties of the element in plant and soil
and the presence of more insoluble form of Cr(III) in the
soil. The poor correlation between Cr contents in soil

and plant tissues is due to the low Cr availability (0.01 to
4 mg/kg) (Zayed and Terry 2003). The plant species of
Brassicaceae family is known as the potential candidate
for Cr uptake (Alloway 2013). The accumulation of Cr
in different plant tissues may cause severe toxic effects
like leaf chlorosis, poor yield, stunted growth and less
development of root systems (Kabata-Pendias and
Pendias 2001). It is considered that the plant growing
on the soil containing 75 to 100 mg/kg of Cr is hardly
toxic to plants (Alloway 2013). Mishra et al. (1995)
observed that the Cr toxicity in plant growing on sandy
soil is relatively higher than that of peat soils.

Cr concentration in coal, flyash and soil

The global average Cr content in coal was reported as
16mg/kg (Ketris and Yudovich 2009), while in India the
reported concentration was 14.90 mg/kg (Verma et al.
2015). In various regions of China, the concentration
ranged from 15 to 16 mg/kg (Tang and Huang 2004;
Ren et al. 2006; Bai et al. 2007; Dai and Ren 2007). A
study reported that the Cr content in FA released from a
TPP in India was 93.33 mg/kg (Sushil and Batra 2006).
In a similar study conducted in Czech Republic, it was
found that Cr content in the FA of a TPP was higher
(Bartoňová et al. 2007) than the previously reported Cr
concentration in Indian FA. In one of the studies on
mine-impacted Indian soil (Ledo mines, Tinsukia,
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Assam), the reported Cr content was 112 mg/kg (Reza
et al. 2015) (Table 3), while in a similar study by Masto
et al. (2015), the Cr concentration in open cast mine-
impacted soil was 98 mg/kg (Jharia coalfield, Jhar-
khand). A very high Cr concentration of 2652 mg/kg
was observed in the soils of industrial areas of the Ganga
plain in India (Gowd et al. 2010). In mine-impacted soil
of South Africa, the reported Cr concentration was
419 mg/kg (mg/kg), which was higher than the Indian
soil of the same type.

Accumulation of Cr in tree and vegetable species

In the leaves of Azadirachta indicaA. Juss., (Meliaceae,
margosa tree) growing on the contaminated soil of Ni-
geria, the concentration of Cr was found as 0.034 mg/kg
(Augustine et al. 2016), whereas the measured concen-
tration of Cr in vegetable species of A. cepa L.
(Amaryllidaceae, onion) was 0.07 mg/kg (São Paulo,
Brazil) (Guerra et al. 2012).

Health risks associated with the Cr exposure

The toxicity effect of Cr(VI) is a major concern due to
the poor absorbance of Cr(III) in the human body. But
the reduction of Cr(VI) to Cr(III) can be highly toxic to

humans, which may lead to severe health problems like
lung cancer (Alloway 2013). Humans are exposed to Cr
through various routes like ingestion of food and water,
dermal contact with Cr compounds and inhalation of Cr-
containing airborne particles (Alloway 2013). In
electroplating industry, the occupational exposure of
Cr(VI) may cause respiratory problems. Other health
risks associated with Cr exposure are skin rashes, weak-
ened immune systems, kidney and liver failure, alter-
ation in genetic material etc. (Zhitkovich 2011). Inges-
tion of Cr(VI) may also result in cardiovascular collapse
in humans.

Remediation of Cr from soil and water

Chemical precipitation is a widely accepted technique
for the removal of Cr(VI) from industrial wastewater.
The removal process involves Cr(VI) reduction in acidic
conditions (pH 2 to 3) and further Cr(III) precipitation as
hydroxyl species (Madhavi et al. 2013). The commonly
used reducing agents in chemical precipitation are sodi-
um sulphite, sulphur dioxide, sodium metabisulphite,
barium sulphite and ferrous sulphate. Limestone and
lime are also very frequently used as the precipitant
agents in the industry for the removal of Cr(VI) due to
their low cost and availability. The inorganic effluent

Fig. 3 Sources, cycling and health risks of Cr (Alloway 2013)
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(> 1000 mg Cr/L ) can be treated effectively by the use
of lime precipitation methods (Mirbagherp and Hosseini
2004). Activated carbon is also used as adsorbents to
remove Cr. In biological methods, the microbes
(bacteria) are used to remove Cr from contaminated
water and soil. Plant species like Jamesbrittenia fodina
(Wild) Hilliard (an endemic perennial shrub found in
Zimbabwe) and Leptospermum scoparium Forst. &
Forst. (Myrtaceae, Broom tea-tree, a native shrub of
Australia and New Zealand) have been reported to ac-
cumulate Cr in their tissues (Madhavi 2013). Revathi
et al. (2011) reported that Sorghum bicolor (L.)Moench.
(Family Poaceae, commonly known as sorghum) can be
used as potential hyperaccumulators of Cr. Physical
processes (soil washing and in situ immobilisation) have
also been suggested for Cr remediation from soils
(Pagilla and Canter 1999).

Lead (Pb)

Lead is a potential toxic metal, which appears bluish-
white in colour. It is a poor conductor of electricity. It
turns into a dull grey colour when it comes in contact
with air. It is also known as corrosion resistant. It is used
in car batteries and is an important constituent of Pb-
acid battery. It is also used as a colouring element in
ceramic glazes. In addition, Pb is also used as an elec-
trode during the electrolysis process. It is generally

found in ores associated with Zn, Ag and Cu. Galena
(PbS) is a major mineral of Pb, and generally mined in
countries like Australia, Canada, China, Peru and USA.
It occurs naturally (< 50 mg/kg in earth’s crust) (Arias
et al. 2010) in the environment, but the anthropogenic
sources (gasoline, car batteries, sewage sludge and
fertilisers) of Pb are found to be the most common
(Grover et al. 2010; Alloway 2013). The global average
Pb content in unpolluted soils was reported as 17 mg/kg
(Alloway 2013).

Chemical behaviour of Pb in soil and plant

The extraction and disposal of Pb and its by-
products are the possible reasons for soil contami-
nation. Generally, there is high correlation between
chemical behaviour of Pb in soil and soil organic
content (Vega et al. 2010). Therefore, it gets accu-
mulated in high organic matter-containing soil
(Alloway 2013). Pb exists as a free metal ion or
may also occur as organic ligands (fulvic acids,
amino acids and humic acids) in soil. The free metal
ions of Pb form complex with inorganic constituent
(bicarbonate, sulphate) (Uzu et al. 2009). It is also
believed that a small amount of Pb is soluble in soil
and available for plant uptake. This is due to the
strong binding of Pb with soil organic matter or
colloids (Punamiya et al. 2010). Moreover, the be-
hav iour of Pb in so i l ( i . e . i t s so lub i l i ty,

Table 3 Average concentrations (mg/kg) of potentially toxic metal(loid)s in soils

Country Soil types As Cd Cr Pb References

Bangladesh AMD-contaminated soils 17.5 nr nr 433 Bhuiyan et al. 2010

Paddy soils 22.4 nr 107 188.6 Halim et al. 2015

Botswana Mine soil 9.8 nr 125.2 22.8 Zhai et al. 2009

Brazil Regular soils nr 4.48 nr nr Galunin et al. 2014

China Reclaimed soil 3.82 0.31 nr 44.75 Yao et al. 2010

France Urban soil nr 1.92 nr 230.8 Douay et al. 2007

India Open cast mine-impacted soil nr 0.012 98 27.3 Masto et al. 2015

Korea AMD-contaminated soil nr 1.1 35.8 32.9 Kim and Chon 2001

Nigeria Mine-impacted soil nr 0.6 nr 0.5 Sahoo et al. 2016

Poland Reclaimed soil nr 1.65 nr 39.9 Pietrzykowski et al. 2014

Portugal Waste-impacted soil 38.3 0.2 92.3 30.8 Ribeiro et al. 2010

South Africa Mine-impacted soil 0.5 nr 419 19 Maya et al. 2015

Turkey Surface soil 8 0.2 173 33 CoŞKun et al. 2006

AMD acid mine drainage, nr not reported
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bioavailability and mobility) is controlled by various
biochemical factors like pH, cation-exchange capac-
ity, microbial conditions, redox reactions and min-
eral composition of soil (Dumat et al. 2006; Tabelin
and Igarashi 2009; Lawal et al. 2010; Arias et al.
2010). These factors may affect the soil behaviour as
well as the rate of Pb uptake by plants. Pb enters
into the plant’s root through various pathways (ionic
channels—plasma membrane Ca channel). Its up-
take depends upon the working of H+/ATPase pump
for the maintenance of negative membrane potential
in the cells (rhizoderm) of the plant’s root (Wang
et al. 2007). Pourrut et al. (2008) observed that
Ca2+-permeable channels are the major pathways
for the entry of Pb in roots. The cyclic nucleotide-
gated ion channel is an alternative non-selective
pathway though which Pb can be penetrated into
the roots of transgenic plants (Arazi et al. 1999).
Bulk of the Pb taken up by the plants remains in the
roots because of binding of Pb to ion-exchangeable
sites on the cell wall and extracellular precipitation
deposited on cell wall (mainly in the form of
PbCO3). That is why the concentration of Pb in root
is greater than any other parts of the plant (Sharma
and Dubey 2005).

Pb concentration in coal, flyash and soil

The world average concentration of Pb in coal was
reported as 7.8 mg/kg (Ketris and Yudovich 2009),
whereas in China, the concentration ranged from 15 to
16 mg/kg (Tang and Huang 2004; Ren et al. 2006; Bai
et al. 2007; Dai et al. 2007). The reported Pb content in
Indian coal (5.44 mg/kg) by Verma et al. (2015) was
found to be less than world average Pb content. In
India, , the measured Pb concentration in FA was
36.66 mg/kg (Sushil and Batra 2006). Brigden and
Santillo (2002) reported the Pb concentration in FA
(TPPs, Philippines), which ranged from 8 to 22 mg/kg.
To determine the Pb concentration in the soil, the sam-
ples were collected from industrial areas of the Ganga
plain (Kanpur and Unnao), Tinsukia and Raniganj areas
of India by Gowd et al. (2010), Reza et al. (2015) and
Masto et al. (2015), respectively. The observed concen-
trations in all three regions were found as 38, 183 and
27 mg/kg, respectively. In Okaba region of Nigeria, less
amount of Pb was reported in the mine-impacted soil
(Sahoo et al. 2016).

Accumulation of Pb in tree and vegetable species

Knezevic et al. (2009) reported Pb concentration in tree
leaves of Paulownia elongate S.Y.Hu (forest tree). The
concentration reported in previous study varied from
0.94 to 3.16 mg/kg. In India, Patel et al. (2015) executed
an experiment to determine the PTMs content in the tree
leaves ofMangifera indica, Eucalyptus globulus, Ficus
religiosa, Butea monosperma and Tectona grandis. The
results showed that the Pb concentration in the leaves of
six tree species ranged from 1.6 to 16.4 mg/kg (Table 4).
Vegetable species growing on Pb-contaminated soil gets
contaminated by the uptake of element from soil to their
edible parts. To justify the concept, Basha et al. (2014)
collected the vegetable samples of Capsicum annum
(green chilli), Solanum lycopersicum (tomato) and
Momordica charantia (bitter gourd) from the nearby
areas of a uraniummine, India. The results of their study
showed that the Pb concentration varied from 0.2 to 1.4
mg/kg. The results also demonstrated that the metal
concentration in the vegetables growing in the soil of
core zone area (radial distance of 10 km frommine) was
comparatively higher than the buffer zone (radial dis-
tance of 10 to 25 km from mine) area of the mining
region.

Health risks associated with the Pb exposure

Pb mining and smelting are the common practices in
many countries, which may cause Pb exposure. It enters
into the human body through ingestion, inhalation and
dermal adsorption. The rate of Pb absorption in children
is higher than adults (Alloway 2013). Coal mine dust
and FA are major sources of Pb exposure. Pb can cause a
severe threat on human health by damaging the kidney
and brain (Fig. 4). It has also the capacity to cross the
blood–brain barrier and can reduce the numbers of
myelin sheaths of a brain cell (neuron). As a result,
neuronal growth is inhibited (Markowitz and Rosner
2000). Pb is also responsible for the inhibition of heme
synthesis (occurs in mitochondria and cytosol). Pb poi-
soning may cause abdominal pains, weakness in the
fingers and ankles, anaemia and decreased heart rate
(Navas-Acien et al. 2006). It disturbs the formation of
synapse in cerebral cortex of a child’s brain (Erickson
et al. 2005), resulting in the poor growth of brain. The
use of Pb in the manufacturing of water pipes is also a
major source of contamination of drinking water (Assi
et al. 2016).

Environ Monit Assess (2020) 192: 108 Page 11 of 20 108

http://s.y.hu


Remediation of Pb from soil and water

Stabilisation or solidification techniques are used for Pb
immobilisation. Alpaslan and Yukselen (2002) reported
that lime and cement are effective (88% efficiency) in
the immobilisation of Pb in soil. Samani et al. (1998)
used EDTA (ethylenediaminetetraacetic acid) for the
removal of Pb from soil. In a study on remediation of
Pb, the waste tea leaves were used for the removal of Pb
from waste water, and the used material showed 92%
efficiency in Pb removal (Ahluwalia and Goyal 2005).

The phytoremediation technique is the most environ-
mentally friendly and economically feasible approach to
remove Pb from soil and water (Cheng et al. 2015).
Yang et al. (2016) used biochar-supported nano-hy-
droxyapatite material for the remediation of Pb from
soil. The results of their study showed that the applica-
tion of materials to the contaminated soil enhanced the
immobilisation of Pb. Several plant species like Funaria
hygrometricaHedw. (Bryophyta, commonmoss),Vigna
unguiculata (L.) Walp. (Fabaceae, Cowpeas), Festuca
rubra L. (Poaceae, creeping red fescue) and Lactuca

sativa L. (Asteraceae, lettuce) have been reported as a
Pb hyperaccumulator (Kopittke et al. 2007; Ginn et al.
2008; Krzesłowska et al. 2010; Uzu et al. 2009). These
plants can translocate Pb from roots to their aerial parts.
According to Maestri et al. (2010), the specific Pb
hyperaccumulator plant species can accumulate
1000 mg/kg of Pb. Aransiola et al. (2013) designed a
pot experiment to assess the remediation potential of a
plant species, namelyGlycine max (L.)Merr. (Fabaceae,
soya bean). The results of their study showed that the
soil remediated through G. max decreases the organic
carbon content of soil. In addition, their results also
suggested that the plant has good potential for the re-
moval of Pb from soil. A study on Pb removal from
water by using biochar was conducted by Liu and Zhang
(2009). In their study, rice husk and pinewoodwere used
for the preparation of two biochars, and the results
demonstrated that pH of the solutionwas the influencing
factor of the adsorption of Pb onto the biochars. The
results also concluded that the biochar prepared from
pinewood showed higher Pb adsorption capacity than
that of biochar of rice husk.

Table 4 Global concentration of potentially toxic metal(loid)s (mg/kg) in tree and vegetable species (source—Raj and Maiti 2019a)

Country Tree/vegetable species As Cd Cr Pb References

Sweden Solanum tuberosum 0.0036 0.018 nr 0.057 Augustsson et al. 2018
Raphanus sativus 0.0055 0.026 nr 0.028

Allium cepa 0.0033 0.020 nr 0.0068

Jamaica Brassica oleracea 0.001 0.041 nr 0.003 Antoine et al. 2017
Daucus carota 0.004 0.031 nr 0.006

Solanum lycopersicum 0.012 0.266 nr 0.021

Brazil Allium cepa nr 0.02 0.07 0.49 Guerra et al. 2012
Daucus carota nr 0.03 0.09 0.38

Brassica oleracea nr 0.08 0.48 0.93

Nigeria Azadirachta indica nr nr 0.034 0.120 Augustine et al. 2016

Syria Ligustrum ovalifolium nr 0.333 2.53 7.12 Mansour 2014
Euonymus japonicus nr 0.166 0.401 6.251

Cupressus sempervirens nr 0.061 0.211 4.694

Serbia Aesculus hippocastanum nr 0.4 nr 5.35 Tomasevic et al. 2004
Tilia nr nr nr 1.88

India (Chhattisgarh) Mangifera indica 3.9 1.65 9.5 3.3 Patel et al. 2015
Butea monosperma 3.0 1.15 14.6 1.6

Tectona grandis 6.4 1.20 14.3 1.8

Azadirachta indica 43.1 1.12 48.6 16.4

India (Tummalapalle Uranium mines) Solanum tuberosum nr 19.3 1.0 0.3 Basha et al. 2014
Capsicum annum nr 18.2 3.1 1.4

Momordica charantia nr 17.6 1.3 0.6

nr not reported
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Mercury (Hg)

It is highly toxic in nature and accounts for only about
0.08 ppm in the Earth’s crust. The recommended guide-
lines for chronic exposure of total Hg in agricultural soil
and drinking water are 6.6 mg/kg (EA 2009) and 1mg/L
(WHO 1993), respectively. Hg is mostly found in the
deposits of cinnabar ore and contributes in the atmo-
sphere both naturally and anthropologically. India and
China are the largest Hg emitters due to the burning of
Hg-containing coal in the TPPs for energy generation
(Pacyna et al. 2006). Forest fires, fossil fuels (coal and
petroleum), cinnabar (ore) and volcanoes are the natural
sources of Hg. On the other hand, the establishment of
new industries such as pulp, paper and mining are
among the major anthropogenic sources which contrib-
ute to the rising levels of Hg in the atmosphere. Due to
high toxicity and bioaccumulation tendency in the food
chain, the Hg is considered as the most likely element to
be studied in recent years.

Chemical behaviour of Hg

Hg has three different forms: (1) elemental Hg (Hg0),
present in gaseous phase; (2) particulate Hg (Hgp), binds
with particles; (3) oxidised gas phase Hg (Hg2+)
(Galbreath and Zygarlicke 2000). The coal combustion
led to the release of 30–75% of total Hg into the atmo-
sphere. It gets vaporised and converted into the Hg0

(Iwashita et al. 2004). As, flue gas cools down under
suitable conditions, Hg0 gets oxidised and a little
amount of Hg gets absorbed on the FA. The separation
of particulate bound Hg (Hgp) is feasible by using air

pollution control devices (ACPDs) (electrostatic precip-
itators and fabric filters). Hg+2 is soluble in water, so it
can be easily arrested using wet scrubbers (Ito et al.
2006). During precipitation, Hg gets deposited on the
soil which is further circulated into the water ecosystem.
The highly tox ic and organic form of Hg
(methylmercury) is formed from the conversion of ele-
mental Hg by the anaerobic microorganisms present in
the water.

Health risks associated with the Hg exposure

Hg is considered as the most hazardous element. Infants
and young children are very sensitive to Hg. In pregnant
women, it can pass from the mother to the developing
foetus, and can be transferred through the breast milk to
the infants. Its acute health effects are headache, chest
pain, low vision, cough, eye irritation, nausea, sore
throat, vomiting, high blood pressure and increased
heart rate. The chronic health effects of Hg are anxiety,
fatigue, tremors, irritability, low remembering power,
loss of appetite and sleeping problems. It has negative
impacts on the immune system, digestive system and
nervous system due to its severe toxic effects. It also
shows the toxic effects on eyes, kidneys, lungs and skin.
In the year 1950, a serious Hg pollution had occurred in
Japan due to the discharge of a significant volume of
Hg-containing waste to the sea from a chemical compa-
ny. The discharged methyl-Hg gets bioaccumulated and
biomagnified in fish at the Minamata Bay, and the
consumption of these Hg-contaminated fish led to the
outbreak of Hg-poisoning, which is known asMinamata
disease (Wang et al. 2012).

Fig. 4 Sources and health risks of Pb
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Removal of Hg from coal

Coal burning liberates a lot of harmful gases such as
carbon dioxide, carbon monoxide and sulphur dioxide,
which are present in flue gas emitting from the stacks.
Many technologies for the cleaning of flue gas have
been practised; even some coal cleaning pre-
combustion technologies have also been started. Several
countries have started using coal cleaning techniques for
the removal of Hg, and cleaning also enhances the
quality and heating value. A variety of technologies
have been implemented for controlling the emission of
Hg0. One of the techniques for Hg emission control is
the injection of strong oxidising agents in the flue gas
such as Cl2, Br2 and O3. Hg solidification may be
another approach to arrest and solidify the Hg, but this
technique is quite expensive (Luo et al. 2013). Kolker
et al. (2017) observed that iron-sulphides contain Hg in
bituminous coal, and in low rank coal there is a large
quantity of organic bound Hg present. It is assumed that
the decrease in sulphur concentration in the bituminous
coal led to the increase in Hg concentration. More than
60% Hg can be arrested using desulphurisation system
and fabric filters from the flue gas. Technologies such as
coal washing and demercuration techniques are also
often used for Hg removal from coal (Kumar and
Kumar 2018).

Coal washing: Coal is crushed and mixed with the
liquid, which allows the impurities to separate out and
settle down. There are some devices which can mechan-
ically remove the impurities using the air currents by
large pulsating waves physically, which usually occurs
in various coal washeries. Using the combination of
water and air currents, the generated centrifugal force
sometimes is more effective to remove impurities from
coal. Dense media is also an efficient technique, which
basically consists of magnetite. The small size coal is
treated with froth flotation technique, which mainly
focuses on the chemical separation. Barrel washing
technique is also used in some cases. The simple coal
cleaning processes easily remove Hg with pyrite (Dziok
and Strugała 2017).

Demercuration technique: The design of process de-
velopment unit (PDU) is a much feasible technology for
removal of Hg from the low rank coal before its com-
bustion by a simple thermal advancement. Along with
the Hg removal, it also removes the moisture from coal.
This technique is expected to remove approximately
80–90% of Hg (Li et al. 2013).

Remediation of Hg from soil and water

Several methods of Hg remediation such as
stabilisation, immobilisation, thermal desorption,
electro-remediation, adsorption, selective catalytic re-
duct ion, wet f lue gas desulphurisat ion and
phytoremediation have been reported by various re-
searchers (USEPA 2007; Bower et al. 2008; Wang
et al. 2012; Raj andMaiti 2019b). Out of all the reported
remediation techniques, phytoremediation technology
has been proven as the most efficient technology for
the removal of Hg from soil and water (Wang et al.
2012). Some plant species are considered as the best
accumulator of Hg and hence effectively used to remove
Hg from contaminated soil and water: (1) plant species
used for removal of Hg from soil: Brassica juncea
(Indian mustard), Jatropha curcas, Polypogon
monspeliensis (beard grass), Pteris vittata (Chinese
brake fern), Helianthus annuus (sunflower), Achillea
millefolium (herbaceous perennial plant); (2) plant spe-
cies used for removal of Hg from water: Typha
domingensis (used in a constructed wetland), Ulva
lac tuca (Chlorophyta) , Graci lar ia graci l i s
(Rhodophyta), Fucus vesiculosus (Phaeophyta),
Vallisneria neotropicalis (submerged aquatic plant),
Lemna minor (duckweeds), Pistia stratiotes (water let-
tuce) and Azolla pinnata (aquatic fern) (Su et al. 2008;
Mishra et al. 2009; Wang et al. 2012; Marrugo-Negrete
et al. 2015; Raj and Maiti 2019b) (Table 5).

Conclusions

The anthropogenic sources of PTMs are the major con-
cern for the environment. PTMs like As and Hg are
highly hazardous, and the availability of Cr in the drink-
ing water also causes severe health risks among humans.
Moreover, the uptake of Cd and Pb from the contami-
nated soil to the plant is a serious threat for the plant
system. Generally, the most common natural sources of
PTMs emission are volcanic eruptions and weathering
of crustal materials, while the anthropogenic sources are
coal combustion in coal-fired TPPs, use of phosphate
fertilisers and Ni-Cd batteries. The exposure of these
PTMs to humans led to severe consequences like kidney
and liver failure, damage of the nervous and immune
system, and disruption of haemoglobin synthesis. As
these PTMs get accumulated in soil and further in plant
system, their removal from soil and water is the most
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concerning issue for researchers. Some remediation
techniques used for PTMs removal are soil washing,
stabilisation, electro-remediation, adsorption and ther-
mal desorption. But the most common, cost-effective
and environment-friendly remediation technique is
phytoremediation, in which certain hyperaccumulator
plant species are used to remove PTMs from soil and
water. The removal of Hg from coal in the pre-
combustion stage is also an important approach (coal
washing and demercuration) to prevent the onset of Hg
to the environment (air, soil and water). In the near
future, there is a need to overcome the complications
of PTMs remediation techniques, and to find out more
efficient and environment-friendly techniques.
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