
Sources, toxicity, and remediation of mercury: an essence
review

Deep Raj & Subodh Kumar Maiti

Received: 29 April 2019 /Accepted: 6 August 2019
# Springer Nature Switzerland AG 2019

Abstract Mercury (Hg) is a pollutant that poses a global
threat, and it was listed as one of the ten leading
‘chemicals of concern’ by theWorld Health Organization
in 2017. The review aims to summarize the sources of
Hg, its combined effects on the ecosystem, and its reme-
diation in the environment. The flow of Hg from coal to
fly ash (FA), soil, and plants has become a serious con-
cern. Hg chemically binds to sulphur-containing compo-
nents in coal during coal formation. Coal combustion in
thermal power plants is the major anthropogenic source
of Hg in the environment. Hg is taken up by plant roots
from contaminated soil and transferred to the stem and
aerial parts. Through bioaccumulation in the plant sys-
tem, Hg moves into the food chain, resulting in potential
health and ecological risks. The world average Hg con-
centrations reported in coal and FA are 0.01–1 and 0.62
mg/kg, respectively. The mass of Hg accumulated glob-
ally in the soil is estimated to be 250–1000 Gg. Several
techniques have been applied to remove or minimize
elevated levels of Hg from FA, soil, and water (soil
washing, selective catalytic reduction, wet flue gas

desulphurization, stabilization, adsorption, thermal treat-
ment, electro-remediation, and phytoremediation). Ad-
sorbents such as activated carbon and carbon nanotubes
have been used for Hg removal. The application of
phytoremediation techniques has been proven as a prom-
ising approach in the removal of Hg from contaminated
soil. Plant species such as Brassica juncea are potential
candidates for Hg removal from soil.
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Introduction

Mercury (Hg, hydrargyrum) is a potentially toxic ele-
ment that has aroused global public health concern due
to its toxicity (Alloway 2013; Raju et al. 2019). Hg in
coal has been found in the form of cinnabar ore (HgS)
and in association with pyrite (Hower et al. 2010). The
melting point of Hg is − 38.8 °C, while the boiling point
is 356.7 °C (Wang et al. 2012).

Once Hg is liberated into the atmosphere from ores,
fossil fuels, and mineral deposits, it can be highly mobile
and is deposited on surface soils, water bodies, and
bottom sediments (Xu et al. 2015). The natural sources
of Hg include degassing of the earth’s crust and evapo-
ration from water bodies (oceans) (Rahman and Singh
2019), whereas emission from coal-burning thermal pow-
er plants (TPPs) is the main anthropogenic source. The
most hazardous compound of Hg in the environment is
methylmercury (MeHg) (Liang et al. 2009; Jagtap and
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Maher 2015; Rasulov et al. 2017), which is
bioaccumulated and biomagnified in freshwater and salt-
water fishes (Bradley et al. 2017). Due to its property of
bioaccumulation in the food chain, methylmercury is
considered the most concerning species of Hg (Cheng
et al. 2013; Halbach et al. 2017; Bailon et al. 2018). A
menacing disease calledMinamata spread in Japan due to
the consumption of fish contaminated with MeHg
(Xinmin et al. 2006; Wang et al. 2015; Matsuyama
et al. 2018). The harmful effect of Hg inhalation in
humans is its neurotoxicity; i.e. Hg damages neural cells
(Alloway 2013). Acute exposure to Hg may also cause
psychological problems, such as anxiety, sleep distur-
bance, and depression (Gall et al. 2015).

The global anthropogenic emissions of Hg have been
estimated at approximately 2000 Mg/year (1 Mg = 1
tonne = 106 g) (Pirrone et al. 2010; Streets et al. 2011),
while emissions in India have been estimated at approx-
imately 240 Mg/year (Pirrone et al. 2010). In China, the
approximate anthropogenic Hg emissions in 2010 were
reported to be 538Mg (Zhang et al. 2015). According to
the UNEP emission inventory, the highest Hg-emitting
countries are China, India, Indonesia, Columbia, South
Africa, Russia, Ghana, and the USA. The total emis-
sions of these countries compose 56% (1095 Mg/year)
of the total anthropogenic emissions to the atmosphere
(UNEP 2013). Obrist et al. (2018) reported that the
global mass of Hg accumulated in the soil is estimated
to be in the range of 250–1000 Gg (1 Gg = 109 g).

Hg is remediated from soil and water through phys-
i c a l , chemica l , and b io log i c a l p roce s s e s .
Phytoremediation is the most effective and environmen-
tally friendly technique for Hg removal from soil and
water. Plant species like Brassica juncea is known to be
the potential candidate for Hg removal from soil (Su
et al. 2008).

The aim of the present study is to review the current
knowledge on the major sources of Hg, as well as the
effective Hg remediation techniques (physical separa-
tion and phytoremediation). The chemistry of Hg and
assessment procedures thereof in various environmental
media are explained in this review. The human health
risks associated with Hg pollution are briefly discussed.

Chemistry of Hg

As Hg is a constituent element of the earth, it is bound
with minerals in pyrite and sulphide form (Mukherjee

et al. 2008). The metallic form of Hg is extracted from
mercuric sulphide (HgS) ore (Donatello et al. 2012). It is
also bound to other compounds as monovalent (Hg+) or
divalent mercury (Hg2+) (Pudasainee et al. 2009) (Fig.
1). The simplest form of Hg is elemental mercury (Hg0),
which itself is hazardous to humans and the environ-
ment. In natural conditions, Hg primarily forms com-
plexes with OH−, Cl−, S2− and with the functional
groups of organic ligands that contain sulphur (Dziok
et al. 2015; Xu et al. 2015). Both oxidation and reduc-
tion processes are exhibited by Hg during the biotic
process in the natural environment, and these processes
result in changes in Hg speciation (Tan et al. 2004),
which in turn affects the biological uptake of Hg (Xu
et al. 2015). Hg is found in the form of organic and
inorganic compounds (Renneberg and Dudas 2001;
Xinmin et al. 2006).

The inorganic forms of Hg include mercuric chloride
(HgCl2), mercuric sulphide (HgS), and mercuric oxide
(HgO), while methylmercury (MeHg), dimethyl mercu-
ry ((CH3)2Hg), ethyl mercury (C2H5Hg), and
phenylmercury (C6H5Hg) are the organic forms of Hg
(Alloway 2013). The inorganic compounds of Hg are
also called Hg salts, which are found in powder and
crystal forms. Some organic forms of Hg, such asMeHg
and phenyl mercury, exist as salts (methylmercuric chlo-
ride and phenylmercuric acetate) and are found as white
crystalline solids in pure form (Alloway 2013). The
biological behaviour of Hg depends upon the intercon-
version of its various forms. For example, inhaled Hg0

vapour is easily absorbed through mucous membranes
and the lungs, where it rapidly oxidizes to other forms
(Kabata-Pendias 2010). At room temperature and atmo-
spheric pressure, Hg is found in a liquid state because
the outermost orbital of Hg is filled with electrons, and it
does not share its valence electrons easily. Hence, the
bonding between Hg atoms is very weak and easily
broken at normal temperature. In organic Hg, the
carbon-Hg bond is chemically stable (Alloway 2013).

In water, the solubility of various compounds of
Hg varies. Hg(I) chloride and HgS are less soluble,
Hg(II) chloride is readily soluble, and Hg0 is insol-
uble in water. The inorganic form of Hg is methyl-
ated in water, which leads to the formation of very
toxic MeHg in aquatic systems. The existence of
bacterial species (Pseudomonas) in fish enables the
methylation of Hg in water. Once MeHg is formed,
it enters the food chain of the aquatic ecosystem
(WHO 2004).
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Methods of Hg determination in soil, coal, fly ash,
and plant samples

The total Hg content (organic + inorganic) in soil, coal,
fly ash (FA), and plant tissues can be determined by the
process of acid digestion. (a) For Hg determination in
soil, the samples are air-dried at room temperature and
passed through a 2-mm stainless steel sieve to remove
the large rock debris. Later, a portion of the homoge-
nized soil sample (approximately 50 g) is further passed
through a 0.149-mm stainless steel sieve (100mesh) and
oven-dried at 45 °C until a constant weight is achieved.
Then, the total Hg can be determined by digesting the
accurately weighed (0.5 g) samples with 50% aqua regia
(HNO3:H2SO4; 1:3 v/v) on a hot plate for 30 min at 120
°C (USEPA 2007a; Park et al. 2013). (b) In coal and FA
samples, the total Hg can be determined by mixing the
samples with nitric acid (HNO3) and digestion on a hot
plate at 70 °C for 90 min (ASTM D6414 2006; Park
et al. 2013). (c). The total Hg can be determined in plant
tissues by dissolving dried and sieved samples of plant
tissue in an acid mixture of conc. HNO3 and conc.
H2SO4 and heating on a hot plate at 95 °C for 30 min
(Lomonte et al. 2008). As per the USEPA method (
1991), 0.2–0.3 g of dried samples are digested with an
acid mixture of conc. H2SO4 and conc. HNO3 (4:1) at
58 °C in a water bath until the plant tissues are dissolved
(30–60 min).

All samples are digested until a clear transparent
solution is obtained. The digested solution is filtered
through Whatman filter paper (Whatman #42, pore size
2.5 μm), and the filtrate is diluted to 100 mL with de-
ionized water. The total Hg content in diluted solution is
determined by cold vapour atomic absorption spectrom-
etry (CVAAS) (Dołęgowska and Michalik 2019). The
cold vapour technique is applied for Hg determination
due to the volatile nature of Hg; in this process, a
suitable reducing agent (SnCl4 or NaBH4) is used to
generate a cold vapour of Hg, and the absorbance is
measured at 253.7 nm (USEPA 1991; Sanchez-Rodas
et al. 2010; Csuros and Csuros 2016).

The sequential extraction procedure (SEP) or
fractionation of Hg in soil samples and FA can be
carried out by using two popular methods. The first
method (a) is the Kingston method (Han et al.
2003; Reis et al. 2010; Fernández-Martínez et al.
2005). In this method, the mobile fraction of Hg
(MHg), semi-mobile fraction of Hg (SMHg) and
non-mobile fraction of Hg (NMHg) can be extracted
from a sample.

(b) The BCR (Community Bureau of Reference)
fractionation technique has also been used by several
researchers to extract various fractions (exchangeable
fraction, amorphous Fe-Mn oxides, organic-crystalline
iron oxides, and residual fraction) of Hg in soils (Li et al.
2009; Subirés-Muñoz et al. 2011), as given in Table 1.

Fig. 1 Hg cycle in the environment (Alloway 2013)
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Sources of mercury in the environment

Mercury enters environmental media through natural
and anthropogenic sources (Fig. 2). Environmental me-
dia are the major categories of the physical environment
(abiotic components of the environment) and consist of
soil, air, and water (UN. 1997). The release of contam-
inants such as Hg from point and diffuse sources leads to
their further deposition into the physical environment,
through which these contaminants move into and be-
come bioaccumulated in living organisms. The two
major sources of Hg in the physical environment are
as follows:

(a) Natural sources: In nature, Hg exists as Hg0 or as
HgS and is found in the earth’s crust (Kostova et al.
2013). Atmospheric releases of Hg occur through
volcanic activity (Martín and Nanos 2016) or from
outgassing from rocks. The other natural source of
Hg emission into the environment is geothermal
activity (Gustin 2003).

(b) Anthropogenic sources: The anthropogenic
sources of Hg are categorized into point sources
and diffuse sources. The point sources include
coal-fired TPPs and incinerators, while the diffuse
sources include landfills, sewage sludge-amended
fields, and mine wastes (Alloway 2013). The total
Hg emissions in 2010 from the combustion of
fossil fuels such as coal are estimated at approxi-
mately 475 metric tonnes and the value varies
according to the Hg content in fossil fuels

(Streets et al. 2018). The mining and smelting of
ores also contribute Hg to the environment and are
considered important sources of anthropogenic air
pollution (Zhang et al. 2014). The incineration of
Hg-containing waste, such as batteries and various
industrial wastes (scrubber sludge), also contrib-
utes to Hg concentrations in all environmental
media (Gosar et al. 2006). The use of Hg-
containing pesticides and fungicides in the agri-
cultural field is hazardous and may cause a severe
health hazard to humans through the consumption
of Hg-contaminated food. The use of Hg in ther-
mal sensing instruments, pharmaceuticals, electri-
cal switches, and preparations of dental amalgams
are also chief anthropogenic contributors of Hg in
the environment (Chen et al. 2010). The most
common sources of Hg are explained in detail in
the following paragraphs:

Coal Coal is formed from prehistoric vegetation re-
mains that accumulated in swamps and peat bogs 360
years ago during the Carboniferous period (Alloway
2013). The coal quality depends upon the organic ma-
turity of the coal, i.e. the temperature, pressure, and
length of time during coal formation. Initially, brown
coal (lignite) is formed from peat with low organic
maturity. The Hg content in coal depends on the geo-
logical distribution of coal on the earth, and Hg is an
undesirable component of various types of coals (lignite

Table 1 Kingston and BCR methods of sequential extraction procedure of mercury in soil

Steps Extraction procedure Operationally defined phases

Kingston method (Han et al. 2003; Reis et al. 2010)

I 1:1 (v/v), 2% HCl + 10% ethanol Mobile Hg

II 1:2 (v/v) HNO3:double distilled water Semi-mobile Hg

III 1:6:7 (v/v/v) HCl:HNO3:double distilled water Non-mobile Hg

BCR method (Li et al. 2009; Fernández-Martínez et al. 2005)

I 40 mL of 0.11 mol/L acetic acid per g of dry sample of soil is shaken for 16 h
(at 25 °C) on a mechanical shaker.

Acetic acid extractable (water soluble,
exchangeable, and bound to carbonate)

II 40 mL of 0.5 mol/L NH2OH.HCL (adjusted to pH 1.5 with HNO3) is added to
residue and shaken for 16 h (at 25 °C).

Reducible (bound to Fe and Mn oxides)

III 10 mL of 8.8 mol/L H2O2 was added to the residue and digested for 1 h (at 25 °C),
and then at 85 °C for 1 h in a water bath with a second volume of H2O2. The
solution is evaporated to a few mL. Then 50 ml of 1 mol/L Ammonium acetate
(adjusted to pH 2.0 with HNO3) is added to residue and shaken for 16 h at 25 °C.

Oxidizable (bound to organic matter and
sulphides)

IV Residue left is digested with HNO3-HF-HClO4. Residual (bound to silicate minerals)

Environ Monit Assess (2019) 191: 566566 Page 4 of 22



and sub-bituminous). The highest concentration of Hg
in coal is attributed to hydrothermal fluid circulation in
coal (Yudovich and Ketris 2005a, b) (Table 2).

Coal is the main source of energy in India and other
developing countries, such as China, Australia, and
Russia (Mukherjee et al. 2008). Industrial development
is highly dependent on energy production from coal
(Hossain et al. 2015; Özkul 2016), which is the main
anthropogenic source of Hg emissions to the environ-
ment (Li et al. 2017). In China, the energy supply from
coal constitutes 70% of the total energy supply, and this
value is higher than the global average of 28% of the
total energy supply from coal (Li et al. 2017).

It has been reported that the Hg content ranges from
0.01 to 1.1, 0.2 to 2, 0.03 to 1.3, and 0.01 to 2 mg/kg in
Indian, Belgian, Canadian, and American coals, respec-
tively, while the maximum Hg content in Russian coal
has been reported to reach 20 mg/kg (Agrawal et al.
2008). In one of the earliest studies on Hg content in
Indian coal, Ghosh et al. (1994) reported that the Hg
content varied from 0.01 to 1.5 mg/kg. The study re-
ported that Hg content in lignite coal ranged from 0.01
to 0.21 mg/kg, with an average value of 0.06 mg/kg.
The Hg content in coals from various regions of India
was also reported, as follows: in tertiary coal from
Assam, Hg (average) = 0.16 mg/kg; in coals from Jam-
mu Kashmir, Hg (average) = 0.8 mg/kg; in coals from
Damodar valley coalfields, Hg (average) = 0.52 mg/kg;

and in coals from Son Mahanadi coalfields, Hg
(average) = 0.56 mg/kg. Ghosh et al. (1994) also report-
ed that most of the Hg in Indian coal is present in the
specific gravity fractions 1.6–1.7 and that fractions
above 1.7 indicate inorganically associated Hg in coal.

Park et al. (2008) reported that anthracite coal in
Korea contained 0.43 mg/kg Hg, while various studies
on Chinese coal revealed that the Hg content ranged
from 0.01 to 0.5 mg/kg (Tang and Huang 2004) and
0.003 to 10.5 mg/kg (Ren et al. 2006). Luo et al. (2013)
conducted a study on the occurrence of Hg in coal, and
their research was based on five coal samples. Their
study focused on the removal techniques of various
forms of Hg present in coal before its utilization. It
was observed that the pyrite-bound Hg in coal could
be removed through the process of pyrolysis, i.e. heating
coal at high temperature (400–600 °C). Extraction with
dilute HNO3, followed by pyrolysis, was also one of the
methods for the removal of Hg from pyrite-bound coal
(Luo et al. 2013). In an assessment study on 51 types of
coal used in Japanese TPPs, the Hg contents in coal
varied from 0.0068 to 0.243 mg/kg (Ohki et al. 2014).
Toole-O'Neil et al. (1999) reported that the average Hg
concentration in coal was approximately 0.2 mg/kg, and
the data were collected from the United States Geolog-
ical Survey’s COALQUAL database. Dabrowski et al.
(2008) reported that the Hg content in coals from South
Africa was 0.2 mg/kg.

Fig. 2 Flowchart showing Hg contamination in coal, fly ash, and soil
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Fly ash Coal-fired TPPs have been installed for elec-
tricity generation and are operated in countries such as
India and China. Coal combustion in TPPs leads to the
production of glossy particles, popularly known as FA
(Mahajan et al. 2012), ranging in size from 0.01 to
100 μm (Ansari et al. 2011). FA is also a part of solid
waste that contains a significant amount of toxic metals,
such as Hg, and causes environmental problems. China
is considered the largest emitter of global anthropogenic
Hg, and the major source of Hg emissions is ash re-
leased from the combustion of coal (Wang and Luo

2017). A study byWang and Luo (2017) concluded that
the combustion of domestic coal, steam coal, and coal
gangue contributes approximately 50% of the total an-
thropogenic emissions of Hg in China. Their study
presented data on the emission rate of Hg due to coal
combustion in TPPs, and their results showed that the
Hg emission rate from TPPs was 50.21%, while 83.61%
of Hg emissions were due to the combustion of coal in
domestic coal stoves. It was also estimated that coal-
fired TPPs release 26% of the global anthropogenic Hg
emissions into the environment (Zhao et al. 2017). In

Table 2 Global concentration of Hg in coal

Country/regions Hg (mg/kg) References

Argentina (n = 7) 0.02–0.96 Mukherjee et al. 2008

Belgium (n = 57) 0.2–2 Agrawal et al. 2008

Brazil 0.041–0.738 Karlsen et al. 2006

China (n = 1458) 0.01–0.5 Tang and Huang 2004

China (n = 1413) 0.003–10.5 Ren et al. 2006

China (n = 1699) 0-45 Zheng et al. 2007

China (n = 1666) 0.163 Dai et al. 2012

China (n = 1018) 0.154 Bai et al. 2017

Germany (feed coal) 0.35 Yudovich and Ketris 2005

Indonesia (n = 8) 0.02–0.19 Belkin et al. 2009

Japan (n = 1224) 0.039 Noda and Ito 2018

Korea (anthracite coal) 0.43 Park et al. 2008

Poland (lignite coal) (n = 29) 0.06–0.665 Burmistrz et al. 2016

Russia 0.02–0.9 Mukherjee et al. 2008

South Africa (n = 17) 0.14–0.30 Lusilao-Makiese et al. 2012

Ukraine (Donetsk) (n = 29) 0.02–3.5 Kolker et al. 2009

USA Bituminous 0.081 USEPA 2002
Sub-bituminous 0.069

Lignite 0.171

World average 0.02–1.0 Yudovich and Ketris 2005a, b

India Central coalfields limited 0.08–0.36 UNEP 2014
Mahanadi coalfields limited 0.12–0.29

Northern coalfields limited 0.08–0.49

Singareni collieries limited 0.08–0.22

Western coalfields limited 0.05–0.4

South eastern coalfields limited 0.06–0.31

Kapsara colliery, Raniganj 0.80 Ghosh et al. 1994
Makum coal, Assam 0.50

Kalakot coal, Jammu and Kashmir 0.87

Dakra colliery, Dakra 0.80

Jharia coalfield (n = 18) 0.12–1.08 Raj et al. 2017

n = number of samples; (Source: Raj et al. 2017)
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one study, it was reported that the contribution of Hg0

(38.95%) released from the stacks of coal-fired TPPs
was higher than that of oxidized Hg (Hg2+). The emis-
sion of Hg0 was 13 times higher than Hg2+ emission,
while Hg occupied the smallest ratio, 0.07% in bottom
ash (Zhao et al. 2017).

It has been observed that approximately 30–80% of
the total Hg content in coal is found in FA after the
combustion process (Wang et al. 2012; Deng et al.
2014). The total Hg content in coal-FA depends on
the chemistry of the feed coal and its quality (Hower
et al. 2017). In India and China, coal-fired TPPs are
the largest emission source of Hg into the environment
(Mukherjee et al. 2008; Hu and Cheng 2016). In
China, industrial boilers and TPPs together emit ap-
proximately 250 tonnes of Hg every year (Hu and
Cheng 2016). The results of a study by Hower et al.
(2017) showed that the Hg content in FA depends on
the coal source and indicated that a low Hg content in
the feed coal resulted in a low concentration of Hg in
FA. The Hg concentration in FA collected from a TPP
in Spain was 0.1 mg/kg (Font et al. 2012), while in the
Philippines, the Hg content in FA samples collected
from three TPPs (Sual coal power plant, Mauban coal
power plant, and Masinloc coal power plant) was 1.2,
1.9, and 1.2 mg/kg, respectively (Brigden and Santillo
2002) (Table 3). In an experimental study conducted
by Dabrowski et al. (2008), the average Hg emissions
from a coal-fired TPP in South Africa were 9.8 tonnes/
year, while the calculated emission factor fell within

the range of 0.02 to 0.16 gm Hg/tonnes coal burned.
Goodarzi (2006) conducted a study on the assessment
of the total Hg content in coal-FA samples collected
from the electrostatic precipitator (ESP) and bag
house of seven coal-fired TPPs in Canada. FA samples
were collected from TPPs that use sub-bituminous
coal, low-sulphur bituminous coal, and high-sulphur
bituminous feed coal, and the average Hg contents
were 0.049, 0.855, and 1.25 mg/kg, respectively. The
study found that the Hg content in the FA collected
from the baghouse of the power plant was higher than
that of the FA collected from the ESP, which means
that Hg was less enriched in the ESP than the
baghouse of the power plant. A study by Li et al.
(2017) concluded that the Hg concentration in the
soils surrounding TPPs will increase if the power
plants continue to operate for a long period. Zhao
et al. (2017) reported that the FA collected from the
ESP of a TPP contained more Hg than bottom ash
collected from the same power plant, and the Hg
concentration in the FA (0.134 mg/kg) was 45 times
higher than the Hg content in the bottom ash (0.003
mg/kg).

Industrial release Industrial processes, cement produc-
tion, the incineration of medical devices the use of
dental amalgam causes health risks amongst dental per-
sonnel due to Hg exposure) (Nagpal et al. 2017), alkali
and metal processing (discharges from the Hg-cell
chlor-alkali industry are the largest anthropogenic

Table 3 Global concentration of Hg in fly ash generated from thermal power plant

Country/regions Study area Hg (mg/kg) References

Spain Power plant 0.1 Font et al. 2012

Finland Power plant (n = 3) 0.03 Pöykiö et al. 2016

Fortum Power and Heat OyInkoo Power Plant, Southern Finland < 0.3 Dahl et al. 2008

Philippines Sual Coal Power Plant 1.2 Brigden and Santillo 2002
Mauban Coal Power Plant 1.9

Masinloc Coal Power Plant 1.2

Bulgaria Republika and Bobov Dol power plants 0.019–3 Kostova et al. 2013

India Damodar valley corporation, Durgapur 0.005 Ghosh et al. 1994
Electrostatic precipitator, Unit I, Bokaro 0.007

Electrostatic precipitator, Farakka 0.005

Electrostatic precipitator, Unit I, Patratu 0.008

Thermal power plant (average value) 0.53 Rai et al. 2013

Chandrapura thermal power plant 0.449 Raj and Maiti 2019
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source of Hg emission into water bodies), and chemical
andmunicipal wastes are alsomajor sources of Hg in the
environment (Fthenakis et al. 1995). Liquid metallic Hg
is used in gold extraction and hence contaminates rivers
via discharge (Kabata-Pendias 2010; Mbanga et al.
2019).

Mercury pollution in soil

Anthropogenic Hg deposition to soil occurs through
atmospheric deposition. Soil plays a pivotal role in the
biogeochemical cycle of Hg because it acts as one of the
most important pools of Hg (Martín and Nanos 2016),
and Hg has a long retention time in soil. In soil, the
behaviour of Hg is very complicated and is controlled
by adsorption and desorption processes (Montoya et al.
2019). The deposition of atmospheric Hg0 to soil occurs
over a large spatial and temporal scale (Lin et al. 2010;
O'Connor et al. 2019), while atmospheric Hg2+ is quick-
ly deposited into soil through dry or wet deposition. Hg
that has been deposited in the soil is trapped by organic
matter in the soil (Wang et al. 2012), and oxidized Hg
(Hg2+) forms inorganic mercuric salts and minerals
(O'Connor et al. 2019). Trees (especially deciduous
trees) are also considered a Hg sink during the growing
season. Therefore, in addition to the deposition of Hg to
soil from FA, another form of Hg deposition to soil is the
dropping of Hg-laden plant leaves on the ground
(Alloway 2013). The concentration of Hg in soil mainly
depends on edaphogenetic parameters and the compo-
sition of the parent material (Gil et al. 2010). It has been
reported in some studies that the volatility of Hg in-
creases with increases in the moisture content of soil
(Steinnes 1995; Kabata-Pendias and Mukherjee 2007).
In recent years, the Hg concentration in soil has in-
creased by a factor of 3 to 10, which is mainly due to
the long-range transport of Hg (Xu et al. 2015). Gener-
ally, the global average background concentrations of
Hg in different types of soil range between 0.58 and
1.18 mg/kg, and the mean value is estimated at 1.1
mg/kg (Kabata-Pendias 2010).

In one study, Dragović et al. (2013) found that the Hg
concentration in soils collected from a depth of 0–10 cm
in the area surrounding the Nikola Tesla TPP (Belgrade,
Serbia) was 2.1 mg/kg, while in a similar type of study
carried out by Pastrana-Corral et al. (2017), the Hg
concentration in 32 soil samples collected from a depth
of 0–5 cm in the vicinity of the Playas de Rosarito TPP

(Mexico) was 0.05 mg/kg. The Hg concentrations in
soils collected from cropland and forest areas near the
Jinsha TPP (China) were 0.70 and 0.30 mg Hg/kg,
respectively (Huang et al. 2017). Another study was
conducted on Hg pollution in soil, in which 57 samples
of surface soil and 108 samples of deeper soil were
collected from 5 different industrial areas. The results
showed that the average Hg content in surface soils was
higher than the background Hg concentration in the
areas surrounding the city (Beijing, China). The Hg
concentration in 48% of the total analysed soil samples
exceeded the critical value of 1.0 mg Hg/kg. The study
also reported that the average Hg concentrations in 108
soil samples (27 from each of four different depths)
collected from depths of 20, 80, 180, and 400 cm were
3.64, 3.65, 0.98, and 1.11 mg/kg, respectively. The Hg
content in the soil samples collected from depths of 0–
80 cmwas high, which was due to the deposition of Hg-
containing waste products released from various indus-
tries (Luo et al. 2009). Martín and Nanos (2016)
assessed Hg contents in soil and reported that the Hg
content in Spanish soil fell within the range of 0.001 to
7.564 mg/kg, with an average concentration of
0.0672 mg Hg/kg. The results showed that the Hg
concentration in 50% of the soil samples fell below the
level of 0.037 mg/kg, while 66% of the soil samples
exceeded a Hg level of 0.025 mg/kg. The study also
demonstrated that an increased Hg content was found in
topsoils, which was due to the deposition of Hg-laden
FA in the areas near coal-fired TPPs. Arbestain et al.
(2009) reported that the Hg content in soil was high (>
6500 mg/kg) in the proximity of an old Hg fulminate
production plant. The maximum Hg content (10197 mg
Hg/kg) was found in soils in the immediate vicinity of
an abandoned Hg mine waste in Spain, while the con-
centration decreased with increasing distance from the
mining site (Fernández-Martínez et al. 2005).

Gil et al. (2010) found that 40% of Mediterranean
calcareous soil samples exceeded the established refer-
ence value of 0.025 mg Hg/kg. In their research, 53 soil
samples were collected for the determination of Hg, and
the results showed that the Hg content in these samples
varied from 0.0094 to 1.585 mg/kg. The symptoms of
Hg toxicity in soil can be observed at a level of 0.3 mg
Hg/kg, which is also known as the threshold value
(Martín and Nanos 2016). Müller et al. (2001) investi-
gated the long-term effect of Hg pollution on the soil
microbial community and observed a reduction in the
size of bacterial and protozoan populations in Hg-
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contaminated soil. It was also observed that the bacterial
population growing in Hg-contaminated soil media was
structurally less diverse. The study of Palmieri et al.
(2006) found the continuous deposition of Hg into soil
through erosion in cinnabar mines. Therefore, soil sam-
ples collected from areas near cinnabar mines in Brazil
had a very high Hg content. Soares et al. (2015) con-
cluded that Hg0 accumulates in tropical soils. The oxi-
dation of gaseous Hg0 occurs after the retention of
gaseous Hg by soils. The retention capacity of Hg by
soils varies with the type of soil. It was also observed
from the results of the study that the A-horizon (top
layer of the soil) of soil adsorbed more Hg than the B-
horizon (subsoil) of the same type of soil. Organic
matter plays an important role in the adsorption of
gaseous Hg in the soil, and therefore, the A-horizon
(high organic matter) of soil contains more Hg. The
adsorption of Hg onto soil also depends upon the pH
of the soil, and it was observed in an experimental study
by Yin et al. (1996) that the adsorption of Hg decreases
significantly above soil pH values. The formation of Hg
complexes with organic carbon has also been observed
at a pH value of 5 due to the availability of large
amounts of dissolved soil organic carbon.

Total Hg concentrations in surface and mineral soil of
the Norwegian Arctic region were determined by
Halbach et al. (2017) (Table 4), and Svalbard was se-
lected as the study area for investigating the long-range
transport of Hg to the Arctic region. In the 57 total
su r face and minera l so i l samples , the Hg
concentrations ranged from 0.041 to 0.254 and 0.004
to 0.060 mg/kg, respectively. The results clearly showed
that the deposition of Hg from the atmosphere is directly
associated with Hg accumulation in the surface soil in
the study area. The study also showed that the major
pathway by which Hg enters the terrestrial ecosystems
of the Arctic is atmospheric Hg deposition. Hu et al.
(2017) assessed greenhouse soil that was sampled from
three intensive greenhouse vegetable production sys-
tems along the coast of the Yellow Sea (China) for Hg
determination and reported that the surface soils
contained 0.05 mg Hg/kg.

Mercury pollution in vegetables and tree leaves

Vegetables growing in Hg-contaminated soil become
contaminated due to the uptake of Hg in their roots
and edible parts. Several tree species growing on Hg-

contaminated soil are also affected by the deposition of
Hg-laden FA and mine dust and the uptake of Hg from
the soil. Li et al. (2017) reported Hg concentrations in
vegetables growing near a coal-fired TPP region and
found that the vegetable species Solanum lycopersicum,
Cucumis sativus, and Lactuca sativa contained 0.0718,
0.0384, and 0.039 mg Hg/kg, respectively (Table 5).
Patel et al. (2015) reported Hg concentrations in various
tree leaves and found that the Hg contents inMangifera
indica, Butea monosperma, Tectona grandis, and
Azadirachta indica were 3.3, 1.6, 1.8, and 16.4 mg/kg,
respectively. It was reported that up to 18 mg/kg Hg
occurred in green cabbages (Brassica oleracea) grown
in soils contaminated with Hg in the Lanmuchuang Hg
mining area of China (Qiu et al. 2006). A study was
carried out by Ostos et al. (2015) to assess wild edible
mushrooms for Hg content. The study reported that the
total Hg content in a wild species of mushroom (Boletus
aereus) was 8 mg/kg. Hu et al. (2017) measured Hg
contents in leafy, rootstalk, and fruit vegetables and
found that the concentrations in the three types of
vegetables ranged from 0.0003 to 0.004, 0.0001 to
0.002, and 0.0001 to 0.001 mg/kg, respectively. The
potential health risk of Hg was also calculated for the
consumption of all three types of vegetables in the study
area, and the calculations revealed that the highest Hg
content was observed in leafy vegetables. Cheng et al.
(2013) measured the concentration of MeHg in food-
stuffs and reported that the MeHg content in the edible
part of carrots ranged from 0.02 to 0.91 ng/g, while in
cucumbers, the concentration ranged from 0.01 to 0.02
ng/g. The study also measured average MeHg contents
of 30.63 and 1.77 ng/g in fish and rice, respectively.

Effects of mercury pollution on human health
and the environment

Hg toxicity affects all organisms and their ecosystem
processes (Wang et al. 2012; Spahić et al. 2018, 2019)
(Fig. 3). The major health hazard of Hg in humans is
related to exposure to MeHg through food (Pavlish et al.
2003). MeHg exposure primarily occurs through the in-
gestion of aquatic organisms, mainly fish (El Mahmoud-
Hamed et al. 2019), and MeHg is distributed through
human tissues by complete absorption in the bloodstream
(Ha et al. 2016). In humans, the brain (central nervous
system), kidneys, and liver are the main organs where
MeHg accumulates (WHO 2003; Cheng et al. 2013;
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Genthe et al. 2018). The other effects of high-dose expo-
sure to Hg are hearing defects, visual changes, loss of
speech, and death in critical conditions. MeHg poisoning
leads to the destruction of neuronal cells. It is also trans-
ferred to the placenta and efficiently contributes to the poor
development of the child’s brain. So, it can be said that the
prenatal life is more sensitive than an adult due to the
exposure of MeHg (Alloway 2013). The toxic effects of
Hg depend upon the dose and rate of exposure of various
forms of Hg, and primarily brain is the target organ for
inhaled Hg vapour (Beckers and Rinklebe 2017). In
humans, Hg exposure is estimated by the determination
of Hg content in blood, hair, and urine. The guidelines for
daily intake of Hg in adult have been given in Table 6,
while the standard guidelines for Hg exposure in environ-
mental media are presented in Table 7.

The fertility of soil decreases with an increased concen-
tration of Hg in the soil (Kabata-Pendias 2010; Alloway
2013). The most common symptoms of Hg toxicity in
plants are growth inhibition, poor root development, the
failure of metabolic processes such as the production of

chlorophyll pigment and the photosynthesis respiration
rate and poor yield. The accumulation of Hg in root tissue
inhibits the uptake of K+ ions by plants (Kabata-Pendias
2010). Shiyab et al. (2009) reported that Hg could induce
oxidative stress in plant cells and enhance the process of
lipid peroxidation (Wang et al. 2012).

Mechanism of Hg toxicity

The possible mechanism of Hg toxicity at the cellular
level demonstrates that Hg can damage cells by
blocking important molecules (e.g. enzymes and
polynucleotides). The transport of ions and disrup-
tion of cell membranes are also affected by Hg bind-
ing on the outer membrane (Azevedo and Rodriguez
2012). Hg has a high affinity for reaction with
sulphydryl (–SH) and phosphate groups (Patra et al.
2004). Antioxidant characteristics are also affected
by Hg via interference with non-enzymatic antioxi-
dants (glutathione and non-protein thiols) and

Table 4 Global concentration of Hg in contaminated soils

Country/regions Study locations Hg (mg/kg) References

Serbia/Nikola Tesla power plant Obrenovac/Belgrade 2.1 Dragović et al. 2013

Mexico/Playas de Rosarito thermal power plant Surrounding area of thermal power plant
(n = 32)

0.05 Pastrana-Corral et al. 2017

China/ Jinsha coal-fired power plant Cropland (n = 34) 0.70 Huang et al. 2017
Forestland (n = 7) 0.30

China/ Datong Reclaimed soil 0.205 Yao et al. 2010

China/Northeast and south China Forest soil 0.044 Luo et al. 2014

China/Southwest China Chongqing City 0.233 Wang et al. 2003

China Agricultural soil 0.105 Wang et al. 2016

China/ Yellow sea coast Surface soil (0–20 cm) 0.05 Hu et al. 2017

Portugal/North-East region Estarreja 70 Reis et al. 2015
Portugal/South-East region Caveira 6.3

Brazil/Rio de Janeiro Around iron mining region 0.08 Soares et al. 2015

USA/Alaska Hg mine area 0.05–5326 Bailey et al. 2002

Poland/Warsaw Areometer factory 62-393 Boszke et al. 2008

Spain/Asturias Cinnabar mines 36–1709 Fernández-Martínez et al. 2015

Germany Chlor alkali plants 1.1–1.7 Biester et al. 2002

Slovenia/Idrija Mine smelter area 2.44-2456 Gnamuš et al. 2000

Norway/Adventdalen Surface soils 0.111 Halbach et al. 2017
Mineral soils 0.025

India/Jharia coalfield Road side soil (0–10 cm) 2.32 Raj et al. 2017
Core zone mine soil (0–10 cm) 1.19

n number of samples
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enzymatic antioxidants (superoxide dismutase, ascor-
bate peroxidase, and glutathione reductase) (Fig. 4)

(Azevedo and Rodriguez 2012). In the case of seed
germination, Hg reduces seed viability, while the

Table 5 Global Hg concentration in vegetable and tree species growing on Hg-contaminated soil

Country/regions Vegetable/tree species Hg (mg/kg) References

China Solanum lycopersicum 0.0718 ± 0.012 Li et al. 2017
Cucumis sativus 0.0384 ± 0.0014

Lactuca sativa 0.039 ± 0.0044

China Leafy vegetables (n = 28) 0.002 ± 0.001 Hu et al. 2017
Fruit vegetables (n = 62) 0.0003 ± 0.0002

Rootstalk vegetables (n = 30) 0.0003 ± 0.0001

Cambodia Brassica oleracea var. capitata 0.000256 Cheng et al. 2013
Dacuscarota 0.00167

Cucumis sativus 0.00015

Spain Agrocybeaegerita 0.20 ± 0.17 Ostos et al. 2015
Boletus aereus 8.00 ± 3.24

Amanita caesarea 0.81 ± 0.14

Saudi Arabia Allium cepa 0.027 ± 0.001 Ali and Al-Qahtani 2012
Brassica oleracea var. capitata 0.0143 ± 0.001

Solanum tuberosum 0.0123 ± 0.001

Serbia/Belgrade Aesculus hippocastanum 0.1 Tomašević et al. 2004
Tilia 0.2

India/Korba coal basin, Chhattisgarh Mangifera indica (n = 5) 0.17 Patel et al. 2015
Butea monosperma (n = 5) 0.76

Tectona grandis (n = 5) 0.13

Azadirachta indica (n = 5) 0.36

n number of samples; mean ± standard deviation

Fig. 3 Deposition and
accumulation of Hg in the
environmental media and its
health risk in human
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interaction of Hg with –SH groups (tissues rich in –
SH ligands) leads to the formation of S–Hg–S brid-
ges, resulting in the disruption of group stability and
restraining seed germination (Alloway 2013).

Genotoxic effects of Hg are very rare, but some studies
demonstrated that Hg could cause lethal errors in the
genetic materials of plants and animals (Patra et al. 2004;
Alloway 2013). Hg ions bindwith the reactive sites present
in DNA (deoxyribonucleic acid) molecules and form co-
valent bonds inside cells. The binding of Hg with DNA
molecules results in damage to chromosomes in humans,
while in plant cells, Hg binding can provoke spindle
alterations and chromosomal aberrations. The sequences
of amino acids also become imbalanced due to the inter-
action of Hg ions with the sulphur atoms of amino acids
and nucleosides (Zalups 2000).

Remediation of mercury from environmental media

Physical techniques of Hg remediation

Soil washing

Soil washing is a physical separation technique of Hg
from soil in which water is used to minimize the con-
centration of Hg in soil (Dermont et al. 2008; Xu et al.
2015). The principle of the soil washing process is based
on the concept that most toxic substances bind with the

fine particles (clay and slit) in soil and that these con-
taminants are removed along with the particles by wash-
ing with water (USEPA 2007). When chemicals are
applied to remove Hg from soil, the process of removal
is called chemical extraction, and this method may be
used with physical separation. Ghosh et al. (1994) sug-
gested that the beneficiation of coal may also be carried
out prior to its use in various industries to reduce Hg
levels in coal. The main advantage of this technology is
the reduced volume of soil that needs to be further
disposed or treated. However, this process is not feasible
when there is strong bonding between Hg and soil
particles (Xu et al. 2015).

Selective catalytic reduction and wet flue gas
desulphurization

Selective catalytic reduction (SCR) and wet flue gas
desulphurization (WFGD) are two important techniques
used for the removal of Hg from coal-FA. The SCR
technique is useful in the conversion of Hg0 to Hg2+.
The oxidation of Hg0 in SCR methods plays a crucial
role in the removal of Hg0. WFGD is used for the
removal of sulphur dioxide (SO2) from flue gas in
coal-fired TPPs. In this process, sulphur can be removed
by mixing the coal or coal-FAwith lime slurry. WFGD
treatment has good effects on the removal of Hg2+ from
flue gas (emission from coal combustion), and it can be
very useful in capturing gaseous Hg, i.e. particulate Hg

Table 6 Recommenced guideline of health criteria values for Hg intake in adults (Environment Agency 2009)

Hg intake Hg0 Inorganic Hg MeHg

Total daily intake (oral) (μg/kg body weight/day) nr 2 0.23

Mean daily intake (oral) (μg/day) Negligible 1 0.5

Total daily intake (inhalation) (μg/kg body weight/day) 0.06 0.06 0.23

Mean daily intake (inhalation) (μg/day) 0.05 nr nr

nr not reported

Table 7 Recommenced guideline for chronic Hg exposure

Environmental components (media) Hg0 Inorganic Hg Total Hg References

Soil Agricultural nr nr 6.6 mg/kg Environment Agency 2009
Residential 1.0 mg/kg DW nr 6.6 mg/kg

Industrial nr nr 50 mg/kg

Water (drinking) nr 2 mg/l 1 mg/l WHO 1993

Air 0.3 mg/m3 1.0 mg/m3 nr ATSDR 1999

nr not reported, DW dry weight
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(Hgp) (Zhao et al. 2017). However, in some cases, re-
emission occurs during the removal of Hg2+. The avail-
ability of excess oxygen in the flue gas that is in contact
with the desulphurization solution may decrease the
reduction of Hg2+ to Hg0 (Omine et al. 2012).

Thermal treatment

Thermal treatment is another important technique that
may be applied for the efficient removal of Hg in soil
(Ma et al. 2015). In thermal treatment, high temperature
(320–700 °C) is applied to remove Hg from soil through
the process of volatilization (USEPA 2007). In addition
to high temperature, reduced pressure is applied to
volatize Hg, and the process of volatilization is followed
by condensation, which converts Hg vapour into liquid
Hg0. In the thermal treatment process, the efficiency of
Hg removal from the soil matrix is 41.99% (USEPA
2007; Xu et al. 2015), and high-temperature and low-
pressure treatment can remove high concentrations of
Hg (up to 34,000 mg/kg) from the soil. However, the
removal of Hg through this technique has some disad-
vantages: a high capital cost and the interruption of the
heat transfer process due to the presence of larger parti-
cles (Xu et al. 2015).

Stabilization

Stabilization is a physical-chemical separation technique in
which Hg is converted into chemical forms that are stable

and highly insoluble in various ranges of soil pH (Alloway
2013; Xu et al. 2015). The availability of Hg for uptake in
plants is decreased through stabilization (USEPA 2007).
The process involves mixing soil with chemical binders
(thiol-functionalized zeolite and powdered activated
carbon) to make a paste or slurry and then conversion into
a solid form (Wang et al. 2012). Stabilization includes
immobilization, in which the solubility and mobility of
Hg are reduced by the addition of stabilizing agents to
the contaminated soil. Since Hg is a Lewis acid, it forms
complexes with Lewis bases. The addition of reduced
sulphur to Hg-contaminated soil leads to the formation of
a precipitate (HgS), which in turn results in the immobili-
zation of Hg in the soil. Piao and Bishop (2006) reported
that Hg could be reduced to 2300mg/kg by using sulphide
in Hg-contaminated soil. Iron chips (Wang et al. 2012) and
tire rubber (Meng et al. 1998) have also been used for the
stabilization of Hg in contaminated soil. In a study by
Sierra et al. (2010), a physical separation technique was
used for the remediation of Hg-containing pyrite ash. The
results of the study showed that the physical separation
method is effective when the grain size is below 125 μm.
The limitation of the process is that the leachability of the
metal increases with decreasing pH (Xu et al. 2015).

Electro-remediation

Electro-remediation is the controlled application of di-
rect current between electrodes through the soil. The
entire system comprises three compartments (two

Fig. 4 Mechanism of Hg toxicity
in cell (Kabata-Pendias 2010)
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electrode compartments and a third (soil) compartment,
which is placed between the two electrodes). During the
treatment of Hg-contaminated soil, ions move through
an ion exchange membrane from the soil to the elec-
trodes (Hansen et al. 1997; Pazos et al. 2010). Hansen
et al. (1997) investigated the electro-dialytic remedia-
tion of soil and found that the addition of oxidizing
agents and chloride to the soil wouldmobilizeHg, hence
increasing the Hg removal rate from soil. The results
showed that the addition of chelates to the soil increased
Hg solubility and enhanced the efficiency of the electro-
remediation process. The efficiency of this process is
very much affected by the soil pH, the solubility of Hg
in soil, and soil organic matter. The major disadvantage
of this technique is the requirement of acidic conditions
for treatment (Virkutyte et al. 2002).

Adsorption

The removal of Hg through the adsorption process is one of
the most important and feasible methods to remove Hg
from solid surfaces (Yu et al. 2016). Several adsorbents,
such as activated carbon (Lu et al. 2014), mesoporous
carbon (Anbia and Dehghan 2014), carbon nanotubes
(Habuda-Stanić and Nujić 2015), and iron oxides
(Figueira et al. 2011), have been used for the efficient
removal of Hg. The physical characteristics (surface area,
pore size, pore volume, and pore number) of the adsorbent
may affect the adsorption capacity, which can lead to an
increased or decreasedHg removal efficiency. For example,
the sulphurization of activated carbon reduces the number
of micropores, which slows the Hg removal efficiency (Yu
et al. 2016). Ojea-Jiménez et al. (2012) used colloidal
nanoparticles as adsorbents for Hg removal from aqueous
solutions. Low-cost adsorbents such as copper chloride,
copper oxide, and artificial zeolite have also been used for
the removal of Hg0 (Yu et al. 2016). The bacterial species
Paecilomyces catenlannulatuswas also used for Hg remov-
al at the optimum pH of 7 and exhibited a maximum
adsorption capacity of 140.85 mg/g (Li et al. 2013). The
specific properties of the adsorbent, such as the pore size
distribution, surface area, and polarity, may affect the effi-
ciency of adsorption (Yu et al. 2016).

Biological technique of Hg remediation:
phytoremediation

Amongst various technologies to remediate Hg-
contaminated sites, phytoremediation is an alternative

green technique to expensive remediation technology
(Lim et al. 2004). This technology is used to remove
or reduce the level of contaminants in soil through the
process of translocation, in which the contaminants are
translocated from the soil to plant tissue (Salt et al.
1995). Typically, plants such as Jatropha curcas and
Indian mustard (Brassica juncea) are used for the
phytoremediation of Hg from soils (Su et al. 2008;
Marrugo-Negrete et al. 2015). In contrast, high concen-
trations of Hg in soil affect biomass, inhibit the growth
of plants, and produce long-term effects on soil fertility
(Sahi et al. 2006). Photosynthesis activity is reduced and
nutrient and mineral absorption in the plant system is
inhibited (Patra et al. 2004) due to the phytotoxic effects
of Hg (Alloway 2013).

Phytoremediation technology is also used for the
restoration of mining-affected areas. Moreover, the
knowledge and behaviour of Hg in plant systems are
also essential to apply this technology in the field
(Millán et al. 2014). A study conducted by Millán
et al. (2014) summarized that plants might be used to
sense the degree of contamination and the long-term
effects of Hg toxicity in environmental media. The study
also reported that a high Hg content in soil shows a
higher capability of Hg accumulation in the aerial parts
of the plant. Another study on the phytoremediation of
Hg by Su et al. (2008) reported that beard grass
(Polypogon monspeliensis) accumulated a limited
amount of Hg in its shoots, i.e. less than 65 mg/kg,
while the accumulation of Hg in the roots was higher.
The study reported that Indian mustard (Brassica
juncea) plants growing on freshly spiked soil accumu-
lated a modest amount of Hg in the shoots and found
that the mustard plants exhibited several stress
symptoms, such as a loss of water content and
chlorosis, during growth. Su et al. (2008) investigated
Chinese brake fern (Pteris vittata) and found that Hg
accumulation in the plant was higher (1469 mgHg/kg in
shoots in f reshly spiked soi l ) than that in
P. monspeliensis and B. juncea and fewer stress symp-
toms were exhibited. Cassina et al. (2012) used two
plant species (B. juncea and Helianthus annuus) for
the effective remediation of Hg and observed that
B. juncea was more effective in Hg uptake, while the
sunflower plant gave a better response regarding plant
biomass production. The study also found that the
phytoremediation capacity of plants was improved by
the use of plant hormones (cytokinin) and thioligands.
Hussein et al. (2007) investigated transgenic tobacco
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plants to study the phytoremediation of Hg through the
uptake of various forms of Hg into roots and shoots of
tobacco plants that had been genetically engineered with
bacterial merA and merB genes through the chloroplast
genome.

Phytoremediationwas also used for Hg removal from
water through Typha domingensis in a constructed wet-
land, and the results showed that the aquatic macro-
phytes (T. domingensis) had great potential for Hg re-
moval from contaminated water due to their high Hg
accumulation capacity (273.3515 ± 0.7234 mg/kg)
(Gomes et al. 2014).

Phytoremediation through algae and aquatic plants

One study reported that macroalgae such as Ulva
lac tuca (Chlorophyta) , Graci lar ia graci l i s
(Rhodophyta), and Fucus vesiculosus (Phaeophyta)
could also be used for Hg removal from saline water.
The results of the study showed that massive amounts of
Hg (up to 209 mg of Hg per gram of macroalgae d.w.)
were accumulated in all three seaweed species and
found that 99% of Hg could be removed from seawater
through macroalgae. U. lactuca was the fastest Hg ac-
cumulator amongst the three species of macroalgae
(Henriques et al. 2015).

Lafabrie et al. (2011) investigated the bioaccumula-
tion of Hg in Vallisneria neotropicalis (submerged
aquatic plant species) and observed that Vallisneria spe-
cies played an important role in the bioaccumulation of
Hg and could be used as a warning signal of Hg
contamination in sediments. Isaksson et al. (2007) stud-
ied Hg accumulation in Lemna minor (aquatic plant)
and found that L. minor sequestered Hg in its biomass.
The study demonstrated that Hg concentration in plant
tissues and water was positively correlated and that
therefore, L. minor is a good candidate for the
phytoremediation of Hg from water. the aquatic macro-
phytes Pistia stratiotes and Azolla pinnata were also
used as potential candidates for Hg removal from
open-cast coal mine effluent. The study noted that Hg
was removed from the coal mine effluent by the process
of rhizofiltration and subsequent Hg accumulation. The
maximum removal of Hg in both plant species was
observed at a retention time of 21 days, and the removal
capacity of the plants decreased moderately. The study
also demonstrated that the maximum Hg accumulation
occurred in the plant’s root. The study determined that
P. stratiotes had a higher Hg removal efficiency than

A. pinnata and there was a minimal effect of Hg toxicity
on P. stratiotes (Mishra et al. 2009).

Phytoremediation through herbaceous plants

The wild plant Cyrtomium macrophyllum (perennial
herbaceous plant widely distributed in China) has high
phytoremediation potential for Hg. In a pot experiment,
it was found that C. macrophyllum species could grow
in soils with high Hg levels (500 mg/kg), and no toxic
effects were observed during the plant’s growth at a high
Hg concentration. The experimental work found that
C. macrophyllum had excellent Hg translocation and
accumulation abilities, and the species was therefore
considered to be a good candidate for the remediation
of Hg from highly polluted soil (Xun et al. 2017). One
study also reported that rice plants growing on mine soil
accumulate Hg in their tissues (Meng et al. 2014) and
high amounts of MeHg can be accumulated in the aerial
part of the rice plant. Sorkhoh et al. (2010) studied the
bioremediation of Hg from soils contaminated with
crude oil through rhizosphere technology and found that
rhizobacteria played a valuable role in the
phytoremediation of Hg. Several plant species, such as
Hordeum vulgare, Lupinus albus, Lens esculenta, and
Cicer aretinum (commonly grown in Spain), are also
able to absorb and accumulate Hg in their plant tissue
(Rodriguez et al. 2007). The plant species Impatiens
walleriana showed higher accumulation of Hg in its
leaves than in the flower and stems (Pant et al. 2010).

Liu et al. (2017) used five different plant species
(Opuntia stricta, Aloe vera, Setcreasea purpurea,
Chlorophytum comosum, andOxalis corniculata) to test
the Hg accumulation capacities at various concentra-
tions. The results showed that Hg accumulation in the
roots of all plant species was higher than that in the
shoots. The results indicated that the rate of Hg accu-
mulation in O. corniculata was maximum amongst all
plant species, and it was recommended that
O. corniculata had high potential for phytoremediation
of Hg from soils with a concentration level of less than
500 μg/L.

Conclusions

The natural environment is becoming polluted due to
natural and anthropogenic contributions of Hg to envi-
ronmental media. The combustion of coal-FA is the
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major anthropogenic source of Hg, while the natural Hg
content in soil depends on the soil geochemistry of the
parent material.

Once released into the atmosphere, Hg (especially
Hg0) may undergo long-range transportation and accu-
mulate on the top surface of the soil, on plant leaves, and
in aquatic environments, where it is converted into
MeHg (the most toxic form of Hg). MeHg becomes
biomagnified at the trophic level and imbalances the
food chain, which results in the disturbance of the
natural ecosystem.

Several remediation techniques have been consid-
ered to reduce the level of Hg contamination from the
environment to avoid health hazards. Processes such as
selective catalytic reduction and wet flue gas
desulphurization have been applied to reduce Hg levels
in coal-FA, whereas coal washing is used to remove Hg
from coal prior to the coal combustion process. More-
over, physical separation methods, such as soil washing,
thermal treatment stabilization, and electro-remediation,
are also used for Hg removal from soil.

Phytoremediation is one of the most effective, eco-
nomically viable, and environmentally friendly methods
used for the remediation of Hg. Physical separation
methods affect soil properties, but phytoremediation
techniques improve the quality (physical, chemical,
and biological) of soil. Therefore, plant-based treatment
methods have been widely accepted for Hg removal.
Several plant species, such as Brassica juncea, Jatropha
curcas, and Polypogon monspeliensis, are suitable for
Hg remediation. This review enriches our knowledge on
the sources of Hg, its toxic effects, and various remedi-
ation techniques.
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