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Chapter 6
Bioremediation of Metal Contaminated 
Soil for Sustainable Crop Production
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Abstract  Heavy metal pollution is emerging with time and reduces the chances of 
healthy food production from natural resources. Heavy metals are toxic in nature 
and caused various types of malfunction in plant, animal, and human bodies. Some 
heavy metals are essential for plant growth in lower level; but higher level shows 
toxic effects on plant growth. Heavy metals are also having carcinogenic, muta-
genic, malfunctioning, and teratogenic and mostly affected the neurological, liver, 
and kidney function. Increasing population with higher pace needs food from the 
fixed-cultivated land. It is a great challenge for the researcher and policy-maker in 
one side mitigating the food crisis without contamination of natural resources. The 
waste generation per capita increased with tremendous rate and vice versa freshwa-
ter resources shrinking. The needs of management for wastewater (WW) or metal-
contaminated soil for the sustainable crop production  in most of the developing 
countries. Various heavy metal remediation techniques are used for the removal of 
metals from environment. Among the techniques, bioremediation techniques are 
eco-friendly in nature, in situ, low cost, and energy saving. Phytoremediation tech-
niques are green techniques with a wider scope of contamination removal. The cli-
matic changes are also affecting the crop and soil production capacity; it needs more 
research in abiotic stress.
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6.1  �Introduction

Sustainable crop production is a demand of today agriculture. From the old age, 
agricultural practices having an immense natural resources and less pressure for the 
food grain production  across the globe. As the human and animal population is 
growing, the per capita pressure on natural resources is increasing with the pace of 
time. The fast industrialization, increasing burning of fossil fuels, poor management 
of natural resources, and low awareness among the peoples toward environment 
promote the pollution in natural resources. Indian population is growing higher in 
annual rate and needs 280 Mt food for fulfilling the hungry mouth of the country in 
2020. If we consider at global level, it is much more than the potential capacity of 
natural resources. To mitigate the food crisis, we can follow (i) using the poor-
quality natural resources, (ii) using high potential genetic crop varieties, and (iii) 
using sustainable management of natural resources. The use of poor-quality water 
for crop production reduced the soil fertility potential of soil and ultimately pro-
duced poor crop. This is also toxic in helping humans, due to the presence of various 
heavy metals. These metals in trace amount affected the living systems and physi-
ological function and in higher level also caused death. In soil, the presence of 
heavy metals affected the plant nutrient transformation and enzymatic activities 
(Dotaniya et al. 2016f). The restriction of nutrient transformation reduced the plant 
nutrient supplying capacity of soil, as a result poor crop production.

Heavy metals are metal and metalloids having higher density compared to water 
(Dotaniya et al. 2016g). A metal having specific gravity of more than 5.0 or atomic 
number higher than 20 (calcium- Ca) is termed as heavy metal (Dotaniya et  al. 
2013e). It is the main group of inorganic contamination in a larger land, mostly due 
to application of sludge and sewage and municipal waste, through agricultural 
inputs, metallurgical industries, and mining (Rusan et al. 2007; Rajendiran et al. 
2015; Lenka et al. 2016; Dotaniya and Saha 2017). These include metal and metal-
loids of chromium (Cr), cadmium (Cd), nickel (Ni), lead (Pb), mercury (Hg), arse-
nic (As), selenium (Se), and zinc (Zn). Apart from these, other heavy metals are also 
important, but these are having less account of human and plant health, i.e. alumi-
num, cobalt, and molybdenum. Among the heavy metals, few are necessary for the 
completion of biochemical cycles in plant, animal, and human systems (Ajay et al. 
2012; Pingoliya et al. 2015). Heavy metals are also having the lowest level of con-
centration in soil, but they cause major effect on biotic life cycle (Dotaniya et al. 
2014h; Meena et al. 2013a). Heavy metals are carcinogenic in nature; therefore, its 
decontamination from a system is necessary for sustainable crop production or a 
healthy environment.
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6.2  �Source of Heavy Metals

On the basis of heavy metal source and mode of dispersing into other systems are 
classified into the following groups. A list of heavy metal sources and its effect on 
human health are described in Table 6.1.

6.2.1  �Geogenic

Such type of sources includes the heavy metal toxicity from its origin of soils from 
rocks. The produced toxicity of heavy metals is in soil or in groundwater (Dotaniya 
et al. 2014h, 2016c). With the help of various soil and crop management practices, 
contaminated soil can be used for crop or forest plant cultivation. The As toxicity in 
Bangladesh and West Bengal of India is a good example of geogenic source of As 
metal. The weathering of natural rocks, erosion, and volcanic eruptions are major 
sources of geogenic activities. Few pockets across the globe have geogenic sources 
of heavy metals, and with the anthropogenic activities, it is dispersed in other natu-
ral ecosystems (Dotaniya et al. 2016d).

Table 6.1  Source and effect of heavy metals on human health (Singh et al. 2011)

Metals Major source Effect on human health

Arsenic Pesticides, fungicides, metal 
smelters

Bronchitis, dermatitis, poisoning

Cadmium Welding, electroplating, 
pesticides, fertilizers, Cd and 
Ni batteries, nuclear fission 
plant

Renal dysfunction, lung disease, lung cancer, bone 
defects, increased blood pressure, kidney damage, 
gastrointestinal disorder, cancer

Lead Paint, pesticide, smoking, 
automobile emission, mining, 
burning of coal

Mental retardation of children, developmental 
delay, congenital paralysis, sensory neural 
deafness, acute and chronic damage of the nerve 
system, liver, kidney, gastrointestinal tract

Mercury Pesticides, batteries, paper 
industry

Tremors, gingivitis, minor psychological changes, 
spontaneous abortion, damage to nervous system, 
protoplasm poisoning

Chromium Mines, minerals, leather 
industry

Damage to the nervous system, fatigue, irritability

Zinc Refineries, brass manufacture, 
metal plating, plumbing

Zinc fumes have a corrosive effect on the skin and 
cause damage to nervous membrane

Copper Mining, pesticide production, 
chemical industry, metal 
piping

Liver and kidney damage, stomach and intestinal 
irritation
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6.2.2  �Anthropogenic Sources

These heavy metals are extracted from point sources or from geogenic sites for 
utilization in different activities. The contamination in the environment may be due 
to natural as well as anthropogenic activities. The activities of mining, smelting, and 
electroplating and other industrial units are discharging significant amount of met-
als into natural systems. The leather industries are using chromium sulfate and dis-
charging noteworthy amount of Cr into effluent. This effluent is used for the 
cultivation of crops and other agricultural purposes, mostly in water-scarce areas. 
Dotaniya et  al. (2014c) reported that long-term application of leather industrial 
effluent for crop production accumulated ~25–30% more Cr in soil than tube well-
irrigated fields. Similarly, other industries like Pb, Hg, Cr, Ni, Cd, Zn, As, and Se are 
also contributing a meaning amount of metals into natural ecosystems. Apart from 
these, various heavy metals are used for preservation of wood and other household 
activities (Ahmad et al. 2016; Parewa et al. 2014).

Sewage water or biosolids for the cultivation of vegetable in peri-urban areas of 
megacities are also a source of heavy metal accumulation in soil (Dotaniya et al. 
2013f, 2016h). Due to progressive industrial developmental activities and increas-
ing population growth, huge volume of domestic sewage water is being produced in 
megacities. On an average ~90% of generating wastewater (WW) at the global level 
is left untreated, causing extensive water contamination, especially in developing 
countries. Here the WW means industrial effluent, household WW, and sewage 
effluent (Meena et al. 2015a). It is cheaper to dispose such effluent in this way and 
provides water and nutrients to crop (Saha et al. 2010). Therefore, Indian agriculture 
is encountering the problems of irrigation water scarcity and rising cost of fertiliz-
ers; domestic sewage water generated from cities is the better option to successfully 
use irrigation. People are using WW for crop production and getting good yield due 
to the presence of organic matter and trace amounts in micronutrients; but in nega-
tive side, these WW channels are also contributing heavy metals into the soil and 
human body via food chain contamination (Rana et al. 2010; Meena et al. 2013a; 
Dotaniya et al. 2015a).

One of the major sources of heavy metal contamination in soil and water bodies 
is through agricultural crop production inputs. In recent years, there has been 
increasing concern toward the health hazards through heavy metal contamination 
via food chain contamination (Dotaniya et al. 2014g). Fertilizers contain heavy met-
als as impurities; in this respect rock phosphate is a highly potential source. The 
contaminated soil or contamination through fertilizer impurities came into human 
and animal body and caused various types of malfunctions (Dotaniya et al. 2012a). 
The application of rock phosphate or its products during crop production in soil 
always implies the addition of a significant amount of Pb and Cd into the soils. The 
analysis of Pb and Cd from phosphatic fertilizers suggested that low-grade and 
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straight fertilizers have more chance of contamination than high analysis and mixed 
fertilizers (Dotaniya et al. 2014h; Singh 2002). During the application of phosphatic 
fertilizers for crop production accumulated heavy metal concentration on the surface 
of the soil and is easily available to plants (Meena et  al. 2015b, c; Dominguez-
Nunez et al. 2016; Dotaniya et al. 2016g). The surface retention of heavy metals has 
more chances to contaminants in the water bodies during rains and via soil 
erosion.

In soils with coarser textures and acidic reaction, having greater chances of 
heavy metal availability and mobility than finer texture (contain more amount of 
clay) and with the alkaline reaction medium for plants. It is very interesting that less 
than 6% of annual deposition of Cd in the soil of the European Economic Community 
comes, due to the use of phosphate fertilizers, with a further 2% from phosphoric 
acid manufacture  industries. Whereas, two third is contributed from solid wastes 
and excrement, aerial deposition, and use of pigments and stabilizers (Roberts 
2014).

6.3  �Geo-accumulation Indexes

The heavy metal contamination in soil is due to wider sources and whether these 
soils are heavy metal contamination or not. In this index the metal concentration 
with respect to uncontaminated soil is used for the cultivation of toxicity. Geo-
accumulation index (Igeo) is widely used for assessing heavy metal contamination in 
sediments (Ball and Izbicki 2004; Chabukdhara and Nema 2012), dust (Kong et al. 
2011), and trace metal pollution in agricultural soils (Wei and Yang 2010). The geo-
accumulation index was calculated using the following formula described by Muller 
(1969):

	
I

C

B
n

n
geo = log

.2 1 5 	

where Igeo stands for the geo-accumulation index, Cn is the soil trace metal concen-
tration (mg kg−1), and Bn geochemical baseline concentration (mg kg−1), i.e. the 
mean trace metal concentration in the uncontaminated soils. The soil sample with 
Igeo ≤ 0 indicates unpolluted and classified under class I. Similarly, Igeo values 0–1, 
1–2, 2–3, 3–4, 4–5, and >5 indicate unpolluted to moderate polluted (class II), mod-
erate polluted (class III), moderate to heavily polluted (class IV), heavily polluted 
(class V), heavily to extremely polluted (class VI), and extremely polluted (class 
VII), respectively.
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6.4  �Metal Transfer Factors

The contaminated soil or water is used for the cultivation of food crops and the 
transfer of heavy metal soil to the human body via food chain contamination. To 
calculate the heavy metal toxic effect in the human body, the metal transfer factor 
and hazard quotient (HQgv) are calculated for the safe utilization of metals through 
dilatory intake. The metal transfer factor showed the heavy metal concentration in 
edible part of leafy vegetables. It is a simple ration between metal concentrations in 
the plant part (on dry weight basis) from soil. The DTPA extractable concentration 
of heavy metals in soil is considered for computation of metal transfer factor. Risk 
assessment of heavy metal is calculated with the help of hazard quotient for the 
intake of leafy vegetables like palak, mustard, and coriander; those growing in efflu-
ent irrigated soil were computed with the help of Pierzynski et al. (2000).

	
HQgv

add

RfD
=

	

where HQgv is the hazard quotient to a human from consumption of green vegeta-
bles; add the average daily dose (mg metal per kg body weight per day) and RfD the 
reference dose. The values of RfD for Zn, Ni, Cd, Pb, and Cr were used as 0.3, 0.02, 
0.001, 0.0035, and 0.003 mg kg−1 body weight day−1, respectively (IRIS 2015). For 
Cu, value of provisional maximum tolerable daily intake is 0.5 mg kg−1 body weight 
day−1 (WHO 1982), and the same is used as RfD (Alam et al. 2003). Daily intake of 
green vegetable was considered as 0.2 kg−1 person day−1, which is recommended 
amount from a nutritional point of view (Hassan and Ahmed 2000). A factor of 
0.085 was used to convert the fresh to dry weight of these green vegetables. Average 
body weight for an adult was considered as 70 kg (USEPA 1991). Average daily 
dose (add) was computed using following relationship:

	
add

mc cf di

bw
=

× ×

	

where mc is the metal concentrations in plant (mg kg−1) on dry weight basis, cf the 
fresh to dry weight conversion factor, di the daily intake of green vegetable (kg), and 
bw the body weight (kg). Assessment of risk as computed here is not complete since 
metal accumulation to soil organisms, groundwater, and surface water direct uptake 
of soil by human and animal are some of the other risks which have not been con-
sidered here.
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6.5  �Effect of Heavy Metals on Plant, Human, and Animals

6.5.1  �Lead

Mental retardation, developmental delay, congenital paralysis, sensory neural deaf-
ness, acute and chronic damage of the nerve system, liver, kidney, gastrointestinal 
in human. In the present context, use of nanomaterial for the removal of Pb from 
water bodies is a major area of research at the top of the global issues. Use of tita-
nium oxide and hematite nanoparticles is the foremost, for the 100% recovery of the 
Pb ions. This efficiency is also affected by the pH and contact time, which is ≤6 and 
≥60 min, respectively, for the typical optimum conditions for Pb removal of water 
bodies. The recovery percent is also affected by adsorbent dose for the adequate 
surface area and number of adsorption sites (Bhatia et al. 2016; Masood and Bano 
2016).

6.5.2  �Mercury

It is also a toxic is associated with kidney damage. Hair fall in early age is a symp-
tom of Hg toxicity. Apart from these, tremors, gingivitis, minor psychological 
changes, spontaneous abortion, damage to the nervous system, and protoplasm poi-
soning are also happing due to Hg toxicity. It is mostly in Hg industries’ WW utili-
zation for fish and crop production.

6.5.3  �Arsenic

This heavy metal problem aggravated mostly as chronically in Bangladesh, India, 
Chile, Mexico, Taiwan, and part of West Bengal of India. These countries are suf-
fering due to geogenic concentration of As and also use of As-contaminated ground-
water for consumptive use. The natural level of As in soil mostly ranges from 1 to 
40  ppm, but use of pesticides or As-contaminated waste enhanced the level and 
caused toxicity (Tchounwou et al. 2004). Arsenic exposure much affected the mech-
anism of organs, including cardiovascular, renal, bronchitis, nervous, and also respi-
ratory disease in human (Tchounwou et  al. 2003). Many cases are reported in 
affected areas due to higher intakes of As through drinking water or via food chain 
contamination. The higher level caused the cancer of the kidney, gall bladder, and 
liver in major affected areas. The severity of ill effect on health of plant, animal, and 
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human health is closely related to the chemical form of As and time and level of 
dose. In the harmful effect situation, As (V) replaced the phosphate ions, which is 
key to many biochemical pathways in different organ systems. The inorganic triva-
lent arsenite is two to ten times more toxic than pentavalent arsenate for the human 
system. With the binding of the thiol or sulfhydryl groups on protein, As (III) can 
inactivate more than 200 enzymes (Hughes 2002).

6.5.4  �Cadmium

In general, Cd poisoning occurs through inhalation of cigarette smoke and also 
ingestion of Cd-contaminated food materials. In other specific routes like people 
working in metal industries, working at a Cd-contaminated workplace and also eat-
ing or drinking with contaminated hand are the sources of Cd in the human body. 
Vegetables growing in Cd-contaminated WW nearby peri-urban areas of major cit-
ies are having more chances of metal contamination. Cadmium negatively affected 
the lung and bone and increased the blood pressure, and higher dose can cause 
cancer and mortality. In plant system, Cd reduced transportation of food material 
from root to shoot, by damaging the root tissues. The blackish-brown root or 
necrotic root is a clear-cut symptom of Cd toxicity in plants. The chronic inhalation 
exposure of Cd is associated with the malfunction or decrease in the pulmonary and 
olfactory functions (Mascagni et al. 2003). The level of Cd in the body is measured 
through the presence of Cd concentration in blood or urine. Both the blood and 
urine contaminated with Cd are higher in highly cigarette smokers.

6.5.5  �Chromium

It is a carcinogenic metal. Occupational exposure is a major concern for the 
Cr-induced disease in industrial worker due to hexavalent Cr (Guertin 2005). Long-
term exposure can cause kidney and liver damage and damage to circulatory and 
nerve tissue. It is estimated that 33  tons of total Cr is released annually into the 
environment, which is a matter of health concern. The US Occupational Safety and 
Health Administration (OSHA) fixed a safe level 5 μg m−3 for 8 h working at the 
industrial work place. This level also may still pose a carcinogenic risk in the human 
body. In crop plants Cr reduced the germination rate and root and shoot growth in 
wheat (Dotaniya et al. 2014d) and pigeon pea (Dotaniya et al. 2014f).
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6.6  �Heavy Metal Chemistry in Soil

6.6.1  �Lead

It is bluish gray, a constituent of the earth’s crust ranging from 10 to 67 mg kg−1, and 
belonging to group IV and period 6 in the periodic table. It has atomic number 82 
and density 11.4 g cm−3 with atomic mass 207.2. It is naturally occurring, but due to 
massive anthropogenic activities like burning of fossil fuels, metallic mining and 
industrial waste disposal spread the Pb concentration into the environment. The 
application of Pb in day-to-day life is more prominent mostly in industrial and 
domestic equipment. In nature, it is found in combination with other elements like 
sulfur (Pbs, PbSO4) and oxygen (PbCO3) (USDHHS 1999). In nature, ionic form of 
Pb, Pb(II), and various types of oxide and hydroxide as well as lead metal oxyanion 
complexes are in the general form of Pb, which is mainly contributed in soil, sur-
face, and groundwater across the global length and width. The most common stable 
form of Pb is Pb(II); it is forming mononuclear and polynuclear oxides and hydrox-
ides in major soil groups (GWRTAC 1997).

Lead ranked fifth place after Fe, Cu, Al, and Zn in the list of industrial production 
of metal and metalloids. Major part of Pb is used in batteries, solders and pipes, 
electric cable covers, bearing, tire manufacturing, pigmentation, plumbing, X-ray 
shielding, and caulking. Very high concentration of Pb in soil affected the soil pro-
cess and is necessary to produce toxic response. It is fixed in soil by hydrolysis and 
polymerization mechanisms. Some of the metals commonly alloyed with Pb are (1) 
in storage batteries, antimony; (2) Ca and Sn in maintenance-free storage electric 
batteries; (3) in solder and anode work, silver metal; (4) as anodes in electrowinning 
process with Sr and Sn; and (5) tellurium during the process of pipe and sheet in 
chemical installation as well as nuclear shielding (Manahan 2003). The fraction of 
Pb from these metal industries is released into effluent and reached ultimately soil 
and water bodies. Soil factors such as high-cation exchange capacity, alkaline pH, 
high organic matter, and P-content in the soil antagonize Pb uptake by plants. The 
various types of soil also affected the availability of Pb metal for plant availability 
and also affected the soil critical limit for toxicity. It implies that if wastes rich in 
phosphorus (P) and organic matter (such as, sewage water and sludge) are applied 
to the soil, very little hazards due to Pb are expected.

6.6.2  �Chromium

Chromium is the 21st most abundant element in the earth’s crust (Dotaniya et al. 
2014h). It occurs in nature in bound forms that constitute 0.1–0.3 mg kg−1 of the 
earth’s crust. It has several oxidation states ranging from Cr(−II) to Cr(+VI). It 
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exists predominantly in the Cr+3 and Cr+6 oxidation states. The most stable oxidation 
state of Cr is Cr(III), and under most prevailing environmental conditions Cr(VI) is 
rapidly reduced to Cr(III). The intermediate states of +IV and +V are metastable 
and rarely encountered (Lokhande et al. 2011). The Cr(III) is strongly adsorbed on 
soil particles, whereas Cr(VI) is weakly adsorbed and is readily available to plant 
uptake or leaching to groundwater (James and Bartlett 1983). Plants do not accumu-
late a significant amount of Cr from soil in high concentrations. Thus, plants can 
tolerate higher amounts of Cr present in soil due to accumulation by long-term 
application of sewage or sludge.

When the Cr was applied through hexavalent for soil, with the soil constituents, 
it is rapidly converted into nontoxic form of Cr(III) as insoluble hydroxides or 
oxides. Suitable conditions for Cr(VI) reduction occur where organic matter is pres-
ent and act as an electron donor, and Cr(VI) reduction is enhanced in acidic rather 
than alkaline soils mentioned in Eq. 1 (Bartlett and Kimble 1976; Bolan et al. 2003).

	 2 3 16 4 3 82 7
3

2 2Cr O C H Cr CO H Oo+ + → + ++ +

	 (6.1)

From the global research side, many researchers find out the effect of organic 
matter or organic-rich soil amendments for the reduction of Cr toxicity by trans-
forming Cr(VI) to Cr(III) (Dotaniya et al. 2015b). Losi et al. (1994) reported that 
addition of cattle manure reduced the potential Cr toxicity from Cr(VI) to nontoxic 
Cr(III) in soil. The presence of organic matter supplies the C and protons and also 
stimulated the growth of soil microorganisms, which mediated and facilitated the Cr 
reduction process Cr(VI) to Cr(III) (Losi et al. 1994).

6.6.3  �Cadmium

It is one of the toxic metals in nature located in transition element category. It is 
having atomic number 48 with density 8.65 g cm−3. In nature, it exists as Cd(II) ion. 
It is having similarity with essential element of Zn, which is essentially required for 
plant and animal systems for potential growth. In Zn deficiency conditions, plant 
take up Cd as a substitution of Zn and may affect the metabolism of plants (Campbell 
2006). Cadmium is one of the most toxic elements not having any well-known 
essential physiological functions in plant and human. At low concentration in soil, 
it is toxic to a number of plants. Accumulation of Cd varies with plant species, vari-
eties, and plant part under consideration and soil properties. Cadmium has a ten-
dency to accumulate more in a leafy part rather than in fruits and grains/seeds. 
Factors such as soil pH, applied fertilizers, presence of other heavy metals, tempera-
ture, and soil organic matter have a profound influence on Cd uptake by plants. 
Although incidence of itai-itai disease in the Jintsu Valley of Japan occurred because 
of the high Cd content of rice, reducing soil conditions hinder the uptake of Cd by 
rice. Anaerobic conditions during the grain filling stage depress the Cd content of 
grains (Singh 2002). Most common use of Cd in Ni-Cd electric batteries is for 
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rechargeable or storage for secondary purpose, due to high output, durability, low 
wearing and tearing, and larger tolerance to physical and electrical fluctuations. 
Cadmium is also utilized for better corrosive resistance coating in most of marine 
equipment, i.e. vessels and vehicles.

6.6.4  �Nickel

It is a transitional metal having atomic number 28 and atomic weight 58.69. It is 
much affected by the soil-water pH. In most of the low-pH regions, nickelous ion, 
Ni(II), is found; whereas in neutral to slightly higher-pH soils, nickelous hydroxide, 
Ni(OH)2, precipitates as a stable compound. This stable compound is readily soluble 
in acid environment and formed Ni(III) and in high alkaline conditions formed nick-
elite ion, HNiO2, which is soluble in water. In very oxidizing and the alkaline envi-
ronment, Ni found in the form of stable nickel-nickelic oxide, Ni3O4, is easily 
soluble in acid solvents. In highly acidic condition, various types of Ni oxides, i.e. 
nickelic oxide and nickel peroxide, Ni2O3, are converted into Ni2+ ions (Wuana and 
Okieimen 2011). Nickel content in the range of 50–100 mg g−1 (dry weight basis) is 
indicative of its toxicity to plants. Nickel behaves largely like essential plant nutrient 
Zn in the soil-plant system, but it forms stronger chelates with soil organic matter, 
thereby showing closeness to Cu. Possibility of Ni toxicity to plants cannot be ruled 
out when industrial or municipal wastes with high Ni concentrations are applied to 
agricultural lands. Nevertheless, like Zn and Cu, phytotoxicity of Ni appears to pro-
vide an effective barrier against Ni toxicity to human population and animals.

6.6.5  �Mercury

It is also one of the toxic metals in the human and animal systems. It belongs to the 
same group of Zn and Cd in the periodic table with atomic number 80 and mass 
200.6. It is liquid in nature and mostly recovered during ore processing (Smith et al. 
1995). In the environment, its major contribution through combustion of coal and 
release from manometers located at gas or oil pipelines. Mostly in the environment 
it is present in mercuric (Hg2+), mercurous (Hg2

2+), elemental (Hgo), and also in 
alkylated form as methyl or ethyl mercury. Mercury is more toxic in alkylated form, 
because these are soluble in water and volatile in air (Smith et al. 1995). In most 
cases the form of Hg depends on the redox potential and pH of the existing environ-
ment. For example, under oxidizing condition, Hg2+ and Hg2

2+ are more stable, 
whereas under reducing conditions, organic or inorganic Hg may be converted to 
elemental Hg and then again converted to alkylated forms by a biotic or abiotic 
process of nature. Mercury(II) formed strong complex with the organic and inor-
ganic ligands present in the environment, which is easily soluble in oxidized aquatic 
systems (Bodek et al. 1988; Wuana and Okieimen 2011). In the uncontaminated 
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environment, its concentration in plant part seldom exceeds 500 parts per billion 
(ppb). In naturally contaminated areas, i.e., near Hg-bearing deposits, its level can 
be as high as 3500 ppb. Many agricultural crop inputs are having significant amounts 
of Hg like fungicide Ceresan M. Mercury is strongly held by the soil particles at 
various adsorption sites for the element never approaches saturation before another 
toxic element becomes hazardous. The Hg content in the aboveground part of plants 
is very low except Hg seed treatment or its addition to soil.

Most of the cases, Hg toxicity was reported in aquatic food chains compared to 
intensive agriculture. For the removal of Hg from solution, sorption to soil, sedi-
ment- and humic-containing material is playing a valuable mechanism. Increasing 
the pH of the system increases the sorption mechanism. Removal of Hg from solu-
tion may be recovered by coprecipitation with sulfides, and under low oxygen con-
ditions, anaerobic microorganisms especially sulfur-reducing bacteria converted 
organic and inorganic forms of Hg to alkylated form. In anaerobic conditions, ele-
mental Hg also transformed into demethylation of methyl-Hg or by reduction of 
Hg(II) in environment. In high acidic condition, pH <4 preferred the formation of 
methyl mercury; and higher pH range favors precipitation of HgS(s).

6.6.6  �Arsenic

Arsenic is classified under the metallic group of VA and period 4 in the periodic 
table associated with other minerals widely, mainly as As2O3. It has atomic number 
33 and atomic mass 75 and exists in various forms of oxidation (i.e., -III, 0, III, V). 
In most of the aerobic environment, As(V) is the dominant species in the form of 
arsenate (AsO4

3−) in the different protonation states like H3AsO4, H2AsO4
−, 

HAsO4
2−, and AsO4

3−. It is recovered during the ore processing of Cu, Pb, Zn, Ag, 
and Au. Arsenic builds up in the natural soil environment through natural processes 
of weathering of As-bearing bocks or As-contaminated groundwater used for crop 
production as a means of irrigation. Apart from these are anthropogenic activities 
such as mining operations, burning of coal, smelting of base metal ores, and appli-
cation of As-containing agricultural inputs. The concentration of As in world soils 
varied widely. In common, soils overlying sulfide ore deposits or derived from 
shales and granites and those surrounding geothermal activity have high As con-
tents. Arsenate and other anionic forms of As act as a chelates and precipitated with 
the presence of cations (Bodek et al. 1988). In West Bengal, water samples from 
about 55% tube wells have been found to contain As in a concentration greater than 
10 μg L−1, which is the maximum permissible limit of the World Health Organization 
(Chowdhury et  al. 1999). The soils being irrigated with As-contaminated waters 
have already started showing the presence of 6–10 mg kg−1 of EDTA extractable As. 
Arsenic retention by soil is mainly performed by the adsorption mechanism rather 
than the precipitation of sparingly soluble As compounds.
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The toxicity of As depends on soil environment by the oxidation states and its 
presence with organic and inorganic combinations. The oxidation states of As metal 
are affected by pH and redox potential. The As mobility increases with increasing 
soil pH (Reed et al. 1995). The arsenates are very soluble, mobile, and toxic than the 
arsenates. The biological availability and phytotoxicity of As in soil increases on 
reduction of the As(III) state, which is facilitated on the flooding of the soils. The As 
uptake pattern is highly affected by crop, varieties, soil chemical environment, and 
some extent by climatic factors. The lowland rice is more susceptible to As toxicity 
than upland rice.

6.6.7  �Zinc

It is an essential plant nutrient element and keeps the place in the period 4, group 
IIB, having atomic number 30 and mass 65.4. It is also a transitional metal, occur-
ring naturally in soil systems. Fast industrialization or other anthropogenic activities 
like mining, coal, waste combustion, and use of steel processing activities enhance 
the Zn concentration in environment. The Zn availability varies with pH values. 
Increasing the soil pH decreased the availability of Zn in soil and reduced the con-
centration in soil solution toward plant uptake. In higher-pH condition, carbonate 
and bicarbonates are precipitated into unavailable forms and induced Zn deficiency 
in soils (Dotaniya and Meena 2013).

6.7  �Cellular Mechanisms for Heavy Metals

Most of the heavy metals are toxic to plant systems except few. Largely heavy met-
als have low mobility in soils and have high adsorption with organic matter or sili-
cate minerals. The plant uptake pattern is much affected by the presence of metal in 
soil and plant biochemical cycles. Hyperaccumulation in higher plant is a complex 
phenomenon and governed by various factors like (1) transport of heavy metals 
across the plasma membrane of root cells, (2) xylem loading and translocation in 
various part of plants, and (3) heavy metal detoxification and sequestration at the 
plant and cellular level (Lombi et al. 2002). The first hyperaccumulator plants were 
identified by the family of Brassicaceae and Fabaceae; and the list of plants crossed 
more than 400 (Halim et al. 2003). These plants have a particular gene for the hyper-
accumulation of metal or metals (Yang et al. 2005). Many of the plants accumulated 
a particular metal, and a few plants are having the capacity to accumulate more than 
one metal. These metal accumulator mechanisms are not fully understood; but the 
capacity of plants toward metal uptake is accounted. The intracellular mechanism of 
heavy metal uptake has also helped to understand the various metal uptake phenom-
ena in soil-plant dynamics. Some of the major processes influencing the accumula-
tion rate in plants are defined in Fig. 6.1.
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The hyperaccumulator plants showing the higher or extraordinary potential abil-
ity to absorb heavy metals from the contaminated soil or aquatic systems and accu-
mulated in various part of the plant (Ma et al. 2001; Yang et al. 2002). The metal 
uptake by a plant and total metal present in soil does not have a true correlation in 
the heavy metal dynamics. Knight et al. (1994) reported that no significant correc-
tion was observed between Zn accumulated by the Thlaspi caerulescens and total 
Zn metal in the soil. However, the close relation was also observed between metal 
concentration in plant shoot and metal concentration in soil solution. The bio-
availabity of metals is the part of total metal concentration, and these fractions are 
truly represented of plant uptake. Plant roots and microbial population and their 
interaction much determine the availability of a metal and also the form of metal in 
soil. Plants secrete various types of low-molecular organic acids through root exu-
dates and act as a chelating agent or supply the food materials to soil microorganism 
(Dotaniya et al. 2013c, d). The interaction of microorganisms and plant roots can 
enhance the metal bioavailability in rhizosphere due to secretion of protons, amino 
acids, enzymes, and phytochelatins. A part of proton extrusion of the roots is 

Xylem transport

Distribution and
sequestration

Root absorption and
compartmentation

Bioactivation in the
rhizosphere

(symplastic loading
and ion exchange
etc.)

(cell wall binding,
vacuole sequestration,
cytoplasmic chelation,
etc)

(transporters, channels,
cytoplasmic chelators,
etc)

(root-microbe
interaction, etc)

Fig. 6.1  Major process involved in heavy metal hyperaccumulation by plants (Yang et al. 2005)
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mediated by the plasma membrane H+-ATPase and H+ pump. The molecular bases 
and various effects of these mechanisms are a matter of research regarding heavy 
metal removal by plant systems. Arabidopsis thaliana is an AtHMA4 P-1B-ATPase 
which is responsible for the transportation of Zn and Cd. Verret et  al. (2004) 
described that AtHMA4 is located in the plasma membrane and expressed its effect 
on tissue surrounding the root vascular vessels. Yang et al. (2005) mentioned that 
the ectopic overexpression of AtHMA4 positively influenced the root growth in the 
presence of toxic metals like Zn, Cd, and Co, whereas a null mutant exhibited a 
lower translocation response in the plant root-shoot system with regard to Zn and 
Cd metals. In plant nutrient-deficient conditions, plant which secreted the phytosid-
erophores can reduce the plant-available metal form, i.e. Fe3+, Cu2+, and Cd2+ 
(Dotaniya et al. 2013c). The metal transportation from contaminated sites to plant 
root membrane and further in various plant parts is mediated by a particular gene in 
a specific plant species. A broader understanding about the metal transportation 
process in plant is required for the better understanding for the formulation of the 
effective strategies to develop genetically engineered plant species that can accumu-
late higher amount of metal from toxicant. A range of gene is responsible for a 
particular metal or metal accumulations mentioned in Table 6.2.

6.8  �Remediation Techniques

The polluted environment can be remedied with the help of physical, chemical, and 
biological techniques. Various types of remediation techniques are also categorized 
in various heads as per the mode of action listed in Table 6.3. In classical method of 
heavy metal remediation from soil and water bodies with the help of chemical and 
physical technologies are mentioned from ancient periods. With these techniques 
addition of chemical (chemical remediation’s), which mobilize or immobilize the 
heavy metal contents from contaminated sites;  and in physical remediation 

Table 6.2  Genes of transportation isolated from plants involved in heavy metal uptake

Genes Plant Elements References

OsNramp1 Rice Mn Belouchi et al. (1997)
OsNramp2
Cpx-type heavy 
metal ATPases

Arabidopsis 
rice

Cu, Zn, Cd, 
Pb

Tabata et al. (1997), Williams et al. (2000), 
Belouchi et al. (1997), and Hirayama et al. 
(1999)

Nramp Arabidopsis Cd, divalent 
metals

Belouchi et al. (1997), Alonso et al. 
(1999), and Thomine et al. (2000)

CDF family 
proteins

Arabidopsis Cd, Co, Cd Maser et al. (2001)

ZIP family (ZAT1, 
ZAT2, ZAT3)

Arabidopsis Cd, Zn, Mn Van der Zaal et al. (1999)
T. caerulescens Lombi et al. (2002), Pence et al. (2000), 

and Assuncao et al. (2001)
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excavations, capping, soil mixing, soil washing and solidification, mixing of con-
taminated soil with uncontaminated soil are included (Dotaniya et  al. 2012b; 
Dotaniya and Lata 2012; Velazquez et al. 2016). In bioremediation techniques, use 
of biological means for reducing the heavy metal toxicity  in environment. These 
techniques have advantages and disadvantages as per the potential of remediation 
and cost.

6.8.1  �Physical Remediation

This type of technique is applicable on particular form of metals. It consists of 
mechanical screening, floatation, electric and magnetic separation, and floation 
(Gunatilake 2015). The potential efficiency of these techniques depends on soil 
properties and type and extension of pollution. Sometimes contaminated soil is 
washed with good-quality water. Highly metal-polluted soils can be remediated by 
physical scraps in which heavy metal-contaminated upper layer of soils shifted to 
another place. Sometimes, uncontaminated soil is mixed with contaminated soil to 
reduce the heavy metal concentration in lower side to grow the forage or crops. 
These methods are primarily important for check and balance mode for the soil and 
water pollution. It is almost necessary before discharging polluted WW into soil or 
water bodies. In the heavy metal remediation point of view, it is crucial for organic 
load containing metals or solid disposal in natural systems.

Table 6.3  Technologies for remediation of heavy metal-contaminated soils (Wuana and Okieimen 
2011)

Category Remediation technologies

Isolation i. Capping
ii. Subsurface barriers

Immobilization i. Solidification/stabilization
ii. Vitrification

Toxicity and/or 
mobility reduction

i. Chemical treatment
ii. Permeable treatment walls
iii. Biological treatment bioaccumulation, phytoremediation 
(phytoextraction, phytostabilization, and rhizofiltration), bioleaching, 
biochemical processes

Physical separation/
extraction

i. Soil washing, pyrometallurgical extraction, in situ soil flushing, and 
electrokinetic treatment
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6.8.2  �Chemical Remediation

It is mostly used for the removal of heavy metal from a smaller area. In this head it 
consists of chemical precipitation, coagulation and flocculation, electrochemical 
treatments, ion exchange, membrane filtration, and electrodialysis. The chemical 
precipitation method is one of the widely used methods, in which use of chemical 
formed insoluble precipitation with metals as hydroxide, carbonate, sulfide, and 
phosphate ions. Fine particle coagulates into bigger particle and can be removed by 
physical methods. The coagulation and flocculation methods are based on zeta 
potential. Apart from these, electric field is also used for the remediation of pollut-
ant from liquid medium. The opposite ions of metals are accumulated on the metal-
bearing cathode plate and insoluble anode. These methods are costly in nature and 
require highly skilled persons.

In these techniques various substances comprised with organic and inorganic in 
nature are using for the remediation of heavy metals from environment (Dotaniya 
et al. 2016a). These are reacting with various heavy metals and converted into non-
toxic or less available to plant and microbes. Some of the substances are responsible 
for the immobilization of a particular metal, whereas few are used for more than one 
metal. The inorganic binder, i.e. clay (bentonite or kaolinite), fly ash, basic slag, 
calcium carbonate, and Fe/Mn oxides, is described in Table  6.4; and organic 
stabilizers such as various types of manure, organic residues, composts, and a com-
bination of organic and inorganic substances listed in Table 6.5 may be used for the 
immobilization of heavy metals. Organic residues are used for the plant nutrient 
mobilization (Dotaniya 2014, Dotaniya et al. 2014b; Dotaniya et al. 2015b) and also 
use for the reduction of heavy metal in soil. The organic residues decompose with the 
help of soil microbial population and act as a biosorption (Dotaniya 2012; Dotaniya 
et al. 2012c; Meena et al. 2017). Low-molecular organic acids released during the 
microbial decomposition of organic material by soil biota (Dotaniya and Datta 2014; 
Dotaniya et  al. 2014e) bind the metal or decomposed the metal and ultimately 
reduced the metal toxicity (Guo et al. 2006). On the other side of the decomposition, 
it released the plant nutrients, which also enhanced the crop plant immunity (Dotaniya 
et al. 2013b, 2014a). The use of biochar reduced the metal toxicity particularly Cd 
in  spinach crop (Coumar et  al. 2016a, b). The efficiency of applied organic and 

Table 6.4  Inorganic amendments for heavy metal immobilization (Guo et al. 2006)

Material Source Heavy metal immobilization

Lime Lime factory Cd, Cu, Ni, Pb, Zn
Phosphate salt Fertilizer plant Pb, Zn, Cu, Cd
Hydroxyapatite Phosphorite Zn, Pb, Cu, Cd
Fly ash Thermal power plant Cd, Pb, Cu, Zn, Cr
Slag Thermal power plant Cd, Pb, Zn, Cr
Ca-montmorillonite Mineral Zn, Pb
Portland cement Cement plant Cr, Cu, Zn, Pb
Bentonite – Pb
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inorganic substances is affected by climatic factors and soil parameters (Dotaniya 
2013; Dotaniya et al. 2013a). The increase in the atmospheric temperature enhanced 
the photosynthetic rate in low-temperature regions and increased the root exudation 
in soil (Kushwah et al. 2014; Dotaniya et al. 2018). Soil microbes take root exudates 
as a food material and increased the microbial population and diversity (Dotaniya 
and Kushwah 2013). It helps to reduce the metal toxicity toward plants. The carbon 
sequestration potential of soil enhanced the plant sustainability in abiotic stress con-
dition (Kundu et  al. 2013; Meena et  al. 2016), because more carbon  sequestra-
tion helps in nutrient mobilization from soil (Sharma et al. 2014a, b; Dotaniya 2015; 
Dotaniya et al. 2016e, g). The silicon fertilization in rice crop enhanced the abiotic 
stress and improved the crop yield (Meena et al. 2013b).

6.8.3  �Bioremediation

Bioremediation is the removal of heavy metal from polluted soil and WW with the 
help of biological techniques. The techniques are classified into (1) bioremediation 
by microorganism and (2) bioremediation by plants known as phytoremediation.

6.8.3.1  �Bioremediation by Microorganism

In this method, suitable microorganisms are used for the removal of heavy metals. 
In this method microorganism converted toxic metal to nontoxic or less toxic sub-
stances (Lata and Dotaniya 2013a). Technologies can be categorized into in situ or 
ex situ as per the place of treatment. In in situ, contaminated soil or water is treated 
at polluted sites; in ex situ conditions, contaminants can be displaced from polluted 
sites and remediated. For the removal of heavy metals from activated sludge, micro-
organism treatments break down the organic material with aeration and agitation 
and finally allow solids to settle down in the bottom of the sewage treatment plants. 
A particular type of microorganisms is responsible for a specific type of metal 
removal (Lata and Dotaniya 2013b). The part of the metals is taken by 

Table 6.5  Organic amendments for heavy metal immobilization (Guo et al. 2006)

Material Heavy metal immobilization

Bark saw dust (from timber industry) Cd, Pb, Hg, Cu
Xylogen (from paper mill wastewater) Zn, Pb, Hg
Chitosan (from crab meat-canning industry) Cd, Cr, Hg
Bagasse (from sugarcane industry) Pb
Poultry manure (from poultry farm) Cu, Pb, Zn, Cd
Cattle manure (from cattle farm) Cd
Rice hulls (from rice processing) Cd, Cr, Pb
Sewage sludge Cd
Leaves Cr, Cd
Straw Cd, Cr, Pb
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microorganism as food materials and converted as nontoxic substances (Saha et al. 
2017). These microorganisms are specific in nature and also sensitive to climatic 
factors. However, all the metals are not treated or remediated easily by microorgan-
isms. For example, Cd and Pb are not readily absorbed by the microorganisms. The 
availability of food materials for soil biota enhanced the bioremediation rate in WW 
and contaminated soils (Pingoliya et al. 2014a, b; Singh et al. 2016). Increasing the 
N availability in contaminated soil may encourage the heavy metal biodegradation 
(Sims 2006). These efficient microorganisms used for the metal remediation func-
tion are known as bioremediators (Meena et al. 2013a; Singh et al. 2016). If fungi 
are used for the removal of heavy metals, they are known as mycoremediation. In 
this line, a lot of work is going on to understand the different pathways and regula-
tory network to remediate from various contaminated systems. Calculate the C flux 
from different systems for the environmental aspect for a particular compound vis-
a-vis microorganisms. The genetically engineered microorganisms may be impor-
tant in the process of bioremediation. The bacterium Deinococcus radiodurans is 
modified with the help of genetic engineering for remediation of toluene and ionic 
mercury from the radioactive reactor WW and solids (Brim et al. 2000). These tech-
niques are specific for a particular metal and microorganisms and need specific tool 
and techniques for the remediation purpose (Dotaniya et al. 2016b). The higher cost 
for installation of modern equipment and hygienic conditions is also needed for 
bioremediation with microorganisms.

6.8.3.2  �Phytoremediation

Use of various types of plants for the remediation of metals from contaminated 
environment is known as phytoremediation. It can be used for the removal of organic 
pollutant, trace metals, and radioactive materials from polluted soil and aquatic bod-
ies. It is cost-effective, environmental, eco-friendly, and driven by the solar energy. 
It is used as in situ application and required less technical skill. The phytoremedia-
tion consists with two words: Greek phyto means plants and Latin remediation 
tends to correct or remove an evil. The green plants have immense potential to 
remediate pollutant and also detoxification by various mechanisms. This concept 
(as phytoextraction) was suggested by Chaney (1983). The phytoremediation tech-
niques include phytoexpraction, phytofiltration, phytovolatilization, phytostabiliza-
tion, phytodegradation, phytotransformation, removal of aerial contaminants, etc. A 
list of methods, action mechanism, and medium treated is given in Table 6.6.

6.8.3.3  �Hyperaccumulator Plants

Those plants have higher capacity of heavy metal adsorption in plant parts as com-
pared to normal plants. These plants are not showing any adverse effect on plant 
growth. Such type of plants is specific with a particular metal or a group of metals. 
Plants that accumulated heavy metals in various parts are listed in Table 6.7.
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The hyperaccumulator plant should have higher capacity to produce plant bio-
mass and suitable for a wide range of contamination. Hyperaccumulator plants do 
not transfer the metal into edible parts. The capacity of phytoremediation can be 
enhanced through inserting various foreign genes into plants through genetic engi-
neering or biotechnological techniques (Table 6.8).

Table 6.7  Heavy metal distribution in hyperaccumulators at tissue/cellular level

Tissue/organ Element Plant species Reference

Trichone Zn, Cd Arabidopsis halleri Kupper et al. (1999)
Cd Brassica juncea Salt et al. (1995)
Ni Alyssum lesbiacum Kramer et al. (1997)

Epidermal Zn T. caerulescens Kupper et al. (1999)
Zn T. caerulescens Vazquez et al. (1994)
Ni Alyssum Kramer et al. (1997)

Mesophyll Zn Arabidopsis halleri Kupper et al. (1999)
Cd Sedum alfredi H. Xiong et al. (2004)

Cell wall Ni T. goesingense Kramer et al. (2000)
Cu Elsholtzia splendens Yang (2002)
Zn Sedum alfredii H. Kramer et al. (2000)
Pb Sedum alfredii H. He et al. (2003)

Vacuole Zn T. caerulescens Kupper et al. (1999)
Zn T. caerulescens Vazquez et al. (1994)
Cd Sedum alfredii H. Xiong et al. (2004)
Zn Sedum alfredii H. Kramer et al. (2000)

Table 6.6  List of phytoremediation strategies (Yang et al. 2005; Dotaniya and Lata 2012)

Phytoremediation techniques Action mechanism Medium treated

Phytoextraction Direct accumulation of contaminants 
into plant shoots with subsequent 
removal of the plant shoots

Soil

Rhizofiltration 
(phytofiltration)

Absorb and adsorb pollutants in plant 
roots

Surface water and 
water pumped through 
roots

Phytostabilization Root exudates cause metals to 
precipitate, and biomass becomes less 
bioavailable

Groundwater, soil, 
mine tailings

Phytovolatilization Plant evaporates certain metal ions and 
volatile organics

Soil, groundwater

Phytodegradation (plant-
assisted bioremediation)

Microbial degradation in the 
rhizosphere region

Groundwater within the 
rhizosphere and soil

Phytotransformation Plant uptake of organic contaminants 
and degradation

Surface and 
groundwater

Removal of aerial 
contaminants

Uptake of various volatile organics by 
leaves

Air
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Hyperaccumulation or the removal of metals from soil or water system can be 
calculated with various parameters, i.e., bioconcentration factors, translocation fac-
tor, and translocation efficiency and crop removal with the help of below formulas.

Bioconcentration Factor (BCF)  It is defined as the contamination removal capac-
ity of the plant and was calculated by Zhuang et al. (2007).

	
BCF

Cr

Cr
harvested tissue

soil water

=
/ 	

Here, Crharvested tissue is a concentration of Cr in harvested plant parts (root, shoot), 
and Crsoil is total applied Cr levels of respective treatment.

Translocation Factor (TF)  Means transfer of Cr metal ions from root to shoot part 
and quantified by formula proposed by Adesodun et al. (2010).

Table 6.8  Genes introduced into plants and the effects of their expression on heavy metal 
tolerance, accumulation, or volatilization (Yang et al. 2005)

Gene Product Source Target Maximum observed effecta

merA Hg(II) reductase Gram-negative 
bacteria

Liriodendron 
tulipifera

50 μmol L−1 HgCl2; 
500 mg HgCl2 kg−1

Nicotiana 
tabacum

V: Hg-volatilization rate 
increase 10 fold

merA Hg (II) reductase Gram-negative 
bacteria

Arabidopsis 
thaliana

T: 10 μmol L−1 CH3HgCl 
(>40-fold)

merB Organomercurial 
lyase

Gram-negative 
bacteria

A. thaliana V: upto 59 pg Hg(0) mg−1 
fresh biomass min−1

APS1 ATP sulfurylase A. thaliana B. juncea A: twofold increase in Se 
concentration

MT-I MT Mouse N. tabacum T: 200 μmol L−1 CdCl2 
(20-fold)

CUP1 MT Saccharomyces 
cerevisiae

B. oleracea T: 400 μmol L−1 CdCl2 
(approximately 16-fold)

gsh2 GSH synthase E. coli B. juncea A: Cd concentration 125%
gsh1 Γ-Glu-Cys 

synthase
E. coli B. juncea A: Cd concentration 190%

NtCBP4 Cation channel N. tabacum N. tabacum T: 250 μmol L−1 NiCl2 
(2.5-fold), Pb sensitive
A: Pb concentrations 
200%

ZAT1 Zn transporter A. thaliana A. thaliana T: Slight increase
TaPCS1 PC Wheat Nicotiana 

glauca R.
A: Pb concentrations 
200%

Graham

A accumulation in the shoot, GSH glutathione, MT metallothionein, T tolerance, V volatilization
aRelative values refer to control plants not expressing the transgene
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TF

Cr

Cr
shoots

roots

=
	

Translocation Efficiency (TE)  TE was calculated with the help of formula 
described by Meers et al. (2004).

	

TE
Cr

Cr
content in shoots mg kg

content in thewhole plant

%
/( ) = ×( )

100

	

The Cr Removal (%)  Percent Cr removal represented the Cr removal capacity of 
the crop with respect to contamination level; it was calculated as per given 
formula:

	

Cr removal
TotalCr uptake by plant

TotalCr applied to thesoil

C

x( ) =

= rr removal Value%( ) = ( )×x 100
	

6.8.3.3.1  Phytoextraction

In this technique, plant uptake contaminants from soil and water through plant roots 
and accumulate in aboveground parts, i.e. shoots. This is also known as phytoaccu-
mulation, phytoabsorption, or phytosequestration. This process which stored metal 
in shoot is a crucial biochemical process; and researches are focused more on poten-
tial uptake in aboveground part, because the root biomass is generally not feasible 
(Tangahu et al. 2011). Phytoextraction may be classified into two types.

6.8.3.3.1.1  Natural Phytoextraction

It is usually conducted through planting selected species in the contaminated soil. 
These plants are grown under normal farming conditions to reach the optimal size, 
harvested and disposed of appropriately. The plants (such as Pteris vittata) are 
highly specialized, occur naturally, and can tolerate highly elevated concentrations 
of metals that would be toxic to other plants. Typically, these plants are small, have 
a shallow root system, and grow relatively slowly.

6.8.3.3.1.2  Induced Phytoextraction

In non-hyperaccumulator plants such as Thlaspi perfoliatum, factors limiting their 
potential for phytoextraction include small root uptake and little root-shoot translo-
cation of metals. Methods that use metal-mobilizing agents have been proposed 
specifically to overcome these limitations. Following this approach, a high-biomass 
crop is grown on the contaminated soil requiring remediation. Throughout the 
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growth period, amendments are added to the soil to increase availability of metals 
to the plants. The most commonly used agents for induced phytoextraction are eth-
ylenediaminetetraacetic acid (EDTA), diethylenetriaminepentaacetic acid (DTPA), 
cyclohexylenedinitrilotetraacetic acid (CDTA), citric acid, etc.

6.8.3.3.2  Phytofiltration

This technique is also little bit similar to phytoextraction but is concerned with the 
remediation of contaminated groundwater rather than the remediation of polluted 
soils. The contaminants are absorbed or adsorbed, and thus their movement is less 
in underground water. This method is also known as rhizofiltration (by roots), 
blastofiltration (by seedlings), and caulofiltration (used plant shoots) (Mesjasz-
Przybylowicz et al. 2004). Plants (such as Helianthus annuus used for rhizofiltra-
tion are not planted directly but are acclimated to the pollutant first. Plants are 
hydroponically grown in clean water rather than the soil until a large root system 
develops. Once a large root system is in place, the water supply is substituted for a 
polluted water supply to acclimatize the plant. Then they are planted in the polluted 
area where the roots uptake the polluted water and the contaminants along with it. 
As the roots become saturated, they are harvested and disposed of safely.

6.8.3.3.3  Phytostabilization

Phytostabilization is the process in which plants (Festuca rubra L, Agrostis tenuis) 
are used to immobilize soil and water contaminants. It mainly focuses on sequester-
ing pollutants in soil near the roots rather than in the plant tissues itself. Pollutants 
become less bioavailable, and livestock, wildlife, and human exposure are reduced. 
The contaminants are absorbed and accumulated by the roots, adsorbed onto the 
roots, or precipitated in the rhizosphere. This reduces or even prevents the contami-
nants migrating into the groundwater or air as well as the bioavailability of the 
contaminant which prevent its spread through the food chain. This technique can 
also be used to reestablish a plant community on sites that have been denuded due 
to high levels of metal contamination. Once a community of tolerant species has 
been established, the potential for wind erosion (and thus spread of the pollutant) 
and the leaching of the soil contaminants is also reduced. Phytostabilization involves 
three processes which include humification, lignification, and irreversible binding.

6.8.3.3.4  Phytovolatilization

It refers to the process through which plants uptake water-soluble contaminants and 
release them into the atmosphere as they transpire water. As the water travels along 
the plant’s vascular system from the roots to the leaves, the contaminant may be 
modified whereby it evaporates or volatilizes into the air surrounding the plant. 
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Phytovolatilization is relevant in the remediation of soils rich in mercury, selenium, 
and to some extent in arsenic. The mercury ion is transformed into less toxic ele-
mental mercury, and selenium is lost to the atmosphere in the form of dimethyl 
selenide (DMSe). It is also applicable for the removal of organic contaminants. For 
example, poplar trees have been shown to volatilize 90% of the TCE they take up.

6.8.3.3.5  Phytodegradation

In this process plant secreted various types of enzymes, i.e., dehalogenase and oxy-
genase through root cells, which break down the organic pollutants in soil (Vishnoi 
and Srivastava 2008; Dotaniya and Lata 2012). Some contaminants can be absorbed 
by the plants and broken down by their enzymes. These smaller pollutant molecules 
may then be used as metabolites by the plant as it grows, thus becoming incorpo-
rated into the plant tissues. Plant enzymes that break down ammunition wastes, 
chlorinated solvents such as trichloroethane (TCE), have been identified.

6.9  �Conclusions

Heavy metal pollution is emerging with time, and the functional capacities of natu-
ral resources are shrinking toward production of food materials. The increasing crop 
production on limited land with poor-quality resources is a challenge to researcher 
and policy-maker across the globe. The use of poor-quality soil and water after 
proper management is needed for today and tomorrow. The poor-quality water or 
industrial effluent is having trace metal, which is carcinogenic in nature and affects 
the natural biochemical mechanism in living organisms. More focus on the safe 
utilization of poor-quality water and contaminated soil after proper remediation or 
treatment. In present context, one industry is located at nearby the other industrial 
unit and the effluent merging at a common point and utilized for various purposes. 
The multi-metal toxicity should be identified, and proper strategies should be made 
to reduce the metal inhaled in human body. The effect of climate change on heavy 
metal uptake pattern in soil and in crop should be investigated. The extension of 
phytoremediation techniques in urban and contaminated areas also needs attention. 
The uses of modern biotechnological with traditional techniques are in combination 
to combat the heavy metal toxicity. Public awareness is also a need of today regard-
ing heavy metal toxicity with the help of government agencies as well as nongov-
ernment agencies (NGOs) for sustainable crop production.
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