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Urbanization and industrialization are producing large amounts of heavy metals, 
which are toxic to humans and the environment. These metals are commonly used 
for applications such as protecting surfaces, building, painting, in the food industry, 
and more. In addition to natural sources, these anthropogenic activities introduce 
heavy metals such as titanium (Ti), cadmium (Cd), chromium (Cr), arsenic (As), 
mercury (Hg), lead (Pd), nickel (Ni), copper (Cu), zinc (Zn), and others into the 
environment. In addition, rare earth elements such as neodymium (Nd), europium 
(Eu), terbium (Tb), dysprosium (Dy), and ytterbium (Yb) are being introduced 
into our ecosystem including the air, water, soil and sediment, and biological species. 
These elements are hazardous, toxic, and carcinogenic and they have a negative 
impact on the ecosystem and human health. Although minute quantities of some 
metals are required for the physiological processes in the body, excessive amounts 
can lead to a number of disorders. This book includes fifteen chapters and presents a 
comprehensive overview of heavy metals including their physiochemical properties, 
toxicity, transfer in the environment, legislation, environmental impacts, and 
mitigation measures. Chapters include scientific research and studies. This book 
provides insight into the available techniques for removing heavy metals, such as 
adsorption, their qualitative and quantitative analysis, and future prospects for 
these removal methods.
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Chapter 1

Environmental Pollution with 
Heavy Metals: A Public Health 
Concern
Mir Mohammad Ali, Delower Hossain, Al-Imran, 
Md. Suzan Khan, Maksuda Begum  
and Mahadi Hasan Osman

Abstract

Heavy metals (HMs) are natural environmental constituents, but their  
geochemical processes and biochemical equilibrium have been altered by indiscrim-
inate use for human purposes. Due to their toxicity, persistence in the environment 
and bioaccumulative nature; HMs are well-known environmental contaminants. As 
result, there is excess release into natural resources such as soil and marine habitats 
of heavy metals such as cadmium, chromium, arsenic, mercury, lead, nickel, cop-
per, zinc, etc. Their natural sources include the weathering of metal-bearing rocks 
and volcanic eruptions, while mining and other industrial and agricultural practices 
include anthropogenic sources. Prolonged exposure and increased accumulation of 
such heavy metals may have detrimental effects on human life and aquatic biota in 
terms of health. Finally, the environmental issue of public health concern is the pol-
lution of marine and terrestrial environments with toxic heavy metals. Therefore, 
because of the rising degree of waste disposal from factories day by day, it is a great 
concern. Pollution of HMs is therefore a problem and the danger of this environ-
ment needs to be recognized.

Keywords: Bioaccumulation, Contamination, Heavy metal, Health hazard, Soil, 
Toxicity, Water

1. Introduction

Heavy metals (HMs) are an environmental threat and are of grave concern 
worldwide [1]. Rapid industrialization and urbanization have caused heavy 
metals to contaminate the atmosphere and it is a problem for human health 
[2–4]. HMs poses a major environmental threat to living organisms and habitats 
due to their non-biodegradability, bioaccumulation, environmental stability, 
persistence and biotoxicity characteristics [5–7]. In order to prevent microbial 
activities, they can directly influence the physical and chemical properties of 
sediment, soils and water [8]. They can also disrupt the natural ecosystem and 
impact the human body acutely and permanently through the food chain [9–11]. 
The non-degradable HMs can also accumulate in the surface sediment for a 



Heavy Metals - Their Environmental Impacts and Mitigation

2

long time via the food chain’s amplification effect, causing various diseases and 
complications in the human body [1, 12, 13].

Natural activities (e.g. geological weathering, atmospheric precipitation, wave 
erosion, wind and bioturbation) and anthropogenic activities (e.g. rapid indus-
trialization, urbanization, agricultural runoff and transport) play a key role in 
the spread of HMs to the marine habitats of aquatic ecosystems such as rivers and 
estuaries [2, 4, 14]. In addition, human activities that can produce industrial pol-
lution, the deposition of urban waste and the offensive use of chemical fertilizers 
and pesticides result in the accumulation and sinking of HMs in aquatic habitat 
surface sediments [15–17]. The HMs released into the water column have a negative 
effect on water quality [11, 18] and on surface sediments that alter environmental 
parameters such as pH, temperature, bioturbation etc. [19, 20]. Sediment quality 
can therefore play a critical role in identifying the effects of natural and anthro-
pogenic activities [21–23]; sediment quality can also provide information on the 
anthropogenic impact on the ecosystem and guide environmental policy and 
management [24].

Farm waste, agricultural runoff, pesticides, solid waste, waste management, 
effluents from fish processing plants, jute processing, cement manufacturing, oil 
refining, fertilizer manufacturing, building materials, soup and detergent factories 
and brickyard waste are the major sources of pollution (Figure 1). Due to the 
potential risk of HMs in water, soil and sediment through the disposal of the efflu-
ents mentioned, this riverine water, sediment and environment may be important.

2. Heavy metals

2.1 Definition

Any metal or metalloid of environmental significance is a heavy metal [25]; the 
term originated in reference to the adverse effects, all denser than iron, cadmium, 
mercury and lead (Figure 2). It has since been extended to some other similarly 
toxic metal or metalloid, irrespective of density, such as arsenic, chromium, cobalt, 
nickel, copper, zinc, arsenic, selenium, silver, cadmium, antimony, mercury, thal-
lium and lead are commonly found to be heavy metals [26, 27].

In a general, collective term that refers to a group of metals and metalloids with 
an atomic density greater than 4 g/cm3 or 5 times or more than water, the term 
heavy metal is often referred to as trace elements as they exist in minute concentra-
tions in biological systems [28].

Heavy metals are classified as “metals that occur naturally and have an atomic 
number greater than 20” [29, 30]. They are a significant class of contaminants that 

Figure 1. 
Sources, metals and the environmental degradation.
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affect the environment. A serious problem with cultural, ecological and economic 
consequences is heavy metal contamination in the environment. Because of the 
toxicity, persistence, and bioaccumulative nature of these materials, research on 
heavy metals in the atmosphere is an important part of environmental research.

2.2 Sources of heavy metals

Heavy metals may come from natural and anthropogenic processes and end 
up in various environmental compartments (soil, water, air and their interface). 
Figure 3 gives information on natural and anthropogenic sources of heavy metals.

2.2.1 Natural sources

Various natural sources of HMs have been recorded in several studies. Natural 
emissions of HMs occur under numerous and certain environmental conditions. 
Volcanic eruptions, sea-salt sprays, forest fires, rock weathering, biogenic sources 
and particles of wind-borne soil are included in these pollutants. The release of 
metals from their endemic spheres to different environmental compartments will 
lead to natural weathering processes. In the form of hydroxides, oxides, sulfides, 
sulfates, phosphates, silicates and organic compounds, heavy metals can be found.

Lead (Pb), nickel (Ni), chromium (Cr), cadmium (Cd), arsenic (As), mercury 
(Hg), selenium (Se), zinc (Zn) and copper (Cu) are the most popular heavy metals. 
While the above-mentioned heavy metals can be present in traces, humans and 
other mammals still cause significant health problems.

2.2.2 Anthropogenic sources

Industries, irrigation, drainage, mining and metallurgical processes, as well as 
runoff, also contribute to the release of pollutants into various compartments of 
the ecosystem. For certain metals, anthropogenic heavy metal processes have been 
noted to go beyond natural fluxes. In wind-blown dust, metals naturally released 
are mainly from industrial areas. Car exhaust that releases lead; smelting that 
releases arsenic, copper and zinc; insecticides that release arsenic and the burning 

Figure 2. 
Position of heavy metals in periodic table.
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of fossil fuels that release nickel, vanadium, mercury, selenium and tin are some 
essential anthropogenic causes that contribute significantly to heavy metal pollu-
tion in the environment. Because of the everyday manufacture of products to meet 
the demands of the large population, human activities have been found to contrib-
ute more to environmental pollution.

3. Contamination of heavy metals

Harmful trace metals are a significant threat to both aquatic and terrestrial 
ecosystems [31]. Upon release from both natural and anthropogenic sources, 
HMs contaminates natural aquatic bodies, sediments and soils. Ultimately, during 
volcanic eruptions and complex industrial emissions, heavy metals released into 
the atmosphere often return to the soil and cause water and soil contamination. 
They either collect in biota or leach down into ground water because heavy metals 
in the atmosphere are irreversible. There are significant public health effects of the 
contamination of biota and groundwater with potentially harmful heavy metals. In 
riverine settings, the degree of heavy metal pollution can be measured by observ-
ing the concentrations and distribution of these elements [32]. Figure 4 provides a 
conceptual schematic of the contamination of the marine (riverine) environment 
with heavy metals. Various physicochemical and climatic effects affect the overall 
dynamics and biogeochemical cycling of heavy metals in the atmosphere.

3.1 Water

Water is regarded as the life-blood of the biosphere as well. It can dissolve dis-
tinct organic and inorganic chemicals and environmental contaminants, as water is 
a common solvent. They are vulnerable to pollution in both freshwater and marine 
aquatic environments. Heavy metals are important contaminants in the pollution of 

Figure 3. 
Sources of heavy metals in the environment.
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the marine environment. Water contamination by HMs is a critical environmental 
issue that adversely affects plants, animals and human health [33]. Also at very low 
levels, heavy metals are highly harmful to marine species [34]. These elements may 
cause significant physiological changes in the body and histopathological changes 
in the tissues of aquatic organisms, such as fish [35]. There are several sources of 
heavy metal pollution in water. Two main culprits of this industrialization and 
urbanization are the increased degree of concentration of heavy metal in water. 
Heavy metals from factories, municipalities and urban areas are carried by runoff 
[36]. This release of untreated industrial waste into marine bodies is a significant 
cause of surface and groundwater contamination [37]. Due to the environmental 
persistence, bioaccumulation, and biomagnification of food chains and the toxic-
ity of these elements, contamination of water bodies with heavy metals is a global 
issue [38].

3.2 Sediments

The contamination of sediments with HMs is a very important environmental 
problem with implications for marine life and human health. Sediments act as the 
main source of HMs in the aquatic environment. Their quality can indicate the 
contamination status of water [39]. Sediments act as a sink and heavy metal source, 
releasing them into the column of water [40]. Continued heavy metal accumulation 
in sediments can also contribute to groundwater pollution of these contaminants 
[41]. Many physicochemical variables such as temperature, hydrodynamic condi-
tions, redox status, organic matter and microbe content, salinity, and particle size 
influence the adsorption, desorption, and subsequent concentrations of heavy 
metals in sediments [42]. The distribution of heavy metals in sediments is influ-
enced by the sediment’s chemical composition; grain size and total organic matter 

Figure 4. 
A conceptual schematic of contamination of heavy metals in aquatic ecosystem.
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content [43]. The pH is an important determinant of the bioavailability of metals 
in sediments. A decrease in pH increases the competition between metal ions and 
H+ for sediment binding locations and may contribute to the dissolution of metal 
complexes, thereby releasing free metal ions into the water column [44]. Higher 
toxic heavy metals concentrations in riverine sediments can pose an ecological risk 
to benthos (bottom-dwelling organisms) [45].

3.3 Soils

Heavy metals and metalloids are released into soils from activities and sources 
such as manufacturing activities, mine tailings, high metal waste disposal, leaded 
gasoline and paints, fertilizer land application, animal manures, sewage sludge, 
pesticides, irrigation of waste water, residues of coal combustion and petrochemi-
cal spillage, resulting in soil contamination by heavy metals [46]. Most HMs does 
not typically experience microbial or chemical degradation and thus, after being 
released to the atmosphere, their total concentrations last in the sail for a long time. 
The composition of the parent rock, the degree of weathering and physical, chemi-
cal and biological characteristics of soil and environment conditions are factors 
influencing the presence and distribution of heavy metals in soils [47]. Compared 
to virgin soils and soils with low inputs, substantial heavy metal enrichment has 
been recorded in soils receiving more fertilizer input and Cu fungicide [48]. Soils 
may be polluted with heavy metals from heavy vehicular activity on roads in urban 
areas. In urban areas, soil samples have elevated levels of Pb, of which 45–85% is 
bioaccessible [49]. The bioavailability of heavy metals in soils is of great importance 
for their environmental fate and for their plant uptake. Different HMs has different 
soil bioavailability and this bioavailability depends on the speciation of metals and 
the different soil physicochemical characteristics.

3.4 Fish

Aquatic biota is exposed to heavy metals by water, sediments and food on 
various routes [50]. Different toxic HMs released to freshwater bodies from various 
natural and anthropogenic sources are introduced to freshwater fish. Heavy metal 
pollution of fish has become a major global concern because it poses a danger to fish 
and poses health hazards to buyers of fish [51]. Assessment of the bioaccumulation 
of HMs in fish species from various aquatic ecosystems is very significant [52]. 
Assessing the amount of heavy metals in fish tissues is important for the conserva-
tion of marine environments and the human consumption of fish [53]. There are 
high levels of unsaturated fatty acids and low cholesterol levels in fish. They are a 
major protein source [54].

It is advantageous to use edible fish in human diets and is also recommended in 
healthy diets. Contamination of fish by toxic heavy metals is considered a risk to 
human health and has raised concerns about their consumption, especially among 
more vulnerable groups of people, such as women, children and people at risk of 
other diseases.

Heavy metal bioaccumulation in freshwater fish depends on different factors, 
including the characteristics of the fish and the external environmental factors. 
Fish-related factors include fish age, size (weight and length), feeding habits and 
physiology of the body, while external environmental factors include water column 
metal concentration and bioavailability, water physicochemical properties and 
other climatic factors. Depending on the structure and function of the tissues, 
the degree of accumulation of heavy metals in the various tissues of fish is usually 
different. Metabolically active tissues such as the gills, liver and kidneys typically 
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have higher heavy metal accumulations than other tissues such as the skin and 
muscles. The comparatively higher accumulation of heavy metals in metabolically 
active fish tissues is normally explained by the induction/occurrence in these tissues 
of metal-binding proteins called metallothioneins (MTs) upon exposure to heavy 
metals. Fish gills have been observed as the target tissue for heavy metals such as Ni 
to accumulate and eliminate [38]. While fish muscles are the tissue of poor heavy 
metal accumulation [55], from a human consumption point of view, they are essen-
tial. Trace metal bioaccumulation in fish muscles is typically species-specific [56].

The bioaccumulation of toxic HMs in freshwater fish has significant environ-
mental, ecological and social consequences; it affects the carnivorous species and 
human by eating fish [57, 58]. Waterborne HMs are absorbed into fish and penetrate 
the human body through the food chain, thereby impacting human health [59]. In 
addition, poisonous HMs affects the health and well-being of fish as well.

4. Trophic transfer of heavy metals

As HMs in the atmosphere is permanent, they accumulate in living organisms 
and are passed in the food chains from one trophic stage to another. The degree to 
which heavy metals are deposited in biota depends on their accumulation rate and 
their removal rate from the body.

Heavy metals, i.e. water, sediments and soil, may enter the body of an organism 
directly from the abiotic system, or may enter the body of the organism from its 
food/prey. For example, heavy metals may reach the body of the fish directly from 
water or sediments through the gills/skin of the fish or from the food/prey of the 
fish through its food canal. Over successive trophic levels in a food chain, the con-
centration of a heavy metal can increase or decrease. The retention of heavy metals 
in an organism’s body depends on a variety of factors, such as the speciation of the 
metal concerned and the physiological mechanisms established by the organism for 
heavy metal control, homeostasis and detoxification. Because of their lipophilicity, 
methylated forms of heavy metals like Hg are accumulated to a greater extent in 
biota and also biomagnified in food chains. In metal-rich environments, such plants 
have the potential to survive and are called metallophytes. Special mechanisms for 

Figure 5. 
Trophic transfer of heavy metals in the environment.
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dealing with higher heavy metal concentrations in soil have been established by 
these special plants and are classified into three groups, i.e. excluders, markers, and 
hyper accumulators [57]. To define the trophic transfer of heavy metals, certain 
words are used (Figure 5).

5. Quantification of trophic transfer

The degree or extent of accumulation of HMs in biota has been quantified using 
some terminology. Bioconcentration factor (BCF), bioaccumulation factor (BAF), 
bioaccumulation coefficient (BAC) and so on are some of these quantitative terms. 
Below, some of these terms are discussed.

5.1 Bioconcentration factor (BCF)

Bioconcentration Factor is representative of the degree of heavy metal enrich-
ment in an organism as opposed to that in its habitat. The ratio of the concentration 
of a heavy metal in the tissue of an organism to its concentration in the abiotic 
medium is known as’ (water and sediments).

It is calculated by the following equation [60]:

 organism tissue abioitic mediumC / C=BCF  (1)

Where, Corganism is the metal concentration in the organism tissue and Cabiotic medium 
is the metal concentration in the abiotic medium.

The alternative words transfer factor (TF), metal transfer factor (MTF), accu-
mulation factor (AF), bioaccumulation factor (BAF), and biota sediment accumu-
lation factor (BSAF) are used by some writers and measured accordingly. All these 
indexes, however, indicate the extent of a heavy metal’s accumulation in the organ-
ism compared to that in the world where it grows/lives.

5.2 Bioaccumulation coefficient (BAC)

Bioaccumulation Coefficient is calculated by the following equation [61]:

 plant soilC / C=BAC  (2)

Where, Cplant is the metal concentration in plant and Csoil is the metal concentra-
tion in soil.

The values of BCF, BAF, BAC, etc. are obviously dependent on the concentration 
of the HM in the organism and the environmental medium in question. In view of 
the fact that the values of these indices are inversely related to the concentration 
of metals in the environmental medium (water, sediments and soil), the values of 
these indices should be used with caution to measure the contamination of heavy 
metals in biota. For example, because of the lower metal content in the environment 
of the former fish, the BCF value of a heavy metal in the muscles of a fish living in 
less polluted water may be higher than that of a fish living in more contaminated 
water. The bio-concentration factor (BCF) values of seven common HMs in crop 
grains have been shown to decrease exponentially with average soil metal concen-
trations [62].
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6. Effects of heavy metals in human health

A big source of exposure for the human population to heavy metals is food and 
drinking water. The intensification of HMs in industrial and agricultural activities 
has led to much industrialization, modern urbanization and rapid economic devel-
opment around the world [63]. These activities can cause pollution of toxic HMs 
in water, air, and soils. Heavy metal-contaminated media contribute to the bioac-
cumulation of these elements from the environment in the human food chains, 
eventually reaching the human body. There are some health impacts of HMs on the 
human body depending on the amount and duration of exposure (Figure 6).

Among different HMs, Cd is considered as seventh most hazardous and noxious 
metal that causes an indirect oxidative stress and have carcinogenic and mutagenic 
effect resulting severe health problem in human body such as kidney damage, 
prostate dysfunction, bone diseases and cancer [64, 65]. It can also responsible for 
kidney dysfunction and proteinuria if Cd has prolonged exposure to kidneys.

Arsenic is also causes skin damage, cancer and marked problems with circulatory 
system [66]. When As cross its permissible limit in drinking water is also causes devel-
opmental abnormalities, neurobehavioral sicknesses, cardiovascular diseases and hear-
ing sickness, together with anemia, leukopenia, eosinophilia and carcinoma [67, 68].

Chromium is known as highly toxic HM as it can cross the cell membrane via 
sulfate transport system and causes denaturation and mutation of nucleic acids and 
proteins. It also creates critical health issues like skin problems, nasal irritation, 
hear impairment and lung carcinoma [65, 69, 70].

Lead can also create different health problems like decrease in intelligent quotient, 
memory loss, infertility, mood swing, weakness of joints, nausea, insomnia, anorexia, 
or even death [65]. Young and infants are more sensitive to Pb poisoning than adults. 
Details about effects of different HMs on human health were described in Table 1.

Figure 6. 
Effects of heavy metals in different vital organs of human health.
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Heavy 
metals

EPA 
regulatory 
limit for 
drinking 
water (ppm)

OSHA 
limit for 
workplace 
air (μg/m3)

Toxic Effects References

Arsenic (As) 0.01 10.0 Lower level exposure
Nausea and vomiting
Decreased production of red and white blood cells
Abnormal heart rhythm
Damage to blood vessels
A sensation of “pins and needles” in hands and 
feet also cause muscle damage
Long-term low level exposure
Darkening of the skin and the appearance of small 
“corns” or “warts” on the palms, soles and torso
Diffuse or spotted hyper-pigmentation of the skin
Benign skin lesions (hyperkeratosis) and cancer 
of the skin
Liver disease reflected by abnormal porphyry 
metabolism
Chronic inhalation can cause lung cancer
Chronic exposure via water can cause cancer of 
internal organs, particularly the urinary bladder, 
lung, liver, and kidney
Others
Affects essential cellular processes such asoxidative 
phosphorylation and ATP synthesis

[28, 63, 
71, 72]

Barium (Ba) 2.0 500 Short term exposure
Gastrointestinal dysfunction (vomiting, 
abdominal cramps, diarrhea)
Difficulties in breathing
Increased or decreased blood pressure
Numbness around the face and
Muscle weakness
High level exposure
High blood pressure
Changes in heart rhythm and cardiac arrhythmias
Muscle twitching
Paralysis
Respiratory failure and
Possibly death

[63, 73, 74]

Cadmium 
(Cd)

5.0 5.0 High level exposure to cadmium fumes
Cause acute bronchitis or even chronic disease, 
such as emphysema or pulmonary fibrosis and 
lung cancer
Severe irritation in the stomach, leading to 
vomiting and diarrhea
Long-term low level exposure
Buildup kidney disease, lung damage, and fragile 
bones
Chronic exposure
Kidney tubular dysfunction
Osteoporosis (elderly women with iron 
deficiency)
Lung cancer (only in chronic inhalation)
Others
Carcinogenic
Mutagenic
Endocrine disruptor
Fragile bones
Affects calcium regulation in biological  
systems

[75–81]
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Heavy 
metals

EPA 
regulatory 
limit for 
drinking 
water (ppm)

OSHA 
limit for 
workplace 
air (μg/m3)

Toxic Effects References

Chromium 
(Cr)

0.1 0.5 to 1000 Breathing high levels
Irritation to the lining of the nose
Nose ulcers and runny nose
Breathing problems, such as asthma, cough, shortness of 
breath, or wheezing
Skin contact can cause
Skin ulcers
Allergic reactions consisting of severe redness and swelling 
of the skin
Hair loss
Long term exposure
Damage to liver, kidney circulatory and nerve tissues
Skin irritation

[73, 75]

Silver (Ag) 0.10 10.0 Long-term high level exposure
Arygria, a blue-gray discoloration of the skin and other 
body tissues
Mild allergic reactions such as rash, swelling, and 
inflammation in some people
Breathing problems
Lung and throat irritation and
Stomach pains

[73, 82]

Mercury (Hg) 2.0 100 for organic 
Hg
50 for metallic 
Hg

Effect on brain
Brain damage
Tremor
Temper outbursts
Loss of memory
Disturbance of vision
Psychiatric disturbances
Restlessness
Depression
Altered behavior
Renal toxicity of mercury
Glomerulnephritis
Kidney failure
Effect on unborn fetus
Paresthesia
Blindness
Deafness
Fetal death and abortion
High level Exposure
Damage the brain resulting irritability, shyness, tremors, 
changes in vision or hearing, and memory problems
Damage kidneys and
Developing fetuses
Short-term high levels exposure
Lung damage
Gastrointestinal dysfunction (nausea, vomiting, diarrhea)
Increases in blood pressure or heart rate
Skin rashes and
Eye irritation
Others
Autoimmune diseases
Drowsiness
Fatigue
Hair loss
Insomnia
Lung failure

[28, 83–87]
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Heavy 
metals

EPA 
regulatory 
limit for 
drinking 
water (ppm)

OSHA 
limit for 
workplace 
air (μg/m3)

Toxic Effects References

Lead (Pb) 15 50 High level exposure to Pb
Severely damage the brain and kidneys
Miscarriage in pregnant women
Damage the organs responsible for sperm production
In children causes impaired development, reduced 
intelligence, short-term memory loss, disabilities 
in learning and coordination problems, risk of 
cardiovascular disease
Finally death
Chronic high level exposure
Produce anemia
Effects in central nervous system, including impaired 
motor function and cognitive function and even seizures, 
coma, and death with markedly elevated blood lead levels
Impaired heme synthesis
Chronic kidney disease
Lethargy
Impairment of cognitive function
Lead produces tumors in experimental animals, but 
there is not enough evidence to regard lead as a human 
carcinogen

[75, 88–92]

Selenium (Se) 15 200 Short-term high level exposure
Nausea
Vomiting and
Diarrhea
Chronic high level exposure
Produce selenosis; major signs of selenosis are hair loss, 
nail brittleness, and neurological abnormalities
Respiratory irritation
Bronchitis
Difficulty breathing
Coughing
Stomach pains
Others:
Dietary exposure of around 300 μg/day affects endocrine 
function
Impairment of natural killer cells activity
Hepatotoxicity

[63, 93]

Copper (Cu) 1.3 Brain and kidney damage
Liver cirrhosis
Chronic anemia
Stomach and intestine irritation

[63, 75, 88]

Nickel (Ni) 0.2 Allergic skin diseases such as itching
Cancer of the lungs, nose, sinuses, throat through 
continuous inhalation
Immunotoxic, neurotoxic, genotoxic effect
Affects fertility
Hair loss

[75, 94, 95]

Zinc (Zn) 0.5 Dizziness
Fatigue

[63, 96]

Environmental Protection Agency (EPA), Parts Per Million (ppm), Occupational Safety and Health Administration 
(OSHA).

Table 1. 
Toxic effects of heavy metals on human health.
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7. Conclusions

Heavy metals and metalloids are critical environmental contaminants for both 
marine and terrestrial environments and ecosystem. The danger of an environmen-
tal chemical is a function of its persistence, toxicity and bioaccumulative ability in 
the environment. Due to these three characteristics: persistence, bioaccumulation, 
and toxicity; HMs are considered as harmful. The most dangerous heavy metals 
and metalloids that are environmentally important include Cr, As, Cd, Pb, Hg, Ni, 
Cu and Zn. In aquatic and terrestrial food chains, the trophic transition of these 
elements has major consequences for different lives of ecosystem and human 
health. So contamination of environment of heavy metals is of great concern, and 
its treatment from the soil and water around industrial areas is needed urgently in 
every place. The assessment and monitoring of the concentrations of potentially 
toxic heavy metals and metalloids in the various environmental segments and in the 
resident biota is very significant. A detailed environmental chemistry and ecotoxi-
cology analysis of dangerous heavy metals and metalloids demonstrates that steps 
should be taken to mitigate the effects on human health and the environment of 
these elements.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 2

Heavy Metal Sources and Their 
Effects on Human Health
Narjala Rama Jyothi

Abstract

Heavy metals are defined in many ways, based on various factors such as density 
and atomic weight. Some of the heavy metals are essential as nutrients for humans 
such as iron, cobalt and, zinc in small quantities but are toxic in higher quantities. 
But few metals, such as lead, cadmium and, mercury are poisonous even in small 
quantities. The toxicity of heavy metals is depending on concentration,period 
of exposure and route of exposure. Heavy metal exposure takes place on human 
beings through inhalation from the atmosphere, intake through drinking water and, 
ingestion through the skin by dermal contact. The present chapter describes the 
definition of heavy metals, sources of these heavy metals, toxicity and, their impact 
on various environmental segments, such as air, water and, soil.

Keywords: heavy metals, heavy metal toxicity, sources, exposure, environmental 
impacts

1. Introduction

Heavy metals, the name has so many definitions based on various parameters. 
Based on density the metals which are having a density values greater than 5 g/cm3 
are considered as heavy metals [1]. According to this study, the heavy metals which 
would consider as most threat to human beings are lead, cadmium, mercury, and 
arsenic. Duffs [2] reviewed the usage of the term heavy metals from the history and 
finally, he concluded that using the term “heavy metals” is meaningless. He estab-
lished that there is no relation between the density of the metal and to the usage of 
the term. In the case of heavy metals, metalloid arsenic also included, from this the 
term heaviness means may be toxicity.

Some of the heavy metals are having so much of biological importance in trace 
amounts [3] particularly the elements that are present in the 4th period in the mod-
ern periodic table. The biological importance of these metals is enzyme functioning 
(vanadium and manganese), hormone functioning, production (selenium), cellular 
growth (nickel), and metabolic growth (arsenic). But these metals are required for 
the human in trace amounts only if their amount in the body increases they cause 
adverse effects on human health. Overall the heavy metal should be considered as 
having high density and also biological importance in trace amounts.

There is a lot of importance for the determination of heavy metals in the various 
environmental segments, such as air, water, and soil due to their carcinogenic and 
toxic nature. The IARC (International Agency for Research on Cancer) declared 
arsenic, hexavalent chromium, cadmium, and nickel and their compounds as 
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group 1 carcinogens (proven carcinogens). Arsenic and their compounds cause 
urinary bladder, liver, and lung cancers. Hexavalent chromium causes lung 
cancer and nickel and its compounds cause nasal cavity and lung cancers. All 
these elements cause cancers to human beings by the route of exposure is through 
inhalation and ingestion [4]. Regarding the availability of various heavy metals in 
the earth’s crust is about 5%, among which iron occupies nearly 95% [5].

Due to their toxicity and carcinogenic nature, most of the researchers all over 
the world are reported about the determination and health implications of heavy 
metals in the environment. Some of them are discussed hereunder.

Jyothi and Mohamed Farook [6] reported the sources, exposure, and toxicity of 
mercury. Suvarapu et al. [7] reviewed the heavy metal concentrations in ambient 
air. This study is limited to the estimation of toxicity of heavy metals in the Indian 
atmosphere and another study [8] they reviewed the heavy metal determination 
in ambient air all over the world. Kim et al. [9] reviewed heavy metal toxicity and 
chelating therapeutic strategies. Giller et al. [10] reviewed the toxicity of heavy 
metals in microorganisms in agricultural soils. This study found that the microor-
ganisms in soil are much sensitive to heavy metal toxicity than animals and plants. 
Yabe et al. [11] summarized heavy metal pollution and its impact on the environ-
ment and the human population in Africa. Das et al. [12] reviewed the toxicity of 
cadmium in plants. Proshad et al. [13] reviewed the toxicity of heavy metals in 
soils of Bangladesh. In this study, they concentrated on the impact of industrializa-
tion on the concentration of heavy metals in soil. Su et al. [14] reported the heavy 
metal contamination in soil worldwide. In this study, they mentioned the current 
 situation of contamination and remediation methods.

The present chapter describes the heavy metal sources, exposure, and the impact 
of their toxicity on various environmental segments. Based on the toxicity and non- 
biodegradable nature of lead, cadmium, mercury, and arsenic, the present study 
mainly focused on these metals.

2. Types of heavy metals

Based on the survey of literature the metals that are considered as heavy met-
als are chromium, lead, cadmium, iron arsenic, cobalt, mercury, copper and zinc 
are the Heavy metal. According to Kim et al. [9] studies heavy metals have been 
classified in to two types as essential and non- essential (Table 1). Essential Heavy 
metals are less toxic at low concentrations and they act as coenzyme in biological 
process. For example Hemoglobin and Myoglobin consist of Iron, Vitamin B12 
consist of cobalt. Non-essential heavy metals are highly toxic even at very low 
concentrations, they are non -biodegradable and cause severe toxic effects to living 
organisms.

ESSENTIAL (Harmless) NON ESSENTIAL (Toxic)

Zinc (Zn) Chromium (Cr)

Copper (Cu) Lead (Pb)

Iron (Fe) Arsenic (As)

Cobalt (Co) Mercury(Hg)

Cadmium (Cd)

Table 1. 
Classification of heavy metals.
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2.1 Heavy metal toxicity

Some heavy metals are essential to the human biological process, but depending 
upon their dosage intake leads some unexpected hazardous effects on health and the 
physiological system. According to [9] studies shows that despite of its beneficiary 
health effects, heavy metals are acting as carcinogenic agents. Dissolved forms 
of these metals through different forms as soil pollutants, water pollutant and air 
pollutants entering into food chain and finally ending in humans, these are lead-
ing to severe damage to the cellular system and leading to expose towards cancer. 
According to the reports of the International agency for research on cancer non-
essential heavy metals (As, Cd, Cr) are major cancer- causing agents [9].

2.2 Sources, exposure, and environmental impacts of lead

The sources of lead varies with different countries based on old and new usage 
of lead products. It is not limited to the processing of gold ore and recycling of used 
lead products. It is found that the decrease in blood lead levels in the population of 
the countries in which unleaded gasoline is in usage [15].

A recent study [16] has reported elevated blood levels in pregnant women in a 
rural village in Bangladesh. In this study, they found more than 30% of women they 
sampled were had lead levels in blood in the range of above 5 μg/dL. They found the 
major source of lead exposure to these women were identified as food storage cans. 
Nearly 18% of food storage cans (out of the tested) were having lead soldering insides 
and are responsible for lead contamination in these women. Another study in China 
[17] determined the blood lead levels (BLL’s) in children who are taking treatment in 
lead specialty clinics. In this study, they found the BLL’s ranging from 5 to 126 μg/dL. 
The major reasons they found for the higher lead levels in their blood as industrial 
sources and folk medicine which is popular in China. Another important thing was 
determined as it is difficult to find lead poisoning in children due to non-specific 
symptoms. A very recent study from Australia [18] determined the higher lead levels 
in children due to the high concentration of lead in soil and pretty dish dust at their 
premises. This study found that the population who are living in old houses built 
before 1940 are diagnosed with higher lead levels due to pretty dish dust.

In Nigeria, lead poisoning in the population was observed in the area of Zamfara 
state which contains gold mining activities. Mahuta [19] reported that in Nigeria, 
the sources of the lead include mining of gold, lead pipes used for drinking water, 
and cultural usage of lead.

Based on the studies in all parts of the world it is assumed that the sources of lead are 
historical usage of lead, industrial activities, and leaded gasoline. Major studies reported 
that children are the most common victims of lead poisoning. The way of exposure 
includes the inhalation through the nose and ingestion through drinking water and soil.

There are several ways to minimize the lead levels in the environment such as 
remediation techniques (in soil), using adsorbents (in water), and using unleaded 
gasoline (the air). After the identification of leaded gasoline as a source of lead 
poisoning by US EPA, a major decline in their levels was found by replacing it with 
unleaded gasoline. Dongre [20] reported the toxicological profile, remedial solutions 
for lead levels in water by using polymeric materials, such as chitin and chitosan.

Zaltauskaite and Kniuipyte [21] reported the impact of lead concentration in soil 
on Eisenia fetida (earthworm). They found that lead in soil inhibits the growth of 
earthworms. Lead in soil can enter into human food by the vegetation in the contami-
nated soil [22]. The Types of carcinogenic effects of lead toxicity was explained in 
Figure 1. The lead toxicity in humans causes intestinal cancer, lung cancer, and central 
nervous system.
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2.3 Sources, exposure and environmental impacts of cadmium

The major exposure of cadmium by human beings is through contaminated food 
and water. Cigarette smoke is the way of exposure through the inhalation route. 
The toxicity of cadmium is due to accumulation in plants and animals for nearly 
25–30 years. Microbial fermentation is one of the effective methods to remove 
cadmium from food [23]. Another major source of cadmium in the environment is 
phosphate fertilizers and the waste incineration process. Blood cadmium levels are 
having a huge difference between smokers and non-smokers of cigarettes [1].

The presence of lead and cadmium in the human body can reach the brain and 
can cause Alzheimer’s disease [24]. After the exposure to the cadmium, in human, 
it can accumulate at the kidney, due to this reason urinary cadmium levels has been 
considered as biomarkers for cadmium levels in humans [25].

In case of occupational exposure to cadmium includes the workers at battery 
production, pigment industries, and electroplating. Because of long time accumu-
lation in the human body even in small quantities is toxic and carcinogenic [26]. 
Another important source of cadmium in the soil is sewage sludge which can make 
the cadmium almost the same amount as fertilizers consumption (https://www.
osti.gov/biblio/5478006, accessed on 1st October/2020). The types of carcinogenic 
effects of cadmium toxicity were explained in Figure 2. Cadmium shows its toxic 
effects on the gastric system and leads to gastric cancer, breast cancer, lung cancer, 
and it also affects the excretory system and leads to renal cancer.

2.4 Sources, exposure, and environmental impacts of mercury

Mercury is the metal widely studied all over the world due to its toxic nature 
and easily entering into the food chain. An extensive review report was published 
by Jyothi and Mohamed Farook [6] regarding the sources, exposure, and toxicity 

Figure 1. 
Carcinogenic effect of Lead.
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of mercury. The toxicity of mercury depends on its chemical composition. Methyl 
mercury is more toxic than inorganic mercury. Due to its toxic nature and historical 
incidents like Minamata so many authors were published various facts regarding the 
sources, transport, and fate of mercury in the environment. Both volcanoes and forest 
fires are natural sources of mercury in the atmosphere. The burning of fossil fuels in 
power plants is one of the major anthropogenic sources of mercury (https://www.epa.
gov/mercury/basic-information-about-mercury; accessed on 15th October/2020). 
Because of easy transportation, it is considered a global pollutant [27].

Even exposure to small quantities, shows toxic effects on various physiological 
systems, such as nervous and digestive systems and organs like lungs and kidneys. 
Due to this reason WHO declares mercury as one of the top most priority toxic metals 
(https://www.who.int/news-room/fact-sheets/detail/mercury-and-health; accessed 
on 20th October/2020). When it enters into water it largely affects the aquatic ani-
mal’s life and through them, it can enter into the food chain to reach human beings.

Yokoyama [28] reported the methylmercury poisoning control measures and 
the current situation of its effects on fetuses and infants particularly. In this study, 
they addressed the global cycle of methyl mercury also. Strode et al. [29] studied 
the emission of mercury into the North American atmosphere due to gold and silver 
mining in the 19th century. The types of carcinogenic effects of mercury toxicity 
was explained in Figure 3. Mercury toxicity effects on the rectal system and leads to 
colorectal cancer. It shows vast effects on the central nervous system leads to brain 
cancer and lung cancer.

2.5 Sources, exposure, and environmental impacts of arsenic

Arsenic is a metalloid but due to its toxic and carcinogenic nature, it is discussed 
under the heading of heavy metal toxicity. Abdul et al. [30] reviewed the health 
effects of arsenic exposure to human beings. According to this study, the majority of 

Figure 2. 
Carcinogenic effect of cadmium.
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the population expose to this toxic metal through atmospheric air, groundwater, and 
certain kind of foods. The health effects are not limited to damage to cardiovascular, 
endocrine, renal, and reproductive systems. In various parts of the world such as 
India, Pakistan, and Bangladesh it was observed that major exposure to the arsenic 
is through groundwater. Shahid et al. [31] reported about the sources and health 

Figure 3. 
Carcinogenic effect of mercury.

Figure 4. 
Carcinogenic effect of arsenic.
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effects of arsenic through the exposure of groundwater in Pakistan. This study 
predicts nearly 47 million people of Pakistan at risk due to arsenic contamination in 
groundwater. They found that over 50% of the well they studied are having higher 
arsenic levels than WHO recommended levels in drinking water. A recent study 
[32] describes the occurrence and mobilization of arsenic in the groundwater of 
Bangladesh. In this study, they found that intensive usage of land for agriculture and 
usage of agrochemicals are the major reasons for arsenic contamination in groundwa-
ter of Bangladesh. Ahmed et al. [33] reported the situation of arsenic contamination 
in groundwater in a village in Bangladesh. For this purpose, they discussed 20 years 
situation of its exposure. Based on their results they found that the cancer risk to the 
population who are exposing to arsenic has 40% more than the non-exposures. The 
Types of carcinogenic effects of arsenic toxicity was explained in Figure 4. Sources 
and health effects of all the above discussed heavy metals are summarized in Table 2. 
Arsenic has its toxic carcinogenic effect on prostate glands and cause prostate cancer, 
leukemia and cause lesions in hepatic regions leads to cause of cancer of the liver.

Heavy metal Sources Health Effects

Essential 
heavy metal

Zinc (Zn) Oil Refining
Plumbing
Brass manufacturing

Gastrointestinal disorders,
Kidney &
Liver abnormal functioning

Copper (Cu) Copper polishing
Plating
Printing

Abdominal disorders,
Metabolic activity abnormalities

Iron (Fe) High intake of iron 
supplements & oral 
consumption

Vomiting
Diarrhea
Abdominal pain
Dehydration & lethargy

Cobalt (Co) Hip alloy replacement case Haemotological
Cardiovascular
Hepatic
Endocrine

Non Essential 
heavy metal

Chromium (Cr) Steel fabrication
Electroplating
Textile

Lung disorders 
(bronchitis,cancer),
Renal and reproductive system

Lead (Pb) Batteries
Coal combustion
Paint industry

Serious effect on mental health 
(Alzheimer s disesase), Nervous 
system

Arsenic (As) Atmospheric deposition
Mining
pesticides

Highly effects dermal region 
(Cancer),
Brain &
Cardiac problems

Mercury (Hg) Coal combustion
Fish
Mining
Paint industry
Paper industry
Volcanic eruption

Sclerosis
Blindness
Minamata disease
Deafness
Gastric problems
Renal disorders

Cadmium (Cd) Plastic
Fertilizers
pesticides

Osteo related problems
Prostate cancer
Lung diseases
Renal issues

Table 2. 
Sources and health effects of heavy metals.
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The permissible limits of lead, cadmium, arsenic, and mercury in different envi-
ronmental matrices suggested by various international reputed agencies such as US 
EPA (Environmental Protection Agency), WHO (World Health Organization), and 
OSHA (Occupational Safety and Health Administration) are presented in Table 3.

3. Conclusions

The heavy metal toxicity and their environmental impact is a global issue due 
to their transportation through air, soil, and water. Based on various factors such 
as concentration and different major sources are the possible ways of entering 
the heavy metals through drinking water, air and foods. In minimum traces these 
metals are required for cellular, metabolic and hormonal functioning in humans but 
if the limitation exceeds its leads to the cause of severe hazardous effects in health. 
The toxicity of these metals is affecting the soil vastly by killing microorganisms 
present in soil which are very helpful to enhance fertility and nutrition levels of 
soils. According to the IARC, arsenic toxic effects are the cause of cancers in pros-
tate glands, liver, blood, and skin. Mercury is the major reason for causing carci-
nogenic effects on the brain, lung, skin, and colorectal parts. The adverse effects 
of lead are the reason for intestinal, central nervous system, and lung cancers. The 
toxic effects of cadmium cause gastric, breast, lung, and renal cancers in humans.

Another diagnosis was identified in china, extreme high levels of lead toxicity 
in children were due to the pretty dish and in women, high lead levels in the blood 
is due to the usage of food storage cans. Cadmium is the major cause of Alzheimer 
disease and due to high usage of phosphate fertilizers they are accumulating in 
soils and entering into food chains. WHO states that mercury is hazardous toxic 
metal affecting aquatic life severely and consumption such mercury affected foods 
by human leads to several harmful diseases such as Minamata and cause several 
physiological effects.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Abstract

Bottom sediment samples from six stations were sampled in pre monsoon 2016, 
from the Govindampalli – Durgarajupatnam (GP-DP) coast. Heavy metals viz., 
Fe, Mn, Cr, Cu, Ni, Pb, Zn and Cd analysis was carried out by using ICP-OES, and 
the average concentrations are as follows Fe > Mn > Zn > Cr > Pb > Ni > Cu > Cd. 
Various environmental indices like Factor Analysis (FA), Geo-accumulation Index 
(Igeo), Enrichment Factor (EF) and Pollution Load Index (PLI) were applied to the 
chemical data in order to know the levels of contamination and factors contribut-
ing to the pollution. Correlation coefficient results exhibits significant positive and 
negative relationships among Fe, Mn, Pb, Zn, Cd. All the environmental indices 
suggest that heavy metals were present at higher concentrations and the impacts of 
anthropogenic activities are crucial that serves as source of heavy metals in the zone. 
Relatively, maximum number of heavy metals viz., Fe, Ni and Pb were accumulated 
at the brackish environment i.e., at confluence of Swarnamukhi river (GP-S Station).

Keywords: GP-DP coast, heavy metal analysis, factor analysis, geo-accumulation 
index, enrichment factor, pollution load index

1. Introduction

Across, the world coastal zone provides sea food to more than two billion 
peoples living in these areas. Apart from this, these also serve as major economic 
resources either directly or indirectly. From the last couple of decades, marine 
ecosystems have been experiencing severe and acute environmental stress, due to 
rapid diversifying human activities like navigation, exploration programmes for 
economic minerals and ores, exploration of hydrocarbons, fishing, establishment of 
harbors, ports and oil spills etc., In addition, to the anthropogenic activities on the 
terrestrial environment, natural processes like volcanism, erosion and weathering 
etc., also contribute to the enhancement of undesirable and unwanted chemical 
elements which are called pollutants in the marine environments which ultimately 
pose major menace to the fragile ecological system.
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Figure 1. 
Location Map of the Study area.

Among wide range of pollutants, heavy metals are the chemical elements which 
are generally found in low concentrations in marine and coastal environs. However, 
anthropogenic activities have inevitably enhanced the heavy metal concentrations 
which impacts not only marine ecosystem but also humans through consumption of 
polluted sea food [1, 2]. Heavy metals, because of their persistence and toxic nature 
in the natural environments, have been receiving utmost attention from the scientific 
community from the last couple of decades [2–14]. Several scientific studies have 
obtained that, once these heavy metals introduced in the marine and coastal environ-
ments by various sources, they will be redistributed both in water and sediments. 
Hence, it is important to determine the heavy metal concentrations in the marine eco-
system to evaluate the pollution levels in the sensitive and most fragile marine environs.

The present Investigation deals with the evaluating of heavy metal con-
centrations from the bottom sediments in the study area i.e., Govindampalli – 
Durgarajupatnam coast (GP-DP coast). Sand, silt, clay and other materials which 
settle down at the bottom of the water column form the sediment. Various sources 
like decomposition of animals, plants, erosion, weathering processes on bed rock 
and soils give rise to form sediment as well. It is observed from the studies of multi- 
elemental analysis that, apart from being habitat, sediment provides nutrients for 
several marine and aquatic biota. Furthermore, these sediments also play a vital 
role in the absorption of heavy metals in marine environments [9, 14–19]. Thus, it 
is imperative to determine the levels of heavy metal contaminations, their enrich-
ment levels both in the surface and bottom sediments. Sequentially this will help to 
acquaint their wide spectrum of implications on the natural ecological systems.

2. Study area

The area under investigation i.e., Govindampalli to Durgarajpatnam coast (GP-DP 
coast) forms as a part of Nellore district (south to the Krishnapatnam port), Andhra 
Pradesh, South East Coast of India that lies between 140 01 1011 - 140 02I 30 II N lati-
tudes and 800 08I 20II - 800 19I 00II E longitudes. It falls in toposheet No.66 B3, 66 B4 
& 66 C1& C5 on scale 1:50,000 of Survey of the India (SOI). The GP-DP coast is dis-
sected by two tidal creeks and Swarnamukhi river as well (Figure 1) One creek exits 
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between Tupilipalem north (TP-N) and south (TP-S) beaches and another between 
Durgarajupatnam north (DP-N) and south (DP-S) beaches. The Swarnamukhi River 
estuary is situated in between Govindampalli north (GP-N) and south (GP-S)  
beaches. The total stretch of the GP-DP coast is about 7 km. The Pulicat Lake is 
located 120 km away towards south from the study area. Buckingham canal is present 
in western side of the Pulicat Lake. The Swarnamukhi River is an independent river 
with no tributary and serves as major source for sediment supply in this region.

2.1 Geology and geomorphology

The geology of hinter land consists of Quaternary alluvium, laterites and 
Triassic sandstones. The Precambrian Basement gneisses, amphibolites and 

Figure 2. 
Geomorphology of the study area.
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migmatised pelitic schists are observed. Above these rocks recent alluvial sediments 
are deposited [14]. The coastal stretch, for some extent is rigorous and laterally 
compacted by sand. The total area is noticeable with different geomorphological 
features like asymmetrical sandbars/sand dunes, salt affected lands, mud flats, 
mangroves, aquaculture ponds etc., (Figure 2). The coastal fringe shows dendritic 
to subdendritic drainage patterns.

3. Sample collection

For evaluating the heavy metal concentrations, undisturbed bottom sediment 
samples were collected by using Polymerization of Vinyl Chloride (PVC) pipe from 
six sampling stations i.e., GP-N, GP-S, TP-N, TP-S, DP-N, and DP-S, in pre monsoon 
season (2016). The sampling station coordinates were recorded by using hand held 
Global Positioning System (GPS). The collected sediment samples were placed in 
polyethylene bags having zip lockers. These were pre-cleaned with double distilled 
water and index accordingly. Care has been taken that there was no loss or damage 
to polyethylene bags during transportation from field to the laboratory. Later, each 
sediment sample was dried at 1100, by using pistle and mortar, the sediment samples 
were grounded in order to pass through 200 μ sieve. The sieved material comprises 
of silt and clay which may adsorb heavy metals at higher levels. About 1gm of sieved 
material is digested with aquaregia (HNO3: HCl) and filtered through 0.45 μ mem-
brane and the concentrations of heavy metal [Iron (Fe), Chromium (Cr), Manganese 
(Mn), Nickel (Ni), Copper (Cu), Zinc (Zn), Lead (Pb) and Cadmium (Cd)] were 
generated by Inductively Coupled Plasma – Optical Emission Spectroscopy (ICP-
OES) [20–25]. The data sets thus obtained were subjected to statistical analysis.

4. Statistical analysis (SA)

Various environmental indices like Factor Analysis (FA), Geo-accumulation 
Index (Igeo), Enrichment Factor (EF) and Pollution Load Index (PLI) were applied 
to the chemical data in XL-STAT (2013) and SPSS software’s, in order to know the 
levels of contamination and factors contributing to the pollution. Further it is also 
used to unearth the levels of their (heavy metals) enrichment with respect to the 
natural environment.

4.1 Factor analysis (FA)

Factor analysis is very handy if the data generated, constitutes a large amount of 
variables. Thus, it believes redundancy among some variables, which means certain 
variables are interconnected with one another because of the same construct [26]. 
It basically provides information regarding the source of pollution and its (metals) 
behavior in the form of factors besides giving a glance on the controlling covariance 
structure among charted variables. In XL-STAT 2013 software, the Carl’s Pearson coef-
ficient matrix is transformed to diagonal matrix to attain Eigen values by using Kaiser 
standardization. The largest Eigen’s value attributes to be Factor 1 explicates the larger 
variance among the datasets and the Factor 2 formulates most of the variance in general.

4.2 Geo accumulation index (Igeo)

To evaluate and to quantify the heavy metal pollution in the bottom sediments 
Geo accumulation Index (Igeo) was used. This was introduced by Muller [27] using 
the following
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Where, 1.5 is a constant which intends to the potential variation of the 
lithogenic effects if any [28] and Bn is the geochemical background value of the 
respective metal (n) and Cn is the (n) concentration of the element in the collected 
sample. Nevertheless, the background values for the Indian sediment are not 
available, so, the average upper continental values were used [29, 30]. To desig-
nate the sediment quality, Muller classified the Igeo values into seven categories: 
extremely contaminated (>5), strong to extremely contaminated (4-5), strongly 
contaminated (3-4), moderately to strongly contaminated (2-3), moderately 
contaminated (1-2), uncontaminated to moderately contaminated (0-1) and 
uncontaminated (<0).

4.3 Enrichment factor (EF)

In general, EF is applied to realize the degree of sediment contamination by 
heavy metals, other than lithogenic sources. To ascertain EF, earlier workers 
employed the average upper continental values of Fe and Al to normalize the 
determined heavy metal concentrations with respect to a background metal value 
[14, 31–35]. In this study, Fe is used as a conservative element to differentiate the 
sources of anthropogenic and natural components. Furthermore, the Fe element 
play a vital role in redox reaction. In the reduction phase Fe acts as sink to the heavy 
metals and in oxidation phase Fe has significant control on the distribution of heavy 
metals among the sediments [16, 36]. Owing to these facts, Fe is used as conserva-
tion element. For EF calculation the following equation was used

 = x b b xEF M X Fe / M X Fe  (2)

Where, Fex is the Fe concentration in the sediments, Mb and Fb are their con-
centration in a suitable baseline reference material and Mx is the sediment sample 
concentration of heavy metals. Brich [37], classified the EF values as follow: if 
the EF values show >40 the sediment or soils falls in extremely high enrichment 
category, if EF values in range 20-40 signifies very high enrichment category, if the 
EF values are in range of 5-20 the sediment or soil falls in significant enrichment 
category, if the values are in between 2 and 5 signifies moderate enrichment and 
if EF values is 2 then the sediment or soil is considered as deficiency to minimal 
enrichment category.

4.4 Pollution load index (PLI)

The Pollution Load Index is evaluated for a zone as well as for a particular station 
and calculated according to Tomlinson [38]. The PLI for a particular station and for 
zone can be determined by the following formula

 = ……n
nPLI for a Station CF1 X CF2 .X CF  (3)

Where, CF = Cmetal/C background (Cmetal is the respective metal concentration of the 
sample and Cbackground metal concentration of the background) and n is the number 
of metals and contamination factors.

 = ……PLI for zone Station1 X Station 2 .Station n  (4)
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5. Results and discussion

5.1 Heavy metal concentrations

The results of the heavy metal concentrations from the bottom sediments 
samples of GP –DP coast were obtained by using ICP –OES (Table 1). The range 
and average concentrations (in parenthesis) in ppm were, Fe 2241.32-3715.15 
(2844.79), Cr 9.14 – 11.12 (10.21), Mn 27.19-99.1 (62.02), Ni 5.2-6.67 (6.0), Cu 
2.12-7.12 (4.24), Zn 12.65-19.26 (15.0), Pb 5.67-9.14 (7.0), and Cd 0.39-1.15 (0.74). 
The average concentration of the heavy metals arranged in decreasing as follows: 
Fe > Mn > zn > Cr > Pb > Ni > Cu > Cd. The concentrations of Fe, Ni, and Pb found 
to be higher levels at GP-S station (Table 1). The highest concentration of these 
metals is attributed mainly due to the nearness of GP-S station to the confluence of 
the Swarnamukhi river (the whole sediment load carried by the river drains into 
the Bay of Bengal). In addition, intense oblique onshore currents coupled with SW 
winds aid in the accumulation of heavy metals at the GP-S station [39].

The anomalous concentration of Fe metal in the whole study area is may be due 
to the anthropogenic activities at the Krishnapatnam port, which is present at the 
northern side of the investigation area. The Zn and Cd metals were found at higher 
levels at DP_N station. The presence of Zn at higher concentration in the sediment 
samples may be artributed to the basement rocks underlain by the Quaternary 
alluvium, amphibolites, migmatised politic schists and Triassic sandstones [14, 
40, 41]. The Cd at DP-N station is contributed by the wide range of anthropogenic 
activities viz., ignition or burning of urban and domestic wastes at the neighbor-
hood area of the investigation area and combustion of fossil fuels for navigation 
purposes [42]. Heavy metals like Cu, Cr and Mn were found in higher concentra-
tions at stations GP – N, DP – S and TP – N respectively, contributed by irregular 
and untreated dissemination of industrial waste in to the drainage system.

To know the degree of linear affiliation among heavy metals, correlation coef-
ficient was carried out (Table 2). Moreover these results help in understanding how 
closely two variables (metals) move in relation to one another. Positive correlation 
observed among Fe, Mn, Pb Zn and Cd, which signifies commonality in mutual 
dependence and identical behavior during transportation. Significant negative 
correlations were noticed between Fe – Cu, Cr-Cd, Cu-Pb, and Cu-Zn.

The obtained results were compared with the results of Sreenivasulu [14]  
(Table 3) who studied the geochemistry of bottom sediments in pre-monsoon 
seasons 2015. By comparison, it is evident in this study that the concentrations of 

Sample ID Fe Cr Mn Ni Cu Zn Pb Cd

GP-N 3462 10 99 5 5 13 7 1

GP-S 3715 11 93 7 2 16 9 1

TP-N 2241 9 49 7 7 13 6 1

TP-S 2312 11 27 6 4 14 6 0

DP-N 3215 9 61 6 2 19 7 1

DP-S 2726 11 41 6 4 13 6 1

Min 2241 9 27 5 2 13 6 0

max 3715 11 99 7 7 19 9 1

avg 2845 10 62 6 4 15 7 1

Table 1. 
Heavy metal concentrations (ppm) from the study area (Pre-monsoon) 2016.
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heavy metals viz., Fe, Cr, Cu, were increased at all stations and the metal like Mn, 
Ni, Pb, Zn and Cd shows decreasing trend.

5.2 Hierarchical cluster analysis (HCA)

To examine the possible sources and associated heavy metals contamination, 
hierarchical cluster analysis was performed by using XLSTAT software. The obtained 
result (dendrogram) was shown (Figure 3). The degree of association among heavy 
metals represents by the distance cluster. Low distance cluster suggests a significant 
relationship and long distance cluster insignificant relationship among heavy metals.

Two clusters were formed i.e., TP- S to DP-S and DP –N to GP –S. Cluster 1 
is formed by stations TP –S, TP – N and DP – S and cluster 2 is formed by DP-N, 
GP–N and GP-S. Cluster1 and 2 showed high and moderate concentration of heavy 
metals respectively. The high and moderate contaminations are attributed to the 
sediment load (which was brought down by the Suwarnamukhi River and the 
creeks) and proximity of these sampling stations to the inlets.

5.3 Factor analysis (FA)

Factor analysis is carried out to the heavy metal data to ascertain potential sources 
of contamination. A total of three factor loadings emerged with total variance of 
81.72% (Table 4), of which factor 1 accounts 42.46%, factor 2, 25.57% and factor 3, 

Variables Fe Mn Cr Cu Ni Pb Zn Cd

Fe 1.0

Mn 0.9 1.0

Cr 0.3 0.1 1.0

Cu -0.7 -0.3 -0.4 1.0

Ni 0.0 -0.1 -0.1 0.0 1.0

Pb 0.8 0.6 0.3 -0.8 0.4 1.0

Zn 0.4 0.1 -0.3 -0.7 0.4 0.6 1.0

Cd 0.2 0.2 -0.8 0.0 0.1 -0.1 0.5 1.0

Bold values are indicate strong positive relationship with its corresponding elements viz., Fe-Mn, Fe-Pb, Mn-Pb, 
Pb-Zn and Zn - Cd.

Table 2. 
Pearsons correlation coefficient matrix of the heavy metal concentration.

Sample 
ID

Fe 
ppm

Cr 
ppm

Mn 
ppm

Ni 
ppm

Cu 
ppm

Zn 
ppm

Pb 
ppm

Cd 
ppm

GP-N 3268 10 101 4 3 15 7 1

GP-S 3612 12 90 7 3 15 8 1

TP-N 2031 7 52 6 5 14 7 1

TP-S 2048 9 27 5 3 15 4 0

DP-N 3057 11 60 7 3 18 4 1

DP-S 2555 10 43 7 3 14 7 1

Table 3. 
Heavy metal concentrations (ppm) from surface sediment samples of GP-DP coast (pre-monsoon) 2015: 
Sreenivasulu et al. [14].
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13.68% variance (Figures 4–6). Factor 1 was represented by Fe (0.926), Pb (0.91) 
and Mn (0.738). Therefore it may be termed as Fe-Pb-Mn assemblage. Cr (0.956) and 
Mn (0.663) show a significant contribution to the factor loading of 2 and 3 respec-
tively signifies Factors controlling the sediment contamination in the coastal zone.

5.4 Geo accumulation index (Igeo)

The Geo accumulation Index is performed to know the existing environmental 
conditions. It also aids to determine the amount of heavy metal contamination in 
the natural environments. The results of the Geo accumulation Index (Igeo) which 
were calculated by using Eq. (1) were presented (Table 5 and Figure 7).

The range of the Igeo values of the heavy metals in the study area is as follows: Fe 
(26-27), Mn(14-16), Cr (9),Cu (5-7), Ni (8), Pb (6-7), Zn (10) and Cd (−4 to −2). 
This reveals that the GP-DP coast has been extremely polluted by Fe, Mn, Cr, Cu, 
Ni, Pb, Zn metals (Table 5). Applying the Muller’s classification, the results of the 

Figure 3. 
Dendrogram of grouping of sediment sampling stations.

Parameters F1 F2 F3

Fe 0.93 0.15 0.35

Mn 0.74 0.06 0.66

Cr 0.20 0.96 -0.13

Cu -0.86 -0.11 0.38

Ni 0.18 -0.20 -0.33

Pb 0.91 0.11 -0.15

Zn 0.65 -0.58 -0.48

Cd 0.18 -0.88 0.30

Total 2.94 -0.48 0.60

% of variance 42.46 25.57 13.68

cumulative % 42.46 68.04 81.72

Bold values are show higher factor score loading/matrix. This indicates the higher pollution levels of respective 
elements.

Table 4. 
Factor analysis results of heavy metals.
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Igeo falls under extremely contaminated environment (>5). The GP-DP coast was 
unpolluted by the Cd heavy metal (Igeo results of Cd shows negative values).

5.5 Enrichment factor (EF)

In general, Enrichment Factor (EF) is deployed to understand the contribution 
of metals other than lithogenic origin. In the present study EF was calculated by 
using Eq. (2) and categorized according to Sutherland’s classification [43], which 
states that the EF value less than or equal to 2 for metals signifies that the elements 
are from natural weathering processes and for the metals whose EF values are 
greater than 2. Those elements came from contaminated natural processes [44]. 

Figure 4. 
Factors 1 & 2 assemblage of the heavy metals.

Figure 5. 
Factors 2 & 3 assemblage of the heavy metals.
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The calculated results of the EF for the sediment samples present study are given 
(Table 6 and Figure 8).

EF values (ppm) ranges from 0.6 – 1.6 for Mn, 1.5-2.4 for Cr, 1-5.3 for Cu, 1 – 2 
for Ni, 4.4 – 6.4 for Pb, 1.8 - 3 for Pb, and 23.5 – 63.2 for Cd. Average values of EF 
are in the order of Cd > Pb > Cu > Zn > Cr > Ni > Mn > Fe. It is evident that Fe, Mn 
and Ni values are <=2 which fall under deficiency to minimal enrichment category 
(Table 6). In 67% stations Cd exists falls under very high enrichment category 
and 33% of the stations showing extremely high enrichment. The Zn metal shows 
moderate enrichment in all stations except GP -N which exhibits deficiency to 
minimal enrichment. About 67% of the stations significant enrichment of Pb and 
the remaining exhibit moderate enrichment. About 50% of the stations fall under 
moderate enrichment and 17% of the stations come under significant enrichment 
category for Cu. Stations viz., TP–N, TP-S and DP–S exhibits moderate enrich-
ment to Cr metal. The anomalous behavior of Cd metal enrichment in the sediment 
samples reflect anthropogenic activities like, possible burning of fossils fuels, 
incineration of domestic and urban wastes in the vicinity of the study area.

5.6 Pollution Load Index (PLI)

Pollution Load Index (PLI) is an empirical and quick tool proposed by 
Tomlinson [38] to assess pollution severity and variations along a particulate site as 

Figure 6. 
Factors 3 & 2 assemblage of the heavy metals.

Sample ID Fe Mn Cr Cu Ni Pb Zn Cd

GP-N 27 16 9 6 8 6 10 -3

GP-S 27 16 9 5 8 7 10 -3

TP-N 26 15 9 7 8 6 10 -2

TP-S 26 14 9 6 8 6 10 -4

DP-N 27 15 9 5 8 7 10 -2

DP-S 26 14 9 6 8 6 10 -3

Table 5. 
Geo accumulation Index for the heavy metals from sediments.
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well as along different sites, besides providing a comparative study based on tem-
poral basis. The Eq.((3) & (3.1)) were used to determine the PLI for a particular 
station and for specific zone respectively, which in turn aids to decide the sampling 
sites contains pollution or not. According to Tomlinson classification, if the PLI 

Figure 7. 
Graphical representation of Igeo for heavy metals.

Sample ID Fe Mn Cr Cu Ni Pb Zn Cd

GP-N 1.0 1.6 1.5 2.2 1.0 4.4 1.8 36.0

GP-S 1.0 1.4 1.6 1.0 1.2 5.7 2.1 23.5

TP-N 1.0 1.2 2.1 5.3 2.0 6.1 2.9 63.2

TP-S 1.0 0.6 2.4 3.1 1.7 6.4 3.0 26.3

DP-N 1.0 1.0 1.5 1.1 1.3 5.3 2.9 55.7

DP-S 1.0 0.8 2.1 2.7 1.5 4.9 2.3 35.4

Table 6. 
Enrichment Factor (EF) for the heavy metals.

Figure 8. 
Graphical representation of Enrichment Factor (EF) for heavy metals.
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value <1 indicates no pollution and if the PLI values show >1 meaning the zone/ 
stations, is/are polluted. The obtained results for zone and for sampling stations 
were shown (Tables 7 and 8).

The value of the PLI of the whole study area ranges from 0.25 – 1.52 (Table 7). 
Except Cd, remaining metals i.e., Fe, Mn, Cr, Cu, Ni, Pb, and Zn were recorded 
below the baseline indicating no pollution when compared to the world wide sedi-
ment. The unusual concentration (1.52) of Cd metal is attributed to direct external 
sources like, burning of fossil fuels, industrial activities, contaminated agricultural 
soils, mining waste, municipal sewage effluents and the erosion of hydrothermal 
mineralized rocks and the black shale deposit [45]. Comparing PLI values of one 
sampling station with the other ranges from 0.26 to 0.32 (Table 8). According to 
Tomlinson [38], all the sampling stations were showing less than one, signifying 
that all the heavy metals at all stations were within threshold values. The variations 
in the indices are an outcome of the difference in sensitivity of these indices towards 
the sediment pollutants [14, 46].

6. Conclusion

The present paper deals with the assessment of pollution status by determin-
ing the heavy metals concentrations in the bottom sediment samples. By and large 
heavy metals are the chemical elements which occur in low concentrations in 
fragile coastal and marine environments. But, subsequent anthropogenic activities 
have inevitably enhanced concentrations in the marine ecosystem. Thus, in the 
present study (pre-monsoon 2016) Heavy metals (Fe, Mn, Cr, Cu, Ni, Pb, Zn and 
Cd) analysis was carried out by using ICP-OES, from the bottom sediments along 
GP-DP coast. Results show that the average concentrations are as follows Fe > Mn > 
Zn > Cr > Pb > Ni > Cu > Cd. Fe and Cd were recorded highest and lowest concen-
trations at all stations respectively in the study area.

Relatively, maximum number of heavy metals viz., Fe, Ni and Pb were accumu-
lated at the brackish environment i.e., at confluence of Swarnamukhi river (GP-S 
Station) and it is also ascribed to the North-Easterly winds (since the sediment 
samples were collected in the southwest monsoon season). Multivariate analysis like 
correlation coefficient and factor analysis were carried out to understand complex 
dynamics of the pollutants. Correlation coefficient results exhibits significant posi-
tive and negative relationships among Fe, Mn, Pb, Zn, Cd and Fe – Cu, Cr – Cd, Cu 
– Pb and Cu – Zn respectively. A total of three Factors with 81.72% variance explain 
the controlling elements of sediment contamination. Factor 1 includes Fe- Pb – Mn 
assemblage, Factor 2 and 3 include Cr and Mn.

Heavy metals Fe Cr Mn Ni Cu Zn Pb Cd

PLI 0.25 0.34 0.26 0.30 0.37 0.39 0.58 1.52

Table 7. 
Pollution Load Index for zone.

Sample ID GP-N GP-S TP-N TP-S DP-N DP-S

PLI 0.32 0.31 0.31 0.26 0.31 0.29

Table 8. 
Pollution Load Index for sampling stations.
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To assess the pollution in bottom sediments, Geo-accumulation Index (Igeo), 
Enrichment Factor -and Pollution Load Index were used. The results of Geo-
accumulation Index denote that the GD- DP stretch was extremely polluted with 
Fe, Cr, Cu, Ni, Mn, Zn and Pb metals. Computation of Enrichment Factor and 
categorizing the obtained results according to Sutherland’s Classification, Cd metal 
show very high enrichment in the 67% of the stations and extremely enriched in 
33% of the stations. The Zn- Cr and Pb metals showed moderate and significant 
enrichment respectively. The Cu exhibits 50% and 17% of the stations falls under 
moderate and significant enrichment categories respectively. The variations in the 
indices are an outcome of the difference in sensitivity of these indices towards the 
sediment pollutants.

Pollution Load Index values (PLI) of Cd metal showed higher value 1.52. This 
may be due to the influence of direct extraneous sources like burning of fossil 
fuels for navigation, industrial activities, contaminated agricultural soils etc., 
The obtained results from the present study were compared to the results of 
Sreenivasulu who has studied the geochemistry of bottom sediments for the two 
seasons. It is evident that the concentrations of heavy metals viz., Fe, Cr, Cu were 
increased at all stations in the period of study and the remaining metals showed 
decreasing trend.

According to the current study, the heavy metals were extremely harmful to 
marine life. They were present at various higher concentrations and the impact 
of anthropogenic activities are crucial that serves as source of heavy metals in 
the zone. Therefore, in order to prevent severe heavy metal contamination in the 
investigation area, it is mandatory to enforce monitoring, mitigating and remedial 
strategies to reduce the loadings and cumulative concentrations of heavy metals in 
the sediments along fragile coastal ecosystem for sustainable development of future 
generations. Further care has to be taken to educate and inform relevant stakehold-
ers to avoid converting the coastal zones into sink/dustbins in future.
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Abstract

In this chapter, a little of the history of Carmen City, Mexico is addressed; this
island is immersed in a Protected Natural Area and in the “Campeche Sound” an oil
extraction site. Fishing natural resources were for many years the pillar of the
development of the area; the most commercially important species are still shrimp,
oysters and scales. Nowadays, although the volumes of capture have decreased
considerably, different species of high commercial value are still extracted.
The considerable development of the oil industry has brought with its economic
development and a better quality of life for its inhabitants; however, the ravages of
pollution, rapid population growth, and deforestation have been the unwanted
factor. This chapter addresses the effects of heavy metals on human health through
a risk analysis, based on the criteria of the US Environmental Protection Agency
(USEPA) that was carried out for different commercial species based on carcino-
genic factors and not carcinogenic; the results show that the risk from consumption
of these species is “potentially dangerous” for human health, especially in those
species that, due to their eating habits (mollusks, bivalves, clams) tend to bio-
accumulate heavy metals, such as cadmium, which it has been considered by the
International Agency for Research on Cancer (IARC) as a risk factor; for this
reason, the importance of periodically evaluating and monitoring oyster extraction
banks, clams and, in general, all fishery products. Mexican legislation and various
international legislations dictate the maximum permissible and tolerable levels of
heavy metals in fishery products; the organisms considered in this study exceeded
the permissible limits in copper and nickel, which represents a risk for human
consumption.

Keywords: heavy metals, pollution, marine organisms

1. Introduction

Mexico is a mega-diverse country with 90,839,521 hectares of protected natural
areas, of which Terminos Lagoon, classified as “Flora and Fauna Protection Area”
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has 705, 016 hectares that make it one of the largest areas in the country. Within its
status as a Protected Natural Area, there are fishing activities and oil and gas
extraction-conduction areas. Until a decade ago, the Campeche Sound contributed
nearly 95% of the crude oil and 80% of the national natural gas; today, due to recent
changes in the use of fossil energy, production has decreased, although it remains
one of the most important companies in Mexico.

Campeche Sound in general, and Carmen Island in particular, have been zones
of abrupt changes, beginning with the exploitation of shrimp, which in the years of
1969 to 1979, promoted the economic development of the area. Since 1976, a his-
torical production of crude oil began for Mexico, bringing with it important changes
in the population, social changes and therefore, environmental changes.

According to Cuellar et al. [1] in 1979 the company “Mexican Petroleum”

(PEMEX) had a large number of facilities for the extraction and processing of crude
oil and natural gas on the southwestern coasts of the Gulf of Mexico, as well as a
total of 200 facilities for different purposes and 185 production platforms. These
changes affected the fishing production and the lives of the inhabitants as they went
from being a “fishing village” to industrial zones with an increase in the population
and the services that were demanded. By 1970, there were more than 800 vessels
with capacities ranging from three to fifty tons to process shrimp and more than
twenty freezers and packers of the fishing product in the area, as well as four
shipyards for the shrimp fleet; at present, all this activity has been in considerable
decline, almost disappearing [2].

When the oil boom began, the first oil spills put fishing activity at risk and there
have been very few studies in the area to determine the degree of impact of the oil
industry on the deterioration of the environment; certain species such as white
shrimp (Litopenaeus setiferus) are permanently banned to avoid completely deplet-
ing the resource; however, recent data and with the current crisis of the SARS-
COV2 pandemic indicate that poaching activities have increased in the area, even
with the capture of protected species; [https://www.novedadescampeche.com.mx/e
stado/campeche/urgente-estrategia-federal-del-control-de-la-pesca-ilegal].

The main fishery resources in this area are shrimp, oyster and scale. The oyster
harvest currently has the certification of the Commission for the Protection against
Sanitary Risks of Campeche (COPRISCAM, by its acronym in Spanish) in the Atasta
lagoon; however, its production has been diminished due to the fishing and
poaching of this resource. On the other hand, the clam was the main fishing
resource in the Pom lagoon for more than four decades. Currently the catch levels
show a notable decrease, which has been attributed to excessive overexploitation;
some studies attribute it to pollution and deforestation in the mangrove area.
According to Ramos and Villalobos [3], the mangrove ecosystems of the Terminos
Lagoon Flora and Fauna Protection Area have registered in recent years, a rapid
transformation towards ecosystems with low productivity and biodiversity. The
causes of this rapid loss are deforestation, urbanization, industrialization, agricul-
tural, fishing and aquaculture activities; and the alteration of the hydrological
regime of the Grijalva-Usumacinta river basin.

The shrimp fishery does not show a better picture. This resource, which was
exploited for many years, is now only one fifth of what was obtained in the 1980s.
Historical data show that in 1972 the yield of pink shrimp (Farfantepenaeus
duorarum) was 11,904 tons and in 2000 it was only 1,409 tons [4]. With regard to
the seven-bearded shrimp (Xiphopenaeus kroyeri) from 1993 due to its
overexploitation in the coastal marine strip and with the entry into force of Mexican
standards NOM-004-PESC-1993 and NOM-002-PESC-1993 (Diario Oficial de la
Federación 1994., Plan de Manejo Pesquero de camarón siete barbas Xiphopenaeus
kroyeri en las costas de los estados de Campeche y Tabasco) its fishing has been
regulated by fishing bans seasons.
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Overall, the development of the oil industry, urbanization and overexploitation
of marine species have had a strong environmental impact, as well as in the
displacement of deep-sea fishing areas. However, very few studies have been
conducted in the area that show the overall impact generated on the flora and fauna
of this region. Studies have been reported on the impacts on benthic communities
and their relation to the presence of hydrocarbons [5]; the studies show the pres-
ence and concentration of hydrocarbons in sediments and organisms [5–9]. There
are numerous factors to be considered in the deterioration of an ecosystem, among
them the great quantity of organic and inorganic substances that are generated not
only by oil activity, but also by the entire related industry. In the years 2000–2001
alone, a total of 104,901 tons of sulfur oxides (SOx) and 1,747 tons of nitrogen
oxides (NOx) were emitted into the atmosphere [1, 10]. There are currently no
recent studies to compare these levels.

Among the inorganic contaminants that cause interest due to the adverse effects
they can cause to living beings, heavy metals stand out, some of which have been
cataloged as serious threats to human health because of their carcinogenic risk.
Regarding the studies carried out to determine the degree of impact on the
Campeche Sound, we can cite Vázquez et al. [11] who carried out oceanographic
campaigns and comparative studies on the levels of Cd, Cr, Ni and V in marine
sediments. In their study, they highlight that oil activity, fishing and marine traffic
in the area substantially modify the levels of heavy metals; they also agree that the
levels of organic matter have a direct influence on the distribution of metals in
sediments; they conclude that metals can interact with organic matter in different
ways forming phenomena of adsorption, ion exchange, coprecipitation and
complexation.

Other studies have determined the levels of heavy metals in sediments and
organisms along the Terminos, Atasta and Pom lagoons and in the Palizada,
Candelaria and Chumpan Rivers. Aguilar et al. [12] attributed the levels of Cd, Cr,
Cu, Hg and V detected in oysters (Crassotrea virginica) to anthropogenic activities;
additionally, they calculated the condition index of the oyster (variable that indi-
cates the condition of health) and attributed a decrease in it to the presence of heavy
metals; likewise, the levels of Cd, Cr and Cu exceeded the permissible limits
established for mollusks and fishery products in the Mexican norms NOM-031-
SSA1–1993.

In another study, the concentrations of Cd, Fe, Cu, Pb and Zn were evaluated in
oyster (Crassostrea virginica), crab (Callinectes sapidus) and shrimp (Litopenaeus
setiferus). The results showed that both oyster and crab are foods that present high
levels of Cd, Fe, Cu and Pb in comparison with shrimp; in this study all detected
levels were within the permissible limits established by the Mexican Official
Standards NOM-031-SSA1–1993 [13].

Regarding sediment studies, Montalvo et al., [14] analyzed the concentration of
heavy metals in sediments of the Palizada River; the results showed a high relation-
ship between the levels of metals found with the climatic season and the texture of
the sediment. Later, Canedo et al. [15] evaluated the levels of heavy metals in
sediments of the Terminos Lagoon; they concluded that the spatial distribution was
influenced by river discharges and that the significant correlations found between
B, Ba, Co, Mn, Ni and Zn are due to natural biogeochemical inputs; they also found
heavy metal levels above background concentrations in sites near the Atasta Lagoon
and considered this area vulnerable to heavy metal contamination.

1.1 Effects of heavy metals

Heavy metals exert a wide range of toxic effects in humans, aquatic and terres-
trial life [12]. Different strategies have been developed to study the degree of
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contamination of an area, such as the use of organisms called sentinels (oysters,
clams) that due to their feeding habits, their little or no mobility, their little capacity
to regulate the concentrations of ions in the internal fluids and their high tolerance
to the metal ions absorbed above the metabolic requirements [16], make them ideal
for studies of contamination by heavy metals; likewise, studies on fish have been of
considerable interest to understand the toxic effects and because they are an
important source of nutrients for humans and have the potential to bioaccumulate
heavy metals in their tissues [17, 18]. Food contamination can come from
different sources: from contamination of the aquatic environment, during
harvesting, transportation, handling or packaging.

1.1.1 Mercury (Hg)

Regarding the toxicity of heavy metals, Hg is distinguished because it does not
have any biological function; its presence in the environment is due to anthropo-
genic causes; the natural causes of contamination by this element are not signifi-
cant. It is an extremely toxic metal; organisms that have been exposed have few
biological mechanisms for its elimination and it accumulates progressively through
the food chain [19, 20]. The most common form of organic Hg is in the form of
methyl mercury (MeHg). Usually levels above tolerance limits can alter the normal
functioning of the central nervous system and affect the kidneys and the immune
system [21]. Studies show that the toxicity attributed to it is associated with aging
and cell death. Bryan and Langston’s study [22] study on the oyster Crassostrea
virginica showed evident embryonic abnormalities at concentrations of 5 to 10 μg/L,
while the survival rates of clams, copepods, shrimp and crustaceans were affected
by the increase in Hg levels.

1.1.2 Cadmium (Cd)

Cadmium is an element that has no natural source of generation so its presence
in aquatic systems and organisms is entirely anthropogenic [23]. Cd does not have
biochemical or nutritional functions; it is highly toxic to plants and animals. The
International Agency for Research on Cancer points out the Cd and its compounds
as carcinogenic. Cd intake pathways in organisms are gastrointestinal and respira-
tory; it has severe consequences in the blood by binding to high molecular weight
proteins [24]; likewise, it has been reported that it can cause different alterations in
the biology of living beings, since it accumulates mainly in the liver and can have a
half-life of thirty years [25]. In phytoplankton species, growth inhibition was
observed at concentrations as low as 1 μg/L [22]. Other species such as Galaxias
maculatus exposed to acute concentrations showed deficiencies in metabolic rate
and deteriorating oxygen consumption; also, stress parameters and decrease in liver
catalase activity were observed [26]. In the Henanese Sinopotamon crab, a high
deterioration of enzyme activity was found in the stomach, intestines, and hepato-
pancreas [27]. For Crassotrea virginica oyster, hepatological changes of the intestine,
digestive gland and other organs were presented when exposed to Cd [28]. Due to
its source of origin, the activities by which it can be generated are the industrial
processes of fertilizer production, by-product of the smelting of other metals and in
electronic devices [24].

1.1.3 Copper (Cu)

Cu is an essential element for the growth and metabolism of many living beings;
when the levels are increased, it becomes a not very tolerable element [12]. This
metal can cause harmful effects in fish, showing damage such as histopathological
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alteration and accumulation in different organs [29]. Other studies [22] presented
experimental evidence that a considerable number of species are sensitive to con-
centrations of 1 to 10 μg/L of Cu, while at levels of 2 μg/L, the survival rate in young
scallops was reduced; likewise, oyster and mussel embryos showed abnormalities in
growth and development after exposure to 5 μg/L and the isopod crustacean Idothea
baltica showed an increase in population mortality. Calabrese et al. [30] studied the
acute toxicity of Cu in embryos of Crassostrea virginica; the results showed that at
certain concentrations there was no development in more than 50% of the individ-
uals under study.

1.1.4 Lead (Pb)

Pb can be in the environment in particulate form or formed into lead compounds;
it can be generated as a result of human activities such as oil combustion, industrial
processes and solid waste combustion; there are no natural sources of lead, its pres-
ence in the environment is anthropogenic [25]. It has been reported that in humans
this metal can cause alterations of the nervous system, kidney problems and is related
to the development of cancer. In exposed fish, it has been shown to decrease red and
white blood cells and decrease hemoglobin levels [18]. The process of Pb accumula-
tion in fish tissues causes oxidative stress; thus, this stress induces synaptic damage
and neurotransmitter malfunction and influences immune responses [31].

1.1.5 Nickel (Ni)

Ni is a non-essential and toxic metal whose main source of exposure is food,
highlighting fish and vegetables that are treated with wastewater. Its introduction to
the aquatic environment is anthropogenic. The effects that it causes in different
organisms were studied by Martin et al., [32] in embryos of Pacific oyster
(Crassostrea gigas), embryos of laurel mussel (Mytilus edulis Linnaeus) and larvae of
Dungeness crab (Cancer magister Dana) exposed to ten metals among them Ni; the
effects caused in these species are the abnormal development in more than 50% of
the studied individuals. In fish such as Colisa fasciatius, a freshwater teleoste,
exposed to 45 ppm nickel sulfate, the adverse effects observed were leukopenia due
to reduced numbers of lymphocytes and polycythemia, as well as a considerable
delay in the rate of erythrocyte sedimentation of dying fish [33].

The conditions of the aquatic environment have a great influence on the
transport and mobility of metals such as Ni, so Tamzin et al., [34] carried out their
studies in saline waters, hoping that these conditions would decrease the impact on
marine biota; however, despite the speciation of the metal in these saline environ-
ments it was determined that the physiology of the organisms is the main factor in
the toxic impact, finding deterioration as inhibition of breathing and promotion of
oxidative stress. In other studies, the mortality rate of African catfish, Clarias
gariepinus, showed a linear trend with increasing concentration; the researchers
concluded that the depression observed in hematocrit, hemoglobin and erythrocyte
decreases in this hematological study can be used as an indicator of Ni-related stress
in fish [35].

2. Methodology

2.1 Study area

Terminos Lagoon is the largest lagoon-estuarine ecosystem in Mexico by area
and volume. The water body and immediately surrounding shorelands are fully
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incorporated into a National Flora and Fauna Reserve comprised of 705,016 ha of
open water and associated wetlands and upland. Terminos Lagoon consists of about
200,108 ha of open water including associated lagoons and channels, with an
average depth of 4 m, surrounded by about 259,000 ha of mangrove and cattail
marsh. Of the surrounding 180,000 ha of land that is in some productive use,
90% is cattle ranching, 6% is agricultural, and 4% is urbanized, principally the City
of Carmen. It is separated from the Gulf of Mexico by the Carmen Island, a 37 km
long, 4 km wide barrier island with two mouths, of 3.2 and 3.8 km located to the
east and west, respectively.

Terminos Lagoon was declared as a Federal Flora and Fauna Protection Zone in
1994 and is considered a “critical habitat” by the Mexican Environmental Agency
[http://www.paot.org.mx/centro/ine-semarnat/anp/AN19.pdf] due to its importance
as a refuge for marine species, mangrove forests, sea grass and, associated fluvial -
lagoon delta system. Anthropogenic pressure mainly due to urban settlements, the
disposal of wastewater in the lagoon and industrial activity based on the drilling
and exploration of hydrocarbons, all these activities have been identified as a
continuous threat to the quality of the ecosystems within the Terminos Lagoon.

This work summarizes the results of several investigations carried out in
Terminos Lagoon Natural Protected Area where the content of heavy metals in a
variety of aquatic organisms was analyzed. The sampling periods and collect sites
are shown below, as well as the aquatic organisms used for the determination of
heavy metals.

In 2009, during two sampling campaigns (rainy and dry seasons), the oyster
(Crassostrea virginica) was collected at the mouth of three of the rivers that flow into
the Terminos Lagoon: the Palizada River, the Chumpan River and the Candelaria
River. At each site, three sampling points were established and 100 organisms were
obtained from each one.

In 2013–2014 three different types of organisms were analyzed: the oyster
(Crassostrea virginica) collected in two sites, Estero Pargo and Mouth of Atasta;
shrimp (Litopenaeus setiferus) obtained by trawling in depths of less than 5 fathoms
in the Terminos Lagoon; and the crab (Callinectes sapidus) collected at the mouth of
the Palizada River. All the organisms were donated by the fishermen’s cooperatives.
60 organisms of commercial size were obtained of each species.

In 2014, samples of three species of macrophytes (Cyperus ligularis L., Lemna
minor and Typha domingensis) were collected and analyzed in the “Arroyo La
Caleta”, which is a natural water channel parallel to the coast that crosses Carmen
City, with a variable extension between both banks. The main contribution of water
enters through the west mouth of the Terminos Lagoon and does not present an
outlet. Other contributions of water come from land and urban drainage. The
system is 7.5 km long. In the case of T. domingensis and C. ligularis L., the complete
plants were cut, stored in plastic bags, and placed in refrigeration for later analysis
in the laboratory. The samples of L. minor were collected in plastic bags in which
water from the “Arroyo La Caleta” was left and, like the previous macrophytes,
they were stored in refrigeration.

In 2017, the clam Rangia cuneata was collected at four sampling points in the
Atasta Lagoon, which is a lagoon that empties into Terminos Lagoon. In total, eight
composed samples were analyzed for this study. In the same lagoon (Atasta) but in
2018, during two sampling campaigns (rainy and dry seasons), catfish (Ariopsis
felis) was obtained by fishing with cast nets eight. 30 composed samples were
analyzed.

Table 1 summarizes information about of the analyzed organisms, their sam-
pling location and year of collection, while Figure 1 shows the Terminos Lagoon
Natural Protected Area and the sampling locations of the organisms analyzed.
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2.2 Sample processing and analysis

The methods used for the processing of tissues and extraction of heavy metals
reported in the various studies considered for the evaluation in this work, have
few variations or modifications according to “Official Mexican Standard”
(NOM-117-SSA1–1994,Test method for the determination of cadmium, arsenic, lead,
copper, iron, zinc and mercury in food) for food analysis that generally consisted of
an acidic digestion of the tissues with a repetitive addition of concentrated HNO3

and H2O2.

Species analyzed Sampling location Year of
collection

Oyster (Crassostrea virginica) Mouth of the Palizada1, Chumpán2 and Candelaria3

rivers that flow into the Terminos Lagoon.
2009

Oyster (Crassostrea virginica) Pargo Estuary4 and Atasta Mouth5 2013–
2014

Shrimp (Litopenaeus setiferus) Terminos Lagoon 2013–
2014

Crab (Callinectes sapidus) Mouth of the Palizada River1 2013–
2014

Macrophytes (Cyperus ligularis L.,
Lemna minor and Typha domingensis)

Arroyo La Caleta6 2014

Clam Rangia cuneata Atasta Lagoon7 2017

Catfish (Ariopsis felis) Atasta Lagoon7 2018

Superscripts indicates their location on the map (Figure 1).

Table 1.
Organisms analyzed, their sampling location and year of collection.

Figure 1.
Terminos Lagoon natural protected area and sampling locations of the organisms analyzed: 1) Palizada River;
2) Chumpan River; 3) Candelaria River; 4) Pargo estuary; 5) Atasta mouth; 6) arroyo La Caleta; 7) Atasta
lagoon.
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For bivalves: before extracting the tissues, they were purged during a period of
24 hours in a system with a controlled salinity of 20 psu. By so doing, the bivalves
eliminated all the organic matter from their intestines that could have interfered
with the results. Finally, they were shucked manually. Organisms were dried
through the process of lyophilization for 24 hours and then were homogenized.
Subsequently, an acid digestion was carried out, according to the official Mexican
standards, as mentioned at the beginning of this section.

Bivalves samples were analyzed by Plasma Emission Spectroscopy (ICP), Perkin
Elmer model 400 instrument was used, and standard solutions (J. Baker). For the
evaluation of the analytical quality, the samples of oyster tissues were treated in
duplicate and were analyzed in parallel with the standard certificates of “Standard
reference materials oyster tissue” (SRM-1566b), with a recuperation percentage of
between 84 and 94%.

For crustaceans and fish: composite samples were used for which the edible
part was extracted from the organisms of each species, the tissues were homoge-
nized with a food processor and a final sample of (20 � 0.001 g) was taken. The
digestion was carried out by adding 10 mL of HNO3 to the tissues and placed on a
heating grill at a controlled temperature, after the total destruction of organic
matter, 2 mL of H2O2 was added to each sample in 30% solution, concentrating
them up to a volume of 1 mL, finally, the concentrate was filtered through
Whatman No. filter paper 32, measuring to a final volume of 20 mL for subsequent
analysis. The tissue samples were analyzed in an atomic flame absorption equip-
ment adapted with a Thermo-Scientific brand graphite furnace.

For macrophytes: samples were dried in a drying oven at a temperature of 65° C
for 96 hours. The dried samples were dissected at the root, stem, and leaf.
The digestion was carried out as mentioned for crustaceans and fish, following the
methodology of the official Mexican standard NOM-117-SSA1–1994 (Test
method for the determination of cadmium, arsenic, lead, tin, copper, iron, zinc
and mercury in food). Macrophytes samples were analyzed by Plasma Emission
Spectroscopy (ICP).

3. Metal concentration and risk analysis to human health

Table 2 shows the concentrations of metals found in different organisms, which
are the basis for determining the risk factor analysis; as expected, organisms such as
bivalve mollusks from the Candelaria, Chumpan and Palizada rivers, show the

Organism Heavy metal levels in different organisms in μg g�1 Location Reference

Cu Hg Cd Ni Pb

Crassotrea
virginica

56.630
(43.320–
56.630)

ND 0.038
(0.020–
0.038)

ND 0.137
(0.043–
0.137)

Terminos
Lagoon

Aguilar
et al., 2014

Crassotrea
virginica

60.5
(33.24–
60.5)

1.1
(0.05–1.1)

2.4
(0.243–
2.4)

ND ND Candelaria
River

Aguilar
et al., 2012

Crassotrea
virginica

90.8
(30.50–
90.8)

0.7
(0.01–0.7)

3.2
(0.23–3.2)

ND ND Chumpan
River

Aguilar
et al., 2012

Crassotrea
virginica

176.5
(90.23–
176.5)

0.5
(0.02–0.5)

3.0
(1.2–3.0)

ND ND Palizada
River

Aguilar
et al., 2012
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Organism Heavy metal levels in different organisms in μg g�1 Location Reference

Cu Hg Cd Ni Pb

Callinectes
sapidus

57.800
(34.680–
57.800)

ND 0.0687
0.0398–
0.0687

ND 0.4253
(0.2644–
0.4253

Terminos
Lagoon

Aguilar Et
al., 2014

Litopenaes
setiferus

58.470
(41.620–
58.470)

ND 0.015
(*ND-
0.015)

ND ND Terminos
Lagoon

Aguilar
et al., 2014

Ariopsis
felis

— 0.02934
(0.00159–
0.02934)

1.2864
(0.00454–
1.2864)

41.77
(0.33–
41.77)

3.2097
(0.033–
3.2097)

Atasta
Lagoon

This Study

Rangea
cuneata

308.2135
(6.1609–
308.2135)

ND 0.74827
(0.2905–
0.7482)

30.2055
(13.7574–
30.2055)

ND Atasta
Lagoon

This Study

Table 2.
Heavy metals determined in different marine species.

National and international legislation governing heavy metal levels in fish in μg g�1

Cu Hg Cd Ni Pb Year

JECFA1 — 0.5 — — 0.5 1989

WHO2 20 0.005 2 — 2 1996

USFDA3 — — — 70-80 — 1993

NOM 2424 — 1 0.5 — 1 2009

FAO5 30 0.5 0.5 — 0.5 1983

National and international legislation governing the levels of heavy metals in marine mollusks and
crustaceans in μg g�1

Cu Hg Cd Ni Pb Year

NOM 2426 — 1 0.5 — 1 2009

USFDA7 — — 4.0 — 1.7 1993

NAUEN8 32.5 — — — — 1983

ISSC9 — — — 80 — 2007

1JECFA, 1989 Evaluation of Certain Food Additives and Contaminants (Thirty-third Report of the Joint FAO/WHO
Expert Committee on Food Additives) [meeting held in Geneva fromMarch 21 to 30, 1988]. World Health Organization.
2WHO, 1996. Health criteria other supporting information. In: Guidelines for Drinking Water Quality p. 31–388.
3USFDA, 1993. Food and Drug Administration, Guidance for Nickel in Shellfish. DHHS/PHS/FDA/CFSAN/Office of
Seafood, Washington DC, 1993.
4NOM-242-SSA-2009. Products and services. Fresh, refrigerated, frozen and processed fishery products. Health
specifications and test methods.
5FAO,1983. Compilation of legal limits for hazardous substances in fish and fishery products Fish Circular 464:5–100.
6NOM-242-SSA1–2009 Products and services. Fresh, refrigerated, frozen and processed fishery products. Health
specifications and test methods.
7USFDA, 1993. Guidance document for lead in shellfish. Center for Food Safety and Applied Nutrition. United States
Food and Drug Administration, Washington, D. C.
8Nauen C.E, 1983. Compilation of legal limist for hazardous substances in fish and fishery products. FAO fisheries
circular 764. United Nations Food and Agriculture Organization. Rome, Italy, 102 pp.
9ISSC,2007. National shellfish sanitation program. Guide for the control of molluscan shellfish. Interstate Shellfish
Sanitation Conference. U.S. Food and Drug Administration, Department of Health and Human Services. Washington,
D.C., 549 pp.

Table 3.
Permissible levels of heavy metals in fishery products.
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highest values in Cd, exceeding the limits established by the official Mexican Stan-
dards (NOM 242 and the USFDA standards Table 3). Likewise, Cu levels are high in
clams Rangea cuneata, exceeding international specifications (Table 3); the Pb
levels in Ariopsis felis exceed all the international specifications contemplated in this
study. The reference values reported in national and international standards for
heavy metals in marine fish and mollusks are shown in Table 3.

Concentrations of heavy metals in the macrophytes collected in “Arroyo La
Caleta”, where detected below the limit of quantification of the method (not
detected ND) for B, Be, Fe, Mn and Si to 4671.29 μg g�1 for Fe. The average
concentration of the metals analyzed presented the following order: Be<As<V
< Mn < B < Si < Fe. Of the three species of macrophytes studied, the one that
presented higher concentrations of metals was Cyperus ligularis L. accumulating
higher percentages of Be, Fe, Mn, Si and V, followed by Typha domingensis which
presented the highest concentration of As and average concentrations of the other
metals, finally, Lemna minor. Regarding the structure analyzed in plants, the highest
concentrations were found in the roots and to a lesser extent in the stem and leaves,
which tells us about the ability to translocate (mobilize) the metals to the aerial
parts as a strategy of adaptation to pollution due to heavy metals. In general, the
highest concentrations found in macrophytes were related to the sites of highest
anthropogenic activity [36]. It should be noted that, of all the collection sites in the
Términos Lagoon Natural Protected Area analyzed in this study, the “Arroyo La
Caleta” is considered one of the most contaminated because it receives wastewater
from Carmen City, which is why the fish products obtained there have not been
considered suitable for human consumption for several years. Due to the above, the
study of the behavior of heavy metals in this location, was based on organisms with
high levels of adaptation to heavy metal pollution that are not used for human
consumption.

4. Estimation of the estimated daily intake, target hazard quotient,
hazard index and target cancer risk

According to the USEPA [37–38] the estimate of potential risk to human health
from the consumption of contaminated marine products is based on the estimated
daily intake (EDI), the target hazard quotient (THQ), hazard index (HI) and target
cancer risk (TR). The first parameter that was estimated is a function of the relation
(EDI; μg kg�1 week�1)

EDI ¼ FIRð Þ MCð Þ
BWa

(1)

Where FIR is the food ingestion rate of fish or shellfish consumed by an adult;
according to CONAPESCA, these data for Mexico, is up to 12 kg year�1 or the
equivalent of 230 g week�1 for an adult with an average weight. For children aged
4 to 6 years, the recommended food ingestion rate is 100 grams per week
(CONAPESCA: National Commission for Aquaculture and Fisheries, Fishery pro-
duction statistics, www.conapesca.sagarpa.mx) or its equivalent of 5.214 kg year�1.

According to studies by Araneda [39] the population group of adolescents is the
one that shows a lower food ingestion rate of these foods; there is no data on intake
in Mexico, but the recommendations indicate that an average adolescent between
14 and 17 years of age should consume between 240 and 300 grams of fish and
seafood per week, the equivalent of an average of 15. 64 kg year�1. Due to the
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scarcity of information in this population group, in this study it is considered that
the average food ingestion rate for adolescents is 7.8 kg year�1, which is considered
a low consumption and that represents a value of 150 gr week�1.

The parameter BWa is the reference body weight of an adult. In countries such
as China, this data is 55 kg [40]; the average weight of a Mexican adult is 70 kg. The
average weight for children between 4 and 6 years old is 16 kg [41] and for an
average adolescent between 14 and 17 years old the weight considered is 54 kg. All
the reference data are based on the characteristics and habits of the Mexican popu-
lation without obesity problems. The MC parameter is the metal concentration (Cu,
Pb, Ni, Hg) expressed in μg g�1.

The estimated results for the EDI parameter are shown in Table 4. With the data
from the population intake rates, we can estimate the THQ parameter which is a
dimensionless amount and a relationship between the concentration of heavy
metals in ingested food with other factors. According to USEPA [37–38] the THQ
value should not exceed the numerical value of 1. Estimated values below 1 indicate
that the contaminant levels do not cause adverse effects or potential non-
carcinogenic risks in exposed persons during the estimated average life span of the
Mexican population of 70 years.

The model for estimating the target hazard quotient (THQ) is determined by
Eq. 2. The units were adequate for not using correction factors (Table 5).

THQ ¼ Efrð Þ EDtotð Þ FIRð Þ MCð Þ
Rfdð Þ BWað Þ Atnð Þ (2)

Where Efr is the exposure frequency to the trace element, (365 days year�1),
EDtot is the exposure duration (average life span of 70 years), FIR is the food
ingestion rate in grams per day for the respective food item (g day �1), MC is the
concentration of the trace element in the given food item (μg g�1), Rfd: is the oral
reference dose of the trace element (μg g-1 day�1) (5 � 10�4 for Hg; 1 � 10�3 for
Cd; 4 � 10�3 for Pb; 2 � 10�2 for Ni and 4 � 10�2 for Cu), BWa is the reference
body weight (g), Atn is the averaged exposure time (Efr x EDtot).

The values obtained show a variable trend among the reference population
groups, with children aged 4–6 years being those with the highest values of EDI for
Cu and Ni; these values are directly related to weight.

4.1 Hazard index (HI)

The accumulated risk was evaluated by the individual sum of each of the THQ
factors which represent the risk index (HI), which is shown in Eq. 3. These values,
like THQ, must not exceed the numerical value of 1, otherwise it could indicate that
there are considerable risk factors for the consumption of marine products reported
in this study.

HI ¼
X

THQ (3)

According to the estimated results (Table 6) no value calculated for THQ and HI
exceed the parameters established to consider a risk to health by the intake of these
contaminants from the consumption of fish and seafood.

The results indicate that the estimated HI values do not represent a risk for the
reference population, since they do not exceed the comparison value of 1.
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4.2 Target cancer risk

The risk from carcinogens was indicated in this study by the TR values
(Table 7). For the estimation of these parameters, the values of Region III were
taken, where the population of Mexico is included according to USEPA criteria
[37–38]. The equation that represents risk for carcinogenic factors is represented by
the following expression:

TR ¼ Efrð Þ EDIð Þ FIRð Þ MCð Þ Cfoð Þ
BWað Þ Atnð Þ (4)

Where TR is the target cancer risk (dimensionless factor) and Cfo is the oral
cancer slope factor; USEPA criteria [42] (μg g�1 bw day�1). The other values are the
same used for the estimation of EDI and THQ. In this study, the Cfo values used to
estimate TR are 8.5 � 10�3 for Pb and 1.7 for Ni, a metal that is on the list of potent
carcinogens [42]. The value of 2.59 � 10�4 was used for Cd which has been
considered carcinogenic according to the International Agency for Research On
Cancer (IARRC: http://www.iarc.fr/en/websites/index.php). Not all metals are
considered within this classification so far; only Cd, Pb and Ni fall into this cate-
gory. According to the New York State Department of Health [43] (NYSDOH) the
categories of the target cancer risk (TR) are the following: TR ≤ 10�6 low risk,
between 10�4 and 10�3 moderate risk, from 10�3 to 10�1 high risk and TR ≥ 10�1

very high risk that people may develop cancer at some point in their life after
exposure to the metal.

The results of the target cancer risk for Cd and Pb show that the three study
categories (adults, children, and adolescents) present a low risk of developing
cancer from the ingestion of fish and shellfish. On the other hand, the target cancer
risk calculated for Ni shows that the population group of children aged 4–6 years
represents a very high risk, and a moderate risk is expected for adults and
adolescents.

In certain cases, it is not advisable to limit the consumption of these marine
products. It is more useful to be vigilant, as well as to limit the frequency of
consumption when there is evidence of risk for the population. These actions make
the difference in developed countries that have public policies and develop research

Hazard index values (HI)

Organism Adults Children
(4–6 years)

Teenagers
(14–17 years)

Crassotrea virginica 0.1065 0.0930 0.0276

Crassotrea virginica 0.1467 0.2445 0.0724

Crassotrea virginica 0.2148 0.3419 0.1013

Crassotrea virginica 0.3715 0.4632 0.1372

Callinectes sapidus 0.1101 0.1013 0.0300

Litopenaes setiferus 0.1091 0.0923 0.0273

Ariopsis felis 0.0298 0.1306 0.0784

Rangea cuneata 0.5846 0.5283 0.1567

Table 6.
Estimated values of the hazard index estimated for a reference population, expressed as the sum of all the
individual HI factors.
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through environmental agencies to develop models that can be applicable to differ-
ent regions of the world and thus predict or estimate possible risks.

There are general recommendations in Mexico regarding the consumption of
fish and seafood by children under four years of age. Certain countries such as
Canada restrict consumption of species caught in rivers and lakes and recommend
that consumption in the population group of children 1–4 years old be only
75 g month�1 and in children 5–11 years old be 125 g month�1, as well as that
pregnant women should not consume more than 150 g month�1 [44]. Some of these
recommendations are in most cases based on economic interests.

Bellanger et al. [44], analyze in their studies the economic implications of
exposing a population group to the toxic effects of heavy metals. In Mexico,
consumption of fish and seafood is lower than that of other foods. In Mexico, fish
products are governed by Mexican standards that limit the presence of heavy metals
in their products; likewise, government institutions regulate the health of oyster
and clam banks (due to the presence of pathogenic microorganisms), but there are
no effective public policies focused on protecting the environment, stopping the
deterioration of mangrove areas or monitoring and sanctioning poaching and
depredation that are putting numerous species at risk.

5. Conclusions

Throughout this chapter, aspects of the region of the Campeche Sound were
shown, and in particular the Terminos Lagoon, which only a decade ago produced
more than 80% of the national production of crude oil, while at the same time
numerous marine species of high commercial value were extracted from its waters.

Target cancer risk (TR)

Cd Pb Ni

Organism Adults Children
(4–

6 years)

Teenagers
(14–

17 years)

Adults Children
(4–

6 years)

Teenagers
(14–

17 years)

Adults Children
(4–

6 years)

Teenagers
(14–

17 years)

Crassotrea
virginica

5.768E-
11

2.087E-
10

4.10308E-
11

2.460E-
08

8.920E-
08

1.637E-07

Crassotrea
virginica

2.300E-
07

8.325E-
07

1.63668E-
07

— — — — — —

Crassotrea
virginica

4.090E-
07

0.004 2.90966E-
07

— — — — — —

Crassotrea
virginica

3.595E-
07

1.307E-
06

2.55732E-
07

— — — — — —

Callinectes
sapidus

1.886E-
10

6.821E-
10

2.37122E-
07

2.371E-
07

8.596E-
07

1.686E-07 — — —

Litopenaes
setiferus

8.987E-
12

3.251E-11 1.34108E-
10

— — — — — —

Ariopsis
felis

6.610E-
08

2.391E-
07

6.3933E-
12

2.087E-
10

5.577E-
06

8.988E-05 0.458 1.658 0.325

Rangea
cuneata

2.234E-
08

8.086E-
08

4.70213E-
08

— — — 0.3308 1.867 0.158

Table 7.
Estimated values of the target cancer risk (TR) in a reference population.
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Today, even though oil activity has decreased considerably, the effects of this
industry, combined with population growth and the ineffectiveness of monitoring
programs, still persist. The results of this study of the concentrations of heavy
metals in Crassostrea virginica, Rangea cuneata and Ariopsis felis indicate that some of
the values found are higher than those established in international and national
legislation, so these fish products should not be consumed. The establishment of a
monitoring program is suggested to identify the variations and conditions that favor
the bioaccumulation process in exposed organisms.

Regarding the risk analysis carried out in this study, the values calculated for the
target hazard quotient (THQ) and the hazard index (HI) indicate that the con-
sumption of the studied species does not represent a risk for human health in any of
the considered age groups; however, in relation to the TR that evaluates the poten-
tial risk for carcinogens, the results show worrying values, especially for the organ-
isms that come from the Pom-Atasta lagoon system. In the two species evaluated
(Rangea cuneata and Ariopsis felis), the TR values are considered “high risk” and
“moderate risk”, especially in the most vulnerable population group, children. For
this reason, it is not recommended the consumption of these species by children
under 4 years old and it is suggested to decrease their consumption in the adult and
adolescent age groups. These actions are not intended to stigmatize the consump-
tion of these products, but to have greater control and surveillance, especially in
population groups of greater vulnerability.
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Chapter 5

Consumption Safety in Relation to 
Bioaccumulation of Heavy Metals 
in Periwinkles (Tympanotonus 
fuscatus) Obtained from Ogbia in 
the Niger Delta Region of Nigeria
Miebaka Moslen and Chioma Hope Adiela

Abstract

The study assessed human health risk and accumulation of heavy metals (Cd, 
Cu, Pb, Ni, Cr and Zn) in periwinkles (Tympanotonus fuscatus) obtained from the 
Niger Delta region of Nigeria. Samples were collected for six months on a monthly 
basis. The samples were digested according to the method described by Association 
of official analytical chemists and analyzed using atomic absorption spectropho-
tometer (AAS). Temporal variations in metal concentrations were observed with 
values (mgkg−1) ranging as follows Pb (2.34–6.7), Ni (0.55–2.28), Zn (0.55–11.66), 
Cr (0.74–3.65), Cu (1.15–3.91) and Cd (0.22–1.06). Variation in metal concentra-
tion was significantly different (p < 0.05) with metals such as Pb, Ni and Cd found 
to be above their respective FAO/WHO permissible limits. The estimated daily 
intake (EDI) of all metals examined was less than their respective reference oral 
doses (RFD). The target hazard quotient (THQ ) non-carcinogenic and the hazard 
index (HI) of metals were < 1 while the hazard quotient carcinogenic (HQ ) ranged 
between 10−6 – 10−4. The study therefore concluded gradual accumulation of metals 
and minimal health risk due to consumption of contaminated periwinkles in the 
study area.

Keywords: heavy metals, bioaccumulation, health risk, periwinkles, Niger delta

1. Introduction

Heavy metal pollution is one of the challenges of coastal waters due to human 
activities such as oil exploration and exploitation, construction and fabrication of 
marine boats, disposal of industrial and domestic wastes, sailing and illegal bun-
kering activities [1]. Heavy metals are generally referred to as those metals which 
possess a specific density of more than 5 g/cm3 and adversely affect the environ-
ment and living organisms [2]. Nagajyoti et al. [3] and [4]; stated that metals are 
significant environmental pollutants and their toxicity is a problem of increasing 
significance for ecological, evolutionary, nutritional and environmental reasons. 
Heavy metal contamination in the aquatic environment is a major challenge with 
regards to industrialization in view of the fact that industrial and domestic wastes 
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containing such pollutants are regularly channeled into nearby water bodies [1]. 
Increase in population has induced urbanization and industrialization with cor-
responding discharge of wastes such as heavy metals into the environment [5, 6] 
but Dural et al. [7] stated that heavy metals occur naturally in aquatic ecosystem 
but deposits of anthropogenic origin increase their levels and create environmental 
problems in coastal zones and rivers. Aquatic organisms like periwinkles have the 
ability to accumulate and bio-magnify contaminants like heavy metals, polycyclic 
aromatic hydrocarbons and PCB in the environment [8]. Researchers had stated 
that ideal bio-indicators (biomonitors) should satisfy certain conditions such as 
ability to accumulate pollutants without being killed by the levels encountered in 
the environment; sedentary in order to be representative of the study area, suf-
ficiently long lived to allow the sampling of more than one year-class, if desired: 
be of reasonable size, giving adequate tissue for analysis [9, 10]. Mollusks such as 
Tympanotonus fuscatus, a deposit feeder common along the mangrove intertidal 
coast and estuarine swamps of the Niger Delta also satisfy most these conditions 
due to wide usage in biomonitoring studies [11]. Moslen [11] reported gradual bio-
accumulation of heavy metals in fish (biota) with attendant minimal to moderate 
health risk concern but recommended regular monitoring in order to detect changes 
over time. Tympanotonus fuscatus is a mollusk (Gastropods) of high commercial and 
economic value in the Niger Delta region of Nigeria [11]. This study therefore, aim 
to evaluate consumption safety and heavy metal bioaccumulation in periwinkles 
(Tympanotonus fuscatus) obtained from Ogbia in Niger Delta, Nigeria.

2. Materials and methods

2.1 Sample collection and preparation

Periwinkle (Tympanotonus fuscatus) samples were obtained from landings of 
artisanal fishermen in Ogbia, Niger Delta, Nigeria (Figure 1). Samples were col-
lected monthly for six months (February to July 2018). The samples were placed in 
labeled container, preserved in ice-packs and immediately taken to the laboratory 
for further analysis. The samples (tissue) were removed from the shell and oven 

Figure 1. 
Map of study area (Ogbia) with an inset map of Nigeria.
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dried at 80°C for 24 hours after which, the sample was ground to powder using 
ceramic mortar and pestle.

2.2 Sample digestion

The homogenized sample was digested according to the method described by 
the Association of official Analytical Chemists [12]. Two (2 g) of the homogenized 
tissues was weighed into bottles and transferred into labeled boiling tube in a 
fume cupboard, 5 ml of 10% HCl acid was added to the sample and stirred. It was 
then treated with 5 ml of 10% HNO3, and warmed on a water bath to dissolve. The 
digested sample was allowed to cool at room temperature and then filtered through 
0.45 μm into volumetric flask. The concentrations of heavy metals in the samples 
were determined with an Atomic Absorption Spectrophotometer (GB Avanta PM 
AAS, S/N A6600 with detection limit for individual metals of study in the range of 
0.001–0.02 mgkg−1). The concentrations were blank-corrected and expressed as 
μgg−1 dry weight of sample analyzed.

2.3 Human health risk assessment

Health risk on humans was evaluated to determine possible adverse health effects 
due to consumption of periwinkles (Tympanotonus fuscatus) contaminated with 
heavy metals. Standard and acceptable indices were used for health risk assessment.

2.4 Exposure assessment (Estimated Daily Intake (EDI))

The Estimated Daily Intake (EDI) via consumption of heavy metal contaminated 
periwinkle was evaluated using Eq. 1 [13].

 ( )
( )

Estimated Daily Intake
EFXEDXFIRXCfXCm

EDI
BWXTA EFXED

=  (1)

where EF = Exposure frequency
ED = Exposure duration
FIR = Fish ingestion rate
CF = conversion factor
Cm = heavy metal concentration in periwinkle (μg/g d-w),
BW = Adult body weight 70 kg [14, 15].
TA (EF × ED) = average exposure time [5, 6].

2.5 Assessment of non-carcinogenic health risks

The target hazard quotient (THQ ) was used to evaluate the non-carcinogenic 
health risks associated with consumption of periwinkles contaminated with heavy 
metals. THQ was expressed in Eq. 2 [5, 6, 13].

 ( )Target hazard Quotient EDITHQ
RFD

=  (2)

where EDI = Estimated Daily Intake.
RFD = Reference Oral Dose of metal.
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2.6 Assessment of carcinogenic health risks

Assessment of Carcinogenic health risks with hazard quotient was done using 
Eq. 3.

Hazard quotient (carcinogenic) [16].

 ( )Incremental Lifetime Cancer Risk ILCR XCDI SF=  (3)

where CDI = Chronic daily intake (CDI) = EDIXEFXED
ATn

                (4)

SF = slope factor
EDI = Estimated Daily Intake
EF = Exposure frequency
ED = Exposure duration
ATn = Average life span.

2.7 Hazard index (HI)

In view of the fact that contaminants do not act in seclusion in the environment, 
the HI was used to assess the total risk from various contaminant pathways. This is 
the sum of the target hazard quotients for all heavy metals, calculated using Eq. 5 
[5, 6, 17]. HQ and HI values less than 1 were considered safe [18].

 Ni Cd Cr Cu Pb ZnHI HQ HQ HQ HQ HQ HQ HQ= ∑ = + + + + +  (5)

2.8 Data analysis

Significant difference in metal concentrations between periods (months) was 
tested with ANOVA (General Linear Model) using the software Minitab 16. The 
standard deviation was calculated as the positive square root of the sample variance 
with number of observations as six (6) and expressed in the Eq. 6 as.

 
( )2n

ii 1
X

X X
S

n 1
=

−
=

−
∑

 (6)

3. Result and discussion

3.1 Concentration of heavy metals in tissues of bivalves

The concentration of heavy metals in tissues of Tympanotonus fuscatus is 
presented in Figure 2a–f while Table 1 compared the metal concentrations with 
permissible limits. Heavy metal toxicity is a major global concern due to human 
health risk associated with consumption of contaminated sea food, hence the 
need for evaluation. Mean metal concentrations (mgkg−1) in the soft tissues of 
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Figure 2. 
(a–f) Temporal variations of heavy metal concentrations in the study area.

Heavy metals Mean ± STDEV Recommended limits (ppm)

Pb 4.88 ± 1.67 0.5 [19]

Ni 1.36 ± 0.64 0.2 [20]

Zn 5.36 ± 4.5 30

Cr 1.94 ± 1.04 12–13 [21]

Cu 2.61 ± 1.13 30 [22]

Cd 0.66 ± 0.3 0.1 [23]

Table 1. 
Heavy metal concentrations and permissible limits.
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periwinkles (Tympanotonus fuscatus) examined was in the order of Zn (5.36 ± 4.5) > 
Pb (4.88 ± 1.67) > Cu (2.61 ± 1.13) > Cr (1.94 ± 1.04) > Ni (1.36 ± 0.64) > Cd 
(0.66 ± 0.3). Variation in metal concentrations was significantly different 
(p < 0.05). This implies differential bioaccumulation in the concentrations of the 
heavy metals in gastropod tissues with respect to time, particularly those metals 
with elevated concentrations above regulatory limits. Consumers of periwinkle 
from the study area are therefore, exposed to significantly higher concentrations 
of heavy metals. Moslen and Miebaka [1] had reported that fish could accumulate 
elevated levels of heavy metals in their tissues over time without physical signs of 
distress but this may constitute potential health harm to consumers of such fish 
from presumed polluted areas. Mean values of Cr, Cu and Zn observed in this study 
were below their respective recommended limits of 12–13 [21, 22] , and 30 (FAO/ 
[20]) while mean values of Ni, Cd and Pb exceeded their recommended limits of 
0.2 [20], 0.1 [23] and 0.5 [19]. In other studies, Akinrotimi et al. [24] reported 
heavy metal concentrations (mgkg−1) as follows Ni (1.17 ± 0.05), Cd (0.06 ± 0.01), 
Cr (2.44 ± 0.01), Pb (0.29 ± 0.06), Zn (5.57 ± 0.61) in bivalve Mollusks while 
Moslen et al. [11] reported thus Cd (0.02), Cr (1.57), Pb (0.01) and Zn (24.42) in 
gastropod Mollucs.

3.2 Health Risk assessment

3.2.1 Exposure assessment (Estimated Daily Intake (EDI))

Consumption of contaminated periwinkles (Tympanotonus fuscatus) is a key 
exposure route for human health risk. Estimated daily intake (EDI) was used for 
exposure assessment via consumption of contaminated periwinkles. EDI values 
(mgkg−1) of this study ranged from 0.1 x 10−3 (Cd) – 0.84 x 10−3 (Zn) (Figure 3). 
Different researchers have reported variations in EDI values. Anaero-Nweke et al. 
[25] in a study of bioaccumulation of heavy metals in tissues of Tympanotonus 
fuscatus had reported EDI range of 6.57–8.81 mgkg−1 above FAO/WHO [26] per-
mission tolerable daily intake of 0.25 mgkg−1 for Pb and EDI values of 0.01–0.07 
mgkg−1 within FAO/WHO [26] permissible tolerable daily intake of 0.07 mgkg−1 for 
Cd. Tongo and Ezemonye [18], had reported EDI values of 0.138–0.200 mgkg−1 in 
fish from the Niger Delta region while Moslen [11] also reported EDI values of fish 

Figure 3. 
Estimated daily intake of the periwinkles is presented in the study area.
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tissue as follows: Cd (5.5 x 10−5), Cu (6.9 x10−4), Ni (3.0 x 10−4), Pb (4.5 x 10−4) and 
Ag (1.9 x 10−4). The EDI values of all metals examined in the present study were 
less than their respective reference oral doses (RFD) implying minimal health risk 
due to consumption of contaminated periwinkles in the study area. However, [13] 
stated that RfD represents an estimation of the daily exposure of a contaminant to 
which the human population may be continually exposed over a lifetime without an 
appreciable risk of harmful effects. It is important to mention that among the dif-
ferent metals examined Pb, Cd, Cr and Ni are classified as chemical hazards [27, 28] 
meaning they could impair body functions at certain concentrations.

3.3 Target Hazard Quotient

Assessment of risk is very important because it has to do with evaluation of 
the amount of a substance that could lead to negative health impact for exposed 
persons over a particular duration. The health risk assessment of each contaminant 
is often based on the evaluation of the risk level and is classified as carcinogenic 
or non-carcinogenic health hazards [29]. The target hazard quotient was used to 
assess the non-carcinogenic risk. In the present study, THQ (non-carcinogenic) 
values ranged from 0.01 (Cu) - 0.22 (Pb) (Figure 4). The values of THQ (non- 
carcinogenic) in the present study were all <1suggeting low risk of exposure for 
consumers of periwinkles. Researchers have reported that THQ >1 potent risk of 
non-carcinogenic effect to consumers of such sea foods [5, 6, 30]. However, Khan 
et al. [31] stated that THQ builds some degree of alarm for carefulness but does 
not assess risk regarding exposure to contaminants. The THQ of the present study 
were also in tandem with values reported by Moslen and Miebaka [32]. Dee et al. 
[33] also found THQ for Cd, Cu, Mn, Pb, and Zn as 0.12, 0.06, 0.04, 0.41, and 0.03, 
respectively. The values of hazard quotient carcinogenic (HQ ) of the present study 
ranged from 10−6 – 10−4 (Figure 5). Such values indicated low to moderate values of 
carcinogenic risk [34].

Metals in the environment may not act singly. The sum of the THQ (hazard 
index - HI) was calculated to give an indication of the total potential non-carcino-
genic health impacts that could result from exposure to a mixture of heavy metals in 
periwinkles consumed, following EPA guidelines for health risk assessment [35, 36].  
The HI value (0.56) of the present study was <1 depicting low risk of exposure 
for consumers of periwinkles. The HI value of the present study is less than that 

Figure 4. 
The target hazard quotient non-carcinogenic of heavy metals.
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(1.60–5.06) reported by Denil et al. [37] for four different clams but agrees with 
that (0.45) in fish reported in the Niger Delta region [38]. The percentage make-up 
of the HI was in the order Pb > Cr > Cd> > Zn > Ni > Cu indicating the elevated 
input of Pb, Cr and Cd concentrations in the periwinkles examined.

4. Conclusion

The study therefore, concluded gradual bioconcentration of some heavy metals 
in tissues of periwinkles obtained from the study area. Both carcinogenic and non-
carcinogenic indices indicated safe levels for health risk. Therefore, consumers of 
periwinkles in the study area have low to moderate risk of exposure for health con-
cerns. It is import to continue monitoring to observe changes in bioaccumulation.

Figure 5. 
The hazard quotient (carcinogenic) of heavy metals.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
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Chapter 6

Role of Heavy Metals in the 
Incidence of Human Cancers
Vincent Salvatore Gallicchio and Juley Harper

Abstract

There has been increased concern on many levels focused on the environmental 
and occupational exposure of heavy metals and their impact on disease, specifically 
the carcinogenic potential inducing cancer in humans. Because the impact of heavy 
metals on human health continues to be a major health concern, research continues 
to improve our understanding of the carcinogenic potential of these substances. 
Of particular concern have been human exposure to aluminum, arsenic, beryl-
lium, cadmium, lead, mercury, nickel, and radium and their carcinogenic potential 
whether contact is via environmental or occupational exposure. This updated 
review focuses on the carcinogenic mechanisms heavy metals use to induce malig-
nant transformation of cells as well as addressing the overall environmental and 
occupational hazards of heavy metal exposure.

Keywords: heavy metals, carcinogenesis, human exposure, toxicity, mechanisms, 
remediation

1. Introduction

Heavy metal exposure has long been associated with major health care concerns 
pertaining to human health. The metals responsible for these adverse changes 
in human health need to include and focus on their role in carcinogenicity. As a 
premise, and for obvious reasons, there has been long-standing research and clini-
cal focus among scientists and oncologists that has produced an extensive database. 
Using a variety of research engines, such as the National Institute of Medicine 
database (PubMed) and Google Search to explore the various aspects of heavy 
metals and their ability to induce cancer, we have attempted to review the reported 
studies in this area. Importantly, the information presented in the following pages 
represents linking heavy metal exposure to cancer, and specific human systems 
most susceptible to heavy metal carcinogenesis.

1.1 Aluminum

Aluminum is unique based upon the various mechanisms of action whereby it is 
listed based on its carcinogenic activity. More often, human exposure to aluminum is 
the result of contamination of food, interestingly in the process of manufacturing vac-
cines for human use, and when added as a chemical salt during a variety of processes 
used in industry for manufactured products for commercial purposes [1, 2]. The com-
mercial products most susceptible are those in which aluminum salts are included in the 
list of added ingredients such as antacid tablets and antiperspirant deodorants [1–3].
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Exposure to aluminum has had a direct link to the induction of human cancer, 
specifically breast cancer. Experimental studies performed in mice exposed to 
AlCl3, which interestingly is the identical form of aluminum used in the manu-
facture of antiperspirant deodorants for humans, demonstrated an induction of 
malignant transformation of epithelial cells located within mammary glands [1]. 
Similar results were observed following exposure to human breast tissue epithelial 
cells [1–3]. Aluminum has been implicated in the development of neoplasia, specifi-
cally in the development of sarcomas [4]. In the same report it was noted that one 
patient, following consistent chronic exposure to aluminum, developed an atypical 
transformation resulting in a neuroectodermal malignancy [4].

Regarding the carcinogenicity of aluminum, it was of importance to best iden-
tify the potential or possible mechanism(s) of action responsible for the induction 
of tumors following exposure. In research studies performed in vitro using human 
breast cells exposed to aluminum, researchers observed a reduction in the levels 
of the tumor suppressor gene BRCA1 mRNA [3]. This effect took place concurrent 
with decreased levels of other maintenance genes that regulate normal DNA levels 
[3]. In a complementary study, researchers exposed human breast cancer cells to 
aluminum and measured induced uncontrolled cell growth that was consistent 
[2]. Upon evaluation of these results, researchers concluded the aluminum acted 
as a metalloestrogen, meaning the reaction acted as an antagonist for the estrogen 
receptor complex on these breast cells. This kind of biochemical activity has been 
associated with the carcinogenesis ability following aluminum exposure [2].

When other body tissues were examined following aluminum exposure, in this 
specific case, the development of bladder cancer, it was revealed the bladder cancer 
cells had higher levels of aluminum compared to other heavy metals [5]. Although 
these studies were not able to directly link a cause and effect between aluminum 
and the induction of bladder cancer, it did provide suggestive evidence that alu-
minum exposure may play in the development of such cancers. This hypothesis 
lead to a formative therapeutic modality and that is to remove the aluminum. Use 
of chemical chelators has been recommended standard therapeutic procedure to 
be performed whenever aluminum exposure, thus poisoning, has been implicated 
in any physiological or cellular transformation. Physiological studies have demon-
strated that when introduced into the human body, aluminum accumulates in both 
the soft and skeletal tissues. These are the target tissues for aluminum chelation [6]. 
The most common chelating agent used to detoxify aluminum exposure is desfer-
rioxamine [6]. This chelator has proven very effective in removing the heavy metal 
aluminum from tissues, even though use of desferrioxamine is associated with its 
own level of toxicity that is associated with its clinical use in humans [6]. In order 
to address desferrioxamine toxicity, other chelating agents have been identified that 
show promise as candidates to replace desferrioxamine; however, the level of chela-
tion associated with these agents has not yet equaled what has been demonstrated 
using desferrioxamine. Another option in order to reduce aluminum especially if is 
measured to be present in high amounts in public consumption, e.g., drinking water 
[7]. The method used in these conditions is reverse osmosis filtration. The proce-
dure has been demonstrated to reduce significant aluminum levels when applied in 
a variety of industrial settings such as in the mining of copper and in other areas of 
industrial usages [7].

1.2 Arsenic

Arsenic is a heavy metal with known cytotoxicity in human tissues following 
exposure that can result in serious illnesses to those who are exposed. In a major-
ity of cases, the path of exposure results from ingestion of foods and sources of 
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drinking water contaminated with arsenic [8–11]. There are also examples of arse-
nic exposure that are the result of occupational exposure through environmental 
pollution [8–11]. Examples of occupations that provide direct risks are smelting and 
arsenic based pesticide industries [12]. Another well documented source of heavy 
metal arsenic is through contact with contaminated soil thus consumption occurs 
through the food chain [13].

The correlation between heavy metal arsenic exposure and human cancers 
is relevant because arsenic detection within tumor tissue. Specific examples of 
arsenic and cancer development comes from research studies demonstrating a role 
for arsenic in the development of bladder, lung and skin malignancies [8, 11, 12]. 
An additional positive correlation linking arsenic with the development of human 
cancers focused on the relationship between arsenic exposure and mortality rates 
in patients diagnosed with a variety of cancers – colon, gastric, kidney, lung and 
nasopharyngeal cancers [13]. Importantly, based on epidemiological data from 
several studies shows a clear association between the induction of both pancreatic 
and non-Hodgkin’s lymphoma following chronic arsenic low-level exposure [14, 15].

As with all heavy metals the question is what is/are the mechanism(s) respon-
sible for the carcinogenic activity? As it pertains to arsenic, several studies have 
clearly demonstrated the mechanisms responsible for arsenic induced carcinoge-
nicity involve the formation of reactive oxygen species (ROS) that indues criti-
cal epigenetic changes leading to damaging DNA repair mechanisms [8, 9, 12]. 
Specifically, these important epigenetic changes induced by arsenic have included 
alterations in DNA methylation, histones, and miRNA, all potentially responsible 
for the tumorgenicity associated with arsenic exposure [9, 12]. Another postulated 
mechanism of action for arsenic associated carcinogenicity is arsenic’s ability to 
induce abnormal cell growth cycles in specific cell types such as macrophages and 
lung epithelial [16]. This was of particular concern because in lung epithelial cells, 
arsenic promoted a key and significant mechanism of action inducing carcinogen-
esis. In this cell population arsenic was demonstrated to alter the gene expression 
of the tumor suppressor protein p53, which in turn decreased the expression of p21, 
a downstream target [17]. Thus, the result of this association between heavy metal 
and tumor suppression gene inactivation was increased cellular proliferation, which 
demonstrated the most prominent mechanism of cellular transformation. Under 
these conditions what develops is major oxidative stress in these cells.

In studies conducted to further understand the association between arsenic and 
tumor cell initiation, another important activity was attributed to arsenic. Based 
upon further examination, it became clear that in co-existence with changes in cell 
transformation, intracellular levels of glutathione, a potent ant-oxidant agent, were 
reduced [18]. Lowering glutathione levels thereby reduces its antioxidant activity, 
thus allowing altered or transformed cells to escape from being removed by sup-
pressor T-cell lymphocytes and NK cells [18].

Another postulated mechanism of action explaining the tumorgenicity of 
arsenic was proposed. This alternative mechanism was identified following arsenic 
exposure to human bladder cells. The mechanism was attributed to the ability of 
chronic exposure of arsenic to inhibit proper cellular morphology attributed to 
altered gene expression responsible for base excision repair [19]. The key enzy-
matic component here is the rate limiting step catalyzed by the enzyme DNA 
polymerase beta, an active enzyme in the process [19]. In the presence of arsenic, 
the enzymatic activity was reduced in a dose-dependent manner, meaning higher 
concentrations of arsenic, correlating with the lack of enzymatic activity [19]. 
These studies demonstrated chronic exposure to arsenic influenced changes in cel-
lular morphology and altered the gene expression for specific proteins that control 
cellular proliferation [20].
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In order to remove arsenic from the body the use of specific chelating agents 
have been shown to be most effective [21]. One such example of a very effec-
tive chelating agent is 2,3-dimercaptopropanol, otherwise known as British 
anti-lewisite. The molecule contains 2 functional thiol groups [21]. Significant 
clinical data has been accumulating over the past several years demonstrating 
the effective chelating action of this compound. 2,3-dimercaptopropane-
1-sulphonate was administered effectively with minimum side-effects to a 
patient diagnosed with arsenic exposure [22]. This one study provided the clear 
and effective use of chelators to remove excess amounts of heavy metals [22]. 
Based on these observations, it was proposed that incorporation of antioxidants 
as a component of one’s dietary consumption should be recommended in order 
to maximize anti-cancer and reduced oxidative stress [23]. Both rice and apple 
juice have been found to reduce cellular stress by the presence of antioxidant 
compounds, in part because they contain levels of vitamin C, a potent antioxi-
dant. Oxidative stress is a major factor leading to a number of cellular disease 
pathologies.

As mentioned above, safety regulators have identified apple juice and rice as 
two food stuffs that can often serve as source of arsenic exposure in children. The 
level of 5 μg/L arsenic has been set as the lowest level of toxicity exposure [24]. With 
these dietary links identified other alternative methods to curb the toxicity linked to 
food stuffs have been presented to limit arsenic uptake using genetic modifications 
to rice that would inhibit the absorption of arsenic [24]. Another strategy has been 
to use specific micro-organisms that when co-existing with arsenic in the environ-
ment reduce metal uptake [24]. Alternatively, in the cultivation of rice, use of 
certain watering methods in agricultural would ultimately reduce the concentration 
of the heavy metal when present in the environment [24, 25].

1.3 Beryllium

The heavy metal beryllium is associated with human use through its application 
tied to industrial processes. Thus, human consumption is linked to environmental 
contamination documented to most often occur from its association in power plants 
where it is often found in dust [26, 27]. Thus, human contact occurs via inhalation 
as the most common method of contact. As an environmental contaminant, it has 
been linked to a number of respiratory ailments including carcinogenesis of the 
lung [27–29]. Initially the relationship between beryllium and lung cancer was 
suspect, but additional studies demonstrated a clear association between exposure, 
especially following higher levels of beryllium exposure [28–30]. Subsequently it 
was shown that use of beryllium in the dental industry was another opportunity for 
exposure through occupational risk [29]. Thus, the intervention of personal protec-
tive equipment (PPE) had a marked ability to reduce occupational exposure related 
to dentistry [31]. Importantly, patients diagnosed with stage III breast cancer were 
found to have elevated levels of beryllium [32]. However, in this study, beryllium 
was not the only heavy metal to be detected thus limiting a direct cause effect situa-
tion [32]. Another cancer, osteosarcoma has also been implicated to be the result of 
beryllium exposure [33].

There has been a paucity of defined experimental studies conducted to deter-
mine cause and effect between beryllium and the conduction of cancer and the 
mechanisms involved. Much of the focus has been to address issues correlated with 
lung exposure. One carcinogenic mechanism studied was the link between the 
elevated levels of tumor necrosis factor alpha (TNF-α), which is a cytokine secreted 
from a specific type of T-cell (CD4+) that are present in the lung [30, 34]. This factor 
plays an important role in the development and induction of inflammation [30, 34]. 
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The association between TNF-α and beryllium implicates a direct link to the action 
of chronic inflammation exposure [30, 34].

Genetic changes are associated with beryllium exposure and have been observed 
to methylate the p16 gene, which as stated previously is a known tumor suppressor 
gene that is activated following exposure to beryllium [30]. How to best address 
the removal of beryllium following exposure, in order to reduce its carcinogenetic 
properties, has focused on the use of chelators. Chelators are often used to remove 
heavy metal contamination from the body and in doing so they effectively reduce 
the toxic effects of exposure. Examples of effective chelators include – 4-dihydroxy-
1,3-benzene disulphonic acid disodium salt [Tiron] and D-pencillamine (DPA), 
which demonstrated effectiveness following animal exposure [35–37]. It is of 
interest that a benzene derived compound would be used under any conditions 
because of the known carcinogenetic activity of benzene. Another chelator, meso-
2,3-dimercaptosuccinic acid (DMSA) has been demonstrated to be effective when 
used and reported as a case-study to successfully treat a young child who was 
suffering from high level beryllium poisoning [38]. This experience suggested it is 
an effective treatment and therefore is worthy of further investigation [38]. Taken 
together this collective response indicates reduced exposure of beryllium will 
impact the overall health risks associated with its exposure [39, 40]. Addressing 
specific companies and other industrial sources linked to beryllium exposure should 
be used to support screening other methods to test employees for beryllium expo-
sure among them. Furthermore, such companies should screen their employees 
using blood samples in addition to providing proper ventilation control measures 
in these plants and factories [40]. Along with instituting proper screening methods 
for employees to minimize exposure, additional strategies should be implemented, 
like better educating plant workers to use personal protective equipment the need 
arises [39, 40].

1.4 Cadmium

The heavy metal cadmium is a toxic element related to significant health 
consequences as an environmental contaminant. The sources of environmental 
exposure are generally associated with industries where it is present in their emis-
sions. The element is used in industries such as mining, research with metallurgy, 
battery development, and preventing pigment precipitation when used in textiles 
[41]. A very serious issue regarding environmental cadmium exposure is soil 
contamination, as human exposure of cadmium most often is the result of ingest-
ing contaminated food and water, inhalation and/or smoking [41, 42]. Regarding 
soil contamination, a specific source of cadmium contamination occurs as a result 
of landfills. High levels of cadmium have been found in landfills at concentra-
tions that are much higher than recommended as tolerable in the maintenance 
of human health [43].Given that landfills are a major source of soil and water 
contamination, human exposure to cadmium more often is associated with the 
ingestion of contaminated foods [14, 44].

The main health issue associated with cadmium is the carcinogenicity following 
toxic exposure in humans, in particular, cancers of the breast, esophagus, intes-
tines, lungs, stomach, testes [41, 45, 46], and possibly the gallbladder. The link to 
the gallbladder is identified in studies where gallstones have been associated as a 
pre-cancerous situation in many cases, when analyzed for the heavy metal contact 
in patients with cancer of the gallbladder [47]. When analyzed statistically signifi-
cant levels of heavy metal content, cadmium and other heavy metals were found to 
be elevated [47]. The link between cadmium and carcinogenicity is still a significant 
human health concern. In other types of studies, in particular laboratory generated 
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experiments, the results of liver cells cultured in the presence of cadmium dem-
onstrated the oncogenic transformation of these liver cells [44]. In patients with 
gliomas (cancer of the brain) heavy metal analysis detected high levels of cadmium, 
indicating cancer of the brain may be linked to heavy metal exposure [48].

Another body organ that has also been linked to cancer following cadmium 
exposure is the pancreas [15, 49]. Cadmium has also been linked to the develop-
ment of blood disorders, in particular, the development of chronic myeloid and 
lymphoblastic leukemia. When analyzed compared to controls, patients with 
leukemia when tested were found to have increased concentrations of cadmium in 
the presence of reduced levels of magnesium in both blood and serum [50]. Another 
significant correlation between increased levels of cadmium and carcinogenicity 
is the association between cadmium in urine and the development of cancer of the 
gastrointestinal system [51].

As was observed with other heavy metals, the overall effects correlated with 
the development of a variety of cancers, focused attention to determine what were 
the exact mechanisms involved that led to initiation of the carcinogenic processes. 
With respect to cadmium, the focus of the carcinogenic mechanism involved the 
generation of reactive oxygen species (ROS) and epigenetic changes. Both con-
tributed to the restriction of repair mechanisms that generated altered or damaged 
DNA. Both also contributed to the loss of apoptosis in affected cells [41, 46, 52, 53]. 
Whether the exposure to cadmium is either acute or chronic, the result targets the 
altered signal transduction mechanisms that induce altered gene regulation, which 
collectively contribute to the initiation of tumor growth [44]. In this key sequence 
of intracellular changes that takes place following cadmium exposure, important 
proteins are dysregulated either via upregulation or enhanced activity or perhaps 
via suppression of key molecular pathways. Such an example is the inhibition of 
EGR-1, which is a key protein that regulates cell destructive pathways, such as 
transcription [44].

Adverse toxic human exposure resulting from cadmium poisoning unfor-
tunately is not associated with any standard therapeutic measures designed to 
address cadmium toxicity, if presented following acute or chronic exposure [54]. 
With that said, research has developed compounds that upon co-administration 
would be effective in reducing the toxicity of cadmium exposure. Examples of 
compounds developed to reduce cadmium toxicity are peptide ligands that have 
specificity for cadmium [54]. Importantly because of their widespread availability, 
meaning they occur naturally are flavonoid compounds that are present widely in 
fruits and in fact in most plants. Collectively whether they are fruits or vegetables, 
they all contain flavonoids. Flavonoids are potent antioxidants, thus chemi-
cally they reduce the development of ROS and also, they can assist in cadmium 
chelation [55]. With that said, it is still important to more fully understand how 
flavonoids, specifically via their structure inhibit the development of cadmium 
toxicity [55].

There is experimental evidence exploring whether the use of stem cells 
would be effective in ameliorating the cellular damage associated with cadmium 
toxicity. In a study performed using rats, the testicles were exposed to cadmium 
causing tissue damage [56]. Following the toxic exposure, animals received bone 
marrow derived mesenchymal stem cells. Upon clinical treatment it was observed 
that within the testes the levels of proteins responsible for apoptosis reached 
appropriate levels to restore apoptosis, thus effecting cell regulation [56]. Within 
the affected tissue there was evidence that the damaged tissue had been repaired. 
The implications of these observations suggested that the target of recovery 
delivered by mesenchymal stem cells was the restoration of mitochondrial 
apoptosis [56].
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1.5 Lead

One of the most researched heavy metals, in part because of its well-established 
effects on human health is lead. It has long been recognized as a significant envi-
ronmental pollutant. There have been a number of pathways that either singularly 
or in concert attribute to impairing human health especially after chronic lead 
exposure [57–59].

A very common method of human lead exposure is the result of environmental 
contamination that involves soil and water contamination, especially sources of 
drinking water. Lead levels accumulate in deposits and exposure is manifested 
through the human food chain, thus its eventual presence in consumed food 
[57–59]. Another common source of lead that contributed to its exposure to 
humans was the presence of lead added as additive to gasoline. However, since 1995 
lead has been banned as additive to gasoline for use in automobiles, yet it is still 
added to the fuel used for aviation purposes [59]. Another alarming link to human 
lead exposure was the discovery that lead was present in cigarette smoke; therefore, 
the lead levels in blood of smokers was reported to be high, as there is no safe 
concentration of lead regarding impact on human health [60]. Other occupational 
hazards also exist such as mining that contributes to the presence of lead exposure 
in those workers [57].

What have been the studies conducted to determine the overall level of toxicity 
of lead exposure to human health? A number of epidemiological studies have been 
conducted to determine the impact of lead on human health that has implicated 
the heavy metal as a causative factor in a number of human cancers. Whether lead 
exposure functions in terms of a direct cause vs. effect on inducing a specific cancer 
type is still under investigation [61]. In particular, interest has centered on a sup-
portive, perhaps an additive, role in the maintenance of cancer rather than an initi-
ating agent [61]. Lead has been detected along with other heavy metals that are also 
known for their impact on human health especially in children where it can impact 
the development of myelin, thus causing impairment in neurological development. 
An example was the detection of very high levels of lead in the water systems of 
Flint, MI and along with cadmium when analyzed in patients with gliomas (brain 
cancer) [61]. This observation demonstrated an increased toxic consequence to 
human health when such heavy metal contaminants are found together in human 
tissue or body fluids [61].

A study of patients with kidney cancer came to the conclusion that the cancer 
developed associated with high levels of lead [58]. This observation was later 
supported by evidence linking the development of renal cell carcinoma as associ-
ated with the presence of lead in the blood [60]. A link to the development of 
liver disease as the result of high lead concentrations levels along with a number 
of other heavy metals when tested in gallstones [47] suggested there may be a 
correlation between lead levels and disease of the gallbladder, perhaps inducing 
a pre-cancerous lesion [47]. When examined in workers exposed to high levels 
of lead, it was clearly demonstrated there was a significant positive correlation 
between the heavy metal and the presence of cancer in the lungs, along with a 
positive correlation linking lead exposure to the development of cancer of the 
brain, larynx, and bladder tissues [62]. In patients detected with pancreatic 
cancer, increased levels of lead in addition to several other heavy metals were 
measured, suggesting heavy metal exposure may contribute to the overall carci-
nogenicity of these heavy metals [15, 61].

The scientific literature has been devoid of studies devoted to the understand-
ing of the mechanisms of lead induced carcinogenicity; however, several potential 
mechanisms have been proposed. Based on the current understanding of how lead 
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can be carcinogenetic, one hypothesis has implicated lead as effectively disrupting 
internal genetic processes that result in the inability of tumor regulatory genes to 
function, inducing damage to DNA, and at the same time inhibiting repair of DNA 
damage [63]. In animal studies using mice exposed to lead, they showed that the 
heavy metal was capable of inducing reactive oxygen species (ROS) and by doing 
so the exposure effectively altered the sequence of specific gene function [63]. 
Another critical observation related to the ability of lead to disrupt normal cellular 
physiological processes were the results showing lead was effective in normal reac-
tions controlling transcription. The reaction that mediates this transition was the 
substitution of lead for zinc that serves as a metal catalyst for several key enzymatic 
reactions that control DNA transcription [63]. Along with this observation was 
the important association of calcium in these enzymatic reactions based on epide-
miological studies showing an increase in calcium correlated with a lower risk level 
for developing renal cell cancer. Consequently, as pointed out by the investigators, 
it clearly showed the need to have a clinical trial to determine the overall signifi-
cance when these important cations and heavy metals come into contact with one 
another [60].

For clinical cases where heavy metals such as in lead poisoning are implicated in 
disease etiology and pathology, the therapeutic remedy recommended is chelation 
[64]. The most common chelators being used for reducing elevated lead levels are 
British, Anti-Lewsite, calcium disodium ethylenediaminetetraacetic acid (EDTA), 
D-penicillamine and Meso-2,3-dimercaptosuccinic acid. The use of any specific 
chelator depends on the individual clinical case [64]. Unfortunately, several of these 
chelating agents are associated with their own level of toxicity. Thus, to reduce the 
toxicity potential of these chelating agents, substitution using garlic in the clini-
cally was found to effectively reduce blood levels of lead when lead toxicity was at 
moderate levels and also restricted lead associated symptoms when used clinically 
[64]. With the collective results, it goes worth saying the most effective treatment 
is to prevent lead exposure [58]. To achieve such a goal requires that all industries 
known to be associated with lead toxicity must address emissions of the toxic 
metal to the environment as well as to reduce with the goal to completely eliminate 
emissions such that workers are not exposed, which implies factories need to have 
established quality control guidelines for limiting lead exposure [64]. It stands 
to reason that the best and most effective way to remove lead contamination is to 
eliminate the sources of lead contamination [64]. In communities such as has been 
the case in Flint, MI that have been impacted because of lead leaching from old 
water pipes, the only remedy is to completely remove the old lead-based pipes for 
modern substitutes.

1.6 Mercury

Another heavy metal that has shown severe health consequences in humans 
following exposure is mercury. A minor portion of the heavy metal is found as a min-
eral in trace amounts with the major portion of mercury exposure the result of the 
environmental exposure following industrial use [65]. There are many different areas 
where mercury use has caused environmental problems. Common usage includes 
the long-term use of mercury in thermometers, dental fillings, in the manufacture 
of certain types of batteries, and in the burning of medical waste [65, 66]. Burning 
of fossil fuels has also been identified as a source of mercury pollution [65, 66]. 
Another contributing factor to environmental pollution and mercury is the fact that 
mercury often will be vaporized thus entering the atmosphere along with the other 
substances that when in the atmosphere, can then be incorporated into the soils and 
water systems [65, 67]. Regarding foods, consumption of large amounts of seafood, 
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e.g., tuna and shellfish has been identified as another link to environmental exposure 
especially methyl mercury [65, 68, 69]. Collectively these sources have contributed to 
the environmental contamination associated with mercury.

Regarding the association between the development of cancer and mercury, 
there has been suggestive evidence linking mercury exposure and kidney cancer. 
This association is based on the physiological role of kidney in removing toxic 
substances when present in the body, especially within the blood [65]. Several other 
cancers associated with mercury are both liver and gastric cancers [70]. Also related 
to liver and gastric cancers, in patients with cancer of the gallbladder, mercury has 
been detected in gallstones at significant concentrations [47].

As has been mentioned when discussing the other heavy metals, mercury has 
the potential to be associated with the development of malignancies that utilize 
specific mechanisms that regulate the control of tumor development. The mecha-
nisms implicated are the capacity to generate free radicals (ROS), in addition to 
the disruption of DNA, whether it be related to transcription events, changes in 
or maintenance of its molecular structure [66]. With that said there are reported 
other carcinogenic mechanisms that are unique to mercury. One such mechanism 
that addresses the carcinogenic potential of mercury is its ability to reduce levels of 
glutathione [71]. As mentioned earlier, glutathione is a naturally occurring anti-
oxidant and as such it can reduce the antioxidant activity of mercury via reactive 
oxidant species, by inhibiting the development of oxidative stress mediated through 
reactive oxidant production, thus minimizing its carcinogenic potential [71]. Cells 
that are exposed to oxidative stress have been demonstrated to have increased rates 
of peroxidation of lipids, which has been proposed as another functional mecha-
nism inducing cancer [65]. Within cells mercury has been implicated to influence 
the function of microtubules, which by their very nature can disrupt cellular 
mitosis [66].

As was stated with the other heavy metals previously mentioned, the use of 
chelators has been a common therapeutic approach for removing mercury from the 
body. For mercury two of the most effective chelating agents are dimercaptosuc-
cinic acid (DMSA) and dimercaptopropane (DMPS) [72, 73]. With that said, there 
are substances that have been untested in terms of their chelating abilities for their 
effect against mercury. Two of these substances, desferairox and deferiprone, were 
tested experimentally in rats where it was observed that the combination was able 
to effectively chelate mercury and reduce toxic effects of mercury [74]. An experi-
mental chelating agent that has been postulated is thiol-modified nanoporous, a 
silica material [75]. When tested experimentally in animals, it was observed that 
this substance had the potential to chelate mercury with minimal toxicity [75].

1.7 Nickel

The heavy metal nickel originally discovered as a major component constituting 
the earth’s core has in recent years been the focal point of investigations to deter-
mine if its exposure, occupational or environmental, is involved in any carcinogenic 
action that compromises human health, through occupational exposure occurring 
primarily in the mining and refinement of nickel ore and producing metal alloys 
[76–78]. Nickel pollution of the environment results in its accumulation in organs 
and tissues within exposed organisms. As an example, nickel can enter the food 
chain through fish [79]. Alternatively, another route can take occur once contami-
nation of the soil takes place [76]. On an industrial scale, nickel is often present 
in emissions released from oil refineries that have been identified as significant 
sources of environmental exposure and pollution, thus increasing the risk of 
exposure to those residents living close to these refineries [80].
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Nickel exposure in humans has been associated with the development of a 
variety of cancers. Through epidemiological studies, evidence has shown there is 
a correlation between nickel exposure and the induction of cancer development 
in the lungs and in nasal and sinus tissues [13, 17, 81, 82]. In a study performed in 
breast cancer patients, when blood serum was analyzed for nickel it was found 
to be elevated significantly suggesting a potential relationship between the high 
nickel levels and the induction of breast cancer [83]. The correlation between nickel 
exposure and cancer has also been linked to the development of acute myeloid and 
lymphoblastic leukemia [84]. Additionally, when the urine was analyzed in patients 
with childhood leukemia, elevated levels of both nickel and 8-hydroxydehydroge-
nase implicating a causative role for nickel in inducing this childhood disease [84]. 
The role of nickel as a carcinogenic agent is implicated because of its ability to 
induce oxidative cellular damage as a primary mechanism of action [84].

Patients with pancreatic cancer, when measured for nickel levels, demonstrated 
elevated levels suggesting there is a positive correlation, even though other heavy 
metals were detected [15]. In addition, a study came to the conclusion that there 
may be a link between chronic nickel exposure, along with concomitant exposure 
of other heavy metals, to the development of T-cell lymphoma [85] and also liver 
cancer [13]. Collectively, the implications of these reports suggest the carcinogenic 
action of nickel.

Discussion of nickel and cancer addresses the need to focus on potential 
mechanisms of action. Several have been implicated. One mechanism involves the 
ability of nickel to influence noncoding RNA expression. A study demonstrated 
that nickel was effective in inducing materially expressed gene regulation (gene 3 
MEG3) by its ability to influence the methylation of its associated promoter ele-
ment [81]. This process was an effective inhibitor of PHLPPI and up-regulator of 
hypoxia-inducible factor-1α. Both are proteins recognized for their effective role in 
the processes involved in carcinogenesis [81]. As has been reported for other heavy 
metals, nickel as well can induce the formation of free radicals, a known carcino-
genic action [86]. Exposure to nickel has been demonstrated to influence the status 
of the transcription and regulation status of mRNAs and also involve microRNAs 
[78]. Implicated in these reactions is the ability of nickel to influence immunity and 
the immune response, especially when it involves inflammation and the immune 
response, which in itself has also been implicated as having a significant role in 
carcinogenicity [78]. Nickel and its role in influencing the inflammatory response 
has been researched using animals and in combination with human cells [82]. These 
studies came away with the observation that there is an association between nickel 
exposure and cancer [78].

In addition to nickel’s association with cancer, inflammation has also been 
investigated when tested using both animal and human cells. After dose–response 
studies were conducted it was determined that exposure to nickel increased the 
expression of certain proteins, specifically SQSTM1 and TNF. Both are known to 
have specific functions in the inflammation process [82]. As was observed with 
other heavy metals, nickel has been suggested to induce cellular following exposure 
epigenetic changes, an example is alteration in DNA methylation [82]. This conclu-
sion is suggested from results that demonstrated exposure to nickel induced histone 
H3K4 tri-methylation [87]. The reactions associated with nickel exposure have 
been correlated with faulty transcriptional activation that can be a blueprint for the 
development of cancer [87].

Although chelation has been widely applied as a mechanism to remove heavy 
metal contamination, when applied to alleviate nickel contamination has produced 
different results. A very effector for chelating nickel, especially the cancer-
linked nickel carbonyl, sodium diethyldithiocarbamate to the extent that it is the 
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recommended remedy in the clinical setting [88]. With respect to environmental 
contamination, the compound ethylene diaminetetraacetic acid (EDTA) was shown 
to decrease the uptake of nickel when exposed to soil [89], indicating the potential 
for EDTA to be considered as an effective remedy for experimental exposure. The 
chelating compound CaNa(2+)-EDTA effectively removed nickel [90].

1.8 Radium

The heavy metal radium has had a long association with negative effects 
on human health. The harmful fact associated with radium is its radioactivity. 
Radium releases ionizing radiation through the decaying of radium into a toxic 
gas [91]. Radon contamination in the form of ionizing radiation can be associ-
ated through environmental and occupational exposure. Occupational exposure 
to radium is often associated with coal mining [92]. Coal mining exposure also 
implies radium contamination of any water or liquid residue used in the min-
ing process [93]. The occupational exposure of radium can be associated with 
exposure through contact with building materials, soil and water systems. An 
Italian study demonstrated radium can accumulate when associated with confined 
space, such as in buildings, basements and other storage facilities [91]. Another 
overlooked substance that can contribute to the increased presence and concentra-
tion of radium in confined spaces is cigarette smoke [93]. This observation clearly 
implicates smoking and radium exposure that collectively could synergistically 
impact human health [93].

The development of several types of cancer have linked to radium, thus labeling 
it as a known carcinogen. Because the main occupational exposure of radium comes 
from occupations where inhalation is the primary method of exposure, the pre-
dominate form of cancer is lung cancer [91]. As a significant agent responsible for 
inducing cancer following radium exposure is the release of the ionizing radiation. 
With that said, when under controlled conditions, radium is used in the clinical 
treatment for human ankylosing spondylitis [94]. However, careful administration 
is critical because injection of radium has been associated with the development of 
several types of leukemia [94]. In animals, radium injections were demonstrated to 
induce the formation of osteosarcomas [94]. In a clinical case report, a patient being 
treated with radium-223 developed a cutaneous squamous cell carcinoma indicating 
such patients need to be followed clinically by a dermatologist [95].

2. Carcinogenicity effects on human cancer cells

2.1 Aluminum

Aluminum is known for its genotoxic profile in cosmetics, especially underarm 
anti-perspirant products [96]. Aluminum prevents perspiration by blocking the 
sweat ducts; it also absorbs through the skin. This environmental carcinogen 
accumulates in the human breast, transforming MCF-10A human mammary 
epithelial cells and inducing DNA double strand breaks (DSB). These effects have 
been exhibited in vitro with similar concentrations of aluminum to those measured 
in the human breast [97]. The concentrations of aluminum in the culture medium 
transform the MCF-10A human mammary epithelial cells, therefore enabling them 
to produce tumors that can metastasize [98].

To repair DSB is intrinsically mutagenic; once aluminum was removed from 
the culture medium, however, DSB were not reversible, therefore suggesting that 
mammary epithelial cells cultured in the presence of aluminum acquire mutations. 
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In addition, in vitro studies have shown that aluminum increases the migratory and 
invasive properties of MCF-7 or MDA-MB-231, human breast cancer cells [97].

Aluminum is a metalloestrogen, a type of inorganic xenoestrogen that is capable 
of binding to cellular estrogen receptors and mimicking the actions of physiological 
oestrogens [99]. The most commonly used aluminum-based compounds in under-
arm cosmetic products (UCP) are aluminum chloride and aluminum chlorohydrate. 
Not only do aluminum salts trigger DNA DSB, they can lead to oxidative stress, 
proliferation, and interference in estrogen action before and with metastasis.

A 1:1 age-matched hospital-based case–control study was performed to examine 
the impacts that self-reported UCP use had on breast cancer. Between a large series 
of breast cancer patients (aged 20–85 years) and healthy individuals, the aluminum 
concentrations in their breast tissue were measured and compared. The study 
participants were interviewed about their UCP application; their answers were 
categorized under “never”, “1-4 times per month”, “2-6 times per week”, “daily” 
and “several times per day.” A positive family history of breast cancer resulted in 
being the most prominent risk factor. However, self-reported use of UCP several 
times per day during early ages (< 30 years) showed a significant association with 
an increased risk of breast cancer. In addition, the aluminum in breast tissue was 
significantly associated with self-reported UCP use [98].

Another study showed that in an aqueous solution with a pH of 7.0, aluminum 
chloride and aluminum chlorohydrate yield aluminum hydroxide and are absorbed 
through the human skin. This suggests that with daily application of UCPs to the 
underarm’s skin indicates a pronounced source of exposure to aluminum for the 
human mammary epithelium.

Aluminum has a transforming effect that is followed by the dose-dependent 
appearance of DNA DSB. The altered phenotype of MCF-10A cells that were cul-
tured in the presence of aluminum chloride is not reversed by withdrawing the salt, 
however. These results reveal that a mutagenic effect is at least partly responsible 
for aluminum’s transforming effect. The salt causes mutations in genes that regulate 
cellular proliferation, migration, metastasis and apoptosis. Mutations are also found 
in the genes monitoring the Max-binding protein MNT and T-lymphoma invasion 
and metastasis-inducing protein 2 (Tiam2) [1]. MNT functions as a pro-survival 
protein whose activity suppresses the pro-apoptotic activity of MYC, a family of 
proteins that contribute to oncogenesis [100]. The Tiam2 gene serves a significant 
role in neuron development and human malignancies [101].

2.2 Arsenic

Arsenic is a naturally deposited metalloid that is widely distributed throughout 
the Earth’s crust. Most arsenic-containing compounds are classified as organic 
and inorganic forms, with the inorganic form, specifically the trivalent arsenic 
(As3+), being much more toxic and carcinogenic. Studies have shown that As3+ is an 
environmental etiological factor for a certain number of human cancers. There has 
shown to be a significant correlation between human lung cancer and environment 
As3+ exposure, either from drinking water contamination or air pollution. When 
As3+ is ingested through drinking water, it is absorbed into the bloodstream; its 
metabolic products, especially the methylated As3+, is potentially deposited in the 
lung tissues due to the high partial pressure of oxygen [102].

The exact pathophysiological mechanism through which arsenic induces car-
cinogenesis is still to be determined; however, the increasing of oxidative stress, 
chromosome abnormalities (with uncontainable growth), and abnormal immune 
developments, are likely mechanisms. Reactive oxygen species, 8-Hydroxy-2-
deoxyguanosine, is a major form of oxidative DNA damage that was acquired from 
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the urine and skin tissue of individuals exposed by arsenic. DNA strand breaks, 
micronuclei in cord blood, and nitrative DNA damage were some of the early 
genetic effects discovered in the arsenic exposed patients. Studies have shown that 
arsenic also affects DNA repair machinery, which therefore causes oxidative DNA 
damage and mutations by the impairment of nucleotide excision repair, DNA ligase, 
DNA base excision repair, and DNA strand break rejoining.

Arsenic additionally affects epigenetic regulations. Chanda et al. claims that 
DNA hypermethylation of the crucial promoter region of the p53 and p16 genes was 
present in the DNA from arsenic-exposed individuals [103]. Since high exposure 
of arsenic is related to DNA hypermethylation of p53 and p16 genes, this suggests 
the notion that epigenetic silencing of these key tumor suppressors genes may be a 
notable mechanism by which arsenic induces cancer initiation [104].

Recent evidence has been reported to show that arsenic can alter miRNA 
expression patterns in in vitro and in vivo models of arsenic-induced carcinogen-
esis. Dysregulated miRNAs contribute to cancer development and progression, 
with the potential of acting as a novel class of oncogenes or of tumor suppressor 
genes. microRNAs are significant in tumorigenesis; for example, the overexpres-
sion of miR-504 negatively regulates the p53 gene, decreasing the p53-mediated 
apoptosis, in addition to negatively regulating the cell cycle arrest in response 
to stress [105]. Production of reactive oxygen species (ROS) is one of the most 
reviewed mechanisms in arsenic carcinogenicity; as ROS reacts with DNA and 
induces structural DNA damage, genetic defects result, and the overexpression of 
antioxidant enzymes will desensitize cells to apoptosis. Arsenic can inflict oxidative 
stress through two different routes: direct Fenton-type reactions to produce ROS, or 
indirect depletion of critical antioxidants [106].

In immortalized human keratinocytes (HaCaT cells), miR-21, miR-200a, and 
miR-141 are overexpressed after a 4-week treatment with 500 nM sodium arsenic. 
For miR-21 and miR-141, these microRNAs have exhibited strong associations with 
the majority of human tumors. The miR-200 family has been reported to have a role 
in the epithelial-mesenchymal transition and cancer progression. For lung cancer 
development, the overexpression of miR-155 in normal cells has been a leading 
cause. Results indicate that urothelial human cancer is induced by miR-200 family 
members; the expression of miR-200a, miR-200b, and miR-200c was down-
regulated in arsenic-exposed human urothelial cells (HUC1) in comparison to 
nonexposed HUC1 cells. The levels of these miR-200 family members in the urine 
of arsenic-exposed patients were also decreased [105].

2.3 Beryllium

Beginning in 1952, a collection of case reports in the Beryllium Case Registry 
at the Massachusetts General Hospital and cohort studies established the basis 
for several overlapping epidemiological reports on how beryllium induces cancer. 
Elevated ratios of lung cancer were shown among workers who had experienced 
acute berylliosis; however, the results were not similar in workers with chronic 
berylliosis [107]. Acute beryllium disease is mostly considered an irritative chemical 
phenomenon associated with high exposures; on the other hand, chronic beryllium 
disease is an immune-mediated granulomatous reaction to beryllium [108]. Studies 
showed that the increased cancer death started to occur 15 years after the onset of 
beryllium exposure.

Experiments were conducted by injecting zinc beryllium silicate in rabbits intra-
venously. Results indicated that the administration produces consistently metas-
tasizing osteosarcomas in the long bones. Outcomes parallel to these results were 
obtained with the injection of beryllium oxide, beryllium phosphate, and beryllium 
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metal into the medullary cavity of bones. This route of administration was the only 
route that led to the formation of osteosarcomas. Splenectomy was additionally 
shown to increase carcinogenicity with the IV-injected beryllium in bones; the 
spleen, being an important storage organ, most likely allowed the retention of a 
higher proportion in the reticuloendothelial system and bone.

Exposing the rats to beryllium sulfate, beryllium phosphate, beryllium fluoride, 
zinc beryllium manganese silicate, and beryl ore, through inhalation also produced 
carcinogenic properties. Throughout the duration of a 35-hour week exposure 
schedule, 10 micrograms of BeSO4 was determined to be threshold for the induction 
of pulmonary adenocarcinoma in rats. The majority of malignancies were adeno-
carcinomas with a predominantly alveolar pattern.

In Chinese hamster V79 cells (lung fibroblasts) and in Chinese hamster ovary 
(CHO) cells, the induction of 8-azaguanine-resistant mutants by BeCl2 and by 
BeSO4, respectively, has demonstrated beryllium’s ability to inflict gene mutations 
in cultured mammalian cells. BeSO4 did not cause chromatid or chromosomal 
aberrations in Chinese hamster lung cells. In CHO cells and cultured human 
lymphocytes, however, BeSO4 produced chromosomal breaks and sister-chromatid 
exchanges [107].

With a soluble beryllium compound and upon incubation of a continuous 
human cell line, there was shown to be a reduction of the expression of messenger 
RNA coding for DNA repair proteins. This observation was suggested to be a rel-
evant mechanism for potential carcinogenicity of beryllium. To further study this 
claim, the DNA of rat primary hepatocytes was purposely damaged by incubation 
with a known DNA damaging agent, 2-acetylaminofluorene. In addition, the DNA 
was co-incubated with beryllium metal extracts. In the results, there was a reduc-
tion in DNA repair synthesis with the beryllium metal extract. Beryllium metal 
has not been confirmed to directly damage the DNA of cells; nevertheless, there is 
strong evidence that the metal can cause morphological cell transformation and the 
inhibition of DNA repair synthesis [109].

The carcinogenic properties of beryllium have been mostly demonstrated when 
in its metal form, some of its alloys, and a variation of its compounds. Lung cancer 
induced by beryllium is a main result from pulmonary instillation or inhala-
tion with consequent direct action on the lung. The bone tumors that beryllium 
stimulates, a characteristic of osteogenic sarcoma, reflects the metal’s bone seeking 
propensities [110].

2.4 Cadmium

Cadmium is a dangerous metal for humans as the human body is limited in its 
response to cadmium exposure; the metal is incapable of metabolic degradation to 
less toxic species [111]. Cadmium is a toxic heavy metal that is commonly known as 
a human carcinogen. Their main sources of exposure include food, cigarette smok-
ing, and cadmium related industry. Reactive oxygen species (ROS) are measured 
to be the most prominent mechanism in cadmium-induced carcinogenesis. The 
intracellular oxidative stress that reactive oxygen species induce potentially damage 
macromolecules and eventually grow responsible in the formation of cancer.

There are two stages referred to when discussing cadmium-induced carcinogen-
esis. In the first stage, normal cells transition into transformed cells. The reactive 
oxygen species contribute in the malignant cell transformation of BEAS-2B (human 
bronchial epithelial) cells in their exposure to cadmium. For the second stage, mor-
phologically transformed cells advance into tumorigenesis. Cadmium-transformed 
cells, p62 and Nrf2, are activated and their downstream antioxidants and anti-
apoptotic proteins are elevated, therefore causing a reduction in ROS, apoptosis 
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resistance (permitting cancer cells to persist and not die), and tumorigenesis. The 
decrease in ROS generation in the second stage provides an optimal environment 
for transformed cells to survive and engage in tumorigenesis [112].

Cadmium exposure is shown to induce consistent low levels of ROS produc-
tion, which causes endoplasmic reticulum stress that causes defective autophagy, 
which protects cadmium exposed damaged cells and encourages malignant trans-
formation in prostate carcinogenesis. In order to maintain the quality of intracel-
lular components, autophagy, a highly complex lysosomal-mediate degradation 
process, is accountable for the removal and recycling of damaged organelles. 
This deficient form of this activity assists in cancer cell survival as autophagy 
protects the cells from hypoxia and oxidative damage, in addition to promoting 
chemoresistance [113].

The p62 protein performs several cellular functions for autophagy, apoptosis, 
ROS signaling, and cancer. The protein has been found to accumulate in autophagy-
deficient cells, and the overall accumulation of p62 due to autophagy dysfunction 
encourages cell survival and tumorigenesis through the activating of nuclear factor, 
κB. The p62 protein is highly expressed in human lung cancer. As p62 accumulates, 
it activates Nrf2 and Nrf2 target gene expression. Autophagy deficiency results in 
the up-regulation of p62, which therefore leads to the transcriptional activation of 
the Nrf2-dependent genes, involving antioxidant enzyme genes [114].

Similar to metal arsenic, cadmium is weakly genotoxic and mutagenic. To deter-
mine whether cadmium exposure induces properties analogous to cancer stem cells, 
researchers exposed immortalized human pancreatic ductal epithelial (HPDE) cells 
to low dose cadmium for 29 weeks. Using suspension culture spheroid formation 
assay, the chronic cadmium-exposed HPDE cells exhibited significantly higher 
levels of molecular markers for cancer stem cells, yielding 3-fold more suspension 
spheres than the controlled cells [115].

Cadmium does not form adducts with DNA; however, it is capable of inflicting 
oxidative stress that could indirectly attack DNA. This process is not instigated 
through participation in Fenton type chemical reactions [111]. The Fenton reac-
tion is defined by a redox pair of ferrous ion and hydrogen peroxide (H2O2) that 
ultimately generates a reactive hydroxyl radical [116]. The potential mechanisms for 
cadmium-carcinogenesis include aberrant gene activation and signal transduction, 
suppressed apoptosis and disruption of E-cadherin-mediated-cell–cell adhesion, 
and altered DNA repair [111].

2.5 Lead

Lead is a metal that can be classified as an environmental pollutant and is 
commonly known for its usage in many industrial settings worldwide. With high 
lead exposure, health effects can include damage to the brain and nervous system, 
gastrointestinal problems, anemia, liver and kidney damage, fertility problems, and 
developmental delays. Inorganic lead is also suggested to be a carcinogen; epidemio-
logical evidence for carcinogenicity in industrial workers that have been exposed to 
inorganic lead indicates a significant relationship with cancers of the stomach, lung, 
kidney, brain, and meninges.

The two primary routes through which lead enters and accumulates in the body 
is inhalation and oral ingestion. With this being said, even though lead has the 
capacity to enter the bloodstream and impact other organs of the body, the lungs 
and stomach are what first come into contact with lead. Due to lead’s ability to 
pass through the blood–brain barrier, the brain and nervous system are especially 
vulnerable to the potential toxic effects of lead. The mechanisms that lead uses in 
playing a role in carcinogenesis include oxidative damage, induction of apoptosis, 
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altered cell-signaling pathways, inhibition of DNA synthesis and repair of damage, 
and interaction with DNA-binding proteins [117].

In one study, results provided support for an association between occupational 
lead exposure and brain cancer risk. Among industrial workers who were poten-
tially exposed to lead, the brain cancer mortality rates were greater as compared to 
unexposed subjects, with indications of an exposure-response trend [118]. Results, 
however, of many studies have showed inconsistency in determining the relation-
ship between lead exposure and brain tumors. For results that support the associa-
tion, the results suggest that lead can cross the blood–brain barrier and concentrate 
in the brain parenchyma due to its ability to replace calcium ions. Once the lead is 
absorbed, it is generally allocated to plasma, the nervous system, and soft tissues, 
therefore potentially developing micronucleus formation, chromosomal aberra-
tions, and DNA damage in most mammals.

Lead’s mechanism in which it causes brain cancer remains unclear; nevertheless, 
studies suggest the most probable mechanism is the metal’s inhibiting of DNA syn-
thesis and repair and the interacting with binding proteins that eventually hinder 
tumor suppressor proteins [119].

2.6 Mercury

Mercury is one of the most toxic heavy metals due to its persistence in the envi-
ronment. Mercury inflicts oxidative stress and induces apoptosis. Methylmercury 
(MeHg) is a metalloestrogen, a small ionic metal that activates the estrogen recep-
tor. Studies indicate that once metalloestrogens activate the estrogen receptor, there 
is an increase in transcription and expression of estrogen-regulated genes, therefore 
inducing proliferation of estrogen-dependent breast cancer [120].

The phases of cancer development are initiation, latency, promotion, and then 
progression. In the promotion phase, mercury has shown to cause an imbalance in 
the reactive oxygen species homeostasis through selectively inhibiting selenocyste-
ine antioxidant enzymes. Mercury fulfills both the capacity to induce an inhibition 
of the gap junction intercellular communication and the proinflammatory cytokine 
release. These two mechanisms have potential to isolate cells from tissue-specific 
homeostasis, promoting their proliferation. In addition, they have potential to 
overcome the immune system defenses, checkmating the entire organism. The 
International Agency Research Cancer (IARC) does not classify mercury as an 
identified carcinogen to humans; nevertheless, if the toxic compound inhibits the 
gap junction intercellular communication, mercury is suggested to be a potential 
cancer “promoter” [121].

Animal experiments were performed to investigate the carcinogenic effects that 
methylmercury had on mice. They were fed with 10 mg/kg of methylmercury, and 
as a result, chronic kidney failure, adenoma, and carcinoma were observed. With 
these results, rodents that were exposed to methylmercury were reported to show a 
higher incidence of kidney cancer. The International Agency for Research on Cancer 
claims there is a satisfactory amount of evidence for methylmercury’s impact in 
cancer on experimental animals, only classifying it as a possible carcinogenic to 
humans. On the other hand, the U.S. Environmental Protection Agency (EPA) 
judges that evidence of methylmercury’s carcinogenic potential in humans was 
insufficient and the justification of the carcinogenicity in experimental animals was 
limited. Therefore, they classified methylmercury as a Group C material (possible 
human carcinogen) [122].

Mercury can affect multiple organ systems, especially the nervous and renal 
systems. One particular study wanted to determine mercury’s capacity to induce 
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centrosome amplification. Centrosomes, microtubule organizing centers of 
the cell, play a crucial role in cell division; they aid in the proper segregation of 
chromosomes into the resulting daughter cells. When metals induce cellular and 
genotoxic stress, however, this can interfere with the strict coordination between 
the centrosome and DNA cycles that ensures the cell to enter mitosis with only two 
chromosomes. This disrupted linkage stimulates centrosome amplification, poten-
tially resulting in chromosome segregation and aneuploidy. For the aneuploid cells 
that survive, they can eventually lead to tumor formation and cancer. The study 
reported that methylmercury, but not inorganic mercury, prompted both a mitotic 
arrest and centrosome amplification in mitotic cells, therefore suggesting a possible 
carcinogenic mechanism [123].

2.7 Nickel

Nickel is considered a major carcinogenic heavy metal, mainly through the 
mechanism of DNA damage. Demonstrated by in vitro and in vivo studies, nickel 
destructs DNA processes through direct DNA binding and reactive oxygen species 
(ROS) stimulation. Nickel’s carcinogenic properties also include their repressing of 
DNA damage repair systems through direct enzyme inhibition and downregulation 
of DNA repair molecule expression. Studies have shown that Ni2+ has potential to 
induce DNA damage in certain human cell systems; some include hepatocellular 
carcinoma (HepG2), human TK6, Chinese hamster lung fibroblast, A375, and HCT-
116 cells [124, 125].

With reactive oxygen species, when they excessively attack the DNA, this 
results in genomic instability, a promoter of tumorigenesis. This oxidative stress 
or genomic instability, being a major driving force of oncogenesis, is the basic 
toxicological mechanism of nickel overexposure [124]. Oxidative stress is known to 
occur as a result of overproduction of reactive oxygen and nitrogen species through 
endogenous and exogenous insults. The production of these reactive oxygen 
species is enabled by nickel’s capacity to bind with amino acids, peptides, and 
proteins [125].

The metal has the ability to dissolve in the human body, releasing ionic nickel, an 
active and occasionally genotoxic carcinogenic form of nickel. When a carcinogen is 
classified as ‘genotoxic’, this refers to chemicals that are capable of directly alter-
ing genetic material, opposed to ‘non-genotoxic’ carcinogens that produce cancer 
through indirect or secondary mechanisms. Most of the chemical carcinogens 
that induce direct DNA damage are therefore categorized as ‘genotoxic’ in their 
carcinogenic mechanisms. Nickel’s carcinogenic potential also originates from its 
capacity to raise the intracellular concentration of nickel ions [126]. The nickel ions 
exhaust intracellular iron by hindering the membrane ion transporters, in addition 
to displacing iron from the active site of dioxygenase enzymes. This all leads to the 
inhibition of their catalytic activity [127].

DNA hypermethylation and subsequent silencing of tumor suppressor 
genes potentially serve as an epigenetic mechanism responsible for nickel’s 
carcinogenicity. Promoter hypermethylation induced by nickel was observed 
in vivo as nickel sulfide was injected into p53 heterozygous mice to induce tumor 
formation. Malignant fibrous histiocytomas advanced in both wild type and 
p53 heterozygous mice, with all tumors exhibiting promoter hypermethylation 
of p16 (a tumor suppressor gene). Additionally, Wistar rats exhibited muscle 
tumors that displayed DNA hypermethylation in the promotor regions of 
RARβ2, RASSF1A and p16 genes, following intramuscular injection of nickel 
sub-sulfide [128].
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2.8 Radium

Along with X-rays, radium has a carcinogenic effect of ionizing radiation in 
humans. The danger of ionizing radiation involves the risk of developing cutane-
ous squamous cell carcinoma. Additionally, studies suggest that radium treatment 
for the benign skin lesions may only increase the risks of sarcoma of the bone. For 
example, in one particular case, a patient developed a mixed tumor of carcinoma 
and sarcoma at the specific site where she had received radium treatment; a malig-
nancy that developed in the same location supports the notion that the previous 
radium treatment caused it [129].

At elevated concentrations, naturally occurring dissolved radium can poten-
tially be classified as carcinogenic to the human body. Following digestion, the 
radium can become deposited within the body where its radioactive characteristic 
threatens human health through cell damage, therefore increasing the overall risk 
of cancer [130].

Other experiments show that intra-uterine radium application or X-irradiation 
of the uterus can induce rat malignant uterine tumors, usually endometrial adeno-
carcinomas. One rat subject’s uterus was exposed to direct X-irradiation and a 
composite endometrial tumor, also classified as an adeno-sarcoma, was produced. 
The tumor was not structurally similar to the mixed endometrial tumors seen in 
women; nevertheless, the composite structure and the potential that the tumor 
may also exhibit carcinomatous areas, implies that it may strongly represent the 
rat counterpart of the human neoplasm. Results of the experiment strengthened 
the suspicion that pelvic radiation can lead to an increase in long-term incidence of 
uterine cancer, particularly mixed tumors [131].

3.  Legalization and the national and international permissible levels for 
these heavy metals

In recent years the legalization of producing marijuana (cannabis and cannabis-
derived products) especially in certain specific states within the United States has 
caused a level of alarm in part because of the presence of heavy metals within these 
products. As the result of the expansion in the commercialization of these products, 
has created the challenge to now measure heavy metals in cannabis and cannabis-
infused commodities. Marijuana is now legal and approved for both medical and 
recreational use in 33 states within the United States and the District of Columbia 
(Washington, DC) [132]. However, the raw materials (cannabis and hemp plants) 
are known to be hyperaccumulators of contaminants such as heavy metals that may 
be present in the medium used to cultivate the plants, whether it is the soil, the fer-
tilizers used, and in any other growth promoting substances used to supply needed 
nutrients. With that said, the alarm has been sounded to critically monitor the levels 
of heavy metal contaminants present in any part of the growing process to ensure 
that the marijuana-cannabis material and its food-associated products are safe to 
consume [133].One of the major remaining issues, at least in the United States, is 
the lack of federal government oversight regarding measuring contaminants in 
marijuana (cannabis and cannabis-prepared food products) produced in the United 
States. The U.S. federal government has removed itself from this oversight and in 
doing so they have delegated regulatory issues to the individual states to regulate the 
use of marijuana cannabis and cannabis-prepared products. This adds a financial 
burden to states that are often financially stressed to meet these demands.

What individual states have emphasized has been to focus on the manufactur-
ers of these marijuana (cannabis and cannabis-prepared food products) to show 
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regulation by measuring for the following four major heavy metals: lead (Pb), 
arsenic (As), cadmium (Cd), and mercury (Hg). The levels of metals must be below 
maximum limits, based mainly on regulations set by the pharmaceutical industry 
in USP Chapter 232 and ICH Q3D guidelines [134, 135]. The state of California 
is usually the state that places severe restrictions on levels allowed. This policy is 
considered to be the gold standard in regulating cannabis and hemp. It determines 
the levels allowable in both the oral (edibles) and inhaled (vapes) cannabis prod-
ucts to be to safe to consume only if these four heavy metals are present at levels 
below those shown in Tables 1 and 2, based on typical consumption of 10 g/day of 
cannabis material [137].

For analytical measurements of heavy metal contaminants, the state of 
California requires that at least half a gram of sample must be used for testing 
purposes. The analytical testing methodology recommends that inductively coupled 
plasma mass spectrometry (ICP-MS) serve as the method of choice [136]. ICP-MS 
is a sophisticated multi-element analytical technique, capable of measuring levels to 
parts per trillion (ppt) using mass spectrometry to identify and measure positively 
charged ions. The testing methods occur in an extremely energetic argon plasma 
at approximately 6,000-7,000°C [138]. However, this method requires a solution 
technique, meaning any solid samples must be dissolved/digested before being 
analyzed. Most cannabis-related samples are solid materials, powders, concentrates 
and extracts, which invites several challenges. In addition, cannabinoid oils, which 
are mainly hydrophobic (not miscible with water), must also be digested prior to 
analysis.

As mentioned previously in the United States within the federal government 
exists the Environmental Protection Agency (EPA). The function of the EPA is 
to set federal standards for a variety of compounds and substances in terms of 
determining their presence in the environment, which includes the air, soil, ground 
water, lakes, and rivers. Over the past several years, based upon political influences, 
the minimum acceptable levels for a variety of substances such as heavy metals have 
been increased for no other reason than to reduced regulations without factoring 
the environmental impact. These changes come at the expense of potentially reduc-
ing the overall quality of air, soil, ground water, lakes and rivers, thus imposing 
potential harm to people (children and adults). As mentioned earlier in the discus-
sion of sources of lead contamination, recent incidence of dramatically higher levels 
of lead present in the drinking water of those living in the Flint, Michigan area is an 
example of political incompetence when the politicians in the community changed 
the source of the community drinking water from Lake Michigan to the Detroit 
River, which was highly contaminated because of age of the lead pipes used to pump 
the water from the river. The rationale for the change was to reduce the overall costs 
of providing usable water for the community. Based upon the excessive negligence 
involved in this case, compensation costs to the citizens of the community has been 
in the hundreds of millions of dollars not to mention the total costs involved to 
completely remove and install a new water delivery system devoid of metal pipes of 

Element Maximum limit (edibles) mg/m Maximum limit (inhaled) mg/g

Arsenic 1.5 0.2

Cadmium 0.5 0.2

Lead 0.5 0.5

Mercury 3.0 0.1

Table 1. 
Heavy metal limits (cannabis & cannabis-hemp) by state of California [136].
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any kind. The long-term consequence of this unfortunate and unnecessary change 
on the overall sustained health of the community is yet to be determined.

In Europe the European Environment Agency (EEA), controls the level of 
pollutants such as heavy metals [139]. Regarding heavy metal emissions, across the 
33 European countries the following is a short summary of recent achievements in 
the EU with respect to reducing heavy metals concentrations: (a) Since 1990 across 
all 33 countries, lead admissions decreased by 93%, mercury by 72%, and cadmium 
by 64%; (b) Reductions in levels of lead have occurred by 2004 due in part to the 
removal lead from gasoline; (c) Reductions in levels of mercury have occurred as 
the result of changes in energy use both in industries and other processes used in 
industry; and (d) Reductions in levels of cadmium are attributed to operational 
changes in industries across the board.

A remaining issue in a select set of areas of Europe is the continued presence of 
unacceptable levels of arsenic, cadmium, lead, mercury and nickel as the result of the 
presence of these substances still in the atmosphere [140]. The collective set of exces-
sive metal excesses due cause local health issues, in part, because of the presence of 
localized industrial plants that release emissions of the pollutants. With that said, even 
though the emissions are concentrated in localized areas, this does not limit nor restrict 
the impact on health concerns because the pollutants are able to enter the food chain 
through ground soil and water contamination. Across the EU member countries there 
is the political will to do what is necessary and needed to sustain the momentum to 
continue to reduce pollutants in the environment.

4. Mitigation of the negative effects of these heavy metal materials

One could deduce that the presence of heavy metals in the environment com-
bined with occupational exposure is a problem for human health. A pertinent 
question to ask then is “what can be done to reduce human heavy metal exposure?” 
Several remedies or actions can be considered that have been shown to be effective, 
they are:

a. Antioxidants - consume foods high in Vitamin C. Fruits and vegetables high in 
vitamin C can reduce the damage caused by heavy metal toxins by acting as an 
antioxidant. Vitamin C helps to convert toxins into a water-soluble form that 
can be easily eliminated from the body [141].

b. Porphyra. A logical approach would be to use naturally occurring organisms to 
monitor and remove toxic metals from aquatic systems. Such organisms could 

Element Maximum limit (soil) mg/kg Maximum limit (plant) mg/kg

Cadmium 0.8 0.02

Chromium 100 1.3

Lead 85 2

Lead (water) 0.01/children, 0.015/adult

Mercury 50 200

Nickel 35 10

Table 2. 
Heavy metal limits according to the World Health Organization (https://www.who.int/ceh/capacity/
heavy_metals.pdf?ua=1).
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be harvested at regular intervals, dried and disposed of as contaminated solid 
waste or used to recover valuable heavy metals. It is the feasibility and future 
optimization of this approach using marine macroalgae that forms the basis of 
the proposed studies. Bioavailability of heavy metals is highly dependent upon 
several environmental factors. Biomonitors utilizing plants growing under 
“natural” conditions where biotic and abiotic factors are intercalated reduces 
the need for making assumptions regarding bioavailability of metals. Plants 
themselves can alter the microenvironment around them, thus altering the 
amount of metals that are biologically available. Bulk water analysis may not 
measure the conditions at the membrane level where changes occur. Benthic 
plants can provide valuable information regarding past environmental condi-
tions over weeks and months. This is particularly important in plants growing 
within the intertidal zones where the metal content of water may fluctuate 
continuously [142].

c. Integrated Processes. Addressing heavy metal pollution is one of the productive 
areas of environmental research. Despite natural existence, various anthro-
pomorphic sources have contributed to an unusually high concentration of 
heavy metals in the environment. The central problem is often these metals 
are characterized by their long persistence in natural environment leading to 
serious health consequences in humans, animals, and plants even at very low 
concentrations (only 1 or 2 μg in some cases). Failure of restrict regulations by 
government authorities is also to be blamed for heavy metal pollution. Several 
individual treatments, namely, physical, chemical, and biological are being 
implied to remove heavy metals from the environment; but they all face chal-
lenges in terms of expensiveness and in-situ treatment failure. Hence, integrated 
processes are gaining popularity as it is reported to achieve the goal effectively in 
various environmental matrices and will overcome a major drawback of large-
scale implementation. Integrated processes are the combination of two different 
methods to achieve a synergistic and an effective effort to remove heavy metals. 
Many of the articles published so far have focused on what individual methods 
are most effective to remove specific heavy metals concentrating on environ-
mental exposure. Although integrated processes are being used in mediation 
of heavy metal extraction, there is still the need to determine the advantages 
and disadvantages of each integrated process. With that said, regardless of the 
method more research is necessary to determine what remediation method is 
most effective in reducing heavy metal concentrations in the environment [143].

d. Phytoremediation. Soil heavy metal pollution has become a worldwide envi-
ronmental problem that has attracted considerable public attention. This atten-
tion stems largely from the increasing concern regarding the overall security 
of agricultural products. In this area, heavy metals refer to several metals and 
metalloids that possess toxicity on biological systems. The heavy metals of 
most concern are arsenic, cadmium, chromium, lead, and mercury. These met-
als pollutants enter the soil agricultural ecosystem through natural processes 
derived from parent materials and anthropogenic activities. As stated previ-
ously, heavy metal pollution poses a great threat to the health and well-being 
of all organisms not just human beings due to the risk of increased accumula-
tion potential that takes place through bioaccumulation via the food chain. 
Remediation from heavy metal exposure using chemical, physical, and biologi-
cal methods has been recommended to best solve the overall problem of toxic 
exposure in the environment. Phytoremediation has proven to be a promising 
alternative to conventional approaches as it is cost effective, environmentally 
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friendly, and esthetically pleasing. According to studies conducted, based on 
the natural ability of extraction, approximately 500 plants and other organisms 
have been identified as hyperaccumulators of one or more the heavy metals. 
In addition, further research integrating biotechnological approaches with 
comprehensive multidisciplinary research is needed to improve plant tolerance 
and reduce the accumulation of toxic metals in soils [144].

e. Other. As stated, heavy metals endanger overall human health. Of importance 
are the conditions especially when as the result of testing identifies heavy metal 
levels to be significantly above required standards for each. What still remains 
as an important factor regarding overall human health is that sustained elevated 
levels of heavy metals are indeed carcinogenic. The majority of studies per-
formed designed to determine the pathway of heavy metal exposure that results 
in the carcinogenic effect of heavy metals in human exposure takes place via 
heavy metal contamination the overall food chain thereby impacting the quality 
agriculture, specifically the generation of agricultural products such as food 
and food by-products. In addition to the exposures that account for heavy metal 
contamination, there are additional factors that account for human exposure. 
This additional exposure can occur through the use of pesticides directly 
contaminating soil and also through waste-water run-off contamination. There 
are natural remediation methods that can help remediate areas of heavy metal 
contamination such as the presence of geological specific rock formations. With 
that said, it is still necessary to employ methods that address the heavy metal 
remediation especially when the sites of contamination are present in food 
products - fruits and vegetables. In addition, remediation of soil areas and water 
may also must be considered because these factors also contribute to heavy 
metal food contamination. Thus, it is imperative heavy metal remediation 
methods be used constructively in order to maintain overall public health [145].

5. Conclusion

The heavy metals have been shown to be responsible for a variety of human 
illnesses. These illnesses develop as the result of unwanted exposure whether by 
internal or external processes. One of the major health problems associated with 
heavy metal exposure is the development of a variety of cancers. The most com-
mon risk factors for developing cancer are exposure to heavy metals in the form 
of industrial based carcinogens, in cigarette smoke, and through foods consumed, 
thus via the diet. The toxicity associated with heavy metal poisoning can vary from 
minor conditions to major diseases, such as cancer. Both are capable of compromis-
ing overall human health. It is a fact that the major pathway responsible for human 
exposure, more often than not, is linked to both environmental and occupational 
exposure. Comparable studies have demonstrated higher levels of heavy elements, 
such as arsenic, aluminum, cadmium, lead, and nickel were present in cancerous 
tissue when compared and measured against non-heavy metal exposure in tissue 
from controls. Thus, limiting human exposure to heavy metals is sound public 
health policy; however, successful health policy must include cooperation from 
local, regional and national government agencies to develop, approve, implement, 
and then enforce those policies in order to reduce the links between heavy metal 
exposure and the major health concerns associated with exposure. The challenge 
seen for local, state, national and/or federal governments is to take these health 
concerns seriously and devise suitable and cost effective remedies to reduce the 
overall impact of heavy metals on the health consequences for its citizens.
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Chapter 7

Occurrence and Impact of Heavy 
Metals on Some Water, Land, 
Flora and Fauna Resources across 
Southwestern Nigeria
Olufemi Akinnifesi, Femi Adesina, Germaine Ogunwole  
and Sylvanus Abiya

Abstract

Rapid urbanization and industrialization in communities of Nigeria contribute 
significantly to environmental pollution. Amongst the diversity of these envi-
ronmental contaminants are heavy metals, a rarely biodegradable and toxic class 
of metals. Heavy metals are known to be harmful to plants, aquatic species, and 
subsequently endanger human health through bioaccumulation or biomagnifica-
tion. Even at low concentrations, heavy metals may affect key soil microbial 
processes; inhibit plant metabolism and growth. Toxic metals in groundwater affect 
water quality and potability, and their presence in aquatic systems also facilitate 
the production of reactive oxygen species that can damage physiological processes 
in fishes and other aquatic organisms. This chapter highlights the occurrence and 
impact of heavy metals in different environmental matrices and organisms sampled 
across some Southwestern states in Nigeria. Various studies including those of the 
authors found varying levels of heavy metals, especially in concentrations that can 
imperil ecosystem functions. While results of studies included in this chapter may 
suggest heavy metal introduction through anthropogenic-urbanization means, 
the lack of proper implementation of environmental monitoring laws in Nigeria 
also clearly exist. As such, the mitigation of heavy metals amongst other pollutants 
demands better home-grown decentralized technologies.

Keywords: heavy metals, groundwater, lead, freshwater, bioaccumulation, mercury, 
food chain

1. Introduction

Nigeria is a developing and populous country in the Africa continent, with an 
estimated population of 200 million people making it the most populous country 
in the continent. It lies between latitudes 4° and 14 °N, and longitudes 2° and 15 °E. 
There are about 36 states and a Federal Capital Territory aggregated into six geo-
political zones. Southwest of Nigeria, which is one of these zones, comprise of six 
states (Ekiti, Lagos, Ogun, Ondo, Osun, Oyo). Figure 1, in which two (Lagos and 
Oyo) are among the five most populated states in Nigeria. Southwestern Nigeria 
has two distinct weather seasons; the dry season-from November to March; and the 
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raining season-which ranges from April to October [1]. The region has an annual 
temperature range of 21 to 29°C, with relatively high humidity. The annual rainfall 
varies from 1150 mm in the northern part and 2000 mm in the southern areas [2].

Southwestern Nigeria holds major economic hub of the country, where most of 
the country’s factories are located. The region is also endowed with rich mineral and 
agricultural resources that often encourage mining and farming activities. These 
increasing industrialization, migration, urban development, agricultural practices 
and human activities continue to expose southwestern Nigeria to environmental 
pollution. Solid waste, landfills, and inefficient urban runoff and sewage manage-
ment systems are not uncommon in the region and this can further create hazards 
associated with heavy metal pollution in the region [3]. More so, the major cities of 
the region is often associated with very high vehicular activities. Automobiles are 
known to introduce a number of heavy metals from exhaust fumes, and in lubri-
cants of faulty engines, which are consequently deposited on roadsides [4, 5]. or 
incorporated into dust particles in size range as small as 10−9 and 10−6 m [6].

Heavy metals are metallic, naturally occurring compounds with a very high 
density greater than 5 g/cm3 [7]. Heavy metal classification also includes some basic 
metals, metalloids, transition metals, lanthanides and actinides and groups III to V 
metals of the periodic table e.g. As, Pb, Hg, Cd, Cr, Co, Ni, Cu, Zn, Se, Al, Cs, Mn, 
Mo, Sr., U, Be and Bi [8]. Given that heavy metals are not usually biodegradable, 
they are often transported and accumulated into plants and animal tissues from soil 
and water matrices, which predispose long term deleterious effects on the receiving 
species. The inherent capacity of species to react differently to heavy metals does 
exist; hence, some species are more tolerant and resistant to heavy metals while oth-
ers are not [9]. More so, the recalcitrant nature of heavy metals makes them persist 
in the environment for years and thus may pose threats to man and other organisms. 
With these characteristics of heavy metals and increasing pollution trends in our 
environment, it suffices to suggest that heavy metal is a serious threat [10].

The toxic effects of heavy metals on living organisms, especially when con-
sumed above the recommended limits set by various regulatory bodies, are far 
reaching [11, 12]. Elements like arsenic, mercury and lead might be toxic even at 
low levels of exposure. Once consumed by humans, heavy metals continue to con-
centrate in vital organs like the brain, liver, bones, and kidneys, for years causing 

Figure 1. 
Map of Nigeria showing the Southwestern region and its states.
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damaging health consequences [13]. Many serious health conditions may also arise 
from the direct intake of heavy metal contaminated food. Heavy metal intakes 
have often been linked with health problems such as immunological compromise, 
intrauterine growth defect, impaired psycho-social behavior, and nutritional defect 
and many more [14].

Heavy metals contamination raises serious concern, however, governments of 
developed countries, through various regulatory agencies continues to introduce 
possible methods for heavy metal pollution prevention and remediation [15, 16]. 
Unlike these developed economies, Nigeria still faces waste management crises. 
Large introduction of heavy metals into the environment is yet inevitable, especially 
due to the dearth of infrastructures and weak environmental laws to cater for the 
25 million tonnes of municipal waste generated annually [17].

2. Heavy metals accumulation in soil

The soil is a critically essential component for all living organisms. Especially for 
plants, soil serves as nutrient media for the growth of plants and other microflora. 
However, these life-supporting functions, which include carbon cycling, essential 
nutrients provision, water filtering and storage, atmospheric regulation [7], predis-
pose soil matrixes to heavy metal occurrence. Heavy metals can occur naturally in 
soil environment via the pedogenetic weathering of parent materials viz. weather-
ing of minerals, erosion and volcanic activity. More significantly, the anthropogenic 
introduction of heavy metals in soil arise from activities such as mining, smelting, 
electroplating, effluent discharge, as well through bio-solids (livestock manures, 
composts), waste incineration, vehicle exhausts [18–20]. Contamination of soils 
by heavy metals through anthropogenic activities from industrial areas has been 
reported in Southwest of Nigeria (Table 1) [22, 23, 26, 27, 29, 31].

Owning to the soil adsorption processes which binds inorganic and organic 
pollutant, soil has long been recognized as a sink for many pollutants [32]. A 
number of studies have reported that topsoil and roadside soil in close proximity 
to urban areas with heavy traffic are suceptible to heavy metal contamination from 
atmospheric deposition and adsorption [33, 34]. In heavily commuted cities such as 
in Southwest Nigeria, metals deposit such as Cd, Cu, Pb and Zn are good indicators 
of contaminations from automobiles as they appear in gasoline, oil lubricants, car 
component and industrial incinerator emissions [32]. Numerous studies conducted 
in recent years found high levels of heavy metals as street dust contaminants near 
traffic routes in Southwest Nigeria [24, 35, 36]. The re-suspension of metal-laden 
road dust may also be identified as the main source of road pollution, especially 
along roads with intense traffic and high vehicular emission. These have made 
ecological risk assessment of heavy metals in polluted soils to gain more attention in 
recent years [37–39].

Mining is another means of heavy metal pollution in the soil. There is prepoder-
ence of artisanal gold and gemstone mining in Southwestern Nigeria. Most of these 
mines are found in deep reserved locations not readily accessible by regulatory 
agencies, thus, make illegal mining practices to continue unchecked [22]. With lack 
of rules guiding artisanal mining, this have significantly contributed to soil-heavy 
metal pollution in the region. Very recently, the increased government interest in 
the mining and extractive industries may also heighten the challenges associated 
with heavy metal pollution, especially if environmental protection is not given top 
priority. Some proponents have stated that ecological risk assessment can reveal the 
possibility of soil being polluted, and even determine the ecological functions that 
may likely be altered by concerned heavy metals [40]. However, in contrast, [41] 
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has stated that more studies and practices have shown that such results from risk 
assessment have little capability to reveal the real degree of the potential toxic 
effects of metals without primary empirical research.

The result of the baseline heavy metal content in mined soil (in Ijero Ekiti, Ekiti 
State, Nigeria) by [22] showed mined soil have significant amount of cadmium 
(1.530 ppm), chromium (0.810 ppm), iron (54.700 ppm), arsenic (0.010 ppm), 
zinc (4.950 ppm), lead (0.100 ppm) and nickel (0.170 ppm), except copper 
(2.710 ppm) which is not significant (p > 0.05) to control soil. Similarly, [23] 
studied mined soil of different depth (0–15 cm and 15–30 cm) at Ijana in Osun 
state, Nigeria and high levels of Zn, Cd, Pb and Cu were detected in the soil from 
mine site. Heavy metals in mined soil were consistently higher than in the control 
soil. Which also aligns with earlier studies by [42–44]. Following the submission of 
[23] a continuously exploited mining site would lead to increased soil degradation, 
higher soil acidity levels and eventual increase in heavy metals solubility in the soil 
of the mine site.

Also, in a study conducted by [45] who examined an illegal dumpsite in Lagos 
State, Nigeria, a high level of Zn, 25.48 mg/L was reported, followed by Fe, 
15.63 mg/L. Cu, Mn, Pb and Cd found in soil samples were 2.11, 1.04, 0.22 and 
0.09 mg/L respectively. Except Ni (0.01 mg/L) found at the lowest concentration 
and mercury (Hg) which was below detectable levels, all metals detected were 
above the permissible limits of the Nigerian Standard for Drinking Water Quality 
(NSDWQ ), World Health Organization (WHO), and United State Environmental 
Protection Agency (USEPA).

Similarly, in Ibadan (Oyo State), Pb and Cd concentrations detected in top-
soil of battery waste dumpsite exceeded the environmental quality standards 
set by National Environmental Standards and Regulations Enforcement Agency 
(NESREA) for soils in Nigeria [28]. Street dumpsite soil samples in Osogbo, Osun 
state was also examined by [29] and the highest Lead concentration detected was 
72.7 mg/kg. This value for lead is comparable to that recorded in other states such as 
Ondo, Oyo and Lagos States. Heavy metal contents in soils varied significantly from 
location to location in Lagos State. Mn content in soils ranged from 3.72–953.52 mg/
kg, Ni ranged from 0.94–42.73 mg/kg, Pb ranged from 5.57–69.20 mg/kg, Cr ranged 
from 1.58–347 mg/kg, Zn ranged from 25.87–198.32 mg/kg and Fe ranged from 403 
to 1528.30 mg/kg [26].

In 2017, [27] examined soils of a cocoa industry dumpsite in Akure, Ondo State 
and heavy metal contents detected were Fe (4.59 mg/kg), Pb (0.10 mg/kg), Zn 
(2.92 mg/kg) and Cu (0.76 mg/kg). Induced soil with different concentration of 
spent engine oil, also contained Fe (8.00–12.80 mg/kg), Pb (0.20–0.70 mg/kg), 
Zinc (2.04–7.09 mg/kg) and Cu (0.07–0.39). Likewise, [24] reported the contami-
nation indices and the potential ecological risks of toxic metals contents of soil 
from municipal waste in Ondo. Though the contamination index recorded was 2.8, 
depicting a low degree of contamination, the total ecological risk index was 285.5, 
which portray the site as high risk. Also, the heavy metals contamination of soils 
at Ogere trailer terminal along the busy Ibadan-Lagos express road in Ogun State 
revealed significant heavy metal presence [21].

3. Heavy metal accumulation in plants

Owing to the fact that decayed and composted wastes enhance soil fertility, it 
is a common practice in Nigeria that dumpsites and previously cleared landfills 
in urban regions are converted to farming sites [55]. Most of these wastes sites 
and associated soils often contain heavy metal remains in various forms and at 
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 different contamination levels [46], which can be transferred into plants parts 
and their produce. Heavy metals are some of the known form of contamination 
in food supply, especially vegetables [47]. Their uptake by plants from the soil 
depends on different factors, including agrochemical applications, solubility 
of heavy metals, soil pH, soil type, plant species and soil-to-plant translocation 
factors (TFs) of the metals [48, 49]. Regardless of which factor is more domi-
nant, crops planted directly on municipal waste sites can absorb heavy metals 
through their roots as soluble ions present in the soil, or absorption by leaves. 
These absorbed metals can get transferred and bioaccumulated in the storage and 
vegetative plant parts. Although micronutrients such as Fe, Mn, Cu, Zn, Mo are 
essential for normal metabolic processes in plants, excessive quantities can be 
quite harmful to plants [50].

It has also been established that high heavy metal pollution causes adverse 
effects on the physiological processes of agricultural plants. These often caused 
reductions in plant growth and dry matter accumulation. Furthermore, excessive 
heavy metal accumulation in agricultural soils frequently leads to high heavy metal 
uptake by crops, and thus affects food quality and safety [51]. The direct intake of 
heavy metal contaminated foods by humans make heavy metals persist in the food 
chain [52]. Heavy metal presence in the human systems can deplete some essential 
nutrients in the body, tinker immunological defenses, impair psychosocial facul-
ties, trigger malnutrition, and most often incites the prevalence of gastrointestinal 
disorder and cancer.

The uptake, metabolism, and effects of most heavy metals on different plant 
species in South-west Nigeria have been documented in literature (Table 2). 
Adesina and Akinnifesi [53] revealed that heavy metals from crude oil contami-
nation were absorbed by tomato plant roots and translocated to other parts of 
the plants, thereby storing them in the tissues. The experiment also showed that 
fruits were also reduced in sizes compare to tomato fruit on uncontaminated soil. 
Chromolena odorata plants growing around gold mining site in Ijana, Osun State 
were found to contain heavy metals although within the permissible limits [23]. In a 
screenhouse experiment, maize seeds were planted on a mined soil from Ijero-Ekiti, 
Ekiti State, plant growth parameters were retarded as the soil, roots and shoots from 
the mine soil have higher heavy metals content than in the control soil [22].

Accumulation of heavy metals in plants was also proven by [28] where high 
levels of Pb, Cd and Fe in maize roots, stems, leaves, and grains were recorded. 
This was attributed to contaminated battery waste soil on which the maize plants 
were grown in Ibadan, Oyo State. Also, 30 edible plants belonging to species of 
Celosia argentea, Corchorus olitorius (Jute), Colocasia esculenta (Cocoyam), Musa 
sp. (Banana) and Saccharum officinarum (Sugar cane) growing on mining soil at 
Ewekoro, Ogun State were examined by [54]. The mean concentrations of heavy 
metals in plants studied were Cu (26.32 mg/kg), Pb (15.46 mg/kg), Zn (213.94 mg/
kg), Cr (30.62 mg/kg), Co (0.45 mg/kg) and Ni (3.77 mg/kg). These levels detected 
in all the plants were all above international limits and Zn > Cr > Cu > Pb > Ni > Co. 
In 2018, [56] used moss plant (Dicranum scoparium) as bioindicator to evaluate 
heavy metals from different locations in Yaba College of Technology Campus, 
Lagos State. The presence of Zn (8.63 mg/l), Pb (1.12 mg/l), Cu (0.51 mg/l), Ni 
(0.43 mg/l) and Cd (0.026 mg/l) reflect 80.46%, 10.49%, 4.78%, 4.03% and 0.24% 
respectively. The highest amount of Zinc was attributed to emission of zinc from 
paint chips from the walls of buildings, use of cosmetics including perfumes, 
 pigments, corrosion of galvanized safety fence and wearing of iron.

Many Bioaccumulation factor (hereafter BAF) and translocation factor ( herafter 
TF) experiments have helped evaluate phytoremediation potentials of some plant 
Eqs. (1) and (2) [60]. While BAF is a calculated value that indicates the ability of 
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plants to remove metal compounds from the soil/substrate, the translocation factor 
indicates the  ability of the absorbed compound to be transferred from plant roots to 
other plant organs [61].

 =
MetalconcentrationinstemorleavesBAF

Metalconcentrationinsoil
 (1)

 BAF in stem or leavesMetal concentration in stem or leavesTF
Metal concentration in root BAF in root

or
        

    
=  (2)

Plants that have BAF and TF >1 can be used as bioaccumulators [62].
Also, plants can be deployed as phytostabilizers if they have BAF >1 and TF <1; 

and as phytoextractors if they have BAF <1 and TF >1 [63]. The knowledge of these 
values also help as guides when planting crops in areas of possible heavy metal 
contaminations.

4. Heavy metal accumulation in surface and groundwater

One of the targets of Millennium Development Goals (MGDs) is to globally 
achieve clean water before 2030. Most livelihood activities depend on the avail-
ability of water for drinking, irrigation, and industrial processes or recreational 
purposes. The availability of quality water depends on the physical, chemical, 
and biological properties surrounding the water [9]. In Southwest Nigeria, fresh 
surface water is usually available throughout the year, but in abundant quantities 
during the rainy season, which almost last for 7 months. While most rural com-
munities are served by surface water, urban communities in Southwestern Nigeria 
depend largely on groundwater abstraction to meet their water need. Achieving 
quality water in this region has continued to be major concern, giving the spate 
of pollution to both surface and groundwater in the region. High industrial use, 
agricultural activities, poor sewage management, urban runoff and overall poor 
environmental monitoring has increased the pollution menace on water resources 
in the Southwest.

The introduction of foreign contaminants into water bodies may either pollute 
the water or increase nutrients for aquatic biota [64]. Water is polluted or contami-
nated if its physicochemical properties are altered, and these alterations affect the 
aquatic lives adversely [65]. Heavy metal can be introduced into water matrices 
through anthropogenic activities like mining, crude oil spills, and untreated waste 
effluents containing metals. Surface water can be polluted by contaminants washed 
into it either from far polluted sites as non-point source pollution or through 
direct introduction into water bodies, as point source pollution [66]. Akinyemi 
et al. [9] sampled river water beside a cassava processing factory at Ibadan, Oyo 
State for heavy metals (Table 3) and reported the mean concentration of Cu at 
(0.035 mg/l), Cr (0.026 mg/l), Ni (0.036 mg/l), Cd (0.026 mg/l), Zn (0.075 mg/l) 
and Pb (0.032 mg/l). Though the heavy metals reported were within WHO permis-
sible limits, the discharged from the cassava factory near the river was reported to 
contribute to the heavy metal contamination of the river.

Furthermore, the cross interaction of water at the surface water and groundwa-
ter interface may also contribute heavy metals to water especially in regions with 
high water table [68] investigated some shallow groundwater wells that were in 
close contact with polluted streams in.
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Ondo City, Ondo State. Highest level of aluminum, cadmium, lead, and chro-
mium concentrations in well water at 1.632 mg/l, 0.820 mg/l, 0.079 mg/l and 
0.079 mg/l recorded in the rainy season exceeded WHO recommendations.

Landfill leachates also contribute toxic metals to surface water and ground-
water through percolation of the subsoil. Ogunwole et al. [45] investigated the 
impact of leachates on groundwater resources at varying horizontal distances from 
some dumpsites in Lagos State. Their findings showed high concentrations of Zn 
(25.48 mg/l), Fe (15.63 mg/l). Cu, Mn, Pb, Cd, Ni had a concentrations of 2.11, 
1.04, 0.22, 0.09 mg/l and 0.01 respectively. For the groundwater, heavy metals level 
ranges as Cd (0.004–0.009 mg/L) and Zn (4.10 mg/L) detected in some of the wells 
exceeded the permissible level to be found in drinking water. Prohibitory levels of 
Cd found in the groundwater closest to the dumpsite were attributed to the low pH 
around the dumpsite area. Mobility of metals in soil column is often determined 
by the pH of the subsurface area. This mostly affects the sorption/desorption of 
metals, precipitation/dissolution, complex formation and oxidation/reduction reac-
tions of metals [74]. Ten rivers were examined in Osun State by [67], while most 
of the parameters measured fell within the threshold values for drinking water, 
heavy metals like iron (60–960 μg L−1), chromium (0–2100 μg L−1), aluminium 
(0–800 μg L-1) and calcium (6400–232,000 μg L-1) exceeded at some locations. 
For public health concerns, individuals drinking from heavy metal contaminated 
water are highly liable to cancerous conditions. Hence, there is need to regulate 
heavy metal pollutant that is discharged into these water bodies.

5. Heavy metals toxicity in freshwater fishes

Aquatic environment is one of the major receiving ends for pollutants, particularly 
heavy metals which are routed back into the food webs through bio-accumulation 
in aquatic macroinvertebrates, invertebrate fishes and finally biomagnified in 
human [10].

Heavy metals in aquatic ecosystems are usually found in water, sediments and 
associated biota [75]. They generally exist in low concentrations in water and attain 
considerable levels in sediment and biota. The adhesive property of sediments 
makes it possible to sink pollutants like pesticides and heavy metals; and also 
important for the remobilization of contaminants in aquatic systems [76]. The biota 
that inhabits contaminated sites is generally exposed to toxic concentrations of 
these metals because many of them process food from sediment. Most filter feeding 
fishes and macro-invertebrates take up heavy metals and bioaccumulate them. This 
can potentially threaten the health of these aquatic species and others across the 
food chain, especially birds, fish and humans [77].

The process by which metal accumulate in the tissues of living organisms via the 
food chain is called bioaccumulation, and are measured as either Bioaccumulation 
factor (BAF) and Bioconcentration factor (BCF). If BAF is high, it indicates that the 
bioaccumulation of heavy metals occurred in organisms. Bioaccumulation is often 
related to the fact that metals of different kind tend to accumulate differently in the 
tissue of aquatic species, considering the feeding, swimming, and metabolic activity 
of individual species. Previous documented studies reveal accumulated concentra-
tions of heavy metals in various parts of the organism. Fish gill was reported to 
store the highest amount of Pb (15.5 mg/kg) and Mn (604.32 mg/kg), while liver 
tissue had the highest Cd (7.88 mg/kg) and Zn (11.80 mg/kg) level in fish species 
from Ogun River, Nigeria [78].

Olusola and Festus [79] during their study of coastal waters of Ondo state, 
noted that distribution of heavy metals in different fish parts were organ specific, 
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as higher concentrations of metals were recorded in the gills and eyes compared to 
other organs. In contrast, [80] recorded highest concentration of Pd, Cd, Cu and 
Hg in liver than other parts of frozen fishes sold in storage facilities in Ibadan, Oyo 
State. Some of the concentrations recorded in these parts were considered to be 
above maximum acceptable limit by [81]. Severe exposure of aquatic animals to 
heavy metals through different sources could result in observable structural and/
or functional changes. This could further cause mortality, and also loss of biodi-
versity. Leachates collected from dumpsite were investigated for toxicity on fishes 
(C.  gariepinus and O. niloticus) and it was found out that the treatment (leachates) 
induces biochemical alterations in the organism, as well as mortality [45].

Several researchers have reported accumulation of heavy metals in aquatic ani-
mals in Southwest Nigeria (Table 4). Two lagoons (Epe and Badagry) in Lagos were 
investigated and found to contain Zn, Ni and Fe in both water and sediment [70]. 
The fishes dwelling inside these studied lagoons were further examined and similar 
metals were detected in various parts of the fishes (tilapia and catfish). While 
concentrations detected in the study were considered safe for consumption, the 
researchers still emphasized the need for continuous monitoring to prevent adverse 
human health effects [78, 84, 85], especially if heavy metals detected in fishes are in 
elevated concentrations.

6. Conclusion

Many of the heavy metals reported in this chapter exceed the maximum limit by 
WHO and FAO. Despite the massive and continued documented evidences on the 
occurrence and adverse effects of heavy metals in the South-west region and the 
larger Nigeria, little is been done in terms of control measures. Many domestic and 
industrial wastes in the South-western region of Nigeria are still discharged into 
water bodies untreated. This contributes a large intermix of heavy metals in many 
of the natural waters in the urban areas and endangers the quality and health of 
aquatic environment. Deploying advanced technologies for wastewater and sewage 
treatment have greatly reduced the menace of toxic metal pollution in developed 
countries. Developing a similar but strategic approach in Nigeria should lessen 
the impact of heavy metal pollution in the Southwestern Nigeria. More so, with 
efficient water and sanitary infrastructure, larger populace will have access to clean 
water supply and hygiene practices that will limit their use of contaminated water.

Most inhabitants in South-west Nigeria, especially in highly commuted cities, 
are still constantly predisposed to metal contamination through industrial and 
automobile emissions. Poor combustion engines add large quantities of lead and 
cadmium into the air and surfaces as particulate matters. Lead in human causes 
cardiovascular diseases, predispose renal, immunological and reproductive dys-
functions. Also, Cadmium is carcinogenic, neurotoxic and causes skeletal disorders, 
and disrupts a mineral balance in the body.

As a booming revenue generator, the hydrocarbon industries in the Southwest 
Nigeria also contribute immensely to heavy metal pollution in the region. Large 
deposits of crude oil spills and other hydrocarbon exploring technologies add metal 
contaminants into land, surface and groundwater. Likewise, the unguarded activi-
ties of artisanal miners of gold, copper, limestone etc. are another major heavy 
metal contributor in this region. These crude mining methods are implicated to not 
only unearth natural heavy metals, but introduces others forms of heavy metals 
through explosives and catalyst.

With research showing that heavy metals do accumulate in agricultural produce, 
edible fruits and seafood, it is evident that most local populace are constantly, but 
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insensibly taking in heavy metals through many food sources. More worrisome is 
that the concept of quality control of most food products in Nigeria is still very low. 
Hence, most people could be exposed to the long term health effect of heavy metals. 
The exposure to cadmium, lead, nickel and mercury compounds from consump-
tion of contaminated plant, water and seafood is dangerous, especially during 
prenatal development and infancy, as it causes irreversible changes in the central 
nervous system.

From the reports in this chapter, and many other uncovered studies of heavy 
metals in south west region of Nigeria, there is enough empirical based need for 
urgent attention to control waste and activities that contribute heavy metals to the 
environment.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 8

Environmental Impacts of Heavy 
Metals and Their Bioremediation
Ayşe Handan Dökmeci

Abstract

Fast consumption, increasing energy needs, unplanned urbanization, and 
unconscious discharge of industrial wastes cause pollution of air, soil, food and 
water resources. Among these pollutants, heavy metals and metalloids are not 
biodegradable and accumulate in compartments such as water, soil and plants, 
threatening human and environmental health. Monitoring studies show that heavy 
metals such as arsenic, lead, mercury, cadmium, nickel, zinc, copper, chromium 
and trace elements are in first place according to their availability in the environ-
ment. Preventive and remedial measures should be taken to reduce the effects of 
heavy metals. Legal regulations, monitoring studies, the use of soluble and non-
toxic compounds in environmental compartments (air, water, soil and plants) in 
industrial processes, heavy metal-free pesticides, appropriate wastewater treatment 
plants and use of renewable energy sources instead of fossil fuels are among the 
priority measures to reduce concentrations of heavy metals in the environment. As 
a bioremediation approach, removing toxic wastes from the environment by using 
bioaccumulatory organisms such as plants or mussels maintains its importance 
among studies aimed at recovery. Studies have shown that integrated methods - 
especially the combination of suitable plants and microorganisms - are very 
 effective in mitigating the effect of heavy metals in the environment.

Keywords: heavy metal, environmental matrix, mitigation, human health, 
ecosystem health, bioremediation

1. Introduction

While the 21st century offers many technological possibilities to the service of 
humanity, humans try to dominate nature by using science and technological facili-
ties and change the existing balance. The deteriorating natural balance and environ-
mental problems that occur as a result are the most important hazards that threaten 
health in our age. The effects of climate change increase in parallel with increas-
ing environmental problems. With industrialization, mining, pesticide use and 
increasing energy needs, heavy metals come to the forefront primarily in relation 
to occupational diseases, and they are also among the pollutants that disrupt the 
ecological balance as a result of water, soil and air pollution. Under normal condi-
tions, the proportion of heavy metals in nature is low. When the concentration ratio 
in the natural environment increases, heavy metals such as arsenic, mercury, cad-
mium, chromium and lead have toxic effects, especially on organisms, and inhibit 
enzymes. They create environmentally toxic effects with their non-degradable 
and accumulatory properties in environmental compartments [1–3]. While some 
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metals are important as trace elements for living organisms, they may accumulate 
in living organisms above a certain concentration and cause toxic effects or they can 
convert to other compounds in the environment; during this transformation, toxic 
and water-soluble compounds of a metal may sometimes occur. For this reason, 
heavy metals and trace elements are classified as vital and non-vital according to 
their degree of participation in biological processes. Those defined as vital must be 
present at a certain concentration in the structure of the organism. Because these 
metals participate in biological reactions, they must be consumed regularly in foods. 
For example, copper is an indispensable element in red blood cells and in many 
oxidation and reduction processes in animals and humans. On the other hand, non-
vital heavy metals can cause health problems by affecting the physiological struc-
ture even at very small concentrations. The best example of this group is mercury, 
which binds to sulfurous enzymes. Whether a heavy metal is necessary for living 
organisms depends on the organism being considered. For example, while nickel is 
toxic to plants, it must be present as a trace element in animals [4–6].

2. Heavy metals and their impacts

There are more than 32 metals in the periodic table. Heavy metals are metals  
with high density and toxic effects even at very low concentrations, with a den-
sity of 5 g/cm3 or higher [7]. These metals enter water, nutrients, soil and air 
ecosystems from the earth through natural processes and through anthropogenic 
activities [8]. These are considered major pollutants because of their toxic effects 
on living organisms and their prevalence in the world. Al, Fe, Cr, Sb, As, Be, Cd, 
Cu, Pb, Hg, Ni, Se, Ag and Zn are classified as primary contaminant metals by the 
United States Environmental Protection Agency (US EPA) [9]. In addition, the 
Agency for Toxic Substances and Disease Registry (ATSDR) has included heavy 
metals on the priority chemicals list due to their potential threat to human health 
and their toxicity [10].

2.1 Arsenic and arsenic compounds

Inorganic arsenic (As) is a gray-colored element with a molecular weight of 
74.92 g/mol found naturally in the earth’s crust. However, inorganic arsenic often 
coexists with other elements such as oxygen, chlorine, and sulfur. Inorganic arse-
nic compounds include arsenic pentoxide, arsenic trioxide, and arsenic acid. The 
combination of carbon and hydrogen with arsenic creates organic arsenic. Organic 
arsenic compounds include arsanilic acid, arsenobetaine and dimethylarsinic acid. 
Pure arsenic is rarely found in nature and is not very toxic, but it can be oxidized 
easily in humid air and become toxic by conversion to arsenic anhydride. Arsenic, 
which has four different oxidation steps, is mostly in the form of +3 and + 5 valences 
in nature [1, 11, 12].

There are many uses of arsenic compounds in industry. Arsenic acid (AsO4H3), 
arsenic trichloride (AsCl3), arsenic triiodide (AsI3), arsenic anhydride (As2O5), 
copper arsenide ([Cu3 (AsO3) 2) and very toxic compounds such as calcium arse-
nide [Ca3 (AsO4)5], lead arsenide [Pb3AsO4) and sodium arsenate (Na2HAsO4), 
which are highly water soluble, are used for the production of paint (green, yel-
low), glass, ceramics, and semiconductors. Arsenic compounds can also be used 
as insecticides. Sodium arsenate (Na2HAsO4, 7H2O) is used to kill some parasites 
in viticulture, fruit cultivation and potato growing. Arsenic compounds have also 
been used as chemical weapons. Lewisite containing arsenic is a volatile liquid 
(chlorovinyldichloroarsine) and Adamsite (diphenylaminechlorarsine) is a solid 
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substance used in the form of aerosol. These substances have vesicant, irritant and 
sternutatory properties. Arsenious anhydride or arsenic trioxide (As2O3) is one of 
the most toxic compounds among arsenic compounds. It is a white powder, dis-
solves quickly in alkalis, acids and hot water, and contains arsenous acid (H3AsO3). 
Since it is volatile, it easily enters through the lungs, but there is a risk of loss during 
toxicological searches. As2O3 was used as a rat poison since medieval times. Today, 
arsenic compounds are used in limited amounts (10%) as rodenticide. Arsine 
(AsH3), or arsenous hydrogen, is a colorless gas with an unpleasant garlic odor. It is 
released as a result of contact between inorganic arsenic compounds with hydrogen 
or the hydrolysis of metallic (zinc, aluminum, etc.) arsenides with water or an acid, 
especially during washing of some metal parts with acids (H2SO4). Ethyl arsine is 
formed by the interaction of various fungi with arsenic compounds. The toxicity 
of arsenic compounds generally depends on their solubility in water: Pure metal 
arsenic and inorganic compounds (sulfides) are insoluble in water and theoretically 
lack toxic effects, though in a humid environment, they can be oxidized to toxic 
compounds (As2O3). Water soluble inorganic compounds (arsenous anhydride, 
arsenide, alkaline arsenates) are very toxic; and arsenic hydrogen or arsine (AsH3) 
has a different toxicity than other forms of inorganic arsenic as a hemolytic poison. 
There is a reaction with thiol groups. Mold and dampness increase the toxicity 
of arsenic compounds. Organic arsenic compounds have lower toxicity, they are 
eliminated faster from organisms [1, 13–15].

Arsenic compounds block the thiol (-SH) groups of many enzymes that play a 
role in cell respiration and different metabolisms in organisms. By inhibiting the 
oxidative decarboxylation of pyruvic acid, they disrupt the metabolism of carbohy-
drates, lipids and amino acids and form a true “biochemical lesion”. Since the skin 
and keratinized tissues are rich in sulfur, the accumulation of arsenic compounds 
here is directly related to their attraction to thiol groups [1]. The International 
Agency for Research on Cancer (IRAC) has classified inorganic arsenic as a Group 1 
carcinogenic to humans [16]. The Environmental Protection Agency (EPA), on the 
other hand, classified it as a Group A human carcinogen. The EPA calculated the 
cancer slope factor for inorganic arsenic oral exposure as 1.5 mg/kg/day. No cancer 
inhalation studies are available in humans or animals for arsine. The EPA has not 
classified arsine for carcinogenicity. The EPA set limits on the amount of arsenic 
that can be released into the environment from industrial sources. For this, the 
amount of arsenic permitted in drinking water was determined as 0.01 ppm [17].

2.2 Lead and lead compounds

Lead and its derivatives are industrial toxic substances that have been widely 
used by humans for centuries and therefore play an important role in environmen-
tal pollution. Lead is a metal found in nature. It is a bluish gray metal that is rarely 
found in the earth’s crust. It occurs mainly as lead ore, and the most important ore 
is lead sulfide (galena). It is found in a variety of compounds such as lead, lead 
acetate, lead chloride, lead chromate, lead nitrate, and lead oxide. While pure lead 
is insoluble in water, the solubility of lead compounds in water varies. The chemi-
cal symbol of lead is Pb and its atomic weight is 207.2 g/mol. Its vapor pressure 
is 1.77 mm Hg at 1000°C [18]. In nature, pure metal or its oxides, inorganic salts 
such as carbonate, sulfate, nitrate and acetate, and organic compounds such as 
lead tetraethyl exist. The primary use of lead is in the manufacture of batteries. In 
addition, it is widely used in in the production of paint, alloys and metal products 
(lead-antimony and lead-tin) in industry, electronic conductors, rubber, sheet lead, 
waterproof plates (roofing) or sound and radiation insulation, linoleum, solder, 
pipes, ammunition and toys. Its use for ceramic glazes, paint and pipe soldering has 
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decreased significantly. In addition, it is used in the composition of some ointments 
(lead acetate), diluted lead acetate (as abortive) is used infrequently in treatment 
under the name white water and as an insecticide (lead arsenate) in agriculture. 
Tetraethyl lead was used as a gasoline additive to increase the octane rating, before 
the EPA banned its use in gasoline in 1996 in the USA. Leaded gasoline is still used 
for propeller planes and some race cars [1, 19]. Metallic lead is a bluish, gray-silver 
soft metal. It melts at 327°C, is quite dense and can easily stretch (can take the 
form of a wire). It is not affected by dilute hydrochloric acid and sulfuric acid. 
It forms concentrated sulfuric acid and hot lead sulfate. Lead melts even in cold 
temperatures, forming lead nitrate and nitrous vapors. Organic acids (acetic acid, 
citric acid, etc.) affect lead slowly and cause the formation of their respective salts. 
It emits steam at temperatures above 500°C and harmful metallic dust. Lead is 
slightly soluble in water and may be the source of toxicity in some drinking water. 
Lead oxides usually form from water-insoluble compounds. PbO “oxide” (yellow 
masikot) forms yellow-orange lead oxide (lilac) when heated and is used for glass, 
enamel, accumulators, etc. in industry. PbO2 “bioxide” is the red oxide of lead and 
is an energetic oxidizer. Pb3O4 “minium” (cinnabar, plombi orthoplumbus) is a 
red-colored compound added to antirust paints and used in the varnish, enamel, 
crystal and battery industries. It is formed by heating lead oxide in air flow at 
500°C. Lead sulfide is the substance that forms the mineral galena in its natural 
state. It is insoluble in water. It is found in the combination of yellow-colored 
varnishes used in ceramics and pottery, and color changes to dark brown when 
manganese oxide is added or green when copper oxide is added. These varnishes 
continue to be used in many countries today. It can be dissolved with organic acids. 
Food or acidic liquids (vinegar, wine, lemon juice, etc.) should not be placed in 
containers painted with this type of varnish. Lead hydrocarbonate is mixed with 
linen oil and used to obtain white paint. However, these dyes darken with the effect 
of hydrogen sulfide in the air and also have toxic effects. Although its use is prohib-
ited in many countries, residues in old settlements can cause some poisoning cases. 
Arsenate lead was formerly used as insecticide in agriculture, including in Turkey, 
before being banned in many countries because of its toxicity. However, some 
residues from past use can be found in the soil due to its durability. Lead chromate 
is also called “chrome yellow” and can be used to obtain yellow dye. Lead stearate is 
used to reinforce some plastic materials. The basic iodide and acetate of lead -lead 
iodide and lead acetate (soluble in water)- are used in dermatology to benefit from 
solubilizing effect in the form of a solution. Basic lead acetate is a compound made 
by neutralizing lead acetate with lead oxide (PbO). Lead naphthenate is used as an 
additive in some moisturizing drugs. Alcoholic derivatives of tetraethyl-lead and 
tetramethyl-lead are organic derivatives of lead that are added to gasoline as an 
antidetonante (0.5%). Often ethylene dibromide and ethylene dichloride com-
pounds are added to engines to prevent metallic lead build-up. Exhaust fumes from 
cars operating with leaded gasoline contain lead halides and oxides as well as a small 
amount of undissolved lead-alcohol (1–10%). In many countries, the proportion of 
lead in gasoline is legally limited (0.5 g/l) and unleaded gasoline vehicles are now 
produced. These organic lead derivatives added to gasoline play an important role in 
air pollution (especially in big cities) [1, 20].

Lead is taken into the organism generally through digestion (in the form of food, 
liquid drinks, vapor or particles) and through the respiratory tract. It is a highly 
toxic metal that enters biological systems by mixing with respired air and nutrients 
from the air, water and soil. Up to 90% of the lead in the atmosphere in solid and 
gaseous form is absorbed by the lungs. Small lead dust or vapor, especially in the air, 
cause lead compounds (oxides or salts) to enter the organism by inhalation. Very 
small particles can reach the alveoli, while large particles are discharged from the 
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upper respiratory tract or can be reabsorbed by entering the digestive tract through 
sputum and saliva. When organic lead compounds contaminate the skin, they can 
be absorbed significantly, especially from lesioned areas. When the carcinogenic 
effect is examined, human studies are insufficient regarding lead exposure and 
increased cancer risk. In animal studies, kidney tumors were reported in rats 
and mice orally exposed to lead. Lead is assessed as B2 (possible human carcino-
gen - based on evidence of adequate carcinogenicity in animals) according to the 
Guidelines for Carcinogenic Risk Assessment (US EPA, 1986) [1, 21].

2.3 Mercury and mercury compounds

Elemental mercury (Hg) is a silver-white metal with an atomic weight of 
200.59 g/mol. Mercury is liquid at room temperature and has a vapor pressure of 
0.002 mm Hg at 25°C. Mercury can be found in three oxidation states; elemental-
metallic (Hg), precious mercury-mercurous (Hg +) and divalent mercury-mercuric 
(Hg ++), as well as both inorganic and organic compounds. Inorganic mercury 
compounds include mercury chloride, and mercury sulfide. Organic mercury 
compounds include mercuric acetate, methylmercuric chloride, dimethyl mercury, 
and phenylmercuric acetate. These different forms transform into each other in 
the natural environment (for example, methylation of inorganic Hg, oxidation of 
metallic mercury to inorganic compounds, etc.). All types of mercury are highly 
toxic, and the toxic properties of these different mercury compounds are quite dif-
ferent: inorganic and organic mercury differ from each other in terms of entry and 
absorption routes [1]. Mercury is one of the main elements involved in the forma-
tion of the earth’s crust. Mercury, which is generally found in superficial layers, is 
used in many areas today. However, its usage areas are narrowing due to the risk it 
creates. Mercury (Hg) compounds are used in industry, paint, explosives, electronic 
devices, accumulators, thermometers, etc. It is used in construction. The main 
source of mercury contamination in the world is the production of alkali chlorine to 
obtain electrolytes from chlorine and sodium hydroxide in industry [1, 22].

Elementary mercury (metallic mercury) is a very dense liquid and volatile at 
ambient temperature. A major source of exposure for elemental mercury occurs via 
inhalation in occupational settings. Elemental mercury is used in thermometers, 
barometers and pressure-sensing devices. It is also used in batteries, lamps, indus-
trial processes, and in oils used for purification and lubrication. Another source of 
exposure to low levels of elemental mercury in the general population is elemental 
mercury released from amalgam fillings in teeth. It is generally taken into the body 
in the form of steam. Mercury vapors readily cross the alveolar barrier. Inorganic 
mineral mercury salts can be mono or divalent (mono- or divalent). Today, the 
general population is not exposed to significant inorganic mercury compounds. 
Most products containing these compounds are now banned. Until 1990, mercury 
compounds were used in latex paint to prevent bacterial and fungal growth. The 
EPA banned all interior paints containing mercury in 1990, and exterior use after 
1991. Although agricultural and pharmaceutical use of inorganic mercury has ceased 
in the United States, mercury chloride is still used as a disinfectant and pesticide. 
Mercury chloride (bivalent), also known as sublimation, has a corrosive (caustic, 
burning) effect. Inorganic mercury (mono) salts, such as calomel, are less soluble 
than divalent compounds and show lower toxicity. After exposure to inorganic mer-
cury salts, the main storage locations are kidney and brain tissue. Organic mercury 
compounds are in the form of alkyl or aryl derivatives. Methyl-Hg (methyl mercury) 
is the most important of these compounds in terms of toxicity. Methyl mercury has 
no industrial use; it forms by methylation of inorganic mercury ions in the environ-
ment. Methyl mercury exposure mostly occurs through diet, especially fish and 
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fish products. In the past, sources of methyl mercury exposure included fungicide-
treated cereals and meats from animals fed such cereals. However, fungicides 
containing mercury are banned in the USA today and exposure through this route 
does not occur at present [1, 23].

Mercury is listed as a contaminant of concern by the EPA due to its persistence in 
the environment, its bioaccumulative potential, and its toxicity to humans and the 
environment. In today’s world where environmental health conditions are decreas-
ing, people are constantly exposed to metal (elements) and organic mercury com-
pounds. Contamination of the environment with mercury as a result of distorted 
industrialization, use of mercury in fossil sourced petroleum products, fungicides, 
chemical production, used batteries, use in hospitals and use against mold cause 
intense exposure of humans and foods (fish, plants, etc.) to mercury. Significant 
amounts of mercury come from the atmosphere with annual rainwater. Pollution 
with mercury is more common in closed seas and inland waters than in open seas. 
For this reason, mercury accumulation occurs more rapidly in creatures living in 
contaminated waters. Mercury is found in the water system in elemental, inor-
ganic and organic forms. Organic mercury in water is found either in the form of 
covalently-bonded organic mercury (methyl mercury) and dimethyl mercury (less 
toxic than methylmercuride) or mercury complexed with organic matter (humic 
substances). Methyl mercury is a metabolized form of mercury and is highly toxic 
to human embryos and fetuses. It is shaped by the effect of microorganisms in fish 
and accumulates to a degree that threatens human and animal health. Especially 
large fish (predators) that feed on small fish pose a problem in this regard. High 
levels of methyl mercury can be obtained from fish that are fed or caught in con-
taminated areas [1, 24]. Between 1953 and 1956, a type of mercury poisoning called 
“Minamata disease” occurred in Japanese fishermen. It was understood that these 
fishermen had eaten fish they caught in waters contaminated with organic mercury 
wastes from a factory producing plastic in the vicinity for a long time [25]. The use 
of organic mercury compounds in agriculture poses a risk in terms of environmen-
tal and food pollution [26, 27].

Various studies were conducted on elemental mercury and cancer in humans. 
However, the EPA classified elemental mercury as group D, which cannot be classi-
fied as a human carcinogenic, based on insufficient human and animal data. There 
are no studies on the carcinogenic effects of inorganic mercury in humans. The EPA 
classified inorganic mercury compounds in the possible human carcinogen group 
C, as there is insufficient data in humans and animals. There are no studies on the 
carcinogenic effects of methyl mercury in humans. Based on insufficient data in 
humans and limited evidence of carcinogenicity in animals, the EPA classified it in 
group C as a possible human carcinogen [28].

2.4 Cadmium and cadmium compounds

Cadmium is a soft silver-white metal often found in combination with other 
elements. Although cadmium compounds are not normally soluble, their solubil-
ity in water is quite good. The chemical symbol of cadmium is Cd and its atomic 
weight is 112.41 g/mol. Cadmium is found in nature in the form of yellow cadmium 
sulfide (CdS), together with zinc ore [29]. Cadmium, one of the most dangerous 
heavy metal pollutants in the ecosystem, is a toxic metal discovered by Friedrich 
Stromeyer in 1817. The industrial use of cadmium goes back 50 years. Due to 
its noncorrosive features, it is widely used in the aircraft industry, as a neutron 
absorber in nuclear power plants, as a stabilizer in insecticide formulations, plastic 
production, and in the paint and nickel cadmium battery industry. It occurs as a by-
product in lead production. This situation is significant in terms of environmental 
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pollution. Cadmium contaminates water and soil by transfer into soil and water 
from industrial waste and residues. Due to the long-term use of phosphorus fertil-
izer and treatment sludge, agricultural soils in many parts of the world are exposed 
to low or moderate cadmium accumulation. Due to its high mobility in water and 
the soil–plant system, cadmium can easily be included in the food chain; thus, it 
can be dangerous for plant, animal and human health. The sources of cadmium in 
the air are the burning of fossil fuels such as coal or oil and waste. Cadmium can 
also be emitted into the air as a byproduct of the smelting of ores such as zinc, lead 
or copper. Cadmium in the atmosphere is also increased by the burning of nickel-
cadmium batteries and the use of cadmium dyes.

Various salts of cadmium (acetate, bromide, fluoride, iodide, carbonate, chlo-
ride, nitrate, oxide, salicylate, cyanide, tungstate) are free or in the form of alloys 
with zinc, nickel, silver and lead. They are used in cells, accumulators, porcelain, 
nuclear material, amalgam in dentistry, plastic, metal coating, vacuum tubes, pho-
tographic materials etc. Cadmium oxide and anthranilate are used as anthelmintic 
agents in pigs and chickens in production and veterinary medicine [1, 30–32].

Poisoning with cadmium occurs by inhalation of dust or vapors at low concen-
trations over a long period of time and ingestion of dissolved cadmium and its salts 
mixed with food. Smoking is an important source of cadmium exposure. Smokers 
have twice as much cadmium in their bodies than non-smokers. For non-smokers, 
food is the largest source of cadmium exposure. Cadmium levels in some foods 
can be increased by applying phosphate fertilizer or sewage sludge to agricultural 
areas. The dark brown fumes that occur when cadmium is heated outdoors cause 
poisoning. The presence of cadmium’s main mineral compounds in the environment 
or workplace air causes occupational diseases [1]. In the most obvious example of 
Cd poisoning today; in the city of Toyama, Japan, 200 people were shown to have 
permanent bone and kidney disorders due to severe Cd poisoning due to excessive 
consumption of Cd-contaminated rice [33].

Cadmium poisoning is on the occupational diseases list in EU countries. The 
Japanese named cadmium poisoning itai itai (pain-pain) disease. The EPA considers 
cadmium to be a possible human carcinogen (cancer-causing agent) and classified it 
as a Group B1 carcinogen [34].

2.5 Chromium and chromium compounds

Chromium (Cr) is a gray solid steel with a high melting point and atomic weight 
of 51.996 g/mol. It has oxidation steps ranging from chromium (-II) to chromium 
(+VI). It forms a large number of compounds in both chromium (III) and chro-
mium (VI) forms. Chromium compounds are stable in the trivalent state and the 
hexavalent form is the second most stable state. While chromium (VI) compounds 
are easily soluble in water, chromium (III) compounds are slightly soluble in water 
and the water-soluble part can be found as chromium (III) complexes. Chromium is 
an element naturally found in rocks, animals, plants, soil, volcanic dust and gases. It 
is mostly in the form of naturally occurring chromium (III), which is an important 
nutrient, and chromium (VI), most commonly produced by industrial processes, 
along with the lesser known metallic chromium (0). Chromium (III) is essential 
for normal glucose, protein and fat metabolism and is therefore an essential dietary 
element. Chromium (III) is an essential element that should be consumed daily by 
adults at 50–200 μg/day. The body has various systems to reduce chromium (VI) 
to chromium (III). The most important industrial chromium sources in the atmo-
sphere are related to ferrochrome production. Metal chrome is mostly used to make 
steel and other alloys. Chromium compounds in chromium (III) or chromium (VI) 
forms are used for chrome plating, paint and pigment production, leather and wood 
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protection, and treatment of cooling tower water. It is used for toner for copiers 
and in smaller quantities in various industries such as drilling muds and textiles. 
The general population is exposed to chromium (chromium (III) in general) by 
food and drinking water and breathing air containing chemicals. Chromium (VI) 
is much more toxic than chromium (III) for both acute and chronic exposure. The 
respiratory tract is the primary target organ for chromium (VI) following inhala-
tion exposure in humans [1, 35, 36]. The EPA concluded that only chromium (VI) 
should be classified as a human carcinogen. Animal studies show that chromium 
(VI) causes lung tumors with respiratory exposure. The EPA classified chromium 
(VI) as Group A, a known human carcinogen, for inhalational exposure. There is no 
data on the carcinogenic potential of chromium (III) compounds. The EPA classi-
fied chromium (III) as group D [37].

2.6 Nickel and nickel compounds

The chemical symbol for nickel is Ni and its atomic weight is 58.71 g/mol. It is 
a silvery-white hard metal found in nature as a component of silicate, sulfide or 
arsenide ores. Nickel is found in the environment primarily with oxygen or sulfur as 
oxides or sulfides. The most common form in nature is the Ni + 2 state. Each form of 
nickel has different physical properties. Soluble nickel salts include nickel chloride, 
nickel sulfate and nickel nitrate. Nickel carbonyl, an extremely unstable form, 
does not occur naturally and decomposes rapidly. Since nickel is a natural element 
in the earth’s crust, it is found in small amounts in food, water, soil and air. Foods 
are the main sources of nickel exposure. Average intake for adults is approximately 
100–300 μg/day. In addition, people working in professions involved in the pro-
duction, processing and use of it, or people who come into contact with everyday 
products such as jewelry and stainless-steel cooking and dining utensils containing 
nickel, and who consume cigarette tobacco may be exposed to nickel. The most 
toxic nickel compound is nickel carbonyl (Ni (CO)4). Nickel carbonyl, used in the 
metallurgy and refining industry, is obtained by the reaction of metallic nickel with 
CO2. If air inhaled for 20 minutes contains 30 ppm of nickel carbonyl, it can lead 
to lethal toxic effects [1, 38, 39]. Nickel is found at very low levels in ambient air 
as a result of emissions from oil and coal burning, nickel refining, sewage sludge 
burning, production facilities and other sources. Due to its high instability, nickel 
carbonyl exposure is extremely rare. In industry, it is used in electroplating, batter-
ies, (cadmium-nickel mixture) coins, industrial installations, spark plugs, machine 
parts, stainless steel, nickel-chromium resistance wires and catalysts [1, 40].

Nickel salts, nickel sulfate via inhalation and drinking water and nickel acetate 
are not carcinogenic in rats or mice. The EPA has not evaluated soluble salts of nickel 
for potential human carcinogenicity. Lung tumors were reported to develop in rats 
exposed to nickel carbonyl through inhalation. The EPA classified nickel carbonyl 
as group B2, possible human carcinogen. An increased risk of lung and nasal cancer 
was reported for nickel refinery powders and nickel subsulfide among nickel refinery 
workers. Nickel refinery powder is a mixture of many nickel compounds, the main 
component being nickel subsulfide. Additionally, animal studies reported lung 
tumors due to nickel refinery dust and nickel subsulfide exposure. The EPA classified 
nickel refinery powder and nickel subsulfide as group A human carcinogens [41].

3. Mitigation of heavy metals

Heavy metal toxicity caused by various anthropogenic and geological activities 
poses a global threat to the environment and people [42]. Humans have long used 
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chemical, physical and biological methods to combat the threat of heavy metal 
toxicity, both to humans and the surrounding environment [8]. For example, in the 
literature, Spirulina (Arthrospira), a photosynthetic thread-like cyanobacterium 
commonly known as blue green algae, was shown to attenuate experimentally-
induced heavy metal toxicity. A total of 58 preclinical studies demonstrated the 
mitigating effect of Spirulina against experimental arsenic, cadmium, lead and 
mercury toxicities [42]. Some important antioxidants such as flavonoids, pectin, 
and phytic acid are also used to remove heavy metals from the human body [43].

The removal of heavy metals from environmental compartments has become 
an extremely important issue. Current cleaning (or remediation) technologies 
to reduce harmful effects in heavy metal-contaminated areas include excavation 
(physical removal of the contaminated material), stabilization of metals in the site 
soil, and the use of plants to stop the spread of contamination or remove metals 
from the soil (bioremediation). Along with a range of phytochemicals, microorgan-
isms are thought to be able to act as heavy metal removal agents in both humans 
and the surrounding environment [43]. The bioremediation approach is an effective 
method for removing toxic wastes from the environment using biological agents. It 
can help remove many contaminants such as metals, pesticides, explosives and oil 
compounds. It is mostly performed on-site and is widely accepted. Microorganisms 
and plants use different mechanisms for bioremediation of contaminated water and 
soils [44–46]. The bioremediation process occurs through a variety of mechanisms 
like redox, adsorption, complexation, ion exchange, precipitation and electrostatic 
attraction [47]. Microorganisms may begin metal mobilization/immobilization 
with redox reactions and hence affect bioremediation processes. Heavy metals 
like Fe, As, Cr and Hg enter oxidation and reduction cycles. Remediation of heavy 
metals from water uses microorganisms including algae and bacteria, along with 
fungi (Aspergillus sp., Saccharomyces cerevisiae etc.) and consortium organisms 
(Acinetobacter sp. & Arthrobacter sp., P.aeruginosa & B.subtilis, S.cerevisiae & 
P.aeruginosa, S.cerevisiae and B.subtilis). Biosorption by bacteria ((Bacillus), cocci 
(Streptococcus), filamentous (Actinomyces) and spiral (Vibrio cholera)) is an inex-
pensive and efficient technique to remove pollutants, like heavy metals, from waste-
water [48, 49]. Different species of algae are present in large amounts in marine 
ecosystems [50]. Among the three algal groups, i.e., Phaeophyta, Rhodophyta and 
Chlorophyta (i.e. brown, green and red, respectively), brown algae were reported to 
possess better biosorption capacity (phycoremediation) [51, 52].

Phytoremediation is proven to be a promising alternative to traditional 
approaches as it is cost effective, environmentally friendly and esthetically pleasing. 
To date, approximately 500 taxa were identified as hyperaccumulators of one or 
more metals based on their natural extraction ability. In addition, more research 
is needed that integrates biotechnological approaches with extensive multidis-
ciplinary research to improve plant tolerance and reduce toxic metal deposition 
in the soil [8, 53]. In the agricultural field, phytoremediation, phyto-extraction, 
phyto-polymerization, phytostabilization, phytodegradation and rhizophilization 
are effectively used for the removal of heavy metals [45]. Plants also help prevent 
wind, rain, and groundwater runoff from carrying pollutants from the site to the 
surrounding areas or deeper underground [46] (Figure 1). Silicon (Si) is the second 
most abundant element in the soil. Research to date suggests that Si can alleviate 
heavy metal toxicity in plants at both plant and soil levels, with the use of Si supple-
mentation providing a beneficial role in reducing abiotic factors, including heavy 
metal stress, as well as stress exerted by biota [54, 55].

Integrated processes are a combination of two different methods to achieve a 
synergistic and effective method to remove heavy metals. Combining both micro-
organisms and plants is a bioremediation approach that enables more efficient 
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cleaning of heavy metal contaminated soils. However, the success of this approach 
largely depends on the organisms involved [44, 56].

4. Conclusion

Heavy metal pollution in water and soil has increased in the last few decades 
due to anthropogenic activities. For this reason, the issue of dealing with heavy 
metal pollution in environmental matrices still maintains its importance. Legal 
regulations are enforced by governments, and monitoring studies, assessment of 
environmental impacts, use of soluble and non-toxic compounds in environmental 
compartments (air, water, soil and plants) in industrial processes, heavy metal-
free pesticides, appropriate wastewater treatment plants and renewable energy 
sources instead of fossil fuels are priority measures to reduce the concentrations of 
heavy metals in the environment. In addition, heavy metals, which cause serious 
health problems even at very low concentrations due to their long-term persistence, 
must be removed from receiving environments in order to protect the integrity of 
the ecosystem and human health. As a bioremediation approach, removing toxic 
wastes from the environment by using bioaccumulatory organisms such as plants 
or mussels maintains its importance among studies aimed at recovery. Studies have 
shown that integrated methods - especially the combination of suitable plants and 
microorganisms - are very effective in mitigating the effects of heavy metals in the 
environment.

Figure 1. 
Mitigation of heavy metal pollution [46].
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Abstract

Metallothionein’s (MTs) are the lower molecular weight (6-7 kDa) proteins 
that are found to be present in almost all organism types ranging from prokary-
otes to eukaryotes species. MT are the metal detecting proteins that can mitigate 
the effect caused by the excess metal ions. They are also found to be involved in 
cellular process such as cell growth regulation, ROS (Reactive Oxygen Species) 
and DNA repair. The protein was termed as Metallothionein due to the unusual 
higher metal (metallo) and the sulfur (thiol) content. They are further grouped 
into 3 classes viz., class I, II and III. The Class I and II MTs are polypeptides 
that were obtained from direct gene products, the class III MTs are from the 
cysteine-rich non-translational molecules that are termed as phytochelatins. 
The metal ions are been sequestered through the MTs with Cys rich motifs. 
All the cysteines are present in the reduced form and are been co-ordinated 
through the mercaptide bonds. The cysteines present in the MTs are preserved 
across the species, it is supposed that, cysteines are essential for the function 
and the MTs are required for the life. Metallothionins structure, conservation 
in evolution, their ubiquitous nature of occurrence, the genes redundancy and 
the programmed MTs synthesis in development, regeneration and reproduction 
of living organisms are some of the weighty arguments in suspecting MTs to 
also serve others and perhaps the high particular metal-related cellular roles. In 
this chapter, there is a detailed discussion about Metallothionein its structure, 
occurrence and function.

Keywords: Metallothioneins, proteins, heavy metals, tolerance

1. Introduction

Many of the elements are play a significant role in all kind of organisms and 
pose some functional outcomes in living organisms. Based on this outcome, 
elements are classified as essential and non-essential elements. Recent trace 
element research showed many of the metals also play a major significant role 
in metabolisms but they required very trace quantities. The metal ions of iron 
(Fe), zinc (Zn), manganese (Mn), copper (Cu), cobalt (Co) molybdenum (Mo) 
and the non-metals selenium (Se) and iodine (I) bromine (Br), rubidium (Rb),  
aluminum (Al), nickel (Ni), titanium (Ti) and barium (Ba) etc. exceeded 



Heavy Metals - Their Environmental Impacts and Mitigation

154

certain limits, it become toxic to organisms. Predicting the role of metals in 
living organisms is difficult since its intrinsic characteristics, redox properties, 
charge, and, above all, size. Toxicity of the metals mainly through altering the 
cell metabolism and thereby blocking synthesis of fundamental enzymes. To 
mitigate this, organisms have developed different detoxifying mechanisms 
such as blocking of toxic metals through oligopeptides or proteins and chelat-
ing metals encoding by genes, which are called metallothioneins (MTs) which 
possess residues of cysteine (Cys) having thiol or sulfhydryl groups (R-SH) 
and thereby immobilize the metallic ions. The prime function of MTs is the 
storage, transportation and binding of metals. Margoshes and Vallee’s discov-
ery of Cd-binding, cystein-rich protein in the horse kidney marked a birth 
field for the research that focused to study a novel polypeptide super family, 
the metallothioneins (MTs). The MTs are family consisting of low molecular 
weight (6-7 kDa), cysteine (Cys)-rich, non-enzymatic proteins that are found 
ubiquitously in animals, in higher plants, in eukaryotic microorganisms, and 
many prokaryotes [1, 2]. The metal ions is sequestered through MTs by bind-
ing with Cys rich metal binding – motifs Cys-Cys, Cys-X-Cys, or Cys-X-X-Cys) 
that [3, 4]. Based on the Cys residues arrangement, MTs grouped into different 
classes [5, 6]. All the cysteines present in the reduced form are been coordi-
nated to the metal ions that gives rise to the spectroscopic appearance of the 
metal-thiolate groups. Cysteines in the MTs are preserved across the species, 
it is suspected that, cysteines are essential for the function and the MTs is 
required for the life. MTs have some composition of unusual amino acid as they 
do not contain any aromatic amino acids and the most important is that, one 
third of its residues contacysteines. Moreover, MTs show spectroscopic features 
of metal thoilates (mercaptides) [7]. MTs can bind Cd, Ni, Zn, Cu, and Pb 
with the affinities that depend up on the bioavailability and concentration of 
heavy metals. Three major scientist groups have contributed in the field of MTs 
include:

1. Toxicologists and physiologists for analyzing MTs role in the heavy metal 
 metabolism and the de-toxification.

2. Protein chemists and spectroscopies intrigued by its usual structural 
features.

3. Molecular biologist interested in the gene regulation and use of MTs (promoter) 
sequences for the genetic engineering experiments.

MTs play a critical role in protecting the cell from harmful factors i.e. metals, 
free radicals, etc. through controlling cell growth, differentiation, proliferation, 
explicating their nuclear vs.cytoplasmic localization [8]. MTs is cytoplasmic 
protein, accumulated in lysosomes, trandpoted to the nucleus and intermediated 
space in mitochondria [9, 10]. MTs transported the metals from one cell to other 
cell by receptor- mediated mechanism and metal is transported to the cytosol 
but protein remains in an endocytotic compartment [11, 12]. According to Wang 
et al. [13], MTs have exhibits four main functions and it is illustrated in the 
Figure 1.

Nevertheless, although MTs were discovered over four decades back, their 
physiological functions are not fully understood still [14]. Based on the this prelude 
this review is being taken up to refresh the MTs structure, classification and role in 
metal detoxification.
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2. Various scientific developments in metallothionein research

The scientific research history of MTs begins in 1950s almost seven decades 
back. The developments in MTs research includes the contributions from scientists 
in fields of environmental hygiene/medicine, biochemistry, medicine, pathology, 
nutrition and toxicology and are best illustrated in number of articles that are been 
published. During this time, in protein research methods, there is a considerable 
development in isolation and analytical methods for identification. In beginning 
the interest in MTs was focused on two main topics. The major interest were in the 
protein chemistry and in the toxicological, i.e. the metabolic pathways for the metal 
toxicology specifically in relation to the cadmium kinetics. In the recent years, the 
key contributions are brought in the molecular biology. Consensus and the conclu-
sions reached at various scientific meetings on the metallothionein are based up on 
the published data as depicted in the Table 1.

In 1957, the data related to cadmium binding protein in the equine tissue were 
published. However, in the beginning this study was first initiated through a report 
that was in a form of abstract that deals with cadmium in the human organs. In 
most of the animal species, cadmium is present in small amounts in tissues and the 

Figure 1. 
MTs - four main functions. (adopted from [13]).

Year Scientific developments

1960,1961 Metallothionein

1964 Induction by cadmium

1971 Modification of Cd-toxicity

1972 Amino acid composition

1976 Sequence

1979 1st international meeting - Consesus nomenclature

1979 Radioimmunoassay

1983 International meeting - Metallothionein and nephrotoxicity

1985 2nd International meeting on metallothionein

1992 3rd International meeting on metallothionein

1996 Workshop on metallothionein

Table 1. 
Various scientific events held on the metallothionein.
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body fluids. For explaining this unexpected finding some of the hypotheses were 
postulated. Either cadmium can be present as bound to macromolecule or so had 
some natural function in the biological system or the cadmium also could be just a 
contaminant. The first report in 1960 was published on metallothionein [15]. For 
the first time that a cadmium containing protein that are isolated from the equine 
renal tissue, was termed as ‘metallothionein’ based on the higher content of sulfur 
(4.1%) followed by Cadmium (2.9%) and Zinc (0.6%). Later researchers estimated 
that the molecular weight was found as 10000 ± 260 Da.

The absorption at specific wavelength of 250 nm revealed the cadmium mer-
captide bonds. The MTs lack an aromatic amino acid due to the non absorption 
at precise wavelength of 280 nm. These were further examined through amino 
acid analyses. Higher sulfur concentration of about 4.1% was explained through 
the amino acid analyses that revealed high cysteine content. The eactive protein 
mercapto groups at this time were examined through titration with the p-chloro 
mercuri benzoate (CMB), N-ethylmaleimide (NEM) and silver ions. The Amino 
acids were determined using both ion exchange chromatography and two-dimen-
sional paper chromatography. The cysteine residues were found as cysteic acid after 
metallothionein oxidation with the performic acid and as N-ethylmaleide deriva-
tives. The Sedimentation constant were determined by Schlieren diagram with the 
use of sedimentation through ultracentrifugation to 1.75 (S020w). Partial specific 
volume, diffusion constant, and friction ratio were obtained. The estimated protein 
molecular weight was still varying between 9790 and 10500 Da. These were partly 
explained by several artifacts during the preparation. Metal analyses for Cd and 
Zn reported 5.9% of MTs weight and 5.2 g atoms mol−1 for cadmium and for zinc 
as 2.2% by weight and 3.3 g atoms mol−1. Some exchange between Cd and Zn was 
taking place obviously. It was suggested that the bonding with 3 SH-groups together 
with an atom of either Cd and Zn was formed.

In the years between 1970s and early 1980s, there were only few research groups 
performed researches that are related to MTs. A workshop was arranged with nearly 
25 invited participants who had submitted their background manuscripts and the 
tentative report [16] was prepared and were distributed in advance to each of the par-
ticipant. A consensus report was agreed during the meeting held in the year of 1978.

During this Ist international meeting about MTs, held in the Zurich consensus 
was reached about, e.g. nomenclature and methods for protein preparing. This first 
meeting had been followed by another meeting held at Zurich in 1985 that were 
more open but still with a workshop consensus. In between, a meeting was arranged 
at Aberdeen in1981.

3. Structure and occurrence of metallothionein

The structure of MTs was first reported by Kagi and Schafer [15]. MTs have 2 
domains consists of a cluster with three and other with 4 metal atoms. The gene are 
located on the chromosome 16. This protein contains a number of isoforms that are 
coded with several alleles. The ratio of the mRNA for MT-I and MT-II genes remains 
constant during the induction with metals, e.g. Cd, Cu and Zn. The MTs amino acid 
sequences from mammalian sources reveals that all of them contain nearly 61 amino 
acids that are more similar in their composition. All contain 20 cysteine residues 
which remain invariant to the amino acid sequence. Every cysteines do participate in 
the coordination of the seven moles of Zinc or cadmium per mole of the MT [17]. The 
MTs are the cytoplasmic proteins; but, their occurrence during fetal development in 
nucleus are given by immuno histochemistry. The Plant MTs were first recognized in 
roots of the copper-resistant strain of Agrotis gigantean and also in roots of the tomato 
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plants that are been exposed to higher concentrations of Cadmium chloride in medium 
are found in numerous other plants like Cd-treated maize, tobacco, wheat, rice and 
cabbage and also added found in some cell suspension cultures of plants [18, 19].

Metallothioneins from mammals contain 20 cysteins residues and bind seven 
cadmium or zinc ions in two discrete clusters. The thiolate side chains of these pro-
teins act as bridging and terminal ligands to form Cd3SCy9 and Cd4 SCy11 clusters.

4. Classes of metallothionein

Based upon their similarities in structure, the MTs are divided into 3 classes:
Class I: This type present in mammalians, oysters, some fishes, crabs and mus-

sels as Cys - Cys proteins.
Class II: Occurs in fungi, plants, yeasts, drosophila, cyanobacteria and nema-

todes in the form of Cys – x - Cys.
Class III: Presence noticed in phytochelatins that present in all plants, some 

fungi and also algae as Cys – x – x - Cys.
The MTs belongs to the class I & II are been produced through direct mRNA 

translation. Whereas, the class III MTs belongs to the metal-binding polypeptides 
and have peptide bonds which are biologically synthesized as some of the enzymatic 
products. All vertebrates that are examined contain 2 or more distinct isoforms of MT, 
that are grouped into 2 classes, designated as MT-I and MT-II, depending upon elution 
position from the DEAE cellulose. In many cases each of the class actually consists of 
various different proteins that were designated as MT-IA, MT-IB, MT-IC, etc.

General characteristics of Metallothioneins are,

1. MT I and MT II’s molecular weight is 6-7 kDa, 61 amino acids, 20 Cysteine 
(30%), C-alanine, N-acetylmethionine, no histidine, no aromatics.

2. The have an unique amino acid sequence, metal clusters/tertiary structure

3. Metal content; Cu, Cd, Hg, Zn; 5-10% W/w

4. Light absorption are at 250 nm (Cd), 275 nm (Cu), 225 nm (Zn), 300 nm (Hg)

5. Induced synthesis through Zn and Cd.

6. There are no disulfide bonds, heat stability

7. Isoforms

8. Localization on chromosome and cytoplasm

MT expression in the crops serve as the key index in selecting for the heavy 
metal tolerance. In attempting for shedding light on their function, the research-
ers relied on the RNA blot hybridization for studying genes expression of MT 
during the development and also in response to several other environmental 
factors. Detailed localization of the MT mRNAs or gene promoter activity is 
obtained through reporter gene expression studies and in situ hybridization. The 
RT–PCR are evaluated as an alternative for Northern blot analysis for quantifying 
mRNA levels of MT. But the sensitivities of the two techniques were identical for 
detecting the induced mRNA levels in MT. Thus the above results suggests that 
the RT–PCR would be a quantitative and a sensitive method for evaluating gene 
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expression of MT [20]. Most of the MT genes are been expressed at a higher level 
in the plant tissues, in the terms of the transcript abundance. The direct evidence 
are from the rice gene profiling experiments using SAGE (serial analysis of gene 
expression) protocol. The transcripts from four MT genes comprised about 3% of 
the transcripts in 2 weeks old seedlings. Metallothionin gene belonging to Type 
II contributes about 1.26% of all transcripts that was found to be most expressed 
form in that tissue. The MT, 2 forms of transcripts as Type 3 genes counted as 
extra 1.25% of mRNAs. Numerous MT genes that are identified through differen-
tial screening of the cDNA libraries indicates that the RNAs encoding to MTs are 
higher in most of the other plant species also.

In general, affinity of the metal ions for binding sites follows the typical order of 
thiolate model complexes, i.e., Zn (II) < Pb (II) < Cd (II) < Cu (I), Ag (I), Hg (II), 
Bi (III) [15]. The MT are usually detected by its virtue of high content of the metals 
(detected by labelling with radionuclides or by atomic absorption spectrophotom-
eter) or by cysteine. Some of the procedures include, reversed phase High Pressure 
Liquid Chromatography (HPLC) gel filtration be elevated as a variety of mamma-
lian metallothionins and utilized for immune-electrophoresis, radioimmunoassay 
and immunodiffusion. These protocols are mainly helpful for the detection of 
minimum quantity in MT. Basic structure of MT are examined by several biochemi-
cal and bio-physical techniques such as NMR spectroscopy, UV, ESR,CD partial 
proteolysis and X-ray crystallography.

5. Metallothionein redox cycle and function

The MT redox cycle play an important role in the MT biologic function. It might 
link to homeostasis of the essential metals, detoxification of the toxic metals and 
protection against the oxidative stress. Advancement in MT research is shown by 
demonstrating redox regulation of the Zn-S interaction and zinc coupling. The 
Zn-MT cluster structure provides some chemical basis through which the cysteine 
ligand induces the oxido reductive properties. These structure permits for the 
thermo-dynamic stability of Zn in the MT. The decrease of oxidized MT can restore 
Zn binding ability, thereby replicates endogenous reservoir of zinc [21]. These 
process constitutes the redox cycle of MT, as depicted in the Figure 2, that provides 
some new perspective upon MT biologic function.

Figure 2. 
Redox cycle of MT.
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Under the physiologic conditions, Zn that bounds to the MT are been released 
from the thiolate group oxidation. The MT disulfide and/or thionin formation fol-
lows a Zn release. The MT disulfide and/or the thionin undergoes some degradation, 
however, when the oxidized environment gets reduced. This reduction progress 
is more in occurrence of a catalyst (selenium). These processes constitute the MT 
redox cycle, which plays a critical role in biologic function of MT.

6. Proposed mechanism for metallothionein induction by metal cations

Cellular effects of exposure to the divalent metal cations and roles of particular 
resistance mechanism of the metallothionein expression, and expression of stress 
protein GroEL is shown in the Figure 3. GroEL forms essential component which 
reduces heavy metal stress [22]. The MTs is a cysteine rich protein which binds 
with the metals and thereby detoxified through reducing its presense [23]. The 
heavy metals enter the cells by the transport of the proteins which binds the metals. 
This metals could further binds SH groups with repressor protein of smtB. These 
attached metals further alter conforms the repressor protein and then released it. 
These process permits RNA polymerase to initiate the transcription from smtA, 
resulted the metallothionein expression.

7. Plant metallothioneins

After the Phytochelatin discovery, as a key metal ligand essential for the plant 
tolerance to Cadmium, a MT protein was identified in the wheat, and numerous 
MT genes was isolated from the plants. The plant Class II MT proteins are further 
classified based upon the amino acid sequence. In the year 1993, Robinson and his 
co-workers identified the two plant based MT which was based on cysteine residue 
positions in the predicted proteins. Since then, number of characterized plant MT 
genes has been increased drastically, as many do not conform to these 2 groups, 
some additional categories are added [24, 25].

Figure 3. 
Proposed mechanism for metallothionein induction by metal cations and arsenic oxyanions. (1) divalent metal 
cation challenge from the environment, (2) sulfhydryl (-SH) modification by metal or arsenate binding, 
(3) SmtA expression producing metallothionein proteins, (4) metal sequestration and detoxification by 
metallothionein proteins.
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The majority of the plant MT genes are identified in angiosperms. Numerous 
species, like Arabidopsis, sugarcane and rice contain some genes encoding all 4 MTs 
types. This shows that the evolution of 4 plant MT types predates the separation of 
the monocots and dicots, and are likely that the major flowering plants also contains 4 
different MT types. The presence of 4 MTs types in the plants with a distinct arrange-
ment of the cysteines contrasts with situation in animals. For an example, the 4 
mouse MTs all contain the same conserved cysteines, although they do differ in tissue 
expression [17]. The diversity of plant MT gene family suggests that these might dif-
fer not only in the sequence but also in the function. There is only little information 
about the MT genes in the non-flowering plant species. However, the genes encoding 
the Type3 MTs are cloned from different gymnosperms. One of the MT-encoding 
gene are isolated from a brown alga, Fucus vesiculocus, [26]. This MT do not fit readily 
into any of the 4 plant types described above but, primarily relies on basis of cysteine 
residues, is equally similar to the Arabidopsis MT1a and an oyster MT.

8. Expression pattern under influence of various factors

8.1 Metal ions

As homologs of animal MTs, it would be reasonable to assume that the MTs 
in plants are related to metal metabolism and detoxification of excess metal ions. 
Indeed, the expression of both Ec proteins and several class I MT genes vary under 
metal treatment. The wali l (type 2) in wheat was originally isolated as an alumi-
num-induced gene. Its expression is also increased by treatment with other toxic 
metal ions like Cd, Fe, Zn, Cu, Ga, In and La.

In rice, the transcript level of RgMT (type 1) was elevated by 250 μM CuCl2, in 
suspension-cultured cells [27, 28], while 100 μM CuSO4 increased ricMT (type 4) 
transcripts in both shoots and roots of seedlings. This expression-enhancing effect 
of Cu2+ are been reported in the type 2 MT genes from Arabidapsis and tobacco, and 
in type 3 MT from Arabidopsis. In contrast, copper ion are shown to have a sup-
pressive effect on type 2 MT in soybean and Vicia faba; in the copper-tolerant plant 
Mimulus guttatus, transcription of the type l MT was inhibited by 5 μM CuS04, as 
well as by 5 μM CdSO4 and 15 μM ZnSO4. In addition, the mRNA Ievel of ricMT 
in the root of rice seedlings was reduced by 100 μM aqueous solutions of ZnSO4, 
CdCl2, FeCl3, Pb (Ac)2 and AlC13, respectively.

8.2 Senescence

Coupe et al. [29] isolated the type 2 MT gene JET12 from abscission zones of 
the ethylene-treated leaves of Sambucus nigra L. Northern analysis reported that 
JET12 gene was expressed only in senescent leaves, and in the ethylene-treated 
abscission zone.

Similarly, the type 3 MT LSC54 in rape (Brassica napus) was expressed during 
leaf senescence, and as senescence progressed, the mRNA level of LSC54 increased. 
Yu et al. [28] showed that the expression of rgMT (type 1) increased as young leaves 
progressed to senescence. These findings suggest that these MT genes may play a 
key role in senescence-associated metabolism of plants.

8.3 Other stresses

Considerable effort are made to clarify the relationships between plant MTs and 
environmental factors other than metal ions. The expression of type 2 MT seems to 



161

Metallothioneins: Diverse Protein Family to Bind Metallic Ions
DOI: http://dx.doi.org/10.5772/intechopen.97658

be easily affected by stresses- For example; the MT in tobacco was strongly induced 
by tobacco mosaic virus and wounding [30] and expression of MT in Vicia faba 
was reduced when plants were treated with salt, cold, salicylic acid or UV-light. 
Furthermore, transcripts of OsMT-2 in rice can be induced by sucrose sta, heat 
shock and ABA and the expression of wali l in wheat was increased by low-nutrient 
conditions and wounding.

Regarding type I MT, the mRNA level of rgMT in rice increased under treatment 
with heat shock, a toxicant (DMSO) and starvation, and decreased in presence of 
abscisic acid.

9. Fungal metallothioneins

Fungal MTs, study are more sporadic and are described usually as copper 
binding proteins. Still, few are characterized functionally in the positions of metal 
organization in chemical properties or complementation tests in mutants of metal 
sensitive yeasts. Reputed MTs are mostly designated within collections of ESTs 
(Expressed Sequence Tag) based on sequence resemblance. These are occasion 
for the MT like arrangements that are present in the mycorrhizea, specifically in 
Pisolithus tinctorius (ectomycorrhizal fungi), the ericoid fungus (Oidiodendron 
maius) and the arbuscular mycorrhizal fungi (Gigaspora rosea, Gigaspora margarita 
and Glomus intraradices) [31, 32].

The P. involutus gene (Pimt1) codes for short MT (34 amino acids) and contains 
domain bearing classical C–X–C motifs, compared with longer and canonical MTs 
that usually have 2 Cys-rich domains. These are found in the other fungal MTs too; 
it appears to be that length is not critical required for binding of metal, as even some 
shorter protein of MT has proved to efficiently chelate the metal ions [33].

Heterologous expression systems for demonstrating unambiguously that Pimt1 
gene product can sequester metal ions, therefore conferring in vivo protection 
against the metals, in particular with cadmium and copper [34]. The functional 
complementation assays was done using 3 distinct mutants of metal-hypersensitive 
yeast. Similar approach was done for the characterization of 2 MT- encoding genes 
from the endomycorrhizal fungi [31]. It explains in what way Genome Omission 
Project for Saccharomyces offered materials towards the efficient genomics researches 
in area of the metal forbearance. Availability of abundant metal sensitive strains 
lets in vivo segmentation of the metal protection mechanism and ultimately lead for 
identifying specific molecular roles that are played by the DNA sequence of interest.

There are more evidence for MTs role or MT-like proteins in the mutualistic and 
the pathogenic interactions in between fungi and plants. The genes of fungal MT 
are mostly regulated transcriptionally in the life stages mainly, during the coloniza-
tion of plant. The first report was in 1995, when the 2 genes similar to MTs were 
expressed uniquely during appressorium formation by of conidia in Colletotrichum 
gloeosporioides which are induced by the host surface wax. The 2 putative MT genes 
from biotrophic pathogen (Uromyces fabae) are upregulated strongly in the parasitic 
mycelium that are colonizing tissues of leaves [35]. So far as the mycorrhizal fungi 
are concerned, the Pimt1 was found in macroarray experiments as upregulated 
in ectomycorrhizal tissues compared with the saprotroph growth condition. In 
contrast, MTs from arbuscular mycorrhizal fungi appear to be downregulated 
when the fungus colonizes the root tissues. It is worth noting that plant MTs are 
also upregulated in ectomycorrhizal associations of Betula pendula with Eucalyptus 
globulus and P. involutus with P. tinctorius, respectively. To support further MTs role 
in the plant–fungus interaction, Tucker and his co-workers described one unusual 
MT-like protein with 22 amino acids long with 6 cysteines in Magnaporthae grisea 
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(fungal pathogen), that showed high affinity to zinc. Gene has no effect in the 
metal tolerance and it is shown to confer the pathogenicity, through playing role in 
the biochemical differentiation of appressorium cell wall [33].

10. Cyanobacterial metallothionein

Numerous mechanisms of metal resistance exist in cyanobacteria. The first 
mechanism involves extracellular binding. Cells might synthesize and release some 
organic materials that could chelate the metals and reduce their bioavailability or 
metal ions might bound to outer cell surface [36]. These complex forms are not 
readily transported into cell due to its complexity and structure. Secondly, cells 
could increase excretion rate of some metal ions using the energy-driven efflux 
pumps [37]. The sequestration of internal metal, a 3rd resistance mechanism, is 
a key mechanisms through which the bacteria combats the exposure of the heavy 
metal and their subsequent accumulation. In cyanobacteria, metal ion sequestration 
inside the cell are performed by the Class II MTs.

The Class II MTs are a cysteine-rich, thiol-containing and are metal-binding 
proteins that can sequester the metals, thereby stopping the buildup of potentially 
some deadly free metals in cell. Metal binding happens by interactions of the metals 
with thiol clusters of the cysteine remainders. MTs gene was organized as operon 
termed as smt locus, that contains together the metallothionein protein (smtA) 
and the regulatory protein, repressor (smtB) genes. The SmtBs, are the managing 
repressor of the countenance from smtA promoter- operator province. The MTs 
countenance, from gene to the efficient protein, was encouraged through metals 
and regulation of the transcript to mRNA is based on the interface among the met-
als and repressor protein that regulates transcript, over by the interface by a thiol 
clusters that are contemporary on the repressor type of protein [38, 39].

11. Mammalian metallothionein

The MT genes were readily induced by several toxicologic and physiologic 
stimuli. Since the MT cysteines are conserved across the species, it is suspected that 
the cysteines are essential for the function and the MTs are required for the life. In 
attempts for determining the MT function(s), researches were carried out with 4 
different experimental paradigms: (i) the animals were injected with chemicals that 
induce MT; (ii) the cells adapted to grow and survive in higher MT concentrations - 
that induces toxicants; (iii) the cells are transfected with the MT gene; and (iv) the 
MT-null mice and the MT transgenic. Very often, the reports from the researches 
with the first 3 approaches had indicated several purposes of MT in the cell biology 
is as follows: the MT (a) is “warehouse” for the “Zn” (b) the free radical hunter (c) 
protect from cadmium harmfulness. However, researches with MT transgenic with 
the null rats did not toughly reinforced initial 2 proposed purposes then they sturdily 
sustenance its purpose in the protection in contradiction of the cadmium harmful-
ness. Recurrent cadmium management to the MT null rats resulted in the nephron 
harmfulness at the 1/10 of the quantity that products the toxicity in the control rats. 
Researches in human being showed as 7% of overall populations had some renal mal-
function by cadmium exposures. Consequently, if the human being did not consume 
the MT, “standard” exposure of cadmium will be toxic to human beings [17]. Thus, it 
appears that during evolution, the MT ability to protect against the Cd toxicity would 
had taken a chief role for the life processes maintenance, as compared with its other 
proposed functions (i.e. storehouse for zinc and free radical scavenger) [40, 41].
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12. Studies conducted at Tamil Nadu agricultural university

Expression of metallothionein 3-like protein mRNA in the sorghum cultivars 
under the chromium (VI) stress was estimated [20]. The MT3 gene expression in 
roots after imposition of 100 μM Cr (VI) for five days in fifteen days old seedlings 
of 2 sorghum cultivars, viz. K 10 and CO - 27 (susceptible and tolerant respectively, 
based on earlier studies on growth and antioxidant polymerase chain reaction 
(RT–PCR), as described by Kaplana et al. [42]. After the reports attained it is shown 
as the sorghum variety CO - 27 pretreated with the Chromium (VI) represented 
some great strength band which matches the genetic factor of attention. These 
suggestions can be increased MT transcript degrees under the chromium strain, 
predominantly in the forbearing variety. Now it is probable that Reactive Oxygen 
Species (ROS) and hydrogen peroxide that are produced under the chromium stress 
acts as signal for inducing MT mRNA transcription. The phytochelatin functions 
in regulation of essential metals and in the detoxification of several toxic metals. 
Distinct absence of the phytochelatin are shown in the plants under the Cr (VI) 
stress. These suggested that there can be enhanced role for the MTs in plants under 
the chromium stress.

13. Limitations

Study on the MT structure of plant and their function are impaired by dif-
ficulties that are encountered in the purification of this proteins since the innate 
bases, mostly because of intrinsic variability of the cysteine rich polypeptides 
with the occurrence of oxygen. Very few MTs are recuperated from the plant 
cells, and are uniform some as integral, noncleaved collections of metal [6]. The 
heterologous countenance approaches stunned this complications, but the early 
results exhibited as the pea MTs produced in Escherichia coli as innate protein 
were likewise vulnerable to proteolysis. Alternative strategies for producing the 
plant MTs as the fusion proteins generated some intact proteins that retained 
their metal binding and their antigenic features [43]. Inappropriately, the cleav-
age and the retrieval of MTs portion were not made and so the description of the 
consistent collections of metals were not shown. But, GST founded expression 
system are functional to various inborn MT forms allows amalgamation of huge 
quantity of the identical metal MT provisions. The investigation of this devel-
opments by the spectrometric and the spectroscopic systems have given some 
unparalleled data about the MT collective stoichiometric and the manageable 
performance of MTs [44].

14. Conclusion

MTs are stress related protein and might be involved in essential metal homeo-
stasis and detoxification of excess metals during organism’s developmental process. 
The MT genes are readily induced by several toxicologic and physiologic stimuli. 
Due to the cysteines in MT are absolutely conserved across the species, it is sus-
pected that cysteines are essential for the function and MT is required for the life. 
A clear role for MTs is yet to be established, although they are certainly thought to 
play a key role in the metal metabolism. MTs may function as the antioxidants and 
another possibility is the role in repair of the plasma membrane. Although MTs 
are expressed ubiquitously and conserved in living organisms, determining their 
function remains a future challenge. So further research work is necessary to better 
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Abstract

Adsorption processes are extensively used in wastewater treatment for heavy 
metal removal. The most widely used adsorbent is activated carbon giving the 
best of results but it’s high cost limits its use. It has a high cost of production and 
regeneration. As the world today faces a shortage of freshwater resources, it is 
inevitable to look for alternatives that lessen the burden on existing resources. 
Also, heavy metals are toxic even in trace concentrations, so an environmentally 
safe method of their removal necessitated the requirement of low cost adsorbents. 
Adsorption is a cost-effective technique and gained recognition due to its minimum 
waste disposal advantage. This chapter focuses on the process of adsorption 
and the types of adsorbent available today. It also encompasses the low-cost 
adsorbents ranging from agricultural waste to industrial waste explaining the 
adsorption reaction condition. The cost-effectiveness, technical applicability and 
easy availability of raw material with low negative impact on the system are the 
precursors in selecting the adsorbents. The novelty of the chapter lies in covering 
a wide range of adsorbents with their efficiency in removal of heavy metals from 
wastewater.

Keywords: adsorption, low-cost adsorbent, isotherm, wastewater, heavy metals

1. Introduction

Heavy metals are toxic elements having specific gravity greater than 5g/cm3 
e.g. Zn, Fe, Cu, Cr, Hg, Pb, Ni, Co, etc. [1]. The main natural sources of heavy 
metals include volcanic processes, weathering of rocks and soil erosion. While the 
anthropogenic sources include mineral processing, fuel combustion and industrial 
activities like mining, metal processing, chemical fertilizers and dye manufacturing 
etc. Heavy metals are non-biodegradable, recalcitrant and have high mobility in 
aqueous media, so they tend to accumulate in soils and living organisms leading to 
environmental repercussions. Heavy metals are taken up by plants which biomag-
nify through food chains in animals and humans causing serious negative health 
effects due to their carcinogenicity [2–5]. Table 1 gives the maximum contaminant 
level (MCL) in drinking water given by USEPA [7] along with their harmful effects.

Heavy metals have a high tendency to form complexes, are highly reactive 
and have increased biochemical activity which makes them very persistent in the 
environment. They are transported through aqueous medium and can concentrate 
in soil and water resources. This makes them extremely dangerous to all kinds of 
life forms and the environment. Hence, it is necessary to remove these toxic metals 
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from wastewater before discharge to prevent further detrimental consequences. 
Conventional methods like membrane filtration [8–12], chemical precipitation 
[13–17], ion exchange [17–22], etc. have been used to remove of heavy metals 
from wastewater. However, these methods suffer from some disadvantages like 
low efficiency, high energy requirement, precipitation of toxic substances, cost 
ineffectiveness, etc. [3, 23]. To get past these demerits, processes like adsorption 
are investigated, since it greatly impacts the bioavailability and transport of toxic 
metals. It is low-cost and efficient technique for remediation of heavy metals from 
wastewater. Adsorption process is often reversible in many cases, so the adsorbent 
can be regenerated back adding another advantage to this process [24, 25]. Many 
factors such as temperature, pH, initial concentration, contact time and rotation 
speed affect the efficacy of adsorbents [23, 25].

1.1 Overview of adsorption process

Adsorption is a surface phenomenon in which a solution containing the 
adsorbate gets adsorbed on the surface of an adsorbent. Adsorption phenom-
enon can be of two types; one is physiosorption, in which the adsorbate binds to 
adsorbent due to van der Waals forces, and other is chemisorption, which occurs 
due to chemical reactions between adsorbate and adsorbent. Physiosorption is 
reversible, weak and is usually endothermic, while chemisorption is irreversible, 
selective and exothermic [26–28].

1.2 Adsorption isotherm and models

Adsorption isotherms are representations that estimate the amount the solute that 
is adsorbed on the surface of the adsorbent per unit weight as a function of equilib-
rium concentration at a constant temperature. The most commonly used are Langmuir 
and Freundlich isotherms that describe the adsorption process [29]. Some other 
models are also used such as Redlich and Peterson [30], Radke and Prausnitz [31], Sips 
[32], Toth [33] and Koble and Corrigan [34].

S. No. Heavy Metal MCL (mg/L) Harmful effects

1. Zn 0.80 Skin irritation, nausea, depression, 
anemia, neurological symptoms

2. Hg 3.0 X 10−5 Neurotoxin, Kidney dysfunction, 
Circulatory & Neurological Disorder

3. Pb 6.0 X 10−3 Central Nervous System Damage, 
Cerebral Disorders, Kidney, Liver 
Reproductive System Dysfunction

4. Ni 0.20 Carcinogen, Dermatitis, 
Gastrointestinal Disorder, Lung, 

Kidney Damage

5. Cu 0.25 Liver Damage, Convulsions, 
Insomnia

6. Cr 0.05 Carcinogen, Nausea, Diarrhea

7. Cd 0.01 Carcinogen, Kidney Dysfunction

8. As 0.05 Skin Problems, Visceral Cancer

Table 1. 
Harmful Effects of Heavy Metals [6]



171

Removal of Heavy Metals from Wastewater by Adsorption
DOI: http://dx.doi.org/10.5772/intechopen.95841

1.3 Types of adsorbents

Adsorbents are typically classified on the basis of their origin i.e. natural and 
synthetic. Natural adsorbents include clays, minerals, charcoal, ores and zeolites. 
While the synthetic adsorbents are prepared from industrial wastes, agricultural 
wastes, waste sludge etc.

2. Removal of heavy metals from wastewater by adsorption

Adsorption is presumed to be an efficient and cost-effective method as com-
pared to other wastewater treatment technologies for heavy metal removal. The 
main advantage this method provides is the production of a high-quality effluent. 
The process of adsorption has an edge over other processes since it is an economic 
method for heavy metal remediation. In most cases, the adsorbent can be regen-
erated back and can be used further [35]. Adsorption is easy to use and does not 
generate any toxic pollutants, hence it is an environment friendly technique [36]. 
The prominent criteria of selection of adsorbents include their cost effective-
ness, high surface area and porosity, distribution of functional groups and their 
polarity [37, 38]. Conventional and commercial adsorbents comprise of activated 
carbon [39–42], zeolites [43–46], graphenes and fullerenes [47–51] and carbon 
nanotubes [52–56]. Carbons and their derivatives are the most prominently 
used adsorbents due their great adsorption efficiency. Their exceptional ability 
comes from their structural characteristics giving them a large surface area with 
easy chemical modifications which makes them universally acceptable to a wide 
spectrum of pollutants [57]. The activated carbons suffer from a few flaws which 
makes their use quite limited. They are expensive to manufacture; the spent 
activated carbon is difficult to dispose and their regeneration is cumbersome 
and not economical. Thus, there was extensive research in the area of low-cost 
adsorbents. The non-conventional adsorbents are cheap, abundantly available 
and have great complexing capacity due to their varied structure which binds the 
pollutant ions. They range from agricultural waste to industrial waste sludge and 
spent slurry [58, 59].

2.1 Activated carbon adsorbents

Activated carbon (AC) is one of the most widely used adsorbents due to its high 
efficiency, porosity and high surface area. It is commercially manufactured from 
the carbonization of like coal and wood, so it is expensive and its use is limited 
[24, 60–62]. They are mainly produced by pyrolysis of carbonaceous material at 
temperatures lower than 1000°C. The preparation of activated carbon involves 
two steps, one is the carbonization of raw material at temperature less than 800°C 
in inert atmosphere, second is activation of the produced product at temperature 
between 950°C and 1000°C [63]. Hence, most of the carbonaceous material can be 
used as raw material for activated carbon production, though the characteristics of 
the final product will rely on the raw material used and activated conditions [63]. 
Carbon is the main component of activated carbon adsorbent, other elements such 
as hydrogen, oxygen sulfur and nitrogen are also present. They are produced in both 
powdered and granular forms. The powdered one has large pores and smaller inter-
nal surface area; while the granular one has large internal area and small pores. The 
adsorptive capacity of an activated carbon is determined by its high porosity and 
surface are along with its chemical structure. Hence, other low cost raw materials 
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such as agricultural wastes are looked upon for increasing the cost effectiveness of 
activated carbon.

Kobya studied adsorptive removal of Cr4+ from aqueous solutions by AC pre-
pared from hazelnut shell and reached a maximum removal of 170mg/g at pH 1.0 
[64]. This was found to be higher than other adsorbents like coconut shell and wood 
AC [65] which had a removal of 58.5 and 87.6mg/g respectively. Karthikeyan et al. 
studied removal of Cr6+ from wastewater using activated carbon prepared from 
wood saw dust. The adsorption capacity of Cr6+ reached a maximum at 44mg/g at 
an optimum pH 2.0 [66]. This was significantly higher than other adsorbents for 
instance coconut shell carbon [67], treated saw dust derived from Indian rose wood 
[68], coconut tree saw dust [69] and sugarcane bagasse [70]. In these studies, the 
maximum adsorption was found to be 10.88, 10, 3.60 and 13.40 mg/g respectively. 
Kongsuwan et al. used eucalyptus bark for preparation of AC in the adsorption of 
Cu2+ and Pb2+ from low strength wastewater. The adsorption capacity for Cu2+ and 
Pb2+ was maximum at was 0.45 and 0.53 mmol/g, respectively [71]. El-Ashtoukhy 
et al. studied Cu2+ and Pb2+ removal from aqueous solutions by AC prepared from 
pomegranate peel. Batch adsorption experiments were conducted as a function of 
adsorbent dosage, contact time and pH. The removal of both the metals reached a 
saturation at 120 min with optimum pH 5.8, 5.6 for Cu2+ and Pb2+ [72]. Kavand et 
al. studied adsorptive removal of Pb2+, Cd2+ and Ni2+ from aqueous solution using 
granulated activated carbon. The removal was in the order Pb2+ > Cd2+ > Ni2+ at an 
optimum pH of 2, adsorbent dose of 2g/L and contact time of 80 minutes [73]. Kim 
et al. conducted a study on the removal of Zn2+, Ni2+ and Cr2+ from electroplating 
wastewater using powdered AC and modified powdered AC. A removal efficiency 
of around 90% was achieved for both the adsorbents at neutral pH [74].

2.2 Zeolites

They are alumino silicates with a crystalline structure that occur naturally 
or are manufactured industrially. They are one of the best adsorbents for heavy 
metal removal as they consist of hydrated aluminosilicate minerals comprising of 
interlinked alumina and silica. Zeolites possess appreciable ion exchange capacities, 
hydrophilic properties and high specific surface area which makes then exceedingly 
good adsorbents for heavy metal remediation [75]. Zeolites can also be modified 
which attain a better adsorption capacity as compared to unmodified ones. NaX 
zeolite is one of the most widely used nanosized zeolite for removal of heavy metals 
from wastewater [76–79]. Rad et al. prepared NaX nanozeolite followed by polyvi-
nylacetate polymer/NaX nanocomposite nanofibers to study removal of Cd2+. The 
maximum adsorption capacity was reported to 838.7mg/g at pH 5.0 [79]. Javadian 
et al. used fly ash for preparation of amorphous zeolite and obtained a maximum 
adsorption capacity of 26.246mg/g for Cd2+ at 5 optimum pH [80]. Similar studies 
were conducted by Visa who reported that zeolites have a high surface area and 
porosity which aid in adsorption of heavy metals [81]. Kobayashi et al. studied 
removal of Hg2+ and Pb2+ from aqueous solutions using zeolites prepared from fly 
ash. The maximum amount of Hg2+ and Pb2+ adsorbed were 22.4 mg/g and 30.7mg/g 
respectively at optimum pH of 5 [82].

2.3 Clay minerals

Bentonite, a clay mineral holds the highest cation exchange capacity, is regener-
able and around 20 times cheaper than activated carbon [83, 84]. Clay minerals 
have less removal capacity of heavy metals when compared to zeolites. But they 
are still used owing to their advantages such as brilliant physical, chemical and 
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surface properties [84–87]. Jiang et al. studied removal of Ni2+, Pb2+, Cu2+ and Cd2+ 
from wastewater using kaolinite clay and it was found that concentration of Pb2+ 
decreased from 160.00 to 8.00 mg/L [88]. Bertagnolli et al. conducted a study on 
bentonite clay for removal of Cu2+ and achieved a maximum adsorption capacity of 
11.89mg/g [89]. Chai et al. conducted a study using raw kaolinite and acid activated 
kaolinite for the removal of Ni2+ and Cu2+ from aqueous solutions and cemetery 
wastewater. The raw kaolinite adsorbed 69.23% Cu2+ and 63.37% Ni2+ whereas acid 
activated kaolinite adsorbed 77.47% and 68.32% at optimum pH of 7, contact time 
60 min and temperature 25°C [90].

2.4 Nanostructured materials

In the last decade, carbon nanotubes [91], fullerenes [92] and graphene [93] 
have occupied an important place in the area of adsorption of heavy metals from 
effluents. They possess exceptional mechanical and chemical properties, strength, 
exchange capacity, electrical conductivity and thermal stability. A high surface area 
along with numerous intermolecular interactions gives them an edge over other 
adsorbents in remediation of heavy metals.

2.4.1 Carbon nanotubes, fullerenes and graphene

Iijima discovered carbon nanotubes (CNTs) in 1991 [94]. They exist as long 
carbon cylindrical in shape with a continuous hexagonal graphite sheets. They are 
of two types: single walled CNT, which have a single graphite sheet and multi walled 
CNTs which have multiple sheets. They have portrayed excellent potential for heavy 
metal from wastewater for copper [95, 96] lead, [97, 98], chromium [99, 100], 
nickel [100, 101] and cadmium [100, 102]. CNTs prove to be excellent adsorbents 
owing to the advantages such as mechanical and surface properties electrical and 
semiconductor properties [102, 103]. They also provide a high specific surface area 
(150-1500m2/g) and the presence of mesopores increases their adsorption effi-
ciency [104–107]. The presence of different functional groups containing elements 
such as oxygen, nitrogen and sulfur directly and indirectly affect the adsorption 
mechanisms that enhance the adsorption of heavy metals [108–111].

Oxidized CNTs also portray exceedingly high adsorption capacity for the 
removal of Cr6+, Pb2+ and Cd2+ from wastewater [112–115]. Wang et al. (2007a) 
carried out a study using MWCNTs activated with conc. HNO3 which escalated 
the adsorption capacity due to creation of more oxygen functional groups. The 
equilibrium time for Pb2+ adsorption was found to be 120 min at an optimum pH 
2.0 [116]. Nanocomposites are also prepared using CNTs with ferrous, zirconium, 
aluminium oxides by coprecipitation method for removal of Pb, As, Cu, Ni and Cr 
ions [117–122]. Luo et al. synthesized Fe2O3/MnO2/acid oxidized MWCNT nano-
composites for removal of Cr6+. At an optimum pH of 2.0 a maximum removal 
capacity of 85% was achieved by the nanocomposite [123]. Ge et al. prepared 
magnetic Fe@MgO nanocomposites for the removal of Pb2+ from water. A maxi-
mum adsorption efficiency of 14746.4 mg/g was achieved for Pb2+ at 120 min 
contact time [124]. Stafiej and Pyrzynska stated some facts related to adsorption 
capacity of CNTs and reached a conclusion that pH and concentration of heavy 
metals significantly affect the CNTs efficiency [125]. CNTs portray excellent 
adsorption efficiency due to their surface morphology, electrochemical potential 
and ion exchange capacity [126, 127]. The ability of CNTs to be easily modified 
makes them selective adsorbents with the merit of enhanced adsorption efficiency 
[113, 127–130]. They are instituted as great adsorbents in the field of wastewa-
ter treatment due to their appreciable mechanical and surface characteristics, 
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mechanical and magnetic properties and high stability [131]. But the use is 
restricted due to the accumulation of the active sites by the adsorbate. Hence, acti-
vation of CNTs offers the advantage of increasing the sites with functional groups 
which in turn increases their adsorption efficiency for heavy metal removal from 
water and wastewater [132–138].

The discovery of fullerenes in 1985 led to another breakthrough in adsorption 
science [139, 140]. They have a closed-cage structure containing pentagonal and 
hexagonal carbon rings with the formula C20+m, m being an integer. Their adsorp-
tion efficiency can also be attributed to their surface morphology and presence of 
mesopores which gives then higher ion affinity and higher specific surface area for 
remediation of heavy metal ions from water and wastewater [141, 142]. Alekseeva 
et al. conducted a study using fullerenes for the removal of Cu2+ and explained the 
mechanism through Langmuir model [143]. The maximum adsorption efficiency 
was found to be 14.6 mmol/g. Spherical fullerene containing 60 carbon atoms 
is the most explored one. Its striking features comprise of hydroxyl and epoxy 
functional groups on surface, large surface to volume ratio, hydrophobicity, high 
electron affinity and low aggregation capacity which make it beneficial for heavy 
metal removal [144–146]. But their use is often restricted due to their high price. 
So, research on incorporation of other conventional adsorbents with fullerenes has 
come up. It was revealed that fullerenes enhance the porous structure of adsorbent 
leading to increase in the removal efficiency of heavy metals. It was found that 
adsorption capacity of ACs escalated by 1.5-2.5 times after introduction of fuller-
enes into their structure [147, 148].

Graphene came into the scene in 2004 and is a 2-D hexagonal lattice of carbon 
atoms. It also possesses structural, chemical and mechanical properties which 
aid its use in wastewater treatment. It has a high surface area, active functional 
groups and sites on its surface which enhance its adsorption capacity [149–151]. 
Graphene can also be activated by oxidation to increase functional groups which 
surge the adsorption capacity for removal of heavy metals [114, 152–155]. Deng 
et al. 2010 conducted a study using functionalized graphene for removal of 
Pb2+ from aqueous solution. At an optimum pH of 5.0 the maximum adsorp-
tion capacity reached was 406.6mn/g within 40 min [156]. Several studies were 
conducted to study the properties of graphene oxides for adsorption [157–161]. 
It was revealed that graphene oxides can also be magnetically modified which 
increases their adsorption capacity [162, 163]. A study by Zhao et al. used layered 
graphene oxide for removal of Pb2+ from aqueous solution. The adsorbent layers 
had oxygen functional groups which greatly enhanced the adsorption capacity 
reaching a maximum of 1850 mg/g [164]. Jian et al. synthesized a bio-adsorbent 
polyacrylamide/graphene oxide hydrogel grafted with sodium alginate and 
studied the removal of Cu2+ and Pb2+ from aqueous solution. The maximum 
adsorption capacity of Cu2+ was 68.76 mg/g at pH 5 and 240.69 mg/g for Pb2+ at 
5.5 pH [165].

2.5 Low cost adsorbents

Although, ACs are the most widely used adsorbents, their use is limited due 
to their high cost and low regeneration. Same is with other developed adsorbents 
such as carbon nanotubes, fullerenes and nanocomposites. To make the process 
of wastewater treatment speed up and effective, it is vital to look for adsorbents 
that are cost effective as well administer a high adsorption efficiency. Thus, the 
need for low cost adsorbents came to be realized. Low cost adsorbents comprise of 
those non-conventional materials that are easily available and cost effective mainly 
agricultural and industrial waste.
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2.5.1 Agriculture waste

Agricultural wastes have the constitution of lignin, cellulose, hydrocarbons, 
sugars, water and starch along with other functional groups which enhances the 
adsorption capacity of these agricultural wastes. These wastes can range from rice 
husk to wheat shells, egg shells, coconut husk, palm fruit, bagasse, groundnut shell, 
fruit peels, biochar etc. These wastes can be used directly in which they are washed 
and grounded first. Then they are sieved to get the desirable particle size which are 
used for adsorption tests. They can also be modified into chars and further activated 
to increase the adsorption sites [166, 167]. Table 2 shows the different agricultural 
wastes used for heavy metal ions removal.

2.5.2 Biochar

Biochar is the charred solid material obtained from the carbonization of bio-
mass. The most common method of production of biomass is by pyrolysis which 
is the thermal decomposition of biomass in absence or limited oxygen. Biochars 
are less carbonized than AC so more carbon, hydrogen and oxygen remain in 
their structure. Biochar has shown remarkable potential for remediation of heavy 
metals from wastewater than other conventional and low-cost adsorbents. They 
have a mesoporous structure leading to a high surface area and presence of differ-
ent functional groups and a low ash content makes them excellent and effective 
adsorbents. Feedstock such as rice husk [180–185], corn husk [180], tea waste  
[181, 184, 186, 187] and digested sludge have [185, 188] been employed for removal 
of heavy metals from aqueous solutions as well as wastewater.

2.6 Industrial waste

Industrial activities generate huge quantities of waste that are usually sent to 
landfill sites for disposal. These wastes possess a good adsorption capacity and are 
solve the problem of waste treatment. Waste products like fly ash [189–196], red 
mud [197–203] and slag [204, 205] have been effectively used owing to their appre-
ciable capacity for removal of heavy metals from wastewater. Many industrial waste 
adsorbents have been employed for the remediation of Zn2+ from effluents. The 
maximum adsorption capacity for lignin was 73.2mg/g, 168mg/g for waste sludge 
and 55.82mg/g for cassava waste [206, 207]. Table 3 gives various industrial wastes 
used for removal of heavy metals from wastewater and aqueous solutions.

3. Comparison of conventional and non-conventional adsorbents

For the adsorption process to be efficient, selection of the most appropriate 
adsorbent is a crucial step. The main basis of selection of an adsorbent include low 
cost, high adsorption capacity, effective for a broad spectrum of pollutants and 
having a low footprint [208, 209]. There has been extensive research in the field of 
conventional and non-conventional adsorption performances and mechanisms. 
Different adsorbents follow varied mechanisms because of difference in raw 
material and adsorbent production conditions. Mainly four mechanisms have been 
identified for efficient adsorption of pollutants; chemisorption, physisorption, 
ion-exchange and precipitation [210, 211]. Davis et al. stated that ion-exchange does 
not necessarily describe the mechanism of adsorption but a lot of other factors and 
mechanisms co-aid to make the process successful [210]. Some other researchers 
also explained the adsorption mechanisms [212–215]. Literature evidently points 
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out that activated carbons have proven themselves as brilliant adsorbents due to 
their high specific surface area, mechanical and structural surface morphology and 
presence of functional groups which can also be modified. However, non-conven-
tional adsorbents are increasingly employed as low-cost and effectual adsorbents. 
Their commercialization remains a task but there as upcoming as their available in 
abundant. More focused research into their engineering and modification can bring 
them at par some commercial solid adsorbents.

4. Conclusion

Heavy metal pollution is one the most dangerous situations being faced today. 
They harmful even in trace concentrations. Many of them are carcinogenic, cause 
birth defects and are extremely fatal. Hence, it is necessary to remove these toxic 
metals from wastewater before it is discharged into open waters. Adsorption is 
one such technique that caters not only to the remediation of heavy metal from 
wastewater, it is also eco-friendly with a low footprint. Adsorbents like activated 
are widely used, but it is restricted due to its high cost. So, it is necessary to look 
for options that are sustainable and aim at remediating the larger prospect of 
the problem. Low-cost adsorbents like agricultural wastes, industrial wastes and 
biochar aid not only in removal of heavy metals but are also cheap methods. Their 
raw material is easily available and these adsorbents can be easily manufactured. So, 
it is a green technology that greatly enhances the process of wastewater treatment. 
Further research into developing more low-cost adsorbents can help in further 
remedial of heavy metals.
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of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



179

Removal of Heavy Metals from Wastewater by Adsorption
DOI: http://dx.doi.org/10.5772/intechopen.95841

[1] Srivastava NK, Majumder CB. Novel 
biofiltration methods for the treatment 
of heavy metals from industrial 
wastewater. Journal of hazardous 
materials. 2008 Feb 28;151(1):1-8.

[2] Baldwin DR, Marshall WJ. Heavy 
metal poisoning and its laboratory 
investigation. Annals of clinical 
biochemistry. 1999 May;36(3):267-300.

[3] Barakat MA. New trends in 
removing heavy metals from industrial 
wastewater. Arabian journal of 
chemistry. 2011 Oct 1;4(4):361-77.

[4] Akpor OB, Ohiobor GO, Olaolu DT. 
Heavy metal pollutants in wastewater 
effluents: sources, effects and 
remediation. Advances in Bioscience 
and Bioengineering. 2014 Nov 
10;2(4):37-43.

[5] Harvey PJ, Handley HK, Taylor MP. 
Identification of the sources of metal 
(lead) contamination in drinking waters 
in north-eastern Tasmania using lead 
isotopic compositions. Environmental 
Science and Pollution Research. 2015 
Aug 1;22(16):12276-88.

[6] Molinari R, Poerio T, Argurio P. 
Selective separation of copper (II) and 
nickel (II) from aqueous media using 
the complexation–ultrafiltration 
process. Chemosphere. 2008 Jan 
1;70(3):341-8.

[7] US Environmental Protection 
Agency. Framework for metals risk 
assessment. US Environmental 
Protection Agency, Office of the Science 
Advisor: Washington, DC. EPA 120/R-
07/001. 2007.

[8] Landaburu-Aguirre J, 
García V, Pongrácz E, Keiski RL. 
The removal of zinc from synthetic 
wastewaters by micellar-enhanced 
ultrafiltration: statistical design of 
experiments. Desalination. 2009 May 
15;240(1-3):262-9.

[9] Zhao M, Xu Y, Zhang C, Rong H, 
Zeng G. New trends in removing heavy 
metals from wastewater. Applied 
microbiology and biotechnology. 2016 
Aug 1;100(15):6509-18.

[10] Abdullah N, Yusof N, Lau WJ, 
Jaafar J, Ismail AF. Recent trends of 
heavy metal removal from water/
wastewater by membrane technologies. 
Journal of Industrial and Engineering 
Chemistry. 2019 Aug 25;76:17-38.

[11] Crini G, Lichtfouse E. Advantages 
and disadvantages of techniques 
used for wastewater treatment. 
Environmental Chemistry Letters. 2019 
Mar 1;17(1):145-55.

[12] Kongsricharoern N, 
Polprasert C. Electrochemical 
precipitation of chromium (Cr6+) from 
an electroplating wastewater. Water 
Science and Technology. 1995 May 
1;31(9):109.

[13] Charerntanyarak L. Heavy metals 
removal by chemical coagulation 
and precipitation. Water Science and 
Technology. 1999 Jan 1;39(10-11):135-8.

[14] Mirbagheri SA, Hosseini SN. Pilot 
plant investigation on petrochemical 
wastewater treatmentfor the removal 
of copper and chromium with the 
objective of reuse. Desalination. 2005 
Jan 1;171(1):85-93.

[15] TanongK, TranLH, Mercier, G, 
Blais, JF. Recovery of Zn (II), Mn (II) 
Cd (II) and Ni (II) from the unsorted 
spent batteries using solvent extraction, 
electrodeposition and precipitation 
methods, J. Clean. Prod. 148 (2017) 
233-244.

[16] Peng H, Guo J. Removal of 
chromium from wastewater by 
membrane filtration, chemical 
precipitation, ion exchange, adsorption 
electrocoagulation, electrochemical 

References



Heavy Metals - Their Environmental Impacts and Mitigation

180

reduction, electrodialysis, 
electrodeionization, photocatalysis 
and nanotechnology: a review. 
Environmental Chemistry Letters. 2020 
Jul 23:1-4.

[17] Abo-Farha, SA, Abdel-Aal, AY, 
Ashour, IA, Garamon, SE. Removal of 
some heavy metal cations by synthetic 
resin purolite C100, J. Hazard. Mater. 
169 (2009)190-194.

[18] Alyuz, B, Veli, S. Kinetics and 
equilibrium studies for the removal of 
nickel and zinc from aqueous solutions 
by ion exchange resins, J. Hazard. Mater. 
167 (2009) 482-488.

[19] Zanin E, Scapinello J, de Oliveira M, 
Rambo CL, Franscescon F, Freitas L, 
de Mello JM, Fiori MA, Oliveira JV, Dal 
Magro J. Adsorption of heavy metals 
from wastewater graphic industry 
using clinoptilolite zeolite as adsorbent. 
Process Safety and Environmental 
Protection. 2017 Jan 1;105:194-200.

[20] Huang Y, Zeng X, Guo L, 
Lan J, Zhang L, Cao D. Heavy metal 
ion removal of wastewater by zeolite-
imidazolate frameworks. Separation 
and Purification Technology. 2018 Apr 
3;194:462-9.

[21] Hong M, Yu L, Wang Y, Zhang J, 
Chen Z, Dong L, Zan Q, Li R. Heavy 
metal adsorption with zeolites: The 
role of hierarchical pore architecture. 
Chemical Engineering Journal. 2019 
Mar 1;359:363-72.

[22] Eccles H. Treatment of metal-
contaminated wastes: why select 
a biological process? Trends in 
biotechnology. 1999 Dec 1;17(12):462-5.

[23] Fu F, Wang Q. Removal of heavy 
metal ions from wastewaters: a review. 
Journal of environmental management. 
2011 Mar 1;92(3):407-18.

[24] Agarwal M, Singh K. Heavy 
metal removal from wastewater using 

various adsorbents: a review. Journal 
of Water Reuse and Desalination. 2017 
Dec;7(4):387-419.

[25] Tyagi I, Gupta VK,  
Sadegh H, Ghoshekandi RS, 
Makhlouf AS. Nanoparticles as 
adsorbent; a positive approach for 
removal of noxious metal ions: a review. 
Science Technology and Development. 
2017;34(3):195-214.

[26] Tripathi A, Ranjan MR. Heavy 
metal removal from wastewater using 
low cost adsorbents. J BioremedBiodeg. 
2015 Jan;6(6):315.

[27] Singh N, Gupta SK. Adsorption 
of heavy metals: A review. Int. J. 
Innov. Res. Sci. Eng. Technol. 2016 
Feb;5(2):2267-81.

[28] Freundlich HM. Over the adsorption 
in solution. J. Phys. Chem. 1906 
Mar;57(385471):1100-7.

[29] Langmuir I. The constitution 
and fundamental properties of solids 
and liquids. Part I. Solids. Journal of 
the American chemical society. 1916 
Nov;38(11):2221-95.

[30] Redlich OJ, Peterson DL. A useful 
adsorption isotherm. Journal of physical 
chemistry. 1959 Jun 1;63(6):1024-28.

[31] Radke CJ, Prausnitz JM. Adsorption 
of organic solutes from dilute 
aqueous solution of activated carbon. 
Industrial & Engineering Chemistry 
Fundamentals. 1972 Nov;11(4):445-51.

[32] Sips R. Combined form of Langmuir 
and Freundlich equations. J. Chem. 
Phys. 1948;16(429):490-5.

[33] Toth J. State equation of the solid-
gas interface layers. Acta chim. hung. 
1971;69:311-28.

[34] Koble RA, Corrigan TE. Adsorption 
isotherms for pure hydrocarbons. 
Industrial & Engineering Chemistry. 
1952 Feb;44(2):383-7.



181

Removal of Heavy Metals from Wastewater by Adsorption
DOI: http://dx.doi.org/10.5772/intechopen.95841

[35] Ojedokun AT, 
Bello OS. Sequestering heavy metals 
from wastewater using cow dung. Water 
Resources and Industry. 2016 Mar 
1;13:7-13.

[36] Demirbas A. Heavy metal 
adsorption onto agro-based waste 
materials: a review. Journal of hazardous 
materials. 2008 Sep 15;157(2-3):220-9.

[37] Vunain E, Mishra AK, Mamba BB. 
Dendrimers, mesoporous silicas and 
chitosan-based nanosorbents for the 
removal of heavy-metal ions: a review. 
International journal of biological 
macromolecules. 2016 May 1;86:570-86.

[38] Ewecharoen A, Thiravetyan P,  
Wendel E, Bertagnolli H. Nickel 
adsorption by sodium polyacrylate-
grafted activated carbon. Journal 
of hazardous materials. 2009 Nov 
15;171(1-3):335-9.

[39] Rivera-Utrilla J, Sánchez-Polo M, 
Gómez-Serrano V, Alvarez PM, 
Alvim-Ferraz MC, Dias JM. Activated 
carbon modifications to enhance 
its water treatment applications. 
An overview. Journal of hazardous 
materials. 2011 Mar 15;187(1-3):1-23.

[40] Abbaszadeh S, Alwi SR, Webb C, 
Ghasemi N, Muhamad II. Treatment 
of lead-contaminated water using 
activated carbon adsorbent from locally 
available papaya peel biowaste. Journal 
of Cleaner Production. 2016 Apr 
1;118:210-22.

[41] Wong S, Ngadi N, Inuwa IM,  
Hassan O. Recent advances in 
applications of activated carbon from 
biowaste for wastewater treatment: 
a short review. Journal of Cleaner 
Production. 2018 Feb 20;175:361-75.

[42] Duan C, Ma T, Wang J, Zhou Y. 
Removal of heavy metals from aqueous 
solution using carbon-based adsorbents: 
A review. Journal of Water Process 
Engineering. 2020 Oct 1;37:101339.

[43] Meng Q, Chen H, Lin J, Lin Z, Sun J. 
Zeolite A synthesized from alkaline 
assisted pre-activated halloysite for 
efficient heavy metal removal in 
polluted river water and industrial 
wastewater. Journal of environmental 
sciences. 2017 Jun 1;56:254-62.

[44] Taamneh Y, Sharadqah S. The 
removal of heavy metals from aqueous 
solution using natural Jordanian 
zeolite. Applied Water Science. 2017 Jul 
1;7(4):2021-8.

[45] Huang Y, Zeng X, Guo L, 
Lan J, Zhang L, Cao D. Heavy metal 
ion removal of wastewater by zeolite-
imidazolate frameworks. Separation 
and Purification Technology. 2018 Apr 
3;194:462-9.

[46] Hong M, Yu L, Wang Y, Zhang J, 
Chen Z, Dong L, Zan Q, Li R. Heavy 
metal adsorption with zeolites: The 
role of hierarchical pore architecture. 
Chemical Engineering Journal. 2019 
Mar 1;359:363-72.

[47] Carpio IE, Mangadlao JD, 
Nguyen HN, Advincula RC, Rodrigues DF. 
Graphene oxide functionalized with 
ethylenediamine triacetic acid for heavy 
metal adsorption and anti-microbial 
applications. Carbon. 2014 Oct 
1;77:289-301.

[48] Yu JG, Yu LY, Yang H, Liu Q,  
Chen XH, Jiang XY, Chen XQ,  
Jiao FP. Graphene nanosheets as 
novel adsorbents in adsorption, 
preconcentration and removal of gases, 
organic compounds and metal ions. 
Science of the total environment. 2015 
Jan 1;502:70-9.

[49] Sadegh H, Ali GA, Gupta VK, 
Makhlouf AS, Shahryari-ghoshekandi 
R, Nadagouda MN, Sillanpää M, 
Megiel E. The role of nanomaterials 
as effective adsorbents and their 
applications in wastewater treatment. 
Journal of Nanostructure in Chemistry. 
2017 Mar 1;7(1):1-4.



Heavy Metals - Their Environmental Impacts and Mitigation

182

[50] Nimibofa A, Newton EA, 
Cyprain AY, Donbebe W. Fullerenes: 
synthesis and applications. J. Mater. Sci. 
2018 Jun 30;7:22-33.

[51] Baby R, Saifullah B, Hussein MZ. 
Carbon nanomaterials for the treatment 
of heavy metal-contaminated water and 
environmental remediation. Nanoscale 
Research Letters. 2019 Dec 1;14(1):341.

[52] Mubarak NM, Sahu JN, 
Abdullah EC, Jayakumar NS. Removal 
of heavy metals from wastewater 
using carbon nanotubes. Separation 
& Purification Reviews. 2014 Oct 
2;43(4):311-38.

[53] Yadav DK, Srivastava S. Carbon 
nanotubes as adsorbent to remove 
heavy metal ion (Mn+ 7) in wastewater 
treatment. Materials Today: 
Proceedings. 2017 Jan 1;4(2):4089-94.

[54] Yu G, Lu Y, Guo J, Patel M, 
Bafana A, Wang X, Qiu B, Jeffryes C, 
Wei S, Guo Z, Wujcik EK. Carbon 
nanotubes, graphene, and their 
derivatives for heavy metal removal. 
Advanced Composites and Hybrid 
Materials. 2018 Mar 1;1(1):56-78.

[55] Ouni L, Ramazani A, Fardood ST. 
An overview of carbon nanotubes 
role in heavy metals removal from 
wastewater. Frontiers of Chemical 
Science and Engineering. 2019 May 
22:1-22.

[56] Fiyadh SS, AlSaadi MA, Jaafar WZ, 
AlOmar MK, Fayaed SS, Mohd NS, 
Hin LS, El-Shafie A. Review on heavy 
metal adsorption processes by carbon 
nanotubes. Journal of Cleaner 
Production. 2019 Sep 1;230:783-93.

[57] Crini G, Lichtfouse E, Wilson LD, 
Morin-Crini N. Conventional and non-
conventional adsorbents for wastewater 
treatment. Environmental Chemistry 
Letters. 2019 Mar 1;17(1):195-213.

[58] Crini G (2010) Wastewater 
treatment by sorption. In: Crini G, 

Badot PM (eds) Sorption processes and 
pollution, chap 2. PUFC, Besançon, 
pp 39-78.

[59] Crini G, Lichtfouse É, Wilson LD, 
Morin-Crini N (2018) Adsorption- 
oriented using conventional and non-
conventional adsorbents for wastewater 
treatment. In: Crini G, Lichtfouse É 
(eds) Environmental chemistry for a 
sustainable world, green adsorbents for 
pollutant removal—fundamentals and 
design, chapter 2, vol 1. Springer, Berlin, 
pp 23-71. ISBN 978-3-319-92111-2.

[60] Jusoh A, Shiung LS, Noor MJ. 
A simulation study of the removal 
efficiency of granular activated carbon 
on cadmium and lead. Desalination. 
2007 Feb 5;206(1-3):9-16.

[61] Kang KC, Kim SS, Choi JW, 
Kwon SH. Sorption of Cu2+ and Cd2+ 
onto acid-and base-pretreated granular 
activated carbon and activated carbon 
fiber samples. Journal of Industrial 
and Engineering Chemistry. 2008 Jan 
1;14(1):131-5.

[62] Deliyanni EA, Kyzas GZ, 
Triantafyllidis KS, Matis KA. Activated 
carbons for the removal of heavy 
metal ions: A systematic review of 
recent literature focused on lead and 
arsenic ions. Open Chemistry. 2015 Jan 
13;1(open-issue).

[63] Bansal RC, Goyal M. Activated 
carbon adsorption. CRC press; 
2005 May 24.

[64] Kobya M. Removal of Cr (VI) from 
aqueous solutions by adsorption onto 
hazelnut shell activated carbon: kinetic 
and equilibrium studies. Bioresource 
technology. 2004 Feb 1;91(3):317-21.

[65] Selomulya C, Meeyoo V, Amal R. 
Mechanisms of Cr (VI) removal from 
water by various types of activated 
carbons. Journal of Chemical 
Technology & Biotechnology: 
International Research in Process, 



183

Removal of Heavy Metals from Wastewater by Adsorption
DOI: http://dx.doi.org/10.5772/intechopen.95841

Environmental & Clean Technology. 
1999 Feb;74(2):111-22.

[66] Karthikeyan T, Rajgopal S,  
Miranda LR. Chromium (VI) 
adsorption from aqueous solution by 
HeveaBrasilinesis sawdust activated 
carbon. Journal of hazardous materials. 
2005 Sep 30;124(1-3):192-9.

[67] Babel S, Kurniawan TA. Cr (VI) 
removal from synthetic wastewater 
using coconut shell charcoal and 
commercial activated carbon modified 
with oxidizing agents and/or chitosan. 
Chemosphere. 2004 Feb 1;54(7):951-67.

[68] Garg VK, Gupta R, Kumar R, 
Gupta RK. Adsorption of chromium 
from aqueous solution on treated 
sawdust. Bioresource technology. 2004 
Mar 1;92(1):79-81.

[69] Sharma DC, Forster CF. A 
preliminary examination into the 
adsorption of hexavalent chromium 
using low-cost adsorbents. Bioresource 
Technology. 1994 Jan 1;47(3):257-64.

[70] Selvi K, Pattabhi S, 
Kadirvelu K. Removal of Cr (VI) from 
aqueous solution by adsorption 
onto activated carbon. Bioresource 
technology. 2001 Oct 1;80(1):87-9.

[71] Kongsuwan A, Patnukao P, 
Pavasant P. Binary component sorption 
of Cu (II) and Pb (II) with 
activated carbon from Eucalyptus 
camaldulensisDehn bark. Journal of 
Industrial and Engineering Chemistry. 
2009 Jul 25;15(4):465-70.

[72] El-Ashtoukhy ES, Amin NK, 
Abdelwahab O. Removal of lead (II) 
and copper (II) from aqueous solution 
using pomegranate peel as a new 
adsorbent. Desalination. 2008 Mar 
1;223(1-3):162-73.

[73] Kavand M, Kaghazchi T,  
Soleimani M. Optimization of 
parameters for competitive adsorption 

of heavy metal ions (Pb+ 2, Ni+ 2, 
Cd+ 2) onto activated carbon. Korean 
journal of chemical engineering. 2014 
Apr 1;31(4):692-700.

[74] Kim TK, Kim T, Choe WS, Kim MK, 
Jung YJ, Zoh KD. Removal of heavy 
metals in electroplating wastewater 
by powdered activated carbon (PAC) 
and sodium diethyldithiocarbamate-
modified PAC. Environmental 
Engineering Research. 2018;23(3):301-8.

[75] Choi HJ, Yu SW, Kim KH. 
Efficient use of Mg-modified zeolite 
in the treatment of aqueous solution 
contaminated with heavy metal toxic 
ions. Journal of the Taiwan Institute 
of Chemical Engineers. 2016 Jun 
1;63:482-9.

[76] Erdem E, Karapinar N, Donat R. 
The removal of heavy metal cations 
by natural zeolites. Journal of colloid 
and interface science. 2004 Dec 
15;280(2):309-14.

[77] Ibrahim HS, Jamil TS, Hegazy EZ. 
Application of zeolite prepared from 
Egyptian kaolin for the removal of 
heavy metals: II. Isotherm models. 
Journal of Hazardous materials. 2010 
Oct 15;182(1-3):842-847.

[78] Aliabadi M, Irani M, Ismaeili J,  
Piri H, Parnian MJ. Electrospun 
nanofiber membrane of PEO/Chitosan 
for the adsorption of nickel, cadmium, 
lead and copper ions from aqueous 
solution. Chemical engineering journal. 
2013 Mar 15;220:237-43.

[79] Rad LR, Momeni A, Ghazani BF, 
Irani M, Mahmoudi M, Noghreh B. 
Removal of Ni2+ and Cd2+ ions from 
aqueous solutions using electrospun 
PVA/zeolite nanofibrous adsorbent. 
Chemical Engineering Journal. 2014 
Nov 15;256:119-27.

[80] Javadian H, Sorkhrodi FZ, 
Koutenaei BB. Experimental investigation 
on enhancing aqueous cadmium 



Heavy Metals - Their Environmental Impacts and Mitigation

184

removal via nanostructure composite of 
modified hexagonal type mesoporous 
silica with polyaniline/polypyrrole 
nanoparticles. Journal of Industrial 
and Engineering Chemistry. 2014 Sep 
25;20(5):3678-88.

[81] Visa M. Synthesis and 
characterization of new zeolite materials 
obtained from fly ash for heavy metals 
removal in advanced wastewater 
treatment. Powder Technology. 2016 Jun 
1;294:338-47.

[82] Kobayashi Y, Ogata F, Nakamura T, 
Kawasaki N. Synthesis of novel zeolites 
produced from fly ash by hydrothermal 
treatment in alkaline solution and 
its evaluation as an adsorbent for 
heavy metal removal. Journal of 
Environmental Chemical Engineering. 
2020 Apr 1;8(2):103687.

[83] Tripathi A, Ranjan MR. Heavy 
metal removal from wastewater using 
low cost adsorbents. J Bioremed Biodeg. 
2015 Jan;6(6):315.

[84] Agarwal M, Singh K. Heavy 
metal removal from wastewater using 
various adsorbents: a review. Journal 
of Water Reuse and Desalination. 2017 
Dec;7(4):387-419.

[85] Singh SP, Ma LQ, Harris WG. Heavy 
metal interactions with phosphatic 
clay: sorption and desorption behavior. 
Journal of Environmental Quality. 2001 
Nov;30(6):1961-8.

[86] Krikorian N, Martin DF. Extraction 
of selected heavy metals using modified 
clays. Journal of Environmental Science 
and Health. 2005 Jan 1;40(3):601-8.

[87] Aşçı Y, Nurbaş M, Açıkel YS. 
Sorption of Cd (II) onto kaolin as a 
soil component and desorption of Cd 
(II) from kaolin using rhamnolipid 
biosurfactant. Journal of Hazardous 
Materials. 2007 Jan 2;139(1):50-6.

[88] Jiang MQ, Jin XY, Lu XQ, Chen ZL. 
Adsorption of Pb (II), Cd (II), Ni (II) 

and Cu (II) onto natural kaolinite clay. 
Desalination. 2010 Mar 1;252(1-3):33-9.

[89] Bertagnolli C, 
Kleinübing SJ, Da Silva MG. Preparation 
and characterization of a Brazilian 
bentonite clay for removal of copper in 
porous beds. Applied Clay Science. 2011 
Jul 1;53(1):73-9.

[90] Chai JB, Au PI, Mubarak NM, 
Khalid M, Ng WP, Jagadish P, Walvekar R, 
Abdullah EC. Adsorption of heavy 
metal from industrial wastewater onto 
low-cost Malaysian kaolin clay–based 
adsorbent. Environmental Science and 
Pollution Research. 2020 Feb 8:1-4.

[91] Burakov A, Romantsova I, 
Kucherova A, Tkachev A. Removal 
of heavy-metal ions from aqueous 
solutions using activated carbons: effect 
of adsorbent surface modification with 
carbon nanotubes. Adsorption Science 
& Technology. 2014 Sep;32(9):737-47.

[92] Darwish AD. Fullerenes. Annual 
Reports Section” A”(Inorganic 
Chemistry). 2013;109:436-52.

[93] Melezhyk AV, Kotov VA, 
Tkachev AG. Optical properties and 
aggregation of graphene nanoplatelets. 
Journal of Nanoscience and 
Nanotechnology. 2016 Jan 
1;16(1):1067-75.

[94] Iijima S, Helical microtubes 
of graphitic carbon. Nature. 1991; 
354:56-58.

[95] Li Y, Liu F, Xia B, Du Q, Zhang P, 
Wang D, Wang Z, Xia Y. Removal of 
copper from aqueous solution by carbon 
nanotube/calcium alginate composites. 
Journal of Hazardous Materials. 2010 
May 15;177(1-3):876-80.

[96] Rodríguez C, Leiva E. Enhanced 
heavy metal removal from acid mine 
drainage wastewater using double-
oxidized multiwalled carbon nanotubes. 
Molecules. 2020 Jan;25(1):111.



185

Removal of Heavy Metals from Wastewater by Adsorption
DOI: http://dx.doi.org/10.5772/intechopen.95841

[97] Wang H, Zhou A, Peng F, Yu H, 
Yang J. Mechanism study on adsorption 
of acidified multiwalled carbon 
nanotubes to Pb (II). Journal of Colloid 
and Interface Science. 2007 Dec 
15;316(2):277-83.

[98] Kabbashi NA, Atieh MA,  
Al-Mamun A, Mirghami ME, 
Alam MD, Yahya N. Kinetic adsorption 
of application of carbon nanotubes for 
Pb (II) removal from aqueous solution. 
Journal of Environmental Sciences. 
2009 Apr 1;21(4):539-44.

[99] Pillay K, Cukrowska EM, Coville NJ. 
Multi-walled carbon nanotubes as 
adsorbents for the removal of parts per 
billion levels of hexavalent chromium 
from aqueous solution. Journal 
of hazardous materials. 2009 Jul 
30;166(2-3):1067-75.

[100] Temitope BM, Saka AA, 
Alhassan MI, Ochigbo SS, Oladejo TJ, 
Kamaldeen AO, Roos WD. Selected 
Heavy Metals Removal from 
Electroplating Wastewater by 
Purified and Polyhydroxylbutyrate 
Functionalized Carbon Nanotubes 
Adsorbents. Scientific Reports (Nature 
Publisher Group). 2019 Dec 1;9(1).

[101] Kandah MI, Meunier JL. Removal 
of nickel ions from water by multi-
walled carbon nanotubes. Journal 
of hazardous materials. 2007 Jul 
19;146(1-2):283-8.

[102] Kuo CY, Lin HY. Adsorption of 
aqueous cadmium (II) onto modified 
multi-walled carbon nanotubes 
following microwave/chemical 
treatment. Desalination. 2009 Dec 
15;249(2):792-6.

[103] Haddon RC, Carbon nanotubes. 
Acc. Chem. Res. 2002; 35: 977-1113.

[104] Fiyadh SS, AlSaadi MA, Jaafar WZ, 
AlOmar MK, Fayaed SS, Mohd NS, 
Hin LS, El-Shafie A. Review on heavy 
metal adsorption processes by carbon 

nanotubes. Journal of Cleaner 
Production. 2019 Sep 1;230:783-93.

[105] Duan C, Ma T, Wang J, Zhou Y. 
Removal of heavy metals from aqueous 
solution using carbon-based adsorbents: 
A review. Journal of Water Process 
Engineering. 2020 Oct 1;37:101339.

[106] Gupta VK, Agarwal S, Saleh TA. 
Chromium removal by combining 
the magnetic properties of iron oxide 
with adsorption properties of carbon 
nanotubes. Water research. 2011 Mar 
1;45(6):2207-12.

[107] Wang X, Guo Y, Yang L, Han M, 
Zhao J, Cheng X. Nanomaterials as 
sorbents to remove heavy metal ions in 
wastewater treatment. J. Environ. Anal. 
Toxicol. 2012 Nov;2(7):154-8.

[108] Sharma M, Singh J, Hazra S, 
Basu S. Adsorption of heavy metal 
ions by mesoporous ZnO and TiO2@ 
ZnO monoliths: adsorption and kinetic 
studies. Microchemical journal. 2019 
Mar 1;145:105-12.

[109] Yang X, Wan Y, Zheng Y, He F, 
Yu Z, Huang J, Wang H, Ok YS, Jiang Y, 
Gao B. Surface functional groups of 
carbon-based adsorbents and their roles 
in the removal of heavy metals from 
aqueous solutions: a critical review. 
Chemical Engineering Journal. 2019 Jun 
15;366:608-21.

[110] Verma B, Balomajumder C. Surface 
modification of one-dimensional 
Carbon Nanotubes: A review for 
the management of heavy metals in 
wastewater. Environmental Technology 
& Innovation. 2020 Feb 1;17:100596.

[111] Li YH, Wang S, Wei J, 
Zhang X, Xu C, Luan Z, Wu D, Wei B. 
Lead adsorption on carbon nanotubes. 
Chemical Physics Letters. 2002 May 
10;357(3-4):263-6.

[112] Li YH, Wang S, Luan Z, Ding J, 
Xu C, Wu D. Adsorption of cadmium 



Heavy Metals - Their Environmental Impacts and Mitigation

186

(II) from aqueous solution by surface 
oxidized carbon nanotubes. Carbon. 
2003 Jan 1;41(5):1057-62.

[113] Robati D. Pseudo-second-order 
kinetic equations for modeling 
adsorption systems for removal of 
lead ions using multi-walled carbon 
nanotube. Journal of nanostructure in 
Chemistry. 2013 Dec 1;3(1):55.

[114] Xu J, Cao Z, Zhang Y, Yuan Z, 
Lou Z, Xu X, Wang X. A review of 
functionalized carbon nanotubes and 
graphene for heavy metal adsorption 
from water: Preparation, application, 
and mechanism. Chemosphere. 2018 
Mar 1;195:351-64.

[115] Rodríguez C, Leiva E. Enhanced 
heavy metal removal from acid mine 
drainage wastewater using double-
oxidized multiwalled carbon nanotubes. 
Molecules. 2020 Jan;25(1):111.

[116] Wang HJ, Zhou AL, Peng F, Yu H, 
Chen LF. Adsorption characteristic of 
acidified carbon nanotubes for heavy 
metal Pb (II) in aqueous solution. 
Materials Science and Engineering: A. 
2007 Sep 25;466(1-2):201-6.

[117] Yang S, Li J, Shao D, Hu J, Wang X. 
Adsorption of Ni (II) on oxidized multi-
walled carbon nanotubes: effect of 
contact time, pH, foreign ions and PAA. 
Journal of hazardous materials. 2009 Jul 
15;166(1):109-16.

[118] Gupta VK, Agarwal S, Saleh TA. 
Synthesis and characterization of 
alumina-coated carbon nanotubes 
and their application for lead removal. 
Journal of hazardous materials. 2011 Jan 
15;185(1):17-23.

[119] Ntim SA, Mitra S. Adsorption of 
arsenic on multiwall carbon nanotube–
zirconia nanohybrid for potential 
drinking water purification. Journal of 
colloid and interface science. 2012 Jun 
1;375(1):154-9.

[120] Tang WW, Zeng,GM, Gong, 
JL, Liu, Y, Wang, XY, Liu, YY, Liu, 
ZF, Chen, L, Xhang, XR, Tu, DZ. 
Simultaneous adsorption of atrazine 
and Cu(II) from wastewater by 
magnetic multi-walled carbon 
nanotubes. Chem. Eng. J. 2012; 21-212: 
470-478.

[121] Wang B, Wu T, Angaiah S,  
Murugadoss V, Ryu JE, 
Wujcik EK, Lu N, Young DP, Gao Q, 
Guo Z. Development of nanocomposite 
adsorbents for heavy metal removal 
from wastewater. ES Materials & 
Manufacturing. 2018 Dec 4;2(2):35-44.

[122] Sarma GK, Gupta SS, 
Bhattacharyya KG. Nanomaterials as 
versatile adsorbents for heavy metal 
ions in water: a review. Environmental 
Science and Pollution Research. 2019 
Mar 8;26(7):6245-78.

[123] Luo C, Tian Z, Yang B, Zhang L, 
Yan S. Manganese dioxide/iron oxide/
acid oxidized multi-walled carbon 
nanotube magnetic nanocomposite 
for enhanced hexavalent chromium 
removal. Chemical Engineering Journal. 
2013 Dec 1;234:256-65.

[124] Ge L, Wang W, Peng Z, 
Tan F, Wang X, Chen J, Qiao X. Facile 
fabrication of Fe@ MgO magnetic 
nanocomposites for efficient removal 
of heavy metal ion and dye from 
water. Powder Technology. 2018 Feb 
15;326:393-401.

[125] Stafiej A, Pyrzynska K. Adsorption 
of heavy metal ions with carbon 
nanotubes. Separation and purification 
technology. 2007 Dec 1;58(1):49-52.

[126] Gao Z, Bandosz TJ, Zhao Z, Han M, 
Qiu J. Investigation of factors affecting 
adsorption of transition metals on 
oxidized carbon nanotubes. Journal 
of Hazardous Materials. 2009 Aug 
15;167(1-3):357-65.

[127] Musielak M, Gagor A, Zawisza B, 
Talik E, Sitko R. Graphene oxide/carbon 



187

Removal of Heavy Metals from Wastewater by Adsorption
DOI: http://dx.doi.org/10.5772/intechopen.95841

nanotube membranes for highly 
efficient removal of metal ions from 
water. ACS applied materials & 
interfaces. 2019 Jul 18;11(31):28582-90.

[128] Rao GP, Lu C, Su F. Sorption 
of divalent metal ions from aqueous 
solution by carbon nanotubes: a review. 
Separation and purification technology. 
2007 Dec 1;58(1):224-31.

[129] Chen GC, Shan XQ, 
Zhou YQ, Shen XE, Huang HL, Khan SU. 
Adsorption kinetics, isotherms and 
thermodynamics of atrazine on surface 
oxidized multiwalled carbon nanotubes. 
Journal of Hazardous Materials. 2009 
Sep 30;169(1-3):912-8.

[130] Verma B, Sewani H, 
Balomajumder C. Synthesis of carbon 
nanotubes via chemical vapor 
deposition: an advanced application 
in the Management of Electroplating 
Effluent. Environmental Science and 
Pollution Research. 2020 Feb 8:1-2.

[131] Egbosiuba TC, Abdulkareem AS, 
Kovo AS, Afolabi EA, Tijani JO, 
Roos WD. Enhanced adsorption of 
As (V) and Mn (VII) from industrial 
wastewater using multi-walled 
carbon nanotubes and carboxylated 
multi-walled carbon nanotubes. 
Chemosphere. 2020 Apr 21:126780.

[132] Ihsanullah, Al-Khaldi FA,  
Abu-Sharkh B, Abulkibash AM, 
Qureshi MI, Laoui T, Atieh MA. Effect 
of acid modification on adsorption of 
hexavalent chromium (Cr (VI)) from 
aqueous solution by activated carbon 
and carbon nanotubes. Desalination 
and Water Treatment. 2016 Apr 
2;57(16):7232-44.

[133] Tawabini BS, Al-Khaldi SF,  
Khaled MM, Atieh MA. Removal 
of arsenic from water by iron oxide 
nanoparticles impregnated on carbon 
nanotubes. Journal of Environmental 
Science and Health, Part A. 2011 Jan 
31;46(3):215-23.

[134] Chen H, Li J, Shao D, Ren X, 
Wang X. Poly (acrylic acid) grafted 
multiwall carbon nanotubes by plasma 
techniques for Co (II) removal from 
aqueous solution. Chemical engineering 
journal. 2012 Nov 1;210:475-81.

[135] Hayati B, Maleki A, Najafi F, 
Daraei H, Gharibi F, McKay G. Synthesis 
and characterization of PAMAM/CNT 
nanocomposite as a super-capacity 
adsorbent for heavy metal (Ni2+, Zn2+, 
As3+, Co2+) removal from wastewater. 
Journal of Molecular Liquids. 2016 Dec 
1;224:1032-40.

[136] Baby R, Saifullah B, Hussein MZ. 
Carbon nanomaterials for the treatment 
of heavy metal-contaminated water and 
environmental remediation. Nanoscale 
Research Letters. 2019 Dec 1;14(1):341.

[137] Ouni L, Ramazani A, Fardood ST. 
An overview of carbon nanotubes 
role in heavy metals removal from 
wastewater. Frontiers of Chemical 
Science and Engineering. 2019 May 
22:1-22.

[138] Verma B, Balomajumder C. Surface 
modification of one-dimensional 
Carbon Nanotubes: A review for 
the management of heavy metals in 
wastewater. Environmental Technology 
& Innovation. 2020 Feb 1;17:100596.

[139] Zhang BT, Zheng X, Li HF, 
Lin JM. Application of carbon-based 
nanomaterials in sample preparation: A 
review. Analytica chimica acta. 2013 Jun 
19;784:1-7.

[140] Malik S. Structural and electronic 
properties of nano-carbon materials 
such as graphene, nanotubes and 
fullerenes. Nature. 1985;318:162-3.

[141] Valcárcel M, Cárdenas S, 
Simonet BM, Moliner-Martínez Y, 
Lucena R. Carbon nanostructures 
as sorbent materials in analytical 
processes. TrAC Trends in Analytical 
Chemistry. 2008 Jan 1;27(1):34-43.



Heavy Metals - Their Environmental Impacts and Mitigation

188

[142] Zhang M, Gao B, Cao X, 
Yang L. Synthesis of a multifunctional 
graphene–carbon nanotube aerogel 
and its strong adsorption of lead 
from aqueous solution. Rsc Advances. 
2013;3(43):21099-105.

[143] Alekseeva OV, Bagrovskaya NA, 
Noskov AV. Sorption of heavy metal ions 
by fullerene and polystyrene/fullerene 
film compositions. Protection of Metals 
and Physical Chemistry of Surfaces. 
2016 May 1;52(3):443-7.

[144] Lalia, B.S.; Kochkodan, V.; 
Hashaikeh, R.; Hilal, N. A review on 
membrane fabrication: Structure, 
properties and performance 
relationship. Desalination 2013, 
326, 77-95.

[145] Djordjevic, A.; Srdjenovic, B.; 
Seke, M.; Petrovic, D.; Injac, R.; 
Mrdjanovic, J. Review of Synthesis and 
Antioxidant Potential of Fullerenol 
Nanoparticles. J. Nanomater. 2015, 
2015, 1-15.

[146] Jani M, Arcos-Pareja JA, 
Ni M. Engineered Zero-Dimensional 
Fullerene/Carbon Dots-Polymer 
Based Nanocomposite Membranes for 
Wastewater Treatment. Molecules. 2020 
Jan;25(21):4934.

[147] Samonin VV, Nikonova VY, 
Podvyaznikov ML. Sorption properties 
of fullerene-modified activated carbon 
with respect to metal ions. Protection of 
Metals. 2008 Mar 1;44(2):190-2.

[148] Samonin VV, Nikonova VY, 
Podvyaznikov ML. Carbon adsorbents 
on the basis of the hydrolytic lignin 
modified with fullerenes in producing. 
Russian Journal of Applied Chemistry. 
2014 Feb 1;87(2):190-3.

[149] Geim AK. Graphene: status 
and prospects. science. 2009 Jun 
19;324(5934):1530-4.

[150] Novoselov KS, Fal VI, Colombo L, 
Gellert PR, Schwab MG, Kim K. A 

roadmap for graphene. nature. 2012 
Oct;490(7419):192-200.

[151] Gopalakrishnan A, Krishnan R, 
Thangavel S, Venugopal G, Kim SJ. 
Removal of heavy metal ions from 
pharma-effluents using graphene-
oxide nanosorbents and study of 
their adsorption kinetics. Journal of 
Industrial and Engineering Chemistry. 
2015 Oct 25;30:14-9.

[152] Huang ZH, Zheng X, Lv W, 
Wang M, Yang QH, Kang F. Adsorption 
of lead (II) ions from aqueous solution 
on low-temperature exfoliated graphene 
nanosheets. Langmuir. 2011 Jun 
21;27(12):7558-62.

[153] Zhao G, Li J, Ren X, Chen C, 
Wang X. Few-layered graphene oxide 
nanosheets as superior sorbents for 
heavy metal ion pollution management. 
Environmental science & technology. 
2011 Dec 15;45(24):10454-62.

[154] Cong HP, Ren XC, Wang P, Yu SH. 
Macroscopic multifunctional graphene-
based hydrogels and aerogels by a metal 
ion induced self-assembly process. ACS 
nano. 2012 Mar 27;6(3):2693-703.

[155] Yu G, Lu Y, Guo J, Patel M, 
Bafana A, Wang X, Qiu B, Jeffryes C, 
Wei S, Guo Z, Wujcik EK. Carbon 
nanotubes, graphene, and their 
derivatives for heavy metal removal. 
Advanced Composites and Hybrid 
Materials. 2018 Mar 1;1(1):56-78.

[156] Deng X, Lü L, Li H, Luo F. The 
adsorption properties of Pb (II) and 
Cd (II) on functionalized graphene 
prepared by electrolysis method. Journal 
of Hazardous Materials. 2010 Nov 
15;183(1-3):923-30.

[157] Ren X, Li J, Tan X, Wang X. 
Comparative study of graphene oxide, 
activated carbon and carbon 
nanotubes as adsorbents for copper 
decontamination. Dalton Transactions. 
2013;42(15):5266-74.



189

Removal of Heavy Metals from Wastewater by Adsorption
DOI: http://dx.doi.org/10.5772/intechopen.95841

[158] Zhang M, Gao B, Cao X, 
Yang L. Synthesis of a multifunctional 
graphene–carbon nanotube aerogel 
and its strong adsorption of lead 
from aqueous solution. Rsc Advances. 
2013;3(43):21099-105.

[159] Arshad F, Selvaraj M, Zain J, 
Banat F, Haija MA. Polyethylenimine 
modified graphene oxide hydrogel 
composite as an efficient adsorbent 
for heavy metal ions. Separation and 
Purification Technology. 2019 Jan 
31;209:870-80.

[160] Wu Z, Deng W, Zhou W, 
Luo J. Novel magnetic polysaccharide/
graphene oxide@ Fe3O4 gel beads 
for adsorbing heavy metal ions. 
Carbohydrate polymers. 2019 Jul 
15;216:119-28.

[161] Liu X, Ma R, Wang X, Ma Y, 
Yang Y, Zhuang L, Zhang S, Jehan R, 
Chen J, Wang X. Graphene oxide-based 
materials for efficient removal of heavy 
metal ions from aqueous solution: A 
review. Environmental pollution. 2019 
Sep 1;252:62-73.

[162] Farooq MU, Jalees MI. Application 
of Magnetic Graphene Oxide for Water 
Purification: Heavy Metals Removal and 
Disinfection. Journal of Water Process 
Engineering. 2020 Feb 1;33:101044.

[163] Li L, Zhao L, Ma J, Tian Y. 
Preparation of graphene oxide/chitosan 
complex and its adsorption properties 
for heavy metal ions. Green Processing 
and Synthesis. 2020 Jun 6;9(1):294-303.

[164] Zhao G, Ren X, Gao X, Tan X, Li J, 
Chen C, Huang Y, Wang X. Removal 
of Pb (II) ions from aqueous solutions 
on few-layered graphene oxide 
nanosheets. Dalton transactions. 
2011;40(41):10945-52.

[165] Jiang H, Yang Y, Lin Z, Zhao B, 
Wang J, Xie J, Zhang A. Preparation of a 
novel bio-adsorbent of sodium alginate 
grafted polyacrylamide/graphene 

oxide hydrogel for the adsorption of 
heavy metal ion. Science of The Total 
Environment. 2020 Nov 20;744:140653.

[166] Bhatnagar A, Sillanpää M. 
Utilization of agro-industrial and 
municipal waste materials as potential 
adsorbents for water treatment—a 
review. Chemical engineering journal. 
2010 Mar 1;157(2-3):277-96

[167] Bhatnagar A, Sillanpää M, 
Witek-Krowiak A. Agricultural waste 
peels as versatile biomass for water 
purification–A review. Chemical 
Engineering Journal. 2015 Jun 
15;270:244-71.

[168] Owamah HI. Biosorptive removal 
of Pb (II) and Cu (II) from wastewater 
using activated carbon from cassava 
peels. Journal of Material Cycles 
and Waste Management. 2014 Apr 
1;16(2):347-58.

[169] Sreenivas KM, Inarkar MB, 
Gokhale SV, Lele SS. Re-utilization 
of ash gourd (Benincasahispida) peel 
waste for chromium (VI) biosorption: 
Equilibrium and column studies. 
Journal of Environmental Chemical 
Engineering. 2014 Mar 1;2(1):455-62.

[170] Pehlivan E, Altun T, Parlayici Ş. 
Modified barley straw as a potential 
biosorbent for removal of copper ions 
from aqueous solution. Food chemistry. 
2012 Dec 15;135(4):2229-34.

[171] Kumar PS, Ramalingam S, 
Kirupha SD, Murugesan A, Vidhyadevi T, 
Sivanesan S. Adsorption behavior 
of nickel (II) onto cashew nut shell: 
Equilibrium, thermodynamics, kinetics, 
mechanism and process design. 
Chemical Engineering Journal. 2011 Feb 
15;167(1):122-31.

[172] Feng N, Guo X, Liang S.  
Adsorption study of copper (II) by 
chemically modified orange peel. 
Journal of Hazardous Materials. 2009 
May 30;164(2-3):1286-92.



Heavy Metals - Their Environmental Impacts and Mitigation

190

[173] Lu D, Cao Q, Cao X, Luo F. 
Removal of Pb (II) using the modified 
lawny grass: Mechanism, kinetics, 
equilibrium and thermodynamic 
studies. Journal of Hazardous Materials. 
2009 Jul 15;166(1):239-47.

[174] Zou W, Zhao L, Zhu L. Efficient 
uranium (VI) biosorption on grapefruit 
peel: kinetic study and thermodynamic 
parameters. Journal of Radioanalytical 
and Nuclear Chemistry. 2012 Jun 
1;292(3):1303-15.

[175] Al-Othman ZA, Ali R, Naushad M. 
Hexavalent chromium removal from 
aqueous medium by activated 
carbon prepared from peanut shell: 
adsorption kinetics, equilibrium and 
thermodynamic studies. Chemical 
Engineering Journal. 2012 Mar 
1;184:238-47.

[176] Abdelhafez AA, Li J. Removal 
of Pb (II) from aqueous solution by 
using biochars derived from sugar cane 
bagasse and orange peel. Journal of the 
Taiwan Institute of Chemical Engineers. 
2016 Apr 1;61:367-75.

[177] Iqbal M, Saeed A, Kalim I. 
Characterization of adsorptive capacity 
and investigation of mechanism of 
Cu2+, Ni2+ and Zn2+ adsorption on 
mango peel waste from constituted 
metal solution and genuine 
electroplating effluent. Separation 
Science and Technology. 2009 Oct 
30;44(15):3770-91.

[178] Basci N, Kocadagistan E, 
Kocadagistan B. Biosorption of copper 
(II) from aqueous solutions by 
wheat shell. Desalination. 2004 Apr 
1;164(2):135-40.

[179] Yu W, Hu J, Yu Y, Ma D, 
Gong W, Qiu H, Hu Z, Gao HW. Facile 
preparation of sulfonated biochar for 
highly efficient removal of toxic Pb (II) 
and Cd (II) from wastewater. Science 
of The Total Environment. 2020 Aug 
6;750:141545.

[180] Sanka PM, Rwiza MJ, Mtei KM. 
Removal of Selected Heavy Metal Ions 
from Industrial Wastewater Using Rice 
and Corn Husk Biochar. Water, Air, & 
Soil Pollution. 2020 May;231:1-3.

[181] Khalil U, Shakoor MB, Ali S, 
Rizwan M, Alyemeni MN, Wijaya L. 
Adsorption-reduction performance 
of tea waste and rice husk biochars for 
Cr (VI) elimination from wastewater. 
Journal of Saudi Chemical Society. 2020 
Nov 1;24(11):799-810.

[182] Shen Z, Zhang Y, McMillan O, 
Jin F, Al-Tabbaa A. Characteristics and 
mechanisms of nickel adsorption on 
biochars produced from wheat straw 
pellets and rice husk. Environmental 
Science and Pollution Research. 2017 
May 1;24(14):12809-19.

[183] Shi J, Fan X, Tsang DC, Wang F, 
Shen Z, Hou D, Alessi DS. Removal of 
lead by rice husk biochars produced at 
different temperatures and implications 
for their environmental utilizations. 
Chemosphere. 2019 Nov 1;235:825-31.

[184] Khalil U, Shakoor MB, Ali S, 
Rizwan M, Alyemeni MN, Wijaya L. 
Adsorption-reduction performance 
of tea waste and rice husk biochars for 
Cr (VI) elimination from wastewater. 
Journal of Saudi Chemical Society. 2020 
Nov 1;24(11):799-810.

[185] Gao LY, Deng JH, Huang GF, 
Li K, Cai KZ, Liu Y, Huang F. Relative 
distribution of Cd2+ adsorption 
mechanisms on biochars derived 
from rice straw and sewage sludge. 
Bioresource Technology. 2019 Jan 
1;272:114-22.

[186] Fan S, Zhang L. Production and 
characterization of tea waste–based 
biochar and its application in treatment 
of Cd-containing wastewater. Biomass 
Conversion and Biorefinery. 2019 
Nov 26:1-4.

[187] Akgül G, Maden TB, Diaz E, 
Jiménez EM. Modification of tea biochar 



191

Removal of Heavy Metals from Wastewater by Adsorption
DOI: http://dx.doi.org/10.5772/intechopen.95841

with Mg, Fe, Mn and Al salts for 
efficient sorption of PO43− and Cd2+ 
from aqueous solutions. Journal of 
Water Reuse and Desalination. 2019 
Mar 1;9(1):57-66.

[188] Ho SH, Yang ZK, Nagarajan D, 
Chang JS, Ren NQ. High-efficiency 
removal of lead from wastewater 
by biochar derived from anaerobic 
digestion sludge. Bioresource 
Technology. 2017 Dec 1;246:142-9.

[189] Bayat B. Combined removal 
of zinc (II) and cadmium (II) from 
aqueous solutions by adsorption onto 
high-calcium Turkish fly ash. Water, 
Air, and Soil Pollution. 2002 May 
1;136(1-4):69-92.

[190] Wang S, Li L, Zhu ZH. Solid-
state conversion of fly ash to effective 
adsorbents for Cu removal from 
wastewater. Journal of Hazardous 
Materials. 2007 Jan 10;139(2):254-9.

[191] Visa M, Bogatu C, Duta A. 
Simultaneous adsorption of dyes and 
heavy metals from multicomponent 
solutions using fly ash. Applied Surface 
Science. 2010 Jun 15;256(17):5486-91.

[192] Sočo E, Kalembkiewicz J. 
Adsorption of nickel (II) and copper 
(II) ions from aqueous solution by 
coal fly ash. Journal of Environmental 
Chemical Engineering. 2013 Sep 
1;1(3):581-8.

[193] Al-Harahsheh MS, Al 
Zboon K, Al-Makhadmeh L, Hararah M, 
Mahasneh M. Fly ash based geopolymer 
for heavy metal removal: A case 
study on copper removal. Journal of 
Environmental Chemical Engineering. 
2015 Sep 1;3(3):1669-77.

[194] Ma J, Qin G, Zhang Y, Sun J, 
Wang S, Jiang L. Heavy metal removal 
from aqueous solutions by calcium 
silicate powder from waste coal fly-ash. 
Journal of Cleaner Production. 2018 
May 1;182:776-82.

[195] Nguyen TC, Loganathan P, 
Nguyen TV, Kandasamy J, Naidu R, 
Vigneswaran S. Adsorptive removal of 
five heavy metals from water using blast 
furnace slag and fly ash. Environmental 
Science and Pollution Research. 2018 Jul 
1;25(21):20430-8.

[196] Park JH, Eom JH, Lee SL, 
Hwang SW, Kim SH, Kang SW, Yun JJ, 
Cho JS, Lee YH, Seo DC. Exploration 
of the potential capacity of fly ash and 
bottom ash derived from wood pellet-
based thermal power plant for heavy 
metal removal. Science of The Total 
Environment. 2020 Oct 20;740:140205.

[197] Nadaroglu H, Kalkan E, 
Demir N. Removal of copper from 
aqueous solution using red mud. 
Desalination. 2010 Feb 1;251(1-3):90-5.

[198] Sahu RC, Patel R, Ray BC. 
Adsorption of Zn (II) on activated red 
mud: Neutralized by CO2. Desalination. 
2011 Jan 31;266(1-3):93-7

[199] Bhatnagar A, Vilar VJ, Botelho CM, 
Boaventura RA. A review of the use of 
red mud as adsorbent for the removal 
of toxic pollutants from water and 
wastewater. Environmental Technology. 
2011 Feb 1;32(3):231-49.

[200] Nadaroglu H, Kalkan E. Removal 
of cobalt (II) ions from aqueous solution 
by using alternative adsorbent industrial 
red mud waste material. International 
Journal of Physical Sciences. 2012 Feb 
23;7(9):1386-94.

[201] Pulford ID, Hargreaves JS, 
Ďurišová J, Kramulova B, Girard C, 
Balakrishnan M, Batra VS, Rico JL. 
Carbonised red mud–a new water 
treatment product made from a waste 
material. Journal of Environmental 
Management. 2012 Jun 15;100:59-64.

[202] Sahu MK, Mandal S, Dash SS, 
Badhai P, Patel RK. Removal of Pb (II) 
from aqueous solution by acid activated 
red mud. Journal of Environmental 



Heavy Metals - Their Environmental Impacts and Mitigation

192

Chemical Engineering. 2013 Dec 
1;1(4):1315-24.

[203] Chen X, Guo Y, Ding S, Zhang H, 
Xia F, Wang J, Zhou M. Utilization of 
red mud in geopolymer-based pervious 
concrete with function of adsorption 
of heavy metal ions. Journal of Cleaner 
Production. 2019 Jan 10;207:789-800.

[204] Xue Y, Wu S, Zhou M. Adsorption 
characterization of Cu (II) from 
aqueous solution onto basic oxygen 
furnace slag. Chemical Engineering 
Journal. 2013 Sep 1;231:355-64.

[205] Sarkar C, Basu JK, Samanta AN. 
Removal of Ni2+ ion from waste water 
by Geopolymeric Adsorbent derived 
from LD Slag. Journal of Water Process 
Engineering. 2017 Jun 1;17:237-44.

[206] Srivastava SK, Singh AK, 
Sharma A. Studies on the uptake of lead 
and zinc by lignin obtained from black 
liquor–a paper industry waste material. 
Environmental Technology. 1994 Apr 
1;15(4):353-61.

[207] Zwain HM, Vakili M, 
Dahlan I. Waste material adsorbents 
for zinc removal from wastewater: a 
comprehensive review. International 
Journal of Chemical Engineering. 2014 
Jan 1;2014.

[208] Crini G. Recent developments in 
polysaccharide-based materials used 
as adsorbents in wastewater treatment. 
Progress in polymer science. 2005 Jan 
1;30(1):38-70.

[209] Crini G (2010) Wastewater 
treatment by sorption. In: Crini G, 
Badot PM (eds) Sorption processes and 
pollution, chap 2. PUFC, Besançon, 
pp 39-78.

[210] Davis TA, Volesky B, Mucci A. A 
review of the biochemistry of heavy 
metal biosorption by brown algae. Water 
research. 2003 Nov 1;37(18):4311-30.

[211] Veglio F, Beolchini F. Removal 
of metals by biosorption: a review. 
Hydrometallurgy. 1997 Mar 
1;44(3):301-16.

[212] Srivastava S, Goyal P. Novel 
biomaterials: decontamination of toxic 
metals from wastewater. Springer 
Science & Business Media; 2010 Apr 26.

[213] Naja G, Volesky B. The mechanism 
of metal cation and anion biosorption. 
InMicrobial biosorption of metals 2011 
(pp. 19-58). Springer, Dordrecht.

[214] Michalak I, Chojnacka K, 
Witek-Krowiak A. State of the art for 
the biosorption process—a review. 
Applied biochemistry and 
biotechnology. 2013 Jul 
1;170(6):1389-416.

[215] Robalds A, Naja GM, Klavins M. 
Highlighting inconsistencies regarding 
metal biosorption. Journal of hazardous 
materials. 2016 Mar 5;304:553-6.



193

Chapter 11

Biotechnological Approaches to 
Facilitate Gold Recovery from 
Double Refractory Gold Ores
Keiko Sasaki and Kojo T. Konadu

Abstract

Double refractory gold ore (DRGO) not only include ppt levels of gold grains 
locked in sulfide minerals but also a problematic amount of carbonaceous mat-
ter. This causes a significant recovery loss of gold during cyanidation because of 
the strong affinity of the Au(CN)2

− with the carbonaceous matter. Combustion 
decreases the carbonaceous matter content, but also emits pollutant gases like CO2, 
SO2 and As2O3. Therefore, environmentally-friendly solutions have been explored 
by using biotechnology. Due to the very small amount of the above targets in the 
ore, it is challenging to show evidential changes in solid-phase before and after 
the biomineral processing of DRGO. This chapter introduces the mineralogical 
and chemical changes in the various solid residues produced during a sequential 
biotreatment, consisting of the liberation of gold from sulfides by an iron-oxidizer 
and decomposition of carbonaceous matter by lignin-degrading enzymes (lignin 
peroxidase, manganese peroxidase, laccase) secreted from a white rot-fungus, 
which successfully improved of gold recovery to over 90%. In addition, further 
development of biotechnology in the recovery of gold from DRGO is addressed.

Keywords: double refractory gold ore, carbonaceous matter, enzyme reaction, 
QEMSCAN map, biooxidation of sulfides

1. Introduction

Carbonaceous refractory gold ores are classified as double refractory gold ores 
(DRGO) due to containing sulfide minerals and carbonaceous matter. In DRGO, 
the sulfide minerals (pyrite and arsenopyrite) tend to have a significant amount of 
gold enclosed in it compared to other minerals in the ore and the gold confined in 
sulfides is difficult to recovery due to the minerals’ stability during cyanidation, 
leading to poor recovery from sulfides. Furthermore, the gold that is successfully 
dissolved as Au(CN)2

− in the cyanide leaching step, can be adsorbed by the organic 
carbon (preg-robbing), therefore, using cyanidation without DRGO pretreatment 
can lead to 30–70% gold recovery losses [1–9]. DRGO is produced in various parts 
of the world such as Ghana, Brazil, USA, Canada, Kazakhstan, Russia, Malaysia, 
Indonesia and China [9], and the gold production from DRGO attains to about 
1/100 of the total gold production in the world. DRGO also accounts for about  
one-third of available gold deposits [8].
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DRGO is generally subjected to flotation to recovery a sulfide concentrate that is 
then sent for pretreatment prior to cyanidation. However, due to the poor separa-
tion of carbonaceous matter and sulfide minerals, the carbonaceous matter also 
reports in the flotation concentrate [10–13]. Although, some recent studies have 
looked at pre-flotation as a means of improving the separation of carbonaceous 
matter and sulfides from DRGO [14–17]. But, for most current industrial opera-
tions, the flotation concentrate contains both the carbonaceous matter and the 
sulfides and therefore, it is extremely difficult to treat. It is no exaggeration to 
say that there is a global need for technological development to improve the gold 
recovery from DRGO.

The pretreatment of carbonaceous matter and sulfides in DRGO to minimize 
preg-robbing and liberate gold has changed with time to become more environ-
mentally friendly (Figure 1). Oxidation is one of the most prominent means 
to pre-treat DRGO and improves gold recovery [4, 10–13, 18, 19]. In the past, 
thermal oxidation was used to decompose carbonaceous matter and convert 
sulfide minerals to iron oxides. However, the control of the roasting temperature 
is very important but difficult because at ≤500°C, there is incomplete sulfide 
oxidation, and also the removal of volatile matter and decarboxylation reaction 
in the carbonaceous matter at 100–300°C and 400–500°C, respectively [18, 20]. 
In such a case, there is an incomplete liberation of gold from sulfides, and the 
carbonaceous matter becomes a more activate adsorbent, resulting in a higher 
preg-robbing ability during cyanidation. Furthermore, harmful gases such 
as SOx and As2O3 are generated, making this process no longer as attractive, 
although recent advances in using gas-scrubbing techniques, the environmental 
concerns have been reduced [21]. In fact, some works have tried to encourage the 
gas-scrubbing process by proposing methods like chlorination roasting in which, 
the solid gold is converted to AuCl3 gas and leaves the furnace along with other 
harmful gases [22, 23]. In this case, the recovery of the valuable gold neces-
sitates the recovery of all the gases produced from the furnace and significantly 
decreasing the environmental impact of roasting while also increasing the cost of 
furnaces operation.

Figure 1. 
Conventional and novel methods in (bio) mineral processing of graphitic carbonaceous gold ores.
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In place of thermal oxidation, biological (BIOX) and pressure oxidation have 
been applied to remove sulfides from DRGO, but these processes have a minimal 
effect on the carbonaceous matter [11–13, 19] (Figure 1). After the sulfide oxida-
tion, the carbonaceous matter-containing residue can either undergo a treatment 
like roasting or blinding to minimize preg-robbing before gold recovery [24]. The 
roasting of the BIOX or pressure oxidation residue come with the same problems 
as alluded to before while blinding of the carbonaceous matter leads to the transfer 
of blinding reagents like kerosene and diesel oil on to the activated carbon used 
for Au(CN)2

− recovery from the carbon-in-leach (CIL) or carbon-in-pulp (CIP) 
process.

A newly alternative carbonaceous matter treatment is the use of lignin-
degrading enzyme released by fungi and bacteria [10–13, 25–27]. Although they 
are more prevalent in white-rot and brown-rot fungi, these enzymes have been 
isolated from some of the fungi responsible for the oxidation of lignin and a very 
complex polyaromatic polymer [28]. These lignin-degrading enzymes include 
lignin peroxidase (LiP), manganese peroxidase (MnP), laccase (Lcc) and versatile 
peroxidase (VP) [29–31]. These enzymes accelerate the oxidative degradation of 
C=C and C=O bonds. These enzymes were selected for the present purpose because 
lignin is a precursor for the carbonaceous matter in DRGO, and it was expected that 
the lignin-degrading enzymes could successfully attack and oxidize this substance. 
The lignin-degrading enzyme treatment proceeds under very mild temperature and 
pH conditions and therefore has a low environmental impact [29, 30]. Additionally, 
the enzymes’ effectiveness of these enzymes can be improved by the inclusion of 
mediators like veratryl alcohol and ABST [32, 33]. Although, the environmental 
impact assessment is subject to change once a fuller understanding of the bio-
products of the process is known. Additionally, the oxidizing condition generated 
by these fungi also aids the dissolution of sulfides to liberate gold grains [34–36]. 
Several studies have shown that using lignin-degrading enzymes produced by fungi 
like Phanerochaete chrysosporium and Trametes versicolor can increase gold recovery 
by 10–20% [10–13]. Although these enzymes are produced in some quantities from 
white-rot fungi and are beginning to be used for decomposing harmful polyaro-
matic compounds such as dioxins and for producing biofuels, there is no application 
research to the mining industry [37].

So that the present study reviews DRGO treatment, with particular focus on the 
carbonaceous matter treatment by lignin-degrading enzymes. It covers the applica-
tion of these enzymes to surrogates for the carbonaceous matter to understand the 
enzyme-substrate interactions and finally move on to using these enzymes on the 
DRGO to improve gold recovery.

2.  Utilization of lignin-degrading enzymes on a surrogate for 
carbonaceous matter in DRGO

White-rot fungus and brown-rot fungi are a class of microbes known for pro-
ducing very valuable enzymes. In wood chemistry, a lot of research has focused on 
determining the properties, reactions, and enzymes at the molecular level [28–33]. 
A very popular white-rot fungus is P. chrysosporium, which grows at a flexible pH 
range, relatively moderate temperature and produces a variety of lignin-degrading 
enzymes with low substrate specificity. These include Lip, MnP and Lcc, which have 
been used been to oxidize substrates from several industries including pulp, agri-
cultural waste, dye treatment but not in the mining industry [37]. There are very 
few studies that have looked at the performance of these enzymes against substrates 
with high crystallinity as can be found in DRGO.
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Invariably, authors considering the application of the lignin-degrading enzymes 
to carbonaceous matter in DRGO have started by working with surrogates in a 
simplified setup to get a better understanding of the oxidation mechanism and 
bioproduct. Some authors have used activated carbon [9], coal [38] and elemental 
carbon extracted from DRGO [39] as a model of the graphitic carbon in DRGO. The 
interaction between the lignin-degrading enzymes and the carbonaceous matter 
surrogate were facilitated by either growing the fungi in the presence of the car-
bonaceous matter or harvesting the spent culture liquid and using it for the treat-
ment. It has generally been observed that the lignin-degrading enzymes attack the 
aromatic C=C bonds in the graphitic carbon and converted it to aliphatic C-C and 
oxygen-containing functional groups like carbonyl C=O and alcohol C-O. This was 
confirmed by FTIR and solid-state 13C-NMR spectra, showing the relative intensity 
of aromatic carbon C=C decreasing after the application of the lignin-degrading 
enzymes and the relative increase in aromatic carbon C-H and aliphatic carbon C-H 
(Figure 2).

Some consequences of the oxidation of the aromatic C=C, which serve as the 
backbone for these surrogate materials, is an increase in the surface roughness and 
a reduction in the specific surface area as shown in Figure 3. Several works have 
shown a reduction in the specific surface area by 76% for anthracite, 34.5% for car-
bonaceous matter extracted from DRGO and 38% for activated carbon [9, 38, 39]. 
All of these chemical and physical changes in the graphitic carbon resulting from 
the interactions with the lignin-degrading enzymes lead to a significant reduction 
in the Au(CN)2

− uptake ability.
There is still some amount of work required to improve our understanding of the 

impact of the lignin-degrading enzymes on the carbonaceous matter. These include 
establishing a relationship between the amount of enzyme consumed to decompose 
the carbonaceous matter and a better characterization of the bioproducts of the 
treatment.

Figure 2. 
13C-NMR spectra for powdered activated carbon (PAC) before and after treatment by spent medium of  
P. chrysosporium (modified [9]).
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3. Utilization of lignin-degrading enzymes on DRGO

3.1 Decomposition of sulfide minerals

In DRGO, gold (Au(0)) is mainly confined in sulfide minerals, especially 
arsenopyrite (FeAsS) and pyrite (FeS2), which must be decomposed to liberate 
gold. Sulfide minerals in DRGO typically make up 10 ~ 20% after flotation [10–13]. 
Most of the other major mineral components in are quartz and clay minerals, which 
do not participate in the oxidative decomposition of sulfide minerals. The standard 
BIOX treatment of sulfides utilizes chemoautotrophic bacteria Acidithiobacillus 
ferrooxidans, Acidithiobacillus thiooxidans, Leptospirillum ferrooxidans, heterotrophic 
bacteria Sulfolobus acidocaldarius, Sulfolobus sp., Sulfobacillus sp., etc., to oxidize and 
dissolve, or decompose, sulfides by using Fe3+ ions as oxidizing agents by oxidizing 
Fe2+ ions in strongly acidic solutions to Fe3+ ions [11, 40].

Some white-rot fungi have been shown to improve sulfide oxidation. P. chrysospo-
rium produced a mixture of enzymes like LiP and MnP, which needed to be activated 

Figure 3. 
SEM images of powdery activated carbon before (top) and after (bottom) treatment by spent medium of  
P. chrysosporium. Horizontal bars indicate 1.00 um.
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Figure 4. 
Raman spectra for DRGOs from different mines (modified [41]).

by H2O2 [18]. Some studies have shown that the H2O2 produced by the fungi might 
be involved in a Fenton reaction with pyrite and arsenopyrite in the DRGO [34–36]. 
The oxidizing conditions lead to the generation of Fe3+ ions as an additional oxidizing 
agent. However, the competition for H2O2 between the lignin-degrading enzymes and 
the Fenton reaction leads to the inadequate oxidation of both the carbonaceous matter 
and sulfides [11]. Also, the pH 4–5 used in this treatment results in precipitation of 
the Fe and reduces the efficacy of Fe3+ as an oxidizing agent. Therefore, most studies 
that have achieved very high gold recoveries have used a sequential treatment.

3.2 Sequential decomposition sulfides minerals and carbonaceous matter

DRGO often contains less than 7% of carbon content, and it is considered to have a 
more non-uniform structure compared to activated carbon, making it relatively easier 
to decompose [8]. However, the susceptibility to carbonaceous matter to decomposition 
by lignin-degrading enzymes should vary depending on the ore. Raman spectroscopy 
was used to generate Figure 4, which shows the difference in graphiticity of carbona-
ceous matter from various gold ores. The C=C peak for continuous graphitic carbon 
near 1580 cm−1 (G-band) and the C=C peak for vibration adjacent to the graphite defect 
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near 1320 cm−1 (D-band) was distinguished, and the relative intensity ID/IG and can be 
used as an index of the degree of the defect [42]. Relative intensity ID/IG varies with ore 
and is an indicator of the preg-robbing ability of the carbonaceous matter. The gold ore 
from the Paddington mine in Australia has a very high defect compared to carbonaceous 
matter from the Macraes mine in New Zealand, which has a very aromatic structure. 
This indicates that the carbonaceous matter from Paddington mine might be more 
susceptible to lignin-degrading enzymes than the ore from Macraes mine.

The sequential treatment of DRGO has shown significant results, as seen in Table 1.  
Using lignin-degrading enzymes to treat DRGO began with work by Yen et al., [10] who 
applied the fungi T. versicolor, but information about this work is limited because it is 
a patent. This was followed by Ofori-Sarpong et al. [11] who built open their previous 
work using P. chrysosporium to decompose coals of various ranks [38]. They found that 
applying the lignin-degrading enzymes directly to the DRGO to decompose both the 
sulfides and carbonaceous matter improved the gold recovery from 41% - 78% which 
was slightly less than 81% recovery obtained when the sample was only subjected to 
sulfide oxidation by chemoautotrophic bacteria. This indicates that the fungal treatment 
was less effective at oxidizing both refractory materials. Therefore, sequential treatment 
was used, with the sulfide oxidation by bacteria preceding the carbonaceous matter 
treatment by P. chrysosporium, and they reported a final gold recovery of 94%.

They attempted to further understand the effect of the P. chrysosporium on the 
DRGO by using only the spent medium to treat the DRGO [12]. This was done to 
check the ability of the lignin-degrading enzymes to oxidize the carbonaceous 
matter while also avoiding complications like the fungal biomass. This work did not 
yield as high a gold recovery compared to when the P. chrysosporium was cultured 
with the DRGO, but it did show that it could be viable for DRGO treatment.

Authors Gold 
grade 
(g/t)

Carbon 
content 

(%)

Fungus Treatment 
conditions

Au recovery (%)

Before 
treatment

After 
treatment

Yen et al. 
[10]

— — Trametes 
versicolor

Flotation 
concentrate

54.1–64.5 95.2

Ofori-
Sarpong 
et al. [11]

30.2 3.6 Phanerochaete 
chrysosporium

Flotation 
concentrate, 

30% pulp 
density, 

21 days, pH 4

41 (78)*1 94

Ofori-
Sarpong 
et al. 
[12]

30.2 3.6 Phanerochaete 
chrysosporium 

(spent 
medium)

Flotation 
concentrate, 

30% pulp 
density, 3 days, 

pH 4

38 66

Liu et al. 
[36]

2.18 0.2 Phanerochaete 
chrysosporium

Artificial 
DRGO

44 62

Konadu 
et al. [13]

40.4 5.8 Phanerochaete 
chrysosporium 

(spent 
medium)

Flotation 
concentrate, 

5% pulp 
density, 

15 days, pH 4

24 (77)*1 92

*1Numbers in brackets mean the gold recovery after 1st step of microbiological oxidation and before 2nd step of 
enzyme treatment.

Table 1. 
Summary of the previous works on bio-treatment of carbonaceous matter in DRGO by lignin-degrading 
enzymes.
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To this end, Konadu et al. [13] used the spent medium of P. chrysosporium to treat 
a DRGO, which had a Raman spectrum similar to the Rodeo gold ore in Figure 4. 
It was observed that starting with an iron oxidizer, followed by the spent medium 
of P. chrysosporium, help to improve the gold recovery from 24–92%. Although, an 
alkaline washing step had to be incorporated after the spent medium treatment to 
remove some of the byproducts of the carbonaceous matter decomposition to allow 
for the final 15% recovery to attain overall the 92% recovery. On the other hand, 
using the spent medium before the iron oxidizer appeared to inhibit sulfide oxida-
tion and lead to a final gold recovery of 45% for that sequence.

The changes in the mineral phases were observed by Quantitative Evaluation of 
Minerals using Scanning Electron Microscopy (QEMSCAN) [3, 43]. The sulfides 
(yellow color) were observed to be relatively liberated while the carbonaceous mat-
ter was associated with illite as seen in by the dark green color (Figure 5a). After the 
best sequential treatment condition (sulfide oxidation followed by carbonaceous 
matter treatment by spent medium, DAC) was applied, most of the sulfide minerals 
were decomposed and disappeared (Figure 5b). Additionally, a new mineral phase 
(C-Si-Al) containing currently unknown amounts of carbon, aluminum and silicon 
was observed. A backscatter image of two organic carbon-containing particles is 

Figure 5. 
QEMSCAN maps for DRGO (a) and DAC (b): Particles are classified into liberated carbonaceous illite, 
associated with illite, associated with quartz, and others according to particle sizes. Notable changes from 
DRGO to DCA are the disappearance of pyrite and formation of larger particles than 100 μm which are 
categorized to C-Si-Al, and formation of larger particles than 100 μm which are rich in C, Si and Al 
(modified [43]).
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shown in Figure 6. Figure 6a shows a particle in which the carbonaceous matter 
is associated with the illite in the original DRGO while Figure 6b shows a residue 
produced after the sequential treatment was applied (DAC). The sediment-like 
morphology of particle in Figure 6b indicated that it was most likely a product of 
the carbonaceous matter decomposition.

Figure 6. 
Backscattering images of (a) DRGO and (c) residue after sequential biotreatment with an iron-oxidizer 
and spent medium of P. chrysosporium (DAC). Images (b) and (d) are false color renditions of the arrowed 
particles in (a) and (c), respectively.

Figure 7. 
Raman spectra (a) before and (b) after 1 M NaOH washing of the as-received ore, and the solid residues after 
treated by CFSM (DC), A. brierleyi (DA), CFSM followed by A. brierleyi (DCA), and A. brierleyi followed 
by CFSM. Numbers beside figures indicate the intensity ratio (ID/IG) for the relative quantity of the defect in 
all samples with graphitic structures (modified [43]).
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Raman spectra of the samples before and after each treatment showed a relative 
decrease in the D-band compared to the G-band (Figure 7a). This change was most 
significant after the spent medium treatment indicating that the lignin-degrading 
enzymes might have preferentially oxidized aromatic C=C carbon with some type 
of physical or chemical defects [43].

After the sequential treatment, the gold recovered before and after the spent 
medium treatment was unchanged at 77%, indicating that some of the by-products 
of this treatment were interfering with the recovery (DAC, Figure 8). Therefore, 
1 M NaOH washing was incorporated into the sequential treatment to remove what 

Figure 8. 
Gold recovery in each step of sequential biotreatment of DRGO (modified [13]).

Figure 9. 
Schematic illustration of agglomerated particles in DAC after enzyme treatment, which are rich in C, Al and 
Si. After enzyme treatment, humic-like substances are formed to interact with clay minerals through metallic 
ions like Fe3+.
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was identified by 3D fluorescence spectroscopy as humic-like substances interfer-
ing during the gold recovery process, which lead to the observed changes in the 
Raman spectra and increase in gold recovery to 92% (Figure 7b) [43]. Thus, it was 
proposed that sediment-like C-Si-Al phase could have been produced by an electro-
static aggregation of clay minerals like illite and the humic-like substances. Under 
the condition of pH 4.0, where the enzyme treatment is performed, the surface of 
illite is negatively charged (isoelectric point 3.0) (Figure 9). While the humic-like 
substances have a large, irregular structure, and thus, the acid dissociation constant 
does not have a uniform value and has a width of 2.9–5.5. At pH 4.0, if the humic-
like substances have a positive charge, then it might direct form an agglomerate with 
the negatively charged illite. However, if charged negative, then some of the cations 
in the solution like Fe3+ might be involved in the agglomeration of C-Si-Al.

4. Conclusions

Based on the above, a sequence for DRGO bio-processing was proposed in 
Figure 10. After crushing and flotation, the biooxidation of the sulfide min-
eral should be performed under strongly acidic conditions to liberate the gold. 
Afterwards, the spent medium collected from a separate culturing bioreactor for 
P. chrysosporium will be applied to the residue from the sulfide biooxidation tank. 
This is to decompose the carbonaceous matter in the sample. The residue will then 
be sent for alkaline washing to remove the humic-like substances and break apart 
the C-Si-Al agglomerates before cyanidation to recover gold.

These steps need to be reviewed according to the content and localization of 
gold in the gold ore, the aromaticity of carbon, and the concentration of soluble 
iron components in the system. From the Raman spectroscopy analysis of the solid 

Figure 10. 
Proposal of sequential biotreatment process of DRGO.
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residue, after the spent medium treatment and alkaline washing, the lignin-degrad-
ing enzymes are more effective at decomposing defective graphite, and alkaline 
washing is more effective in converting graphitic carbon to defective form. Now it is 
known that it is advantageous for DRGO, which has a high aromatic attribute, to be 
first alkali-treated before biotreatment.

In the future, the treatment process for various types of carbonaceous gold ore 
will be organized and targeted for development by utilizing the characteristics of 
bio-treatment and chemical treatment and will contribute to the production of 
gold. Additional investigations will be conducted into utilizing less harmful gold 
lixiviants like amino acids to compared their efficacy against the cyanide system for 
DRGO processing (Figure 1) [44, 45]. Such research, in addition to using lignin-
degrading enzymes for biooxidation, will greatly contribute to decreasing the 
environmental impact of processing DRGO.
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Abstract

Rare earth elements (REEs) are critical raw materials and are attracting 
interest because of their applications in novel technologies and green economy. 
Biohydrometallurgy has been used to extract other base metals; however, biole-
aching studies of REE mineral extraction from mineral ores and wastes are yet in 
their infancy. Mineral ores have been treated with a variety of microorganisms. 
Phosphate-solubilizing microorganims are particularly relevant in the bioleaching 
of monazite because transform insoluble phosphate into more soluble form which 
directly and/or indirectly contributes to their metabolism. The increase of wastes 
containing REEs turns them into an important alternative source. The application 
of bioleaching techniques to the treatment of solid wastes might contribute to 
the conversion towards a more sustainable and environmental friendly economy 
minimizing the amount of tailings or residues that exert a harmful impact on the 
environment.

Keywords: bioleaching, rare earth elements, recycling, wastes, minerals

1. Introduction

Rare earth elements (REEs) are strategic materials in order to facilitate the 
transition from current economy based on petroleum to an efficient circular 
economy based on clean energy. Although often needed in small quantities, these 
metals are essential to produce a huge number of technologically sophisticated 
products for electronic, optical and magnetic applications. Among other applica-
tions, these elements play a crucial role in the development of clean emerging 
low-carbon energy technologies [1].

In spite of the archaic term, most of rare earths are common elements and 
some of them are even more abundant than other metals, such as copper or lead. 
Though moderately abundant in the Earth’s crust, rare earth elements are scarcely 
concentrated in mineral deposits and this fact complicates its Extractive Metallurgy 
which is complex and requires economic solutions. The world production of REEs 
has undergone an exponential growth since its discovery in the 18th century, with a 
notably increase overtime from 1,000 t in 1930 to 133,600 t in 2010 [2]. The ris-
ing REEs production has been the consequence of an escalating demand for REEs 
as well.
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Based on their strong affinity for oxygen, REEs resources are mostly present 
in oxidic form, mainly as rare earth oxides, phosphates, carbonates and silicates. 
According to recent estimates, 100 Mt of rare earth oxides are accessible in 
more than thirty countries all around the world. More than 200 REEs ores have 
been identified as rock-forming minerals, however, only three are considered 
mineral ores for economic extraction: bastnasite ((Ce,La)(CO3)F), monazite 
((Ce,La,Nd,Th)PO4) and xenotime (YPO4) [3]. Thus, the primary sources of REEs 
are mineral deposits spread out worldwide, but confined mainly in China, Australia 
and USA.

Furthermore, REEs are also found in industrial wastes in vast amounts and they 
have been investigated as potential resources for rare earth metals [4–6]. Among 
REEs-bearing industrial residues, phosphogypsum, generated during the wet 
phosphoric acid process from fertilizer production, and red mud residues from 
the digestion of bauxites in the Bayer are rich in valuable rear earth metals as to be 
economically treated.

In addition, end-of-life materials can be recycled due to their significant quanti-
ties of REE, among them: magnets (38%), lamp phosphors (32%) and metal alloys 
(13%), retain more than 80% of REE market. Modern fluorescent lamps typically 
contain more than 20% (w/w) REE (Ce, Eu, La, Tb and Y) [7].

After ore and/or industrial waste concentration processing, rare earth metals are 
dissolved selectively from raw materials. Actinides, such as uranium and thorium, 
with similar chemical properties to REEs, are often co-dissolved during hydromet-
allurgical processes and this could pose a problem. REE primary ores are leached 
using acid (H2SO4, HCl, HNO3, H3PO4) or alkaline (Na2CO3, NaHCO3) reagents and 
NaCl or (NH4)2SO4 for REE-ion adsorbed clays [8–10]. Nonetheless, the hydromet-
allurgical treatment is ore-dependent and has been well established in the case of 
some REE ores, especially monazite, but is less evident for other key minerals with a 
very complex mineralogy.

Biohydrometallurgy and more specifically its application to the extraction of 
metals through bioleaching processes have been successfully practiced at industrial 
level for the recovery of uranium, copper and gold [11, 12]. Biohydrometallurgical 
technologies could play a fundamental role for the treatment of REE-bearing materials 
since they offer an alternative to physico-chemically based methods. Bioleaching is 
connected to the development of more cost-effective, less energy demanding and less 
polluting metal extraction processes than pyro- and hydrometallurgical processes and 
is able to treat low-grade mineral ores and a great variety of residues. These biotechno-
logical processes involve interactions between microorganisms and metal-bearing ores 
that render valuable metals in solution. REE mobilization from solid matrices has been 
done with a wide range of microorganisms, both autotrophic and heterotrophic, and 
using both pure and mixed microbial cultures [13–15].

This chapter provide an insight into the global situation of REEs and the poten-
tial application of microorganisms in the extraction of REEs from both REEs-
bearing minerals and industrial residues.

2. Global situation of REEs: market and technology

The demand of REEs have increased in the past decade because of their exten-
sive use in several fields related to electronics, in renewable energy capture technol-
ogies, biomedical devices, and other industrial products. In 2018, a list of 35 critical 
minerals, including rare earth elements, was published by the U.S. Department 
of the Interior and other executive branch agencies [16]. Likewise, the European 
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Commission developed a critical assessment on non-energy and non-agricultural 
raw materials in 2017 including heavy rare earth elements, light rare earth elements 
and platinum group metals [17].

Global mine production was estimated to be 210,000 tons of rare earth oxide 
(REO) equivalent, which means an 11% increase in comparison with 2018 (Figure 1a). 
China dominates the global production of rare earth minerals, separated compounds 
and metals. China exports REEs to United States (31%), Japan (27%), the Republic of 
Korea (11%), the Netherlands (9%) and Germany (6%).

Other countries are making efforts to increase their domestic production of 
mineral concentrates. For example, United States enhanced the production, all of 
which was exported, a 44% in 2019 compared with 2018 [18].

Rare earths are relatively abundant in the Earth's crust; however, REEs resources 
with minable concentrations are less common. Nowadays, about 85o REE deposits 
have been identified worldwide, which are mainly located in China, Vietnam, 
Brazil, Russia, India and Australia (Figure 1b) [18, 19].

Prices for most rare earth products are increasing compared with those in 2016 
reversing the falling trend that began after prices spikes in 2011. Gadolinium, 
praseodymium and neodymium experienced the greatest increase in the price, 
while the yttrium and dysprosium prices decreased. The estimated unit value of 
rare-earth compounds was $11.60 per kg in 2017 based on information from the 
U.S. Census Bureau on imports [20].

The estimation of global consumption of rare earth varies significantly due to 
the limited data transparency and it generally ranges about 140,000 and 170,000 
tons of REO equivalent. Furthermore, the global consumption of scandium was 
estimated in 10–20 tons per year [21].

The amount of specific REEs used strongly depends on the market sector and 
application. Lanthanum and cerium, and lower amounts of neodymium, are 
consumed in the catalysts sector. There are different types of permanent magnets 
but neodymium-iron-boron magnets are fabricated with neodymium and praseo-
dymium, and samarium-cobalt magnets uses samarium and gadolinium. Batteries 
contain mainly lanthanum, and ceramics, yttrium. Europium, yttrium and terbium 
are commonly associated with the phosphors sector.

The global growth rate of REEs consumption is expected to be 5–7% per year 
through 2022. The magnet materials sector would grow more than other sector such 
as catalysts, ceramic or phosphors. The increasing global demand of REEs as well as 
the enforcement of environmental and production legislation beyond 2022 lead to 
higher prices and, consequently, this situation may drive the mining and processing 
development outside China.

Figure 1. 
World mine production (a) and reserves (b).
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3. Bioleaching of REEs mineral ores

The application of biohydrometallurgy for extracting REEs offer a green 
alternative to the conventional methods, which are complex and energy intensive. 
The main economic REEs-bearing minerals are bastnaesite, loparite, monazite, 
xenotime, and the lateric ion-adsorption clays. Both autotrophic and heterotrophic 
microorganisms are capable of solubilize REEs and the selection of these microbes 
for bioleaching processes depends on the type of mineral. Autotrophic bacteria have 
been employed for the extraction of scandium from ore minerals containing metal 
sulfides, whereas heterotrophic bacteria are mostly employed for REEs carbonates 
and phosphates [22].

Bastnaesite is a rare earth fluoro-carbonate ore (REE(CO3)F) containing com-
monly cerium, lanthanum or yttrium. REE fluorides from bastnaesite are removed 
by sulfuric acid roasting (400–500°C) emitting CO2 and HF gases or alkaline 
pre-treatment (96°C). An alternative method consist on a thermal activation 
step at 400°C followed by HCl leaching that reduce the release of fluorine but not 
carbonate [23]. Until now only one attempt has been made to leach biologically 
bastnaesite minerals. Four actinobacterial strains were able to leach REEs from a 
bastnaesite-bearing rock and bastnaesite reaching. a total REEs concentration that 
ranged from 56 to 342 μg/l when grew in a nutrient-rich medium. Only the strain 
Streptomyces sp. grew in an oligotrophic medium in the presence of the bastnaesite-
bearing rock and bastnaesite, leaching 548 μg/l of REEs. The leaching efficiency 
of total REEs was very low (0.008–0.08%); however, this amount should be due to 
the REEs precipitation and/or sorption onto residual rock and cell surfaces. Several 
molecules, such as organic acids, complexing ligands, and siderophores secreted 
by the actinobacteria, are involved in the mechanism of REEs bioleaching from 
bastnaesite-bearing rock [13].

Xenotime is a phosphate ore and its content of yttrium is high and the presence 
of other light rare earths is low. Furthermore, the composition of xenotime is very 
complicated containing large amount of tungsten and other impurities such as iron 
and silicon. Generally, xenotime is more difficult to decompose than monazite and 
the mineral has been treated using concentrated sulfuric acid, alkaline solution at 
elevated pressure, fusing with molten caustic soda, and mixing with sodium car-
bonate and roasting [24]. These technological difficulties are probably linked to the 
fact that there are no biological approaches for REEs leaching from xenotime yet.

Monazite is also a phosphate mineral and is the major commercial source of 
cerium. Alkali treatment is also used for monazite dissolution and the phosphate is 
recovered as a marketable by-product, trisodium phosphate, by using caustic soda 
at high temperature and high pressure.

The bioleaching of REEs has been developed especially on monazite using 
microorganisms able to dissolve phosphorous from inorganic rocks, named phos-
phate solubilizing microorganisms (Figure 2). Numerous organisms including 
bacteria, fungi, actinomycetes and algae mobilize insoluble phosphorous. Bacterial 
species belonging to the genera Bacillus, Pseudomonas, Burkholderia, Enterobacter 
or Azotobacter, and fungi species of the genus Aspergillus, Penicillium, Trichoderma 
or Rhizoctonia are reported as phosphate solubilizers [25]. Phosphate solubilizing 
microorganisms have been previously used as biofertilizers in agriculture to pro-
mote crop production [26]; nevertheless, there are few works related to the recovery 
of valuable metals from phosphate minerals [27, 28].

Bacteria such as Enterobacter aerogenes, Pantoea agglomerans and Pseudomonas 
putida are able to grow in presence of natural rare earth phosphate minerals dissolv-
ing phosphorous, iron, thorium and REEs generating numerous organic acids [3]. 
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Species such as Azospirillum brasilense, Azospirillum lipoferum, Pseudomonas rhizos-
phaerae and Mesorhizobium cicero, but especially Acetobacter aceti, solubilize cerium 
and lanthanum from monazite, although the efficiency of the process was low [28].

Several fungal strains able to solubilize phosphate minerals have been also 
used to leach monazite releasing rare earth elements to the aqueous phase, such as 
Aspergillus niger ATCC 1015, Aspergillus terreus strain ML3-1 and a Paecilomyces spp. 
strain WE3-F [14]. Aspergillus niger has been extensively studied because it gener-
ates organic acids such as gluconic, citric and oxalic acids [29, 30]. Nevertheless, the 
formation of REE oxalates limits the long-term dissolution of these elements [31].

The fungus Penicillum sp. reached a total concentration of 12.32 mg l−1 REEs in 
aqueous phase after 8 days. Although monazite also contains radioactive thorium, 
bioleaching by these fungi preferentially solubilized rare earth elements over 
thorium that remained in the solid residual [3]. Fungus from the genus Paecilomyces 
produces several metabolites potentially associated with bioleaching, and citric and 
citramalic acids present a significant contribution to REEs dissolution, 6.4 and 15.0 
mg l−1 total REEs solubilized respectively. Furthermore, citramalic acid exhibits 
more interesting properties to those of citric acid due to the lower radioactive 
thorium release [32].

Not only heterotrophic but also autotrophic bacteria has been used for the 
treatment of monazite. The bioleaching of REEs using Enterobacter aerogenes and 
Acidithiobacillus ferrooxidans from various grades of monazite and the effect of gly-
cine have been examined. Nevertheless, a decreased REEs bioleaching was observed 
in comparison to abiotic leaching or bioleaching in the absence of glycine [33].

Previous works have determined remarkable alterations in the natural microbial 
populations during bioleaching of monazite ores. The existence of native Firmicutes 
on the monazite seems to have significantly contributed to the increase REEs leach-
ing observed when using non-sterilized monazite. A syntrophic effect between 
the native consortia and introduced microorganisms leads to a greater amount of 
leached REEs reaching 23.7 mg l−1 [34, 35].

There are a number of mechanisms explaining the inorganic phosphate solubili-
zation. The main mechanism is the production of biological dissolving compounds 

Figure 2. 
SEM image of phosphate solubilizing bacteria grown on monazite.
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such as organic acids, siderophores, extracellular polymeric substances, protons, 
hydroxyl ions and CO2.

The production of organic acids leads to the chelation of cations with their 
carboxyl and hydroxyl groups and/or to the reduction of the pH releasing phospho-
rous. The decrease of the pH results in the release of phosporous by substitution of 
H+ for cations in the rocks [36]. Nevertheless, there is no correlation between pH 
and the concentration of solubilized phosphate and the cation assimilation is also 
required in the process [37] or the action of the H+ traslocation ATPase [38].

Gluconic acid is the most common organic acid involved in the mineral phos-
phate solubilization. This acid is generated by bacteria by direct oxidation of 
glucose and chelates the cations bound to phosphates [3]. Microorganisms not only 
produce organic acids but also inorganic acids and siderophores; however, these 
mechanisms are less effective in the release of phosphorous.

Extracellular polymeric substances have an indirect impact on phosphate 
solubilization due to their ability to bind metals influencing solubility of metal 
phosphates in soil. However, further investigation is needed to elucidate the role of 
high-molecular-weight polysaccharides in phosphate mobilization [39, 40].

Microbial phosphate solubilization can also take place through the liberation of 
enzymes like phosphatase or phosphohydrolase, phytase, phosphonatase, and C–P 
lyase. For example, phosphatase enzymes transform high-molecular-weight organic 
phosphate into low-molecular-weight products by the hydrolysis of ester phosphate 
bonds, releasing phosphate ions [41].

Despite of the recent work performed in this field, the selection of novel strains 
and a deeper study of bioleaching mechanisms is required to optimize the extrac-
tion of REEs. Biotechnology advances could have a key role in the development of 
cleaner strategies for the recovery of REEs.

4. Biorecovery of REEs from industrial and electronic wastes

Base metals as well as precious metals recycling have achieved high rates; 
however, the recycling rates of REEs are still very low (<1%). The low recycling of 
REEs can be explained by different factors, such as technological difficulties, low 
toxicities of the REEs, and, until few years ago, low prices and lack of incentives. 
The technological issues of the recycling of rare earths are due to the low concentra-
tions of these elements in consumer goods.

The growing generation of industrial and electronic wastes and its significant 
content in critical metals has become these materials in an alternative economic 
source for the recovery of REE. Recently, secondary sources of REE including 
industrial wastes, mine wastes, and electronic wastes are being treated using 
bioprocess technology for the metal recovery. Nevertheless, bioleaching studies of 
REEs extraction from wastes are yet in their infancy.

Among REE-bearing industrial residues, phosphogypsum is worthy to be 
mentioned. REEs are often associated with phosphate deposits and phosphogypsum 
wastes are generated during the wet phosphoric acid process from fertilizer produc-
tion in large amounts (100–280 Mt per year) with an estimate of 21 Mt of REEs 
locked into the total of phosphogypsum wastes accumulated to date [2]. A biolixivi-
ant produced by the growth of the bacterium Gluconobacter oxydans on glucose 
containing organic acids was used for the leaching of synthetic phosphogypsum 
doped with six rare earth elements (yttrium, cerium, neodymium, samarium, 
europium and ytterbium). The pH of the lixiviant generated by the bacteria was 2.1 
and the main organic acid present in the bioreagent was gluconic acid (220 mM). 
REEs leaching yield from phosphogypsum using the biolixiviant was compared 
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with the REEs leaching results using sulfuric acid, phosphoric acid, and commercial 
gluconic acid. The lixiviant produced by Gluconobacter oxydans was more efficient 
at REEs disolution than gluconic acid and phosphoric acid but less efficient than 
sulfuric acid [42].

Other important waste material as REE resource is the red mud from the diges-
tion of bauxites in the Bayer process. According to estimates, about 2700 Mt of 
red mud residues have been accumulated in Bayer plants all over the world and its 
generation increases at a rate of 120 Mt per year [43]. These residues are harmful 
due to its alkalinity, but also are rich in valuable rare earth metals as to be economi-
cally treated. Scandium represents about 95% of the economic value of the REEs 
present in red mud containing between 130 and 390 ppm [44].

Penicillium tricolor RM-10, a filamentous acid-producing fungi isolated from 
red mud, was used in bioleaching experiments. The optimum leaching ratios of the 
REEs were obtained under one-step bioleaching process at 2% pulp density due to 
the production of citric and oxalic acids. Nevertheless, the highest extraction yields 
were achieved under two-step process at 10% (w/v) pulp density [45]. The chemo-
heterotrophic bacterium Acetobacter sp. leached 53% of Lu, 61% of Y, and 52% of Sc 
under one-step process at 2% pulp density. In addition, this bacterium was suitable 
for red mud bioleaching at high pulp densities, because the production of organic 
acids excreted by the bacteria increased with the waste concentration [46].

Spent cracking catalysts are solid wastes generated in large amounts in oil 
refining and biocombustible industries. It is estimated that 700,000–900,000 tons 
of spent fluid catalytic cracking catalyst per year are generated worldwide and 
the management of this waste and the recycling of rare earth metals have become 
a challenge [47]. Cerium and especially lanthanum are the main REEs present in 
cracking catalyst. Cell-free culture supernatants of Gluconobacter oxydans con-
taining gluconic acid were used for REEs leaching from spent cracking catalysts 
and dissolved 49% of the total REE with preferential recovery of lanthanum over 
cerium [4]. Furthermore, several studies have optimized this biolixiviant reaching 
a yield up to 56% and a continuous bioreactor system was developed achieving 
leaching efficiencies of 51% [48]. In addition, techno-economic analysis indicated 
that the use of agricultural wastes as substrate for bacterial growth instead of 
glucose provides a cost-effective process REEs recovery [49].

Bioleaching of spent cracking catalysts using the fungus Aspergillus niger at 
1, 3 and 5% pulp densities achieved 63%, 52%, and 33% of lanthanum recovery, 
respectively; while the cell-free supernatant at 1% pulp density resulted in 30.8% 
leaching recovery. Furthermore, chemical leaching by strong inorganic (hydro-
chloric, sulfuric and nitric) and organic (citric, gluconic and oxalic) acids at 100 
mM was evaluated. In chemical leaching, sulfuric, nitric and oxalic acids showed 
lower efficiency than bioleaching. Hydrochloric, citric and gluconic acids dissolved 
68%, 65%, and 64% of REEs, respectively, which is nearly the same results than 
bioleaching with the fungus [50].

The recovery of REEs from fluid catalytic cracking spent catalyst by biochemical 
processes using Yarrowia lipolytica while also examining a route for the valorization 
of biodiesel-derived glycerin, which is the main carbon source, has been investi-
gated. Remarkable bioleaching yields were obtained, 53% of La, and 99% of Ce and 
Nd, using Y. lipolytica IM-UFRJ 50678 at 50°C [51].

Compact fluorescent lamps contain on average glass (88 wt.%), metals (5 wt.%), 
plastic (4 wt.%), lamp phosphor powder (3 wt.%) and mercury (0.005 wt.%). The 
lamp phosphor fraction contains about 10% of rare-earth phosphors bound in the 
triband dyes [52]. Consequently, owing to the presence of REEs along with mer-
cury, the disposal of lamp phosphors not only would lead to loss of resources but 
also to environmental hazards. Some countries collect great amounts of fluorescent 
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phosphors as a distinct fraction from the recycling of fluorescent lamps (175 tons 
per year in Germany) and thus it is suitable as a secondary resource of REEs.

The most common rare-earth phosphors in these lamps are: Y2O3:Eu3+, 
LaPO4:Ce3+, (Gd,Mg)B5O12:Ce3+,Tb3+, (Ce,Tb)MgAl11O19 and BaMgAl10O17:Eu3+ [52] 
and it is possible to dissolve these REE-compounds through microbial processes 
(Figure 3).

A symbiotic mixed culture from tea Kombucha, consisting of yeasts and acetic 
acid bacteria, was used to leach REE from fluorescent powder. The highest leaching 
yields were achieved using the entire Kombucha-consortium or its supernatant as 
leaching agent compared to experiments using the isolates Zygosaccharomyces lentus 
and Komagataeibacter hansenii. The pH decreased during the microbial growth as a 
result of organic acid production, acetic and gluconic acid [53].

Other study tested a broad spectrum of different microorganisms to evaluate 
their potential to dissolve REE from the lamps residues. Larger amounts of REE 
were leached with the strains Komagataeibacter xylinus, Lactobacillus casei, and 
Yarrowia lipolytica comprising a total release of REEs of 12.6%, 10.6%, and 6.1%, 
respectively. Yttrium and europium were dissolved selectively during the experi-
ments [54]. The supernatant generated by the bacterium Gluconobacter oxydans was 
also tested for the recovery of REEs from phosphor powder; however, only about 
2% of the total REEs was leached [4].

The phosphor powder solubilization is probably linked to the carboxyl-
functionality or a proton excess. Among the different REE components preferably 
the red dye Y2O3:Eu3+ was shown to be preferentially solubilized in accordance 
with the higher solubility of REE-oxides compared to REE-phosphates and 
–aluminates.

Electronic wastes are discarded devices that are at the end of their economic use 
and cannot be utilized by consumers anymore. The total global e-waste generation 
in 2021 is expected to achieve 52.2 Mt. The biggest economic interest is focused 
on gold with 50% of the possible revenue, but e-wastes contain other metals in 
significant amounts and still worth to be recovered. Investigations on bioleaching 
associated to printed circuit boards (PCB) recycling has mostly centered on copper 
and gold recovery. Ferric iron generated by iron-oxidizing bacteria is involved in 

Figure 3. 
SEM image of the fungus Aspergillus niger grown on fluorescent lamp powder.
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copper extraction. Cyanogenic bacteria or fungi have been tested to recover gold 
from e-wastes [55]. Nevertheless, these processes need to be upscaled and opti-
mized. Recently, a two-step reactor has been developed to separate the production 
of biogenic ferric iron from the valuable metals leaching reaction achieving a 96% 
recovery of Cu [56]. Many e-wastes contain magnets with an important amount 
of REEs, 20–30%. The content of Nd, Dy, and Pr in NdFeB magnets is 259.5, 42.1 
and 3.4 ppm, respectively [57]. Acidithiobacillus ferrooxidans and Leptospirillum 
ferrooxidans showed high leaching efficiencies when grew in presence of magnets 
but also in abiotic controls. Consequently, leaching mainly took place by chemical 
processes due to the presence of H2SO4 [58]. Furthermore, biodismantling is a new 
application of bioleaching in the recycling process of electronic waste to enhance 
the concentration of critical and precious materials imbedded in the electronic 
components. Considering sufficient sorting of the components after separation, 
some rare earth elements may become economically available by reaching a grade 
similar to commercial ores. A concentration of 9000 μg/g of dysprosium has been 
detected in one of these separated fractions [59].

The growing demand and applications of REEs in many fields lead to an 
increasing generation of industrial and electronic wastes. Thus, these materials 
become an alternative economic for REE recovery due to mineral scarcity and the 
environmental degradation, and the developments in bioprocess technology have a 
key role in sustainable mining for the green economy.

5. Conclusions

Rare earth elements possess unique properties that make them useful in a wide 
variety of applications, such as catalysts, magnets, batteries, phosphors and polish-
ing compounds. Consequently, the demand of these elements is growing and the 
REEs extraction become an important issue. Biohydrometallurgy is a potential 
technological solution to conventional chemical processes that employ corrosive 
reagents with harmful effects on the environment. Bioleaching for the extraction 
of rare earth metals from mineral ores and industrial wastes can be performed by 
autotrophic and heterotrophic microorganisms, although the phosphate solubiliz-
ing microorganisms have been especially investigated. Several mechanisms are 
involved in the mobilization of REEs: organic acids, enzymes, bacterial attachment, 
phosphate regulation, siderophores… Moreover, the application of biotechnological 
strategies to the treatment of solid wastes might contribute to maximize the amount 
of resources minimizing the amount of tailings or residues that exert a harmful 
impact on the environment. Bioleaching of REEs is in its infancy, but the develop-
ment of global market and the environmental policies as well as the appearance of 
new drivers such as synthetic biology and digital revolution could influence the 
evolution of biohydrometallurgy.
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Electrochemical and Optical 
Methods for the Quantification of 
Lead and Other Heavy Metal Ions 
in Liquid Samples
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Abstract

Minerals and elementary compounds of heavy metals are part of the ecosystem. 
Because of their high density and property to accumulate in stable forms, they are 
considered to be highly toxic to animals, plants and humans. Continuous mining 
activities and industrial effluents are the major sources which are adding toxic heavy 
metal ions into ecosystem and biota. Hence it is of utmost importance to quantify 
the levels of heavy metal ions in environmental and biological samples. On the other 
hand, it is equally important to remove the heavy metal ions and their compounds 
from the environmental and biological samples. That facilitates the environmental 
samples to be fit for using, consumption. In this regard, promising quantification 
methods such as electrochemical, spectrophotometric, naked eye sensing, test 
strips for spot analysis of heavy metal ions are considered for discussion. The main 
objective of this chapter is to give the overview of the most practiced quantification 
approaches available in the literature. Please note that reader cannot find the pin to 
pin publications regarding the same and that is not the aim of this book chapter.

Keywords: heavy metal ions, quantification, electrochemical and optical

1. Introduction

Metals possess higher density, atomic numbers are considered as heavy  metals. 
They are part of the ecosystem present in the form of minerals and also in the 
elemental form. Heavy metal ions [HMIs] are proved to be toxic to humans, animals 
and even to plants as they accumulate to form stable compounds. Over a period 
of exposure or accumulation to HMIs lead to serious health issues with respect to 
[w.r.t.] skin, neurological system, kidney etc. [1]. HMIs toxicity and its adverse 
effects are magnified due to the human activities such as mining, rigorous industrial 
activities adding HMIs to the various ecological system. Once it happens then ani-
mals and humans are prone to HMIs that is really disaster. Considering these facts 
seriously world health organization and environmental protection agency set the 
permissible levels for the HMIs in various samples [2]. Above that level that par-
ticular sample is not fit for usage or consumption. In this scenario there is a pressing 
need for the analytical methods through which the exact quantity of the HMI[s] 
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can be measured. There is a scope for the analysis of HMIs in the wide variety of 
samples such as water, air, food, and biological samples etc.

It is well known fact that, there exist efficient methods either individual or 
coupled with detection techniques for the quantification of HMIs. Atomic absorption 
spectroscopy, inductively coupled mass spectroscopy, inductively coupled atomic 
emission spectroscopy, Ion selective high-performance liquid chromatography etc. 
All the mentioned methods possess good linear range, sensitive down to ppb level 
concentration and accurate. At the same time, they are expensive, needs to be oper-
ated by skilled person, cannot be carried to field, and may require greater volume of 
sample. Hence, even today researchers are putting their efforts to develop analytical 
methods to overcome the mentioned shortcomings. There exist few techniques such 
as electrochemical, optical, methods based on electrical conductivity, refractive 
index etc. Compared to the earlier mentioned methods latter are less expensive, easy 
to handle and smaller in size. But there are few challenges with the latter mentioned 
methods such as sensitivity and selectivity. Thrust to achieve these goals is still alive, 
hence, one can witness lot of publications on the same topic. But, it does not mean 
that electrochemical, spectroscopic methods are failure. Researchers are striving 
to match the sensitivity and selectivity of the electrochemical and spectroscopic 
methods with that of earlier mentioned methods. Another improved aspect is the 
size. True size of both i.e. instrument and sample [volume] required for the analysis 
are significantly minimized. Naked eye sensing of heavy metal ions is made pos-
sible. Just addition of sample containing HMI to the reagent system in a culture tube 
results the color [change] that can be recognized with naked eyes. Moving a step 
ahead electrochemical and spectroscopic methods are miniaturized down to small 
paper strip. Paper based electrochemical and colorimetric methods are trending now. 
Important Analytical parameters for all the above discussed methods have been sum-
marized with broader perspective in the Table 1 for the comparison purpose [6, 7]. 

Flame 
AAS

Graphite 
Furnace 
AAS

ICP-MS ICP-OES EC* 
Methods

SP* 
Methods

SF*

Methods

Sample 
volume 
required

Large Small Medium Medium Small Medium
to Small

Medium
to Small

Detection 
Range

nM nM pM to nM pM to nM nM to μM μM pM to μM

Detection 
limits

nM nM pM pM nM to μM nM pM to nM

Interference few few few More few few few

Spot 
analysis

Not 
possible

Not 
possible

Not 
possible

Not 
possible

Possible** Possible** Not
possible

Cost Expensive Expensive Expensive Expensive Affordable Affordable Affordable

Accuracy Good High Very High Very High Good High High

Precision Good High Very High Very High Good High High

Recovery Good High Very High Very High Good High High
*EC-Electrochemical, SP -Spectrophotometric, SF-Spectrofluorimetric.
**Classical Potentiostat and Spectrophotometers are miniaturized to portable and handy devises with customized 
facilities especially for the spot analysis [3–5].

Table 1. 
Generalized comparison of the parameters of analytical significance of widely followed methods for HMIs 
quantification.
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Because of this solid background HMIs quantification by electrochemical and optical 
methods will be a topic of interest for large group of readers. Keeping the beginners 
in mind discussion is focused on the fundamentals of electrochemical approaches, 
types of materials and strategies used for the quantification of HMIs by both electro-
chemical and optical methods. It must be noted that exhaustive literature citation is 
avoided because of the page limits and also to avoid the monotony.

2. Electrochemical sensing of heavy metal ions

2.1 Different electrochemical techniques

2.1.1 Voltammetry

Generally, in this case resultant current due to faradaic reaction [s] of the ana-
lyte is recorded by sweeping the potential between the two chosen potentials. As a 
result, the graph of current vs. voltage will be obtained that is referred to as voltam-
mogram. Below are the various Voltammetric techniques commonly followed to 
measure the heavy metal ion[s] concentration.

2.1.1.1 Cyclic voltammetry [CV]

Current is recorded in the forward and backward directions by sweeping the 
potential in the fixed potential window. Faradaic reaction of the metal ion will 
result the oxidation and [or] reduction peaks at a particular potential where it 
underwent redox reaction. By referring to cyclic voltammogram

• potential required to oxidize/reduce the metal ion can be found. That infor-
mation is helpful in performing amperometric measurement of metal ion 
samples, to decide the potential window in the other voltammetric techniques 
such as differential pulse voltammetry, square wave voltammetry etc.

• reversibility of the faradaic reaction can be understood.

In this three-electrode system platinum wire is used as counter electrode, 
calomel or Ag/AgCl electrode is used as reference electrode and glassy carbon 
electrode (GCE)/gold or platinum electrode/carbon paste electrode etc. is used 
as working electrode. Devi et al. used gold nanoparticles modified GCE as the 
working electrode for the quantification of Hg2+ ions using CV [8]. Authors 
exploited the well-known interaction of thiol and gold for the functionalization of 
gold on the GCE. Micro molar concentration of Hg2+ can be quantified using this 
CV method.

2.1.1.2 Pulse voltammetry

In this technique series of super imposing pulse of voltage are generated to result 
the potential sweep. Because of the applied voltage, HMI will undergo redox reac-
tion to result the faradaic current and that is measured. Differential pulse voltam-
metry (DPV) is more opted out of various pulse voltammetric techniques such 
as normal pulse voltammetry and reverse pulse voltammetry. Xia et al. proposed 
DPV method for the simultaneous determination of Pb2+, Cd2+ and Cu2+. Wherein 
they used carbon paste electrode modified with hexagonal mesoporous silica and 
quercetin [9].
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2.1.1.3 Square wave voltammetry [SWV]

SWV is another voltammetric technique which is also very often used to 
quantify the HMIs with some advantages like fast scan rate, less adsorption on the 
working electrode and reduced measurement time over DPV.

In the case of CV, DPV and SWV more than one HMI can be detected 
simultaneously.

Generally, HMIs quantification by voltammetric techniques is performed in 
conjunction with electrochemical deposition followed by stripping. Hence, few 
examples for the above mentioned voltammetric techniques are discussed under 
stripping voltammetry section.

2.1.1.4 Stripping voltammetry

It is a two-step procedure. First step involves the electrodeposition of the HMI[s] 
from the electrolyte solution onto the working electrode surface. Second, by applying 
any of the voltammetric techniques [discussed above], HMI[S] on the electrode will be 
stripped off into electrolyte solution. Based on the applied scan i.e. anodic or cathodic 
or during which stripping take place technique is named as anodic stripping or 
cathodic stripping voltammetry [10]. Following cases can be considered as an example 
for how stripping step is combined with various voltammetric techniques. Yao et al. 
proposed square wave anodic stripping voltammetry [SWASV] for the quantifica-
tion of Zn2+, Cd2+, Pb2+, Cu2+and Hg2+. Fe3O4 nanocrystals of two different shapes are 
used as a modifier to obtain a sensitive and selective signal for the HMI [11]. Figure 1 
depicts the nature of SWASV. Serious interference of Cu2+ ions in the electrochemical 
detection of Cd2+ ions was effectively overcome by introducing Bi film on the GCE. 
As a result, stripping peaks were found to be intact even in the presence of Cu2+ ions 
for SWASV [12]. Raghu et al. developed DPASV method to achieve the quantifica-
tion of Hg2+ ions down to picomolar concentration. Multiwalled carbon nanotubes 
[MWCNT] were functionalized with Fast Violet B salt through diazotization. 
Functionalized MWCNT then drop casted onto GCE to sense Hg2+ ions by DPASV in 
drinking water and industrial effluents [13]. Pandurangappa Malingappa and cowork-
ers have published few exemplary works in which stripping voltammetric analysis has 
been systematically utilized for the analysis of HMIs from the various samples [14–16].

2.1.2 Amperometry

It is a potentiostatic technique. Electrochemical measurements are carried out 
at a fixed potential to measure the resultant current due to the redox reaction at the 

Figure 1. 
SWASV recorded for the (A) octahedral and (B) cubic Fe3O4 modified electrodes in the presence of varied 
concentration of Pb2+ion (reprinted with permission from [11] copyright 2014 American Chemical Society).
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electrode electrolyte interface. Based on the analyte, here a particular metal ion, 
to be detected value of the potential needs to be applied will be decided. Hence, 
the measured current will be exclusively due to faradaic reaction of that particular 
analyte. To quote the recent example, Sannegowda and his coworkers developed 
iminephthalocyanine based amperometric sensor for the quantification of Pb2+ 
ions. That exhibited the linear range and detection limit in the nanomolar Pb2+ ion 
concentration [17]. Amperometric biosensor based on the urease was developed for 
the detection of Pb2+ and Hg2+ ions in river water samples also exhibited the analyti-
cal figures of merits closer to nanomolar levels [18]. Simultaneous quantification of 
more than one HMI is not possible i.e. the drawback of this method.

Another similar work can be quoted here. This case acridono-crown ether played 
a role of ionophore and. Poly(vinyl chloride) membrane again acted as a host. The 
potentiometric sensor works in a range of pH 4-7 but suffered a much-required 
sensitivity [19].

2.1.3 Potentiometry

Developed potential or electromotive force (EMF) is measured without 
applying external current. Experimental setup required for the potentiometric 
measurements is inexpensive. But, sensitivity of this technique is not appreciable 
when the routine electrodes are used. Efforts are in progress to improve the sensi-
tivity by making use of electrodes constructed out of advanced materials such as 
graphene, CNT, and nanomaterials or reducing the size of the electrode itself i.e. 
nanoelectrodes [20, 21]. Ionophore is a corner stone of the potentiometric experi-
mental setup that decides the selectivity and sensitivity of the procedure. Xin-Gui 
Li et al. developed a ionophore based on conducting copolymer microparticles. 
Poly[vinyl chloride] membrane acted as a platform to host the ionophore. Presence 
of functional molecules such as –NH–, –N, –NH2, and –SO3H in the microparticles 
resulted high selectivity towards Pb2+ ions. It’s worth mentioning that potentio-
metric sensor exhibited sub micromolar detection limit towards Pb2+ ions [22]. 
Another similar work can be quoted here. This case acridono-crown ether played 
a role of ionophore and poly[vinyl chloride] membrane again acted as a host. The 
potentiometric sensor works in a range of pH 4-7 but suffered a much-required 
sensitivity [23].

2.2 Electrochemical preconcentration

Generally, concentration of HMIs is very low in drinking water, food and 
biological samples. In addition to that, sample matrices will be complex in nature 
and many other ions and molecules will be present. In this regard it is very impor-
tant to separate the HMI[S] from the sample matrix by enriching the same on to the 
working electrode surface. There by the interference from various electrochemically 
active species can be overcome and sensitivity can be significantly enhanced. Below 
two important electrochemical preconcentration methods are discussed in brief.

2.2.1 Electrochemical deposition

Electrochemical deposition is done by taking sample solution containing the 
HMI[s]in a three-electrode electrochemical cell. Then, suitable potential is applied 
to working electrode (most of the times modified working electrode) w.r.t. refer-
ence electrode. As a result of the applied potential metal ion will get reduced to 
metal atom and simultaneously deposited onto the working electrode. Prior to 
electrochemical deposition cyclic voltammetric experimental data will be helpful in 
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deciding the deposition potential. Suitable buffer solution and pH are necessary to 
fine tune the selective deposition of the particular HMI(S) [24].

2.2.2 Electrochemical adsorption

As the HMs exist as ions in the solution same nature can be exploited to achieve 
the electrochemical adsorption. It works on the electrostatic force of attraction 
principle. Basically, the working electrode will be modified with a material which 
has got sufficient opposite charges w.r.t. HMIs or its compounds. In addition to 
this material which also got greater surface area, hence, more charges on it will be 
preferred. It is obvious that nanomaterials are the competent candidates for this 
purpose. First comes the carbon nano substrates such as graphene, CNT, graphite 
flakes etc. Reason is twofold; Inertness of the carbon substrate hence it can just act 
as a platform for the HMIs adsorption and for the same reason it can be used for the 
construction of electrode as well. Ease with which the charge bearing functional 
groups can be covalently bonded on to it. There exist well-established procedures 
to introduce various functional groups such as carboxylic acid, amine etc. onto the 
carbon substrates. Now the materials, functionalized graphene or CNT, having 
greater surface area and also charge on it are suitable for the electrodeposition of the 
HMIs. Apart from these qualities, defects introduced during the functionalization 
process and their inherent good electrical conductivity have the added advantage 
for this application [25–27]. Likewise, nanomaterials other than carbon substrate 
can also be used. Positive or negative potential is applied to the electrode to enhance 
the rate of adsorption.

2.3 Different materials based electrochemical sensors

2.3.1 Carbon substrates

Graphitic carbon, glassy carbon, can be considered as the bulk form, itself has 
got good conductivity, stability have been used as an electrode material for a long 
time. Nanomaterials (NMs) derived out of graphite’s single or few layers resulted in 
graphene, CNT, fullerene, carbon nanoflakes, etc. possessed extraordinary con-
ductivity, excellent electrocatalytic property. Each carbon NM has been extensively 
studied for the electrochemical sensing of HMIs either in their pristine or modified 
form or as composite. Considering few examples out of large number of articles 
each carbon NM is discussed below.

2.3.1.1 Graphene

Two-dimensional single atomic thick monolayer is metallic in nature which 
inherited large surface area and very high conductivity [28]. In addition, hydroxyl 
and carboxylic groups originally present to a more or less extent depending on how 
the material is synthesized. If not present, those functional groups can be intro-
duced on its surface with ease by following well established methods. Mentioned 
functional groups facilitate the interaction between the graphene and HMIs through 
either coordination or electrostatic or both. On the other hand, these inherent func-
tional groups are exploited to introduce organic molecules, NMs etc. to enhance the 
sensitivity and selectivity. Li et al. reviewed the synthesis protocols and analytical 
applications of the graphene with exhaustive literature [29]. GCE modified with 
fluorinated graphene oxide was used to detect four HMIs such as Cu2+, Pb2+, Cd2+, 
and Hg2+simultaneously [30]. Nafion is used in many of the reported works to 
assemble the graphene onto the electrode i.e. it acts as a binder. At the same time, 
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it also plays a role of ion exchange membrane hence, interference can be consider-
ably overcome. Combination of the duo lead to many methods for the simultaneous 
determination of HMIs [31–33]. Simultaneous analysis of Zn2+, Cd2+, Pb2+, and 
Cu2+ was exhibited by a composite nafion, graphene and in situ prepared mercury 
film. Distinct SWASV peaks were observed for the mentioned HMIs [34]. It is 
worth mentioning that despite the mentioned synergetic advantages of the nafion 
& graphene there is problem of restacking of the graphene layers due to van der 
Waals force of attraction and also irreversible adsorption of HMIs onto the film 
was observed [35]. Gong et al. developed a strategy to overcome the restacking a 
graphene layers by introducing Au nanoparticles in between them. In addition, Au 
nanoparticles improved the analytical figures of merit for the sensing of Hg2+ions 
[36]. In a similar approach SnO2 and reduced graphene oxide composite lead to 
simultaneous determination of Cd2+, Pb2+, Cu2+, and Hg2+ as shown in Figure 2 
[37]. Composite of reduced graphene oxide with cysteic acid lead to highly sensitive 
DPASV method for Ag+ ion with detection limit of 1 nM [38]. Jingbo Chang et al. 
exclusively reviewed the sensing strategies of HMIs using graphene and its compos-
ites their more examples on this topic can be found [35].

2.3.1.2 CNTs

Properties, modification strategies discussed w.r.t. graphene holds good for CNTs. 
Since CNTs can be considered as rolled up structure of graphene and carbon atom 
is sp3 hybridized in both the cases. CNTs are supposed to be equally competent for 
the analysis of HMIs compared to graphene but there are minor differences [39]. 
But, hybrid of graphene and CNTs yielded much better results compared to CNTs 
alone. Three-dimensional structure of graphene and CNT was able to simultaneously 
analyze pb2+ and Cd2+ions [40]. CNTs are used in combination with bismuth film for 
the detection of HMIs [41]. CNTs and Pt nanoparticle together resulted in a highly 
sensitive electrochemical method for the ppb to ppt level As3+ determination [42].

2.3.2 Nanoparticles

As is well known, large surface area, more exposed catalytic sites, enhanced con-
ductivity, greater electron & mass transport and faster electrode kinetics attracts 

Figure 2. 
SWASV peaks recorded in the presence of HMIs for SnO2-reduced graphene oxide modified electrodes 
(reprinted with permission from [37] copyright 2002 American Chemical Society).
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the scientists to modify the working electrode with nanomaterials (NMs) for the 
better electrochemical sensing of HMIs. Though wide verity of NMs have been 
reported in the literature but metal and metal oxide nanoparticles are considered 
for discussion as their contribution is major among other NMs.

2.3.2.1 Metal nanoparticles

Gold nanoparticles and its derivatives have been extensively investigated as 
a transducer material for sensing HMIs because of its excellent conductivity, 
catalytic properties and inertness. There is a one more property i.e. affinity of 
gold towards thiol. This one property lead to plenty of works which all played 
around the triangular interaction between gold-thiol molecules-HMIs. As it can 
be observed gold component is common in below discussed cases but based on the 
material with which it is composed, capping agent, functionalized molecule and 
other experimental conditions sensitivity and selectivity towards HMIs will be 
totally different. Bin Zhang et al. modified carbon nanofibers with gold nanopar-
ticles’ size around 15 nm. That material was used on the GCE to simultaneously 
detect Cd2+, Pb2+ and Cu2+ by SWASV [43]. Whereas the same Au nanoparticles 
capped with tannic acid modified GCE lead to highly sensitive and selective elec-
trochemical sensor for Hg2+down to 100 fM in the presence of Zn2+, Al3+etc. [44]. 
Handful number of articles can be found in which Au nanoparticles are used for 
the estimation of HMIs [45–47]. Inspired by the excellent electrochemical results 
two noble metals are combined to obtain the bimetallic composite. Same has shown 
promising results for the estimation of Hg2+ ions in the ppb range with the limit of 
detection down to ppt [48].

Earlier mercury electrodes were used to detect the HMIs because of the amal-
gamation reaction between the two. Thanks to the multicomponent alloy forma-
tion property of the bismuth and antimony with the HMIs. Because, highly toxic 
mercury electrodes were successfully replaced by the bismuth and antimony film 
modified electrodes. Nanoparticles of bismuth and antimony are proved to be an 
environmentally friendly and efficient platform for the quantification of HMIs 
[49–52]. Even the experiments were carried out to understand the effect of different 
morphology of the bismuth nanoparticles on the HMIs detection [53].

2.3.2.2 Metal oxide nanomaterials (MONMs)

Come into focus as a result of finding an inexpensive alternative for the noble 
metal nanoparticles in spite of their excellent electrochemical results as the 
latter are highly expensive. Other technical reasons are being as same as that any 
nanomaterials such as greater surface area and hence greater adsorption of HMIs, 
enhanced electrocatalytic activity etc. Oxides of iron, nickel, magnesium, manga-
nese, zirconium etc. have been extensively studied for the quantification of HMIs. 
Majority of the reported methods are focused on experimenting with the mor-
phology of the MONMs. Generally wide variety of morphologies can be achieved 
through hydrothermal synthesis. Then the MONM powder will be drop casted 
onto GCE for the electrochemical sensing of HMIs. Problem with this approach is 
modified electrode will not be sufficiently robust. Abdul Waheed et al. discussed 
the same with detailed literature in their review [54]. To overcome this, Lie 
et al. electrochemically deposited Co3O4 nanoparticles onto the indium tin oxide 
electrode followed by annealing. As prepared modified electrode is further used 
for the electrochemical sensing of Pb2+ ions in the presence of various divalent 
ions [55].
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2.3.3 Mesoporous materials

Ordered mesoporous silicas (OMSs) can be considered as a representative candi-
date for mesoporous materials and their application in HMIs sensing. Because OMS 
exhibit uniform pore size, highly ordered pore, high volume and surface area which 
was explored by Mobil oil corporation [56, 57]. OMS provide a better platform for the 
physisorption of HMIs. As the OMS can be synthesized through various approaches 
different functional groups are inherently present on their surface. Out of which 
silanol is often present and most useful because of its reactive nature. Wide variety 
of organic molecules can be introduced through silanol group to result hybrid OMS. 
Because of the newly introduced organic molecules chemisorption of HMIs is achieved 
in addition to physisorption onto the hybrid OMS [58]. In majority of the reported 
methods particular OMS is combined with graphitic powder and mineral oil to obtain 
the modified carbon paste electrode to sense the HMIs. Thiol self-assembled monolay-
ers on mesoporous supports [SAMMS]are used to prepare the carbon paste electrode 
for simultaneous analysis of Pb2+ and Hg2+ ion in 0.2 M HNO3 [59]. Glycinylurea-
SAMMS lead to SWASV method for the detection of Pb2+ with a detection limit down 
to 1 μg/L. It must be noted that detection can be performed over a wide range of 
pH 4.5 to 6.5 without using any specific buffer solution [60]. Yantasee et al. developed 
advanced remote accessible automated DPASV coupled with flow injection analysis of 
Pb2+ ions using Phosphonic-SAMMS [61]. Detailed literature on synthetic approaches 
and analytical applications of mesoporous materials can be found elsewhere [62].

3. Optical sensing of heavy metal ions

3.1 Spectrophotometric/ Fluorometric methods

Wide range of materials including organic molecules, nanomaterials, hybrid of 
earlier two, and quantum dots are used to sense HMIs by generating either color or 
fluorescence signal. Simultaneous signal generation for multiple HMIs is more often 
observed in electrochemical sensing. Whereas in case of optical methods, generally, 
signal will be generated exclusively due to target HMI. Hence, below are the sections 
categorized w.r.t. type of the material used for sensing. Lead i.e. Pb is considered as an 
example to explain the commonly followed strategies for the optical sensing of HMIs.

3.1.1 Cyclodextrins

In the year 1996 Czarnik et al. proposed a bench mark work for the fluorescence 
sensing of Pb2+ ions using a small molecule, heteroatom containing ligands. On 
complexation with Pb2+ ions proposed ligand exhibited enhanced fluorescence sig-
nal for about 15-fold [63]. Cyclodextrin molecule in binary solvent system exhibited 
20-fold enhancement in the fluorescence signal after the addition of Pb2+ ions [64]. 
Similar cyclodextrin molecules are proposed by Chen et al. and Hayashita et al. for 
fluorometric sensing of the HMI as shown in Figure 3 [65, 66].

3.1.2 Organic molecules

Color resulting dibromo-p-methyl-methylsulfonazo molecule was explored 
by Li et al. for spectrophotometric detection of the Pb2+ions [67]. Inspired by this 
strategy Meng et al. worked out similar organic molecule for the colorimetric  
sensing of HMI [68].



Heavy Metals - Their Environmental Impacts and Mitigation

232

Figure 3. 
(A) Representation of the structure of the ligand. (B) Image of the fluorescence response of the proposed 
ligand. (C) Binding mechanism of the Pb2+ ions with the proposed ligand (reprinted with permission from [65] 
copyright 2002 American Chemical Society).

3.1.3 Rhodamines

Rhodamine family molecules and its derivatives have been utilized extensively 
for the optical sensing of not only Pb2+ ions but most of the HMIs. Majority of 
such works result the optical signal through spirolactum ring opening or forming 
mechanism after interaction between the rhodamine and HMI. Yoon et al. reported 
rhodamine B derivative for both fluorometric and colorimetric sensing of Pb2+ ion 
in methyl cyanide medium [69].

3.1.4 Calixarenes

Calixarene family molecules are another category contributed significantly for 
the HMIs sensing. Calixarene structures generally from a dative bond with HMI 
through the functional groups to result an optical signal. Calix [4]arene derivatives 
are reported for the Pb2+ ion sensing can be observed as a regular method [70]. 
Switchable i.e. on–off–on fluorescent sensor observed due to the binding capacity 
of the calixarene molecule with two different cations i.e. Pb2+ and K+ as shown in 
Figure 4. Observed phenomenon is due to the interaction of the K+ ions with the 
molecular orbitals whereas that is absent in the Pb2+ ions case [71].

Apart from the above-mentioned categories there exist another variety of 
organic and bioorganic molecule extensively studied for the HMI. To name a few 
polymers based, peptide based, DNAzyme based sensors.

3.1.5 Carbon quantum dots

Carbon quantum dots (CQDs): Again, inherent functional groups on its sur-
face and their deceptive role in anchoring desired molecules, nanoparticles etc. 
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made CQDs as emerging optosensors for HMIs. It is prerequisite to understand 
the mechanism of sensing of HMIs using CQDs before considering the individual 
articles on the same. Interaction between the light (electromagnetic radiation) of 
suitable wavelength and CQDs leads to the generation of charge carriers i.e. due to 
the excitation of electron from valence band to the conduction band. Generated 
charge carriers are utilized in the sensing of HMIs depending on the interaction of 
HMI with the ligand on the CQDs surface. Photo induced charge transfer, fluores-
cence enhancing/quenching, inner filter effects, phosphorescence etc. [72]. Sodium 
citrate and polyacrylamide sodium citrate resulted blue fluorescent CQDs which 
was quenched upon the addition of Pb2+ ion. By adding pyrophosphoric acid to the 
quenched solution, fluorescence was regenerated. This fluorescence off–on method 
was able to detect the Pb2+ of the order of 4.6 nM [73]. CQDs synthesized from the 
green approach using Lantana camara berries were exhibited sensitive and wide 
linear range up to 200 nM Pb2+ ion concentration [74]. CQDs synthesized from 
chocolate source also exhibited nanomolar HMI detection [75]. Household sugar 
was used to prepare the CQDs and found to be sensitive and selective for the naked 
eye sensing of Pb2+ ions in water [76].

3.1.6 Nanoparticles

Nanoparticles forms an interesting domain for the HMIs sensing. Though there 
exist a wide range of metal nanoparticles majority of the work has been done on Ag 
and noble metals Pt, Au nanoparticles in spite of their costly affair. Surface plasmon 
resonance is the corner stone of the optical sensing of HMIs using Ag, Au, and Pt. 
Hupp et al. used 11-mercaptoundecanoic acid capped Au nanoparticles as color 
generating agent for the detection of Pb2+, Cd2+, and Hg2+ ions [77]. Thomas et al. 
proposed quite a different approach wherein they started with Au3+/Ag+ ions and 
gallic acid solution. After the addition of Pb2+ Au/Ag nanoparticles are formed to 
result pink or red color respectively [78]. Non-aggregation-based sensor is devel-
oped by Huang et al. Originally Gold nanoparticles surrounded by thiosulphate and 

Figure 4. 
Representation of the switchable fluorescence of the calix [4] arene derivative and its binding mechanism with 
Pb2+ and K+(reprinted with permission from [71] copyright 2004 American Chemical Society).
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2-mercaptoethanol in a solution. After the addition of Pb2+ due to the formation 
of Pb-Au alloy gold nanoparticles dissolved into solution and hence Surface plas-
mon resonance is decreased [79]. Opposite to that, i.e. aggregation based, sensing 
method was developed by Su et al. using glutathione modified Au nanoparticles. 
Upon the addition of HMI Au nanoparticles aggregate to result a color change from 
red to blue [80]. Theme of this work is summarized in the Figure 5.

Above discussed category of organic molecules, bioorganic molecules, nanopar-
ticles have also been extensively used for the sensing of remaining HMIs. Functional 
moieties in the sensing molecules are different for different HMIs. But, conceptual 
wise it will be a repetition if the discussion is extended for the other HMIs. Ha Na 
Kim et al. has reviewed all the above discussed type of materials except CQDs for 
HMIs with an exhaustive literature survey and detailed discussion [81]. One can  
get more details and literature on CQDs for HMIs sensing in the review article 
presented by Pooja Devi et al. [72].

4. Paper based optical and electrochemical sensing of HMIs

It is striking from the above discussions that both electrochemical and opti-
cal methods are good enough to quantify HMIs from various sample matrices. 
Selectivity, sensitivity and reproducibility of the most of the methods are sufficient 
enough i.e. can be used to quantify the HMIs within the permissible limits fixed 
by the world health organization. Apart from this there are some shortcomings for 
both the methodologies. It must be noted that both the instruments i.e. classical 
potentiostat and spectrophotometer cannot be carried away to the place at which 
the samples have to be analyzed. Hence, spot analysis of the HMIs is quite not pos-
sible using these methods. Also, both the instruments are expensive. Keeping these 
shortcomings in mind researchers are working out nonconventional methods. As it 
is already mentioned in Table 1 miniaturized potentiostat and spectrophotometers 
are developed for spot analysis. Affordable and mobile phone installable softwares 
are developed to readout the color intensity on the spot [82]. On the other hand, 
sample holders i.e. electrochemical cells and cuvettes are replaced by paper strips. 
Below is the glimpse of such non-trivial methods.

Figure 5. 
(A) Scheme represents the preparation of glutathione capped Au nanoparticles. (B) Uv–Vis spectra, inset 
shows the images, (C) TEM images of Au nanoparticles in the absence (a) and presence of Pb2+ ions (b). 
(D) Images of the Au nanoparticle in the presence of various metal cations and Pb2+ ions (reprinted with 
permission from [80] copyright 2010 American Chemical Society).
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4.1 Paper/strip

Making use of paper for the spot analysis of copper can be observed way back to 
1945 [83]. Lateral flow through capillary action is the basis for the development of 
test strips not only for HMIs but various analytes. Pioneering work was published 
by Whiteside’s group in the year 2007. In which photolithography was used to 
pattern the paper for the bioanalysis on the spot [84]. Paper based analytical device 
(PAD) is modified with resorufin thionocarbonate-based dye and it can detect 
μM concentration Hg2+ ions by using buffer solution of pH 8 [85]. 3,3′,5,5′-tetra-
methylbenzidine (TMB) and gold nanoparticles were used to develop a PAD for 
semiquantitative analysis of Hg 2+ ions. Based on the enzyme like action of the 
gold and mercury nanoparticles TMB will give blue color [86]. In a similar work, 
platinum nanoparticles and TMB combination is used to detect Hg2+ ion using 
PAD. In this case decrease in the color intensity indicates the concentration of HMI. 
Enzymatic activity of the platinum nanoparticles to turn the TMB to blue is inhib-
ited by the Hg2+ ions in this case [87]. Many such PAD based naked eye detection 
of HMIs can be found in literature [88–90]. Paper based electrochemical sensors 
(PESs) are coined as they inherit the simplicity and advantages of the PADs with 
better sensitivity. Whiteside’s group developed PES by adopting the commercial 
electrochemical readers [91]. In case of PES electrodes are printed on a paper with 
carbon inks (working and counter electrodes), silver-silver chloride inks (reference 
electrode). These electrodes connected to a respective terminal of the electrochemi-
cal reader to measure a signal. Mariana Medina-Sánchez et al. developed PES for the 
quantification of Pb2+ and Cd2+ ion in a range 10 to 100 ppb. Developed sensor was 
reagent free and ecofriendly [92]. Two substrates i.e. plastic film and paper were 
used to coat graphene and polyaniline composite for the simultaneous detection of 
Zn2+, Cd2+, and Pb2+ ions [93]. Going one step ahead Poomrat Rattanarat et al. came 
up with a multi-layer-based device capable of producing both optical and electro-
chemical signal for iron, nickel, copper, chromium, lead and cadmium ions [94]. 
Iron, nickel, copper, chromium can be detected using optical signal whereas lead 
and cadmium ions are detected by electrochemical output as shown in Figure 6.

Figure 6. 
(A) Image of the multilayer paper-based device’s color changing response for the given HMIs. (B) Flow 
diagram details the preparation, electrochemical, and colorimetric response of the multilayer device (reprinted 
with permission from [94] copyright 2014 American Chemical Society).
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5. Conclusions

Importance of HMIs quantification is stated followed by efficient methods and 
their drawbacks. No doubt that electrochemical and optical methods are promis-
ing alternatives. Because of the advantages such as user friendly, economical and 
competency, electrochemical and optical methods are further considered for the 
discussion. Different electrochemical techniques followed for the HMIs quantifica-
tion are described with the fundamentals and reasoning in brief. Among them 
stripping voltammetric techniques are found to be efficient. Many electrochemical 
methods are reported to be capable of sensing HMIs down to ppb level and few can 
detect down to pico molar concentration. Another advantage of the electrochemical 
methods is the simultaneous analysis of multiple HMIs. Electrochemical methods are 
yet to be adopted for the field [spot] analysis. On the other hand, optical methods in 
particular colorimetric methods are metamorphosed to naked eye sensing of HMIs 
which will help in field analysis. PADs are coined to further simplify and miniaturize 
both electrochemical and optical methods. Alternatives for the often-used expensive 
color inducing materials such as gold, platinum and silver are still need to be explored 
in case of PADs for optical sensing of HMIs. It can be concluded that PESs are highly 
sensitive and selective but cannot be carried to field. Whereas PADs used for optical 
sensing are sensitive and can be used for field analysis are semiquantitative.
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Chapter 14

Bio Hydrometallurgical 
Technology, Application and 
Process Enhancement
Mulugeta Sisay Cheru

Abstract

The review is in general try to see some of the major microorganism involved in 
bioleaching process and studied by different scholars, identify the mechanics and 
techniques employed to bioleach minerals and factor that enhance or to inhibit the 
leaching process of microorganism with major reaction taking while bioleaching. Here 
the methodology and different leaching technique presented with their respected pros 
and cons, which are commonly employed and reasons behind with justifiable evi-
dences were presented. The values and bioleaching sulfide mineral (copper), precious 
metal (gold) and radioactive element (uranium) were discussed with some the known 
producers in the world and finally some highlight given on industrial application of 
bioleaching.

Keywords: bioleaching, leaching techniques, biooxidation, radioactive, pretreatment

1. Introduction

Bioleaching is the extraction of metals from ores using the principal components 
water, air and microorganism [1]. It is the extraction or mobilization of valuable 
(target) metal from the ore, can also be defined as a process of recovering metals 
from low grade ore [2, 3], with regard to solubility, bioleaching can be defined 
as a process of recovering soluble one from insoluble impurities after dissolving 
sulfide metal as soluble salt in a solution [4] that results toxics and heavy metals 
removed. It is isolation of metals from their ores, concentrates and mineral wastes 
under the influence of microorganisms leading to dissolution of metal solutions of 
leach liquor containing metals [5], followed by solvent extraction, stripping, ion 
exchange, electro wining to get pure metal.

Both bioleaching and biooxidation leads to recovery target mineral; but there is 
technical difference between the two technologies. Bioleaching refers to the use of 
bacteria, the common Thiobacillus Ferrooxidans and other bacterial as a leachant 
to leach sulfide minerals where the target elements remains in the solution during 
oxidation process, after the metal recovery the solid left behind regarded as residue 
and in the contrary biooxodation discard the solution after having metal values 
in solid phase [6, 7] microorganism also engaged in removal of radionuclides and 
leaching of metal that are regarded as toxic in some cases and good for bioremedia-
tion of soil, the process stops radio nucleation that result the removal of stability of 
target elements [7].
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Bioleaching has been used for a long period of time without regarded as microbial 
leaching process; it has been used as early as 1000 BC when a man from metal laden 
recovered copper from a water, passes through copper ore deposit [8]. It was in 1556 
at the mine located in Spain at Rio Tinto (Rd River) mine, slurry containing very high 
concentration of ferric ions leached due to the action of microorganisms [4]. Copper 
was precipitated from the solution obtained from this river, the very first bio miner-
alization process was copper dissolution, then the process continued to be developed 
in countries like Norway, Germany and English at different era of time, in the year 
1947 heap and dump leaching was practiced that leads to the development of bacte-
rial bioleaching process [9].

The gram-negative chemolithotroph bacterial, Thiobacillus Ferooxidans was 
first cultured and isolated from mine water by Colmer and Hinkel [9]. Thiobacillus 
Ferrooxidans is rod shaped ranging in diameter from 0.3 to 0.8 micrometers (μm), 
in length from 0.9 to 2 μm, 0.5 μm in width in which its movement is due to a single 
polar flagellum [10]. Since now this bacteria is the most studied. These bacteria were 
able to oxidize sulfur to sulfuric acid and ferrous to ferric in acidic environment 
where pH value is less than 5 [7, 10, 11]. From this point onwards the technology of 
bioleaching has shown tremendous growth, especially industrial coppers produc-
tion, which makes annualized world copper production reach up 10% from 0.2%. 
It was in Chile the first industrial scale copper bioleaching plant was established in 
1980 using Thiobacillus bacteria [12] large-scale production begins and bioleaching 
taken as main manufacturing process as any convection techniques in Chile 1984 
[13]. Among the many microorganism involved, bacteria (autotrophic and hetero-
trophic), fungi and yeasts can be mentioned. The bacterium has these calcification 
based on their species as Thiobacillus Ferrooxidans, Leptospirillum Ferrooxidans, 
Thiobacillus Thiooxidans, Sulfolobus, but there are many classifications based on 
different characteristics reveled by the organisms.

Acidophilic Thiobacillus species are used to leach refractory elements like gold, 
they generally characterized as aerobic, acidophilic, and autotrophic used to leach 
sulfide minerals (copper, nickel, zinc and soon). Most common bacteria involved 
in bioleaching are Acidithiobacillus Ferrooxidans (Thiobacillus Ferrooxidans), 
Acidithiobacillus Thiooxidans, Leptospirillum Ferrooxidans, Sulpholobus Spp, 
Sulpholobus Thermosulphidoxidans and Sulpholobus Brierleyi. Acidithiobacillus 
Ferrooxidans is most vital one, which was named and characterized in 1951. 
Most common fungi are Aspergillus Niger and Penicillium Simplicissimum. The 
efficiency of bioleaching depends up on physiological requirement and capability 
of Thiobacillus to oxidize ferrous ion (Fe2+) and sulfur (S). There are five main 
species of Thiobacillus, these are Thiobacillus Thioparus, Thiobacillus Dentrificans, 
Thiobacillus Thiooxidans, Thiobacillus Intermedius, and Thiobacillus Ferrooxidans. 
On the bases of pH values for growth genus Thiobacillus can be divided into two 
groups, those that can grow only in neutral pH values are T. Thioparus and T. 
Dentrificans. The second Thiobacillus species those grow at lower pH value are T. 
Thiooxidans, T. intermedius, and T. Ferrooxidans.

Study of different scholars at the inceptions shows the capability of bacteria 
(genus Thiobacillus) to oxidize sulfur compounds to sulfuric acid; it can oxidize also 
range of sulfur compounds (S2−, S0, S2O4, S2O4

2−, SO4
2−) [11], followed by separation 

process of the iron and the bacteria Acidithiobacillus Ferrooxidans (Thiobacillus 
Ferrooxidans) from the solution. A. Ferrooxidans is found in drainage waters and it is 
commonly identified as pyrite oxidizer [14]. The bacterial (acidophile) obtain energy 
from inorganic sources, it grows in acidic medium that fixes carbon to the bacteria 
itself. Most economically important metals like iron, copper, gold, and uranium can 
be easily extracted by using acidophilic and chemo-litho-autotrophic microorganism. 
Acidithiobacillus Ferrooxidans is chemoautotrophic microorganism or acidophilic. 
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Let see the ecology, physiology, availability and genetics of microorganism involved 
in bioleaching. There are three basic principles for microorganism to leach and 
mobilize target metals from ore concentrate – redox reaction, formation of organic 
and inorganic acid and finally the excretion of complexing agent (Figure 1) [4].

Here is a generalized reaction used to express biological oxidation of sulfide 
mineral.

MS + 2O2 → MSO4, where M is bivalent metal and reaction below show a metal 
sulfide directly oxidize by Acidithiobacillus Ferrooxidans to soluble metal sulfate 
according to the reaction.

MS + 2O2 → M+2 + SO4
+2 [15].

2. Mechanisms of bioleaching

The two majorly known mechanism in bacterial leaching are direct mechanism 
(involves physical contact of the organism with the insoluble sulphide) or hypoth-
esized enzymatic reaction taking place between an attached cell and the underly-
ing mineral surface which is independent of indirect mechanisms and it is where 
reduced sulfur dissolution takes place [16], it is only the direct attack of the bacteria 
can lead to leaching. Check the following reactions.

 2 2 2 4 2 42FeS 7O 2H O 2FeSO 2H SO .+ + → +  (1)

Indirect (involves the ferric-ferrous cycle) or it is a mechanism of sulfide oxida-
tion involves non-specific oxidation of surfaces by Fe3+ that is generated by micro-
organisms that oxidize iron or oxidation of mineral by ferric ions [16]. The attached 
cells of bacterial oxidize the surface using either of the two mechanisms [9, 11, 14]. 
The reaction below shows oxidation of iron.

 ( ) 0
2 2 4 43FeS Fe SO 3FeSO 2S .+ → +  (2)

Minerals are broken due to the attack to their constituents, that results energy 
production for the microorganism. This energy production or oxidation passes 
through intermediates reaction processes. Two mechanisms have been proposed for 
the oxidation, viz. thiosulphate mechanism and polysulfide mechanism. Thiosulfate 
mechanism includes acid-insoluble metal sulfides like pyrite (FeS2) and molybde-
nite (MoS2) and polysulfide mechanism includes acid-soluble metal sulfides like 
chalcopyrite (CuFeS2) or galena (PbS) [15]. In thiosulfate mechanism, the attack of 
ferric ion on acid insoluble metal sulfides brings about solubilization via thiosulfate 
as an intermediate and sulfates as end product. The breaking reaction shown below.

Figure 1. 
Image of bioleaching bacterial [4].
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 3 2 2
2 2 2 3FeS 6Fe 3H O S O 7Fe 6H .+ − + ++ + → + +  (3)

 2 3 2 2
2 3 2 4S O 8Fe 5H O 2SO 8Fe 10H .− + − + ++ + → + +  (4)

In polysulfide mechanism, a combined attack of ferric ion and protons on acid-
soluble metal sulfides causes the solubilization with sulfur as an intermediate in its 
elemental form which can be oxidized to sulfate by sulfur-oxidizing microbes that 
the reaction is shown below [17].

 ( )3 2 2
2MS Fe H M 0.5H Sn Fe n 2 .+ + + ++ + → + + ≥  (5)

 3 2
2 80.5H Sn Fe 0.125S Fe H .+ + ++ → + +  (6)

0.125 S8 + 1.5O2 + H2O → SO4
2− + 2H+ the reaction show the production of 

sulfuric acid results hydrogen (proton) for attacking mineral.
Fe (II) is re-oxidized to Fe (III) by iron oxidizing organisms (chemotrophic 

bacteria), the role of microorganisms in solubilization.
2Fe2+ + 0.5O2 + 2H+ → 2Fe3+ + H2O this reaction keep iron in ferric state that 

oxidize mineral.
The process of chemical attack takes place on a substrate or the mineral surface 

where the bacteria forms a composite and attach itself as firm as possible in order to 
increases maturity that finally detached and dispersed into the solution.

An important reaction mediated by Acidithiobacillus Ferrooxidans is:

 ( )4 2 2 4 2 4 234FeSO O 2H SO 2Fe SO 2H O.+ + → +  (7)

Strong oxidizing agent, ferric sulfate that basically used to dissolve metal 
sulfide minerals, and leaching brought about by ferric sulphate is termed indi-
rect leaching due to the absence of both oxygen and viable bacterial. Check the 
following leaching mechanism of reaction on several minerals.

 ( ) ( )2 4 4 43CuFeS chalcopyrite 2Fe CuSO 5FeSO 2S.+ → + +SO  (8)

 ( ) ( )2 2 4 43FeS Pyrite Fe SO 3FeSO 2S.+ → +  (9)

 ( ) ( )2 2 4 2 4 2 4 43 4–3UO Fe SO 2H SO UO SO 2FeSO 4H .++ + → + +  (10)

 ( )Acidithiobacillus ferrooxidans
2 2 2 2 4 2 434FeS 15O H O 2Fe SO 2H SO .+ + +  (11)

 ( )Acidithiobacillus ferrooxidans
2 2 2 4 2 4 234CuFeS +17O +2H SO 4CuSO4+2Fe SO +2H O.  (12)

 Acidithiobacillus ferrooxidans
2 2 2 4 4 22Cu S 5O 2H 4CuSO 2H O.+ + +SO  (13)

 Acidithiobacillus ferrooxidans
2 42O CuSO .+CuS  (14)

Acidithiobacillus Ferrooxidans can convert elemental sulfur generated by 
indirect leaching to sulfuric acid –.
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 Acidithiobacillus ferrooxidans
2 2 2 42SO 3O 2H O 2H SO .+ +  (15)

This sulfuric acid maintains the pH value at levels, which is favorable to the 
growth of bacteria and also helps for effective leaching of oxide minerals:

 ( ) 2 4 4 2CuO Tenorite 2H SO CuSO H O.+ → +  (16)

 ( )3 2 4 2 4 23UO 3H SO UO SO H O 4H .++ → + +  (17)

Chemolithotrophic (uses carbon for the synthesis of new cell material) bacteria 
can be categorized based on response to temperature as mesophiles, moderate 
thermoacidophiles and extreme thermoacidophiles.

Mesophiles-grows at a temperature values ranges (28°C -37°C) where 
Thiobacillus Ferrooxidans is able use the inorganic substrate to draw energy by 
oxidizing Fe (II) to Fe (III) and sulfur to sulfide and sulfate. The other mesophiles 
is Leptospirilium Ferrooxidans that use Thiobacillus Ferrooxidans to effect the oxi-
dization of sulfur to sulfate. Moderate thermoacidophie-temperature values ranges 
(40–50°C), Sulfobacillus Thermosulfidooxidans is common one, which oxidize 
both sulfur and iron from energy production. This category includes Archaea and 
Eubacteria, and most of gram-positive microorganisms are included here. Extreme 
thermoacidophiles-temperature ranges 60–80°C, genera Sulfolobus, Acidanus, 
Metallosphaera and Sulfurococcus are in this category, [11, 18, 19]. Thermal value 
some time extends above the limitation values, it is due to exothermal reaction 
which is above the maximum growth temperature of microorganism, some micro-
organism genus like Archaea withstand thermal values up to 90° [19, 20].

This category is formed by closely related species that can act together with 
a common name given Sulfolobus. Sulfolobusa Acidocaldarius, Sulfolobus 
Sofataricus, Sulfolobus Brierley, and Sulfolobus Ambioalous that can oxidize Fe (II) 
to Fe (III) and sulfur to sulfate. Aspergillus Niger and Penicillium Simplicissimum 
are both used to leach sulfide minerals like copper with mobilization rate of 
65% and aluminum, nickel, lead and zinc by more than 95% mobilization rate. 
Thiobacillus and Leptospirillum are characterized by the oxidation of sulphide 
minerals in acidic environment and temperature values less than 35°C, with regard 
to area of application these two are mostly used in dump and tank leaching of metal 
from sulphide based mixed ores [20, 21]. The other group of genus Sulphobacillus 
used under the same areas of application but relatively higher temperature up 
to 60°C, the temperature reaches up to 90°C in case of genera Sulpholobus and 
Acidianus, Organotrophic microorganisms like yeast, fungi and algae which 
destruct sulphide mineral and aluminum silicate, facilitate bio sorption of metals 
that solubilize gold, these microorganism uses carbonate and silicate ore for the 
extraction of metals and selective gold extraction from ore floatation and metal 
solution.

2.1 Autotrophic and heterotrophic leaching

The two bacterial leaching namely autotrophic and heterotrophic leaching 
has their distinct characteristics while bioleaching process takes place, in case of 
autotrophic bioleaching (effective on sulfide minerals) there are two proposed 
mechanism of Acidithiobacillus Ferrooxidans action on sulfide minerals, first the 
mechanism, that the bacterial oxidize ferrous ion to ferric ion in which the bulk 
solution where the mineral is leached counted as indirect, this mechanism which is 
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indirect oxidation of ferrous ions to ferric ions is exopolymeric process, both takes 
place on the layer where the mineral is leached. The second proposed mechanism, 
does not require ferrous or ferric ions, the bacteria directly oxidize the minerals 
by biological means having direct contact mechanism of reaction. Autotrophic 
leaching uses both Thiobacillus Ferooxidans and Thiobacillus Thiooxidans to leach 
sulfide mineral and studies shows combining the two bacterial results an increase 
in selectivity and rate of leaching efficiency while leaching of nickel sulfide. From 
the heterotrophic genus of bacteria Thiobacillus and Pseudomonas are those used to 
leach non-sulfide minerals and from the genus of fungi Penicillium and Aspergillus 
(heterotrophic fungi) are those used in leaching process, a study shows 55–60% 
leaching rate for nickel and cobalt, some other studies indicates that 95% and 92% 
leaching rate achieved while using pretreated Aspergillus Niger by ultrasound for 14 
and 20 days respectively which increase its stability [4, 11, 20, 22] (Table 1).

Heterotrophic fungi Aspergillus and Penicillium species combined to leach 
low-grade nickel-cobalt oxide ores, low-grade laterite ores and spudumene (alumi-
nosilicate), these aluminosilicate (spudumene) also leached by heterotrophic yeasts 
(Rhodotorula rubra), Aspergillus Niger used to leach zinc and nickel silicate [11]. 
Bacterial leaching can be generalized in three mechanism redoxolysis, acidolysis, 
complexolysis, and in case fungal leaching bioaccumulation is important mechanism. 
To solubilize rock phosphorous, Aspergillus Niger has been used in many occasions 
due to the production of organic acids with low molecular weight and phosphorous is 
basically essential micronutrients for the growth of bio organism, these microorganism 
convert insoluble phosphate to soluble, the two filamentous fungi used in phosphate 
leaching are Aspergillus Niger and some Penicillium, the metabolic fungal reaction 
produces organic acid that result the formation of acidolysis, complex and chelate [22].

The second group of bacterial genus is Leptospirillum, which is categorized in 
moderate thermophilic bacteria that can only oxidize ferrous ions; it is dominate 
iron oxidizer, which is referred as Leptospirillum Ferrooxidans (L. Ferrooxidans). 
Oxidation process takes place under strong acidity and temperature up to 30°C, 
L. Ferrooxidans has high affinity to Fe2+ and low affinity to Fe3+ which results 
a working condition of high Fe3+/Fe2+ ratio, when redox potential is low, L. 
Ferrooxidans has low growth rate at the initial stage of a mixed batch culture, a 
native strain of Leptospirillum Ferrooxidans used to leach zinc from low grade 
sulfide complex from La Silvita and La Resbalosa (Patagonia Argentina) [23]. The 
leach liquor itself has been a place where microorganism found, higher amount of 

Microorganism/ both autotrophic and heterotrophic Ore sample

Aspergillus Niger, Hyphomicrobium Flourapatite (phosphorus ore)

Pseudomonas Oryzihabitans Magnesite, Dolomite (magnesium ore)

Bacillus Licheniformis Silica

Thiobacillus Ferrooxidans, Acidianus Brierleyi, Sulfobacillus, 
Thermosul Fidooxidans, Sulfolobus Rivotincti

Chalcopyrite (Low and high grade), 
Pyrite, Covellite

Penicillium Simplicissimum, Penicillium Verruculosum, 
Aspergillus Niger, Acidithiobacillus Ferrooxidans

Iron ore, Hematite, Zinc and nickel 
Silicates

Thiobacillus Thiooxidans Pyrrhotite

Thiobacillus Caldus Arsenopyrite

Metallosphaera Sedula, Sulfolobus Metallicus (BC), Pyrite

Paenibacillus polymyxa Bauxite (low grade)

Table 1. 
Some of microorganism and leachable ore [4, 11].
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Leptospirillum Ferriphilum were in a leach liquor, in a study conducted to leach the 
effect of pH on the bioleaching of a low-grade, black schist ore from Finland using 
Acidithiobacillus Ferrooxidans and Leptospirillum Ferrooxidans as extractant [24]. 
The bacteria can relatively resist high concentration of uranium, molybdenum, and 
silver, this is due to its affinity towards to ferrous ions or resistivity to refractory ele-
ments, but it cannot oxidize sulfur or any sulfur related compounds. By combing it 
with other sulfur- oxidizing acidophiles, sulfur-oxidizing process can be achieved; 
these are T. Caldus, T. Ferrooxidans, or T. Thiooxidans, to oxidize sulphidic gold 
concentrate a mixed culture of Thiobacillus and Leptospirillum has been used [11].

The third group thermophic bacteria mainly characterized by oxidation of 
iron to assure growth chemolithorophically, some are facultative autotrophs that 
require synergetic effect of other microorganism to like yeasts extract, cysteine, or 
glutathione. Among the microorganism in this group Sulfolobus species is the major 
one, these organism categorized as moderate thermophilic at an average values of 
temperature 40°C -60°C and the second group is extreme thermophilc at an average 
values of temperature 65–85°C. One of the moderate thermophilic gram positive 
bacteria, Sulfobacillus Thermosulfidooxidans is facultative autotrophs in which its 
growth stimulated by yeasts extract, where the presence of CO2, weight and volume 
ratio (w/v) are factor to facilitate and inhibit growth. From of extreme ther-
emophilic Sulfolobus Acidocaldarius and Acidianus Brierleyi are those in genera 
Archaebacteria, among the other four genera Sulfolobus, Acidanus, Metallosphaera, 
and Sulfurococcus act aerobically and categorized in extreme thermophilic aci-
dophilic bacterial which oxidizes ferrous and elemental sulfur and sulphide based 
minerals. These bacteria grows under all conditions (auto, mixo, heterotrphic) 
depending on the yeast extract ratio (w/v), found in facultative chemolithotrophic 
species act in acidic medium and temperature value can be up to 90°C [11].

All the major concepts of bioleaching have been discussed, so what are factors 
affecting rate of bioleaching and leaching efficiency, the major factors can be summa-
rized as microbiological, mineralogical and physiochemistry factors. A physiochemis-
try factor includes temperature, pH, redox potential, oxygen content, carbon dioxide 
content which facilitate mineral oxidation required for cell growth, mass transfer, 
light, surface tension which mean that the topography of mineral surface that indi-
cate the rate adsorption and crystal structure which has direct relation on the rate 
of reaction. Microbiological factors includes microbial diversity that is the distinct 
nature of micro organisms with regard to range of unicellular organisms, variety 
of microorganism found in an environment suitable for bioleaching, these includes 
bacteria, fungi, algae, flagellates, and those found in microbial biocenosis, the other 
microbiological factors are population diversity, metal tolerance, spatial distribution 
microorganism and adaptation ability of microorganism. The third major factor is the 
nature of mineral processed, characteristics like grain size which affect rate of dis-
solution, porosity related to rate of chemical attack and digestion rate, hydrophobicity 
is another physiochemistry factor to determine the rate leaching, hydrophobicity is 
differentiating whether the elements are water hating or loving while floatation takes 
place. Process is the other major factor affecting leaching efficiency, techniques where 
bioleaching process takes place (heap, dump, in situ) which we will be discussed 
below, pulp density is the variable which results variation on dissolution rate, a study 
shows that dissolution metal increases while pulp density increases but it is based 
on (w/v) ratio that is between 5 and 20%, the other factor is concentration of target 
mineral, this can inhibit the growth of microorganism, that cause a limitation of pulp 
density usage [25]. Stirring speed is also another factor affecting rate of dissolution 
and geometry of the heap during heap leaching process, the other major factor is 
the presence of fluoride released from the ore sample, which inhibits the process of 
bioleaching, and when the release decreases the rate of inhibition eventually reduced.
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Besides leaching process microorganisms are used for bioremediation of mining 
sites, treatment of gangue, tailing, and mineral wastes from the industry, contami-
nation of sediments due heavy metals and soil from toxicities, sewage sludge can 
cured by microorganism in which the process is called bioremediation [26].

3. Bacterial leaching techniques

The successful bioleaching process is characterize by the intimacy of microor-
ganisms to a mineral surface, strong attachment result high rate of oxidation and 
dissolution on a substrate (mineral surface), this is achieved by the rate success of 
bio film formation. In general leaching techniques are two – Percolation leaching – a 
solution infiltrate through a fixed mineral location, and agitation leaching - min-
eral bearing ore stirred by a solution but while working in large scale, percolation 
leaching is usually chosen [7]. The principal commercial methods are aerated 
stirred-tanks, in situ, dump, heap, vat, bench scale, tank, column, reactor leaching 
are among the many. It was dump bioleaching process taken as the first commercial 
bioleaching in 1950 used to leach copper from sulfide minerals, since then bioleach-
ing bloomed by copper oxide heap leaching, industrial microbial leaching process 
applied for sulfidic gold and bioheap commercial leaching of copper ore (chal-
cocite and covellite). The high production of bio heap leaching of copper in 1980 
established at Lo Aguirre mine in Chile processing 16,000 tones ore/per year at the 
inception [27], these wipe the way that led to Chile’s industrial bio copper produc-
tion in large scale especially from the year 1984 [28].

3.1 Stirred-tank biooxidation

Aerated, stirred-tank bioreactors, used in mineral concentrate feeds, involve a 
series of stages that can have lots of tanks connected in parallel depending on the 
retention of the concentrate [7] a study conducted to check Na-chloride can possibly 
enhances the chemical and bacterial leaching of chalcopyrite uses three bioreactors 
engaged with inoculum of the bacteria [29]. Other tanks needed for value adding 
purposes which are usually single tanks might be connected in series, since these tanks 
subject to chemical attack, air, heat and sulfide mineral, they should be relatively resis-
tant to corrosion, chemical attack, and soon, in order to have these character tanks 
can be lined with rubber, galvanized, or other corrosion protection method like using 
sacrificial anode or using high grade material like stainless steel, aluminum or copper.

Temperature maintained at optimum level by cooling coil or some time tanks 
are equipped with water jackets depending on the required temperature by the 
bacteria, these values can be conditioned based of the mineral to be leached, and 
sometimes the chemical used to enhance the leaching process [29]. Several tanks 
can be continuously arranged, named as continuous stirred tank reactor (CSTR), 
as per the above it can be followed by a series of small equal sized reactors [16]. 
Example of bioleaching of sulfidic gold concentrates, that the discharge from the 
final stage is subjected to water washing and solid/liquid separation in thickeners. 
Even though there is less power consumption basically used for agitator and blower, 
it has linear relationship with the amount of sulfide -sulfure which is required to 
oxidize and recover the target metal from the parent ore, rate of recovery depends 
up on the metal grade also.

The main advantages of these tank over other conventional methods like pres-
sure autoclave, roasting, smelting, calcination and soon are; it has low capital and 
operational cost, relatively less construction period, less complicated requiring less 
skilled man power and most importantly it is environmental friendly. In general 
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Australia, Chile, USA, Brazil and South Africa are among those countries involved 
in bio oxidation by stirred tank [7, 16].

3.2 Dump leaching

Dump (run of mine) [18] leaching involves uncrushed waste rock and low grade 
ore is piled up or changing a pit to dump by blasting it. Conventional methods 
would be very expensive to process these type of ores samples, except dump leach-
ing, dump can be very huge, containing in excess of 10 million tons of waste rock, 
up to 60 m deep [7, 30].

In order to digest some of unwanted minerals like silicate and to promote the 
growth of acidophilic microorganism, acid water solution is spread on the top 
surface, the acid water solution percolate through the dump, the more acidic the 
environment the more growth of microorganisms that oxidize minerals to be 
recovered. The pregnant leach liquor or acid run-off is collected at the bottom of the 
dump, from where it is pumped to a recovery station. After collection the process 
followed by solvent extraction, electro wining for the metal production but dump 
aeration is vital for the microorganism to growth, tailing from solvent extraction 
recycled on the top of dump. Escondida mine found Chile is the biggest bio dump 
leach in world [26, 30].

3.3 Heap leaching

Heap leaching (crushed and agglomerated) [18] is composed of air, acid and 
microorganism where commutation takes place on rock samples to turn it to smaller 
particles which increases the surface area for acid digestions and conditioning it 
to microorganisms, particle should not be very fine and should be piled allowing a 
simplifies aeration pipe placed to facilitate air flow. To improve drainage of the min-
eral containing solution from the bottom of the ore, conditioned ore is spread on 
specially engineered pads (lined with high-density polyethylene (HDPE)), which 
consist of perforated plastic drain lines and air also supplied to optimize the growth 
of microorganism [7]. Heap can be large up to kilometer long, but commonly less 
than 500 m wide and 10 m long, the size and height of a heap depends up on air (for 
bacterial to grow) water, acid, heat generated due to the process and its dissipation 
[31]. Heap surface should be permeable enough for the sulfuric acid to infiltrate and 
dissolves iron to ferric solution producing ferric ion that react with copper sulfide 
results ferrous ion and copper solutions. Acidithiobacillus Ferrooxidans oxidize 
iron where the bacterial can be inoculated and works by attaching itself to ore, with 
having free movement. After collecting PLS (pregnant leach solution), then solvent 
extraction is followed where the target mineral recovered and formed into cathodes.

This aerobic bacteria works only in the presence of oxygen in the heap, those 
bacteria consume it from the solution where oxygen is in liquid phase. This process 
enhances the conversion of ferrous to ferric ions as per the reaction below.

 2 3
2 2Fe 0.25O H Fe 0.5H O.+ + ++ + → +  (18)

Heap some time can be crushed 19 mm with rotating drum with acidified water 
[29] aeration can be conducted using low pressure fans those directing air through 
piping on the pad [26]. It is clear that heap leaching requires the preparation of the 
ore, primarily size reduction, so as to maximize mineral-lixiviant interaction and 
lay of an impermeable base to prevent lixiviant loss and pollution of water bodies. 
Heap leaching basically used to leach low-grade ore of copper and zinc, even in 
the case of copper grade level can be (0.2–2%). To have an effective heap leaching 
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process a mathematical model has been developed by taking heat, mass transfer, 
liquid, gas flow and chemical process in to consideration [31]. Heap also employed 
to bioleach silicate mineral, in a study where two microorganism were tested 
‘Ferroplasma acidarmanus or the common Acidithiobacillus ferrooxidans against 
the amenity of silicate minerals. Beside oxidation process energy was generated 
from flat plate solar energy collectors where heap is designed by HeapSim, heap 
bioleach simulation tool was used to simulate the heap and process occurring in the 
heap, even calculating the copper output [32].

3.4 In situ bioleaching

In situ leaching requires making the ore permeable for a solution and air to be 
circulated through the ore body. It does not require metal containing material to be 
removed from the ground [18]. It employs a method of recovering target minerals 
from the leach solution. The acid solution percolates until it reaches to imperme-
able layer. In situ includes recovery of minerals from the intact ore. The resulting 
metal-enriched solutions are recovered through wells drilled below the ore body. 
In case of in situ leaching the main concern is pollution of ground water, with this 
regard there are three types of ore bodies generally considered for in situ leaching: 
surface deposits above the water table, surface deposits below the water table and 
deep deposits below the water table. It is burden materials, establish permeability 
allowing air to pass in which metal bearing solution collected in the sumps [7]. It is 
combined with mineral recovery operation time and again to pull out the minerals 
from recovered fluid or pregnant solution or leachant. Acidified leach solutions, 
applied to the top surface of the entire ore zone, infiltrate through the fragmented 
ore due to the blast. The leaching bacteria become established and facilitate metal 
extraction. Metal-rich solutions or large volume of solution is circulated with the 
aid of gravity flow and pumped and recovered in sumps then again pumped to 
the surface for metal recovery, the returning fluids to the extraction operation are 
known as “barren solution”. Metal recovery depends on two major things first the 
bacteria used (Acidithiobacillus Ferrooxidans) and permeability of the ore-body, 
which can be increased by fragmenting of ores in place, called “rubblizing”. Due to 
the ground water pollution this leaching process becomes less used and less popular 
[18] on the contrary it has been said that it is a best substitute for open pit and shaft 
mining operation, basically when in situ leaching is applied, no gangue or tailing is 
byproduct, it also called green mining or mine of the future [33].

4. Bioleaching of some elements

4.1 Bioleaching of uranium

Recent study shows that elements like uranium, copper, gold, zinc and other 
elements are commercial focus of bioleaching and biooxidation [34]. Many studies 
indicate microbial leaching is more important in low-grade ore, ore sample collected 
from Mianhuakeng uranium mine located in northern Guangdong province in 
China, leached by heap, by mixed microorganism of Acidithiobacillus Ferrooxidans 
and Leptospirillum Ferriphilum with 88.3% leaching efficiency [35]. Uranium leach-
ing takes places by indirect mechanism, as Acidithiobacillus Ferrooxidans does not 
directly interact with uranium minerals. The role of Acidithiobacillus Ferrooxidans 
in uranium leaching is the best example of the indirect mechanism. Bacterial activ-
ity is limited to oxidation of pyrite and ferrous iron. The process involves periodic 
spraying or flooding of worked-out stops and tunnels of underground mines with 
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lixiviant [4]. The pH of lixiviant was optimized during the bioleaching of uranium 
from low grade Indian silicate-apatite ore with 0.024% of U3O8. This study uses 
Acidithiobacillus Ferrooxidans for leaching and biochemically generated ferric ions 
as an oxidant, optimizing particle, pulp density and redox potential results 98% 
uranium bioleaching. In this indirect bioleaching of uranium, the bacteria generate 
ferric sulfate and pyrite is oxidized by a lixiviant, within acidic environment the 
oxidations of ferrous ion to ferric ions process executed by the bacteria is fasters 
than chemical oxidation [36]. In case of uranium bioleaching the main drawback 
is to oxidize uranium (IV) since it insoluble but on this bioleaching process when 
ferrous sulfate produced in the process, then re-oxidized to ferric sulfate which 
enzymatically oxidize uranium (IV) to uranium (VI) by the energy produced by this 
reaction. A case study in India at Jaduguda mines proofs that use of biogenic ferric 
sulfate produced by the strain which was then used for efficient uranium extraction 
and cause no harm to the environment, while extracting uranium, use of reduced 
MnO2 in Bacfox process to generate biogenic ferric sulfate, results passed air satu-
rated ferrous sulfate solution over Acidithiobacillus Ferrooxidans which is absorbed 
on solid surface [36]. Since the permeability of the ore surface is a factor, the above 
study uses a process called “rubblizing” that increase fragmenting of ore in place 
which can be applied in the extraction of sulfide mineral, gold and uranium. While 
isolating the bacteria from mine water, the isolation media and H2SO4 consumption 
during isolation, pH variation and temperature were determinate factors, the micro-
bial cell count and the growth of (A. Ferrooxidans) determines by rate of oxidation 
of iron from Fe2+ to Fe3+, so while leaching if the amount of Fe2+ decrease means 
the bacteria is using it as energy source to convert it to Fe3+, uranium bioleaching 
depends on the synergic effects Fe3+ and proton produced by the bacterial [37] that 
process uses either of the two energy sources to growth iron or sulfur. The reaction 
of making insoluble uranium to soluble form is as follows [38].

 ( )2 2 4 2 4 43UO Fe SO UO SO 2FeSO .+ → +  (19)

Studies indicate that microbial cell count and pulp density ranges 5–30% (w/v), 
particle size <75 μm has brought an optimum ore leaching but it should be clear that 
each ore has its own distinct behavior and no size fits all, meaning results indicated 
here might be different for another ore sample due to ore elemental composition, 
crystal structure, grade, topography and surface tension.

4.2 Bioleaching of copper

The ore is loaded on a water-resistant surface or ore is piled on an imperme-
able surface until a dump of suitable dimension forms. After leveling the top, then 
spraying a leach solution onto the dump is followed [4]. These dump is a habitat of 
heterogeneous microorganism. Dump can have variety particles sizes, where the 
bacterial annexation, which is anaerobic (microaerophilic), thermophilic begins 
from the top.

Dump leaching used to pretreat low-grade, refractory- sulfidic gold ores and to 
leach copper from chalcocite ores while ore grade is low with values ranges between 
0.1–0.5%. Copper can be obtained from ore rocks from the mound then washed 
with dilute H2SO4 to facilitate the oxidation process of mineral by acidophiles, 
which is followed by cementation process where copper is precipitated from the 
drainage with scrap iron since it primary iron oxidizing process [39]. Check the 
leaching process of copper sulfide chalcocite (Cu2S), which occurs with pyrite 
(FeS2), leaching is due to ferric ion reacts with copper sulfide mineral processes 
ferrous and copper ions in solution.
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 3 2 2
2Cu S 4Fe 4F 2Cu S.+ + ++ → + +  (20)

 3 2 2
2 2 4Fe 8H O 14Fe 15Fe 2SO 16H .S + + − ++ + → + +  (21)

In these regions indirect leaching by ferric sulphate also prevails. The exterior of 
the dump is at ambient temperature and undergoes changes in temperature reflect-
ing seasonal and diurnal fluctuations. Many different microorganisms have been 
isolated from copper dumps, some of which have been studied in the laboratory. 
These include a variety of mesophilic, aerobic iron and sulfur oxidizing microor-
ganisms; thermophilic iron and sulfur oxidizing microorganisms; and anaerobic 
sulphate reducing bacteria. In copper leaching the concentration of target metal 
by itself is an important variable, copper concentration (100–300 mM range) is 
values cause difficulty for the microorganism to operate, selecting the microorgan-
ism is one of the mechanisms of copper resistant, Acidithiobacillus Ferrooxidans 
can resist copper concentration and strong acidic environment [40]. Thiobacillus 
Ferrooxidans was the main product observed after a culture study, from an ore or 
leach solution for the identification of composition of bacterial population and 
incase of low ferrous ions, it was Leptospirillum Ferrooxidan was observed, the 
study shows that utilization of ferrous iron as energy source is dominated by the 
previous bacteria as the culture shows. Pseudomonas aeruginosa, where heterotro-
phic bacteria produce various organic acids in an appropriate culture medium is 
used in copper leaching [41]. The addition of salt in bioleaching of copper resulted 
process enhancement, after designing the bioreactor the bioleaching of copper was 
enhanced in both stirred tank or shack flask by adding sodium chloride in leach 
solution, increasing the dissolution of Fe3+ that eventually reduces precipitation 
[29] addition of some elements might result inhibition of bioleaching process, fluo-
rine in solution increase the viscosity of leach liquor that result inhibition of biole-
aching [42]. It is important to understand the microbiology, which is responsible or 
identify a means to study bulk activity of microorganism, these features are oxygen 
uptake in solid and liquid samples, redox potential, pH, ferrous iron concentration 
and temperature. Microbial leaching has also direct relation with enrichment and 
culture from solution of ores. Acidithiobacillus Thiooxidans, Acidithiobacillus 
Ferrooxidans, and Leptospirillum Ferrooxidans have been cultured where the 
process run at an ambient temperature and the strain of bacterial related to the 
microorganism mentioned here [27, 43]. Leach solutions enriched with copper 
exit at the base of the dump and are conveyed to a central recovery facility. In most 
large-scale operations the leach solution, copper-bearing solution pumped into 
large cementation units containing iron scrapings for cementation and then elec-
trolysis followed [4]. It was in Chile and Australia the commercial bio heap leaching 
of copper started mass production. And the first bioleach heap copper extraction 
plant is in China [44]. The copper extracted percentage can be calculated as,

E = Copper content in the solution/copper content in the sample X 100% [41].

4.3 Bioleaching of gold

Acidophilic bacteria are able to oxidize gold containing sulphidic ore, such a 
process can be ameliorated by conventional process of cyanidation, these basi-
cally reduces the complexation by increasing the capability of microorganisms to 
reach to the target metal. Certain sulphidic ores containing encapsulated particles 
of elemental gold, resulting in improved accessibility of gold to complexation by 
leaching agents such as cyanide. Relative to other conventional process and pre-
treatments like roasting, smelting and pressure oxidation, bio-oxidation demands 
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less cost and no harm to nature [7]. Though it is under study a commercial bio-
oxidation and bio heap leaching of gold prior cyanide extraction. It is the bacteria, 
Acidithiobacillus Ferrooxidans used to oxidize the sulphide matrix for gold recov-
ery. Prior to extraction, gold ore must be bio-oxidize by the bacteria. In this process 
refractory sulphidic gold ores contain mainly two types of sulphides: pyrite and 
arsenopyrite where silver ion was used as a catalyst in acidic environment. Since 
gold is usually finely disseminated in the sulphide matrix, the objective of biooxida-
tion of refractory gold ores is to break the sulphide matrix by dissolution of pyrite 
and arsenopyrite and extract 95% of iron and arsenic, the residue of both filtered 
through a vacuum pump. The consumption of cynide is much higher while biooxi-
dation, the study suggested that using thiourea instead of cyanide is much less toxic 
but since the process require high consumption of thiourea cost increase steadily, 
consumption of thiourea reduced by using different agents like SO2, bisulfite, 
cystine, cystine with oxygen during extraction process [45].

5. Industrial application

The mesophilic tank leaching is the most common bioleaching process in the 
world; thermophilc tank is favored while the temperature is high, among such tanks 
BioCop™ well known, In order to have effective thermophilc tank the following are 
basic requirements, microbial catalyzed reaction which is needed to facilitate metal 
dissolution by microbial oxidizing of ferrous iron to ferric iron, initial solublization 
of ferrous ion takes place using acid solution, oxidation of mineral sulfide takes 
place by the combination effects of ferric iron and acid solution followed by oxidi-
zation of reduced sulfur to sulfate by microorganisms. Reactor configuration is the 
other factor where the six equal size continuous reactor, three arranged in parallel 
considered as primary reactors, and the other three arranged in series considered 
as secondary reactors, in this case reactors are considers as a large continues stirred 
tank supplied with aeration and agitation. The other factors are oxygen, carbon 
dioxide, pulp density and finally even though the operational cost is much less 
plant location, construction material, blower or compressor to supply oxygen to the 
microbes, high power agitator in case of oxygen plant for oxygen dispersal in the 
reactor. Growth of industries results the demand of metals in very high quantity 
and likely go further in the years to come. This brings diminution of high grade ore 
with effluents and solid wastes that needs to be treated to recover the important 
elements and protect the environment.

Regarding to environment biohydrometallurgy is vital process, the fact that bio-
process is conducted without the presence of toxic chemical and relatively required 
low cost makes it most needed. The direct implication of microorganisms in the 
reduction of uranium is of considerable interest because of its potential application 
in bio remediating of contaminated sites, in pretreating radioactive wastes, biole-
aching is becoming a promising technology.
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Chapter 15

Modern Technologies for Pest 
Control: A Review
Meenu Agarwal and Ayushi Verma

Abstract

The major concern for farmers is important loss due to pests and diseases, 
which is regardless of any production system adopted. Plant pathogens, insects, 
and weed pests devastate over 40% of all possible sustenance creation every year. 
This loss happens despite utilizing approximately 3 million tons of pesticide per 
year in addition to the use of a variety of nonchemical controls such as biological 
controls and crop rotations. If some of this food could be saved from pest attack, 
it could be utilized to bolster an excess of 3 billion people who are malnourished 
in the world today. Expansive range of conventional insecticides such as carba-
mates, organophosphates, pyrethroids, and organochlorines were developed. 
They have been used to control insect pests in the course of recent decades, 
resulting in the reduction of the loss of agricultural yield. However, problems 
of resistance reaching crisis proportions, the extreme unfavorable impacts of 
pesticides on the environment, and public complaints led to stricter protocols 
and regulations directed to reduce their utilization. The pest control industry is 
continuously examining novel technologies and products that will improve the 
way to manage and prevent pests. The general objective is to likewise diminish 
the effects of various available pesticides on the environment and on nontarget 
creatures, besides the economic influence on bottom lines.

Keywords: pesticides, insects, agriculture, biological control

1. Introduction

Pests are organisms which can damage the crops and compete with them. They 
cause decrease in the plant density, stunted growth of plant, a lower production 
capacity, and lessen the yield or nature of horticultural products. A standout 
among the most well-known approaches to regulate or dispense pests is to kill pests 
using pesticides. The pesticides may cause biological or physical damage to pest 
organisms. Some pesticides are applied indirectly or by spraying on a plant which 
can be consumed by an insect.

Several techniques for crop protection were developed to prevent and minimize 
the loss of crops due to pests in the field (preharvest losses) and during storage 
(postharvest losses). Crop protection involves products, tools, and practices which 
can be used by farmers to protect their harvest against insects, disease, and weeds. 
Weeds steal sunlight, nutrients, and water from crops. The food production can be 
influenced by insects and disease. Farmers around the globe settle on various choices 
every day with respect to how best to secure their crops by using different practices 
like biological control, microbial pesticides, pest behavior, genetic manipulation, 
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and plant immunization of pest population. Fortunately, a variety of solutions are 
available with advances in modern agriculture. Table 1 shows different methods to 
control pests and diseases.

2. Literature review

It was studied that the farmer takes into account to control the steady-state mice 
populations in order to use no or a moderate amount of pesticide. It depends on the 
prices as well as the shape of the grain production function which is determined by 
the microparameters of grain reproduction [1].

It was found that the barn owls (Tyto alba) can be used for the purpose of 
vertebrate pest control, and farmers in some agricultural regions breed barn owls 
and hunt on their farms by installing artificial nest boxes. The barn owl diet and 
nest box occupancy in an intensive agricultural landscape in the Central Valley of 
California were used to measure whether agricultural land use affected the barn 
owl diet [2].

It has been studied that heat treatment (HT) methods can be used to control 
insect pests in flour mills by thermal analyses and temperature trend models. The 
results show that to achieve an air temperature above 45°C, the time period of HT 
should be increased by 9 h. In thermal bridges, the surface temperatures should be 
lethal to insects and be capable of dropping sensible heat flux loss with the help of 
insulating materials [3].

It was observed that lablab bean (Lablab purpureus) faces major losses due to insect 
pests in spite of heavy dependence on conventional insecticides. It was managed by 
testing biorational insecticides as substitutes for conventional insecticides to control 
pod borers (Maruca vitrata) and aphids (Aphis craccivora) [4].

It has been stated that the important life-sustaining actions of phytopatho-
genic fungi, parasitic nematode, and phytophagous insects are the preeminent 
constraining variables of agricultural production organizations [5].

It has been stated that integrated pest management (IPM) is broadly stimulated 
among the European Union (EU) member states. The effectiveness of natural 
enemies for pest control is low as compared with insecticides, especially under high 
pest damage levels. Farmers with greater income have more financial flexibility to 
adopt either pest control method. The environment surrounding a farm may also 
influence its owner’s willingness to promote natural pest control [6].

Methods Actions

Biological control Suppression of pest populations by natural enemies (predators, parasites, 
competitors, diseases)

Microbial pesticides Relatively stable formulations of microorganisms that suppress pests by 
producing poisons, causing diseases, preventing establishment of other 
microorganisms, or other mechanisms

Pest behaviour-
modifying chemicals

Exploitation of the chemical signals used by living organisms to evoke specific 
behaviours from other organisms

Genetic manipulation of 
pest populations

Release into the pest population of individuals genetically altered to carry 
genes that interfere with the pest’s reproduction or impact

Plant immunization Enhancement of plant resistance to pests by means other than breeding or 
genetic engineering

Table 1. 
Different methods to control pests and diseases.
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It has been investigated that crop damage can be minimized by using vertebrates 
which could consume numerous crop pests [7].

It has been studied that to obtain healthy crop as well as high yield, the control 
of pest attack is a significant feature in agriculture. The growth of awareness level 
is supposed to be relational to density of the healthy pests in the crop field. Global 
sources like televisions, radio, etc. can enhance the awareness level. The basic repro-
duction number represents the existence and the stability criteria of the equilibria. 
The Hopf-bifurcation analysis was done at the endemic equilibrium by considering 
time delay as the bifurcation parameter. The analytical results were justified by 
numerical simulations [8].

This overview provides a valuable insight to various stakeholders in the food 
chain on how food handlers and companies perceive pest control [9].

It was found that there are several methods to control pests, which involve the 
use of molting hormone (20-hydroxyecdysone) analogs (e.g., tebufenozide), chitin 
synthesis inhibitors (e.g., diflubenzuron), and juvenile hormone analogs (e.g., 
methoprene). They have been collectively called as “insect growth regulators” or 
IGRs, as they harmfully affect the normal growth and development in one way or 
another like they affect insect reproduction [10].

3. New methods of pest control

Following are the new advanced methods for pest control.

3.1 Biorational products

Biologically based pesticide products or biorational products contain pheromones 
(a chemical substance released by an animal into the environment, particularly an 
insect or a mammal, affecting the physiology or behavior of its other species) or 
living microorganisms, which have little negative impact on the environment and 
are nontoxic. Bacillus thuringiensis-based (Bt-based) microbial pesticides are most 
effective biorational pesticides. These types of biorational pesticides can be used in the 
place of competitive chemical products, which are banned in export markets where 
the concerns about food residue are high, and in environmentally sensitive areas.

“Pheromone-assisted technique” increases the efficiency of insecticides against 
ants. When a combination of insecticide and pheromones is used, it can actually 
trap away ants from their trails and nests to the insecticide. Thus, it reduces the 
contact of insecticide with the environment, while increasing the exposure of ants 
to the insecticide for eradication.

3.2 Insect growth regulators (IGRs)

Insect growth regulators (IGRs) are synthetic insect hormones, which can 
be used as insecticides to regulate the populations of harmful insect pests. IGRs 
prevent an insect from reaching maturity by interfering with the molting process. 
Many IGR products are mixed with other insecticides that kill adult insects. IGRs 
are generally less toxic to humans.

3.3 Nontoxic heat treatments

New methods of pest control are based on low-toxic solutions that can be more 
sustainable and effective than harsh chemicals; one such method is to use heat to 
eliminate insects. Rentokil’s Entotherm is a new solution that eradicates bedbugs and 
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cockroaches. Rather than using sprays, which often do not penetrate the hard outer 
shell, the heat delivered by the Entotherm system kills insects from the inside through 
dehydration and damage to essential physiological processes. Another benefit is that 
the heat effectively kills all the life stages of insects—egg, larva, pupa, and adult, 
without needing to go over 56–60°C, which is high enough to kill the pests rapidly.

3.4 CRISPR technology to control pests

CRISPR gene editing tool is a method to alter key genes that regulate the  fertility 
and sex determination of insects. CRISPR technology has allowed researchers to 
invent a new effective control technology which can be safe, self-limiting, and 
scalable genetic population for a specific species. It has the potential to be developed 
and utilized for a plethora of insect pests and disease vectors. This technology can be 
safely used in the field to suppress and even destroy target species.

3.5 Second-generation green products

Since last few years, the major focus surrounding green products has been from a 
public health perspective. The demand of green products is increasing and shifting 
to eco-protection. Nowadays, second-generation green products are emerging. These 
second-generation green products will have better ingredients, greater efficacy, 
and less disadvantages. For example, a first-generation insecticide containing plant 
essential oils may have an unpleasant smell. In contrast to this, the second-generation 
insecticide contains different amounts of the original ingredients or other materials, 
which reduces the smell, while it is still being effective.

3.6 Communication tools

The mobile data-capture devices can be introduced for pest control, which are able 
to capture real-time data about the location and nature of the pest problems and then 
store it in a central database online, which both facility managers and pest control 
professionals could access. This also made it simple to track multiple facilities and 
allowed for more timely corrective actions and more targeted pest-control treatments.

3.7 Rodent birth control

For the past few years, pest management used birth control for pest birds like 
pigeons as a means of managing populations. The rodent birth control may soon 
provide an effective way to control prolific breeders like mice and rats without 
negatively impacting many nontarget creatures. Be on the lookout for rodent birth 
control in the near future.

3.8 Fly baits

The fly bait stickers can be used near the food storage area or where the flies 
congregate. The small sticker is coated with insect food and an insecticide that has 
the ability to knockdown flies in just 1 min upon contact.

4. Conclusions

Conventional pesticides are toxic residues, pest resistance, secondary pests, and 
pest resurgence. Thus, they are not only dangerous to the environment but also 
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hazardous to human health. In order to encourage organic farming, plant protection, 
and reduce pesticides’ usage in food products, pheromone traps and other modern 
technologies can play a crucial role. So, it necessary to apply novel technologies that 
result in producing high quality of food and better income generation.
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