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Chapter 7
Environmental and Health Effects 
of Heavy Metals and Their Treatment 
Methods

Hajira Haroon, Muhammad Rizwan, and Naveed Ahmed

Abstract  Heavy metals (HMs) are natural constituent that exist in ecosystem and 
are used for various industrial and economics purposes. Mercury is the naturally 
occurring heavy metal, mostly use in industries. It is commonly present in the form 
of elemental mercury, methyl-mercury, and inorganic mercury. The main sources of 
mercury and cadmium are earth crust, volcanoes, and vaporization from natural 
water bodies. Mostly mercury is used in producing dental amalgams, thermometer, 
and some batteries. It can be found in some chemicals, electrical equipment, metal 
processing, and building industries. Mercury is released into the ecosystem by dif-
ferent ways such as agriculture sources in the form of seed preservation, pharma-
ceuticals, speeding organic reactions, and in chlorine and caustic soda production. 
It has also many negative impacts on environment as well as human health.

Mercury and cadmium are the deleterious substances which have indirect role in 
human chemical and physiochemical processes and do not naturally occur in living 
bodies. Mercury and cadmium contamination occur in human beings through 
anthropogenic activities such as municipal and industrial wastewater discharge and 
through agricultural runoff. Mercury and cadmium produced during metal process-
ing and building industries can cause many health hazards such as blindness, deaf-
ness, and digestive problems. Fetal exposure to mercury will causes miscarriages, 
inborn diseases, and mental retardation.

Mercury is present in an unreactive form in the air. Workers and residents living 
near the mercury extraction sites have greater chances of exposure. According to the 
U.S.  Environmental Protection Agency, HMs are possible carcinogens. Methyl- 
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mercury is made primarily by minute organisms present in water and soil. The cur-
rent standard of mercury by EPA and WHO for drinking water is 0.002 mg/L, and 
for industrial effluent, it is 0.001 mg/L.

Removal of HMs from wastewater can be carried out by precipitation, coagula-
tion, ionic exchange, electrochemical operation, and biological treatment, while 
removal of mercury from drinking water can be done by using coagulation, granu-
lated activated carbon, lime softening, and reserve osmosis. HMs pose serious 
health issues and also have economic impacts such as decrease in working produc-
tivity, increase in health expenditure per person, and increase in mortality and mor-
bidity. Health is the basic right of every human, so strict protective measure should 
be taken by workers which are mostly exposed to mercury. Hence, major research 
is needed to further explicate the public health impact associated with human expo-
sure to such toxic metal.

7.1  �Introduction

Increasing industrialization results in the generation of heavy metals, which causes 
environmental pollution as a global issue (Usman et al. 2019). Heavy metals are 
actually elements having atomic number and density greater than 20 and 5 g/cm3, 
respectively (Ali and Khan 2018). Arsenic (As), lead (Pb), copper (Cu), cadmium 
(Cd), nickel (Ni), chromium (Cr), and mercury (Hg) are a few examples of heavy 
metals and are toxic, bioaccumulative, and persistent in nature. They are released 
into various components of the environment, i.e., water, air, and soil, from various 
natural and anthropogenic sources like volcanic eruptions, weathering of rocks, 
mining, industries, domestic, and various agricultural activities (Ali et  al. 2019; 
Usman et al. 2019).

Some heavy metals are known as essential metals as they play a vital role in vari-
ous biological functions of living organisms and are harmful beyond a certain dose 
and exposure time. However, nonessential heavy metals are toxic even at a very low 
concentration. Heavy metals are mutagenic, teratogenic, and carcinogenic, which 
have serious effects on public health as well as on the environment (Mohamed et al. 
2017). They result in the generation of ROS (reactive oxygenic species) and cause 
oxidative stress. Oxidative stress in living organisms results in the development of 
various abnormalities and diseases like renal, brain, and neurological disorders 
(Ali et al. 2019).

Chronic or long-term exposure to heavy metals is a real hazard for the environ-
ment and living organisms (Wieczorek-Dąbrowska et al. 2013). The most common 
routes of chronic exposure of heavy metals to human beings and animals are through 
inhalation of pollutants, utilization of contaminated food and water, or exposure to 
contaminated soil and industries (Mohammadi et  al. 2019a; Shen et  al. 2019). 
Contamination of various sources of food like vegetables, fruits, fishes, and grains 
can also occur by the accumulation of heavy metals in them from polluted water and 
soil sources (Sall et al. 2020). Heavy metals’ exposure can result in various diseases 
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in humans like cancers, respiratory, neurological, and kidney problems. For instance, 
carcinogenic chromium can aggravate skin abrasions, cancer, and respiratory prob-
lems (Mohammadi et al. 2019a).

Heavy metals’ concentration above the threshold limit not only reduces fertility 
of soil, but also affects its microbiological balance (Barbieri 2016). Bioaccumulation 
of heavy metals in biota of various ecosystems has different adverse effects on liv-
ing organisms (Malik and Maurya 2014).

Many elements are classified into the category of heavy metals, for instance Cr, 
Ni, Zn, Cu, Pb, As, and Hg, but some are relevant in the environmental context 
(Barakat 2011). Chromium and copper are among various environmentally toxic 
heavy metals (Ali et al. 2019), and in the current chapter, our focus is on these two 
heavy metals.

7.1.1  �Chromium and Its Oxidation States

French chemist Louis Vauquelin, in 1797, discovered chromium in the mineral 
crocoite (lead chromate) and named it chromium as its compounds have different 
colors. Chromium is derived from the Greek word (χρωα) chroma, meaning color. 
Chromium has the atomic and mass number of 24 and 51.99, respectively. It is pres-
ent in the IV period and group VI B of the periodic table. The gemstones emerald 
and ruby contain chromium (chromic oxide) in their structure, so they have green 
and red colors, respectively. Chromium is the abundant element, i.e., on number 21 
on the earth’s crust, and is also the sixth most plentiful transition metal (Mohan and 
Pittman Jr 2006).

Chromium occurs in nature in different oxidation states from −2 to +6 (Tumolo 
et al. 2020). However, chromium usually exists in water in two main stable oxida-
tion states, i.e., trivalent Cr (III) chromium and hexavalent Cr(VI) chromium, 
whereas other oxidation states of chromium are unstable in aqueous solution 
(Honnannavar and Hosamani 2014). Cr (III) has less solubility and mobility and is 
adsorbed by the soil particles which prevents it to enter into underground water and 
ultimately stops its uptake by the plants (Haroon et al. 2020).

Cr as Cr (III) is a significant element which helps in the metabolism of lipid and 
protein (Briki et al. 2017). However, Cr (VI) has high solubility, mobility, and oxi-
dizing power; that’s why it is 100 folds more toxic compared to the trivalent chro-
mium and it remains available within the human body for 39 h. Cr (VI) is 1000 
times more toxic, cytotoxic, mutagenic, teratogen, and cancer-causing chromium 
than Cr (III) in living systems (Bansal et al. 2019; Haroon et al. 2016). The United 
States Environment Protection Agency and International Agency for Research on 
Cancer classified Cr (VI) as a Group A and Group I carcinogen, respectively, for 
humans because of its highest toxicity level (Xia et al. 2019). Cr (VI) is included in 
the list of eigh most toxic chemicals for human beings and has been found com-
monly as a third hazardous pollutant on the waste dumping sites (Jin et al. 2016). 
The main focus of Erin Brockovitch, the Hollywood blockbuster movie, is on the 
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toxicity of hexavalent chromium (Saha and Orvig 2010). Cr (VI) toxicity was linked 
with its oxidizing power; it strongly oxidizes various biomolecules, for instance, 
protein and DNA (Parlayıcı and Pehlivan 2019). High mutagenic properties of Cr 
(VI) can trigger the reproductive system and the DNA and can cause several birth 
defects (Parlayıcı and Pehlivan 2019).

According to EPA guidelines, many countries have the standard limits of Cr 
(VI), i.e., 0.05 mg L1, 0.1 mg L−1, and 0.25 mg L−1 for drinking water, inland surface 
water, and industrial effluent, respectively. Cr (VI) is usually present in the form of 
hydrogen chromate (HCrO4) and dichromate (Cr2O7

2−) anions in acidic conditions 
and as chromate (CrO4

2−) anions in basic media (Jobby et al. 2018). These all Cr 
(VI) ions are highly soluble and have strong oxidizing property which make them 
very active in various environmental portions like water and soil (Antoniadis 
et al. 2018).

Because of the elevated level of Cr (VI) solubility as well as mobility in aqueous 
solution, it can easily move into various living biota and causes numerous physio-
logical disorders, for example, anemia, diarrhea, nausea, epigastric discomfort, cir-
culatory shutdown, internal hemorrhaging, stomach damage, skin irritation, ulcers, 
vomiting, lung cancer, and kidney cancer (Jobby et al. 2018).

7.1.2  �Copper and Its Oxidation States

Copper (Cu) is the transition element which is placed in the fourth period and group 
IB of the periodic table (Wuana and Okieimen 2011). It has the atomic and mass 
number of 29 and 63.546, respectively. Globally, it is the third most used element 
and is twenty-fifth most abundant constituent of the earth (Karlin and Tyeklár 2012).

There are three main oxidation states of copper, metallic or solid copper having 
zero oxidation state, i.e., Cu (0), whereas cuprous Cu(I) and cupric Cu (II) ions are 
other two forms. The most important oxidation state of copper is Cu (II), which is 
coordinated with six water molecules and is usually encountered in water. 
Compounds of cupric are of green or blue color and commonly water-soluble. After 
entering into the environment, Cu (II) binds itself with the various organic and inor-
ganic materials which are present in the water, soil, and sediments depending on the 
presence of various competing ions, pH, and oxidation-reduction potential of the 
environment.

7.2  �Sources of Chromium and Copper

Chromium and copper enter into the environment from both natural and anthropo-
genic processes (Fig. 7.1). However, its concentration is low, when occurs naturally, 
and becomes high when released into the environment from industries.
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7.2.1  �Natural Sources

Chromium occurs naturally in different types of rocks, minerals, and ores and is 
released into the environment by its natural degradation, interaction, and reactions. 
It is the twenty-first largely available element in the rocks, having an average con-
centration of 100 mg/kg rock. Some examples of natural rocks having chromium are 
igneous rocks, sedimentary rocks, ultramafic rocks, and felsic rocks (granites). 
Chromite and a range of spinel-type minerals are a natural source of chromium 
(Kabata-Pendias and Mukherjee 2007).

Likewise, copper is a reddish-brown element which exists naturally in rocks, 
sediments, soil, air, and water. Out of total copper, which is present on earth, almost 
two-third is present in igneous (volcanic) while one-fourth in sedimentary rocks. It 
is also released through volcanic eruptions, windblown dust, forest fires, decaying 
of organic material, and sea spray.

7.2.2  �Anthropogenic Sources

Man-made activities are the major source of environmental contamination with 
chromium. Some major sources of chromium are brass, paper and pulp, automobile, 
fertilizer, steel, textile, metal finishing, chromite ore processing industry, magnetic 
tapes, wood protection, leather tanning, petroleum distillation, electrical equipment, 
etc. (Kabata-Pendias and Mukherjee 2007; Mohan and Pittman Jr 2006). These all 
sources produce a huge quantity of chromium-containing effluents which pollute 

Fig. 7.1  Different sources of chromium and copper
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both surface and groundwater resources. Although chromium can be derived from 
natural sources, a high amount of it is entering into the environment as a result of 
industrial activities, like electroplating and leather tanning (Blowes 2002). During 
chrome tanning process of hides, almost 40% of unused salts of chromium are 
released in the effluents (Chowdhury et al. 2016). Other important anthropogenic 
chromium sources are municipal wastes and resultant sludge of municipal waste. 
Industrial and residential sewage treatment plants also discharge a significant 
amount of chromium into water bodies. More or less, all chemical laboratories such 
as research, academic, and industrial releases significant chromium (both trivalent 
and hexavalent) amount into the environment (Testa et al. 2004).

Vehicles are another contributor of Cr emission into the environment (Ferretti 
et al. 1995). Incineration, coal, and wood combustion also release 50,000 tons per 
year of Cr worldwide (Merian 1984). A significant amount of Cr is present in fertil-
izers (Krüger et al. 2017). According to the International Agency for Research on 
Cancer (IARC), normally the cigarettes made in the US have 0.24–6.3 mg of Cr per 
kg. Higher levels of Cr have been found in areas near landfills and hazardous waste 
disposal sites. House dust and soil also contain Cr (VI) (Shankar and 
Venkateswarlu 2011).

Copper is also released through various anthropogenic sources, for instance, 
mining, fossil fuel combustion, solid waste, traffic emissions, and wastewater of 
various industries like chemicals, paints, fertilizer, fungicides, etc. (Ameh and Sayes 
2019). Bulk of copper is mined each year because of its application in different 
processes, so copper mining itself is a cause of pollution as it involves different 
steps from mining to milling of copper and is therefore deteriorating the environment.

Another main source of copper release into the environment is through various 
agricultural practices. Copper in the form of copper sulfate has been known to be 
used as the first chemical against various plant diseases, whereas other hydroxides 
and oxychlorides of copper are also used as pesticides, herbicides, fungicide, nema-
ticides, etc. (El-Hak and Mobarak 2019; Iwinski et al. 2017). Phosphate-based fer-
tilizers also contain a large quantity of copper and are a key source of copper in soil. 
Copper is also used for wood preservation. In North America, greater than 79,000 
tons of copper are used annually, which showed a 50% share of the wood preserva-
tion in the global market (Anjum et al. 2015). Because of the antimicrobial proper-
ties of copper, it also has wide applications in the field of medicines (Anjum 
et al. 2015).

7.3  �Environmental Effects of Chromium and Copper

Environmental pollution due to Cr (VI) is attaining more attention as it is present 
globally with elevated levels in water and soil due to both natural and anthropogenic 
sources (Ashraf et al. 2017; Brasili et al. 2020). These comprise mining, dyeing, 
incineration, fertilizers, wood, and paper processing which results in elevation of Cr 
(VI) in water and soil (Jones et al. 2019; Yang et al. 2020).
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Chromium has been reported globally above the permissible limit in water and 
soil of different countries like Pakistan, China, and India (Bhattacharya et al. 2019; 
Raza et  al. 2017). A number of tanneries (both registered and unregistered) in 
Pakistan are releasing chromium in their effluent, which ultimately contaminates 
the environment. Drinking water pollution with a high chromium concentration of 
5.50 mg L−1 has also been noticed in Sahiwal, Pakistan (Zahir et al. 2015). Increase 
in chromium concentration in the soil results in the appearance of genetic modifica-
tion in the plants. Acidification of soil can also affect the utilization of chromium by 
plants (Hayat et al. 2012). Plant physiology is also affected by Cr (VI), along with 
reduction in plant growth, chorosis, and necrosis (Haroon et al. 2020). Literature 
showed that numerous medicinal plants which are grown near industries have accu-
mulated various heavy metals like chromium and copper (Bolan et al. 2017; Kohzadi 
et al. 2019). Even though Cr (III) is a vital nutrient for humans’ metabolism, if its 
concentration increases from 150  mg L−1, it is harmful for the plant physiology 
(Haroon et al. 2016).

In Mexico (Sonora), almost 43% of drinking water from different sources (stor-
age tanks and wells) showed higher amount of Cd, Cu, As, and Pb (Organization 
2018). Elevated levels of Cu, Cd, and Pb have been reported in the drinking water 
of 10 different cities of Saudi Arabia which is ascribed with Kuwaiti and the Gulf 
War oil fires (Chowdhury et al. 2016). Another report of ten years in rural regions of 
India indicated the high values (above WHO values) for As, Cr, Mn, Pb, Zn, and Ni 
in groundwater, which was associated with the pharmaceutical, pesticide, paint, and 
fertilizer industries (Bajwa et al. 2017; Chowdhury et al. 2016). Wastewater from 
industries pollutes the nearby water bodies. Coal combustion in industries is the key 
source of air pollution, as coal contains trace amounts of chromium, while dumping 
of resultant chromium-containing solid waste will result in elevated concentration 
of chromium in air and soil, respectively. In contrast, globally, the release of chro-
mium in soil, water, and air is 896, 142, and 30 thousand metric tons per year, 
respectively (Mohan and Pittman Jr 2006).

Copper is a vital micronutrient for different biotic components of the environ-
ment (Zitoun 2019), but a high level of copper can also result in environmental 
pollution. It is known as a priority pollutant as reported by US-EPA and is normally 
present in various water bodies (Sruthi et al. 2018). Copper speciation in the water 
bodies is actually responsible for the toxicity of copper (Tait et al. 2018). Cu has 
attained great consideration because of its dual effect towards plants, i.e., at opti-
mum amount, it is essential, whereas it becomes toxic at higher concentrations 
(Ameh and Sayes 2019). Copper is among the eight important micronutrients which 
are needed for the growth of plants (Nazir et al. 2019) and is also linked with several 
physiological as well as biochemical processes (Garcia et al. 2014). Copper is a part 
of the structures of various regulatory proteins (enzymes) and helps in protein syn-
thesis, respiration of mitochondria, metabolism of cell wall, photosynthetic electron 
transport, oxidative stress response, and hormone signaling (Nazir et  al. 2019; 
Zhang et al. 2019). Plastocyanin (an electron carrier proteins) also contains a large 
amount (50%) of the copper inside the plastids (Zhang et al. 2019). Copper has the 
ability to easily gain and lose electrons; therefore, it acts as a cofactor in various 
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enzymes like laccase, polyphenol oxidase, and amino oxidase and plays an impor-
tant role of antioxidants under conditions of stress (Nazir et  al. 2019; Zhang 
et al. 2019).

On the other hand, exposure to excess copper by the plants will affect various 
bio-physiochemical processes (Ameh and Sayes 2019; Jaime-Pérez et al. 2019) and 
will result in oxidative stress along with alterations in RNA and DNA (Ameh and 
Sayes 2019; Jaime-Pérez et al. 2019). 20–30 mg kg−1 is the toxic range of copper for 
plants (Marschner 2011). Excess uptake of Cu can affect photosynthesis, enzymatic 
activity, respiration, and growth of plant (Lillo et  al. 2019; Zhang et  al. 2019). 
Various visual symptoms of excess copper content in plants are chlorosis, nutrient 
deficiency, necrosis, reduced growth of shoots and roots, and even death in severe 
toxic conditions (Zhang et al. 2019).

In the soil of the USA, the threshold limit of copper for crops plantation is 
100 mg kg−1 (Kabata-Pendias 2010). As copper has high density, so its mobility in 
soil is less and it mostly accumulates in topsoil (Araújo et al. 2019; Ju et al. 2019). 
About 80% of copper is present in soil as sulfides and oxides, which are not soluble 
and have low phytoavailability (Mihaljevič et al. 2019). However, some Cu (20%) 
is present as carbonates and hydroxyl compounds in soil and is mostly available to 
the plants in this form. Copper in Cu2+ form is generally absorbed by plants because 
of its strong binding ability with organic materials than other species of copper 
(Ogunkunle et al. 2019). The presence of a higher amount of copper in soil reduces 
crop production and ultimately threatens the health of humans (Rizwan et al. 2016). 
Another source of environmental pollution is the release of inorganic Cu into the 
atmosphere in the form of particulate matter, mist, and dust particles (Fang et al. 
2011). High concentration of copper has been found in the river (Nyam-wamba) 
near the copper mine of Kilembe, Western Uganda. Another study showed a high 
copper level of 15.01 mg/L in both ground and surface water at 33 places, which are 
located near mines of copper at Malanjhkhand in India. Cu’s highest concentration, 
i.e., 2.8 mg/L, was reported in well water of Pothi Bala (AJ&K) (Javaid et al. 2008). 
The permissible Cu concentration in the case of soil on which application of sewage 
sludge is carried out is 50–140 mg/kg as per European Standards (Radojevic and 
Bashkin 2006). Different regions of Pakistan revealed the copper range of 
<6–412 mg/kg in both dust and soil, whereas the highest content of copper was 
reported in contaminated soil of the Kohistan region (Muhammad et al. 2011). The 
industrial area of Islamabad (Pakistan) also showed elevated copper concentration 
level, from 8.88 to 357.40 mg/kg (Malik et al. 2010). A high concentration of cop-
per was found in the sediments of Malir River (Karachi, Pakistan), i.e., 272 mg/kg, 
and River Ravi (Punjab, Pakistan), i.e., 159.79 mg/kg (Abdul et al. 2009; Siddique 
et al. 2009). Elevated range of copper (09–75 mg/kg) was reported in different veg-
etables grown in Gillgit (Northern Pakistan) (Khan et  al. 2010). The mentioned 
values here are alarming as the allowable intake value for copper is 10 mg per day. 
The maximum amount of Cu reported in Chile, Hong Kong, India, Nigeria, and the 
USA was 1.2 mg/L, 4.6 mg/L, 1.9 mg/L (Xu et al. 2006), 0.01 mg/L (Olalekan et al. 
2018), and 4.8 mg/L, respectively (Zahoorullah and Zai 2003).
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7.4  �Health Effects of Chromium and Copper

On the basis of time of exposure, toxicity can be defined as acute and chronic. Acute 
toxicity is displayed within a short time due to the short-term single exposure of a 
few minutes or several days with the toxic substance like heavy metals and is used 
to indicate a hazardous event or toxic properties of a substance. However, chronic or 
toxic effects (toxicity) are defined as sub-lethal effects due to the prolonged expo-
sure generally to a small quantity of toxic substances.

Public health concerns in the case of chromium are mainly related to the Cr (VI), 
due to its toxic properties on animals, microorganisms, plants, and humans 
(Alemayehu et al. 2011). The human health risks depend on dosage, exposure level, 
and time duration of Cr (VI). Chromium enters into the body of living organisms 
through either food or water, whereas acute and chronic effects include neurologi-
cal, cardiovascular, renal, hematological, gastrointestinal, hepatic, and even death. 
A long-term and continuative exposure, i.e., occupational exposure, to even low 
amount of chromium, can affect the blood, skin, immune, and respiratory system 
(Zhang et al. 2014). Nonoccupational exposure includes cigarette smoke, contami-
nated water, air, and food (Shankar and Venkateswarlu 2011). Workers in a German 
chrome ore industry developed lung cancer. Numerous studies also confirmed ele-
vated level of cancers (lung and nose) in people exposed to different Cr processing 
industries (Shankar and Venkateswarlu 2011).

The genotoxicity effect of chromium at cell level results in the damage of DNA, 
oxidative stress, and development of the tumor (Wise et  al. 2019). According to 
USEPA (United States Environmental Protection Agency), Cr(VI) is listed among 
seventeen hazardous metalloids and metals that are risky to the health of humans. 
Moreover, exposure to Cr (VI) by other living things like animals and plants also 
results in severe health issues in them (Jobby et al. 2018).

In order to protect environmental health, the recommended maximum permissi-
ble limit of Cr is 64 mg per kg (Shahid et al. 2017). Literature revealed the elevated 
levels of various heavy metals including Cr in the blood of welders who are occupa-
tionally exposed to the fumes of welding and also displayed more oxidative stress 
than control group (Mahmood et al. 2015). Similarly, welders working in the stain-
less steel industry are exposed to the Cr (VI) and have high risk of pharynx and 
larynx cancer (Gustavsson et al. 1998). Another study in Lahore, Pakistan, reported 
higher amount of Cr, Pb, and Cd in cancer and diabetic patients (Shafique et al. 2011).

Cr analysis in groundwater catchment of Luan River (China) indicated 2.074 
hazard value for people living in the surroundings of the study area, which is greater 
than the permissible value (1) and 3.99 × 10−5 was the average carcinogenic risk 
value for studied metal of Cr (Liu and Ma 2020). Literature revealed the highest 
cancer risks (6.54  ×  10−3) probability in public of Khorramabad, Iran, through 
drinking water contaminated with chromium (Mohammadi et al. 2019b). Cr (VI) 
was also reported in the ground (1.35 mg L−1) and surface water (0.027–2.48 mg 
L−1) of India in Odisha state of the Sukinda area. The cancer risk due to Cr 
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contaminated water in children and adults was 1.05 × 10−3 and 1.21 × 10−3, respec-
tively, while the oral hazard index was 1.64 and 1.90 times higher in children and 
adults, respectively (Naz et al. 2016). Generally, chromium does not accumulate in 
the body of fish, but when a large amount of chromium enters into surface water it 
can affect fish gills. In the case of animals, chromium can weaken the immune sys-
tem and cause respiratory difficulties, genetic disorders, infertility, and development 
of tumors. Chronic exposure of chromium in humans can result in skin lesions and 
causes various respiratory diseases even cancer of broncho pulmonary (Ahmad 
et al. 2012).

Copper is an important element for living organisms, but in excess amount it has 
many negative effects on plants, animals, and humans (Zhou et  al. 2018). Daily 
intake of copper occurs through diet, i.e., 75% and 25% through food and drinking 
water, respectively (Brewer 2015). Copper is mainly present as organic cuprous 
(Cu+) form in solid food (Ceko et al. 2014) and as inorganic cupric (Cu2+) form in 
drinking water. The Cu2+ is toxic and carcinogenic when used in excess amount 
through ingestion. The excessive consumption of Cu2+ will result in its liver deposi-
tion following vomiting, abdominal pain, headache, liver failure, etc. (Akar 
et al. 2009).

The average intake of Cu from drinking water is in the range of 0.1–1 mg per day. 
The permissible limit of Cu2+ for industrial effluent is 1.3  mg/L by US, EPA 
(Shawabkeh et al. 2004), whereas for drinking water the allowable limit of Cu2+ is 
1.5 mg/L as recommended by WHO (Organization 2018). The acute effects of cop-
per intake in humans include various gastrointestinal symptoms, for example, 
abdominal pain and nausea (Taylor et al. 2020). The RfD (oral) value of 0.04 mg 
Cu/kg/day is protective for children and adults of any acute or chronic toxicity 
(Taylor et al. 2020). It is reported that excess amount of copper in drinking water 
has caused pink disease (toxic syndrome) in infants (Thornton 1983). However, 
another disease (chronic) due to the excess use of copper is hepatolenticular degen-
eration, also known as Wilson’s disease, which damages various body organs of a 
person and will result in death (santé et al. 2004).

Another occupational hazard of copper intake through aerosol is the vineyard 
sprayer’s lung disease (Todd et al. 1934). Exposure to a large amount of copper for 
a long time will result in a high percentage of copper in tissues and serum, which 
affects the immune system and leads to oxidative stress (Turnlund et al. 2004). If 
excess of copper is present in freshwater bodies, then it will impair the osmoregula-
tory mechanism of aquatic organisms (Lee et al. 2010).

Copper piping network is mostly used in homes and public supply of drinking 
water which is the main source of copper exposure to people (Uauy et al. 2008). 
Cases of liver cirrhosis were reported in various regions of India in some young 
children, when they used milk which was stored in the copper containers (Nayak 
and Chitale 2013; Uauy et al. 2008).
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7.5  �Treatment Methods for Hexavalent Chromium 
and Copper Removal

7.5.1  �Physicochemical Methods

7.5.1.1  �Adsorption of Chromium and Copper

Adsorption is considered an effective method for the removal of heavy metals. It is 
an economical method capable of removing heavy metals at very low concentration 
(Ali 2012). During adsorption, soluble gases and liquids attach onto the surface of 
adsorbents. The adsorbents used for the removal of heavy metals include activated 
carbon (Sounthararajah et al. 2015), fly ash (Weng and Huang 2004), modified chi-
tosan (Justi et al. 2005), landfill clay (Ghorbel-Abid and Trabelsi-Ayadi 2015), peat 
(Ho and McKay 1999), and manganese oxides (Kim et al. 2013).

Adsorption can be divided into two main types, i.e., physisorption and chemi-
sorption. In physisorption, van der Waals force is responsible for the attachment of 
pollutant and adsorbent. On the other hand, chemisorption occurs as a result of 
chemical bonding between adsorbent and adsorbate. Adsorption capacity of the 
adsorbents depends upon the characteristic of adsorbent surface. For example, sur-
face charge, surface area, and functional groups on the adsorbent can have different 
removal efficiencies for different pollutants.

Several studies have been focusing on the removal of hexavalent chromium using 
natural (Enniya et al. 2018), synthetic (Huang et al. 2015), waste (Valentín-Reyes 
et al. 2019), and composite materials (Geng et al. 2019; Vakili et al. 2018). A wide 
variety of adsorbents can be used for the treatment, such as activated carbon 
(Valentín-Reyes et al. 2019), carbon nanotubes (Huang et al. 2015), chitosan (Vakili 
et  al. 2018), graphene oxide (Geng et  al. 2019), apple peels, etc. (Enniya et  al. 
2018). Recent studies on chromium removal are shown in Table 7.1.

The Fourier Transform Infrared (FTIR) results before and after Cr (VI) adsorp-
tion suggest that band stretching of C = O, C-O-C, C = C, and C≡C groups was 
involved for the binding of Cr (VI) (Enniya et al. 2018). The nitrate, amine, and 
amide groups can also be involved in the binding process (Geng et al. 2019). Other 
mechanisms involved chelation, electrostatic interaction, and reduction (Geng et al. 
2019; Vakili et al. 2018). Several studies focused on the reduction of Cr (VI) to Cr 
(III) besides adsorption, as 50% reduction was observed on modified activated car-
bon (Valentín-Reyes et al. 2019).

Several factors might affect the removal efficiency of the Cr (VI). Mostly, the 
highest adsorption occurs at acidic pH 2.0 (Enniya et al. 2018; Geng et al. 2019; 
Haroon et al. 2017; Vakili et al. 2018), with adsorption capacity ranging from 39 to 
436.2 mg/g. It fits best with Freundlish isotherm, follows pseudo-second-order 
kinetics, and is spontaneous and endothermic reaction (Enniya et al. 2018; Huang 
et  al. 2015). The Langmuir isotherm is also reported (Huang et  al. 2015), while 
Geng et al. reported that Cr (VI) adsorption initially followed pseudo-second-order 
and at the end it became multistep influence (Geng et al. 2019). This suggests that 
Cr (VI) adsorption is highly dependent on the type of adsorbent used.

7  Environmental and Health Effects of Heavy Metals and Their Treatment Methods
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Different studies on copper removal are shown in Table 7.2. In a study, chitosan 
was modified with ethylenediaminetetra-acetic acid (CS-EDTA) and was used for 
copper removal from aqueous solution. The adsorption capacity of CS-EDTA was 
also compared with chitin and chitosan. The adsorption capacity of CS-EDTA for 
copper was maximum, i.e., 58. 67 and 110 mg g−1. The adsorption kinetics was best 
fit to pseudo-second-order (Labidi et al. 2016). In another study, sulfur microparti-
cles were synthesized by using facile method. These microparticles were used for 
the removal of copper from aqueous solution of ethanol. Sigmoidal kinetic mode 
best explained the adsorption process. Sulfur microparticles caused physical adsorp-
tion (Xie et al. 2017). Batool et al. (2017) removed copper from water using low-
cost farmyard and poultry manure-derived biochars. Both types of biochars 
efficiently removed copper from water. The adsorption capacity of farmyard-based 
biochar was maximum (44.50 mg/g). Chemisorption was observed during that study 
(Batool et al. 2017). Anbinder et al. 2019, studied the structural mechanism involved 
in the adsorption of copper. The interaction between copper and chitosan matices 
was through NH2 groups in a pendant fashion. In the case of chromium, the adsorp-
tion was due to azanide and OH functional groups (Anbinder et al. 2019). Dong 
et al. (2019) recently removed copper ions from aqueous solution by using modified 
wheat straw. The wheat straw was modified with polyethylenimine (PEI) by using 
epichlorohydrin (ECH) as grafting agent. The mechanism behind this adsorption 
was coordination. The adsorption capacity of modified wheat straw was 48.6 mg/g. 
The copper adsorbed wheat straw was also regenerated by using 0.1 molar HCl 
solution (Dong et al. 2019).

7.5.1.2  �Electrocoagulation-Based Chromium and Copper Removal

Electrocoagulation (EC) is the electrochemical process which generates metal ions. 
These metal ions destabilize the pollutants by neutralizing the electric charge on 
them. The charged metal ions with the oppositely charged pollutants form flocs. EC 
process is very effective for the removal of pollutants. This process produces little 
amount of sludge, there is no chemical requirements, and its operation is simple 
(Rajeshwar and Ibanez 1997).

Electrochemical process mechanism in an aqueous solution is very complex (Lin 
et al. 1998). There are three most commonly involved mechanisms during the elec-
trochemical process, i.e., electrocoagulation (EC), electrooxidation (EO), and elec-
troflotation (EF). EC process results in the destabilization of pollutants by the 
production of electric current. During the EC process, metals and metal hydroxide 
cations are used. EO process breaks down organic pollutants into carbon dioxide, 
water, and other oxides by oxidation. EF, on the other hand, produces hydrogen and 
oxygen gas bubbles which carry the pollutants to the surface. Other possible mecha-
nisms during electrocoagulation are sorption and coagulation (Malkin 2003).

The electrocoagulation is a simple electrochemical process relying on the flow of 
current through electrodes (usually Iron or Aluminum) which dissociates in the 
solution to neutralize the Cr(VI). Compared to aluminum anodes, the iron anodes 

7  Environmental and Health Effects of Heavy Metals and Their Treatment Methods
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are preferred due to their higher removal efficiency and affinity for Cr(VI) (Pikna 
et al. 2020). This is an efficient method for recovering Cr(VI) in solid form. The 
method has been applied on several types of wastewaters and aqueous media such 
as leachate (Arroyo et al. 2009; Mahmad et al. 2016).

The mechanism of electrocoagulation depends on the generation of coagulant 
from the anodes due to oxidation, destabilizing contaminants, breaking of emul-
sions, particulate suspension, and forming flocks by aggregating destabilized phases 
(Arroyo et al. 2009). The iron (II) gets oxidized into iron (III) besides Cr (VI) into 
Cr (III) and forms oxides of iron with chromium (Pan et al. 2017). Usually, Cr (VI) 
can be recovered as precipitates in the EC process in the form of oxides of iron and 
Cr (VI) with 20% Cr by weight. The solid precipitates are mainly chromite (FeCr2O4) 
or their hydroxides or Cr2O3, Fe2O3, FeCr2O4 mixtures (Arroyo et al. 2009; Pikna 
et al. 2020).

The parameters affecting the EC process are pH, current, and electrolyte concen-
tration. Pikna et al. (2020) optimized Cr (VI) recovery from four steel slag leachates 
in 140–430 min, pH 6.0, and 0.1–0.5 A to completely remove 1 g/L of Cr (VI) 
(Pikna et al. 2020). Khan et al. reported a 100% removal efficiency at 1.48 A cur-
rent, pH 3.0, and process time of 21.47 min (Khan et  al. 2019). The iron-based 
anodes have superior removal efficiency at pH 7.0, while aluminum electrode is 
active at acidic pH (3.0) with comparatively lower removal efficiencies (Mahmad 
et al. 2016).

The cost effectiveness of this process should be considered as it is an energy-
consuming process. The pH and electrolyte concentrations are very important in 
energy efficiency of EC process as pH 6.0 is efficient and higher pH (8.0) can con-
sume more current. In contrast, low electrolytes (1000 mg/L NaCl) consume more 
current compared to higher electrolytes (50,000 mg/L NaCl) (Pikna et al. 2020). 
The energy consumed per gram Cr (VI) removed is 12.97–Watt/hour during an EC 
process (Khan et al. 2019).

Electrocoagulation-electroflotation (EC-EF) process was used for the removal of 
copper from water by using Opuntia ficus indica (OFI) plant mucilage. The OFI 
mucilage removed copper completely. Mucilage also increased the sludge settling 
rate. OFI mucilage which is found to be an active natural coagulant can be used for 
copper removal instead of chemical coagulants (Adjeroud et al. 2018). Kilany et al. 
2020, developed a new electrocoagulation reactor. In a new design, a helical tube 
anode was placed between two (vertical cylindrical screen) cathodes. The new reac-
tor was used for both oil and Cu removal from electroplating plant effluent. Under 
optimum conditions, copper and oil removal was 98% and 85%, respectively 
(Kilany et  al. 2020). Guan et  al. (2018) designed electrochemical reactor for 
Cu-EDTA degradation. In electrochemical reactor electro-Fenton and electrocoagu-
lation process were used. During Electro-Fenton process, •OH radicals were gener-
ated which were responsible for Cu-EDTA destruction which releases copper ions. 
These copper ions were removed by using the electrocoagulation process (Guan 
et al. 2018). A solar photovoltaic cell (PV) was used as renewable energy source for 
the electrocoagulation process. This process was highly efficient for copper removal 
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(99.01%) and energy saving (1.039 kWh/m3). The use of PV system with electroco-
agulation process can make it a sustainable process (Thanh et al. 2019).

7.5.1.3  �Membrane Filtration-Based Chromium and Copper Removal

Membrane filtration technologies are broadly divided into five major processes, i.e., 
microfiltration (MF), nanofiltration (NF), ultrafiltration (UF), reverse osmosis (RO), 
and electrodialysis (ED). The major difference in these technologies includes pore 
size, permeability, and operating pressure (Murthy and Chaudhari 2009). The main 
advantages of membrane technologies include high efficiency, complete removal of 
pollutants, and sometimes they consume less energy than thconventional methods 
(Farno et al. 2014; Marjani et al. 2012; Rezakazemi et al. 2013a; Rezakazemi et al. 
2015). Due to the above-mentioned advantages, this technology was used for the 
removal of heavy metals from different industries wastewater (Baheri et al. 2015; 
Rezakazemi et al. 2012, 2013b).

Due to the simple separation mechanism of membrane technologies, they are 
widely used for treatment of water and wastewater (Murthy and Chaudhari 2009; 
Padaki et al. 2015). This separation mechanism is same for almost all membrane 
processes with minor exceptions. The rejection of pollutants is due to higher trans-
membrane pressure (Sutherland 2008). The separation of pollutants takes place with 
the help of semipermeable membrane. This semipermeable membrane blocks the 
passage of pollutants through the membrane (Sutherland 2008; Van der Bruggen 
and Vandecasteele 2003).

Microfiltration and ultrafiltration cannot remove dissolved Cr (VI) due to larger 
pore size. The removal can be enhanced by prefiltration aggregation of the Cr (VI) 
by various means. A surfactant-based separation process utilized the use of cetyl-
pyridinium chloride (CPC) to create Cr (VI) micelle that further passed through 
titanium-based microfiltration membrane with 99% removal (Doke and Yadav 
2014). Precipitating Cr (VI) into hydroxides with electric field across the microfil-
tration membrane reduced the membrane fouling besides removing Cr (VI) 
(Visvanathan et al. 1989). Similarly, biomass-assisted ceramic membrane microfil-
tration using baker’s yeast removed 94% of 100 mg-Cr (VI)/L (Vasanth et al. 2012). 
A composite polyacrylonitrile electrospun membrane was effectively removing Cr 
(VI) and Cd (II) with nanoparticles having 90% regeneration ability (Liu et al. 2020).

A similar method can be applied for Cr (VI) removal by ultrafiltration. The 
polymer-enhanced ultrafiltration using chitosan, polyethyleneimine, and pectin was 
used to remove 100% Cr (VI) (Aroua et al. 2007). A micelle-enhanced ultrafiltration 
using cetyl pyridinium chloride (CPC) as surfactant was good for low concentration 
feed, but pressure started increasing when the concentration was increased upto 50 
mM (Ghosh and Bhattacharya 2006). An indigenously prepared hydrolyzed polyac-
rylonitrile membrane effectively rejected 90% of ≤25 mg Cr (VI)/L at neutral pH in 
drinking water (Muthumareeswaran et al. 2017). Water-soluble macroligand formed 
complexation with Cr (VI) before ultrafiltration to achieve 95% removal efficiency 
(Aliane et al. 2001).
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Nanofiltration is highly suited for the divalent ion removal from water. Zolfaghari 
and Kargar (2019), optimized the membrane filtration containing microfiltration 
and nanofiltration as: pH 10.0, pressure: 0.1 MPa pressure, 0.1 mg-Cr (VI)/L, and 
500 mg-sulfate/L to achieve 99.8% removal (Zolfaghari and Kargar 2019). 
Nanofiltration membrane with enhanced negative charges showed comparatively 
better Cr (VI) and sulfate rejection (80%) at pH 7 than the positively charged mem-
brane at similar permeance of 11.5 L m−2 h−1  bar−1 (Wei et  al. 2019). Similarly, 
99.7% Cr (VI) rejection was obtained using commercial nanofiltration membrane 
on shock absorber manufacturing wastewater (Mnif et al. 2017).

Reverse osmosis (RO) membrane selectively removes monovalent ions and uti-
lizes the semipermeable membrane that only allows water molecules to pass under 
high pressure. A near 100% removal efficiency of 228 mgCr(VI)/L was reported 
with a polyamide reverse osmosis membrane with 30 bar pressure, 29% flux, and 
95% water recovery (Piedra et al. 2015). The flat sheet polyamide RO membrane 
simultaneously rejected 99.7% of 5 mg/L fluoride and Cr (VI) with at 16 bar pres-
sure and pH 8.0 (Gaikwad and Balomajumder 2017).

Bandehali et al. (2019) removed lead and copper from wastewater using modi-
fied PEI-based nanofiltration membrane. The water flux of modified membrane was 
higher than the PEI membrane. The lead and copper rejection of modified mem-
brane was 85 and 86%, respectively. The lead and copper removal of this membrane 
was better than other membranes reported in the literature (Bandehali et al. 2019). 
A novel membrane using in situ and ex situ route was developed by Urbina et al. 
(2018) for the removal of copper from wastewater. Bacterial cellulose and chitosan 
were the main components of these novel membranes. The highest removal of cop-
per was achieved with the membranes synthesiszed by using in situ biosynthesis. 
These novel membranes are easy to clean and can also be reused (Urbina et  al. 
2018). Recently Kanagaraj et al. 2020, used phase inversion technique for the devel-
opment of a modified cellulose acetate (CA) membrane for the removal of humic 
acid and copper. The maximum humic acid and copper rejection was 98.5 and 
99.1%, respectively. The newly developed membrane also had higher flux rate and 
hydrophilicity. The modified CA membrane also had better anti-fouling property 
(Kanagaraj et al. 2020). In a novel membrane, polyethersulfone (PES) and amine-
functionalized cellulose nanocrystals (CNC) were used for Cu and dye removal 
from water. The surface of CNC was further modified with the help of triethoxysi-
lane. The modified membrane was able to enhance the removal of copper and dye to 
90 and 99%, respectively. The modified membrane had been found as simple and 
highly efficient technique for pollutants’ removal (Rafieian et al. 2019). Chen et al. 
(2018) removed copper from wastewater by using electrospun nanofiber membrane. 
The maximum adsorption capacity of this membrane for copper was 120.77 mg/g. 
The membrane was able to prevent adsorbents’ loss and aggregation. The mecha-
nism behind copper removal followed Langmuir-type adsorption (Chen et al. 2018).
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7.5.1.4  �Ion Exchange-Based Chromium and Copper Removal

Ion exchange results in the interchange of ions between liquid and solid phases 
(Kurniawan et al. 2006). During the ion exchange process, resins remove ions from 
electrolytic solution and replace other ions of the same concentration. There is no 
structural change of resins (Rengaraj et al. 2001; Vigneswaran et al. 2005). There is 
also recovery of heavy metals from inorganic compounds existing in the wastewater 
(Daṃbrowski et al. 2004). Ion exchange is an economical and efficient process for 
the removal of heavy metals. There is less generation of sludge during this process 
(Chiarle et al. 2000; Lacour et al. 2001; Lin et al. 2000; Rengaraj et al. 2001).

Ion exchange takes place in three stages. At first, there is physical adsorption 
followed by formation of complex between heavy metal ions and oppositely charged 
ions; at the end, there is hydration on the surface of adsorbents (Ferreira et al. 1999). 
There is reversible exchange of ions between solid and liquid phases. During the ion 
exchange process, strong acidic cations can effectively remove heavy metals (Kang 
et al. 2004).

Strong base anion exchange is an effective way to remove aqueous Cr (VI). This 
technology utilizes a filter bed filled with polymeric resins with functionalized sur-
faces (quaternary amines) (Gorman et  al. 2016). These resins when completely 
exhausted with the pollutants can be regenerated using 4 Molar acid (Rapti et al. 
2016), 15% base (Meshram et  al. 2018), or 15% sodium chloride solution 
(Subramonian and Clifford 1988) and efficiently removes monovalent and more 
selectively divalent anions (Subramonian and Clifford 1988).

A novel composite metal organic framework silica gel has been reported to 
uptake 277 mgCr(VI)/g even in the presence of competitive ions (El-Mehalmey 
et al. 2018). A protonated amine-functionalized metal organic framework in a col-
umn has been reported to remove over 1000 mgCr(VI)/L at pH 3.0 and very low 
concentrations of 6 ppm to 47 ppb which is difficult to remove by precipitation 
method (Rapti et al. 2016). Hypercrosslinked imidazolium-based polyionic liquids 
were reported to effectively adsorb 236 mgCr(VI)/L with 84% adsorption sites as 
anionic exchange resin at a broad pH range (Xie et al. 2019). Similarly, a strong 
base anion exchange membrane (Amberlite IRA400 and IRA900) was able to 
achieve over 97% Cr (VI) removal of 50  ppm from aqueous solutions and real 
wastewater (Meshram et al. 2018).

The limitation of this technology is the generation of spent brine containing Cr 
(VI). Chen et al., adapted a photochemical technique with carbon-centered radicals 
to reduce Cr (VI) into Cr(III) precipitates in the spent brine containing Cr(VI). 
Acidic pH enhanced the reduction and presence of chlorides decreased the removal 
efficiency (Chen and Liu 2020).

Polymeric submicron ion exchange resins (SMR) were used for the removal of 
copper, nickel, and zinc from water. The copper removal from river water was 46%, 
while in wastewater copper removal was 38% (Murray and Örmeci 2019). Choi 
et al. 2020, removed copper from bioleached wastewater by using Amberlite IRC-86 
ion exchange resin. The copper removal was pH-dependent. The maximum Cu 
removal was 78.9% at pH value of 5. Two-step sequential process was more 
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effective in copper removal (Choi et al. 2020). Bispicolylamine and iminodiacetate 
were used as chelating resins for copper removal from water. These chelating resins 
required a short contact time for copper removal. These resins were reusable with-
out a major reduction in their removal capacity (Edebali and Pehlivan 2016). Rikame 
et  al. (2017) developed phosphorylated fullerene/sulfonated polyvinyl alcohol 
(PFSP) cation exchange membrane capable of not only removing copper from 
wastewater but also produced electricity. The cationic membrane was used in micro-
bial fuel cell (MFC). The ion exchange capacity of the membrane was 1.67 meq/g. 
PFSP cation exchange membrane removed 73.2% copper from wastewater. Copper 
removal efficiency and electricity generation of PFSP cation exchange membrane 
were better than Ultrex membrane (Rikame et  al. 2017). In another study, Song 
et al. (2018) removed copper and nickel from aqueous solution using hydrophilic 
nanoporous ion exchange barrier membrane. The membrane was highly selective 
for copper and nickel removal. Higher copper flux was observed during the separa-
tion. Stripping was the major mechanism behind copper removal. The membrane 
showed high stability in organic extract (Song et al. 2018).

7.5.2  �Bioremediation-Based Chromium and Copper Removal

Bioremediation is the removal of pollutants with the help of microorganisms. These 
pollutants act as food and energy source for the microorganisms (Azubuike et al. 
2016). The microorganisms break down complex and toxic pollutants into a simple 
and less toxic form (Ayangbenro and Babalola 2017). Microorganisms are grown in 
a polluted environment so that they can produce enzymes and metabolites. These 
metabolites are capable of breaking complex pollutants into a simpler form. During 
the breakdown of pollutants, energy is also released which is used by the microor-
ganisms for their own growth (Azubuike et al. 2016). Microorganisms capable of 
heavy metal transformation can be isolated from both aerobic and anaerobic condi-
tions. Mostly, aerobic microorganisms are used for bioremediation (Azubuike et al. 
2016). Phytoremediation, on the other hand, is removal of pollutants with the help 
of plants. This technique is widely used in constructed wetlands and oil spills. It is 
also called green technology due to its environment friendliness, cost-effectiveness, 
and efficiency (Ali et  al. 2013). Several mechanisms can be involved during the 
phytoremediation process. The major six mechanisms involved during phytoreme-
diation are phytofiltration, phytovolatilation, phytostabilization, phytoextraction, 
rhizodegradation, and phytodegradation (Ali et al. 2013).

The removal or conversion of pollutants by living forms is one of the cost-
effective and easy methods. Several fungal species have been reported to tolerate 
and reduce Cr (VI). A 1000 mgCr(VI)/L and many other heavy metal tolerating 
Trichoderma lixii was able to reduce Cr(VI) into Cr(III) under various environmen-
tal stresses (pH, temperature, tannary wastewater, etc.) by 99.4% (Kumar and 
Dwivedi 2019b). Aspergillus flavus tolerating 800 mgCr(VI)/L was also reported to 
reduce 89% Cr(VI) into Cr(III) (Kumar and Dwivedi 2019a). Fungi isolated from 
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contaminated soil showed promising results of intracellular (Rhizopus sp.) and 
extracellular (Aspergillus fumigatum and Penicilium radicum) reduction of Cr (VI) 
with 95% removal efficiency in addition to the safe production of Lactuca sativa L 
crop by acting as in situ biofertilizer (bibi et al. 2018).

A bacterial strain Staphylococcus aureus could tolerate 22 mM Cr (VI) and 
removed 99% of 100 mgCr(VI)/L in 24h (Tariq et al. 2019). A range of Cr (VI) 
stress (10–500 mg/L) on Stenotrophomonas maltophilia with 92–100% removal 
efficiency at 37oC and pH 7.0. The higher ability of this strain might be associated 
with the chromate reductase gene ChrR and soluble fraction of the cell (Baldiris 
et al. 2018). An attempt to improve strain of Bacillus amyloliquifaciens by physical 
(UV irradiation) and chemical mutagens (acrylamide, ethidium bromide, and ethyl 
methane sulphonate) improved the removal efficiency of wild type (74%) to a higher 
level of 83% and 96% by UV irradiation and acrylamide, respectively (Tharannum 
2020). Another strain of Klebsiella sp. also reduced 95% Cr (VI) in Luria-Bertani 
broth and only 63% in real tannery wastewater. This suggests that any bioremedia-
tion method utilized should be checked in real or natural conditions as well (Hossan 
et al. 2020).

Guo et al. (2020) recently used Myriophyllum aquaticum for the removal of tet-
racycline and copper from wastewater. M. aquaticum effectively removed both pol-
lutants. In the presence of low copper concentration, tetracycline removal was 
higher. The role of M. aquaticum in the removal of tetracyclines was major as com-
pared to the microbial biofilms (Guo et al. 2020). Eight aquatic plants were used for 
the removal of copper from wastewater. The copper removal was maximum in the 
presence of Eichhornia crassipes and Pistia stratiotes. Copper was mostly accumu-
lated in the roots and shoots of these aquatic plants. Copper removal was affected by 
the presence of lignin contents in the aquatic plants. The higher the concentration of 
lignin in plants, the greater was the copper removal (Lu et al. 2018). Tang et al. 
(2020) used Pistia stratiotes for copper removal from distilled and surface water. 
Pistia stratiotes effectively removed copper from both distilled and surface water. 
The maximum removal efficiency for copper was achieved in surface water 
(96.38%). First-order elimination kinetics was dominant during copper removal 
from both types of water. The species got the ability to remove copper from both 
nutrient-rich and nutrient-deficient wastewater (Tang et al. 2020). Alikasturi et al. 
(2019) removed copper from surface, mineral, and distilled water by using 
Limnocharis flava. Maximum copper removal efficency was achieved in distilled 
water, i.e., 39.9%. First-order rate law model best fit the absorption process 
(Alikasturi et al. 2019). Palanivel et al. (2020) used Pseudomonas stutzeri LA3 for 
copper removal. The maximum copper removal efficiency was 50%. Copper 
removal was by adsorption and absorption process. Bacterial cell structure was also 
altered due to copper absorption. (Palanivel et  al. 2020). Genetically engineered 
Escherichia coli cell were used by Wang et  al. (2019) for copper removal from 
aqueous solution. The plasmid of E. coli was modified by adding a copper sensor 
and copper adsorbent in the plasmid. The modification enhanced the copper removal 
efficency of E. coli. The maximum copper adsorption was 91.5% (Wang et al. 2019).
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7.6  �Conclusion

Among the various oxidation states of chromium and copper, Cr (VI) and Cu (II) are 
the most toxic forms, and when they enters into the environment, they have negative 
effects on the environment (air, water, soil) as well as on the health of all living 
organisms. There are different methods which can be used for the treatment of both 
chromium and copper, like adsorption, ion exchange, membrane filtration, electro-
coagulation, and bioremediation. Based on the current study, it is concluded that 
both adsorption and bioremediation are economical and efficient solutions for the 
treatment of chromium- and copper-contaminated water.

References

Abdul R, Muhammad J, Muhammad U, Sajid A (2009) Assessment of heavy metals in sediments 
of the river Ravi, Pakistan. Int J Agric Biol 11: 197–200

Adjeroud N, Elabbas S, Merzouk B, Hammoui Y, Felkai-Haddache L, Remini H, Leclerc J-P, 
Madani K (2018) Effect of Opuntia ficus indica mucilage on copper removal from water by 
electrocoagulation-electroflotation technique. J Electroanal Chem 811: 26–36

Ahmad A, Muneer B, Shakoori AR (2012) Effect of chromium, cadmium and arsenic on growth 
and morphology of HeLa cells. J Basic Appl Sci 8: 53–8

Akar ST, Akar T, Kaynak Z, Anilan B, Cabuk A, Tabak Ö, Demir TA, Gedikbey T (2009) Removal 
of copper (II) ions from synthetic solution and real wastewater by the combined action of dried 
Trametes versicolor cells and montmorillonite. Hydrometallurgy 97: 98–104

Alemayehu E, Thiele-Bruhn S, Lennartz B (2011) Adsorption behaviour of Cr (VI) onto macro 
and micro-vesicular volcanic rocks from water. Sep Purif Technol 78: 55–61

Ali H, Khan E, Sajad MA (2013) Phytoremediation of heavy metals—concepts and applications. 
Chemosphere 91: 869–881

Ali H, Khan E (2018) What are heavy metals? Long-standing controversy over the scientific use 
of the term ‘heavy metals’–proposal of a comprehensive definition. Toxicol Environ Chem 
100: 6–19

Ali H, Khan E, Ilahi I (2019) Environmental chemistry and ecotoxicology of hazardous heavy met-
als: environmental persistence, toxicity, and bioaccumulation. J Chem 2019: 1–14

Ali I (2012) New generation adsorbents for water treatment. Chem Rev 112: 5073–5091
Aliane A, Bounatiro N, Cherif AT, Akretche DE (2001) Removal of chromium from aqueous 

solution by complexation – ultrafiltration using a water-soluble macroligand. Water Res 35: 
2320–2326

Alikasturi AS, Kamil MZAM, Shakri NAAM, Serit ME, Rahim NSA, Shaharuddin S, Anuar MR, 
Radzi ARM (2019) Phytoremediation of Copper in Mineral, Distilled and Surface Water using 
Limnocharis Flava plant. Materials Today: Proceedings 19: 1489–1496

Ameh T, Sayes CM (2019) The potential exposure and hazards of copper nanoparticles: a review. 
Environ Toxicol Pharmacol 71: 103220

Anbinder PS, Macchi C, Amalvy J, Somoza A (2019) A study of the structural changes in a chi-
tosan matrix produced by the adsorption of copper and chromium ions. Carbohydr Polym 
222: 114987

Anjum NA, Adam V, Kizek R, Duarte AC, Pereira E, Iqbal M, Lukatkin AS, Ahmad I (2015) 
Nanoscale copper in the soil–plant system–toxicity and underlying potential mechanisms. 
Environ Res 138: 306–325

H. Haroon et al.



167

Antoniadis V, Zanni AA, Levizou E, Shaheen SM, Dimirkou A, Bolan N, Rinklebe J (2018) 
Modulation of hexavalent chromium toxicity on Οriganum vulgare in an acidic soil amended 
with peat, lime, and zeolite. Chemosphere 195: 291–300

Araújo E, Strawn DG, Morra M, Moore A, Alleoni LRF (2019) Association between extracted 
copper and dissolved organic matter in dairy-manure amended soils. Environ Pollut 246: 
1020–1026

Aroua MK, Zuki FM, Sulaiman NM (2007) Removal of chromium ions from aqueous solutions by 
polymer-enhanced ultrafiltration. J Hazard Mater 147: 752–758

Arroyo M, Pérez-Herranz V, Montanes M, García-Antón J, Guinon J (2009) Effect of pH and 
chloride concentration on the removal of hexavalent chromium in a batch electrocoagulation 
reactor. J Hazard Mater 169: 1127–1133

Ashraf A, Bibi I, Niazi NK, Ok YS, Murtaza G, Shahid M, Kunhikrishnan A, Li D, Mahmood 
T (2017) Chromium (VI) sorption efficiency of acid-activated banana peel over organo-
montmorillonite in aqueous solutions. Int J Phytoremediation 19: 605–613

Ayangbenro AS, Babalola OO (2017) A new strategy for heavy metal polluted environments: a 
review of microbial biosorbents. Int J Environ Res Public Health 14: 94

Azubuike CC, Chikere CB, Okpokwasili GC (2016) Bioremediation techniques–classifica-
tion based on site of application: principles, advantages, limitations and prospects. World J 
Microbiol Biotechnol 32: 180

Baheri B, Shahverdi M, Rezakazemi M, Motaee E, Mohammadi T (2015) Performance of PVA/
NaA mixed matrix membrane for removal of water from ethylene glycol solutions by pervapo-
ration. Chem Eng Commun 202: 316–321

Bajwa B, Kumar S, Singh S, Sahoo S, Tripathi R (2017) Uranium and other heavy toxic elements 
distribution in the drinking water samples of SW-Punjab, India. J Radiat Res Appl 10: 13–19

Baldiris R, Acosta-Tapia N, Montes A, Hernández J, Vivas-Reyes R (2018) Reduction of hexava-
lent chromium and detection of chromate reductase (ChrR) in Stenotrophomonas maltophilia. 
Molecules 23: 406

Bandehali S, Parvizian F, Moghadassi A, Hosseini S (2019) Copper and lead ions removal from 
water by new PEI based NF membrane modified by functionalized POSS nanoparticles. J 
Polym Res 26: 211

Bansal N, Coetzee JJ, Chirwa EM (2019) In situ bioremediation of hexavalent chromium in pres-
ence of iron by dried sludge bacteria exposed to high chromium concentration. Ecotoxicol 
Environ Saf 172: 281–289

Barakat M (2011) New trends in removing heavy metals from industrial wastewater. Arab J Chem 
4: 361–377

Barbieri M (2016) The importance of enrichment factor (EF) and geoaccumulation index (Igeo) to 
evaluate the soil contamination. J Geol Geophys 5: 1–4

Batool S, Idrees M, Hussain Q, Kong J (2017) Adsorption of copper (II) by using derived-farmyard 
and poultry manure biochars: efficiency and mechanism. Chem Phys Lett 689: 190–198

Bhattacharya M, Shriwastav A, Bhole S, Silori R, Mansfeldt T, Kretzschmar R, Singh A (2019) 
Processes Governing Chromium Contamination of Groundwater and Soil from a Chromium 
Waste Source. ACS Earth Space Chem 4: 35–49

bibi S, Hussain A, Hamayun M, Rahman H, Iqbal A, Shah M, Irshad M, Qasim M, Islam B (2018) 
Bioremediation of hexavalent chromium by endophytic fungi; safe and improved production of 
Lactuca sativa L. Chemosphere 211: 653–663

Blowes D (2002) Tracking hexavalent Cr in groundwater. Science 295: 2024–2025
Bolan S, Kunhikrishnan A, Seshadri B, Choppala G, Naidu R, Bolan NS, Ok YS, Zhang M, Li 

C-G, Li F (2017) Sources, distribution, bioavailability, toxicity, and risk assessment of heavy 
metal (loid) s in complementary medicines. Environ Int 108: 103–118

Brasili E, Bavasso I, Petruccelli V, Vilardi G, Valletta A, Dal Bosco C, Gentili A, Pasqua G, Di 
Palma L (2020) Remediation of hexavalent chromium contaminated water through zero-valent 
iron nanoparticles and effects on tomato plant growth performance. Sci Rep 10: 1–11

7  Environmental and Health Effects of Heavy Metals and Their Treatment Methods



168

Brewer GJ (2015) Copper-2 ingestion, plus increased meat eating leading to increased copper 
absorption, are major factors behind the current epidemic of Alzheimer’s disease. Nutrients 7: 
10053–10064

Briki M, Zhu Y, Gao Y, Shao M, Ding H, Ji H (2017) Distribution and health risk assessment 
to heavy metals near smelting and mining areas of Hezhang, China. Environ Monit Assess 
189: 458

Ceko MJ, Aitken JB, Harris HH (2014) Speciation of copper in a range of food types by X-ray 
absorption spectroscopy. Food Chem 164: 50–54

Chen G, Liu H (2020) Photochemical removal of hexavalent chromium and nitrate from ion-
exchange brine waste using carbon-centered radicals. Chem Eng J 396: 125136

Chen H, Lin J, Zhang N, Chen L, Zhong S, Wang Y, Zhang W, Ling Q (2018) Preparation of MgAl-
EDTA-LDH based electrospun nanofiber membrane and its adsorption properties of copper (II) 
from wastewater. J Hazard Mater 345: 1–9

Chiarle S, Ratto M, Rovatti M (2000) Mercury removal from water by ion exchange resins adsorp-
tion. Water Res 34: 2971–2978

Choi J-W, Song M-H, Bediako JK, Yun Y-S (2020) Sequential recovery of gold and copper from 
bioleached wastewater using ion exchange resins. Environ Pollut 266: 115167

Chowdhury S, Mazumder MJ, Al-Attas O, Husain T (2016) Heavy metals in drinking water: occur-
rences, implications, and future needs in developing countries. Sci Total Environ 569: 476–488

Daṃbrowski A, Hubicki Z, Podkościelny P, Robens E (2004) Selective removal of the heavy 
metal ions from waters and industrial wastewaters by ion-exchange method. Chemosphere 
56: 91–106

Doke SM, Yadav GD (2014) Process efficacy and novelty of titania membrane prepared by poly-
meric sol–gel method in removal of chromium(VI) by surfactant enhanced microfiltration. 
Chem Eng J 255: 483–491

Dong J, Du Y, Duyu R, Shang Y, Zhang S, Han R (2019) Adsorption of copper ion from solution 
by polyethylenimine modified wheat straw. Bioresour Technol Rep 6: 96–102

Edebali S, Pehlivan E (2016) Evaluation of chelate and cation exchange resins to remove copper 
ions. Powder Technol 301: 520–525

El-Hak HNG, Mobarak YM (2019) The neurotoxic impact of subchronic exposure of male rats to 
copper oxychloride. J Trace Elem Med Biol 52: 186–191

El-Mehalmey WA, Ibrahim AH, Abugable AA, Hassan MH, Haikal RR, Karakalos SG, Zaki O, 
Alkordi MH (2018) Metal–organic framework@silica as a stationary phase sorbent for rapid 
and cost-effective removal of hexavalent chromium. J Mater Chem A 6: 2742–2751

Enniya I, Rghioui L, Jourani A (2018) Adsorption of hexavalent chromium in aqueous solution on 
activated carbon prepared from apple peels. Sustain Chem Pharm 7: 9–16

Fang G-C, Wu Y-S, Huang Y-L (2011) Measurement and modeling of concentrations of ambient 
air particles, chromium, copper and lead pollutants concentrations, as well as dry deposition in 
central Taiwan. J Environ Sci Health A 46: 394–407

Farno E, Rezakazemi M, Mohammadi T, Kasiri N (2014) Ternary gas permeation through synthe-
sized pdms membranes: Experimental and CFD simulation basedon sorption-dependent sys-
tem using neural network model. Polym Eng Sci 54: 215–226

Ferreira SL, de Brito CF, Dantas AF, de Araujo NML, Costa AS (1999) Nickel determination in 
saline matrices by ICP-AES after sorption on Amberlite XAD-2 loaded with PAN. Talanta 48: 
1173–1177

Ferretti M, Cenni E, Bussotti F, Batistoni P (1995) Vehicle-induced lead and cadmium contamina-
tion of roadside soil and plants in Italy. Chem Ecol 11: 213–228

Gaikwad MS, Balomajumder C (2017) Simultaneous rejection of fluoride and Cr(VI) from syn-
thetic fluoride-Cr(VI) binary water system by polyamide flat sheet reverse osmosis membrane 
and prediction of membrane performance by CFSK and CFSD models. J Mol Liq 234: 194–200

Garcia L, Welchen E, Gonzalez DH (2014) Mitochondria and copper homeostasis in plants. 
Mitochondrion 19: 269–274

H. Haroon et al.



169

Geng J, Yin Y, Liang Q, Zhu Z, Luo H (2019) Polyethyleneimine cross-linked graphene oxide for 
removing hazardous hexavalent chromium: Adsorption performance and mechanism. Chem 
Eng J 361: 1497–1510

Ghorbel-Abid I, Trabelsi-Ayadi M (2015) Competitive adsorption of heavy metals on local landfill 
clay. Arab J Chem 8: 25–31

Ghosh G, Bhattacharya PK (2006) Hexavalent chromium ion removal through micellar enhanced 
ultrafiltration. Chem Eng J 119: 45–53

Gorman C, Seidel C, Henrie T, Huang L, Thompson R (2016) Pilot testing strong base anion 
exchange for CrVI removal. J Am Water Works Assoc 108: E240–E246

Guan W, Zhang B, Tian S, Zhao X (2018) The synergism between electro-Fenton and electroco-
agulation process to remove Cu-EDTA. Appl Catal B-Environ 227: 252–257

Guo X, Liu M, Zhong H, Li P, Zhang C, Wei D, Zhao T (2020) Potential of Myriophyllum aquati-
cum for phytoremediation of water contaminated with tetracycline antibiotics and copper. J 
Environ Manage 270: 110867

Gustavsson P, Jakobsson R, Johansson H, Lewin F, Norell S, Rutkvist L-E (1998) Occupational 
exposures and squamous cell carcinoma of the oral cavity, pharynx, larynx, and oesophagus: a 
case-control study in Sweden. Occup Environ Med 55: 393–400

Haroon H, Ashfaq T, Gardazi SMH, Sherazi TA, Ali M, Rashid N, Bilal M (2016) Equilibrium 
kinetic and thermodynamic studies of Cr (VI) adsorption onto a novel adsorbent of Eucalyptus 
camaldulensis waste: Batch and column reactors. Korean J Chem Eng 33: 2898–2907

Haroon H, Gardazi SMH, Butt TA, Pervez A, Mahmood Q, Bilal M (2017) Novel lignocellulosic 
wastes for comparative adsorption of Cr (VI): equilibrium kinetics and thermodynamic studies. 
Pol J Chem Technol 19: 6–15

Haroon H, Shah JA, Khan MS, Alam T, Khan R, Asad SA, Ali MA, Farooq G, Iqbal M, Bilal M 
(2020) Activated carbon from a specific plant precursor biomass for hazardous Cr (VI) adsorp-
tion and recovery studies in batch and column reactors: Isotherm and kinetic modeling. J Water 
Process Eng 38: 101577

Hayat S, Khalique G, Irfan M, Wani AS, Tripathi BN, Ahmad A (2012) Physiological changes 
induced by chromium stress in plants: an overview. Protoplasma 249: 599–611

Ho Y, McKay G (1999) The sorption of lead (II) ions on peat. Water Res 33: 578–584
Honnannavar S, Hosamani S (2014) Comparison of activated and inactivated coconut husk as 

an adsorbent for removal of hexavalent chromium from wastewater. J Chem Pharm Res 6: 
2628–2633

Hossan S, Hossain S, Islam MR, Kabir MH, Ali S, Islam MS, Imran KM, Moniruzzaman M, 
Mou TJ, Parvez AK (2020) Bioremediation of Hexavalent Chromium by Chromium Resistant 
Bacteria Reduces Phytotoxicity. Int J Environ Res Public Health 17: 6013

Huang Z-n, Wang X-l, Yang D-s (2015) Adsorption of Cr(VI) in wastewater using magnetic multi-
wall carbon nanotubes. Water Sci Eng 8: 226–232

Iwinski KJ, Rodgers Jr JH, Kinley CM, Hendrikse M, Calomeni AJ, McQueen AD, Geer TD, 
Liang J, Friesen V, Haakensen M (2017) Influence of CuSO4 and chelated copper algaecide 
exposures on biodegradation of microcystin-LR. Chemosphere 174: 538–544

Jaime-Pérez N, Kaftan D, Bína D, Bokhari SNH, Shreedhar S, Küpper H (2019) Mechanisms of 
sublethal copper toxicity damage to the photosynthetic apparatus of Rhodospirillum rubrum. 
Biochimica et Biophysica Acta (BBA)-Bioenergetics 1860: 640–650

Javaid S, Shah SGS, Chaudhary AJ, Khan MH (2008) Assessment of trace metal contamina-
tion of drinking water in the Pearl Valley, Azad Jammu and Kashmir. Clean–Soil, Air, Water 
36: 216–221

Jin W, Du H, Zheng S, Zhang Y (2016) Electrochemical processes for the environmental remedia-
tion of toxic Cr (VI): A review. Electrochim Acta 191: 1044–1055

Jobby R, Jha P, Yadav AK, Desai N (2018) Biosorption and biotransformation of hexavalent chro-
mium [Cr (VI)]: a comprehensive review. Chemosphere 207: 255–266

Jones AS, Marini J, Solo-Gabriele HM, Robey NM, Townsend TG (2019) Arsenic, copper, and 
chromium from treated wood products in the US disposal sector. Waste Manage 87: 731–740

7  Environmental and Health Effects of Heavy Metals and Their Treatment Methods



170

Ju W, Liu L, Fang L, Cui Y, Duan C, Wu H (2019) Impact of co-inoculation with plant-growth-
promoting rhizobacteria and rhizobium on the biochemical responses of alfalfa-soil system in 
copper contaminated soil. Ecotoxicol Environ Saf 167: 218–226

Justi KC, Fávere VT, Laranjeira MC, Neves A, Peralta RA (2005) Kinetics and equilibrium adsorp-
tion of Cu (II), Cd (II), and Ni (II) ions by chitosan functionalized with 2 [-bis-(pyridylmethyl) 
aminomethyl]-4-methyl-6-formylphenol. J Colloid Interface Sci 291: 369–374

Kabata-Pendias A, Mukherjee AB (2007) Trace elements from soil to human. Springer-Verlag 
Berlin Heidelberg, 1st edn. Newyork

Kabata-Pendias A (2010) Trace elements in soils and plants. 4th edn. CRC press, Boca Raton
Kanagaraj P, Mohamed IM, Huang W, Liu C (2020) Membrane fouling mitigation for enhanced 

water flux and high separation of humic acid and copper ion using hydrophilic polyurethane 
modified cellulose acetate ultrafiltration membranes. React Funct Polym: 104538

Kang S-Y, Lee J-U, Moon S-H, Kim K-W (2004) Competitive adsorption characteristics of Co2+, 
Ni2+, and Cr3+ by IRN-77 cation exchange resin in synthesized wastewater. Chemosphere 
56: 141–147

Karlin KD, Tyeklár Z (2012) Bioinorganic chemistry of copper. 1st edn. Springer Science & 
Business Media, Netherlands

Khan S, Rehman S, Khan AZ, Khan MA, Shah MT (2010) Soil and vegetables enrichment with 
heavy metals from geological sources in Gilgit, northern Pakistan. Ecotoxicol Environ Saf 73: 
1820–1827

Khan SU, Islam DT, Farooqi IH, Ayub S, Basheer F (2019) Hexavalent chromium removal in an 
electrocoagulation column reactor: Process optimization using CCD, adsorption kinetics and 
pH modulated sludge formation. Process Saf Environ Prot 122: 118–130

Kilany A, Nosier S, Hussein M, Abdel-Aziz M, Sedahmed G (2020) Combined oil demulsification 
and copper removal from copper plating plant effluents by electrocoagulation in a new cell 
design. Sep Purif Technol: 117056

Kim E-J, Lee C-S, Chang Y-Y, Chang Y-S (2013) Hierarchically structured manganese oxide-
coated magnetic nanocomposites for the efficient removal of heavy metal ions from aqueous 
systems. ACS Appl Mater Interfaces 5: 9628–9634

Kohzadi S, Shahmoradi B, Ghaderi E, Loqmani H, Maleki A (2019) Concentration, source, and 
potential human health risk of heavy metals in the commonly consumed medicinal plants. Biol 
Trace Elem Res 187: 41–50

Krüger O, Fiedler F, Adam C, Vogel C, Senz R (2017) Determination of chromium (VI) in primary 
and secondary fertilizer and their respective precursors. Chemosphere 182: 48–53

Kumar V, Dwivedi SK (2019a) Hexavalent chromium reduction ability and bioremediation 
potential of Aspergillus flavus CR500 isolated from electroplating wastewater. Chemosphere 
237: 124567

Kumar V, Dwivedi SK (2019b) Hexavalent chromium stress response, reduction capability and bio-
remediation potential of Trichoderma sp. isolated from electroplating wastewater. Ecotoxicol 
Environ Saf 185: 109734

Kurniawan TA, Chan GY, Lo W-H, Babel S (2006) Physico–chemical treatment techniques for 
wastewater laden with heavy metals. Chem Eng J 118: 83–98

Labidi A, Salaberria AM, Fernandes SC, Labidi J, Abderrabba M (2016) Adsorption of cop-
per on chitin-based materials: Kinetic and thermodynamic studies. J Taiwan Inst Chem Eng 
65: 140–148

Lacour S, Bollinger J-C, Serpaud B, Chantron P, Arcos R (2001) Removal of heavy metals in 
industrial wastewaters by ion-exchanger grafted textiles. Anal Chim Acta 428: 121–132

Lee JA, Marsden ID, Glover CN (2010) The influence of salinity on copper accumulation and 
its toxic effects in estuarine animals with differing osmoregulatory strategies. Aquat Toxicol 
99: 65–72

Lillo F, Ginocchio R, Ulriksen C, Dovletyarova EA, Neaman A (2019) Evaluation of connected 
clonal growth of Solidago chilensis as an avoidance mechanism in copper-polluted soils. 
Chemosphere 230: 303–307

H. Haroon et al.



171

Lin SH, Shyu CT, Sun MC (1998) Saline wastewater treatment by electrochemical method. Water 
Res 32: 1059–1066

Lin SH, Lai SL, Leu HG (2000) Removal of heavy metals from aqueous solution by chelating resin 
in a multistage adsorption process. J Hazard Mater 76: 139–153

Liu X, Jiang B, Yin X, Ma H, Hsiao BS (2020) Highly permeable nanofibrous composite micro-
filtration membranes for removal of nanoparticles and heavy metal ions. Sep Purif Technol 
233: 115976

Liu Y, Ma R (2020) Human Health Risk Assessment of Heavy Metals in Groundwater in the Luan 
River Catchment within the North China Plain. Geofluids 2020: 1–7

Lu D, Huang Q, Deng C, Zheng Y (2018) Phytoremediation of Copper Pollution by Eight Aquatic 
Plants. Pol J Environ Stud 27: 175–181

Mahmad MKN, Rozainy MMR, Abustan I, Baharun N (2016) Electrocoagulation process by using 
aluminium and stainless steel electrodes to treat total chromium, colour and turbidity. Procedia 
Chem 19: 681–686

Mahmood Q, Wang J, Pervez A, Meryem SS, Waseem M, Ullah Z (2015) Health risk assessment 
and oxidative stress in workers exposed to welding fumes. Toxicol Environ Chem 97: 634–639

Malik D, Maurya PK (2014) Heavy metal concentration in water, sediment, and tissues of fish spe-
cies (Heteropneustis fossilis and Puntius ticto) from Kali River, India. Toxicol Environ Chem 
96: 1195–1206

Malik RN, Husain SZ, Nazir I (2010) Heavy metal contamination and accumulation in soil and 
wild plant species from industrial area of Islamabad, Pakistan. Pak J Bot 42: 291–301

Malkin V (2003) Electrolytic effluent treatment. Chem Pet Eng 39: 46–50
Marjani A, Rezakazemi M, Shirazian S (2012) Simulation of methanol production process and 

determination of optimum conditions. Orient J Chem 28: 145
Marschner H (2011) Marschner’s mineral nutrition of higher plants. 3rd edn. Academic, London
Merian E (1984) Introduction on environmental chemistry and global cycles of arsenic, beryl-

lium, cadmium, chromium, cobalt, nickel, selenium, and their derivatives. Toxicol Environ 
Chem 8: 9–38

Meshram P, Ghosh A, Ramamurthy Y, Pandey BD, Torem ML (2018) Removal of Hexavalent 
Chromium from Mine Effluents by Ion Exchange Resins-Comparative Study of Amberlite IRA 
400 and IRA 900. Russ J Non-Ferr Met+ 59: 533–542

Mihaljevič M, Baieta R, Ettler V, Vaněk A, Kříbek B, Penížek V, Drahota P, Trubač J, Sracek O, 
Chrastný V (2019) Tracing the metal dynamics in semi-arid soils near mine tailings using 
stable Cu and Pb isotopes. Chem Geol 515: 61–76

Mnif A, Bejaoui I, Mouelhi M, Hamrouni B (2017) Hexavalent chromium removal from model 
water and car shock absorber factory effluent by nanofiltration and reverse osmosis membrane. 
Int J Anal Chem 2017: 1–10

Mohamed BA, Ellis N, Kim CS, Bi X (2017) The role of tailored biochar in increasing plant 
growth, and reducing bioavailability, phytotoxicity, and uptake of heavy metals in contami-
nated soil. Environ Pollut 230: 329–338

Mohammadi AA, Zarei A, Esmaeilzadeh M, Taghavi M, Yousefi M, Yousefi Z, Sedighi F, Javan 
S (2019a) Assessment of heavy metal pollution and human health risks assessment in soils 
around an industrial zone in Neyshabur, Iran. Biol Trace Elem Res 195: 343–352

Mohammadi AA, Zarei A, Majidi S, Ghaderpoury A, Hashempour Y, Saghi MH, Alinejad A, 
Yousefi M, Hosseingholizadeh N, Ghaderpoori M (2019b) Carcinogenic and non-carcinogenic 
health risk assessment of heavy metals in drinking water of Khorramabad, Iran. MethodsX 6: 
1642–1651

Mohan D, Pittman Jr CU (2006) Activated carbons and low cost adsorbents for remediation of tri-
and hexavalent chromium from water. J Hazard Mater 137: 762–811

Muhammad S, Shah MT, Khan S (2011) Heavy metal concentrations in soil and wild plants 
growing around Pb–Zn sulfide terrain in the Kohistan region, northern Pakistan. Microchem 
J 99: 67–75

7  Environmental and Health Effects of Heavy Metals and Their Treatment Methods



172

Murray A, Örmeci B (2019) Use of polymeric sub-micron ion-exchange resins for removal of lead, 
copper, zinc, and nickel from natural waters. Int J Environ Sci 75: 247–254

Murthy Z, Chaudhari LB (2009) Separation of binary heavy metals from aqueous solutions by 
nanofiltration and characterization of the membrane using Spiegler–Kedem model. Chem Eng 
J 150: 181–187

Muthumareeswaran M, Alhoshan M, Agarwal GP (2017) Ultrafiltration membrane for effective 
removal of chromium ions from potable water. Sci Rep 7: 1–12

Nayak N, Chitale A (2013) Indian childhood cirrhosis (ICC) & ICC-like diseases: the changing 
scenario of facts versus notions. Indian J Med Re 137: 1029

Naz A, Chowdhury A, Mishra BK, Gupta SK (2016) Metal pollution in water environment and 
the associated human health risk from drinking water: A case study of Sukinda chromite mine, 
India. Human and Ecological Risk Assessment: An International Journal 22: 1433–1455

Nazir F, Hussain A, Fariduddin Q (2019) Hydrogen peroxide modulate photosynthesis and antioxi-
dant systems in tomato (Solanum lycopersicum L.) plants under copper stress. Chemosphere 
230: 544–558

Ogunkunle CO, Bornmann B, Wagner R, Fatoba PO, Frahm R, Lützenkirchen-Hecht D (2019) 
Copper uptake, tissue partitioning and biotransformation evidence by XANES in cowpea 
(Vigna unguiculata L) grown in soil amended with nano-sized copper particles. Environ 
Nanotechnol Monit Manag 12: 100231

Olalekan R, Adedoyin O, Odubo T (2018) Measures of harm from heavy metal content (Lead 
and Cadmium) in women lipstick and lipgloss in Yenagoa Metropolis, Bayelsa state, Nigeria. 
International Journal of Petrochemistry and Research 2: 236–242

Padaki M, Murali RS, Abdullah MS, Misdan N, Moslehyani A, Kassim M, Hilal N, Ismail A 
(2015) Membrane technology enhancement in oil–water separation. A review. Desalination 
357: 197–207

Palanivel TM, Sivakumar N, Al-Ansari A, Victor R (2020) Bioremediation of copper by active 
cells of Pseudomonas stutzeri LA3 isolated from an abandoned copper mine soil. J Environ 
Manage 253: 109706

Pan C, Troyer LD, Liao P, Catalano JG, Li W, Giammar DE (2017) Effect of humic acid on the 
removal of chromium (VI) and the production of solids in iron electrocoagulation. Environ Sci 
Technol 51: 6308–6318

Parlayıcı Ş, Pehlivan E (2019) Removal of Chromium (VI) from Aqueous Solution Using Chitosan 
Doped with Carbon Nanotubes. Materials Today: Proceedings 18: 1978–1985

Piedra E, Álvarez JR, Luque S (2015) Hexavalent chromium removal from chromium plating rins-
ing water with membrane technology. Desalin Water Treat 53: 1431–1439

Pikna L, Hezelova M, Morillon A, Algermissen D, Milkovic O, Findorak R, Cesnek M, Briancin 
J (2020) Recovery of chromium from slags leachates by electrocoagulation and solid product 
characterization. Metals 10: 1593

Radojevic M, Bashkin V (2006): Practical Environmental Analysis. Chapter 4. 2nd Edn. RSC 
Publishing, Cambridge, UK

Rafieian F, Jonoobi M, Yu Q (2019) A novel nanocomposite membrane containing modified 
cellulose nanocrystals for copper ion removal and dye adsorption from water. Cellulose 26: 
3359–3373

Rajeshwar K, Ibanez JG (1997) Environmental electrochemistry: Fundamentals and applications 
in pollution sensors and abatement. 1st edn. Academic, San Diego Calif

Rapti S, Pournara A, Sarma D, Papadas IT, Armatas GS, Tsipis AC, Lazarides T, Kanatzidis MG, 
Manos MJ (2016) Selective capture of hexavalent chromium from an anion-exchange column 
of metal organic resin–alginic acid composite. Cheml sci 7: 2427–2436

Raza M, Hussain F, Lee J-Y, Shakoor MB, Kwon KD (2017) Groundwater status in Pakistan: A 
review of contamination, health risks, and potential needs. Crit Rev Environ Sci Techno 47: 
1713–1762

Rengaraj S, Yeon K-H, Moon S-H (2001) Removal of chromium from water and wastewater by ion 
exchange resins. J Hazard Mater 87: 273–287

H. Haroon et al.



173

Rezakazemi M, Shirazian S, Ashrafizadeh SN (2012) Simulation of ammonia removal from 
industrial wastewater streams by means of a hollow-fiber membrane contactor. Desalination 
285: 383–392

Rezakazemi M, Ghafarinazari A, Shirazian S, Khoshsima A (2013a) Numerical modeling and 
optimization of wastewater treatment using porous polymeric membranes. Polym Eng Sci 53: 
1272–1278

Rezakazemi M, Marjani A, Shirazian S (2013b) Development of a group contribution method 
based on UNIFAC groups for the estimation of vapor pressures of pure hydrocarbon com-
pounds. Chem Eng Technol 36: 483–491

Rezakazemi M, Vatani A, Mohammadi T (2015) Synergistic interactions between POSS and fumed 
silica and their effect on the properties of crosslinked PDMS nanocomposite membranes. RSC 
Adv 5: 82460–82470

Rikame SS, Mungray AA, Mungray AK (2017) Synthesis, characterization and application of 
phosphorylated fullerene/sulfonated polyvinyl alcohol (PFSP) composite cation exchange 
membrane for copper removal. Sep Purif Technol 177: 29–39

Rizwan M, Ali S, Adrees M, Rizvi H, Zia-ur-Rehman M, Hannan F, Qayyum MF, Hafeez F, Ok YS 
(2016) Cadmium stress in rice: toxic effects, tolerance mechanisms, and management: a critical 
review. Environ Sci Pollut Res 23: 17859–17879

Saha B, Orvig C (2010) Biosorbents for hexavalent chromium elimination from industrial and 
municipal effluents. Coordination Chemistry Reviews 254: 2959–2972

Sall ML, Diaw AKD, Gningue-Sall D, Aaron J, Aaron J-J (2020) Toxic heavy metals: impact on 
the environment and human health, and treatment with conducting organic polymers, a review. 
Environ Sci Pollut Res Int 27: 29927–29942

santé Omdl, Zdrowia ŚO, Organization WH, Staff WHO (2004) Guidelines for drinking-water 
quality. World Health Organization

Shafique U, Anwar J, Ali SZ (2011) Assessment of concentration of lead, cadmium, chromium and 
selenium in blood serum of cancer and diabetic patients of Pakistan. J Chem Soc Pak 33: 869

Shahid M, Shamshad S, Rafiq M, Khalid S, Bibi I, Niazi NK, Dumat C, Rashid MI (2017) 
Chromium speciation, bioavailability, uptake, toxicity and detoxification in soil-plant system: 
a review. Chemosphere 178: 513–533

Shankar A, Venkateswarlu B (2011) Chromium: environmental pollution, health effects and mode 
of action A2. Encyclopedia of environmental health. Elsevier, Burlington: 650–659

Shawabkeh R, Al-Harahsheh A, Al-Otoom A (2004) Copper and zinc sorption by treated oil shale 
ash. Sep Purif Technol 40: 251–257

Shen X, Chi Y, Xiong K (2019) The effect of heavy metal contamination on humans and animals 
in the vicinity of a zinc smelting facility. Plos one 14: e0207423

Siddique A, Mumtaz M, Zaigham NA, Mallick KA, Saied S, Zahir E, Khwaja HA (2009) Heavy 
metal toxicity levels in the coastal sediments of the Arabian Sea along the urban Karachi 
(Pakistan) region. Mar Pollut Bull 58: 1406–1414

Song J, Niu X, Li X-M, He T (2018) Selective separation of copper and nickel by membrane 
extraction using hydrophilic nanoporous ion-exchange barrier membranes. Process Safe 
Environ Prot 113: 1–9

Sounthararajah D, Loganathan P, Kandasamy J, Vigneswaran S (2015) Adsorptive removal of 
heavy metals from water using sodium titanate nanofibres loaded onto GAC in fixed-bed col-
umns. J Hazard Mater 287: 306–316

Sruthi S, Shyleshchandran M, Mohan M, Ramasamy E (2018) Distribution of priority pollutants in 
the sediment of Vembanad Estuary, Peninsular India. Mar Pollut Bull 133: 294–303

Subramonian S, Clifford D (1988) Monovalent/divalent selectivity and the charge separation con-
cept. Reactive Polymers, Ion Exchangers, Sorbents 9: 195–209

Sutherland K (2008) Developments in filtration: What is nanofiltration? Filtr Separat 45: 32–35
Tait TN, McGeer JC, Smith DS (2018) Testing the underlying chemical principles of the biotic 

ligand model (BLM) to marine copper systems: measuring copper speciation using fluores-
cence quenching. B Environ Contam Tox 100: 76–81

7  Environmental and Health Effects of Heavy Metals and Their Treatment Methods



174

Tang KHD, Awa SH, Hadibarata T (2020) Phytoremediation of Copper-Contaminated Water with 
Pistia stratiotes in Surface and Distilled Water. Water Air Soil Pollut 231: 1–16

Tariq M, Waseem M, Rasool MH, Zahoor MA, Hussain I (2019) Isolation and molecular charac-
terization of the indigenous Staphylococcus aureus strain K1 with the ability to reduce hexava-
lent chromium for its application in bioremediation of metal-contaminated sites. PeerJ 7: e7726

Taylor AA, Tsuji JS, Garry MR, McArdle ME, Goodfellow WL, Adams WJ, Menzie CA (2020) 
Critical review of exposure and effects: implications for setting regulatory health criteria for 
ingested copper. Environ Manage 65: 131–159

Testa SM, Guertin J, Jacobs J, Avakian C (2004) Sources of chromium contamination in soil and 
groundwater, In: Chromium (VI) handbook, 1st. CRC Press: Boca Raton, FL,

Thanh HN, Nguyen L, Lan PDT (2019) Optimization of Copper Removal by Photovoltaic 
Electrocoagulation from Aqueous Solution Using Response Surface Methodology Towards 
Sustainable Development. J Ecol Eng 20

Tharannum S (2020) Bioremediation of hexavalent chromium from electroplating effluents by 
wild and mutant strains of Bacillus amyloliquifaciens. Indian J Exp Biol 58: 722–729

Thornton I (1983) Geochemistry applied to agriculture. Appl Environ Geochem: 231–266
Todd W, Elvehjem C, Hart E (1934) Nutrition classics. Am J Physiol 107: 146–56
Tumolo M, Ancona V, De Paola D, Losacco D, Campanale C, Massarelli C, Uricchio VF (2020) 

Chromium pollution in European water, sources, health risk, and remediation strategies: an 
overview. Int J Environ Res Public Health 17: 5438

Turnlund JR, Jacob RA, Keen CL, Strain J, Kelley DS, Domek JM, Keyes WR, Ensunsa JL, 
Lykkesfeldt J, Coulter J (2004) Long-term high copper intake: effects on indexes of copper 
status, antioxidant status, and immune function in young men. Am J Clin Nutr 79: 1037–1044

Uauy R, Maass A, Araya M (2008) Estimating risk from copper excess in human populations. Am 
J Clin Nutr 88: 867S–871S

Urbina L, Guaresti O, Requies J, Gabilondo N, Eceiza A, Corcuera MA, Retegi A (2018) Design of 
reusable novel membranes based on bacterial cellulose and chitosan for the filtration of copper 
in wastewaters. Carbohydr Polym 193: 362–372

Usman K, Al-Ghouti MA, Abu-Dieyeh MH (2019) The assessment of cadmium, chromium, copper, 
and nickel tolerance and bioaccumulation by shrub plant Tetraena qataranse. Sci Rep 9: 1–11

Vakili M, Deng S, Li T, Wang W, Wang W, Yu G (2018) Novel crosslinked chitosan for enhanced 
adsorption of hexavalent chromium in acidic solution. Chem Eng J 347: 782–790

Valentín-Reyes J, García-Reyes RB, García-González A, Soto-Regalado E, Cerino-Córdova F 
(2019) Adsorption mechanisms of hexavalent chromium from aqueous solutions on modified 
activated carbons. J Environ Management 236: 815–822

Van der Bruggen B, Vandecasteele C (2003) Removal of pollutants from surface water and ground-
water by nanofiltration: overview of possible applications in the drinking water industry. 
Environ Pollut 122: 435–445

Vasanth D, Pugazhenthi G, Uppaluri R (2012) Biomass assisted microfiltration of chromium(VI) 
using Baker’s yeast by ceramic membrane prepared from low cost raw materials. Desalination 
285: 239–244

Vigneswaran S, Ngo HH, Chaudhary DS, Hung Y-T (2005) Physicochemical treatment processes 
for water reuse

Visvanathan C, Aim RB, Vigneswaran S (1989) Application of cross-flow electro-microfiltration in 
chromium wastewater treatment. Desalination 71: 265–276

Wang W, Jiang F, Wu F, Li J, Ge R, Li J, Tan G, Pang Y, Zhou X, Ren X (2019) Biodetection and 
bioremediation of copper ions in environmental water samples using a temperature-controlled, 
dual-functional Escherichia coli cell. Appl Microbiol Biotechnol 103: 6797–6807

Wei X-Z, Gan Z-Q, Shen Y-J, Qiu Z-L, Fang L-F, Zhu B-K (2019) Negatively-charged nanofiltra-
tion membrane and its hexavalent chromium removal performance. J Colloid Interface Sci 
553: 475–483

Weng C-H, Huang C (2004) Adsorption characteristics of Zn (II) from dilute aqueous solution by 
fly ash. Colloids Surf A Physicochem Eng Asp 247: 137–143

H. Haroon et al.



175

WHO (2018) A global overview of national regulations and standards for drinking-water quality. 
Geneva. apps.who.int/iris/handle/10665/272345

Wieczorek-Dąbrowska M, Tomza-Marciniak A, Pilarczyk B, Balicka-Ramisz A (2013) Roe and 
red deer as bioindicators of heavy metals contamination in north-western Poland. Chem Ecol 
29: 100–110

Wise JT, Wang L, Xu J, Zhang Z, Shi X (2019) Oxidative stress of Cr (III) and carcinogenesis
Wuana RA, Okieimen FE (2011) Heavy metals in contaminated soils: a review of sources, chem-

istry, risks and best available strategies for remediation. ISRN Ecol 2011: 1–20
Xia S, Song Z, Jeyakumar P, Shaheen SM, Rinklebe J, Ok YS, Bolan N, Wang H (2019) A critical 

review on bioremediation technologies for Cr (VI)-contaminated soils and wastewater. Crit 
Rev Environ Sci Technol 49: 1027–1078

Xie X, Deng R, Pang Y, Bai Y, Zheng W, Zhou Y (2017) Adsorption of copper (II) by sulfur mic-
roparticles. Chem Eng J 314: 434–442

Xie Y, Lin J, Liang J, Li M, Fu Y, Wang H, Tu S, Li J (2019) Hypercrosslinked mesoporous 
poly(ionic liquid)s with high density of ion pairs: Efficient adsorbents for Cr(VI) removal via 
ion-exchange. Chem Eng J 378: 122107

Xu P, Huang S, Wang Z, Lagos G (2006) Daily intakes of copper, zinc and arsenic in drinking 
water by population of Shanghai, China. Sci Total Environ 362: 50–55

Yang Y, Ma H, Chen X, Zhu C, Li X (2020) Effect of incineration temperature on chromium spe-
ciation in real chromium-rich tannery sludge under air atmosphere. Environ Res 183: 109159

Zahir M, Tufail S, Mehmood K, Farooq A (2015) Evaluation of arsenic and other toxic metals in 
drinking water of Sahiwal district using different spectroscopic techniques (A case study). Sci. 
Int. 27: 4239–4244

Zahoorullah TA, Zai S (2003) Quality of drinking water in rural Peshawar. Pak J Med Res 42: 85–89
Zhang D, Liu X, Ma J, Yang H, Zhang W, Li C (2019) Genotypic differences and glutathione 

metabolism response in wheat exposed to copper. Environ Exp Bot 157: 250–259
Zhang R, Xiang Y, Ran Q, Deng X, Xiao Y, Xiang L, Li Z (2014) Involvement of calcium, reac-

tive oxygen species, and ATP in hexavalent chromium-induced damage in red blood cells. Cell 
Physiol Biochem 34: 1780–1791

Zhou J, Liang J, Hu Y, Zhang W, Liu H, You L, Zhang W, Gao M, Zhou J (2018) Exposure risk 
of local residents to copper near the largest flash copper smelter in China. Sci Total Environ 
630: 453–461

Zitoun R (2019) Copper speciation in different marine ecosystems around New Zealand. PhD 
Thesis Thesis, University of Otago, Dunedin, New Zealand

Zolfaghari G, Kargar M (2019) Nanofiltration and microfiltration for the removal of chromium, 
total dissolved solids, and sulfate from water. MethodsX 6: 549–557

7  Environmental and Health Effects of Heavy Metals and Their Treatment Methods

https://doi.org/apps.who.int/iris/handle/10665/272345

	Chapter 7: Environmental and Health Effects of Heavy Metals and Their Treatment Methods
	7.1 Introduction
	7.1.1 Chromium and Its Oxidation States
	7.1.2 Copper and Its Oxidation States

	7.2 Sources of Chromium and Copper
	7.2.1 Natural Sources
	7.2.2 Anthropogenic Sources

	7.3 Environmental Effects of Chromium and Copper
	7.4 Health Effects of Chromium and Copper
	7.5 Treatment Methods for Hexavalent Chromium and Copper Removal
	7.5.1 Physicochemical Methods
	7.5.1.1 Adsorption of Chromium and Copper
	7.5.1.2 Electrocoagulation-Based Chromium and Copper Removal
	7.5.1.3 Membrane Filtration-Based Chromium and Copper Removal
	7.5.1.4 Ion Exchange-Based Chromium and Copper Removal

	7.5.2 Bioremediation-Based Chromium and Copper Removal

	7.6 Conclusion
	References




