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Abstract

Environment of this planet is facing hazards from various pollutants, among
which heavy metal and radionuclide pollution is of great importance. This
pollution is a resultant of both geological and anthropogenic activities. Various
industrial and municipal solid wastes have been a major source of heavy metal
contamination in soil, water and also as atmospheric aerosols in air. Similarly,
radioactive wastes from nuclear plants and places where radioactive materials are
used (e.g., medical centers) are contributing to radionuclide pollution of the
environment. These contaminants are harmful for living beings and cause various
health hazards to them. Proper management of wastes from these sources is
required along with environment-friendly remedial techniques. Phytoremediation
has been used in this regard for many years. However, nowadays, novel biotech-
nological tools are used for achieving paths in bioremediation through
microorganisms. Microbes possess the ability to biotransform, biosorb, and
biomineralize these metals and radionuclides. Techniques are now being availed
to identify the microorganisms and study their biological functions in order to use
them in remediating these hazardous pollutants from the environment.
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1 Introduction

Environmental pollution is a global concern of this century. One of the major areas
of environmental pollution is the pollution caused by elements, which are now
categorized by researchers as “emerging contaminants” (Yu et al. 2014). This
pollution is mainly due to the presence of elements whose elimination results in
harm and destruction of the natural environment. Elemental pollution is primarily
due to anthropogenic activities involving rapid industrialization, advanced agricul-
tural practices, and improper waste disposal methods. These practices have led to the
increase in elemental concentration in the environment which can create immense
toxicological and adverse effects on living organisms (Wijnhoven et al. 2007).
Among the elemental pollution, heavy metals have emerged as a pollutant posing
grave concern for the planet. These heavy metals have the capacity to enter the
environment through high level single exposure and can also pose cumulative effect
through low and high level exposures. However, when present in the environment, it
can persist in its toxic form for a prolonged time period, causing ecological,
nutritional, and environmental problems (Das and Osborne 2018). Heavy metal
pollution comes from either natural or anthropogenic sources (Nagajyoti et al.
2010). But anthropogenic activities have resulted in heavy metal contamination in
large parts of the world. In India, several researchers have conducted detailed studies
on heavy metal contamination (Rajaganapathy et al. 2011; Paul 2017). Khan et al.
(2005) reported heavy metal contamination in the surroundings of Neyveli Lignite
Mines and associated industrial complex in Tamil Nadu. Similarly, Hejabi et al.
(2011) reported pollution due to heavy metals discharged from industrial effluents in
Kabini River of Karnataka. Similar to heavy metal pollution, another emerging
pollutant of this world is radionuclide contamination (Pravalie 2014; Szarlowicz
et al. 2019). Radionuclides are present in the environment from natural sources and
in today’s world majorly from anthropogenic sources. The advent of industrial
revolution in the early nineteenth century and discoveries regarding nuclear weapons
during World War II led to massive weapon production, experiments, and nuclear
power generations. These things contributed to the increase of radionuclides in the
environment (Hu et al. 2010). Both heavy metals and radionuclides pose detrimental
threats to the living organisms (Das and Osborne 2018). Thus, heavy metal and
radionuclide pollution is a worldwide phenomenon whose mitigation is of outmost
importance.

Conventional methods employed in industries have been used for these purposes.
Techniques like precipitation, oxidation, filtration, and adsorption have been used
for removal of heavy metals and radionuclides from the environment. However,
novel remedial technologies using organisms are being used. From conventional
phytoremediation to the new age genetically modified microorganisms, various new
approaches have been studied by the researchers in recent times. This chapter deals
with such emerging technologies employed in remediation of heavy metals and
radionuclides.
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2 Heavy Metals and Its Sources

The term heavy metal is referred to as a metal element having atomic density more
than 4 g/cm® imparting toxicity at low concentrations. These heavy metals (e.g.,
lead, cobalt, cadmium, iron, zinc, nickel, arsenic, manganese, chromium) naturally
occur mostly in dispersed state in rocks. Industrialization and increasing urbaniza-
tion of humans have resulted in their presence in the biosphere. Heavy metals are
found dispersed mainly in soils and aquatic bodies and in lesser proportions as
vapors or particulates in the atmosphere (Nagajyoti et al. 2010). Heavy metals are
toxic to plants depending on parameters like metal concentration, pH, etc. but also
are required by plants as essential elements. For example, metals like copper and
zinc play the role of cofactors and activators of enzyme reactions. They also exert
catalytic properties (e.g., prosthetic groups of metalloproteins). Besides these
functions, they also play active role in redox reactions, nucleic acid metabolism,
and electron transfer. However, metals like Cd, Hg, and As can also inhibit growth
and death of organisms by targeting the metal-sensitive enzymes in organism’s body
(Nagajyoti et al. 2010).

In general, heavy metals are categorized as trace elements which are nonessential
or class B and are highly toxic (e.g., nickel, mercury, lead). They accumulate and are
not easily metabolized or eliminated from organism’s body. These metals become a
part of the food chain and remain in the ecosystem (Nagajyoti et al. 2010).

As mentioned earlier, there are different sources which contribute to heavy metal
pollution in the environment. These can be broadly classified into:

(a) Natural sources.
(b) Anthropogenic sources.

2.1 Heavy Metals from Natural Sources

Heavy metals have their natural origin in the Earth’s crust and are present naturally
in the soil due to weathering. Thus, the geological parent rock is the primary source
of heavy metals whose composition and concentration vary throughout the planet
depending on the rock type and environmental conditions. In the soils, sedimentary
rocks act as a lesser source of heavy metals in comparison to igneous rocks
(Nagajyoti et al. 2010). Volcanoes, however, have considerable higher levels of
heavy metals (Pb, Mn, Ni, Al, Zn, etc.). According to a very early research reported
by Pacyna (1986), global emissions of various heavy metals are mainly from various
sources which include windblown dust, volcanic particles, forest wild fires, vegeta-
tion, and sea salt.
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2.2 Heavy Metals from Anthropogenic Sources

Various sources as a resultant of different anthropogenic activities contribute to the
increase of heavy metals in the environment which are accessible to living organism
at a level above their permissible limits. The various anthropogenic sources are
illustrated in Fig. 1.

Agricultural sources contribute immensely to heavy metal pollution. Fertilizers
both organic and inorganic serve as sources for heavy metal contamination. Fungi-
cide contains heavy metals like Cd, Cr, Ni, Pb, and Zn in variable proportions
(Nagajyoti et al. 2010). Pesticides like lead arsenate were used in Canada for six
decades in the orchards which resulted in soil contamination with heavy metals.
Again, Paul (2017) reported that the uncontrolled use of heavy metal-containing
pesticides and fertilizers in agricultural fields have resulted in groundwater and
surface water heavy metal contamination in India. It has even led to their presence
in drinking water. Animal manure and sewage sludge used in agriculture add heavy
metals like Mn, Zn, Cu, Cr, Pb, Ni, Cd, and Co in the soil. Liming process also
contributes to this contamination (Nagajyoti et al. 2010). Various pedogenic and
anthropogenic processes also lead to contamination of forest soils (Wuana and
Okieimen 2011).

Industrial sources of heavy metal contamination occur due to processes like
smelting, metal finishing and recycling, and transportation of ores. Mining processes
also release metals in the environment. Coal mines act as sources of Cd, As, and
Fe. Hg use in gold mines also results in Hg contamination (Lacerda 1997; Nagajyoti
et al. 2010; Rajaganapathy et al. 2011). Heavy metal contamination of soil and
aquatic bodies also occurs due to mine waste erosion, transportation of crude metals
and metal leaching in water bodies. Thermal power plants and coal mining also
contribute to these contamination processes.

Fossil fuel

Combustion
0 .

Heavy
metal

L w ﬁ waste

Disposal

Mining/
Metallurgical

Fig. 1 Various anthropogenic sources of heavy metal contamination (Nagajyoti et al. 2010; Wuana
and Okieimen 2011; Das and Osborne 2018)
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Domestic effluents, solid wastes, and untreated wastewater from industries also
contribute to this list. These liquid wastes primarily pollute the water bodies and also
contaminate soils.

Again, the application of various biosolids like municipal sewage sludge,
manures, and composts in soils contributes to heavy metal contamination. Airborne
sources of metal contamination are also prevalent. In industries, metals such as As,
Cd, and Pb volatilize during processing at very high temperature. These metals are
emitted as aerosols in the air from the stacks (Wuana and Okieimen 2011).

3 Heavy Metal Toxicity

Heavy metals are often required by plants and animals as trace elements (ppb range
to less than 10 ppm) depending upon multiple parameters. Some often play their role
in biochemical and physiological functioning. Being constituents of enzymes, they
take part in oxidation-reduction processes in the body. For example, copper takes
part as a cofactor in enzymes like peroxidases, cytochrome c oxidase, etc. It is also
present in enzymes required for hemoglobin formation. Paradoxically, its cycling
between C (II) and C (I) state makes it toxic to living organisms leading to diseases
like Wilson’s disease in human beings. Metals have often been found to interact with
cell components leading to the disruption of normal cellular activity. They can cause
DNA damage, changes in cellular confirmation, and even carcinogenicity
(Tchounwou et al. 2012). In Table 1, the toxicity imparted by heavy metals in living
organisms specially in human beings is given.

Table 1 Heavy metals, its anthropogenic sources, and toxicity in humans (Tchounwou et al. 2012;
Paul 2017; Sengupta et al. 2017)

Metals Sources (anthropogenic) Toxicity

Zinc Refineries, metal plating Anemia, skin problems

Nickel Batteries, electroplating Respiratory disorder, kidney problems,

gastrointestinal distress, dermatitis, cancer

Mercury Pesticide, mining, paper Respiratory disorder, neurological disorder,
industry kidney problems

Lead Paint, pesticide, thermal Anemia, neurological disorder, renal damage
power plants, mining

Copper Pesticide, mining, Gastric and neurological disorders
electroplating

Chromium | Mining, tannery, textile Respiratory disorder, cancer

Arsenic Pesticide, fungicide, smelting Neurological disorder, cardiovascular disease,

hematologic disorders, cancer
Cadmium Pesticides, fertilizer, nuclear Oxidative stress, cancer
power plants, batteries
Manganese | Fuels, welding Respiratory disease, neurological disorder,
Parkinson’s disease
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4 Methods of Heavy Metal Removal

Several methodologies have been adopted by researchers to successfully mitigate
heavy metals from soil and water. Among the conventional methods used in heavy
metal remediation, chemical precipitation is a widely used method in industries. In
this method, the chemicals (hydroxides and sulfides) formed precipitates, and the
metal ions were subsequently removed from the system. Furthermore, chemical
precipitation was combined with other methods (e.g., sulfide precipitation with
nanofiltration) for this purpose. Another approach that was used was heavy metal
chelation. Chelating agent like 1,3-benzenediamidoethanethiol (BDET?) dianion
was used to chelate out heavy metals. Then method like ion exchange was also
used having high treatment capacity and efficiency. Synthetic resins were used for
this purpose. Recent advancements led to technologies like membrane filtration. The
different types of this method include ultrafiltration, reverse osmosis, nanofiltration,
and electrodialysis. Again, adsorption of metals onto various adsorbents like
activated charcoal, clay, graphene oxide, carbon nanotube, rice husk, cellulose,
etc. is used effectively by researchers. However, using biological organisms for
this purpose has emerged as a green and sustainable route for this purpose. Plants,
animals like earthworms and microorganisms like bacteria, fungi, and algae are
being used for remediation purposes. Biomass of microorganisms, living or dead, is
being effectively used. Genetic engineering of these organisms is also being carried
out (Sengupta et al. 2017; Das and Osborne 2018). Various approaches adopted for
bioremediation of heavy metals are given in Fig. 2.

Conventional Heavy metal removal Advanced “omics”
approaches: _ technologies - approaches:
Reverse Osmosis, Metagenomics,
Electrodialysis, Metabolomics, Proteomics
Ultrafiltration, lon l
exchange, = =
Chemical Biological approaches
precipitation,
Coagulation l
Phytoremediation: Microbes: Vermiremediation
Phytoextraction, Endophytic and algal
Phytovolatilization, bacteria, bioremediation
Phytostabilization PGPR,
Actinobacteria,
Fungi

Fig. 2 Various heavy metal remediation approaches (Su et al. 2014; Das and Osborne 2018)
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5 Bioremediation of Heavy Metals

Bioremediation of heavy metals is a widely sustainable, green, and sought-after
method in today’s age. This technique employs organisms to breakdown hazardous
substances through biosorption, bioaccumulation, and biomineralization. The uses
of biomasses are studied to be more effective than living organisms in case of heavy
metal removal. Phytoremediation and use of earthworms are also some of the
techniques which could be deployed individually or through integrated approach
(Das and Osborne 2018).

5.1 Phytoremediation

Phytoremediation is one of the conventional bioremediation procedures, whereby
plants and their physiological processes are used for metal remediation purposes. In
nature, plants play the role of both accumulator and excluder of heavy metals. They
possess the ability to biodegrade or biotransform the heavy metals in their tissues in
inert forms. Whereas when plants exclude the heavy metals, they block the contain-
ment of the heavy metals in their tissues. The ion uptake mechanism through proton
pumps (i.e., ATPases) plays an interesting role in the uptake of heavy metals also.
This technique uses three processes, namely, phytoextraction, phytostabilization,
and phytovolatilization (Tangahu et al. 2011).

(a) Phytoextraction is the uptake of heavy metals by plant roots and their storage in
their biomass, e.g., Brassica juncea and Napier grass.

(b) Phytostabilization is another approach adopted by plants, whereby they immo-
bilize metals in their rhizosphere, e.g., giant reed and silver grass.

(c) Phytovolatilization employs volatilization of heavy metals like Hg and Se, e.g.,
canola and Indian mustard (Das and Osborne 2018; Tangahu et al. 2011).
There are various factors which affect the phytoremediation process in plants
like species of plant used, chemicals added as chelating agents in the soil,
properties of the medium (pH, fertilizer added), bioavailability of the concerned
heavy metal, root zone properties, and environmental conditions (Ginneken
et al. 2007;Tangahu et al. 2011).

However, phytoremediation technologies are in general cheap, aesthetic, and
eco-friendly methods for heavy metal containment, but as a method, it is time-
consuming and dependent on various external and environmental parameters.
Thus, researchers have been on the lookout of these remediation facilities by the
use of microorganisms as they are more effective and employ less hassle-free
technology.
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5.2 Bioremediation Using Microorganisms

Bioremediation technologies using microorganisms like bacteria, fungi, and algae
have been rapidly developed in recent times (Sengupta et al. 2017). In a recent
review, Yin et al. (2019) highlighted various strategies adopted by microorganism
for the effective remediation of heavy metals in the environment. They identified the
anthropogenic and natural processes/activities as the primary origin of heavy metals
in the environment emphasizing on the utility of bioremediation process to tackle the
challenges related to heavy metal deposition. In that respect, both living and dead
organisms have been used to get rid of the heavy metals. The straightforward and
inexpensive protocols along with high adsorption capacity and abundant choice of
the organisms have prompted the research to flourish at a faster rate than the other
methods.

Among the living choices, bacteria, fungi, and algae are the primary candidates
which are primarily considered for this remediation strategies. In case of bacteria,
primarily two types of mechanisms for heavy metal adsorption have been identified:
(1) through the functional groups (carboxyl, amino, phosphate, sulfate, etc.) on the
polysaccharide slime layers of bacteria (Yin et al. 2016; Yue et al. 2015) and (2) via
extracellular polymeric substances comprised of proteins, lipids, carbohydrates,
nucleic acids, etc. (Fang et al. 2010). Though, the first case is more prevalent in
the literature as exemplified by the recent reports of bioadsorption of Hg, Cr(VI)/Zn
(Il) by Pseudomonas aeruginosa (Yin et al. 2016) and Staphylococcus epidermidis
(Quiton et al. 2018)., \respectively. The second type of adsorption have also started
to emerge (Wang et al. 2014). After the bioadsorption, subsequent transport of the
heavy metal into bacterial cells and through the corresponding enzyme-dependent
metabolism pathways, the oxidation state of the metal is changed to a less toxic
oxidation state. Commonly, the uptake capacity of bacteria for the heavy metals falls
between 1 mg/g and 500 mg/g, depending on the types and concentration of the
metal as well as the types of bacteria used for the experiment.

In case of fungi, due to its ability to survive in heavy metal concentrations, they
have also been used in various cases for the successful bioadsorption of heavy metal.
Both functional groups (amine, carboxyl, etc.) and the ionizable sites (glucuronic
acid, chitin-chitosan complex, etc.) affect the adsorption capacity as well as the
affinity toward a particular heavy metal. For example, Termitomyces clypeatus
effectively absorbs Cr (VI) with the help of various functional groups like hydroxyl,
imidazole, carboxyl, etc. on the surface (L. Ramrakhiani et al. 2011). Saccharomyces
cerevisiae, the most common fungus, has been employed to effectively remove
copper, zinc, and cadmium at high-salt environment (Li et al. 2013:46-52). Algae
on the other hand adsorb heavy metal ions on different peptide which in turn protect
algae from heavy metal toxicity. For example, the green microalga Desmodesmus
sp. (Rungini et al. 2018) and Fucus vesiculosus (Demey et al. 2018) have been
shown to effectively remove Cu (II)/Ni (II) and Pb (II), respectively, with high
capacity.

The major part of nonliving microorganisms, which are routinely used for the
removal of heavy metal, primarily originates from biomass produced by debris of
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microorganisms. Though sounds promising due to the high abundance of biomass,
in order to achieve satisfactory remediation capability, they are often modified using
different techniques. While acid treatment allows to incorporate additional adsorp-
tion sites (Mao et al. 2013), the base treatment increases the adsorption capability by
increasing the surface negative charge for the electrostatic attraction between the
surface and the positively charged heavy metals (Yan and Viraraghavan 2000).
Apart from chemical treatments, thermal treatment (Mane et al. 2011) including
heating in the presence of oxygen/air/argon/nitrogen, autoclave methods, etc. is also
routinely used to alter the nature and the amount of surface functional groups which
allow better interaction between the surface and the metal leading to higher adsorp-
tion efficiency.

Based on the available reports where the bioadsorption mechanisms and the
strategies are clearly explained, it is well-understood that for detoxification, active
bioorganisms are preferred because of their potential to convert the toxic metal ion to
their corresponding nontoxic counterparts. However, in case the requirement is
aimed toward removal of heavy metal, biomass-based systems with modified surface
properties are more conducive. However, the protocols that are to be adopted for
different heavy metal adsorptions are essentially purpose-based, and any generaliza-
tion on this may lead to oversimplification of the complexity.

While uptake of heavy metal into microorganisms emerges as effective remedial
method mainly due to the active participation in various metabolic and enzymatic
processes, the overdose of the metal ion concentration can be detrimental for the
microorganisms leading to enzyme inhibition, damage of DNA and cell membranes,
etc. Also, in some cases, metals such as Hg and Pb can inherently be toxic for those
microorganisms. The related studies of such toxicological effects of such heavy
metals on the microorganisms have impacted significantly in microbial ecology
where adoptability of microbial stains in the presence of various heavy metal is
investigated (Huertas et al. 2014). In case of exposure, the microorganisms have
their own detoxification strategies which are mainly enzyme detoxification, trans-
portation of heavy metals, and sequestration of intacellular and extracellular
enzymes, by which they try to circumvent heavy metal overdose (Fig. 3). In fact,
thorough knowledge of the resistance mechanism of microorganisms in the presence
of heavy metal can potentially lead to their evolutionary background and their future
fate.

These informations and strategies shows the path for development of techniques
which uses these microorganisms for remedial measures and are truly the emerging
technologies of our times.

53 Emerging Microbial Bioremediation Technologies

In recent researches, heavy metal adsorption by microbial biosorbents is used. This
uptake is mainly done through the electrostatic interactions of the cell wall
components with the heavy metals. However, it is a non-metabolic process.
Whereas, accumulation of the metals occurs by the functional groups of the
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Fig. 3 Proposed detoxification pathways of microorganisms toward heavy metal ions.
(Reproduced with permission from Yin et al. 2019)

polysaccharides/chitin/cellulose present in the cell walls (Yin et al. 2019). Thus, it is
mainly an exchange process of the functional groups which makes these
microorganisms effective absorbents. In this regard, genetic engineering plays an
important role to improve and redesign the microorganisms having heavy metal
uptake and sequestering properties. Genetic engineering can engineer the selectivity
and also enhance the accumulative properties. Cell surface adsorption can be
genetically engineered by embedding functional group proteins on the anchoring
protein molecules on the cell surface. This cell surface engineering in bacterial cells
has been achieved successfully. Again, cysteine-rich peptides like glutathione,
phytochelatins, and metallothioneins have the ability to sequester metal ions. Genet-
ically modified bacterial cells with overexpression of these proteins are able to
absorb more metals. All these techniques can be used for better remediation of
metal contamination (Sengupta et al. 2017).

With the advent of modern bioinformatics tools, information of microbial
organisms and processes could be used more effectively. These information could
be gathered through different approaches like metagenomics. By definition,
metagenomics refers to the study of genetic material sampled directly from environ-
mental sources. In the current context, metagenomics has been proven to be utilized
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to assess the correlation between the genetic materials for the microbial community
and the potential of their remedial activity. This emergence of this field is majorly
attributed to the fact that it provides direct information about the microbial
communities irrespective of their culturability. Till date, two major classes of
metagenomics techniques have been adopted for better understanding of interaction
between the microorganisms and the foreign bodies/environment: (1) library-based
targeted metagenomics and (2) direct sequencing. In the first case, isolated DNA
from the environment is cloned inside a host (commonly Escherichia coli), followed
by the selection and isolation of clone of interest depending on either their functions
or their sequence homology to generate a metagenomic library. Despite the preva-
lence of Escherichia coli as a host, several other new strategies such as multiple
hosts, etc. are also being adopted to overcome the difficulties related to gene
expressions, toxicity, etc. In case of direct sequencing, the cloning step is omitted,
and the genetic components of microorganisms are directly studied for the structural
and functional information of the microbial communities as well their interaction
with environment. For example, 16S rRNA genes and marker genes have been
utilized for this approach. Recently, after the introduction of next-generation
sequencing (NGS), the growth in the field of metagenomic has been quite sharp
due to the possibility of parallel sequencing of genetic materials. All these
approaches coupled with newer technological inventions are expected to help to
identify the missing links of the complete picture of bioremediation process. This
work has been carried out on various microbial species (e.g., Lysinibacillus sp. and
Rhodococcus sp. for removal of Pb, Mn, and Cu). Similarly, metabolomics and
proteomics approach designed to identify various chemical compounds, proteins,
and metabolic pathways in remediation studies helps in investigating remedial
studies. This information could be stored and used effectively for bioremediations
of heavy metals in the future (Das and Osborne 2018).

6 Radioactive Elements and Its Sources

Radioactivity is a natural phenomenon present in the planet Earth. Radionuclides are
found in the environment being present in air, water, soil, and living organisms. The
natural radionuclides may be classified into three categories, based on their source:

(a) Primordial radioisotopes have presented since the Earth was originated, nearly
4.6 x 10° years ago.

(b) The second classes are produced from nuclear reactions, and its constituents are
present in air or on the upper layer of this Earth.

(c) Third category includes the radioactive elements coming from different radio-
active decay series, i.e., uranium-radium series (containing 226Ra, 2*’Rn, 2'®po,
2l4py, 214Bi, 2l4pg, 2wa), uranium-actinium series (including 231Th, 2?7 Ac,
223Ra, 215Po, 211Bi, 207Pb), and thorium series (such as 228Ra, 228Ac, 228Th,
229Rn, 21?Pb, 212Bi, 2°®T1) (Isaksson and Raaf 2016).
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However, over the recent years, various anthropogenic activities have contributed
largely to the increase of the amount of radionuclides in the environment and their
exposure to living organisms. Different industrial processes like metal mining,
mineral sands, activity associated with coal industry, etc. can give rise to drastically
increased radiation exposures especially to naturally occurring radioactive material
(NORM) (Szarlowicz et al. 2019). Another reason for exposure to radioactive
elements is due to the commencement of the so-called atomic age which was a
result of the experiments of mankind with nuclear weapons.

Various studies have been conducted regarding the presence of radioactive
elements in the environment. There are reports on efforts being carried out to
study the spatial boundary of highly radioactive sites of our planet and to note its
exposure on human beings. (Pravalie 2014). Researchers have reported studies
regarding the effects of radionuclides on living organisms especially on humans
where the source of radioactivity is anthropogenic. Likewise, analyses have been
carried out to correlate the incidence rate of the enhancement of thyroid cancer and
the rate of the presence of radioactive isotope (**'T) at heavily contaminated nuclear
testing sites of Nevada, USA. Radionuclide pollution was reported due to hydrogen
bomb testing in Marshall Islands in the United States on the Bikini Atoll in 1954 (the
Castle Bravo test) and also due to the radioactive experiments conducted in the
Novaya Zemlya archipelago in the United States of Soviet Russia in 1961 (the Tsar
test) (Goodby 2005). It was reported that most of the airborne fission products had
been released through hydrogen bomb, vented and leaked over a great time span.
Therefore, highly volatile fission outcomes like 129Te, 131I, 136Cs, etc. were released
into the atmosphere. These radioisotopes were also moved together with different air
particles, and its subsequent wet and dry accumulation caused their clustering on the
surface of the Earth. Radionuclides (iodine, caesium, and strontium), which yielded
huge fission products, delivered a greater risk for inner radiation exposure through
intake of contaminated farming products (Kinoshitaa et al. 2011).

Naturally occurring radionuclides are present either in their cosmogenic or
terrestrial form in our surroundings. The major radioisotopes generated through
the reaction of different gases with cosmic rays are basically Y, 7198, “C, 26Al,
and *°Ar. The rocks, minerals, and also soil carry NORM which has been
characterized by their greater half-life time spans (ATSDR 1999). The most potential
terrestrial radionuclides are 2**U and 2*?Th decline series, with “°K. ?*Ra, 2*>’Th,
and “°K are mainly responsible for soil activity (UNSCEAR 2000). The term
radioactive contamination defines the presence of unwanted or undesirable radioac-
tive materials on the upper layer of soil or within solid particles, liquid substances,
and different gaseous materials and also in several biotas (IAEA 2007). The source
of any kind of NORM is associated with the generation of this planet. In other
context, different anthropogenic activities regarding the designing of nuclear energy
and its several usages have become significant source of radioactive pollution
(Smi¢iklas and Sljivié-Ivanovié¢ 2016). Since the last century, radioactive isotopes
have seemed through the discharge of anthropogenic radionuclides causing ionizing
radiation one of the crucial environmental factors (Aleksakhin 2009). Each and
every organism on the Earth is frequently exposed to natural ionizing radiation
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called background radiation. Origins of this type of radiation include cosmic rays
coming from the Sun and stars, NORM found in rocks as well as in soil,
radionuclides into animal tissues, and the products of radon, which are basically
inhaled. Human beings are also exposed to background radiation from different
anthropogenic activities, mainly through medical processes such as X-ray
diagnostics. Therapy associated with radiation is normally focused only to the
damaged tissues (Hazra 2018). Concern for radioactive contamination is enhanced
by the invention of artificial radioactivity, deigning of nuclear weapons, and devel-
opment of different nuclear reactors for producing electricity. Radioactive pollution
coming from both common nuclear approaches and defense-associated nuclear
activities poses an alarming problem for protecting and sustaining our environment
for both present and future generations (Hazra 2018).

The radioactivity of soils relies not only on man-made activities. Soils and other
naturally found objects carry NORM, and their presence is known as natural
radioactivity. The natural radionuclides can be of different origins; its major sources
are global fallouts of technogenic radionuclides due to greater radiation experiments
and nuclear accidents with discharge of technogenic radionuclides into the environ-
ment. Special focus is imparted to the removal of technogenic radionuclides and
their intake through soil-plant cover from the enterprises with nuclear fuel recycling
plants. The soil-plant cover adjacent to nuclear contaminant disposal sites is
subjected to radioactive pollution (Aleksakhin 2009). Some of the nuclear accidents
resulted in the radioactive pollution of considerable areas (Aleksakhin et al. 2001). In
1986, after the most dangerous nuclear accident in Chernobyl, total area impacted by
the radioactive contamination (with the degree of '*’Cs contamination above 1 Ci/
km?) was nearly 195,000 km? (Izrael et al. 1990, 1994). The Kyshtym accident in
1957 ensued in the generation of the East-Ural radioactive footprint (the level of the
radioactivity with °’Sr above 2 Ci/km?) on the domain of approximately 23,000 km?.,
Different mineral fertilizers and some agrochemical modifiers can become sources of
several radioactive elements of the soil. Lower radioactive pollution can also happen
when different phosphoric fertilizers and phosphogypsum containing ***U, ***Th,
and their fallouts are used (Aleksakhin 2009).

7 Toxicological Effects of Radionuclide Pollution

Most of the radioactive elements did not exist naturally. Radioactive contamination
has become a critical issue since nuclear bombs and reactors have been developed
(Walker and Don 2013). Radionuclides have also been found in different types of
seafood in India, variety of foods in the Balkans, and food as well as drinking water
in Switzerland (Khan and Wesley 201 1; Carvalho and Oliveira 2010; Brennwald and
Dorp 2009). Risk assessments are carried out to ascertain that degree remains within
permissible levels (Thompson and Darwish 2019). Moreover, several experimental
approaches are undertaken to measure safety in ingestion pathways analyzing
different food uptakes (Prohl et al. 2005). Radionuclide substances have many
negative impacts on individual living creatures as well as whole ecosystems.
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Radionuclide and their compounds contain double toxicity—chemical toxicity and
toxicity induced by radioactive elements (known as radiotoxicity). Although the
occurrence of radioactive pollution is relatively rare, it requires more attention
because of utmost degrading effects of radioactive isotopes on different living
cells (Smiciklas and Sljivié-Ivanovié 2016). The degree of the detrimental effects
of radioactive contamination depends on absorbed nuclear energy, permeable capa-
bility of radioactive ions, time period of exposure, as well as reproducibility of cells
(ATSDR 1999). Exposure to radionuclides or ionizing radiation induces
severe health effects including nausea, vomiting, headaches, etc. With more expo-
sure, the victim may also suffer different physical abnormalities such as diarrhea,
dizziness, disorientation, fatigue, fever, hair loss, weakness, low blood pressure, and
eventually death. Fetuses are basically susceptible to the effects of radioactivity at
the cellular level, which can ensue smaller brain formation, poorly developed eyes,
retard growth, and mental problems (Bogutskaya et al. 2011; Al-Zoughool and
Krewski 2009). Several contemporary literatures reported that long-term exposure
to radioisotopes results in an elevated risk of leucopenia, leukemia, and genetic
distortion which can cause lethal health issues that can be transferred into the next
generation (Mohner et al. 2006). Radioactive isotopes present in aquatic system are
components of uranium, thorium, and actinium radioactive series and also include
radium and radon. These radioactive isotopes may cause many biological alterations
(Bonavigo et al. 2009).

Uranium is an alpha-emitting, radioactive element that appears naturally in
almost all rocks and soils. Uranium has its own carcinogenic property, and it also
has the negative toxicological impact on kidneys. The main target organ of this
radionuclide is the kidney. Most of the kidney damage reports have been found after
inhaling or insertion of uranium compounds into the living body. On the other hand,
kidney problems have not been consistently seen in militaries having radioactive
metal fragments in their bodies for many years. Insertion of dissolved uranium
compounds will mostly participate in kidney damage than following exposure to
insoluble uranium. Persons who inhaled uranium hexafluoride have suffered with
respiratory irritation as well as accumulation of fluid in the lungs. Adverse effects of
uranium on the functioning of kidneys were previously reported including
alterations in renal metabolism of xenobiotics (Souidi et al. 2005), homeostasis
effect on vitamin D (Tissandié et al. 2007) and iron homeostasis (Berradi et al.
2008). More iron aggregation, apoptosis in the tubulointerstitial region, and oxida-
tive stress influenced by uranium were also documented (Taulan et al. 2004). Renal
tissue disruption was also reported mostly in the cortical part (Canu et al. 2011).
Uranium increases blocking of osteoblastic activity, yielding decreased bone vol-
ume, and healing interference. In vitro studies revealed that uranium influences
instability in genomes and neoplastic conversion in osteoblasts (Canu et al. 2011).
This radioisotope alters oxidative metabolism and decreases bone structures (Tasat
et al. 2007). According to Prat et al. (2010), uranium modifies the expression of the
gene for a biomarker of bone resorption, osteopontin.

Ra stored in bones can cause different types of bone abnormalities and even
cancers. Many contemporary researches investigated that radium has many
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detrimental effects on bone tissues (Canu et al. 2011). Both radioisotopes “*°Ra and
228Ra rapidly enhance modifications in bone formation and hematopoiesis. Almost
in all species bone sarcomas and leukemias were also reported after ***Ra ingestion.

8 Conventional Methods for Removal of Radionuclide

Various conventional remedial technologies are available for removal of radioactive
wastes (Fig. 4). Chemical-reducing agents can be introduced into radioactive
contaminated soil or unconfined aquifers to form a subsurface blocker to trap or
completely ruin target contaminants. Then water having associated by-products and
other remaining reagents is pumped back out. The treatment barrier is a region of
suitable redox potential. The aim is to efficiently convert dissolved metals and
radionuclides to less soluble structures and to advance the demolition of organic
compounds like chlorinated hydrocarbons. This advanced technology permits in situ
treatment of groundwater pollutants and avoids disposal expenditure as
radionuclides are immobilized in place. The techniques available for treating aque-
ous radioactive contaminants are generally chemical precipitation, evaporation, ion
exchange, reverse osmosis, sorption, ultrafiltration, etc. Sedimentation, decantation,
filtration, centrifugation, etc. are techniques applied mainly to remove the effluent
wastes, insoluble particles, and other miscellaneous debris (Abdel et al. 2011; IAEA
2001).

Chemical precipitation are mainly applied for eliminating radionuclides from
aqueous radioactive contaminants at fuel recycling facilities, different research
centers, and power plants. Precipitation techniques are highly versatile and inexpen-
sive, and it can cover a broad range of concentrations of liquid effluents. However, in
order to improve the precipitation process, pretreatment steps like oxidation of
organic contaminants, degradation of different composites, and alteration of pH
and valence state should be carried out prior to the precipitation. Radioactive wastes
can also be dispatched using coprecipitation or adsorption (Valdovinos et al. 2014;
TAEA 2001).

Liquids (aqueous): Chemical precipitation, lon exchange sorption, Evaporation

Solids t Solids (non-
(compactable): . . compactable):
Incineration, - Treatment of radioactive wastes ‘ Decontamination,
compaction l Crushing

Liquids (organics): Distillation, Incineration, Wet oxidation

Fig. 4 Classification of different technologies applied to radioactive contaminants (Valdovinos
et al. 2014)
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Ion exchange process has broad use in order to dislodge soluble radioactive
compounds fromliquid solutions generated from nuclear operations, radionuclide
formation, and other research activities. It can significantly convert large proportions
of radioactive substances into a trace amount of solid substance. Ion exchange
technique exchanges positively or negatively charged ions in between solid matrices
having ionizable groups and liquid system. Thus, ion exchangers may be reproduced
and recovered with its high activity. If exchangers were completely utilized, they are
mostly removed and treated as radioactive wastes (Valdovinos et al. 2014).

Varieties of substances are available for the ion exchange technology—(1) ion
exchanges such as cellulose, collagen, clays, etc. and (2) synthetic materials like
zeolites and oxides containing ionic groups—which has applicability in both contin-
uous and batch systems. When high concentration of radionuclides are present, the
water is pretreated before ion exchange process (IAEA 2001).

Evaporation is a potential approach for hazardous materials like radionuclide
removal from different liquid wastes. This process is utilized for treatment of
different levels of waste effluents. It may be conducted by the application of
commercially available evaporation instrument (IAEA 2001).

Again, incineration is also used for removal of radioactive wastes (solid and
liquid). This process burns contaminated substances at very high temperatures,
producing gases like carbon dioxide, water vapor, sulfur dioxide, nitric oxide, and
hydrogen chloride gases as end products of incineration procedure (Valdovinos et al.
2014).

Again, wet oxidation methods require insertion of chemicals which act as
oxidizing sources to damage the contaminated compounds containing the radioac-
tive wastes. In comparison to incineration, this method is economical as energy
requirement is less (Chang 2001).

Distillation technology can reduce radionuclide volume of pretreating liquid
solution and different solvent wastes in conventional equipment. This procedure is
easy, well-known, and inexpensive as the valuable solvent is reused. The remaining
part could be trapped and then destroyed by incineration (IAEA 2001).

Compaction is a process by which the volume of radioactive waste materials can
be reduced and condensed and acts as a processing technique before further remedial
measures can be used (Valdovinos et al. 2014; IAEA 2001).

9 Bioremediation Techniques for Removal of Radionuclide

Microbial bioremediation may be a lucrative alternative to excavate different types
of contaminated soil. Biological strategies take facility of natural organisms like
bacteria, algae, fungi, and plants to demolish or eliminate pollutants or to mineralize
metallic pollutants and its associated radioactive elements, thus trapping them in a
specific boundary. Microbes like Rhodanobacter sp., Desulfuromusa ferrireducens,
etc. were reported to be capable to eliminate these contaminants (Green et al. 2012;
Amachi et al. 2010). The interaction of bacteria induces solubility of modified
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radionuclides with addition or elimination of electrons, thus raising the motility of
the radioactive pollutants and allowing it to be quickly irrigated from our surround-
ings (Amachi et al. 2010). Thus, microorganism-assisted biotransformation delivers
the chances for bioremediation of radionuclides in this Earth, either to trap them in a
particular place or to induce their removal. The bioremedial approaches for radioac-
tive materials rely on the active metabolizing efficiencies of different types of
microbial cells. Radionuclides may be solubilized by enzymatic oxidation-reduction
reaction, alteration in pH and electronic activity, sorption by biomass, degradation of
radionuclides using microbes, etc. (Hegazy and Emam 2011; Law et al. 2010;
Holker et al. 2002). Activity of radionuclide-degrading microorganisms is highly
induced by electron transfer mechanism, several nutrients, and different environ-
mental factors.

Microbial degradation is basically employed to eliminate radioactive contamina-
tion from soil surface and also from groundwater where the other organic
compounds are operating as chelating agents which influence contaminant move-
ment (Gerber and Fayer 1994; CBCEC 1994). Demolition of the organic compounds
assists to decrease rate of transportation which gives the time for radioactive
contaminants to decay to harmless levels. Basically native or inoculated microbial
species degrade organic pollutants in soil as well as groundwater under optimized
either aerobic or anaerobic parameters. The in situ bioremediation of soil generally
includes the percolation or insertion of uncontaminated water combined with
nutrients and filled with dissolved oxygen. In different cases, microbial species
and a source of oxygen are also injected. Many national initiative programs have
begun for many years in order to study the bioremediation by microorganisms
through noninvasive techniques to remove radioactive contamination. Bioremedia-
tion strategies require comparatively inexpensive, low-technology methods and
produce very few or no residual waste, which normally have greater level of
commercial acceptance (Lloyd and Renshaw 2005). Compared with different other
more invading conventional approaches (IAEA 2004), biodegradation may offer a
low-cost route for removing radionuclide from polluted soil and water. The conven-
tional remediation approaches are expensive and cause ecological disturbances
along with having other limitations. This has resulted in bioremediation becom-
ing the most sought-after approach for radioactive waste removal. Microorganisms
including Deinococcus, Geobacter, Serratia, Kineococcus radiotolerans,
Hymenobacter metalli etc. are effective in removal of radioactive waste containing
higher level of radionuclides (Roh et al. 2015).

The efficient bioremediation of radioactive contaminants depends on a complex
interaction of biological, chemical, and physical procedures. Different types of
mechanisms including oxidation, reduction, precipitation, sorption, etc. can influ-
ence the toxicity and transfer of radioisotopes in biogeochemical systems (IAEA
2004). Uranium (VI) and technetium (VII) have been reported to be prone to various
microbial enzyme actions. The oxidized form of U and Tc is soluble in water, while
the reduced ones are not. Thus, enzymatic reduction as mentioned in Fig. 5 is a
possible approach for detection and removal of these from groundwater.
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Electron oxidation
U (VI), Tc (V)
More toxic, motile and soluble

Microbial
Cell

Reduction

U (IV), Te (IV)
Less toxic, non-motile and insoluble
U (Iv), Te (IV)
Electron oxidation Fe (lll), sulphate ion Less toxic, non-motile

and insoluble

Microbial Oxidation | Reduction

Cell

Fe (Il), H,S U (vI), Te (Vi)
More toxic, motile
and soluble

Fig. 5 Microbial approaches of dissolved radioactive (more toxic) metals into insoluble and less
hazardous species (Roh et al. 2015)

Moreover, “indirect” methods of reduction can be essential in the immobilization
of Tc (VII) as deposits, while the microbially reduced Fe (I) is able to transmit the
electrons expeditiously to Tc (VII). Lovely and co-workers first reported that Fe
(IIl)-reducing bacterial species Geobacter metallireducens and Shewanella
oneidensis can be capable of acquiring energy for anaerobic growth by this reduction
process. Other microorganisms such as Clostridium sp., Desulfovibrio
desulfuricans, and Desulfovibrio vulgaris are also able to do this reduction process
but cannot utilize this energy for growth purposes. The first reported microbial
species in which enzyme system is accountable for U (VI) reduction was
Desulfovibrio vulgaris. Payne and co-workers (2001) utilized cytochrome ¢3 mutant
of the close relative Desulfovibrio desulfuricans G20 to affirm the function for this
electron transfer protein in Hj-dependent reduction process of U (VI), but the
electron donation pathway bypassed the use of cytochrome. It was suggested that
c-type cytochromes in outer surface of Geobacter sulfurreducens might be respon-
sible in U (VI) reduction, but it has now been reported efficient U (VI) reduction can
take place at surfaces of electricity conducting pili or microbial nanowires. Orellana
described that wild-type species did not precipitate uranium along pili as discussed
in earlier studies but that U(IV) was precipitated at the outer layer of bacterial cells.
These outcomes are consistent with earlier findings that have reported that
Geobacter sulfurreducens does not need pili for reducing the extracellular electron
acceptors but surface c-type cytochromes for this purpose. Shewanella oneidensis
MR-1 has 42 putative c-type cytochromes which are necessary for reduction of metal
(Roh et al. 2015).
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10 Conclusions

Heavy metals and radionuclides are the emerging contaminants of today’s world
having highly toxic effect on living organisms including human beings. Though
natural sources contribute to this contamination, exposure to heavy metals and
radionuclides has increased considerably due to anthropogenic activities. We
urgently need to curb these activities in order to save mankind from these harmful
effects and also work toward removal of the existing contaminants as heavy metal
and radionuclides are generally cannot be removed from the environment easily.
They can be converted to a lesser toxic form, or contained in remedial organisms like
plants and microbes or utilized by microorganisms in their metabolic activities.
Modern biotechnological tools of genetic engineering are used nowadays to enhance
the remedial properties of the microorganisms. Studies on various microbes and their
pathways on one hand will lead to better research on better removal strategies, and
also using bioinformatics tools will assist in storing of this information and using
them accurately. The use of bioremedial measures over the previously used conven-
tional ones will surely be the path forward in achieving a green, sustainable route for
removal/containment of heavy metal and radionuclides from the environment and
saving the living organisms from their exposure.

References

Abdel RO, Rahman HA, Hung YT (2011) Liquid radioactive wastes treatment: a review. Water
3:551-565

Aleksakhin RM (2009) Radioactive contamination as a type of soil degradation. Eurasian Soil Sci
42:1386-1396

Aleksakhin RM, Buldakov LA, Gubanov VA (2001) In: II’in LA, Gubanov VA (eds) Large
radiation accidents: consequences and control measures. 1zdAT, Moscow, p 752

Al-Zoughool M, Krewski D (2009) Health effects of radon: a review of the literature. Int J Radiat
Biol 85:57-69

Amachi S, Minami K, Miyasaka I, Fukunaga S (2010) Ability of anaerobic microorganisms to
associate with iodine: 1251 tracer experiments using laboratory strains and enriched microbial
communities from subsurface formation water. Chemosphere 79:349-354

ATSDR (Agency for Toxic Substances and Disease Registry) (1999) Toxicological profile for
ionizing radiation. ATSDR, Atlanta, p 438

Berradi H, Bertho JM, Dudoignon N, Mazur A, Grandcolas L, Baudelin C (2008) Renal anemia
induced by chronic ingestion of depleted uranium in rats. Toxicol Sci 103(2):397-408

Bogutskaya NG, Zuykov MA, Naseka AM, Anderson EB (2011) Normal axial skeleton structure in
common roach Rutilus rutilus (Actinopterygii: Cyprinidae) and malformations due to radiation
contamination in the area of the Mayak (Chelyabinsk Province, Russia) nuclear plant. J Fish
Biol 79:991-1016

Bonavigo L, Zucchetti M, Mankolli H (2009) Water radioactive pollution and related environmen-
tal aspects. J Int Environ Appl Sci 4(3):357-363

Brennwald MS, Dorp FV (2009) Radiological risk assessment and biosphere modelling for
radioactive waste disposal in Switzerland. J Environ Radioact 100(12):1058-1061

California Base Closure Environmental Committee (1994) Treatment technologies applications
matrix for base closure activities, Rev 1. Technology Matching Process Action Team,
November 1994



42 S. Sengupta et al.

Canu IG, Laurent O, Pires N, Laurier D, Dublineau I (2011) Health effects of naturally radioactive
water ingestion: the need for enhanced studies. Environ Health Perspect 119(12):1676-1680

Carvalho FP, Oliveira JM (2010) Uranium isotopes in the Balkan’s environment and foods
following the use of depleted uranium in the war. Environ Int 36(4):352-360

Chang HO (2001) Hazardous and radioactive waste treatment technologies handbook. CRP Press,
Boca Raton

Das A, Osborne JW (2018) Bioremediation of heavy metals. In: Environmental chemistry for a
sustainable world 11. Springer, New York, p 9

Demey H, Vincent T, Guibal E (2018) A novel algal-based sorbent for heavy metal removal. Chem
Eng J 332:582-595

Fang L, Huang Q, Wei X, Liang W, Rong X, Chen W, Cai P (2010) Microcalorimetric and
potentiometric titration studies on the adsorption of copper by extracellular polymeric
substances (EPS), minerals and their composites. Bioresour Technol 101:5774-5779

Gerber MA, Fayer MJ (1994) In situ remediation integrated program evaluation and assessment of
containment technology. US DOE, Report

Ginneken LV, Meers E, Guisson R (2007) Phytoremediation for heavy metal-contaminated soils
combined with bioenergy production. J Environ Eng Landsc Manag 15(4):227-236

Goodby J (2005) The limited test ban negotiations, 1954-63: how a negotiator viewed the
proceedings. Int Negot 10:381-404

Green SJ, Prakash O, Jasrotia P, Overholt WA, Cardenas E, Hubbard D (2012) Denitrifying bacteria
from the genus Rhodanobacter dominate bacterial communities in the highly contaminated
subsurface of a nuclear legacy waste site. Appl Environ Microbiol 78:1039-1047

Hazra G (2018) Radioactive pollution: an overview. Holist Approach Environ 8(2):48-65

Hegazy AK, Emam MH (2011) Accumulation and soil-to-plant transfer of radionuclides in the Nile
Delta coastal black sand habitats. Int J Phytoremediation 13:140-155

Hejabi AT, Basavarajappa HT, Karbassi AR, Monavari SM (2011) Heavy metal pollution in water
and sediments in the Kabini River, Karnataka, India. Environ Monit Assess 182:1-13

Holker U, Schmiers H, Grosse S, Winkelhofer M, Polsakiewicz M, Ludwig S (2002) Solubilization
of low-rank coal by Trichoderma atroviride: evidence for the involvement of hydrolytic and
oxidative enzymes by using 14C-labelled lignite. J Ind Microbiol Biotechnol 28:207-212

Hu QH, Weng JQ, Wang JS (2010) Sources of anthropogenic radionuclides in the environment: a
review. J Environ Radioact 101:426-437

Huertas MJ, Lopez-Maury L, Giner-Lamia J, Sanchez-Riego AM, Florencio FJ (2014) Metals in
cyanobacteria: analysis of the copper, nickel, cobalt and arsenic homeostasis mechanisms. Life
4:865-886

IAEA (International Atomic Energy Agency) (2001) Handling and processing of radioactive waste
from nuclear applications. Technical reports series no. 402. IAEA, Vienna

IAEA (International Atomic Energy Agency) (2004) IAEA safety glossary-terminology used in
nuclear safety and radiation protection. IAEA, Vienna

IAEA (International Atomic Energy Agency) (2007) IAEA safety glossary-terminology used in
nuclear safety and radiation protection. IAEA, Vienna, p 227

Isaksson M, Raaf CL (2016) Environmental radioactivity and emergency preparedness. CRC Press
Taylor and Francis, Boca Raton

Izrael YA, Vakulovskii SM, Vetrov VA (1990) Chernobyl: radioactive contamination of natural
media. Gidrometeoizdat, Leningrad, p 296

Izrael YA, Kvasnikova EV, Nazarov IM, Fridman SD (1994) Global and regional radioactive
Cs-137 pollution in the European part of the former USSR. Meteorol Gidrol 5:5-9

Khan MF, Wesley SG (2011) Assessment of health safety from ingestion of natural radionuclides in
seafoods from a tropical coast, India. Mar Pollut Bull 62(2):399-404

Khan R, Israili SH, Ahmad H, Mohan A (2005) Heavy metal pollution assessment in surface water
bodies and its suitability for irrigation around the Neyveli lignite mines and associated industrial
complex, Tamil Nadu, India. Mine Water Environ 24:155-161



New Bioremediation Technologies to Remove Heavy Metals and Radionuclides 43

Kinoshitaa N, Suekia K, Sasaa K, Kitagawaa J, Ikarashia S, Nishimuraa T, Wonga Y, Satoua Y,
Handaa K, Takahashia T, Satob M, Yamagatab T (2011) Assessment of individual radionuclide
distributions from the Fukushima nuclear accident covering central-East Japan. PNAS 108
(49):19526-19529

Lacerda LD (1997) Global mercury emissions from gold and silver mining. Water Air Soil
Pollution 97:209-221

Law GT, Geissler A, Lloyd JR, Livens FR, Boothman C, Begg JD (2010) Geomicrobiological
redox cycling of the transuranic element neptunium. Environ Sci Technol 44:8924-8929

LiC, Xu Y, Wei J, Dong X, Wang D, Liu B (2013) Effect of NaCl on the heavy metal tolerance and
bioaccumulation of Zygosaccharomyces rouxii and Saccharomyces cerevisiae. Chem Eng J
171:1060-1068

Lloyd JR, Renshaw JC (2005) Bioremediation of radioactive waste: radionuclide-microbe
interactions in laboratory and field-scale studies. Curr Opin Biotechnol 16:254

Mane P, Bhosle A, Jangam C, Vishwakarma C (2011) Bioadsorption of selenium by pretreated
algal biomass. Adv Appl Sci Res 2:202-207

Mao J, Won SW, Yun Y-S (2013) Development of poly (acrylic acid)-modified bacterial biomass as
a high-performance biosorbent for removal of Cd (I) from aqueous solution. Ind Eng Chem Res
52:6446-6452

Mohner M, Lindtner M, Otten H, Gille HG (2006) Leukemia and exposure to ionizing radiation
among German uranium miners. Am J Ind Med 49:238-248

Nagajyoti PC, Lee KD, Sreekanth TVM (2010) Heavy metals, occurrence and toxicity for plants: a
review. Environ Chem Lett 8:199-216

Pacyna JM (1986) Atmospheric trace elements from natural and anthropogenic sources. Toxic Met
Atmos 17:33-52

Paul D (2017) Research on heavy metal pollution of river Ganga: a review. Ann Agrar Sci
15:278-286

Payne TE, Edis R, Fenton BR, Waite TD (2001) Comparison of laboratory uranium sorption data
with ‘in situ distribution coefficients’ at the Koongarra uranium deposit, Northern Australia. J
Environ Radioact 57(1):35-55

Prat O, Berenguer F, Steinmetz G, Ruat S, Sage N, Quemeneur E (2010) Alterations in gene
expression in cultured human cells after acute exposure to uranium salt: involvement of a
mineralization regulator. Toxicol In Vitro 24(1):160-168

Pravalie R (2014) Nuclear weapons tests and environmental consequences: a global perspective.
Ambio 43:729-744

Prohl G, Olyslaegers G, Kanyar B (2005) Development and comparison of five site-specific
biosphere models for safety assessment of radioactive waste disposal. J Radiol Prot 25
(4):343-373

Quiton KG, Doma B Jr, Futalan CM, Wan M-W (2018) Removal of chromium (VI) and zinc
(II) from aqueous solution using kaolin-supported bacterial biofilms of Gram-negative E. coli
and Gram-positive Staphylococcus epidermidis. Sustain Environ Res 28:206-213

Rajaganapathy V, Xavier F, Sreekumar D, Mandal PK (2011) Heavy metal contamination in soil,
water and fodder and their presence in livestock and products: a review. J Environ Sci Technol 4
(3):234-249

Ramrakhiani L, Majumdar R, Khowala S (2011) Removal of hexavalent chromium by heat
inactivated fungal biomass of Termitomyces clypeatus: surface characterization and mechanism
of biosorption. Chem Eng J 171:1060-1068

Roh C, Kang C, Jonathan RL (2015) Microbial bioremediation processes for radioactive waste.
Korean J Chem Eng 32(9):1720-1726

Rungini L, Costa G, Congestri R, Antonaroli S, di Toppi LS, Bruno L (2018) Phosphorus and metal
removal combined with lipid production by the green microalga Desmodesmus sp.: an
integrated approach. Plant Physiol Biochem 125:45-51

Sengupta S, Das P, Mukhopadhyay A, Datta S (2017) Microbial biosorption and improved/
genetically modified biosorbents for toxic metal removal and thermodynamics. In: Das S,



44 S. Sengupta et al.

Dash HR (eds) Handbook of metal-microbe interactions and bioremediation. CRC Press,
pp 267-280. Chapter 16. https://doi.org/10.1201/9781315153353

Smiciklas I, Sljivic’-lvanovic’ M (2016) Radioactive contamination of the soil: assessments of
pollutants mobility with implication to remediation strategies. In: Soil contamination-current
consequences and further solutions, vol 13. InTechOpen, London

Souidi M, Gueguen Y, Linard C, Dudoignon N, Grison S, Baudelin C (2005) In vivo effects of
chronic contamination with depleted uranium on CYP3A and associated nuclear receptors PXR
and CAR in the rat. Toxicology 214(1-2):113-122

Su C, Jiang LQ, Zhang WJ (2014) A review on heavy metal contamination in the soil worldwide:
situation, impact and remediation techniques. Environ Skeptics Crit 3(2):24-38

Szarlowicz K, Stobinski M, Hamerlik L, Bitusik P (2019) Origin and behavior of radionuclides in
sediment core: a case study of the sediments collected from man-made reservoirs located in the
past mining region in Central Slovakia. Environ Sci Pollut Res 26:7115-7122

Tangahu BV, Abdullah SRS, Basri H, Idris M, Anuar N, Mukhlisin M (2011) A review on heavy
metals (As, Pb, and Hg) uptake by plants through phytoremediation. Int J Chem Eng
2011:939161

Tasat DR, Orona NS, Mandalunis PM, Cabrini RL, Ubios AM (2007) Ultrastructural and metabolic
changes in osteoblasts exposed to uranyl nitrate. Arch Toxicol 81:319-326

Taulan M, Paquet F, Maubert C, Delissen O, Demaille J, Romey MC (2004) Renal toxicogenomic
response to chronic uranyl nitrate insult in mice. Environ Health Perspect 112:1628-1635

Tchounwou PB, Yedjou CG, Patlolla AK, Sutton DJ (2012) Heavy metal toxicity and the environ-
ment. In: Molecular, clinical and environmental toxicology. Experientia Supplementum 101.
Springer, Basel

Thompson LA, Darwish WS (2019) Environmental chemical contaminants in food: review of a
global problem. Journal of Toxicology 2019:2345283

Tissandi¢ E, Gueguen Y, Lobaccaro JM, Grandcolas L, Voisin P, Aigueperse J (2007) In vivo
effects of chronic contamination with depleted uranium on vitamin D3 metabolism in rat.
Biochim Biophys Acta 1770(2):266-272

UNSCEAR (2000) Sources and effects of ionizing radiation-report of the United Nations Scientific
Committee on the effects of atomic radiation to the General Assembly. United Nations,
New York, p 654

Valdovinos V, Monroy-Guzman F, Bustos E (2014) Treatment methods for radioactive wastes and
its electrochemical applications. In: Environmental risk assessment of soil contamination.
InTechOpen, London, p 14

Walker JS, Don GW (2013) Mathematics and music. CRC Press, Boca Raton

Wang J, Li Q, Li M-M, Chen T-H, Zhou Y-F, Yue Z-B (2014) Competitive adsorption of heavy
metal by extracellular polymeric substances (EPS) extracted from sulfate reducing bacteria.
Bioresour Technol 163:374-376

Wijnhoven S, Leuven RSEW, Velde GVD, Jungheim G, Koelemij EI, Vries FTD, Eijsackers HIP,
Smits AJM (2007) Heavy-metal concentrations in small mammals from a diffusely polluted
floodplain: importance of species- and location-specific characteristics. Arch Environ Contam
Toxicol 52:603-613

Wuana RA, Okieimen FE (2011) Heavy metals in contaminated soils: a review of sources,
chemistry, risks and best available strategies for remediation. International Scholarly Research
Network Ecology 2011:402647

Yan G, Viraraghavan T (2000) Effect of pretreatment on the bioadsorption of heavy metals on
Mucor rouxii. Water SA-Pretoria 26:119-124

Yin K, Lv M, Wang Q, Wu Y, Liao C, Zhang W, Chen L (2016) Simultaneous bioremediation and
biodetection of mercury ion through surface display of carboxylesterase E2 from pseudomonas
aeruginosa PA1. Water Res 103:383-390

Yin K, Wang Q, Lv M, Chen L (2019) Microorganism remediation strategies towards heavy metals.
Chem Eng J 360:1553-1563


https://doi.org/10.1201/9781315153353

New Bioremediation Technologies to Remove Heavy Metals and Radionuclides 45

Yu H, Ni SJ, He ZW, Zhang CJ, Nan X, Kong B, Weng ZY (2014) Analysis of the spatial
relationship between heavy metals in soil and human activities based on landscape geochemical
interpretation. J Geochem Explor 146:136-148

Yue Z-B, Li Q, Li C-C, Chen T-H, Wang J (2015) Component analysis and heavy metal adsorption
ability of extracellular polymeric substances (EPS) from sulfate reducing bacteria. Bioresour
Technol 101:5774-5779



	New Bioremediation Technologies to Remove Heavy Metals and Radionuclides
	1 Introduction
	2 Heavy Metals and Its Sources
	2.1 Heavy Metals from Natural Sources
	2.2 Heavy Metals from Anthropogenic Sources

	3 Heavy Metal Toxicity
	4 Methods of Heavy Metal Removal
	5 Bioremediation of Heavy Metals
	5.1 Phytoremediation
	5.2 Bioremediation Using Microorganisms
	5.3 Emerging Microbial Bioremediation Technologies

	6 Radioactive Elements and Its Sources
	7 Toxicological Effects of Radionuclide Pollution
	8 Conventional Methods for Removal of Radionuclide
	9 Bioremediation Techniques for Removal of Radionuclide
	10 Conclusions
	References


