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ABSTRACT

This paper revises the fundamental facts about potentially toxic elements belonging to the group of
heavy metals. The study highlights the ongoing soil pollution status affected by these non-
biodegradable elements, the basic characteristics of these metals that make them toxic, their mode
of accumulation in different trophic levels, their toxic effect on human beings and the probable
remediation technologies being used to remediate soils contaminated with heavy metal when the
pollution problem has evolved. The technologies focused on solidification, soil washing, soil
flushing, electro-kinetic remediation and phytoremediation are presented. The choice of the
technology to be used for remediation depends on the condition of the soil and the extent of
contamination. Conventional electro-kinetics is the most effective and rapid technology, but on the
scale of ecosystem restoration, phytoremediation is an eco-friendly, green and cost-effective
solution.
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INTRODUCTION due to natural processes, such as soil erosion,
floods, droughts and anthropogenic activities,
like the addition of toxic pollutants through
running industrial effluents, waste dumping,

excavation activities, excessive use of metal-

Soil pollution and its present status

Soil is a complex structure which is made up

of organic and inorganic matter. It balances the
influx and efflux of several components via
nutritive  cycles  allowing  cooperative
sustenance of several organisms on it [1]. The
soil layer can become disturbed and polluted

containing fertilizers etc. [2]. According to the
report, 25 % of the global soil is highly
degraded and 44 % of the soil falls under the
category of significantly degraded [3]. The soil
acts as a collector of the pollutants which are
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further extracted by the plants growing over it,
causing phytotoxicity to intolerant plant
species and eventually entering the bodies of
herbivores that feed on them, causing in turn
various health ailments to organisms [4]. Thus,
they accumulate in several trophic levels while
traversing different levels in the food chain
and food web. Amongst many pollutants, the
metals are the most harmful due to their non-
biodegradable nature. The metal poisoning
reported till date have mainly focused on lead
(Pb), chromium (Cr), copper (Cu), arsenic
(As), cadmium (Cd), cobalt (Co), mercury
(Hg), zinc (Zn) and manganese (Mn). Some of
these metals also act as essential nutrients, but
when their doses exceed the tolerance limits
for the organisms the toxicity symptoms
become evident.

The definition and history of heavy metals

Heavy metals have been present since
evolution.  Their ubiquity and certain
characteristics have become worrying due to
their occurrence in several forms in the
environment. Heavy metals are categorized as
the most toxic and lethal pollutants which have
already  caused many  anthropogenic
catastrophes and currently cause disruption in
the normal functioning of ecosystems and food
webs, especially since the advent of the
industrial revolution [5]. The first incident that
disturbed the humanity was Minamata disease
which was one of the most serious cases of
diseases  resulted from  environmental
contamination of water Dby wastewater
discharged from a nearby industrial plant
containing Methyl mercury, which
contaminated the marine life of the
surrounding waters and affected and poisoned
those who ate the affected fish and seafood
[6]. Hence, the status of the pollution caused
by heavy metals has become significant
thereafter.

Currently, the main cause of their exploitation
is due to several anthropogenic activities and
the human exposure which has become fatal at
elevated doses. The lithological evidence has
shown that heavy metals are integral part of

several rock structures and the high
concentrations in the upwelling magma and
the lava arising from the core of the earth
finally making to the crust are their main
natural sources. The heterogeneous
localization of these elements in the crust was
due to the movements of the tectonic plates,
while some portion was stored in the form of
sediments, underwater hills and mountains in
the oceans. The primitive era also withholds
prominent evidence of heavy metal deposition
in many cases; several scientists proposed that
during the burning of woods in winters high
amount of these metals from the firewood was
deposited on the walls and floors of ancient
caves, thus very high concentrations of heavy
metals in the caves have been recorded [7].

The current trend in technology has brought a
general development, but at the same time it is
not flawless because it caused unwarranted
accumulation of many toxic pollutants. Due to
overpopulation and uncontrollable pollution
levels widespread in all the strata of the
environment, it seems that there is a great
vulnerability and uncertainty for the people.
As long as the heavy metals were in a steady-
state condition, their presence was not an
issue, but their reappearance in various forms
due to its economic importance to mankind
resulted in their excessive use in the industrial
sector that raised the issue of its exploitation
and uncontrolled dumping [8].

The larger mass that faces the pressure of this
pollution comprises the majority of the
population from the developing countries
which are already facing the problem of
fulfilling basic needs of the population, and the
technological need to deal with the pollutants
is emerging as an economical challenge for the
country itself. The World Health Organization
(WHO) has reported that a major portion of
almost 80 % of industrial effluent and sewage
waste is mixed with freshwater [9]. The
gradual process of mixing effluents results in
high levels of heavy metals in rivers, ponds
and lakes, which disrupts the biology and
geology of the home of several diverse species
[10, 11].
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Heavy metals belong to the most toxic
inorganic pollutant groups of the present
century. The heavy metals are also called
potentially toxic elements (PTE) due to their
non-biodegradable nature [12]. However, their
proper definition remains vague where the
density and higher atomic weight are the
criteria selected to classify and distinguish
them. Current categorization based on the
toxicity of heavy metals is unclear and non-
specific [13, 14]. Research works carried out
for a clearer classification show that the limits
for their specific densities range from 3 to 7
g/cm® [15]. These heavy metals are non-
biodegradable, but are highly mobile under
favourable conditions. Hence, they are
deposited on soil by means of atmospheric
deposition and penetrate into the deeper layers
reaching the groundwater by infiltration. The
other major collectors of heavy metals are the
oceans where the maximum load is deposited
in the sediments, while some make it to the
biomass of the other higher form of vertebrates
via the micro and macro inhabitants, finally
upwelling it through the biotic as well as the
abiotic zones [16]. According to available data
from the ongoing researches of heavy metals
concentration in various layers of soil, it is no
surprise that there is a suspicion of the
presence of heavy metals in the food on our
plates. Continuous ignorant consumption of
heavy-metal-rich vegetation grown near the
source of pollution by residents causes a lot of
health issues, and analysis of their blood will
show a high concentration of heavy metals
circulating in their systems, targeting sensitive
tissues and organelles and resulting in their
distorted functioning [17, 18].

Importance of heavy metals for humans

Heavy metals have great applicability in the
industrial  sector. Their abundant use,
therefore, cannot be stopped. The dose-
response relationship of heavy metals
concerning humans gives a true insight into
the degree of lethality assessment of any
substance. This limitation, unless reached, can
cause minuscule biophysical mutations or
disfigurement in the biological function, but

cannot cause decease of any living organism;
on the contrary, some of them are also
required in certain quantities to carry out some
enzymatic functions of the body [19, 20].
Hence, heavy metals play an important role in
the biophysical systems of the living
organisms. However, its excessive intake is
cause for concern due to its high
bioaccumulation potential with the tissues of
the body, and are not removed by defecation
or perspiration, which is the normal route for
the ejection of toxicants from the human as
well as the animal body. Hence, its presence in
the body at higher concentrations can lead to
an irreversible chronic condition [21]. It can be
said that few heavy metals are functionally
essential for some biological processes. Cobalt
makes an integral part in the structure and
composition of vitamin B12; however, at
elevated levels within the human body it
becomes carcinogenic [22, 23]. lron is
involved in the most crucial activities of
oxygen transfer associated with transfer
proteins, like haemoglobin and myoglobin,
within the human body. However, when
excessive accumulation of this metal is
present, it begins to circulate through the body
as unbound iron having a corrosive effect on
the GI tract as well as other enzymatic fluids
vital in maintaining the homeostasis of the
bodily activities. Apart from biological
applications, the isotopes of heavy metals are
also used by many palaeontologists to study
the ages of many fossils as well as sediments
extracted from the underwater bodies or to
find the age of stones formed due to volcanic
activities based on the half-life of 21°Pb [24].
Also, many studies suggest the use of heavy
metals in the composition of ancient and
traditional medicines practiced by several folk
men [25]. Hence, heavy metals have many
important roles in human life and several of
their biological roles are presented in Table 1.
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Table 1. Sources of heavy metals and its adverse impact on organisms

Heavy

storms.

rust-proofing agents.

abdominal pain, vomiting, ulcers,
constipation, tarry stools etc.

metal Natural sources Anthropogenic sources Adverse impacts on organisms References
Mining, fossil fuel combustion, coal
. L washing, chlor-alkali, refining crude oil,
Fossil fuels, within the - ; .
. : . pulp and paper industry, medical waste, Neurotoxic, muscle weakness, lack
mineral cinnabar, volcanic Sl . . D o
. } sewage and sludge incineration, paints, of coordination, blurry vision,
Hg eruptions, forest fires - . . . [26 - 28]
- . coatings, laboratory use, dental amalgams, impairment of speech, hearing,
(present in trees and plants in - L -
. artisanal and small-scale gold mining, reading, premature deaths etc.
minute amount) etc. :
breakage of fluorescent lamps, batteries
etc.
Sea and salt lake aerosols, .
’ : Resulting from constant exposure,
forest fires, volcanic . . . . - - S
- Plastic manufacturing, combustion, it lowers the intelligence quotient in
eruptions, occur as lead- . . 2 . : .
S incineration, fuels (additives), ceramic infants and causes behavioural
sulphide in galena, the end - L [29]
Pb L glazes, crystal glassware, lead-jacketed abnormalities, reduces the output of
product of radioactive decay L - . )
N cables, ammunitions, paint manufacturing haemoglobin, encephalopathy, lead
of three radioactive A
. - . etc. colic, increases blood pressure,
elements: uranium, thorium p
. hypertension etc.
and actinium etc.
e e o o s " | e ks e
Volcapoes, Weat_herlng of production, cement production, osteopor_osw, dlsturbgnces in
rocks, airborne soil particles, | . . . . . . calcium metabolism,
Cd - . s incineration, batteries, stationary fossil fuel L . [30]
sea spray, biogenic emission, consumption, animal waste, atmospheric hypercalciuria and formation of
forest fires etc. fallout, logging and other wood waste, coal stones in the kidney, lung cancer
- - and prostate cancer etc.
ash, cadmium processing etc.
Acute renal damage, disturbed
heart function, mild
Volcanic activity, Leaq crystal glass ) chronic poisoning causes fatigue
manufacturing, copper smelting, and loss of energy, more severe
low-temperature busti £ coal iallv | d includ ivheral
volatilization, weathering combustion of coal (especially low-grade symptoms include periphera
As S . ' brown coal), pesticides and herbicides, vascular disorders (“black-foot [31]
geochemical reactions, landfills. mi ith f . " . .
sedimentary rocks, pyrites andfills, mines, pit eaps, Wa_stt_ewater rom disease )_, gastromtestma_l
ete ' smelters, and arsenic-containing wood problems, kidney degeneration,
’ preservatives etc. liver dysfunction, bone marrow
injury, and severe neuralgic pain
etc.
Ores, volcanic eruptions, Coins, decorations, chemicals, laboratory L .
: S : : - Irritation, nausea, vomiting,
smelting, mining, waste, vessels, batteries, welding, wire and dizziness. diarrhoea. cramps
Cu atmospheric fallout, cables, metallurgy, electronic waste, ’ O€a, Cramps, [32]
! LT . . stomach ache, kidney, liver
weathering of rocks, sea landfill sites, incineration, fertilizers and
- . - . problems etc.
sediments, forest fires etc. pesticides, medicines etc.
Emissions from chemical plants and S .
I . v Chronic skin ulcer, respiratory
incineration facilities, effluents from irritation, inflammation in lungs
Geochemical (volcanic cl:jemlcal plants, asbe_sltos bral;es, cement congestion and hyperaemia,
eruptions), ore mining, soils ust, tattooing, textile manufacturing, polyps of the upper respiratory
Cr ! . ! contaminated landfill, chrome alloy L [33, 34]
and rock erosion, forest roduction. chrome electroplatin tract, trachea-bronchitis,
wildfires etc. P PR foplating, ulceration of the nasal mucosa,
asbestos lining erosion, . - -
- . hepatic problems, gastrointestinal
road dust from catalytic converter erosion, roblems. cardiovascular issues efc
tobacco smoke, and topsoil and rocks. P ' )
Burning coal and oil, aero-plane exhausts,
from industrial processes that use the
Soil, dust, seawater, metal, as a paint drler,_ as a ground coat for ) )
. . porcelain enamelling used on steel Cardiomyopathy, neurotoxic,
Co volcanic-eruptions and forest " - R [35, 36]
fi bathroom - fixtures and large appliances, hypothyroidism etc.
ires. ; . - T
diamond industry, construction industry
and as an ingredient of coloured pigments
etc.
Wlnd-blown d".'St carrying Used in making alloys, applications in the Skin allergies, cancer of the
nickel, weathering of rocks . h - . :
. . . metallurgical, chemical and food respiratory tract, lung fibrosis,
Ni and soils, volcanic LS . - o [37, 38]
e - processing industries as catalysts and iatrogenic nickel
emissions, vegetation and igments, sewage sludge 0isoning, nephrotoxicity
forest-fires. Pig ' 9 ge. P 9. nep )
Volcanic eruptions, forest Solvents, cleaners, and other construction Brgnﬁ?;gneﬁggz;;lnn;r:jiaér:s,
Zn fires, sea spray and dust materials paint, rubber, varnish, dyes, and P ry . ' [39 - 41]
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REMEDIATION TECHNOLOGIES
Solidification

Solidification is the process of retaining
potentially toxic metals in contaminated soil,
stopping their migration, and reducing the
bioavailability by arresting them in compacted
solid mass [42]. The materials used for this
purpose include polyethylene, molten bitumen,
emulsified asphalt and Portland cement [43]. It
might take a few weeks or months to complete
this process. It takes an average of 1.1 month
or even less for the operational implementation
of this method [44]. There are two types of
solidification, in situ which is done at the site
of contamination itself and ex-situ where the
contaminated soil is transported at another site
and treated there. In situ solidification is
preferred more as it is less labour intensive and
eliminates the steps of excavating and
transportation which increases the treatability
cost [45]. But it becomes challenging when the
site is made of bedrock, rocky boulders, clayey
in nature, which prevents the proper mixing of
the binding solution with a site to be
remediated [46]. This method is recommended
only for soils contaminated with cationic
metals [47]. It has been reported that Hg, As
and Cr cannot be treated with this
methodology [45]. The metals once solidified
do not leach out further thereby preventing
groundwater pollution as shown in Figure 1.
The use of cement is considered to be cheaper
compared to other binding agents [42].

Solidification \

_Leaching of the metals

Figure 1. The process of solidifying the
contaminants (metals) in polluted soil [48]

Soil washing

Soil washing can remove heavy metals from
contaminated soils by dissolving them in the
wash solution [49]. The soil after washing can
be reutilized for multipurpose economical as
well as social benefits, such as farming, land-
filling, construction and recreational activities
[50]. It is mainly carried out via ex situ
application; as an in situ approach without
appropriate  wash  water  accumulation
arrangements can cause leaching of the wash
water contaminating the groundwater [42].
Firstly, the excavated soil is brought to the
place of operation after which it is crushed and
screened to remove larger particles as shown
in Figure 2. Under magnetic pressure, the
magnetic materials are separated and the soil is
finally treated with the washing solution under
vibration or sonication [44]. The solutions
used to wash the soil are: HCI, H2SO4, HNOs,
HoPO4, CH3COOH etc. [51]. Also, the
chelating agents, like EDTA, EDDS, DTPA
and NTA are widely used [52]. Clay soil and
soil with a larger humic content cannot be
treated with this approach. In general, soil
washing is considered to be cheap if targeted
for large contaminated areas, but it does not
destroy the pollutants, it only transfers it from
one medium to the other [42]. Further, these
heavy metals extracted in the wash solution
can be re-extracted for use [53]. The drawback
of this method is that a portion of the solution
used for washing the soil as well as a large
portion of heavy metals remains in the soil as a
residual [54].

(2

Transported for
washing

Washing of soil

Leftover polluted soil
(Landfill)

Figure 2. The ex situ washing the soil
contaminated with heavy metals [48]
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Soil flushing

An in situ approach to clean up the heavy
metal contaminated site using an appropriate
solution is known as soil flushing [55]. The
aqueous solution or simply water is allowed to
pass through the contaminated soil and the
eluent is collected and pumped up to the
ground via appropriate channels which are
further treated for reuse or disposed of in
landfill sites [56]. For the collection of the
treated solution, proper extraction well is
engineered so the fluid can be extracted
completely [57]. The wastewater is treated
separately from heavy metals and reused again
for flushing as shown in Figure 3. In this
process, extreme care is taken in selecting the
additives which are less harmful to the soil.
Amongst several solutions used to date, EDTA
has been the most relevant and successful for
heavy metals extraction compared to the other
organic and inorganic solvents [58]. The
literature available shows the technological
utility in flushing out heavy metals, such as
Cd, Cr, Cu and Zn [59, 60]. Soil flushing
becomes successful and cost-effective if the
soil to be treated is permeable in nature to let
the solution pass readily through the layers of
soil [42]. This technique is less effective in
soils with high cation exchange capacity
(CEC) and high organic matter [61].
Practically this method has wide applications
in treating the organic pollutants than the
inorganic pollutants.

Treatment Agents i
mixed with water
to prepare
flushing solution

Collecting Flushing
© Solution to be
Y y o )

Contaminant
Solution flow

i
Injectionof | | |
Flushing
Solution

Contaminated Soil

Extraction Well

Figure 3. The in situ flushing the soil
contaminated with heavy metals [62]

Electro-kinetic

This process is also referred to as electro-
remediation [63]. This technology has been
functional since the late 1980s for remediating
soil contaminated with heavy metals [64].
With this method, a low-intensity direct
current is applied between the anode and the
cathode inserted inside the contaminated soil
at the site [65]. It is possible to carry out this
process in situ as well as ex situ. The major
drawback of this method is the change in the
pH which eventually changes the migration of
the negatively charged anions towards the
positive anode and positively charged cations
towards the negatively charged cathode [66].
As they migrate towards the respective
electrodes based on charge, the contaminants
may further be removed by processes such as
precipitation, electroplating, pumping near the
electrode or complexing with exchange resins
as shown in Figure 4. This electro-kinetics
methodology of soil remediation can be used
to clean polluted soils up to great depths. In
certain cases, one central cathode is arranged
among several anodes in its surrounding. The
ideal distance between the two electrodes to be
maintained is 10 m with an approximate depth
of 12 m and voltage variation from 20 to 100
V/m [49]. This method also works for clay soil
and soils with low permeability, unlike soil
washing and soil flushing [67]. Its application
is mainly in soils highly saturated with water.

Electrokinetic Remediation I
DC |+ | -

Anode .- r -.- Cathode
Anions =
Cations @
=
= o °°,
e ° o— —0Q
o= Q@
—>
= - - s 0 g—
° Q@

®~= | Contaminated ‘/ =
\ (=] [e] o Medium < — /

Figure 4. The electro-remediation of heavy
metal polluted soil [68]
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Phytoremediation

Phytoremediation, also referred as green
remediation or vegetative remediation, which
is also defined as in situ remediation
technology that uses plants and associated
microorganisms to sequester, contain, or
change environmental contaminants to
innocuous state [69]. It can be carried out ex
situ also, but it is not much preferred
compared to in situ. It is applicable for both
organic and inorganic contaminants where the
autotrophs can degrade organic compounds
whereas it can extract and stabilize inorganic
metals in its aboveground biomass [59]. There
are few plants which exhibit higher metal
accumulating capacity; therefore, they can be
used for cleaning up soils contaminated with
toxic heavy metals [70]. Phytoremediation is
considered to be a low-cost as well as
ecologically sound way to remediate metal
pollutants from contaminated site and it is
receiving prior consideration compared to
other technologies over the last few decades
[69]. It is a remarkable approach which offers
site remediation and conservation of the
biological and physical composition of soils
with a probability of re-extracting metals from
the biomass of plants which is also termed as
phytomining of metals [71]. Phytoremediation
has  three different mechanisms  for
remediating heavy metals contaminated soils,
which includes phytoextraction,
phytostabilization and phytovolatilization, as
shown in Figure 5.

| Phytoremediation

Heavy metal contaminated soil

Figure 5. Phytoremediation for heavy metals
and its mechanisms [68]

In phytoextraction the metals are extracted by
the plant roots and further translocated to
shoots, after which the above-ground parts are
harvested to remove the sequestered
contaminants [72]. Some of the plant species,
popular as hyper accumulators, are Brassica
junica (Pb and Zn), Thlaspicaerulescens (Cd
and Zn), Alyssum sp.(Ni) and a grass variety
Vetiveriazizaniodes (Zn) etc.
Phytostabilization is also referred as in-place
inactivation and it is primarily concerned to
immobilize the heavy metals from the soil,
sediment and sludges by the use of certain
plants [73]. This technology arrests the metals
near the root regions preventing it from
leaching to the groundwater thereby
preventing pollution and accumulation of
heavy metals in organisms via drinking water.
It also restricts the transport of metals via wind
to other land surface or surface water
reservoirs. This technique is used to stabilize
Cd, Pb, Cr, As, Cu and Zn [72].
Phytovolatilization process involves extracting
the metals and converting them or breaking
them down to less harmful form and liberate in
the atmosphere. Such a transformation has
been reported only for Hg converting it to
elemental form and recovered through the
extraction process. Species such as N. tabacum
and Arabidopsis thaliana have shown positive
outcomes during an experimental setup. This
process is mainly used for phytoremediation of
organic compounds [74].

The advantages of phytoremediation over
other conventional remediation approaches
are:

a) it is economically viable and can be
carried out using simple agricultural tools
readily available,

b) it is less disruptive to the surrounding
environment,

c) there is no need for a treatment site or a
disposal site,

d) it favours public interest as it is
aesthetically pleasing then other traditional
methods,

e) no excavation and transport of polluted
soil is required if carried out on site,
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thereby reducing the risk of spreading and
contamination, and

f) it can treat sites polluted with a variety of
pollutants.

CONCLUSION

The heavy metal pollution is a serious matter.
Dealing with it requires an appropriate and
eco-friendly approach because it is non-
biodegradable in nature and has an innate
characteristic to bio-magnify in the species at
various trophic levels. Several technologies, as
mentioned above in this research paper, are
available, but one that is suitable for a
particular contaminated soil should be selected
by focusing on the contaminated medium,
economic feasibility and eco-friendliness. All
of these available technologies have their
advantages and disadvantages. India is a
developing country; hence an eco-friendly
approach is required in dealing with the waste
as well as with the contaminants.
Phytoremediation is one such suitable green
technology because of its economic
acceptability and eco-friendliness and its
application should be boosted in the future as a
sustainable remediation technology.
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