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Abstract

Heavy metal(loid)s are a group of elements present commonly in the environment, including
Cr, Ni, Cu, Zn, Cd, Hg, Pb, and As elements, among others. While these elements could have
their origins in natural sources, anthropogenic activities, such as mining, agriculture, industry,
etc., are also responsible for enhancing the concentration of these elements in the ecosystems
up to undesirable levels. A few of these metal(loid)s serve as necessary micronutrients for life,
while the others are extremely harmful and might affect the entire trophic chain upon
entering the natural ecosystems due to their mobility and toxicity characteristics. Most of
these heavy metal(loid) pollutants are already recognized for their harmful effects;
nevertheless, their environmental control encounters obstruction due to various factors. In
this context, the present report details the key points regarding the anthropogenic sources of
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heavy metal(loid) pollution, which are increasing rapidly with time due to the emerging
industry practices and processes, the elements causing this kind of pollution, and the
physicochemical processes of these elements occurring in the environment—air interface, soil,
and water-air interface. These elements exert a severe impact on the environment, which
could be mitigated through the development and application of various remediation
techniques. Therefore, the present report concludes with a final discussion on the various
remediation treatments currently available for reducing the heavy metal(loid) contamination
level in both water and soil.

Keywords
Heavy metal(loid)s; pollution; anthropogenic sources; remediation techniques;
environmental impact

1. Introduction

Heavy metals and metalloids attract the interest of the current scientific community due to their
toxic effects and their persistence in the environment [1]. The heavy metals, such as mercury (Hg),
lead (Pb), cadmium (Cd), nickel (Ni), chromium (Cr), etc., and metalloids such as arsenic (As), cause
a huge threat to the environment due to their non-biodegradable nature and their ability to
bioaccumulate [2].

The natural source of these elements is the minerals present in the Earth’s crust. Human activities,
such as agricultural, industrial, and mining activities, have, however, led to a significant increase in
the concentrations of heavy metals and metalloids in all kinds of environments (including terrestrial,
aquatic, and atmospheric ecosystems) and/or the modification of the physicochemical status of
these elements by increasing their toxicity. Therefore recognizing the origin, natural or anthropic,
of the heavy metals and metalloids present in the environment is a key factor for managing the
“actions” to reduce or minimize the environmental levels of these pollutants. Moreover, it is also
important to determine the chemical characteristics of these elements in different environmental
compartments (water, soil, and air) as the toxicity, mobility, and bioavailability of these pollutants
are determined by their component chemical species.

Once these elements reach the natural ecosystems, they could occur in the form of free ions
(metal hydroxides) as an organic or inorganic metal(loid) complex or in association with colloidal
material. Metal(loid)s may be present in both dissolved and suspended particle forms in the aquatic
systems or might be adsorbed onto solid elements that would ultimately settle into the sediments
or transform into volatile forms that would spread all around along with the prevailing winds.

Upon entering the food chain, these heavy metals and other elements affect the cellular
organelles and components of living organisms, including the cell membrane, mitochondria,
lysosomes, endoplasmic reticulum, nuclei, and certain enzymes involved in metabolic,
detoxification, and damage repair processes [3]. These elements may disrupt the metabolic
activities of living organisms. For instance, since arsenic is similar to phosphorous, the former
interferes with the metabolic processes of phosphate, which is widespread in the biosphere. Cd is
the element that is most readily absorbed by organisms directly from water, where it is present in
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its free ionic form of Cd(ll). Since Cd is not an essential element, there is no homeostatic control
process for it in the body of organisms, which implies that the Cd element may accumulate inside
the organisms. Cd is recognized for having a high affinity for Ca binding sites, which is assumed to
be one of the main reasons causing Cd accumulation in tissues [2]. Moreover, at extremely low
concentrations, Cd exerts a small influence on both replicative and repair DNA syntheses [4]).

It is noteworthy that a few of these elements, such as cobalt (Co), copper (Cu), chromium (Cr),
iron (Fe), nickel (Ni), zinc (Zn), etc., are essential micronutrients for plants or animals, and their
deficiency leads to different diseases or syndromes. On the other hand, an excess of these
compounds may also cause adverse effects in living organisms. Therefore, it is necessary to evaluate
the range of concentrations in which these elements would produce beneficial or necessary effects
and the concentrations that would be toxic [5].

The current concern regarding the concentrations of heavy metals and metalloids in the
environment is reflected in the development of protective legislation and also in the development
of remediation techniques for soil, sediments, and water (both surface water and groundwater) that
are based on physicochemical and biological processes. Such remediation techniques must be
economically viable and environment-friendly so that no further environmental problems are
caused.

In this regard, the present report summarizes the existing knowledge on heavy metals and
metalloids in the environmental context to facilitate the understanding of the behavior of these
elements in various natural ecosystems. First, the main sources, natural as well as anthropogenic,
of the compounds of each of these elements are discussed, with a particular focus on the transport
agents in the biosphere. Finally, the physicochemical processes involving heavy metal(loid)s and
occurring in the aquatic and soil ecosystems are described to better understand the remediation
techniques that have been developed in the past few decades and thus better manage the soil
pollution problems.

2. Heavy Metals, Trace Metals, Metals, or Elements?

In the literature, certain elements of environmental concern are grouped together and assigned
various designations, such as metals, heavy metals, trace metals, toxic metals, etc. These groups of
elements of environmental concern mostly include metals such as Zn, Ni, Cd, Cu, Sn, Pb, Fe, and Hg,
although a few metalloids, such as As, and even non-metals, such as Se, are also included (Figure 1).
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Figure 1 The metals, metalloids, and non-metals in the periodic table.

The use of various terms, including metals, heavy metals, elements, etc., for a group of chemical
elements of biological and environmental concern creates confusion as each of these terms is based
on a strict definition, due to which a few elements are left out of the group. For instance, when
using the term ‘heavy metals’, As and Se should not be included as these are not metals; however,
most environmental studies include these two elements in the ‘heavy metals’ group.

The term “heavy metal” refers to the metallic elements having a density above a certain
threshold value. However, no consensus has been reached on a particular density value to be used
as the threshold for this distinction in the literature so far, and different studies have considered
different values as the threshold in their analyses, such as 4, 4.5, 5, and 7 g cm~3 [6, 7]. Nonetheless,
even the elements that have a density below the above-stated density values, which are designated
as light metals (e.g., Li, Be, and B), are also of environmental concern.

Another approach to classifying a metallic element as a heavy metal involves the atomic number
and atomic weight of the element, such as the elements with atomic number greater than 20
(metals beyond calcium in the periodic table) or the elements with atomic weight greater than that
of sodium (23) [8].

Authors such as Duffus (2002) [9] and Hodson (2004) [10] have defended that the term ‘heavy
metals’ should be eliminated from the literature as this term is being used as a synonym for “bad”
metals. Hodson, (2004) [10] stated that “whenever one encounters research manuscripts titled
“Distribution of heavy metalsin...”, “Effects of heavy metals on...”, or “Uptake of heavy metals by...”,
one understands that this manuscript would be on pollution and its environmental impact or
anthropogenic influences. The authors recommend that the lack of a clear criterion for using these
terms should be overcome by the correct grouping and defining of these elements based on their
properties according to the periodic table.
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On the contrary, authors such as Batley (2012) [11] are in favor of accepting and continuing the
use of the term ‘heavy metals’ for a group of common elements and compounds of environmental
concern, such as the ones composed of the following metals: V, Zn, Cr, Ag, Fe, Co, Ni, Cu, Mo, Mn,
Cd, Au, Hg, Sn, and Pb. In a manner, the author recommends the use of this term from an
environmental-chemistry and ecotoxicological perspective. While Batley (2012) [11] admits that this
definition is not accurate, the author defends that the term serves a practical and profitable purpose.
According to Batley, a further precise definition would include transition metals, certain metalloids,
lanthanides, and actinides, in addition to just metals. Babula et al. (2008) [12] also share the same
opinion and agreed that the term “heavy metals” should include all the above-stated groups of
elements.

Furthermore, this group of elements is also, at certain times, designated as "trace elements" or
"trace metals", which creates further confusion as not all of such elements of environmental
concern meet the criterion of being present in "trace" amounts. An element is considered as a trace
element when its presence in the environment is in trace concentrations, i.e., in the range of ppb to
less than 10 ppm, in different environmental matrices and a few specified sources, such as soil, plant,
living organism, groundwater, etc. [13]. However, metals such as Fe and Zn might be present in the
soils and/or sediments at concentrations greater than 10 ppm (in the gram range), thereby defying
the criterion of trace concentration. Therefore, not all elements/metals of environmental concern
could be universally referred to as trace metals or trace elements.

In the field of toxicology and human health, the terms "trace metals" and “trace elements”
acquire a further confusing connotation of being related to a low nutritional requirement in a
specified organism [9]. The examples of trace metals necessary for good health in humans are listed
in Table 1.

Table 1 The metals and metalloids required in nutrition for good health in humans [14].

Toxic metals Probably essential Proven essential
Trace (mg kg™) Fe, Zn, Cu
Ultratrace (pg kg™) As, Cd, Au, Pb, Hg, Si Ni, V, Sb Mn, Co, Se, Mo, Cr

It is true, as Batley (2012) stated [11], that the terms "heavy metals" and "metals" are widely
accepted in the scientific community working on environmental research for defining a range of
elements with different characteristics. However, in other fields of chemistry, such as analytical
chemistry, biochemistry, organic chemistry, inorganic chemistry, etc., it is important to adjust the
terms strictly in accordance with the characteristics of an element according to the periodic table,
selecting distinct and precise terms that best fit the requirements.

Since most of the environmental studies consider metals with densities above 7 g-cm™ the term
“heavy” would be acceptable for these studies. However, in the studies involving As and Se, these
elements should be referred to using their chemical names, separately and distinctly from the
“heavy metals”, as these elements are metalloid and non-metal, respectively. Therefore, it appears
suitable to use the term heavy metal(loid)s, which would include heavy metals and the other most
common compounds/elements of environmental concern, such as As and Se. In the oral speech, the
group corresponding to the above term could be referred to as the “heavy metals and metalloids”.
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3. Sources of Heavy Metal(loid)s Present in the Environment

The heavy metal(loid)s present in the environment might have origins in natural and/or
anthropogenic sources (Figure 2). In addition, certain natural agents, such as wind, vegetation, etc.,
could serve as effective pathways for the mobility and transport of these metal(loid)s in the
biosphere. Since the characteristics of these sources vary widely, these must be treated separately.

Decomposition
and leaching of

tissues
Biota Transpiration
Ilgneousand |
Natural sedimentary rocks Forest and
(Earth crust) Soil prairie fires
m:tzf[‘llgid} | M mobilisation
. o and transport - Wind dust
sources Industrial activities agents —‘
Agricultural practices Air
Anthropogenic —  Mining activities Airborne
Tourist activities emissions
Etc.
Water —  Seaspray

Figure 2 The sources and the mobilization and transport agents in the biosphere that
contribute to metal(loid) pollution.

3.1 Natural Sources

Natural phenomena, such as weathering of rocks and volcanic eruptions, may release
metal(loid)s into the environment to different extents. These natural sources seldom lead to huge
impacts as their contributions are minor. Among these sources, rocks, soils, and volcanoes are the
most relevant ones.

3.1.1 Rocks and Soils

Among the natural sources of metal(loid) release in the environment, rocks and soils are the two
main contributors. The magmatic or igneous rocks are formed when the magma cools. These rocks
contain various chemical elements in a crystalline network of primary minerals, including heavy
metal(loid)s. Certain elements enclosed in the minerals that form these rocks may be released into
the environment naturally, such as As is released from arsenopyrite (FeAsS), mercury from cinnabar
(HgS), lead from galena (PbS), anglesite (PbSQ4), and cerussite (PbCOs), and chromium which
crystallizes as the mineral chromite (FeCr,04), etc. [15]. Table 2 lists the most common chemical
elements present in the magmatic minerals that are components of magmatic rocks.

Table 2 The chemical elements present in the most common minerals that form
magmatic rocks [15].

Mineral Trace element
Olivine Ni, Co, Mn, Li, Zn, Cu, Mo
Hornblende Ni, Co, Mn, Se, Li, V, Zn, Cu, Ga
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Augite Ni, Co, Mn, Se, Li, V, Zn, Pb, Cu, Ga
Biotite Rb, Ba, Ni, Co, Mn, Se, Li, V, Zn, Cu, Ga
Apatite Rare earth elements, Pb, Sr
Anorthite Sr, Cu, Ga, Mn

Andesite Sr, Cu, Ga, Mn

Oligoclase Cu, Ga

Albite Cu, Ga

Garnet Mn, Cr, Ga

Orthoclase Rb, Ba, Sr, Cu, Ga

Muscovite F, Rb, Ba, Sr, Cu, Ga, V

Titanite Rare earth elements, V, Sn
limenite Co, Ni, Cr, V

Magnetite Zn, Co, Ni, Cr, V

Turmaline Li, F, Ga

Zircon Hf, U

Another natural source of heavy metal(loid)s is sedimentary rocks. These rocks are formed as a
consequence of physical and chemical weathering that leads to the disintegration of rocks into
particles (sediment) and ions. Sedimentary rocks are then formed gradually over extended
geological periods through the processes of accumulation of these sediments followed by chemical
alterations. The third type is metamorphic rocks. Metamorphic rocks are formed in a process
characterized by the reorganization and recrystallization of the rock-forming minerals [15].

When the above-stated rocks undergo a gradual disintegration over long periods, it results in the
formation of soil. The disintegration process may be physical (such as the weathering process due
to the influence of temperature, water, ice, etc.), chemical (soluble minerals are dissolved due to
interactions between carbonic acid and water), or even biological (due to the action of
microorganisms and plants) [16]. In the disintegration process, the chemical elements that once
constituted the original rocks are released into the soil. Therefore, the composition and
concentration of heavy metal(loid)s in the soil depend on the parent rock type and the
environmental conditions [17] and, as a consequence, are highly varied. The chemical composition
of heavy metal(loid)s in the soil reflects the chemistry of the parent rock from which these were
released. For instance, the soils containing high levels of Mn, Co, Ni, and Cu could have originated
from igneous rocks, such as olivine, augite, and hornblende, while the soils originating from
sedimentary rocks, such as shale (mainly), limestone, and sandstone, exhibit the highest
concentrations of Cr, Mn, Co, Ni, Cu, In, Cd, Sn, Hg, and Pb [18]. If, on the other hand, the soil has
been formed from basalt (Table 3), a rock type with high levels of Cr, Co, and Ni, it would contain
higher concentrations of these elements compared to the soil formed from the granite rock.

Table 3 The average values of metal(loid)s and non-metals (in ppm) contents in certain
rocks types [15].

Metal(loid)  Granite®! Basalt®?!  Shalel?! Ocean Limestone Deep-Sea
(ppm) Clay [ Carbonate
Al (%) 7.2 8.2 8.0 8.4 0.42 2.0

Page 7/30



Adv Environ Eng Res 2021; 2(4), doi:10.21926/aeer.2104033

As 2 2.2 13 13 1 1
Be 3 0.7 3 2.6 0.X 0.X
cd 0.13 0.21 0.3 0.03 0.3 0.0X
Co 4 47 20 74 0.1 7

Cr 10 185 100 90 11 11
Cu 20 94 50 250 4 30
Fe (%) 1.42 8.6 5.1 6.50 0.38 0.9
Hg (ppb) 0.03 0.09 0.4 0.03 0.04 0.0X
Mn (%) 0.045 0.18 0.09 0.07 0.11 0.1
Mo 1 1.5 2.627 0.4 3

Ni 10 145 60 230 20 30
Pb 17 7 20 30 9 9

Sb 0.22 0.6 1.5 1 0.2 0.15
Sc 7 27 16 19 1 2

Se 0.05 0.05 0.6 0.17 0.08 0.17
Sn 3 1.5 6 1.5 0.X 0.X
Ti (%) 0.12 1.14 0.60 0.46 0.04 0.08
TI 2.3 0.21 1.4 0.8 0.0X 0.16
Y 50 225 140 120 20 20
Zn 50 118 85 200 20 35

(a) [19]; (b) [20]; (c) [21]

3.1.2 Volcanoes

Volcanoes are another natural source from where toxic elements are released into the
environment. While the volcanic material expelled during a volcanic eruption also releases nutrients,
such as nitrogen, phosphorus, potassium, calcium, sodium, magnesium, etc., into the environment,
the levels of toxic elements released, such as heavy metals and metalloids (Al, In, Mn, Pb, Ni, Cu, As
and Hg, etc.), are higher [22].

Volcanic ash flies in the air and is spread around along with the wind, thereby reaching larger
distances and affecting sites situated far away from the site of the volcanic eruption. Ochota et al.
(2012) [23] conducted a study to determine the contents of Pb, Cd, Zn, Fe, Mn, Cu, and Cr in the
samples of moss bags exposed to atmospheric dust containing volcanic ash in Sosnowiec (Poland)
after the eruption event of the Eyjafjallajokull volcano (the last eruption occurred on March 20,
2010) in Iceland. The results revealed a great increase in the content of heavy metal(loid)s in most
of the samples exposed to environmental dust after the volcanic eruption in Iceland.

3.2 Anthropogenic Sources

The heavy metal(loid)s present naturally in the environment do not cause much environmental
pollution. The pollution in soil, water, and/or the atmosphere is rather due to anthropogenic
activities, which disrupt the geochemical cycle of the elements, thereby leading to the accumulation
of toxic elements in any of the matrices. For instance, mining activities bring to the surface the
minerals, which also contain heavy metal(loid)s, that are located at great depths within the earth in
nature. The other reported anthropogenic sources of the heavy metals and metalloids existing in

Page 8/30



Adv Environ Eng Res 2021; 2(4), doi:10.21926/aeer.2104033

the environment include industrial, agricultural, domestic, traffic, pharmaceutical, and atmospheric
sources.

The release of these elements from anthropogenic sources into the environment might be
punctual (factories effluents, sewage waste, etc.) or diffuse (runoffs from land, roads, and roofs,
etc.).

3.2.1 Industrial Sources

Most of the existing industries utilize heavy metal(loid)s in their production processes, thereby
yielding harmful waste. Despite improvements in the process technologies, which have improved
and maximized the efficiency of the industrial processes, a state of zero waste production has not
been reached so far. The conventional water and solid waste management techniques are
inadequate to eliminate the entire pollution load, and a certain amount of waste material is released
into the environment. Moreover, there are a few industrial sources that dump their waste straight
into the environmental matrices. Environment pollution has, as a consequence, reached a level that
is threatening to human health, plants, animals, as well as aquatic biota [24].

The anthropogenic sources of heavy metal(loid)s in the environment mainly include industrial
emissions, such as those from transportation, coal combustion, and fugitive particulate emissions.
Among the other sources is the urban and industrial waste treatment, incineration in particular. For
instance, Cd and Ni are released into the environment due to the burning of residual municipal and
sewage wastes, incineration, combustion of coal and fuel oil, urban refuse, mine tailings, and
smelter slag and waste [25].

The mining activities generate huge amounts of metal(loid)s that are subsequently discharged
into the environment. For instance, Cd is present in Zn ores as a guest-element and has a
geochemical similarity and origin to Zn, due to which the extraction processes conducted for Zn
inevitably release Cd into the environment [19]. In 1998, a spill of mine tailing occurred in Aznalcollar
(Spain), causing negative effects that threatened the environment. In that accident, huge amounts
of acidic water (pH = 3) and sludge containing high levels of heavy metal(loid)s, including Zn, Cd, Ag,
Pb, Cu, Sb, As, Co, Ti, Bi, Hg, and Se, were dumped into the surroundings of a natural park (Dofiana
Park). The short-term impacts caused by this dumping event included drastic changes in the
properties of water (strong decrease in the water pH and reduced dissolved oxygen levels of 0.5-1
g/L) and death of the local fauna due to blows and gill blocking. The long-term impacts included
sublethal effects on the immune system, DNA damage, adrenocortical stress response, and bone
development and metabolism in various organisms [20].

The use of Cd is common in various industrial processes, such as the production of alloys,
pigments for plastic materials, coatings for steel and non-ferrous metals, etc. Moreover, Cd is
essential for the production of electronic instruments and batteries. The current trend of increasing
environmental awareness and responsibility in developed countries has triggered a reduced usage
of Cd as well as an increase in the recycling of products. In effect, approximately 22% of the
production of Cd comes from the recycling of Ni-Cd batteries [21].

The industrial sources of Cu include regular transportation, manufacturing, currency,
construction (roofing, decoration, etc.), and electricity transportation such as conductive dyes. Cu
is used in the production of brass alloys for vehicles and is present in cylinder head gaskets, oil leak
sumps, and brake linings. Al-Khashman (2004) [26] reported high concentrations of Cu in street dust
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in the Karak Industrial Estate (Jordan) and linked these elevated Cu concentrations with motor
vehicles as the study region was close to a car service site.

Pb is released to the environment from fossil fuels burning, mining, manufacturing, heavy metal
products (solder and pipes), and devices to shield X-rays. Certain kinds of batteries also use Pb in
their composition and are referred to as lead-acid batteries. Since the late 1970s, there has been an
effort to reduce the use of Pb in various products, such as gasoline, paints for residential applications,
cans for food products, and plumbing systems [3]. Lopez et al. (2019) [27] detected high levels of Pb
in the soil of an urban farm, which was attributed to the construction demolition wastes dumped
into the soil at the site close to where the urban farm was located. These construction wastes
contained white paints, which are characteristic of the Mediterranean countries. The white pigment
in these paints contains Pb (hydrocerussite, 2PbCO3.Pb(OH),) in a concentration range of 6.0%—
18.6%, which was the reason for the high lead concentration in the soil [28].

As is used as an alloying agent extensively in various industries, such as glass, pigment, textile,
paper, adhesive, wood preservative, and ammunition production industries. In addition, As is used
in the tanning of hides, pesticides, feed additives, and pharmaceuticals. In medicine and veterinary
sciences, As is used in the treatment of various diseases, such as syphilis, amoebic dysentery, and
trypanosomiasis, and even for the eradication of tapeworms in sheep and cattle [29].

Industrial chromium is released into the environment due to various activities, such as heavy
metal processing, chromium production, stainless steel welding, ferrochrome production, and
pigment production, etc. [3]. In addition, it is widely used in leather tanning [30], in which the
chromium salts used are not chemically fixed during the processing of leather and are released as
liguid effluents. So far, it has been nearly impossible to replace Cr in the leather tanning process.
Therefore, a technology capable of cleaner production is being developed to reduce the load of
chromium salts into the effluents [30]. Tariq et al. (2006) [31] studied the environment around the
tanneries and reported contamination of the soil and water in the study region due to the release
of effluents containing high levels of Cr, Fe, and Pb from the tanneries without any pretreatment.

Ni and Zn have several industrial and commercial applications due to their high resistance to
corrosion and temperature. Ni and its compounds are used in the production of stainless steel and
other Ni alloys, as well as in chemical and food processing industries, particularly as catalysts and
pigments [25]. Zn is used widely in the production of galvanized metals and metallic surfaces that
are used as building materials (railings, chain-link fences, plumbing and stormwater drainage pipes,
etc.) and the manufacturing of office furniture. Niand Zn are also used in the motor vehicle industry,
specifically in rubber tires, motor oil, hydraulic fluids, and brake pads (although a few authors have
stated the brake pads as a source of copper rather than zinc [32]).

Hg has been used extensively in the electrical industry (switches, thermostats, and batteries) and
other industrial processes, such as caustic soda production, nuclear reactors, antifungal agents for
wood processing, precious metals, and pharmaceuticals [3]. Hg was used as an ingredient in latex
paints and other types of paint for a long time, which exerted negative effects on human health.
Phenylmercuric acetate was used as a preservative to prolong the shelf life of the interior latex paint.
According to a study, the topsoil in Beijing, which is one of the most populated cities in the world,
has significant contamination of Hg and other polluting metals related to the use of paints in old
constructions [33]. It is reported that the weathering of HgS used as a red pigment in ancient
buildings and coal-burning are two significant contributors to the high concentrations of Hg in soils
[34]. Exposure to Hg, either in soil or paints, is harmful to human health. Mercury poisoning

Page 10/30



Adv Environ Eng Res 2021; 2(4), doi:10.21926/aeer.2104033

(acrodynia) has been detected in a child that was exposed to paint fumes with a mercury content of
4.7 mmol/L [35]. The Environmental Protection Agency recommends a Hg content of 1.5 mmol/L or
less in paints.

3.2.2 Agricultural Sources

Animal farming and intense agricultural practices use potentially toxic elements, such as
inorganic fertilizers, liquid and solid manure (or their derivates, composts, or sludge), pesticides,
insecticides, etc.

For instance, Zn and its compounds (zinc oxide, zinc sulfate, and zinc oxysulfates) are used widely
in agriculture as fertilizers, fungicides, or even pesticides [32]. The long-term use of these
compounds in an intensive agriculture system might lead to the accumulation of the Zn element in
the soil profile, from where the heavy metal(loid) pollution ultimately reaches the surface and/or
groundwater and even the atmosphere [36].

Fertilizers and pesticides are responsible for Cd accumulation in the soil-plant environment.
Since Cd is commonly present as an impurity in phosphatic rocks, when a phosphatic fertilizer is
applied, Cd is released into the soil [37]. This Cd is then absorbed by crops, trees, and animals, where
it accumulates and could later reach the humans via the food chain, threatening human health. One
of the most common examples of this is the “Itai-Itai disease”, which occurred in Japan during the
1950s. This disease manifested in the people who consumed rice and soybean contaminated with
Cd. The high Cd contamination levels in the rice crops were a consequence of the uncontrolled
discharge of Cd from mineral refinery factories into the Jenzu River basin [38].

Intensive agriculture is aimed at fighting plagues or undesirable vegetal species and maximizing
crop production. This objective is achieved with the wide application of insecticide, herbicide, and
fungicide solutions or even sheep dips, which contain several toxic elements in abundance. For
instance, As is present in various inorganic compounds, such as calcium arsenate, lead arsenate, and
sodium arsenate [37], and the application of such compounds to soil serves as, in addition to a
source of nutrients, an important source of As to the soil.

The antifungal and antimicrobial properties of Cu have also expanded its application range [39].
However, the misuse of such Cu-containing products might lead to high concentrations of Cu in the
soil, which could affect the soil biota and even alter the C and N cycles in the soil, thereby leading
to reduced soil fertility [40].

Since the aim of using Cu-containing fungicides is to extend the protection provided by these
fungicides to fungal diseases as well, these fungicides contain Cu in its inorganic form. This inorganic
Cuformisinsoluble in water and is, therefore, not washed off easily by irrigation water or rainwater,
thereby providing longer protection against diseases [41]. Lépez et al. (2019) [27] detected high
concentrations of Cu in the leaves of urban plants and linked it to the use of copper-based fungicides,
even though traffic pollution is usually considered the main source of Cu released into the
environment in urban regions.

Lastly, another source of metal(loid)s released into soils is manure. Manure products contain
elements, such as As, Co, Cu Fe, Mn, Se, and Zn, which serve as nutrients for the livestock and/or
poultry, preventing the development of diseases, improving weight gains, and feed conversion
efficiency, and increasing the egg production. The excess nutrients that are not assimilated by the
organisms are excreted through the urine or feces, which is the reason for the high content of toxic
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compounds in the manure [42]. For instance, in England and Wales, approximately 25%—40% of the
total annual Cu, Ni, and Zn inputs to the agricultural lands were derived from animal manure [43].

Besides manure, the water used for irrigating the fields also serves as a source of certain
elements that are released into the soil as the wastewater treatment process is not 100% efficient.
For instance, the Pb content in the soil could be a consequence of the release of industrial
wastewater into the soil, particularly in the soils of densely populated areas [44].

4. Mobility and Transport Agents in the Biosphere

Environmental agents, such as the biota, air, and water, are involved in the mobility and transport
cycles of metal(loid)s in the biosphere. For instance, plants absorb and accumulate heavy
metal(loid)s and other toxic elements in their roots, shoot tissues, leaves, and stems. The
subsequent decomposition and leaching of plant tissues then affect the soils, sediments, and water.
Therefore, it is possible to utilize plants for removing heavy metal(loid)s and other toxic elements
(phytoremediation) in water and soil treatments. In addition, atmospheric emissions of these toxic
elements occur due to the transpiration process of plants. The toxic elements are first transformed
into volatile forms within the plant and then released into the atmosphere via transpiration. This
process, known as phytovolatilization, has been used for the remediation of soils polluted with Hg
and Se [45].

The atmospheric emissions of volatile elements also occur during forest and prairie fires (e.g.,
elements, such as Hg and Se, are present in the carbonaceous matter released during forest fires)
[46]. Finley et al. (2009) [47] estimated that the atmospheric emissions of Pb and Hg together with
other metals during a forest fire were similar to those of anthropogenic origins, such as industrial
processes and urban pollution. Moreover, Finley et al. (2009) [47] reported that the global Hg
emissions from wildfires included an estimated 890,000 +490 kg/year for gaseous elemental Hg and
170 +£100 kg/year for particle-bound Hg.

Deserts and coastal regions may also serve as the sources of metal(loid)s due to the action of
various environmental agents, such as wind. In deserts, the wind currents may cause the dust
containing toxic elements to reach the sites located at great distances from the original site.

For instance, the Sahara dust has high levels of Fe and Mn, In, Cr, Ni, and Pb present in lesser
amounts [46]. The nearby countries such as Spain and other Mediterranean nations, therefore,
receive the “red rain”, which is a meteorological event involving the transport of the
aforementioned dust from the North African sources. Lopez et al. (2019) [27] reported that this dust
deposition affected the crops in an urban farm located in the largest city of Sevilla (Spain). The
sample crops of lettuce and broad bean exhibited high concentrations of crustal metals, including
Fe, Co, Mn, and Cr, which was attributed to the Saharan dust deposition. Naderizadeh et al. (2016)
[48] conducted studies in the province of Bushehr (southwestern Iran), where dust storms had
become a major environmental concern, and demonstrated that atmospheric dust particles served
as significant pollutants in the environment as these contained high levels of toxic metals, such as
Fe, Ni, Cr, Co, and Mn, which originated from natural sources.

In coastal areas, emissions of these pollutants occur due to ocean activity, which generates
particles, aerosols, and sea sprays (approximately 5 mg-m=2-d~! sea salt particles are released) [49].
The element and the transport agent (wind, rain, etc.) together determine the physical form in
which these emissions would be transported. For instance, Cu, Pb, and Zn are transported as
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particles, while volatile metals such as Hg and other elements such as Se, Sb, and As may be
transported either in gaseous form or enriched in particles [15]. Irrespective of the form which is
transported, the two-way sea—land transport via the atmosphere provides a mixed marine—
continental composition to these elements. The metal-enriched particles generated in the sea-spray
increase the concentration of certain metals in the environment close to the marine environment,
such as air, rain, seaside area, etc. This has been confirmed previously in 1974 by Peirson et al. [50],
who reported a higher content of metals in the rainwater in the atmosphere above the North Sea.
Another study conducted by Van Malderen et al. (1996) [51] over the southern bight of the North
Sea revealed a higher content of Cr in the aerosols particles collected in the air mass of marine origin,
which was attributed to the recycling of previously deposited material that was reinjected into the
atmosphere due to sea-spray.

A remarkable atmospheric deposition of heavy metal(loid)s occurs in plants and soail,
independent of the time scale. In effect, atmospheric deposition is responsible for over 90% of the
total plant uptake of Pb [52] and over 50% of the plant uptake of Cd [53].

In certain industrial activities, such as electricity generation based on coal burning, generate
ashes rich in heavy metal(loid)s. The generated ashes are ultimately dumped on land, because of
which the soils of the regions surrounding coal-fired electricity generator plants are contaminated
with heavy metal(loid)s. Krishna and Govil (2007) [54] conducted a study on the soil in the city of
Surat in Gujarat (India) and reported that the ashes generated in this activity increased the Cr levels
in the soils of the regions close to the industry.

5. Reactivity and Transport of Heavy Metal(loid)s in Soils and Aquatic Ecosystems

The mobility of heavy metal(loid)s through the different “compartments” or components of an
ecosystem involves various biological, geological, and chemical processes. Moreover, metal(loid)s
may also become incorporated as components of the biota as essential elements necessary for the
life cycle of the organisms. However, when these elements are present in high concentrations in the
environment, the bioaccumulation of these elements in the tissues of certain organisms, such as
filter organisms (e.g., bivalves) or microorganisms, may reach toxic/lethal concentrations or the
elements might be adsorbed in the cell walls of the microorganisms, ultimately damaging the cells
[30].

5.1 Heavy Metal(loid)s in Soils

The metal(loid) concentration in a soil solution is calculated as the sum of the individual
concentrations of different free ions in the solution, the concentration of soluble organic and
inorganic metal(loid) complexes, and the concentration of heavy metal(loid) components of the
mobile colloidal material [55].

In separate studies, Tangahu (1991) [56] and McLean and Bledsoe (1992) [57] established seven
possible states in which these elements might be present in soils:

(1) in the soil solution as free metal(loid) ions, in complexes or associated with moving colloids;

(2) in exchange positions with the inorganic constituents of the soil;

(3) adsorbed onto the insoluble organic matter;

(4) specifically adsorbed onto the inorganic constituents (Fe and Mn oxides);

(5) precipitated in the form of carbonates, phosphates, hydroxides, etc.;
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(6) as the components of the structure of secondary minerals;

(7) as the components of the structure of primary minerals.

Heavy metal(loid)s of anthropogenic origin are usually present in the first five forms, while the
ones originating from natural sources occur in any of the above-stated forms, depending on the
process of soil formation and evolution. However, when the heavy metal(loid)s are present in the
environment in states (1) and (2), their availability to the living organisms is high.

Upon entering the soil system, the heavy metal(loid)s may undertake several different pathways
(Figure 3). The heavy metal(loid)s may be stored or transported through internal mechanisms, which
mainly include the formation of complexes with organic and inorganic ligands, oxide—reduction
reactions, precipitation—dissolution reactions, immobilization by soil organisms, and adsorption—
desorption reactions [52].

lon Precipitation
Exchange and
ELD Disolution of
Adsorption Solids
Free Metal
lon

Concentration
in soil
solution

Redox Acid-Base
Reaction Reaction

Complex
Formation

Figure 3 Principal processes governing the concentrations of different metal(loid)s in the
soil solution [55].

Heavy metal(loid)s undergo a series of chemical reactions involving solid and aqueous phases of
the soil, which vary both spatially and temporally. Therefore, the chemical composition of the soil
solution is dynamic and, therefore, influenced by the balance between these two phases. The solid
phase is formed by phyllosilicates, which include clay minerals, oxy-hydrides such as Mn hydrides,
Fe and Al oxides, and particulate organic matter. The aqueous phase comprises water and dissolved
constituents, such as free metal(loid) ions, complexed metal(loid) ions, dissolved organic carbon,
and other ligands [52], which provide a mobile medium for both chemical reactions and metal(loid)
transfer and circulation from the soil to the organisms or even to the aquatic environment.
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5.1.1 Complex Formation

A complex is a molecule formed by a central atom or ion, which in this case would be a metal(loid)
(e.g., Cd*?, Zn*?, Cr*3, etc.), bonded to other atoms or molecules surrounding the central atom in a
specific geometric pattern (e.g., ZnS04°, CAHCOs*, Cr(OH)s7). These surrounding atoms or molecules,
referred to as ligands, may be of inorganic (50472, HCOs™, CI~, OH~, PO4~3, NO3~ and COs72) or organic
nature (compounds of low molecular weight, such as aromatic, aliphatic, and amino acids), or
soluble constituents of fulvic acid (FA) and humic acid (HA).

Humic acid is the most abundant natural ligand with a high affinity that enables it to chelate
several metals ions present in the environment. The HA-metal(loid) complex is capable of modifying
the properties of the metal(loid) ions. For instance, metal(loid) solubility may be increased when
heavy metal(loid)s are present in a complex with free HA, while the solubility is decreased when
heavy metal(loid)s are scavenged by humic films present on the mineral surfaces [58]. As a
consequence, in reverse effect, the solubility of the metal(loid) affects its bioavailability and toxicity
in the environment. In addition, these heavy metal(loid) complex species may determine the
mobility of the metal(loid)s through the soil matrix via the modification of the transportation of the
free ions.

It is noteworthy that the formation of complexes with the metal(loid) ions produces charged
species (positive, negative, or neutral), because of which the adsorption of the complexed ions is
different from that of the free ions. For instance, the complexation of Cd?* with the chloride ligand
produces the following differentially charged species: Cd?*, CdCI*, CdCl,%, CdCls™ [55].

Benjamin and Leckie (1982) [59] stated that the chemical compound resulting from the
interaction between a metal(loid) ion and a ligand could be a complex species that is capable of
adsorbing onto the soil relatively weakly or strongly compared to the free metal(loid). Generally,
when the metal(loid) complex has a reduced positive charge, the adsorption of this complex on a
negatively charged surface is also lower.

5.1.2 Oxidation and Reduction

Oxidation—reduction reactions (redox reactions) of metal(loid)s play a crucial role in governing
the transformation, mobility, and toxicity of metal(loid)s in the environment as these allow the
elements to occur in both oxidized and reduced forms. The oxidation—reduction reactions may occur
through abiotic and biotic processes. The former may occur on the surfaces of humic substances,
sulfides, ferrous species, and Fe(lll) and Mn oxides. Redox reactions govern the reactivity of Fe and
Mn oxides, which are the major sinks of heavy metal(loid)s in the soil. Mn oxides serve as electron
pumps for a large number of redox reactions that are unique to common minerals in the soil [60].

Metal(loid)s such as As, Cr, Hg, and Se (non-metal) are quite sensitive to the redox conditions in
the soil. Cr is a suitable example of how a metal(loid) changes from being an essential nutrient to
plants and even to animals when in the Cr (lll) form to a toxic element when in the Cr(VI) form. The
environmental behavior of these two forms of Cr is also different. While Cr(VI) in the soil is mobile
and readily available, Cr(lll) may be present in the adsorbed or precipitated condition. Since the
toxicity and mobility of elements depend on their oxidation states, all reactions that reduce Cr(VI)
to Cr(lll) are of great importance. The dominant reductants in these processes are organic
compounds, sulfides, agents such as Mn(lV), and ferrous species [61]. Another example of an
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element for which the redox and adsorption reactions govern its mobility and distribution is As. The
reduced form of As is As(lll), which exhibits higher toxicity and mobility compared to As(V) [62].
Other species, such as elemental arsenic [As(0)] and/or arsine (H2As), may also be present in the soil
and sediment.

Another parameter that is affected by the oxidation status of the heavy metal(loid) is its solubility.
Heavy metal(loid)s are less soluble when in a higher oxidation state and ionic form [63]. It is reported
that Pb, Cd, and Zn exhibit increased solubility with diminishing redox potential under the same pH
value [64]. Therefore, for the above-stated three heavy metal(loid)s, the redox potential values
provide valuable information regarding their bioavailability in the soil. Oxidized soils have redox
potential values ranging from +400 to +700 mV, while reduced soils present values in the range of
—250 to =300 mV [65].

Moreover, biotic redox reactions are involved in biological activity, particularly for As, Cr, Hg, and
Se. In the case of the Hg element, bacteria have a higher significance compared to the eukaryotic
cells in the redox process. The mercury-resistant bacterial species Shewanella oneidensis transforms
the reactive Hg(ll) into metallic Hg(0) through an enzymatic reduction in a process that requires an
electron donor [66]. In the case of the Hg element, this transformation might be subjected to
volatilization losses. On the other hand, the As present in the soil and sediment, when oxidized to
As(V) by bacteria [67], is strongly retained in the inorganic components of the soil. Therefore, the
biotic oxidation of As leads to its immobilization in the soil or sediment, different from Hg.

5.1.3 Methylation and Demethylation

Methylation is a biological process that reduces the toxicity of heavy metal(loid)s in the soil and
sediment. This process is mediated by microorganisms referred to as the methylators, which
transform the heavy metals into their respective less-toxic hydride or methylated forms. The
methylated or hydride compounds exhibit lower boiling points and/or higher vapor pressure,
allowing rapid volatilization. This process involving methylation followed by volatilization of the
metal(loid)s might lead to the elimination of, for example, As, Hg, and Se from the ecosystems [68]
containing organic matter serves as a methyl group donor for the process [61]. The biochemical
methylation and volatilization of inorganic As is considered to be a detoxification process of this
element due to the formation of volatile compounds of As, such as alkylarsines, which are easily lost
to the atmosphere [69].

Methylation of Se is also a major detoxification process of this element and is catalyzed
biologically [70]. In the methylation process of Se in soils, fungi exhibit relatively higher activity
compared to other microorganisms, although certain Se-methylating bacterial isolates have also
been reported [52].

5.1.4 Adsorption and Desorption

Adsorption may be defined as the interaction of an element or molecule that is in a liquid phase
with the surface of a solid phase. This interaction occurring at the solid—liquid interface leads to the
accumulation of ions or molecules. In soil, the adsorption and desorption phenomena are key
processes governing both reactivity and bioavailability of heavy metal(loid)s. Therefore, the
accumulation and removal of heavy metal(loid)s in the soil could be associated with the adsorption
and desorption processes, respectively.
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This process of adsorption of ions onto the soil and its constituents is influenced by several
parameters, such as soil components, pH, the speciation metal(loid) ion involved, and metal(loid)
competition.

Both inorganic and organic elemental components of the soil are involved in the adsorption
process. The most important inorganic components are colloids, such as clays (montmorillonite and
kaolinite), iron and manganese oxides and hydroxides, metal carbonates, phosphates, and
amorphous aluminosilicates [71]. The organic components include living organisms such as algae or
bacteria, soluble biochemicals (carbohydrates, polysaccharides, lignin, proteins, amino acids,
organic acids, etc.), and insoluble humic substances (insoluble polymers of aliphatic and aromatic
substances produced due to microbial activity) that provide interfaces for metal(loid) adsorption
[55].

The pH value also plays a role in the adsorption process. The adsorption of metals is higher when
the soil has a higher pH value. This is because a high pH value increases the number of surfaces with
a negative load, thereby increasing the affinity of the soil for the heavy metal(loid)s. Omar and Al-
Itawi (2007) [72] reported that pH determined the adsorption process of the lead ions on kaolinite.
This effect might be explained by the influence of H* ions on the formation of complex ions. The
formation of complexes during the adsorption process occurs through the interaction of the
metal(loid) ions with the negatively-charged sites (SiO~) and the lattice hydroxyl groups (Si-OH). For
instance, the adsorption of Pb*? onto the soil is due to its interaction with SiO~ and Si-OH in the soil,
and the reactions are represented by the following equations:

2Si0- + Pb*2 & (Si-0)2 — Pb eq(1)
2Si-OH + Pb+2 & (Si-0)2 — Pb + 2H*2 eq(2)

Therefore, metal(loid) ions are completely removed at higher pH values. The effect of lowering
the pH on the adsorption process is associated with the increase in the H* ions. These ions compete
with the metal(loid) ions to bind to the negatively-charged sites (such as SiO7). If the number of
negatively-charged sites available to form stable metal(loid) complexes is reduced, the adsorption
rate of the metal(loid)s in the soil would also decrease. Another consequence of the increase in the
H* ions is that the equilibrium represented by equation (2) shifts to the left side, which leads to a
decrease in the rate of adsorption of the metal(loid) ions.

The adsorption of heavy metal(loid)s on oxides and humic compounds present in the soil follows
the general trend of metal(loid) adsorption, i.e., higher adsorption at higher pH. Moreover, in oxide
minerals, pH is a primary variable determining the adsorption of cations and anions.

The adsorption of metal(loid)s is also affected by the competition between the amount of heavy
metal(loid)s present and available for adsorption on the adsorbents. Zhang et al. (2016) [73]
demonstrated experimentally that when two metals coexist (Cd and Hg), the adsorption capacity in
activated carbon is higher for Cd(ll) compared to Hg(ll). However, this phenomenon was not
observed if the concentrations of both metals are low as the adsorption sites available in the active
carbon are, in such a case, sufficient for both metals. However, when the concentrations of both
metals exceeded the adsorption capacity, Cd(ll) was adsorbed preferentially over Hg(ll). The authors
stated that the higher adsorption capacity of Cd(ll) compared to that of Hg(ll) was due to a longer
ionic radius [97 pm for Cd(ll) and 110 pm for Hg(ll)] corresponding to a shorter hydrated ionic radius,
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which leads to a greater affinity of the metal ions toward the activated sites of the adsorbent
(activated carbon).

Moreover, Xie et al. (2018) [74] reported additional parameters that are also relevant in the
competitive adsorption process. These authors studied the competitive adsorption of Cu(ll) in the
presence of Zn(ll) and reported that Cu(ll) exhibited a higher adsorption capacity for the following
three reasons: 1) the greater electronegativity of Cu(ll), which enhanced the ability of Cu(ll) to
adsorb the electrons of the ions; 2) the first-order hydrolysis constant of Cu(ll), which is greater than
that of Zn(ll); 3) the greater ability of Cu(ll) to form a covalent bond between the soil colloids and
the metal ions.

5.2 Heavy Metal(loid)s in Aquatic Ecosystems

Heavy metal(loid)s are present naturally in aquatic ecosystems, although anthropic activities
such as mining, navigation traffic, agricultural runoff, uncontrolled discharges of untreated
industrial and domestic wastewater, etc., and floods contribute to increasing the levels of these
elements in the aquatic environment. Moreover, Hg and Pb may enter aquatic environments
through the atmosphere and as the fallout of insoluble precipitates, respectively [75].

In aquatic ecosystems, heavy metal(loid)s are partitioned among water, suspended solids,
sediments, and biota (Figure 4), causing these to exist in various forms: a) as a free ion which is the
form most toxic to living organisms; b) as an ion bound to different ligands (complex compounds);
c) as the precipitated molecule of a compound, suspended in the liquid phase or adsorbed onto the
surface of suspended or colloidal matter [76].

AQUATIC ECOSYSTEMS

WATER COLUMN

l l Deposit of metal(loid)s in sediments l l

SEDIMENT

POM=Particulate Organic Matter ; IP = Inorganic Particulate; )=metal(loid)

Figure 4 The heavy metal(loid)s in aquatic ecosystems.
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Sediments in the aquatic ecosystems are considered the main fate of heavy metal(loid)s as these
elements exhibit extremely low solubility and are rapidly fixed on the solid material in the
suspension. After the sinking process, the concentrations of these elements on sediments could be
several orders of magnitude higher than those on the adjacent interstitial and overlying waters [77].
Once placed on sediments, the heavy metal(loid)s may be adsorbed onto several compartments,
such as fine grains (<63 um), organic matter, and clay minerals, because of their large surface area
per unit mass and their high cation-exchange capacity [78]. Therefore, sediments, in addition to
serving as an accumulation repository, may also serve as a source of heavy metal(loid)s.

Moreover, the metal(loid)s dissolved in water are also absorbed by the fish and other aquatic
organisms. Even when absorbed by organisms in small concentrations, the heavy metal(loid)s would
undergo bioconcentration, i.e., their concentration in an organism becomes higher than that in
water. Once inside the organism, the metal(loid)s exert their toxicity by producing adverse biological
effects on the growth, metabolism, reproduction, or survival of these organisms.

The interaction between the microorganisms and the heavy metal(loid)s may be categorized into
three different processes of metal(loid) distribution: intracellular interactions, cell-surface
interactions, and extracellular interactions [79]. The first category involves the assimilation of heavy
metal(loid)s by microbial cells. The most widely recognized intracellular interaction of
microorganisms is the microbial methylation of Hg, which leads to the volatilization and subsequent
bioaccumulation of the lipid-soluble methylated form of Hg [80].

The second category is the cell-surface interactions, which are related to metal(loid) binding. For
instance, algal surfaces contain functional groups such as carboxylic, amino, thio, hydroxo, and
hydroxy-carboxylic groups, which may interact with metal(loid) ions by providing electronegative
sites for metal(loid) binding [81]. The last category involves extracellular interaction between the
metal(loid) and the biopolymers secreted by microorganisms (Extracellular Polymeric Substances,
EPS), with the latter mainly comprising extracellular proteins, polysaccharides, and humus acid
substances. Since these EPS contain abundant negatively-charged functional groups, these are
efficient in adsorbing the metal(loid) ions through electrostatic attraction, complexation, ion
exchange, surface precipitation, and other types of interactions [82]. The ions of these
ecotoxicological elements (Hg, As, Cr, Pb, Cd, Ni, and Zn) usually penetrate the cell through the same
transport systems that use other physiologically important metal(loid) cations such as Ca, Mg, Cu,
Zn. etc. [83].

Therefore, depending on the process and the biological characteristics, an aquatic organism may
be grouped into one of the two categories — regulators and accumulators. The first group governs
metal(loid) accumulation and maintains the intracellular metal(loid) concentrations within a narrow
range over a broad concentration range of external heavy metal(loid)s. The second group is capable
of adopting a detoxification process in the presence of elevated metal(loid) levels even in non-
contaminated environments.

As a consequence, heavy metal(loid)s might be lethal or harmful to the organism without killing
it directly and rather by causing sublethal effects on an organism's physiological activities such as
growth, metabolism, and reproduction [84].

Several aquatics ecosystems across the world have been impacted by human activity. Tarras-
Wahlberg et al. (2011) [85] reported a fluvial ecosystem that had been highly impacted by the
mining activities conducted in Portobelo-Zaruma. In this ecosystem, heavy metal(loid)s released due
to the extraction works, rather than occurring in the soluble form (due to neutral-to-slightly alkaline
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water), were associated with suspended particles, river sediments, and biota, which suggested their
potential bioavailability. These authors also reported elevated levels of Hg in the fish, which
indicates that the methylation of Hg was occurring.

6. Techniques for the Removal of Heavy Metal(loid)s
6.1. Removal of Heavy Metal(loid)s from Aqueous Effluents

Traditionally, the heavy metal(loid)s present in industrial or domestic effluents were removed
using different conventional techniques, such as chemical precipitation [86], ion flotation [87], ion
exchange [88], coagulation/flocculation [89], adsorption [90], and electrochemical processes [91].

Most of these disposal processes have the advantage of low cost. Nevertheless, certain
drawbacks exist, such as high energy requirements, production of a huge amount of toxic sludge
that requires further treatment and proper disposal, and inadequate removal of the target element
as evidenced by the non-attainment of high removal rates [92]. Moreover, during the last decades,
environmental regulations across the world have become further stringent, demanding
improvement in the quality of the treated effluent.

Therefore, to overcome these drawbacks of the conventional techniques and also to fulfill the
regulatory requirements, novel technologies have been developed, which are based on the
development of novel adsorbent compounds, the application of membrane separation, and other
techniques [93] that are summarized in Figure 5.

Conventional :
. Recent technologies
technologies

sChemical sAdsorption onto no-
precipitation conventional solids
eAdsortion using +Chemical Hydrogels
activated carbon 'Nanoparticles and
*|on flotation nanotechnology
*|on exchange *Membrane filtration
«Coagulation and (nano and
Flocculation ultrafiltration)
sElectrochemical *Biosorption

process sElectrodialysis

*Photocatalysis

Figure 5 Technologies used for the removal of heavy metal(loid)s from aqueous effluents
[92].

The techniques most studied in the literature, according to Qasem et al. (2021) [93], are chemical
adsorption and membrane methods. However, these authors also stated that most of the reported
studies were conducted with synthetic wastewater, which contains only one metal or a few metals.
Therefore, although these novel technologies appear promising, further studies are required to
assess and elucidate their feasibility as there remains a gap between the treatment of synthetic
wastewater and the treatment of real wastewater.

Currently, these techniques are being improved with the development of novel adsorbents with
better adsorption properties, novel types of membrane separation techniques such as ultrafiltration
and nanofiltration, or even reverse osmosis. In the first group, use the use of the waste generated
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in a prior activity as a material to remove metals appears promising and sustainable. In 2020,
Hernandez-Cocoletzi et al. [94] used the hydroxyapatite derived from fish bones (skeletons of red
snapper fish obtained from seafood restaurants, household waste, and fishmongers) as adsorbent
to remove metal ions (Ni*?, Cu*?, and Zn*?), achieving up to 95% elimination.

Furthermore, extensive research has been conducted on the treatment of aqueous effluents
using agricultural residues or natural materials as low-cost adsorbent materials [95]. It has been
revealed that after appropriate modifications (chemical or thermal), the agricultural residues exhibit
a high capacity for metal removal. For instance, the use of natural adsorbents from coconut peels,
neem leaves, and mango peels was demonstrated to achieve optimal levels of elimination [96]. This
finding could be beneficial for the poor countries, which have limited access to high-cost advanced
techniques, in deploying affordable treatment techniques for wastewater and also for the
treatment of water meant for human consumption.

The membrane separation techniques (ultrafiltration and nanofiltration) have been
demonstrated to achieve metal-removal percentages close to 100% [97]. Ultrafiltration which uses
membranes with a nominal pore size of 2-100 nm, has been demonstrated to achieve elimination
efficiencies above 90% [98]. The main disadvantage of this technique is the fouling of the membrane,
which has several adverse effects, such as flux reduction, increase in the transmembrane pressure,
and membrane biodegradation [99]. The nanofiltration systems, which also use membranes with a
nominal pore size of 1-2 nm, require working pressures noticeably higher than those required in
ultrafiltration, because of which the energy consumption is larger in nanofiltration than in
ultrafiltration. The technique of reverse osmosis involves the use of membranes with a nominal pore
diameter of <1 nm, which allows the efficient removal of most inorganic contaminants and the
elimination of all polluting and undissolved ions, although extremely high working pressures are
required. As a consequence, this membrane technology involves higher investment and operational
costs [100]. Although the application of membrane-based techniques is expensive, it is important
to highlight that wastewater could be utilized as a material resource for other purposes, thereby
promoting a circular economy.

6.2. Removal of Heavy Metal(loid)s from Contaminated Soils

Soil pollution due to heavy metal(loid)s is a global concern. The concentrations of heavy
metal(loid)s have increased dramatically in the last few decades, which has increased the
environmental and human health-related risk. It is reported that over 10 million contaminated sites
exist worldwide, with over 50% of these sites contaminated with heavy metal(loid)s [101].

The metal(loid)s released into the system become a threat to the environment and public health
because of their persistence, non-biodegradability, and a tendency for bioaccumulation at different
levels in the food chain. Moreover, polluted soil increases the risk of groundwater contamination.
Therefore, the development and application of clean technologies are in high demand. Several
technologies with promising results are emerging these days. Table 4 summarizes the most common
techniques applied and the treatment methods these use.

Table 4 Techniques for the recovery of contaminated soil [102].

Technique Treatment Application
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Decontamination Physico- Extraction In-situ
Chemical Washing Ex-situ
Flushing In-situ
Electrotechnical In-situ
Addition of amendments In-situ
Active permeable barriers In-situ
Biological Assisted biodegradation In-situ
Biotransformation of Heavy In-situ
metals
Phytoremediation In situ
Thermic Thermic desorption Ex-situ
Containment Vertical barriers In-situ
Horizontal barriers In-situ
Dry soil barriers In-situ
Deep sealing In-situ
Hydraulic barriers In-situ
Confinement Physico-chemical stabilization Ex-situ
Injection of solidifiers In-situ
Vitrification Ex-situ/In-situ

These soil treatment technologies are based on the following three principles: a) to contain the
pollutantin the soil, b) to confine or isolate the pollutant by changing its physicochemical properties,
and c) to reduce the concentration of the pollutant through different treatments. These three
approaches may be categorized into in-situ or ex-situ types, depending on whether these are applied
on-site or off-site, respectively.

Among the three groups of techniques listed in Table 4, two techniques are aimed at diminishing
the flux of pollutants in the soil (containment and confinement), while the remaining one
(decontamination) involves appropriate treatment of the pollutants to reduce their concentration.
The selection of the technique is based on the soil properties, pollutant chemistry, and soil—
pollutant interaction. The physicochemical techniques of flushing and washing are applied widely
to reduce contamination, although these generate secondary waste, which has to be treated further.
Gusiatin et al. (2020) [103] analyzed the sources and characteristics of a few novel washing agents
that could substitute ethylenediaminetetraacetic acid (EDTA) as the washing compound as the latter
is toxic and requires treatment. Currently, the low-cost and environmentally friendly novel washing
agents are being developed from geochemical sources, organic waste material, and compost.

The flushing technique is conducted in situ using an injection/recirculation system that pumps a
washing solution through wells or using the infiltration processes. This enables the mobilization of
the contaminants, which are removed from the soil by pumping the washing solution containing
dissolved contaminants. The most widely used washing solutions are mineral acids (hydrochloric,
sulfuric, and nitric acids), organic acids (oxalic acid and citric acid), synthetic organic chelating agents
(EDTA, Diethylene triaminepentaacetic acid, DTPA, and Ethylene diaminodisuccinic acid, EDDS), and
biosurfactants (saponin and rhamnolipids). In order to perform the washing technique, it is first
necessary to separate the coarse soil particles from the and fine ones as the latter is the fraction
containing the highest contamination values. Subsequently, these fine particles are treated with an
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appropriate washing solution containing water and chemicals followed by sonication or mechanical
agitation.

In addition, biological methods are used to remediate soils, sediments, surface water, and even
groundwater. In these methods, the pollutants are reduced due to the activity of microorganisms
and/or plants and the associated rhizospheric microorganisms. These treatment methods are low
in cost, and a few are even eco-friendly as these do not destroy the structure of the soil. For instance,
Lofty and Mostafa (2014) [104] studied the use of different plant species in the extraction of Co and
Cr from contaminated soils using two different wastewaters (sewage and industrial effluent). The
results demonstrated that the shoots and roots of sunflower plants exhibited the highest Co and Cr
uptake, suggesting that these approaches could play a crucial role in cleaning contaminated sites. It
is important to highlight that these biological methods are environmentally friendly as they retain
the physicochemical properties of the soil, such as soil structure. In addition, these methods are
potentially cost-effective, although the time required to achieve the desired objective is longer.

In the case of applying these treatments to remove the metal(loid)s present in the aquatic matrix
(wastewater, marine or freshwater, and groundwater), the results are varied. While several of these
techniques, such as chemical precipitation, chemical coagulation and flocculation, electrochemical
methods, membrane filtration, ion exchange, bioremediation, and adsorption process, have been
successful, the adsorption process has demonstrated the highest efficiency, specificity, and cost-
effectiveness in removing heavy metal(loid)s from wastewater. An adsorbent agent used widely in
wastewater treatment is activated carbon which has a greater surface area and affinity for heavy
metal(loid)s [105]. However, the cost of this adsorbent is high, and its regeneration capacity is low,
which limits its application. Nowadays, activated carbon is being replaced by other biomaterials
derived from agricultural residues, such as rice husk, wheat residues, clay materials, etc., and
industrial waste products, such as lignin, blast furnace sludge, slag, fly ash, red mud, etc. [96].

However, these techniques based on physicochemical treatments are either inefficient or
expensive if the heavy metal(loid) concentration is under 100 mg/L [106]. Therefore, biological
methods such as biosorption and phytoremediation emerge as attractive alternatives. Among the
biological methods, filtration organisms such as mussels appear promising in cleaning small aquatic
systems. In addition, the waste produced in this biological technique may be used in a second-step
process involving anaerobic digestion for producing biogas. Therefore, it becomes possible to
transform the soft tissues and shells into valuable materials that are rich in carbonates and oxides,
such as the resulting calcined mussel shell, which has proved to be of value for soil amendment [107]
that fosters the following circular economy principle: wastes serve as a resource for producing novel
products.

7. Conclusion and Scope for Further Research

Although heavy metal(loid)s have origins in nature, human activities, such as rapid
industrialization and technological development, have increased and mobilized these polluting
elements in the environment. The generated heavy metal(loid)s adversely affect the soil, water,
atmosphere, and even the health of animals and humans. This is preventable if industrial and
technological development is conducted in parallel with the development and use of adequate
treatment processes for the removal of the pollutants discharged into the environment.
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Although the currently existing technologies allow the removal of heavy metal(loid)s from soils
and aquatic ecosystems, the applied treatment processes generate waste that requires appropriate
treatment prior to discharge. Therefore, economic factors and the waste volume generated must
be considered when selecting the most appropriate treatment technique.

Biological methods are a suitable option for cleaning and protecting the environment. The use of
filtering organisms, such as bivalves, to remove contaminants and “clean” the water masses is
beneficial as it reduces the higher costs involved in the conventional physicochemical treatment
techniques while also generating residues that could later be utilized as raw materials for biogas
production via anaerobic digestion of the soft tissues and shells to transform these into valuable
materials. The use of wastes as raw materials for other processes is an important component of the
circular economy, in which wastes serve as a resource for producing novel products.

Research has confirmed the efficiency and low cost of biological methods in the removal of heavy
metal(loid)s. Therefore, further research should be conducted in this regard to extend the
application of this technology, particularly to larger water bodies, such as lakes and/or rivers, for
which the application of physicochemical methods is economically unfeasible. Achieving large-scale
economic viability with a robust biological treatment process is essential to ensure its widespread
application.
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